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An anti-de-Sitter Black Hole in Kruskal coordinates




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

CFTy, CFTg

Two observations:

|.  The resulting observables are finite temperature observables with 1" = Ty

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



) van Raamsdonk
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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Spacetime from entanglement

van Raamsdonk

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



This idea can be tested by computing CF T | CFTr cross correlation functions

IEST >=  f(Ep)|ny!|ny!

Fidkowski, Hubeny, Kleban, Shenker;
Festuccia, Liu;
Romero-Bermudez, Sabella-Garnier, Schalm;



Consider in more generality the CFT_ ! CFTgr

IEST >=  f(Ep)|ny!|ny!

The coupled system with CF T | CF TR should contain a Thermofield double state

in the double-copy system.
Gao, Jefferis, Wall;
Maldacenca Qi;

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

Cottrell, Freivogel, Hofman, Lokhande

ITFD! is the groundstate of the combined syster

S=S + Sg + ck(O‘E ! OLFE)2
k
with OK a generating set of all operator:



How to build a Thermofield double state.

Cottrell, Freivogel, Hofman, Lokhande

ITFD! is the groundstate of the combined syster

S=S + Sg + ck(O‘E ! OLFE)2
k
with OK a generating set of all operator:

How to build an (almost) Thermofield double state. Maldacenca Qi

The groundstate of the combined system
S=5 +Sg+!10,.0Rr +c.c.

with O the lowest dimension operator, Is approx.|TFD!



How to build a Thermofield double state.
S=5 + S +10,0gr +c.C.

... also describes traversable wormholes in the holographic dual

Gao, Jefferis, Wall;
Maldacenca Q;j;

holographist



How to build a Thermofield double state.
S=5 + S +10,0gr +c.C.

... also describes traversable wormholes in the holographic dual

Gao, Jefferis, Wall;
Maldacenca Q;j;

holographist

S=5 +SR+!10.0Rr tc.c.

... also describes standard tunneling interaction between two
contacts in quantum electronics

condensed matter
physicist



How to build a Thermofield double state. Maldacena Qi

S=5 +SR+!10_.0Rr t+c.c.

If this is a relevant deformation, then at high T two decoupled thermal states
CFT, CFTg
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How to build a Thermofield double state. Maldacena Qi
S=5 +Sg+10,0Rr +c.cC.

If this is a relevant deformation, then at high T two decoupled thermal states

CFT;, CFTR
1 ! [
— ' T(H{+H "
logH = 77 e ' (HirHa)n, nyl"ey, @y .
' nyno WM \\\§WIW
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But at low T, the system should be in its |TF D! groundstate
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® What is the signature of a wormhole, i.e. of being in the TFD state?
Maldacena Qi
BH-WH is 1st order Hawking page transition: no order paramete



® What is the signature of a wormhole, i.e. of being in the TFD state?
Maldacena Qi
BH-WH is 1st order Hawking page transition: no order paramete

® Wormhole emerges from CFT at finite T:

H =H_+ Hg+!05OF

If CFT = AdS2 (dual to SYK) : unique characteristic:
A
En = Egap(1 + |_) + O(!)

1
| 2172

Harmonic oscillator-like spectrum _ _
implies revivals in linear response. signal traversing the wormhole



® AdS-CFT: Can model black hole physics with conventional quantum
systems.

= We will use two coupled SYK models:

Sachdev-Ye-Kitaev model N complex/real fermions with g = 2 p-point interactions
H = Ji,i, . oi1j2.pGi, G, - 'Ciplech Gy
with random disorder averaged interaction:

2
R N — (p!) J2r. 1. .,
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Plugge, Lantagne-Hurturbise, Franz

Sahoo, Plugge, Lantagne-Hurturbise, Franz

) ) Maldacena, Milenkin
Tunneling coupling two thermal SYK quantum dots

relevant deformation




Plugge, Lantagne-Hurturbise, Franz

Sahoo, Plugge, Lantagne-Hurturbise, Franz

) ) Maldacena, Milenkin
® Tunneling coupling two thermal SYK quantum dots

relevant deformation

For N I'"
Solve Schwinger-Dyson Eqn:

after disorder averaging

1
#iln#p# ! (i)
L (") = #JI°G(")G#")

G(iln) =




Plugge, Lantagne-Hurturbise, Franz
Sahoo, Plugge, Lantagne-Hurturbise, Franz
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FIG. 1. Spectral features of the MQ model obtained from numerical solution of the SD equations (4) in real time and at
temperatures T < p below the Hawking-Page transition [21] (T'=2-10"" for x> 0.01, T = 5-10"° for u < 0.01). (a) inset:
spectral function for SYK (po, = 0) and wormhole (prr, p = 0.004). Main panel: relative spectral weight dp(w) = prr/po.
Red dots indicate positions of the dominant peaks analyzed in (b,c). (b) peak frequencies w,, > 0, extracted from peak positions
of dp(w) in (a). For p — 0 and w,, < J we see a clear approach to the conformal tower w,, = Fgap(4n + 1) [21]. The dashed
lines are a simple fit Y;, (i), see text. (c) spectral gap Egap = wo, and offset py and slope p; of linear fits w,, ~ po + pin.

Hint = U(Ci!i+!ici)

SYKmajorana 5 '1 =



Plugge, Lantagne-Hurturbise, Franz

perturbations OreviveO instead of dissipa Sahoo, Plugge, Lantagne-Hurturbise, Franz
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FIG. 2. Revival dynamics in transmission amplitudes T, Lr
[Eq. (6)] at temperature T' < u; Tsyk = Trr(pn = 0) refers to
an uncoupled SYK model. We show data for various u, with
time axes rescaled by wye = p1/27, cf. Fig. 1. Vertical lines
indicate times tie,n = (2n + 1)7/wye for which an excitation
X%|Wo) is expected to re-assemble on the left side.



Plugge, Lantagne-Hurturbise, Franz

. Sahoo, Plugge, Lantagne-Hurturbise, Franz
® The importance of large N 5 .
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FIG. 3. Spectral properties of the MQ model from exact
diagonalization for 2N = 16 Majorana fermions. (a) spectral
function pr; for two distinct disorder realizations, showing
doublets of states split by wp. (b) Auto-correlation Fpr(w)
for various u, each averaged over 50 disorder realizations.



Can we build a “wormhole” in experiment?



Holographic strange metals and the AdS2 physics family

CFT (holography) ZCFT — eXp( iSAdS )

Holographic
Holographic Landau Fermi liquid
Superconductor
Universal Holographic
Macroscopic physics Strange Metals

(Near horizon gravitational
SYK-AdS2 physics of charged black holes)



! J?2

Detailed™ = Ji 'ititkt N "= 3
Atomic physics" | .
PYSIER achdev-Ye-Kitaev CFT tholography) ZcrT = €Xp(ISads )
Models
| Holographic
Holographic Landau Fermi liquid
Superconductor
\4 _ :
Universal Holographic
Macroscopic physics Strange Metals:

SYK-AdS2-Metal



The strange metal in high Tc cuprates

Temperature T (K)
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2022-2024 (Partial) Breakthrough

Search...

d I‘(lv > cond-mat > arXiv:2205.04030

Condensed Matter > Strongly Correlated Electrons

[Submitted on 9 May 2022 (v1), last revised 26 May 2023 (this version, v2)]
Reconciling scaling of the optical conductivity of cuprate superconductors with Planckian resistivity and

specific heat L Linear'in'T I’eSiStiVity

B. Michon, C. Berthod, C. W. Rischau, A. Ataei, L. Chen, S. Komiya, S. Ono, L. Taillefer, D. van der Marel, A. Georges

Search...

a I‘ \/ > cond-mat > arXiv:2203.04990 ° Tlog(T) SPeC|ﬁC heat

Condensed Matter > Strongly Correlated Electrons

[Submitted on 9 Mar 2022 (v1), last revised 6 Jul 2023 (this version, v7)]

Universal theory of strange metals from spatially random interactions °

, = me Power-Law optical
Aavishkar A. Patel, Haoyu Guo, llya Esterlis, Subir Sachdev
conductivity

= | I' 1V > cond-mat > arXiv:2406.07608

Condensed Matter > Strongly Correlated Electrons

[Submitted on 11 Jun 2024 (v1), last revised 1 Aug 2024 (this version, v3)]

Strange metal and superconductor in the two-dimensional Yukawa-Sachdev-Ye-Kitaev model

Chenyuan Li, Davide Valentinis, Aavishkar A. Patel, Haoyu Guo, Jorg Schmalian, Subir Sachdev, llya Esterlis
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Why are non-Fermi liquids hard?

Temperature T (K)

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

® The SYK-AJS is a non-trivial IR Quantum Critical Point

® Non-trivial IR fixed points are notoriously unstable

® |[n CMT the predominant instability is superconductivity

(spontaneous breaking of U(1))
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We have a candidate AdS2 system to build a wormhole:

high T cuprate strange metal:

But do they in fact support such a state!



We have a candidate AdS2 system to build a wormhole:

high T cuprate strange metal:

But do they in fact support such a state!

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.

m SC is characterized by a gap
= WH is characterized by a gap

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



Esterlis, Schmalian

® Yukawa-SYK model (0D disordered electron-phonon model)
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A(w)

1

A(l)=1 ZImGR()

BCS-superconductivity
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Shankar, Plugge, Steenbergen, Schalm

® Tunneling coupling two thermal Yukawa-SYK quantum dots

H int

Hie = 1(G"i + " G)

Tsvyk




® Numerical solution of Schwinger-Dyson equations
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Shankar, Plugge, Steenbergen, Schalm

metallic YSYK
(no TRY)
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FIG. 2. TFD/wormhole state signatures in two tunnel-coupled metallic YSYK models with  g/! > = 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
1

GreenOs function shows the the expected * * 1 scaling with 1/ (2! 2! ) = 0.86. The inset shows the exponential behavior
of the GreenOs functions and the purple dashed lines indicate the region where the bt was performedC: As " decreases, the
position of the leading and subleading peaks approach the analytical prediction En/E gap = (1 + !in) indicated by the dotted

lines. D: Revival oscillations of the transmission amplitude T (t) = §|G!>.. (t)], with iIGy (*)="![1! ne()IIMGr (1). Tq
and Toq are perfectly out of phase. The characteristic frequency is ! .« = 5%, where p; 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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Does the “wormhole” survive (is it detectable) in
the superconducting groundstate!



metallic YSYK
(no TRYS)
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Shankar, Plugge, Steenbergen, Schalm

superconducting YSYK
(TRS)



Shankar, Plugge, Steenbergen, Schalm

metallic YSYK superconducting YSYK
(no TRY) (TRS)
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BCS-superconductivity
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— | SCWH solution: different phases across temperature (J = 0)
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Signatures of a TFD/wormhole in the YSYK superconducting groundstate

In a small window near ! . does the new peak behave like the 1st excited WH pe:
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Signatures of a TFD/wormhole in the YSYK superconducting groundstate

PGp on a logscale for SCWH with g = 0.5, and A =0.05,/ =0, 8 =96:

102
—— single sided SC
—— scwh
—— metallic wormhole
101 p
100 i
10—1 p
1072 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Including a boson tunneling interaction: L = d! ...+ J

-3GH(w)

pcp for SCWH with g = 0.5, and A =/ =0.05, 8 = 146:
First WH peak is very hard to see, but second and third are visible

—— single sided SC
——— scwh

—— metallic wormhole
—-—=- difference

nan
L aR



Signatures of a TFD/wormhole in the YSYK superconducting groundstate

=0)

RF(w

Including a boson tunneling interaction: L = d! ...+ J"2"

(b) Away from A.. SCWH = SingleSC + MWH
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® The SC-wormhole crosses over to the 2BH-SC state

superconducting YSYK
(TRS)
1 0.8 ___FHee ,IIEnergy o.ooE o
3 | 0.25
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Free energy Is continuous between 2BH-SC and SC-W



® Hybrid combination of superconductor/wormhole state exists

CFT;, CFTg
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® Hybrid combination of superconductor/wormhole state exists

Superconductol Superconducto

Tunneling barrier



Hybrid combination of superconductor/wormhole state exists

Josephson junctior

Superconductol Superconducto

Tunneling barrier

V (nV/VHz)
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Lucignano 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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Conclusions and Outlook

® Despite instability towards superconductivity, detectable signatures of a

quantum critical wormhole survive in two coupled Yukawa-SYK
quantum dots.

Semi-local quantum liquid/intermediate scale Pxed point/ AdS, holographic superconducto

® 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.



Including J:A = 0.075
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