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Closed Quantum Systems

Quantum Mechanics is unitary!

How come we observe  
thermal physics?

| (t)i = U(t, t0)| (t0)i
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How come we observe  
black hole formation?



Plan of the talk

✓ Review of ETH 

✓ Review of Sachdev-Ye-Kitaev model 

✓ Numerical studies of ETH in SYK model 

✓ ETH in the Schwarzian sector of the SYK model 

✓ ETH in the Conformal sector of the SYK model 

✓ A few thoughts on the bulk duals 

✓ Summary and conclusion
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Eigenstate Thermalization Hypothesis 
(ETH)
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Quantum Thermalization

 5

v.s.

Quantum thermalization: Eigenstate Thermalisation Hypothesis

hm|O|ni = Omc(E)�mn + e�S(E)/2f(E,!)Rmn

A generic excited state will then thermalise by dephasing

h |O| i =
X

i,j

c
⇤
i cje

it(Ei�Ej)Oij �! O
�
Ē
�
+ e

�S
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expectation value 
of non-extensive operator

dephasing: 
 spectral chaos

on average thermal 
up to exponential in S

Classical thermalization: ergodicity &    chaos⇐

micro-canonical entropy
random matrix

1 in RMT



Sachdev-Ye-Kitaev 
(SYK) model: a Review
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SYK model: a new Guinea Pig
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H = −∑
1≤i1<i2<i3<i4≤N

Ji1i2i3i4 ψi1ψi2ψi3ψi4

⟨Jijkl⟩ = 0 ⟨J2
ijkl⟩ =

3! J2

N3

where, J is chosen from a Gaussian ensemble:

‣ a model of N Majorana fermions
‣ with all-to-all couplings
‣ and quenched random couplings
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action 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[Sachdev ’15; Parcollet, Georges ’00;  
Kitaev ’15; Polchinski, Rosenhaus ’16; Jevicki, Suzuki, Yoon ’16; Maldacena, Stanford ’16]

−
Scol

N
= log Pf [∂τ − Σ] +

J2

2q ∫ dτdτ′�|G(τ, τ′�) |q −
1
2 ∫ dτdτ′�Σ(τ′�, τ)G(τ, τ′�)

Σ(τ, τ′�) is the Lagrange multiplier that imposes G(τ, τ′�) =
1
N ∑

i

ψi(τ) ψi(τ′ �)

∂τ G(τ, τ′�) − [Σ * G](τ, τ′�) = δ(τ − τ′�)

J2 Gq−1(τ, τ′�) = Σ(τ, τ′�)

captures Melonic Physics!
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Schwarzian in SYK
‣ At low-energy break conformal symmetry. Leading soft-

mode physics  
 
 
 
 
 
 

‣ Effective action on the ‘reparametrization modes’

 10

[Kitaev ’15; Maldacena, Stanford ’16]

G0

G0[f]
f

G0'

f
G0'[f]

Schwarzian action

∫
f(τ)

𝕊𝕃(2,ℝ)
exp [−

1
g2 ∫ dτ {f(τ), τ}]

where,  {f(τ), τ} =
f′�′�′�(τ)
f′�(τ)

−
3
2 ( f′�′�(τ)

f′�(τ) )
2 g2 ∼

βJ
N
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ETH in the SYK model: 
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‣ Need to look at the off-diagonal matrix elements  
 
 
 
 
 
 
 
 
 
 
 

!14

hm|O|ni = Omc(E)�mn + e�S(E)/2f(E,!)Rmn

Thouless energy

Crossover from constant (RMT) 
to 

non-constant behaviour!



More evidence of ETH
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Compare OTOC in eigenstates to thermal result
 [Sonner, Vielma ’17]

Become essentially indistinguishable as system size increases

�ETH

L
=

2⇡

�(E)
Conjecture: 9
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? Can we understand the numerically observed 
thermalization in a finer detail? Analytically?

? Can we understand how and why the results 
deviate from RMT behaviour?

? Can we do a dual bulk computation to understand 
black hole formation in 2 dimensions?



ETH in the Schwarzian 
Limit
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Correlation Functions

!18
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The Schwarzian theory
• For large but finite values of SYK coupling J, the 
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The Schwarzian theory
• For large but finite values of SYK coupling J, the 

conformal symmetry is explicitly broken 
 
 
 
 
 

•     are the pseudo-Goldstone modes  
 

The leading contribution to the physical 
observables is due to exchange of these modes

!19

f(τ)

G0

G0[f]
f

G0'

f
G0'[f]

Schwarzian action

∫
f(τ)

𝕊𝕃(2,ℝ)
exp [−

1
g2 ∫ dτ {f(τ), τ}]

⟨ ⋅ ⟩ = ∫
f(τ)

𝕊𝕃(2,ℝ)
exp [−

1
g2 ∫ dτ {f(τ), τ}] ( ⋅ )

g2 ∼
βJ
N
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Ward Identities
• Within Schwarzian theory, one can derive the 

following ‘Ward’ identity 
 
 
 
 

!20

m

∑
i=1

[hi(δ(x − x2i−1)+δ(x − x2i)) + (sgn(x − x2i−1) − sgn(x − x2i))∂x2i]
n

∏
j=1

⟨𝒪j (x2j−1, x2j)⟩

= −
1
g2

⟨Sch(x)
n

∏
i=1

𝒪i(x2j−1, x2j)⟩ + κ3
𝒪j(x2j−1, x2j) ≡ 𝒪hj

(x2j−1)𝒪hj
(x2j)

[PN, Sonner, Vielma ’19]
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T = 1/β

f(τ)



Hill’s Eq. & Monodromy
• The solution for       can be found by solving the 

Hill’s equation:  
 
 
 

• We do the computation with a finite background 
temperature, 
impose trivial monodromy around the thermal 
circle
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p′�′�(τ) +
1
2

T(τ) p(τ) = 0

where, T(τ) = − g2 ∑
i

[κ1,iδ(τ − τ2i−1) + κ1,iδ(τ − τ2i)

−κ2,i(sgn(τ − τ2i−1) − sgn(τ − τ2i))] + g2κ3
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<latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="j4swTVhZggLDq+xHIOtPIyd28JM=">AAAB5nicbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHEhWME+sB3KnTRtQzOZIbkjlKH/wo0LRfxJ7vw3po+Fth4IfJyTkHtPlCppyfe/vcLG5tb2TnG3tFfePzisHJWbNskMFw2eqMS0I7RCSS0aJEmJdmoExpESrWh8M8tbz8JYmehHmqQijHGo5UByJGc95V2Oit1Pe3e9StWv+XOxdQiWUIWl6r3KV7ef8CwWmrhCazuBn1KYoyHJlZiWupkVKfIxDkXHocZY2DCfTzxlZ87ps0Fi3NHE5u7vFznG1k7iyN2MkUZ2NZuZ/2WdjAZXYS51mpHQfPHRIFOMEjZbn/WlEZzUxAFyI92sjI/QICdXUsmVEKyuvA7Ni1rg14IHH4pwAqdwDgFcwjXcQh0awEHDC7zBu2e9V+9jUVfBW/Z2DH/kff4Az/+PIA==</latexit><latexit sha1_base64="xNooXz1eaT0VF4KjV0HTPKbYAws=">AAAB5nicdVDLSgNBEOz1GWPU6NXLYBA8hV0vehS8eBCMYB6YLKF3MkmGzM4uM71CWPIXXjwo4id582+cPIT4Kmgoqrrp7opSJS35/oe3srq2vrFZ2Cpul3Z298r7pYZNMsNFnScqMa0IrVBSizpJUqKVGoFxpEQzGl1O/eaDMFYm+o7GqQhjHGjZlxzJSfd5h6NiN5PudbdcCar+DMz/Rb6sCixQ65bfO72EZ7HQxBVa2w78lMIcDUmuxKTYyaxIkY9wINqOaoyFDfPZxRN27JQe6yfGlSY2U5cncoytHceR64yRhvanNxX/8toZ9c/DXOo0I6H5fFE/U4wSNn2f9aQRnNTYEeRGulsZH6JBTi6k4nII/5PGaTXwq8GtDwU4hCM4gQDO4AKuoAZ14KDhEZ7hxbPek/c6j2vFW+R2AN/gvX0C0XSPIQ==</latexit><latexit sha1_base64="6vhKkSG66igCokZFV7EWCc/mULE=">AAAB8XicdVDLSgNBEOyNrxhfUY9eBoPgKex60WPQiwfBCOaByRJmJ73JkNnZZWZWCEv+wosHRbz6N978GyebCPFV0FBUddPdFSSCa+O6H05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupj6rXtUmsfy1owT9CM6kDzkjBor3WVdRgW5nvSueuWKV3VzEPcX+bIqMEe9V37v9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfpZfPCFHVumTMFa2pCG5ujiR0UjrcRTYzoiaof7pTcW/vE5qwjM/4zJJDUo2WxSmgpiYTN8nfa6QGTG2hDLF7a2EDamizNiQSosh/E+aJ1XPrXo3bqV2Po+jCAdwCMfgwSnU4BLq0AAGEh7gCZ4d7Tw6L87rrLXgzGf24Ruct08J1pB5</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit>

OL
<latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="j4swTVhZggLDq+xHIOtPIyd28JM=">AAAB5nicbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHEhWME+sB3KnTRtQzOZIbkjlKH/wo0LRfxJ7vw3po+Fth4IfJyTkHtPlCppyfe/vcLG5tb2TnG3tFfePzisHJWbNskMFw2eqMS0I7RCSS0aJEmJdmoExpESrWh8M8tbz8JYmehHmqQijHGo5UByJGc95V2Oit1Pe3e9StWv+XOxdQiWUIWl6r3KV7ef8CwWmrhCazuBn1KYoyHJlZiWupkVKfIxDkXHocZY2DCfTzxlZ87ps0Fi3NHE5u7vFznG1k7iyN2MkUZ2NZuZ/2WdjAZXYS51mpHQfPHRIFOMEjZbn/WlEZzUxAFyI92sjI/QICdXUsmVEKyuvA7Ni1rg14IHH4pwAqdwDgFcwjXcQh0awEHDC7zBu2e9V+9jUVfBW/Z2DH/kff4Az/+PIA==</latexit><latexit sha1_base64="xNooXz1eaT0VF4KjV0HTPKbYAws=">AAAB5nicdVDLSgNBEOz1GWPU6NXLYBA8hV0vehS8eBCMYB6YLKF3MkmGzM4uM71CWPIXXjwo4id582+cPIT4Kmgoqrrp7opSJS35/oe3srq2vrFZ2Cpul3Z298r7pYZNMsNFnScqMa0IrVBSizpJUqKVGoFxpEQzGl1O/eaDMFYm+o7GqQhjHGjZlxzJSfd5h6NiN5PudbdcCar+DMz/Rb6sCixQ65bfO72EZ7HQxBVa2w78lMIcDUmuxKTYyaxIkY9wINqOaoyFDfPZxRN27JQe6yfGlSY2U5cncoytHceR64yRhvanNxX/8toZ9c/DXOo0I6H5fFE/U4wSNn2f9aQRnNTYEeRGulsZH6JBTi6k4nII/5PGaTXwq8GtDwU4hCM4gQDO4AKuoAZ14KDhEZ7hxbPek/c6j2vFW+R2AN/gvX0C0XSPIQ==</latexit><latexit sha1_base64="6vhKkSG66igCokZFV7EWCc/mULE=">AAAB8XicdVDLSgNBEOyNrxhfUY9eBoPgKex60WPQiwfBCOaByRJmJ73JkNnZZWZWCEv+wosHRbz6N978GyebCPFV0FBUddPdFSSCa+O6H05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupj6rXtUmsfy1owT9CM6kDzkjBor3WVdRgW5nvSueuWKV3VzEPcX+bIqMEe9V37v9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfpZfPCFHVumTMFa2pCG5ujiR0UjrcRTYzoiaof7pTcW/vE5qwjM/4zJJDUo2WxSmgpiYTN8nfa6QGTG2hDLF7a2EDamizNiQSosh/E+aJ1XPrXo3bqV2Po+jCAdwCMfgwSnU4BLq0AAGEh7gCZ4d7Tw6L87rrLXgzGf24Ruct08J1pB5</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit><latexit sha1_base64="9QA7hFugP+L8ODMpY2Xo2HLoPIc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMixGPQiwfBCGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FiNuDgsd7VVTVCxLBtXHdDye3tLyyupZfL2xsbm3vFHf3GjpOFWV1GotYtQLUTHDJ6oYbwVqJYhgFgjWD4cXEb94zpXksb80oYX6EfclDTtFY6S7rUBTkety96hZLXtmdgri/yJdVgjlq3eJ7pxfTNGLSUIFatz03MX6GynAq2LjQSTVLkA6xz9qWSoyY9rPpxWNyZJUeCWNlSxoyVRcnMoy0HkWB7YzQDPRPbyL+5bVTE575GZdJapiks0VhKoiJyeR90uOKUSNGliBV3N5K6AAVUmNDKiyG8D9pnJQ9t+zdnJaq5/M48nAAh3AMHlSgCpdQgzpQkPAAT/DsaOfReXFeZ605Zz6zD9/gvH0CCxaQfQ==</latexit>

T = 1/β

⟨𝒪H(τ1) 𝒪L(τ3)𝒪L(τ4) 𝒪H(τ2)⟩
⟨𝒪H(τ1)𝒪H(τ2)⟩

=
π Teff

sin (πTeff |τ34 |)

2hL

f(τ)

τ1 < τ3, τ4 < τ2



Hill’s Eq. & Monodromy
• The solution for       can be found by solving the 

Hill’s equation:  
 
 
 

• We do the computation with a finite background 
temperature, 
impose trivial monodromy around the thermal 
circle

!21

p′�′�(τ) +
1
2

T(τ) p(τ) = 0

where, T(τ) = − g2 ∑
i

[κ1,iδ(τ − τ2i−1) + κ1,iδ(τ − τ2i)

−κ2,i(sgn(τ − τ2i−1) − sgn(τ − τ2i))] + g2κ3
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T = 1/β

⟨𝒪H(τ1) 𝒪L(τ3)𝒪L(τ4) 𝒪H(τ2)⟩
⟨𝒪H(τ1)𝒪H(τ2)⟩

=
π Teff

sin (πTeff |τ34 |)

2hL

f(τ)

τ1 < τ3, τ4 < τ2
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⟨𝒪H(τ1) 𝒪L(τ3)𝒪L(τ4) 𝒪H(τ2)⟩
⟨𝒪H(τ1)𝒪H(τ2)⟩

=
π Teff

sinh (πTeff |τ34 |)

2hL

τ1 < τ3, τ4 < τ2

[LMTV ’18; Altland, Bagrets, Kamanev ’16]
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Schwarzian    Liouville
• Schwarzian theory is closely related to 1-D 

Liouville theory, 
as well as to dimensional reduction of 2-D Liouville 
theory

• There is another class of states in the Liouville 
theory with energy E, 
 

These states thermalize with

!24

[Lam, Mertens, Turiaci, Verlinde ’18]

[Altland, Bagrets, Kamanev ’16]

Eigenfunctions of Liouville QM ⇄ FZZ boundary states in 2D Liouville

T̃eff =
2g2E

2π
[Lam, Mertens, Turiaci, Verlinde ’18]
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Γ(2E − d)Γ(2E + d) ]
E → ∞ fk(E) δm,n + e−E ln 2 R(E, d)
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m + n

2
, d = n − m

m, n → ∞ ≫ k ∼ 𝒪(1)

[Jevicki, Suzuki, Yoon ’16; Gross, Rosenhaus ’17]

conformal sector of SYK satisfies ETH

[PN, Sonner, Vielma ’19]
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BH 
geometry?

Can the ETH in conformal sector be understood as a correction?



Summary
• We showed that Eigenstate thermalization can be studied analytically in SYK model 
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THANK YOU!


