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congtructing 4-point funetions (of two conformal primaries O and O’ with
dimengion A ) in a D-dimengional CFT with a gpecified value of the (euper)eonformal
Cagimir in a chogen channel.
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[Ferarra et.al.’72, Dolan-Osborn ’Ol, Simmong-Duffin’(2]

congtructing 4-point functions (of two conformal primaries O and O’ with
dimengion A ) in a D-dimengional CFT with a gpecified value of the (euper)eonformal
Cagimir in a chogen channel.
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congtructing 4-point functions (of two conformal primaries O and O’ with
dimengion A ) in a D-dimengional CFT with a gpecified value of the (euper)eonformal
Cagimir in a chogen channel.
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Think of O and O"ag conformal primarieg in two decoupled CFTs in
which there aleo exigte primarieg V' and V' of dimengion hand D — h
- regpectively. [f the product theory is perturbed by € / A2y V(y)V'(y) \
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(h — D) | | Cagimir C1o
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(i (t1)i(t2);(t3)v;(t4))
<z (751)% (t2)>% 753)% (t4)>

F(t17t27t37t4) N

~N

y|*x —ylP1 —y|t="
\_ _J

/T i
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normalized <t-pt function that ig aleo an eigenfunction of C12
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An example: SYK %

The shadow

3 <+ 4 meang
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"Think of 2 2-d CFT with holomorphic stress tensor T (2)and spinlessrt O with dimenciong )
[(h,h) = (A/2,A/2) and 2-point function (O(x, £)O(0,0)) = b/|x|?2 . Thie and conformal
invariance, fixes the form of the OOT 3-point funetion <o that the OO OLE ig
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(Think of a 2-d CFT with holomorphlc stress tensor T (2)and spinless orator O with dimenciong )
[(h,h) = (A/2,A/2) and 2- -point function (O (z, Z)0(0,0)) = b/|x|*2 . Thie and conformal |
invariance, fixes the form of the OOT 3-point funetion <o that the OO OLE ig

: i b 2h .
0(331,331)0(332,332) ~ ‘xl —sz‘ZA (14—?(331 —332) T(Qfg)—F)
(The central charge of a(2-d) | !
CFT can be read off from the | - NA?y?
stress-tensor contribution to = 5 T 9 ’

the <-point fu
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limit x1 — 22 andx3 — x4the normalized 4-point funetion
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“Think of a 2-d CFT with holomorphlc stress tensor T (z)and spinless orator O with dimengiong

[(h,h) = (A/2,A/2) and 2-point function (O(z, £)O(0,0)) = b/|z|**. Thie and conforml

invariance, fixes the form of the OOT 3-point funetion <o that the OO OLE ig
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the <-point fu

(If the CFT hae a second operator O with the eame dirmengiong and 2- -point function ae O then in the

|

limit x1 — 22 andx3 — x4the normalized 4-point funetion
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A naive 2-dimengional bosonic model

[Klebanov-Tarnopolsky’l6, TM- Sfanford Wlh‘en il - Glombl et.al.’l7]
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A naive 2-dimengional bosonic model
[Klebanov- Tarnopolskg 16, TM- Sfanford Wlh‘en il - Glombl et.al.’l7]

\ limit the digorder-averaged Schwinger-Dygon equationg are

1 ‘\
B2 g — 1 Al
P G G_—GQ—Z 1 4
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A naive 2-dimengional bosonic model
[Klebanov- Tarnopolskg 16, TM- Sfanford Wlh‘en il - Glombl et.al.’l7]

‘Conglder N acalarg mferaeﬂng in 4 random degree-q potenﬂal In fhe large /lgnormg thege icaues, ?
\ limit the digorder-averaged Schwinger-Dygon equationg are 1] the R we find |
1 b 2 |
X =JG", G:—GQ—Z j 3©2 it G_mzA E
But generic unboundedness of the action poges problems for exact golutiong| L ook MO
unitarity, non reflection-poaitive golutiong etc) pomag § 1A i Sl L T e 2
pEab ~ |The ladder kernel K
[ / 2 [ (V6% + Jiyioin G5, b1y - %] <Sie conetructed from H
. ) |diagramg ‘,
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A naive 2-dimengional bosonic model
[Klebanov- Tarnopolskg 16, TM- Sfanford Wlh‘en il - Glombl et.al.’l7]

‘Conglder N acalarg mferaeﬂng in 4 random degree-q potenﬂal In fhe large /lgnormg thege icaues, ?
\ limit the digorder-averaged Schwinger-Dygon equationg are 1] the R we find |
4 1 s b 2
PESAGe G:—GQ—Z ; 3© 4G_‘x’2A :&
But generic unboundedness of the action poges problems for exact golutiong| L ook MO
unitarity, non reflection-pogitive golutions, ete) i w2

e ~ |The ladder kernel K
[ / 2 [ (V6% + Jiyioin G5, b1y - %] <Sie conetructed from H

N ) |diagramg

|
|
|
f
|

Properties of the model:

- *k(2,0) = k(0,2) = 1implies the existence of a holomorphic stress tensor
*Forg =4 and J = 0, the solution hag ecomplex dimengion £ = 1 + 3i
* Uging the (R propagator, the ladder diagrams are UV divergent forg > 4
* The central charge of the theory can be computed ag

= (1-A)P’N = (12>3N
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A beﬁer 2-d bogomc model

[TM-Stanford-Witten ’17]

[ Thic modehiae fwgc;\

parameters q and |
r=M/N and

| colutione that are
compatible with

| unitarity and

. ] \reeohon positivity. |
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[TM-Stanford-Witten ’17]

[ Thic modehiae ﬂ;;\

parameters q and |
r=M/N and

| colutione that are
compatible with

J unitarity and

reﬂeoﬂon pogn‘lvn‘g

q
* k(0,0)|¢p5¢p = —(5 =elo)

* One of the eigenvalues is one when (h, h) = (2,0)and
h The cenfral charge L A AR S N
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A beﬁer 2-d bogomc mode

[TM-Stanford-Witten ’17]

( Thic model hag two
| | parameters q and |

r=M/N and

1 colutions that are

angatz ¢ ie UV

divergent indicating

a possible first
‘order phase

the model doesn’t
 actually flows to

in the [R.

BUT i the IR

Sh

| the critical golution |
|| * The cenfra( charge L A AR S N

trangition and that | |

compatible with

J unitarity and

reﬂeoﬂon pogn‘lvn‘g

q
*X(0,0)lgg-r = —(5 = 1)

* One of the eigenvalues is one when (h, h) =

J
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An N=1, Z-dimengional supersymmetric model

[TM-Stanford-Witten ’17]

o —— =

- ol O et

(Congider an N = 1+heor§ with a random superpotential.

| * Qealar superfielde: @ (X) = ¢(z) + i0y(z) + i (x) + 00F ()
* Supercharge generatore: @ = 9y — 00,, Q = 05 — 00,

* Qupergpace derivatives: Dy = 0p + 00,, Dy = 05 + 00z

* Large N digerete R-gymmetry: 6 — —0, 0 — +0, &, — —,

R

b — — D
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- J
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An N=1, Z-dimengional supersymmetric model

[TM-Stanford-Witten ’17]

S — — —

"Congider an N = 1+heor§ with a random superpotential.
| * Qealar superfielde: @ (X) = ¢(z) + i0y(z) + i (x) + 00F ()
* Supercharge generatore: @ = 9y — 00,, Q = 05 — 00,

* Qupergpace derivatives: Dy = 0p + 00,, Dy = 05 + 00z

* Large N digcrete R-aymmetry;

S —

o —— =

gl == rmitp (i = 5

Y

- * e
1
I = /d2d29 §D9‘(I)iD9(I)7;+i0i1i2...iqq)i1q)

9 _/
[ At large-N the 2-point function ig ;Jlgfer.mined by the S-D equations §

— Dy, Dy, G(X1, X3) — /dXz M(X1, X2)G(Xo, X3) = 6%(213)6°%(01 — 63),

Y

’ig ’ lq

LS LN E A ¥ |

Jeff Murugan (UCT)



An N=1, Z-dimengional supersymmetric model

[TM-Stanford-Witten ’17]

/ S . e —

(Congider an N = 1+heor§ with a random superpotential.
| * Qealar superfielde: @ (X) = ¢(z) + i0y(z) + i (x) + 00F ()
* Supercharge generatore: @ = 9y — 00,, Q = 05 — 00,

* Qupergpace derivatives: Dy = 0p + 00,, Dy = 05 + 00z
* Large N digerete R-gymmetry: 6 — —0, 0 — +0, &, — —,

S —

o —— =

Y

a )

I = /d2d29 %DQ—CIDZ-DQCI%;+iC’i1i2...iq<I>i1<I>i2---<I>Z-q
- : J
(At large-N the 2-point funcﬁo;\ i;defer.mined by the S—J equa’rion;. f #l
Akagre s H = =Pd T |
which hag the (R golution
e e T b_ S A = é S — %




An N=1, Z-dimengional supersymmetric model

[TM-Stanford-Witten ’17]

o —— —

7= al e o e —

Note the following: ) { Congider an N = Ttheory with a random superpotential.

| * Scalar cuperfielde: @ (X) = ¢(x) + iy (z) + i0P(z) + 9F ()
| * Supercharge generator: Q@ = 9y — 00, Q = 05 — 60,

| ® Superspace derivatives: Dy = 9p + 00, Dy = 95 + 00

* Unlike the bogonic
modelg, the gelf-

——

enerqy of thig | ¢ i
oty | Large N discrete R-gymmetry: 6 — —0, 6 — +0, &; = —d;
divergent. A 1 | 3
| J I = /d2d29 ~Dg®; Dg®; +iCly i, @iy Piy -+ - P
* We do not need ¢ s
‘i N J
to tune any IR Sl e e 8 B A R S X il ~
counter-ferm to | | At large-N the 2-point function ig determined by the S-D equationsg
reach the f 4 2 =
| G(p) = 5 s = G (o
| conformal golution | p*(1 — X(p)) _
* Ooneictent with which hag the [R golution
| ‘ b 1 I
numerical G(X1, X2) = A =T 1 paiy2e i
golution gt 21 — 22 — 016,22 q i
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An N=1, 2-dimengional eupersymmetric model
: [J M—Qtanfrd—bl)ih‘n ’l]

— —

/No-l-e .l-he-{ouowiy\h- \\ //ﬂrmnir{o_r-gn /\/’ P 1‘”\0{\["[[ Il)i‘”’\ n randam nnnannadantial

* Unlike the bog 5 ‘.
modelg, the a¢

Free behaviour

enerqy of thie Of

model ig no’rla 2t
divergent. O
g 8’ 4l

1

Numerical
*Wedonotne | colution for
to tune any =3 o
. 8 [\
counter-term ns
' reach the - 1 0 1 2 3 L

- conformal golt

loa(n/.])

——

* Congictent with™ | solution

numerical

eolution

(UCT)



Operator gpectrum

——————

[TM-Stanford-Witten ’17]

(To congtruct fheﬁ-ﬁnf tunction, we )

the ladder diagrame ag ugual
1
L — J&C
and uge the shadow repregenfaﬁon. |

s il

Fo

g d h) T(h)? I'(h))? 4
S SlIl /Ay
f( = / ) B, (x) B (%
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[J M Sfanford Witten ’l7]

(The ladder kernel and zero- rung ladder are:

(q—1) 1
2 [(1,3)[22(2,4)|22((3,4)|>~*2

(To congtruct fheﬁ-ﬁnf tunction, we )

the ladder diagrame ag ugual
1
L — J&C
and uge the shadow repregenfaﬁon. |

I

s il

Fo

ds sin(wh) T(h)? T'(h))? :
e - i L ncos
(=¢=0 m(qg—1) e;n 27 cos(mh)) T'(2R) T'(2h)) h(x) ") %)
kFB(h—%,hl . kBE (h, h)N— 5 kBB(h,E)z - k:FF(h—%,Tz)N— 1)
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Eigenvalues of he kernel come in four fypes
kBB (B ), kTE (R, b, kT (b, By O

depending on the etatigtice of the primary ingertions,

| and eatigfy:
TS kFB(hjﬁ) = ]{:BF(}VL, h),etc
® KBB(h,]) = —kFB(h+ §,h) = —kBF (b, + 1) = kFF (h+ 3, R+ 1))
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(The ladder kernel and zero- rung ladder are:

(q—1) 1
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(To congtruct fheﬁ-ﬁnf tunction, we )

the ladder diagrame ag ugual
1
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[ Some obgeruationg on the gpectrum:
* The gfreqe tencor ie the (h, k) = (2,0)
decendent of a (2 0) FB primary

* The central charge ¢ = g (1 - 2) N |

Eigenvalues of he kernel come in four fypes
kBB (B ), kTE (R, b, kT (b, By O

depending on the etatigtice of the primary ingertions,

| | and eatiefy:
| [* 578 (h, 1) = kB (B, h), etc
® KBB(h,]) = —kFB(h+ §,h) = —kBF (b, + 1) = kFF (h+ 3, R+ 1))

q

* At large q the theory is weakly coupled
*Atq=2itictrivial ‘
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The holomorphic and anti-holomorphic parts of the current asgociated il

| t0 a2-d (SICFT with a continuoug eymmetry mugt be separately
congerved. Thig meang that in a 2-d supersymmetric model with SYK-

like ladder structure we mugt expect to find a dimengion (1/2,0)

| primary in the FB channel. A candidate theory hag N/2 eomplex ﬂ

superfields and their complex conjugates interacting in a random <

i Superpotential.

—




Additional ULT) symmetry

[J M Stanford Witten’17]

e

| The 4~ po:mL function gpln‘g\]
into an S and A channel
Thig induces a gplitting of
the kernel eigenvalues ag

BT ke SR

1’

where
' k5B(h,h) = kFB(h,h),

/ e 1 =4 |
f KiB(h,R) = ——=kTB(h,h)]
B qg—1 |
S - g\ ‘]

The holomorphuo and anti- holomorphno partg of the current accociated | talows trom Kl

| to a 2-d (S)CFT with a continuoug eymmetry mugt be separately
congerved. Thig meang that in a 2-d supersymmetric model with SYK-

| like [adder structure we must expect to find a dimension (1/2,0)

| primary in the FB channel. A candidate theory hag N/2 complex |

superfields and their complex conjugates interacting in a random

j Superpotential.

diagramg

—
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Addlflana[ | Ull) ¢ |

£ Smce kFB(l/z () = b ﬁnd mdeed A Ay TR |
ag expected for the (1,0) part of the Ull) current. BUT the function
1/ (1 —k47(1/2,0)) hag a double pole at (1/2,0) that lieg on the
integration contour of the 4-point function. We therefore expect the
model to not find a true R fixed point.
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| | The 4~ po:mL function gpln‘g\]
into an S and A channel

| | This induces a gplitting of |

the kernel eigenvalues ag

BT ke SR

where
' k5B(h,h) = kFB(h,h),

/ e 1 =4 |
f KiB(h,R) = ——=kTB(h,h)]
B qg—1 |
S - g\ ‘]

The holomorphuo and anti- holomorphno partg of the current acqociated f(?l(owg from fhe/SC
| t0.a2-d (S)CFT with a continuoug eymmetry mugt be geparately diagramg P

congerved. This means that in a 2-d supersymmetric model with SYIK- | | 1
like ladder structure we mugt expect to find a dimengion (1/2,0) ‘
| primary in the FB channel. A candidate theory hag N/2 eomplex |
superfields and their complex conjugates interacting in a random
i Superpotential.
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[Stanford’l6, Maldacena-Stanford 15, JM-Stanford-Witten ’17]

4 )

W(tl7t2> — WO(tl7t2) /dtS/dt4 KR t17t27t37t4>W(t37t4)
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"Out-of-time-order thermal correlators provide diagnostic for quanfum
| chaog in large N eysteme

F(t) = (V(O)W

In a chaotic system F(t) =1 -

B/4+ )V (8/2)W (36/4 + it))

1 .
N e + ... where A, ig a chaos exponent

W(tl7t2> WO t17t2 /dtS/dt4 KR t17t27t37t4>W(t37t4)
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Jeff Murugan (UCT)



Chaog

e —————— S A e S e

[Stanford’l6, Maldacena- S’ram‘ord 15,d M Sfanford Witten’l7]

"Out-of-time-order thermal correlators provide diagnogtic for quanfum

| chaog in large N eysteme
EF(t) =(V(0O)W(8/4+it)V(B/2)W (38/4 + it))

. 1 |
In a chaotic system F(t) =1 - Nem + ... where ., is a chaos exponent

- J

[ [n SYK-like models we get thig information from +h:e correlator
\} W (t1,t2) = ((Wi(e) — vi(—¢)) ¥;(it1) (¥:(8/2 +¢) — ¢:(B/2 —€));(B/2 + ita)) |

|

| There are two wayg to compute the correlator:

_ it S J
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"Out-of-time-order thermal correlators provide diagnogtic for quanfum

| chaog in large N eysteme
EF(t) =(V(0O)W(8/4+it)V(B/2)W (38/4 + it))

. 1 |
In a chaotic system F(t) =1 - Nem + ... where ., is a chaos exponent

\_

In SYK-like models we get thig information from +h’e correlator
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| There are two wayg to compute the correlator:
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Chaog
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[Stanford’l6, Maldacena- S’ram‘ord 15,d M Sfanford Witten’l7]

F(t) =

"Out-of-time-order thermal correlators provide diagnogtic for quanfum
| chaog in large N eysteme

In a chaotic eystem F(¢

(V(O)W(B/4+it)V(B/2)W(38/4 + it))

1 .
jr==—ae: Nem + ... where ., is a chaos exponent

\/Eigenﬁ-moﬁong of )
the refarded kernel >
with eigenvalue |
control the chaog
region of the 4~ |
point function. [n the |
SYK model in [-d

Wi(t1,t2) =

| exp (— 2 (1 + t2))
(2 cosh 3 (t1 — tg))QA—

\_

In SYK-like models we get thig information from +h’e correlator
\‘ W (t1,t2) = {(¥i(e) — ws(—€)) ¥;(5t1) (:(8/2 +€) — s (B/2 — €));(B/2 + ita)) |

|
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Conclugiong an

What about higher ordere

| in I/N? )
(9-d random disordered
__ Supermodels
NE 2 E i \

Random tengor
kmodelsz in d>2?)

[ A new clace of gfronglg\
interacting 2d CFT’e!

\_
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