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Abstract: We describe supersymmetric SYK models which display a scaling similarity at low temperatures, rather than the usual con
behavior. We discuss the large N equations, which were studied previously as uncontrolled approximations to other models. We also pr
picture for the physics of the model which suggest that the relevant low energy degrees of freedom are almost free. We also searched for a s
phase but we found no replica symmetry breaking solutions.
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Based on work in progress with

Anna Biggs Vladimir Narovlansky
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We will discuss a supersymmetric SYK model
which has peculiar properties.
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The model

« N=2 supersymmetric qguantum mechanics with a random qt" order
superpotential.

d = /dtdzg[ngingi + W(¢)] : W = Z Cz‘jkﬁbiﬁbj(;bk ¢ is real

I'= /qﬁf + P11 + Yaithai + (B;W)? + Yrithe;0;0;W

I = /Qf + 1ith1i + Poithe; + F2 + Ciiji¢j¢k + Cijk%bu%jﬁbk

(different than than the N=2 model considered by Fu, Gaiotto, JM, Sachdev)

Dyna m ical bOSOﬂS o fe rm ions (We wrote explicitly the g=3 version)
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There is also an ‘N = 4 version = complex
bosons and fermions.
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Multicenter black

BFSS black holes The model in d>1 holes/ branes at CY

singularities

Stanford, Witten / Anninos, Anous, Denef

Kabat, Lifschytz, Lowe (Before SYK), N=4 SUSY version

Lin, Shao, Wang, Yin T

The model
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The BFSS black hole

Banks, Fischler, Shenker, Susskind

Itzhaki, JM, Sonnenschein, Yankielowicz

1990s

Matrix Quantum Black hole in 10d,

with SO(9) symmetry

Mechanics, at large N,
at finite temperature
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e
atrix Quantum Black hole in 10d,

with SO(9) symmetry

Mechanics, at large N,
at finite temperature

It is the simplest quantum mechanical theory” that
has a bulk Einstein gravity dual.

*as opposed to QFT
" as opposed to higher spin gravity theories
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Why are we returning to this topic?
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| atest |lattice Montecarlo simulations

L1 BFSS Berkowitz et al.

o Large N & Cont y=0.5 .
31 — BFSS fit Berkowitz et al.

— SUGRA Itzhaki et al. :

— SUGRA p=05 o

E/N?

0.00 0.25 0.50 0.75 1.00
1

Monte Carlo String/M-theory Collaboration (MCSMC)
- Pateloudis, Bergner, Hanada, Rinaldi, Schaefer, Viranas, Watanabe, Bodendorfer

- Berkowitz, Rinaldi, Hanada, Ishiki, Shimasaki, Vranas
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They have computed a certain higher derivative

correction which has not been yet reproduced
analytically.

They are more advanced than analytic computations!
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The low temperature entropy goes as

log Z o S o< N279/3

Asopposedto 100 7 o S ox Sy + CT x N + NcT

For SYK (almost conformal symmetry)
or near extremal black holes.
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The low temperature entropy goes as

log Z o S o< N279/3

Asopposedto o0 7 xx S x Sy + CT x N + NcT

For SYK (almost conformal symmetry)
or near extremal black holes.
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This power law is governed by a 'scaling
similarity”

A scaling transformation that rescales the action
-2 symmetry of equations of motion.
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This motivated us to look for simpler models with this
realization of scaling.
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Kabat, Lifschytz, Lowe, and Lin, Shao, Wang, Yin,
had considered a matrix model and truncated
their planar diagrams to melon diagrams.
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We reinterpreted their equations as the large N
equations of the SYK- model we introduced
above.
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They did numerical and analytic analysis showing that
the free energy is

log Z o< constant + e
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Anninos, Anous, Denef , had suggested that this model
would have a spin glass phase.

We failed to find such a phase.
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End of the long motivation.
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The large N equations can be derived as in the
usual SYK model case.

Integrate the disorder = bilocal term in the
action.

Introduce G and X variables, etc.
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We need to consider the following two point
functions

1

Goltt) = LB OFE) ,  Gy= W),  Gp= o (FF)

1
N

Auxiliary fields

Finite temperature: t ~t+ [

Ge(t,t") = Gt —t') etc.
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An aside

Cor = G OF () ?

For odd q, = the model has a Z, symmetry that forbids it, as long as the symmetry is not spontaneously broken.

We found that the solutions we will describe are locally stable under turning on a vev for this variable.

So we will set it to zero.
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The large N equations

Definitions of the self energies:

Gop(w)lw? — Bpw)] =1, GyW)[-iw —Yy(W)] =1, Grw[l-ZrW)]=1

Self energies in terms of G (melon approximation) :

Yo = —2GrGy + QG,?Z)

Both sides are functions of (t,t’), or really t-t’.

Yo = 2G G
Y el (we specialized to g=3 and J=1 to avoid clutter)
L 2
EF = —G¢ J3
2
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Naive low energy analysis

Anninos, Anous, Denef

~ t—2A

Set all functions to be power laws, G4 , and similarly for the others.

Assume SUSY at short times.

1 1 1
Gr 12A+2

Insert in equations 2 Find A =0 .

Not really a solution, some coefficients divergeas A = 0
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One can solve them numerically
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The solution for at a low temperature
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We will now discuss an approximate scheme
to solve the model at low temperatures.
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Start with the full large N action:

log Z _ 1 ; 1 .
O]g’v - z [log[—iw — 2y (w)] — 3 log(w? — 2%4) — 3 log(1 — 22”] +

w’}'l

B
b et . 8 — I o
+ / dtdt’ (—G@b ~ GyS; ~ 2GySy — GGy + %Gjﬁ; )

0 |
Expand __ ——— -
3 B i e
Gy =Gy +6Gy , 0Gy < Gy : |
Independent of Euclidean time Non-zero Matsubara frequencies.

oreample: GG — 0G 186G Gy + 6G G
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I =const+ 1o+ I3+ 14+ ---
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Solve exactly up to the quadratic terms

logZ 1
= = —log2 + "

N2 VBBG,/?

(for =3, other values of q are similar)
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Start with the full large N action:

log Z - 1 ' -
b > [log[—iw — 280 (w)] — > log(w® — 2%4) — 5 log(l — QEf)] +

N - "
Mol e s Ly et (@=1) e
Expand ___ ——— -
. B e, o
Gy =Gy +6Gy , 0Gy < Gy fffﬁ |
Independent of Euclidean time Non-zero Matsubara frequencies.

oreample: GG — 6G 186G Gy + 6G G
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I =const+ 1o+ 15+ 14+ ---
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Solve exactly up to the quadratic terms

logZ 1
2t = —log2 + "

N2 VBBG,/?

(for =3, other values of q are similar)
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Add the higher order terms perturbatively

logZ 1 1
= = — log 2 d

N 2 VBBGY? 326G

A

Ground state entropy

Lo Cubic terms (and quartic, for g>3)
Quadratic terms

— — 6
Minimize with respect to G > determine Gy -2 find power log Z «< T’
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Scaling similarity

logzZ 1 s 1

N 2 - VBBGY? 332G}

.1,-

Has a simple scaling similarity = extends to the approximate solution
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An irrelevant comment

For genericq :

10gZocNT% : for ¢ =18 log Z & NT'

Coincidence.

We will see that the physics is rather different.

Pirsa: 23070008 Page 39/111



s the ground state entropy arising from BPS
states?

Pirsa: 23070008



The Witten index and the ground state
entropy.

Iy = Tr[(—1)Fe PH]

Iy,= 0. (Proved for odd q and odd N).

We expect no exact susy zero energy states.
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The solution obeys the supersymmetric relations at
short times.

GFOC87G¢O(8$G¢ : T LB

No SUSY breaking (other than the temperature) at large N.
The ground state energy vanishes at large N

-> SUSY breaking is probably very small (perhaps non-perturbative, e™N).
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An aside

There isan ‘N=4 model which is very similar.
Real fields = complex fields.

Same large N equations. In the final action N 2 2 N.
The index is non-zero I, = 2V

Entropy:

"\k

log Z 1 log Z
08 _ — log 2 —|— IR us
N ly=2 2 N =4

:10g2—|—...
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Now we |look at the next term of the free
energy

logZ 1 1
= = — log 2 d

N 2 VBBGY? 326G

Comes from the quadratic approximation
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Essentially the same as a g=2 model.

GyG; {6G6G,Gy ¥ GG

Similar to a model with

Wy = Cijdid; (C2> N
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The effective g=2 model

2

m — A
W, mQO(qu

Wy = Cijbid; <C2>

Diagonalize the matrix f'; :

Each eigenvalue 2 leads to a bosonic + fermionic oscillator. = ground state energies cancel.

There is a temperature dependent contribution to the free energy.
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The effective g=2 model.

At low energies, constant density 2

A

Eigenvalue C ' like modes of a 1+1 dimensional field.
density

m L g

Frequency

m = typical eigenvalue.
T yp g

Free energy log Z x TL x N—, L x N/m 1/L ~ spacing between them
m
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The effective g=2 model

2

m — T
W, mQO(qu

Wy = Cijbid; <02>

Diagonalize the matrix f'; .

Each eigenvalue 2 leads to a bosonic + fermionic oscillator. = ground state energies cancel.

There is a temperature dependent contribution to the free energy.
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The effective g=2 model.

At low energies, constant density =2

A

Eigenvalue C like modes of a 1+1 dimensional field.
density

m L g

Frequency

m = typical eigenvalue.
T yp g

Free energy log Z x TL x N—, L x N/m 1/L ~ spacing between them
m
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Finally

logzZ 1 1
B = — log 2 "

N 2 VBBGY? 332G}

Comes from the quadratic approximation
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Finally

logzZ 1 1
e = — log 2 "

N 2 - VBAGY? 332G

Comes from the quadratic approximation

|

Just this term wants to drive G¢, to zero.

To decrease the typical frequency of the oscillators = increases the entropy
of the bosonic oscillators.
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The quadratic solution more explicitly

0G4 1 log [2 sin f]

m 2
1 1
oG
1’bocmﬁsim%
1 1 .
0GP —— 90:27rz, mQZGfb2

m/f32 sin —‘23
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i i
i 1
- Numeric 3 J=40
i ~——— Analytic leading order |
1 1 1 1 1 | 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T/ 8
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Finally

logzZ 1 1
B = — log 2 1

N 2 - VBBGY? 382G}

Comes from the cubic (and quartic) interactions,
wants to increase the value of ﬂ

log Z

6
N

- = 2
Minimizing with respect to Gy > Gy x 5,
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A puzzle

The expectation value of ¢? grows as we lower the temperature

(¢%) o B3 BJ > 1
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Finally

logzZ 1 1
s = — log 2 "

N 2 | \/gﬁ(;glbﬂ 32G*

Comes from the cubic (and quartic) interactions,
wants to increase the value of ﬂ

log Z

6
Ts
N X

- = 2
Minimizing with respect to Gy - Gy x 5,
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A puzzle

The expectation value of ¢? grows as we lower the temperature

(¢%) o B3 BJ > 1
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J(47)

4.5" : . : .
— Numerics
4- —— Analytic: low temperature |-
| ~——— Analytic: high temperature
3.5 -

25k

High temperature. 15
Classical behavior y

0.5 7

BJ
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o "J
] 0.6

04

4 02
4

— ~— — -l
~_3 00

Soft directions

We are exploring the soft directions of the
potential
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Exploring the potential

“Eigenvalues’” of the tensor
g Qi; Cartwright, Strumfels

Cijkdjdr = Aqu\/g?

Look for low values of the "Eigenvalues” A.
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How many solutions ?

Exponentially many solutions.

o
2

22 real solutions.

Breiding (2019)
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Eigenvalue distribution for the tensor

p(A) = e>F())

- FA)

N' Order one function. ,,“ \
2

2

Exponentially many low lying eigenvalues

(Is integrable at zero).

log Z 1 Gurau
— —Jom? e .n
N 5 og 2+

Zero temperature entropy
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Fluctuations around the soft directions

__ I (5
¢’L - 4¢Z _l_ 5¢ " General fluctuations

Eigenvalues

W ~ Cijrk9idd;0dr = Mirdp;ddx
W

Random matrix whose scale is set by G_¢ ~ @? . Gives the previous quadratic result.
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05 I e | |
- e T ‘ i Quadratic fluctuations

- os
|

=3
104
4

!
g 000
]

— —~— — -l
e 9

Soft directions

Quadratic fluctuations + their interactions =2
lead to a saddle along the soft directions.
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0.5 s //./_/ . -
e # Quadratic fluctuations

“Hos

104
|

1
1 02
]

— — — -l
~—_3 00

Soft directions

Quadratic fluctuations + their interactions =2
lead to a saddle along the soft directions.
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Since there are these many almost flat
directions, do we get a spin glass behavior?

As conjectured by Anninos, Anous, Denef
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This question was analyzed in a purely bosonic
model, the p-spin model.

V ~Cijrdid;jdr ¢; = fixed
It indeed had a spin glass phase at low
temperatures.

Cugliandolo, Grempel, da Silva Santos

Anous, Haehl
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