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Chapter XV.1

Six-dimensional gauge theories
from elliptic Calabi—Yau
threefolds

XV.1.1 A curve configuration in an elliptic threefold

A seven-brane in a six-dimensional compactification fills spacetime and wraps a complex
curve. Which parts of the resulting field theory can we calculate from the base surface
and the elliptic equation? The curve area measured in the normalized Einstein-frame
Kihler class j = Jp/+/J% probes a compact tensor scalar. The overall base volume
belongs to the hypermultiplet sector. The generic fiber over the curve determines the
gauge algebra. Special fibers over points can supply charged hypermultiplets. We will
compute these three pieces in a model with two intersecting curves, and then repeat
the calculation for a single curve with a different self-intersection.

We use the elliptic-fiber dictionary of XIV.1, and the transverse Kodaira classification
of Volume IV, Chapter 8. The four-dimensional construction in XIV.2, is useful for
comparison but is not required. Here the gauge divisors are curves, and their mutual
intersections are points. The ordinary sectioned F-theory frame with no frozen sector
has six-dimensional A" = (1,0) supersymmetry, with eight real supercharges.

Let F,, be the ruled surface over P! with section S of square —n. Write F for the
class of a fiber. Fibers at different base points are disjoint, and each meets the section
once. Thus

S?=-n, S-F=1, F*=0. (XV.1.1)

Both curves are rational. Adjunction says (Kp + D) - D = —2 for each such smooth
curve D. This gives two independent equations for the coefficients of Kp:

K]F -F = —2, KIFn 'SZTL—2, (XV12)

n

Kp, = =25 — (n +2)F. (XV.1.3)



The fiber pairing fixes the coeflicient of S. The section pairing then fixes the coefficient
of F.

Start with Fy. Use w along the ruling base and z along the fibers in an affine chart
with S = {z = 0}. Blow up the two points (z,w) = (1,0),(2,0). We write S, F' also
for the pullback classes and E7, E» for the exceptional curves. A pullback pairs to zero
with each exceptional curve, and each exceptional curve has normal bundle Op: (—1).
The centers are distinct, so the F; are disjoint. In this ordered basis the intersection
matrix and canonical class are

-2 1 0 0
1 0 O 0

Mp = 0 0 —1 0 , Kp=-25—4F + E| + Es. (XV14)
o 0 0 -1

The positive exceptional coefficient in K is the order of the Jacobian. For instance, at
z=mp,set z=p+E, w=E Then

dz N dw = £dE A dt. (XV.1.5)

The pullback of a locally nonzero canonical form therefore has one zero on the new
exceptional curve.

The strict transform of w = 0 is the closure of the old fiber with the two centers
removed. Its class is the total transform less the two exceptional components. The
section misses the centers, so its strict and pullback classes agree:

Ci =25, Cy=F — FE, — Es, F=Cy+ E1 + Es. (XV.1.6)

For example, C3 = F? + E? + E3 = —2, whereas a generic fiber in the class F still has
square zero. The class relation also accounts for every intersection with the total fiber:

F.-Co=(-2)4141=0, F-E;=1-1=0. (XV.1.7)

The three effective components of the relation F' = Cy + Fy + F5 have positive areas if
we stay in the Kéhler cone. This identity will later explain how the total fiber grows
while C5 remains finite.

The blowups do not change the neighborhood of z = w = 0, where the two curves
meet transversely. Near each center the strict fiber has one point on the exceptional
curve, given by its tangent direction. The two strict curves are still smooth copies of
P!. Using (XV.1.4),

-2 1
(Ci'cj): ( 1 2), KB'ClzKB'CQZO. (XV18)

The canonical pairings also follow from adjunction on the two —2 curves. This is the
base of the model we call CHAIN45. The numbers will label the two split multiplicative
fibers.

Figure XV.1.1 distinguishes the strict fiber from its class before subtracting the
exceptional curves. The placement of the centers also matters. Move the first center to
S N Fy and leave the second off S on the same fiber Fy. Then

Cl=S—E, Cy=F—FE —E, (C))’=-3, C,-C,=1-1=0. (XV.1.9)
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blow up

Figure XV.1.1: The selected fiber of F5 and its total transform. Blowing up the two
marked points leaves S unchanged. The strict fiber Cy meets each exceptional curve
once. Its meeting with C7 is the old intersection z = w = 0.

The strict curves now meet the first exceptional curve in different tangent directions.
The same number of blowups can give different gauge-curve incidence, even before
specifying the elliptic fibration.

To build that fibration, take a line bundle L on the new base. In the affine fiber
chart use x in L?, y in L? and sections a; of L. Each term of the cubic lies in L. With
u the homogeneous coordinate used to recover the affine chart uw = 1, the equation is

y2u + ajxyu + agyu2 =23+ agmzu + a436u2 + a6u3. (XV.1.10)

There is a section [u: z : y] = [0: 0 : 1], where the derivative of the difference of the
two sides with respect to w is 1 in the chart y = 1. The point is regular, including over
singular fibers.

To find the canonical line, take the relative residue in the affine chart. If the local
frame of L changes by e’ = e, the coefficient of a section of L? changes by A~%. Relative
differentials are taken with the base fixed. Hence

=\, y =2y, al=X"a;, (XV.1.11)

dI‘C ! drc
Wy =T )\ S (XV.1.12)
2y +aj2’ + af 2y 4+ a1x + ag

Wedge the residue with a base two-form. The gluing is that of 7*(Kp ® L), where
7w denotes the projection to B. Hypersurface adjunction interprets this line as the
dualizing sheaf across singular fibers as well. Thus our canonical choice is

L=Kg", Wanal ~ O. (XV.1.13)

When the discriminant is not identically zero, the smooth genus-one generic fiber and
the section make this an elliptic Weierstrass model. Triviality of its dualizing line does
not by itself construct a smooth global crepant resolution. The next step is to produce
actual coefficient sections on the blown-up base.

XV.1.2 The split Tate model

Can one set of coefficients realize the two tunings at once? Write z = Z/W, w =U/V.
Here [U : V] are homogeneous ruling coordinates, Z cuts out S, and W has class S+nF.



A section of AS + BF on F,,, for A > 0, is built from the terms
ZIWATIp; (U, V), 0<j<A, degp; = B —n(A —j). (XV.1.14)

Indeed the fiber-coordinate factor contributes AS + n(A — j)F, and a homogeneous
ruling polynomial of degree d adds dF'. A negative required degree contributes no term.
In the affine chart, a monomial z/w" is allowed precisely when

0<j<A  0<k<B-n(A—j). (XV.1.15)

Restricting to .S keeps only j = 0, of degree B —n A in the ruling coordinate. Restricting
to a fixed fiber gives a section of degree A in the fiber coordinate.
For the five Tate indices i = (1,2,3,4,6), use the split I and I5 ansitze with
exponents
(u;) =(0,1,2,2,4), (vi) =(0,1,2,3,5). (XV.1.16)

The intended factorization on the blown-up base divides a; by the indicated powers
of the sections of C1,Cs. It reads a; = z" w"3; near their meeting, and the residual
section has class

—iKp —u;Cqy —v;Cy = (21 — ’U,Z)S + (4Z — Ui)F — (Z - ’UZ‘)(El + EQ). (XV117)

In each row i —v; = 1. Put A = 2i — u;, B = 4i — v; in the Cox formula. The new
strict-fiber degree is A — 2, since the downstairs section has a zero at each center before
the exceptional factors are removed. The section degree is B — 2A, since neither center
lies on S.

i (ui,vi) (A,B) degBilc, degpilc,

1 (0,00 (24) 0 0
2 (L) (37 1 1
3 (22) (4,10 2 2
4 (23)  (6,13) 1 4
6 (45) (819) 3 6

Here is a lift that works for every compatible pair of restrictions in the table. Let
P(w) have degree at most B — 24 and Q(z) degree at most A — 2. The common value
at the corner must be the same in the local frames used there. Set

D(z) = W D(0) =1, (XV.1.18)
B(z,w) = P(w) + D(2)Q(z) — P(0),  P(0) = Q(0). (XV.1.19)

The w-dependent terms obey (XV.1.15) at j = 0. The product DQ has degree at
most A in z, so every term of that product satisfies the bound at & = 0. Thus B
homogenizes. Along z = 0 it equals P. Along w = 0 it equals DQ, so it vanishes at
the two centers. After the blowup, the pullback divided by the exceptional sections is
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a section of AS + BF — E; — F5. On the strict fiber, removing the two marked zeros
identifies this restriction with @ as a section of O(A — 2). The normalization D(0) =1
preserves the frame match at the corner.

For i = 6, the choices P = 24+ w?, Q = 2+ 25 give

Bs = w® + D(2)(2 + 2°). (XV.1.20)

If we replace Q by 3 + 2% while leaving P fixed, the two degree bounds still hold, but
their corner values are 2 and 3. No section can realize this pair in the stated frames.
Degree bounds on the two curves solve separate extension problems. Agreement at the
corner is what joins them.

A downstairs section with the required first-order zeros gives a quotient in each
exceptional chart. At either p = 1 or 2, the two charts of the point blowup are

(z,w) = (p+ &, 81), E={¢=0}, Cy = {t =0}, (XV.1.21)
(sz) = (p+ 77h777>7 E= {77 = 0}‘ (XV.1.22)

The strict fiber appears in the first chart. In the second it would require a direction
with w = 0, which is at h = oo. Define the local representatives of the residual by

B = TR 500 < R0+ Bulp0), (XV.L23)
800 1) =PI 000, ) B, 0) + Bu(p0): (XV.120

The numerator vanishes to first order or higher, so these expressions are regular.
In the overlap n = &, h = 1/t, they satisfy B = ¢B(M  This factor is a frame
change for the same line bundle. For example, (XV.1.20) gives gg,w(n 0) = 0 and
BG’Z(p, 0) = D'(p)(2 + p®). The exceptional value is nonzero at t = 0 but vanishes in
the direction h = 0.

(& ) z—p=§ w=¢t (mh): z—p=mnh, w=n
§= | _ n=20
| h=1/t h=
t=0
Exceptional directions in the overlap: t, h # 0

0

Figure XV.1.2: Two affine charts on the same exceptional P'. The point ¢ = 0 is the
strict-fiber direction and belongs to the & chart; h = 0 is the direction omitted by that
chart. The exceptional value of the divided coefficient is the first jet evaluated in the
indicated direction.

The division required for the Tate coefficient itself uses the new canonical bundle.
Downstairs the expression is z%iw"i ;. Divide its pullback by the i-th exceptional power,
as dictated by L* and (XV.1.5). Since v; + 1 = ¢, the new expressions are

al® = (p+ &)t s, (XV.1.25)
(") =(p+uh)“pa", o =tal". (XV.1.26)



This calculation uses a blowup of the base and a change of the fiber-coordinate bundles.
In the first chart, Zolq = E2Tnew a0d Yoid = E3Ynew. All terms of the old cubic then
carry £°. In the short Weierstrass form this reads

fold = §4fneW7 gold = §69neW7 Aold = 612Anew- (XV127)

The second chart has the corresponding powers of 1. These are proper coefficient
transforms on the new base. Dividing out a common factor without changing the base
would be a different construction.

For the constant restrictions 1 of (1, 82, 83, 84 and the choice (XV.1.20), the five
downstairs coeflicients take the explicit form

(@1,az,a3) = D(2)(1, 2w, 2*w?), (XV.1.28)
(@4,a6) = (*w’D(z), z'w°[w® + D(2)(2 + 2%)]). (XV.1.29)

To see how a single example passes through both charts, define d,(¢) = D(p+¢)/{ =
D'(p) + £/2. The two local representatives of ag are

o) = (p+ P+ d ()2 + (p+6))], (XVv.1.30)
ag” = (p+nh) [ + hdy(nh) (2 + (p + nh)°) . (XV.1.31)

Each expression is polynomial. In the overlap the bracket on the left is ¢ times the
bracket on the right, so the coefficients differ by %, as required for L. The factor ¢° in
the first chart describes the strict gauge fiber, and the missing factor in the second is
consistent with that chart omitting the strict-fiber direction.

For the singular-fiber calculation, first complete the square with Y = y+ (a12+a3)/2.
Define

BQ = a% + 4&2, B4 =aja3z + 2&4, B6 = (L?)) + 4&67 (XV132)
Y? = 2%+ 1Bya® + 1Bz + 1 Bs. (XV.1.33)

The shift x = X — By /12 removes the quadratic term. Collecting the linear and constant
coefficients gives

B BB BB B,

R 2 9T %61 o 1

f= (XV.1.34)

In 4f3 + 27¢2, the terms proportional to B and Bj By cancel. The remaining terms
proportional to B3 Bg and B3B3 combine because

Bg = 1(B2Bs — B}) = alag + 4asag — arazas + azaj — aj, (XV.1.35)
A =4f%+27g* = & (B3Bs + 8Bj + 27B; — 9B, B, By) . (XV.1.36)
The standard elliptic discriminant is —16A; it has the same zero orders. Keeping Bg in

factored coefficient form makes the parity difference between the two tunings visible in
the matter calculation.



Along either gauge curve the generic affine cubic reduces to y? + a;zy = 3. The
tangent cone at the node is
y(ly+ arz) = 0. (XV.1.37)

For a; # 0 it has distinct lines over the function field of the gauge curve, which is
the split test. This test is independent of the order of A. For example, the leading
coefficient along C; involves —a3 in Bg, of order four, while that term has order six
along Cy and cannot contribute at order five. The restrictions calculated below give
nonzero leading coeflicients at generic points, with f, g units. The regular relatively
minimal transverse surface models therefore have split Iy, I5 there. No global Tate
normal form for every Weierstrass model is needed: we have chosen an ansatz and
realized it in actual coeflicient bundles.

XV.1.3 Gauge and flavor divisors

Which curves support their own nonabelian vectors? The ordinary split-fiber dictionary
assigns su(n) to a split I,, curve. In our compact parent both tuned curves have finite
area, so both are gauge curves. To see what other curves the equation generically
supplies, we have to examine the coefficient systems away from the tuning. Counting
the number of factors removed along C4,Cs does not establish the multiplicities of the
remaining discriminant components.

Consider AS + BF — E; — F5 with A > 2, B > 2A, which includes every residual
bundle in the table. Its sections generate the fiber at each base point. On C; or Cs,
use (XV.1.19). The restrictions are complete systems O(B — 2A4) and O(A — 2) on
projective lines. Their degrees are nonnegative. At the common point take nonzero
matching values. At infinity take a section with nonzero top homogeneous coeflicient in
the relevant coordinate. Away from S and the total transform of Fp, a section of the
form

ZAU q(U, V), degg=B—1, (XV.1.38)

vanishes at the centers and can be chosen nonzero at the desired point. The factor U
cuts out Fj downstairs and is a unit at the point in question.

On each exceptional P!, use two allowed sections with affine expressions D(z) and
wz. The first has z-degree two and the second obeys the bound 1 < B — 2(A — 1).
Their first jets at a center p are

dD|(p.0) = D'(p) dz, d(wz)](p,0) = pdw. (XV.1.39)

Here D'(1) = —1/2, D'(2) = 1/2. For instance, at p = 1 the two divided sections restrict
to (—1/2,t) in the first chart and (—h/2,1) in the second. At p = 2 the corresponding
pairs are (1/2,2t) and (h/2,2). At least one is nonzero in every direction. Testing only
the ¢ chart would leave the direction h = 0 untested. This completes the pointwise
generation argument, including the exceptional curves.

Now let P be the product of all five complex coefficient spaces, and let B° =
B\ (C1 UCy). Over B° the prescribed tuning factors are units. The independent



sections 4, B give independent value variations day, dag at any chosen point. In a local

frame, (XV.1.34) gives
af.g) 1 0
das,ag)  \~Bz/12 1)° (XV.1.40)

For example, varying a4 changes By by twice that variation. Varying ag changes only
Bg, by four times the variation. The determinant is one, so the universal section can
move in both fiber directions independently.

There are two relevant strata in the two-dimensional space of values. The singular
point of the discriminant is (f, g) = (0,0). Away from it the curve 413 + 27¢% = 0 has
gradient

dA = 12f? df + 54g dg. (XV.1.41)

It is smooth at every nonzero value on that curve. Pull back the point stratum and this
smooth curve stratum separately to P x B° using the rank calculation. The incidences
are smooth of codimensions two and one, respectively. Generic smoothness over C,
applied to their projections to P, then gives the expected smooth intersections on a
dense open of the coefficients. A nondominating incidence has empty generic fiber.
Thus on this open, any common zeros have independent df,dg. Other discriminant
zeros are smooth and reduced in B°. In particular, there is no off-gauge (4,6) point
and there is no other multiple discriminant component.

For clarity, the two generic base tests have different linearizations. At a common
zero the map of base tangent spaces is v — (df (v),dg(v)), which must have rank two.
At a zero in the smooth-value stratum the single equation requires a nonzero covector
dA. In particular, at a nonzero discriminant value in the second stratum, g % 0, and
the universal variation alone can move the value across that stratum:

24 =549 # 0. (XV.1.42)
8(16 f
This calculation is in coefficient space. The assertion about the derivative along the
base, for a fixed generic coefficient choice, uses the smooth incidence projection. At a
common zero, dA = 0 even when df, dg are independent, so reducedness and smoothness
of the nonzero-value locus must not be applied there.

There is a separate smoothness check for the total space. In the affine fiber chart
let F denote the left side minus the right side of the Tate equation. At any point over
B°, a section variation with dag = 1 gives

6F = 1. (XV.1.43)

The universal hypersurface there is smooth. Generic smoothness of its projection to P
gives smoothness of the affine Weierstrass total space off the tuned curves for generic
choices. The section at infinity is already regular. These are statements about an open
set in the full coefficient systems. A sparse choice of restrictions is enough to show that
a desired intersection pattern is achievable, but that calculation does not by itself test
every stratum of the sparse model. Neither argument constructs a resolution over the
gauge curves or determines the group of sections.



The ordinary gauge assignment and the geometric multiplicity statement may
therefore be summarized at generic points of the components:

orde, A =4, orde, A =5, ordp A =1 (D a reduced residual component).
(XV.1.44)
The first two orders still require their split test (XV.1.37); neither is inferred from
generic smoothness away from the tuning.
A reduced residual component over the nonzero value stratum has generic fiber I.
Its node has no nonabelian root algebra, even if the component meets a gauge curve
at several points. To read off a flavor background from a noncompact seven-brane,
first specify a gauge singularity on the noncompact curve. In the unwarped kinetic
approximation, the putative constant gauge mode on a curve D has coefficient of the

form )
5 = ’C7/ VOID’E, (XV145)
96,D D

with K7 the fixed microscopic factor in this reduction. A finite-area compact curve
gives a finite coeflicient. If the kinetic norm of the constant mode diverges on a
noncompact curve under the chosen boundary conditions, this mode is not a dynamical
six-dimensional field. The fixed boundary gauge field is then a flavor background for
the compact sector.

reduced I, tuned noncompact curve

compact gauge curve (:ompact gauge curve

Figure XV.1.3: A generic reduced residual branch meeting a compact gauge curve, and
a separate local model with a specified gauge singularity on a noncompact curve. In the
first panel the meeting can give localized charged matter without a second nonabelian
divisor algebra. In the second panel a divergent constant-mode kinetic norm leaves the
noncompact field as a background.

The right panel of Figure XV.1.3 describes a different tuning from the generic reduced
residual in the left panel. In the gauge and hypermultiplet description, rotations of
identical fundamentals can also be used as background subgroups, for example SU(3)
and SU(6) for the external fundamentals counted below. That choice does not assemble
the residual intersections into geometric SU(3) or SU(6) stacks. It also leaves the full
quantum flavor symmetry and global form unspecified. To tell which localized fields we
have, we must restrict the actual residual discriminant to the gauge curves.

XV.1.4 DMatter at intersections

When does a discriminant zero on a gauge curve support an ordinary charged hyper-
multiplet? We need three facts: the residual meets the curve at a specific point, the



enhancement has the right local analytic form, and that form is in the domain of the
ordinary matter dictionary. The first two are calculations in the elliptic model. The
third is a physical input.

Near C; N Co, write A = z*wR. The product divides the discriminant, as
follows by computing its leading orders separately in z,w. For the ordered terms
atag,4azag, —ajazay, aza3, —a3 of Bg, the two exponent lists are

a%a(; 4(12&6 —a1a3aq4 a2a§ 7@2

z| 4 5 4 5 4 (XV.1.46)
5 6 5 5 6

The lowest exponents of By, Bg are (2,4) in z and (2,4) in w. Hence the other three
terms in (XV.1.36) have z- and w-orders at least six, eight and six, respectively. At
the two lowest orders only B3 Bg contributes, with Bs|c, = 37. Using the compatible
frames of (XV.1.19),

16R|c, = 1 Ri, Ry = 8786 — B1Bsfs — wpi, (XV.1.47)
16R|c, = B Ra, Ry = 386 — B13P4 + 252133 (XV.1.48)

The frame on Cy in this formula removes the two marked zeros in each residual coefficient.
We will check the discriminant’s change of frame explicitly at those points. At the
corner both expressions equal 37(81 8 — (#3/34) after multiplication by Bf. In particular
one cannot use the odd-node expression Ry in place of the even-node expression R
along the rest of C.

The residual line bundle follows from A € H°(B, L'?). Subtracting the two tuning
divisors gives

[R] = —12Kp — 4C, — 5Cs, (XV.1.49)
[R]-Cy = —4(—2) — 5 = 3, [R]-Cp = —4 — 5(—2) = 6. (XV.1.50)

The degrees of the polynomial terms in (XV.1.48) agree with this result. Along C
the term w33 has degree at most 1 + 2 = 3. Along Cy, the term 23232 has degree at
most 1 4+ 144 = 6. The class tells us the total intersection with each compact curve.
Simplicity and location of the roots still have to be checked.

Choose f1,..., 84, with indices 1,2, 3,4, to have constant restriction 1 on both
curves. Use (XV.1.20) for fg. The residual factors are

Ri=1—w+wd Ro=1+z+25. (XV.1.51)

To test the first polynomial, suppose R} = 3w? — 1 = 0. Then R; = 1 — 2w/3, which
could vanish only at w = 3/2, incompatible with w? = 1/3. If R, = 1 + 62° = 0,
then Ry = 1+ 5z/6. Its candidate z = —6/5 does not have 2° = —1/6. Hence both
polynomials are squarefree. Their top coefficients are nonzero and they have no roots
at infinity. Their corner values are both 1, and on Cs

Ry(1) =3,  Ry(2) =6T. (XV.1.52)
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Thus the external points miss both exceptional meetings. The nonvanishing of these
marked values and of the polynomial discriminants is open in the coefficient spaces. So
is f1 # 0 along either curve, since the restrictions have degree zero. The lift provides a
witness to all these conditions together. The resulting nonempty open and the off-gauge
open of the previous section have nonempty intersection in the irreducible full coefficient
space.

Ri(w)=0
—9o e o 0 C:w
|
|
same corner i RQ(Z) — 0
Cy: 2 6—0—0—0—0O—0—0—06—0O0—
1 2

Figure XV.1.4: Marked points of the strict gauge curves. FEach dot labeled by a residual
polynomial represents one simple zero. Their positions are schematic: the roots are on
complex projective lines. The circles on Cy mark the exceptional meetings z = 1, 2,
where the residual is nonzero. The shared corner is separate from all nine external
points.

Why would the calculation on the original fiber give a different answer? For this
choice, every $3;(z,0) is divisible by D(z). All contributing terms in Bg at order w® have
three factors of D. The prefactor B3 adds four more. With the downstairs coordinates
and the old canonical line,

16Ao14

A = D(2)"Ra(2). (XV.1.53)

w=0

Its polynomial degree is twenty. At z = p + &, w = &t, dividing the discriminant by £'2
and removing t° gives

16AII€W

7
7 =(p+9* (M> Ro(p +€). (XV.1.54)

3
Since D'(p) # 0, the right-hand side is nonzero at £ = 0 for each center. The strict
residual loses seven powers at each exceptional meeting. Those powers were part of the

transformation of the discriminant line and its tuned fiber component. They were not
fourteen additional matter points.

t=0

For the same witness, the linear term in 3; along t = 0 is D'(p)¢. Hence agg) =D'(p)
at the meeting. There frew = —ai/48 and gyew = a§/864 are units. Equation (XV.1.54)
also shows that the discriminant has no exceptional divisor component: the quotient
after removing 5 is nonzero near the meeting, including on the adjacent open part of E;
with ¢ # 0. Downstairs the point orders were (4, 6,12). The division (XV.1.27) shows
the lower bounds on the orders, and the corresponding new coefficients are nonzero at
generic directions on the exceptional line, giving equality. This is why the base blowups
were part of the construction.

11



Next take a point on one of the tuned curves where f, g are nonzero. Choose the
stationary root r of the cubic that is the double root at the point. Since r # 0, a local
analytic branch satisfies f = —3r2. In the short Weierstrass coordinate x = r + X the
cubic becomes

B+ fr+g=(9—2r+ X3 + X), (XV.1.55)
A =27(g —2r°)(g +2r%). (XV.1.56)

At the double root g = 2r3, the second discriminant factor is nonzero. Choose a local
square root of 3r + X. The two fiber coordinates

U =y—XV3r+X, Vi=y+XV3r+X (XV.1.57)

give an invertible analytic change near the node. Their product is g — 2r3. Absorbing
the discriminant unit into a coordinate gives the exact local form

U.V, = A. (XV.1.58)

At the corner, R is a unit, so the threefold germ is U, V, = z*w?® after another unit
change. A generic disk through the corner meets each axis to first order. Its surface
germ is U,V, = 7%, which has type Ag. This is an enhancement on a transverse surface.
The two generic divisor algebras remain su(4) & su(5).

The order nine is tied to the choice of disk. For example, z = 7, w = 7 yields order
nine, while z = 7, w = 72 yields

ord, (z'w’) =4+2-5 =14, (XV.1.59)

The second disk is tangent to Cs at the corner. Its higher order does not change the
threefold germ or give a different ordinary transverse matter rule at that point.

At an external residual zero, take ¢ normal to the gauge curve and let s be the
residual itself in a local frame. Simplicity of the restricted zero makes (o, s) local
coordinates. Thus

UV, =o"s —msvemedisk g7 yr — gntl 45, (XV.1.60)

where a unit is again absorbed. The surface has type A,, and the ordinary relatively
minimal transverse fiber is I,,41. The disk diagnoses the local enhancement; it does
not count the intersections of the two branches. For that count we used the restricted
derivative.

Two changes to (g isolate the needed hypotheses. On Cq, replace its restriction by
2 — w? 4+ w?. The degree bound and compatibility at the corner still hold, but

Ri=1-w—w?+w=(1-w)?1+w). (XV.1.61)

There are two distinct roots with total multiplicity three. The squarefree point calcu-
lation no longer applies. Alternatively subtract 1 from both restrictions of 34 in the
original witness. The resulting R; starts with —w and R, starts with z at the corner.
The common residual has zero constant term and a nonzero linear term. Thus

12



instead of nine. Compatibility alone did not ensure a unit residual there.

We can now apply the ordinary isolated matter rule to the simple-root example. In a
transverse split A-type enhancement the charged root blocks identify the representations.
For the corner, decompose the defining space of sly as C* @ C5. A block mapping C° to
C* transforms as a fundamental on the left and an antifundamental on the right. Thus,
under sly @ sls,

slg = (sly,1) @ (1,5l5) D1 @ (4,5) ® (4,5). (XV.1.63)

The block dimensions sum to 15+ 24 4+ 1420+ 20 = 80. The two off-diagonal blocks are
conjugates. In the ordinary local matter dictionary they supply one full hypermultiplet,
with the conjugate components paired by the quaternionic reality condition. They
do not count as two full hypers. Changing the orientation of the edge amounts to
conjugating one gauge-factor convention. At a simple external enhancement, the same
block argument with C*t! = C" @ C gives one fundamental block and its conjugate,
hence one full fundamental by the same physical rule.

c* C®

ct 4x4 (4,5)

c? (1,5) 5%5

Figure XV.1.5: Matrix blocks for the Ag enhancement at the corner. The off-diagonal
spaces are dual under the two gauge algebras and give the conjugate components of
one full bifundamental in the ordinary local matter dictionary. The traceless condition
is on the entire matrix.

On the displayed simple-root domain, the two rational curves give no bulk adjoint
hypers by the smooth-curve genus rule. The charged sector we have obtained is

3(4,1) @ 6(1,5) @ (4,5) (XV.1.64)

in full hypermultiplets. The su labels describe the nonabelian algebras and representation
types. They do not fix the global form of the compact gauge group. Neither neutral
hypers nor abelian vectors are counted here. The anomaly chapter will use the dimensions
of these representations as inputs, without inferring the matter from an anomaly equation
in reverse.

XV.1.5 Multiplets and the local limit

What can be made large while keeping the two gauge curves at finite area? Before
taking a limit, separate the different roles of the base. In the ordinary compactification,
the tensor scalars describe Kéhler shape: the normalized class is j = Jg/ \/E, with
j-C; its normalized curve areas. The overall volume J%/2 belongs to the hypermultiplet
sector. For the scaling at fixed microscopic units we use the unnormalized areas A;. A

13



two-form comes from reducing the IIB four-form in the corresponding dual curve sector.
Schematically, with w; a two-form used in this reduction,

Cy D Bl Aw;, Ai:/ JE. (XV.1.65)
C;

The basis for B and the tensor kinetic terms will be developed in the next chapter. A
D3-brane wrapped on C; is extended in two spacetime dimensions and is electrically
charged as a string. The vector multiplet instead comes from the generic split fiber,
and the charged hypers in (XV.1.64) from its isolated enhancements.

In the ordinary finite local reference, one normalizable tensor per retained indepen-
dent compact curve gives two tensor multiplets for the chain. The geometric string
pairing in the chosen sign is

2 -1
Qij=—Ci-Cj = <_1 5 ) : (XV.1.66)
Its eigenvalues are 1,3. Positivity of this pairing does not compute a physical kinetic
metric or establish normalizability. In the ordinary compact supergravity description,
the base supplies a lattice of signature (1,7). The positive direction belongs to the
gravity multiplet’s self-dual tensor, and

h'N(B) =4,  Teompact = h"'(B)—1=3. (XV.1.67)

Here the two point blowups each add one class to the rank-two ruled-surface lattice.
The compact T is therefore different from the count in the retained local sector. The
exceptional curves are part of the compact lattice but are not additional tuned gauge
curves.

The charge-sector dimensions give two other counts. Let Hg, be the sum of the
complex dimensions of the displayed charged representations, counted once per full
hyper. Let Vionap count the vector generators of the displayed nonabelian algebra.
Then

Hy=3-4+6-5+4-5=62, (XV.1.68)
Vaonab = (42 = 1) + (5% — 1) = 39. (XV.1.69)

A charged representation of dimension twenty contributes twenty here, even though it
is one full bifundamental. These numbers leave the compact neutral hypers and any
abelian gauge sector undetermined.

For the geometric limit, take J = Jg in fixed microscopic units. Specify positive areas
Ay, Ay for Cp, C5 and a parameter p for a generic fiber. Write J = pS+bF —ey F1 —exEy
in the real divisor basis, identified with its cohomology classes. Pairing with S, F, Cs, F;
gives

J-S=0b-2p, J-F=p, (XV.1.70)
J-Co=p—er—e, J-E;=e;. (XV.1.71)
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Solving with e; = ey yields

J=pS+ (2p+ Al)F _P 2A2 (El + Eg), p > Ay >0, A;>0. (XV172)
The generic fiber grows but its strict transform remains fixed. The growing area lies in
the two exceptional curves in the total transform.

To verify that J is Kéhler, we need to test the actual cone of effective curves. An
irreducible curve on the blown-up surface is exceptional, a strict fiber, the section, or the
strict transform of a different non-fiber curve. For the last case, let the downstairs class
be dS + b’ F with multiplicities m1, ms at the centers. Intersection with S gives b’ > 2d,
while intersection with the selected fiber gives m; + my < d. The latter inequality
follows because the local intersection multiplicity with the smooth fiber is at least m;
at each center. In the basis of effective generators the strict class is

ds + b/CQ + (b/ - ml)El + (b/ - mQ)EQ. (XV173)

All coefficients are nonnegative. A different fiber has class F = Cy + E; + E5. Thus
S, Cy, E1, Es generate the closed effective curve cone. The path pairs strictly positively
with these generators. Its self-intersection is positive, as is also seen from the following
volume calculation. The surface Kéhler criterion now applies.

For the symmetric path,

Volg(B) = 1?2 = p? + pA; — L(p— A2)? (XV.1.74)
= 3p% + p(A; + Ap/2) — 2 43. (XV.1.75)

Because 0 < p — Az < p, the negative term in the first line is less in magnitude than
p?/4. There is also an asymmetric path at the same retained areas. Replace J by
Je=J —eFE1 + e€Fy. Then

Jo-Eia=(p—A2)/2 ¢,  Volg(B;J.) = Volg(B; J) — €. (XV.1.76)

For |e| < (p — A2)/2 all cone pairings stay positive, and the volume remains positive.
At fixed ¢, the quadratic growth coefficient remains 3/4. In contrast, multiplying the
whole original J by a large number would scale both A; by that number. It would not
be a limit at the same gauge-curve areas.

The same symmetric path can be expressed in a basis adapted to the retained tensor
curves. This is useful because fixing their areas then amounts to fixing two coordinates.
Define H = 25 + 4F — Ey — E5. The pairings of (XV.1.4) and the inverse of (XV.1.66)
give

H-C;=0, H? =6, Q=1 G ;) . (XV.1.77)
For the column A = (A;, As)7, take J = RH — Y, C;(27 1 A);. Then
J-C; = A, J-F =2R— (24, + Ay). (XV.1.78)

The minus sign in the first line compensates the negative intersection form on the
compact curve span. The two exceptional areas are equal because H and both C; are
symmetric under exchanging E7, F5. Setting J - F = p therefore recovers (XV.1.72).
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area

Figure XV.1.6: Area path for A3 =1, As =2, in fixed units with p > 2. The selected
curve areas are horizontal. Each exceptional area grows with slope 1/2, and the generic
fiber has area p. The curves refer to areas, while the base volume in (XV.1.75) has
units of area squared.

Orthogonality makes the volume especially simple in this frame:
12 =3R*-1ATQ A (XV.1.79)

The R direction can grow without changing the compact pairings. Substituting R =
2[p + (241 + A3)/3] into this expression gives the same quadratic and linear terms
as (XV.1.75). This is a decomposition of the intersection form. It identifies which
geometric direction is growing and which is held fixed. The physical normalization of
tensors in that limit is a separate calculation.

In the leading unwarped reduction, insert an external metric independent of the
base into the Einstein term. With k19 fixed, the coefficient of % i d®z\/—ge Re is

Kg® =Ky / volp g = kg Volg(B). (XV.1.80)
B

The area-squared factor converts length dimension —8 of k77 to dimension —4 of g >.
Equations (XV.1.45) and (XV.1.75) show why this path is useful: the leading gravity
zero-mode coefficient diverges, while the wrapped gauge area factors stay finite. It is
a geometric calculation with a leading reduction, not a statement that all excitations
outside the finite sector are heavy. Growing directions can have light Kaluza—Klein
modes. To establish an isolated theory one must control the metric and boundary
limit, the norms of the retained modes, and their couplings to the bulk tower. Nothing
in the area and intersection calculations supplies those estimates. Chapter 2 will use
these curve areas and classes to derive string tensions and tensor couplings in its stated
regime.

XV.1.6 A single-node comparison

What changes if the I5 tuning wraps a negative section of square —17 Take the unblown
base ;. Its section is again S = {z = 0}, and S? = —1, S - F = 1. Equation (XV.1.3)
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gives Kp = —25 — 3F. Use only the I5 exponents v; = (0,1,2,3,5), with a; = 2% §;
near S. The coefficient class and its degree on S are

8] = (2i — v;)S + 3iF, (XV.1.81)
[B?] S=i+ Uy, (degﬁhdeg ﬂdeengia degﬂ47deg ﬁ6)|5 = (1737 57 77 11)
(XV.1.82)

In contrast to the chain’s degree-zero (1, the degree-one coefficient has a zero on S.
Every polynomial P;(w) of the indicated degree lifts. In fact, in (XV.1.14) take
7 =0 and use N
Bi = Wiy it p(U/v). (XV.1.83)

The base factor is homogeneous of degree i + v;, and the W factor gives the rest of the
divisor class. In particular, a coefficient chosen to be 1 in the affine chart is homogenized
with the indicated power of V; it need not be nowhere zero on S. The full systems
AS+ BF used here have B > A. At a point with W # 0, use j = 0 with a homogeneous
ruling polynomial nonzero there. At a point with Z # 0, use j = A with a nonzero value.
This proves pointwise generation, so the full-system generic argument of Section XV.1.3
applies off S. Again it is an open-family statement, not a global smoothness check of
the sparse coefficients we choose next.

The odd tuning yields the analogue of Rs, but there is no second tuned curve to
remove. The powers of z in By are 5,6,5,5,6, so

16 (A/2°)] 4 = B1P, (XV.1.84)

P = B{Bs — 18381 + B2133. (XV.1.85)

The term degrees are 2+ 11 =1+4+5+7=3+2-5 = 13. The residual degree, including
the fourth power, also follows directly from the class:

(—12Kp — 55) - S = (195 + 36F) - S = 17 = 4+ 13. (XV.1.86)

This total counts intersection multiplicities. We must still determine the nature and
location of the intersections.
Choose the five polynomials on S to be

(61a52363aﬂ4366) = (waleovwll)' (XV187)

Use (XV.1.83) as a sparse witness for the SU5-F1 germ along S. It has a nonminimal
divisor at W = 0, disjoint from S. With Z = V = 1, its nonzero (a1, az,as,ag) are
(W2w, W3, W4 WTwll), giving generic orders (6, 7, 14) for (f,g,A). On S, P = 1+w!3,
whose derivative vanishes only at w = 0 in the affine chart. That point is not a root.
The top homogeneous coefficient is nonzero, so all thirteen roots are simple and finite.
This establishes a nonempty open in the full coefficient parameter space: ; is a nonzero
section with a simple zero, 823 is a unit there, and the degree-thirteen binary form P
is squarefree. The ordinary compact-family interpretation uses the intersection of this
restriction open and the full-system open off S. The unit condition forces P # 0 at the
zero of B1. It does not force squarefreeness elsewhere. At a simple root of P, f, g are
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units and the residual meets S transversely. Equation (XV.1.60) with n = 5 gives an
I fiber on a generic transverse disk.

The point §; = 0 requires a different calculation. Translate it to w = 0 and use
the maximal ideal m = (z,w). Write ba, b3 for the nonzero values of 33, 83 there. The
leading forms, with errors of higher total degree, are

By = 42by + O(m?), By = O(m?), (XV.1.88)
Bg = b2 4+ O(m®), Bg = 2°byb2 4 O(m®). (XV.1.89)

For example, a;a3 has total degree at least three, and the first term in Bg with only
one z-power from ay and four from a3 is of degree five. Substitution into (XV.1.34)
and (XV.1.36) gives

f=—5b32* +O(m?), 9= 3:032" + O(m?), (XV.1.90)
A =b3b3z" + O(m®). (XV.1.91)

The orders on a generic disk transverse to S are (2,3,7), giving the D5 enhancement in
the ordinary transverse classification. This point is not a node of the kind studied at
1,9 #0.

To read its representation, use the Ds roots e; £ e;, 1 < ¢ < j < 5, in an
orthonormal basis. Roots e; — e; with ¢ # j give the A4 algebra. Restrict the positive
sums to its traceless Cartan subspace. With A\; = e; — % >k €k, those weights and their
negatives are

They are the weights of /\2 5 = 10 and its conjugate, with ten weights in each. The
ordinary localized D5 to A4 matter rule assigns one full antisymmetric hyper at this
point. The factor 3} instead records a fourth-order residual intersection with the gauge
curve. It is not a multiplicity of four fundamentals.

Imw

—&— 50— Rew

/ °
L]
“1'31 =0 [ ]

° @
Figure XV.1.7: In the affine w-plane for (XV.1.87), the thirteen roots of 1+ w'? lie on
the unit circle. The point at the origin is the separate zero of 8;. It has residual weight

four and ordinary D5 type. There is no root at infinity.

Two admissible changes distinguish the tests for the ordinary spectrum. First replace
B2 =1 by B3 = w in the same bundle. Now P = w + w'?, and the simple root at the
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origin coincides with $; = 0. With the other polynomials unchanged, By = w? + 42w
and B, = wz? have total orders two and three. The leading terms of f, g, A are
Twz?, 14 28, (XV.1.93)
Indeed Bg starts at order four and Bg now starts at order six. Thus 27B§ is the only
term of order eight in the discriminant. The new orders (3,4, 8) differ from (XV.1.91),
and the ordinary separated calculation cannot be used there.
For a second change, keep 82 = 83 = 1 and alter only (¢ to

Le(w) = — 18 4 Zy'h, (XV.1.94)

This is a legal lift of the same degree. It leaves the D5 calculation at the origin
unchanged since by = b3 = 1. Now

P=1-8uw+ Zw", (P(1), P'(1), P"(1)) = (0,0,26). (XV.1.95)
The degrees thirteen and seventeen are unchanged, but w = 1 has multiplicity two. The
transverse coefficient tells us what happened to the residual curve itself. Set Q. = A/z°
in the affine frame. With By = w? + 4z, By = wz?, Bg = z* + 42°Lg, the two leading
z-coefficients are

Bg = 2°(1 4+ w?L¢) + 42°Lg, (XV.1.96)
(14wl
Q.= W(%Gw"‘) + = (1201 L + 8w — w?) + O(). (XV.1.97)

For the linear coefficient, the B3 Bg contribution is 12w*Lg + 8w?, and the 8 B} and
—9ByB4Bg terms sum to —w?3. Since Lg(1) = —1, the gradient of Q. at (0,1) is
(=5/16,0) in (z,w). The residual is smooth there and tangent to S. Its intersection
with S has multiplicity two, since the restriction starts at quadratic order in w — 1. On
the disk z = 7, w = 1+ 27, f, g are units and A starts at —57°/16, so an Ig disk still
occurs at the tangent point. The disk does not split that tangency into two points. We
assign no new matter spectrum at this tuning.

The leading graph of the residual makes the distinction visible. Put ¢ = w — 1.
The restriction of Q. to z = 0 starts with 13¢*/16, while its derivative in z is —5/16.
Solving Q. = 0 for z by the implicit function theorem gives

13 , 3

Z=+4q + O(q”). (XV.1.98)

The local intersection multiplicity comes from contact of this graph with z = 0, not

from a singular residual branch. Figure XV.1.8 compares the graph and a disk that
cuts across both curves.

For (XV.1.87), or the nonempty open with thirteen simple residual zeros and
B2P3 # 0 at the 1 zero, the ordinary charged sector is one full 10 and thirteen full 5s.
The smooth rational section gives no bulk adjoint. Hence the selected dimensions are

Ha =10+13-5 =175, Vionab = 52 — 1 = 24. (XV.1.99)
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Figure XV.1.8: Real-coordinate slice of the complex germ at the repeated root. The
blue line is S, and the solid red curve is the quadratic approximation z = 13¢/5 to the
smooth residual. The dashed line is the disk ¢ = 2z. Its nonzero transverse slope tests
the fiber order without resolving the quadratic contact into separate intersections.

The two changes demonstrate why degree, or even degree together with the persistence
of the D5 point, does not imply that spectrum.

The one-node example also permits a fixed-area path. On Fy, S, F generate the
effective curve cone: for any other non-fiber irreducible curve dS + bF, its intersections
with F, S give d > 0, b > d. Thus the class

J=pS+(p+ A)F, J-S=A, J-F=p, (XV.1.100)

Volg(B) = 2p* + pA, Ap>0 (XV.1.101)
is Kéhler. The same leading Finstein calculation applies with this base volume. In the
compact reference T' = 2 — 1 = 1, while the ordinary finite local reference has one tensor
associated to the retained section, conditional on its normalizable sector. Equality
of these two numbers does not identify the compact signature-(1,1) lattice with the
selected local curve lattice. Chapters 2 and 3 will use the local pairing, compact tensor
count, and charged dimensions for separate purposes.

XV.1.7 Exercises

1. Change a center and test compatibility. On Fs move the first center onto
S N Fy, leaving the second at z = 2 on Fy. Give both strict classes and their
ordered intersection matrix. Separately, on the original base take i = 4. Give the
bounds for P,@Q and decide whether P = 3 + 2w, Q = 3 + 22 4 22* lift together.
What changes if the constant of @ is 47 Explain why moving the center changes
the class computation but the restriction question uses the original base.

2. Even and odd residuals. On the original chain set the first four restricted
coefficients (831, B2, 83, 34) = (1,3,1,2) on both curves. Take Ps = 3+3w—w?+w?,
Q¢ = 3 + 225. Compute both residual factors Ry, Ry without the prefactor in
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(XV.1.48). For each factor, give its degree, the number of distinct roots, and the
number of roots of multiplicity one over C. Explain which parity term distinguishes
the factors.

3. Change the corner. Take the first four restricted coefficients (1,2,2,3) on
both curves and take Py = 6 + w3, Qg = 6 + 28. Give the constant and linear
coefficients of R = A/(z*w®) at the corner in the compatible frame (XV.1.48), in
the order 1, z, w. Give the point order of A. Explain why the ordinary unit-residual
argument cannot be repeated with these inputs.

4. Redistribute exceptional areas. Keep A; =2, A; = 3 and assign one third of
the excess fiber area to E7 and two thirds to Es. At p = 12 give J-(Cy, Cq, E1, Es)
and Volg(B). Find the leading coefficient of p? at large p and the allowed range
of p. Explain why a uniform rescaling of J does not do the same job.

5. Separate weighted degree from matter. On F; take (81, B2, 83, B4, B6) =
(w,2,1,0,2w!!) in the same affine extension. Give the degree of 5P, the number
of simple P-roots, and the ordinary matter multiplicities on S, giving the anti-
symmetric and fundamental separately. Then replace S by 2w. Compute the
new point orders of f, g, A at the origin and state whether the ordinary separated
argument applies there.

6. What remains to be established? A proposed local limit keeps the area of a
compact gauge curve finite and sends the base volume to infinity. What further
information would determine whether the retained tensor and gauge modes define
an isolated theory? Which parts of the complete compact massless spectrum are
missing from the calculations of this chapter?

Use benchmark/tasks. json for the JSON fields and benchmark/PROTOCOL.md for
submission. Written explanations, including the last exercise, are assessed by a reader.

Status and sources

§1. The base and the canonical choice. The lattice and dualizing-line computations
are [MATH]. The ordinary sectioned frame uses the sectioned and adiabatic hypotheses
of XIV.1. For the ruled-surface intersection and compact base conventions see Kumar
et al. (2010), arXiv:1008.1062v1, §5.1, eqs. (5.1)—(5.5). The point blowups and relative
residue are computed here. A smooth global crepant resolution, including flatness of
any proposed resolution, has not been established.

§2. The Tate construction. The residual bundles, lift, charts, normalization and
split transverse type are [MATH]. The selected split order rows are from Katz, Morrison,
et al. (2011), arXiv:1106.3854v1, Appendix A, eq. (A.1) and Table 2, PDF pp. 22-23.
See also Morrison and Taylor (2012), arXiv:1106.3563v3, eqs. (3.58),(3.61). The orders
are used as ansétze; the chapter constructs their global sections on the chosen bases.
The Kodaira interpretation uses the Weierstrass convention Apgox = 43 + 27¢2 and
the stated ordinary transverse hypotheses.
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§3. Gauge and background fields. The ordinary split-fiber Lie algebra is [GEO-X].
Pointwise generation and full-system generic smoothness off the tuned curves are [MATH].
The noncompact seven-brane background interpretation is [GEO-E], conditional on the
boundary conditions and divergent gauge kinetic norm. See Ohmori et al. (2014),
arXiv:1408.5572v2, §3.3.1, egs. (3.26)—(3.31), and Kumar et al. (2010), §§5.1-5.2, PDF
pp- 20,23-25. The norm of a specific noncompact metric has not been computed.

§4. Chain matter. The residual, strict transform and analytic germs are [MATH]. The
local hypermultiplets and absence of genus matter are [GEO-E], using the ordinary isolated
A-type and smooth-curve rules. See Katz and Vafa (1997), arXiv:hep-th/9606086v1, §2
and eq. (2.1), §4.1 and eq. (4.1), and Morrison and Taylor (2012), PDF pp. 15-17 and
24-26, eqs. (2.26),(3.21)—(3.28). The representation branching does not independently
establish the localized zero-mode rule.

§5. Multiplets and area scaling. The fixed-area path and selected dimensions
are [MATH]. The compact and conditional local tensor readings are [GEO-E]; see Kumar
et al. (2010), §§5.1-5.2, Ohmori et al. (2014), §3.3.1, and Heckman et al. (2015),
arXiv:1502.05405v3, §§2.2-3, egs. (2.13),(3.1),(3.2), for the wrapped string and base
pairing. The leading unwarped reduction is [SUGRA]. The existence of an isolated
interacting local limit remains a [DEC] premise beyond the scaling test.

§6. The single curve. The weighted residual, jets and two controls, selected
dimensions, and F; area path are [MATH]. The ordinary simple-open matter assignment
is [GEO-E]. See Katz and Vafa (1997), §4.2(ii), and Morrison and Taylor (2012), eq. (3.28)
and the following SU(5) discussion. The I order on the transverse disk is computed
here; the printed A5 discriminant order in that discussion is inconsistent with the
calculation. The simple-root hypothesis is separate from the weighted class and no
matter multiplicity is assigned at the tuned tangency.
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Chapter XV.2

Tensor branches, string
charges and couplings

XV.2.1 The tensor scalars as areas

Can we change the coupling on one seven-brane curve without changing the coupling
on its neighbor? We will answer by constructing a Kéhler class whose evaluations on
the two curves can be specified independently. The same evaluations give the tensions
of strings that wrap the curves. The calculation starts with the base of Chapter 1.
We use the quadratic brane actions of Volume III, Chapter 3, and the calibrated-area
calculation of Volume IV, Chapter 6.

Let J be the Einstein-frame Kéhler class of a compact base B and let V = J?/2 be
its volume. A period here means the integral of a two-form over a curve. We write a;
for the area period of a holomorphic curve C;, and j for the normalized Kéhler class:

J a;
a= [ J=J-C;, = —, 2 =1, - C = ——. XV.2.1
/Ci J G J J o ( )

In the compact two-derivative reduction it is the variations of j on the unit-norm slice
that describe tensor multiplet scalars. The overall volume belongs to a hypermultiplet.
We will work with the dimensionful periods a; to keep track of tensions and kinetic
coefficients. A change in a; at fixed V' can therefore be a tensor scalar variation; scaling
the whole class at fixed j cannot.

Start with the ruled surface Fo and choose a fiber Fj of the ruling. The class F' of a
generic fiber has square zero, because two distinct fibers do not meet. The negative
section S has square —2 and meets each fiber once. Blow up two distinct smooth points
of Fyy away from S. For example, if z is the affine fiber coordinate with S = {z = 0},
and w is the ruling coordinate with Fy = {w = 0}, take (z,w) = (1,0), (2,0). Write
S, F also for their pullback classes. The exceptional curves F; are disjoint, have square
—1, and pair to zero with pullbacks. In the ordered basis (S, F, E1, F5), the intersection
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matrix M and canonical class are

21 0 0

=] L 000 Kp = —25—4F + By + B (XV.2.2)
0 0 -1 0| : 2.
0 0 0 -1

The canonical class downstairs follows from adjunction on S, F. At a blowup the
canonical bundle acquires one exceptional divisor: in a chart z — zg = £, w = £u, the
pullback of dz A dw is &€ d€ A du.

The strict transform of the chosen fiber is what remains after subtracting the two
exceptional components of the total transform. The section does not pass through
either blowup center. Thus

Cy =8, Cy=F — E, — By, C?=C2=-2, Cp-Cy=1. (XV.2.3)

Figure XV.2.1 shows why the two blowups change the fiber square and leave the
crossing with the section intact. Using (XV.2.2), K -Cy = Kg - Cy = 0. Hence
29(C;)—2 = (Kp+C;)-C; = —2, in agreement with the strict transforms being smooth
rational curves. If the second blowup were on another fiber, the chosen strict fiber
would be F'— E; and would have square —1. The number of blowups alone does not fix
the pairing.

S Ci
| L
o o ! blow u)p J l o
B T
before after

Figure XV.2.1: The chosen fiber before and after the two blowups. Both centers
are away from the crossing with the section. On the right, the total fiber has three
components. Its class is still F', while the horizontal component is the strict transform
Cs.

To vary the two areas we must check the whole Kéhler chamber of this parent, since
a third curve can reach zero area first. On this base the cone of effective curve classes
is generated by C4,Cs, Fq, E5. To see this, first consider a vertical irreducible curve,
meaning one that maps to a point under the ruling. It lies in an ordinary fiber of class
F =C5+ E1 + Es or is a component of the distinguished fiber. The section is itself one
of the proposed generators. For any other irreducible horizontal curve, write the class
of its image downstairs as d.S + bF and the multiplicities at the two centers as mq, mo.
Intersecting with a generic fiber gives d > 0. Intersection with S gives b — 2d > 0;
intersection with the distinct curve Fy gives m; + my < d, since a local intersection
with the smooth fiber is at least the multiplicity at the point. The strict class is then

ds + bF — m1E1 — m2E2 = dCl + bC2 + (b - ml)El + (b - mQ)EQ. (XV24)

24



Every coefficient on the right is nonnegative, and each generator is effective. This proves
the cone assertion, including the exceptional directions.

Put C = (C1, Cy) for the matrix of the two class columns, using the same notation
for their Poincaré duals. Let Q = —CT MC; the sign makes the local string pairing
positive. Two classes orthogonal to both C;, and to each other, are

H =2S +4F — By — Es, H? =6, (XV.2.5)
W =E; — Es, W? = —2. (XV.2.6)
To prescribe a = (a1,a2)”, solve for the curve-span component Cc of J. Since

CTM(Cc) = —Qc = a, the solution and the full class are

0- ( 21 —21> . D=-CQ'.  J=RH+ Da+sW (XV.2.7)

Here D is a matrix of real class columns with CTMD = 1. Its coefficients may be
negative or fractional. The test for a Kéhler class is its evaluation on curves, not
positivity of its coefficients in a divisor basis.

For example, CTME; = (0,1)7, so Da - E; = —(27!a),; the same equation holds
for F5. In contrast, W - FEy = —1 and W - E; = +1. With v = (a1 + 2a2)/3, the four
evaluations and the volume are

(J-C1,J-Cq,J-Eq1,J-Es)=(a1,a2, R—v—35,R—v—+5s), (XV.2.8)
V=3R*-1a"Q a5 (XV.2.9)

For these classes positivity on the four generating curves already implies V' > 0. Indeed,
R > v+ |s] in the interior, and

3w+]s)? — 3a" Qe — s* = az(ar + as) + 6v[s| + 25 > 0. (XV.2.10)

The surface Kéhler cone criterion, positivity of the square and of the curve evaluations in
the Kéhler component, now gives precisely this chamber. One can also locate the classes
in that component by using the strict positive evaluations on the finitely generated
curve cone.

At a = (2,5)T and R =5 in common area units, v = 4. Keeping the two selected
periods fixed and changing s gives

S (al,ag,J~E1,J'Eg) Vv
0 (2,5,1,1) 62

XV.2.11
I esily [ v
1 (2,5,0,2) 61

The last row is nef and lies on a wall. A test that kept only a1, as, V would have missed
it. On the symmetric slice s = 0 a second useful coordinate is the generic fiber period
r=J-F=as+2(R—v)=2R — (2a1 + a3)/3. Expanding the class and replacing R
in the volume yields
J=rS+ (27‘ + al)F + L;T(El + EQ), (XV212)
V=r*+ra —i(r—a) (XV.2.13)
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In the first row of (XV.2.11), r» = 7, and the two exceptional areas are each (7—5)/2 = 1.

For comparison take F; and select its negative section S. The ruling has §% = —1,
S-F=1,F>=0and K = —2S5 — 3F. Adjunction again gives g(S) = 0, now with
Kp-S = —1. A horizontal curve other than S has class dS + bF with d > 0 and
b > d by intersection with S; the vertical generator is F'. Thus the Kéhler condition
is positivity on S, F' together with positive square. Writing the area on S as ag, one
obtains

J=L(S+F)—assS, (J-S,J-F)=(as,L—ag), V = 3(L* —a3). (XV.2.14)

Here L > ag > 0 gives the chamber. The two terms in the class are orthogonal:
S-(S+ F)=0. This is the one-curve version of (XV.2.7) and makes it easy to increase
L at fixed ag.

The elliptic tuning labels the gauge sectors; the areas do not determine that tuning.
Recall that the i-th Tate coefficient is a section of —iK g, for i = 1,2,3,4,6. Write the
exponents along C7,Cs as u;,v;. Removing those powers leaves the class

—iKp —u;Cq —v;Cy = (2i - uz)S + (4Z — 1}1‘>F - (7, — ’Ui)(El + E2>. (XV.2.15)

For the split Iy, I5 model, called CHAIN45, take u = (0,1,2,2,4), v = (0,1,2,3,5).
Changing to v = (0,1,3,3,6) gives split Iy, I on the same base, CHAIN46. The
changes are possible because the coefficient degrees also change. For instance the
residual sixth coefficient on Cs has degree 12 —4 — 2(6 — 5) = 6 in the first model and
12 —4 —2(6 — 6) = 8 in the second. In the changed model the coefficient downstairs no
longer has to vanish at either blowup point for this row. The section degree changes
from 4(6) — 5 —2(12 — 4) = 3 to 2.

The mixed discriminant term tells us where this change enters. Near the crossing
use local equations z = 0 for C; and w = 0 for (s, and write the Tate sections as
A; = z%w" §; to distinguish them from the areas a;. Define the Tate combinations

by = AT +4Ay, by = A1 Az +24,, b= A3+ 44, (XV.2.16)
bs = 1(babg — b3) (XV.2.17)
= A3Ag — AjA3Ay — A% 4 4A5A6 + A A3, (XV.2.18)

The term b2bg/16 in 4f3 + 27¢? supplies the leading mixed order: the other terms
b3, b2, babsbg have larger exponents of both z and w. The powers in the first three terms
of bg are

A2Ag —AAzA, - A2

I, 15 | (4,5) (4,5) (4,6) (XV.2.19)
147[6 (476) (476) (4a6)

The last two terms of bg have at least five powers of z and at least five or seven powers
of w, respectively for the first and second tuning. Thus at a generic crossing the leading
mixed term changes from z*w® to z*wS. In the second tuning the A% term contributes
at that order as well. The base pairing calculation has no input from any of these
coefficients.

The allowed sections lift compatible restrictions from the two meeting curves; the

details are recalled at the end of the chapter. With generic nonzero leading terms the
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two distinct nodal tangents give the split fibers. The resulting gauge algebras in the
ordinary local description are su(4) @ su(5) and su(4) @ su(6), respectively. On F; the
split I5 exponents on S leave degree ¢ + v;, from ((2¢ — v;)S + 3iF') - S. The same
split-fiber interpretation gives the single su(5) sector of SU5-F1. Chapter 1 develops
the tuning and ordinary matter dictionary. For the wrapped-string calculation here,
what matters is that (XV.2.3) and (XV.2.8) apply to either tuning of the two-curve
base. Changing a Kéhler period within one tuning changes no Tate exponent.

XV.2.2 Wrapped D3 strings

What remains of the D3 worldvolume after it wraps a base curve? A D3 along ¥ x C,
where C' is a compact holomorphic curve and ¥, a timelike sheet in six-dimensional
spacetime, has two external dimensions left. An observer in six dimensions measures the
energy per unit length on 5. The Dirac-Born—Infeld action measures a four-volume.
In an unwarped reference, with fixed embedding and no internal-external metric mixing,
the worldvolume determinant factors into the determinants on ¥ and C. Figure XV.2.2
distinguishes this base curve from the elliptic fiber.

Write gt = ¢®/2gy, for the string-frame metric, ® for the unshifted dilaton, and
A = 27a’ with [o/] = length®?. Here P[B] pulls back the NS two-form. Use a D3
reference with

1

1

(XV.2.20)
The zero refers to the combination that enters the determinant. Setting the field
strength alone to zero is insufficient if the pulled-back two-form is nonzero. For example
a nonzero magnetic component f el A e? of Fbe in a string-frame orthonormal coframe
on C multiplies the internal area density by /1 + f2.

Under the frame change the D3 volume element acquires e e®, which cancels
the DBI dilaton factor at this reference background. In a holomorphic orientation the
Kéhler form restricts to the area form: for a unit tangent u on C, J(u, Iu) =1 with I
the complex structure. Integrating gives

SppI = —M3/ e~ ®\/—det P[get] d*¢
Yo xC
= fug,/ v/ — det Plgg]s, d%/ J, (XV.2.21)
22 C

T
T(q) = L2 = ¢"¢. (XV.2.22)

40/4 _

Q;
t’L - kg)
Here ¢ is the integer column of wrapping numbers in the chosen basis. For an effective
calibrated sum of curves the area contributions add, including when the configuration
is reducible. The calibration identifies the area of the holomorphic configuration with
the closed-form period; it does not furnish a connected stable string for every effective
class. In particular, one cannot take a signed lattice column, contract it with a, and
conclude that a BPS string with that tension exists.
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spacetime sheet Yo base curve C fc fc J: area

X _—>

Figure XV.2.2: A D3 on the product of a spacetime sheet and a curve in the base. The
area integral on C leaves a tension on Ys; integrating the two internal legs of the RR
four-form leaves a two-form coupling on the same sheet.

Take ¢ = (2,1)7, realized in the area calculation by two copies of C; and one of Cs.
The periods in (XV.2.11) give area 9 in the chosen units. Exchanging the periods while
keeping the same curves and charge gives

(2,57 =9, ¢7(52)7" =12 (XV.2.23)

The second point remains inside the Kéhler cone at R = 5,s = 0: v = 3 and both
exceptional areas are 2. Here the tension changes because the heavier wrapping number
multiplies the larger area. Exchanging two coordinate labels would instead transform ¢
as well and leave the tension invariant. A tension has dimension mass?, since a; is an
area and k3 is a length to the fourth power. The inverse squared six-dimensional gauge
coupling has the same dimension. Its coefficient must be derived separately.

A string also has an electric coupling to a spacetime two-form. With the D3
orientation chosen above, the part of the Wess—Zumino action that contains the RR
four-form is +pus fzngP[C‘l]' Define C; = uzCy/(27), and let B¢ = fCi C4 be the
spacetime two-forms obtained from its two-internal-leg part. The orientation used to
integrate on C; is the same one used in its period. Then

Sel = 27r/ / Cy= 277/ q'B. (XV.2.24)
Py e o

In a reduction that retains these two-form modes the formula describes their electric
sources. More generally it computes the period of the potential against the curve source,
without proving that every such potential has a dynamical mode in a noncompact limit.
Reversing the wrapped orientation reverses this coupling. The area contribution of the
reverse orientation is positive and is not computed by treating a negative period as a
calibrated holomorphic area.

The distinction between a period and a charge can already be seen in the worldsheet
coupling. At the same point in spacetime, compare two configurations with ¢ = (2,1)7
and g = (1,2)”. Their area difference is a; — ay. If the two periods are equal, their
leading tensions agree. Yet the difference in the electric coupling is

Se1(2,1) — Sai(1,2) = 27r/E (B' — B?). (XV.2.25)

Equality of the two tensions is a statement about the chosen Kéhler class; the two
strings still represent different wrapped charges. A common variation of the periods
would keep their tensions equal, while a variation in the relative period separates them.
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On the selected span, write D* for the columns of D = —CQ~', so [, D' = J’.
J
The same class can be expanded in these unit-period forms or the Poincaré duals of the
C;, with coefficients Bpp in the latter basis:

Ci ~ Y B AD'=> Bip APD(C)), (XV.2.26)
B=—-QBpp. (XV.2.27)
Indeed, integrating the second expansion over C; inserts the intersection C; - Cj = —€;;.

This minus sign is a consequence of the geometric evaluation; it is not a choice of six-
dimensional tensor chirality. In a compact parent the expansions refer to the selected
part of the two-form data, not the entire compact mode space. The calculation gives
two uses of a charge column: pairing with an area for a tension, and pairing with a
potential for an electric coupling. To compare two string charges we now need a pairing
on the charge lattice itself.

XV.2.3 The integral charge pairing

How can the components of a string charge change while its physical pairings remain
the same? The integral lattice A considered here is generated by the two compact
curve classes. In the six-dimensional tensor-string dictionary its positive pairing on
these negative curves is minus their intersection. For example, for ¢ = (2,1)T and
r=(1,—1)T we have

(q,r) =q"r = (2,1) ( 21 ;) (_11> =3. (XV.2.28)

The signed vector r is an integral lattice test. In the effective cone generated by Cy,Cy
it is not a holomorphic wrap. This calculation uses the selected local sublattice; the
compact parent has other curve classes and an intersection form of mixed signature.

To make an internal two-form with specified periods on C7, Cs, first restrict to their
real span. If D! = 2C; 4 yC> is the class with period 1 on C; and 0 on Cs, then

_201 + s

—2r+y=1, r—2y=0 = D!'= 3

(XV.2.29)
Interchanging the two columns gives D? = —(C; + 2C3)/3, so the matrix of solutions
is the D of (XV.2.7). These classes are unique within the selected real span because
det 2 = 3. In the compact parent one can add a class in the orthogonal complement
without changing either period. This real period dual is not required to be a globally
integral divisor. For instance D! has nonintegral coordinates even in the parent basis.
The integral class F' has period vector (1,0)7 but has components outside the selected
span.

Now change the integral generators to ¢’ = CU with U unimodular. Solving
Cq = C'q’ gives the new charge components. Evaluating J on C’ gives the new periods,
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and evaluating intersections on both columns gives the new matrix:
¢ =U"1q, o =U"a, QO =vTau, (XV.2.30)
D' =-cuurau)t =pUu-T, B =U"B. (XV.2.31)

The opposite transformations of ¢ and a cancel in the area contraction. They also cancel
in the electric coupling, while the two factors of U in Q' cancel the transformations of
both charges:

¢Td =q%a, J¢TB =478, T = ¢ Qr. (XV.2.32)

Thus if @ is held fixed and only ¢ is relabeled, the resulting contraction does not in
general represent the same geometry.

Take the shear O = Cy, C} = Cy + Cs. On the example ¢, r,a of (XV.2.23) and
(XV.2.28), it gives

() e () e (B) e (B) e (2 ). avas

The contraction for the area is 2 +7 = 9. Also Q7' = (3,0)7, so the pairing remains 3.
The sign of the off-diagonal matrix entry changes. Its meaning is now the pairing of C;
with C7 4+ Ca, not the pairing of the two irreducible curves.

The selected effective cone has to be carried through the shear as well. If ¢’ = (z,y
then ¢ = Uq' = (x +y,y)T. In the new coordinates the cone and its positive area
condition are

)T

b

y>0, z+y>0; aj >0, ah—aj>0. (XV.2.34)

Figure XV.2.3 shows both descriptions of the charge cone. The original curve Cs has
¢ = (—=1,1)T; its area at the displayed point is —2 + 7 = 5. Conversely, (a},ab) = (3,2)
has positive entries but evaluates negatively on Cy. The full parent cone still includes
the two exceptional conditions. Neither the new coordinate quadrant nor the sign
pattern of ' replaces the geometric cone.

!
q2 q2

Cs 2 5 c}

\ w0 q1 \ 0 /
Cl Cl q1

Figure XV.2.3: The selected effective cone in the two charge coordinate systems. The
right-hand slanted ray has coordinates (—1,1) and is still C5. The dashed ray is
Ch = Cy + Cs, which lies inside the cone.

The shear also gives a quick way to check the real period forms directly. The inverse
transpose in (XV.2.31) gives

D' = D' D? D"”? = D?, (Cy-D*,Ch-D'YYy = (1,1—-1) = (1,0). (XV.2.35)
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Thus the first new unit period is achieved by increasing the old period on C; while
decreasing the one on Cy by the same amount. For example, a small change da’ = (§,0)7
around the displayed point gives éa = (J, —8)T. It changes the two original tensions in
opposite directions, and the tension of C5 = C; + Cy stays fixed. The D! class was
obtained by evaluating against both curves, not by dividing the class C by its own
self-intersection. Using —C'1/2 would also give period 1 on Cf, but it gives period 1/2
on C}.

The abstract positive-pairing dual lattice is a third object. Its elements pair integrally
with every integral charge:

1
AN ={recQ?®: QuecZ? =072 Q= 3 G ;) . (XV.2.36)

Here the first dual generator x = (2,1)7/3 has pairing +1 with the first charge and 0
with the second. The geometric form giving the same evaluation by intersection is —C'z,
because the geometric form uses M instead of the positive pairing. Twice z differs from
the second abstract dual generator by (1,0)7, and 3z = (2,1)7 is integral. Thus z
generates a quotient of order three. In Smith reduction, swapping the columns of €,
then negating the first row, gives (; :? ) Subtract twice the first row from the second
and add twice the first column to the second. The result is diag(1, 3). Equivalently,

A /A ~ 72 )Q7? ~ 7./37. (XV.2.37)

For the F; section, the one-curve pairing is (1), the geometric period dual is —S, and
the abstract dual lattice has trivial quotient by the original lattice. The change from
order three to one is controlled by the base intersections. It does not determine a
gauge-group global form or supply fractional elementary strings. We can already see
this separation on the two-curve base: the changed 14, Is model keeps the same quotient,
while changing the second gauge algebra. Next we compute how the gauge sector
depends on the periods that appeared in the string tension.

XV.2.4 Gauge couplings along the branch

Why does a six-dimensional gauge instanton carry the charge of a wrapped D3? A
seven-brane on C; fills all of six-dimensional spacetime. A gauge field concentrated in
four of its spatial directions can leave a string along the other spatial direction. We will
compare this configuration with the wrapped D3 in two independent ways: its energy
per unit length, and its source for the RR four-form. Both comparisons require fixing
the gauge trace before reducing the action.

Work at quadratic order in the weak D7 reference description with a product metric,
no warping, and constant internal gauge zero mode. On the D7 reference background
require P[B] 4+ AFi,; = 0 on the worldvolume, just as for the D3 on its own reference.
We take the no-internal-flux reference for the RR increment below. Let F' in the
determinant now denote the fluctuating field strength in the six external directions.

For the matrix A = A\(g™°") "1 F on worldvolume tangent indices, antisymmetry gives
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tryy A = 0, and raising indices with g¢* gives try, A? = —\2F,, F%*. Expanding the
logarithm gives

Ltryylog(l+ A) = —Ltry, A2+, (XV.2.38)
Vdet(T+ A) = 1+ 2 F, F& 4. (XV.2.39)

Here the determinant expansion is for one abelian component. At order F2 on a stack
it gives the fundamental trace try on the two gauge factors. This use of the quadratic
term does not require an all-order nonabelian determinant. If the DBI background
combination were nonzero, the expansion would be around P[g"®*] 4+ Fy,; already for
an internal magnetic component the magnetic area prefactor discussed after (XV.2.20)
would survive.

In string frame the quadratic action is

)\2
58 = 7“7T/d856*¢\/fg;net trp(FapF2%),  pur=(2m) 7o'~ (XV.2.40)

The eight-volume contributes e?® and the two inverse metrics in F? contribute e~ 2.
Together with the DBI dilaton they give e ®e?®e~® = 1. This is a cancellation in the
gauge term; the eight-dimensional volume term alone has a different Weyl weight. Match

the resulting action to — try F?/(2¢3 ), with Hermitian generators try(T,Tp) = dap/2:

1 o M7/\2
Zgng 4’

ks = g3 p = 2(2m)°a%. (XV.2.41)

For a single normalized SU(N) generator the component action is —F¢, F** /(4g?).
The trace in the stack action is part of this matching.

For comparison, take F' = fP, with P; = diag(1,0,...,0). A particle of unit charge
on that entry couples to f’s gauge potential without a generator rescaling. Alternatively
take F' = f1y, so the same component field acts with unit charge on all entries. In the
component action —f2/(4¢?) these give

generator of f | try(FupFeb) gg,E for f
Py fan f® ks/2 (XV.2.42)
Iy Nuf™ | hs/(2N)

A single D7 uses the first line. The two lines agree only for N = 1. For example, on
the second curve of CHAIN45 the full identity coefficient is kg/10; changing the tuning
to CHAIN46 changes it to kg/12. These are comparisons of local trace normalizations,
not statements about a massless diagonal U(1) in either compactification.

Integrating the constant SU(N) mode over C; multiplies the eight-dimensional
kinetic coefficient by a;. Combining (XV.2.41) and (XV.2.22) gives

a;

k
¢ = g5l = Wt 1?2‘;5" = 87%¢;. (XV.2.43)

The coupling itself grows as the period decreases. If one used the unit-charge single-entry
coupling in this ratio, one would obtain 472, the ratio to a different inverse squared
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coupling. Also, if the calculation is performed at constant g, = e in string frame, the

inverse coefficients contain e~® and the area must be measured in the same frame. The
comparison here uses Einstein-frame areas and keeps the microscopic o/ fixed.

Use the first row of (XV.2.11) as a reference and now increase a; from 2 to 3 while
holding as = 5, R = 5,s = 0. This is allowed since the exceptional areas change from
1 to 2/3, both still positive. The change multiplies ¢; and ¢; by 3/2 and leaves ¢, to
fixed. Table XV.2.1 records the common area dependence; the inverse coupling and
tension columns use different units.

Table XV.2.1: Changing one area on the two-curve branch. An area unit ¢? is used for
all entries, so k8¢i/€2 and kgti/£2 report the same numbers.

ll/é2 ) k8¢1/f2 kgti/KZ

(2,5) 1 2 2
(2,5) 2 5 5
(3,5) 1 3 3
(3,5) 2 5 5

To see the same coefficient from a gauge configuration, choose four oriented Euclidean
directions transverse to a static string. Assume the scalar ¢; is constant and consider a
smooth finite-action SU(N) field in the ordinary instanton sector there. We use the
Hermitian F' convention with a positive instanton self-dual. In exterior-form notation
the energy per unit length and the topological charge are

1

52(;52-/ try F'A %4 F, k=—— [ try FAF. (XV.2.44)
R4 8T R4

The factor from [ F A #4F = 1 [ F,, F™"d*z agrees with the action above. With

e = sgn(k) for k # 0, expand the squared norm of F' — € x4 F:

&= %/trf(F— € %4 F) A #q(F — e x4 F) + 872, |K|. (XV.2.45)

The cross terms reconstruct the instanton density because *3 = 1 on two-forms. The first
term is nonnegative and vanishes for F' = e x4 F. For k = 0 the energy is nonnegative
directly from (XV.2.44). At positive k =1 on Cy at a = (3,5), the saturated energy is
502 /ks. At k= —2 on C] it is 6/2/ks; the sign of k will appear in the RR charge, not
the energy.

Figure XV.2.4 gives the integration order for the charge calculation. The field
strength has both its legs in the transverse four-plane, so F' A F' saturates the plane.
The surviving component of Cy4 has its four legs on ¥ x C;, exactly the worldvolume
used in (XV.2.24). This identifies the tensor source with the same base curve whose
area occurs in ¢;.

For the charge, retain the term in the D7 Wess—Zumino action with two powers of
F. At fixed background and fixed curvature contributions, and with the D3 and D7
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7!
D7 spacetime R

{ —> X
string along 3o Q

ftrf FAF =87k gauge curve Cj

Figure XV.2.4: The six-dimensional spacetime of the D7, times the gauge curve C;.
Integrating the instanton density in the oriented four-plane transverse to Yo leaves the
coupling on X9 x Cj.

RR orientations aligned as above, it gives the increment

2

A
5SWZZ[L7§ C4/ try A F,
* EzXCg R4

2
,u7% (87%k) = k(2m)*a? 17 = kus. (XV.2.46)

The 1/2! comes from the second power of the WZ exponential. Dropping it doubles
the electric charge even though the Yang—Mills calculation of the energy would be
unchanged. For the k& = —2 example the source is —2u3 on C;. The calculation
compares the leading fixed-scalar soliton and wrapped-string couplings. It does not
identify all quantum strings with smooth Yang—Mills instantons or extend the weak
action to a zero-area endpoint.

The energy and charge checks respond differently to a change in period. For the
instanton on C}, increasing a; from 2¢2 to 3¢? at fixed k = —2 changes the saturated
energy by 202 /ks and changes the RR source by zero. At fixed area, reversing the sign
of k reverses the RR increment and leaves the saturated energy fixed:

Esat (k) = Ear(K), 0Swz(—k) = —0Swz (k). (XV.2.47)

Both statements assume the constant-scalar leading action. The distinction is useful
when the brane area is a field: it appears directly in the gauge kinetic term, whereas
the coefficient multiplying the topological source is fixed by the charge units.

The same base divisor also enters a tensor Bianchi identity in the anomaly calculation.
For clarity, switch to the anomaly convention here only. Write Fo = —iFpnys/(2m) for
the source curvature in terms of the Hermitian field, Tro = 2tr; on the gauge factor,
and X for the four-form column dH in the compact-curve Poincaré dual basis. In this
convention the ten-dimensional five-form is taken anti-self-dual and the selected six-
dimensional three-forms self-dual. The gauge-only ten-dimensional source has internal
two-form PD(C;) for the contribution of the i-th gauge factor. Integrating its wedge
product with PD(C}) inserts —2;;. The Bianchi projection includes a minus sign on
that integral, giving

1 1
Y =(QX); = ; > iTroFS,  Xi= 1 Tro F3 . (XV.2.48)
A
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The geometric periods would instead be —Q.X, as in (XV.2.27). The PD coefficients and
negatively signed projections give Ias = X7QX/2 = YTQ~1Y/2, with wedge products
understood. This gauge piece includes only the two selected curves; Chapter 3 uses the
full four-forms. The projection does not set the Hermitian instanton sign in (XV.2.46).
To decide which fields propagate, we need an internal kinetic norm.

XV.2.5 Dynamical tensors and background parame-
ters

When does a period describe a field that can fluctuate in six dimensions? The period
on a compact curve measures a two-form only on that curve. In a kinetic term one
integrates the squared norm of the form over the entire internal space. We first calculate
this norm on the compact parent, where the harmonic representatives exist. Then we
compare it with a noncompact example in which the period stays finite and the kinetic
norm diverges.

Let w; be the harmonic (1, 1) representative of a real class x on the compact Kéhler
surface, and use its complex orientation. The normalized Kéhler form j is self-dual. In
an oriented orthonormal coframe its unnormalized direction is e! A €% 4 €3 A e?; the
star exchanges the two summands. The primitive (1,1) subspace, defined pointwise by
wedging to zero with 7, is anti-self-dual. For example e' A €2 — e A e? is one primitive
direction. The off-diagonal real (1,1) directions have the same star eigenvalue. On a
compact Kéahler surface contraction with the Kéhler form commutes with the Laplacian,
so the contraction of w, is a harmonic function and is constant. The decomposition
into the Kéhler direction and the primitive part is therefore

Wr = (.]TM‘T).] + Wz, prim, (XV249)
Wy = (T M) — W prim- (XV.2.50)

In this notation ;7 Mz = /, pJ A\ Wy, with the denominator equal to one because j2 =1
Integrating the star against a second form gives

/ wy A sw, = 2(y" Mj)(jT Mz) — y* M, G =2(Mj)(MH)HT — M. (XV.2.51)
B

The positive G is a norm on form classes. On primitive classes the intersection is
negative, and the star turns it into a positive norm. Along j, G assigns unit squared
norm. Thus even in the compact theory the intersection matrix and the Hodge norm
serve different purposes.

There is a further distinction between the norm of a form and the norm of a
variation of the tensor scalars. Differentiating j7Mj = 1 gives jTM dj = 0. At fixed
V,dj = dJ/\/W and J - dJ = 0, so the variation of J is primitive. In the two-curve
coordinates at s = 0 with ds = 0, the derivative of (XV.2.9) gives

0=6RdR —a"Q 'da, (XV.2.52)
Q14
dJ=H % + D da. (XV.2.53)
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Varying the areas within this slice generally requires changing R. Since H? = 6,
H-D'"=0,and D"MD = —Q~!, the fixed-volume squared norm is

dJ |2 eqy = —dJT M dJ = da”Q ' da — 6(dR)?, (XV.2.54)
_ QO ta)(Q 1a)T
KﬁxedV =Q - % (XV255)

The subtraction comes from the positive square of the compensating H component.
It leaves a positive norm because the tangent is orthogonal to the positive Kéhler
direction.

What if we evaluate just the harmonic form D da at the same point? Holding R, s
fixed produces that form, but it generally changes V. Indeed J - (D da) = —a” Q" da.
The norm now has a contribution from the component along j:

(') )

Ktorm, fixedr = DTGD = Q7' + v

(XV.2.56)
The positive correction belongs to the form norm. Substituting it for (XV.2.55) would
describe a variation that has left the fixed-volume slice. The two formulas agree for a
period tangent orthogonal to Q2 'a.

Ata= (2,57, R=5,5=0,V =62and Q 'a=(3,4)7. For da = (1,0)7 in the
same area units, the compact scalar variation has dR = 1/10. The two norms give

2 9 91 2 9 151

||dJH12axedv T3 150 150’ |1D dal* = 3762 186 (XV.2.57)
At fixed R the volume derivative would instead be —3 in the corresponding volume
units. On Fy, varying the section period ag of (XV.2.14) at fixed V similarly requires
dL = (as/L)das, since dV = LdL — ag das. The primitive norm is (1 — a%/L?)(das)?.
The one-curve subtraction is the same compensation, now for the positive class S + F'.
We can realize the first variation as a curve through the Kahler cone, rather than
only as a formal differential. Write a = (2 + h,5)7, keeping s = 0. Its quadratic area

term in (XV.2.9) is 13 + 3h + h?/3. To stay at V = 62 take the positive solution

R(h) =\/25+h+ k2, R(0)= 4. (XV.2.58)

For sufficiently small h all four periods remain positive by continuity. Along the fixed-R
path the volume is 62 — 3h — h?/3 instead. Figure XV.2.5 compares their tangent
directions. This distinction disappears for some nonzero period tangents even at finite
R. For example da = (4,-3)7 is orthogonal to (3,4)T = Q7 la. In that direction
dR = 0 at fixed volume and both formulas give da” Q~1da = 26/3. A fixed-R path in
this direction can still leave the volume slice at second order.

The dimensionful kinetic coefficient follows from the compact Einstein reference.
Let 2, = (2m)7a’*/2 in the unshifted Einstein convention. Reducing the Einstein term
with no warping gives Mg = V/k%,. In the compact two-derivative scalar term, restore
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R
V =62

fixed V

————————————————— dR=0
(h,R) = (0,5)

a=(2+h,5)

Figure XV.2.5: Schematic paths in the (h, R) slice, with the second period fixed. At the
marked point the fixed-volume path has dR/dh = 1/10, whereas the horizontal path
has dR/dh = 0. The slopes are exaggerated for readability.

M¢ in front of the dimensionless j kinetic coefficient:

M4
Sscal = _76 /Gaﬁ dja A *6djﬁ7 (XV259)
1 Gag
Sseal| ey = —5/ 5 dJ° A xgdJP. (XV.2.60)
K1o

Here d acts on the spacetime dependence of the class coordinates. The forms in
(XV.2.50) instead live on the internal surface. This is the scalar kinetic term; the
six-dimensional chiral two-forms require their separate duality condition. In particular
the term does not supply a covariant action for unconstrained two-form fields.

At fixed a, with s = 0 and R — o0, the corrections in (XV.2.55) and (XV.2.56)
vanish. The limiting norm for the compact tangent uses Q. To see the two independent
directions, compare a common period shift (1,1) with a relative shift (1,—1). Their
squared norms from Q~! are 2 and 2/3; replacing Q= by € would leave the first
unchanged but give 6 for the second. Restoring the prefactor and changing variables
from a to t or ¢ gives the limiting compact reference coeflicients

) Q_l . kQQ—l Q—l
10 10
i k%Q_l 301
K, = o = 4(2m)’Q . (XV.2.62)
10

The coefficients multiply a term written with an overall —1/2. The fields ¢ and ¢ carry
mass dimension two, as six-dimensional scalars with this kinetic normalization should,
but their kinetic matrices are not the identity.

To see how the two kinetic matrices approach the same value, keep a = (2,5)7 and
move R from five to ten. The linear function a”Q2~'da evaluates to 7 on the common
tangent and —1 on the relative tangent. Thus

da HdJHfzaxedv 1D daHanxedR
(L, DT [ 2-49/(6R?)  2+49/V (XV.2.63)
1,-DT [ 2/3-1/(6R?) 2/3+1/V
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Quadrupling R? reduces either tangent correction by four, while the form correction
follows the full volume 3R? — 13. The physical scalar kinetic comparison at each point
uses the middle column. The final column asks a question about the same internal
forms at that point, without compensating the area variation.

The limit of this compact matrix does not identify the local spectrum. The compact
class W = E; — E5 has zero period on both selected curves. On the symmetric slice it
is orthogonal to J, and hence has squared compact norm —W? = 2 for every R. Yet
J - F; = R — v grows without bound. A finite compact norm can persist in a direction
invisible to the selected periods. To decide whether a harmonic form has a nonzero
square-integrable limit, one would have to control its profile on the growing geometry. A
matrix of compact inner products at a sequence of Kéhler classes gives no such profile.

A product surface shows a different failure of period data. Give P! x C a fixed
product metric, with sphere area A and flat metric on the plane. Let w be a smooth
closed two-form, and suppose its period on one sphere slice is p # 0. The slices over the
endpoints of any path in the plane are homologous by the product of that path with P*.
Stokes’ theorem makes the period p the same on every slice. Write the restriction to the
sphere at z as f, dA. The product metric makes components with different numbers of
legs along the sphere orthogonal. Hence

2
p? = (/ f- dA) < A/ f2dA gA/ |w|? dA. (XV.2.64)
Pl Pt Pt

Even if the form has additional legs on the plane, their contribution to the squared
norm cannot offset this lower bound. Integrating over the disk Dy, of radius L gives

L2 2
lwlixp, = 5 (XV.2.65)

Equality is attained by the pullback of (p/A)dA. For A = 2,p = 3, disks of radii two
and four give lower bounds 187 and 727. Figure XV.2.6 shows why no radial decay of
the sphere period is available to make the norm finite: every sphere carries the same
period. This is an actual noncompact example with a finite period and no L? closed
representative of that nonzero period. It is not a model for the asymptotic metric of
CHAIN45.

There is a conditional positive test for a local sector. Suppose the selected image of
compactly supported cohomology in ordinary cohomology is realized, for the chosen
metric and boundary conditions, by square-integrable primitive harmonic forms w;
with the stipulated pairing f w; Awj = C; - C; = —€);;. Suppose these forms represent
the indicated curve duals, so their evaluations on the selected curves agree with the
intersection matrix. Then *w; = —w;, and in the curve-dual and period-dual coordinates
the norms are respectively

(/ wi A *wj)ij =Q, o hTaoo =0 (XV.2.66)

The second identity changes to unit-period forms. It explains how the compact tangent
limit can agree with a genuine local norm if those modes and that pairing are established.
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]P)l X {21} ]P)l X {22}
period p period p

cutoffs in C

Figure XV.2.6: On the product surface, every point of the plane supports a sphere of
area A with period p. The radius-four cutoff covers four times the area of the radius-two
cutoff, so the lower bound on the squared norm grows by the same factor.

It does not prove the existence of the representatives for the local limit of the two-curve
base or classify other normalizable modes. A finite externally prescribed period can
instead enter as background data. The same test matters for a gauge field: a constant
internal profile on a seven-brane curve of infinite area gives a divergent bare kinetic
integral, whereas a decaying profile requires its own analysis. We can nevertheless study
how the finite wrapped-string and gauge coefficients change along the compact paths,
before making any claim about the limiting field content.

XV.2.6 Changing areas without declaring a fixed
point

What can we conclude when a string becomes tensionless? There are two operations to
distinguish. We can lower the area of a selected curve while staying in a compact parent
of finite volume. We can also make the parent volume large while holding the selected
periods fixed. The first operation changes the tension of a wrapped string. The second
suppresses the coupling of the compact gravitational zero mode. Neither calculation by
itself supplies the spectrum of the limiting theory.

Take a path to a single wall on the two-curve base:

2b
a; =&, as =b>0, s=0, R > E—g . (XV.2.67)

For a fixed R > 2b/3 this inequality holds for all sufficiently small positive €, so the
exceptional curves stay positive up to the limit. The wall belongs to the closure of the
chamber. The leading string tensions and gauge kinetic coefficients along the interior
path are
T(q) = (g1 + q2b) ks — q2b/ks, q1,92 > 0, (XV.2.68)
(¢1,02) = (¢,b)/ks — (0,b/ks). (XV.2.69)
Within the selected effective cone, a nonzero charge loses all its tension only on the first
ray. For the two elementary charges eq, e and their sum, this gives the ordered limit

k3(T(e1), T(e2), T(e1 + e2)) — (0,b,b). (XV.2.70)
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A class with an exceptional component also pays the corresponding positive exceptional
area; its contribution does not vanish just because C; collapses. For a concrete
compact path take b = 5, R = 5. At the wall both exceptional areas are 5/3, and
V — 75 —25/3 = 200/3 in the chosen units. The parent volume does not go to zero.

Now set a = (g,7¢)T with fixed n > 0 and fixed R > 0,s = 0. This is again an
interior path for small positive €, but the endpoint is the origin in the period plane.
The tension now satisfies

T(q) = elqy +na2) ks, V =3R%— S (1+n+17). (XV.2.71)

Both elementary charges become tensionless, as does any fixed nonnegative combination.
Figure XV.2.7 distinguishes the zero sets of the tension on the two paths. In each
case the word tensionless refers to the limit of the calibrated area calculation. The
scale /T of a wrapped string is no longer large compared with a fixed low-energy scale
when T' — 0; an effective description that integrated out the string cannot be justified
uniformly along the path. Also gg f — 0 in (XV.2.69), so the leading gauge term does
not yield a weak description of the endpoint.

as

only C4 collapses

both areas vanish

a

Figure XV.2.7: The selected period plane. The horizontal approach at as = b leaves
nonzero tension for charges with g > 0. The diagonal approach at as = na; sends both
periods to zero. The paths are drawn near their endpoints, where the exceptional areas
are positive for the indicated choice of R.

To vary the gravitational scale instead, hold the two periods at fixed positive values,
set s = 0, and increase R. In the unwarped reduction the external Ricci scalar is
independent of the internal coordinates, and its coefficient in the Einstein action is

1 J? 6 Mg 6 4 v
5.2 —_ d T\ —dge RG = — d T\ —3ge RG, MG =5 - (XV272)
2619 JB 2 2 Ko

The assumption here is that x1o stays fixed. As R — oo the volume grows as 3R?,
hence Mg diverges, while every T'(q) for fixed ¢ in the selected span and every ¢; stays
fixed. For example at a = (2,5) the volumes at R =5 and 10 are 62 and 287. The two
exceptional periods increase from 1 to 6, whereas the charge ¢ = (2, 1) still has area 9.
This path moves in the parent Kahler cone at one point of the selected period plane.
In the one-curve model (XV.2.14), L — oo with ag fixed gives V ~ L?/2 and fixed
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tension ag/ks. In both cases a normalized compact zero mode couples with a factor
proportional to My 2 The calculation does not bound the coupling to the rest of the
bulk spectrum or demonstrate a Kaluza—Klein gap.

The two changes can also be made on a single path. For example take a = (,5)7,
s=0,and R=5/e, with 0 < ¢ <1 in the chosen area units. The exceptional periods
are positive because R > 5 while v < 11/3. The limiting data are

75 &2 +5e+25
Vie) = = 3 , (XV.2.73)
(kgT(el), kgT(eg), k3T(€1 + 62)) = (E, 5, 5+ 6). (XV274)

The first string loses its tension and the gravitational zero mode is suppressed along this
path. These statements use different terms in the reduction. In particular, suppressing
the gravitational coupling does not lower the tension of the second string. Nor does the
calculation show that the first is isolated from other modes as the geometry grows.

The same single-wall test on Fy has only one selected generator. In (XV.2.14) let
as — 0 at fixed L > 0. Then the fiber still has area L and the compact volume tends
to L?/2. For instance, choosing L = 4¢? and decreasing ag from ¢2 to zero gives

J-F: 302 — 4% Ve Bt — 8t T(S): P/ky — 0. (XV.2.75)

The base curve S has square —1, unlike the two —2 curves above, but its calibrated
tension still goes to zero by the same area rule. The fiber area illustrates why one
cannot infer collapse of other effective classes from a wall of the selected cone.

These results separate the inputs needed for further constructions. Curve areas
tell us which calibrated configurations become tensionless. Negative intersection data,
expressed in the positive local pairing, constrain which collections can enter a point
contraction, but do not establish that a given elliptic model has the required contraction
and consistent local physics. Likewise, if an intersection presentation has a null direction,
the inversion used to make D in (XV.2.7) is no longer available on the whole span. A
null direction alone does not produce an intrinsic little string scale: one still needs a
geometric limit and a finite tension for the appropriate wrapped cycle. Chapter 3 uses
the lattice and gauge divisors to compute anomalies. Chapter 5 studies contraction and
the conditions for the superconformal interpretation, and Chapter 8 constructs limits
with a finite little string scale.

Exercises

Use exact area units in these exercises. For the numerical fields, write exact rational
numbers as integers or fraction strings. Use benchmark/tasks. json for the JSON
fields and benchmark/PROTOCOL.md for submission. Explanations in all six exercises
are for human assessment.

1. On the two-curve parent, take (a1, a2, R,s) = (4,3, 6, %) Compute the ordered
areas of Cy,Cy, E1, E5 and the volume. Is the class in the Kéhler cone? Explain
why keeping only the first two periods does not suffice to answer the last question.
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2. Use C} = Oy and C) = 2C, + Cy. Find ¢/,7',d’, and ' for ¢ = (3,2)7, r =
(1,-2)T, a = (4,3). Compute the invariant pairing and tension area. In the
primed basis give the charge column of Csy, the other generating ray of the effective
cone.

3. In CHAIN46 take the second gauge curve to have area 7¢2, with a duality-
saturating configuration of instanton number —3. Find kg¢/¢?, the positive
energy per length in units of £2/ks3, and the signed RR increment in units of ps.
Give t;/(7?¢;) and the ratio of the full identity component coupling squared to ks.
Why does the signed RR increment not equal the positive energy in these units?

4. At a=(4,3)T, R=6, s =0 take da = (1, —2)7 in the indicated area units. Find
dR at fixed V, the fixed-volume squared norm of dJ, and the squared norm of
D da. Give form norms before the common kinetic prefactor.

5. Change the product example to sphere area A = 5/2 and period p = 4. Find
the lower bound, divided by 7, on the norm squared over a radius-three disk.
Explain why the same estimate cannot decide whether W yields a local mode in
the two-curve model. What additional analytic data would be needed?

6. Approach the wall by a = (2¢,7)7 at R = 6,5 = 0. Find k37T (g) in the limit for
q= (3,007 and ¢ = (1,2)7, in that order. Explain what these two numbers tell
you about the interior path and what additional geometric or physical conditions
would be needed to identify its endpoint as a local fixed point.

Status and sources

§1. Base curves, periods and split tunings. The intersections, effective cone,
classes and Tate coefficients are [MATH]. The ordinary local gauge-algebra assignment
is [GEO-E]; see Morrison and Taylor (2012), arXiv:1106.3563v3, §2.3.2 eq. (2.26), §3
egs. (3.28), (3.58), (3.61), and Chapter 1 for the parent models. The upstream Chapter 1
results for CHAIN45 and SU5-F1 apply under the split, transverse and simple-root
hypotheses stated there. This chapter uses no global resolution or matter multiplicity
from CHAIN46. In this discriminant convention, Apeox = 4f> + 27¢%. For the two
tunings, the mixed leading coefficients of Apqok after removing the divisor factors are,
with 3; the residual Tate coefficients,

B7 (8186 — B3Ba) BL(B3Bs — B1B361 — B)
16 ’ 16

At 81 # 0, the nodal tangent cone Y (Y + 31 X) splits, and f = —3¢/48, g = 3%/864 at
the crossing. The discriminant residual degrees on the curves are (3,6), (2,8), and 17
on the F; section. For the lifts in (XV.2.15), write the downstairs residual bundle as
O(dS + bF). The kernel of restriction to S U Fy is O((d — 1)S + (b — 1)F); its ruling
pushforward is the sum of O(b—1—25), 0 < j < d— 1, and has zero H! for these rows.
One lifts restrictions agreeing at the crossing, with a zero at each blowup center in the
multiplicity-one rows, then divides by the exceptional factors. The multiplicity-zero
rows require no such zeros. On F; the residual bundles are globally generated.
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§2. Wrapped string. The wrapped-D3 tension and electric interpretation are [GEO-E]
in the calibrated unwarped reference. See Myers (1999), hep-th/9910053v2, egs. (1), (3),
(5), (6), and (21)—(24), with the unshifted-field translation in the wrapped D3 action
above. For the geometric identification see Heckman et al. (2015), arXiv:1502.05405v3,
§§2.2, 3, and Lee et al. (2018), JHEP 10 (2018) 164, eq. (2.46) and App. A. The
reference determinant requires the vanishing worldvolume combination in (XV.2.20).
Additivity concerns the calibrated area of the stated configuration.

§3. Lattice and period bases. The positive local string-pairing identification is
[GEO-E]; see Shimizu and Tachikawa (2016), JHEP 11 (2016) 165, §2.1 egs. (2.1)—(2.2),
(2.6)—(2.7), and Ohmori et al. (2014), arXiv:1408.5572v2, eq. (3.28). The basis changes
and discriminant computation are [MATH]. The real duals need not be integral divisors,
and the quotient in (XV.2.37) uses only the selected string lattice.

§4. Gauge and RR couplings. The weak-reference action coefficient and instanton
WZ match are [GEO-E]. The fixed-scalar Yang—Mills square completion is [MATH]. Use
Myers (1999), eqs. (1), (24), (35), (47),. Compare Lee et al. (2018), §2.1 egs. (2.11)—
(2.12) and App. A egs. (A.1)—(A.7), distinguishing the single-field and SU(N) trace
conventions. The unit-charge single-entry comparison and the N-dependent full identity
trace are distinct, as computed in (XV.2.42). The Bianchi projection is [GEO-E] in the
anomaly source frame of Ohmori et al. (2014), §3.3 eqgs. (3.26)—(3.32) and footnote 6,
in its integral anomaly normalization. No sign is transferred between the two curvature
conventions in these applications.

§5. Norms and localization. The compact Hodge and tangent identities and the
product bound are [MATH]. The compact two-derivative action normalization is [SUGRA];
see Lee et al. (2019), Nucl. Phys. B 938 (2019) 321-350, §3.1 egs. (3.1)—(3.10), including
note 7, and Lee et al. (2018), App. A. The local kinetic interpretation is conditional
[DEC]. Equation (XV.2.66) is a norm computation assuming the given L? primitive
representatives, boundary conditions and pairing, with no existence or classification
assertion.

§6. Limits. The restricted area limits are [MATH]; their use as tensions uses the
leading wrapped-string dictionary of §2. The gravitational zero-mode scaling is [SUGRA]
with fixed microscopic parameters and unwarped Einstein reduction. The endpoint
interpretation requires further [DEC| premises; see Heckman et al. (2015), §3, and
Bhardwaj et al. (2016), arXiv:1511.05565v3, §2 and opening of §3. The compact limits
supply no bulk isolation, UV completion or all-strata resolution.
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Chapter XV.3

Anomaly polynomials and
Green—Schwarz cancellation

XV.3.1 Which anomalies constrain the construction

In Chapter B.1 we read the gauge algebra and the ordinary charged matter from the
elliptic fiber. In Chapter B.2 we found the pairing of strings wrapped on the gauge
curves and the coupling of their two-forms to gauge instantons. Why do we need both
results to define a chiral gauge theory? The fermion measure can transform under a
gauge transformation. A transformation of the tensor potentials can compensate that
variation. We will compute the two contributions separately and compare them, first on
a negative section of F; and then on two intersecting curves. The comparison requires
the anomaly descent and six-dimensional multiplets of Volume I, Chapter 8. We recall
the index factors as we use them.

We work at a weakly described generic point of the tensor branch. The vector fields
for the indicated simple gauge algebras are dynamical. We use nondynamical curvatures
for the R symmetry, selected rotations of identical external hypers, and gravity. This
distinction determines what must vanish. In the descent convention used here, on a
local extension of spacetime the invariant eight-form Ig obeys

Is=dIl”, 6189 =d1{",  slogZ = 2ni / 1. (XV.3.1)

If a term mixes a dynamical gauge curvature with a background curvature, we must
account for it even though the background does not fluctuate. A pure background term
instead describes a possible transformation of the generating functional for external
sources. Here we test the local polynomial, which does not detect global anomalies.
Write F; for the rescaled anti-Hermitian curvature, F; = —iFphys i/ (27), with Fppys
Hermitian. The traces below are ordinary defining traces unless a representation is
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Figure XV.3.1: Two inputs from the same elliptic construction. Matter from the
discriminant gives a chiral index. The intersections of the gauge curves pair the four-
form tensor sources. The gauge projection tests their sum.

indicated. Our four-forms and independent degree-eight gauge invariants are
Si :trfFiQa qi :trfFi47
ti=tre Fg,, € =tre Fy,, (XV.3.2)
p=pi(T), c=c2(R), p2=p2(T).

Here T in a Pontryagin class denotes the spacetime tangent bundle. Later T in a
multiplet count will denote the number of tensor multiplets. Products of forms are
wedge products. Neither ¢; nor t; is a string charge or a tension. The use of distinct
variables ¢; and s? for the gauge algebras in this chapter will be justified directly by
their weights.

Define P to remove the part independent of all dynamical gauge curvatures. For
example, consider a polynomial on a single su(5) node and switch off the other probes
except gravity:

Is = aq + fs® + yps + 6p* + epa, (XV.3.3)
Pyls = Is — I3 = aq + 3s® + yps. (XV.3.4)

s=q=0

The ps term is part of the gauge test. To see it directly, let wéo) be the gauge Chern—

Simons form with dwéo) = s and variation dwél). Since dp = 0 and p has even degree,
its product with this form gives

dipwi) =ps,  d(pw”) = d(pwiV). (XV.3.5)

The descended variation is nonzero in general when the background p is present. The
p2 term does not participate in this test, but becomes an independent condition when
gravity is made dynamical.
A Green—Schwarz contribution is quadratic in four-forms. On this single node with
just the gravity probe, a single source X = us + vp produces
2

1 2
§X2 = %52 + uv ps + %pQ. (XV.3.6)
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Adding more such sources can change these coefficients. It cannot produce the indepen-
dent invariant g, because the only available quadratic gauge invariant is s. Thus a =0
is a prerequisite for cancellation. Also, removing only the pure gauge terms before
turning on a probe could miss a nonzero y. We will keep the mixed terms in the same
calculation.

Figure XV.3.1 fixes the order of operations. We will count the charged hypers before
asking which coefficients the tensor sources can cancel. Solving a quartic constraint for
an unknown multiplicity may be useful as a necessary condition. It gives no section of
a line bundle and no information about whether its roots lie at ordinary points. To
implement the loop calculation, we start with a single weight of a representation.

XV.3.2 Trace identities from weights

How can two representations with the same dimension give different gauge anomalies?
The gravitational term of an uncharged fermion depends on how many components it
has. The gauge terms also depend on their charges. Take a formal traceless diagonal
curvature with entries z;, ¢ = 1,..., N. We evaluate polynomial identities on this
Cartan. The entries may be manipulated as formal commuting variables. Numerical
substitutions into these identities need not be physical curvatures or quantized fluxes.
Define

Zmi =0, s = Zx?, q= fo, tr, 7 = Zu(m)j. (XV.3.7)
i i i wep
Each weight in the last sum is included with its multiplicity. The adjoint is the traceless
part of the endomorphisms of the defining representation. The basis matrix e;; has
weight x; — z;. Removing the identity leaves N — 1 zero weights in the diagonal sector.
Hence
dimadj = N(N — 1)+ (N —1) = N? - 1. (XV.3.8)
For positive moments we may sum over all ¢, j since the diagonal terms vanish. In the
quadratic moment the cross term is —2(>", x;)2. In the fourth moment the z3z; and
xzxf terms vanish for the same tracelessness reason, leaving

Z(L - xj)2 = 2N, (XV.3.9)
2]

Z(xl —x)t = 2Nq+62x12:17? =2Nq + 652 (XV.3.10)
2] 4,J

This derivation explains why dropping Cartan weights would go undetected in a gauge
trace test and still corrupt the gravitational index.

The exterior square has the weights x; + =; for ¢ < j. The corresponding ordered
double sum has the same even moments as the ordered difference sum: the only changed
signs multiply terms with ), z; = 0. The diagonal terms are now 2z; and must be
removed before dividing by two. This gives

traz F? = 2(2Ns — 4s) = (N — 2)s, (XV.3.11)
traz F* = 2(2Ng + 65> — 16g) = (N — 8)q + 3s°. (XV.3.12)
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In particular the su(5) antisymmetric has dimension 5 - 4/2 = 10, with traces 3s and
—3q + 3s%. A negative coefficient of ¢ here is compatible with summing nonnegative
fourth powers of real test weights. For example, with = (1,—1,0,0,0) the result is
—3:2+43-4=06. It is a coefficient in a two-invariant expansion, not the fourth moment
itself.

Next put two independent traceless Cartans x,y on the two factors of (N, M). The
matrix entries of this representation have weights x; —y;. Each z; occurs in M columns
when y = 0; the second factor is a spectator in that restriction. The full rectangular
sum gives

tryir F2 = Ms, + Ns,, (XV.3.13)
tryy F* = Mg, + Ng, + 65,5, (XV.3.14)

The cross term comes from 6zvl2y]2 in each cell. It survives because the two quadratic
sums need not vanish. Odd cross terms again contain a first moment of one of the
Cartans and vanish. Conjugating either factor does not affect these even sums. One
full complex hyper uses one such trace. Its conjugate is already included by the reality
condition in the index convention. Counting the two rectangular blocks as separate
hypers would double the single-factor traces and the mixed trace together.

M cells at fixed 21

T1—Y1 | 21— Yj | T1—YmMm

Ti—y1 | Ti—Y | Ti—YM | | N cells

at fixed y;

IN —Y1 |IN —Yj | TN —YM !

Figure XV.3.2: The weight array for (N, M). The sample entries show which Cartan
each index belongs to. Every row has M cells and every column has N, which gives the
spectator multiplicities in the one-factor traces.

For a numerical test of Figure XV.3.2, use x = (2,1,—1,—-2) and y = (3,1,0, -1, —3).
They give (s3,¢z) = (10,34) and (s, gy) = (20,164). Thus

trys F2 = 50 4 80 = 130, trys F* = 170 + 656 + 1200 = 2026. (XV.3.15)

Appending a zero to y embeds it in a six-dimensional defining representation and
preserves both y moments. The product traces increase by 10 and 34, respectively.
The mixed term stays 1200 while one spectator multiplicity increases. Alternatively
take vy = (3,1,1,—1,—1,-3), for which (s,,q,) = (22,166). The traces become
60 + 88 = 148 and 204 + 664 + 1320 = 2188. This separates a change in the probe
eigenvalues from a change in the dimension of the probe representation.

Before expanding the index, we need to know when ¢ can be regarded as independent
of s2. At N > 4, use the test weights z = (1,—1,0,...) and z = (1,1,—1,—1,0,...).
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The evaluation matrix has nonzero determinant:

q(mﬁrSt) S(mﬁrst)2 o 2 4 -
det (q(xsecond) 5(Zsecond ) = det 4 16 = 16. (XV.3.16)

For N = 2, the weights are a,—a, so ¢ = 2a* = s2/2. For N = 3, write e; =
X129 + L1235 + Toxy = —8/2. Squaring ey, the cross term is 2z xex3(x1 + 22 + 23) = 0.

It follows that )
2 _ 2.2 _ 2 _ S
s —q—l—QinIj—q—&—Qez—q—i—E.

i<j

(XV.3.17)

We will apply this relation to two flavor probes. Applying it to the su(4) gauge node
instead would erase an actual anomaly constraint.

The two-invariant test also gives a way to extract coefficients from a direct list of
weights. For the 10 of su(5), use x = (2,1,0, —1, —2). Its exterior-square weights are
3,2,1,0,1,0,—1,—1, —2, —3. Their fourth powers add to 198. For 2’ = (1,1,—1,—1,0),
the weights consist of £2 once each, +1 twice each, and four zeros. Their fourth powers
add to 36. If the fourth trace is Bqg + C's?, these values imply

) (0)-(5%) wo-cu (xv3 19

These two test points distinguish the two terms. On a single test point with ¢ = s2/2,
the value would determine only B/2 4+ C, even for su(5). For example the pair (0,3/2)
would reproduce the fourth moment of the antisymmetric at (1,—1,0,0,0) and fail both
of the points in (XV.3.18). The general weight expansion establishes the form of the
identity; the independent evaluations test the numerical coefficients.

We can now convert weights into the polynomial of a chiral multiplet. In the
curvature frame of (XV.3.2), take the positive hyperino chirality. The index is the
degree-eight part of A(T) ch,(F). The even terms needed for the products are

~ p |, Tp® —A4p;
ATy=1-L2 2~ XV.3.19
(7) 51t~ F7e0 , ( )
tr, F?2  tr, F*
chy(F) =dimp— —£-— 4 22— 4 ... (XV.3.20)

2 24

Here we have suppressed terms of degree two and six, which do not contribute to these
products. In particular the product of the two degree-four terms has a positive sign.
Put Wy o = (7p* — 4p2)/5760. The hyper contributes

_trp, F* p tr, F?

In(p) = or T 15 + dim p Wy 5. (XV.3.21)
The gaugino has the opposite chirality and is an R doublet with the symplectic reality
condition. With Chern roots r, —r and ¢ = —r2, the effective R factor is

1 el +e " c

—ch(2g)=——=1—=-+ —+---. XV.3.22

5 ch(2r) 5 5t o T ( )
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The degree-four term of gchadj is — traaj F%/2 —dgp/24, where dg = dim G denotes the
algebra dimension. Multiplying by —c¢/2, adding the degree-eight R term and reversing
the chirality yields

c 2 cp

I, = —Iy(adj) — —traqj F* —de | =5 + < | - XV.3.23
h(adj) = 7 trag G(24+48> ( )
The minus sign multiplies the full index, including the R-gauge term. The factor of one
half on the doublet fixes its constant term to one. Omitting it would also double the
pure gauge term. A tensor multiplet has no gauge trace in the one-loop calculation.

With the compatible chiral two-form and tensorino signs its background term is

2 cp  23p* —116py

Li=—+4+—4+——«—. XV.3.24
T T8 5760 ( )
The tensor potential enters a second time through its sourced Bianchi identity, a
different mechanism from its one-loop index. We will see both contributions in the

same background polynomial. We first need the actual charged representations to
which (XV.3.21) applies.

XV.3.3 A single gauge node

How do we turn the zeros of a residual discriminant into a trace computation? Use
the negative section S in 1. Denote the ruling fiber class by Fj, to distinguish it from
curvature. With $? = —1, S F}, = 1 and F2 = 0, the canonical class is K = —25 —3F,.
In particular,
(-K)-S=1, (-12K —55) -5 =17. (XV.3.25)
In the Tate equation use z = 0 on S and w along S, and write a; = z"3;. The index
i runs over 1,2, 3,4,6; the split I5 row is v = (0, 1,2,3,5). The restricted coefficient
degrees are
degg(—iK —v;S) =i+v; =(1,3,5,7,11);. (XV.3.26)

To find what the degree seventeen measures, complete the square and the cube of the
Tate equation. In our discriminant convention the intermediate quantities are

(BQ, B47 BG) = (a% + 4&2, ajas + 20,4, a?,) + 40,6), (XV327)

Bg = a3ag + axa? + 4asag — ajazay — as, (XV.3.28)

f=—B2/48 + B,/2, (XV.3.29)

g = B3/864 — ByB,/24 + Bg /4, (XV.3.30)

16A = B3Bg + 8B + 27B2 — 9By B4 Bs. (XV.3.31)

Here A = 4f3 + 27¢%; the conventional elliptic discriminant is —16A. The identity

Bg = (ByBg — B%)/4 removes the leading a?a3 term. In the I5 row the orders of By, Bg

are at least two and four. The terms in Bg of order five are afag, aza?, —ajazays. This

gives

16?5 = B1(B1B6 + P23 — B1836a) = w' (1 + w') (XV.3.32)
s
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for the restricted tuple (w,1,1,0,w'!). All thirteen roots of 1 + w'3 are simple since
they are nonzero and its derivative is 13w'2. The leading coefficient is nonzero, so there
is no root at infinity. At those roots a; is a unit and the residual meets S transversely.
The ordinary nodal enhancement gives a defining hyper at each such point. We derive
the node equation explicitly below for the two-curve retuning.

At w = 0 the hypothesis that a; is a unit fails. For the sparse witness on a generic
disk through that point with z and w of order one, By starts with 4z, By with wz?2,
and Bg with z%. The leading term of Bg is 2°. The leading discriminant term is then
1627 in 16A, and the orders are

(ord f,ord g,ord A) = (2,3,7). (XV.3.33)

The ordinary transverse fiber enhances to Ds. Under su(5), the D5 roots outside the Ay
system are the pair sums of the five defining weights and their negatives. Restricting to
the traceless Cartan gives the A% weights used in (XV.3.12). The ordinary local matter
dictionary assigns one full antisymmetric hyper to the point. The multiplicity four
in (XV.3.32) measures intersection with the residual divisor. It does not assign four
hypers to the point.

Imw

®e 13 simple points

. e / 5 at each

—e— @ Rew

o
° \_/i w = 0 has multiplicity 4

. ¢ one A2%5
° { ]

Figure XV.3.3: The zeros on the affine w-plane in SU5-F1. The thirteen simple roots
of w'? = —1 lie on the unit circle. The separate central point has residual multiplicity
four and a Ds transverse enhancement.

These statements describe the witness near S and the open of ordinary restrictions
described in B.1. Why is the global coefficient system a separate issue? In the sparse
extension of that witness, use W = 0 for the other section of the ruling, away from S.
Its affine coefficients in the frame with the two other homogeneous coordinates set to
one are

(a1,a2,a3,a4,a6) = (W3w, W3, W, 0, Ww'l). (XV.3.34)

The leading By, By, Bg terms are 4W3, wW9, 4w W7, respectively. In f the first two
contributions compete at order six, with coefficient —1/3 +w/2. In g the B3 and By By
terms start at order nine, leaving the Bg/4 term at order seven. For generic w the g2
term then sets the discriminant order:

ordw—o(f,g,4) = (6,7,14). (XV.3.35)
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This divisor is nonminimal. It does not touch the ordinary points of Figure XV.3.3,
but it excludes this sparse member from the regular compact comparison. The latter
uses the open of the full coefficient system and still presupposes the required compact
regularity and spectrum.

Use the simple flavor algebra su(13) to rotate the thirteen defining hypers. As far
as its selected background curvature is concerned, their trace is that of one product
(5,13). The antisymmetric is flavor neutral in this choice of probes. The dimensions

are
Hp,=5-13+10=75, V=5"—-1=24 (XV.3.36)

Here H., counts charged hyper dimensions, not the number of localized points. There
is no genus adjoint on the rational section. Using one retained tensor for the local
calculation, the gauge-dependent loop terms can only come from the charged hyperinos
and the gaugino. In the order g, s2, ps their coefficients are

-3+13-10
[q]Iloop = +7 = 0, (XVS?)?)
24
3—6 1
2 2 v _ =
[5 ]Iloop — 24 8, (XV338)
3+13-10 1
[Ps]loop = 1) "5 (XV.3.39)

The R term comes from —ctraqj F'%/4; the mixed flavor term comes from the product
fourth moment. Together,

Pelioop = — — + 0 — 22 4 2 (XV.3.40)

Consider changing the ten to two fives with the probes off. Their gravitational dimensions
agree, but the new matter traces are 2s,2q in place of 3s, —3¢q 4 3s. The change in the
gauge projection is
5¢ —3s2 ps
24 48"
The g term alone obstructs a four-form square. Replacing the whole residual divisor
degree by seventeen defining hypers would be a different error: it would even give
Hg, = 85.
For the actual matter, we can already see the shape of the tensor contribution. The
positive local pairing is —S? = 1. A source X = s/2 + y produces s2/8 + sy/2 + y? /2.
The first term cancels the pure gauge square. The cross term fixes

5Py loop = (XV.3.41)

t p
=b5c— - —=. XV.3.42
y=5c—5-7 ( )
In particular the sign of the gravitational projection agrees with —((—K)-S)p/4. The R
and flavor coefficients here come from cancellation in the chosen probe sector. We will
derive the matrix version of this step, including what can be learned from the remaining
y?/2. Before that, we need a loop term that a single gauge curve could never see.
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XV.3.4 Two nodes and their common hypermultiplet

Which term notices that the two gauge curves meet? Start with the chain of B.1 on
the blowup of Fy at two points on the same ruling fiber. Take that fiber to be w = 0,
and take the centers at z = 1,2, away from the negative section z = 0. Use total
pullbacks S, F}, and exceptional classes FE1, F». In this basis the nonzero intersections
are S2 = -2, S F, =1, E? = —1. In particular the exceptional classes are orthogonal
to the total pullbacks. The actual gauge curves are the strict transforms with classes

Ci=8, Cy=F —FE —FE>, K=-25—-4F, + E1 + E>. (XV343)

Their self-intersections are both —2 and Cy - Cs = 1. Since K - C; = 0, adjunction gives
2g(C;) — 2 = —2. There are no genus adjoints. The intersection at (0,0) is untouched
by the blowups.

First tune the split 14, I5 rows, with respective orders

k=(0,1,2,2,4), j=(0,1,23,5), L;i=—iK —kCy—jiCo. (XV.3.44)
The residual Tate coefficient (3; is a section in L;. Its two restriction degrees are 2k; — j;
and 2j; — k; because K - C; = 0. They give (0,1,2,1,3) and (0,1, 2,4, 6), respectively.
In the ordinary witness, the first four §; restrict to one in each affine frame. The last
restricts to 2 +w?® and 2 + 2%, in that order. For these orders every term of 16A other
than B3 Bg contains at least z0w® near the corner. In Bg, dividing by z%w?® leaves

By
ZAwd

B3 Bs — B153Bs — wphi + 2P25 + 42w P26 (XV.3.45)

On either axis By = 37 in the corner patch. Using the actual strict restrictions, the
residual numerators are

Ri=1-w+uw®,  Ry=1+z+25 (XV.3.46)

They have degrees three and six. For Ry = R} = 0 one would need w? = 1/3 and
w = 3/2. For R = Ry = 0 one would need 2° = —1/6 and z = —6/5. Neither is
possible. The leading terms rule out infinity, the constant terms rule out the corner,
and Ry(1) =3, R2(2) = 67 rule out the two exceptional meetings in the strict frame.
In B.1 the apparent downstairs zeros at the old centers divide out after the crepant
transforms. The even retuning below will make the chart computation explicit.

Here is the nodal calculation that identifies the ordinary loci. At a point where aq
is a unit on a gauge branch and the higher Tate coefficients vanish, the tangent lines
of the affine Tate node are y(y + a1z) = 0. The leading completed f and g there are
—a}/48 and a$/864, both units. Choose the holomorphic branch of r with f = —3r?2
and g = 2r% at the node. In completed coordinates put = r + ¢. Then

Y2 =E03r+ &)+ (g —2r®), (XV.3.47)
A =27(g — 2r%)(g + 2r°). (XV.3.48)

The second discriminant factor is a unit, and 3r + £ is a unit at the node. A local
analytic square root of 3r 4 £ allows a change to the two factors U, =y — £/3r + &,
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Vi =y +&/3r 4+ £ The Jacobian in the two fiber coordinates is nonzero there. Their
product is g — 2r3. Absorbing a further base unit in one factor gives, in the two cases,

N (XV.3.49)

z*w®, at the corner,
UV, = . .
u™v, at a simple residual root on an I branch.

In the second line v = 0 is the gauge curve and v = 0 is the residual. They form
coordinates because the derivative of the residual along the gauge curve is nonzero.
A disk through the point transverse to both branches gives exponent N + 1. A disk
transverse to both gauge curves at the corner gives exponent nine. These are fiber
enhancements in a surface section, with the two original gauge curves still present in
the threefold.

The ordinary matter dictionary now supplies one defining hyper at each simple
residual root and one full bifundamental at the transverse split corner. To see the
representation at the corner, restrict the enhanced Ag roots to the two traceless Cartans.
The off-diagonal blocks of su(9) have weights ; —y; and y; — x;. They are precisely the
pair of orientations of the same (4,5) full hyper. At a simple residual enhancement the
extra block has one column, which gives the defining weights. This uses the ordinary
localized matter rule in addition to the analytic surface calculation. A tangent residual
or a nonminimal collision need not obey the same rule.

S o 475 S o

@ B A 18

S, ! $1892/4 S, !
Cl C2

Figure XV.3.4: The ordinary CHAIN45 matter input. The three and six external hypers
are supported at distinct simple residual points. The edge denotes one full hyper at
the common point of the gauge curves and contributes the mixed term s;so/4. Flavor
labels denote selected probes.

The dimensions behind Figure XV.3.4 are 3 -4, 6 -5 for the external matter and
4 -5 for the shared hyper. Thus

Hy, =12+ 30 + 20 = 62, V=4*-1)+(5%—-1)=39. (XV.3.50)

Viewed from node one, the shared representation supplies five defining traces; viewed
from node two, it supplies four. Write N = (4,5)T for the sizes of the defining
representations, m = (3,6)T for the external multiplicities and neg = (mq + No,mao +
N;)T for the effective defining trace multiplicities. Then

Net = (8,10)7,
Neft,s — 20V;

(i) ioop = o1 0, psillioop =

neri —2Ni _ (XV.3.51)
48 o

Each adjoint contributes —s?/4 and —N;cs;/2. For the external hypers we keep
s5u(3) @ su(6) flavor probes, with s;t;/4 from each product. Using the mixed moment of
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the one shared hyper yields the full gauge projection

s% + s% 5182

S1t1 + Soto
4 4 ’

7)g-[loop = - 4

- 5(451 + 5s0) + (XV.3.52)
The term that sees the edge is s152/4. As a test, replace the shared hyper by five
external fundamentals at node one and four at node two, with flavor probes switched
off. All the ¢; and ps; terms remain zero. The mixed term disappears because no
one fermion carries both charges. The replacement also doubles the twenty shared
components in the gravitational count. A node-by-node cancellation would accept the
former spectrum test and miss both discrepancies. We now compare the mixed gauge

coeflicient with the tensor pairing fixed by the actual intersecting curves.

XV.3.5 The Green—Schwarz matrix

How does the pairing of wrapped string charges enter a variation of the path integral?
Let M denote the compact intersection matrix and let C' be the matrix of coordinate
columns for the selected gauge curves. Use w; = PD(C;) for their Poincaré duals. On
the retained local sector, whose tensor modes are assumed as in B.2, the sign convention
for the positive pairing is

Q=-C"MC, k= / (-K)Aw; = —K - C;. (XV.3.53)
B

In this integral K denotes the two-form class. The one-node values are = (1), k = (1).
The two-node values are

0= <_21 _21) , 0l = % G ;) , K= (8) ) (XV.3.54)

The two eigenvalues of 2 are 1, 3; the retained curve span is negative definite in M and
has no null direction.

In the source convention for the IIB five-form, expand F5 =), H * A w;, and denote
its Bianchi source by Z = dFs. Let X" = dH"® be its coefficients in the retained curve
basis. Projecting onto w; gives

Y; = / ZAw; = ZQUXJ (XV.3.55)

This is projection using the intersection form. It does not require interpreting 2 as
a kinetic norm for an arbitrary set of noncompact modes. In the source convention
the five-form uses the anti-self-dual sign, so that on the negative curve span the six-
dimensional fields H? are self-dual. The sourced tensor contribution to the anomaly is
minus half the internal square of the projected six-form source. Equivalently,

Tas = _7/ (ZX'%) —XTQX - 5YTQ ly, (XV.3.56)
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For descent, a local Chern—Simons representative X = ng()O) changes by dXél). Defining
H =dB+ X?()O) requires 0B = —Xél). The descent representative for (XV.3.56) is

XéO)TQX/Q, whose variation descends to X2(1)TQX/2. This is the sourced self-dual
tensor normalization: the paired components in Y have not introduced additional
tensors. In particular one cannot count the two appearances of a mixed source in the
quadratic and omit its overall one half.

The gauge instanton coefficient in Z is Tro F?/4 times w;, where Tro = traq; /hY.
For su(N), h¥ = N and (XV.3.10) gives Trp F? = 2s;. The gravitational term in Z is
(—=K)p/4. Thus its contribution to the paired column, with gauge and gravity terms
displayed, is Q

s K
0= 2 (XV.3.57)
The tensor carrying the unit charge on the i-th curve is identified by the instanton
construction of B.2. The numerical sign of its instanton form depends on the curvature
and potential conventions. In fact in our frame

Y|

S; 1 2
-_— = trf thys,i'

—— XV.3.
> = "5 (XV.3.58)

This is minus the positive Hermitian instanton density on the same oriented test cycle.
It does not change the positive Wess—Zumino increment for the weak-frame positive
instanton. Likewise the geometric period dual of B.2 is D = —CQ ™!, since CTMD = 1;
period coefficients of a vector in the curve span are —§2 times its curve coefficients. Our
paired source is +0X by (XV.3.55). The two signs refer to different pairings.

Write Y = Qs/2 + y, where s and ¢ are columns of the corresponding invariants.
Multiplying out the half quadratic gives

sTQs  sTy 1

To-1
— 4+ -y Q. XV.3.
3 +2+2y ] (XV.3.59)

Igs =

The first term gives s2/8 for SU5-F1. For CHAIN45 it gives (s? + s3 — sys2)/4, the
negative of the pure gauge block in (XV.3.52). If we erased the edge of 2 while keeping
the same hyper, a residual s182/4 would remain. Turning to the cross term, the ps;
coefficients in (XV.3.40) and (XV.3.52) are ;/8. The opposite term —s xp/8 is already
fixed geometrically. The cs; and s;t; terms require

y=Ne— Lt x_% g1 (XV.3.60)
2 4 2
This step compares coefficients of independent dynamical s;. It fixes the R and selected
flavor contributions within the retained tensor space. We have not independently
obtained those terms by constructing flavor branes or R background geometry. For
example, a formal orthogonal tensor direction with pairing A > 0, source u depending
only on backgrounds, and no gauge component would add Au?/2 and would change none
of the gauge tests. This illustrates why the argument requires that the gauge-source
directions span the retained tensor space. It does not posit an extra mode in the
examples.
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mixed gauge: —s$152/4 mixed source: +y1y2/3

Figure XV.3.5: The edge entry of {2 produces the mixed gauge counterterm. The positive
off-diagonal entry of the inverse gives the cross term between the two background source
components. The inverse acts on the paired source Y.

We can check that the quadratic in Figure XV.3.5 is basis independent. Make the
unimodular change C' = CU with

(11 s oter (201
(), v (2 1)

i o—1y (X1 — X2 Ty Y,
X U X_( o) v =uTy = ()

(XV.3.61)

The new curve basis is C1,C1 + Cs; the gauge couplings no longer have component
column s/2 in that basis. If X = (a,b)T for any two four-forms, the quadratic becomes

SXTUX = (a—b)*+ (a—b)b+b* = a® — ab + b°. (XV.3.62)

Keeping the stale components (a, b) instead would change the square by 2ab. In paired
coordinates the same identity uses Q! = U='Q~'U~T. Even when both matrices exist,
applying 27! to the curve components in (XV.3.56) would give the wrong polynomial.
When the local pairing has a null direction the inverse in this calculation is undefined.
The later little-string chapters require a different treatment.

To compare the operations on explicit numbers, take the four-form coefficients
s=(2,1)T and ¢ = 1 along a common formal four-form in the odd chain; set t = p = 0.
These are coefficient tests of the polynomial and carry no flux interpretation. Then

y = (g) , Y= (115/2> . X= G%) : (XV.3.63)

The term s"Qs/8 has coefficient 3/4, and sTy/2 has coefficient 13/2. These sum to 29/4,
the opposite of the coefficient of the gauge projection in (XV.3.52). The background
term has coefficient 61/3. Thus the total square is 331/12, even though the part needed
for gauge cancellation is only 29/4. Cancelling the gauge variation does not require the
entire square to vanish, and the three pieces can be tested separately. In the sheared
basis X’ = (1/6,31/6)T; it gives the same total 331/12, whereas preserving the original
components would add 2(16/3)(31/6).

What is left after the gauge projection vanishes? We can assemble it with dynamical
curvatures set to zero. The pure loop gravity term is (He, — V)W /9, plus the p,po
part of each retained tensor. The flavor term is ), N;(¢;/24 + pt;/48); the adjoint R
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term uses the full vector dimension V. With n retained tensors this gives

cp n 23p? — 116p-
48 5760

pti 15
+ZN(24 )+ QO Ly

For the single node the flavor algebra is su(13), so the two quartic invariants of that
probe are independent. In particular the pt term receives 5pt/48 from the external
hyper and pt/8 from (5¢ —t/2 — p/4)?/2. The p? term gets 380p? /5760 from the loops
and p?/32 from the square. Expanding all terms gives

Fl _ 27702 _ @ 7 P2

Iret = (Hch_V)Wl/2+(n_V) ( + =
(XV.3.64)

ret = op gt 72p 18 (XV 3.65)
t2+5—€—§ct+5t -
Y ag?

There are eight nonzero coefficients in this restricted basis.

For the chain the first probe is su(3). Its loop quartic reduces to 4¢;/24 = t2/12,
by (XV.3.17). Using y = (4c — t1/2, 5c — t2/2)T, the square is (y? + y1y2 + y3)/3. The
t1to coefficient is 1/12 from the square alone. The ¢? coefficient is (16 + 20 + 25)/3 +
(2 — 39)/24 = 451/24. Thus

s _AB1, 3T 2, 9

TR TL T T
f, 0t BB 5 XV 366
tet o Tt o (XV.3.66)
13 7 ptl 5pt2
¢ h 3t2+12+48'

There are twelve nonzero coefficients. They describe the one restricted branch polynomial
in the indicated probes. A direct Cartan evaluation of the original weight sums tests
the trace algebra and the coefficient assembly. It does not compare to a second theory.
To transfer this polynomial to a UV theory, one would need a UV theory with the
same exact symmetries and the specified retained spectrum, including any other sectors
needed in the matching. The calculation here contains no independent UV anomaly
match. We can, however, change the geometry and rerun all the gauge tests.

XV.3.6 Changed ranks and uncancelled anomalies

Keep the same base and replace the second split I5 tuning by Is. What must change

before we can repeat the anomaly calculation? The divisor classes of C7,Cy and hence

the pairing are unchanged. The Tate rows and their coefficient systems change. In the
order t = 1,2,3,4,6, use

k=1(0,1,2,2,4), j=1(0,1,3,3,6), (XV.3.67)

degcl L,L' = 2]@ - ji = (0, 17 1, 1, 2)ia deg02 L,L' = 2]1 - ki = (O7 1,4,4, 8), (XV368)
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The degree two and eight entries suggest a pair of polynomial restrictions for 3g. We
must realize them by actual sections and make sure that the discriminant has ordinary
roots.

On Fy, the downstairs numerator §; belongs to A4;S + B;F}, with A; = 2i — k;,

B; = 4i — j;. Its lift to the blown-up base must subtract m; = ¢ — j; copies of each
b

exceptional divisor to land in L;. In the chosen affine coordinates a monomial z®w® is
allowed in AS + BF}, when
0<a<A,  0<b<B-2A-a). (XV.3.69)

Indeed the homogeneous monomial with fiber powers a, A — a needs a base coefficient of
degree B —2(A — a); homogenizing w” in the two ruling coordinates is possible precisely
in this range. Here

(A;) = (2,3,4,6,8), (B;) =(4,7,9,13,18), (m;)=(1,1,0,1,0).  (XV.3.70)

The odd tuning instead had m; = 1 for all five indices. Using those same multiplicities
for the even tuning would change the restrictions.

Write D(z) = (z—1)(2—2)/2, so D(0) = 1. Prescribe P;(w) on C; and Q;(z) on Cq,
with P;(0) = Q;(0). In the first four entries set both to one. In the last set Ps = 4 +w?,
Q¢ = 4 + 28. The downstairs affine numerators are

H; = Py(w) + D(2)™Qi(z) — Pi(0), (XV.3.71)
(Hy,Ho, Hs, Hy, Hg) = (D, D,1,D,4 4+ w? + 2%). (XV.3.72)

On z = 0 the two constant pieces cancel, leaving P;. On w = 0 the numerator is
D™iQ);, so division at the two centers yields @; in the strict-fiber frame using D. Each
numerator obeys (XV.3.69). For example the w? term uses 18 —2-8 =2 at a = 0, and
the 28 term uses a = 8. For the three D’s all z powers are at most two, and their w
degree is zero. The constant numerator for ¢ = 3 has B3 — 243 = 1. This construction
realizes full Tate coefficient sections; it does not require any anomaly relation.

To see the crepant transforms locally, fix a center z = a, a = 1,2, and use the two
charts

(z,w) = (a + u, uv), (z,w) = (a + @9, D), a=1/v, 9=w  (XV.3.73)

on their overlap. In the first chart the exceptional curve is u = 0 and the strict fiber is
v = 0. In the second chart the exceptional curve is ¥ = 0, and the meeting point with
the strict fiber is outside this chart. The downstairs coefficients are a; = z*w¥ H;(z, w).
Since Kyp = 7" Kdown + Eq, the upstairs a; are obtained by dividing by u® or ¥%; the
fiber coordinates have the corresponding weights two and three. Explicitly,

1 H’L )
oV = (a+u)kivﬁwj (XV.3.74)
wmi
Hi(a + a0, 0
o — (a4 gpyh: Hilo F90,0) (XV.3.75)

v

For m; = 1 the two quotients are (2a — 3 4+ u)/2 and @(2a — 3 + @0)/2. For m; =0
the original numerators are polynomials with no exceptional division. The quotients
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1)

i

transform by v™ from chart two to chart one on the overlap. Including v7¢ gives a
vial(?), as required for the same line bundle. In particular agl)(O, 0) = (2a—3)/2 #0.

No pole or new nodal-tangent degeneration is hidden at the two strict meetings.

downstairs chart one chart two
1 v#0
—_— = -—
w =20 v =20
—  —

(a,0) v=0 @ along E,

Figure XV.3.6: The charts near either center. In chart one the strict w = 0 branch
is v = 0; it meets the exceptional curve at u = v = 0. Chart two covers the other
directions of the exceptional line. The overlap has v # 0 and @ = 1/v.

Next divide the discriminant near the corner by z*w®. Now By is divisible by z2w?,
and Bg by z*wS. In the analogue of (XV.3.45), the two terms aga? and 4asag are above
the leading order on both axes, while —a? is of order z*wS. The terms other than B2 Bg
in (XV.3.31) vanish on both axes after division. Thus

A

z4wb

= B1(B1Bs — B1B384 — B1)- (XV.3.76)

either axis

There is no extra factor of w on the 83 term and no 23232 term on the second axis.
For example, copying the odd second-axis expression would give 3 + z + z® rather than
the even result 2 + 2. Substituting the strict restrictions gives

Ry =2+ w?, Ry =2+ 28, (XV.3.77)
((-12K —4C, —6Cy) - C),_, , = (8 —6, =4+ 12) = (2,8). (XV.3.78)

i=
The derivatives 2w, 827 are nonzero at their roots. Both constant terms are nonzero
and the leading coefficients exhaust the respective degrees, so the corner and infinity
contribute none of these roots.

There is one further excision to check. The downstairs leading quotient along w = 0
contains D®R, /16, since Hy, Hy each carry one D. In chart one, A is divided by u'2
and w® contributes u%v%. The residual on v = 0 is therefore

A ~ (a+w)? (D(a—i—u

V6

16

u

)> (24 (a+uw)?®). (XV.3.79)

v=0

At w = 0 this is nonzero at both centers, since D(a + u)/u tends to £1/2 and Ry(a) is
3 or 258. This calculation removes exactly the six spurious downstairs orders at each
center. In the disk u = 0, v = 7 the leading discriminant coefficients are 3/1024 and
129/32, respectively, with order six at each. Together with the unit of the transformed
a1, this excludes extra matter at the strict meetings in the ordinary calculation. It does
not examine every stratum away from the selected curves.
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At the original corner a; = 1, and the factor A/(2*w®) has value 1/8. In the analytic
construction (XV.3.48), r = 1/12 there, g+2r® and 3r +¢ are units, and g — 272 is a unit
times z%w%. The analytic factorization therefore gives the node equation U,V, = z4w®

after absorbing a unit. On z = w =T,

7_10

A= =+ o(r'h), (ord, f,ord, g,ord, A) = (0,0, 10). (XV.3.80)
At any of the simple residual roots the same unit argument gives U, V, = u" v with v
a transverse residual coordinate. The two lines y(y + S12) = 0 are distinct over the
ordinary split gauge branches. Thus the same sourced rule now applies at the new loci.
At the corner the enhanced transverse Ag roots have a 4-by-6 block and its conjugate;
these give one full (4,6). The two and eight ordinary one-sheet enhancements give
the external defining hypers on the respective branches. These conclusions use the
near-curve ordinary strata and the matter dictionary. The diagonal disk and analytic
factorization do not give a global resolution theorem.
We can check an actual transverse disk through the first type of simple root. Write
R = A/(z*w") near C;. The first-order normal term in Bg/(z*w®) follows from the

agag and 4asag terms:

N

Bs
24w
At z = 0,w = w, with w? = —2, Hg = 2. The first term of (XV.3.81) vanishes
there, so the derivative of B2 makes no contribution to the derivative of R. The other
discriminant terms have at least two extra powers of z. It follows that 160, R = 9w,
whereas 160, R = 2w,. On z = 7,w = w, + 7 this gives

11w’
16

The coefficient is nonzero. The disk meets both branches to first order. A disk tangent
to the residual could give a higher order without adding a second matter point. The
count uses the simple intersections on the gauge curves, rather than the largest order
achievable by a choice of disk.

There is a legal deformation that shows why the root test was needed. Replace Py
by 4 + w? + 22w and leave Qg fixed. This adds an allowed monomial to Hg and does
not alter the corner value. The restricted residual is now (w + /2)2, of the same degree
and with a repeated root. We cannot assign two separated ordinary hypers by the
preceding argument. A different legal change replaces the matched constant 4 by 2 on
both axes. This kills the residual unit at the corner and invalidates the ordinary corner
calculation there. Indeed with Hg = 2+ w? + 28, the first two terms of (XV.3.81) start
with w? + 9zw at the corner. On z = w = 7 the discriminant starts at order twelve,
not ten. The residual no longer supplies a unit multiplying the old normal form. Both
examples preserve the base intersections. Neither is a license to use the old charged
spectrum.

For the actual ordinary even witness the effective defining multiplicities, total charged
dimension and vector dimension are

(246, 8+4) = (8,12),  Hey =8+48+24=80, V =15+35=>50. (XV.3.83)

= D*(Hg — 2) + zwD(1 + 4H). (XV.3.81)

A= ° 4+ O(19). (XV.3.82)
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The ¢; and ps; coefficients vanish by the same formula as in (XV.3.51). The one shared
hyper still gives s182/4, regardless of the rectangular block sizes. The pure gauge loop
terms are thus unchanged, but the mixed R block is now —c(4s; + 6s2)/2. Keeping
su(2) @ su(8) flavor probes yields

2 2
PI46 _81+82_8182_E
g

_ s1t1 + sata
loop — 4 9 - 4 -

(451 +682) + 1

(XV.3.84)
It is cancelled by (XV.3.59) with the same €, zero k, and y = (4¢ — t1/2,6c — t5/2)7.
The su(2) probe also has ¢; = t3/2, so the t3 coefficient stays 1/6 after adding the
square. The term linear in cty changes to —(4 4+ 12)/6 = —8/3. Using the updated
dimensions in (XV.3.64), the twelve coefficients are

70 2 11
746 _ 22 e
ret 3 c Cp+ 45p 180172
12 tity 3 A
&3 2 2 XV.3.85
+ 6 Ty Tty ( )
7 8 pt1  pto
— ¢ty — —ctg + — 4 —=.
g T gty g

The polynomials (XV.3.65), (XV.3.66) and (XV.3.85) have eight, twelve and twelve
retained coefficients, respectively. Each is an identity for a specified branch and probe
choice. None is an independent match to an externally computed UV polynomial.
Finally take the new ranks and the old external multiplicities (3,6), with flavor

probes off. The effective multiplicities are (9,10), so their excess relative to (8,12) is
(1,—2). The R, shared, and pure squared terms are unchanged from (XV.3.84); the
correct square for the new ranks still cancels them. The uncancelled gauge projection is

q1 q2 | PS1 P2

21 12 + 13 TR (XV.3.86)
No change to a quadratic of four-forms can remove gi,q2. Conversely the equations
m1 = 2N7 — Na, my = 2N5 — N7 are necessary quartic tests for this two-node matter
ansatz. They do not construct the coefficients in (XV.3.72) or decide whether any of
the roots are simple. We obtained the necessary multiplicities from the geometry before
using them in the index. The last comparison asks what additional condition arises
when the same curve data are placed in a compact gravitational theory.

XV.3.7 Compact gravitational constraints

What additional anomaly constraint applies if gravity itself fluctuates? For this compar-
ison turn off the R and flavor backgrounds. Take a compact gravitational parent with
one gravity multiplet and T tensor multiplets in addition to it. The full pairing M has
signature (1,7T). It includes the gravity two-form direction and any tensor directions
outside the gauge curves. The local count of retained tensors cannot substitute for 7.

We first compute the gravity multiplet’s chiral polynomial in the same signs used
for the loops. For a positive chiral spin-3/2 field the index is A(T) times the complex
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tangent character with one spinor subtracted for the net ghost contribution. To see
the needed character, take formal tangent roots +z,, a = 1,2,3. With p = > x2,
P2 = >, T2}, the expansion is

3 2
-2
ch(Tc) = Z(e“’“ +e " )=6+p+ ]% + - (XVv.3.87)

a=1
Multiplying by A after subtracting one gives

2 2 2
p° | p°—2ps  275p* — 980p2

It =5W; — = . XV.3.88
3/2 2Tt T 5760 ( )
The tensorino in (XV.3.24) contributes W 5 at ¢ = 0. The real chiral two-form in that
multiplet thus contributes (16p? — 112p2) /5760, the degree-eight signature index with
the corresponding sign and the real field normalization. The gravity multiplet has the

opposite two-form and gravitino chiralities in this convention. Its polynomial is

[ o 16p? — 112psy _ —291p? + 1092p2.
& 3/2 5760 5760

The graviton does not add a chiral index. These signs let us combine the gravity
contribution with the previously calculated charged gauge terms rather than translating
a compact condition in different curvature units.

Let H include all charged dimensions and all neutral hypers, and let V count
vector multiplets, including the dimension of any extra abelian algebra if present. The
background gravity part of the complete loop polynomial is

(XV.3.89)

23p2 — 116ps

Ly = (H = V)W + T ="t o Ly, (XV.3.90)
H -V 29T — 273
grav __
[pﬂ‘[loop - 1440 (XVSQ].)

A quadratic in four-form invariants cannot cancel the independent ps. Its coefficient
must vanish, giving H — V = 273 — 29T. Substituting this value into the coefficient of
p? leaves
7(273 —29T) + 23T —291 9T
5760 32
This substitution determines a necessary dimension count. It gives no information
about which neutral fields exist in an elliptic model.
For the reducible compact anomaly the source lives in the full base lattice. The
compensation, with the sign of M itself rather than the positive local pairing, is

(XV.3.92)

Cs Kp
Z=——-— XV.3.
SRR (XV.3.93)
1
ISR = —§ZTMZ (XV.3.94)

sT(CTMCQC)s N ps'TCTMK p?K"MK

< < = (XV.3.95)
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On the gauge span the first term agrees with the positive local half square. The middle
term gives —ps/8 for Fy, where K-S = —1, and zero on the chains. The last term instead
sees the full canonical class. On F; the pairing in (S, F},) has determinant —1; it has
one positive and one negative direction. The square K2 = (—25 —3F,)? = —4+12=38
cancels (XV.3.92) at T'= 1. On Fy the square is —8 4+ 16 = 8, and adding the two
orthogonal exceptional components reduces it to 6, with 7" = 3. This agrees with 9 — T’
for both chains. The three terms in (XV.3.95) therefore cancel the corresponding loop
terms once the dimension requirement is imposed.

The full basis is especially useful on 1, where the local gravitational projection is
nonzero. In (S, F},), one has Z = (s/2 + p/2,3p/4)T. Using $? = —1 and S - F}, = 1,
the compact counterterm becomes

—17TMZ = L(s/2+4p/2)2 — (s/2+p/2)(Bp/4) == — B2 _ B (XV.3.96)

The first two coefficients agree with the local gauge terms, while the purely gravitational
coefficient is negative. Reversing the sign of Kp in Z would preserve the p? term but
leave ps/4 in the total. A comparison of the two diagonal squares alone would not
detect the error. On the chains the gravitational direction is orthogonal to both gauge
curves, so the mixed gravity coeflicient is absent in either choice of sign.

There is an independent comparison of the geometric input to the group contractions.
Write tr, F2 = A,s, tr, F* = B,q + C,s?; the subscript on C, distinguishes a trace
coefficient from a curve column. For the SU factors, expanding the compact factorization
in intersection units gives

_ Aadj - Zp AP 02 _ Ep CP - Cadj

K-C; = G 7 ; 3 ., 010y = ;;APAU. (XV.3.97)

The sums are over the hypers, including spectator dimensions for a single node, and
over shared hypers for the mixed equation. At the single node the three relevant inputs
are A,qj = 10, > A, =16, > C, = 3. They give —1, —1 in the first two equations. At
each chain node the total A equals 2/N; and the total C), is zero. This gives 0, —2. The
one shared defining product gives 1 in the third equation. All agree with the curve
intersections computed before using the spectrum. This checks the curve data against
the contractions that occur in the anomaly constraints; the two expressions still concern
the same branch.

The decomposition can be exhibited in classes. On F1, S + Fj, is orthogonal to S
and has square 1. On the blown-up base K is orthogonal to both gauge curves, and
FEy — E5 is orthogonal to both curves and to K. The complement is two-dimensional,
with these two directions of nonzero square:

Base ‘ Complement generators over R ‘ Pairing on the complement
F,y S+ Fy (1) (XV.3.98)
B12 ]F2 K, E1 - E2 d1ag(6, 72)

These are real-span calculations and do not claim the combined generators form an
integral basis of the full compact lattice. The second row has an extra negative direction
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Gauge span Orthogonal complement

¥y [ (071)7Kﬁ:71 } @{ (1,0),Ki:9 }

BL, F, [ (0,2), Kj =0 ]@[ (1,1), K2 =6 }

Figure XV.3.7: Gauge-curve subspaces and their orthogonal complements in the compact
lattices. The two chains have the same decomposition of the base pairing. In each
example the compact gravitational square uses the full K, including its component
outside the gauge span.

besides the two retained tensors, as well as a positive direction. It accounts for why the
compact tensor-multiplet count on this base is three rather than two.
In Figure XV.3.7, the projection K| onto the local curve span satisfies Kﬁ =

—kTQ k. For example K| = S on Fy; then (K — S)? = 9. On the chains K| = 0.
Reusing the local square, even with the p part of (XV.3.60), would leave

2

2
p—(KQ +5TQ7E) = {gp /32 Fy,

XV.3.99
3p2/16, Blg ]FQ. ( )

32

In particular equal numbers of local and compact tensor multiplets on the single-node
example do not make the two pairings interchangeable: the gravity multiplet has its
own tensor.

If there are no additional charged or abelian sectors, write H = H., + Hy with H
the neutral count. The necessary value is H,* = 273 — 29T + V — H,. Inserting the
computed charged and vector dimensions gives

Input T Hy V Hy™
SU5-F1 1 7 24 193
CHAIN45 3 62 39 163
CHAIN46 3 80 50 156

(XV.3.100)

For instance at the last entry the allowed total H—V is 186, so H,*? = 1864+50—80 = 156.
If the actual theory had one more neutral hyper and no other changes, the residual
would be W, /5 including —p2/1440. A wrong choice of lattice at the required neutral
count gives instead the purely reducible residual (XV.3.99). These diagnose two different
omissions. More generally, using the full pairing but leaving Hy unknown gives

IS™P = (Hy — ]_[(1;'301)[}[/'1/2 (XV.3.101)

for this conditional compact spectrum. None of the three required numbers is an
independently determined neutral spectrum. For SU5-F1 the sparse member used to
read the near-section matter is excluded from the regular compact comparison by its
W = 0 nonminimal divisor. It is the full coefficient-system open that supplies the
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setting for that comparison; global resolution and the complete field content remain
separate requirements.

The rigid branch calculation also has a distinct scope. It assumes the specified
retained tensor modes and tests the polynomial in the indicated backgrounds. It does
not establish the full noncompact spectrum, a global gauge group, an isolated limit or
a UV fixed point. The next chapter returns to the geometric constraints on tunings.
Later chapters take up contraction and the change of pairing in the little-string setting,
where the inverse in (XV.3.56) cannot be used on a null direction.

XV.3.8 Exercises

1. Transfer the moment calculation. Use the Cartans
.13:(3,07—1,—2)7 y:(451707_1a_17_3)'

Compute the defining quadratic and quartic moments, the su(4) adjoint weight
count and moments, the exterior-square moments and dimension, and the product
moments and dimension. Give the three separate quartic product contributions.
Explain why replacing the sum by a sum over only nonzero adjoint weights changes
the dimension test.

2. Detect coalescing roots. In the even witness change the first residual to
w? + bw + d with d # 0; match the constant on the second axis by taking its
residual to be 28 +d. Try (b,d) = (3,1), (4,4). Give the degree, the number of
distinct roots, the quadratic discriminant and the decision whether the ordinary
simple-root count applies. Explain why a fixed intersection degree does not settle
that decision.

3. Perturb one external count. With flavor curvatures off, keep ranks (4, 6), the
shared full hyper, and the same pairing. Change the external counts to (2,9).
Give every coefficient in the gauge projection before and after adding the correctly
normalized square with y = (4,6)Tc. Identify what an attempted change in y
cannot repair.

4. Change the source basis. Use U = (19), Q from (XV.3.54), and source
coefficients X = (3/2,—2/3)T along a common formal four-form. Give ', X', Y”,
and the old and new scalar coefficients of the square of that form. Explain the
different transformation rules for the two source columns.

5. Change a compact count. Use the CHAIN46 compact comparison. Hypothet-
ically add one abelian vector and five charged hyper components, keeping T" and
the old required neutral count fixed. Give the old required neutral count, the ps
residual and the neutral shift required to remove it. Explain why this is only an
irreducible gravity test of hypothetical data.

6. Remove the common hyper. Compare the (4,5) chain with a shared full
hyper to the model where external fundamentals replace its spectator traces at
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each node. Keep the same lattice and switch off the flavor probes. Give both
quartic coefficient columns, both one-loop s1s5 coefficients and both coefficients
after adding the same square. Explain what additional input would be needed to
compare background anomalies to a UV theory.

Use benchmark/tasks. json for the JSON fields and benchmark/PROTOCOL.md for
submission. Written explanations are assessed by a reader.

Status and sources

§1. Local polynomial and projection. The descent and gauge test are [ANOM], in the
integral differential-form descent convention of Ohmori et al. (2014), arXiv:1408.5572v2,
§2.1. The background-only polynomial is restricted to the indicated probes.

§2. Weight sums and the multiplet index. The adjoint, antisymmetric, product
and low-rank trace identities are [MATH]. The multiplet polynomials are [ANOM], with
the full-hyper and chiral tensor conventions of Ohmori et al. (2014), Appendix A,
egs. (A.1)-(A.4). The weight calculation uses their anti-Hermitian curvature frame.

§3. Negative section. The residual and intersection calculations are [MATH], using
the Weierstrass convention Apgox = 4f3 4+ 27¢% and the near-curve input of Chap-
ter 1. The ordinary localized spectrum is [GEO-E]; see Morrison and Taylor (2012),
arXiv:1106.3563v3, §3.2, egs. (3.23),(3.28) and the following SU(5) discussion. The
transverse I orders use the actual germ calculation. The loop coefficients are [ANOM]
with this spectrum. The sparse witness is not a regular compact member.

§4. The shared hyper. The ordinary branch matter input of B.1 is [GEO-E]; see
Morrison and Taylor (2012), §2.3, eq. (2.26) and §3.3, eqgs. (3.58),(3.61). The loop
including mixed gauge terms is [ANOM]. Split tangents, simple residual points and a
transverse corner enter the ordinary matter rule.

§5. Source pairing and retained coefficients. The geometric tensor and source
dictionary is [GEO-E], assuming the retained modes of B.2. See Ohmori et al. (2014),
§3.3.1, egs. (3.26)—(3.33) and footnote 6 for the five-form sign. The gauge and background
identities are [ANOM], with §2.1 and §3.1, egs. (3.1)—(3.5); the basis calculations are
[MATH]. Solving mixed coefficients does not establish independent background geometry
or UV matching.

§6. The even retuning. The Cox lifts, crepant charts, residuals and node calculation
are [MATH]. The ordinary matter inference is [GEO-E], with the same hypotheses and
physical source as §4. Cancellation and the stale-spectrum obstruction are [ANOM]. The
near-curve calculation uses no assertion of a resolution away from the selected strata.

§7. Compact conditions. The gravity index, compact count and full-signature cancel-
lation are [ANOM]. See Alvarez-Gaumé and Witten (1984), §7 and §12, egs. (114),(116),(118),
and Kumar et al. (2010), arXiv:1008.1062v1, §2.1, egs. (2.1)-(2.13) and §5.1, egs. (5.1)—
(5.5). The geometric intersection comparison is [MATH] in the indicated SU normalization.
The compact factorized polynomial in the latter source is the loop term. The neutral
requirements assume the stated charged content and compact tensor and gravity
multiplets; no separate neutral count is given.
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Chapter XV .4

Non-Higgsable clusters and
gauge tuning

XV.4.1 Sections restricted to a negative curve

How can a seven-brane gauge sector be compulsory when the coefficients of the elliptic
equation are still free? The freedom to choose a polynomial in one coordinate patch
can overstate the freedom to choose a section on the base. Along a negative curve
the leading coefficient can have negative degree. It must then vanish, so the fiber
degenerates on the whole curve. We will first compute this restriction and then lift the
coefficients on a ruled surface. After that we can ask two separate questions: which
components can be labeled consistently along the curve, and whether the proposed
tuning creates points at which the original base must be changed. We use the local fiber
dictionary of IV.8, the two-curve construction of B.1, and the anomaly conventions of
B.3.

Let B be a smooth complex surface and L = Op(—Kpg) the anticanonical line bundle.
We use the short Weierstrass equation and the following discriminant convention:

v =23+ fr+g, feHB, L"), g¢e H°B,L"), A =4f34274% (XV.4.1)

The elliptic discriminant is —16A; the discriminant of the monic polynomial X3+ fX +g
is —A. We distinguish two orders. The order along C' counts the power of a local
normal equation z = 0 at the generic point. At a closed point p in coordinates z,w
centered at p, the order is the smallest total degree in the two variables. In particular,
a unit along the generic curve can still vanish at p.

ve(z*h) =a (h|c £0), Vp (Z hijziwj) = hanl;?O(Z + 7). (XV.4.2)

Suppose C ~ P! and C? = —n. Adjunction gives

(Kg+C)-C=-2, Kp-C=n-—2. (XV.4.3)
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For a section of —kKp divisible by z%, dividing in a local frame leaves a section of
—kKp — aC. Restrict that section to C. If the restriction vanishes, it has another
factor z. Globally this is the kernel statement in

0— OB(*kKB — (CL + 1)0) — OB(*]CKB — aC) — OC(*kKB — aC’) — 0.
(XV.44)
The line on the right has degree

di.o = (—kKp —aC) - C = k(2 — n) + na. (XV.4.5)

A negative degree line on P! has no nonzero section: the zero divisor of such a section
would have negative degree. Hence the first candidate for a nonzero residue is

a > max{0, [k(n—2)/n]} (n>0). (XV.4.6)

In divisor language, the residual effective divisor with C removed has nonnegative
intersection with C. The two arguments give the same bound. Nonnegative degree by
itself does not make the restriction map on global sections surjective. Also, the bound
for £ = 12 concerns a section of that class; a Weierstrass discriminant is constrained
by (XV.4.1).

For actual lifts use the ruled surface F,,. The section S has square —n; a ruling fiber
Iy, has square zero and meets S once. Adjunction on these two rational curves fixes
the canonical class. Write [U : V] for the base of the ruling and Z, W for homogeneous
fiber coordinates:

KB =-25— (n + 2)Fb, (XV47)
Ul=[V]=F, [2]=S5,  [W]=S+nh, (XV.4.8)
S={Z=0}. (XV.4.9)

The two Cox scalings encode these classes. For a homogeneous polynomial p,(U, V') of
degree dj, 4, its lift and its class are

Ok = Z W p, (U, V), (XV.4.10)
[0k,a] = 2kS + [n(2k — a) + dyo]Fy, = —kKp. (XV.4.11)

Here 0 < a < 2k. Conversely every monomial of class —kKp has these exponents and
that degree. For example, at n = 2 the term with a = 0 is W?2* times a constant. At
n = 3 the a = 1 term of f would require degree —1, while a = 2 permits every quadratic.
At a = 2 the g residue has degree zero. Evaluating the ceiling for k = 4,6, 12 gives

n | 2 3 12
(as,a6,a12) | (0,0,0) (2,2,4) (4,5,10)

(XV.4.12)

These lifts explain why it is meaningful to ask whether the first possible residue actually
survives.

The same lift also tells us how to compute at infinity. In the frame V =W =1
write z = Z/W,w = U/V, understood as the normalized affine coordinates. In the
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Figure XV.4.1: Two frames near the negative section .S. The normal coordinate vanishes
along S. The ruling coordinates overlap away from 0, co; the coefficient frames on S
differ by v%.«. The point V = 0 is visible at v = 0 in the right frame.

frame U = W = 1 write (,v. On the overlap the base scaling takes (U, V) = (w, 1) to
(1,v). It rescales W by v™; restoring W =1 gives ( = v~"z. Thus, in the two frames,

w=uv"", z =v"(, (XV.4.13)
o\ (¢, v) = PV (¢ v, (XV.4.14)
P (v) = v pV (). (XV.4.15)

The last identity follows term by term from (XV.4.11); it removes the apparent pole of
every allowed polynomial. For example on F5 the f5 lift with py = U? becomes (? in
the second chart. The choice p; = V2 would become (?v? there. Both have degree two
on S, but their doubled zeros lie in different charts. Figure XV.4.1 records the frame
change used below. In particular the degree of a dehomogenized polynomial need not
equal the total degree of its zero divisor on S.

There is a complementary chart check away from S. The two scalings of the
homogeneous coordinates, with parameters «, 3, act as

(U,V,2,W) — (BU,BV,aZ,af"W). (XV.4.16)

They let us set Z = 1 away from S, in addition to V =1or U = 1. Inthe V =1
base frame, the change from W =1 to Z = 1 rescales by a = z~1. It sends z to the
reciprocal coordinate ¢ = W/Z and the section is multiplied by ¢2*

o,(vv’z)(q,w) _ q2k VW) (1/q,w Zq% “pa(w, 1). (XV.4.17)

Here the first equality holds on the overlap and the right side is regular at ¢ = 0. In
the U = 1 base frame one obtains the same sum with p,(1,v). The limiting coefficient
at ¢ = 0 is therefore po, evaluated in the corresponding base frame. This gives an
elementary way to test whether a model that works near S fails at the other section
W = 0. We will see both outcomes.

XV.4.2 A forced type-IV sector

What actually survives at the first allowed order on the isolated negative section of F3?
The degree computation gives fo € H°(S,O(2)) and g € H°(S,0). The latter can be

71



g2 = 1 in both frames

Y = +1

=-1

. s
U=0: (4,2,4)

Figure XV.4.2: The forced IV section of (XV.4.18). The point U = 0 changes the order
of f, but the residual discriminant has no zero anywhere on S. The separate horizontal
lines indicate the two globally labeled sheets of the constant cover.

a unit everywhere on S, as realized by the exact model
f=2*WoU? + Z8(U* + 2129, g=Z*Ww'. (XV.4.18)

In the full coeflicient space, g # 0 is a nonempty open condition because the displayed
section realizes it. The generic orders are (2,2,4) on the subopen with fo # 0. More

explicitly, if f = zzf, g = 227, the discriminant residual is
2N =422F3 12752, (2 YA)|s = 2742 (XV.4.19)

The coefficient line of this last expression has degree dy24 = 0. There is no collision
with a residual discriminant along S. At U = 0, by contrast, the leading coefficient of f
has a double zero. In the V = W = 1 chart the first terms are z2w?, 22,272* for f, g, A.
Therefore at the point

(D) v(9). (D)) = (4,2,4). (XV.4.20)

The extra vanishing of f alone has no effect on the discriminant order.
Now divide the fiber equation by 2?2 after setting + = 2X,y = 2Y. Its leading
equation is

Y2 =2X342fX+3, Y% =g (XV.4.21)

The component labels are the two roots over the field C(S) of rational functions on S.
The residue lies in the square of the root line, (—3Kp — S)|s; its degree is zero here. A
change of frame rescales go by a square. In one global frame g, is a nonzero complex
constant and has a complex square root. The conclusion is unchanged if we replace 1
in (XV.4.18) by 2: splitting is over C(.S), even when the constant is not a square over
Q. The two roots remain distinct and can be labeled consistently. This transport of
component labels along the curve is different from transverse elliptic monodromy on
one-cycles.

It helps to compare the coefficient lines of the three leading terms. They have
degrees 2,0,0 for f,g,A. Thus a nonzero f, must have zeros, whereas g, and the
leading discriminant can be units. Indeed the order of f along S can be raised further
by setting the entire f; to zero:

fo=0, gs 7£ 0 = Vs(f) >3, Vs(g) =2, Vs(A) =4. (XV422)
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The 2° equation of the cover in (XV.4.21) does not change. The forced degeneracy is a
property of the available sections. It does not depend on restricting attention to the
member with a particular fs.

The local algebra dictionary assigns split IV to su(3) under the ordinary minimal
F-theory hypotheses. The isolated-cluster matter rule gives no localized charged hypers
on this S: there are no residual intersections and the genus is zero. The pure gauge
description applies to the specified sector. Neither statement determines the global
form of the gauge group or all sectors of a compact model. A separate check on the
displayed coeflicients shows that no point away from S has orders (4,6) or worse. This
check will also be useful for the later ruled examples.

On Z # 0 use ¢ = W/Z in either normalized base frame. The examples with
f = faZ W8~ 4 f3Z8 have

f=A¢*"+Bs, 0,f=(8—a)Aq" " (XV.4.23)

For (XV.4.18), A =U?, Bg = U?® + 2V? are evaluated in the relevant frame and have
no shared projective zero. If ¢ # 0 and f = 0, then A # 0 and the derivative is nonzero.
If g =0 and f = 0, use a base derivative of Bg. In the V' = 1 frame its roots solve

¥ = —2 and have 20w'® # 0. In the U = 1 frame it takes value 1 at v = 0. Thus
f has order at most one at every zero off S. For the Fy examples the power 20 is
replaced by 16; the same argument checks simplicity. The additional requirement that
A, Bg have disjoint zeros will be checked for the actual choices. This is a point-order
calculation; it does not give a smooth resolved threefold.

We can compare the isolated sector to the mixed-gauge and gauge-square conditionb
of B.3. Use formal traceless Cartan e1genvalues z;,i=1,2,3, and s = >, 7. With
z3 = —x1 — 22 the fourth moment is Y, z} = s%/2. The positive moments of the
adjoint are sums over z; — x;, and the terms with a single power on one side vanish by
tracelessness. Thus

traqj F2 = 6s, (XV.4.24)
traqy F* =6} + 65> = 9s°. (XV.4.25)

The low-rank relation used here can also be obtained without choosing a basis for the
Cartan. Since z1+ a2 +a3 =0, ), ,;x; = —s/2. Squaring this last sum gives
ZKJ 2?2z ], because the cross terms are proportional to zyxex3(z1 + 22 + x3). Hence

Zx:c = s%/4, Zx =s 7223333 =5’ (XV.4.26)

1<j 1<j

There is only the square invariant in this comparison. The absence of an independent
quartic here is a weight identity; it does not mean the adjoint makes no fourth-order
contribution.
For the defining reference trace the factor A is one. In the convention a = Kg,b =9,
the pure-sector conditions compare these traces to
6

S==-=1 §%2=_Z=_3. XV.4.27
B 6 ) 3 ( )
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w frame v frame

e=2 e=2 e=2 e=2

0 1 2 S

Figure XV.4.3: Branch divisor of the normalized double cover in (XV.4.29). The points
0,1,2 are in the w-chart, and the fourth zero is at v = 0. Each mark has index two.
The line indicates the base of the cover, not an embedding of its genus-one total space.

They agree with (XV.4.3) and the self-intersection. In this comparison the spectrum
came from the isolated geometry and the local matter rule. Solving these two equations
cannot produce the unit in (XV.4.19). We next change the residue line so that a nonzero
section need not be a unit.

XV.4.3 A non-split comparison

How can the same divisorial orders give different algebras, and how can a neighboring
curve constrain the very existence of a split tuning? We first vary a double cover while
keeping the base fixed. Then we change the base and derive the leading cubic from
simultaneous constraints. In both cases the relevant field is the function field of the
gauge curve.

The Fy section has no forced vanishing. For instance take f = W& 4 Z8(U6 4-21/16),
g = W1'2: on S the discriminant is 31 in the constant frame and the generic fiber is Ij.
To tune IV, suppress the earlier coefficients and take the lifts

fo=Ur+2VY fo=U% 42V g =UVU-V)U-2V). (XV.4.28)

Coefficients not written are zero. These are sections of the degrees required by (XV.4.5).
The equations in the two frames for the double cover are

V2=ww—-1)(w=-2), Y2=ov{l-0v)1-2v), Y =0  (XV.4.29)

The right frame accounts for the fourth simple zero at V' = 0. At a simple zero the
valuation is odd, while the valuation of a square of any rational function is even. This
proves generic irreducibility and explains why a local choice of complex square root
away from the zeros cannot label the components globally. Near a simple zero the
equation is Y2 = u times a unit, for a local coordinate u; extracting the unit’s analytic
square root gives ramification index two. The function-field cover is connected, and on

its normalization
20cov —2=2(-2)+4(2—-1)=0. (XV.4.30)

Thus the genus of this cover is one. It is not the genus of the gauge curve.

The point-order computation on the surface uses z as well. At each branch point fs
is a unit, with values 2,3,18,1 in the indicated finite and infinite frames. With local
parameter v along S, the leading forms of f and g are proportional to 22 and z2u. The
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Figure XV.4.4: The blowups producing the retained (—3,—2) pair. Both centers lie
on the original ruling fiber away from the corner. After the blowups, Co meets the
exceptional curves at distinct points; S still meets Cy at z = w = 0.

two terms of A have degree six but different monomials, 26 and z*u2, so they do not
cancel:

(Vp(f),up(g),yp(A)) = (27336)' (XV.4.31)

Now replace gz by (U? + V?2)2. The generic orders remain (2,2,4). In the two frames
the roots are +(w? + 1) and £(1 + v?). At w = £, fo = 3 and g has a double zero.
The leading z?u? term of g now gives order four, while 3 still gives order six. The
normalized cover has separate sheets even though they meet in the displayed polynomial
model at the double zeros. Both models pass the off-section f test of (XV.4.23): a
zero of U* +2V* in V = 1 has w'® = 16, hence Bg = 18; at V = 0 both are units.
The control with fy = 1 has no common zero either. The ordinary IV dictionary gives
sp(1) = su(2) for the connected cover and su(3) for the split cover. For the former the
defining quadratic trace has weights z, —x, giving 222 in either description, with A = 1.
Branch count alone has supplied no charged multiplicities.

We can see the distinction between the split and nonsplit zeros directly in a small
neighborhood of a point of the curve. Let u be a local parameter on S. After rescaling
Y by a square root of a unit, a simple zero gives Y2 = u. A double zero of the square
gives Y2 = 42, In the second case the normalization is obtained by taking the two
branches separately. Their maps to S are the identity in the coordinate u. Explicitly,

Y2=u: u=Y? e=2, (XV.4.32)

Y2 =u?: Y,u) = (u,u), (—u,u), e=11. (XV.4.33)

The two raw roots agree at © = 0 in both equations. This agreement cannot by itself tell

us whether the sheets exchange. The cubic example will require the same distinction,
with three generic labels instead of two.

To obtain a coupled example, blow up F3 at (z,w) = (1,0),(2,0), away from S.

If Ey, E5 are the exceptional curves, the strict fiber is Co = Fy, — E1 — E5. Here and

below classes S, F}, on the blowup denote pullbacks. They have zero intersection with
E;; E; - E; = —6;;. The retained intersections are

S?=-3, Ci=-2 S-Cy=1, Kp-S=1, Kp-Coa=0. (XV.4.34)

For a section of —kK g with exact multiplicities a, b on the two curves, remove those
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curves. Nonnegative residual intersections with both require

(—kKB—aS—bCQ)-S:?)a—b—kZO, (—kKB—aS—ng)~Cg :2b—a20.
(XV.4.35)
In particular b > [a/2]. For k = 4, a < 1 cannot satisfy the first inequality and
(a,b) = (2,1) satisfies both. For k = 6, a = 2 gives 3a —b < 5; at a = 3, b > 2 and
b = 2 works. For k = 12, a = 4 gives at most 10 and a = 5,b = 3 works. Smaller a
give still smaller 3a — [a/2], and the lower bounds on b are monotone. These are the
componentwise least lattice pairs. Now use the actual discriminant: f2 has at least the
pair (6,3), g2 at least (6,4). The effective-class candidate (5, 3) is therefore impossible
for the discriminant of this pair.
We can attain the strengthened orders near the two curves. Put D(z) = (z — 1)(z —
2)/2 and take

f = 22wD(2)3, g = 22w?D(2)*, (XV.4.36)
A = 2503 D(2)3[4D(2) + 27w]. (XV.4.37)

These are affine expressions for actual homogeneous sections downstairs: the f exponents
of z run from 2 to 8 with base power w! allowed by dy , = 3a —4 > 2. The g exponents
run from 3 to 11 with w? allowed by ds , = 3a — 6 > 3. At either center z = ¢ € {1,2}
let h = z—cand D(c+h) = hd.(h), where d.(0) = (2¢— 3)/2 # 0. The orders there are
4,6. By Kpew = 7 Kolq + E, the new coefficients divide the pullbacks by the exceptional
coordinate to powers 4, 6. In the two blowup charts the quotients are

(h,w) = (e, et) : (f's9") = ((c+ e)?td.(e)®, (c+e)3t?d.(e)?), (XV.4.38)
(h,w) = (es,e) : (f',9") = ((c+ es)?s3d.(es)?, (c+ es)3std.(es)).  (XV.4.39)

The exceptional coordinates in the two rows are related by e,, = te, and s = 1/t; the
second quotients are t~*,¢ 76 times the first. In the first chart the strict fiber is t = 0.
At its meeting with E the orders are (1,2,3) because ¢, d.(0) # 0. This also shows that
f'/t is a unit there. Away from the centers and S, the residual coefficient 2 =2 f /w = D?
is a unit on the finite strict fiber; at its fiber-coordinate infinity ¢ = 1/z = 0, the regular
coefficient of f/w is

q8z2D(z)3|Z:1/q =1(1-¢)°%Q1-29)> (XV.4.40)

It is also a unit there.

Along S, the generic orders from (XV.4.37) are (2, 3,6), while on C5 they are (1,2, 3).
At the corner z = w = 0, D(0) = 1 and the orders are (3,5,9). At w = —4/27 the
bracket has a simple zero along S and both leading Weierstrass coefficients are units
after dividing out the powers of z. Thus the point has orders (2,3,7). Inthe U =W =1
frame, (XV.4.15) gives

f=CwD3¢)3, g = CuD(W3¢)% (XV.4.41)

At zeta = v = 0 this gives (3,4, 8), since the square term of the discriminant leads.
Every point of the retained union passes the (4,6) test, so the open complement of the
closed bad locus contains that union.
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There is an actual failure away from the union. In the chart U = Z = 1, put
v = V/U and use ¢ = W in that frame. The 2%w’ monomial becomes ¢?¥~¢dk.a=b,
For f the lowest total degree term comes from a = 2,b = 1, giving ¢%v; for ¢ it comes
from a = 3,b = 2, giving ¢°v. Both have coefficient one. Increasing a by one raises the
total degree by two. The remote point ¢ = v = 0 consequently has orders

(vp(f), vp(9), vp(A)) = (7,10, 20), (XV.4.42)

with g2 of lower order than f3. Our sparse witness is useful near the retained pair and
fails as a globally minimal compact model.

What components are transported along S7 The leading I cubic has root coordinate
X in the frame of (—=2Kp — S)|s. Its coefficients are the restrictions of f/z2,g/23
in (XV.4.37):

R(X)=X*+wX +w?,  discx R=—w*(4+27w). (XV.4.43)

If a root lies in C(w), write it p/q with relatively prime polynomials. Clearing denomi-
nators in the monic equation gives ¢ | p®, so ¢ is a unit. A polynomial root of degree
d > 2 would have 3d > max(d + 1,2), which leaves its highest term uncanceled. Its
constant term must vanish at w = 0; the only candidates are X = hw. Substitution
gives

R(hw) = w?[(h + 1) + h3w). (XV.4.44)

The two coefficients cannot vanish together. More generally the leading polynomials
have the allowed shapes w(A + Bw),w?(C + Dw), now with A, B,C, D constants. The
same argument bounds the root degree since the coefficient degrees are at most two
and three. For A # 0 the root test is

Ah+C =0, h® + Bh+ D = 0. (XV.4.45)

Eliminating h = —C// A gives a closed condition inside A # 0. Our coefficients lie outside
it, so irreducibility is realized on a nonempty open of the actual leading family.

The permitted coefficient variations really occur on the surface. Starting with (XV.4.37),
replace the factor w in f by w(A + Bw) and w? in g by w?(C + Dw). The largest new
powers of w are 2 and 3, at or below the minimum degrees ds 2> = 2 and dg 3 = 3. At
the blowup centers the same factors h?, h* remain in the powers of D(z), so the chart
division is still regular. For example A=C =1,B =0,D =1 gives slope h = —1 with
vanishing remaining coefficient, whereas A = C = 1, B = D = 0 gives the remaining
coefficient —1. The cover type can change within the realized coefficients without a
new negative-curve degree calculation.

The raw discriminant vanishes to order three at w = 0. To find the true ramification,
set t = X/w at generic w # 0, then solve the resulting linear equation for w:

t+1 ot dw 2t +3

B T2 dat 4

(XV.4.46)

This is a rational parameter of the function field, hence the normalization is P}. At
t = —1 the zero of w is simple; at t = co, w = —(1 + s)s? with s = 1/¢, so its zero is
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normalized cover

base curve

Figure XV.4.5: The two normalized points above w = 0 under (XV.4.46). The point
t = —1 supplies one unramified sheet. Near ¢t = oo the two sheets have parameter
s =1/t and exchange around w = 0. Both points are sent to the same root X =0 in
the raw polynomial model.

double. The derivative has a simple zero at ¢ = —3/2, mapping to w = —4/27. Finally
t = 0 is a pole of order three. The contributions e — 1 above w = 0,—4/27, 00 are
respectively 1, 1,2, summing to 4 as required for a degree-three map between rational
curves.

We can also recover the order-three discriminant zero from the root differences. The
sheet near t = —1 has X = wt = —w + O(w?). At the other point, X = —s(1+ s) while
w = —s52(1+ s). In a sector with a chosen /—w, the three roots therefore start as

Xo=-w+O0w?), Xi=+vV—w+O(w). (XV.4.47)

All three pairwise differences start at order w'/2, so their squared product has order
three. A loop about w = 0 only exchanges X, and X_. The difference calculation
remembers that even the unramified sheet collides in the raw polynomial model, whereas
the normalized points in Figure XV.4.5 are separate. Thus the discriminant multiplicity
is not a count of ramified points. Neither calculation is a localized matter computation.

For an actual partial splitting change g to (1 + w)g. The extra power of w remains
within the Cox degrees and preserves the center divisibilities. The new cubic factors as

(X +w) (X2 —wX +w+w?), discx (X% —wX +w+w?) = —w(4+3w). (XV.4.48)

The quadratic has no rational root, by the odd valuation of its discriminant at zero.
At the corner the factor 1 4+ w is a unit and the orders remain (3,5,9). The ordinary
minimal dictionary gives go on S for the original irreducible cubic and su(2) on its
type-III neighbor. It gives s0(7) on the generic curve in the semisplit case where the
same local dictionary applies. No entire family of global completions or localized matter
assignments follows from this comparison.

To split completely, one can try multiplying both f, g of (XV.4.37) by w. The cubic
is w3(t3 +t + 1) after X = wt; the three constant roots are distinct. The corner now
has (4,6,12), and the generic neighbor also changes to (2,3,6). There is a separate
obstruction that does not require changing the generic neighbor. In any split attempt
with the original obligatory factors 22w, z3w?, use the discrete valuation ring of w = 0
on S. Each rational root of the monic cubic is regular there by integrality. Modulo w
all roots are zero because the reduced polynomial is X3. The elementary symmetric
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functions therefore satisfy
Xj S wOs)o - fg S (’U)Q), g3 € (wg) (XV449)

Terms one order higher in z still carry at least w in f and w? in g. They cannot
reduce the corner orders below 4, 6. The split dictionary label so(8) at the generic point
would not pass the fixed-base point test. We now use that point test to compare two
exceptional tunings on a single curve.

XV.4.4 An allowed gauge tuning

How far can we enhance the isolated split IV sector on the same F3? A choice of higher
powers of Z is only the first step. We must make the leading cover square if we want
the split algebra, and then inspect every zero of its leading coefficient. We keep the
base fixed, including its two projective charts.

To impose generic IV*, take the f coeflicients to start at order three and the g
coefficients at order four. In the lift (XV.4.11) choose

f3=U>, fs =U?" 42V (XV.4.50)
g1 = P2, gs =U", P=V({U-V)(U-2V). (XV.4.51)

The residue degrees 5, 20, 6,9 follow from (XV.4.5). The root line (—3Kp — 25)|s has
degree three, so a cubic P gives a square in the correct line. With hats denoting the
coefficients after removing 23, 2%, respectively, we obtain

f= zgf, g =27, 278N = 4zf3 + 2752, (XV.4.52)

The orders (3,4, 8) are exact generically. In the leading fiber equation set z = 22X,y =
22Y; after division by 2%, the terms involving X are 22 X3+ 2 fX. Thus the two branches

at z = 0 have equation
Y? = g4 = P2 (XV.4.53)

This determines the splitting; it has not yet tested minimality at the zeros.

In V =W =1, the leading square root is (w — 1)(w — 2) and the other residues
are w5, w?. In U = W = 1, the square root is v(1 — v)(1 — 2v), and the other residues
are both 1. The three roots w = 1,2 and v = 0 are simple roots of P, and both other
residues are units at each root. Near one of them put u = 0 on the base of the ruling
and write P = uA(u) with A(0) # 0. Then

=2 (fs) + 0GR, g = 2utA@w)? + 2 gs(u). (XV.4.54)

The 2° term is the first one in total degree in g, while f2 has degree nine and is of
lower order than g?. This gives (3,5,9) at all three points. Elsewhere on S, g4 is
nonzero. At U = 0, where f3 and g5 do vanish, g4 =4 in V =1 and g has order four.
Thus a zero of f3 does not create a nonminimal point there. The off-S test (XV.4.23)
works since A = U® vanishes only at U = 0, where Bg # 0. This proves that these
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Weierstrass coefficients have no (4, 6) point on the original base. With the ordinary
minimal dictionary the split IV* gives ¢g.

To separate the two tests, first preserve the orders and change the cover. Replace
ga by

5
ga =V ][[W-iv). (XV.4.55)

It has degree six again, but now five simple finite zeros and one at infinity. Its odd
valuations rule out a square. The algebra given by the ordinary dictionary is f4. The
same fs3,gs are units at each root. The local leading terms are now 23 in f, and two
distinct degree-five terms z%u and 2° in g. The exact orders are again (3,5,9) at all six
points. All six pass the point test, and the off-S proof is unchanged because f did not
change. The split and nonsplit choices illustrate how the same triple of generic orders
and even the same local triple at each residual root can coexist with different generic
algebras.

There is a related discriminant calculation on the curve. Divide out z® and then
restrict to S. For the square choice the restriction is 27P*, whereas for the nonsquare
choice it is 27¢g3. At any root in either model the full residual in the surface has normal

derivative
0. (A/2%)] oy = 4/3(0)%. (XV.4.56)

The derivative of the square term vanishes there because g4(0) = 0. The residual is
therefore smooth at those roots, even though its restriction to S vanishes to order four
in the split example and two in the nonsplit example. The residual divisor class has
degree dy2,8 = 12; the two distributions give 3 -4 = 6 - 2 = 12. This counts intersections
with multiplicity. It neither counts branch points of the cover nor labels particles. In
particular it gives the same total for the two different algebras.

For example at w = 1 in the square model, put u = w — 1 and write P = u(—1+ u).
Along z = 0 the residual is 27u*(—1 + u)*, and its normal derivative at the origin is
4. The implicit function theorem therefore gives its equation as a unit times z — ¢(u),
with ¢(u) of order four. In the nonsquare model the same root at w = 1 has

g1 = u(u—1)(u—2)(u—3)(u—4), (A/2%)]s = 27(24u)* + O(u®).  (XV.4.57)

The normal derivative is again 4, so the new graph has order two. Figure XV.4.6
compares these two smooth germs. In each case, even high contact of the residual with
S is compatible with a unit in the leading coefficient of f/z3. The point-order test
measures the latter as well as the discriminant.

Next preserve the cover and change the higher point orders. Retain the square P2,
replace f3 by U*(U — V), and compare two choices of g5 at w = 1. Put v = w — 1.
The order of f is four because fs has a simple zero. If g5 = U?, its unit at the point
still gives order five in g. If g5 = U%(U — V), the first terms of g instead have forms
2*u?, 2%u. Both are of degree six and neither cancels the other. The results are

95 ‘ (Vs(f)7l/5(g),V5(A)) ‘ (Vp(f)7yp(g)77/p(A))
U’ (3,4,8) (4,5,10) (XV.4.58)
Us(U —-V) (3,4,8) (4,6,12)
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square: order 4 nonsquare: order 2

Figure XV.4.6: The residual discriminant after removing 2% at w = 1. Both curves
are smooth by their nonzero normal derivative. Their contact with S, drawn in a real
schematic slice, has order four for g4 = P? and two for the nonsquare choice.

In the second row f3 contributes z°u3, while ¢? has monomials z8u*, z°u3, 21%2. In

particular the z3u? term has a nonzero coefficient and ensures that the discriminant
order is exactly twelve. Changing only the square condition probes component transport,
while changing fs, g5 at a square root probes the Weierstrass orders in the surface.
Neither test supplies the matter content at these exceptional fibers.

We can isolate the change in the local ideal. At a simple zero of P, the term z*P?
is already in the sixth power of the point ideal. Thus a unit in g5 is the only degree-five
contribution to g in these examples. If f3(0) is nonzero, its z* term alone prevents
nonminimality even when g5 vanishes. If f3(0) = 0, the decision instead rests on g5(0).
This reasoning does not depend on the signs of the two roots £P. The coefficient g5
does not occur in the generic cover at all.

These protections can be phrased as conditions on coefficients instead of individual
roots. In the split family a cubic P with simple projective zeros and a quintic f3 with
no common zero with P suffice on S, regardless of g5. At a common zero of P, f3,
the additional requirement is that gs be a unit. In terms of projective zero sets, the
dangerous set for the displayed split ansatz is

{P=0}Nn{fs=0}n{g5s =0} CS. (XV.4.59)

The root-counting conditions are imposed in the coefficient lines; they can be tested in
both frames using (XV.4.15). For example at infinity the split P = V(U — V)(U — 2V)
vanishes in the U = 1 frame, but f3, g5 do not. Looking only at their common finite
zeros would miss this part of the test. Separately one still needs the off-S check, which
holds for the original choices by (XV.4.23).

The failure in (XV.4.58) came from a choice of coincident zeros. It can be avoided
in the IV* tuning. For the next tuning, the prescribed divisorial orders remove both
ways to protect a zero of the leading g coefficient.

XV.4.5 When the proposed tuning fails

Can one tune IT* on the same F3 while keeping the base? The generic Weierstrass
orders for this tuning require f to be divisible by Z*4, ¢ by Z°, with nonzero g5 on S.
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At these candidate orders the residual classes of f, g, A have degrees
(d474, d6’5, d12,10) = (8, 97 18). (XV460)

Thus there is no obstruction from negative residual degree. But g5 is a section of degree
nine, so it has nine zeros counted with multiplicity. At each zero, v,(f) > 4 already, and
g=2°(g5 + 296 + - - - ) has v,(g) > 6. The discriminant has order at least twelve. If g5
vanishes identically, the generic divisor already has orders at least (4,6). In particular
neither positivity of the residual degrees nor the generic algebra label is a fixed-base
minimality test.

The exact coefficients make the zero count geometric:

fa=U8+2V8  fo=U 42V g =V(U®-V®). (XV.4.61)

On V = 1, the roots w® = 1 are simple because 8w’ # 0. There f4 =3. InU =1,
g5 = v(1 —v®) has a simple zero at v = 0 and f; = 1. There are nine distinct points,
including infinity. At each point, with u the centered coordinate along S, the initial
forms are

f=A2+..., g=DBzu+---, in(A) =4A432'2 + 271B%2'%2  AB #0.
(XV.4.62)
The two distinct monomials establish exact (4,6,12) at all nine points. Off S we can

apply (XV.4.23). A common finite zero of f4, fs would require w® = w?° = —2, hence

w' = —2/4 = —1/2, incompatible with w® = —2; at infinity both coefficients are
nonzero. The nine points are therefore all the (4, 6) points of this displayed ruled model
before any blowup. On [Fy2, d¢,5 = 0 and a nonzero gs need not vanish anywhere on S.
The forced-zero argument is specific to the positive degree on the chosen curve.

Now blow up only the infinity point. In the U = W = 1 frame rename (, v as z, w,

centered at the point. The two functions are
f=220+20®) + 281 +2w?),  g=2wl—wd). (XV.4.63)

If © denotes this blowup and E the exceptional divisor, then Kg = 7*Kg + E. With
a local equation e for E, the new coefficients and discriminant are

ff=etn*f, ¢ =e Sn%g, A =e 27 A. (XV.4.64)

Indeed x = e22’,y = €3y removes an overall ¢ from the Weierstrass equation. Orders
at least 4, 6 give regular quotients in both charts. For (XV.4.63) the exact quotients are

(z,w) = (es,ext):  fL=1+ 2€§t8 + ei(l + 2630t20), g. =t(1— eitg),
(XV.4.65)

(z,w) = (ews, ew):  fl=s1+2e8 4+ eb s1(1+ 220, g, =s"(1—ed).
(XV.4.66)

Here e,, = te, and s = 1/t on the overlap. The quotients differ by the prescribed powers
t=4,¢t76. Their restrictions are

(f;ag,,z”E = (Lt)v (fqlmg{u”E = (84755)' (XV467)
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w-chart: (s*,s%)

S/
z-chart: (1,¢) l

E
[L:¢] |
[0:1]

Figure XV.4.7: Blowing up z = w = 0 replaces the point by E. A point of E remembers
the direction [z : w]. In the z-chart its coordinate is ¢ = w/z, while the strict transform
S’ meets E at s = z/w = 0 in the w-chart. The indicated pairs are the actual coefficients
on I.

In the first chart the exceptional discriminant is 4 + 27t2, so E is generically I.
Its two roots are simple and f7 is a unit there. In the second chart the restriction is
519(4s% + 27), the same section under the transition. The power s'° corresponds to
the strict transform S’, which is s = 0 and meets E at e,, = 0. At their meeting the
leading coefficients of s*, s are units. The orders there are (4,5, 10); in particular this
direction does not carry a new (4,6) point. This accounts for every direction on E in
Figure XV.4.7. The new geometry contains one new curve and has (5')? = §2 —1 = —4.
The other eight bad points are unchanged by this one blowup. No claim of a resolved
total space, complete tensor branch or gravity-decoupled fixed point follows from the
single operation.

The total and strict transforms express the same change in divisor classes. The section
is smooth at the blowup center and has multiplicity one there, so 7*S = 5"+ E. At a
generic point of E, the orders of the total transforms of f, g, A are 4,6, 12 by (XV.4.62);
these are precisely the orders removed. To see where the remaining discriminant meets
E, subtract the contribution 105’ as well. The restriction of that residual has degree
two on E:

(-12Kp —108") - E =12 - 10 = 2. (XV.4.68)

Here E? = —1,8'-E =1, and Kp/-E = —1. The two zeros of 4+ 27t give exactly those
intersections. At s = 0 the residual after removing s'° has value 27, so the remaining
meeting there is entirely the strict gauge curve. The point test and the intersection count
describe the same local change from different coordinates. In the tensor description of
B.2 an extra compact curve changes the available geometric string charges. Assigning a
dynamical tensor to a specified limit still requires the retained-mode assumptions of
that description.

The generic I1* dictionary assigns eg; it does not remove the point obstruction.
There is also a useful normalization check if an eg algebra enters an anomaly comparison.
Restrict its adjoint to the su(9) Lie subalgebra. The three summands have weights of
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adjg, A9, A39. For traceless z;, so = Y, 27, the exterior cube contributes

8 7
Z (zi+zj+21)° = <2> s9 + 2(1> inxj = 2lsy, (XV.4.69)

i<j<k i<j
tTadj,, F2[,0) = (18 +2-21)s9 = 60s9. (XV.4.70)

The adjoint factor 18 comes from squaring differences of the nine defining eigenvalues
on the eight-dimensional su(9) Cartan. The restriction uses only a Lie algebra. In the
instanton-source convention of B.3, with A" = 30 and the adjoint reference trace for eg,

1 1 1
1 Tro F? = v tradi F? = o, et F? A = 60. (XV.4.71)
The normalization belongs to the curvature trace, while the blowup changes the in-
tersection pairing. A statement about one cannot replace a calculation of the other.
Chapter B.5 takes up the geometry of shrinking curves; here we finish by revisiting the
distinct two-node model for which a charged matter comparison is available.

XV.4.6 Returning to the two-node construction

Why does a quiver with consistent gauge anomalies still leave a tuning problem? The
CHAIN45 example of B.1 provides enough data to test this directly. We will lift
compatible Tate coefficients, divide by the correct exceptional factors, and inspect their
roots. Then we change one coefficient without changing the divisor classes. This keeps
the formal trace test with the old spectrum available and changes the local geometry to
which that spectrum was assigned.

Use B = Bly Fy at (1,0),(2,0) in the same affine coordinates. The notation Cy =
Fy, — E1 — E> still denotes the strict fiber, but now both retained curves have square
—2and Kg-S = Kg-Cs =0. For split 14, I5 take raw Tate powers k;, ¢; of z,w, in
the order ¢ = 1,2, 3,4, 6:

k=(0,1,2,2,4), ¢=1(0,1,2,3,5), M;=—iKp—kS—£0Co. (XV.4.72)

These powers describe the chosen ansatz before any coefficient is suppressed by local
coordinate changes. Intersecting M; with the two curves gives (2k; —¥¢;, 2¢; — k;), namely
(0,0),(1,1),(2,2),(1,4),(3,6). These numbers give the available degrees for the strict
restrictions, not independently chosen functions at the common point.

Let D(z) = (# —1)(z — 2)/2 and set

P(w) = (1,1,1,1,2 + w?), Q(2) = (1,1,1,1,2+ 2%,  (XV.4.73)
H,;(z,w) = P;(w) + D(2)Q;(z) — P;(0), a; = 2Mwb Hy(z, w). (XV.4.74)

At z =0, D =1 and P;(0) = Q;(0), so H; = P;(w). At w =0, H; = DQ;(z). The
powers zF w’ can be attached to these two restrictions simultaneously. In fact the
displayed expressions homogenize on Fy. For a term with exponents a, b in a;, the Cox

criterion is 0 < a < 2i, b < d; , = 2a. In the DQ; terms a < k; + 2 4+ deg Q; < 24, and
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b={; <2k;. In P;(w) — P;(0) the only surviving component is i = 6, with a =4,b = 8,
saturating the base bound. This gives actual simultaneous sections downstairs.

At z = ¢ = 1,2, write h = z — ¢, D(c + h) = hd.(h). The terms P;(w) — P;(0)
vanish at least once in w, so H; € (h,w) and a; € (h,w)%*! = (h,w)". In the charts
(h,w) = (e, et), (es, €), respectively, the transformed Tate coefficients are

Hi , et Hl )
)kitziM7 = (c+ es)kzw_ (XV.4.75)

o
a;p, = (c+e i, p

e
They are regular and differ by the required ¢ ~* under the change of exceptional coordinate.
In the first chart Cy is t = 0; after removing % the restriction is (¢ +e)*d.(e)Q;(c + e).
This explicitly removes the center zero in D. It also shows why the common factor D
downstairs does not represent another intersection on the strict fiber.

We still need to compute the discriminant. For the Tate equation y? 4 a1 xy + asy =
3 4+ agx? + agx + ag, write

by = a% + 4as, by = aras + 2ay4, be = a% + 4ag, (XV476)
4bg = bobg — b3. (XV.4.77)

Complete the square first. The new left coordinate is Y = y + (a12 + a3)/2, and the

cubic is b b b
v2 =34 ZZIQ + gm + ZG' (XV.4.78)

The shift = X — by/12 removes the quadratic term, giving

b2 — 24b, b3 — 36b2by + 216bg
- _ = XV.4.79
f T g <61 ;o )
16A = b3bg + 8b3 + 272 — 9bababg. (XV.4.80)
On either axis of (XV.4.74) only a; survives generically. Thus f, g are generically units
and the nodal tangent lines are y = 0, y = —a;x, distinct over the respective function
fields. They also remain distinct at the corner, where a; = 1. To compute the leading

residual, note that by, bs are divisible by z2w?, z*w?*. The last three terms of 16A

in (XV.4.80) vanish after division by z*w® and restriction to either axis. Expanding bg
gives
bg = a%aﬁ + 4asag — ajasay + agag — ai. (XV.4.81)

After division by z%w®, the terms 4agag, aza3 still have factors zw, z, respectively. The
second vanishes on z = 0, but contributes on w = 0. The surviving restrictions of
16A/(z*w®) downstairs are

Rs(w) = P}(PEPs — PLP3Py — wP}) =1 — w + w®, (XV.4.82)

P =D"Q1(Q1Q6 — Q1Q3Q4 + 2Q2Q3) = D"(1 + 2 + 29). (XV.4.83)
w=0

At the corner the residual is one. Thus (0,0,4), (0,0,5) are the generic divisorial orders
with split tangents, and the point orders are (0,0,9). In the fiber-infinity frame the
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leading coefficient of a1 |,—o = D(2) is ¢?D(1/q), with value 1/2 at ¢ = 0. Thus the
tangent lines there remain distinct as well. Away from the corner the ordinary residual
roots must be found on the strict curves.

For the strict fiber take the first chart of (XV.4.75). The transform divides A by
e'?; w® = €%t® has already provided five powers. In particular the restriction of the

transformed 16A’/t° is
(c+e)*d.(e)" Ra(c+e), Ro(2) =1+ 2+ 25. (XV.4.84)

At e = 0 it is nonzero because ¢ # 0, d.(0) # 0, and Ry(1) = 3, R2(2) = 67. Moreover
a} = d.(0) is a unit at the meeting, so f’,¢’ there are units. The factor D7 on the
original fiber is exactly removed by this calculation. Geometrically the residual class on
the blowup is —12Kp — 4S5 — 5C5, with degrees 3,6. The strict polynomials have those
degrees, so there is no residual root hidden at either projective infinity.

To see why the local geometry at the remaining roots matters, put the completed
cubic into an analytic node chart. Wherever a; is a unit on an axis and the other a;
vanish there, the double root in the short equation is X, = a?/12. It is nonzero, so the
critical equation 3X?2 + f = 0 admits a unique local analytic continuation of this choice.
Write vg = g — 2X3 and X = X, + £; then

X3+ fX +g=uvo+&(3X,. +6), (XV.4.85)
A =27(g—2X2)(g +2X3). (XV.4.86)

The second factor in A is a unit near the node. An analytic square root of 3X,. + &
exists on a sufficiently small neighborhood. Set T' = &/3X,. + &; the left variables
Y —T,Y 4+ T give the product equation (Y — T)(Y + T) = vo. Thus A, up to a unit,
is the smoothing parameter of the node in these local coordinates. At the transverse
corner the parameter is a unit times z*w®. At a simple residual root on S it is a unit
times z*u, where u can be taken as a local coordinate independent of z because the
residual has a simple zero along S. At a simple residual root on Cy the same calculation
gives w’u in local coordinates on that part of the strict base. This is the local input
for the ordinary matter rule; it says nothing about a root for which u would fail to be
independent of the gauge equation.

Both strict residuals are squarefree. A root shared by Rg, Rl would obey w? = 1/3;
then Rg = 1 — 2w/3 would force w = 3/2, incompatible with that square. For Ry, a
common root with its derivative would obey 2° = —1/6; then Ry = 1 + 5z/6 forces
z = —6/5, which does not have that fifth power. Neither residual vanishes at zero. The
ordinary minimal split construction of B.1 now supplies the matter on these strata: one
full (4,5) at the transverse corner, and three and six external fundamental hypers at
the simple residual points. The algebra assignment uses the split tangents, and the
ordinary matter comparison uses the simple roots. The argument does not assign fields
at unspecified compact strata.

With those multiplicities as inputs, check the gauge conditions of B.3. A full
bifundamental contributes five defining traces at the first node and four at the second,
and has a mixed quadratic trace product. Write N; = (4,5); for the dimensions of the
defining representations and n; = (3 + 5,6 + 4); for the effective fundamental counts.
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residual residual

/ S S
/ w=1

simple intersection double intersection

Figure XV.4.8: The residual near S before and after changing FPs. The left diagram
depicts the transverse germ at an ordinary simple root in a real schematic slice; the
right diagram depicts the smooth residual tangent to S at w = 1. The orders count
holomorphic intersection multiplicity, independent of that slice.

The mixed-gauge, quartic and gauge-square equations compare

Bagj— Y @rBr =2N; —n; =0, (XV.4.88)
R

C?=-6/3=-2, (XV.4.89)

S-Cy=1, (XV.4.90)

where C; = S, both defining-trace factors are one, and the last equality uses the single
bifundamental with defining quadratic coefficient one at each node. In the third equality
the adjoint has square coefficient 6 and the fundamental has zero, in the basis of
independent quartics for these two algebras. The string pairing is minus the intersection
matrix, with diagonal 2 and off-diagonal —1. This comparison imposes the matter
counts from the geometry; it does not derive them anew from a local polynomial.

Change only Ps to 2 — w? 4+ w3. The changed term has legal Cox degrees, vanishes
at w = 0 after subtracting Ps(0), and has the same restriction on the strict fiber and at
the corner. The leading discriminant computation gives

Rgew =1—w— w2 + wS = (’LU — 1)2(’w —+ 1) (XV491)

The class still has degree three on S. The residual is tangent to S at w = 1: for
example the derivative of 16A/(z%w®) in the z direction there is nonzero. To see the
relevant first-order term, the numerator contributions b3, b2, babsbg start at least two
powers higher in z than 2*. At w = 1, Hg = D(2 + 2°), so the reduced bg has terms
D? — D? 4+ 92D? 4+ O(z?). Its constant vanishes, so the first-order variation of b3
does not enter. Since D = 1 — 32/2 + O(z?), the normal derivative of the residual is
—3/2+ 9 =15/2. In particular the new point orders are (0,0,5), because z* multiplies
a residual with a nonzero linear normal term. This is not a (4,6) failure. It is a failure
of the simple-root premise used for the ordinary matter comparison.

In fact, near the double root write u = w — 1 and R = 16A/(z*w®). Its restriction
is R(0,1+u) = u?(2+ u). Since 9, R # 0, the implicit function theorem writes R as a
unit times z — ¢(u), with ¢ (u) vanishing to order two. The same node construction
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now gives
(Y =T)(Y +T) = unit - 2* (2 — ¢(u)), vu (1) = 2. (XV.4.92)

The residual itself is smooth, but one cannot use its equation together with z as two
independent coordinates at the meeting. The failure is transversality, not an order-(4, 6)
obstruction. An assignment of matter at this germ would require new geometric input.
The distinction is visible in Figure XV.4.8. Keeping the old hypermultiplets as formal
inputs gives exactly the same polynomial equations (XV.4.90). Those equations know
neither the normal derivative at the double root nor the failure of simple intersection.
This is a concrete limit on the use of anomaly cancellation to certify a tuning. We
have not computed the charged spectrum of the altered geometry. The next step in
a different direction is to study the contraction of a given curve configuration; that
requires the geometric pairing and control of the base, not just a consistent quiver.

XV.4.7 Exercises

1. Move the coefficient to another ruled surface. Take n = 5,k = 6. Find
the first allowed a, the residue degrees at a — 1, a, and all four exponents of the
Cox lift with residue U7V9=J, j = 1. Give the exponents in z%w’ and (v,
Explain why the preceding residue is zero even though a function with poles could
be written locally.

2. A zero of f is not a residual zero. On F3 take fo = (U — 3V)2, keep fs
as in (XV.4.18), and use go = 3. Give the generic orders, the orders at w = 3,
the constant residual value, and the splitting decision over C(S). Explain why
treating 3 as nonsquare over Q answers a different question.

3. Change both terms of the cubic. Keep the centers and D(z) from (XV.4.37),
and use f = 22w (2+w)D?, g = 23w?(2+2w)D*. Give the candidate slope h, the
remaining coefficient in the slope test, and the quadratic factor if present. Give
the generic splitting type and the corner orders. Explain what would be missing
from a matter inference based only on this calculation.

4. Protect two different IV* points. Use P = V(U — 2V)(U — 3V), f3 =
U4(U —2V), g5 = U8(U — 3V), and the same fg as in (XV.4.51). Compute the
point orders at w = 2,3 and at infinity, and the generic splitting. Determine
whether any of the three roots fails the point test. Explain which unit, if any, is
used at each root.

5. Blow up a changed simple point. In the local frame take f = z4(2 +u) + 25,
g = 2°u(3+u). Give the point orders, the exceptional powers removed for f, g, A,
the two transformed coefficient pairs restricted to E, and the orders where F
meets strict S. Give the trace conversion factor A for the adjoint eg reference.
Explain why a point blowup changes the base even when F is generically Ij.

6. Move the tangency. Keep @ and the other P; in (XV.4.74); use Ps =2+ w —
3w? — 2w3. Compute the two strict residual degrees, the roots of the first residual
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with multiplicities, and the orders at its double root. Give the old formal external
counts and decide separately whether their gauge equations pass and whether the
ordinary simple-root matter inference applies. Explain why these two decisions
differ.

Use benchmark/tasks. json for the bounded fields and benchmark/PROTOCOL . md
for submission. Written explanations are assessed by a reader.

Status and sources

§1. Coefficient restrictions and lifts. The degree bound, exact sequence, Cox lifts
and chart changes are [MATH]. For the effective-divisor argument and adjunction see
Morrison and Taylor (2012a), arXiv:1201.1943v3, PDF pp. 5-6, egs. (2.5)—(2.6). For the
restriction sequence see Morrison and Taylor (2015), arXiv:1412.6112v4, §3.1, egs. (3.3)—
(3.6). The discriminant frame uses the Weierstrass convention Apeex = 4f3 + 27¢2%.

§2. The isolated section. The forced orders, discriminant, point tests and cover
splitting are [MATH]. The ordinary algebra and no localized enhancement matter on
the isolated rational section are [GEO-E], using Morrison and Taylor (2012a), §3.1.2
and Table 2, and Katz et al. (2011), arXiv:1106.3854v1, §5, eq. (5.3). The pure gauge
comparison is [ANOM] in the trace frame of Kumar et al. (2010), arXiv:1008.1062v1,
Table 1 and eqgs. (2.11)—(2.13).

§3. Double and cubic covers. The coefficient, cover, chart and order calculations are
[MATH]. For the minimal local algebra dictionary, [GEO-E], see Katz et al. (2011), §§5-6,
and Morrison and Taylor (2012a), §3.4, egs. (3.23)-(3.31). The cubic discriminant here
is the negative of the Weierstrass convention, and the normalization calculation is for
the displayed sparse cubic. No spectrum is assigned from the branch divisor or from
the semisplit change.

§4. Exceptional square test. The ruled lifts and changed point orders are [MATH];
the ordinary IV* algebra labels are [GEO-E]. See Katz et al. (2011), §7, eq. (7.1), and
Morrison and Taylor (2015), §§4.2-4.4. Absence of a (4,6) point is asserted for the
specified Weierstrass sections, without a global resolution or matter theorem.

§5. Forced zeros and the point blowup. The degree, exact orders and chart
quotients are [MATH]. See Morrison and Taylor (2015), §4.4, and Morrison and Taylor
(2012a), PDF p. 6, for the obstruction and base operation, and Katz et al. (2011), §7,
eq. (7.3), for the generic IT* label ( [GEO-E]). The [ANOM] trace translation uses Kumar et
al. (2010), eqs. (2.34)—(2.36) and Table 1, and Ohmori et al. (2014), arXiv:1408.5572v2,
p- 3 before §1.1, with the curvature frame of B.3.

§6. Two split multiplicative fibers. The simultaneous Tate lifts, residuals and
changed tangency are [MATH]. The raw Iy, Is Tate powers follow Katz et al. (2011),
arXiv:1106.3854v1, Appendix A, Table 2 (PDF p. 23). Table 3 (PDF p. 25) uses
compact forms with selected coefficients suppressed. The ordinary matter, [GEO-E],
imports the selected model of B.1 under its split, transverse and simple-root premises;
see Morrison and Taylor (2012b), arXiv:1106.3563v3, eqgs. (2.26)—(2.29). The polynomial
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comparison ( [ANOM]) uses B.3 and Kumar et al. (2010), egs. (2.11)—(2.13). The changed
matter is undetermined.
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Chapter XV.5

Contraction limits and
six-dimensional SCFTs

A D3-brane wrapped on a compact base curve gives a string in six dimensions. What
happens when several such curves shrink together? A negative intersection matrix tells
us when a base surface can develop a point singularity. It does not tell us whether an
elliptic Calabi—Yau exists over that base, or what remains in six dimensions when we
approach the singularity. The difference matters even for a pair of rational curves with
just one intersection.

We will construct an elliptic model for this pair, resolve it, and compute the tensions
of strings on the resulting curves. Then we compare two models with the same pairing
but different gauge content, and an actual degeneration with a null charge that cannot
contract to a point. We use the Weierstrass and Kodaira conventions of Chapter B.1,
the D3 area law and tensor pairing of B.2, and the pure gauge anomaly calculation of
B.3. The base point blowup and the blowups that resolve the elliptic total space are
separate operations.

XV.5.1 Resolving a non-minimal point

Why can two curves with allowed generic fibers force a non-minimal point when they
meet? Start with two smooth rational curves C7, Cy of self-intersection —3, meeting
at exactly one transverse point. We call this the 33 chain. Take L = —Kp, the
anticanonical line of the smooth base, and write the affine Weierstrass equation and
our discriminant as

v: =3+ fr+g, feHYB,LY, geHB, L"), A =4f3427¢%. (XV.5.1)

Thus —16A is the usual discriminant of the elliptic equation. The question is local on
the base, but the line bundles on the full compact curves force the generic vanishing
orders.

For a nonzero section of L* remove its two curve components with multiplicities
ay,as. The residual divisor R is effective and contains neither curve, so R - C; > 0.
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Adjunction gives K - C; = —2 — C? = 1. Applying this to both intersections gives
R~ —kKB — a101 - GQCQ, 3a1 — ag Z k‘, 3&2 — a Z k. (XV52)

Each lower bound depends on the other multiplicity. Starting at zero gives a bound
on both unknowns, which can be put back into the inequalities. Specifically, the map
sends (a,b) to ([(k+0)/3],[(k+a)/3]). It is monotone, and every admissible vector
bounds the sequence term by term. Here it reaches

k=4: (0,00 > (2,2), k=6: (0,0)= (2,2) — (3,3). (XV.5.3)

The last vectors satisfy the respective inequalities. If a coefficient vanishes identically
its order is infinite, so the same lower bound holds. At the transverse intersection we
can use the two curve equations as coordinates u,v. Then f is divisible by u?v? and
g by u3v3. Orders in the point ideal (u,v) are at least (4,6). Neither curve by itself
needs generic orders (4, 6).

A bound does not yet furnish a coefficient section. To construct one, use a smooth
toric base with rays, in their order around the cone,

Vo = (1,0)7 v = (07 1), V3 = (—1,3), Vg = (—3,8) (XV54)

We reserve vs for the ray to be inserted. Each adjacent determinant is 1, so the three
adjacent pairs give affine planes. The compact curves are the divisors of v, vs. For
a character with exponent m, its divisor is ) ,(m,v;)D;. Since —Kp = ). D;, the
section of L* defined by this character has local exponents k + (m,v;). Choosing

my = (—4,-2), my,=(—6,—-3),

= (—4,-2), my=(—6,-3) -

ar =(0,2,2,0), ay=1(0,3,3,0).

gives holomorphic sections on the whole toric base. The coordinates (u,v) of each chart

are dual to its ordered pair of rays. With unit coefficients the actual local equations
therefore have the following coefficient and discriminant functions:

ray pair ‘ f g A
0,1) v? v3 310°
(1,3) | u*v? wdv® 31ubS (XV.5.6)
(3,4) u? u? 31u®

One can obtain the middle coordinates without guessing a local monomial. The
characters dual to vy, vs are (3,1) and (—1,0). On any adjacent pair (7, j), let m, be
the character with pairings (—k, —k) on that pair. It generates the local frame of L¥;
the regular function representing our section is x™ ™. In the middle chart the two
exponents of this difference are its pairings with vy, v3. In particular

mpe=(—8,—4),  my—myse=(4,2)=2(3,1)+2(~1,0). (XV.5.7)

The ¢ section is obtained by the same calculation with £ = 6. This construction also
shows why the units on a toric overlap do not produce new discriminant zeros. Both
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old chart Uu : (u,v) = (e, et) Uy : (u,v) = (et,e)

u=20 t=0 t 1/t t=0
blow up - — - - — -
—_—
v=20
E(; E(i
(v1,v3) [1:0] [0:1]

new ray: ve = v1 +v3 = (—1,4)

Figure XV.5.1: Blowup of the middle toric chart. The new ray is the sum vy = vy + vs.
The two affine charts on the exceptional curve have reciprocal coordinates on their
overlap. Their origins mark two distinct meetings with the strict transforms.

coefficient monomials represent the same global sections in any two frames, and the
discriminant, a section of L'2, acquires just the twelfth power of the frame factor.

For example, in the middle chart the f-term of the discriminant contributes 4u5v9,
and the g-term contributes 27u%v®. There is no cancellation. Thus the middle origin is
the unique (4, 6) point, with orders (4,6, 12). At other points of either compact curve
the actual orders are (2,3, 6); off the curves the discriminant is nonzero.

The blowup of the intersection replaces the point with its projective line of tangent
directions. The chart maps, shown in Figure XV.5.1, are

Uy, : (u,v) = (e,et), U, : (u,v) = (et,e). (XV.5.8)

To see which elliptic coefficients should be used, compare three-forms on the complement
of the exceptional curve. The base form pulls back to +ede A dt. If z = €2 X, y = €3Y,
then modulo base differentials dz/y = e 1dX/Y, so

du A dv A v _ +de A dt A %. (XV.5.9)
y

The line bundle statement fixes the rescaling: the new anticanonical line is 7* L& O(—Ep)
since K 5= m*Kp + Ey, where Ey is the exceptional base curve. Its fourth and sixth
powers require division by e?,ef, respectively. Merely pulling back f,g would give
the old vanishing at every point of the exceptional curve and would not use the new

anticanonical bundle. In the two charts we obtain
]?:71'*]6/64 =12 g=m"g/e® =13, EZW*A/eu = 31¢5. (XV.5.10)

The strict transform of v =0 is ¢ = 0 in U,; the strict transform of u = 0is ¢t =0 in
U,. Along the exceptional curve these are the directions [1: 0] and [0 : 1]. At a generic
point of Ey we have ¢ # 0, so the elliptic fiber is smooth. We gained a compact area
even though we did not gain a generic gauge degeneration on that curve.

To match the blowup to the fan, work in the old character basis for the two
coordinates. The weights of u,v on vo = v1 4+ v are (1,1). In U, the characters e = u
and t = v/u have valuations 1,0 on vy and 0,1 on vs, respectively. Thus (e, ) are the
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coordinates of the (2,3) chart. In U, the ordered coordinates are (u/v,v) = (t,e) on
(1,2). In the intersection where both direction coordinates are nonzero, writing the
second chart as (e,t) gives

e=et, t=t" (f,9) =0""f,t75). (XV.5.11)

For example t~*t2 = (1/t)?, so the proper coefficients agree after the frame change.
The overlap excludes both marked direction origins. This is why the diagram has two
distinct intersections with Ey, rather than three curves meeting at one point.

The two old outer charts are unchanged. Equivalently, insert vo = (—1,4), for which
k + (m,v2) = 0 for both choices in (XV.5.5). In the four new ordered toric charts, the
full list of coefficients is

ray pair ‘ f g A
(0,1) | 3 310
(1,2) | w? w® 31u® (XV.5.12)
(2,3) | v? o3 31°
2,3

(3,4) |u? w® 31u®
The base is smooth and every chart passes the point-order test, including the two
strict-transform meetings with Fj.
There is one more test even at a generic point of a remaining discriminant curve.
Write w = 0 for that curve, s for a parameter along it, and divide f, g by w?,w? in the
cover polynomial. Over C(s) the I test gives

P@p)=4*+¢+1,  discP = -31. (XV.5.13)

The roots are three distinct complex constants. Thus the cover is split; in the ordinary,
unfrozen dictionary it gives so(8) on each end. There is no need for rational roots over
Q.

The cover of the end curve that tests permutation of these roots must be distinguished
from the monodromy of the elliptic curve around that end. The transverse double cover
w = n? makes the smooth elliptic family away from w = 0 a product in coordinates
x =n?X, y=n3Y. In these coordinates,

Y2 =X34+X +1, (n, X,Y) — (=1, X, -Y). (XV.5.14)

The involution on the elliptic factor is inversion. In this equation the origin of the
elliptic group law is the section at infinity, and negating Y fixes it. The normalized
cubic invariant and the differential on the cover are

4f3 6912 dx dX

j=1728 P 52792 T Y= n‘17 (mod dn). (XV.5.15)
Although the product differential dX/Y is odd under inversion, the finite-chart relative
form has the compensating odd factor n~!. Thus gluing a relative form does not imply
trivial transport of the individual elliptic cycles. In the product with n # 0, a loop
around w = 0 lifts to a path from 7 to —n and closes only after the deck transformation.
The j invariant is constant off the discriminant, but the two elliptic one-cycle periods
transform by —1 around the puncture. Constant j does not make the original family
a product. We will compare it with a genuine product after computing the compact
curve pairing.
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XV.5.2 The complete compact curve lattice

Which compact curves can carry strings on the blown-up base? The three visible toric
curves give candidates. To see that there are no others, use the morphism from the
subdivided fan to the affine toric surface By of the cone o = (vg, v4). The refinement has
the same support, which gives properness. Along each boundary ray the fans coincide,
and the torus is unchanged. Thus the map is an isomorphism off the cone vertex and its
exceptional fiber consists of the interior-ray divisors. Every complete irreducible curve
maps to a point in the affine surface, since its regular functions are constant. A curve
cannot lie over a point where the map is an isomorphism. This proves completeness of
the compact base curve list; it does not count elliptic fibral components.

A character whose pairings with two adjacent rays are 1,0 gives the first local
coordinate. For three successive rays the relation is v;—1 + v;41 = n;v;, and the
transition of the normal coordinate has power n;. The two adjacent charts show that
the middle ray curve has normal bundle O(—n;). Consecutive curves meet at one origin
with multiplicity one; separated ones do not meet. In the original fan the two relations
have n; = 3. In the refinement the three relations give

vy + v = 41, V1 + U3 = Vg, vy + v4 = 4vs. (XV.5.16)

For clarity, use the central relation to read the degree directly. On (vq, ve) write (u,v);
on (v, v3) the coordinates are (uv,u~'). Along the middle curve the tangent parameter
changes from u to 1/u, while its normal coordinate changes from v to uv. A normal
vector has coordinate coefficients with this same factor w on the overlap, as for the
tautological line O(—1). Replacing the middle relation by either end relation gives a
factor u*. The degree is a statement about the normal bundle of a base curve and does
not use the type of the elliptic fiber above it.

This is the 414 chain, ordered (L, Ey, R) for the two strict transforms and exceptional

curve. In the tensor convention ;; = —C; - C}, the two configurations give
4 -1 0
3 -1
-1 3 0 -1 4 (XV.5.17)

D=4, Dy=3,  Ds=8.

The leading minors D; imply positive definiteness by Sylvester’s criterion. Figure XV.5.2
tracks what changed. In particular, removing the middle entry on account of its smooth
generic elliptic fiber would lose a primitive base charge.

For a charge ¢ = (qz1,,qE, qr)", completing the square gives an integral version of
the geometric basis change:

q"Qu1aq = (98 — gz — qr)* + 347 — 2qL.4r + 34k (XV.5.18)
The new coordinate of Ey in this expression is integral with integral inverse. Geomet-

rically the basis is (L + Fy, R+ Fy, Ey). For instance (L + Ep) - Fp=1—1=0, and
(L+Ey)-(R+Ep) =04+1+1—1=1. The matrix is therefore integrally congruent to
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Cs

one meeting
33 ( =3 -3
| |
| |
\ v
«O—O—0O

L: I Eo: Ip R: I
total pullbacks: Cy — L 4+ Ey, C2 — R+ Ey

Figure XV.5.2: The base configurations over the same affine vertex. The strict transforms
L, R are disjoint. A total pullback of either original curve includes Ey; the two total
pullbacks still have intersection number one.

Q33 @ [1]. There are three different matrix operations one might have meant by looking
only at the ends:

Qend classes = dlag(47 4)7

. -1
Qaf‘cer blowing down Ey — dlag(47 4) - (1> (—1, —1) = Q337

(XV.5.19)
3 4 1
Q=114 16 4
1 4 3

The first line is restriction to the actual end classes. To derive the second operation
without guessing the off-diagonal correction, consider an end vector genq with fixed
coordinates (qr,qr) and an undetermined middle coefficient. The pairing with Ej
vanishes exactly if ¢g = qr, + ¢r, as is also apparent from (XV.5.18). Thus the norm
before restriction, the norm on end classes and the norm of their orthogonal lifts obey

T
QStrictQ414CIstrict = 4CI% + 4QI2%a (strict = (qL’ 0, QR)v (XV520)

GpunQu14gpun = 4q7 +4¢% — (q + ar)?,  @pun = (a2, L + qr. 4R)-

For qr, = qg = 1 the two norms are 8 and 4, although the end entries in the charge
vector did not change. This is why one cannot replace restriction by orthogonal
projection simply because one is only following two of the periods. The second is a
Schur complement: it computes the pairing of the orthogonal total pullbacks under
the actual blowdown of the —1 curve. For the last line one can use the same basis
change, invert the 33 block using its determinant 8, and return to the strict-transform
basis. For example the middle column comes from writing L = (L + Ey) — Eg and
R = (R + Ey) — Ep when returning to the strict basis. Its off-diagonal entries record
that solving for an area-dual class can involve curves other than the one whose area is
prescribed. As a simple tension check, at areas (1,2, 3) in common units, the effective
charges (1,0,1) and (1,1, 1) have tensions in ratio 4 : 6 by linearity of area. A smooth
elliptic fiber over Ey does not remove its contribution.
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An area-dual class is another useful distinction. If D¥ is dual to the period on Ey,
requiring D¥ - C; = 0p; gives the negative of the middle column of 92114:

D¥ =-lL-2F,- LR, D¥ . (L ,Ey,R)=(0,1,0). (XV.5.21)

To reproduce the dual class in the pullback basis, its required periods on L + Ey, R +
Ey, Ep are (1,1,1), not (0,0,1). In that basis the two blocks invert separately:

(i:) - *% <i1)) ;,) G) = G@ dp, = —1. (XV.5.22)

Adding the two pullbacks’ exceptional coefficients to dg, gives the —2 in (XV.5.21).
For instance the middle intersection is —1/2 + 2 — 1/2 = 1; each end intersection is
2—2 =20. The unit charge on Ey, by contrast, is the integral curve Ey, not this rational
class. The period-dual basis solves a linear system in divisor space; a wrapped charge is
specified before that system is solved.

To identify the singular point, use vy, v4 as a basis of the sublattice N’ C Z? that
they generate. It has index 8. The cone in N” is the ordinary quadrant. The vector (0,1)
in the original lattice has coordinates (3/8,1/8) in this quadrant basis. Equivalently a
monomial with exponents (a, b) on the covering plane descends precisely if

(3a+1b)/8€Z, By =C?/1(1,3), %:3— é (XV.5.23)
The quotient notation interchanges the two covering coordinates. The cyclic action
has determinant character of weight 1 4+ 3 = 4 mod 8; it is not an SU(2) action. The
negative continued fraction agrees with the original two self-intersections. Independently,
the Smith group of the lattice is Z/8: the rank-two matrix €233 has entries of greatest
common divisor 1 and determinant 8; the orthogonal [1] adds no discriminant group.
One can track the generator without taking the Smith normal form. In the quotient
by the image of the 33 pairing, the two column relations on the dual generators are
3e; — ey = 0 and 3ex — e; = 0. The first eliminates es, and the second becomes 8e; = 0.
The same computation can be performed on the strict basis by elementary integer row
and column operations: use the middle diagonal 1 to eliminate both adjacent entries,
giving the 33 block and a unit. Using an entry of magnitude one in that block leaves
one last diagonal entry of magnitude 8:

Smith(Q414) = dlag(l, 1, 8)7 COkeI‘(Q414) = Z/8 (XV524)

The unit entries are why the discriminant group has only one generator despite the
presence of three compact charges. These are relations on dual charges modulo integral
curve charges; they do not identify the quotient action on coordinates of the base. The
agreement of the two group orders is useful here, but it is the character congruence that
identifies the actual quotient weights.

The explicit toric morphism realizes an algebraic contraction. There is also a
criterion that needs no fan: a reduced connected compact curve configuration on a
smooth complex surface can be contracted analytically to one point, in a neighborhood
of the curves, precisely if its intersection matrix is negative definite. Grauert’s theorem
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concerns a proper analytic contraction that is an isomorphism off the curves. The
configurations here are compact and connected, the toric charts give smoothness, and
(XV.5.17) verifies the required sign. The matrix calculation has a useful local converse
check. A nonzero vector in the kernel would have zero norm and prevent the inverse
period calculation. A vector of zero norm by itself already rules out definiteness, even
if the matrix is invertible. For this chain the normalized pivots of a leading elimination
are

(D1, D2/D1, D3s/Ds) = (4, 3/4, 8/3). (XV.5.25)

All are positive. The difference between a zero pivot and a nonzero negative one
matters in other models, but neither supplies a negative-definite exceptional intersection.
Even the original 33 configuration contracts on the base. Yet the elliptic coefficients
before the base blowup do not describe an ordinary tensor branch near its intersection.
The theorem tests neither Weierstrass minimality nor the existence of a limit of a
six-dimensional field theory. Our next task is to realize a shrinking sequence of positive
areas.

XV.5.3 Contraction and gravity decoupling

Can the string tensions go to zero without keeping the six-dimensional Einstein coefficient
finite? First we construct a Kéhler class path on the local 414 base. Then we use a
different, compact base to compute the two scales independently. Compact volumes of
that example are not volumes of the local base.

Write a; = J - C; for physical areas in a Kéhler class J. In the real compact divisor
span the period equation and its solution are

T =Y diCi;  a=-Qud,  a=¢(1,1,1)7 = d=-¢(1,3,1)". (XV.5.26)

Solving a linear equation in cohomology alone does not show that a positive representa-
tive exists. Here we can test relative ampleness directly. For the integral divisor with
ray coeflicients (0, —8, —24, —8,0), use the polyhedron (m,v;) > —d; in the character
lattice. The vertices for adjacent pairs are determined by taking equality at those two
rays:
pair ‘ m ‘ ((m,v;) —&—di)fzo

0,1) | (0,8) (0,0,8,16,64)

1,2) | (8,8) (8,0,0,8,40) (XV.5.27)
2,3) | (40, 16) (40,8,0,0,8)

(3,4) | (64,24) | (64,16,8,0,0)

)

For example the (1,2) vertex solves m, = 8 and —mg, + 4m, = 24. Strictness on all
other rays gives strict convexity of the support data for this subdivision, hence an ample
line relative to By. Its compact areas are (8,8,8). The numerical link between an edge
of the support data and one area can be checked directly. At an interior ray v;, let m_
solve the equalities on its left adjacent cone. The excess on v;1 is

<m_,vi+1> + di—i—l = —n;d; +d;_1 + di+1 = Jra - C;. (XV528)
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The first equality uses v;11 = n;v; — v;—1; the second uses the self-intersection and both
adjacency numbers. Thus the strict wall inequalities encode precisely the periods of the
compact curves. Showing positivity this way gives a geometric meaning to the matrix
solution, and the full vertex test in (XV.5.27) verifies there is no other inequality to
impose in this example. A relative projective embedding over the affine cone supplies
a representative positive along the exceptional directions. Adding the pullback of an
ambient affine Kéhler form supplies positivity in the base directions. In this description
the scaled relative class plus affine pullback is Kéhler for each ¢ > 0 and has the periods
in (XV.5.26); the pullback has zero period on each exceptional curve. This constructs a
path of K&hler classes, without constructing Ricci-flat metrics along it.

To compare physical scales we use CHAIN45, the blowup of Fy at two distinct points
on one fiber, away from its negative section. In the total-pullback basis S, F, E, Fs,
S?=-2 S-F=1, F? =0, E? = —1, and all other pairings with an E; vanish. The
retained pairis S,C = F — E; — E», with C? = —2 and S - C = 1. The compact parent
supplies the split 14, Is gauge pair on these curves.

Why check the whole cone rather than the two retained curves? An irreducible
curve other than S, C, E; pushes forward to a curve of class dS + bF', with nonnegative
d, and has multiplicities m; > 0 at the centers. Its intersection with S implies b > 2d;
intersection of its pushforward with the chosen fiber implies m; + ms < d. Curves
mapped to points are the F;, and the special fiber strict transform has already been
listed. Using F' = C + E; + Fs gives

All coefficients on the right are nonnegative. Each displayed generator is effective and
the four are independent, so these are precisely the four rays of the closed cone of curves.
Positivity on all four characterizes the ample chamber; using only .S, C' would miss both
exceptional walls.

Let p=J-F, A=J-S5, B=J-C. Solve first for the coefficients of S, F’, then
allocate the remaining fiber area p — B between the two exceptional curves with a
fraction 0 < h < 1. The solution and the exact chamber in these coordinates are

J = pS + (2p + A)F — 61E1 — GQEQ, (XV530)
ev="h(p—B), ex=(1-h)(p—B),

A >0, B >0, p> B, 0<h<l. (XV.5.31)

Here J - E; = e;; the minus sign in the class expression reflects E? = —1. Computing

J?/2 in the total-pullback basis yields
V=p*+pA—L[A2+(1-h)?](p- B)> (XV.5.32)

At h = 1/2, the subtracted coefficient is 1/4. At h = 1/3 and (A4, B) = (e, 2¢) it is
5/18, and the actual chamber is p > 2¢ > 0. The test value p = ¢ has positive volume
31¢2/18 and positive retained areas but negative eq, es. It is outside the chamber.
Use ten-dimensional Einstein frame at fixed microscopic string scale o/, leading
unwarped reduction, and a calibrated D3 with vanishing pulled-back DBI background
combination. Integrating the Einstein term gives M as the coefficient in the convention
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p -2
y fixed areas P = <€

joint limit ’
pe = e A

Figure XV.5.3: Three class paths on the CHAIN45 slice A =¢, B =2¢, h=1/3. The
shaded chamber is p > 2¢ > 0. A vertical path increases the bulk area at fixed string
areas, a horizontal path shrinks strings at fixed p, and the curved path does both. The
crossed point at p = ¢ fails positivity on the exceptional curves.

Mg | v/=96Rs/2. Wrapping the brane on an effective curve class of charge ¢ gives the
tension
V 9 (27) 7

4 _ _
Mg = —-, K10 = 9 )
Kio

Ta
T(q) = @%W (XV.5.33)

The units are useful: [a] = length?, [V] = length®, so T has mass dimension two and
M¢ dimension four. The normalized tensor coordinate j = .J/v/2V has dimensionless
periods and

(j-S,j-C)= (%), (Ts,Tc) = m. (XV.5.34)

They answer different physical questions. Figure XV.5.3 compares the three possibilities
in a single chamber.

First let p — oo with fixed positive A, B, h. With ¢; =1 — [h% + (1 = h)?] > 0 we
find

V = cnp?® + O(p), j-(S,C)—(0,0), (Ts,T¢) fixed and nonzero. (XV.5.35)

The Einstein coefficient diverges in microscopic units but the strings do not become
tensionless. As an exact check use h = 1/2 and set the area unit so A = B = 1. At
p=3, (e1,e2) =(1,1) and V = 11. At p =15, (e1,e2) = (2,2) and V = 26. Therefore

Mi(p=5) 26 j(p=5)-5 11 T 5
Mg(p=3) 11 i(p=3)-8 26 Ts(p=3)
Both points satisfy the full chamber. The distinction is already visible at finite parame-
ters; it does not rely on taking a singular limit before measuring tensions. Second, set
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(A, B) = (g,2¢) and send ¢ to zero at fixed p. Then
V= cepp®>0, Ts,Tc — 0, Mg — cnp? /K3, (XV.5.37)

The strings shrink with finite gravitational coupling. For a joint limit take a reference
area £2 > 0 and use p = 2\, ¢ = £2/\, h = 1/3. Then \ > /2 is in the chamber, and
at large A

62

W(L 2)’ J- (57 C) = O()\_Q). (XV.5.38)

13
Vo~ 7€4A27 (TS7TC) =
18
A dimensionless tension in Einstein units gives a quantitative check of the distinction.
Taking the positive square root of the Einstein coefficient in (XV.5.33), we obtain

T; K10 a; V2K .
LMo 4 VIR0 oo XV.5.
ME T @npa? Vv - enpan? © (XV.5.39)

On the first path this vanishes like p~! because MZ grows, not because the physical
tension drops. On the second it vanishes like ¢ while Mg stays finite. In the joint limit
it vanishes like A~2 because the two effects multiply. This is why one should state
which quantities are fixed before using a normalized tensor coordinate as a test of a
decoupling limit. Also e; grow on the large-p paths; these are bulk curve areas, not
extra light strings of the retained pair.

All three are paths of classes. The divergence of Mg describes weakening of the
gravitational zero mode in the leading reduction. Decompactification can also bring
down bulk Kaluza—Klein energies. Equations (XV.5.33)—(XV.5.38) do not establish
suppression of the full bulk sector, finite-action normalizable local modes, or physical
finite distance to a conformal endpoint. A rigid field theory requires those physical
separation and background premises in addition to the geometric area test. To see why
even the candidate local field content needs more than an area test, we now keep the
2-curve pairing of S, C' and change the elliptic geometry.

XV.5.4 A gauge-free ADE configuration

Why does the same base pairing allow a model with no six-dimensional gauge factors?
We need a smooth surface with two (—2)-curves and trivial canonical line. This will let
us keep the elliptic fiber smooth and constant everywhere. The surface comes from a
quotient in SU(2), unlike the 33 endpoint.

Let a primitive third root of unity ¢ act on (a,b) € C? by (a,b) — (Ca,{"1b). The
invariant monomials satisfy i — 5 = 0 mod 3 for a’»’. Remove the smaller of 4, j in
powers of ab; the remaining pure power is a multiple of three. Thus the invariant ring
has generators

T =a’, y =0 z = ab, Cla,b)% = Clz,y, 2] /(zy — 2°). (XV.5.40)

The single relation suffices because any monomial can be reduced to one with z or y
absent. The reduced monomials have distinct images in Cla, b] if the pure z monomials
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[ constant € : y% = x¥ — x¢ over all three charts }

Figure XV.5.4: The two exceptional curves of xy = z3. The middle chart contains

their unique meeting; the outer charts add one point to each affine axis. In the product
construction every point of these curves, including the meeting, has the same smooth
auxiliary elliptic fiber.

are counted only once. This is a surface singularity, not yet an elliptic Weierstrass
equation.

Blow up the origin in the three ambient coordinates. If the pivot is x, take
x =71 y = 1Y, z = rt, so the strict equation is Y, = rt3. If the pivot is y,
take y =1/, x =1'X,, z =1r't/, with X, = r/t’3. For pivot z use X =z/z, Y =y/z;
then XY = z. The resulting surface maps are

pivot | surface coordinates | (z,9,2)
x (ryt) (r,r%t3,1t)
g (X,Y) (X%Y, XY2, XY) (XV.5.41)
y (’I“/,t/) ((T/)Q(t/)ZS’T/’T/tl)

These are three smooth affine charts. In the middle chart the exceptional fiber is
XY =0, two reduced axes crossing transversely. The Y = 0 axis is closed by » =0 in
the x chart, with ¢ = 1/X on their common open. The X = 0 axis is closed by ' =0
in the y chart, with ¢ = 1/Y. Each is a projective line. There are no further compact
curves, by properness of the blowup and affineness of the quotient, as in the preceding
cone argument.

We can read each normal bundle directly. Along Y = 0 the normal coordinate is Y’
in the middle chart and r in the z chart. Along X = 0 it is X in the middle chart and
r’ in the y chart. Formula (XV.5.41) gives

t=X"1 r=X?%; =Y ' =Y%X. (XV.5.42)
These are fiber-coordinate transitions for O(—2). For instance, the tautological line
O(-1) has frames (1, X) and (¢,1) in the two charts, with the first frame equal to X
times the second. A section’s normal-coordinate coefficients therefore transform with
X? for the square of the tautological line.

We also need an actual global two-form. On z # 0, a residue generator of xy— 2% = 0,
with a choice of overall sign, is dz A dz/x. The substitutions in (XV.5.41) give its
expressions in the three charts:

dx Ndz

=dr ANdt =dX NdY = —dr' Ndt'. (XV.5.43)
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On the original cover the same form pulls back to 3da A db, since dx = 3a?da and
dz = bda + adb. This checks the SU(2) invariance and explains why the quotient form
can extend crepantly. Direct chart calculations are still needed to rule out zeros or poles
along the exceptional fiber. For the middle chart the numerator is X2Y dX AdY. In
the y chart one can first use dx A dz/x = —dy A dz/y, which follows by differentiating
the relation. The displayed forms extend without poles or zeros and agree on overlaps.
Adjunction gives an independent check of the normal degree. For the smooth rational
exceptional curve C;, the restriction of the canonical line of the surface is trivial, so

—2=degK¢, = (Ks,, +C;) - C; = C7, Cy-Cy=1. (XV.5.44)

The intersection on the right is the single transverse point of the two axes in the z-pivot;
neither outer chart introduces another meeting. The determinant of the positive pairing
is 3, distinct from the determinant 8 of the earlier endpoint.

Take the product of this resolved surface S4, with the smooth projective elliptic
curve & : yg = x% — x¢. The product has the nowhere vanishing three-form obtained
by wedging (XV.5.43) with the regular elliptic differential. Its discriminant and string
pairing are

-1 2

In particular the elliptic family has no degeneration along either compact curve, and its
period system is trivial on the base. There is no quadratic deck action of the kind in
(XV.5.14).

An unequal area ray can be realized, so this comparison does not depend on equal
tensions. Solving a = —Qu,d for a = (g,2¢)7 gives d = (—4,-5)T¢/3. To check
positivity using the construction of Section XV.5.3, use the quotient fan with rays
(1,0),(0,1),(—1,2),(—2,3), and coeflicients (0, —4, —5,0). The three support vertices
are

Ag = —4,  Qa, = < 2 _1> . (XV.5.45)

mo1 = (074), mig = (3,4)7 mo3 = (15, 10) (XV546)

Each has equality on its labeled pair and strict inequality on both other rays. For
example the middle vertex solves m, =4, —m, + 2m, = 5, and its values on the outer
rays are 3 and 6. The first and last vertices are also separated from their neighboring
walls: at (0,4) the third ray evaluates to 8 > 5, while at (15,10) the second ray
evaluates to 10 > 4. This verifies actual positive representatives rather than inferring
their existence from detQ4, > 0. This fan is the one in (XV.5.41): the valuation
vectors of x,y, z on the two compact rays are (1,2,1) and (2,1,1), read from the two
coordinate axes in the middle chart. For example, with the displayed rays the characters
mg = (0,1), my = (3,2), m, = (1,1) obey m, +m, = 3m.. Their pairings on the
middle pair give the exponents of X2Y, XY?, XY with Y = 0 corresponding to the
first interior ray. On an outer pair they give the monomials of the corresponding outer
blowup chart up to exchange of coordinates. Its boundary index is 3, with quotient
weights 1, —1 modulo 3. The ample class, scaled and supplemented by affine pullback
as before, yields the claimed area ray.

In this pairing a positive geometric root is a nonnegative integral charge of squared
norm two. Since

1"0,0=0¢ — a2+ & = (01 — ©)° + q1e, (XV.5.47)
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the only possibilities are ¢ = (1,0),(0,1),(1,1). The enumeration is short: if both
coordinates are positive, their product is already at least one, with equality only when
both equal one. If one coordinate vanishes, the other coordinate must square to one.
Their areas and leading calibrated tensions on this ray are

(1,2,3).

(XV.5.48)
Changing the ratio of the two areas leaves the norm-two set fixed but changes the
tension ratios. The charge lattice and its periods play different roles. This calculation
identifies root charges and periods; it does not enumerate the spectrum of stable bound
states.

The quotient and residue calculations do not construct a metric. The physical
dictionary uses ordinary Type IIB on the As asymptotically locally Euclidean (ALE)
degeneration, in a rigid unshifted background with the relevant periods at the conformal
locus. The elliptic curve is auxiliary and encodes the constant axiodilaton. It is not
an extra physical two-torus. In this setting the singular limit is the type As (2,0)
theory, with two tensor multiplets on its resolved branch. Wrapped D3-branes give
chiral strings in six dimensions. Compactifying a spatial direction and wrapping such a
string can give a lower-dimensional particle; it does not make a six-dimensional massless
gauge vector. In contrast, the two retained curves of CHAIN45 have the same matrix
but carry split Iy and I5 fibers. The Cartan matrix does not predict the gauge content
of a six-dimensional model.

Collapsing the Kéahler areas does not tune other background periods by itself. The
role of the worldsheet theta angle in the IIB K3 example is a caution about such data,
not a derivation of every tuning needed for a local ALE background. We now return to
414, where the Weierstrass fibers really are singular and their full resolution is needed
before interpreting a tensor branch.

13
(a@,0)a0,1),001,1) =e(1,2,3),  (T,0), To,1), Ta,1)) = (@r)an

XV.5.5 Tensor-branch theory and its UV interpreta-
tion

The base blowup passed the point-order test. Does its elliptic total space actually
have a smooth crepant resolution? We will show this for the exact monomial model,
including the gluing of the blowup centers. This is stronger than resolving one surface
singularity transverse to a single generic fiber.

Start with coordinates (u,v) on the chart of two successive rays and (u/,v") on the
next chart. For the relation v;_1 4+ v;41 = nv;, the dual character of u’ has coordinates
(n,1) in the old basis: it pairs to 1,0 with v;, v;11. The character of v' has coordinates
(—=1,0). On the common open u # 0,

(W, v") = (u"v,u™t), du' Adv' = J du A dv, J=u""2, n=4,1,4.

(XV.5.49)

The frame of L dual to the new base form is the old frame divided by J; hence a
component of L* scales by J*. Use the smooth projective-plane bundle with transitions

[ oy = [T TPy 2, (fg) = (T . T%). (XV.5.50)
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The homogeneous cubic y?z — 23 — frz? — gz3 = 0 changes by J°, giving a Cartier
hypersurface W. Across either end use (u,v) = (r,w) and (v/,v") = (w',7’); then
w' = riw, v = 1/r, 2’ = r*z, y = r% in the affine fiber chart. Across the middle
overlap the end coordinates are units, so the discriminant is nonzero. Nonadjacent
chart overlaps are in the torus; the same line-bundle law applies.

The only point at z = 0 in each projective fiber is [0 : 1 : 0]. In the y = 1 chart let

& =uz/y, ¢ = z/y; at infinity
H=(—-&—f? =g =0,  Hele__y=1 (XV.5.51)

It is smooth there. In the z = 1 chart, at w # 0 the discriminant 31w® does not vanish,
so each such fiber, and the total space over it, is smooth. At w = 0 the x,y derivatives
vanish simultaneously only at © = y = 0; there all derivatives vanish. Thus in the entire
projective model the singular locus consists exactly of two disjoint curves, one over
each end. The finite-chart equation is integral: the polynomial 2% + w2z 4+ w? has odd
degree in x and is not a square in the rational function field, so the quadratic in y is
irreducible. There is no additional hypersurface component at infinity, which is only
a section. The Cartier hypersurface satisfies Serre’s So condition; its singular locus
has codimension two in the threefold, so it is regular in codimension one. Thus W is
normal.

The ideal (z,y,w) is multiplied generator by generator by units on the end overlap.
It defines the first global center, the reduced disjoint union of the two curves, each
mapping isomorphically onto the corresponding compact P'. Blow it up in the ambient
projective bundle. This is a projective morphism with a smooth new ambient space.
The three affine pivot charts of each transverse blowup give

pivot ‘ (xOIdv Yold wold) ‘ strict equation
v (@, 2y, 7w) | y* —a(l+w’+w’) =0
wo | (wX Y, w) Y2 —wP(X) =0

Here P(X) = X3 + X + 1. At the center the old equation has multiplicity two, so
the proper equations in the table come from division by the square of the pivot. This
ordinary scaling of all three transverse ambient coordinates differs from the weighted
scaling over the base point blowup.

In the y-pivot the factor multiplying y is a unit on the hypersurface, so the y
derivative cannot vanish. The z-pivot can be singular only if y = 0 and 1 +w? + w3 = 0.
This requires its ratio w # 0, so any such point is also in the w-pivot. The w-pivot
gradient, in the variables (X, Y, w), is

(—wP'(X),2Y, -P(X)),  SingWM)ena: w=Y =0, P(X)=0. (XV.5.53)

Indeed P has three simple roots, and at a root the first derivative forces w = 0.
Conversely all three gradients vanish along each displayed curve. The transformations
of the ratio coordinates, obtained by dividing the original transformations, are

X' =X, Y =7, o =rtw, Y')? —w'P(X) = r*(Y? — wP(X)).
(XV.5.54)

106



resolved I fiber

v? =2® + vz + w? Y? = wP(X) o
one end, fixed r w-pivot
first second
° — —————o —
a7 (6] a3 il a3z

three singular points

along the first component
strict cubic

Figure XV.5.5: Transverse resolution over either compact I§ end. The first w-pivot
exhibits three nodes labeled by the distinct roots of P. Blowing up their reduced global
curves produces the three outer exceptional arms. The fourth outer arm is the strict
transform of the original cubic fiber; the central component comes from the first blowup.

In particular the residual Y does not glue as an unscaled scalar. The ideal (w,Y, P(X))
glues and each root labels one global curve mapping isomorphically to its end P*. The
roots are constant and do not permute. Together the two ends give six disjoint smooth
curves, the full reduced singular locus of the first strict transform.

The second blowup uses this reduced union as ambient center. Near each root
U = P(X) is an étale coordinate because P’ # 0. This is a local assertion; no global
polynomial inverse for P is needed. The equation is Y2 = wU. With each nonpivot
coordinate again denoting the ratio to the pivot, the three strict equations are

pivot ‘ U Y w
strict equation ‘ Y2-w=0 1-Uw=0 Y?-U=0.

(XV.5.55)

In the middle equation U,w are units; the other two equations are linear in one
coordinate. The three charts are smooth and cover the second blowup over the center,
since smoothness can be tested étale locally. Elsewhere the morphism is an isomorphism.
The two successive proper transforms are projective over W, as restrictions of ambient
blowups, and the final one is smooth everywhere including infinity.

For crepancy, let G denote the ambient exceptional divisor at a given stage. A
blowup of a smooth center of codimension ¢ adds (¢ — 1)G to the pulled-back canonical
class. The total transform of a hypersurface of multiplicity m is its proper transform
plus mG. Adjunction then gives

Ktrict = 7 Kola + (¢ — 1 — m)Glstrict, c=3, m=2, c¢—1—-m=0.(XV.556)

At the first center y? is quadratic and the remaining terms are cubic in (z,y,w). At
the second, Y2 — wU is quadratic. Thus this calculation applies at every point of both
centers.
Triviality of the original dualizing line also holds globally. In the finite chart use the
hypersurface residue of
duNdv Adx Ady
y2—ad—fr—g
Under (XV.5.50), the base Jacobian and the two fiber scalings multiply to J 7272 = J°.
Terms in fiber differentials involving base differentials drop out of the numerator. The

(XV.5.57)
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denominator scales by the same power. This gives the dualizing generator even on the
singular finite chart by Cartier adjunction. In the infinity chart use z = &/¢, y =1/(;
the fiber Jacobian is —(~2 and the finite equation becomes (~3H. The residue therefore
agrees up to the indicated sign with the infinity-chart generator, which is nonvanishing
there by (XV.5.51). The resolved threefold has trivial canonical line by (XV.5.56). This
is an existence result over the stated noncompact base.

The pivot equations also locate the components of a resolved fiber. Away from the
roots of P, the first exceptional curve is the line Y = w = 0 with coordinate X. Its
generic multiplicity in the divisor weq = 0 is two, since w = Y2/P(X). The 2-pivot
covers its point at X = oo and also the meeting with the strict cubic: write the ratio
to the x pivot as wy, S0 weg = zw, and y? = (1 + w? + w?). Near y = w, = 0 this
becomes )

Y Wy

1+ w2 +wd (XV.5.58)

Wold =
The two component equations there are y = 0 and w, = 0, meeting transversely with
multiplicities two and one. At a root use the U-pivot of the second blowup. There
Wold = UWratio = U Yrgtio. The new exceptional component U = 0 has multiplicity
one and meets the first component Y;.tio = 0 transversely. This occurs separately at
all three roots, away from the strict cubic. Hence there is one central component of
multiplicity two and four disjoint outer arms of multiplicity one, as in Figure XV.5.5.
The four outer components around the central Ij component give the affine Dy
fiber. The split cover identifies the ordinary end algebras; the middle (—1)-curve has
no generic seven-brane gauge factor. In the ordinary interpretation of this branch
(Heckman, Morrison, et al. 2014, §4.1), the unpaired tensor is associated with the
rank-one E-string sector and the two end algebras gauge subalgebras of its Eg flavor
symmetry. One necessary compatibility check is visible in the integer Fs roots. With
e; an orthonormal basis, take

{teite;:1<i<j<4} and {fe;xe;:5<i<j <8} (XV.5.59)

Each set has 4(3) = 24 roots and spans a D, system; the two sets are orthogonal. This
verifies the Lie-algebra embedding needed for that interpretation. It does not calculate
the full 414 spectrum, anomaly polynomial or global gauge group.

On a resolved gauged curve of area a;, dimensional reduction gives the parametric
dependence gg f o a; at fixed microscopic normalization. In particular, for the 414 ends
we only use this proportionality. At energy &, the Yang-Mills expansion parameter
scales as
O/2gp2

a;

96& (XV.5.60)
At any fixed nonzero energy it grows as the curves shrink. The weakly coupled tensor-
branch Lagrangian therefore cannot calculate the singular endpoint by perturbation
theory. An exactly normalized example is the separate CHAIN45 pair: in its defining
SU trace convention gg 2 = a;/[2(27)%a’?]. There is no such Yang-Mills term from the
smooth generic fiber of Ej.

For the CHAIN45 pure dynamical gauge slice we can see what anomaly cancellation
does test. Put the other background curvatures to zero and set F; = —iFppnys ;/(27)
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and s; = tr¢(F?). The actual ordinary CHAIN45 matter recalled from Chapter B.3
consists of three defining hypers on SU(4), six on SU(5), and one shared full (4,5)
hyper. Put ¢; = tr¢(F;}). The adjoint fourth trace is 2N;q; + 6s?. The shared hyper has
fourth trace 5g; + 4go + 6s152: terms with one odd single trace vanish by tracelessness,
while the coefficient of the product of second traces is (3) = 6. Applying the hyper
minus vector chirality and the degree-eight index factor 1/24, the quartic coefficients
and the mixed coefficient are

34+5-8 6+4—10 6
[ql]Iloop = T = 07 [q2]Iloop = T = 07 [5132}1’1001) = ﬂ
(XV.5.61)

Each adjoint contributes —6s?/24 and no other field contributes to the single-factor
square. The remaining pure gauge index and tensor source are

Tioop = —is% + %8152 — is% = —%STQAZS, X =s/2, Y =Q4,X. (XV.5.62)
The Green—Schwarz term with this source sign convention is
Ios = 3YTQLY = +1s"Qa,s. (XV.5.63)

The two terms cancel. Reversing the overall sign of the Green—Schwarz quadratic term
would double the nonzero polynomial, whereas reversing every source Y would leave
the square unchanged. This test is for the stated pure gauge slice of CHAIN45. It does
not supply an anomaly calculation for the 414 E-string gauging.

In the ordinary rigid F-theory construction the simultaneous contraction of this 414
tensor branch is identified with a (1,0) interacting endpoint. The geometric results
specify which base periods collapse, which wrapped strings become light at leading
calibrated order, and which elliptic model can be used. The endpoint interpretation
additionally assumes an appropriate rigid background and an actual local physical limit
with the relevant degrees of freedom retained. Neither the crepant resolution nor the
anomaly calculation proves UV existence or bulk isolation. These distinctions give an
order of operations in a new example. The negative lattice suggests a candidate point;
the coefficient sections and their resolution test whether an ordinary elliptic model can
be used over the positive-area branch; calibrated tensions tell us which wrapped strings
to track along a proposed path. If the elliptic model fails in the interior there is no
branch of the stated type from which to start. If the lattice has a null class, a projective
model can exist but the joint point contraction fails. The next examples test these two
separate failures.

XV.5.6 A changed configuration that fails

Which part of the construction fails if we change a coefficient or an incidence? First
keep the 414 base and the same coefficient orders. Set f = —3w?, g = 2w? in each of
the four charts, using the same line transitions. Then

4(=3)+27(2)*=0, A=0, P)=@—-1%*+2). (XV.5.64)
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The point-order test on f, g still passes after the base blowup. Nevertheless the generic
cubic is singular: at w # 0, (z,y) = (w,0) is a double-root point. This is not an elliptic
fibration with smooth generic fiber. The original model depended on the coeflicients as
well as the fan.

For the second test, change the base itself. We will find two (—2)-curves, as in the
Ay example, but with two meetings instead of one. To construct the base surface take
the projective cubic family

Y37 = X3 -3XZ% 4+ (2+1%) 73, It <8 <2, A(t)=27t3(t* +4). (XV.5.65)

This family supplies the base of our comparison, not its auxiliary elliptic fiber. The only
singular cubic in the disk is at ¢t = 0. At infinity the family is smooth by the derivative
test of (XV.5.51). The affine central cubic has its node at x =1, y =0; with s =2 — 1
the total surface equation is

y? =352 — 12 — 53 =0. (XV.5.66)

The quadratic term is nondegenerate. Blow up (s,y,t) = (0,0,0) in the ambient smooth
threefold. Write the ratios to the pivot with the same letters as the original coordinates.
The three strict equations are

pivot | strict equation
] ¥ —3-t?—5=0
Y 1-3s2 -2 —ys® =0
t y? — 382 —1—1ts3=0.

(XV.5.67)

The first is smooth by its s derivative. In the second, vanishing of the derivatives with
respect to the pivot y and ratio ¢ would force s =t = 0, contrary to the equation. In
the third, the ¢,y derivatives would force s = y = 0, again contrary to the equation.
Thus the proper transform is smooth. It remains proper over the disk, since the original
cubic is closed in the projective family and the ambient blowup is projective over it.

There are two compact rational curves in its central fiber. The exceptional component
is a smooth conic in the direction plane, from the quadratic part of (XV.5.66). The
other component is the strict transform of the central cubic. To check its global
compact normalization, write p/q = y/(z — 1) where x # 1; then x = (p/q)? — 2 and
y = (p/a)((p/q)* — 3). This gives the map

p: g — [a(® —2¢%) : p(0* = 3¢%) : ¢°]. (XV.5.68)

It satisfies the homogeneous cubic equation. At g # 0 the third entry is nonzero, and at
q = 0 the middle entry is nonzero, giving the point at infinity. The morphism is proper
and birational by its inverse on the dense smooth open, so it normalizes the irreducible
cubic. Its two preimages of the node have p/q = £+/3. In the s-pivot these branches
lift to points with ratio y = /3 and ratio t = 0, and the strict curve is smooth there.
It is therefore the compact P! normalization.

In the s-pivot the original base parameter is t,;q = st. The strict component has
t = 0, and the conic has s = 0. They meet at y = 41/3; these are all meetings, since
the two directions with original ¢-component zero both have nonzero s-component. The
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Az quotient resolved I» fiber

+v3
G0 1
strict —V3 exceptional
detQ =3 QLD =0

Figure XV.5.6: In the actual Iy degeneration the strict and exceptional curves meet
at both nodal directions /s = 41/3. Their sum is a principal fiber. The Ay quotient
resolution instead has one transverse meeting and a definite pairing.

y derivative is nonzero at each meeting, so (s,t) are coordinates and both intersections
are transverse. Both components occur once in the principal divisor of t,4. Calling
them Cgip, Coxe, We get

FO = diV(told) = Cvstr + Cex07 FO . C’str = FO : Cexc = 07
2 =2
QIQ N <_2 2 ) ’ QI2(171)T = 0.

The two meetings give Cgt, - Cexc = 2; principality gives both self-intersections —2. The
kernel is generated by the primitive positive charge (1,1). The class has area agst; + Gexe;
setting that sum to a fixed positive value does not allow both areas to shrink. By the
negative-definiteness criterion the configuration cannot contract to one point. Using
this smooth surface as a base and choosing a separate constant smooth auxiliary elliptic
curve does not change that conclusion. This constraint persists even though the two
individual areas can change. For example at total fiber area 6 in fixed units, taking
(astr, Gexc) = (b,6 — b) with 0 < b < 6 varies the relative tension without altering the
null-charge tension. In this example the normalizations of the two eigenvectors make
the distinction transparent:

(XV.5.69)

- =(1,-1D7, Qg =4q_, o= (11", q¢la=6. (XV.5.70)

Here ¢_ is an algebraic difference of curve classes, not an effective wrapped string. A
zero norm for gg is a statement about the pairing, not a zero value of its area. The null
matrix alone neither selects an LST nor supplies its physical scale.

A final transfer uses the same point-blowup method as the 33 example but produces
a different chain. Take the pure Eg collision f = 0, g = u*v* on the plane. The original
axes are noncompact. Their discriminant orders away from the crossing are eight, with
split cover since the residual g is a square there. At the crossing g has order eight, so
blow up once. In the chart (u,v) = (e, et) the transformed g = e?#*; in the other chart
the same formula holds with the axes interchanged. At each of the two new crossings
the order is six, hence each requires another blowup. The ray sums and new orders
show where the process stops:

(17 0)7 (27 1)7 (17 1)7 (1, 2)7 (

0,1),  ord(g) = (4,0,2,0,4),
(1,1) = (1,0) + (0,1), (2,1) = (1,0 (XV.5.71)

)+(171)a (132) = (171)+(071)
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first insertion

second round A second round
A | A
| | |
(1,0) (2,1) (1,1) (1,2) (0,1)
@ @ @ 4 @
ordg =4 ordg =0 ordg =2 ordg =0 ordg =4

[ |
compact chain

Figure XV.5.7: Insertion order for the pure Ejg collision. The first new ray has residual
g-order two. The two remaining adjacent sums reach six and force the last insertions.
The final compact chain has normal degrees —1, —3, —1. The two boundary rays remain
noncompact.

For example, in the chart with g = e2t* the second blowup uses (e,t) = (a,ab) and
(ab,a). Dividing the pulled-back coefficient by a® gives b* and b2, respectively. The
other old chart gives the same two equations with the ends interchanged. Thus all
four final charts have a genuine nonzero discriminant function, not merely admissible
f,g orders. Their g exponents distinguish the proper transform of the first exceptional
curve from the new ones. In particular the smooth generic fibers on the new exceptional
curves do not remove their compact base charges.

For instance each of the two last exceptional orders is 4 +2 — 6 = 0, and the four
final adjacent sums are 4,2,2,4, below six. The two latter centers are disjoint once
the first blowup has been performed. The original exceptional curve loses one unit of
self-intersection at each of its two ends, so its strict transform is —3; both new ones are
—1. The fan relations give the same 131 pairing:

1 -1 0 2L+e+ R
Qs =|-1 3 —1|, a=(LeRT", d=-|L+e+R|. (XV.572)
0o -1 1 L+e+2R
Here L, R > 0 are end areas. The last column vector is obtained by solving a = —131d.

With coefficient zero on the boundary rays the positivity inequalities of the relative
support function are just a; > 0: the vertex for an adjacent cone has excess a; =
n;(—d;) + d;—1 + d;+1 on the next ray across v;. Positive excess at each interior wall
gives strict convexity on the subdivided cone. Thus the ray ¢ — 0T at finite L, R
shrinks just the middle curve. The retained middle charge has norm 3. Blowing down
the two —1 curves would instead replace its class by its total pullback and give

Qrestriction = [3}7 Qafter two blowdowns — [3 -1~ 1] = [1] (XV573)

There is a useful test charge for the difference. The middle strict class M has pairing
Q131(M, M) = 3 in the positive convention. The class orthogonal to both ends and
projecting to the middle under blowdown is L. + M + R., where L., R, denote the end
curves. Its norm and its period along the partial ray are

(1,1,1)Q3, (1,1, D)7 =1, J-(Le+M+R,)=L+e+R. (XV.5.74)
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Consequently the orthogonal lift is not becoming tensionless in this partial limit; it still
includes the two finite end areas. The two answers correspond to different geometry.
This collision supplies the bridge to conformal matter: the compact intermediate chain
is forced by a collision of noncompact flavor divisors. The detailed conformal matter of
that branch is the subject of Chapter B.6. The actual finite-scale construction for LSTs
is separate and begins in Chapter B.8.

Exercises

Use benchmark/tasks. json for the JSON fields and benchmark/PROTOCOL.md for sub-
mission. Written explanations, including the choice of hypotheses for physical interpre-
tations, are human assessed.

1.

For f = cu?v?, g = dudv3 with (c,d) = (1,2), use the two ordered pivot charts in
(XV.5.8). Give their coefficient and discriminant polynomials, the center orders
and the generic exceptional orders. Compare (—3,2), for which the order of the
zero discriminant is infinite. Explain which line bundle fixes the exceptional
powers.

. For 414 with areas (1, 2, 3), compute d in the compact divisor span, and the period

sums for charges (1,0,1),(1,1,1). Give the end principal block and the pairing
after blowing down FEj, including the two determinants. Explain why a smooth
generic elliptic fiber does not make Fy disappear from the string lattice.

For CHAIN45 take h = 1/4 and (p, A, B) = (5,1,2), then (2,1,3). Compute
e1, e, V, the chamber verdicts and the area ratios A : B. On the three paths of
Section XV.5.3, give the leading powers of the small parameter in the j-periods,
tensions and fourth-power Planck coefficient.

Use Ay with areas (2,5) and auxiliary cubic y? = 2% + 2 + 1. Compute the three
positive root norms and area sums. Compare the discriminant, point-order data
and elliptic monodromy with the transverse model f = w?, g = w?. Explain why
a Cartan pairing is insufficient to identify a vector multiplet sector.

. Compare (XV.5.65) with the actual projective cubic having 2+t in place of 2+t2

on the same disk restricted to |[t| < 1. Near the node take u =y + s/3+s, v =
y — sv/3 + s; the equation becomes uv = t3. In the u-pivot the strict equation
is v/ = u(t')3; the v-pivot is symmetric, and the t-pivot has u'v’ = t. Label the
strict component first, then the two exceptional components. Use these charts to
recover the meeting numbers and null vector. For fixed total area 9 and first two
areas 2, 3, find the remaining positive area, and compare with the two-component
case at the same total and first area. Explain why the incidence does not identify
a unique physical theory.

For the pure Es collision take areas (3,¢,5). Give the three ray insertions in
their partial order, the period coefficients d, and the norm of the retained middle
charge. Compare the geometry where the two ends are actually blown down. Why
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would simply discarding the finite-area end strings leave the principal restriction
instead?

Status and sources

§XV.5.1 [MATH]. The residual-divisor method is in Heckman, Morrison, et al. 2014,
Appendix B, (B.1)-(B.3). The 33 — 414 example is in Heckman, Morrison, et al. 2014,
§4.1, (4.9)-(4.10), Fig. 1; here the characters realize explicit coefficients. The generic-
field I test is in Katz et al. 2011, §6, (6.1)—(6.2); root permutations and transverse
elliptic inversion are computed separately above. The calculation uses the Weierstrass
convention Apgor = 4f3 4 27¢2.

§XV.5.2 [MATH]. The chart intersections, integral change of basis and quotient
action are derived in the text. For the continued fraction see Heckman, Morrison, et al.
2014, Appendix D, pp. 42-43. Analytic contractibility is Grauert 1963, Defs. 11-13 and
Satz 14, pp. 92, 99; for the necessary intersection sign at a resolved normal point see
also Mumford 1961, §I, p. 6.

§XV.5.3 [MATH] [SUGRA] [DEC]. Relative support data and the CHAIN45
chamber are worked above. The calibrated tensions and leading Einstein reduction use
the assumptions of Chapter B.2. For the physical decoupling premise and finite-distance
discussion see Heckman and Rudelius 2019, §§2.1, 5.1 and Heckman, Morrison, et al.
2014, §§2-3. The comparison constructs no metric or bulk mode analysis.

§XV.5.4 [MATH] [GEO-E]. The quotient charts, residue, product and positive roots
are computed above. The auxiliary elliptic dictionary is Vafa 1996, §2; the ordinary
local interpretation is Heckman, Morrison, et al. 2014, §3.1, Witten 1995, §1, (1.4)—(1.5),
§2, p. 7 and Heckman and Rudelius 2019, §2.1. The K3 theta-angle example warns of
other background data.

§XV.5.5 [MATH] [GEO-X] [GEO-E] [ANOM]. The normal cubic, global centers
and crepancy are established by the charts and adjunction. For the end algebras
and conditional ordinary branch interpretation see Katz et al. 2011, §6 and Heckman,
Morrison, et al. 2014, §4.1, with its published erratum Heckman, Morrison, et al.
2015. The selected pure gauge polynomial uses Chapter B.3 and its integral anomaly
normalization; it is not a 414 anomaly computation.

§XV.5.6 [MATH)]. The zero-discriminant control and the compact I, surface are
derived above. For the definite versus semidefinite distinction under additional physical
hypotheses see Bhardwaj et al. 2016, §2.1, (2.3)—(2.5). The pure Eg collision and
131 branch use Del Zotto et al. 2015, §2, (2.2), (2.5); the partial-period calculation is
geometric.

The geometric examples and scaling comparisons test the stated assumptions in selected
cases; some comparisons use different pairings rather than altered geometric models.
They do not establish a general classification.
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Chapter XV.6

E-strings, conformal matter
and exceptional constructions

XV.6.1 The geometric E-string

What geometric event creates one tensor without a gauge boson? A codimension-
two collision can make the Weierstrass model nonminimal even when each generic
codimension-one fiber is allowed. Blowing up the base can replace the collision by a
compact curve. The area of that curve controls a wrapped D3 string, whereas its generic
fiber controls whether it supports gauge bosons. We will follow both tests on the same
explicit blowup. We use the local period and anomaly conventions of Chapters B.2 and
B.3.

Work over the complex affine plane with coordinates w,v. Use the local frame of
L = —Kp induced by du A dv and the short Weierstrass equation

y2=x3+fl‘—|—g, f:_3u47 g:USU,

XV.6.1
A =413 +279% = 27u'® (v — 2u) (v + 2u). ( )

The usual elliptic discriminant is —16A, a constant that will not affect any order. At
the generic point of u = 0, v is a unit, so the orders are (4,5, 10), those of a IT* fiber.
At a generic point of either residual line v = +2u, f, g are units and A has a simple
zero. These two loci have type Iy. At their common origin the orders are measured in
the two-variable maximal ideal, and become

(ordg f,ordg g,ordg A) = (4,6,12). (XV.6.2)

In particular the extra order of g is the simple zero of v along the IT* divisor. It singles
out one point at which to blow up.

The blowup records the approach direction [U : V] of (u,v). Its incidence equation
and two affine coordinates are

uV = U, (u,v) = (e,ew), w=V/U, (u,v) = (br,b), r=U/V. (XV.6.3)
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The two charts describe a single exceptional C' ~ P!, with local equations e = 0 and
b = 0. The normal coordinate changes by b = ew, which is the transition for O(—1).
Indeed the map (e, [1 : w]) — e(1,w) realizes the blowup as the total space of the
tautological line; the map on the other chart uses b(r, 1). Adjunction on the exceptional
zero section then gives

Nejpr = Oc(-1),  C*=-1, (-Kp)-C=2+0C?=1. (XV.6.4)

The canonical base bundle changes under the blowup: Kp = n*Kp + C. Thus
the proper coefficients in the first chart are the pullbacks divided by e*, 8. These are
integral powers of the local equation of the exceptional divisor. The powers can also be
read directly from the holomorphic residue three-form. In the first chart,

r=e2X, y=¢eY, du N\ dv = ede N dw,
duNdvANdx  deNdwAdX (XV.6.5)

2y 2Y

The term in dz proportional to de wedges to zero. In the other chart du A dv = bdr A db;
using * = b?X’,y = b3Y’ cancels the same powers, now in the orientation (r,b).
Substitution gives both equations, including their discriminants:

(fv,9u, Av) = (=3, w,27(w? — 4)), (XV.6.6)
(fv,gv, Av) = (=3r*, 75 27710 (1 — 4r?)). (XV.6.7)
In the U-chart fi; is a unit. In the V-chart any candidate point with fiy = 0 is on
r = 0, where gy has order exactly five. There is no remaining (4, 6) point. This is a

test on both charts; a test on C' away from the strict transform of u = 0 would miss
precisely the point at which an extra blowup could be required.

w=—2 w=2 r=20
| | r=1/w |
| C:e=0 | | C:b=0
(u,v) = (e, ew) (u,v) = (br,b)
I I; 11"

Special fibers of S — C

Figure XV.6.1: The two charts of the point blowup describe one compact exceptional
curve. The coordinates on that curve are w and r = 1/w. The three marked directions
give the singular fibers on its elliptic surface. The II* label refers to the resolved fiber.

Figure XV.6.1 places each strict transform in its chart. The incidence equation also
verifies the exceptional multiplicities before we pass to the elliptic surface. In the first
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chart the pullbacks of the residual line equations are e(w — 2), e(w + 2); in the second
chart uw = br. Thus the total transform of the discriminant divisor is

div(r*A) = 12C + 10D + R, + R_, (XV.6.8)

where D is the strict transform of u = 0, and R4 are the strict transforms of the two
residual lines. Dividing the coefficients by powers 4,6 divides the discriminant by the
twelfth exceptional power. In particular the elliptic discriminant of the modified model
has no component supported on C. The restrictions of the other components still detect
the three directions.

The strict transform of uw = 0 is » = 0 in the second chart. It meets C' once,
transversely at (r,b) = (0,0). The strict transforms of the two residual lines meet C' at
w = %2 in the first chart. All three curves remain noncompact. Any complete curve
in the blowup maps to a point of the affine plane; the only positive dimensional fiber
of the blowup is C. Thus there is just one compact base charge, with positive pairing
Q) = —[C?] = [1]. At a generic point of C, the discriminant in (XV.6.7) is nonzero. The
generic fiber is smooth, even though special fibers occur on the curve.

To see the entire compact elliptic surface, use the chart overlap

r=w"t, b=ew, X =w X, Y =w?%,

: i (XV.6.9)
fv=wfu, gv=uw%uy.

The fiber transition depends only on the point of P!, as do the coefficients. Consequently
the modified model is the pullback along B’ — P! of a sectioned projective Weierstrass
surface W with fundamental line O(1). Its homogeneous coefficients and discriminant
are
fe==3U%  gc=U",
Ac = 27U (V —2U)(V +2U) € H°(P*, 0(12)).

The degree twelve follows from the powers of the fundamental line. All twelve zeros,
with multiplicity, are visible: ten at U = 0 and one at each of [1 : £2]. Projectivizing
the cubic adds its section in each fiber. Near the section set the projective coordinate
Y =1 and call the other coordinates X, Z. The local equation and its derivative are

(XV.6.10)

Z X3~ foXZ%—gcZ% =0, 02(Z = X° — foXZ° — g0 Z%)|y_y_y = 1.
(XV.6.11)
Hence the section is in the regular part of the surface.
The cubic is nodal at each simple discriminant root. In the U-chart, with affine

fiber coordinates, its two factorizations are

X% =3X +w|,_,=(X-1)*(X+2), X =3X +w|, _ ,=(X+1)*(X-2).
(XV.6.12)
At the double root, the quadratic terms in the fiber equation give two distinct tangent
lines. The derivative of Y2 — X3 4+ 3X — w with respect to w is —1, including at
each node. A singular fiber need not give a singular point of its total surface. This
distinguishes the two irreducible Iy fibers from the remaining fiber, where the total
surface does have a singularity. At r = 0, its only candidate in the affine fiber is
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X' =Y' =0, since Oy = 2Y’ and 9y = —3X’? at r = 0. This is the rational double
point of the minimal (4,5, 10) model. The Weierstrass cubic there is cuspidal. The nine
components of the IT* fiber occur on the smooth minimal surface S — W: the eight
exceptional components carry the finite Fg intersection diagram and the additional
component completes the affine diagram.

We can check the discrepancy before computing the canonical bundle of S. The
Weierstrass surface has invertible dualizing sheaf. If E; are the exceptional components,
write Kg = p*Kw + Zj a; E; for the resolution p. Each F; is a rational (—2)-curve.
Adjunction and the projection formula give

0=Kgs-E;=Y (E;-Ej)a; foreachi, a;=0. (XV.6.13)
J

The last step uses the negative definite finite Fg matrix. For a sectioned Weierstrass
surface the canonical bundle in this frame is the pullback of Kp: ® O(1). For example,
the local residues dw A dX/(2Y) and dr A dX'/(2Y") are related by —w™!, with the
base Jacobian contributing —w~2 and the relative residue contributing w. This is the
transition of Kp1 ® O(1). By (XV.6.13), the formula also holds on the resolution:

Kg = 750(-1). (XV.6.14)

On its dense affine chart, w = Y2 — X3 + 3X, so its function field is C(X,Y). In
particular S is rational. The line in (XV.6.14) is the same line pulled back from the
normal direction to C' in the base. The resolved modified threefold and its canonical
bundle are therefore

X =8xp B =Tot(M), M=r50(-1), Kgz=ps(Ks®M')~0z.

(XV.6.15)
The canonical formula uses the vertical tangent line p§ M of the total space. The surface
resolution pulls back along the line bundle projection, so the map to the modified cubic
is proper, birational and crepant. This construction is smooth including above the
section and all three special fibers. The affine residue calculation (XV.6.5) explains
the coefficient modification; it does not give a global morphism from X to the original
projective cubic.

The distinction between an affine coefficient change and a map on compactified
fibers can be checked directly. Off the exceptional base curve the affine change extends
by rescaling the two homogeneous fiber coordinates. Formally it sends [X : Y : Z] to
[e2X : e3Y : Z]. At the section [0:1: 0] over e = 0 all three expressions vanish. In the
chart Y = 1 one can use the cubic equation to write Z = X3 times a regular unit near
the section. The scaling is then represented by

[€?X :e®: X3(1 4+ O(X%)). (XV.6.16)

The three entries have the same order along X = Ae, but their ratios depend on A. The
raw projective formula alone cannot justify the global map at this locus. The smooth
line bundle construction instead resolves the modified Weierstrass model by pullback of
a morphism already defined at the section.
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Two changes separate features that happen to coexist in the initial model. Keep
g = u’v and set f = 0. On C the first chart becomes Y? = X? + w. The nodal pair
merges to one cuspidal fiber at w = 0, with ord A = 2 and ordg = 1, hence type II.
The derivative in w is still a unit. In the other chart gy = r° retains the II* fiber. The
compact base curve is unchanged. Instead keep f = —3u* and use g = u?v2. After the
first blowup,

gu = ew?, gy = br’, Ay = 277102 — 4r?). (XV.6.17)

At (b,r) = (0,0) these coefficients give (4,6, 12) again. The initial simple zero condition
was needed for the one blowup result. If we use g = u® instead, the putative gy = e~}
has a pole. The original origin in that case was never an allowed center.

In the ordinary unfrozen F-theory interpretation, with noncompact flavor boundary
fixed and the local tensor retained, this unpaired (—1) with a noncompact II* neighbor
realizes the rank-one E-string on contraction. The generic smooth fiber removes a
gauge factor on C, but it does not remove the tensor or its charge. For the calibrated
D3 string in the leading local Einstein frame, at vanishing worldvolume background
combination and fixed microscopic units,

qa
a= | J, T, = ——, € Z>y. XV.6.18

/; q (27_[_)30/2 q >0 ( )
Here a has units of length squared and T, has units of inverse length squared. The
tension of a represented effective wrapped charge goes to zero with the area. This
is a local dictionary statement about a calibrated period. It does not determine a
normalizable tensor mode or the metric of the shrinking geometry.

XV.6.2 Resolving an E6 collision

How do two exceptional divisors turn a single crossing into three independent compact

charges? The first blowup can lower the orders at its generic exceptional point and

leave nonminimal corners where other divisors meet it. Keeping the whole fan, rather

than just the first new curve, tracks those corners and the final self-intersections.
Take the pure model in the same local L = —Kp frame,

=0, g = u'v?, A = 27ub08. (XV.6.19)

We assign infinite order to the identically zero coefficient. The original boundary orders
are (00,4, 8) and the origin orders are (00,8, 16). In each smooth toric chart, adjacent
ordered rays a = (a1,a2),b = (b1,b2) have determinant one. Their coordinates (s, )

pull back the original coordinates and residue volume as
u=s"t" v =522t dundv = sl s ndt, la] = a1 +as. (XV.6.20)

The determinant is the coefficient of the Jacobian. The powers of this Jacobian divide
the pullbacks of f, g by their fourth and sixth powers, respectively. Thus, for the present
g, the proper coefficient in the chart is

Gap = 872D ®) y(q) = 4la| — 6(|a| — 1) = 6 — 2|al. (XV.6.21)
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For the rays retained below, all these exponents are nonnegative.

The sum rule for a new ray can be read from the two local substitutions. For a
corner monomial g = s*t? the new charts, after dividing by the sixth exceptional power,
have

(s,t) in new coordinates ‘ Inew ‘ ordered rays
(ST, T) STFI=S | (a,a+b) (XV.6.22)
(S, ST) SHISTI | (a+b,0)

The fourth-power division for f leaves zero in both charts. The inserted ray first is
m = (1,1), with order two. In (1,0),m the coefficient is s*¢?; in m, (0,1) it is s2t*. At
the origin of either chart the order of g is six, and the discriminant has order twelve.
The calculation itself locates the next centers. Omitting the left blowup, for example,
leaves the s*t? corner untouched even if the right corner is treated.

Figure XV.6.2: The pure Eg fan after all three blowups. The boundary rays are
noncompact. The ray m is inserted first, and the two subsequent centers are its corners
with the boundary rays. Reading the compact rays in order gives the chain displayed
below the fan.

Insert | = (2,1) and r = (1,2) as in Figure XV.6.2. In the final fan, the four
coordinate charts read
(0.8) [ ((1L0).) (Lm) (m.1) ((0,1) v.623)

Jab ‘ 54 t2 52 t4

All have f = 0. The two recursive transforms of s*t? are S* and 72, in agreement with
the first two columns. At each final corner the sum of exponents is at most four. At any
point with one coordinate a unit, the order is either a single exponent or zero. These
two checks exhaust the charts, so there is no further nonminimal point.
There is a useful direct check on the four chart coefficients. In the (I,m) chart,
u = s’t, v = st, hence gpun = s'?t%. The determinant of I, m is one, so the residue
Jacobian is s?t. The powers cancel as
1248 24416
st 2 Alm727s t

4

giom = W
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This calculation uses the Jacobian of the composite map, not just the exceptional
coordinate of the last blowup. If one divides only by the latter, the old exceptional
factor is counted as an additional singular fiber.

For consecutive rays v;_1,v;, v;41 with smooth adjacent cones, v;—1 + v;+1 = b;v;
gives self-intersection —b;. One way to see the sign is to intersect a toric principal
divisor div x* with the compact curve of v;. Only that curve and its two neighbors
contribute; the neighboring intersections are one. Varying the character u yields the
ray relation. Here it gives

1 -1 0
(1,0) + m =1, l+7r=3m, m+(0,1)=r, Qs=1-1 3 -1
0 -1 1

(XV.6.25)

In particular the first exceptional has changed from square —1 to square —3, once for each
point blown up on it. The leading minors of Qg are 1,2, 1; the charge pairing is positive
definite. The pairing also gives a useful charge check. A class D = d;C; 4+ d,,,Cy, + d,-C,
has periods given by its intersection vector. Suppose the two end periods are Ay, Ar
and the middle period is a.,. Solving the two end equations first gives

dl = dm - AL, dr = dm — AR7 dm = —Qm — AL — AR. (XV626)

This is a direct solution of —Q2gd = a; the third equation is the middle intersection
after the two substitutions. The minus signs on the d; refer to a divisor used to encode
positive degrees. They are not negative wrapped-string charges. Replacing the center by
a (—1) would instead give leading minor 1-1—1 = 0 and determinant —1, contradicting
the pairing from the actual fan. A chain of three blowups is not in general a chain of
three (—1)-curves.

The leading orders of the compact fibers from (XV.6.23) give Ip,IV,Iy. The two
external fibers are IV*.

To interpret these Kodaira fibers as ordinary gauge algebras we use generic transverse
minimal fibers in the unfrozen theory, with the specified leading coefficients in their —K
frames. A type IV fiber can have monodromy: for a local equation ¢t = 0 of its divisor,
the cover has equation ¥? — go = 0, where go = (g/t?)|t=0. In the (I,m) chart g» = 1,
but this is a leading section and the frame must be accounted for before interpreting it
globally. The (m,r) chart has coordinates (s',t’) related by

a(s',t)

s’ = 53, t=s"1 det D) s. (XV.6.27)

The last equality follows by differentiating t' = s~!, so that the off-diagonal product
is —s. In the primed frame ¢’ = s%¢g, and ¢'/s"? = g/t?> = 1 on the overlap. This is
consistent with the degree

deg((—6K — 2C)|c, ) = 6(2 — 3) — 2(—3) = 0. (XV.6.28)

Thus the cover really factors as (1) —1)(¢p+1) over C(C,,). The leading fourth coefficients
on the two external IV* rays are also unit squares in the indicated charts. The ordinary
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split dictionary gives central su(3) and external eg. Only the compact gauge fields
fluctuate in the local model considered here.

For the left end C, the coordinate along the curve is z = s in the first chart and
w =t in the second, with w = 1/z on the overlap. Restricting the two coefficients gives

(f,9)lc, = (0,2%) or (0,w?), Ale, =278 or 27w (XV.6.29)

The reflection of the fan interchanges the two ends and gives the same calculation. The
orders 8 + 4 = 12 fill the degree of the discriminant on each (—1). These are special
fibers on the restricted surface, not gauge factors on the (—1) itself. This restriction
also explains why the end strings can couple to flavor on one side and gauge fields on
the other.

XV.6.3 Resolving an E7 collision

Why do two further blowups occur for a collision of Fr divisors? We can use the same
fan method, but the first nonzero coefficient is now f, with a different canonical weight.
It is also the coefficient that determines how two components of the middle fiber are
permuted.

Take the pure model

f=udv3, g=0, A = 4u0°. (XV.6.30)
The outer orders are (3,00,9) and the origin has (6, 0o, 18). Equation (XV.6.20) gives
Jap =" @s® y(a) = 3la| — 4(la] — 1) = 4 — |a]. (XV.6.31)

The first ray m = (1,1) therefore has order two. With ay = (1,0),a6 = (0, 1), the
first two chart coefficients are s3t? and s%t>; both corners have f-order five. The two
blowups insert [ = (2,1) and r = (1,2). To see what survives, explicitly transform the
left corner by the two substitutions:

(s,t) | (ST, T) (S,ST)
foew from s3t2 | S3T ST? (XV.6.32)
rays (ao,1) (I,m)

The right charts are the reflected ones. In the inner chart of (XV.6.32) the sum of orders
is three. In the outer chart it is four, so the remaining left blowup occurs next to ag,
and the remaining right blowup next to ag. The new rays are L = (3,1) and R = (1, 3).
For example the two transforms of s3t, with division by the fourth exceptional power,
are S% and 7.

Reading Figure XV.6.3 from ag to ag, all six final charts and their coefficients are

(a,b)‘(ao,L) L,y (,m) (m,r) (r,R) (R,as)
fap | & t st? s2t s 3

(XV.6.33)

In every chart g = 0, A = 4f3. Any nonminimal point would require f-order at least
four. With both coordinates nonzero the order is zero; with just one zero it is its
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(0,1) r=(1,2)
m = (1,1)
1=(2,1)
L=(31)
(1,0)
Ir* —1 —2 -3 —2 —1 IIr*
*r——— o — 00— &0— 00— 0
ao L l m T R ae

Figure XV.6.3: The pure F; fan. The labels m, [, 7, and L, R are the first, second and
third rounds of insertions. The two neighbors of m control the transition of its cover.

exponent; with both zero it is the sum of exponents. All three tests rule out more
centers in the charts. This argument uses the pure monomials. With additional terms,
the generic order on a ray alone would not detect possible zeros of a leading coefficient
away from a corner.

The third round has an immediate overlap check. In the outermost left cone (ag, L)
the pullback is u = st3, v = ¢; its residue Jacobian is t3. In the next cone (L,[) the
pullback is v = S3T?, v = ST, with residue Jacobian S?>T2. This gives

3412 1279
FaoL = fti”ﬁ =% fii= (EST2)4 =T (XV.6.34)
On their overlap S = st, T = 1/s, so restricting to the end gives z = s, w=T =1/z.
This will account for the two contributions of orders nine and three to the restricted
discriminant without counting either as a generic vanishing on the end.

The compact self-intersections follow from the same character calculation as before.
On the left and at the center, the relations are ag +1 = L, L+m = 2, and [ + r = 3m;
reflection gives the other two. Therefore

1 -1 0 0 0
-1 2 -1 0 0
Q=10 -1 3 -1 0
0 o -1 2 -1
0 0 0 -1 1

(XV.6.35)

For a tridiagonal pairing with adjacent entry —1, the leading minors obey D; =
b;D;_1 — D;_o with Dy = 1. Here this gives 1,1,2,3,1 for ¢ = 1,...,5. The compact
fiber types are Iy, ITT, I, 111, Iy. The two noncompact boundary fibers are IIT*. On the
left (—1), restricting to the coordinate along the curve in the first two charts gives

(f,9lc, = (2°,0) or (w,0), Alg, =42° or 4w?, w=1/z. (XV.6.36)
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The orders 9 + 3 = 12 give III* and III on its restricted surface, and the right end is
the reflection. At a generic point of either (—1) the elliptic fiber is smooth.

The middle curve has the same transition (XV.6.27) as in the Eg example. In the
(I,m) chart take fo = f/t?|;=¢. In the (m,r) chart take fj = f’/s'?|s—0. The two
expressions and their overlap law are

f2:8, f/:54fa fé:siszZt/a

deg((—4K —2C)|c,) = 4(2 — 3) + 6 = 2. (XV.6.37)

Thus each IIT neighbor is a simple zero, one at s = 0 and the other at ' = 0. The
generic cover is the cubic 1% + fa1) + g3, with g5 = 0 here. Over C(s) it has

P(? +5) =0,  disc(® +sY) = —4s®> #£0,  orde—o(—s)=1.  (XV.6.38)

The valuation of a rational square at any point is even. Hence —s is not a square in
C(s) and the quadratic factor is irreducible. The argument concerns one function on the
curve. Taking a complex square root separately at each smooth point does not supply
that function. The primed frame gives the identical test using ¢, because ¢’ = s~ 14
transports the quadratic factor. The linear component is separate at the generic point
from the exchanged pair in Figure XV.6.4.

Quadratic cover

s=0 Cm, t =1/s t'=0

Figure XV.6.4: The quadratic part of the middle I§ cover. The two ramification points
are detected in different affine frames. The linear component ¥ = 0 is separate at the
generic point.

One can see the exchange directly on the normalized quadratic cover. On the left
use the cover coordinate v; the projection is s = —2. On the right ¢’ = ¢/s = —1/1,

and then
ds dt’

/ /2 /
t= -y i 21), o 29", (XV.6.39)
The two simple branch points occur at zero in their respective charts. A loop around
either simple zero interchanges the two branches. The two branch points exhaust the
ramification of this double cover of the projective line. The third generic root, ¥ = 0 in
the full cubic, is a distinct factor even though it can meet the quadratic part over a
special point.
In the ordinary transverse minimal dictionary an I fiber with exactly this two-factor
pattern is semisplit and has algebra so(7). The III fibers on [, r support su(2), and the
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outer IIT* divisors furnish ¢; flavor. The curve and cover computations give this generic
dictionary input. They are not a full crepant resolution of the collision threefold.

The section frame puts a restriction on any change that preserves these two special
points. Write the most general degree-two leading section on C,, as

fo = ag + a1s + ass>, fh=as + art’ + apt”. (XV.6.40)

A zero at each original intersection requires ag = a2 = 0. The coeflicient a; then gives
the simple zeros at both ends whenever it is nonzero. Thus in the g3 = 0 family the
two original zeros force the square obstruction. Even a change that keeps a degree-two
section may move those zeros. For example f; = s + 252 has one zero at s = 0 and one
at s = —1/2. In the opposite chart it is f} = 2+ ¢/, a unit at ¢ = 0. The quadratic
remains irreducible over the function field because its zeros are simple, but the same
generic cover factor count does not give the same locations for the two special points.
This comparison concerns the leading section on the curve; it does not assert a full
retuned threefold.

For a change of the cover, take fo = s? in the first frame and continue to set gz = 0.
Then

Y(? + 8%) = Y —is) (P + is), fh=s"2%%=1. (XV.6.41)

The generic cubic splits, but the section now has a double zero at the left and no zero
on the right. It no longer has the original two IIT neighbors in this model. The split
cover calculation cannot on its own be used as a retuning with the old curve and matter
labels. For the original semisplit cover there is a further question even after the algebra
has been fixed: what matter occurs at its two intersections with the ITI curves?

XV.6.4 Gauge matter on the tensor branch

The cover determines a gauge algebra at a generic point. It does not specify the
representation at a special intersection. We use the ordinary matter assignment for
the pure collisions just constructed (Del Zotto et al. 2015, eqs. (2.5)—(2.6); Heckman,
Morrison, et al. 2015, §6.2). There is a pure su(3) vector on the middle (—3) of the Eg
chain. In the E7 chain there is one half hypermultiplet in (2, 8¢pin) at each su(2)-so(7)
intersection. The real spinor of s0(7) tensored with the pseudoreal doublet gives a
pseudoreal representation, permitting a half hyper. The vector of s0(7) is also real, so
this argument permits but does not select the spinor. We can test the selected matter
by calculating its chiral index before combining it with the tensor sources.

Figure XV.6.5 distinguishes the two matter edges from the unpaired ends. Use
the anomaly curvature F' = —iFpnys/(27) in the conventions of Chapter B.3. Write
s; = trg Ff on the special unitary factors. On the B3 node write s¢ = try Fg and
gc = try F3; this last symbol is a quartic invariant, not a string charge. For su(n) the
defining weights are z; with ), 2; = 0; the nonzero adjoint weights are z; — x;, i # j.
The raw adjoint moments follow by summing over ¢, j:

2
Z:(xZ —x;)? = QnZ:cf, Z:(xZ —x)t = QnZ:c? +6 (Z zf) . (XV.6.42)
i i i i i
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er -1 su(2) s0(7) su(2) 1 er

ﬂa;or ten-sor —'2 / -3 \ _ 2 ten-sor ﬁa:/or

%(2 85])in) %(Sspin-, 2)

Figure XV.6.5: Gauge and flavor on the F; branch. A half product is assigned to each
of the two indicated edges. The (—1) curves are compact tensor nodes without gauge
vectors.

Terms odd in either factor sum to zero because ). z; = 0. For n = 2 the weights are
x,—z, giving > x} = s?/2. For n = 3, > icj TiTj = —s/2; on squaring, the remaining
cross term is 2x1z9x3(x1 + x2 + x3) = 0. Therefore

Zw?w? = 52/4, me =5?/2 (n=23). (XV.6.43)
i<j i
The adjoint fourth moments for n = 2,3 are then 8s%,9s%. There is no independent
quartic in these two cases.

For Bs use Cartan coordinates a,b,d and set N = a? + b% + d?, U = a* + b* + d*,
W = a®b? + a?d?® + b%d?. The vector has weights 0, +a, +b, +d, giving sc = 2N and
qc = 2U. The nonzero adjoint weights are the six nonzero vector weights and the twelve
signed pairs a + b, +a = d, £b £ d. For a pair of coordinates x,y the four sign choices
give

Z (ox+7y)? = 4(z? +4?), Z (ocz +71y)* = 4(z* +y* + 62%y?). (XV.6.44)

o,7==+1 o,r7==+1

Fach coordinate belongs to two pairs. Adding the six short roots yields 10N and
10U + 24W, respectively. The spinor weights are the eight sign choices of (a+b+d)/2.
The sign sum keeps only even powers of each coordinate, so the moments are 8 N/4 and
8(U + 6W)/16. Expressed in terms of the vector traces, the results are

R ‘ AR BR CR dim R

7 1 10 7 trr F& = Agsc, (XV.6.45)
8spin 1 _1/2 3/8 8 tI‘RFé :BRQC+CRS2C~ o
adi | 5 —1 3 21

The three zero adjoint weights matter in dim R and not in positive moments. The
independent quartic can now distinguish the spinor from the vector even though both
have Arp = 1.

For example, evaluate the two invariants at Cartan inputs (a,b,d) = (1,0,0) and
(1/\/5, 1/\/57 0). They have identical sc = 2 but

qgc =2, 1, trg, , Fo=1/2, 1, respectively. (XV.6.46)

spin

An expression in sZ, alone would be unchanged between these evaluations. This gives a
direct way to see why the irreducible quartic remains a separate coefficient test when
the Green—Schwarz term is a square of four-forms.
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For a product representation with weights v + v, one must first sum over both sets
of weights. If a, g is its single-factor trace of power k, and dp its dimension, the two
sums for a full product are

az,res = dsaz,r + dras,s, (XV.6.47)
04, s = dsas, g + dras,s + 6az raz s. (XV.6.48)

The terms with one linear trace vanish. For each half product we divide the entire
answer by two, including its dimension. For a side ¢ = L, R, the effective data of one
half product are

aéi) =4s; + sc, aff) = 2512 — %qc + %SQC + 3s;5¢, d® = 8. (XV.6.49)
The side sees four doublets; the center sees one spinor from each side. The trace Tr F?
used for the tensor source is traq; F?2/hY. Thus Tr F? = 2s; for the unitary factors and
TrF% = s¢ for Bs, with hV(Bs) = 5. In a convention that uses reference trace AL try,
the three index coefficients become AAg, ABr, A>2Cg. For the orthogonal vector A = 2;
for the unitary doublet A = 1. In particular the mixed edge index reads

1(1-A2)(2- As) = 1, (XV.6.50)

equal to the geometric intersection. This equality is the mixed gauge check in normalized
traces. It cannot determine the spinor, which has the same quadratic index as the
vector.

For the local polynomial use p = p1(T), P = pa2(T), ¢ = c2(R), and G = (7p? —
4P)/5760. From the Weyl index A(T) treiF’, the factors —p/24 and —as/2 multiply
to +pas/48. A vector has opposite chirality and an R doublet weighted by the reality
factor, contributing 1 + ¢/2 + ¢2/24 in these conventions. The hyper is an R singlet.
The tensor includes the chiral two-form index. Thus

H(az,a4,d) = aq/24 + pas /48 + dG, (XV.6.51)
V(ag,aq,d) = —as/24 — (c/4 + p/48)ay — d(c®/24 + cp/48 + G), (XV.6.52)
It = c?/24 + cp/48 + (23p* — 116P) /5760. (XV.6.53)

Here the half product in (XV.6.49) may be inserted directly into H, which is linear in
its arguments. Its two quartic terms in g¢ cancel the one from the vector:

11
lac) I, = == —2-— =0. (XV.6.54)

Replacing both half spinors by half vectors instead gives [¢c]lioop = 1/24 +2/24 = 1/8.
Doubling the original half products gives 1/24 — 4/48 = —1/24, a different failure. For
the vector replacement the spectator quadratic trace also changes from four to seven
halves of a doublet, while the mixed edge term does not change because A7 = As.

The vector replacement also changes the reducible terms. For one edge its effective
trace difference from the spinor half product is

Say = —s;/2, Say = —s7 /44 3qc/2 — 3s%/8. (XV.6.55)
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The s;s¢ coefficient is absent from this difference. Adding both differences in H, the
gauge residual relative to the spinor assignment is

2 2 2
qc  s¢ sy +sr  p(sSL+sg)

ol, = —= — = — - . XV.6.56

g 8 32 96 96 ( )

This residual will still be present after adding the unchanged geometry’s square. The
dimension of the loop also changes by —2, giving the background change —2G. The
quartic diagnosis does not stand in for that background test.

Before adding the tensors’ Green—Schwarz term, the complete gauge-dependent
parts of the loop indices are

L9 = —35%/8 — (3¢/2 + p/8)sc, (XV.6.57)
g = —358/32 + 50 (s, + sp) /8 — (51 + sh) /4
— (5¢/4 +p/16)sc — c(sL, + SR)- (XV.6.58)

For example each side fourth trace supplies —8s? /24 from the adjoint and +2s? /24 from
the half product. The side ps; terms cancel because both have quadratic trace 4s;. At
the center the two hypers supply 2(3s2/8)/24 against —3s%,/24 from the vector. The
full loop has one tensor for every compact curve, including the two ends. Its background
part will enter the next calculation.

To compare the external flavor terms and to reinterpret the ends, we need the
normalized exceptional traces in the same frame. This can be done inside one Cartan
space of the Eg root system. In orthonormal coordinates the roots are

{fei+ej:i<j} U {%Zmei top = 41, Hai = 1}. (XV.6.59)

They number 112 + 128 = 240. For the first set each coordinate participates in
seven pairs and has second-moment coefficient 28, by (XV.6.44). In the second set
parity still allows independent averaging of fewer than eight signs. The contribution is
128||z]|?/4 = 32||z||?. Since hV(Es) = 30, the sum gives

tross F2 = 60|22, Trg, F? = 2|z (XV.6.60)

Use the differences of the first k coordinates for Agp_q, with & = 3 or 2. The
orthogonal Cartan complement consists of z = (a,...,a,21,...,2s_). For k = 3,
orthogonality to the differences retains the 40 vector roots on the last five coordinates
and the 32 spinor roots with the first three signs equal. For k = 2, it retains the 60
vector roots on the last six coordinates, the pair +(e; 4 e2) and the 64 spinor roots
with equal first two signs. These sets span ranks six and seven and give the regular
Eg and E7 root systems. Put N, =}, 23, U, = > z}, and W, = dic 2727, The
restricted spinor sums have the first-coordinate contribution +ka/2; conditional sign
parity on the remaining five or six coordinates does not affect any sum of degree at
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most four. The moment contributions for the two complements are then

M® = 16N, +8(9a + N.), (XV.6.61)
M = 16U, + 24W. + 2(81a* + 54a>N., + U, + 6W,), (XV.6.62)
M = 20N, + 8a? + 16(4a’ + N.), (XV.6.63)
M) = 20U, + 24W. + 32a* + 4(16a* + 240N, + U. + 6W.). (XV.6.64)

The first terms in each line come from the signed pairs of last coordinates. The isolated
8a?,32a* come from +(ej + e3). Using N2 = U, + 2W,, these reduce to

‘tradeQ trade4
Fo [ 24[] 18]z (XV.6.65)
Er | 36[)* 24|zl

Dividing the quadratic moments by hY = 12,18 gives 2||z||? in either case. The quartic
coefficients in (Tr F2)? are 9/2,6. The complementary Aj_; has 2k[|z||? by (XV.6.42),
so its normalized quadratic trace is also 2||z||?. The orthogonal decomposition of the

Cartan metric proves the index-one restriction
h:=Trg, F? — e + 2s, e=Trg, , F?. (XV.6.66)

Here Ey_j is Eg for k = 3 and E; for k = 2. The statement concerns invariant forms on
commuting Lie algebras and fixes no global group quotient. It will let us substitute an
exceptional flavor curvature and its neighboring gauge curvature into the same rank-one
E-string polynomial.

XV.6.5 Anomaly contributions of the interacting sec-
tor

Which coefficients remain when the dynamical gauge dependence cancels? The cancel-
lation is necessary to interpret the branch as a gauge theory. For a comparison to a
strongly interacting sector we need more: the coefficients for flavor, R symmetry and
gravity after all gauge terms have canceled. We compute them first from the branch,
then from the inflow polynomials with the free contributions removed.

Put ; = Tr F} /4 on compact gauge nodes and zero elsewhere. Let #; = (= K)-C; =
2 — Qy, and use y; = h}/ for gauge tensors. The unpaired ends have y; = 1 in the
local tensor-source prescription (Ohmori, Shimizu, Tachikawa, and Yonekura 2014,
eq. (3.42)). This is a separate physical input; it does not follow from the Kodaira order
or from gauge cancellation. If e, er denote the two external Tr F?’s and e; are unit
node vectors, the paired source and its square are

Y =Qz+B, B = —kp/4+yc—(erei1+eren)/4, Ics = LY'Q7'Y. (XV.6.67)

The compact-to-external incidence at either end is —1 in @ = —C; - C;, which accounts
for the sign of the flavor term. The form Y has a lower node index: the inverse pairing
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in Igg raises it. The gauge-dependent and background parts separate as
Igs = 32'Qz +2'B+ 1B'Q7'B. (XV.6.68)

In particular the term linear in x sees only B on gauge nodes. This observation will
give a control on which source entries the gauge test can determine. For the exceptional
collisions the inflow route uses one Mb5-brane on the corresponding asymptotically
locally Euclidean (ALE) ADE quotient C?/T.

Branch R and gravity rows Inflow at one unit
Es : (c—p/4, 3c+p/4, c —p/4) Rank-one E-string
Er: (c—p/4, 2¢, 5c+ p/4, or ALE source
207 c— p/4)
l |
Add loop and GS; Subtract free hyper or
cancel gauge terms tensor and difference square
N 4

Compare background coefficients

Figure XV.6.6: Inputs and two calculations of the background anomaly. The node rows
show the R and gravitational parts of B before any elimination. Flavor enters on the
same two rows as the unpaired tensors. The inflow subtraction depends on which source
polynomial is used.

Figure XV.6.6 gives the two routes we will compare. On Eg, = = (0, 5¢/2,0)* and
B¢ =3¢+ p/4. The first two terms of (XV.6.68) are

I8, = 5%+ Lsc(3c+p/4). (XV.6.69)

On E; take x = (0,s1/2,8¢/4,sr/2,0)t. The sides of B on gauge nodes are 2c, and
the center is 5c + p/4. Multiplying out z'Qx/2 gives a negative mixed term for each
adjacent pair, hence

Igs),g = i(s% +5%) + 3%5% — tsc(sp + sr)

(XV.6.70)
+ (s +sr) + (5e/4+ p/16)sc.

These cancel both lines of (XV.6.58), with arbitrary external flavor curvatures. There
is no gauge—external flavor term: the flavor part of B is on the ungauged rows. An
irreducible quartic could not have been repaired by this square. That is why the trace
test (XV.6.54) is necessary before the quadratic source test.

For the one-curve E-string geometry, = [1], z = 0 and there is one flavor neighbor.
In the notation of (XV.6.66), the branch polynomial is

Ys =c—p/4—h/4, (XV.6.71)
Isine = It + 3(c —p/4 — h/4)?
=51 — B+ Zeor” — il + BTt %' (XV.6.72)
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The square contains only the tensor’s coupling to backgrounds: there is no compact
gauge node in this model. Both mixed flavor terms diagnose the sign of h. Reversing
that sign preserves the h?/32 coefficient but gives +ch/4 — ph/16.

For a separate comparison, the rank-one inflow expression before subtracting its free
sector is

Isan = X%/6 + xJa/2 + J3 /2 — Js,
_ X2+ P — (py —p)?/4 (XV.6.73)
48 '

Here py = p1(N), x = e(N) and pa(N) = x2. Use £ = co(L) for the other normal
SU(2), so that x =€ — ¢, py = —2(£ + ¢). For example, the h-linear part of the first
two terms involving Jy is

(é—c)h+[—2(€+c)+p]h _ch  ph

8 16 4 16

Jy=(pn+p+h)/4, Jg

(XV.6.74)

There is no ¢h term. To see what remains in the other coefficients, put M = ¢ + ¢, so
the h = 0 expression is

=) +il—c)(p—2M)+ H(p—2M)* + (p+2M)°* — £, (XV.6.75)

The {c coefficient is —14/48 + 1/4 + 1/24 = 0. The ¢? and ¢p terms that remain

are (2/24 + Ip/48. The inflow formula includes an Eg-neutral free hyper with this

normal-symmetry index. Its polynomial is G + ¢2/24 + fp/48. Subtracting it removes

both remaining ¢ terms and shifts the two purely gravitational coefficients:
p?> P G 203p?  29P

192 48 T 5760 1440°

The c2,cp coefficients in (XV.6.75) are 13/24,—11/48. Together with h?/32 and
(XV.6.74), this matches all seven coefficients of (XV.6.72). The free hyper is sub-
tracted in the inflow comparison; it was not a charged multiplet to be added to the
branch loop.

It is possible to trace the pure R coefficient in the inflow check without ever setting
the other normal SU(2) to zero. The ¢ terms of (XV.6.75) sum to

(XV.6.76)

1 1 1 1 1 1 1 11
4778+1+§+@: ﬁ; [Cp][&an:—g—g-f—@:—@. (XV677)
The free hyper contains ¢ but no ¢. Thus the equality of these two coeflicients is
independent of how the pure gravitational coefficients shift upon its subtraction. The
potentially mixed normal term ¢c would have spoiled this separation; its explicit
cancellation is part of the comparison.

For the exceptional collisions, first compute the backgrounds directly from the chain.
Define u;(e) = je—p/4—e/4 and E = er, +er. An end pivot of value one in Q decreases
the diagonal of its neighbor by one and adds the end source to that neighbor. This is
completion of a square in the inverse pairing; the general identity will be derived in
Section XV.6.6. For Fg, the pivot at each end contributes u1(e;)?/2. The center starts
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at 3¢ + p/4 and receives both ends, so it ends at us(F) with pivot 3 —1—1 = 1. For
E7, the end pivots first shift the side sources from 2¢ to us(e;) and their diagonal from
two to one. The two shifted side pivots then add their sources to 5¢ + p/4 and reduce
the central pivot to one. The resulting two background squares are

Iéfs),b = 3[ui(er)® +ui(er)® +us(E)?], (XV.6.78)
153, = $[ualer)? + us(er)?
+U3(6L)2 +U3(€R)2 +u11(E)2]. (XV.6.79)

The first line’s cross term in eper comes only from the central square and is 1/16. The
second line’s mixed ce; coefficient is —(14+3+11)/4 = —15/4. Even though the original
ends are disjoint, the inverse pairing couples their external curvatures.

At zero dynamical curvature the loop coefficients can be assembled using dimensions
alone, but only after the spectrum has been specified. The Eg branch has three tensors,
eight vector components and no hyper. The E; branch has five tensors, 3 + 21 + 3 = 27
vector components, and two half products with effective dimension eight each. In
particular,

1S =3Ir — 8(c?/24 + cp/48 + G)

= —5c?/24 — 5¢p/48 + (13p? — 316P) /5760, (XV.6.80)
1) =51y — 27(c*/24 + cp/48 + G) + 16G

= —22¢%/24 — 22¢p/48 + (38p? — 536 P) /5760. (XV.6.81)

For instance, E; has ¢? coefficient (2+ 18 +121)/2 —22/24 = 1670/24, and cp coefficient
—(24+6+11)/4 —22/48 = —250/48. Each of its two side-independent flavor squares
gets one contribution from each of the three squares in which it appears, 3/32 in total.
These steps use the full source, rather than restricting the background at the outset.

Now specialize the ALE inflow formula to one unit of charge. Let np = [T,
rg = rankG, Mg = nr(rg + 1) — 1, and let Vg(e) = V(hVe, kge?,dg) use the
normalized traces in (XV.6.65). In the present two cases the data are

(nr,ra,hY kg, dg) = (24,6,12,9/2,78) or (48,7,18,6,133). (XV.6.82)
The one-unit inflow before removing the center terms is

néc? B Mgc(4c+p) nprcE  cp—P  p? Va(er) + Va(er)

16 =
all ™ "oy 48 8 48 192

(XV.6.83)
The center sector here is a tensor and its square (eg, — er)?/32. Subtracting only the
tensor would retain an extra difference-flavor term. Subtracting the E-string free hyper
instead would also change the gravitational and R symmetry coefficients. Expanding
the two vector terms of (XV.6.83) gives dg(c?/24 + cp/48 + G), hV(c/8 + p/96)E and
k(e +e%)/48. Subtracting the center contributions, the complete comparison formula
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becomes

G n%—?Mg—i—dg—lz dag — Mg 7(dG+1)2_dg—‘r1

¢ = P
int 21 TR Pt T 5m0 P a0
y y (XV.6.84)
+ ke 1 (e2+62)+6L6R+ h _nFchh— E
8 32) \LTERIT g 8 967 ) =

The mixed flavor term +erer/16 now comes wholly from the subtraction, and it has
the same sign as the central inverse-pairing term in (XV.6.79). To compare a coefficient
sensitive to the number of fields rather than only to the intersection signs, take P. The
Green-Schwarz square contains p? but no P. On the branch its coefficient therefore
counts tensors and the difference of hyper and vector dimensions:

—3-116 +8-4 —5-116 4 (27 — 16) - 4
5760 ’ 5760

In inflow, it comes from three distinct terms: —P/48, —4dgP/5760 from the two
external vector terms, and +116P/5760 from the center subtraction. Their sum is
—(dg + 1)P/1440, agreeing with both branch values. This check would change if the
two half hypers were accidentally counted as full products.

The curvature coefficient pE on the branch is 2/16 for F and 3/16 for E7, counting
squares; in inflow these are 12/96 and 18/96. For Eg take Mg = 167; then the inflow
¢ numerator is 576 — 334 + 78 — 1 = 319. The branch gives 12(2 + 25) — 5 = 319 in
the same units. For F;, Mg = 383 and inflow gives 2304 — 766 + 133 — 1 = 1670. The
complete values obtained by either route are collected here for comparison:

P = P{" = (XV.6.85)

background structure FEg E;
? 319/24 1670/24
cp —89/48 —250/48
p? 553/5760 938/5760
P —79/1440 —134/1440 (XV.6.86)
e? +e% 1/16 3/32
€LER 1/16 1/16
cler, + er) -3/2 —15/4
pler, +er) 1/8 3/16

There are eleven individual monomials, grouped into eight structures by reflection. The
matching uses the specified local spectrum, normalization and tensor sources. It does
not count a compact neutral sector or check a global anomaly.

A second way to organize the flavor comparison is to turn on just the difference of
the two external sources, e;, = ¢, e = —e. The central background square then has
no dependence on e in either chain. In Eg only the two end squares remain sensitive
to e, and in E7 the two shifted side squares contribute as well. The quadratic flavor
coefficients in this specialization are

(1% = 2/32 = 1/16, (XV.6.87)
(217 = 4/32 = 1/8. (XV.6.88)
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All terms linear in E disappear. On the inflow side the vector terms give 2kq /48,
whereas the center square gives (2¢)?/32 = ¢2/8 before subtraction. Their difference
is 3/16 —1/8 =1/16 or 1/4 — 1/8 = 1/8. The surviving difference-flavor anomaly is
therefore not the free difference square itself. Setting e;, = er would switch off the free
difference square and make it impossible to use that specialization to test this part of
the subtraction.

The distinction between this comparison and the gauge test can be seen without
changing either gauge algebra. Set the two end entries of y to zero in Fjg, leaving all
other inputs intact. The !B term of (XV.6.68) stays fixed since z vanishes on the ends.
In (XV.6.79), however, u;,us are replaced by ug, uz. This changes the ¢? coefficient by
(9 —27)/2 = —9, the ¢p coefficient by +1 and the cE coefficient by +3/4. The loop
cannot compensate for any of these changes. Gauge consistency alone leaves the R
coupling of the unpaired tensors undetermined. In the next section, their full sources
are needed even if only some curves are being contracted.

XV.6.6 Partial contraction and retained spectators

What remains coupled when only part of a chain shrinks? There are two distinct
operations to compare. We may shrink the unpaired ends and keep all the gauge curves,
or shrink the central (—3) and keep its neighbors. In either case we first check which
toric contraction the areas approach. The anomaly of the sector on the contracted
curves uses a different source square from that of the retained tensors.

The end contractions remove the first and last compact rays. At the left of the Eg
fan, I = ap + m, where ag = (1,0), so deleting [ restores the smooth cone (ag,m) of
determinant one. At the left of the E; fan, L = ap + I, so deleting L restores (ag,!),
also of determinant one. The right contractions are the reflections. Thus the actual
ordered ray lists become

Es: ag,m,aq; E;: ag,l,m,r ag, ay = ag = (0,1) (XV.6.89)

where the outer index in each model is its original index. The left restored charts have
g = s*? in Eg and f = s*t in By, by (XV.6.21) and (XV.6.31). The respective point
orders are (00,6,12) and (4,00,12). The reflected right charts have the same point
orders. This restores the nonminimal IV*-IV and III*-III collisions. The new base
charts are smooth; their elliptic models at the restored corners are nonminimal.

Figure XV.6.7 distinguishes the end coarsenings from the middle coarsenings. To
split the sources, put the cut nodes first and write

Q:(B O), Y:(Z>, D,=D-C'B7'C, W.,=W -C'B~'Z

Ct D W
(XV.6.90)
Here the block B is a pairing, not the background vector in (XV.6.67). Multiplying
the pairing and source by the same row elimination, with its transpose on the pairing’s
right, gives

- 1 0 . (B 0 ([ Z
(Lol O = (B 0). - (Z). oxvem
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FEs, ends (1700)—é e é—(o,ol)
Fe, middle (lkm—i—@—ﬁ—(o’ol)

(17[‘) l m 7 (E71)
E7 endS
)

1,0 0,1
E7,middle( ) L l r R 0,1)

Figure XV.6.7: The four coarsenings. Each row lists the ordered rays of a full fan, with
an open crossed marker for a ray to be deleted. Adjacent surviving rays bound the
restored cones. The end cuts restore smooth cones of determinant one; the middle cuts
insert one cone of determinant three.

Consequently the invariant square separates as
Igs =32'B7'Z+ Lw!D'w.. (XV.6.92)

The source must be shifted along with the matrix. Keeping W and merely changing
the pairing would fail (XV.6.91). This change of source coordinates is an identity for
the full quadratic term, including gauge, flavor, R and gravity entries.

For the two end curves B = 15, with an adjacent entry —1 in C' for each end. In
the Fg branch both ends touch the center. Thus

Zi=c—p/4—(ei+2s0)/4, D, =[3-2]=[1],

XV.6.93
W, =sc/2+5c—p/4—(er +er)/4 ( )

For the last equality the old central source is 3s¢/2 + 3¢ + p/4, and we add both Z;’s.
For E7 each end touches a different side node. We have Z; = ¢ — p/4 — (e; + 2s;) /4,
1 = L, R, and the shift reduces each side’s diagonal by one:

1 -1 0 sL/2—sc/4+3c—p/d—er/4
D.=[-1 3 -1], W, =|3sc/4—(sp +sr)/2+5c+p/4|. (XV.6.94)
0 -1 1 sp/2 —sc/4+3c—p/d—egr/4

For example the old side source is s;, — s¢/4 4 2¢; adding Z7, increases the R coefficient
to three and introduces the external curvature on that same row. The integer retained
matrices also follow directly by intersecting the surviving curves in the smooth blown-
down bases of (XV.6.89).

Each end’s cut term together with its tensor loop now equals the E-string expression
(XV.6.72) with the substitution h = e; + 2s;, where j is its gauge neighbor. Indeed
It + Z2/2 has precisely that source by (XV.6.66). For example in Eg the h?/32 term
produces e;s¢/8, while the retained square in (XV.6.93) produces —e;s¢ /8. This term
would have been missed if the neighboring gauge curvature had been dropped from Z;.
Replacing each end tensor and cut square by its interacting E-string polynomial leaves
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the total local anomaly unchanged by (XV.6.92). The interpretation uses the ordinary
E-string link rule. The finite-area gauge fields still couple to both interacting ends.

Consider instead shrinking only the middle ray m. In both fans its neighbors are
I =1(2,1) and r = (1, 2), with I[+r = 3m. Deleting m merges just the cones (I, m), (m,r).
In the integral basis (I,m), the surviving cone generators have coordinates (1,0) and
(—1,3). Thus

l
det(l,r) =3, Z*=(,r)+Z ‘;T. (XV.6.95)

Using I, as a basis of the sublattice gives a smooth affine plane cover of the coarse
chart. In this frame the additional lattice point is (1/3,1/3), so the coarse chart is
C?/p3 with weights (1,1). This is a quotient of the base chart, with no inference about
the global form of any gauge or flavor group.

We can exhibit a geometric path to this face. Write a; = J - C; and take a,, = € > 0,
a; = L > 0 for every other compact curve. For rational a;, the divisor ZZ d;C; with

d=-Q"'q, (Z d@) Cj = (=d); = a; (XV.6.96)

is relatively rational Cartier. The smooth fan was obtained by projective blowups over
A?. Any complete curve in a fiber of this projection is supported on the compact chain.
Therefore positivity on the indicated curves gives relative ampleness; in toric terms the
support function is strictly convex across their rays. The ample cone extends to real
degrees. When e = 0, the convex function is linear across m and strict at the other
compact rays, giving the displayed coarsening. This is a geometric construction of the
area face, not a calculation of the physical scalar metric.

For example, the equation —2;d = a with the reflection-symmetric degrees a =
(L, L,¢, L, L) reduces to three equations. Denote the repeated end and side coefficients
by d.,ds, and the middle one by d,,,. Then

—de+ds=L, de—2ds+dmn=0L, 2ds—3d,=c¢. (XV.6.97)
Eliminating in this order gives
(deydsydm) = (7L — €, —6L — €, —4L — ¢€). (XV.6.98)

The two side and two end degrees are still L after setting ¢ = 0; only the central
intersection of this relative class becomes zero. For Fg, setting A, = Agr = L in
(XV.6.26) gives (—3L — ¢, —2L — ¢, —3L — ¢€). The zero degree occurs on the same ray
whose deletion gave the index-three cone.
For a fixed charge column ¢ in the effective compact curve cone, the period and
tension behave as
g'a

q; € 2207 qta = dme€ + L Z qi, Tq = W (XV699)

At fixed L the limiting period is zero exactly when the charge is supported on m. A
formal charge such as (0,1,0,—1,0) in the F; ordering has zero period for every e.
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It is a difference of two finite spectator classes, so it is not an effective holomorphic
curve charge. It does not give a physical tensionless wrapped BPS string on this path.
Positivity is essential to the implication from the period to the support.

The Schur calculation for the middle cut now uses B = [3]. In Eg, both end sources
shift by +7/3, giving

2/3 —1/3 2c—p/6—er/4
Z =3sc/2+3c+p/4, D.= (1/3 2/3 )’ W = <2cz9/6€1L%/4>'

(XV.6.100)
The sc¢ dependence cancels out of W,. In the cut square Z2/6, the terms with s¢ are
3s%/8+ (3¢/2+p/8)sc, so they cancel the central vector’s gauge terms. Its background
polynomial is

1% = I 4V(0,0,8)+(3c+p/4)2 /6 = 29¢2 /24+5cp/48+3p? /640—TP/480. (XV.6.101)

Here V (0,0, 8) is the vector index at zero gauge curvature; its R and gravitational terms
are still present.
For the E7 cut write S = sp + sg. The central source and the retained data in order
(L,l,r,R) are
Z =3sc/4+5c+pld— S/2. (XV.6.102)

Since the middle touches the two side nodes and neither end, the two nonzero components
of the elimination row are both 1/3. The same operation on the pairing and the source
gives

1 -1 0 0 c—p/d—er/d—s./2
P T S VE R W — | 11e/34p/124 551/6 = sp/6
= lo -1/3 s5/3 -1 * = | 11¢/3 + p/12 + bsp/6 — s1./6
0 0 -1 1 c—p/d—er/d—sgr/2
(XV.6.103)

In particular the left side starts at s;, — s¢/4 + 2¢, and gets +Z/3. The right-side
curvature enters with coefficient —1/6 on this row. There is no middle gauge curvature
left in W,. The ends are unchanged. These fractions describe an orthogonal projection
of the original positive pairing, not a new integral string charge lattice on the singular
base.

The cut loop contains its tensor, the central vector and both half products. The
side gauge curvatures are treated as backgrounds for this cut calculation. The two half
products cancel the independent quartic as in (XV.6.54). The remaining central terms
in the cut loop are

—35%/32 + Ssc/8 — (5¢/4 4 p/16)sc. (XV.6.104)

Expansion of Z2/6 gives their negatives. To compute what is left, write A = 5¢ + p/4.
The background from the cut loop and from the cut square is, respectively,

Teut toopp = I7 + V(0,0,21) 4+ 16G + (s + s%)/12 + pS/12, (XV.6.105)
Teut.asp = (A—S/2)%/6 = A%/6 — AS/6 + S?/24. (XV.6.106)
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No loop hyper touches both side nodes. The entire sy sr term comes from the last
square. Combining the two lines,
(7) _ 10 2 2 P 5
font =5 +21p70 NGRS (=% +41) (o +5m) (XV.6.107)
+ §(SL + 5%) + 155LSR-

The cp terms cancel between the cut loop and A?/6.

There is a direct way to check the opposite mixed coefficient without inverting
the four by four matrix. The spectator curvatures in W, are exactly D.z, with
z. = (0,51/2,5r/2,0)", as can be checked row by row in (XV.6.103). The remaining
part of W, has no dynamical gauge curvature. Thus the only term quadratic in sz, sg
is 2t D,x, /2, and

[sLsrcut,cs = w = %7 [sL8R] xept,Gs = % <—;> % = —%~

(XV.6.108)
The first term comes from squaring —S/2 and the second from the off-diagonal entry of
D,. Simply deleting the central row and column would leave the retained matrix block
diagonal and miss the compensating mixed term. Switching off both curvatures also
erases this test, even though neither step repairs the coupled calculation.

The local anomaly before and after the middle cut can also be checked on the side
self terms. Retain the original E; sides, put the central curvature to zero in the cut
polynomial, and keep sy, sg arbitrary. A side vector gives —s?/3 — cs; — ps;/12. The
spectator square in the full retained term gives 5s?/24 from the diagonal 5/3. Its linear
part follows from the same W, = D,x, + B, decomposition used in (XV.6.108). On
a side row, B, ; = 11¢/3 + p/12, so the linear part is s;(11¢/3 + p/12)/2. Combining
these with the cut contribution yields

[Sf]Icouplcd - % - % + % = 0, (XV6109)
[csi]lcoupled = _% -1+ % = O, (XVGllO)
[psi]lcoupled = i - Tlg + i =0. (XV6111)

There is no pure e;s; contribution: the flavor entries in B, remain on the unpaired
end rows, where x, is zero. This is the same coupled gauge test in different source
coordinates. It illustrates why the background polynomial of the cut subsystem is useful
precisely when one knows which couplings the spectators still carry.

The finite areas have not been taken to a weak gauging infinity. In the leading
six-dimensional Yang—Mills description the dimensionless strength at energy E scales as
geE; it can become small in a further low energy scaling regime. That observation does
not delete the finite-area gauge fields from the branch or establish that the contracted
sector factorizes. The ordinary local construction and anomaly matching specify a
partially contracted sector coupled to spectators. We have neither a normalizability or
Kaluza—Klein isolation argument nor a full ultraviolet construction from these pairings.
Changing boundary flavor or changing the matter via a Higgs flow requires a different
calculation.
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Exercises

1. Take f = —Au?*, g = Bu®v* with A, B nonzero integers and 0 < k < 4. Compute
the two first-blowup coeflicient pairs when a blowup is possible. Determine the
remaining candidate point’s orders in the second chart and count the required
blowups. Show why the blowup stops. For & = 0 explain the pole that would
result from an illegal blowup.

2. Keep g3 = 0 and replace the middle leading section by a nonzero fo = ag + a1s +
ass2. Compute both framed coefficient lists, their orders at the two ends and the
number of generic cover factors. Try 1 4 2s + s and s + 2s2. Explain where the
two branch points go in the nonsquare example.

3. On the fixed E7 branch, change the left half product to a half vector product and
the right half product to a full spinor product. Give both selected orthogonal index
rows and every gauge-dependent residual after adding the unchanged geometric
square. Explain how the quartic residual distinguishes the errors.

4. In rank-one inflow replace h by kh for a signed nonzero integer k. Compare
subtracting or keeping the free hyper. Give the seven interacting coefficient slots,
including the changed mixed terms, and the coefficients of 2, ¢p, fc, ¢h. Why does
the flavor square alone not see the sign of k7

5. Keep the middle cut in E7, and choose a new compact charge and rescale the
side probe curvatures independently. Give the period coefficients of €, L and say
whether the charge lies in the effective cone. Give the cut and retained mixed
coefficients and the two slopes of the left retained source with respect to the
rescaled side probe variables.

6. Explain why the zero of a signed lattice period can persist throughout the ample
cone path, and why neither the vanishing effective period nor the rational Schur
pairing proves an isolated theory or a new integral lattice.

Use benchmark/tasks. json for the bounded JSON fields and benchmark/PROTOCOL.
md for submission. Written explanations are assessed by a reader.

Status and sources

§1. The geometric E-string. The point orders, charts and incidence, compact
elliptic surface, crepant modified total line bundle and changes of the leading zero are
[MATH]. For the sectioned surface, fiber classification, RDP resolution and canonical
formula see Miranda (1989), 11.4, III.1.3, I11.3.2, I11.5.4-5.7, IV.1.1 and IV.3.2. The
wrapped tension and ordinary E-string identification are [GEO-E], with the calibrated
local premise of B.2 and the unpaired link in Heckman, Morrison, et al. (2015), §6.3;
see also Heckman and Rudelius (2019), eq. (5.44).

§2. The pure FEj collision. The fan, base orders and pairing, both cover frames, and
restricted end surfaces are [MATH]. The pure polynomial is from Del Zotto et al. (2015),
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eq. (2.2). The ordinary algebra assignments are [GEO-E], in the transverse minimal
frame of Katz et al. (2011), §5 and Weigand (2018), Table 4.1 and eqgs. (4.13)—(4.17).

§3. The pure F; collision. The fan and pairing, both cover frames and square
obstruction, and restricted end surfaces are [MATH]. The pure polynomial is from Del
Zotto et al. (2015), eq. (2.3); the ordinary algebra assignments are [GEO-E], using Katz
et al. (2011), §6 and Weigand (2018), Table 4.1. No total resolution of these collision
threefolds is used.

§4. Matter and the chiral index. The ordinary branch content is [GEO-E]; see
Del Zotto et al. (2015), egs. (2.5),(2.6) and Heckman, Morrison, et al. (2015), §§6.1-6.2
and Appendix E.3. The raw moments and normalized embeddings are [MATH]; for
trace conventions see Heckman, Morrison, et al. (2015), eq. (2.1), footnote 7, and
Ohmori, Shimizu, Tachikawa, and Yonekura (2014), Appendix A. The gauge calculation
is [ANOM], using the index in the latter source, eqs. (A.1)—(A.4).

§5. Full local backgrounds. The source and gauge check and the full compar-
isons are [ANOM]. For sources use Ohmori, Shimizu, Tachikawa, and Yonekura (2014),
egs. (3.26)—(3.33), (3.39)—(3.42); for the E-string inflow and free hyper use Ohmori,
Shimizu, and Tachikawa (2014), arXiv:1404.3887v2, egs. (1.1)—(1.5). The one-unit
ALE expression and center subtraction are Ohmori, Shimizu, Tachikawa, and Yonekura
(2014), arXiv:1408.5572v2, eqs. (3.23),(3.24),(B.20). The comparisons match seven,
eleven and eleven local background monomials, respectively, with reflection relating
three pairs in each exceptional result.

§6. The two partial contractions. The actual coarsenings, quotient cone and
geometric area face are [MATH]. The tensor source identity and local anomaly matching
are [ANOM]; the end link uses Ohmori, Shimizu, Tachikawa, and Yonekura (2014),
egs. (3.10),(3.11),(3.15),(3.41),(3.42). The finite-spectator and wrapped-charge inter-
pretation is [GEO-E|, with the ordinary retained-sector and leading calibrated-brane
premises. The projected form is rational; the local polynomial does not establish
dynamical factorization.
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Chapter XV.7

Organization of SCFTs and
RG flows

XV.7.1 Organizing the constructions already ob-
tained

What has to change in a six-dimensional construction before we can recognize a new
low energy theory? A diagram of intersecting curves does not record all the operations
we can perform. We can change the areas while holding the elliptic coefficients fixed, or
change the coefficients so that a collision separates or recombines. We will follow both
operations on a rank-two E-string and compare the resulting theories. First we need to
identify what the diagrams of Chapters B.3-6 actually record.

Let C; be the compact base curves and let a; = fCi J be their areas for a Kahler
class J. The integral tensor pairing on their span is €;; = —C}; - C;. A diagonal entry
gives minus the self-intersection; an off-diagonal entry counts intersections with a minus
sign. This is a pairing of base curves. The Dynkin diagrams that identify gauge algebras
come from a different calculation, on the resolved elliptic fibers. The pairing and the
fiber labels of the two ordinary examples in Figure XV.7.1 are

Qs = (_21 _21> fibers: I3, I (XV.7.1)
4 -1 0

Q414 = -1 1 -1 , fibers: 185,107155. (XV72)
0 -1 4

The first example, CHAIN45, uses split multiplicative fibers and ordinary matter at a
transverse intersection and at the selected simple zeros of the residual discriminants. In
the second example the compact middle curve is the exceptional curve of the blowup
of the transverse meeting of two —3 curves. It has a smooth generic fiber. It still
contributes a compact string charge. The middle tensor and the s0(8) sectors at the
ends have to be distinguished even before specifying a limit.
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Figure XV.7.1: Three base pairings. The labels inside the vertices are self-intersections.
Above the first two panels are the elliptic fibers over the compact curves; the superscript
s denotes split. The lower panel depicts components of the actual degenerating base
cubic of B.5, with two intersections between the same components. Its I label describes
that base fiber as a whole.

The leading principal minors test the sign of the tensor pairing as a bilinear form,
independently of the actual positive areas used in a geometry. For 414 the first two
minors are 4,4 — 1 = 3; expansion in the third row gives the third as 4-3 —4 = 8. The
two lists are

m(Q45) = (2, 3), m(Q414) = (4,37 8) (XV73)
For the second matrix an equivalent direct positivity test is
¢ Quaq = 4(q1 — ¢2/4)* + 303 + (a3 — g2/4)%. (XV.7.4)

Here ¢; are coefficients of a base curve class. Both pairings are positive definite, though
the second has three independent charges and a different set of elliptic fibers. For the
actual contractions of B.5 one also constructs the relative Kéhler path and specifies
which other scales are held fixed. Positivity alone supplies neither those data nor the
identification of the limiting sector.

The compact I fiber of B.5 is a useful control because a change of just one incidence
would reverse the definite-versus-null diagnosis. In a neighborhood of the old node, the
cubic is y? = s2(3 + s) + 2, where t is the base parameter of this cubic family and
s=x — 1. At t = 0 the two limiting directions are y/s = /3. The exceptional conic
meets the strict curve at both directions. Their sum D = C; + Cy is the divisor of ¢
and has zero intersection with either curve. Since C - Co = 2, this gives

— 1
c? = 9, m2(§ f), QEQ)u (XV.7.5)

If we keep the self-intersections but replace the two edges by a single edge, the result
is Q45, which sends (1,1)T to itself and has determinant 3. The mistake changes a
geometric obstruction: a whole compact configuration with this nonzero null fiber class
fails the negative definiteness test for contraction to a surface point. Chapter B.8 will
use null classes in a different limit. A null direction in this example does not assign an
elliptic decoration or identify a physical little string theory.
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The null class does not have zero area in the positive chamber. In the I example
the area of the principal fiber is a; + as; it can stay finite even as the relative component
areas change. For instance, compare the choices (a1, az2) = (2,3) and (1,4) in common
units. For ¢, = (1,1)" and ¢_ = (1,-1)T,

ai,q+ =0, ¢ Qg =8, (XV.7.6)
qJTra =5 in both cases, ¢'a=—-1or —3. (XV.7.7)

The last two numbers are signed periods; ¢_ is a difference of components, not an
effective sum. These data explain why neither the norm of a charge nor the number of
visible vertices can be substituted for a wrapped-string area. In the positive definite 414
lattice the primitive sum of the three curves instead has squared norm 5, by (XV.7.4)
with each ¢; = 1. The presence of the middle —1 tensor changes both the charge span
and how to read the periods, even without a gauge field there.

Even a correct pairing with correct generic fibers leaves the behavior at marked
points to be determined. In the short Weierstrass convention we use A = 4f3 + 27¢%;
the orders are those of f, g, A. Chapter B.4 computes the following inherited point data
in the two lifts with the same designated generic multiplicative fibers:

ordinary corner : (0,0,9), changed residual tangency at another point : (0,0, 5).

(XV.7.8)
These refer to distinct loci. The latter is a double residual zero on the designated Iy
curve, not a new value for the old corner. The point data distinguish the two tunings
even when the tensor pairing is unchanged. In particular, the old ordinary simple-root
spectrum does not follow for the altered tangency. In the next section we first compute
the gauge test with the old specified matter and then replace the ordinary link by an
interacting one.

XV.7.2 Gauging and compatibility

Which pieces of two neighboring sectors can be gauged by the same six-dimensional
vector? On CHAIN45 we can answer the anomaly part of the question by summing
weights. We take one full bifundamental hyper, F; full external fundamentals at each
node, and one vector in each adjoint. These are the ordinary matter hypotheses of
the selected split model. At node 4, the gauge size N; is the dimension of the defining
representation of SU(N;); the Lie rank is N; — 1. For the gauge-only calculation, let

F; be the curvature in the fundamental trace, and put s; = tr¢ ]-'f and q(4) = trg ]-'i4.

9

Take Cartan weights ,, v with zero sum in their respective fundamentals. Then

> (@a — )t = Nagt? + Nigt" + 65150, (XV.7.9)
a,b
N;
(1o — z3)* = 2N;¢!Y + 652. (XV.7.10)
a,b=1

The terms cubic in one set of weights and linear in the other vanish by tracelessness.
The adjoint sum can include the diagonal terms, because their weights are zero. The
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Figure XV.7.2: The pure FEg collision on the 131 base. The noncompact ends carry
background currents. The arrows below the two —1 curves mark their contraction into
distinct E-string sectors. Both sectors couple to the retained central gauge field; the
dotted arrows indicate source restriction, not additional matter or additional compact
curves.

chiral index gives a full hyper with sign +1/24 in the fourth trace and a vector with
the opposite sign. For N; > 4 the quartic invariant is independent of the square of the
quadratic, so the irreducible terms must vanish before the Green—Schwarz comparison:

(Fi+ Ny —2N)g{” + (P + Ny — 2No)gl? 1

Iy = o -5 Qs (XV.TAL)
£ N

=0 : XV.7.12

(F2> © (N2> ( )

Here s = (s1,82)". With source Y = Qy55/2, the pure gauge part of Iqs = Y TQ.'Y/2
is +s7Q455/8. This cancels the reducible gauge terms. For (Ni, Na) = (4,5) the
fundamentals are (3,6). Set No = 6, as in the explicit split I4—Is construction in
Chapter B.3. The required pair is now (2,8). Keeping the old counts instead would

leave
(4) (4)

Iliaoige 4 IEEe = q2174 _ % (XV.7.13)

The counts here are necessary gauge arithmetic. Chapter B.3 separately realizes this
particular changed model by Tate coefficient sections and verifies its ordinary matter
loci; the arithmetic alone does not supply that geometry.

For the pure Eg collision of B.6, each unpaired —1 curve can instead be contracted
to an interacting E-string link. The two ends attach to different links, as shown in
Figure XV.7.2. The ordinary eg restriction of a single link supplies commuting eg ® su(3)
currents, one of which couples to the central vector. Another example of this restriction
is e7 @ su(2). Both have total rank 8; trying to attach both es ends to a single link would
already fail because 646 > 8. Passing this screen would still leave the actual embedding
and its trace index to be established. We use the specified index-one embeddings at the
Lie-algebra level.

We now change the tensor variables used in the anomaly calculation. The positive
pairing of the strict central curve is 3, and it meets each end once. Write C, Cc,Cg
for the strict curves, and Cf, for the central curve after blowing down both ends. Its
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total pullback is Co + C 4+ Cg: its intersection with each end is zero, as required of a
pullback. In this basis

1 -1 0
Q={-1 3 1|, —(Ce+Cr+Cr)*=3-1-1=1.  (XV.7.14)
0 -1 1

A source component on the retained tensor also changes; evaluating it on the total
pullback adds the two end components to the strict central one. Use the B.6 curvature
Fo = —iFpnys/(2m) in the index A(T)trexp(iFp). Let ¢ = co(R), p = p1(T), p2 =
p2(T), s¢ = trg F(%,C, and ey,er be the normalized ¢ quadratic traces. For each
simple algebra the normalized trace is Tr = traq; /h”. Thus in this trace convention the
quadratic argument h = Trg, F3 of the left or right E-string restricts to e; + 2sc. The
original and retained tensor sources are

0 c—(p+ep)/d
Y =0Q|sc/2]+ 3c+p/4 , (XV.7.15)
0 c—(p+er)/d
Yo=Y, +Yo+Yp=5c—t(p+eL+er)+isc. (XV.7.16)

The source vector with no s¢ is the branch input of B.6. Treating a contraction as
deletion of the end rows would give both the wrong central pairing and the wrong
central source.

To check the resulting gauging, the rank-one interacting anomaly of B.6 can be
written Ji(h) = K + (p/16 — ¢/4)h + h? /32, with

oo Tp? — 4dpo _13¢2  llep
5760 24 48

+29G. (XV.7.17)

The two copies of J; already include the local anomaly contributions of the contracted
tensors. We do not add their squares a second time. For the central vector, (XV.7.10)
with NV = 3 gives trag; Fé,c = 9520 since trg Fé,c = s%/Q for three eigenvalues of zero
sum. The second trace is 6s¢. The vector and free tensor polynomials are

9sZ, c. P & op
Vs=-%p - SC<4+48)‘8<24+48+G : (XV.7.18)
2 cp  23p? —116ps
¢ e 23— 116py XV.7.1
24 + 48 5760 (XV.7.19)

Set B =5c— (p+er +er)/4. The coefficient of s, in Ji(er, + 2s¢) + Ji(er + 2s¢) +
T+ Vs+ (Y4)?/21is 1/4—3/8 +1/8 = 0. Its linear coefficient is

e t+er p 3c p B _
( e T c) <2+8>+2_0. (XV.7.20)

For example, replace just the left trace restriction by ey + s¢, holding the actual
central source and right embedding fixed. The sZ coefficient drops by 3/32 and gauge
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dependence returns. The two actual restrictions cancel all terms containing the gauge
curvature, including the terms mixed with backgrounds. The remaining background
polynomial is

319¢2  89cp 3¢ pler +er)
feoleren) =5 = g~ e ten) H T
2 2
4 LFCLORTCR | 79y (XV.7.21)

16

To see how the mixed flavor term arose, put S, = e;, + eg and U, = 62L + e%. The two
end indices contain U,./32; only the retained square can generate an erer term. Its
pure flavor part is $2/32, which adds another U, /32 and gives the mixed term ezer/16.
Likewise the tangent contributions from 7" and the neutral parts of the indices must all
be included. In the convention above

2
7| _, =29G — %. (XV.7.22)
At ¢ = ef, = egr = s¢ = 0 the retained square restores p?/32, leaving (2-29+29 —8)G =
79G. This is the full tangent contribution, not only the py slot. The erer term and
the gravitational term will separately test the proposed spectrum after recombination.

This agrees with the exceptional branch result of B.6 and will be used again when the
two external backgrounds are identified by recombination. The calculation tests local
gauge compatibility of the prescribed sectors; it neither determines a global group nor
regards the central Yang—Mills field at finite tensor area as a free conformal multiplet.

XV.7.3 A tensor branch deformation

Can one keep a finite tensor scale and still reach an interacting theory? The geometry
must have a partial contraction: some wrapped strings must become tensionless while
another curve remains at positive area. We construct the parent model and its last
blowdown before identifying the massless sectors.

Take the short Weierstrass family on C;, ,

f=—3u, g =u’(v? —b?), A =27u'0((v? = %)% — 4u?). (XV.7.23)

The divisor v = 0 is noncompact. At its generic point it has orders (4,5, 10), so it
supplies a IT* background. Set b = 0 first. The orders at the origin are (4,7,12),
because the least-degree term in A is —108u'2, not the term with v*. Every point with
u# 0 has f #0. On u = 0 away from the origin the factor v? is a unit. Thus the origin
is the only point meeting the nonminimal bounds (4, 6,12).

At a base point blowup with local exceptional equation e = 0, the new short
coefficients are frew = 7 f /e and gnew = 7*g/€®. This follows from K§ =n1*Kg+FE,so
the line bundle — K’z has one exceptional subtraction. The discriminant correspondingly
divides by e'2. The two pivot charts of the first blowup give

u=st, v=t: (fi,01,41)=(-3s* s, 27s'0(t? — 4s5%)), (XV.7.24)
u=a, v=az: (fi,g1,01)= (=3, az?, 27(a*2* —4)). (XV.7.25)
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Figure XV.7.3: The first exceptional F meets strict I17* at the second blowup center.
After that blowup the two strict curves meet the new C in different directions. Con-
tracting C; alone restores the middle panel with its rank-one nonminimal germ, while
the area of the old exceptional remains positive.

In the second chart fi is a unit. In the first chart ¢ = 0 is the first exceptional and
s =0 is strict IT*. Their meeting still has (4, 6,12). Equation (XV.7.24) is exactly the
rank-one germ used in B.6. This identifies what the reverse of the next blowup will
recover.

Blow up s =t =0, writing (s,t) = (o7,7) or (a/,a’2’). Apply the same powers as
before, now with exceptionals 7 = 0 and o’ = 0:

(f2,92,A2)r = (=30%, 0°, 270'°(1 — 40?)), (XV.7.26)
(f2,92,A2)ar = (=3, 2, 27((2')? — 4)). (XV.7.27)

In the 7 chart, the new exceptional C meets strict I1* at o = 0, of orders (4,5, 10).
The other direction, strict ¢ = 0 of the first step, meets C7 at 2’ = 0 in the @’ chart,
where f5 is a unit. The two intersection points are distinct directions on C7. The
zeros of the residual discriminant at o = £1/2 and z’ = £2 describe the same two
points in the overlap and do not give nonminimal centers. Neither exceptional carries
a generically singular elliptic fiber. There is no further nonminimal point in the new
charts or in the part unchanged from the first step. Figure XV.7.3 follows the two
distinguished directions through the construction.

Call the strict old curve Cs; its self-intersection decreases by one since the second
blowup lies on it with multiplicity one. In the column notation C' = (Cy, Cs), the total
pullback of the old exceptional is C; + Cs. Its intersection with C is zero. The change
C — CP is integral:

0= (_11 ;) . P= (é }) . PTaP=1,. (XV.7.28)
This is not a change in the effective generators: a total pullback is a sum of effective
curves. The old exceptional has self-intersection —1 on the blown-down base, rather
than the strict —2 read from the old principal submatrix. In coordinates the blowdown
is precisely the inverse of the two chart maps above, including restoration of the line
bundle powers used to obtain (XV.7.24).
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Choose the areas a; = € > 0, as = A > 0. The relative curve cone over C? is
generated by the two exceptional curves, so positivity on them specifies the relative
ample chamber. Explicitly a relative class in the compact divisor span with coefficient
column j has a = —£)j; solving gives

j=— G 1) (Z) Pla= (Ais). (XV.7.29)

Here relative ample rational classes and their real positive cone suffice; no physical
metric is constructed. As ¢ — 0, the period of the total pullback stays finite. For
example at A = 5, the calibrated tension of a string of class 2C7 + 3Cs, if present in

this dictionary, is
1

(2m)3a’2”
The general expression is 73¢"a. With area of dimension length squared, the tension
has dimension length to the minus two. This is a fixed microscopic calibration, not an
existence claim for a BPS state of every effective charge. In the total basis the charge
column becomes P~1q = (—1,3)T, and the period sum is unchanged: —¢ + 3(A +¢) =
2¢ + 3A. The negative new component is not a negative curve area. It reflects the
distinction between the effective generators and the basis that makes the blowdown
pairing diagonal.

The opposite wall as — 0, a3 = A > 0 is different already at the level of periods
and pairing. In the total basis both periods tend to A; PTa does not contain a zero
component. For a comparison orthogonal to Cs one can project the strict Cj to
Cy + C3/2, which pairs to zero with Cs:

(1,3) Q(?) =0, (1,3) Q<1}2> =1 (XV.7.31)

The rational value is not a new integral pairing. In particular it is not the —1 blowdown
pairing of the wall in Figure XV.7.3. A smooth point blowup has exceptional self-
intersection —1; reversing that operation here specifically removes C1, not the strict —2
curve. This is why the area path specifies which anomaly basis is relevant.

Under the isolated small-instanton interpretation, the vanishing area is the rank-one
E-string sector and the positive area separates one brane from the wall. At energies
far below the scale set by this finite tensor expectation value, the endpoint contains
a rank-one E-string including its center hyper, and one free (2,0) tensor multiplet.
With the common (1,0) supercharges, the detached multiplet is a free tensor plus an
Eg-neutral half-hyper in the doublet of SU(2);,. A single detached brane has no relative
interacting (2, 0) sector. The free multiplet must be kept even though the finite-tension
strings on the positive-area direction are not part of the deep infrared theory. At finite
energy the area calculation alone does not imply factorization of coupled sectors.

T2 =73(26 +15),  15= (XV.7.30)

XV.7.4 A Higgs branch deformation

What changes if we keep the tensor scales at zero and instead separate the zeros in the
coefficient family? We do not need a different noncompact flavor divisor. In (XV.7.23)
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let b# 0. On u = 0 the coefficient g/u’® now vanishes at two points v = V = +b. Near
either point use n =v —V:

v? —b* =02V + 1), A =27u" (?(2V + ) — 4u?). (XV.7.32)
The second factor 2V + 7 in the expression for v2 — b? is a unit in a neighborhood
excluding the other zero. At the center the least degree in g is six and that in A is
twelve. The leading discriminant polynomial contains both u'%%? and u'2, so the two
terms cannot cancel as polynomials. The orders are therefore (4,6,12) at each of the
two centers.
There are two ways to see which branch each center gives. First, w = v? — b? is an
analytic coordinate near either center since

ow

=2V #£0, (f,9) = (=3u*, v’w). (XV.7.33)
ov |y,

These coefficients retain the original Weierstrass trivialization and only rewrite the
arguments. Here duAdw = 2v du/Adv, with 2v a unit near v = V. The new anticanonical
generator dual to du A dw is (2v)~! times the original. The coefficients in that frame
acquire factors (2v)%, (2v)%, (2v)2, respectively for f,g, A. These units preserve the
rank-one orders at each center. We can also keep the marked v coordinate and compute
both blowup charts to track the signs of the coefficients and the incidence with I7*.
With (u,n) = (st,t) and (a, az), respectively, the results are

(fir gv, Ay ) = (= 3s%, $°(2V + 1), 27s'((2V + 1) — 4s7)), (XV.7.34)
(i dv, AY)a = (=3, 2(2V + az), 27(z*(2V + az)? — 4)). (XV.7.35)

On the strict noncompact divisor s = 0, 2V 4t is a unit within the chosen neighborhood,
so the transformed orders there are (4,5,10). In the a chart f{, is a unit. Both
exceptionals have generic Iy, and there is no further nonminimal center. Since the
blowup centers are disjoint, the exceptionals are disjoint and each has self-intersection
—1:

C_-CL =0, Qgpiiy = diag(1,1). (XV.7.36)

This is an intersection matrix in the actual effective basis of a different base. To compare
chambers, use af, a} for the periods in a basis with matrix 15 in both cases. In the
coincident model the second effective generator is the second total-basis curve minus the
first. For the split model the total and effective bases are the same. Thus the respective
ample conditions are

coincident : aj > 0, ah —ay >0, (XV.7.37)

split: a} >0, ah > 0. (XV.7.38)

For example the period pair (3,2) is admissible only in the split geometry. The equal
matrices are not a comparison of identical contraction diagrams.

For example take b = 2. The t-chart leading factor of gy, is s5(t — 4) at the negative
root and s°(t + 4) at the positive root. In the other chart the coefficient on the
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Figure XV.7.4: The coefficient g/u® on the same noncompact I1* divisor. A double zero
uses a second center above the first. The separated simple zeros have one exceptional
each, at distinct points of strict I7*. Translating a double zero preserves the two-step
blowup at a single location.

exceptional is —4z or +4z, respectively. The charts overlap where a = st, z = 1/s, so
the new ¢ in the a frame differs from that in the ¢ frame by (¢/a)®. In particular,

$5(2V +1)

o = 2(2V + az). (XV.7.39)

The residual discriminant meets the exceptional at s = +V in the first chart and
z = +£1/V in the second. These are two points, not four; the reciprocal map identifies
the lists. At either point the s derivative of the residual factor in (XV.7.34) is —8s # 0,
and f{, # 0. The residual is transverse to the exceptional and locally has ordinary
nodal fibers along it. The meeting at s = 0 is the distinct IT* point. Thus a generic Iy
label on the compact curve does not suppress the marked fibers that the chart actually
exhibits.

By contrast the change v? — (v — 2)? gives a single double zero. In the translated
coordinate 7 = v — 2 the first blowup in the ¢ chart again produces s°t, so the same
second blowup is necessary. This control shows why multiplicity of a zero is better
information than the movement of its position.

To interpret the change as a Higgs flow, we use the small-instanton identification of
the relative displacement along the Eg wall with a hypermultiplet VEV in the isolated
local theory. The displayed equations exhibit the actual coincident and separated germs.
They do not by themselves show that the parameter is a normalizable mode of a physical
metric. In the deep infrared there are two rank-one E-string sectors, each including
its own center hyper. The two centers account for the original center and the relative
degrees of freedom; adding a separate relative hyper would count it twice.

The noncompact I7* divisor is common to the two germs and remains external.
The two rank-one theories can have separate Fg symmetries in the isolated infrared
description, but the original Fg connection restricts to both. Likewise a relative displace-
ment is a fixed nonzero vector in the real four-dimensional transverse representation
of SU(2) x SU(2)g. Represent that vector by a nonzero quaternion @ with action
Q — gLQg}gl. In a frame in which the VEV is real, its stabilizer satisfies g1, = gg.
Thus the conserved background for the flow is the common diagonal in the two normal
rotations, as well as the common external Eg. This identifies the anomaly compari-
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son that we can do, without assuming the ultraviolet and infrared superconformal R
symmetries themselves are the same.

XV.7.5 Tracking sectors and anomalies

Which anomalies can compare the endpoints, and which fields enter each comparison?
On the tensor branch the scalar VEV is neutral under the normal rotations; we can
keep the same R, L, Eg backgrounds. On the Higgs branch the relative displacement
leaves only the diagonal subgroup just described. Neither of these comparisons uses the
conformal anomaly until the massless sectors and their superconformal R symmetries
have been identified.

In the inflow formula E(n) is the anomaly polynomial of n E-strings including one
free center hyper. We retain ¢ = cy(R), write £ = ca(L), and set h = Trg, F3. The
Euler class of the normal four-plane is x = £ — ¢; its first and second Pontryagin classes

are n; = —2(£ + ¢) and x2. The inflow formula uses the tangent Pontryagin classes
b, p2:
ny+p+h 0 1 9 (n1 — p)?
I=——— 9= — _ 2
4 4 ? 8 48 X +p2 4 )
(XV.7.40)
3 2 IQ
E(n) = %XQ + %xh +n (24 - IS) : (XV.7.41)

The normal Euler orientation matters in the term linear in x. To compute the center
polynomial, let the two weights of the SU(2);, doublet be z, —x with 22 = —¢. The
half-hyper multiplies the tangent genus by half of e” + e™*, with x the index root.
Its degree-four part is —¢/2 and its degree-eight part is ¢?/24. Multiplication by the
degree-four tangent term —p/24 gives the mixed term:
lp 02
HL—G+478+ﬂ, Hogy =T+ Hy,. (XV742)

The half-doublet is one hyper unit in the gravity index. It is neutral under FEsg,
but dropping its SU(2)[, source would be incorrect when comparing normal-rotation
backgrounds.

For a check on the inflow normalization, set n = 1. Inserting (XV.7.40) and collecting
the terms depending on £ gives £2/24 + (p/48; these are exactly the center terms. The
remaining h, ¢, and gravity terms give

13¢?  1lep P c h?
B(l)~Hy = —— - — L+ (16 4) h+ o5+ 29G. (XV.7.43)
This gives J; used in the gauging calculation. In particular there is no SU(2);, anomaly
in the rank-one interacting factor. We still keep H; whenever the whole rank-one
small-instanton sector enters an endpoint.

One way to reconstruct every term at rank two is to use E(2) — 2E(1) = x? + x4,
so that the part linear in n, including the irreducible py term, comes directly from E(1).
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Since Iy = (p+ h)/4 — (¢ + ¢)/2, this gives

31c? 3ch  17cp 702 (¢h Tl
E@2) =25 _opp - 2 =
Q=g - -ttty
B2 hp  Tp?
L w, P (XV.7.44)

The linear gravity term in py also follows from two Hyy multiplets on the full tensor
branch. Subtract them and use Z = (p + h)/4. Directly from the displayed coefficients,

E(2) — 2Hsg = 5¢* — 2cl+ 302 — 3cZ + (Z + Z*. (XV.7.45)

Here Z? reproduces the h?, hp, p? terms in the remainder; the ¢Z and ¢Z terms fix both
the mixed tangent and mixed flavor coefficients. In the strict curve basis of (XV.7.28),
define the source Y by the following factorization:

_(c—Z 1 (21
Y<c—€)’ Q (1 1), (XV.7.46)

WYTQY = Y2+ V1Yo + Y5 = 3V2 + (V1 + Ya)2. (XV.7.47)

Expansion gives (XV.7.45). This supplies the full anomaly comparison for these par-
ticular sources. It is not a prescription for the R source of an arbitrary unpaired —2
curve.

The rank-one sector already contains Y;2/2: by (XV.7.43) and (XV.7.42), E(1) —
Hyy = (c — Z)?/2. On the tensor wall the source column in the total basis is PTY =
(Y1,Y1 + Y5)T. Thus the mismatch with the rank-one daughter and the complete free
multiplet is

p+h+ 40 — 8c)?
32 ’

E(2) — E(1) — Hy = (Y1 + Y2)* = ( (XV.7.48)
In particular hp has coefficient 1/16, whereas using the unshifted Y5 for the finite-area
direction would give zero. The ps coefficient vanishes because a square of four-forms
cannot supply an irreducible gravity term. Omitting the free half-doublet instead leaves
—1/1440 in the mismatch; omitting the free tensor leaves —29/1440. These tests isolate
two separate omissions. The positive finite-area direction is therefore visible in the
anomaly comparison even though the contracted rank drops by one.

For Higgs splitting the two daughters have I1g = E(1, h1) + E(1, ha) before back-
ground restriction. The common Eg connection sends both h; to h. The difference on
this partially restricted background is

(€ —c)(20 —6c+p+h)
4 )
c={(=d, h=hy=h = (EQ2)-Ig) =0. (XV.7.50)

common

B(2) = 2E(1,h) = x* + xIa = (XV.7.49)

Here d = ¢2(SU(2)diag), and the normal classes on each rank-one sector are pulled
back along the same common subgroup. Setting ¢ = 0 while leaving an independent
c gives 3¢?/2 — ¢(p + h)/4; that is a different background. Leaving one daughter Eg
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rank-two E-string with center
E(2)

tensor VEV \I‘-Iiggs VEV

rank one with center + free (2,0) ’ two rank-one sectors with centers

E(1)+H2() E(l,h1)+E(1,h2)
common c, £, h common ¢ =¥, hy =ha=h
residual (Y7 + Y2)?/2 zero residual

Figure XV.7.5: The same parent with two different comparisons. The tensor direction
keeps the original background classes and leaves the shifted source square. The Higgs
direction compares the two rank-one sectors on the common diagonal; their separate
center hypers are part of the sum. Hyg =T + Hp, is the detached free multiplet.

source off instead gives a mismatch h?/32 + hp/16 — dh/4 on the common normal
subgroup. Dropping one center hyper while keeping both flavor sources gives a residual
pa coeflicient —1/1440. These comparisons identify precisely which sources or free fields
were lost.

Finally, to evaluate the Euler Weyl anomaly a for a six-dimensional (1,0) supercon-
formal sector, turn off flavors and use that sector’s own superconformal ¢ = c3(R). In
the normalization in which one free (2,0) tensor has a = 1, the polynomial coefficients
give

16

6
I8 oo = 20(aC + Bep +9p% +0p2),  a=—(a=f+7)+ 20 (XV.7.51)

For E(2), E(1), Hop the coefficient tuples are respectively
(62,—17,7/4,-1),  (13,-11/2,7/8,—1/2),  (1,1/2,1/8,-1/2). (XV.7.52)

The tuples follow by setting ¢ = h = 0 in the polynomials for these sectors and keeping
their respective R source. The formula yields 1286/7,307/7,1. The tensor and Higgs
endpoints of Figure XV.7.5 then give

1286 307 972 1286 307
_ _ ]_ —_ A jogs = —— — 2 _— =
7 7 7 “Higg 7 7

Aatcnsor = 96. (XV753)
The tensor calculation also gives the difference directly in terms of the retained source.
With the flavor backgrounds off, (XV.7.48) gives (8¢ — p)?/32. In the convention of
(XV.7.51), its coefficient differences are

(Aa, AB, Ay, AS)tensor = (48, —12,3/4,0). (XV.7.54)

This agrees with subtracting the three tuples and explains the sign: the negative mixed
coefficient enters a with a minus sign. The shortcut uses the R class preserved on that
tensor branch. For Higgs splitting, applying the same shortcut to the common diagonal
would give zero because the anomalies match there. The separate superconformal
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polynomials instead give (36, —6,0,0) upon subtraction with flavors off. Using the
unbroken Higgs diagonal in (XV.7.51) would conflate a common-background identity
with a superconformal Ward identity. The values in (XV.7.53) compare the stated
endpoints and do not establish a general Higgs-branch monotonicity result.

XV.7.6 The scope of the classification

How much of the exceptional recombination can we determine without first assuming an
infrared spectrum? Begin with the pure Fg, F7 collisions of B.6, whose local equations
contain the product uv for the two transverse noncompact flavor divisors. For Fg the
short coefficients are (0, (uv)?), so at the crossing the orders are (00, 8,16). For E;
they are ((uv)?,0), giving (6,00, 18). Here oo denotes the order of an identically zero
polynomial. The respective resolutions of the base require the compact chains 131 and
12321. Replace uv in both equations by w = uv — b. If b # 0, the entire discriminant is
supported on w = 0, where u # 0 and v = b/u. We can use u,w as coordinates near
every point of this divisor, since

v=(w+b)/u, du N dw =udu A dv. (XV.7.55)

Keeping the original Weierstrass trivialization and rewriting only the arguments gives
the transverse powers:

Es: (f,9,A) = (0,w* 27w®), ord,, = (00,4,8), (XV.7.56)
Er: (f,9,A) = (w?0,4u?), ord,, = (3,00,9). (XV.7.57)

The new anticanonical generator dual to du A dw is u~! times the original one. In
that frame f,g, A acquire factors u*, ub, u'2, respectively, since they multiply the
corresponding powers of the generator. These are units wherever u # 0, unlike the
exceptional division at a blowup in Section XV.7.3. In the original frame the I'V*
cover is 1% — g/w* =12 — 1, so the fiber is split and the ordinary algebra is ¢g. In the
new frame g/w* is multiplied by u® = (u®)? on the divisor, which preserves the split
test. The second is IIT* with algebra e¢;. The orders remain minimal along the whole
support, including in point ideals, and w is a unit away from it. There is no center
requiring a base blowup. The compact base lattice in these local models thus changes
rank from three or five to zero. This conclusion concerns base tensor curves, not the
resolved fiber curves or the full brane charge lattice.

For b = 2 the origin is no longer on the support, and for example the point
(u,v) = (1,2) on the support has the minimal transverse orders in (XV.7.56) or
(XV.7.57). Compare replacing uv by (u — 2)v. In coordinates & = u — 2, v this is the
original product. It has two components and retains the original nonminimal orders at
(2,0). The control in Figure XV.7.6 distinguishes a moving crossing from the change to
one irreducible divisor.

The physical recombination interpretation identifies the two external flavor algebras
along their diagonal. As a separate hypothesis, try a free infrared spectrum consisting
of one full adjoint hyper and one singlet, without additional normalizable sectors. This
is the candidate obtained by applying the adjoint-plus-singlet prescription of the pure
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uv =0 uy = 2

Figure XV.7.6: Real slices of the discriminant supports at b = 0 and b = 2. The right
panel shows two real branches of one smooth complex curve C*. Its fiber is IV** in the
FEg model or II11* in the E7 model. The two axes on the left meet at a nonminimal
point; this is a picture of the base, not a total-space resolution.

FEg recombination to these two examples. The geometric change does not establish
this transfer of spectra. We can test it with the complete diagonal flavor and tangent
anomaly, setting ¢ = 0 so no identification of an ultraviolet R connection with an
infrared one is needed.

Let F be a Cartan element and h = tr,q; F' 2 /hY the diagonal quadratic trace. To
compute the raw adjoint traces, start from the Eg roots £e; £ e; and the half-sums
(+ey £ -+ eg)/2 with an even number of minus signs. Use roots orthogonal to e; + eg
for F;, and also to eg + e7 for Eg. Corresponding Cartan elements have coordinates
(x1,...,26,2,—2) and (x1,...,%5,—2,2,—2). The roots wholly supported on the z;
form the D,, integer roots with m = 6 or 5; E; has an extra pair with weights +2z.
The half-root sets have 64 or 32 elements, respectively, with tail weights +2z or £3z/2.
The parity rule fixes one sign but averages all lower moments of up to four distinct z;
signs to zero.

The count can be done before summing any weights. Orthogonality to e; + eg forces
the last two half-root signs to be opposite. For either choice of their order, parity allows
2% choices of the first six signs. Orthogonality also to eg + e7 fixes one more tail sign for
the Eg roots, leaving 2% choices for the first five for each allowed tail. For fixed tail, any
assignment to fewer than all of the first signs admits the same number of completions.
In particular every monomial of degree at most four in distinct first signs averages just
as with independent fair signs. This supplies the moment calculation without assuming
from the start that the fourth trace is a multiple of the square of the second.

To perform the sums, put Xo =Y 2?2, X; = > 2}, By = Zi<j xfx? A pair of D,,
indices contributes 4(z? + x?) at order two and 4(z} + :E;l) + 24x3x? at order four. With
M half-roots whose tail has weight +\z, their totals are

D (r-F)? = M(Xa/4 4 X*27), (XV.7.58)
half
D (r-F)* = M((X4+6B4)/16 + 33°2% X5 + A*2*). (XV.7.59)
half
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Combining the integer and half-root contributions and adding the zero Cartan weights
for the dimension, we obtain

dimFs =40+32+6 =78, dimFE; =60+2+64+7=133, (XV.7.60)
Eg: traa F? = 24(Xo + 327), traqj F* = 18(X2 + 322)?, (XV.7.61)
E7:  traq; F? = 36(Xa + 227), traqj F* = 24( Xy + 227)% (XV.7.62)

Since hY = 12,18, the fourth traces are %h2,6h2. For instance in E7 take x1 = 1,29 =
2,2 = 1, others zero. The three quantities (A, traq; F2, traq; F'*) = (14,252, 1176) probe
both the integer and half-root weights. Neutral hypers have zero fourth trace in the
same direction.
For the proposed adjoint and singlet the tangent and flavor polynomial from the
hyper index is
P 1

Tand = (dim +1)G + 13 Wads F? 4 57 tad F*. (XV.7.63)

To compare the UV indices, pull both ey,er back to h. In Eg, (XV.7.21) gives
3h?/16 + hp/4 + 79G at ¢ = 0. In the pure E7 index from B.6 the flavor terms at ¢ = 0
are 3(e2 +€%)/32+erer/16 + 3p(er, + er)/16; the gravity term is 134G. The diagonal
comparison therefore gives

hp 3R
Iuy(h,h)|,_, = 79G + Ip + 5 (XV.7.64)
Shp B2
Iu, (hoh)| _, = 134G + ?p +— (XV.7.65)

These are the four coefficients of p?, pa, hp, h? in each candidate index. The inherited
full branch counts give a separate way to obtain the gravity coefficients: the irreducible
term counts H — V + 29ny, where H is the hyper dimension counted with half-hyper
weights, V' is the dimension of the gauge algebra, and ny is the number of compact
tensors. In these examples,

Es: 0-8+29-3=79, Er: 16—-27429-5=134. (XV.7.66)

For E7 the three gauge algebras on the resolved branch are su(2), so(7), su(2), of
dimensions 3,21, 3. Each neighboring gauge pair supports the specified half-hyper in
the doublet times the spinor. Each contributes (2-8)/2 = 8 to H. Thus the number
134 in (XV.7.66) uses the actual branch matter assignment of B.6 rather than deducing
matter from a gravity count.

A candidate consisting of 134 neutral hypers passes the F; gravity count but misses
both flavor coefficients. An adjoint alone passes the flavor test but misses G. Keeping
er = 0 with ey, = h instead would give

2
I, (h,0)| _, = 134G + % + 33% (XV.7.67)
The smaller mixed coefficient in particular distinguishes a restriction to one factor from
a restriction to the diagonal.
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For completeness the residuals outside this comparison are

Ig,(h,h) — Icana = ¢ (%c —3h — %p) , (XV.7.68)
Ip.(h,h) — Ieana = ¢ (832 c — Bh — 125p) . (XV.7.69)

The residual is allowed to contain R terms because the test was only on the tangent and
diagonal flavor backgrounds. Under the free spectrum hypothesis, the four coefficients
entering the difference of a’s come from setting h = 0 in (XV.7.69), with the IR
hyperfermions neutral under their superconformal R. The p?, py coefficients cancel, so
(XV.7.51) gives

16 89\ 5816 16 28720
( ) == (XV.7.70)

Aag, = = (3194 5 ) ===, Aag, = — (1670 +125) =

These numbers are conditional on the candidate being the full infrared spectrum. Neither
the anomaly match nor the absence of compact base curves derives that spectrum.

These constructions illustrate the order of a classification argument. One first
constrains the contractible bases, then the allowed elliptic decorations and charged
sectors for each base. The organization by fission and fusion relates known ordinary
constructions: fission first makes a tensor move and then takes a restricted Higgs
deformation of the resulting theory. This second step, called a homplex deformation,
is specified by a continuous su(2) — ggay or discrete T'ypg — Fs homomorphism.
Recombination in general need not be a step of this kind. Fusion runs the gauging
construction in the other direction: gauge a common flavor algebra on an added tensor,
then go to the tensor origin when the geometry allows this limit. The rank screen or
cancellation in Section XV.7.2 alone cannot provide the added tensor or its contraction.
Within some fixed Higgs families, closure relations between nilpotent orbits organize
a partial order of deformations. This is an organization of source-specified families,
not a classification of all possible six-dimensional flows. In the examples here a pairing
tests a contraction, explicit coefficients locate the change in the geometry, the physical
interpretation identifies the VEV, and anomaly matching tests the proposed massless
content on the surviving backgrounds. Each step supplies information the preceding
one did not determine.

XV.7.7 Exercises

1. Change the gauge sizes N;, No. Keep one ordinary full bifundamental and the
two —2 curves. Change the gauge sizes (N1, Na) from (4,5) to (4,6). Give the
required external fundamentals, the ordered quartic coefficients at those counts,
and the coefficients if the external counts stay at (3,6). Show that the reducible
Green—Schwarz slice is unaffected by this change of gauge sizes. Explain which
part of the calculation would be invalid if the ordinary matter locus were replaced
by an uncomputed tangency.

2. Separate or translate. In the family (XV.7.23) take b = 3. At each labeled
center calculate the order triple, the derivative of v? — b2, and the two transformed
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(f,g) pairs in the marked charts (u,n) = (st,t) and (a,az). Give the orders at the
meeting of each exceptional with strict I7*. Compare with the translated family
g = u®(v — 3)2: give the order triple at the unique root and the first ¢-chart pair
there. Explain why the translated example needs a second blowup.

3. Keep a different tensor area. Use strict areas (g, 7) and effective charge (1, 3)
in the exact coincident geometry. Give the total-pullback periods, charge in the
total basis, period pairing, and retained self-pairing at the wall. Give the two
transformed sources and the coefficient of Ap in the retained square. Explain why
a negative total-basis charge component need not violate effectiveness.

4. Account for the free fields. Use (XV.7.41) to give the coefficients of p; and
hp, in that order, in the correct tensor mismatch and in the mismatch without
the detached half-doublet. On the Higgs side compare the common background,
the common normal subgroup with only one daughter Eg turned on, and the
common background with one center omitted. Give the same two coefficients in
each difference. Explain why the conformal a comparison does not use ¢ = /.

5. Test a proposed exceptional spectrum. In the E; Cartan frame of (XV.7.62),
set 1 = 2,29 = —1,z = 2, all other x; = 0. Compute the root count, h, the
second and fourth adjoint moments, the py coefficient of the adjoint-plus-singlet
candidate, and the value of its quartic term on this Cartan element. Give the
same two index slots for 134 neutral hypers. Explain which observations this test
cannot make about a physical spectrum.

6. Compare the evidence for flows. Suppose a change of coefficients smooths the
support of a noncompact discriminant and a proposed daughter matches all four
diagonal coefficients in (XV.7.65). Explain what each test establishes. Identify
the additional physical information needed to turn these tests into evidence for a
Higgs flow. Compare with the role of a specified area path and complete detached
multiplet on the tensor branch.

For Exercises 1-5, use benchmark/tasks. json for the JSON fields and benchmark/
PROTOCOL.md for submission. Written explanations, including Exercise 6, are assessed
by a reader.

Status and sources

§1. What the base records. The base-pairing comparisons are [MATH], using the
actual 414 and two-component I objects of B.5. The separate (0,0,9) and (0,0, 5)
orders ([MATH]) are inherited from B.4, including its selected split Tate lift and resid-
ual mutation. The ordinary matter interpretation uses B.1 and B.4 under the split,
transverse and simple-root premises there. No changed tangency spectrum is assigned.

§2. Ordinary and exceptional gauging. The CHAIN45 quartic and Green—Schwarz
comparisons and the changed gauge size calculation ([ANOM]) use the integral anomaly
normalization of Chapter 3. The two distinct interacting E-string links and the ordinary
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index-one restrictions ( [GEO-E]) use Ohmori, Shimizu, Tachikawa, and Yonekura (2014),
arXiv:1408.5572v2, §3.2.1, egs. (3.9), (3.10) and (3.15): the first is the coalesced Eg
diagram, the latter two are the embeddings. For the unpaired —1 constraint see Heckman,
Morrison, et al. (2015a), arXiv:1502.05405v3, PDF pp. 13-14. The retained pairing and
transformed source are derived on the B.6 branch. The two-link polynomial calculation
([ANOM]) uses Ohmori, Shimizu, Tachikawa, and Yonekura (2014), arXiv:1408.5572v2,
eq. (3.11) for the retained square and eq. (3.12) for the full Eg result, along with the
inherited ordinary source choice. It compares the full local gauge slice and the eleven
displayed independent background monomials.

§3. The partial tensor contraction. The coincident orders, both blowups, reverse
chart operation, curve lattice and relative areas are [MATH]; the calculation uses the
Weierstrass convention Apoox = 413 + 27¢? and the rank-one comparison uses B.6.
The wrapped D3 calibration and small-instanton tensor endpoint ( [GEO-E]) assume
the fixed microscopic frame and an isolated local deep infrared sector. See Heckman,
Morrison, et al. (2015b), published §4.1, eqs. (4.1)—(4.3), and Cérdova et al. (2016),
arXiv:1506.03807v2, §5, egs. (5.1)—(5.6) and Fig. 2. There is no metric convergence or
spectrum of every effective charge claimed by the relative calculation.

§4. Displacing the two centers. The disjoint germs, both charts and the translated
control are [MATH]. The physical VEV, the two daughters with their centers, and the
common background interpretation ([GEO-E]) use Heckman, Morrison, et al. (2015b),
published §4.2.1, egs. (4.17)—(4.24). The gauged model of eq. (4.24) is a distinct example;
its Fg gauge node is not imported. Normalizability and physical isolation are premises
in the local interpretation.

§5. Inflow and endpoint anomalies. The inflow, free subtraction, transformed
square, common subgroup comparison and two Weyl-anomaly differences ([ANOM]) use
Ohmori, Shimizu, and Tachikawa (2014), egs. (1.1)—(1.5) and curvature footnote, and
Cérdova et al. (2016), §2.2, §4 and §5. For the tensor comparison the ten monomials in
c,l,p, h of degree eight and the ps coefficient are checked; for Higgs splitting the six
degree-eight monomials in d, p, h and py are compared on the common subgroup. For
a, use CDI egs. (1.6)—(1.7) in each sector’s own superconformal frame; §5 checks the
small-instanton values.

§6. Recombination and the scope of the examples. The changed exceptional
support, orders, cover and compact base ranks ([MATH]) use the original equations
of B.6. The sourced recombination operation ( [GEO-E]) uses Del Zotto et al. (2015),
arXiv:1407.6359v3, §2.1, and we separately transfer the adjoint-plus-singlet candidate
of Heckman, Morrison, et al. (2015b), published §4.2, eq. (4.16). The root moments
and four-coefficient diagonal comparison and conditional Weyl differences ( [ANOM])
establish neither the infrared representations nor an isolated vacuum. For the scoped
organization see Heckman, Rudelius, et al. (2019), §2, §4 and §5. In particular the
available operations and classifications concern the theories and deformations specified
there.
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Chapter XV.8

Geometric little string limits
and the string scale

XV.8.1 A finite string scale after gravity decouples

Can gravitational coupling go to zero while a wrapped string keeps finite tension? The
wrapped D3-branes of Chapter 2 give a way to arrange this. The tension of such a
string measures the area of a particular compact curve in the F-theory base. The
gravitational coupling measures the volume of the entire internal base. If the compact
curves form a fiber over a noncompact complex line of motion, one can stretch the
transverse direction while keeping their areas fixed. We will construct two examples: a
genus-one fiber that degenerates to a triangle, and a rational fiber that degenerates to
an interval of curves. We use the point-contraction criterion of Chapter 5 to see which
parts of these configurations can become tensionless independently of the rest.

Let B be a smooth complex base surface and 7 : B — D a proper map to an
open disc, with smooth connected general fiber F;. In the second example the external
coordinate is called ¢ instead of t. Over the origin the compact fiber Dy is reduced;
each of its irreducible components C; occurs once. The disc variable is a coordinate of
the F-theory base. The curve Fj is a fiber of 7, distinct from the auxiliary elliptic fiber
of the Calabi—Yau threefold. Write Jy for a reference Einstein-frame Kéahler form on B
and define

DOZZCi7 ai:/ J(), AD:/ J0:Zai. (XV81)
i 01 Ft

i

The last equality integrates the same closed form over a smooth fiber and its special-
ization as a cycle. In a small family one may sweep the smooth fibers along a path to
the central fiber; the limiting cycle counts the components with their multiplicities. In
particular, an individual C; need not be homologous to F;. It is their sum that can be
moved to a nearby value of ¢.

Choose a smooth positive two-form w on D, for example the area form of the
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complete hyperbolic metric. The two-form is closed by degree. Stretch the disc using
Iy = Jo + Ar'w, A>0. (XV.8.2)

The pullback is nonnegative on a complex tangent line: it evaluates as the positive area
of the image line under dm, or zero if the image vanishes. This remains true at a critical
point. The sum is closed and remains strictly positive because Jy is positive. On the
smooth part of C;, dr kills every tangent vector. It also kills the tangent directions of a
regular fiber. Consequently

/J)\:ai, /JA:AD. (XVS?))
Ci Ft

This operation changes the metric even on a disc where w is de Rham exact. There is
no need to interpret A as a compact Kéhler modulus.

Take a fixed closed subdisc D’ inside D, with the origin in its interior. Its inverse
image is compact by properness. In the Kéhler volume form there is no term quadratic
in the stretch:

T*w)? =1 (wAw) =0, L2 =172 4 \Jy Am*w. XV.8.4
29\ 240

A local product coordinate system on the regular part shows what is integrated in
the second term. Wedging with the external area form removes the pieces of Jy with
an external leg. Integrating the remaining vertical two-form first gives | 7, Jo- The
exceptional value ¢t = 0 is a set of measure zero in the base integral. Hence

/ JoANTrw = / (/ J0> w = AD/ w, (XV.8.5)
7T71(D’) ’ F; ’

VA(D') = Vo(D') + M p /D o (XV.8.6)

In particular, it suffices to stretch over a fixed patch to make its volume diverge. Enlarg-
ing the cutoff on the already noncompact disc is a different operation. Figure XV.8.1
shows the cutoff within the disc and the fibers it contains.

For a numerical comparison put V(D) = 7, Ap = 10, and fD, w = 3 in common
units, with A dimensionless. If an area unit is £2, the two factors in the product carry
¢? each and Vj carries 4. The three choices A = 1,4, 20 give

(V1, Vi, Vag) = (37,127, 607)¢%, / Jx = 10¢? in all three cases. (XV.8.7)
Fy

Scaling the whole Kéhler form would also scale the fiber area and the D3 tension.
The distinction is visible before any gravitational interpretation: only the second term
in (XV.8.2) has vanishing restriction to every compact component.

It is useful to make the competing rescaling explicit. If jp = pJy with p > 0, the
volumes and areas obey

V,(D') = p*Vo(D") / J, = pA Urdo)” 4 (XV.8.8)
p P Vo ) " p = PAD, Vp(D/) Vo(D')' "o
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Figure XV.8.1: A proper map to a disc. The central triangle sketches the reducible
fiber in the first example; the two ovals represent smooth fibers. The outer contour
marks the open disc and the dashed contour is the regulator. At a fixed regulator the
stretch raises the transverse area and leaves the area of every displayed fiber unchanged.

By contrast this last ratio for Jy is A2 5/ (Vo + AAp fD, w), which tends to zero. The
ratio is dimensionless and tests whether the two geometric meaburements can separate.
In the numerical example, matching the stretched volume at A = 20 by an overall
rescaling would require p = 1/607/7 and multiply the fiber area by the same factor.
Matching the bulk volumes does not match the local theory at a fixed wrapped tension.

To relate this volume to gravity, start from the ten-dimensional Einstein term and
retain an internal constant graviton profile. On the regulated unwarped product, the
part proportional to the six-dimensional curvature is

) /dlol‘\/ |9107E| R107E, (XV89)
2"510 E
S6,red = /d6 T/ ‘g(; E| RG E, (XVSlO)

2"flo E

V,\(

IOE

Si0.E =

Mg eq = (XV.8.11)

The length dimension of “?0, g is eight, so the coefficient has the correct inverse fourth
power of length. At fixed microscopic units this Einstein coefficient diverges as A grows.
The kinetic norm of a constant profile grows with the same volume. A canonically
normalized constant mode therefore carries a factor proportional to V/\_l/ % inits coupling
to a fixed local source in this reduction. Meanwhile a calibrated D3 wrapping the full
base fiber has leading tension

TFt = 7'3/ J)\ = TgAD, (XV812)
Fy

where 73 is the Einstein-frame D3 tension.

The regulated unwarped estimate tests the uniform gravitational mode. A localized
state can still couple to nonconstant modes of the bulk, whose norm and overlap
depend on their profiles and the actual background. The calculation neither gives that
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background nor controls the continuum at the noncompact end. The little string theory
(LST) interpretation below uses the rigid brane construction, in which the interacting
local sector is taken with the appropriate bulk-decoupling conditions. In that setting the
finite tension in (XV.8.12) is an intrinsic scale. The ultraviolet theory retains extended
strings, although sufficiently low energy can admit a description in local field theory.
The next step is to realize the compact fiber by equations and determine its charge
pairing.

XV.8.2 From a negative-definite to a semidefinite
pairing

Where does a corank-one string pairing come from in a smooth base? We construct it
by resolving a degeneration, so that the proper transform and each exceptional curve
can be counted separately. Take the projective Weierstrass surface over |t| < 1 whose
affine equation is

P =23 -3z + 2+, A =4f3 +279% = 2713 (4 4 %), cq = —48f = 144.
(XV.8.13)
The other discriminant roots have [t|> = 4 and lie outside the disc. In homogeneous
cubic coordinates [X : Y : Z], the infinity section is [0:1:0]. OnY =1, put £ = X/Y
and ¢ = Z/Y. The equation and the derivative there are

(=& —fe?—g¢" =0, (=& —fEC7 =gy =1 (XV8.14)

Thus the section survives the resolution away from its center. At ¢t = 0 the right-hand
side of (XV.8.13) is (z — 1)?(z + 2). Near (x,y) = (1,0) the two tangent directions are
y = £v/3(x — 1). Globally the cubic is irreducible: x + 2 prevents the polynomial from
being a square. Its normalization is rational, as is also seen by parametrizing the cubic
by y/(xz — 1) away from the node.

Choose the local analytic branch h = (z —1)y/z + 2. Since h'(1) = /3, the following
change has nonzero Jacobian in the transverse variables:

U=y—h, V =y+h, Uv =13, (XV.8.15)

The gradient of UV — t3 vanishes only at the origin. This is the single total-space
singularity. In its point blowup, start with the chart in which ¢ supplies the exceptional
factor. Then use the chart in which U supplies it:

U=tu, V=tv: uv =1, (XV.8.16)
t=Ur, V=Up: p=Ur3, t="Ur. (XV.8.17)
In the first line u,v are coordinates on the resolved surface. The exceptional locus
t = 0 consists of u = 0 and v = 0 and they meet once at (u,v) = (0,0). In the second
line the surface has coordinates U,r. The two loci U = 0 and r = 0 are, respectively,

one exceptional component and a proper branch of the old nodal cubic. They meet
transversely at (U,r) = (0,0). The third chart is

t=Vs, U=Vp: p=Vs, t=Vs. (XV.8.18)
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The proper branch there is s = 0 and its intersection with V' = 0 is also transverse.
One can see how the affine pieces make complete curves without relying on the
diagram. On the overlap of the U and ¢ charts, r = ¢/U is nonzero and the same point

has 1 v

u=-, v=g = Ur. (XV.8.19)

r

Thus the line U = 0 on the U chart and the line v = 0 on the central chart patch
by reciprocal coordinates. The point r = 0 is present only in the U chart and the
point u = 0 on this line is the mutual exceptional intersection. On the other line the
analogous transition is v = 1/s, u = Vs2. The U-chart and V-chart proper branches do
not glue through the exceptional. Instead they glue in the original cubic away from the

node. For x # 1, writing £ = y/(z — 1) there gives
T = 52 - 2a Y= £(£2 - 3)7 fnode = i\/g (XVSZO)

The two values of £ give the two different preimages of the node; £ = oo adds the smooth
point at infinity. This accounts for why the global incidence closes into a triangle even
though the two proper branches are separate in the local resolution.

The projective exceptional directions [U : V : ¢] distinguish all three intersections.
The exceptional components C7,Cy are the lines [U : 0 : t] and [0 : V : ¢] of the
projectivized tangent cone. Their mutual intersection is [0 : 0 : 1]. The proper cubic
Co meets them at [1:0:0] and [0: 1 : 0], respectively. Each C; is rational; on Cy the
two proper branches of the node now lie at different points of its normalization. All
multiplicities are one because t is locally a product of two coordinates at each meeting
and vanishes to order one along either coordinate axis. The incidence in Figure XV.8.2
comes from these three distinct points.

Exceptional directions
U chart: [1:0:0]
t chart: [0:0:1]

V chart: [0:1:0]

Figure XV.8.2: The three I3 nodes in their exceptional direction charts (left). Each
triangle edge at right records one of the three transverse intersections. The vertex Cj
denotes the entire proper cubic, joining the two proper branches visible in the local
charts.

For a self-intersection calculation, intersect each component with a smooth fiber F}
that misses it. Specializing F; to Dy, the same intersection number becomes a sum of
the self-intersection and the two neighboring intersections. Thus in the ordered basis

(007 Cla 02)7

0=F-Ci=C?+1+1, Q=C;-CHy=11 -2 1], A=-Q.
1
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We use A for the positive-sign string pairing. On an ordered column ¢ of coefficients,

q"Ag= (g0 — @1)* + (g1 — @2)* + (g2 — q0)*. (XV.8.22)

Any nonconstant column has positive pairing with itself. The full fiber column (1,1, 1)
spans the null space. A negative-definite set could not have a nonzero such direction.
Here it occurs because every member of the reducible fiber is disjoint from a nearby
representative of the full fiber class.

We also need a holomorphic two-form on the resolved surface. The residue of the
Weierstrass equation gives dz Adt/(2y) away from the zero of the displayed denominator.
Near the singular point the analytic change of variables takes it to a unit times dU Adt/U,
up to orientation. Use ¢ = uv and U = tu in the first chart to compute

dUANdt  du
U
In the U chart dt = rdU + U dr, so the same residue is dU A dr. In the V chart
dU/U = 3dt/t — dV/V away from the coordinate divisors. Hence it is —dV A ds
there. All three expressions extend as nonvanishing holomorphic forms. Away from
the resolution center, the surface residue can be written with any nonzero equation
derivative. It extends at the regular section by adjunction for the projective cubic in the
trivial projective bundle over the disc. The resolution S therefore has trivial canonical
bundle. Its reduced nodal triangle is a split I3 fiber.
Now take the fixed smooth elliptic curve E : y%, = 2%, — zp with section at infinity.
The product is a smooth local Calabi—Yau threefold with nowhere-vanishing form given
by the product of the two residue forms. The two maps of interest are

Adt = du A dv. (XV.8.23)

ExS— S, (e, s0)— so, ExS— ExD, (es)— (e,t(s0)). (XV.8.24)

In the first map, E is smooth over every point. Thus there is no seven-brane gauge
decoration on Cy, C1, Cy. The second map has a split I3 fiber over E x {0}. We keep the
first map for the physical construction in this chapter; the second supplies a geometric
input for the later comparison of circle reductions.

The charts give a sensitive comparison if t3 is replaced by ¢2 in the Weierstrass
equation. The nodal cubic at zero is unchanged, but now UV = t2. The central chart
is wv = 1, so there is no central meeting of two exceptional lines. The exceptional conic
UV = t? in the direction plane is smooth. On the U chart p = r? with ¢t = Ur, and
on the V chart p = s? with t = Vs. The same single exceptional curve meets the two
proper branches at [1:0: 0] and [0: 1 : 0], which are distinct points. The reduced I
fiber gives

Qr, = (_22 22> ;o 4'(=Qn)g=2(q — ¢1)*. (XV.8.25)

The transition also explains why the changed model has only one exceptional curve.
In the overlap r = 1/u and p = r2. The exceptional part with U = 0,7 # 0 maps to
the uv = 1 locus, where u is invertible and v = 1/u. In the V chart the coordinate
s = 1/v gives the other end of this same locus. The two points where an exceptional
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coordinate vanishes on the outer charts compactify it to a conic. They each meet one
proper branch, in contrast to the separate exceptional lines of the I3 chart.

The entry 2 counts two local intersections of multiplicity one. A single edge of
multiplicity one with diagonal entries —2 would instead give the negative-definite matrix
of a point-contractible pair. Here the geometry has changed by changing the polynomial;
deleting a vertex from the triangle would retain the latter single-edge intersection. The
actual changed object retains a whole fiber and a null direction. We now identify the
string carried by that direction.

XV.8.3 The null charge and its wrapped string

Why can a charge in the radical have strictly positive tension? The pairing and the
tension are different measurements of the same wrapped curve. For an ordered integer
column ¢, write [Cy] = >, ¢;[C;]. Signed coefficients are useful for the lattice. For
tension examples we take ¢; > 0 and use the calibrated effective cycle. In the product
geometry the primitive column § represents the full fiber:

§=(1,1,1)" [Cs] = [F}), QJ = 0. (XV.8.26)

The entries have greatest common divisor one. There is no relation setting this column
to zero in homology: its period against the closed Kéhler form is Ap > 0. The vanishing
of Q0 says that the cycle has zero intersection with all the compact components in our
lattice.

The D3 worldvolume occupies two spacetime directions and wraps a holomorphic
curve in B. The restriction of the Einstein-frame K&hler form to the curve is its area
form. To leading calibrated order with no worldvolume flux, the tension per unit
spacetime string length is the D3 tension times the internal area:

1 t
T3 = W, T(q) = T3 /c"q JE = T34 a, (XV827)
Mg :=T(0) = 3Ap. (XV.8.28)

Here a is the column of Einstein areas and Jg can be any Jy in (XV.8.2). Since
[o] = length?, 74 is an inverse fourth power of length, and multiplying by area gives a
mass squared. With the scalar convention g3 = 2(27)°a’* and ¢; = a;/g3 , the same
formula reads

T(q) = 1395 pd' 6 = 87°¢"¢. (XV.8.29)

We use MfST to name this tension, without assigning a numerical oscillator gap. The
full fiber here is a curve in S. In the product frame it is this base curve that the D3
wraps. The auxiliary elliptic curve E does not enter its wrapped area.

The periods a; must come from a Kéhler form. To see which positive rational
partitions can be prescribed, use the infinity section S, as a reference divisor of degree
one on F;. This section meets Cy once and is disjoint from C7, Cy. Consider the rational
divisor class

L=ApSy +b1C1 + byC. (XV830)
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We measure areas in a common unit, so the coeflicients denote dimensionless degrees in
this equation. The intersections in (XV.8.21) give

L-Cy Ap + b1 + bo
L-Ci|=| -201+bs |, L-F,=Ap. (XV.8.31)
L-Cy by — 2by

The component contributions from by, by add to zero. Thus these two coefficients
redistribute area at fixed total. To give prescribed a1, as, solve the last two rows:

20,1 —+ a9 b a1 + 2(12
3 ) 2 — 3 ’
The minus signs follow from the negative intersection of each exceptional curve with
itself. A negative coefficient in L therefore need not give a negative period.

If all three areas are positive and rational, multiply L by a common denominator to
get an integral relative polarization. A line bundle of positive degree on each component
of every proper curve fiber is relatively ample. In our disc all other fibers are irreducible
and have positive degree Ap. After restriction to a smaller disc, a sufficiently high
power gives a relative projective embedding. Pull back the projective Kéhler form,
rescale it to the desired degrees, and add a positive form from the disc to obtain a
reference Kéhler form. This establishes the chosen periods in the local family; it does
not require a description of a compact completion’s Kéhler cone.

For example, compare two ordered partitions at total area ten. The required
coefficients, read by (XV.8.32), are

b1 = apg = AD — a1 — ag. (XV832)

(ag,a1,a2) | by by
2.3,5) | —11/3 —13/3 (XV.8.33)
(1,4,5) | —13/3 —14/3

Moving one unit from Cy to Cy increases the C; tension by 73 in these units and leaves
the full-fiber tension unchanged. Figure XV.8.3 represents the first partition. The
lengths in its bar encode areas; they do not represent intersection numbers.

Ap =10

Co Ch Cs

ag = 2 a1 =3 as =95

Figure XV.8.3: The ordered area partition (2, 3,5) of the base fiber Dy = Cy + Cy + Cs.
The upper brace marks the cycle used for the whole-fiber D3 tension, while the lower
marks show the component periods.

The reference-class calculation can also be run in the forward direction. At fixed
total, the shift from the first to the second row is (Aby, Abg) = (—2/3,—1/3). Its period
variation follows directly by intersecting the divisor difference:

(=2C1 — £Cs) - (Co, C1, C2) = (—1,1,0). (XV.8.34)
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Changing b; alone would also change the period on Cy. The two coefficients must be
solved together if as is to stay fixed. Because the section has degree one on a smooth
fiber and the two exceptional curves are disjoint from a regular fiber, the same difference
has zero pairing with that class.

In the first partition, the two effective cycles with columns ¢ = (1,2,0)" and
q+9d=(2,3,1)! have

T(q)/m3 =2+2(3) =8, (XV.8.35)
T(q+6)/m3=2(2) +3(3) +5 = 18, (XV.8.36)
(q+ )" A(q +6) = ¢"Ag = 6. (XV.8.37)

The tension difference is exactly the tension of the added fiber. The formula assigns
the calibrated area to an effective configuration and does not count single-string bound
states. In the rigid product construction the full-fiber D3 is the little string, and the
S-base model realizes the gauge-free (2,0) affine Ay LST. This identification uses the
ordinary rigid background described above. The same algebra would assign a radical to
any matrix of the same shape; it would not supply the physical construction. We next
determine precisely which data that algebra retains.

XV.8.4 Dynamical and nondynamical tensor direc-
tions

Which variables can vary at fixed string scale, and which charge data determine tensor
pairings? In Chapter 2 the tensor fields came from reducing the four-form on internal
two-forms. In a noncompact construction the corresponding fluctuations are dynamical
only when the internal modes obey the required boundary conditions and have finite
kinetic norms. The pairing calculation below characterizes the candidate local charge
sector in the ordinary rigid construction. It does not determine the norms of the modes
or the full kinetic metric.

First let n; > 0 be the multiplicities in a connected compact fiber, so @Qn = 0. Use
the off-diagonal intersections );; to eliminate the diagonal by Q;n; = — > ot Qijn;.
Combining the contributions of each unordered pair to ¢‘(—Q)q gives

n; o ni o
q'Ag = ZQij (nzqz —2q¢iq; + n;%)

1<j
2
=3 Qimin, <qz - %) . (XV.8.38)
— n; j
1<g

Every intersection between distinct components of a smooth surface is nonnegative. The
form vanishes only when the ratios agree across every edge. Connectedness then makes
them all equal. In the two examples all n; = 1, and for N components the integral
radical is Z§ with 6§ = (1,...,1)%.
To coordinatize the quotient ZN /76, choose the last component as reference and
put
Pq=(q1 —qn,...,an-1 —qn)" (XV.8.39)
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using labels 1,..., N here for the ordered positions. Every quotient class has a unique
representative with last entry zero, obtained by subtracting ¢y d. Every integer column
of length N — 1 occurs. Write tp = (p,0)! and let M be the leading principal block of
A. Then ¢ = tPq + qn9, so for all ¢, ¢’

¢'Ad = (Pq)'M(P¢'),  A=P'MP. (XV.8.40)

Since a nonzero tp cannot lie in the radical, M is positive definite. This calculation
removes the radical from the bilinear form without inverting a singular matrix.

For the triangle return to labels 0, 1,2 and take C5 as reference. For the three-
component chain constructed in Section XV.8.6, order the components from its left
flavor end and again take the last one as reference. The two quotient matrices are

2 -1 1 -1
My, = ( 9 ) , Mgy = (_1 9 ) ) (det My, det Mi21) = (3,1).

-1

(XV.8.41)
The notation 121 records the magnitudes of the three compact self-intersections. It gives
two independent differences, as the triangle does, but the determinants show that the
integral pairings differ. Choosing a different reference on the same triangle gives the same
determinant. For instance reference Cy gives coordinates (¢1 —qo, g2 —qo0) = (p2—p1, —p1)
for p = (g0 — ¢2,41 — ¢2). This coordinate change has determinant one and preserves
the finite Ay form. For the two-component chain the block is simply (1).

It matters which object is deleted when using a principal block. Algebraically, the
omitted coefficient has been removed by choosing a representative of a class, not by
discarding a component of the geometric fiber. For example the triangle charge (0,0, 1)?
has representative (—1,—1,0)!; in the quotient it is the negative sum of the other two
basis charges. Its pairings with the Cy and C basis charges are both —1:

M, <j> = (:D : (XV.8.42)

The representative need not be effective even if the original cycle is effective. Its signed
coefficients are legitimate for evaluating the bilinear form but cannot be substituted for
a wrapped effective configuration when computing the absolute tension.
Now treat the areas as variables. Since Ap = 6%a, their variation at fixed scale
satisfies
§tda = 0, da=P'n=(n,....0n—1,— > ;m)" (XV.8.43)

The real image of @ is this same hyperplane because @ is symmetric with one-dimensional
kernel. Equation (XV.8.43) describes a tangent in period coordinates. The two descrip-
tions are dual in the sense that

q'da = (Pq)'n. (XV.8.44)

The variation of tension pairs with a quotient charge, whereas the absolute tension
in (XV.8.27) pairs with the full charge. In the example of (XV.8.37), shifting by §
leaves Pq fixed at (1,2) but adds 1075 to T. There is no contradiction: the added
tension is constant along the fixed-scale slice.
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(0,0, 10)

ag + a1 + as = 10

(10,0,0) (0,10,0)

Figure XV.8.4: The fixed-total-area simplex for the triangle. The vertices have all
the area on one component and are boundary configurations. The arrow at (2,3,5)
redistributes area from Cy to Cy, giving (1,4, 5) at the same Ap. Its tangent is (—1, 1,0)
in the period coordinates.

There is a geometric reason why a localized deformation cannot change the full-fiber
area. Suppose da comes from a closed variation d; of the Kéhler form with compact
support in B. The image of the support under 7 is compact in the open disc. Choose a
regular ¢, outside that image. Then

5tda = / dJ = / dJ =0. (XV845)
Do F,

Here d; denotes a variation of the form, not its exterior derivative. Compact support is
a sufficient condition for the displayed period identity. Determining which fluctuations
are normalizable requires the actual noncompact geometry and its boundary conditions.
In the local tensor interpretation the positive quotient is the pairing of the dynamical
sector and the null combination is fixed background data. The full-fiber string still
exists at that background value. The geometry of Figure XV.8.4 now makes a further
question possible: which subset can shrink while that value stays nonzero?

XV.8.5 Comparing an SCFT limit with an LST limit

When can tensionless strings appear while the theory keeps its little string scale? The
distinction is between shrinking a set of components to a point and fixing the area of the
complete fiber. For a connected fiber as above, take a proper subset of its components
and extend a nonzero vector x on that subset by zero to the full column z. Write Agy,
for the principal block. Then

' Agpr = TPAT > 0. (XV.8.46)

Indeed, equality in (XV.8.38) would make Z a multiple of the positive multiplicity
column, but one of its entries is zero. Thus the selected compact intersection matrix is
negative definite. The same argument fails for the full set because there is no removed
entry.
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For the triangle choose the two exceptional components, keeping Cj outside the
selected set. Their intersection block and the area path at fixed total are

Qsub = <_12 _12) ,a(e) =(10-36,6,20)",  0<e<10/3.  (XV.847)
The path lies inside the positive chamber. For positive rational € the periods are realized
by (XV.8.32); one can also interpolate the positive reference forms for interior real
points. Along this path the two exceptional coefficients are by = —4e/3 and by = —5¢/3.
Their collapse leaves the positive area from the section term in L. At leading calibrated

order,
(T(C1), T(Cs),T(5)) = 13(e, 2¢, 10). (XV.8.48)

The first two tensions vanish as e — 0, but the little string still has finite tension.

For a concrete comparison on the fixed-scale path, take e = 1/2 and 1/10 in the
chosen area unit. The corresponding ordered triples and the tension ratio for the
exceptional pair are

a(l/2) = (17/2,1/2, l)t, a(1/10) = (97/10,1/10, 1/5)t,
T(Cl + CQ) . 3e (XV849)

) 10

The ratio falls from 3/20 to 3/100. This measures the hierarchy of calibrated scales but
does not establish that the light sector is isolated. Even after the two exceptional areas
vanish, the surviving component still meets the locus where they contract.

In this example there is an actual analytic contraction of precisely the two excep-
tional components. The blowup map gives, in the central chart (XV.8.16) and the U
chart (XV.8.17),

(u,v) — (U, V,t) = (v, uv?, uv), (XV.8.50)
(U,r) — (U, V,t) = (U,U*3,Ur). (XV.8.51)

Both images satisfy UV = t3. The corresponding V chart exchanges the first two
coordinates. In the central chart uv = 0 maps to the origin. In the U chart the
exceptional component U = 0 maps to the origin, but the proper branch » = 0 maps
to (U,0,0) and survives away from its meeting point. Similarly the proper branch in
the V' chart maps to (0,V,0). Outside the origin the blowup is an isomorphism. This
proves that the exceptional pair contracts inside the local germ while the proper cubic,
viewed globally in the fiber, is not contracted by that map.

Analytic contractibility provides the local geometry required for the corresponding
point-limit construction. Under the ordinary physical decoupling assumptions, an
isolated tensionless point-contracted sector can give an SCFT. The contraction map
alone supplies neither its isolation from other modes nor an identification of the entire
fixed-scale theory with that SCFT. In the point-contraction construction the special limit
uses zero areas for the contracted curves, as distinct from the positive-area tensor branch
obtained by supplying a reference Kéhler form. The limit in (XV.8.47) approaches a
possible point-contracted subsector while holding the whole-fiber scale fixed.
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The intersection criterion and the map answer different parts of the contraction
question. Negative definiteness of the pair is the local analytic contractibility criterion
for this compact curve configuration. The explicit blowup map gives a specific target,
with the Ay hypersurface equation UV = t3. Neither argument makes the full special
fiber a point-contractible set: the normal intersection of that set is degenerate, and the
displayed map sends the proper branches to the two coordinate axes instead of to the
origin. This is why deleting a row to compute a positive pairing, as in Section XV.8.4,
is not itself a choice of a physical limit.

A different path keeps the same two small areas but shrinks the remaining component
as well:

aan(e) = (3¢, ¢, 2¢)", Tun(6) = 673¢. (XV.8.52)

Now the little string scale is going to zero, so this is not a path within the given
fixed-scale LST family. Nor does it give a negative-definite full intersection matrix or
an analytic point contraction of the entire fiber. Tensionlessness alone is insufficient to
infer a whole-theory SCFT. Figure XV.8.5 distinguishes the two paths in area space.

a1 + as

Ap =10

ADZGF

ao

0 10

Figure XV.8.5: The two limits projected to the (ag,a; + as) plane, with as = 2a; on
both paths. The fixed-scale path approaches (10,0) on the line Ap = 10. The all-shrink
path approaches the origin and changes the total area.

One can instead make Cy heavy in the area calculation, for instance by taking
ap = R at fixed € > 0:

T(Co) =13R,  T(8) = 3(R + 3¢) 222 . (XV.8.53)

This comparison separates the cost of wrapping the outside component from the costs
of wrapping the exceptional pair. It takes the whole-fiber scale to infinity, unlike the
fixed-total path. To extract a physically isolated sector one still needs the appropriate
boundary and decoupling conditions. Having distinguished these limits on the affine
model, we can ask how the same fixed-scale mechanism is realized on a base with
rational general fiber and noncompact flavor divisors.
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XV.8.6 Geometric existence beyond the lattice

What must a rational-fiber chain satisfy beyond reproducing a null matrix? Its compact
curves must occur together in an actual base. A Weierstrass equation over that base
must realize the desired boundary divisors without leaving unwanted nonminimal points.
Both checks matter: moving a blowup center can preserve the compact intersection
matrix and spoil the Weierstrass construction. We will see this directly in a two-step
resolution and repeat the calculation with a changed exponent that requires only one
step.

Start from By = ]P’[lm] x Dy. The canonical bundle of the disc is trivial and
Kp1 = O(—2). Therefore —4Kp, and —6K g, have degrees eight and twelve along P*.
In the exact interval family we take

f= =30, (XV.8.54)
g=9Y"0°1" 4+ 0%75 + 0777, m=2or 1. (XV.8.55)

The coefficient ¥™ is a holomorphic function on the disc and does not alter the
homogeneous degrees. In the two affine trivializations the coefficients read

z=0/T: (f,9) = (=32, 22 (™ + 2 + %)), (XV.8.56)
w=rT/0": (f,9) = (=3w*, W’ (1 + w + " w?)). (XV.8.57)

Away from z = 0 and w = 0 the coefficient f is nonzero. Along w = 0 the factor
multiplying w® is a unit, including at ) = 0. At z = 0 it is a unit when 1 # 0, but not
at the origin. At the left origin, the lowest degree of f in (z,1)) is four, and the 25 term
in g guarantees degree six for both m = 1 and m = 2. This is the only nonminimal
point on the initial small neighborhood.

The blowup of a smooth surface point has exceptional curve Fey. and projection p.
Its canonical divisor is

Kp = p*KB + Foxe. (XV858)

To express the new coefficients as sections of —4Kp and —6K g, divide their pullbacks
by e* and €%, with e = 0 the local exceptional equation. These divisions are regular at
a center of point orders at least (4,6). In Weierstrass coordinates this is the change
r = %', y = e3y’. In the residue dz A dz A dip/(2y) the dz terms proportional to de
wedge to zero against the pulled-back base two-form. The remaining relative factor is
e~ !. For example, in z = ez;, 1) = e the base wedge has one factor of e, so the factors
cancel. The other chart gives the same cancellation up to orientation. This explains
crepancy at the level of the base blowup and normalized Weierstrass form. The ordinary
fiber resolution over the flavor divisors is a separate operation.

For the first blowup use z = 1z on the chart containing the strict left section. The
chart at the other end of the exceptional uses z = e, 9 = ev. Divide by the exceptional
powers in each chart to get

z =1z (fi,91) = (=325, 20 (™" + 21 + ¥27)), (XV.8.59)
z=e, Y=ev: (fl.g1) = (=3, 1+e+em ™). (XV.8.60)
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The primed chart has unit f;, so it has no nonminimal point. At (¢, z1) = (0,0) on the
first chart, the orders are (4,6) when m = 2, since the bracket starts with ¢ + z;. For
m = 1 they are (4, 5), since the bracket starts with one. Thus the number of required
blowups is already distinguished by a point-order calculation, although both initial
centers had the same orders.

For m = 2, blow up the continuing point. Use z; = 1%z on the continuing chart
and z; = e,y = ev on the other chart, reusing the local symbols e, v for this step. The
normalized coefficients are

21 = zg (f2,92) = (—323, 25(1+ 20 + 1/1223)), (XV.8.61)
zn=e, h=ev: (£5.95) = (=3,1+v+e®v). (XV.8.62)

Now the continuing point has orders (4,5) and the other chart again has unit f3.

The same transformations can be organized by a step index j < m for these two
families. In the continuing chart z = 7 zj, and the pullback coefficient g contains a
factor of 1%7:

P+ 2+ 2%) =¥ 4 2+l 2T). (XV.8.63)

The exponent 6j comes from accumulating the crepant divisions; the remaining coeffi-
cient is the one tested at the next point. A quick check on the noncontinuing chart of
the jth step starts from its previous bracket )™/t 4 z; 1 4477123 |. Substituting
zj—1 = €, = ev and dividing the remaining bracket by e gives

g§ =14 emIym—Itl 4 pigd—1, (XV.8.64)

In particular on the new exceptional in the final noncontinuing chart, g/, = 1+ v at
e = 0. This equality holds for either final step, though the preceding steps and the
adjacent components differ.

The map to Dy remains proper. Its central fiber in either noncontinuing blowup
chart has local equation ev = 0, which accounts for the transverse compact nodes and
the multiplicities one. In the continuing charts the new exceptional is v» = 0 and the
strict flavor section is z; = 0. They are transverse. Figure XV.8.6 records the resulting
incidence; the final exceptional enters next to the strict left section.

i1 Sy
Hy €2 e —e2 F—e; Hpr| second
[Hp|— ez j——er—e2}—F —er}—{ Hg|

Figure XV.8.6: The central rational fiber and the left and right flavor sections before and
after the two base blowups for m = 2. A cross marks the next center. The second blowup
separates the left section from the first exceptional, whose proper transform becomes
the middle curve. All solid compact links indicate a single transverse intersection.

first

To calculate self-intersections, use total-transform classes. Write F' for the original
vertical fiber class and H for a horizontal section class on By. The exceptional classes
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e; in this calculation are total transforms on the final surface; in particular e; is not
the strict middle curve after two steps. The basic intersections are

F? =H? =0, H-F=1, e ej = —0;j, e;i-F=e-H=0. (XV.865)

The first center lies on F' and the left section. The second lies on the first exceptional
and the strict left section, away from the strict transform of F. Hence for m = 2 the
compact components from left to right and the flavor section classes are

(CL,Cm,CRr) = (e2,e1 — €2, F —e1), CL+Cy+Cg=F, (XV.8.66)
(HLaHR) = (H—el —GQ,H). (XV867)
Their pairings follow by multiplication. For example (e; — e3)? = —2 and (e; — e3) -
(F —e1) = 1. The left section has intersection (H — e; — e3) - (1 — e2) = 0 and meets

eo once. The matrices and boundary incidence are

-1 1 0
_ Hp,-C;\ _ (1 0 0

Q121 = é —12 _11 ; <HR _ Ci) = <0 0 1> . (XV.8.68)

For m = 1 the second center is absent. The compact order is (e1, F' — e1) and the end
sections are H — e; and H. Their intersection data become

o0 — ( 11 _11) | @;g) - ((1) (1)) (XV.8.69)
In each case the rows of @) sum to zero. Adjunction also distinguishes these configurations
from the triangle. For m = 2, Kgp = —2H + e; + e3 in these local classes, so its
intersections with the compact chain are (—1,0,—1) and Kp - F = —2. For m = 1 omit
eo to obtain the same canonical degree of the total fiber. The smooth general fiber has
genus zero by 29 —2 = (K + F) - F. On the affine surface Ky is trivial and the smooth
fiber has genus one. A corank-one condition on the pairing is not a genus calculation.
We next check where the elliptic Weierstrass fiber of the threefold degenerates over
this resolved base. On Cg, away from the first exceptional, the restriction to ¥ = 0
uses f = —3z%, g = 25(1+ 2). On Cf, use the final continuing chart of either family and
restrict to ¢ = 0. Its coefficients are f = —322, g = 23 (1 + z,,). The discriminants
along the two end curves in these charts are

Al =272"%(z = 1)(2 + 3), (XV.8.70)
Alc, = 272201 — 2,) (1 + 32,,). (XV.8.71)

The factor z'2 in the first line occurs at the old left point, where this chart does not
describe the blown-up Cg. Near the relevant compact node the first primed chart
in (XV.8.60) gives f = —3,g =1 at e = v = 0. In the second primed chart for m = 2
the node likewise has f = —3,¢g = 1. In both cases A = —81 there. On the middle curve
for m = 2 the first continuing chart has g; = 2% and f; = —327 at generic v = 0, with
discriminant —812{?. The primed charts cover its ends. Hence there are no additional
residual zeros on that curve.
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The continuing and noncontinuing descriptions also cross-check the location of the
last two residual roots. On the final exceptional their overlap has v = 1/z,,. In the
primed trivialization the discriminant at e = 0 is 27[(1 + v)? — 4] = 27(v — 1)(v + 3).
Its two roots become z,, = 1,—1/3 in the continuing chart. At v = 0 the primed
expression is nonzero, so the node at the other end of the exceptional has no residual
zero hidden by the change of trivialization. For Cr the first primed chart at v = 0 gives
27[(1 + e)? — 4] with z = e, as expected after removing the exceptional powers from the
right-end discriminant (XV.8.70).

The residual intersections are at z = 1, —3 and z,, = 1, —1/3. They are simple and
disjoint from the two compact nodes when both nodes are present. At each residual root
f # 0, so the Weierstrass fiber is nodal of type I;. For a double root x = x, of the cubic,
f = —322 and g = 223. In a base direction along the compact curve the derivative of
the discriminant there is 10822 (z. df + dg). Since x, # 0 and the root is simple, the
Weierstrass hypersurface derivative —(x, df + dg) in that direction is nonzero. Thus
these nodal fibers have smooth total space near their singular points. Simplicity also
makes the residual discriminant transverse to the compact end curve there. Properness
lets us restrict to a smaller external disc so that these local neighborhoods and the
regular parts cover all residual loci near the central fiber. In particular the residual
discriminant does not collide with a flavor divisor in that smaller neighborhood.

The two end curves each meet a compact neighbor, a noncompact flavor section,
and two residual discriminant branches. Figure XV.8.7 records the positions in their
own affine coordinates. The I; roots do not enter the compact intersection matrix:
they are points of degeneration of the elliptic fiber over the base curves. They must
nevertheless be checked to decide whether the Weierstrass model introduces a further
singularity that changes the construction. In particular the two labels 1 on the diagram
are values of different coordinates and refer to points on different curves.

0 -1/3

1 Zm = 00
Cp, —o 0 .
jR L O {1
z=0 -3 1 oo

Figure XV.8.7: Marked loci on the two end curves of the rational central fiber. Each
row is a projective line with its own affine coordinate. Markers are schematic, with the
coordinate values written beside them. Squares mark flavor-section incidence, open
circles mark simple residual I; intersections, and solid points mark the compact nodes.
For m = 1 the two solid markers describe the same compact node.

At the final left section z,, = 0 the bracket multiplying 23, has constant term one.
At the right section w = 0 the corresponding bracket in (XV.8.57) also has constant
term one. The g? term therefore contributes order ten and cannot be canceled by f3,
which starts at order twelve. Both noncompact sections have

ord(f, g, A) = (4,5,10). (XV.8.72)

179



The ordinary type is I1*. We use the ordinary local crepant fiber resolution along the
two flavor sections as a construction ingredient. In a transverse germ, normalizing the
unit multiplying the fifth power gives the weighted leading form y? — z3 — u®, where
u is a normal coordinate to the section. This is the transverse Eg type; it is not by
itself an analytic simultaneous resolution of the threefold family. Our blowups and
residual checks do not construct such a global resolution. The compact components are
generically Iy, meaning smooth Weierstrass fiber. The two Eg algebras come from the
noncompact ends and act as flavor algebras in the ordinary local rigid interpretation.

Here is why the coefficient checks are essential. In the m = 2 family move the
second center to (¢, z1) = (0,1) on the first exceptional. The strict transform of the
first exceptional still has self-intersection —2, and the same three compact classes and
matrix (XV.8.68) result. But the center misses the left section, whose class stays H — e;
and whose incidence changes to (0, 1,0). Worse, the first continuing coefficients are units
at the proposed center, with values —3,1. For example, the chart z; =1+ e,¢¥ = ev
would give after the proposed division

ff==3e"*1+e) g =e 1+e)’(ev+1+e+ev(l+e)?). (XV.8.73)
The complementary chart 1) = e,z = 1 + ev gives

= =311+ ev)?, (XV.8.74)
g =e1+ev)’(e+1+ev+e(l+ev)?). (XV.8.75)

Both normalized coefficients would have poles on either chart, since the numerators there
restrict to —3,1. The true nonminimal point remains: in the first wrong-center chart it
is at e = —1,v = 0. There e is a unit, the factors 27, 2 persist as (1 +¢€)%, (1+¢)°, and
the bracket vanishes to first order. Thus the point still has orders (4, 6). The unchanged
compact matrix cannot diagnose this failure.

There is a second possible error at the correct center: retaining the bare pullback.
For the m = 2 second step, for example, on the other chart those coefficients would be

pfi=-3¢",  pg=e(1+v+cv). (XV.8.76)

These have the divisorial orders (4,6) along e = 0. Their orders reflect the old line
bundles on the new base. Dividing by the exceptional powers as in (XV.8.58) gives
unit f} and removes this divisorial failure. In the wrong-center calculation there are no
exceptional factors to remove. Thus the base blowup must be made at a point with
the required orders, and the Weierstrass coefficients must be transformed in the new
bundles.

Finally the positive reference forms for the chain can be constructed as in the
affine case. For m = 2 use the class L = ApH — €1e1 — €se5. Its degrees in the order
of (XV.8.67) and their positivity condition are

(ar,an,ar) = (2,61 — €2, Ap — €1), (XV.8.77)
a; >0foralli <= 0<e<e <Ap. (XV.8.78)

Given a rational partition one recovers €s = ay, and €; = ay, +ays. The generic fiber has
degree Ap, so the relative ampleness and reference-metric argument applies. For m = 1
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use L = ApH — €1e;1. The period pair is (e1, Ap — €1), for example (2,8) at Ap = 10.
Both realizations can be stretched by (XV.8.2) and retain the full-fiber tension 73Ap.
The flavor sections play no role in the sum of the compact areas.

To realize the same ordered partition (2,3,5) used for the affine example in this
chain, take e = 2, ¢ =5 and Ap = 10. Thus L = 10H — 5e; — 2eg, very different
from the affine section and exceptional class in (XV.8.33). If €; fell to ez the middle
curve would have zero degree and the class would reach a wall, despite leaving both
end degrees positive. Equal numerical periods in the two examples give equal tensions
for the corresponding effective coefficient columns at leading order. Their intersection
pairings and flavor incidences still differ. In particular, the middle component has no
intersection with either flavor section here.

Under the bulk-decoupling hypotheses of the rigid heterotic interval construction
this gives a (1,0) LST with Eg x Eg flavor. In the interval frame the special gravity-
decoupling scaling collapses the transverse interval while keeping the effective string scale
finite. The ratios of the subinterval lengths can stay positive and supply tensor-branch
parameters. This distinguishes that microscopic scaling from setting the normalized
compact periods to zero: our positive reference areas describe the finite-tension branch
in the F-theory frame. The later chapters will vary the gauge data and compare circle
reductions. Both tasks require more than the compact matrix. Here the separate base
and Weierstrass calculations identify what survives the gravity limit, where the flavor
loci meet it, and which scale remains fixed.

XV.8.7 Exercises

1. Resolve the changed affine exponent. Replace t3 by t? in (XV.8.13). Give the
discriminant order at zero and the compact intersection matrix in the order (proper
cubic, exceptional conic). Give the primitive effective null column. Assign the
two curves areas (7/2,5/2) in common units and compute 7'(6)/T(Cy). Explain
how the two actual intersections are distinguished in the direction plane.

2. Redistribute area and add one fiber. In the triangle, prescribe (ag, a1, as) =
(3,5/2,9/2) at Ap = 10. Solve for (b1,b2) in (XV.8.30). For ¢ = (2,0,1)" and
q + ¢, submit their quotient columns with reference Cs and both tensions in units
of 73. Check the periods from your class. Explain how equal quotient classes can
give different answers for the two tensions.

3. Stop or continue the chain resolution. Compare the m = 1 family to the
m = 2 family stopped after its first blowup. In each case give the (f,g) point
orders at the strict left section on the continuing chart. Give the powers of the
three bracket terms in g;/ z?, and the generic exceptional orders of (f7,g;) on
the other chart. Give the compact intersection matrix @, left and right section
incidences and central fiber multiplicities at the stage you have computed, in
order from left to right. For m = 2 also complete the second blowup and give
the corresponding final data. Explain why two identical compact matrices at
the first stage give different answers to the question of whether the model has a
nonminimal point.
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4. Diagnose gravitational isolation. Explain how the regulated Einstein coeffi-
cient tests gravity decoupling. Which profile is assumed, and which information
about other modes would be needed to infer that a chosen local interacting sector
is isolated from a continuum? Distinguish the fixed-area stretch from a uniform
rescaling of Jy.

Use benchmark/tasks. json for the JSON fields and benchmark/PROTOCOL.md for
submission. Written explanations, including all of Exercise 4, are human-assessed.

Status and sources

§1. Regulated gravity and a fixed fiber period. The Kéahler and volume
identities are [MATH]. The regulated unwarped constant-mode estimate is [SUGRA]. The
rigid-sector interpretation with bulk decoupling is [DEC]; see Bhardwaj et al. (2016),
arXiv:1511.05565v3, pp. 11-14, §3.1 and eq. (3.17). For the independent NS5 finite-scale
mechanism in its own microscopic units see Seiberg (1997), hep-th/9705221v2, pp. 14,
§2.1, egs. (2.1)—(2.4). The regulated volume identity makes no assertion about the
continuum or a backreacted metric.

§2. The affine base. The nodal polynomial, resolved charts and residue, and the
changed Iy object are [MATH]. The pairing computation uses the sign opposite to
geometric intersection, as in Bhardwaj et al. (2016), §3, eqgs. (3.5)—(3.7). The product
input is from §4.1, pp. 14-17, eq. (4.1); the exact I3 polynomial and its local charts are
the derivation here. The calculation uses the Weierstrass convention Ay o = 412+ 2742
The two projections do not by themselves identify two six-dimensional theories.

§3. Periods and the full-fiber string. The relative period construction and
calibrated area comparison are [MATH] with the stated reference-class and leading-order
hypotheses. The wrapped-fiber identification and rigid product interpretation are [GEO-
E]; see Bhardwaj et al. (2016), §3.1.2 and §4.1, pp. 13-17, in the leading Einstein-frame
D3 tension normalization. No multiplicity of bound states or oscillator gap follows from
the area calculation.

§4. Local pairing and period variations. The positive quotient and the fixed-scale
duality of variations and quotient charges are [MATH]. The local physical interpretation
is [GEO-E] in the ordinary rigid background; see Bhardwaj et al. (2016), §2, pp. 6-8,
egs. (2.1)=(2.7), and §3, egs. (3.5)—(3.7). Compact support proves a period condition; it
is not a complete kinetic or normalizability analysis.

§5. Point contraction and the area paths. The positive proper blocks, paths
and analytic subset contraction are [MATH]. The local SCFT interpretation under the
tensionless and isolation conditions is [DEC]; see Bhardwaj et al. (2016), §3.1.2, p. 13,
and the opening of §5, pp. 19-20. Shrinking a subset at fixed total area is compatible
with a finite little string tension.

§6. Rational chain and its flavor ends. The base blowups, component classes,
residual discriminant and reference periods are [MATH]. See Bhardwaj et al. (2016),
Appendix F, pp. 63-64, eq. (F.1), specialized here to m = 1,2 and coefficients —3, 1.
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The imported ordinary local crepant Eg resolution is [MATH] at its stated local scope; for
formal transverse recognition see Cossec et al. (n.d.), p. 73, Remark 0.4.14. The flavor
and heterotic interval interpretation is [GEO-E]; see Bhardwaj et al. (2016), §4.2, eq. (4.3),
and Figure 3. We use the exponent m rather than the source’s two component-count
conventions. The exact chain uses the Eg x Eg frame only.
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Chapter XV.9

Worked little string
constructions and SCFT
subsectors

XV.9.1 A loop of actual curves

What extra geometry turns a loop of tensor charges into a gauge theory on its tensor
branch? We will use the same base surface twice, first with a smooth elliptic fiber and
then with a singular one. In the second construction a hypermultiplet will come from
an actual crossing of two gauge divisors. We will also build a different little string
geometry in which the compact curves form an interval and the two gauge algebras
live on noncompact flavor divisors. To find the local conformal sectors inside these
examples, we will keep track of the curves that shrink and of the fibers that still meet
them.

Recall the two maps involved in the first example. An elliptic threefold projects to
the F-theory base surface S. The base in turn maps to the external disc D = {|¢| < 1}.
It is a compact curve of S, rather than the elliptic fiber of the first map, that a D3-brane
wraps to give a six-dimensional string. We construct S from the sectioned family of
projective cubics whose affine equation is

yP = x) — 3w + 2+ 3. (XV.9.1)

The subscript b marks the coordinates of the cubic inside the base surface. In the
convention A = 4f3 4 27¢%, the discriminant of this family is 27¢3(4 + ¢3). Only the
central cubic is singular on D. To see what the central fiber becomes after resolution,
set & = x, — 1. In the analytic branch with /& + 3 = /3 at &, = 0, the coordinates

uy =y — &/ &b + 3, w=uw+&SHVa+3 = wu, =t (XV.9.2)

separate the tangents of the node. Their Jacobian with respect to (&, ) is —2v/3
there. At ¢ = 0 the cubic is irreducible and nodal: the slope y;/(x, — 1) parametrizes
its normalization, and takes the two values 4++/3 above the node.
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One can resolve this Ay surface singularity by blowing up the point. In the wuy
chart put t = upr and vy = ups, so the strict transform has s = upr®. In the v, chart
the expression is exchanged. In the t chart set u, = tU, and v, = tV}, so the strict
transform has ¢t = U, V,. Thus the base map has the following local products at the
three joint points:

t=wpr, t = UV, t =t (XV.9.3)

where ' = t/v, on the last chart. The two lines in the ¢ chart extend to the two
exceptional rational curves C7,Cs. Choose Cp to meet the branch on which wu; is
a coordinate, and C5 to meet the branch on which v, is a coordinate. The other
component, Cy, is the proper transform of the original cubic. It meets one end of each
exceptional. The three products in (XV.9.3) show that the meetings are transverse and
all multiplicities are one.

This resolution also gives a trivialization of Kg, needed to write global Weierstrass
coefficients later. On the smooth affine part of the cubic family, a residue representative
is dxp A dt/(2yp), with the equivalent residue charts where y, = 0. Adjunction for the
degree-three equation makes the relative residue regular and nonzero also at the infinity
section. In the analytic coordinates of (XV.9.2) the two-form is a holomorphic unit
times dup A dt/up. For example,

duy A dt duy N dt
UbT =dup Ndr (t =upr), W‘TZdU},/\dVb (up = tUp, t = UpVp).
b b
(XV.9.4)
On the v, chart one uses dup A dt/up, = —dvp A dt/v,. These forms have neither poles

nor zeros. The product coordinate ¢ itself extends through the resolution, so the central
fiber is the principal divisor

Dy = diV(t) =Co+ Cq + Oy, Dy-C; =0. (XV95)

The second identity is the degree of a trivial line bundle on each proper curve. Each C;
meets the other two once. Expanding the degree in (XV.9.5) therefore gives C? = —2.
This is also the adjunction value for a rational curve with Kg - C; = 0.

Write Q;; = C; - C; for the geometric form and Q4 = —@ for the positive-sign
charge pairing. For a column of wrapped-curve coefficients ¢ = (€g, {1, {2)?,

2 -1 -1
Qu=1|-1 2 -1]. (XV.9.6)
-1 -1 2

The quadratic and the integral radical are
étQAé = (fo — 61)2 + (61 — £2)2 + (EQ — 60)2, (XV97)
kerz Q4 = 76, §=(1,1,1)% (XV.9.8)

The pairing measures differences along the three joints. A charge with equal coefficients
has zero pairing with all compact charges. It still wraps the full effective fiber. A nearby
smooth fiber can replace that cycle without changing its area, so a nonzero area and a
zero pairing are compatible.
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central fiber of S — D projection £ x S — S

Figure XV.9.1: Left: the two exceptional curves connect the two preimages of the node
of the original cubic. Each link denotes a different transverse base point. Right: the
constant elliptic fiber E sits above the base, including above a joint of base curves. The
two kinds of curve belong to different maps.

For a first elliptic threefold take E x S — S, with the constant curve F given by
y% = 23 — xp. Its Weierstrass coefficients and discriminant are

(fe,.98) = (—1,0), Ap = —4. (XV.9.9)

In particular, none of the three C; carries a seven-brane gauge algebra. A joint in
the lower surface of Figure XV.9.1 does not cause any degeneration upstairs. With
the ordinary rigid limit of Chapter 8, including decoupling of the local sector from
bulk modes, this product gives the (2,0) little string example. We next keep (XV.9.7)
exactly fixed and change the elliptic map. That comparison separates the information
carried by the charge lattice from the information carried by the seven-branes.

The two compact directions in the quotient already appear in the intersection
geometry. For example, let e; denote the charge wrapping C; once. The full charge and
two finite differences give the following exact decompositions:

! = 605 + (61 — 50)61 + (62 — 60)62, (XV910)
thAf = 2[([1 — 60)2 + ((2 — 50)2 — (51 — Eo)(fg — fo)] (ngll)

Thus the classes of e, ey give an integral basis of the quotient. For instance e; and
e; + 0 have equal pairing against every compact charge. In a positive Kéhler class the
area of the latter is larger by the whole fiber area. The base calculation tells us which
information is lost by the quotient. In Section XV.9.4 the Green—Schwarz square will
depend only on the differences; in Section XV.9.5 the string tensions will use the full
effective charge.

XV.9.2 A split elliptic fiber over the loop

Can a single sectioned threefold put split I fibers over all three components? We start
with a second cubic family W,, — D and pull it back to S, using n = 4 for the first
example and n = 5 for a changed rank. In projective coordinates [X : Y : Z] the family
is

W,: Y?Z=X3_-3XZ%+(2+t")2Z3, W, xp S — S. (XV.9.12)

186



The nonzero two-form on S trivializes the Weierstrass line bundle. Thus f = —3 and
g = 2 +t™ are actual sections on the whole S. The section [0 : 1 : 0] is smooth: in the
Y =1 chart the equation has derivative one with respect to Z at the section. On the
affine chart the only relative singular point above t =0 is (X,Y) = (1, 0).

The leading quadratic at that point decides whether its two branches are exchanged
by monodromy. Put X = 1+¢,Y = n++/3¢. The exact Tate equation, with coefficients
in the order 1,2, 3,4,6, is

n? +2v/3&n = €3 + 17, (a1, as, a3, a4, a6) = (2v/3,0,0,0,1™). (XV.9.13)

These sections have no transition along the C; in the chosen frame. In this equation
the degree-two term on the central divisor is 7(n + 2v/3¢). Equivalently, with tangent
slope A = /¢, the two descriptions of the tangent cover are

AMA+2V3) =0, w=2\+a;, w?=by=a?+4ay=12. (XV.9.14)

The two distinct constant roots w = 4+21/3 are defined over every component, giving
the split multiplicative case. The calculation uses the actual shift and the actual leading
coefficient. In a different Tate equation the square test is over the generic residue field
of the gauge divisor: a varying function may itself be a square in that field. Failure to
have these two fixed constant roots rules out this particular fixed-frame calculation, not
splitness for a general varying cover.

The discriminant identifies all the degenerations that have to be resolved:

A =27t"(44+t"), (XV.9.15)

A|t:uv =27u"v" (4 + u"v"), (XVv.9.16)

orde, (f,9,A) = (0,0,n), Ord(u,’u) (f,9.4) =(0,0,2n). (XV.9.17)

Here u,v are the two base coordinates at a joint, and the second order in (XV.9.17)

is the order in the maximal ideal of that point. The residual factor never vambheb for
|t| < 1. The nonzero constant f excludes a nonminimal point. This order calculation
locates the singular fibers. To read the crossing, we still need the resolution.

First resolve the surface W,,. The analytic change

a=Y —6/E+3, b=Y+EJE+3, ab=t" (XV.9.18)

uses the same square-root branch as in the base calculation and again has Jacobian
—24/3 at the node. Blow up (a,t) in this local model. The ¢ chart a = ta’ has a’b = t" 1.
The a chart ¢t = ar has b = a” '™ and is smooth. Iterating in the unresolved chart
gives the following n smooth charts indexed by j:

a= At b= Bt" 7, t = A;B;, j=1,...,n, (XV.9.19)
Aj+1 = 1/Bj, Bj+1 = tBj (B] 7é 0) (XV920)
To check the overlap, divide a by one more power of ¢ and use A;/t = 1/B;. The

coordinate lines over ¢ = 0 then glue to the chain of n — 1 exceptional projective lines
and the two branches of the same normalized cubic. This closes the chain into a reduced
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I,, polygon. Denote the resolved surface by T;,, and its ordered central components
by D&, DI, ..., DL |, with DI the proper transform. The superscript distinguishes
them from the full fiber Dy of the base.

For n = 4 the exponents of ¢ multiplying A;, B; can be listed in the order of the
charts:

(j—1,n—3)=1(0,3), (1,2), (2,1), (3,0). (XVv.9.21)

In the first chart the axis By = 0 with A; # 0 maps to a smooth point of one old branch.
The other axis, A; = 0, maps to the node and is one chart of the first exceptional. On
its open set By # 0 it becomes By = 0, As = 1/B; in the next chart. Thus it closes
into a projective line with the two joint points B; = 0 and A = 0. Continuing the
same calculation gives the middle and last exceptionals. This explains why there are
four joint points on T}, rather than one joint for each of its three exceptional curves.
The old cubic accounts for the fourth component. For n = 5 there is one extra overlap
and one extra exceptional; the two endpoints are again supplied by the same old cubic.
A global construction of T,, does not require the analytic branches a, b to be global
divisors on W,,. Blow up its singular point instead. For a germ ab = t* the ¢ chart
has a't’ = t*=2, while the a chart has ¥’ = a*~2(¢')* with ¢ = t/a; the b chart is
exchanged. Continue only at the unresolved singular points. Each blowup has ambient
discrepancy two, canceled by the multiplicity two of the hypersurface. The resulting
smooth surface is crepant; an exceptional (—1) curve would contradict adjunction since
the canonical bundle pairs trivially with an exceptional curve. This is the minimal
resolution, described locally by (XV.9.19). In those charts one can check the residue
directly:
dandt dA; Ndt
a - A]

The first equality loses only a term proportional to dt A dt. It is the residue of the
original cubic two-form, up to a holomorphic unit, that extends.

Now form Z,, = S xp T,. Away from pairs of central nodes, one surface map is a
submersion, so the product is smooth there. At a pair of nodes use u,v in S and now
use a, b for the two resolved coordinates in T,,. Since t = uv = ab, the product has one
ordinary double point for every such pair. There are three nodes on S and n on T,
hence 3n ordinary double points. The product of a chosen base branch with a chosen
fiber branch has ideal (a,u) after labeling the two branches accordingly. Blowing it up
gives two smooth charts:

— dA; A dB;. (XV.9.22)

=uh, v =hb, (u, h,b), (XVv.9.23)
u=ak, b=kv, (a,k,v), (XV.9.24)
hk =1, u = ak, b= kv on the overlap. (XV.9.25)

For instance a = uh gives u(hb — v) = 0 before taking the strict transform, and the
strict transform has hb = v. Over the ordinary double point the two charts give an
exceptional P! with coordinates h, k. Over the base point u = v = 0, the scheme fibers
in the two charts have ideals

(u, hb) C C{u,h,b}, (v,ak) C C{a,k,v}. (XV.9.26)
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The product of two distinct coordinates shows reducedness. In the first chart the two
axes meet at h = b = 0; in the second they meet at a = k = 0. They are the two
different endpoints of the exceptional line. Thus the new line separates the old branches
and meets each once. For clarity, the axis b = 0 of the first chart maps entirely to the
old node because then u = a = v = 0. The other axis, h = 0, has b free and maps to the
original b branch. In the second chart the axis a = 0 continues the exceptional line, and
the axis £ = 0 maps to the original a branch. On the exceptional axes the transition
hk =1 identifies the two affine charts of the line. Each old branch meets that line at
the endpoint of exactly one chart. In particular the scheme calculation distinguishes a
doubled component from two simple ones: C{h,b}/(hbd) has two minimal primes (h)
and (b), and neither has multiplicity two.

The same expressions give regular sequences: for example u is regular, and hb is
a nonzero element in the domain after quotienting by w. The source is smooth and
the base is a regular surface; the fibers have the expected pure dimension one. The
flatness criterion for a Cohen—Macaulay source over a smooth base therefore applies.
The unchanged product charts are flat by base change from the curve fibration T,, — D.

Figure XV.9.2: The reduced fiber of the resolved threefold over one base joint for n = 4.
Each old D]T remains a curve; a new line P; is inserted at its former meeting with
DJ-TH. Subscripts on the old curves are cyclic. The two endpoints of each P; are the
two separate axis intersections in (XV.9.26).

The same resolution can be made at all nodes by an ordered global sequence. Take
the closed product surfaces C; x DjT in Z,, in lexicographic (i, j) order, and blow up
their strict transforms. At any unresolved node exactly four such surfaces are incident,
one for each pair of branches. The first incident center is the local product just analyzed,
up to swapping branch labels. Near any smooth point of the product or of a partial
resolution the strict transform of a product surface is a divisor and hence Cartier, so its
blowup there is an isomorphism. A center not incident to a node misses it. This gives
the same two charts at every node without demanding that one branch label work at
every joint. No subsequent center alters an already resolved node. Projectivity over Z,
follows from the sequence of blowups; the exceptional locus over Z,, consists of curves,
so the resolution is small.

For the original pullback cubic, adjunction gives a three-form from the two-form on
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S and the relative residue of W,,. The passage to T;, extends that residue by (XV.9.22):
after wedging with the base two-form, any dt ambiguity in the relative one-form drops
out. Near a pair of nodes the three-form is a unit times da A du A dv/a. In the two
small-resolution charts it becomes

M —dh Adu A db (a = uh, v = hb), (XV.9.27)
d
M = da Adk A dv (u = ak). (XV.9.28)

This checks crepancy with respect to the original equation, as well as the absence of a
pole on the small exceptional curves. The resulting threefold, denoted X, is projective
over S and has the original section. The base has not been blown up. This distinguishes
the procedure from the point blowups we will need at a nonminimal collision in the
interval example. Here the equation ab = uv is a singularity of the threefold at fixed
base coordinates. Its blowup ideal selects a surface in the threefold; the map to the (u,v)
chart stays defined and neither coordinate is divided by a base exceptional equation.

At a general point of C;, the fiber has its n old components. At each base joint it
also contains the n inserted lines, as in Figure XV.9.2. The two cases give

n ‘ nodes of Z,, base joints components per crossing
4 12 3 8 (XV.9.29)
5 15 3 10

Here an I5,-shaped crossing fiber is a curve configuration over a point, not an I,
Kodaira divisor. To identify the local charged matter, return to the unresolved cubic
germ ab = (uv)™. The slices u = z, v = z + u separate the two roots for p # 0:

ab=z"(z+ p)". (XV.9.30)

This is the ordinary A-type matter slice with two stacks of size n. At p = 0 the enhanced
algebra is su(2n); at distinct roots the two blocks give su(n) @ su(n). The upper right
block transforms as n ® in and the lower left as its conjugate. The ordinary local
F-theory matter rule for this transverse two-stack slice assigns one full hypermultiplet
to this complex representation, with its conjugate already included. This rule supplies
the multiplicity; an enhanced root count by itself does not supply a six-dimensional
spectrum.

We can now read the compact tensor-branch quiver. There is one su(n) on each
C; and one full bifundamental on each of the three edges. The curves are rational
and carry no genus adjoints; there is no additional compact charged locus because the
residual factor is a unit. With the ordinary rigid decoupling conditions this is a (1, 0)
little string example. Its distinction from the (2,0) product follows from the elliptic
geometry, before any anomaly calculation. We will return to the two projections of X,
after examining what happens if one tries to vary the ranks.

XV.9.3 The two ends of an interval

Can the full-fiber charge survive if the base fiber is rational and the gauge divisors are
moved to the ends? Start from the ruling IP’[l ] X D,. Write F' for a fiber of the ruling

o:T
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over the disc and H for the class of a section at fixed [0 : 7]. Since K = —2H before
blowup, the coefficients of a Calabi—Yau Weierstrass model must be homogeneous of
degrees eight and twelve in [0 : 7]. Choose the two families

f=—-30"", g=9Y"0"1" 4+ %75 + 6777, m=1,2. (XVv.9.31)

The noncompact sections o = 0 and 7 = 0 mark the two ends of the fiber. At the right
end, in v = 7/0, the coefficients are f = —3v* and g = v°(1 + v + ¢™v?), with a unit
in parentheses at v = 0. At the left end set z = o /7:

f=-324, g=2W"+z+2%). (XV.9.32)

Here the bracket vanishes to first order at (¢, 2) = (0,0). Both choices of m begin at a
nonminimal (4, 6) point. To see how m controls the interval, we must track where that
point goes under the blowup.

Let p denote a point blowup and Fey. its exceptional curve with local defining
equation e = 0. The new canonical bundle is K/ = p*K + E.. Therefore the
coefficients in the new bundles are

= pe4f 7 ’_ peﬁg.

(XVv.9.33)
This prescription is also the one obtained by setting the old fiber coordinates to x = e2z’
and y = e3y’. It produces holomorphic sections when the pullbacks contain the required
factors. Bare pullback instead leaves an entire exceptional divisor with the high orders
and has the wrong line bundles.

At the jth center use the continuing chart z;_; = vz;, starting with zp = z. The
exceptional equation there is ) = 0. The companion chart uses z;_, = e, ¥ = ew, with
exceptional equation e = 0. The transformed sections are

2=z, fi=-3%] gj = 2;(W" T 4z + 727, (XV.9.34)

fi=-3, g;=1+ M I™mTITL elqd Tt 1<j<m. (XV.9.35)

For the continuing chart, the power ¥° from 2?2 _; combines with a power ¢ from each
bracket term. In the companion chart the term z;_; in the bracket provides e and
becomes the constant one after division. The two charts overlap by z; = 1/w, ¢ = ew.
One can check the line-bundle transition explicitly: substituting these two identities in
the first row and multiplying by the corresponding exceptional ratios gives

! 4 _ 6
=l et meny 9= 995 = e (XV.9.36)

Thus a location such as z; = co in one chart is precisely the end w = 0 in the other,
with a different trivialization of the coefficient bundles.

For m = 1 the first continuing chart has g1 = 27(1 + 21 + ©¥2%), and the first
companion chart has ¢f =1+ w + e. At the intersection of the exceptional and the left
flavor section, the continuing chart now has orders (4,5) and A has order ten. In the
companion chart the compact joint is e = w = 0 and ¢} = 1 there. For m = 2 the first
step instead gives

g1 =20 (Y + 21 +¥2d), gy =1+ew* +e. (XVv.9.37)
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The joint with the old fiber is again regular, but the intersection with the strict left
flavor is still (4,6). The second blowup is at that intersection. It yields

go = 25(1 + 20 + ¢223), gh =14 w + e*w. (XV.9.38)

In the second companion chart w = 0 is the strict transform of the first exceptional.
There g5 = 1 and f} = —3. At the new joint e = w = 0 the discriminant is —81. In
the old first companion chart the strict middle component lies on e = 0 and again has
A = —81. On the rest of that middle component g; = 2% and A = —81z12 at ¢» = 0
away from the center. These checks cover the middle component and show that no
degeneration is missed at either joint.

m=1 Ir ° L Ir:
€1 Ffel

m=2 I ° ® *® Ir-
€2 e1—ex F—e

Figure XV.9.3: The left section is followed through the two allowed blowups. The upper
row for m = 1 has one new compact end; the lower row for m = 2 has a strict middle
curve between the new end and the original fiber. Open squares are the noncompact
IT* sections. Each filled node denotes a compact curve and its label is the curve class
in the total pullback basis.

The lattice follows from these actual centers. Use e; for the total pullback class of
the jth exceptional, in contrast to the local equation e. Then F? = H?> =0, F-H =1,
2

e; = —1, and the other pairings vanish. In particular, e; for m = 2 is not the class of

the middle component. In left-to-right order,
m=1: (Cp,Cgr) = (e1,F —e1), (XV.9.39)
m=2: (CL,CM,CR) = (62,61 —62,F—€1). (XV940)
Each second center used here is on just one compact component, so each new exceptional

has multiplicity one in the pullback of the central fiber. The sum in each line is F'. The
left section is H — E;nzl e;, and the right is H. Pairing them with (XV.9.40) gives

m | left incidence right incidence | (K- Cy);
1 (1,0) (0,1) (-1,-1) (XVv.9.41)
2 (1,0,0) (0,0,1) (=1,0,—1)

where K/ = —2H + Y ; €j- The intersections between adjacent compact curves are one,

and the others vanish. Consequently the two charge pairings are

L 1 -1 0
Q= (_1 . ) L = -1 2 —1]). (XV.9.42)
0 -1 1
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These are the path Laplacians. Their quadratic forms sum the squared difference across
each compact joint. On either interval the only zero is a column with all coefficients
equal, so the full-fiber charge is again primitive, with all coefficients one. This time its
curve can move to a smooth rational fiber.

To distinguish a flavor divisor from other discriminant branches, restrict the discrim-
inant to the compact ends. On the left put z,, = ¢ in the final continuing chart and
set ¢ = 0. On the right use v = 7/0. In these two distinct coordinates the restrictions
have the same expression:

Ale, =27¢1°(1 - ) (1 + 3¢), Alcy, = 270" (1 —v)(1 + 3v). (XV.9.43)

The common factorization comes from (1+ ¢)? —4¢?, or its counterpart in v. The tenth
power is the ordinary I1* section; at either end the bracket multiplying g has value one
at the flavor. The remaining roots 1, —1/3 are simple in each end’s own coordinate. On
the old right fiber the same points in z = ¢ /7 have coordinates 1, —3. Neither root is
at the flavor point or at the compact joint. On the left the joint z,, = oo is checked
in (XV.9.35); the right joint is checked in the first companion chart.

The left exceptional provides a check with no reference to the right end. Its final
companion chart gives g/, =1+ w at e = 0. Therefore on that chart

Allo_o = 27[(1 +w)? — 4] = 27(w — 1)(w + 3). (XV.9.44)

The two roots become ¢ = 1,—1/3 under ( = 1/w. The value at the compact joint
w = 0 is nonzero. Figure XV.9.4 shows why matching roots with the same printed
coordinate in the two end charts does not identify the underlying points.

Cr O
(=0 1 ~1/3

[0.9]

Cr @
v:

I CJ

o0 -1/3 1 v

Figure XV.9.4: Schematic marked points on the two different compact ends, each in
its own coordinate. The squares denote the flavor points, open circles denote simple
residual intersections, and the filled dots denote the compact joints. The coordinate
v = 0 on the right is the point z = co in the original chart.

These restrictions exhaust the intersections near the central fiber. For example
the line bundle of A has degree 12 on Cf, by (XV.9.41); the flavor section uses ten of
these degrees. If R denotes the divisor left after removing the two noncompact flavor
contributions, then

(Ra-Ci)i = (2,2) (m=1), (Ra-C))i=(20,2) (m=2).  (XV.9.45)

At each residual root f # 0 and A has nonzero derivative along the compact curve. To
check that this really is an ordinary nodal degeneration of the total model, let x, be
the double root of 3 + fz + g. Then z, # 0, f = —3z2, g = 222, Differentiating at
this point gives

dA = 12f? df + 549 dg = 10822 (z,. df + dg). (XV.9.46)
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The hypersurface derivative in a base direction at (z,y) = (24, 0) is —(z. df + dg) in
that direction. Nonzero derivative of the restriction therefore rules out a singular total
space at the node of this fiber. The residual branch is transverse there and its ordinary
fiber is I;. The compact curves themselves are generically Iy and have no nonabelian
gauge decoration. In the ordinary local resolution of the transverse I1* fibers, the two
noncompact sections furnish the two Eg flavor algebras. This uses the ordinary local
FE fiber resolution and the rigid construction with its decoupling conditions. The chart
calculation above resolves the base and tests the residual loci; it is not a construction
of a global simultaneous projective fiber resolution for this interval.

There is a useful way to fail while keeping (XV.9.42) unchanged. In the m = 2
model, move the second center from z; = 0 to z; = 1 on the first exceptional. It is still
on just that compact curve, so the compact classes stay the same. In the companion
chart z; = 1+ e, ¥ = ew, the tentative division gives

Frorong = =3¢~ (1 +e)*, (XV.9.47)
Grong = € C(1+€)°(ew + 1 + e + ew(1 + €)?). (XV.9.48)

In the other chart ¥ = e, z; = 1 + ew the transformed coefficients would likewise be

Ficong = =3¢ (14ew)?, Garong = € (1+ew)’ (e+1+ew+e(l+ew)?). (XV.9.49)
Both numerators are units on the new exceptional. The poles of orders four and six
disallow these Weierstrass sections in the required bundles. Also the true (4, 6) point
still occurs at (e, w) = (—1,0), where the exceptional factor is a unit. This is a geometric
obstruction that the compact pairing does not see. The interval and the decorated
loop now give opposite examples of where gauge data can live: the interval has flavor
algebras at its ends and no compact gauge algebra; the loop gauges every compact
node.

XV.9.4 Gauge anomaly without an inverse

Which gauge anomalies can two dynamical tensors cancel on a loop with three gauge
factors? We can answer this question without a formal inverse of the charge pairing. Start
with the ordinary (1,0) one-loop contributions of the actual vector and hypermultiplets.
Let F; be the normalized gauge curvature —iF; pnys/(27), and let the defining trace be
tr,. Define

s; = try F7, g =tn F,  p=p(T), c=cz(R). (XV.9.50)

Here g¢; is a quartic invariant, not a charge component. The characteristic forms have
even degree, so they commute in the expressions below.

For an oriented edge (i, j), the weights of n ® i1 evaluate as x, — yp, where x,y are
the defining Cartan eigenvalues at the two ends. Both sums of eigenvalues vanish. In
the fourth power expansion the terms involving an odd power at one end times a linear
power at the other therefore sum to zero. In the quadratic trace the cross term vanishes
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for the same reason. We get

Z(xa —w)® = n(si +s5), (XV.9.51)
a,b
Z(ﬂﬁa — )" = n(g + qj) + 6s:s;. (XV.9.52)
a,b

Setting y = = gives the adjoint trace, since the extra zero weights in the defining tensor
product make no contribution. Thus traq; F? = 2ns; and traq; Fi! = 2ng; + 6s7. The
quartic and the square of the quadratic are independent here. For example, the traceless
eigenvalue lists (1,—1,0,0) and (1,1, -1, —1), padded with zeros if needed, give the two
rows

(q,5%) = (2,4),(4,16),  det (i 146> = 16. (XV.9.53)
These two probes prevent an independent quartic residue from being hidden in a
reducible square.

In this curvature convention the gauge-containing part of a full hypermultiplet index
is +tr F'4/24 + ptr F2/48. The vector contributes the negative of the corresponding
adjoint terms and —c traq; £ 2/4. This is the ordinary tensor-branch index rule. It
counts the trace of one oriented complex bifundamental for the full hyper. At each
node the two edges together give 2n in the defining quadratic and quartic parts, equal
to the 2n in the vector. For ¢ = 0 this leaves

[9i]18,100p = (2n —2n)/24 =0, [psillsioop = (2n —2n)/48 =0, (XV.9.54)
1 1 1
187100p|g'auge7 c=0 71 Z 512 + Z Z SiSj = 7§StQA57 (XV955)
i {i,} edge

where s is the column of s;. The diagonal square comes from the vector; the edge
square comes from the one hyper at that crossing. These coefficients reflect C? = —2,
C;-Cj =1, and Kg-C; =0 in the geometric pairing. For n = 4 the three g; coefficients
and three tangent-mixed coefficients vanish separately, leaving three coefficients —1/4
and three +1/4 in (XV.9.55). Counting both orientations as two full hypers on every
edge would instead give (4n — 2n)/24 = n/12 = 1/3 at each quartic. That error cannot
be repaired by changing a tensor source quadratic in s.

To cancel the surviving form at ¢ = 0, quotient by the radical. Let P¢ = ({1 —
lo,la — £y)t and let K4 be its Gram matrix. Direct multiplication gives

-1 1 0 2 -1
P= (_1 0 1) ’ KA - <_1 9 ) ) QA - PtKAP. (XV956)

The integral kernel is generated by § and P is surjective over the integers. This gives
two dynamical directions in the ordinary rigid construction. The gauge source in the
node-aligned basis is X = s/2; its paired column is Y = Q4 X. The Green—Schwarz
contribution from the quotient is

= %(PX)tKA(PX) = %XtQAX = %stQAs. (XV.9.57)

I&GS |gauge, c=0
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As an explicit check, the two entries of PX are (s1 — s9)/2 and (s3 — s9)/2. The
coefficient of s2 in the quotient quadratic is (2 +2 — 2)/8 = 1/4. The coefficient of 515,
comes only from the off-diagonal term, and is —2/8 = —1/4. The coefficient of sgs;
combines a square and the off-diagonal term, giving (—4 + 2)/8 = —1/4. The other
three coefficients follow by the exchange of nodes or by the same expansion. It cancels
all six reducible terms in (XV.9.55); the tangent-mixed terms already vanish at one
loop. Shifting X by a multiple of § does not change the paired source or the quadratic.
Conversely a paired column Y can come from such a source only if it annihilates 4.
Over the real numbers this condition is sufficient, since €4 is symmetric of rank two
and its image is 0.

‘ X =s/2 r PX }ﬁ

‘ Yr = ncéd YR =3nc#0 ‘

1(PX)'Ka(PX) ‘

Figure XV.9.5: At vanishing R background, P retains the two source differences and
the quotient form cancels the gauge square. The putative paired R source has nonzero
evaluation on 6, so it lies outside the image. The null-charge Bianchi identity instead
concerns a separate background field.

Now turn on ¢. The mixed one-loop term is —nc ), s;/2. To cancel it by the same
dynamical quotient ansatz, the cross term between s/2 and an additional source Xp
would have to be its negative. Thus the required paired column is

YR = QAXR = nc(l, 1, 1)t, (5tYR = 3nc. (XV958)

It is outside the image for nonzero c¢. Projecting Yr onto that image would discard the
very source we wanted to match. The obstruction is visible directly on the physical
Cartan probes: set sg = $1 = s2 = s, for the purpose of evaluating the gauge-mixed
polynomial. Then Ps = 0, so every cross term from the proposed quotient gauge source
vanishes, while the vector contribution is —3nes, /2. This evaluation compares the two
polynomial expressions; it does not identify the gauge factors or their backgrounds. It
shows why a projection of the paired source cannot reproduce the mixed term. The
failed image condition obstructs the naive full-rank SCFT source ansatz on the LST
quotient. It does not diagnose an inconsistent rigid theory.

The ordinary (1,0) LST background prescription gives a separate Bianchi identity
for a background two-form associated to the primitive null string. In its own convention,
let Hyst be the corresponding three-form field strength. With all other background
curvatures turned off, the R-symmetry and tangent part is

dH, ~ —~
% =Rgrc—Rpp/4, (XV.9.59)
T

Rr=Y_ &h/, Fp=- 6 —2). (XV.9.60)
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For a gauged su(n) node h) = n; this prescription gives hY = 1 to the ordinary unpaired
(—1) and (—2) nodes of the interval. Thus the loop gives (3n,0), and the two intervals
give (m + 1,2). In the latter calculation only the two ends contribute to Kp, each
with one unit. The loop value changes from (12,0) to (15,0) when the common rank
changes from four to five. This background projection is not an extra dynamical GS
tensor and is not the complete LST anomaly polynomial. It applies here only to the
ordinary (1,0) examples. In particular the (2,0) product is outside this formula’s use
here. The interval has no compact gauge anomaly to cancel. Its tangent coefficient is
nevertheless nonzero: a compact (—1) end has canonical degree —1, whereas a (—2)
interior curve has canonical degree zero. In this convention Q;; —2 = K’ - C; for each
rational component, so the sum is also —K' - F = 2. This explains why changing m
adds one unit to the R projection while leaving the tangent projection unchanged. The
source problem changes again when we pass from either full LST to an actual proper
retained configuration.

XV.9.5 Taking a limit on a proper subchain

What survives if we make some of the compact curves infinitely large and then contract
the rest? There are three things to check: the intersection pairing of the retained curves,
a path of positive periods to the proposed limit, and the actual fiber geometry and
boundary data at the retained curves. The last check matters because a gauge field
that becomes a background may still act on matter at an old crossing.

First consider any of the three graphs in (XV.9.7) and (XV.9.42). For a nonempty
proper retained set I, extend a vector x on I by zero to a column Z on all vertices.
Then

P =0T =Y (@)% (XV.9.61)
{i.j} edge

If this vanishes, connectedness makes  constant, and the zero entry outside I makes it
zero. The principal restriction is positive definite, even if the retained set is disconnected.
This is a criterion for the compact contraction. A principal restriction retains specific
geometric generators; the quotient of the full lattice in (XV.9.56) identifies columns
that differ by a multiple of the full fiber. The two operations may give the same matrix
in particular coordinates, but they have different meanings and background data.

Let a; = fCi Jg be the Einstein-frame periods, with Jg a reference Kéahler form.
On the affine surface let Hg.. be the section meeting only Cy. A relative divisor class
with prescribed positive periods is

La=ApHgse +b0C1 + by Cs, Ap =ag+a; + az, (XV962)
by = —(2@1 + ag)/?), by = —(a1 + 2@2)/3. (XV963)

The degrees on Cy, Cs follow from —K 4 (b1, ba)t = (a1,az2)t. Subtracting these degrees
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from the fiber sum gives ag. For the interval put

Lp=ApH — Z €5€5, (XV.9.64)

j=1
(ar,ar) = (e1,Ap — €1) (m=1), (XV.9.65)
(ar,an,ar) = (e2,€1 — €2, Ap — €1) (m =2). (XV.9.66)

Every positive ordered partition is realized by these degree formulas; for m = 2 the
inequalities are 0 < €3 < €1 < Ap. In both families the degree on a general fiber is
Ap. For rational samples, clearing denominators gives a line bundle positive on every
component of every fiber, hence relatively ample over the disc. As in Chapter 8, a
curvature representative can be made positive in the horizontal directions by adding
a form from the disc. This establishes positive reference classes at finite samples,
independently of any statement about convergence of a physical metric.

The area identities give a useful scale comparison. For an effective charge ¢ in the
leading flux-free calibrated D3 description, keep o/ fixed and set 3 = 1/((2m)3a/?).
Then

T(ﬁ) = T3 ﬁta, T((S) = T3AD. (XV967)

An area has dimension length squared, so T has dimension inverse length squared.
The first equality is the leading calibrated tension for an effective wrapped charge. It
does not count stable bound states. The area relation Ap = ZZ a; used in it is an
independent cycle identity.

For the affine cut take areas L, €, 2¢ in order from Cy to C5. For the left interval cut
put the same areas in order €, 2¢, L from left to right. Send L — oo first at fixed € > 0,
and then take ¢ — 0 in the retained region. A different operation at fixed total period
A, uses L = A, — 3e. In the two cases,

T(0)/m3 =L + 3¢ for the growing complement, (XVv.9.68)
T(0)/13 = A on the fixed-total-period path. (XV.9.69)

For example (L, ¢) = (10,1/2) and (100, 1/10) give 23/2 and 1003/10 in units of 73 on
the first type of path. Both values would be 10 on the second type at A, = 10, using
L =10 — 3¢ at each sample. The fixed-scale face has light retained strings while the
full-fiber string stays at finite tension. On the first path it leaves the finite-tension
region. Neither conclusion about tension establishes bulk continuum isolation.

In the affine case with Cy large, contract C1,Cs using the actual map back to
upvp = 3 in (XV.9.2). Near the contracted point the image of Cy has the two branches

{vb =t= 0}, {ub =t= 0} (XV970)

Their proper transforms hit the two opposite ends of the retained As chain. In the
product with smooth E this is the ordinary local (2,0) Az construction. In the decorated
model each branch still carries split I,, near its meeting with the retained chain. The
leading gauge kinetic coefficient on Cjy grows with L; at fixed normalization its gauging
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is turned off in the local limit. Under the ordinary local decoupling and normalizability
conditions the (1,0) retained tensor branch is

lsu(n)z] — su(n) — su(n) — [su(n)g]. (XV.9.71)

The square brackets denote local background flavor algebras. Each old edge still supplies
its hypermultiplet; the kinetic scaling removes the old gauge interaction and does not
remove the endpoint matter. One can vary the two flavor probes independently in the
local SCFT. Turning on just the inherited Cj background sets them equal. This is a
statement about local Lie algebra probes and does not determine a global flavor group.

Co branch @ @ Co branch

@@

FEgs 4@7 - - f\iCj\/[/i‘* - - * Eg

Figure XV.9.6: Retained geometry in three limits. Filled nodes shrink after the large-
area limit; dashed nodes have area L — oo. Top: the same Cy has a branch meeting
each end of the affine cut. Middle: the left interval cut retains the (—1,—2) chain.
Bottom: a large middle curve separates the two endpoint neighborhoods. The last
picture describes the local geometry; independence of the two physical sectors requires
compatible boundary conditions.

The retained gauge calculation illustrates why the endpoint matter matters. Now
set s = (s1,52)" and denote by sy, sg the defining traces of the two flavor probes. The
gauge-containing one-loop terms are

1 1
—gstKAs + Z(SlsL + S98R) — gc(sl + 59). (XV.9.72)
The two endpoint hypers provide n defining fundamentals each for the quadratic and
quartic gauge indices. Without either one, its adjacent gauge node would have an
independent quartic residue —n/24. To cancel (XV.9.72), the paired source Y for the
retained two tensors has the following background part B:

1 ST,

For a concrete probe, set s; = 0 and keep sgi arbitrary. With n = 4 the paired
background column is (4c,4c — sg/2)t. The GS cross term then gives —sasg/4 and no
s158r term, although the inverse of the retained form is not diagonal. This locality of
the gauge cancellation follows because multiplying K 4s/2 by Kgl undoes the gauge
pairing. The background square itself still knows about the two ends of the chain. Here
K 4 is positive definite on the actual retained lattice. In %YthlY the gauge square is
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+s'K 45/8 and the cross term is s B/2, with exactly the signs needed. The inverse is
the inverse of this two-curve form, not of 4. Its background-only contribution is

iB'K'B=n’c* — Zc(sp + sgr) + 5(57 + SLsk + 5%). (XV.9.74)

The spsir term is a background anomaly even after the gauge terms cancel. The
flavor-dependent one-loop pieces are separately n(qr + qr)/24 + np(sr + sg)/48, with
qL,qr the fourth-order defining traces. No purely background term is being required to
vanish.

The interval gives a different extraction. Take agr = L and keep the left curve for
m = 1, or the left and middle curves for m = 2. Equation (XV.9.66) realizes this
limit without changing their intersections with the flavor section. After sending L to
infinity, the retained contraction is the inverse of the one or two actual point blowups
in (XV.9.34)-(XV.9.38). The local base returns to a smooth patch with the noncompact
FEg section and the order-m small-instanton point. The right IT* section meets only the
discarded curve. With the ordinary local decoupling premise, the one-ended (—1) and
(=1, —2) neighborhoods are the rank-one and rank-two E-string sectors. Alternatively,
taking aps = L at m = 2 keeps two disjoint (—1) neighborhoods and the two independent
incidences. Their retained form is diag(1,1); each neighborhood has the rank-one local
geometry. The periods give an explicit comparison of the two cuts. For the middle cut
choose a;, = agr = € and ay; = L; for the right cut choose ay, =€, apr = 2¢, agr = L.
In (XV.9.66) they correspond to

(Ap,e1,€62) = (L+2¢,L+¢,¢) for a large middle curve, (XV.9.75)
(Ap,€1,€2) = (L + 3¢, 3¢, ¢) for a large right curve. (XV.9.76)

Both satisfy the same relative positivity inequalities for every L,e > 0. They retain
different cycles and different flavor incidences. For the first restriction, the two endpoint
curves are disjoint even before taking any limit; each IT* section still meets its own
end once. For the second restriction only the left IT* section meets a retained curve,
while the retained compact joint has intersection one. A product of isolated physical
sectors would additionally require factorization of the spectator boundary conditions
and decoupling of any mediating modes. That does not follow from a,; — oc.

We can test the left E-string identification through its Eg-bearing anomaly terms.
Set U = traqy F3,/30, and let cr,cg be the second Chern classes of the two SU(2)
factors of the transverse rotation bundle, with cg the R symmetry class in the inflow
convention. Inflow at rank m has U-dependent terms only through

2 Utp—2c —2
%(CL—CR)I4+TI§, [ = L P 2cL 2R

XV.9.
5 ; (XV.9.77)

The free center-of-mass hypermultiplet is Fg-neutral. The first term supplies m2U (cz, —
cr)/8; the square supplies mU?/32 + mU (p — 2cr, — 2cg)/16. The resulting flavor-
containing polynomial is
m._, m m(m — 1) m(m+ 1)
— — _ - . XV.9.
32U +16Up-|— 3 Ucy, 3 Ucr (XV.9.78)
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Independently the geometric principal forms and their inverses are

- 1 -1 _ 2 1
Kpi=(1), Kgi=(1), Km(_l 2), KE}Q(l 1). (XV.9.79)

In the ordinary E-string tensor-branch anomaly convention, the paired sources are
Y1 =cr —p/4 — U/4 at the end that meets IT* and Yo = cg — ¢, at the second curve
when it is present. The negative flavor sign is part of this four-form convention. The
geometric incidence itself is positive and selects the first entry only. To isolate the flavor
dependence of 1Y*K 'Y, write Y = Bp — (U/4)er, with Bg the column at U = 0 and
ey, its first unit vector:
2

Ig,GSyU = %(Kgl)u — %etLKngE. (XV.9.80)
For rank one the linear term uses cg — p/4. For rank two it uses 2(cg —p/4) + (cr — cr).
The tensor-branch free fields in this comparison are Eg-neutral. We can therefore
compare each coefficient from (XV.9.80) directly with (XV.9.78):

‘ U? Up Ucy Ucgr
m=1[1/32 1/16 0 —1/4 (XVv.9.81)
m=2|1/16 1/8 1/4 -3/4

In particular the second curve changes the Ucy, term even though it does not meet
the flavor section. It contributes through the off-diagonal entry of KE,12~ If one
incorrectly attached the same Fg source to both curves, the quadratic coefficient would
be (24+1+141)/32 =5/32 instead of 1/16. For the middle cut there is a separate
incidence calculation. With independent curvatures Ur,Ug on the two IT* sections,
the paired flavor column is —(Ur,Ug)"/4 in the two retained geometric blocks. With
the positive form diag(1, 1) its square contribution is

U} + U3

% (XV.9.82)

There is no cross term from this restricted tensor lattice. This calculation is compatible
with the two local rank-one neighborhoods; it cannot establish physical factorization.
In the one-ended rank-two cut the corresponding coefficients are U? /16 and zero for the
absent right source. Thus an equality of total retained rank would miss the different
flavor couplings. The one-ended inflow comparison checks four flavor-bearing coefficients
for each of two extracted SCFTs. It is not a calculation of the complete anomaly of
either parent interval.

XV.9.6 Changing a tuning and testing it
Can we raise the order on just one compact curve and make up the matter with

fundamentals? A quick anomaly count can suggest what matter would be needed, but
a proposed set of orders must first be the divisor of an actual section. We compare a
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uniform change that comes from the cubic with a nonuniform change that cannot occur
on this base.

Replace t* by t° in (XV.9.12). The quadratic term in the Tate coordinates is
unchanged, because only ag changes. The same roots of (XV.9.14) distinguish the two
branches. The discriminant and the node model at each base joint become

As = 27u’v° (4 + u°vP), ab = 2°(z + p)°. (XV.9.83)

The auxiliary surface has four exceptional curves and its proper cubic transform. Hence
the product has 3 - 5 ordinary double points, each crossing has five old and five inserted
components, and each hyper is a full (5,5). The edge’s quartic trace changes from
4(q; + q;) + 6s;s; to 5(gi + q;j) + 6s;5;. Each vector now contributes 10g; + 6s? before
its index coefficient. The defining quartic cancellation therefore persists, as does the
normalized reducible form, because the coefficients of s? and s;s; did not change.

For a further test replace ag by t% in the same cubic. The generic order of A on
each base curve becomes six; the total order at each joint becomes twelve. The residual
factor is 27(4 +t°), still nowhere zero on the disc. The charts (XV.9.19) have six indices
and the point blowups reduce ab = t% through the exponents four and two. Thus the
ordered product construction has 3 - 6 ordinary double points to resolve. There are six
old and six inserted curves at each crossing. This verifies the change using the equation
as well as the equal orders. One can summarize the variation as

n ‘ ordg, A ordg,n¢; A ordinary double points of Z,

4 4 8 12

o 0 s (XV.9.84)
6 6 12 18

The extra n = 6 example stays in the same fixed frame and uses the same resolution
argument. In particular, a positive cover test requires the leading Tate coefficient and
its two actual roots; an I,, order alone cannot establish it. The distinction can be seen
even without changing the threefold. On a patch of a compact curve take a nonconstant
holomorphic unit y = 1+ z near z = 0. Change the frame of the Tate equation by
£ =x2¢, n = x3n. Dividing the equation by x° gives

23

. tn
&y =€) + N W, = —. (XV.9.85)

(n')* +
It has roots +2v/3/x. These vary in the chosen patch and can be read as functions in
the residue field when z is the rational coordinate on the curve. They still distinguish
the branches over the generic point. In particular, rejecting this frame as an input to a
test that asks for b = 12 and the two fixed constant roots would be correct. Calling
the cover nonsplit on that basis would be wrong. The local frame change does not give
new global coefficients or new singular fibers.
Now suppose a putative multiplicative model on S has generic orders 7; on the three
compact divisors. Remove those orders from its actual discriminant. The rest must be
an effective divisor Ra without any C; as a component:

div(A) = " riCi + Ra, (Ra - Cy), = Qar. (XV.9.86)
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The second equality follows because the discriminant is a section of —12Kg, whose
degree on each Cj is zero. The degree of an effective divisor on a proper curve it does
not contain is the sum of its local intersection multiplicities, all nonnegative. But their
total is
> Ra-Ci=06"Qur=0. (XV.9.87)
K2

Thus each degree must vanish. By (XV.9.7) the column r must be constant. A uniform
tuple satisfies this necessary condition; existence still requires a section, a cover and the
crossing geometry. The cubic supplies them for the rows above.

For r = (4,4,5)!, the proposed residual degrees are

Qar = (-1,-1,2)". (XV.9.88)

The first two entries already contradict effectivity. The obstruction precedes the choice
of a Tate frame. It also explains why the simple field-theory repair cannot work: with
one ordinary bifundamental per edge and only extra fundamentals, the independent
quartic equation would demand

Nfund — 9, ri —re = (Qar)i, {i,j.k} ={0,1,2}. (XV.9.89)

At each low-rank node that is a negative number of fundamentals. This count assumes
precisely the stated matter types. The effectivity calculation gives the obstruction to
the specified multiplicative discriminant orders without that assumption about how one
would repair the quiver.

For comparison, the uniform r = (5,5,5)? has zero degree at each node, not just zero
total. Its residual factor 27(4 + ¢°) is a unit, and the cubic realizes exactly that absence
of residual intersections. The failure of the nonuniform tuple is more specific than a
negative total degree: the positive value 2 on C5 cannot compensate for a negative
intersection on Cjy. Intersection multiplicities are tested curve by curve. Moving a
residual branch away from a joint might remove one positive contribution, but cannot
make any contribution negative.

The two ways to change these examples test different geometry. On the loop, (XV.9.88)
obstructs an effective discriminant. On the interval, the wrong center in (XV.9.48) fails
at the level of the two coefficient sections, even though its compact classes and their
negative intersections agree with those of the correct resolution. The comparison shows
why one starts with sections and their transforms when proposing a new construction.

Finally the resolved product has two actual projection morphisms. If p : X,, — Z,
is the ordered resolution and 7g, w7 are the maps of the surfaces to the disc, then

ps =prgop: X, — 5, pr = prp, op: Xp — Ty, Tg 0 Pg = T O Pr.
(XV.9.90)
Over t # 0 the blowups are absent and the fiber over t is the product of the two smooth
genus-one curves. Figure XV.9.7 records the two choices of base. The first projection
takes the I3 surface as its base; the second takes the resolved I,, surface. The ordered
centers can be used for both maps because they are centers in the product. One can
check the common smooth region without following any exceptional curves. For fixed
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t =t. # 0 write S;, and (T},);, for the two surface fibers. Then
Xul,, = S0 x (T, (0s)7'(8) = (Ta)e, (pr) 7' (d) = S0, (XV.9.91)

for s € Sy, and d € (T},),. The two curves appear in opposite roles. Their areas and
the wrapped-brane interpretations have not been identified by this algebraic statement.
Having these maps specifies the geometric input for the circle-reduction comparison in
Chapter 10. No identification of the two six-dimensional theories or exchange of their
charges follows from the maps alone.

prg Prp,
I3 I,

Figure XV.9.7: The resolution p is followed by either product projection. Both compo-
sitions down to the disc give the same ¢. The labels below the surfaces are their central
fibers over t = 0, rather than the elliptic fibers of the threefold projections.

XV.9.7 Exercises

1. Transport the split calculation. Use the explicit cubic with n = 7. Derive
b and both cover roots, the residual factor, the generic and crossing orders of
(f,g,A), the number of conifolds and the number of components in each reduced
crossing fiber. Explain how the tangent test differs from the order test.

2. Blow up the wrong point. In the m = 2 interval move the second center to
(21,%) = (2,0). Use the companion chart z; = 2 + ¢, ) = ew. Give the generic
orders of the putative f/, ¢’ along the new exceptional and locate the remaining
nonminimal point in (e,w) coordinates. Explain why the compact pairing is
unchanged.

3. Remove one edge. For the hypothetical rank-six loop spectrum omit the hyper
on (0,2). Compute the one-loop coefficient rows of ¢; and ps;, then of s? and of
S0S1, 8182, S0S2. Use ¢ = 0. Explain which residual terms cannot be changed by
the gauge GS square.

4. Keep the two flavor probes distinct. Take the rank-five cut Cy. Find the
background part of the paired source with sg alone and with both probes. Give
the spsp coefficient of the background GS term and check the one-loop and GS
gauge cross terms at the right end.
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5. Compare interval cuts. For m = 2, first remove the middle curve and retain
the two endpoints. Then remove the right curve and retain the left two. Use
(ar,am,ar) = (2,17,3) and (2,3, 17), respectively, as finite samples. Compute
the restricted forms, the two flavor incidence columns, each retained UZ,U3
coefficient and the full-fiber area at the sample. Explain the growing-complement
limits.

6. Test residual effectivity. Compute the degree rows for r = (5,4,4) and
r = (6,6,6)". Explain which survives the test and why an explicit Weierstrass
witness is still needed.

7. Distinguish three charge operations. Compare the full effective null charge,
the quotient by the radical, and the principal restriction to retained curves.
Explain why equal quotient charges need not give equal tensions and why a
positive principal block does not supply a new tensor for the parent LST.

Use benchmark/tasks. json for the JSON fields and benchmark/PROTOCOL.md for
submission. Written explanations and the final problem are human-assessed.

Status and sources

§1. The affine base and the constant fiber. The reduced base, canonical
trivialization and intersection form are [MATH]. The gauge-free product with the stated
ordinary rigid limit is [GEO-E]; see Bhardwaj et al. (2016), arXiv:1511.05565v3, §3.1.2
and §4.1, eq. (4.1). The explicit base is the family from Chapter 8.

§2. Split fibers and ordinary matter. The Tate coefficients, surface and threefold
resolutions, fiber counts and projection maps are [MATH]. For the monodromy test
see Katz, Morrison, et al. (2011), arXiv:1106.3854v1, §4.2, eq. (4.5), and Appendix A.
The charged matter of the exact two-stack slice is [GEO-E]; see Katz and Vafa (1997),
hep-th/9606086v1, §4.1, eq. (4.1). The ordinary rigid LST interpretation is [DEC]; see
Bhardwaj et al. (2016), §4.2.

§3. The rational interval. The two crepant base blowup sequences, endpoint
and residual intersections, and path forms are [MATH]; see Bhardwaj et al. (2016),
Appendix F, eq. (F.1) for the starting coefficients, and Chapter 8 for the specialized
family and ordinary local IT* resolution. The ordinary flavor interpretation is [GEO-E];
see §4.2, eq. (4.3) and Figure 3 of the same source. The exponent m counts the actual
left blowups in these charts.

§4. The quotient and the background projection. Gauge and tangent-mixed
cancellation in the stated projection is [ANOM]; see Ohmori, Shimizu, Tachikawa, and
Yonekura (2014), arXiv:1408.5572v2, Appendix A, egs. (A.2)—(A.4), for the index, and
Bhardwaj et al. (2016), §2, for the distinction between null and dynamical tensors. The
image test is [MATH]. The hatted background projection is [ANOM] in Del Zotto and
Ohmori (2021), arXiv:2009.03489v3, §3, egs. (3.1)—(3.6). We use the stated Weierstrass,
integral curvature and curve-pairing conventions; the hatted coefficients use their source
convention.
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§5. Proper restrictions and extracted sectors. Positive proper blocks and the
period paths are [MATH]; the calibrated leading wrapped tension is [GEO-E] with the
Chapter 2 normalization. The affine and interval local SCFT interpretations are [DEC];
see Bhardwaj et al. (2016), §3.1.2, §4.2 and the opening of §5. The retained flavor-
dependent comparisons are [ANOM]. For the full-rank GS rule see Ohmori, Shimizu,
Tachikawa, and Yonekura (2014), §3.1. For the Eg terms compare Ohmori, Shimizu,
and Tachikawa (2014), arXiv:1404.3887v2, egs. (1.1)—(1.5), with Apruzzi et al. (2018),
JHEP 02 (2018) 157, Appendix A.2.1, egs. (A.26)—(A.31).

§6. Changing the order. The equal-rank residual obstruction and the changed
families are [MATH]. See also Bhardwaj et al. (2016), §7.2.1 and §9.1, for the general
multiplicative comparison. The matter and gauge calculation in this section uses the
same localized matter and gauge-sector hypotheses stated above. The projections leave
the duality question to the next chapter.
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Chapter XV.10

Circle compactification,
five-dimensional theories and

LST T-duality

XV.10.1 Two elliptic projections of one geometry

Which cycle of a Calabi—Yau threefold supplies the momentum of the emergent F-theory
circle? The answer requires a projection and a section. For the product from Chapter 8
there are two concrete choices. We will calculate their marks on the same compact
curves and then see what the two choices do to the six-dimensional strings and the
five-dimensional particles. The example requires the ordinary circle dictionary of XIV.1,
the split multiplicative fibers of Volume IV, and the tension of a wrapped D3-brane
from Chapter 2.

Let D = {|t| < 1} be a disc. Write S for the crepant resolution of the projective
Weierstrass family with projection ¢ : S — D and section og at infinity. Write E
for a fixed smooth cubic with point at infinity og. The defining equations in affine
coordinates are

E: g% =2% — g, Sw: y?=2° -3z +2 -+ (XV.10.1)

The holomorphic two-form on the regular chart of Sy is proportional to dt A dz/y and
extends through the crepant resolution. Together with the nowhere vanishing one-form
on F it supplies a nowhere vanishing three-form on X = E x §.

To distinguish the fibers, use A = 4f3 + 27¢% for y?> = 2® + fr + g, and j =
1728(4f2)/A. In the two factors these are

Ap = —4, jp = 1728, (XV.10.2)
6912

Ag=21t3(4+ 3 P

(XV.10.3)

207



The second discriminant has only one zero in D, since [¢3] < 1. Its varying j distinguishes
the generic S; from E. Exchanging the roles of these curves means changing the map
out of X; it does not require an automorphism of X that exchanges the two elliptic
curves.

For the first map retain the point of S. For the second map retain the point of
and only the projection of S to the disc:

pa:X — 85, (e,s)—s, sa(s) = (og,s), (XV.10.4)
pp: X — Ex D, (es)r— (et(s)), sple,t) = (e,05(t)). (XV.10.5)

The fibers of the two maps are respectively E and S;; the section in each row picks
the point at infinity of that fiber. Both maps are proper with connected fibers, by the
product with a compact elliptic curve in the first row and the base change of the proper
elliptic surface in the second. The threefold itself is noncompact. The two base surfaces
are different even at the level of where one finds compact curves.

At ¢t = 0 the surface fiber has its node at (z,y) = (1,0). Near that point choose a
holomorphic square root of x+2 and set u =y — (z — 1)V + 2, v =y + (z — 1)vVz + 2.
The coordinates are independent at the node, since the derivatives of the second terms
with respect to = are /3. The equation becomes

2 —3r+2=(r-1)*(2x+2), ww=t> (XV.10.6)

This local surface has an As singularity. Its minimal resolution inserts a chain of two
rational curves, C7, Csy, between the two branches of the normalized nodal cubic. The
proper transform Cj is also rational, and meets opposite ends of the chain. The central
fiber is a reduced I3; the section meets Cy transversely at a point away from the nodes.
The square of each component follows without a normal-coordinate calculation: the
entire fiber is equivalent to a nearby disjoint fiber. Hence

0= (Co+Cy+Cy)-C; =C? 42, C? = -2. (XV.10.7)

7

One can also see the multiplicities in local charts of the resolution of uv = t3. For
Jj =0,1,2 take a chart (U;, V) with monomials

wu=UTV/, w=UIVI =TV (XV.10.8)

These obey uv = t3. The consecutive overlaps are Ujt1 = 1)V, Vi = Ujij for
V; # 0. Thus the curve U; = 0 is glued to V41 = 0 through the coordinate inversion
along the curve. For j = 0,1 this gives a projective line. In the middle chart they
meet at U; = V4 = 0. The other two coordinate axes, Vy = 0 and Us = 0, map to the
two branches of the original node. The global proper transform joins these two ends.
This local calculation accounts for the three distinct intersections of the central fiber;
t = U;V; also shows that each branch occurs with multiplicity one.

Choose e, € F and s, € S on a smooth fiber, and put Fg = E X {s.}, ¢; = {e.} x C;.
The class of {e.} x S; is Fis = ¢g + ¢1 + ca, because fibers over different disc points
are homologous and the central multiplicities are one. Use the section divisors Z4 =
{og} xS, Zp = E x 05(D), and the exceptional divisors D; = E x C; for i = 1,2. The
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pa: ExS — S X p: ExS — ExD
fiber E, section point og fiber S;, section os(t)
Is: wo =13 In: uv =2
S OEBO
one per edge two intersection points

Figure XV.10.1: The two projections of F x S. The upper row shows what each map
forgets and which point its section selects. The lower left shows the three intersections
of the reduced I3 fiber. In the I5 control on the right the two curves meet at two distinct
points. In both cases the section meets the proper transform Cj.

entries of the following matrix are degrees of the divisor line bundles restricted to the
corresponding compact curves:

‘ FE' Co C1 C2
Za 1 0 0 0
Zg| 0 1 0 0 (XV.10.9)
D, 0 1 -2 1
Dy 0 1 1 -2

For example Ox (D) is pulled back from Og(Cy). Its restriction along Fg is a constant
line, while along co its degree is C7 - Cy = 1. The first row instead comes from pulling
back the point divisor on F; only Fg projects with degree one to E. The section in the
second row measures the degree along the full S-fiber, but does not meet either of the
two exceptional curves. These rules reproduce the entire matrix.

The determinant of (XV.10.9) is 3. An integral relation among the four curves
would give a vector in its kernel, so these curves generate a rank-four free subgroup of
the curve homology. The determinant computes the index of its evaluation image in
the four-dimensional target Z*. It does not establish saturation in the full homology
of the threefold, or determine a gauge group or line-operator lattice. In particular a
nontrivial cokernel of the displayed map does not establish that a curve with a missing
evaluation vector exists.

The choice of basis (Fg, Fs, c1, c2) separates the two section degrees from the roots.
In fact cg = Fg — ¢1 — co, an integral basis change with inverse over the integers. If g is
a class in the displayed lattice, then

q=dFg + bopco + bicy + bacs (XVIOIO)
=dFg +boFs + B1c1 + Poca, B = b; — by, (XV.lO.ll)
(ZA -q,Zp - q) = (d, bo). (XV.lO.lQ)
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The remaining two evaluations then take the form

-7 %) 0 0

In the marked momentum and null-string sublattice we will use (na,wa) = (d, bg) and
(np,wp) = (bo,d), retaining [ as separate relative coordinates. This assignment follows
physically in Section XV.10.5. For (d, b, b1,b2) = (2,3,1,4), the relative coordinates
are (—2,1), so the four evaluations are (2,3,5,—4). A negative relative coordinate can
arise even for a sum of effective components, because we subtracted a multiple of the
full fiber. The charge vector alone is not a one-particle existence claim.

The index has a useful operational meaning. Suppose we are given the four evalua-
tions and want to reconstruct the charge in this basis. Write u; = D - q, us = D> - q.
The two section degrees already give d, by; the finite block gives

p=_tutuw g Wt (XV.10.14)
3 3
So a pair of Cartan evaluations with u; #Z uy (mod 3) cannot come from this displayed
span. For instance the marks (ui,u2) = (1,0) would require the fractional coeffi-
cients (—2/3,—1/3) here. By contrast (5, —4) passes the congruence and reproduces
(=2,1). This is a condition on an evaluation image, not on an independently specified
probe charge. We inverted only the finite two-by-two matrix. Inverting the full fiber
intersection form would fail, since it annihilates the full-fiber vector.

Now replace t2 by t? in (XV.10.1). The local equation is uv = t?; one exceptional
curve replaces the two-curve chain, meeting the two original branches at separate points.

Here the analogous calculation is

‘FE Co C1
Q12<_2 2), Zaf 100 (XV.10.15)

2 =2 Zp 1 0
D, 0 2 -2

o

The index of this evaluation image is two. Counting only one intersection, with the
—2 self-intersections held fixed, would give D; - Fg = —1. That contradicts the disjoint
nearby fiber and would give the full fiber a spurious Cartan charge. A section fixes a
marking, whereas the vanishing evaluation on the entire fiber follows from the geometry.
We next determine which masses a physical circle assigns to such marked curves.

XV.10.2 Momentum and winding on a circle

A finite string tension gives a light winding sector on a small circle. To compare it with
momentum on a large circle, we need the distinction between a particle propagating
along a compact direction and a string lying along it. Start with an external spacelike
circle of proper circumference 27R. Let 6 ~ 6 + 2w, so its metric is R?df?. For
periodic fields in the absence of Wilson or other twists, —iJy has integer eigenvalues. A
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six-dimensional particle of mass M gives a five-dimensional mode with

_ in6 _E
w(ﬂ:ﬁ)—%wn(x)e : Py =g

2 2 2 n’ 2 n?

The five-dimensional rest mass m,, is the energy at zero noncompact spatial momentum
p. A pure KK gap 1/R refers to a mode of a massless parent. At (M, n, R) = (1,2,3/2),
the massive-parent result is 5/3, while setting M = 0 gives 4/3. The integer is signed
even though either energy is even in n.

For winding let a string of tension T lie straight along the external circle, with map
0(c) = wo for 0 < o < 27 and no other excitation. In the static gauge the energy is
tension times the induced length:

(XV.10.16)

>

2w

L, = R|0,0| do = 2w R|w]|, my, = 20 RT|w|. (XV.10.18)

0
The sign records the orientation of the wrapped string. In contrast to p;, the string
length depends on the metric even before any momentum is excited. We compare
separate pure sectors using (XV.10.17) and (XV.10.18); they give no rule for a mixed

state, its worldsheet level matching, or its degeneracy.

The two expressions also show how to find the circle scale from the spectrum when
only pure energies are supplied. For nonzero n,w of a massless parent and a straight

string, respectively,

My My
[nw|

If T is fixed, changing R to (2rTR)~! exchanges the two unit gaps. One cannot
infer this exchange by measuring the lightest mode of a massive parent and calling it
1/R. Nor does this calculation identify which string in the theory supplies T. We will
determine that string geometrically for both projections.

The external circle extends along both five-branes in the ordinary separated NS5
construction. It is distinct from the transverse circle used when an M5 system is related
to ITA, and from either one-cycle of the auxiliary F-theory elliptic fiber. The external
circle is the one along which momentum becomes winding in the type-II comparison.
Figure XV.10.2 shows why a relative D2 strip and a stretched D1 can test this circle
map: the D2 wraps the longitudinal direction and spans the transverse separation L.
Dualizing along its wrapped direction removes that direction from its worldvolume.

Use an ordinary untwisted isometry, periodic spin structure, and no metric or
two-form mixing along the dualized direction in the ambient comparison. In common
asymptotic string units £2 = o/, Buscher duality sends the ITA radius Rya and coupling
gia to

My, 1 My

—n =R, ™ —9rRT,
n| [wl

= 2rT. (XV.10.19)

2 B ls
Rua’ guB = g1aA Ria’
The spectator block is unchanged in these string units. With the underlying fundamental
tension 1/(2m¢?), the dual unit winding mass is Ryp/¢? = 1/Rya. This check uses

Rup = (XV.10.20)
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ITA before duality IIB after duality

NS5 NS5
D2 L ———> D1
NS5 NS5
wrapped longitudinal direction unwrapped longitudinal direction

transverse M circle and auxiliary elliptic fiber omitted

Figure XV.10.2: A relative D2 strip wraps the longitudinal circle and stretches between
the two NS5-branes; longitudinal T-duality leaves a relative D1 on the transverse
segment. The transverse M circle and auxiliary torus cycles are separate from this
worldvolume operation. The diagram represents brane directions, not a metric in a
five-brane core.

the intrinsic string tension in this weak NS5 realization; it is not a conversion between
arbitrary native metrics of the two F-theory lifts.

The signed comparison at finite radius uses the orientation of the dualized circle.
Choose it so that a positive pure momentum in ITA gives positive winding in IIB. The
opposite assignment is then obtained by orientation reversal, and the exchange preserves
the pair of integer labels. For instance, at £; = 2, Ryja = 3 and signed momentum

n = —2, the corresponding pure IIB winding gives
2 |U)/|RHB
=2, r=_9 Inl. = =-——", XV.10.21
" v ’ Ria 3 02 ( )

The equality of positive masses would survive a change of the sign in only one label. It
is therefore essential to state the orientation rule separately from the energy test. The
geometric section markings later supply exactly such signed labels.

The relative D2 and D1 use the ordinary leading brane tensions. With separation L
measured in the common spectator string metric, the wrapped strip and segment have
masses

1 RyalL
» . B XV.10.22
mpz = (2mRyia) (27m)2gnald  2mgmali’ e
mpy =L 1 _ Rual ) (XV.1023)

2rgusl?  2mgnall

The equalities test the relative-sector identification away from coincident branes. For
(g11a, s, Rira, L) = (1/5,2,3,7) one obtains giig = 2/15, Ryip = 4/3, and both masses
are 105/(167). The two factors of length in the first line and the one in the second give
the same dimension of energy, since the branes have different tensions.

The finite weak limit keeps the intrinsic tension while separating it from the ambient
gravitational scale. With ¢, fixed, scaling the separation along with the coupling is
necessary if the stretched sector is to stay at a finite mass: its six-dimensional tension
is proportional to L/giia. For instance, with the other parameters of the preceding

212



example held fixed, replacing griia by 2/5 and L by 7z gives

2z mp2 35 105

IUB =95 9rRua 32720 PUT T6n

(XV.10.24)

The first equality tests the ambient coupling; the second and third test the relative
probe. At fixed separation instead, both relative masses would grow as 1/z. Keeping
the fundamental tension alone would then retain the null-string scale while losing the
finite stretched sector of this example.

For a limiting test write (gr1a, /s, L, Rira) ~ (29,2%,2¢,2%) as z — 07. The ex-
ponents of the dual coupling, dual radius, intrinsic tension and relative mass are
respectively

a+b—d, 2b — d, —2b, d+c—a— 3b. (XV.10.25)

At (a,b,c,d) = (1,0,1,0), both ambient couplings tend to zero, the radii and fundamen-
tal tension stay finite, and the wrapped relative mass stays finite because L/gry is fixed.
If we change only d to 2, the dual coupling grows as z~! and the dual radius grows
as z~2. The wrapped relative mass now tends to zero. Thus the weak finite-radius
argument must precede a decompactification limit; one cannot use weak coupling in
both ambient frames on this changed path. The survival and identification of the
decoupled ordinary NS5 relative sectors is physical input to the comparison. The powers

alone do not establish it.

XV.10.3 The M-theory description

The product has no preferred longitudinal radius until we choose the auxiliary fiber
and a mass metric. The normalization can be derived first on a smooth rectangular
torus. Let r11, 719 be the proper radii in the eleven-dimensional metric, with no warping
or off-diagonal terms. Let ¢, be the eleven-dimensional Planck length. A membrane
wrapping both cycles once has area and static rest mass

1

Ay = (27m)? Tyvo = =5
f (2m)“r11710, M2 (277)262’

mi1 = TMQAf. (XV1026)

The rest action is —mq; f ds11. The radius in the last frame will be read by comparing
this action to a pure KK action, and not by identifying one torus circumference with
the final circumference.

Reduce first along the r17 cycle. The once-wrapped M2 becomes the ITA fundamental
string. Write ds, = Adsp; in the spectator block for a constant positive factor A,
including the remaining r1¢ circle before dualizing it. Matching the worldsheet areas
gives the tension transformation, while matching the spectator length gives the ITA
radius:

Tr10 N =211 T2, Riae = Ario. (XV.10.27)

There is one power of the metric conversion for each worldsheet direction. Using
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al, = (2nTr1,,) " in the rectangular Buscher step then gives

Rupy = 22 = 2 (XV.10.28)
B = Ruao. T2y’ o
mi1 1 RiB,s 1
Lo ma , Rup.pp = B _ . XV.10.29
m 3 Rin 11B,11 3 ToeA, ( )

The last quantity is a radius expressed in eleven-dimensional external mass units. The
action of the particle and the string-frame Buscher relation give the same inverse radius
only after this conversion.

M2 on full torus ITA winding F1 IIB KK mode
711, T10 Riia,e = Ario RuB,c = A/m11

reduce on ri1 dualize remaining circle

Mo = Mi1/A, RuB,11 = Rus,o/A

Figure XV.10.3: Two steps from the rectangular M-theory torus to the IIB circle.
Reduction of the cycle of radius r1; produces a winding fundamental string; duality on
the remaining cycle turns its winding into KK momentum. The o labels refer to the
string metric; Ryp 11 is inferred in the original external mass units.

As an exact normalization test set ri; = 3/2, 7119 = 5/2, 47*Ty2 = 7, A = 3 in
compatible units. Then

105 , 6 15 4

miy=—, Q,=z, Riuaes=—=, RuBos= 35

1 = 5 (XV.10.30)

4
Rup11 = 105"
For example, the first rest energy in string units is 35/4, the inverse of 4/35. If we
change the external convention by doubling A at the same eleven-dimensional input,
ol grows by four and both string radii by two. The inferred eleven-dimensional radius
remains 4/105. This is a conversion test for the chosen rectangular calculation, not an
instruction for varying a physical dilaton while fixing all microscopic parameters.

The dimensionful quantities can be recovered from two measurements that transform
differently. In the original metric the once-wrapped membrane with one circle left
unwrapped has string tension 27111 Ty2. The wound string particle acquires a further
factor 27ryg. After reduction the tension carries two inverse powers of A, while the
winding length carries one positive power:

2rr11Tve M

(27 R11a 0 )Tr1,6 = (2w Ar10) 2 =

(XV.10.31)
In the final frame the same mass is pure momentum. A mistaken use of r1g as the
string-frame proper radius would introduce an extra 1/A in the winding mass and hence
a wrong inferred KK radius. Thus the metric issue is present already for the completely
nonsingular torus. It is not specific to F-theory seven-branes.
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A related comparison holds when the conversion itself depends on the area. For
clarity, let Ty be a fixed tension parameter in the IIB metric convention in which the
conversion is dsy = 3 ds11, with the ordinary M/IIB relation 5% = MTMQ/TO. In
this convention the inferred radius Ryjp and the one expressed in the original mass
units obey

2
Ryt = % = TyTw2AY?,  (Rup/B) "' = TaAy. (XV.10.32)
The relation for S is specific to this ordinary fixed-tension convention; the algebra
illustrates which area power changes with the metric. Doubling A; at fixed tensions
multiplies the first inverse radius by 23/4 and the second by 2. It would be inconsistent
to use the first power with an area measured in a different metric or to take it as a
result about the native B frame over a varying axiodilaton.

For the product comparison, fix a common noncompact five-dimensional mass metric
and let ds; = Ards. be any constant alternative normalization of the external block in
description I. The worldline and worldsheet actions separately imply

mec T

mrp = T[ = F, RLnative = )\]R[. (XV1033)
I

=3,
The radius law follows from a KK mass in these units. It is useful even when an explicit
native metric is unavailable. An inverse area in common units need not be an inverse
area with the same power in a string frame whose conversion depends on the moduli. In
the varying-fiber geometry the ordinary adiabatic M/F interpretation is an additional
premise, with its usual local Kodaira dictionary at degenerate fibers. We do not apply
the rectangular free isometry at the I3 core. With these qualifications, either primitive
elliptic fiber of (XV.10.5) can supply a KK gap in the same common external mass
metric.

XV.10.4 Two six-dimensional readings of the product

The fiber in a sectioned model fixes where its seven-branes are located. With E as the
fiber, the discriminant is nowhere zero. With S; as the fiber, the factor t3 in (XV.10.3)
is present over the entire copy of E at ¢t = 0. Thus, denoting the discriminant divisors
with multiplicity by Dy, we have

Dy =0, Dp =3I, I'=Ex{0}CExD. (XV.10.34)

The branch coordinates in (XV.10.6) have no dependence on e. The two branches are
defined everywhere along I'; there is no permutation of components along it. In the
ordinary unfrozen dictionary a split I3 gives local Lie algebra su(3). The residual factor
4 + 3 is a unit and there are no isolated enhancements in this neighborhood.

In reading A the ordinary IIB construction on the local A-type surface, or equivalently
the corresponding ordinary type ITA NS5 description, gives the relative (2,0) little
string theory of type A;. Here we use the unquotiented, unfrozen local product with
sixteen supercharges and the boundary and isolation prescription of the ordinary little
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string sector. We set aside the center of mass. These are physical conditions, not a
consequence of Ag # 0. In particular the absence of a nonabelian seven-brane factor
does not remove the tensor strings. Their charges come from D3-branes wrapped on
curves in the base S. With Q;; = C; - C}, the sign convention for their geometric pairing
is Q = —@Q. It has one null direction:

—0. (XV.10.35)

Q
Il
—_
|
[\
—
Q
—_ =

The primitive sum Cy 4+ C7 + Cs is a base fiber that can move away from the singular
configuration. Its D3 tension is positive if its area is positive. In the ordinary unwarped
leading D3 normalization, with calibrated curve areas measured in the same frame as
the D3 tension, this reads

Tp =Ty Area(S;) = Ts » _ Area(C;) > 0. (XV.10.36)

The quotient by the null direction retains the finite root pairing. The tension does not
descend to that quotient when the full fiber has finite positive area. A null vector of
the pairing is not a zero of the area functional.

For a concrete tension comparison, take two curve charges v = C7 and v/ =
C1 + (Co + Cy + Cs) on the A base. Their finite pairings agree, because for every
component C,

QM. Cj) =Qv,Cy), T —T(v) =Ta. (XV.10.37)

The second identity evaluates the positive calibrated tension functional on the effective
sums. It is not an assertion of a bound state in class v’. It explains why keeping only
the finite pairing would lose the intrinsic scale. The corresponding five-dimensional
charge coordinates retain both the root label and the coefficient of the full fiber.

In reading B the relevant compact base curve is I', not any ¢;. Its normal line is trivial:
t is a transverse coordinate globally along the product curve, and the displacement from
T to E x {t} gives a nonzero section of the normal. Equivalently,

g(T) =1, Nr/(exp) = Or, I'? = deg Nr/(gxp) = 0. (XV.10.38)

Here T is a single square-zero curve that supports a gauge algebra, whereas in A the
displayed null charge is a sum of three negative-square components. The D3 on I" gives
the little string in the ordinary (1,1) reading, identified with the corresponding relative
type IIB NS5 sector at finite intrinsic scale. The same string has a leading gauge
description as an instanton on the seven-branes, to be normalized in Section XV.10.6.

For the light B gauge multiplet, take the ordinary eight-dimensional gauge fields on
a flat I" with trivial background bundle, no background flux, no twist or quotient, and
periodic spin structure. Count fields at energies below the nonconstant internal modes
and other brane thresholds. A scalar has a constant zero mode, since on the compact
torus a harmonic function has vanishing gradient. An internal gauge component instead
comes from a harmonic real one-form. The two independent periods around the torus
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A: base S, fiber E B: base E x D, fiber St

A-O ||

smooth S; I'=F x {0}

Co+ Ci + Cs

Orange: compact base support of the wrapped D3

Figure XV.10.4: The base supports of the null D3 charges. In A a D3 wraps a full fiber
in S, which can be represented by the sum of the three central components. In B it
wraps [' C F x D, the support of the split /3. The auxiliary fibers for the two F-theory
readings are indicated separately.

give two such forms. Writing z for the internal coordinate and z for six-dimensional
spacetime, the zero-mode part of the connection is

Az, z) = A9 (2) + d1 (2)w1 (2) + pa(@)wa(2),
) 0 ] ) (XV.10.39)
dim H°(I',R) =1, dim H* (T, R) = 2.
Both ¢; are real adjoint scalars. The two transverse real scalars of the eight-dimensional
multiplet also give one constant mode each. Thus a six-dimensional vector comes with
2 + 2 = 4 real adjoint scalars, and the periodic fermions give their superpartners. This
is one (1, 1) vector, or one (1,0) vector and one adjoint hypermultiplet in that notation.
This counting is a calculation for the light gauge fields under the stated assumptions.
A twist or a nontrivial bundle changes the zero-mode operator; a compact completion
may add other fields and couple gravity. Neither construction is identified with the
spectrum of a compact Schoen threefold by this calculation.

The difference between the six-dimensional supersymmetry assignments can also
be seen without comparing charged multiplicities. A ten-dimensional ordinary D7 has
sixteen worldvolume supercharges. Reducing its eight-dimensional gauge multiplet
along the flat internal two-torus preserves the constant spinors of both six-dimensional
chiralities. The eight on-shell bosonic polarizations decompose as 6 + 2 in eight
dimensions (vector and transverse scalars), or as 4 + 2 + 2 in six dimensions (vector,
Wilson scalars, transverse scalars):

8=6+2=4+4. (XV.10.40)

The A tensor branch is chiral. Its relative tensors are not the polarizations just
counted in B. Reduction to five dimensions removes the distinction between the two
six-dimensional spinor chiralities; for example a free chiral two-form on the circle gives
a five-dimensional vector from its components with one circle index, with the other
components tied to it by self-duality. This makes a common five-dimensional gauge
interpretation possible. It does not identify the full interacting compactifications by
polarization counting.
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To see the tensor reduction explicitly, take a product circle with orthonormal length
one-form e°. For the six-dimensional self-dual field strength write H = Hs + Fy A €,
where the forms on the right are five-dimensional and independent of the circle coordinate.
Choose the orientation volg = vols A €. With the mostly-plus Lorentzian metric the
self-duality and Bianchi conditions give

Hz = — x5 Fy, dFy, =0, d x5 Fo = 0. (XV.10.41)
The Hodge identities behind the reduction are
w6 Hs = (¥5H3) A €, x6(Fy A €®) = — x5 Fh. (XV.10.42)

The equality of the components without a circle leg gives the first equation in (XV.10.41).
The other component gives Fr = x5Hs3, consistent with *%FQ = —F5. The resulting
massless five-dimensional vector has three on-shell polarizations. In A the five tensor-
multiplet scalars then give 3 4+ 5 = 8 bosonic polarizations. In B a six-dimensional
vector has four polarizations, splitting into a five-dimensional vector and one Wilson
scalar; adding the other four scalars gives the same count. This is a free zero-mode
calculation. It explains how the two six-dimensional tensor and vector descriptions
can lead to the same kind of five-dimensional multiplet without implying that their
six-dimensional field content agrees.

We can follow the null D3 charges into the common M-theory description. At finite
radius let a calibrated D3 wrap a compact base curve and the longitudinal spacetime
circle. In a local ordinary dictionary, T-duality along the circle turns it into a D2
on the same curve, and the M lift is an M2. In the product there are simple lifted
representatives because the other factor can be fixed:

A: S CS — {e} xS, B I'cExD — Ex{os(0)}. (XV.10.43)

The section in B is a choice of representative; the lifted curve has class Fg. It can also
be moved to a point of the smooth surface fiber. In A the lifted class is Fg. This use of
the wrapped-brane dictionary in a fibration is a physical continuation from the ordinary
circle construction, including the ordinary description at the discriminant. It is not a
flat Buscher calculation of the seven-brane background. The result provides the two
crossed identifications: each lifted base curve is the other projection’s full elliptic fiber.

XV.10.5 Matching charges and finite scales

The same membrane mass can now be read twice. Let J be the product Kéhler
form at the chosen finite background. Define ap = fFE J, a; = fc J > 0, and
ag = f Fe J = ZZ a;. On a holomorphic curve the Kéhler form restricts to its area
form with the complex orientation. The ordinary calibrated M2 central masses in the
common external metric are therefore

mg = Uag, m; = [, mg = pag = Zmi, (XV.10.44)
i

218



where p is the shared mass per area, equal to T2 with eleven-dimensional proper
areas and external metric in the unwarped convention. Reversing a curve’s orientation
reverses the charge. The pure energy scale for k units is |k| times the unit scale; these
calibrations do not count stable bound states or guarantee a single-particle tower for
every wrapping.

For Fg the A interpretation is one unit of KK momentum by (XV.10.29), and
the B interpretation is one winding by (XV.10.43). The opposite holds for Fs. With
compatible spin, flux, flat-field and boundary data, the dictionary for the two primitive
legs in the common external mass metric is

curve ‘ A B
FE 1/RA = mg QWRBTB = mMmg (XV1045)
Fs 27TRATA=mS I/RBZmS

Here the radii are inferred from the external KK masses; the D3 tensions are in the same
external metric. In particular ap and ag are M-theory periods. They are not inserted
as proper IIB base areas into the D3 action. Applying the markings in (XV.10.12) to
(XV.10.45) gives the signed dictionary

ny = wg =d, wa =ng = by. (XV.10.46)

The two equalities are oriented identifications on separate legs, with relative coordinates
carried by cq, co. They are not a rest-energy rule for a general charge vector.

The matching can also be organized as a test of the tension on an individual base
curve. Let C be one of the holomorphic base curves with a calibrated representative
on the M side of the ordinary lift, and write a(C) for the area of that lift. If T7(C) is
the external tension in the common frame, the once-wrapped worldsheet action has
coefficient

ua(C) =27 R;T7(C). (XV.10.47)

Thus on side A the relative tensions inferred for Cy, Cy are mgm; /(27) and mgmse/(27).
In the reference periods below their ratio is 3 : 5, and changing only ag changes both
by the same factor, without changing the two wrapped-particle masses. This distinction
between a tension and a wrapped mass matters when the circle is varied. The equality
presupposes a calibrated ordinary brane and the absence of additional charges in the
wrapped configuration.
Eliminating the radii in (XV.10.45) yields
mgrms 1 1
TA = TB = =, RARB = ———— = ——— = Oleff. (XV1048)
2 mgms 2T

The two pure sectors have exchanged roles, at a common finite intrinsic tension. The
dimensions are consistent: p has dimension length to the power —3, each m inverse
length, and a.q length squared. Its equality to the underlying ¢2 is used only in the
fundamental-string realization in the appropriate string metric. The physical equivalence
of the two ordinary circle compactifications uses the longitudinal type-II duality of the
corresponding decoupled NS5 sectors, with the same relative-sector and compatible
background prescriptions on the two sides. The geometric calculation verifies this charge
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A B
KK «<— Fg, mass mp ———> winding

winding «— Fg, mass ms ———> KK

ms meg
mems mems
fixed fixed
— > Mg ———> Mg
A decompactifies B decompactifies

Figure XV.10.5: The two primitive mass legs. The KK leg of A is the winding leg of B,
and conversely. The arrows in the lower panels indicate the fixed-tension limits in mass
coordinates: one gap tends to zero while the other tends to infinity. Neither plot uses
radii from different native frames.

and scale map under those physical identifications. Two maps out of an unmarked
threefold would not establish the equivalence of arbitrary compactified quantum theories.

There is a dimensionless parameter that says which circle reading has the lighter
momentum modes at fixed T'. Let leg = /Qeg in the common frame and set p = R4 /Leg-

Then R
B _ p mpleg = p~ L, mgleg = p. (XV.10.49)

Eeff
At p =1 the two gaps coincide, so the masses alone cannot distinguish the two charge
labels. The section marking still does. For p > 1 the A momentum sector is lighter
than its winding sector; for B the order is reversed. This is why a low-energy truncation
to the lightest pure scales made separately in each description can omit a leg that is
needed for the full circle comparison.
For an example take u =1, ag = 3/2 and (ag, a1, a2) = (2,3,5) in compatible units.
The inverse radii are 3/2 and 10, so

2 1 1

Ra= Rp = 27T =15, Qe = (XV.10.50)

3’ 10 15
A pure ny = 2 mode has common mass 3, and a pure wy = —1 configuration has
mass 10. In B these are wp = 2 and np = —1 respectively. For the native conventions

(A4, AB) = (2,3), the pair of masses reads (3/2,5) in A and (1,10/3) in B. This does
not violate (XV.10.45): each mass must be multiplied by its own A; before comparison.
Likewise 43 9

gTO = g = )\A)\Baeff. (XV.10.51)
The native slope inferred from A’s tension would be 4/15, and from B’s tension 9/15.
Neither is 2/5. The discrepancy in a direct native-radius comparison comes from mixing

the two normalizations.

RA,nativeRB,native =
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The full-fiber area ag fixes one KK spacing, but does not fix the allocation among
components. Change (ag, a1, az) from (2,3,5) to (1,4,5). The two radii and 27T remain
as in (XV.10.50), while the two finite simple periods move from (3, 5) to (4,5) in mass
units. Conversely, holding the components fixed and changing only ag to 5/2 gives

(Ra, Rp,27T) = (2/5,1/10,25). (XV.10.52)

Thus a change of one auxiliary area alone is not a radius change at fixed intrinsic
tension. The first control instead varies a relative parameter without altering either
longitudinal spacing. We will identify these relative parameters with Wilson gaps in
the gauge description.

There is also a way to vary the radius without changing the little-string tension.
For example double R4 starting from (XV.10.50). The A momentum mass must halve.
Fixing mgmg = 15 then doubles the B momentum mass, so B’s radius halves. If we
keep the three component fractions fixed, the input and output are

(ag;ag,a1,a2) = (3/4;4,6,10), (XV.10.53)
(Ra, Rp,2nT) = (4/3,1/20,15). (XV.10.54)

The A winding gap doubles and its KK gap halves; the opposite statements hold in B.
This trajectory changes both area parameters. It is different from both the fixed-sum
redistribution and the single-area change, even though all three operations are easy to
describe in terms of Kéhler periods.

The two six-dimensional limits occur at opposite ends of the finite-circle comparison.
If the intrinsic tension is to remain fixed, (XV.10.48) gives the two mass-coordinate
paths

_ (0) , (0)
(mg,ms) : (3770})3 yMg (/07;), Ry — oo, (z = 0h). (XV.10.55)
(mp,mg) = (mg’/z,2zmg’), Rp — 0

One may hold the fractions a;/ag fixed while comparing the rays. The tower becoming
light in each case is its own KK tower. For example in the first line the A KK gap
is zmg), while the A winding gap grows as mg)) /z. If instead one gap tends to zero
while the other stays finite, T' tends to zero. These are conditional scale trajectories in
the chosen external normalization, not constructed limiting metrics. Their behavior
does not make the distinct chiralities of the six-dimensional endpoints equivalent as

six-dimensional theories.

XV.10.6 The five-dimensional gauge theory

In B the unit little string can be measured using a gauge configuration on the seven-brane.
We first derive its tension in the leading ordinary action. This calculation is independent
of the mass comparison between the two projections. Take the background pullback
of the two-form plus the background gauge curvature to vanish, P[B] + 2rma/Fyg = 0.
Use the unwarped leading action, with the same proper length and area conventions
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in the brane tensions and volume integrals. The kinetic and charge conventions for a
fundamental trace are
tr (TT)—% L ——Lt F, F* k:—i try FAF. (XV.10.56)

f ab—27 YM — 2921']0 7% 5 _87T2/rf . -1U.
The integral is over the four spatial directions transverse to the string within six
dimensions. Choose the orientation so that a self-dual unit instanton has k& = 1.

Let T, = [(27)Pgs(a/)P+1)/2]=1 and p,, = g,T}, be the ordinary string-frame tension
and RR charge, respectively. To quadratic order in the fluctuating field, the D7
determinant contributes (2ra’)? try F?/4 times the volume and tension. Integrating
over I', of area Ar, and comparing with (XV.10.56) gives

A[‘T7(27TO/)2 2 1 A[‘T7(27TO{/)2
1y F — = :

5(2) —
6 4 " #s 2

(XV.10.57)

One way to check the determinant coefficient is to use log det(1+ M) = Tr(M — M? /2 +
-++) for M#*, = 2wa’ F*,, and then take the square root. The spacetime matrix has
vanishing linear trace and Tr M? = —(2rwa’)?F),, F"" at quadratic order. This spacetime
trace is separate from the gauge trace. In particular substituting a stack identity for
the fundamental trace of the fluctuating field would not compute the same coefficient.
The incremental Wess—Zumino coupling to the RR four-form is obtained instead
from the quadratic term of the gauge-field exponential. The wedge product of two
two-forms has even degree, so it comes with 1/2! and the chosen orientation:

2 N2
S@ — pa(2ral)” 7270‘) /04/\trf(F/\F),

2 2
w 872k = kps.  (XV.10.58)

The integrated charge is that of k D3-branes wrapping I' and the string worldsheet.
This is an incremental charge, so no background contribution is being interpreted as an
instanton. The equality uses u3/u7 = (27)*(a’)?. The corresponding tension ratio uses
T3/T; = (27)*(/)? and (XV.10.57):

872

—— = 4n*(2nd/ ) ArTy = ArTs = Tp. (XV.10.59)

96,8
The two ratios agree, but the RR calculation and the kinetic calculation are distinct. In
six dimensions gg 5 has dimension length squared, so the coefficient of 87 in (XV.10.59)
has the dimension of a string tension.

The factor of two in the kinetic coefficient is visible by restricting to a single
normalized generator. If F,, = F, T, the Lagrangian and the quadratic brane term
for this polarization give

(Fa)2 AFT7(27TQI)2

— = F)2, XV.10.60

Equating instead the coefficient on the right to 1/(2gg ) would mix the component
normalization with the trace normalization. On the RR side one could check the same
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issue using an su(2) block acting on the first two colors. The fundamental trace on the
3 x 3 matrices restricts to the two-dimensional trace on that block; an embedded unit
instanton has [try FAF = 872, not three times this integral. Both tests use a genuine
nonabelian fluctuating field.

Reduce the six-dimensional action on the longitudinal B circle. For the ordinary
leading zero modes, integrating the kinetic coefficient over the circle of proper length
2n Rp yields, in matched units,

1  27R 82 1
R 7r2 B Lz = 2mRpTE = mp = —. (XV.10.61)
95 96.B 95 Ra

The equality to 1/R4 uses the wrapped-brane identification of (XV.10.45); it is not
contained in the gauge action. This is the leading unit topological mass scale. To decide
if it is the mass of a smooth pure classical configuration, one must ask whether the
leading energy bound can be saturated in the chosen Wilson background.

In the reduced theory put the electric field and other scalars to zero. Let ® = Ay be
the Wilson scalar in a proper length coordinate ¢ on the B circle. Circle independence
gives F;py = D;®; here ¢,j = 1,...,4 refer to transverse spatial directions of a static
particle. With a positive spatial trace norm the energy is

1
E= ﬁ/ d'z try(Fy;Fij +2D;®D;®). (XV.10.62)
295 R4

Writing try(F A F) = 1 try(F;;(+F);;)d*z and choosing the sign by k gives
82kl 1
9 4

1
+ p / d*z try(D;®D;®). (XV.10.63)

5

5 / d'e tr[(Fy F (+F)i)°]

The last term is nonnegative and vanishes only for a parallel scalar. At the unbroken
wall with trivial Wilson scalar an embedded smooth self-dual instanton of unit charge
saturates the bound. In a regular Wilson chamber, the scalar has distinct asymptotic
eigenvalues. If it is parallel, these eigenvalues and their multiplicities are constant
everywhere, and the connection preserves the three eigenline bundles. Its structure
reduces to the Cartan. On compactified transverse R* = S*, for smooth finite-action
data with the ordinary instanton boundary condition, these lines have zero first Chern
class because H?(S%) = 0. Their direct sum has

c2(Ly ® Ly ® Lg) = Y e1(Li)er(Ly) = 0. (XV.10.64)

i<j

So k = 0. A regular Wilson chamber cannot have a smooth pure unit solution saturating
(XV.10.63). Dropping the gradient term would erase this distinction and would confuse
a leading coeflicient of the action with a statement about its solutions. The argument
does not exclude a quantum, dyonic or ultraviolet state, or determine a quantum
coupling.
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The classical distinction also follows by asking whether a simple trial configuration
saturates the bound. Take a smooth unit instanton embedded in colors 1 and 2. If @ is
constant with ®; = ®5 on this block, its commutator with the embedded connection
vanishes. A scalar with ®; # ®5 does not commute with the off-diagonal generators of
that connection. In a gauge with diagonal constant ®, for the entry A;'5 the magnitude
of the commutator is

HAZ-,CI)]12| = |®; — Oy | Al (XV.10.65)

Letting ® vary can change the local gradient energy, but cannot evade the global
parallel-scalar argument if saturation is required. This is why a result at the unbroken
wall cannot be transported to a regular chamber simply by keeping the numeric coupling
fixed.

The same chamber gives a direct check on the relative curve masses. Let z; = a;/as,
so xg + x1 + z2 = 1 and each z; > 0. Choose trace-free holonomy phases in turns, so
the eigenphases are 2™ | with a lift

(hl, ha, h3) = %(2%1 + X9, —T1 + T2, —T1 — 2.’1?2). (XV1066)

In the adjoint the off-diagonal entry with root e; — e; sees the difference h; — h;. In a
convention where the background enters with plus sign, its circle derivative on Fourier
mode k gives the signed covariant momentum (k + h; — h;)/Rp. This integer labels a
Fourier mode and is independent of the instanton number in (XV.10.56). The differences
obtained from (XV.10.66) are

hlfhg =, hg*hgil'g, hlfhg =T +SE2, 1+h3*h1 = Xp. (XV1067)

The first three gaps, divided by Rp, are my, mo, m; + mo. The highest positive finite
root has Fourier number zero in this lift. The affine gap is my; it is the mode of the
opposite highest root with Fourier number one. This is precisely the decomposition
co = Fs — ¢1 — co. Neither the affine mode nor the full KK fiber is a new finite simple
root. This calculation uses the local algebra; the trace-free holonomy lift does not select
a global gauge group.

The eigenphases themselves make a useful numerical check. With (ag,a1,a2) =
(2,3,5) the trace-free lift and two ways to go between the extreme eigenphases are
hi—hs 14+hs—hy

=8, 2 Ty XV.10.68
7 7 Rn ( )

1
h=g5(11,2,-13),
Both energies refer to the same two color labels but differ by which oriented arc is taken
and which KK shift is used. The gaps sum to 1/Rp. With the changed allocation the
lift becomes (13,1, —14)/30, so these gaps become 9 and 1 without any change in the
KK spacing. A numerical test that accidentally sets hy — hs = 1/2 would give equal
gaps and would not distinguish the two readings.

For the reference periods the simple gaps are (3,5), the highest is 8, and the affine
gap is 2. For the fixed-sum change they are (4,5), 9 and 1. These highest-root masses
follow from the ordinary gauge dictionary; they do not follow from assuming that every
sum of effective curves yields a new isolated M2 state. On the A side the relative
particles come from the corresponding wrapped tensor strings. In the interior of the
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i) X1 Xo

h3 ha h1 hs +1

Affine wrap: h1 — hs +1

gap masses in the fixed total mg = 10
reference: simple (3,5), highest 8, affine 2

changed: simple (4,5), highest 9, affine 1

Figure XV.10.6: Phase differences in the B circle holonomy. In the upper row the
simple gaps lie between successive phases, and the affine gap reaches the first phase
translated by one turn. The lower row compares the allocation (2, 3,5) with (1,4,5) at
the same ag = 10. The first two gaps sum to the highest finite root; all three gaps sum
to the KK spacing.

chamber the gauge theory is in its Coulomb regime, and the largest root gap need
not be below all other thresholds. There is a different regime near the partial wall
my, mg — 0 with mg, mgs > 0 fixed:

my +mo —> 0, mo = Mg — M1 — Mo — Mg. (XV.10.69)
At any fixed positive pair of gaps an external energy £ must satisfy
& < min(mpg,mg) (XV.10.70)

to omit the two pure towers in this leading description. The inequality is necessary for
that truncation; other thresholds must be checked separately. The reference parameters
give min(mg, mg) = 3/2, so the finite gaps 3,5, 8 are not all light in that example. By
contrast choose ag = 3/2 and (ag, a1, a2) = (10 — 26,6,0) at p = 1. The highest finite
gap is 29, while the gaps 3/2 and 10 stay fixed. At 6 < 1 there is room to include the
light relative fields and still stay below both tower thresholds. This hierarchy, rather
than the existence of the root labels by itself, makes the approach to the unbroken
five-dimensional gauge regime useful.

The finite-root modes become light while the affine mode and both full-fiber gaps
remain heavy. With the other compactification and brane thresholds also above the
energies in question, this is the ordinary unbroken maximally supersymmetric local five-
dimensional su(3) gauge sector. The partial wall limit does not shrink the little-string
scale to zero. The finite-circle compactification supplies thresholds beyond the leading
gauge theory; the leading theory alone is not a local ultraviolet completion. This is
the same distinction between KK and Coulomb periods used in the five-dimensional
geometric engineering of XII1.9, now with two actual sectioned F-theory projections of
one threefold.
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XV.10.7 A birational comparison from Appendix F

The product calculation started with two regular maps. What can we conclude if the
change of fibration is given by rational coordinates instead? Consider a different local
Weierstrass family from Appendix F of the little-string construction. Its coefficients
have two useful choices, m =2 and m = 1, with a = —3, ¢ = 1. Let (0, 7) be the old
homogeneous base coordinates, (X,Y") the old fiber coordinates, and ¢ an external
coordinate. The old equation is

Y? = X%+ a0t X + ™05 77 4 co7% + 0770, (XV.10.71)

To try a new base coordinate s, take the forward substitution from (s, 7, z,y) to the
old variables,

3]

T sx %y

Multiply the transformed equation by 7!6/2%, which is allowed on the open x7 # 0.
For instance the X3 term becomes s3xz27 and the 1™ term becomes ¥™x78. The new

cubic is
y* = 2® + Ax® + Bu, A =7(s* 4+ ast? + c7?), B =¢™7®. (XV.10.73)
Solving (XV.10.72) in order for z, s,y gives

3 X Y
r =07, s=—-, y=—-
o3t o

(XV.10.74)

The last power is two; the printed power one returns Y/7 on the old-coordinate roundtrip.
It also has the wrong homogeneous weight. Under old weights (1, 1,4, 6) for (o, 7, X,Y),
the new (s, 7, z,y) have weights (1,1, 4,6) using (XV.10.74), but y would have weight
five with power one.

substitution

3 [
{ new chart (s, 7, z,y) '\L old chart (o,7,X,Y) J

]
le
<

inverse

2T # 0: correct power returns y, printed power returns y/7

at the blowup center, before division: orders (2, 3)
after ordinary (4, 6) division: orders (—2, —3)

Figure XV.10.7: The rational coordinate change on 27 # 0. The corrected inverse gives
the original point on the roundtrip; the printed inverse rescales the fiber coordinate

by 1/7. The lower row tests the separate extension problem at the base blowup of
T=19=0.

Setting 7 = 1 before checking the inverse would miss the problem. At s=xz =4 =1,

7=2,a= -3, c=1 and either m = 1 or 2, the new cubic has A = —6, B = 256
and y? = 251. The roundtrip with the printed inverse gives y/2, which fails the new
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equation at that point. The two powers of ¢ agree at the chosen point, but distinguish
the transverse discriminant orders.
To check the boundary, translate x = z— A/3 to short form. The resulting coefficients
and discriminant are
A? 24%  AB
f=B-S,  g=" -2
3 27 3
For a further chart test choose s = x =1, 7 = ¢ = 2. The -dependent term now
distinguishes the two members:

A = —B%*(A? —4B). (XV.10.75)

507, m=1,

(XV.10.76)
1019, m = 2.

A= -6, B = 256-2™, y2{

The corresponding old coordinates are 0 = 1/8, X = 1/32, Y = y/256. Substituting
them into (XV.10.74) gives y for both choices; replacing 72 by 7 gives y/2 in both. The
inverse defect therefore has nothing to do with a specific value of the power of . It is
an algebraic defect in the coordinate formula on an otherwise regular dense open.

The shift also shows why the order at the intersection of the divisors has to be
computed separately. Write P = s3 4 as72 + 73 and expand

A = —pmr18 (P2 gymr0). (XV.10.77)

A generic divisor order reads off one power while holding the other coordinate away
from zero. The exceptional order in a blowup chart instead follows a path on which
both coordinates vanish. For example, on 7 =€, 1 = en at s = 1, n # 0, this expression
has discriminant order 18 4+ 2m. That large number alone does not ensure divisibility
of each short coefficient by the powers required by a crepant blowup.

At generic 7 = 0 the first term of A is 7s® and B has order eight, so the discriminant
has order 16 + 2 = 18. At generic ¥ = 0 it has order 2m. In the patch 7 =1 on ¢) = 0,
the square of the tangent slope at the node z = y = 0 is s3 — 35 + 1. Its discriminant is
81 and its three simple roots preclude a rational square in C(s). If ¢ is changed to 2 the
polynomial becomes (s — 1)2(s + 2), and the discriminant becomes zero. The remaining
simple root still precludes a square. The change affects the branch locus, but does not
change that generic nonsquare test.

The required division follows from the Weierstrass line bundle. Locally a base
blowup of a smooth surface changes the canonical class by one exceptional divisor, as
one can check from

dr Ndiy = ede A dn. (XV.10.78)

For the Calabi—Yau Weierstrass choice, = and y transform as the second and third
powers of the anticanonical bundle. Requiring the same Calabi—Yau choice on the
blown-up base changes the pulled-back fiber coordinates by =z = €22/, y = €3y’ in a
short chart. The cubic equation divided by € is then short with coefficients f/e* and
g/€®. An ordinary blowup of the base as a surface is possible regardless of these orders;
regularity of this transformed Weierstrass model is the extra condition.

The ordinary blowup of the base center has chart 7 =€, ¥ = en. On the slice s =1
we have A = €(1 —3e2 +€3), B = ™8™ so f starts at order two and g at order three.
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For an ordinary crepant base blowup of a short Weierstrass model the new coefficients
would be f/e%, /€8, from the usual (2, 3) rescaling of the fiber coordinates. Here the
orders are

(ord, f,ord. g) = (2,3), (ord.(f/e"),ord.(g/€®)) = (=2, -3), (XV.10.79)

where each order on the right is that of the displayed quotient. The poles obstruct
this literal ordinary crepant procedure. They do not obstruct every birational model
or disprove a heterotic duality. One would need further boundary and resolution data
to use this second chart in a resolved fibration comparison. In the product example
the two sectioned maps and the marked curves were available directly, which is why its
charge and finite-scale calculation does not rely on this extension.

Exercises

Submit the quantities in the order specified below. Use benchmark/tasks. json for the
JSON fields and benchmark/PROTOCOL .md for submission. The written parts, including
all of Exercise 5, are assessed by a reader.

1. A different parent mass. For a free particle with M = 2, take n =3, R = 2.
Separately, wind a straight string with 277 = 3 and w = —2 on a circle of radius
3/2. Submit the two masses in order. Explain why neither the momentum sign
nor the winding sign can make the rest mass negative.

2. Resolve the two intersections. In the I product take ¢ = 2Fg + co + 4c;.
Submit the evaluations in the order (Z4, Zg, D1), and both marked pairs (na,wa),
(ng,wp). Give the relative coefficient of ¢; after changing basis to the full fiber.
Explain which incidence would make the full fiber appear charged.

3. Change the periods and frames. Take p =1, ag =4, (ag,a1,a2) = (2,3,1),
Aa = 3/2, and Ap = 2. Start with signed (n4,w4) = (—2,2). Submit the two
pure legs in the order A momentum, A winding. For each give the A and B signed
labels and their charge types, the common mass, and the mass in each native
convention. Give both simple gaps, the highest finite gap and the affine gap in
common units. Submit also aeg and the product of the two native radii. Why
does agreement of the two leading topological scales not give a pure smooth unit
instanton in the regular chamber?

4. Test an inverse away from the unit chart. In (XV.10.73) use m = 1, a = —3,
c=latT=3,s=x=1 =1, y=+6565. Submit the exponent of 7 in the
inverse for y, the returned y, and the returned value that the printed inverse
would give. Check the given point in the new cubic and submit the orders of both
short coefficients after ordinary crepant division in the chart 7 =€, ¥ = en at
s = 1. Explain what those orders say about the extension.

5. Compare backgrounds. Suppose two elliptic morphisms are equipped with
different spin structures or different flat three-form backgrounds. Explain why
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the same unmarked geometry and a correct mass table do not identify their
compactified relative quantum theories. Distinguish the two six-dimensional
limits, the finite-radius duality of the ordinary little-string sectors, and the leading
five-dimensional gauge regime.

To check your reasoning across these exercises, keep track of what the proposed
counterexample is allowed to change. In Exercise 2 you can change the relative curve
coefficient while keeping both marked charges. In Exercise 3 you can change the two
native units while keeping the common masses, or move periods at fixed total area while
changing the relative gaps. Identify one measured quantity that distinguishes each such
change. In Exercise 4, explain why a successful roundtrip at a generic point and a failed
coefficient division at the blowup center are compatible. A numerical match is useful
only if you can say which competing interpretation it rules out.

Status and sources

§1. Product and marking. The product equations, incidence and integral evalu-
ations are [MATH]. The exact models are those of Chapter 8; the underlying product
construction is in Bhardwaj et al. (2016), arXiv:1511.05565v3, §4.1, printed pp. 14-16,
eq. (4.1) and Fig. 2. The calculation uses the Weierstrass convention Apeox = 412 +27g%.
The 12 determinant is —2 in the displayed order; only the evaluation indices are asserted.

§2. The longitudinal circle. Periodic free Fourier modes are [MATH]. The wind-
ing, finite-circle weak comparison and relative segment are [GEO-E], under the iso-
metric product-circle and weak-reference hypotheses. See Seiberg (1997), arXiv:hep-
th/9705221v2, §2.1, printed pp. 24, egs. (2.1)—(2.4) and the following paragraphs.

§3. Membrane area and radius. The ordinary rectangular M /ITA /TIB interpretation
is [GEO-E]; constant conversions at a common mass point are [MATH]. See Schwarz (1995),
arXiv:hep-th/9508143v5, eqgs. (25)—(32), including the fixed-tension metric conversion,
and Vafa (1996), arXiv:hep-th/9602022v1, §2—4, printed pp. 5, 7, 10, for the separate
adiabatic input. The comparison uses the calibrated M2 units, the ordinary rectangular
torus reduction and the separate qualified adiabatic fiberwise interpretation.

§4. Six-dimensional readings. The discriminant support and normal line are [MATH].
The ordinary relative (2,0) and (1, 1) interpretations, the B adjoint and the D3 lift are
[GEO-E]. See Bhardwaj et al., v3, §4.1 and §9.1, printed pp. 14-16, 38—40, and Seiberg,
v2, §2.1. The wrapped-brane map uses the qualified adiabatic fiberwise interpretation.

§5. Finite scale. The matched masses and inferred tension are [GEO-E], and the
fixed-tension scale trajectories are [MATH] within those inputs. For this A-type product
see Seiberg, v2, eq. (2.4) and following text, and Bhardwaj et al., v3, §4.1, eq. (4.1),
the opening of §9, and the first paragraph of §9.1. We count components using eq. (4.1)
and the explicitly resolved cubic rather than adopting the index wording of the first
§9.1 example. The ordinary physical equivalence is sourced in this specific setting; the
lattice calculation gives no new general QFT-transfer claim.

§6. Gauge scale and Wilson chamber. The leading gauge interpretation, topologi-
cal normalization, chamber and finite wall are [GEO-E] under the ordinary background,
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with the Einstein-frame D3 tension and fundamental-trace conventions of Chapter 2.
See Seiberg, v2, after eq. (2.4), and Bhardwaj et al., v3, §4.1. The energy square and
Cartan obstruction use the pure leading classical sector; no quantum nonexistence
assertion follows. The comparison with XIII.9 uses only the period arithmetic of that
chapter.

§7. Dense chart and boundary. The inverse, discriminant and ordinary blowup
tests are [MATH] for the literal family in Bhardwaj et al., v3, Appendix F, printed
pp. 63-64, egs. (F.1)—(F.12). The inverse in (XV.10.74) corrects the printed (F.10).
The tested obstruction concerns the ordinary blowup of the displayed short Weierstrass
model.
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Chapter XV.11

An atlas of six-dimensional
constructions

A list of curve self-intersections is often the shortest way to describe a six-dimensional
construction. How much can one reconstruct from it? Consider two intersecting rational
curves of square —2. They can carry split gauge fibers with several choices of defining
dimensions, or they can lie in the base of a product with a smooth elliptic curve. Their
intersection pairing is the same. To recover the physical interpretation we must specify
what is fibered over them, which periods are realized and what limit is taken. The
examples below keep one ingredient fixed at a time, so that we can locate the origin of
each change in the physics.

We use the ordinary elliptic and wrapped D3-brane dictionaries developed in Chap-
ters 14, then the contractions and source calculations of Chapters 5-7, and the full-fiber
and circle constructions of Chapters 8-10. In each example @ is the geometric curve
intersection matrix and Q = —(@ is the tensor pairing. A period is an unnormalized
Ké&hler area. We distinguish an integral charge, an effective calibrated representative
and the existence of an isolated six-dimensional theory.

XV.11.1 Gauge theories on finite tensor branches

Which pieces of a gauge theory change when we tune its fiber but keep its gauge curves?
Start with the two compact constructions with split Iy on C and split Iy on Co, where
N = 5,6. The surface is the blowup of Fy at two points on the same ruling fiber away
from the negative section. Let (S, F, F1, E2) be the total-pullback basis, with F' a ruling
fiber and F; the exceptional classes. The strict gauge curves and ambient intersection
matrix are

-21 0 0
1 0 O 0

C = (C1,C2) = (S, F — E1 — E»), M= 0 0 -1 0 (XV.11.1)
0 0 0 -1
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The first block has determinant —1, so it has one eigenvalue of each sign. The two
exceptional directions add two negative eigenvalues. But the coefficient columns of the
strict curves in (XV.11.1) give

2

Q:_CTMC:(l _21> C"MK =0, K =-25—AF + E, + E».

(XV.11.2)
The eigenvalues of €2 are 1, 3, so the marked two-curve sector is positive definite even
though the ambient surface has inertia (1,3,0). Adjunction gives K - C; = 0, also
visible in the displayed product. The exceptional curves in Figure XV.11.1 change the
self-intersection of the strict fiber; their intersections with it need their own coefficient
test.

Ch
split I
two simple w roots E, E
eight simple z roots | |_
—00000000 Cz
ordinary corner I I split Ig

Figure XV.11.1: Strict gauge curves of the compact split Iy/Is model. The two
blowup centers lie away from the ordinary gauge corner. The open circles label simple
residual loci schematically and are grouped by their counts; they are not the exceptional
intersections.

To count those residual loci, use A = 43 + 27¢g%. Removing the prescribed gauge
vanishing gives a section of —12K — 4C; — NCs. Intersecting it with the two curves
gives

((-12K —4C; — NC») - Oi)i:m = (8 — N,2N —4). (XV.11.3)

Degrees only count zeros with multiplicity. In the actual NV = 5 model the residuals are
w3 —w+1 and 26 + 2 + 1, and in the N = 6 model they are 2 + w? and 2 + 28. The
first pair is relatively prime to its derivatives, and the derivatives of the second pair
vanish only at the respective origins, where the residuals are nonzero. The polynomials
exhaust the displayed degrees in these coordinates. Thus we have distinct simple roots
away from the gauge corner.

The degree calculation did not construct the even tuning. To see the change of
geometry, put Cq : z =0, Cy : w = 0 downstairs, and put D(z) = (z — 1)(z — 2)/2. In
Tate coefficient order i = 1,2, 3,4, 6, the new powers and numerators are

E=1(0,1,2,2,4), j=1(0,1,3,3,6),  (m;)=(1,1,0,1,0), (XV.11.4)
a; = ZMw’i Hy, (H;) = (D, D,1,D,4 +w? + 2%). (XV.11.5)

For the downstairs class A;S + B;F, where A; = 2i — k; and B; = 4i — j;, a monomial
2w is allowed if 0 < a < A; and 0 < b < B; — 2(A; — a). For example the last class is
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8S + 18F: w? exhausts the base degree at a = 0, and 2® exhausts the fiber degree. The
three numerators D have the required simple zeros at both centers. This establishes
why the prescribed restrictions come from sections.

Use the Tate discriminant sign of Chapter 3. Here By = a? + 4as = D? + 42wD,
and the five terms in Bg give

By
z4wb

In 16A = Bng + SBZ + 27Bg — 9B, B4 Bg, the last three terms vanish on either axis
after division by z*w8: B, is divisible by z?w? and Bg by z*w®. Since B, = D? on
either axis, the divided 16A restricts to D%(Hg—2). On z = 0 this is 2+w?; on w = 0 it
is D%(2 + 28). The next step removes the extra downstairs zeros at the blowup centers.

At z = a, a = 1,2, the two blowup charts are (z,w) = (a + u,uv) and (a + @0, v).
The crepant coefficient in the first chart is divided by u?, in the second by ¢, as follows
from the canonical divisor change. Here m; = i — j;. After removing the prescribed
w-powers, the remaining divisions are

= D*(Hg — 2) + zwD(1 + 4Hs).

D(a+u) 2a—3+u D(a+uv)  u(2a — 3+ ud)

XV.11.6
m 2 ’ 2 ( )

3

On their overlap % = 1/v, ¥ = uv, the full coefficients differ by v*, as required. In the
first chart the discriminant is divided by «!?, while w® = u5v%. On the strict fiber

v = 0, the residual after removing v% is proportional to

6
(a+u)* <D(au+“)> (24 (a+u)®), (XV.11.7)

nonzero at u = 0, where a; is a unit. The two and eight simple roots of 24 w? and 2+ 28
therefore count the residual loci on the strict curves. At the gauge corner the divided
discriminant has value 1/8, and the node is analytically UV = z*wS after absorbing a
unit. Along z = w = 7 the orders of (f,g,A) are (0,0,10). This disk order is the sum
of the two divisor orders 4,6 because the residual is a unit at the point. The old tuning
has the corresponding (0,0,9) disk orders. The split ordinary dictionary then gives
one full bifundamental at each corner and one external fundamental at each simple
residual locus. This is a statement near the named ordinary curves. Changing 2 + w?
to (w + v/2)? by adding an allowed monomial preserves the degree and the corner unit
but loses the argument for two separated enhancements.

The trace test explains why the changed matter is necessary for the changed gauge
ranks. Let s; = trrund F2, ¢i = trruna FP, ¢ = co(R), and p = p1(T). For defining
dimensions n; > 4, the independent quartic and mixed gauge-gravitational pieces for
m; external fundamentals and a full bifundamental are

2
Z(mi +ng_; — 2n;) (% + 231881) . (XV.11.8)
=1

The adjoint trace is 2n;q; + 6s?; the other defining dimension multiplies the single-node
trace of the bifundamental. The independent quartic thus asks for m; = 2n; — n3_;.
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This reproduces (3,6) and (2,8). Using the old multiplicities for the new fibers, with
background flavor off, leaves

q1 q2 | PS1 DPS2

— - = = - XV.11.

24 12 + 48 24 (XV11.9)
A Green—Schwarz square of four-forms cannot remove an independent quartic. Even
with the right multiplicities the projected source changes. Write Y = QX so the
retained Green—Schwarz square is Y TQ71Y/2. The coefficients of ¢ in Y are the two

defining dimensions. Therefore
AYgr = (0,¢)T, AXp = Q7 'AYg = (¢/3,2¢/3)7. (XV.11.10)

The lattice fixes the relation between source frames, while the fiber data fix the source.
For an arbitrary changed pair the quartic test gives conditional matter arithmetic; it
does not give a Cox lift or a compact neutral spectrum.

Two other calculations separate the same ingredients more sharply. On F; the gauge
section has S? = K - S = —1, so the split I5 residual degree is 12+5 = 17. The defining-
hyper polynomial is (w + 1)(w'? — w'! + .-+ —w + 1) = w'® + 1, with thirteen simple
roots. The remaining degree is localized at the ordinary antisymmetric locus, whose
residual vanishing is weighted by four. Thus 17 = 13 4+ 4 in the divisor computation
but the charged spectrum has thirteen defining hypers and one antisymmetric. On the
negative section of Fy, a smooth Iy and two ordinary IV choices share the same [2]
pairing. For the two IV choices the orders (2,2, 4) agree. The residual cover equations
are

E=UV(U-2V)U-V), (E-U*-VHE+U?+V?=0. (XV.1L.11)

The first cover has four simple branch points and 2g — 2 = 2(—2) + 4 = 0. The second
splits over the generic field. The ordinary dictionary gives su(2) and su(3), respectively,
while the smooth fiber gives no gauge algebra; the connected cover genus is not the
gauge-curve genus. Table XV.11.1 collects the finite choices. At positive realized
periods the weak tensor-branch interpretation uses gq f o a;, with the fixed microscopic
normalization of Chapter 2. The rank change considered here changes the charged and
source data without requiring a change of those periods. We next keep the compact
geometry and instead change the path through its period cone.

Fiber data Ordinary output Diagonal  Chs.

Split 14/1Is (3,6) external; one bifundamental (2,2) 1,2,3,4,5,7
Split 14/1s (2,8) external; one bifundamental (2,2) 2,3, 7

Split Is on Fy 13 defining, 1 antisym.; weighted 17 (1) 1,2,3

Iy on Fo Generic orders (0,0, 0) (2) 4

1V connected on Fy  Generic orders (2,2,4) (2) 4

IV split on Fa Generic orders (2,2,4) (2) 4

Table XV.11.1: Finite curve constructions. The displayed diagonal is that of the retained
pairing; the two-node entries have off-diagonal —1.
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XV.11.2 Surface contractions and tensor limits

Can a large base volume be used to tell whether a charged string becomes tensionless?
The answer depends on which periods control the volume and which control the string.
There is also a preliminary geometric question: does the proposed chain really arise
in a surface? Both questions can be tested before making an isolated fixed-point
interpretation.

Begin with the two (—3)-curves in the actual regular fan, bounded by two external
rays. Its consecutive generators, in order, are

Vo = (1,0), v = (O, 1), Vg = (—1,3), V3 = (—3,8). (XV.11.12)

For adjacent determinant one, the relation v;_1 + v;41 = b;v; gives square —b; for
an interior ray. Here the two coefficients are (3,3). Inserting v. = v1 + v2 = (—1,4)
preserves the consecutive determinants. The old inner intersection is replaced by two
intersections with the exceptional curve, and the new relations are

vy + Vs = 4vq, v1 + vy = vy, Vy 4+ V3 = 4v,. (XV.11.13)
So the new pairing and its leading principal minors are

4 -1 0
Quu=|-1 1 =1|, (Dy, Dy, Ds)=(4,3,3). (XV.11.14)
0 -1 4

The elliptic coefficients must also be transformed. The actual old corner has f = u?v?,

g = u3v3. In either chart (u,v) = (e, et) or (et,e), canonical division gives
(f/et g/eb, Afet?) = (12,13, 3115). (XV.11.15)

The two values t = 0 in these charts mark different meetings with the strict ends. At a
generic point of the exceptional curve t # 0 and the elliptic fiber is smooth. The two
end fibers have split I over the ordinary branches: their leading cubic 23 + = + 1 has
three distinct constant roots. Thus the additional compact tensor does not come with
a new generic gauge algebra. Chapter 5 constructs the ordinary resolved model; its
isolated simultaneous contraction has the sourced (1,0) interpretation when the rigid
physical premises hold.

The exceptional period adds a new variable. Its blowdown is a geometric return to
the original corner, not a claim that the whole negative chain is already collapsed. The
existing compact chain satisfies the negative definiteness criterion for analytic surface
contraction in the stated setting. That criterion does not provide an elliptic lift or a
proof of a decoupled fixed point for an arbitrary proposed chain.

For a concrete period test return to the compact split I4/I5 construction. In the
basis of (XV.11.1), fix 0 < h < 1 and choose

J=(p,A+2p,—h(p—B),—(1—h)(p— B))". (XV.11.16)

Here A, B will be the two strict periods and p controls the total ruling fiber period.
Intersecting with the strict and exceptional curves gives

C"™MJ=(A,B)", (J-Ei,J-FEy)=(h,1-h)(p—B), J-F=p. (XV.11.17)
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Figure XV.11.2: At left the inserted ray subdivides the regular cone of the two (—3)-
curves, giving the (—4, —1, —4) chain. At right two paths on the same compact I, /I
base are projected to the plane of its retained curve periods. The parameter p controls
a bulk direction not plotted in that plane.

Geometry Comparison Diagonal  Chs.

Regular fan insertion Old diagonal (3,3) (4,1,4) 5
Smooth elliptic product Exceptional A2 configuration (2,2) 5

Table XV.11.2: Two definite curve configurations. Adjacent compact curves have pairing
—1.

In the realized cone chart of this surface these periods are positive for A, B > 0 and
p > B. The volume is obtained by squaring the same class, rather than independently
sending every area to infinity:

h2 + (1 — h)?
2

The ambient positive direction contributes to this leading volume. At h = 1/3, two
ways to use it are

(A,B) = (2,3): Vp=13p?/18 + 11p/3 — 5/2, (XV.11.19)
(A, B) = (¢,2¢) : Vg = 13p*/18 + 19¢p/9 — 1062 /9. (XV.11.20)

1
Vg = §JTMJ:pA+p2_ (p— B)% (XV.11.18)

At fixed microscopic units the leading gravitational coupling can vanish as p — oo on
either path. The wrapped curve tensions remain positive on the first. On the second
take € — 07, for example € = 1/p; both retained strings become tensionless and the two
exceptional periods grow. The geometric volume limit alone does not ensure that the
would-be local modes are normalizable or that all coupling to the bulk has disappeared.

As a control, resolve the surface zy = t3 at its isolated Ay singularity. The two
exceptional spheres have square —2 and meet once. The product with a fixed smooth
elliptic curve has the same positive pairing (XV.11.2). Its elliptic projection is smooth
over both exceptional spheres. Under the ordinary ADE contraction dictionary with its
decoupling assumptions, contraction gives the local (2,0) interpretation, rather than the
split-gauge (1,0) construction. Comparing the two fibrations explains why the retained
pairing cannot decide the supersymmetry or gauge algebra. A further test arises when
a contraction changes the tensor source frame itself.
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XV.11.3 Conformal matter and source transfer

What is retained when we coarsen a resolved conformal matter base? Shrinking a curve
affects its couplings to neighboring tensors. We first identify the curves geometrically;
then we compare the Green—Schwarz square in the resolved and coarsened descriptions.

For pure Eg and E; collisions take the leading models f = 0, g = (uv)? and
f = (uv)3, g =0, respectively. The bounding rays (1,0), (0,1) carry the external flavor
divisors. The ordered interior rays of the regular fans are

Eg: (2,1), (1,1), (1,2), (XV.11.21)
Er: (3,1), (2,1), (1,1), (1,2), (1,3). (XV.11.22)

For a ray (a,b), the relative canonical discrepancy is a+b— 1. Subtract four or six times
this number from the valuation of f or g to obtain the transformed coefficient order.
For the Eg fan the input g-valuation is 4(a + b), giving transformed order 6 — 2(a + b).
Thus the orders on the three rays are (0,2,0), giving Iy, IV, Iy. For E;, the analogous
f-order is 4 — (a + b), giving (0,1,2,1,0) and Iy, III, 15, III, Iy. From the regular-fan
neighbor relation used in (XV.11.13) the diagonal entries are

diag Qp, = (1,3,1),  diagQp, = (1,2,3,2,1),  Qiy1=—-1.  (XV.11.23)

For instance (2,1) 4+ (1,2) = 3(1,1) determines the middle (—3)-curve in both. The
compact block is a chain, so all nonadjacent off-diagonal entries vanish.

In the ordinary local branch dictionary for these named pure collisions, the Eg middle
curve carries split IV with algebra su(3). For E; the three inner curves carry su(2),
50(7), and su(2) from left to right. Each adjacency supplies one half-hypermultiplet:
(2, 8) for the left and middle factors, and (8,2) for the middle and right factors, with 8
the s0(7) spinor Del Zotto, Heckman, et al. 2014, (2.5)—(2.6). These are the gauge and
matter assignments on the resolved local branches; interpreting their contractions as
isolated endpoints still requires the corresponding decoupling conditions.

In the E; fan remove the middle ray (1,1) but keep the neighbors v, = (2,1) and
vr = (1,2). Their determinant is three. Their cone contains (vy + vg)/3, which is
exactly the removed ray. The numerical pullback of each neighboring divisor to the
regular surface must have zero intersection with the removed curve D. Since D? = —3
and each neighbor meets D once,

CL=CL+DJ3, Cr=Cr+D/3, C,-Cr=1/3. (XV.11.24)

The same substitution gives square —5/3 for each neighbor. This computes the rational
pairing of the coarser fan. It does not turn the fractional pullbacks into integral
dynamical string charges.

For the source transfer write the resolved pairing in blocks Q) = (Z?r dbo ), putting the
removed curve last for this formula. Write the source in the same order as (Ya,Yp).
Eliminating the last variable in QX =Y gives

S=A-bb"/dy, Yi)=Ya—-b¥p/dy, SXa=Y]. (XV.11.25)
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Figure XV.11.3: The upper line shows the resolved E7 chain and its external flavor
divisors. The lower line schematically marks the two neighbors and their singular cone
of determinant three. Each neighbor acquires a D /3 term in its numerical pullback.

Multiplying the eliminated equations by the appropriate components of Y, or expanding
the completed square, yields the full identity

2

YToly = % + 3(YH)TS YL (XV.11.26)
Here dy = 3 and b = (0,—1,—1,0)T. The Schur correction precisely agrees with
the geometric pullback in (XV.11.24). In particular the coupling between the inner
neighbors is —1/3; the raw principal block would have zero there.

To see what happens to the source, let sy, sg be the two side SU(2) four-forms
in the normalization of Chapter 6, and let s¢ = try F(2),c be the central s0(7) gauge
four-form in the same frame. Here 7 is the vector and Fo ¢ = —iFpnys,c/(27) as in
Chapter 6. With ¢, p as in Section XV.11.1, the removed source and neighboring sources
are

Yp =5c+p/4+3sc/4— (sL+ sr)/2, (XV.11.27)
Yi,r=2c—sc/4+ SR, (XV.11.28)
Yy p=11¢/3+p/12+ (5518 — sr,1)/6. (XV.11.29)

The outer sources retain the side dependence —sy, r/2. Their other terms, including
the outer flavor four-forms, cannot contribute to the sy sg coefficient. The eliminated
outer block is the identity and couples to the inner block by minus the identity. Its two
source entries are therefore added to the corresponding inner entries, left to left and
right to right. This leaves the inner pairing and inner side-source contribution

_ 1 2 -1 / ’ . 1/2s; —sgr
K=z (_1 9 ) v Yiner + Youer) |y, 0 = 5 <2SR B 8L>. (XV.11.30)

The outer squares are separate by side. The mixed term is —s;sr/12 from the inner
square with K1, while Y2 /6 contributes +szsr/12. Under the formal pullback
(s1,sr) = (2d,3d), the two mixed pieces become +d?/2 and —d?/2. This changes
polynomial variables; it supplies no physical background bundle. With the unshifted
sources the inner side column would be (sz,,sz)T/2, giving mixed coefficient +1/4 in
the coarsened pairing. Using the raw principal block instead would disconnect the two

238



sides and give zero. Thus two different shortcuts give different wrong answers. Only
the coarsened pairing and the shifted source together reproduce the resolved square.

There is also an integral geometric transfer, with a different physical interpretation.
For the rank-two E-string model of Chapter 7 take f = —3u?, g = u®(v? — b3), with the
flavor divisor u = 0. The coefficient that must vanish for the additional point order is
v2 —b3. At by = 0 it has a double root, giving two successive centers. At by = 2 it gives
one center at each of v = +2, both on the same flavor divisor. At coincidence order
the strict classes as (D1, Do) = (e2,e1 — e2), with e; the total exceptional classes. The
total-basis transformation and strict pairing are

L1 1 -1
P = (0 1) s Qgrict = (1 9 ) , PTQstrictP =1,. (XV.11.31)

Here the columns of P are Di,D; + D2. Removing the first charge by principal
restriction leaves [2]; blowing down D; leaves [2 — 1] = [1], since the pulled-back outer
class is Dy + D;. The source in the total basis is PTY = 1, Y1 + YQ)T, so the outer
square uses the sum rather than the original outer entry. The separated geometry has
pairing 15 on its two effective exceptional generators, not just in a total basis of the
old geometry. Indeed the old total-basis periods (af,a}) must satisfy a) > a} > 0,
since Dy = e; — ea. The new two effective periods need only be positive in the selected
chamber.

For the rank-two paired source in the normalization of Chapter 7, let h be the Eg
four-form, ¢ = ¢3(SU(2)) and Z = (p + h)/4. The strict entries and the finite outer
square are

(p+ h+ 40 — 8¢c)?
32 '

Y= (c—Zc—10T, (V1 4+ Ys)? = (XV.11.32)

1
2
In particular the hp coefficient in the outer square is 1/16; it would vanish if we used
Y5 alone. This is a trace of the finite tensor direction in the anomaly comparison, even
though that direction is not one of the contracting curves.

The rank-one E-string has one compact (—1)-curve meeting an Eg flavor divisor.
In the isolated small-instanton interpretation, the rank-two tensor flow shrinking D,
at fixed positive D5 period has a rank-one sector, including its center hyper, and a
detached free (2,0) tensor multiplet. In the common (1,0) notation that multiplet
includes an Fg-neutral half-hyper in an SU(2);, doublet. For the separated-center Higgs
interpretation the endpoint instead has two rank-one sectors with their own center
hypers; a separate relative hyper would count a displacement twice. These endpoint
statements concern the isolated deep infrared under the corresponding physical premises.
This distinction will matter when a rank-two neighborhood sits at the end of a chain
with a nonzero full-fiber period.

XV.11.4 Affine fibers and the heterotic interval

When does a null tensor pairing measure a physical string? It has to come with an
effective full-fiber class and an actual positive period. Even then, the same primitive
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Configuration Fibers or effective basis Diagonal Chs.

Pure Eg V> Iy, IV, Iy, IV* (1,3,1) 5,6
Pure E7 111", Io, 111, I, 111, Io, IIT* (1,2,3,2,1) 6
Rank-one E-string 11", Io, Io (1) 6
Rank two, coincident  Effective exceptional basis; adjacent (1,2) 6,7
Rank two, separated  Effective exceptional basis; disjoint (1,1) 6,7

Table XV.11.3: Conformal matter and E-string configurations. Fiber lists include their
exterior ends. The diagonal is read in the effective compact basis.

null coefficients can describe different curves and different background sources. We will
compare fibers whose geometry lets us evaluate those differences.

For the affine example use the surface family y? = 2 — 32 4+ 2 + t* on a small disc,
with its minimal resolution. Near the node at (1,0), the factorization 23 — 3z + 2 =
(x — 1)2(x + 2) gives analytic coordinates with equation UV = t*. For k = 3, two
inserted rational curves join the proper transform of the nodal fiber into a triangle.
For k = 2, one inserted curve joins both branches at two distinct points. The full
reduced fiber is disjoint from a nearby smooth fiber in the same class, so its intersection
with each component is zero. Each component has two local intersections with other
components, counted with multiplicity, hence has square —2. Thus

3 2

2 -1 -1 5 o
Q,=(-1 2 -1, Q[:(_2 2), D=)Ci.  (XV.11.33)

-1 -1 2

The primitive radical is the all-ones vector in each case. Replacing the two I intersec-
tions by one while keeping the diagonals would instead give determinant three. The
actual D has genus one because it is the class of the smooth elliptic fiber. With a
smooth constant auxiliary elliptic curve as the F-theory fiber, the affine surface serves
as the six-dimensional base of the gauge-free product example.

For the interval, start from the ruling P[lo_:T] x Dy, with compact fiber F' and a
horizontal section H. Take

f=—3c%r4, g=v"0%7" 4+ 0575 + 6777, m=1,2. (XV.11.34)

Near the left section put z = /7. After the first blowup set z = 1z, and divide by the
crepant powers of 1. The coefficients become

fi =321, g1 = 25" 2 4 92?). (XV.11.35)

Thus the remaining left center has point orders (4,5) for m = 1, and (4,6) for m = 2.
The latter calls for a second blowup on the first exceptional where it meets the strict
left section. The other charts give the ordinary regular compact branches described in
Chapter 8. In the m = 2 case the compact classes, ordered left to right, are

1
(Cr,Cn,CR) = (e2,€1 — €2, F —eq), Mg = ((1) 0) ®(-12), (XV.11.36)
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with M., written in total-pullback coordinates (F, H,e1, e3). For m =1 the classes are
(e1, F' — e1). Taking their pairwise products gives

1 -1 0 L1
Q=2 =|-1 2 —1], Qup== (_1 1 ) . (XV.11.37)
0 -1 1

Again the all-ones vector is primitive null. This time the sum of the strict classes is
the ruling class F'; its canonical degree is —2 and its square is zero. By adjunction the
nearby smooth full fiber is rational. Figure XV.11.4 distinguishes the two geometries
and marks the interval flavor incidences. The ordinary rigid-limit interpretations in
Table XV.11.4 require appropriate backgrounds, normalizable modes and isolation from
bulk dynamics, in addition to a fixed positive full-fiber tension. Under the ordinary
local dictionary these are the gauge-free (2,0) product and the (1, 0) heterotic interval
with Eg x FEg flavor, respectively.

I3 Iz Interval m = 2
Co
Es Eg

C()Ocl /@ - - -

/L Cu Cr
Ch Cy

Figure XV.11.4: The reduced I3 cycle and I3 double edge have elliptic full-fiber class.
The two-ended m = 2 interval has rational full-fiber class. Its left Fg section meets only
Cy,, even though the left two compact components intersect.

The flavor marks supply information that is invisible even to the full compact matrix.
In (XV.11.36) the strict left section is H —e; — ez, which meets the compact classes with
incidence (1,0,0). If we move the second center to (¢, z1) = (0,1), the compact classes
and matrix stay the same, but the left section is now H — e; with incidence (0, 1,0).
Worse, (XV.11.35) has f; = —3, g1 = 1 there; dividing the pulled-back coefficients by
the fourth and sixth exceptional powers introduces poles. This changed blowup is a
surface operation, not a valid crepant repair of the chosen elliptic model.

For the actual left two components the principal pairing is the rank-two strict
E-string block (XV.11.31). The source must also use the actual incidence. Let U be
the Eg four-form in the paired inflow frame, and ¢y, cg the two rotation four-forms in
that frame. The selected source and its inverse pairing are

cr —p/4 U/l -1 2 1
Yy — = 07l = . XV.11.38
( Cr — C, ) 4 (0 ’ L 11 ( )
To extract the terms involving U, the square of the second summand gives U? (le)u /32,

and its cross term evaluates the first row of the inverse on the background column. The
result is

U2 UCL SUCR @

I _
slo 61 4 8

(XV.11.39)
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This reproduces four rank-two inflow slots at the endpoint, using the inherited paired
source. Uniform incidence on both nodes would give 5U2/32 instead. These are the
selected Eg terms, not the full LST anomaly; a geometric limit isolating the endpoint
still has to be specified.

Now hold the I3 base fixed and change the auxiliary elliptic family. Locally its
Tate form can be written Y2 + 2¢/32Y = 2% +t", for n = 4,5. Completing the
square and translating z gives the short form with f = —3,9 = 2 + ¢". The distinct
tangents at the generic node give the split multiplicative fiber. At a transverse crossing
of base components take t = wv; then A = 27(uv)™(4 + (uv)™) has total order 2n.
Each decorated branch carries su(n) in the ordinary local chamber. For these (1,0)
configurations the selected background projection is

Rr=Y_&h/, Rp=) 62— Q). (XV.11.40)

Here hY = n on the decorated cyclic nodes, and h) = 1 for the specified unpaired
interval tensors. This is evaluation of the indicated background slots of the Bianchi
source; there is no inverse of the full singular pairing. With §; = 1, the cyclic values are
(12,0) and (15,0). For the m = 2,1 intervals they are (3,2) and (2,2). The decorated
cyclic examples can have the same total area and distinct R projections. The formula in
this physical specialization is not a rule for reinterpreting the gauge-free (2,0) product.
The next step is to isolate precisely what the radical does to charges and to periods.

Configuration Genus (kgr,kp) Diagonal Chs.
Gauge-free I3 base 1 n/a (2,2,2) 8
Gauge-free I base 1 n/a (2,2) 5,8

I3 base, split Iy 1 (12,0) (2,2,2) 8,9

I3 base, split I5 1 (15,0) (2,2,2) 8,9
Interval m = 2 0 (3,2) (1,2,1) 8,9,10
Interval m =1 0 (2,2) (1,1) 8,9, 10

Table XV.11.4: Full-fiber comparisons. The genus is that of the nearby full fiber.
Each row has a primitive all-ones radical and a reference area of ten; the genus and
background slots require more than that null charge.

XV.11.5 Charge lattices and retained scales

If two strings have the same relative charge, must they have the same tension? A
relative charge is an equivalence class. A wrapped brane instead measures the area of a
specified curve class in a specified metric. We can compare the two measurements on
the full-fiber geometries of the previous section.

First distinguish three operations on the pairing. Restricting to a subset of a basis
takes the principal block A; the kept generators still represent the original strict curves.
A blowdown can replace those curves by numerical pullbacks that are orthogonal to the
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removed ones. For a single removed curve of pairing dy > 0, these pullbacks give
Qrestriction = Aa leowdown =A- bbT/dO (XV1141)

This second interpretation uses a geometric map. In (XV.11.31) it takes [2] to [1] by an
integral total transform; in (XV.11.24) the transfer is rational. Neither is a quotient by
a null vector. For a quotient we start with a degenerate pairing on a full integral lattice
L, and identify charges differing by its primitive radical §. For the all-ones § of the
full-fiber fixtures, the quotient map and its representative with last component zero are

,’T(Q) = ((h —dqry---5qr-1 7%’)7 qflhfs: (W(Q)vo)a L/Zézzril' (XV1142)

The pairing descends because 20 = 0. The matrix on the chosen representatives is a
principal block, but the map on charges is subtraction, not deletion. For example the
I3 block is (31 _21), whereas the m = 2 interval block is (}1 o ). Writing Q¢ for the
descended pairing, the relation can be checked as a matrix identity,

Q=7"Qar, Qe = () (XV.11.43)

i,5<r’
The quotient introduces no new geometry. A source can evaluate as an ordinary covector
on the quotient only if it annihilates §. The null Bianchi projections of (XV.11.40) were
instead evaluations on ¢ itself.

Now let a; = |, c J be positive areas and 73 the D3 tension factor in fixed microscopic
units. In the Einstein-frame calibration the period is linear on charges, and for a
calibrated effective wrapped string

T(q) =mq"a, T(g+6)—T(q) =76 a, (q+0)'Qg+0) =q Qq. (XV.11.44)

For a signed charge this formula computes its signed period, and does not establish a
BPS state. For an effective sum the period comparison is meaningful even without an
isolated one-particle or one-string representative. At a = (2,3,5), take ¢ = (1,2, 3) and
q+0 = (2,3,4). Both have relative coordinates (—2, —1) and I3 norm 6; their calibrated
period values in units of 73 are 23 and 33. Thus the absolute tension does not descend
to the quotient. In Figure XV.11.5 the two absolute lifts differ by exactly one full fiber.

q 23
q+9 23 2 3 5
T —
area(D) = 10

Figure XV.11.5: Two lifts of the same I3 relative charge have a period difference
24345 = 10 at the specified reference areas. The three colored segments added in the
lower bar represent one copy of each compact component.

A fourth operation is a limit of periods in the original geometry. At fixed §'a the
allowed relative variations satisfy ¢ "da = 0. The actual periods need not annihilate §;
indeed that would kill the full-fiber tension. For the m = 2 interval compare the paths

(6,2¢,10 — 3¢), 0 < e <10/3, (€,2¢,L), L — oo before e —01. (XV.11.45)
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On the first path the left neighborhood shrinks while the right period approaches ten
and the full-fiber period stays ten. On the second the right end is opened before the
left neighborhood shrinks, so the full-fiber period diverges. The left pairing and left
incidence can be the same in both comparisons. Only the latter path removes the
right finite scale in this way, and the isolated local interpretation still requires its own
physical conditions. Scaling all three periods uniformly to zero would instead remove
the positive little string scale.

To see that a positive period split can come from a geometric class, use the marked
section o of the I, surface and its exceptional component Cy. Then o- (Cy, C1) = (1,0),
Cy - (Cy, C1) = (2,—-2), and a relative reference class gives

(10[o] — 4[C1]) - (Co, C1) = (10,0) — 4(2, —2) = (2,8). (XV.11.46)

This is the chosen relative chamber calculation, not a claim about the entire ample
cone of a compactification. The same geometry supplies the section marks needed when
these strings are compared on a circle.

XV.11.6 Circle comparison and inverse selection

What can be compared when one threefold has two sectioned elliptic projections? We
will compare the marks and the absolute masses of the primitive charges in one common
five-dimensional frame. To identify the two six-dimensional constructions we must still
remember which surface is the base in each projection.

Let E be the smooth cubic y%, = z%, — zp, and let S — D be the elliptic surface of
Section XV.11.4, first with an I35 central fiber. Write og, 0g for the points at infinity in
their respective fibers. The two actual maps and sections of X = F x S are

pale,s) =s, sa(s) = (og, s), (XV.11.47)
pp(e, s) = (e, t(s)), sple,t) = (e,05(t)). (XV.11.48)

Thus A has elliptic fiber E and base S; B has elliptic fiber S; and base F x D. The full
compact base fiber of A is S;, and that of B is E. Changing the projection is not an
exchange automorphism of the two elliptic curves. In particular one family varies with
t and the other does not.

Choose the compact curves Fgp = E X {s.} with s, away from the central fiber,
and ¢; = {e,} x C;, where Cj is the proper transform and C, Cy are exceptional. Put
Fs = cg + c1 + c2. The section divisors Z4, Zp evaluate only on Fg, cg, respectively,
with value one. The exceptional divisors D; = E x C; have degree zero on Fr and
evaluate on each c; by C; - C;. The matrices in the original basis and in the marked
basis (Fg, Fs, 1, c2) are therefore

10 0 0 1000
01 0 0 01 00

KEs=|o 1 5 11 P=|o 110 (XV.11.49)
01 1 -2 010 1
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KsP=1,0 (‘12 _12> . (XV.11.50)
The change is unimodular since det P = 1. For Iy the same construction yields a block
[—2], using the two intersections of Cp, C;. Thus the indices of the marked evaluation
images are 3 and 2, respectively. They are indices for the given generators and divisors,
not statements about saturation in the full homology or the global gauge group. In
fact, for u; = D; - g, the finite block of (XV.11.50) gives

(61,ﬁ2> = —%(2’[1,1 + ug, Uy + 2u2). (XV.11.51)

For instance (0,0,1,0) is an integral evaluation vector, but its last two marked co-
ordinates would be (—2/3,—1/3). It is outside the integral marked image in this
example.

Take the changed class (d, by, b1, b2) = (1,4,2,7) in the original basis. The coefficients
of Fs and Fg in the marked basis control the primitive full-fiber legs; subtracting b
from the other two b; keeps the relative charges. The ordinary circle dictionary gives

(na,wa, B1,02) = (1,4,-2,3), (XV.11.52)
(np,ws, B, B2) = (4,1,-2,3), K3q = (1,4,7,-8)". (XV.11.53)
The relative entries do not exchange. They are coefficients after subtracting a full fiber,
so a negative entry does not contradict effectiveness of the original class. Neither the

markings nor the exchange alone determine a mixed-charge BPS mass. Figure XV.11.6
shows which geometric charge supplies each primitive leg.

E xS

PA bB

ExD

Fr: KK Fgs: winding Fs: KK Fpg: winding

Figure XV.11.6: In the two projections of the same product, Fg is the momentum
fiber for A and the wrapped base fiber for B, and Fs does the reverse. The map
changes which surface is retained. The simple relative charges are marked separately in
(XV.11.53).

In a common external metric let mg, mg > 0 be the two pure wrapped M2 masses.
Using circumference 2w R, the two pure momentum and winding relations imply

RA = 1/mE, RB = ]./’ITLs, 20T = mgms, (XV1154)
2rRAT = mg, 2rRT = mg. (XV.11.55)

These equalities use the ordinary adiabatic M/F interpretation and a controlled common
finite-circle chamber. At (mg,mg) = (3/2,10) one gets (R4, Rg) = (2/3,1/10) and
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27T = 15. If the external metric is rescaled by ds; = ArdScommon, invariance of the
worldline and worldsheet actions gives

™MJ native = mcommon//\la TI,native = T/)\% RI,native = )\IRI- (XV1156)

For (A4, Ap) = (2,3), native radii are 4/3,3/10 and native 27T values are 15/4,5/3. A
pure n4 = 2 leg has common mass 3, read as 3/2 in A’s units and 1 in B’s. A pure unit
winding leg of A has common mass 10, read as 5 and 10/3. Comparing the unconverted
native numbers would misdiagnose the same two legs.

The absolute and relative data can now be varied independently in the specified
reference comparison. In the chosen M2 mass units the simple gaps come from ¢y, co,
and the affine gap comes from ¢y. With a; the corresponding periods in that frame and
Ag =3, a;, one obtains

(M, Mo My) = %(al,ag;ao), As =10, (3,52) — (4,5;1). (XV.1L.57)
S
The arrow changes the areas from (2,3,5) to (1,4,5), without changing (XV.11.54).
Changing only the area of E so that mg = 5/2 instead leaves the first set of gaps
fixed but changes R4 to 2/5 and 27T to 25. The product comparison keeps the two
six-dimensional parents distinct; the different base pairings in Table XV.11.5 make this
explicit.

Projection Base fiber Index Diagonal Chs.
I3 product, A St 3 (2,2,2) 8, 10
I3 product, B E 3 (0) 8, 10
I> product, A St 2 (2,2) 8, 10
I product, B E 2 (0) 8, 10

Table XV.11.5: The two projections for each product. The displayed index is that of
the common marked evaluation image. B has a single compact base class of square zero.

A rational change of coordinates is a weaker input than two sectioned maps. In the
alternate interval chart from Chapter 10, put z = 072, s = X/(0?7) and y = 72Y /02
on the common dense open of the old coordinates (o, 7, X,Y). With t = 7 and = = 072,
the forward relation Y = t~822y in (F.3) of Bhardwaj et al. (2015) gives y = 0~ 27%Y;
the printed inverse (F.10) has only one power of 7. Substitution into the original
equation yields y? = 23 + Ax? 4+ Bz, where

A=1(s*-3s2+71%), B=ymr (XV.11.58)

Translating the cubic gives f = B — A?/3, g = 243 /27 — AB/3. At the literal center
of the proposed ordinary base blowup put s = 1,7 = €,% = en. The leading orders of
A, B are 1,8 + m; thus the orders of f, g are (2,3) for both tested powers. Canonical
division gives

f g
(01‘d6 6—4,01"d6 )= (—2,-3). (XV.11.59)
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The poles exclude the literal ordinary crepant procedure at that center. They do not
exclude other birational models, establish a general obstruction, or disprove a heterotic
duality. Here the rational map on a dense open supplies no second resolved projection.

Finally suppose we start from an output rather than a geometry. Separate four
questions: a finite tensor effective description, a definite contraction candidate, a
fixed-scale little string candidate, and a finite-circle comparison. First ask whether
an actual ordinary geometry, marked charges, and the relevant background have been
supplied. Then ask for the specific physical ingredients. For instance a finite tensor
description needs realized positive periods and the charged and anomaly data. A
contraction candidate needs an existing definite surface configuration and a realized
contraction path. A fixed-scale question instead needs an effective primitive full fiber,
the semidefinite pairing of corank one, and a positive fixed absolute tension. For
either UV interpretation the decoupling path, normalizable isolated sector, and the
corresponding physical dictionary must still be supplied. The circle comparison needs
actual marked projections, a common controlled chamber at finite circle, matched units
and charges, and the sourced dictionary.

For the I3 example suppose the finite positive full-fiber tension and radical have
been supplied but normalizability has not. The LST question remains open on that
evidence. If the full fiber is instead taken to zero, its tension explicitly contradicts
the fixed-positive-scale condition; a different question may still be meaningful. If the
supplied data are the exact I/l geometry, positive realized periods and charged
anomaly data in an admissible background, the finite tensor requirements are filled even
when no circle comparison has been specified. An unproved second projection is missing
evidence for the circle question, not a failure of the finite-tensor requirements. These
decisions test supplied hypotheses. Filling a list of conditions does not independently
verify their truth, construct a missing geometry, or establish a UV completion. In the
exercises, a premise that is unknown and a premise contradicted by the stated path
must be treated differently.

Exercises

Use exact rational numbers. For Exercises 1-4, give the specified numerical and labeled
answers. Use benchmark/tasks. json for the JSON fields and benchmark/PROTOCOL .md
for submission. All written arguments are human assessed. The questions below change
one ingredient at a time.

1. Keep the two-node pairing and a full bifundamental, and propose defining dimen-
sions (5, 8). For this matter ansatz, find the two conditional external fundamental
multiplicities. Then keep the old external multiplicities (3, 6) instead, and give the
four residual coefficients ordered as (g1, g2, ps1,ps2). Is the resulting quartic test a
construction of the changed geometry? Identify the coefficient and ordinary-locus
tests still needed, and contrast with (XV.11.5)—-(XV.11.7).

2. In the E; source calculation put s; = —3d, sgp = 5d. Submit the d? coefficients
of the pulled-back sy sgr terms, in the order removed and retained. Submit the
coefficient triples in order (¢, p,d) of the two shifted neighboring sources. Give the
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corresponding mixed d? coefficients for the unshifted source with the coarsened
pairing and with the raw principal block. Explain why the correct coarsened
result does not define an integral lattice of dynamical tensors.

3. Use the m = 2 interval at the positive periods (3,4, 6) and the two effective charge
vectors (2,1,4), (4,3,6) in left-to-right order. Compute both relative coordinate
vectors, their common squared pairing, the two absolute period values, and their
difference in units of 3. Explain why deleting the last coordinate differs from
taking the quotient.

4. In the I3 product take original curve coefficients (3,5,1,9). Give the A and B
vectors in the order (momentum, winding, two relative coefficients), and the
evaluation vector in the order (Z4, Zp, D1, D2). For an independent proposed
evaluation (2,7,2,0), solve for the marked coordinates over Q and decide if the
evaluation is in the integral marked image. Explain why this test does not
determine the saturation of the displayed generators in full homology.

5. For each of the following premise cards, identify the construction question af-
fected and say whether the premise is missing or contradicted. (i) An effective
primitive full fiber has fixed positive period, but normalizability of the local
modes is unknown. (ii) A path scales every compact period to zero. (iii) A literal
alternate chart is known birationally, but a second resolved projection has not
been constructed. Can (iii) by itself exclude a finite tensor effective description
supported by separate data? Explain what a completed list of supplied hypotheses
establishes.

Status and sources

§1. Finite gauge data. The retained pairing, Cox lift and disk orders are [MATH];
the charged dictionary is [GEO-E]; the stale gauge and source comparison is [ANOM]. See
Morrison and Taylor (2011), arXiv:1106.3563v3, §2.3 (2.26), §3.2 (3.23), (3.28), and
§3.3 (3.58), (3.61); Katz et al. (2011), arXiv:1106.3854v1, Table 1, §5 and Appendix A;
and Ohmori, Shimizu, Tachikawa, and Yonekura (2014), arXiv:1408.5572v2, §2.1 and
Appendix A. The coefficient and trace comparisons use Chapters 1-4 at their named
ordinary loci. The calculations use the Weierstrass convention Apoorx = 412 + 27¢% and
the integral anomaly trace conventions of Chapter 3.

§2. Contractions and periods. The fan, compact periods and surface contraction
criterion are [MATH]; the separate ordinary contraction interpretations are [DEC] at
the stated scope. See Heckman et al. (2013), arXiv:1312.5746v3, §2-3.1, §4.1 (4.9)—
(4.10), and Fig. 1, and Bhardwaj et al. (2015), arXiv:1511.05565v3, §3. The analytic
contraction and the dynamical isolation assumption are distinct. The actual compact
period chamber and product come from Chapter 5.

§3. Conformal matter and source transfer. The regular and coarsened fans,
strict and total transforms are [MATH]; the ordinary branch dictionary is [GEO-E],
and the paired source comparison is [ANOM]. See Del Zotto, Heckman, et al. (2014),
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arXiv:1407.6359v3, §2 (2.2), (2.3), (2.5), (2.6), and Chapters 5-7. Ohmori, Shimizu,
Tachikawa, and Yonekura (2014), v2, §3.3.1 (3.26)—(3.33) and §3.3.2 (3.34)—(3.38),
gives the source transfer and normalization in the stated cases. The rational E; fan
is an additional explicit geometric calculation. The E-string comparison uses Ohmori,
Shimizu, and Tachikawa (2014), arXiv:1404.3887v2, (1.1)—(1.5), (2.26), §3.2-3.3, and
the isolated small-instanton interpretation and free sectors of Chapter 7.

§4. Affine and interval fibers. The central fibers and strict curve geometry are
[MATH] within Chapters 8-9. The ordinary rigid physical interpretation ( [DEC]) and
Bianchi specialization ([ANOM]) use Bhardwaj et al. (2015), v3, §3.1.2, §4.1-4.2, and
Appendix F (F.1), and Del Zotto and Ohmori (2020), arXiv:2009.03489v3, §3 (3.3)—(3.6),
Table 1, and specifically §4.3 (4.7)—(4.8) for the decorated cyclic physical specialization.
The selected Eg square ([ANOM]) uses Apruzzi et al. (2017), Appendix A.2.1 (A.26)—
(A.31), printed pp. 48-49 (PDF pp. 49-50), and Ohmori, Shimizu, and Tachikawa
(2014), v2, §3.2-3.3. These are not full LST anomalies or proofs of bulk isolation.

§5. Charges and periods. The integral quotient and period tests are [MATH] on the
stated classes; tension ( [GEO-E]) uses the ordinary calibrated dictionary of Chapters 2
and 8 and Bhardwaj et al. (2015), v3, §2 (2.1)—(2.7), §3 (3.1)—(3.7), and the opening of
§5. The absolute period is evaluated before the quotient, in the calibrated Einstein-frame
units of the preceding chapters.

§6. Circle and inverse questions. The marked evaluation, charge comparison,
literal chart and hypothesis tests are [MATH] within the displayed objects, with the
ordinary finite-circle interpretation ([DEC]) inherited at its stated scope. See Bhardwaj
et al. (2015), v3, §4.1, §9 opening and Appendix F (F.2)—(F.8) and (F.9)-(F.12),
with the power in (F.10) fixed by (F.3); Seiberg (1997), arXiv:hep-th/9705221v2, §2.1
(2.1)—(2.4); Schwarz (1995), arXiv:hep-th/9508143v5, §4 (25)—(32); and Vafa (1996),
arXiv:hep-th/9602022v1, §2—4. Chapter 10 fixes the native and common units. The
comparison uses the ordinary torus calculation and the qualified adiabatic fiberwise
interpretation only in their respective substeps. No new dynamical equivalence follows
from the comparison.
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