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Gravity with 32 SUSY

Low-energy effective field theories (EFTs) coupled to gravity preserving
maximal supersymmetry (32 SUSY's) are strongly constrained.

 Massless supermultiplet is only gravity multiplet containing gu» + superpartners.

* In 11-dimensions, a unique supergravity of gravity multiplet with g,.., C.ox; Ypa

\

I 1 1 ] :
S =— /\fg(R — §\F|2) — 5 /C ANFNANF| + Fermions 3-form gauge field

Fivxp = (dC) purp

* In 10-dimensions, only two supergravities :

SUG Guvs By, ¢ SUG Juv, B,uw ¢
1. Type 1A SUGRA : 2. Type lIB SUGRA .
Ap, Cuva X O,Lu/v C:w\p
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Gravity with 32 SUSY

Low-energy effective field theories (EFTs) coupled to gravity preserving
maximal supersymmetry (32 SUSY's) are strongly constrained.

* |[n each lower dimension 9 > D > 4, a unigue supergravity (SUGRA) obtained by
compactification of Type || SUGRA on 7' 7.

Sl Sl Sl TS—D
11D SUGRA — Type IIA — 9D SUGRA — 8D SUGRA — -* — D-dim SUGRA
1
Type IIB /SY Finiteness conjecture holds!

Finiteness conjecture [Vafa *05], [Douglas '05], [Acharya, Douglas "06]

- Set of consistent QG vacua (with fixed cutoff) is finite.
- Number of massless fields has upper bound.
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String theory with 32 SUSY

All SUGRAs with 32 SUSYs are related to String theories or M-theory.

UV completions of these maximal SUGRAs are M-theory, Type [IA/B string theories
and their toroidal compactifications.

St gl 79—D
11D M-theory — Type llA string — 9D string — - — D-dim string vacuum

Type IIB string 4 String Lamppost principle (SLP) holds!

: : " . : " [Kumar, Taylor '09],[|Adams, De Wolfe, Taylor ’1 0],
String Lamppost Principle (or String Universality) e e o b 2.

All consistent quantum gravity theories arise from string theory.

QG Landscape = String Landscape
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Swampland Program

Swampland program aims to find conditions that can distinguish QFTs in the
landscape from those in the Swampland, based on Black hole physics, unitarity, etc.

* Weak gravity conjecture, No-global symmetry conjecture, Completeness conjecture,

Distance conjecture, Emergent string conjecture, .....

Two conjectures we shall focus on in this talk are

* Finiteness conjecture » String Lamppost Principle

As shown, these conjectures hold for gravitational theories with 32 SUSYSs.

What about gravity theories with SUSY < 32 ? Two conjectures still hold ?






10D EFT with 16 SUSY

10D SUGRASs preserving 16 SUSYs are chiral theories.

 Two kinds of massless supermultiplets {

 Low-energy EFT action

S —

2/{10

lex\/*

1
—2¢ (R + 49,p0" ¢ — Q\HP)

Gravity gu.,
Vector

€

gYM

Fa Lrarv

+ Fermions

Buv, @, Yua, Sa
Aps Aa

H~dB

* Chiral fields lead to 1-loop gauge and gravitational anomalies which can be

cancelled by Green-Schwarz mechanism “only if 7 [Green, Schwarz 1984]

Finiteness conjecture holds!

Gauge algebra: (G = Fg X Fg, 50(32)7 By % U(1)248, U(1)496

5/27

F ~dA
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10D string theory with 16 SUSY

In 10D, three types of string theories preserving 16 SUSYSs:

S-dual
Heterotic Fy x FEx Heterotic SO(32) - > Type

 Low-energy EFTs of 10D string theories can have only two gauge algebras

G = Eg X Eg, SO(BQ) OK!

10D SUGRAs with G = Eg x U(1)**®, U(1)*’° cannot be realized in String theory.

Does this show that SLP is broken? Or these EFTs are inconsistent?
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Lower dim. gravity with 16 SUSY

SUGRAs with 16 SUSY in D<10 are non-chiral (except 6d N=(2,0)).

* No constraint from local anomalies.
 EFTs can have arbitrary gauge algebras and arbitrary large rank 7¢ is allowed.

Finiteness conjecture is violated?

. P . d | vy | Compactifications
Moreover, string compactification 9 [ T7 | Teterotic on 5"
9 | CHL string
" " 1 | M-theory on Klein bottle, Type I1IB on DP bg
can realize only EFIs with r¢ <26 - D | pooras
10 | CHL on S*
2 1 9d,7,=1o0n 5"
7 | 19 | Heterotic on T°
11 | CHL on T°
SLP is also broken? 7 | F-theory on K3 x S /Z
5 | F-theory on K3 x S'/Z,4
3 F—tfneory on K3 X 31/25,6 or T4 X 51/23’475

‘Chaudhuri, Hockney, Lykken 95], [Dabholkar, Park 96],
'de Boer, Dijkgraaf, Hori, Keurentjes, Morgan, Morrison,Sethi 01],
'Aharony, Komargodski, Patir 07], ....
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BPS string probes

Coupling non-perturbative objects to gravity can lead to additional
constraints on EFTs.

We shall couple string probes preserving 1/2 SUSY (1/2 BPS strings) to
EFTs, and investigate consistency requirements.

e Strings are charge sources for 2-form gauge fields B, .
 EFT action for these strings:

D—2
S5 — Q/BQ A H o(z®)dx® = Q) Bs () : string charge
a=1 M

What are additional constraints in the presence of BPS strings”?
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Anomaly inflow
2-form B, transforms under gauge and local Lorentz transformation as

5/\7632 = trOR — iTrA a3 © : Lorentz tr, A : gauge tr

Thus, the classical action is no longer invariant under these transformations

oreS™ =Q orneB2 #0

Mo 0lap

anomalies of 2D degrees of freedom on those strings:

5A,@SStr +0p0lop =0 ‘ \ 5.G5tr

Anomaly inflow

Such non-invariant terms must be cancelled by ‘{
Ve

Isp : anomaly polynomial of 2D CFT
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Anomalies of 2D worldsheet CFT

Anomaly inflow from the bulk gravity allows us to compute the 't Hooft

anomalies of 2D worldsheet CFT on BPS string with unit charge Q = 1.
1 1

5/\,@[21) — —5/\,@58“ — lop = §p1(T2) — 02(SO(D _ 2)) + ZkijTrFiFj
CL, — CR CR 1
— 24 pl(T2> 19 CQ(SO(D — 2)) + ZQZJTI‘FZF]

p1(13) : 1st Pontrygin class, co : 2nd Chern class

e Central charges of 2D worldsheet CFT can be computed from Iop as

coI1m CcoI1m

cr, = 24 ., Ccp = 12 including center-of-mass contribution  (¢7"™, c¢x™) = (D — 2,12)

» Worldsheet CFT has a current algebra of level £;; = (2;; with sig(k) = (rg, 10 — D)

v

Current algebra for bulk gauge group is realized in the left-moving sector
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Constraint on gauge algebra

Unitarity of 2D CFT on BPS string provides non-perturbative constraints on
the bulk D-dim. SUGRA.

* Level (2;; with sig(k) = (rq,10 — D) implies that 2D CFT contains current algebra
for bulk gauge algebra in the left-moving sector.

* (Central charges contribution from a level ‘k’ current algebra for group

k- dimG
C p—
“ 7 k4 hv

hY : dual Coxeter

com

Thus, with central charge ¢ = cr — ¢ =26 — D, we find the rank constraint:

N HCK, Tarazi,Vafa 19
ra <cag < c¢p =20—D IS faraz e 12
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SUGRAs with 16 SUSY and Swampland

SUGRA with 16 SUSY has a non-perturbative constraint on rank of gauge
algebra induced from BPS strings. [HCK, Tarazi,Vafa 19]

T(;SQG—D

° In 1OD! allowed gauge algebras are [Adams, DeWolfe, Taylor 10], [HCK, Shiu,Vafa 19]

G = Eg x Eg, SO(32), Fg=xtH{H***—HH*>~  String Lamppost Principle holds!

 D-sim. SUGRAs with gauge algebras of large rank rg > 26 — D are all
inconsistent and belong to “Swampland”. Finiteness conjecture holds!

 This rank bound r¢ < 26 — D agrees with the known string compactifications!
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EFTs with 32 or 16 SUSY may be too special.

Can we argue that both finiteness conjecture and SLP continue to hold
in EFTs with less SUSYs?

| will now provide strong evidences supporting both conjectures for 6D
supergravity preserving 8 SUSYs, called 6D N=(1,0) SUGRA.

- ©6d is the highest dimension with 8 supercharges.
- As these are chiral, anomaly cancellation imposes severe restrictions.

- There is a math proof that the number of elliptic CY 3-folds is finite.
[M. Gross "93]

> Finite number of 6d SUGRASs from string compactifications

- However, there are infinite families of anomaly-free supergravities.
[Schwarz '96], [Kumar, Taylor ’09], [Hamada, Loges ’23], [Loges '24]
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6d N=(1,0) Supergravity

4 Types of massless supermultiplets 12D F-theory compactified on

- Gravity multiplet (9., B;,,7,)

elliptic Calabi-Yau threefolds.
- Tensor (T) multiplet (B, J,v)

- Vector (V) multiplet (A, A)
- Hyper (H) multiplet (¢, ¥)

| will present a bottom-up argument showing that

T, 'V, H are finite
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Tensor multiplets

1 1 1

6 [ 0! Q v
Sgravity—l—tensor — 2/{2 d”x (R_ Zgaﬁa J 8“J5 129045]{“,/,0[_]6“ '0) + .....

e H* =dB” + ... are self-dual and anti-self-dual 3-form field strengths

e J% (a=0,1,---,7) are scalars in tensor multiplets satisfying JQ.3J° =1
whose vacuum expectation values parametrize tensor moduli space.

e {25 is the signature (1,T) intersection matrix of the tensor charges:
/ '\ —> Q= 1 -1 1

A
2 _

(); : i-th tensor charge
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Anomaly cancellation in 6D SUGRA

1-loop anomalies arising from chiral fields can be cancelled by Green-

Schwarz-Sagnotti mechanism if these conditions are satisfied:

L [Green, Schwarz "84], [Sagnotti "92]
~— Gravitational anomaly

Il = =
---------------
= D a
= =

N

'

s _—
-------
-------------

\2 o .
bi . bz — é (Z TL;L[.C]?. — ;dj) ] bz . bj — 2)\2)\] Zn:.jSA:.Aj /) #]

r,s

b — wo‘ﬂagvﬁ n' = # of hypers in rep. r of G;

b, b : anomaly vectors in I'™7 AL, B:, C" : group theory factors for G;
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BPS strings and generators

Again, EFTs contain 2D strings preserving 1/2 SUSY (1/2 BPS strings)

» Strings are charge sources for 2-form tensor gauge fields B, .
« Every BPS charge is a non-negative integral sum of generators C; with C7 < 0

A

o o o N
O & o ©
Co T BPS charges () = Z n;C; with n; € Z>g
0 © 6 o o :
Q\ OO0 0

C
BPS generators (C, are all classified through the classification of 6d SCFTs and little

String theories (LSTS) in Morrison, Taylor ’12], [Heckman, Morrison, Rudelius,Vafa ’1 5], -

‘Bhardwaj, Del Zotto, Heckman, Morrison, Rudelius,Vafa ' | 5],
‘Bhardwaj ’15,’19], [Hamada, Loges 23,’24]....

Our assumption : this classification is complete.
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t Constraints from BPS strings

Unitarity requires that tensions of BPS strings must be non-negative;
7; ~ J - QZ > () for every BPS charge Q;

When T > 1, these conditions allow us to prove that 6D EFT must contain

‘H-string’ of charge f. 1/ o @ @
/
F2=0, by f=2 D
O 6 o o o
with cr(f) =20, cr(f) =06 o—0 0 O

_ Critical heterotic string
H-string =

Little strings In little string theories
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H-string and containment relation

H-strings intersect all generators non-negatively, f - C; > 0, and we can
prove the following containment relation:

LST(f) f7=0, b f=2
0 with CL(f):QO, CR(f):6

03

{ f-Ci=0, C;, CLST(f) & f=>_.n;C; with n; >0

f- Cj > 0, Cj Z LST(f) & current algebra with level kgz- = f - C; on H-string
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Finiteness of Tensors

* Gravitational anomaly cancellation condition
1 ;=273 with | ;= Hi! V; +29T,

* Only Components having ! ; < 0 are SCFT ‘atoms’ of charge G < O

fr 6.0 6 e [Hamada, Loges 23]

@ : @ ® €

Note) Gauge anomaly cancellation

12" o .
Qf = 2 n,C; ! Cuy where tr F% = B trF*+ C,(tr F?)?

-/ T

H; V,
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Finiteness of Tensors

* Gravitational anomaly cancellation condition
1, =273 with ! ;= H;! V, +29T,
* Only Components having ! ; < 0 are SCFT ‘atoms’ of charge G < O

fr 6.0 6 e [Hamada, Loges 23]

@ : @ ® €

Note) Gauge anomaly cancellation
12

Qf = 3 n,C/ ! Cig where tr F* = B, trF*+ C,(tr F?)?
-/ T
H; V,

e Toachieve T!" |, EFT must contain infinite number of these atoms.
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Finiteness of Tensors

[Morrison, Taylor ’12], [Heckman, Morrison, Rudelius,Vafa ’ | 5],

CIaSSiﬂcation in [Bhardwaj, Del Zotto, Heckman, Morrison, Rudelius, Vafa ’15], te”S us that
[Bhardwaj ’15,’19], [Hamada, Loges '23,°24]....

94 = f4,65,7,8
2 _ o
.@ 1'1>0
with CL(f) — 20, CR(f) =0

kgz’ = /-G
O3 = 14,6578

* Atoms with f a€> 0 are subject to the gauge rank constraint  rank(g) ! ¢ =20

 Atoms withf a¢=0 are always accompanied by additional matlters, and
eventually total gravitational anomaly becomes positive ! ; > 0.

Number of | | < 0 ‘atoms’is finite —— T |S Pnite [HCK, Vafa, Xu *24]
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Tensor and Vector Bound

-------
" .\~

) &l el AdB el el (1 'th":~.T:19??."
Tmax theory: (12)! ! &! dabe! & (12\) With UG ey g2y e
Q°=112 Q4&f =1 o Q=112 Qaf =1
s%m
® [ nax (G) theOry : 83164 5[156 SO}L76 5%72 Soéll28 5%8 S(ZLSO 5%4 5(2332 with T =9 ,":[‘:((-3.) — _4_.8’@:;
™~

Q?=14 Q& =1

e e ——— i =

* Therefore, we find the bounds: T 193, r(G)! 48

————— —

(This implies H is also finite.)
[HCK,Vafa, Xu "24]
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Tensor and Vector Bound

-------
" .N~

=8 1 . 1 S8 AT 3
Tmax theory : (12)! ! &! qabhe! & (12\) with G:%N 46y o3 .

15

Q?=112 Q4&f =1 Q=112 Qaf =1

SPso
1 ----------
- S S S S S Sp S S S% - — R — ~:
[ max (G) theory : %64 %56 0576 FZ)L72 O}LZS 148 %80 %4 (4)2 with T =9 ,r(G)480
\QZ: 1 4, Q&f =1
Therefore, we find the sharp bounds: | T! 193, r(G)! 48C

These theories are realized by 24 instantons in Eg! Eg and SO(32)

heterotic strings, respectively, on K3 with an Eg singularity.
[Aspinwal, Morrison ’97], [Candelas, Perevaloyv, Rajesh ’97], [Morrison, Taylor ’12]

Evidence for Finiteness conjecture and String lamppost principle
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Tensor and Vector Bound

-------
" .\~

A A el AAB el &1 (1D) witn 1980
Tmax theory: (12)! ! &! dabe! & (12\) With UG ey g2y e
Q°=112 Q4&f =1 o Q=112 Qaf =1
sp140
® [ nax (G) theOry : 8264 5%56 SO}L76 5%72 Soéll28 5%8 5280 5%4 5(23)2 with T =9 ,":f.((-;-) — _4_.8’9“;
™~

Q°=14, Q4&f =1

e pa— _

* Therefore, we find the sharp bounds: | T! 193, r(G) ! 48C

— e

Geometric analysis T 1 56/ |[Birkar,Lee "25]

From global anomalies and SCFT classification T 1 300: [Hamada, Loges '25]



Discrete Symmetry
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Bounds on discrete symmetries

In 6D SUGRA, 4-types of discrete symmetries act on massless fields:
. Symmetries on string charge lattice
. Outer automorphism of gauge algebra

Permutation of hypermultiplets with identical charge

> W o~

Discrete hypermultiplet charges
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Bounds on discrete symmetries

In 6D SUGRA, 4-types of discrete symmetries act on massless fields:
. Symmetries on string charge lattice
. Outer automorphism of gauge algebra

Permutation of hypermultiplets with identical charge

S

Discrete hypermultiplet charges

First three symmetries are bounded essentially because the number of
massless fields is bounded.

T! 193, rank(G)! 480, H "#
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Symmetry on string charge lattice

String charge lattice is T+1 dimensional with bound T ! 19%, and thus any
discrete symmetry should be a subgroup of GL(T +1,2)

Maximal cyclic subgroups Zy ! GL(n,Z) are

nil2 4681|101 12 | 14 | 16 18 20 22 24 20 28
LN || ZLag | 212 | 2a30 | L0 | Zi120 | Za210 | Zaa20 | 2a840 | La1260 | Ze2520 | 22520 | Za5040 | Za9240 | Z413860

General upper bounds on the string charge lattice (from T=193) :

Zp: p<191, (p:prime order)
Zn : N < 89048857617720 =2°-3%.5.7-11-13-17-19-23-29-31-37
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Improved bound on string charge lattice

All blocks of tensor multiplets in 6D SUGRA that can have large

degeneracies In string charge lattice are of conformal matter type, and they
contribute positively to gravitational anomaly ! ; | 2€.

Gravitational anomaly constraint implies that the maximal number of
identical blocks is 26, and thus maximal group is a permutation Sgs.

Thus, the upper bounds of cyclic groups on the string charge lattice are

Zp = Zio3 : Zin = 21960 [Baykara, Dierigl, HCK, Vafa, Xu *24]
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Symmetry on hypermultiplets

Lastly, we consider permutation symmetries acting on hypermultiplets
carrying identical charges.

 Bound on number of neutral hypermultiplets : Hg! 492
* Bound on number of hypermultiplets with identical charge : Hq! 49:

 (Gauge algebra (with bounded rank) with a large multiplicity of charged hypermultiplets
can always be Higgsed and leave some neutral hypermultiplets.
 Bound 493 can be achieved for a U(1) gauge algebra with 493 charge g hypers.

* Thus, discrete symmetry should be a subgroup of permutation group S;g;

— Zp P | 4971 (p: prime order) [Baykara, Dierigl, HCK,Vafa, Xu "24]
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Conclusion

* We presented compelling evidences that support both the finiteness

conjecture and the string lamppost principles in gravitational theories with
large SUSYs.

* Non-perturbative objects can provide new constraints on supergravity
theories.

 Can these arguments be generalized to lower-dimensional theories
preserving fewer supercharges?

* Can we show these conjectures beyond massless sectors?



