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An anti-de-Sitter Black Hole in Kruskal coordinates



Witten, Son, HerzogAn anti-de-Sitter Black Hole in Kruskal coordinates and holography

CFTRCFTL

Two observations: 

1. The resulting observables are finite temperature observables with 

2. These are computed as probabilities on the doubled time contour 
(Schwinger-Keldysh, in-in formalism) 

T = TBH
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Figure 4: Gravity interpretations for the thermofield double state in a quantum system
defined by a pair of noninteracting CFTs on Sd times time. A particular quantum
superposition of disconnected spacetimes gives a connected spacetime.

3.3 The Ryu-Takayanagi formula

In the context of AdS/CFT, the Bekenstein formula provides a geometrical interpreta-
tion for the total entropy of a CFT in a high-energy thermal state, identifying it with
the area of the horizon of the black hole in the dual spacetime. The formula proposed
by Ryu and Takayanagi [15] (and generalized to a covariant version by Hubeny, Ranga-
mani, and Takayanagi [16]) suggests an interpretation for the entropy of any spatial
subsystem of the CFT, for any CFT state associated with some classical spacetime.

To state the proposal, consider a holographic CFT defined on a spacetime geometry
B. We suppose that the CFT is in a state |Ψ⟩ associated with a classical dual geometry
MΨ. We now consider an arbitrary spatial subsystem A of the CFT, defined by first
choosing a spatial slice ΣB of B and then choosing a subset A ⊂ ΣB of this slice.
The spatial region A can be connected or a union of disconnected regions. Since the
boundary geometry ∂MΨ of MΨ is the same as B, we can define regions on ∂MΨ

corresponding to ΣB, A, and Ā ⊂ ΣB (and we will use the same letters to refer to
these).

Now, let SA be the entropy of the subsystem A i.e. the entanglement entropy
measuring the entanglement of fields in A with the the rest of the system. The covariant
version of the Ryu-Takayanagi proposal states that this entropy equals the area of a
certain codimension-2 surface Ã in MΨ (i.e. d − 1-dimensional for a geometry that is
asymptotically AdSd+1)

S(A) =
1

4GN
Area(Ã) . (24)

The surface Ã is defined by the following conditions:

• The surface Ã has the same boundary as A.

• The surface Ã is homologous to A. This means that A and Ã together form the
boundary of some d-dimensional spacelike surface in MΨ. This condition together
with the previous condition are equivalent to saying that the surface Ã divides
some bulk spatial slice ending on ΣB into two parts, such that ΣB splits into A
and Ã.
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Spacetime from entanglement

A thermal (mixed) state can also be viewed as a pure state in a 
“thermofield double” of the theory.
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some bulk spatial slice ending on ΣB into two parts, such that ΣB splits into A
and Ã.
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A thermal (mixed) state can also be viewed as a pure state in a 
“thermofield double” of the theory.
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Doubled geometry contains a wormhole:

(Einstein-Rosen bridge)

Maldacena, Susskind
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The function  (E) gives us control over the entanglement between the two copies of the CFT. In
particular  (E) = e��E/2 corresponds to the usual Boltzman distribution that leads to the TFD
state, and  (E) = �E,0 corresponds to two decoupled CFTs in the ground state.

Our ability to compute Wightman functions in arbitrary entangled doubled-CFTs gives us
a unique probe to study the spacetime behind the horizon, and its emergence/dissolution due to
(dis)entanglement. In the thermally entangled TFD state the (logarithm of the) thermo-field double
Wightman function for large� computes the length of geodesics between the two sides of the Kruskal
extended BTZ black hole. For small deviations from the thermal state, a geodesic interpretation
should still hold, but clearly for large deviations any geometrical notion should break down. This
is clear both from the gedankenexperiment by Van Raamsdonk [3] quoted in the introduction
and the simple observation that at T = 0 the two copies of the CFT should be disentangled and
hence disconnected — no geodesic exists. According to the AdS/CFT correspondence, the quantum
extension of this family of geodesics is precisely given by the Wightman function above for arbitrary
entanglement, i.e. for arbitrary double-sided quantum geometries. Choosing di↵erent entanglement
functions  (Ea) thus allows us to study the disentanglement of the spacetime behind the horizon,
see Fig.3. Note that the Feynman two-point function for large � is dual to geodesics ending on the
same boundary. These should be smooth, no matter the function  (Ea), as is clear from taking
 (Ea) = �Ea,0.

Figure 3: Sketch of a Penrose diagram with dashed lines indicating the symmetric space-like
geodesics for t = 0 and t 6= 0. The diagram on the left is for the BTZ black hole, the one on the
right for the state we are investigating.

We will choose here a rather drastic function  (E) = e��E/2⇥(⇤ � E) that interpolates dis-
continuously between the entangled thermofield double state and un-entangled vacuum beyond the
cuto↵ ⇤. Thus we consider the family of doubled states
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By construction these states have less entanglement between the two sides than the thermofield
double at inverse temperature �. To make this precise, we can compute the entanglement entropy
between the two sides. It is given by

S = �hEi⇤ , hEi⇤ = �
d

d�
logZ⇤ =

1

Z⇤

Z ⇤

0
dE⇢(E)Ee��E . (4.5)

Comparing to the entropy of the thermal state (the BTZ black hole) this gives
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This idea can be tested by computing                            cross correlation functions CFTL ⇥ CFTR

|EST >=
X

f(En)|n1i|n2i

Fidkowski, Hubeny, Kleban, Shenker;
Festuccia, Liu;

Romero-Bermudez, Sabella-Garnier, Schalm;
…
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The coupled system with                             should contain a Thermofield double state    
in the double-copy system. 

CFTL ⇥ CFTR
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How to build a Thermofield double state.
Cottrell, Freivogel, Hofman, Lokhande

<latexit sha1_base64="563sJ4Awe/Ufjj2jygMaY99CahQ="></latexit>

S = SL + SR +
X

k

ck(O
k
L �O

k
R)

2

<latexit sha1_base64="BPIrKvj138+v5vgvOuzmd9AhUz0="></latexit>

|TFDi is the groundstate of the combined system
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with O
k a generating set of all operators.
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The groundstate of the combined system

S = SL + SR + �OLOR + c.c.

with O the lowest dimension operator, is approx. |TFDi
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     contacts in quantum electronics
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Maldacena QiHow to build a Thermofield double state.
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S = SL + SR + �OLOR + c.c.

If this is a relevant deformation, then at high      two decoupled thermal states
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• What is the signature of a wormhole, i.e. of being in the TFD state? 
 Maldacena Qi
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BH-WH is 1st order Hawking page transition: no order parameter



• What is the signature of a wormhole, i.e. of being in the TFD state? 
 
 

• Wormhole emerges from CFT at finite T: 
 
 
 
If CFT = AdS2 (dual to SYK) : unique characteristic: 
 
 
 
 
 
 
Harmonic oscillator-like spectrum  
implies revivals in linear response.  

Maldacena Qi
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• AdS-CFT: Can model black hole physics with conventional quantum 
systems.

We will use two coupled SYK models:

H = Ji1i2...ipj1j2...jpc
†
i1
c
†
i2
. . . c

†
ip
cj1cj2 . . . cjp

hJi1i2...ipj1j2...jpJi01i02...i0pj01j02...j0pi =
(p!)2

N2p�1
J2�i1i01 . . . �j1j01

with random disorder averaged interactions

Sachdev-Ye-Kitaev model: N complex/real fermions with q = 2p-point interactions



• Tunneling coupling two thermal SYK quantum dots

Plugge, Lantagne-Hurturbise, Franz 
Sahoo, Plugge, Lantagne-Hurturbise, Franz 

Maldacena, Milenkin 

Hint
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Plugge, Lantagne-Hurturbise, Franz 
Sahoo, Plugge, Lantagne-Hurturbise, Franz 
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Plugge, Lantagne-Hurturbise, Franz 
Sahoo, Plugge, Lantagne-Hurturbise, Franz 
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• The importance of large 
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Can we build a “wormhole” in experiment?



CFT (holography)

Holographic 
Superconductor

Holographic 
Strange Metals 

 
(Near horizon gravitational 

SYK-AdS2 physics of charged black holes)

Holographic 
Landau Fermi liquid

Universal 
Macroscopic physics

ZCFT = exp(iSAdS)

Holographic strange metals and the AdS2 physics family



CFT (holography)

Holographic 
Superconductor

Holographic 
Strange Metals: 

SYK-AdS2-Metal

Holographic 
Landau Fermi liquid

Universal 
Macroscopic physics

ZCFT = exp(iSAdS)Sachdev-Ye-Kitaev 
Models

Detailed 
Atomic physics
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The strange metal in high Tc cuprates

Keimer et al, 
Nature 518 (2015) 179



2022-2024 (Partial) Breakthrough

Scaling in AC conductivity

Van Der Marel et al.

Holographic conductivity, Elias Kiritsis

5-

• Linear-in-T resistivity 

• Tlog(T) specific heat 

• Power-Law optical
conductivity

…



• The strangeness of the strange metal arises from the fact that

• The SYK-AdS is a non-trivial IR Quantum Critical Point

• Non-trivial IR fixed points are notoriously unstable

• In CMT the predominant instability is superconductivity 
(spontaneous breaking of         )

g

T

gc

0

InsulatorSuperfluid

Quantum
critical

TKT

Monday, December 21, 2009

Why are non-Fermi liquids hard?

Sachdev
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We have a candidate AdS2 system to build a wormhole:

But do they in fact support such a state?  
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high Tc cuprate strange metals



• The TFD of a CFT dual to AdS is dual to (macroscopic) wormhole state 
should be a more general story. 

• But the groundstate is not an AdS2 quantum spin liquid, but a 
superconductor. 
 
What happens to the TFD/Wormhole state in that case?  
Diagnosis: difficult. 

SC is characterized by a gap

WH is characterized by a gap

Do the characteristic revivals (supported by AdS2 perturbation 
theory) survive? 

We have a candidate AdS2 system to build a wormhole:

But do they in fact support such a state?  
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high Tc cuprate strange metals



• Yukawa-SYK model (0D disordered electron-phonon model)
1 Two-sided YSYK, Aug’24

1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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FIG. 2. The phase diagram of a single Yukawa-SYK model with couplings drawn from the GOE

from [20]. FF is a free-fermion phase; BH is the finite temperature version of the quantum critical

N-AdS2 SYK groundstate dual to a black hole. SC is the superconducting state which has a

crossover from BCS-like SC to BEC-like SC as g/!3/2

0
increases. At high temperatures for large

g the model is controlled by an impurity fixed point. The dashed line denotes the value of the

disorder-averaged coupling g/!3/2

0
= 0.5 we use in this in article such that the normal phase right

above the superconducting transition is the quantum critical/BH phase.
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Other tunneling couplings such as boson-boson tunneling S =
´

d⌧J�(1)

k �(2)

k or correlated

two-fermion tunneling S =
´

d⌧gijkglmkc†(1)

i� (⌧)c(2)

j� (⌧)c†(1)

k�0 c
(2)

l�0 + c.c. are possible. By dimen-

sional analysis, such terms are less relevant in the IR. As a similar study for complex SYK

models has shown [15], there is still a transition to a TFD/wormhole state, but is weaker,

at lower temperature and harder to detect. Moreover, such boson-boson and correlated
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For ↵ < 1 : groundstate is superconducting

Esterlis, Schmalian 

<latexit sha1_base64="o1cWsc6heCpgY04pSa4q84JoJQE="></latexit>

G = h † i
F = h  i
D = h��i

<latexit sha1_base64="2iWGuXTsT3qBIJaB1pj0qJ+/B0k=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1ZAZax8LoagLlxVsLbSlZNJMG5rJDElGKEPBjb/ixoUibv0Jd/6N6UNQ0QMXDufcy733+DFnSiP0YWUWFpeWV7KrubX1jc0te3unoaJEElonEY9k08eKciZoXTPNaTOWFIc+pzf+8Hzi39xSqVgkrvUopp0Q9wULGMHaSF17r31BucbdtB0rNoanEDkFDx2XHMfp2nnkIINiEU6IW0auIZVK2fMq0J1aCOXBHLWu/d7uRSQJqdCEY6VaLop1J8VSM8LpONdOFI0xGeI+bRkqcEhVJ53+MIaHRunBIJKmhIZT9ftEikOlRqFvOkOsB+q3NxH/8lqJDsqdlIk40VSQ2aIg4VBHcBII7DFJieYjQzCRzNwKyQBLTLSJLWdC+PoU/k8anuMWnZOrQr56No8jC/bBATgCLiiBKrgENVAHBNyBB/AEnq1769F6sV5nrRlrPrMLfsB6+wSvkJWg</latexit>

� = 0.42037...



<latexit sha1_base64="jLRisPgG8IIuoTSviMX9Jt+xEu4=">AAACBXicdVA9SwNBEN2LXzF+RS21WAyCjeEuaEy6kDSWikaFJIS9zcQs7u0du3NiONLY+FdsLBSx9T/Y+W/cixFU9MHA470ZZub5kRQGXffdyUxNz8zOZedzC4tLyyv51bUzE8aaQ5OHMtQXPjMghYImCpRwEWlggS/h3L9qpP75NWgjQnWKwwg6AbtUoi84Qyt185tthBtM6o2TXRNHoHmoejFHcS1wOOrmC27RtSiXaUq8iutZUq1WSqUq9caW6xbIBEfd/Fu7F/I4AIVcMmNanhthJ2EaBZcwyrVjAxHjV+wSWpYqFoDpJOMvRnTbKj3aD7UthXSsfp9IWGDMMPBtZ8BwYH57qfiX14qxX+kkQkUxguKfi/qxpBjSNBLaExo4yqEljGthb6V8wDTjaIPL2RC+PqX/k7NS0SsX94/3CrX6JI4s2SBbZId45IDUyCE5Ik3CyS25J4/kyblzHpxn5+WzNeNMZtbJDzivH9o0mXw=</latexit>

BCS-superconductivity
<latexit sha1_base64="Nb+j1AMtgOkJQyzvXsxO2K74SB8=">AAACBXicdVA9SwNBEN2LXzF+nVpqsRgEG8Nd0Jh0IUGwVDAqJCHsbSZmcW/v2J0Tw5HGxr9iY6GIrf/Bzn/jJkZQ0QcDj/dmmJkXxFIY9Lx3JzM1PTM7l53PLSwuLa+4q2tnJko0hwaPZKQvAmZACgUNFCjhItbAwkDCeXBVH/nn16CNiNQpDmJoh+xSiZ7gDK3UcTdbCDeY1g7ruyaJQfNIdROO4lrgYNhx817BsyiV6Ij4Zc+3pFIpF4sV6o8tz8uTCY477lurG/EkBIVcMmOavhdjO2UaBZcwzLUSAzHjV+wSmpYqFoJpp+MvhnTbKl3ai7QthXSsfp9IWWjMIAxsZ8iwb357I/Evr5lgr9xOhYoTBMU/F/USSTGio0hoV2jgKAeWMK6FvZXyPtOMow0uZ0P4+pT+T86KBb9U2D/Zy1drkziyZINskR3ikwNSJUfkmDQIJ7fknjySJ+fOeXCenZfP1owzmVknP+C8fgDD9Jlu</latexit>

BEC-superconductivity

<latexit sha1_base64="zewplxHOTlezP6k8E+Yjn+54ccw=">AAACC3icdVA9SwNBEN3z2/gVtbRZDIJVuAsaky5oY6mQRCEJYW8zSRb3do/dOTUcsbbxr9hYKGLrH7Dz37iJEVT0wcDjvRlm5oWxFBZ9/92bmp6ZnZtfWMwsLa+srmXXN+pWJ4ZDjWupzXnILEihoIYCJZzHBlgUSjgLL45G/tklGCu0quIghlbEekp0BWfopHZ2u4lwjWmPxVTHoCxlqkO51BYsvRLYH95U29mcn/cdikU6IkHJDxwpl0uFQpkGY8v3c2SCk3b2rdnRPIlAIZfM2kbgx9hKmUHBJQwzzcRCzPgF60HDUcUisK10/MuQ7jilQ7vauFJIx+r3iZRF1g6i0HVGDPv2tzcS//IaCXZLrVSoOEFQ/HNRN5EUNR0FQzvCAEc5cIRxI9ytlPeZYRxdfBkXwten9H9SL+SDYn7/dC9XOZzEsUC2yDbZJQE5IBVyTE5IjXByS+7JI3ny7rwH79l7+Wyd8iYzm+QHvNcPu7abhg==</latexit>

gap opens and closes with T
<latexit sha1_base64="jNgF6SmNop1jBLhAcJYvGNXh2qo=">AAACDHicdVC7SgNBFJ31GeMramkzGASrsBs0Jl3QxjJCEoUkyOzkbjI4O7vM3FXDEnsbf8XGQhFbP8DOv3HyEFT0wMDhnHO5c48fS2HQdT+cmdm5+YXFzFJ2eWV1bT23sdk0UaI5NHgkI33uMwNSKGigQAnnsQYW+hLO/MvjkX92BdqISNVxEEMnZD0lAsEZWukil28j3GDaYzENhJSGMtWlEMYowNBrgf3hbd2m3IJrUSrREfHKrmdJpVIuFivUG1uumydT1C5y7+1uxJMQFHLJjGl5boydlGkUXMIw204MxIxfsh60LFUsBNNJx8cM6a5VujSItH0K6Vj9PpGy0JhB6NtkyLBvfnsj8S+vlWBQ7qRCxQmC4pNFQSIpRnTUDO0KDRzlwBLGtbB/pbzPNONo+8vaEr4upf+TZrHglQoHp/v56tG0jgzZJjtkj3jkkFTJCamRBuHkjjyQJ/Ls3DuPzovzOonOONOZLfIDztsng6Sb8w==</latexit>

gap fills and empties with T

<latexit sha1_base64="Dnm5KFbznIBPDWB3eAhD0EaDotM="></latexit>

A(!) = � 1

⇡
ImGR(!)

Esterlis, Schmalian 



• Tunneling coupling two thermal Yukawa-SYK quantum dots

Shankar, Plugge, Steenbergen, Schalm 
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1 Two-sided YSYK, Aug’24

1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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• Numerical solution of Schwinger-Dyson equations
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FIG. 2. TFD/wormhole state signatures in two tunnel-coupled metallic YSYK models with g/!3/2

0
= 0.5. A: The density of

states exhibits the regular linear spacing characteristic of the TFD/wormhole. B: The gap in both the fermionic and bosonic

Green’s function shows the the expected �
1

2�2�f scaling with 1/(2 � 2�f ) = 0.86. The inset shows the exponential behavior
of the Green’s functions and the purple dashed lines indicate the region where the fit was performed. C: As � decreases, the
position of the leading and subleading peaks approach the analytical prediction En/Egap = (1 + 1

�
n) indicated by the dotted

lines. D: Revival oscillations of the transmission amplitude T↵�(t) = 2

⇡
|G>

↵�
(t)|, with iG>

↵�
(!) = �[1 � nF (!)]ImG↵�(!). Td

and Tod are perfectly out of phase. The characteristic frequency is !re = p1
2⇡

, where p1 is the average spacing between the peaks
in the spectral function. In the gravitational description, this represents a particle traversing/reemerging from the wormhole.
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FIG. 3. The free energy of two coupled metallic YSYKs with
� = 0.05, g/!3/2

0
= 0.5 shows a first order transition at low T

from a 2BH to a WH configuration. (Right) The first order
nature also shows up as a hysteresis between the solutions ob-
tained from annealing from high to low temperature (FH�L),
and low to high temperature (FL�H).

model are found to have exactly the same value as they
did in the uncoupled model. Tc therefore varies with � as
in Fig.1 (numerically verified in Fig.7 in Supp.Mat.); this
decrease of Tc can also be understood due to the breaking
of time-reversal invariance by the tunneling interaction.

For temperatures immediately below Tc, the supercon-
ducting state — labeled 2BH-SC — is nearly identical
to two copies of the superconductor [26] with macro-
scopically neglible cross-tunneling corrections between
the two subsystems. The diagonal Green’s functions are
numerically identical to the uncoupled superconducting
model at the same temperature, characterized by a sharp
bosonic mode at frequency !SC

r
and a fermionic spec-

tral function with a superconducting gap � along with
higher-order resonances [23].
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FIG. 4. (Left) Diagonal fermionic spectral function in the
superconducting YSYK model without tunneling (dashed)
and with weak tunneling � = 0.05 (solid) at low temperature,
well below TTFD. Compared to the contactless supercon-
ductor, the tunneling contacted superconductor shows extra
resonances. (Right) The additional resonances can be iden-
tified with the metallic TFD/wormhole state (dashed, green)
by tuning towards �c. The superconducting resonance splits
into two peaks that disappear in the metallic state and a peak
that is a higher wormhole resonance.

Below the TFD/wormhole transition temperature (as
defined for the corresponding non-superconducting sys-
tem), the superconducting gap persists, but new reso-
nances associated with the TFD/wormhole state arise.
In the bosonic spectrum !SC

r
splits in two distinct modes,

one of which can be identified with Eboson

gap
related to the

TFD/wormhole state. In the fermionic spectral function,
this is reflected by new peaks and a splitting of the first
superconducting resonance peak: Fig. 4. Tuning � to

Shankar, Plugge, Steenbergen, Schalm 
metallic YSYK  

(no TRS)
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1 Two-sided YSYK, Aug’24

1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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Does the “wormhole” survive (is it detectable) in
the superconducting groundstate?
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1 Two-sided YSYK, Aug’24

1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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1 Two-sided YSYK, Aug’24

1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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Signatures of a TFD/wormhole in the YSYK superconducting groundstate
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FIG. 2. TFD/wormhole state signatures in two tunnel-coupled metallic YSYK models with g/!3/2

0
= 0.5. A: The density of

states exhibits the regular linear spacing characteristic of the TFD/wormhole. B: The gap in both the fermionic and bosonic

Green’s function shows the the expected �
1

2�2�f scaling with 1/(2 � 2�f ) = 0.86. The inset shows the exponential behavior
of the Green’s functions and the purple dashed lines indicate the region where the fit was performed. C: As � decreases, the
position of the leading and subleading peaks approach the analytical prediction En/Egap = (1 + 1

�
n) indicated by the dotted

lines. D: Revival oscillations of the transmission amplitude T↵�(t) = 2

⇡
|G>

↵�
(t)|, with iG>

↵�
(!) = �[1 � nF (!)]ImG↵�(!). Td

and Tod are perfectly out of phase. The characteristic frequency is !re = p1
2⇡

, where p1 is the average spacing between the peaks
in the spectral function. In the gravitational description, this represents a particle traversing/reemerging from the wormhole.
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FIG. 3. The free energy of two coupled metallic YSYKs with
� = 0.05, g/!3/2

0
= 0.5 shows a first order transition at low T

from a 2BH to a WH configuration. (Right) The first order
nature also shows up as a hysteresis between the solutions ob-
tained from annealing from high to low temperature (FH�L),
and low to high temperature (FL�H).

model are found to have exactly the same value as they
did in the uncoupled model. Tc therefore varies with � as
in Fig.1 (numerically verified in Fig.7 in Supp.Mat.); this
decrease of Tc can also be understood due to the breaking
of time-reversal invariance by the tunneling interaction.

For temperatures immediately below Tc, the supercon-
ducting state — labeled 2BH-SC — is nearly identical
to two copies of the superconductor [26] with macro-
scopically neglible cross-tunneling corrections between
the two subsystems. The diagonal Green’s functions are
numerically identical to the uncoupled superconducting
model at the same temperature, characterized by a sharp
bosonic mode at frequency !SC

r
and a fermionic spec-

tral function with a superconducting gap � along with
higher-order resonances [23].
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FIG. 4. (Left) Diagonal fermionic spectral function in the
superconducting YSYK model without tunneling (dashed)
and with weak tunneling � = 0.05 (solid) at low temperature,
well below TTFD. Compared to the contactless supercon-
ductor, the tunneling contacted superconductor shows extra
resonances. (Right) The additional resonances can be iden-
tified with the metallic TFD/wormhole state (dashed, green)
by tuning towards �c. The superconducting resonance splits
into two peaks that disappear in the metallic state and a peak
that is a higher wormhole resonance.

Below the TFD/wormhole transition temperature (as
defined for the corresponding non-superconducting sys-
tem), the superconducting gap persists, but new reso-
nances associated with the TFD/wormhole state arise.
In the bosonic spectrum !SC

r
splits in two distinct modes,

one of which can be identified with Eboson

gap
related to the

TFD/wormhole state. In the fermionic spectral function,
this is reflected by new peaks and a splitting of the first
superconducting resonance peak: Fig. 4. Tuning � to
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In a small window near �c does the new peak behave like the 1st excited WH peak
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• The SC-wormhole crosses over to the 2BH-SC state     .

1 Two-sided YSYK, Aug’24

1.1 Two sided YSYK phase diagrams at fixed SYK-coupling
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Fig. S7: Normal tunneling in a SIS junction. (a) I-V curve and (b) noise power of a SIS junction, 
sample C1, at 8 K and 0 T. Blue dots are experimental data and red dotted line is calculated from 
the Bardeen tunneling theory for normal tunneling. 

 

Fig. S8: Shot noise in a Josephson junction made of the high-Tc superconductor YBa2Cu3O7 
(YBCO) fabricated using a focused ion (He+) beam. The spectrum is dominated by 1/f noise and 
accurate shot noise cannot be calculated. Inset: schematic of the sample structure. 

 

Fig. S9: Reported shot noise and estimated transparency in previous work. Reference numbers are 
related to the references in the main text.  

  

Niu,…., Allan: arXiv:2306.02397Lucignano et al PRL 105 147001



• Josephson physics (Cooper pair tunneling = Andreev reflection) 
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• The AC Josephson effect can detect these resonances
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FIG. 5. A: Free energy of the coupled superconducting YSYK with � = 0.05, g/!3/2

0
= 0.5. We observe a second-

order transition to the strongly coupled superconducting state at Tc, and then at a lower T < Tc a cross-over — to our
numerical accuracy — from this 2BH-BC to a Josephson wormhole configuration. TWH denotes the temperature where the
metallic non-superconducting coupled YSYKs show the first order transition to the TFD/wormhole state. B: Andreev-revival
peaks characteristic of the TFD/wormhole state show up in the anomalous Green’s function in comparison to the contactless
superconductor (blue, dashed). C: This is detectable as a large increase in amplitude Im⇧R

F (!) in the cosine term of the AC
Josephson current (D) when the bias voltage is equal to a TFD/wormhole resonance.

its critical value �c where superconductivity is lost, the
peaks that persist in the non-superconducting state can
be identified as TFD/wormhole resonances. In a small
window � . �c, these peaks show similar �-dependence
as the metallic TFD/WH-state (Fig. 7B Supp.Mat.). In
this small region, the fermion spectral function can be
thought of as the sum of a superconducting response and
the higher order resonances of the TFD/wormhole state:

ImGd(!) ⇠ aSCImGd,SC(!) + aTFDImGd,TFD(!) + . . .

The free energy across the TFD/wormhole transition,
however, shows no discontinuity or hysteresis. In the
presence of superconductivity the first order transition
becomes a cross-over and the tunneling coupled super-
conducting YSYK system has a phase diagram as in the
RHS of Fig. 1. That the end-point of the critical line is
above Tc follows from the fact that Tc decreases with �.

These TFD/wormhole resonances are also detectable
in the anomalous Green’s function Fd(!): Fig 5B. Similar
to how the single fermion Green’s function is understood
as the probability amplitude of detecting an electron at
time t given an electron at time t0, the anomalous Green’s
function can be understood as the amplitude of detect-
ing a hole at time t given an electron at time t0. This
is the perspective how, in a Josephson set-up, one can
view Cooper pair tunneling as Andreev reflection of an
electron o↵ the tunneling barrier returning as a hole (at
the cost of a Cooper pair absorbed in the condensate).
By this viewpoint, the resonance peaks in the anomalous
Green’s function are Andreev-reflection revivals.

Such Andreev revivals show up in the AC Josephson
current:

IAC-J(t) = 2�2
⇥
Re⇧R

F
(V ) sin(2V t) + Im⇧R

F
(V ) cos(2V t)

⇤

with ⇧F (⌫n) = T
P

n
F̄ (!m)F (!m � ⌫n) [41, 42] the

retarded Cooper pair propagator in imaginary time,
!m = (2m + 1)⇡T and ⌫n = 2n⇡T fermionic and bosonic
Matsubara frequencies, and V the applied voltage bias.
Specifically, the coe�cient of cos(2V t) extracts the imag-
inary part of ⇧R

F
and this can be used not only to identify

the higher pairing bound state resonances [23], but also
the Andreev-revivals characteristic of the TFD wormhole
state. Since Josephson responses can be measured with
high sensitivity, the existence of a TFD Josephson state
holographically dual to wormhole shown here opens a
clear way to observe (quantum) gravitational e↵ects in
the laboratory.
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Andreev revival



Conclusions and Outlook

• Despite instability towards superconductivity, detectable signatures of a 
quantum critical wormhole survive in two coupled Yukawa-SYK 
quantum dots. 
 
 

• The extra wormhole resonances (Andreev revivals) are detectable in 
the AC-Josephson junction.

• This can be expected to survive in two coupled Yukawa-SYK 2D lattices 
(universal theory of a strange metal). 2D quantum critical systems are 
special. To be confirmed…

• Provides an outlook to realize a strange-metal Josephson experiment 
whose physics is holographically dual to a semi-macroscopic wormhole.

<latexit sha1_base64="Z99+hFVHuQoWcDsgwM54V39UuLE="></latexit>
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