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Superconformal Field Theories (SCFTs) with eight supercharges in
space-time dimensions d = 3,4,5,6

Higgsing SCEF'T's along the Higgs branch
Give VEV to scalars that parameterize the Higgs branch

4d N = 2 example:

SU(3) gauge theory — Higgsing SU(2) gauge theory Higgsing .
Nf — 6 Flavors ﬁ Nf — 4 Flavers ﬁ Tl“lVlal



Most SCFT's don’t have known Lagrangian description — Higgsing is HARD!

Example: 5d N'= 1 Low-energy: SU(5)1, Ny =4, Nag = 2

Superconformal fixed point: No known Lagrangian,
Higgs branch enhanced by massless instanton operators

To study Higgs branch: Magnetic Quiver U(2) U@

Definition: An auxillary combinatorial object that encodes
the Higgs branch of d = 3,4,5,6 SCFT with eight supercharges

U(1) U®B) U() UG) UB) UQ1)

[Akhond,Arias-Tamargo, Bhardwaj, Bourget, Bullimore, Carta, Closset, Dwivedi,

Eckhard, Fazzi, Ferlito, Ferarri, Giacomelli, Giri, Gledhill, Grimminger, Guhesh, Magnetic Quiver from:
Hanany, Hayashi, Kalveks, Kim, Lawrie, Li, Liu, Mansi, Mekareeya, [Van Beest, Bourget, Eckhard,
Miketa,Nawata, Pasquarella, Pini, Sacchi, Schafer-Nameki, Sperling, Van Beest, Schafer-Nameki ‘20]

Wang, Wang, Yagi, Zafrir, Zajac, Zhong ‘18- ‘24]

To perform Higgsing: Decay and Fission algorithm



A Higgsing algorithm: | Decay and Fission of magnetic quivers

Magnetic Quivers

Fission

SCET's
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A Higgsing algorithm: | Decay and Fission of magnetic quivers

Magnetic Quivers

SCET's

SU(3)9=, Ny =6

Nag =0
®
7%, Ny =4 SU@2){>, Ny =4
= Nas =0
Higgsing Higgsing



Higgsing phase diagram
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What we Higgsed so far

_ SCFTs + more

3dN =4 1y theories Mixed U(n) and SU(n) quiver theories
Class S theories Argyres-Douglas theories
4d N =2 .
More exotic SCFT's
5d N =1 SQCD theories
6d A = (1,0) Orbi-instanton Higher-rank E-string

Little string theories
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Brare wb in IR
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A H\ovth expefiment was (Y distosed  which ivolves
e decofierence of a quantum o otem de o & Dlack Wele.
Wald, Satishandran, Dasieleon  3305.06374  3%01.00036
bralla, Wei 221111461

Tt hes been Svaaesed et His effect May e unique b bl
Noles andfor be of Fundamental iMporiance foc Heir Pattvm  descoigion .

On the other  Nand, we exgect that & blak Wole, when viewed Vom Hie awtside,
i> deverived bq an ofdinacy qan tom syerem ewbwins unitarily.

______
- ~
- ~

”””””
‘‘‘‘‘‘

Today : we plae the Dlack Vol b\‘ an ordiflacy 1ua(\\vm oyotem o Tinive iyt
and doteinn We same qualitotive elfect.

The ideos is to amlyze the ploblem i tesis o an elfective theory ot opflies equ q\\\‘ well
Yoo the Ve N wse as ‘(o(‘ o ofdinary Maties e\|s-\e.m.



Review o setoy for deceleence ’c\\wc\M expetimeny

i+

‘?)A\ue. - J‘%' U.%) T \*%))

Black quantum system Alice’s dipole
@ . ) h/
: b k
T'>b>R

The black hete will db\ro\i He ohcene of te soferfesition at a censtant raote,
e he df-dugonal domants o Al ity Mattix desay as e fye

some constant 1. Wald, Satishandean, Danielson A305.063%9 , 3201.0003 6

Thee is an lmqloyvs Tmlifqh'ona\ velsion oF e effect (whiC“ wolves the 'wee)( Yosi Koo o‘ o Massive ?ad-ic,\()



black 1uqﬂ*vm “Yokem Alice

E“tdi\le. ‘“\&oﬂ fit.\'ufe.

The Gielde, coureed \01 f’A have waqe,\eﬂt)ﬂ'\ A~T>72R, 5 we @n K} ¢ > {7‘
of ffoximate e Yeck qoan fvm e‘h’tem b1 o Yom-\ ?adic\e in Clod PB b z
vpace. Internchions are caphves by wottile ofernions living on the

wecldline.

e? Rw el
)

it =~ g cﬁ’ ;B—s(PA-b) SRR
Clocsical vestor, indicating the Oferator acking on the Wlbert spacc Paoli makeix acking on Akce's Sy
size o Alice's diole of e black feuibm system (Ymﬂkm'\zir\j the two wn‘?.smhor\s)

When we compote the fime evolution of Alie's density makix vider His Wtesaction, we Find
a constant decoelence fate of e focm

T«(£) & (4 ¢ oro)

Ir\ his k«me\oor K, He decoherne i Miein3 ‘fcm ﬂ\ermul of 1uamiom Hoo’mo.h'ons
& the Qecicic diQo\e ofexater clesc,fibmt) the black 1oqn{um sye-\—e,m.



The Fludtvation - Diss: ‘m*ioﬂ Theerm

To determine Gy () = Sd‘\’ OR(ALTA L) S P, systems & nteest, we winpote
He response fonckion  K(F) =i66) <[Fe(*), F©]) which i rlated to Gyl \)y
e Hoctuodion - di%ipaﬁof\ Heoem:

?vo el

- |
Cul) =3+ NI XD, N D= e _ | ~ p._w

Foe o) ofdiﬂm\‘ moXyer ‘:\'b‘\'tm’ L) Qqem'a of) kansvo(‘\' et hicents sueh as
the wm\vo\'\\l'm\ and v\bcoe’\\'y.

For black holes, the lo\»-?m1\>emul exfansien & AW i e)‘we:n b‘ the
(sh\\':. and c\jmmacql) “Leve mm\)exs:

() :A tiwhd t O/Lw‘)
A=0 for Dlack holes in 44, bt B#0.

From o (om?v'\o.ﬁon of The Lowe numbers o can fead off Gy (+) and fepdoce the
black Vole decehorence woves o‘ Wald, Satishan dean, Danielson



Loﬂ\faﬁ‘aon lo m\«\m“\\ Matiee

The fesponce functions set the decoheence foke, oo wmpasing Lew 99 Lgagter
o the same a5 compating He decohereiice effecte.

We compafe objecl’s & e came size and ok the same kmfem’wm.
Kesfowyc Fonction of s\vhencql e\dveXet with (t«aish\)i\" ‘>;

1
Im Xcond(w) ~ 6_4wa3

bH Roponse fonction:

Im xgy(w) ~ swr
To & wmyoraVle to o Yack e, \?[R ~e

A omall ball f some impote metal will do (CK. Al alloi)



Compativen o ordinary metter - qravitational coze

We can make a similoc wmpatisen for the 3fav\’ca‘riona\ effect.

(Ex. (ompare Yo o «ae\‘}-%m\n‘\a’riw& Floid or on elastic sclid with some viscosiy)

As om\w\m\i object & e come mess as the BY Jq fical\\' Nas a Iar%ur
decoerence effect while the opfosite is tve for on objest of the

Same Size  (when all comparisons aw Mode at Hhe some femperatore).



6ummm!

* The decoherence effect is wneistent with Ane Nygothesis Hhet, fom the oviside,
Dk oles ave descrived ‘0\) orc\mwr\, qoontom Syetems.

' Tt o 1\»&\\’{&“\1&\\, et Yoc adaary Motter of hinike tenperature. .

" The decoherence arvises from Heemal Hodvations of e Molliple Mewontts of
the Black hole/motter system .

* For e e\zdﬂ‘owtjl\e’c ic effecy. P decofupence an be  of ZE al W\M&N‘\ o Yo Plack Noles and
oN‘\(\N(\\ O‘Djtc’rs.

¢« Fer The %vm\’fodionq\ ellect. opdin ey Wetter podoes o wesker effecy S
ipare chiects of e same size ond temperatoce .



The onteckion to abserption

Gy ) also AN he absecption of |om—“e,¢luex\cy fielde.

Let vo discows scalar Felds foe simplicity | where

e
& = (4 60) ¢
ool sealag beld

Aﬂ\Q\'\‘\'vcb For Yansition feon 1Y Yo \H) ok black 10&!\%«1 Syotem:
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M s = —— [ dte ™ (f|O(t)]s
= /O eon
= ZlMi-ﬂr SO
3 ? T T .
Ting=o— [ dte™(O(t)0(0))
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1
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o
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LO“\faﬁ‘aon le ordinary Mafier - More details...

Geovitotional case:

7a6

P eponse Yonckion:  Tm X%H (W) x w—=

G

2= Kicemoe Viscosi¥
0\) 6ame Mass and same \'em Fem’wfe, Lo(“vaﬁsom: \ ™

R = warescild fodive (X' floid
VRS
w
GR;

Resporee Fonction ee\“'—jﬂx\li’m’m\% fluid - Tm y(w) ~

Example: se\?—%(u'r\q}m% bl of water at oot temp. (, ~ 0.6 M, R ~ S x10° W

6
ImXBH VBH Ts Ts VBH

A ball oF water sorbs %m\li’fo!\s Mote eusi\\‘ then & black Nole of the came Moss.

b) Seme size and some femperotufe wipativon: . 4
s C
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05=6‘>€€d oF sound in solid
4
Ian;etal - 10-19 V10710 Bs  10-30 ) ~ 10
Imxpy VBH R Cs

The tetal absorbe Tewer gtonitons Yhan the black hole.



Zeto temperatore black holes

The neac- Dotizon %eome{(“ o‘ an extieMal Ylackk hole de,\k,lof-; an QY R\‘ox\m ate oL@ % me;\-(‘i
thek fixes the form of the wlaters.

‘\)(‘\\Q(\ Q-“'QG'\". -\-\w’ &“MQA(C o “O‘\’ \\ﬂwf i T b\)‘\’ dzﬂT

A Wassler, el (iRsperts fo 0Nl opevotef o dimension 5=1 oo thot

T

T
S tSd\- EMOED) « Sd‘\‘Sd‘l’

[/

G- 1' ie)"

A 20T + endfeinks

This amswer was Jenved veilg Aot uthods e o Kot Yook Yo i bralla, Wei 32101146
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https://arxiv.org/abs/2310.06895
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BIG PICTURE

Our world is non-supersymmetric
(at least at low energies)

It is crucial for phenomenology to understand String Theory (QG) in setups without supersymmetry!

How?
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10D NON-SUPERSYMMETRIC STRING THEORIES

M-th

There are three:

- EBxE IIA 0A

Argquably the most natural

Spin(16)? § i way to study Q6
\ E E E , away from SUSY 4
[Alvarez-Gaumse, S

Ginsparg, Moore, 50(32) IIB 0B
\Vafa‘86] l 1

Type Sp(16) U(32)
[Sugimoto ‘99] [Sagnotti 195]
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10D NON-SUPERSYMMETRIC STRING THEORIES

. M-th
There are three: Not alot is known about these theories..
|\ EBXE IIA 0A
Spin(16)* !

[Alvarez-Gaume,

Ginsparg, Moore, 50(32) IIB 0B

Vafa ‘86] l 1
Type Sp(16) U(32)
[Sugimoto ‘99] [Sagnotti 195]
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10D NON-SUPERSYMMETRIC STRING THEORIES

: M-th
There are three: Not a lot is known about these theories..
R e.g. do gauge/gravitational anomalies cancel?
% ESXE8 IIA DA
Spin(16)?

[Alvarez-Gaume,

Ginsparg, Moare, 50(32) IIB 0B

Vafa ‘86] l 1
Type Sp(16) U(32)
[Sugimoto ‘99] [Sagnotti 195]
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10D NON-SUPERSYMMETRIC STRING THEORIES

: M-th
There are three: Not a lot is known about these theories..
N, e.g. do gauge/gravitational anomalies cancel?
ESXES8 I1IA 0A
/ ' ' ' - local anomaly cancellation
Spin(16)?

[Alvarez-Gaume,

Ginsparg, Moare, 50(32) IIB 0B

Vafa ‘86] l 1
Type Sp(16) U(32)
[Sugimoto ‘99] [Sagnotti 195]
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M-th

10D NON-SUPERSYMMETRIC STRING THEORIES

E8XES
/ :

IIA 0A
Spin(16)?
lvarez-Gaume, I ' '
S s032) 1B 0B
\Vafa‘86] l 1
Type Sp(16) U(32)

[Sugimoto ‘99] [Sagnotti 195]

Not a lot is known about these theories..

e.g. do gauge/gravitational anomalies cancel?

- local anomaly cancellation

- global anomaly cancellation ?
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: M-th
There are three: Not a lot is known about these theories..
b e.g. do gauge/gravitational anomalies cancel?
ESXES8 IIA — DA
/ ' ' ' - local anomaly cancellation
: 2 ! ' ,
Spln( 16) ' - global anomaly cancellation ?
Alvarez-Gaume, I ' : . .
[ergpar’g, Moore. 50(32) IIB — 0B Our work answers this question V
Vafa ‘86| l 1 HOW?
Type I Sp(lﬁ) U(32) by computing the relevant bordism groups for

these theories
[Sugimoto ‘99] [Sagnotti 195]
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A GRASH COURSE ON GLOBAL ANOMALIES

An anomaly in a gauge transformation or diffeomorphism is:

Z1X4) = Z[X4) # Z1X4)

Global anomalies = associated to a transformation that cannot be deformed to the identity

12
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A GRASH COURSE ON GLOBAL ANOMALIES

An anomaly in a gauge transformation or diffeomorphism is:

Z[X4] = Z[Xq] # Z[X4]
Global anomalies = associated to a transformation that cannot be deformed to the identity

The modern way of computing global anomalies of a theory on X; isthrougha ’_\
(d+1)-dimensional anomaly theory on Y, suchthat 0Y; 1 = Xj .

o

13
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Z1X4) = Z[X4) # Z1X4)

Global anomalies = associated to a transformation that cannot be deformed to the identity ‘
The modern way of computing global anomalies of a theory on X; isthrougha F\
(d+1)-dimensional anomaly theory on Y, suchthat 0Y; 1 = Xj . \

In QG, allow for
topology-change
= Dai-Freed
anomalies
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A GRASH COURSE ON GLOBAL ANOMALIES

An anomaly in a gauge transformation or diffeomorphism is:

Z1X4) = Z[X4) # Z1X4)

Global anomalies = associated to a transformation that cannot be deformed to the identity ‘
The modern way of computing global anomalies of a theory on X; isthrougha F\
(d+1)-dimensional anomaly theory on Y, suchthat 0Y; 1 = Xj . \

The anomaly theory is engineered to give the exact (opposite) anomaly of the one you started with.

In QG, allow for
topology-change
= Dai-Freed
anomalies
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A GRASH COURSE ON GLOBAL ANOMALIES

An anomaly in a gauge transformation or diffeomorphism is:

Z1X4) = Z[X4) # Z1X4)

Global anomalies = associated to a transformation that cannot be deformed to the identity ‘
The modern way of computing global anomalies of a theory on X; isthrougha F\
(d+1)-dimensional anomaly theory on Y, suchthat 0Y; 1 = Xj . \

The anomaly theory is engineered to give the exact (opposite) anomaly of the one you started with.

—> the anomaly is much easier to compute this way because:;

The anomaly itself is a bordism invariant of these (d+1)-manifolds

-

In QG, allow for
topology-change
= Dai-Freed
anomalies
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An anomaly in a gauge transformation or diffeomorphism is:

Z1X4) = Z[X4) # Z1X4)

Global anomalies = associated to a transformation that cannot be deformed to the identity ‘
The modern way of computing global anomalies of a theory on X; isthrougha F\
(d+1)-dimensional anomaly theory on Y, suchthat 0Y; 1 = Xj . \

The anomaly theory is engineered to give the exact (opposite) anomaly of the one you started with.

—> the anomaly is much easier to compute this way because:;

The anomaly itself is a bordism invariant of these (d+1)-manifolds
— we “just” have to compute 11D bordism groups for our three 10D theories

-

In QG, allow for
topology-change
= Dai-Freed
anomalies
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WHAT ARE THE BORDISM GROUPS?

What are the relevant bordism groups for these theories?
The background must satisfy:

dH ~ trF? —trR? =0

AlYo]
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What are the relevant bordism groups for these theories?
The background must satisfy:

dH ~ trF? — trR?* = 0

SO the relevant bordism groups for our 3 theories are twisted-string bordism groups

AlYo]

(twisted-ctring) bordiem
groups are not easy to compute
- Uce Adame spectral sequence
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WHAT ARE THE BORDISM GROUPS?

What are the relevant bordism groups for these theories?
The background must satisfy:

dH ~ trF? —trR* =0
SO the relevant bordism groups for our 3 theories are twisted-string bordism groups
We find:

Qﬁm’ng—Sp(l& —0 Q‘itlm”ng—Spin(16)2 —0 Qistlring—U(32) —0

\ J
Y

bordism groups are trivial = all global anomalies vanish!!!!

-

AlYo]

(twisted-ctring) bordiem
groups are not easy to compute
- Uce Adame spectral sequence
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WHAT ARE THE BORDISM GROUPS?

What are the relevant bordism groups for these theories?
The background must satisfy:

dH ~ trF? —trR* =0
SO the relevant bordism groups for our 3 theories are twisted-string bordism groups
We find:

Qﬁm’ng—Sp(l& —0 Q‘itlm'ng—Spin(16)2 —0 Qistlring—U(32) _ 0*

\ J
Y

bordism groups are trivial = all global anomalies vanish!!!!

(up to atechnical subtlety for the Sagnotti string)

-

AlYo]

(twisted-ctring) bordiem
groups are not easy to compute
- Uce Adame spectral sequence
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CONCLUSIONS

We showed there are no global anomalies for the three 10D non-supersymmetric string theories

Huge consistency check!

But that’s not all...

= Ve used anomaly inflow to shed light on the chiral content of worldvolumes of branes in these theories

w \\e also computed lower-dimensional cobordism groups for these theories:

Q:tring.s'p(lﬁ) ~7
QString-50(16) o 77,
Q;tring»ﬁp(m) ~7,
Qitring Sp(16) ~
Qﬁlring-Sp(l(}) ~7

Qgtring-ﬁp(l 6) ~ 7y

Example: Sugimoto

sttring-h'p(lﬁ) ~7.
. : No Global Symmetries in QG implies that all of these bordism
classes have to trivialize in QG.

Qgtring-Sp(lﬁ) ~ 74
Q.:t.ring—Sp(lﬁ) ~ Zq)3 ® Z'g
Qgtring Sp(16) ~ (Zz)@_’{

String-Sp(16) - H3
Qm = (Z2 )Q

We can predict the existence of new extended objects that
trivialize these classes!

Q?:ring-ﬁ'ﬁ(lﬁ) ).

... more info on arXiv:2310.06895
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THANKS!




Stringy Horizons

Elliott Gesteau
Caltech
Strings 2024, Gong Show

To appear with Hong Liu (MIT)



A question

® Consider a quantum dynamical system. What is the
minimal amount of time 7 for which we need to look at the
system in order to be able to predict all the rest of its
evolution?
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A question

® Consider a quantum dynamical system. What is the
minimal amount of time 7 for which we need to look at the
system in order to be able to predict all the rest of its
evolution?

® For systems without information loss, any arbitrarily small
time works:

T =0.

® For systems with information loss, it can be that

T £0.



Large N gauge theory

e Consider N =4 SYM with SU(N) gauge group on a compact
space at finite (or zero) temperature.
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Large N gauge theory

e Consider N =4 SYM with SU(N) gauge group on a compact
space at finite (or zero) temperature.

o At finite N there is an equation of motion, and no
information loss:

T =0.

® |n the large N limit, the equation of motion disappears and
we have a generalized free field theory. Potentially

T 0.

® Algebraically, 7 # 0 means that algebras of operators
supported on a time band may be inequivalent to the full
algebra of the theory.



Holographic interpretation at strong coupling

® At strong 't Hooft coupling the theory has a semiclassical
holographic dual.
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Holographic interpretation at strong coupling

® At strong 't Hooft coupling the theory has a semiclassical
holographic dual.

® Below the Hawking—Page temperature T < Typ:

e 7 =1 # 0: emergence of a radial direction.
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Above the Hawking—Page temperature T > Typ

DA



Holographic interpretation at strong coupling

Above the Hawking—Page temperature T > Typ

T = oo: emergence of a bifurcate horizon.

m]

=

DA
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Stringy horizons

T is defined for all values of the 't Hooft coupling!

® |t can be computed as a subtle harmonic analysis invariant of
the large N two point function.

¢ Define a stringy horizon by 7 = oc.

At weak nonzero coupling in large N N = 4 SYM:

T=nforT < Typ,

T =occfor T > Typ.

® There is an emergent stringy horizon at high temperature
even at weak coupling!




Stringy holography

® T can be computed for a wide range of theories.
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equivalence principle in the stringy regime.




Stringy holography

® T can be computed for a wide range of theories.

® |t can also be used to detect violations of the
equivalence principle in the stringy regime.

® When applied to modular time instead of boundary time, 7
can also be used to diagnose the presence of a stringy QES
rather than a stringy horizon.




The jump to T # 0 at large N is the basic mechanism allowing for
the emergence of a radial direction and horizons in AdS/CFT, even
in the stringy regime.

Thank you!



Tensionless strings on AdS; orbifolds

Bin Guo
IPhT, Saclay

Strings Gong Show
June 4,2024

Based on arXiv: 2312.01348 and wip with M. R. Gaberdiel and S. D. Mathur



Tensionless strings on AdS, Lo~ Cags

Free symmetric orbifold

— (THN /Sy (DID5 CFT)

(Eberhardt, Gaberdiel and Gopakumar, 18...)

CFT
CFT

Tensionless string theory
on AdS; X S° x T*

S —

H ~ D

~ D

AdS —
AdS; x S° x T* background < l-cycles
A string with winding w < a wW-cycle



Questions

Other backgrounds!?

Black hole?



Tensionless strings on (AdS; x S*)/Z, x T*: spectrum

(M. R. Gaberdiel, B. Guo and S. D. Mathur, 23)

| —
- =S crr
— 3
AdS orbifold @
(AdS; x S°)/Z, x T* background < k-cycles
A string with winding w (in I/k) < a kw-cycle

Condensation of winding k strings in AdS; X S° x T* produces

(AdS; x $°)/Z, x T* . (Eberhardt, 21)



Correlator (work in progress)

String worldsheet correlators ~ <@==p BCFT correlators.

Correlator of untwisted strings at genus-0
Intermediate strings are untwisted

m=)  Semiclassical orbifold geometry: summing over images

é/
O
) Q/
By

4

2

(see also Bufalini, Iguri,
Kovensky and Turton, 22) "

=P BCFT correlator at leading order in |/N

5



Correlator of untwisted strings at higher genus

Twisted intermediate strings contribute

=) Beyond semiclassical orbifold geometry

From the BCFT, the genus expansion parameter is -~

JN
k~+/N
N

Myas3jz, = — 2 T o(1)

== Twisted intermediate strings are important
during BH formation.



Future direction

(Martinec, 23)

AdS; orbifolds by Kleinian group (multiple conical defects)

+

Bag of gold geometry (beyond semiclassical geometry due to
twisted strings)

Thank you!



Taming Mass Gap with
Anti-de Sitter Space

Based on 2312.09277 with Christian Copetti,
Lorenzo Di Pietro, Shota Komatsu

Ziming Ji
(SISSA)

Ziming Ji

Zji@sissa.it
CERN, 4 June 2024




The Focus:
Boundary Diagnostic of the Mass Gap

Asymptotic free theories with dynamically generated mass
gaps in the IR in flat space.

In AdS, by choosing different boundary conditions, we
realize gapped and gapless phases.

As we vary the AdS radius L, the theory interpolates
between weak coupling and strong coupling.

Consistency with flat space limit demands gapless phases
to disappear at large enough L.

Can we see this gapless-gapped transition from the
boundary? How?




O(N) NLSM at large N

* In flat space, O(N) symmetric gap M~A. No SSB in 2d.

* In AdS, analog of SSB can happen due to IR regularity.

« Atlarge N, bulk phases at all values of AL can be found by
solving the gap equations.

M2L2

1.0}
0.8

= A+
0.6

I A
0.4}

i — M?=0
2L et P2 =0 P2 < 0

< eeea- BF bound
0.0 Y T
0.2 \‘-‘
IR S SR S TN [ S S S S S R T S SR S S S S T S S /\ L

r 0.5 1.0 15 2.0 Ziming J




O(N) NLSM at large N

« What is the boundary signal?

* Look at the lightest operator in the boundary spectrum of
the Hubbard—Stratonovich field ¢ which is a singlet.

Ap,

F— A(o) = 1 marginality

1 1 1 1 1 | L 1 1 1 1 1 1 | 1 1 [ I 1 1 1 I 1 AL
0.2 04 0.6 0.8 1.0 1.2 14

— SSB BC O(N)-singlet Dirichlet —— O(N)-singlet Neumann  ziming Ji

zZji@sissa.it



Gross-Neveu at large N

In flat space, vector symmetric gap M~A. The discrete
axial symmetry is spontaneously broken.

In AdS, we define massive vector boundary conditions and
massless axial preserving boundary conditions.

At large N, bulk phases at all values of AL can be found by
solving the gap equations.

No signal of gapless-gapped transition from the bulk gap
equations.

However, the gapless axial preserving boundary condition
should disappear at large enough AL.




Gross-Neveu at large N

* Try to look at the boundary data!

* Look at the lightest operator in the boundary spectrum of
the Hubbard—Stratonovich field ¢. o2 is axial singlet.

Do,

25}

2.0f
: A(O-Z) =2A(c) =1 Vector-Massive

150

— Axial-Massless

1.01§ J

05 ————————————————— \q

0.05 0.10 0.15 020




The conjecture:

Boundary Singlet Marginal Gaps!

* Yang-Mills in four-dimensional Anti-de Sitter Space.

« Dirichlet boundary condition with boundary global
symmetry and boundary conserved currents dual to gluons
should disappear before the flat space limit.

* We conjecture that some singlet operator on the boundary
will become marginal at some AL and destabilize this
Dirichlet boundary condition, mediating a quantum phase
transition to confinement.




Thank you!



Towards a String theory for
2D YM theory

Suman Kundu

Weizmann Institute of Science, Israel
2312.12266

With Ofer Aharony, Tal Sheaffer (WIS)



Review: 2D Yang-Mills & large N

o 2D Yang-Mills is exactly solvable. (Migdal *75, Kazakov-Kostov "80, Rusakov "90, Fine
'90, Witten 92, Blau ’91 ...)

e Large N expansion of Partition function Z, and ( WL) organizes into sum
over world sheet maps. (Gross-Taylor ’93)

e No known world sheet action.

* Only particular kind of maps contribute.



Previous Attempts:
Topological String theory at gy,, = 0

Cordes, Moore, Ramgoolam 94

e Localization to ‘holomorphic maps’.
e Contributes to only ‘chiral’ part (chiral YM).

Horava 96

e Localization to ‘Extremal area maps’.
* Solution to Nambu-Goto equation of motion.

e Includes ‘non-chiral’ maps.

Both gives vague proposal for finite 't Hooft coupling A ( = g%MN ).



Our work:
Topological String theory at gy,, = 0

. . . . . Horava '96
* A term in Horava action vanishes identically.

 Moduli space integral is ill-defined.

We found a non-vanishing replacement: gives correct measure on the moaduli
space for A = 0 (topological YM theory).

* We reformulated this action as a Polyakov-type path integral,

t 1
S =— l? [dzadze\ﬁ{H“”aaX .0, X + 5 [dzadz@é)gX”Kﬂy[X]i)éX” 2312.12266

* This regulates some of the ill-behaved non-chiral maps.



Future Directions:

» (WL) : Adding boundaries to these string world-sheet maps we can
match the Wilson loop expectation values.

 Finite A : Add corrections ( « A) to the action to match the finite coupling
contributions. Note, the theory is no longer topological.

e 't Hooft meson spectrum;
* Adjoint particles: as an extra bid on the strings.
* Higher D.

Thank you!



Bootstrapping bulk locality

Nat Levine

Ecole Normale Supeérieure

Strings 2024 Gong Show [Part I: 2305.07078]

with Miguel Paulos
CERN [Part 2: 24 xx.xxxxx] J



cf. [Bena]
[Hamilton Kabat Lyfchitz Lowe]



O,

HAOA(X)
2

0,

/Iiz)
— HA

(CA

)

Z CA gA(Z

= F(z) = 4

0,) =

| O,

(W



O

02
(W0,0,) = F(z) = Z Ca 8A(2) (ca = Ha Ay~
A
Locality < <
N
— X~
O O 1 [Kabat Lifschytz]




O,

02
(P10,0,) =F2) = ) cagald)  (ca=paty
A
Locality < 2
\C‘ > — CX\/\>/\/\
0 0 1 [Kabat Lifschytz]

functionals _ sum rules

1~ 1=z ) (- OUF] = )" cp0fgal =0
A 1



Why?

OLF] = ) cy0dgal =0
- Additional constraints on top of crossing / Z ATstea

A

* Toy model for 1d crossing 0 1

Want to understand “extremal” solutions

[EI-Showk Paulos] [Mazac] [Mazac Paulos] [Paulos Zan]




Why?

Want to understand “extremal” solutions

[EI-Showk Paulos] [Mazac] [Mazac Paulos] [Paulos Zan]

Recipe
basis of functionals 0 [ — ] = jgdz J.(2) (=) “extremal” solution
A
1. Complete > F =gy — Z 0,181 8a
2. Dual to a “sparse” spectrum: 6,[g | = 0, n



Explicit bases of functionals @,

~ n~ ¢ for large n
dualtoany A, =2A,+2n+y, . °
analytic for large n



Explicit bases of functionals @,

~ n~ ¢ for large n
dualtoany A, =2A,+2n+y, °

analytic for large n

’/\ 9nz4 (9 =0.99)

A—A D=+
 EXxplicit functional actions: 6 [g,] = H <—m) . %/

A — A
m#n n m
7 \/ P
* |Interacting “extremal” solutions: Euclidean | Lorentzian spacelike
|00 e
-G e o
L m#n ! ¢ 0.2 P
: .3




How? ¢ (r = dzf(z) F(z) = (f,, Disc(F))

Dual
DISC(F)

{real—analytlc on (1,00)} {hyperfunctlons on (1,00)}

test functions distributions



How? ¢ (r = dzf(z) F(z) = (f,, Disc(F))

Dual
DISC(F)

{ real- analytlc on (1, oo)} C {hyperfunctlons on (1,00)}

test functions distributions

z Dual
Constructed Schauder bases {f, } +——————— {Disc(g, )}

Paley-Wiener theorem: 6 (A) := 0, [gs] entire function

-T1(—2)

m=n




Future
directions... 1. Numerics: Crossing+Locality

2. Analytic extremal solutions of
1d crossing equation?

3. Modlified locality with
gauge or gravitational dressing




How the Hilbert space of two-sides black
holes factorise”?

Guanda Lin
UC Berkeley
Gong Show Talk, Strings2024

Based on an upcoming work with Jan Boruch, Luca lliesiu and Cynthia Yan



Motivation
What is the Hilbert space of a two-sided black hole?

e In AdS/CFT, how does gravity know factorisation?

AdS
m The factonSatlon puzzle O O
Hbulk HL X HR

e More broadly, what is the algebra type for one-sided observables?
QFT Pert. Grav. Full Quant. Grav.

Type-lll Type-ll Type 1?



Main result

e “Puzzle” mostly at the perturbative level

7"pert. ~ ngav. X Hmat.
e \We prove that non-perturbative corrections will provide resolutions

mon-pert] Tryy, o (kpkr) = Tryg, (kp) X Tryp (Fr)

l

[non-pert.] Houk = Hr & Hr

e In particular, Wormhole contributions to gravitational path integral are crucial



Set-up

e JT+matter break Hamiltonian constraint
| | s 4
I = _SUX(M) T A (/ O(R u 2) + 2 / (,D()(A — 1)) T ]mat,ter
2 \Jm JOM

e The bulk trace and replica wormholes

Tray (FLER) = nh_}l_ll((hl(lj)n(qi|l-7LkR|qj)




Probing factorisation

e Bulk trace Teru1k<kLkR) = TI';LLL (kL) X TrHR(kR)
more precisely  Z, (8L, Br) = Tra, .. (6—ﬁLHL e—ﬁRHR)

—BrHy. ,~BrHp
Tr'Hbulk (6 € )
3.4x10%F

Tr; (e—ﬁLHL)TrR(e—fJ’RHR)

3.2><1085
3.0><1085~
2.8x108::/
2.6x 108}

2.4%108}

K = d?
50x10™" 1.0x10% 1.5x10% 2.0x10%8

2.2x 1081




Probing factorisation

o Differential equation d(3.,3r) =d(BL,Br)? =0

log [1 + d(BL, Br)]

40_’ ,BL:,BRZQEK:dz
30}
20t Br=PBr=4
10 ﬁ = Br=8 Diff. Eq. satisfied
| \ : ﬂ ]og(K)

15 20 25 30 35 40 45
d(BL, Br) = Zvuk(BL, Br)08; 08x Zbuik(BL, BrR) — 08; Zvuk(BL, Br)0s: Zbuk(BL, BR)



Thank you!



Extra slides



Barred v.s. unbarred
Leading order in K
Tryg, (k) (KLkR) = Try, (kL) Try, (FRr) <> Tray ) (BLkr) = Tryg, (k) Tryg, (kg)
In general, the barred one is correct because of the non-trivial statistics of energy levels
Dimension of the Hilbert Space

dimy, , =d? = '/‘;/)(]:‘L)/)(En) with £ energy cut-off

Note that even with a cut-off, #,,.is infinite dimensional

Irrelevance of UV divergence and higher dimensional generalization

(1) very general symmetry property argument for diff. eq.
(2) the matter supported wormholes are saddles and not the ones causing UV div. In JT+matter

K independence

K is a parameter in the technique, irrelevant to the property of the actual H;,,.i
checked 1/K expansions, no effect; expect exp. small # of outliers in which H}uk is not spanned

Basis independence
checked using operators with different conformal dimensions, length basis, etc
About gauge symmetry

Want no energy degeneracy so that the bulk trace factorisation tells about factorised basis
No boundary global symmetry and no bulk gauge symmetry



/\ /\
The end of talk brane
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Lifshitz field theory

@ LFTs are a class of non-relativistic field theories which are spatially isotropic,
homogeneous and admits the scaling symmetry

t— Nt 2= Azh, A>0.

@ For z = 2, Lifshitz scalar field theory in (2+1) dimensions known as Quantum
Lifshitz model (QLM) describe the critical point of the well-known
Rokhsar-Kivelson Quantum dimer model. [Moessner, Sondhi and Fradkin 01]
[Ardonne, Fendley and Fradkin *04]

@ Various entanglement measures such as entanglement entropy [Fradkin, Moore,
Hsu, Thorlacius....], entanglement negativity [Angel-Ramelli et al. '20], reflected
entropy and Markov gap [Berthiere, Chen and Chen 23] have been studied
mostly for integer z.

@ We employ the notion of fractional derivatives to study the massless Lifshitz
theory for arbitrary values of z in any dimensions.

Himanshu Parihar Strings 2024 04/06/2024 2/8



Massless Lifshitz scalar theory and Lifshitz ground state

@ Consider the action for the massless Lifshitz scalar field theory in
(141)-dimensions for arbitrary z > 1

S = %/dtdw [(0:6)° — K2(Vi0)?] .

@ In our work, we use the following definition of fractional derivative V%
vzeika: — (Zk)zezkar

@ Then, the fractional derivative of any arbitrary function can be obtained using
the Fourier analysis with appropriate choice of integral contour

ViF(x) = / F(k)(ik)*e™ ™ dk.
C

@ The ground state of the Lifshitz theory is given by

|xpo>:%/w e=5all2|)  5.(g] :n/(véqb)zdx.
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This ground state takes the form of RK vacuum, it is given by a superposition
of quantum states with a quantum mechanical amplitude ¢[¢] e Saldl/2,

The propagator of the theory is given by
P(xp)=¢y zf 2 \2
K (61, b551,5) = / Do exp (m/ (vio) dx) .
d(xi)=d: z;

Usually the integral can be evaluated by integrating out the fluctuations
around the classical solution ¢. and expressed as

% _ )2 /171
K(¢ir 6530) = ) —omge @720/

Consider a subsystem A = Uiv:1 A;

| By | Ay | By -eee- | A; IB' ..... | An | Bx |
T T T T T T
vlo uy ( vy U; } Ui uN ) UN UJIV+1
o(z) = ¢1(x) ¢(x) = di() d(z) = on(x)

The trace Z, = [ Dpa(pk)sa.04 is given by

N

0o N
1 n n
Z, = 5/% daldﬁl---daNdﬂNHK (ui,vi)HK (viy Wir1).

i=1 i=1

Himanshu Parihar Strings 2024 04/06/2024 4/8



Entanglement entropy

@ For a finite subsystem A of length [ in an infinite system, the trace Z,, is given
by

ZnZZin/d¢1/d¢2K(¢l,¢2§l)n-

—

¢ ! QZI52

@ Using the form of the propagator, the Rényi entropy may be expressed as

Z_llo £_|_cl
2 BT

Sn(A) =
@ This is different from the usual case of a conformal vacuum where the UV

parts are proportional with a nontrivial n-dependent coefficient

[Sa(A)ov = 5(1+1/m)[S(A)]ov-

@ We observe that the Lifshitz vacuum is different from the vacuum of the CFT.

Himanshu Parihar Strings 2024 04/06/2024 5/8



Mutual information

@ The mutual information between By and B> is given by

1, () s+t 1
I(Bi:Bs) = -1 =5l :
O T ) 2 T

@ Here the cross-ratio 7j(z) is given by

(lBl le)Z_l

) (s )

ﬁ(z) = (

@ When l4 < Ip,, then 7j(z) — 1. It happens same for [4 < Ip, and z > 1.

@ The mutual information maximizes in these cases which is expected since the
interactions of the theory have increasing range while the length [4 is small
compared to the rest subsystems sizes.

Himanshu Parihar Strings 2024 04/06/2024 6/8



Reflected entropy and Markov gap

@ The Markov gap for the configuration of disjoint intervals can be obtained as

1 log(1+x/1—ﬁ> ~log (’41—77))
VvI—17 Vi Vi)

h (By : By)

h(B1 : B2) =

0.301

L L L " T _—
5 10 15 20 25 30

@ For la < min{lp,,lB,}, h(B1 : Bz) increases up to a constant value whereas for
la > min{lg,,lB,}, h(B1 : Bz2) decays to zero.

@ We observe that with increasing degrees of anisotropy of the Lifshitz field
theory, the tripartite entanglement can be enhanced or completely destroyed
depending on the sizes of the partitions.
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THANK YOU!

Himanshu Parihar Strings 2024
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Massive fields at spatial infinity — Holography

Holography of information : “In any theory of quantum gravity in flat space (massless
fields) & AdS, information that is available in the bulk of a Cauchy slice is also available

near its boundary.”

[Laddha, Prabhu, Raju, Shrivastava; 2002.02448]
- [Raju; 2012.05770]
Massive

particle
world line

Cauchy
slice

Massive particles go from i~ to it (not natural for holography).

i® is the boundary of the Cauchy slice.


https://arxiv.org/abs/2002.02448
https://arxiv.org/abs/2012.05770

Blow up of spatial infinity (i)

20%03

Take de Sitter slicing of flat space. !

t=psinht , r=pcosht
ds® = dp? + p? (—dr? + cosh? 7 dQ?)

dS; metric

The slice at p — o is ° (blue slice).



Free field theory at blow up of spatial infinity (i°)

Massive scalar field decays as

¢ — pfgefmp.

Define extrapolated boundary operators

Z(1,Q) = lim \/Epmemp o(p, 7, Q).

p—>00
We smear the fields with smearing function analytic in Im[7] € (-3, ).
2(9) = [1dhl-2 9. D) 2(.)

In free theory, smeared two point function (Z(g)Z(f)) is well defined.

[Laddha, Prabhu, Raju, Shrivastava; 2207.06406]


https://arxiv.org/abs/2207.06406

Interacting field theory : Wightman functions

For perturbation theory we choose Wightman functions (as we are smearing over time).

Interacting Wightman correlators can have slowly decaying parts than e="".

[1dilra gr. ) W¥ (.7 9)...) [ daGla) e

Free
theory

Interacting
theory




On-shell Wightman functions

Proposal : Extract the on-shell part of the bulk Wightman functions, which has correct
extrapolate limit.

WYVe(ky, ... ky) = GY'"Ve(ky, ... k)(2m)o(K2 + mP) ... (2m)5(K2 + m?) + ...

In the momentum space Feynman rules, replace all the external propagators with their

on-shell parts.
kO
\M
i

[ K|
@ 1o

i

Extract on-shell part (;b??;(l?) & qb%(l_{) from the single Heisenberg operator ®(k). Smeared
field can be written as =
2(0) = [ ok (sRa (R) + o5 (R ().
(2m)%2wy \77P° °



Algebra at i°

The operators at i° are average of “in” and “out” operators.

El(ak + by)

E[(af + b")

i
[Caron-Huot, Giroux, Hannesdottir, Mizera; 2308.02125]


https://arxiv.org/abs/2308.02125

Sample computations

4 point vacuum correlator :

1Im(T

connected 2 ki /?2<—I?3J?4)

Q165 (k)% (k) b (ko) (Ka)|2)

5 point vacuum correlator :

I connected

1 *
- _E Im (TE1E2E3<—E4,E5> + Z Re (Z(TX<—E1 ,Eg) TI_<'3,X<—I_<'4,I_<'5)
X
(@65 k)b (k)b (K )by ()b (S)I)_
1

1
-T2 Im (Tﬁﬁz«—ﬁs,&ﬁs) + 4 Re (;(TE&X‘—ﬁ Jzz)* TX<—R4J?5)'

(9165 (k)65 (k) 65 (e (Ka) o (Ks)I)
1

where,
S=1+iT



Outlook

B Holography for asymptotically flat space when massive fields couple with dynamical
gravity ?

B Relation to celestial CFT amplitudes ?

B Bootstrapping correlators at i° and derive consequences about bulk theory ?

B Relation to the recent understanding of S matrix from the perspective of path integral
by Jain, Kundu, Minwalla, Parrikar, Prabhu, Shrivastava [2311.03443] ?


https://arxiv.org/abs/2311.03443

Thank you

For details, please look at

arXiv:2405.20326


https://arxiv.org/abs/2405.20326

Backup slide 1: Standard Wightman function Feynman rules

B Consider propagator Dji(k) between
two points which are at ith contour &
jth contour. Momentum k is flowing

+00

from jto /.
Bi(t4,%0) .
bt 55) 4 3 B Propagator rules :
= ‘3 g )
é(12,x2) —j . . '
o) ? Tik) = g T 1= (n—i)=even
‘o = _ i o
TiK) = e i=j;(n—1i)=odd
Wj(k) = 2rn0(k°)5(K? + m?) + ... i<j
Wi(k) = 2r0(—K°)o(K2 + mP)+...  i>]

B Vertex Factor is (—iH;) for (n— i) is
even, (+iH) for (n — i) odd.



Backup slide 2 : Modified Feynman Rules at 7°

B If we want to calculate

W2 (ke .. kn)

(Wil (ki) - - dpo(kn)|W2)

directly, we put external time-ordered and anti-time-ordered propagators on-shell.

+i

k2 + m? £ je

- ii{P.V (

k2 + m?

) + imd(k2 + m2)}

B New Feynman rules for the external propagators

Tjj(k) = n6(k? + mP)

Tj(k) = (k% + mP)

Wji(k) = 270(K°)5 (k2 + m?)
Wi(k) = 270(—K°)d(k® + m?)

i=j;(n—1i)=-even
i=j;(n—1i)=odd
i<j
i>j




