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The SYK Model (Sachdev -Ye- Kltaev)

The SYK H ami Iton 1an |S S.Sachdev and J.Ye, PRL 70, 3339 (1993)
A. Kitaev, unpublished; S. Sachdev, PRX 5,04 1025 (2015)
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Majorana fermions in QM are matrices 15 satisfying

{";baa ¢b} — Jaba d, b = 13 ceey N
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Chaos Bound & Butterfly Effects
ﬁ'he Sachdev-Ye- Kitaeh ( Black holes with \

(SYK) models AdS; horizons

N

.

Growth of Correlator

({C(z,£)CT(0,0)}%) ~ exp [AL(t — |z|/vB)]

Lyapunov Exponent A, = 2wkpT /h
Butterfly Velocity vp ~ T2
Diffusion Constant D, = v5 /AL,

[Standford & Shenker & Susskind--- '13,14] Figure Credit: Sachdev &Balents



Schwarzian Action

FI' he Sachdev-Ye-Kitaeh ( Black holes with \
(SYK) models AdS; horizons
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(Zsyk) = /deX exp|-NSsgeh +...]  Sor=—50— = [ VIO(R+2) + 2qbb/ IC]
9 LJ Bulk Bdy
Schwarzian Action Jackiw-Teitelboim Action
Low Energy Effective Action (2D Dilaton Gravity)
{£(7), 7}
R 1 [P 1 N BB B o
. Ssai=- dr{f(r),7}, — as -— =_SO_2¢,./ ir {£(r),7}
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Effective theory of SYK -> Schwarzian Action
1. Can rewrite SYK in terms of bilocal fields G, 2

7)) = /DG DY e~ N1(6:2)

2. In IR, I(G,X) has spontaneously broken conformal symmetry.
Dominant fluctuations are reparametrizations of the saddle

Gy = (¢/(1)¢(72)) " Gu(6(71), $(72)).

3. Leading action for ¢ is the “Schwarzian theory”

ey — N
SCh_ J

12
dT Sch(tan¢/2,7) = 2J (‘;2 ¢/2> |

0

breaks the physical conformal symmetry.

Cred lt Stanford

Yum- Long Zhang Worldsheet & SYK, 2018
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Gravity on Near AdS2-> Schwarzian Action

A simple theory of gravity in AdS, described by (g, f):

1
IJT:_SO_E bulk

\/g(R+2)f+2/ FK

bdy

| Teitelboim|[Jackiw][Almheiri,Polchinskil
Reduces to the Schwarzian theory!

Step 1: integral over f implies R +2 = 0. Step 2: integral over
metrics then reduces to cut-outs from hyperbolic disk.

2 2f,
IJT:—S()—E o fFK — —So G
Y

[Maldacena, DS, Z. Yang] see also [Jensen][Engelsoy, Mertens, Verlinde]

B
/ dT Sch(tan¢/2, 1)
0

Credit: Stanford Yum-Long Zhang Worldsheet & SYK, 2018
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Higher Dimensional Generalization

Coupled SYK and AdS4

charge

density O

AdS, x R?
ds? = (d¢? — dt?)/(? + da?
Gauge field: A = (£/()dt

N Majorana fermions { ",b '()b } 5.,
1y Y1) — Y]
= Z Ji1i2i3‘i4 ")bil 2/)?:2 ¢i3¢i4




Fast scrambling in holographic EPR pair

by Keiju Murata (Keio U.) 1708.09493, [Aug 30]
[JHEP 1711 (2017) 049]
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(Out-of-Time-Order Correlator) .

Lyapunov Exponent . )
= %
AL, = 271 R %
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Chaotic strings in AdS/CFT

J. de Boer, E. Llabrés, J. Pedraza, D. Vegh

Amsterdam &Utrecht U. 1709.01052 [Sep.4]
LPhys.Rev Lett. 120 (2018) no.20, 201604]

AdS Black Brane  Induced AdS2 Wormhole — .

.
ds®  —r?f(r)dt® - /12(?',,r.,| + r?da?, 9 '—1dde
I Sws — ;
J) = 1= () - (1 + uv)?
>

. 1—7%4(1 — ww)28,X9,X
ACthr\ Sne — — - fdudv\/ "H\ “) :

a’ (1+ uv)?

4-point OTOC

7y = L OV 1R DT
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K AN ' s -
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Lyapunov Exponent  Ap, = 2711y AN

.........................................

V (t)W () ¥} W (t2)V (12)] )

Hawking Temperature




String World Sheet as one Candidate Dual of Schwarzian Theory

by R.-G. Cai, S.-M. Ruan, R. -Q. Yang, Y.-L. Zhang
arXiv:1709.06297 [Sep 19]

Nambu Goto Actlon Schwarznan Actlon
1 1 B S, P 9 2 |
Spa = —m/dodr\/—det ha S = 37 |, dr [(g) _ (%) (g)2]
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AdS Boundary

AdS Black Brane

Yum-Long Zhang Worldsheet & SYK
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Renormalized Nambu-Goto Action of the WorldSheet

2 2 2 dr? 271.9 )
Black Brane Background =77+ gz +rd?, ) =1-23 [”ql“(rh)l

. 2 a 2 2 dr?
Induced Metric on WorldSheet dsu: = hado®ds” = —r*f(r)dt T2

Nambu-Goto Action Sxa 2m det hap ,
1 1 1 *\2 T4f(r) "2
After Perturbations Swa =~y [ drdt[1 = oos (39 + —5 () ]
-— —— b AdS Boundary
Counter-term Set 1= 5 ydt .
. 5 (2) ._ (°) (2) .

Renormalized action Sten = Syg T 5

. 9 1 8 ) - 9 I 2 . :

- Final On Shell Formula %= /[ ¢ |- (%) || puumesmm

Yum-Long Zhang Worldsheet & SYK 12


https://inspirehep.net/author/profile/Yun.Long.Zhang.1

Traversable wormhole <-> Two Coupled SYK?
by Maldacena & Qi [1804.00491]

Hiotal = HLsyk + Hrsyk + Hice Hin, = 'iﬂz ULk
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De-Coherent Phase Transition?

Measurements Measurements De-coherent in Thermal Background

A’ — Bl A q a 8
A 9 w=0 q B — w=0 —
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AdS Black Brane
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ER=EPR (Wormhole=Entangled Pair) ?

Future
Interior

Left
Exterior

Right
Exterior

Pas_t
Interior

ER bridge(Einstein—Rosen): Non-traversable wormhole
EPR pair of maximally entangled black holes

H Hp+ Hj. W(t)) Z e PEn[2e-2Ent | p)

n

EPR pair of two black holes in a particular entangled state

How about Traversable wormhole?

Ref: Maldacena & Susskind [1306.0533]
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R2 Measurements Measurements
ds® = — | = di* + dw® + (da® + dy* + dz°)], A q §— °
A w=0 B
- >
|z| = bv/1 — 7e® cosh 7, 2<0 z-0
e b\/ 1 — 7e® sinh %, Left Horizon | ~ Right Horizon

w = bV/re.

ds® = vy [ — f(@)dr? + 40 7 (@) +dz° + (dz® + dy?) exp(—2z/b)],

Leorentzian




Constructing Bell inequality for Holographic EPR
J-W. Chen, S.-C. Sun, Y.-L. Zhang [arXiv:1612.09513]

Measurements Measurements
ij Qie_w/2TU ij ::"‘_ -
Gipw) = s =7 TG () ‘
G 5 (7, ) = (Fa(r, 2)F5(0)).

Left Horizon

Ar = (cosf@aF5 + sin 9Afz)/<fﬁfé>l/2>

Br = (cosOpF% +sinOpFY) /(FEFEN/2, |”

Bell’s Theorem(CHSH formula) wn oowy VAo

ap =1Gyp = on2 G p =1G,p = 0.

(Cr) = (ArBF) + (ArBF) + (A% BF) — (A% BF)

—cosfOap + cosbap + cosbap —cosbap. i N—

7 [ ™ _— AN\

(ArBr) = cos(fa —0p) = cosbap. ' @ (/ ,"
HAB == HAB/ == HA/B = ’7'('/47 HA,B,:ST('/ZL \:::/ 'g\:;,
sl Violate The Bound for local system (C)] £ 2
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Holographic SK Correlators from String Worldsheet

AdS/CFT

1Gz‘7 s h2 52 IHZEPR g 52SNG[Q7JI7Q;]]
e RGEe) o deeE)

VA [ dFdF g L
SNG™=— on | 27372 {1+{2Tf(7“)qi9j—mqi%]h } ),
eoMs  or(31) -0 (57ls) o
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Ref: J.-W. Chen, S.-C. Sun, Y.-L. Zhang [arXiv:1612.09513]
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Traversable Wormholes or Black Holes?
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Is the Gravitational-Wave Ringdown a Probe of the Event Horizon?
V. Cardoso, E. Franzin, P. Pani [PRL. 116, 171101 (2016)]




Traversable wormhole <-> Two Coupled SYK?
by Maldacena & Qi [1804.00491]
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De-Coherent Phase Transition?

Measurements Measurements De-coherent in Thermal Background
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Summary & Outlook

—

- T : 02 ~ SQA(Qp - Up)

I D’i§ A\SSD — 34B

g == E@ : Black HOl 2 :
R embrane Flui %2%+\/QA<Z2+Z‘£>

7—C = 47TTC lndler FlUI . :

Quark Critical Liquid ? Cosmological Fluid
QGP in RHIC ros) & LHC [16] Dark Matter['70s] & Energy[’q0s]

1 1
Rpw ing/ — z (ICW/ o ’Cg,uu) — /{4T,U,V

Thanks for All
Your Attention!

Baryon density
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Figures Credit: Nature & Wiki Yum-Long Zhang “Hydrodynamics and Membrane Paradigm”
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