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Understanding strongly interacting quantum matter and quantum gravity are both important open issues
in theoretical physics, and the holographic duality between quantum field theory and gravity theory nicely
brings these two topics together. Nevertheless, direct connections between gravity physics and experimental
observations in quantum matter are still rare. Here we utilize the gravity physics picture to understand quench
dynamics experimentally observed in a class of random spin models realized in several different quantum
systems, where the dynamics of magnetization are measured after the external polarization field is suddenly
turned off. Two universal features of the magnetization dynamics, namely, a slow decay described by a stretched
exponential function and an oscillatory behavior, are respectively found in different parameter regimes across
different systems. This paper addresses the issues of generic conditions under which these two universal features
can occur, and we find that a natural answer to this question emerges in the gravity picture. By the holographic
duality bridged by a model proposed by Maldacena and Qi, the quench dynamics after suddenly turning off the
external polarization field is mapped to disconnecting an eternal traversable wormhole. Our studies show that
insight from gravity physics can help unifying different experiments in quantum systems.

DOI: 10.1103/PhysRevResearch.3.L022024

I. INTRODUCTION

The holographic duality between quantum field theory at
boundary and gravity theory in bulk has shed new insights
in understanding both quantum matter and gravity [1–3].
For example, on the gravity side, the wormhole in local
Einstein gravity is not traversable, and recently mechanisms
that can render a wormhole traversable have been studied
by coupling quantum fields on boundaries [4–6]. On the
quantum matter side, insights from gravity theory can help
us understand strongly interacting quantum systems, such
as non-Fermi liquids [2,3]. Nevertheless, so far only a few
specifically designed quantum models such as the Sachdev-
Ye-Kitaev (SYK) model [7–10] have been explicitly shown to
possess holographic duality to gravity theory. Such a model is
seemingly different from realistic systems in quantum mate-
rials and is also hard to be realized by quantum simulations.
Therefore, so far little connection between sights from gravity
physics and realistic experimental observations in quantum
matter has been established through holographic duality,
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except for few known examples such as bounds for viscosity
and transport coefficients [11–15].

In this paper we focus on a typical random spin model
written as

Ĥ =
∑
i< j

Ji j
(
Ŝx

i Ŝx
j + Ŝy

i Ŝy
j + �Ŝz

i Ŝz
j

) − h
∑

i

Ŝx
i . (1)

This model has recently been realized by cold molecules in
optical lattices [16,17], and NV centers [18], fermions in
harmonic traps [19], Rydberg atoms [20], high-spin atoms
in optical lattices [21], and by solid-state NMR [22,23].
Ji j is random all-to-all spin interaction coefficients, which
originates either from dipolar interaction or from the spin-
exchanging interaction, and the randomness comes from the
random locations of spin carriers in these systems. We can
denote Ji j = J̄/N + δJi j , where J̄/N is the averaged value
of all Ji j and N is the number of spins. 〈δJ2

i j〉 = 4J2/N and
J denotes the typical strength of random spin interactions.
� is the anisotropy between the longitudinal and the trans-
verse spin-spin interactions. h is an external polarization field.
Among these systems, h̄/J varies from a few microseconds
to a few milliseconds, and the values of J̄/J and � are also
different.

Taking the advantages of the controllability of these
systems, these realizations enable experimental studies of
far-from-equilibrium quantum dynamics, and the quench dy-
namics in these random spin models have also been reported
in a number of recent experiments [16–21]. In the quench dy-
namics, spins are initially polarized in the transverse direction,
say, along x̂, by h term in Eq. (1), and then the dynamics of the
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FIG. 1. Illustration of models and phases. (a) The connection between the random spin models and the gravity theory bridged by the
Maldacena-Qi model. [(b), (c)] Illustration of the black hole (BH) phase and the eternal traversable wormhole (TW) phase in the Maldacena-Qi
model and its dual gravity theory. The correspondence between the Penrose diagram in the gravity theory (left) and the lesser Green’s function
G<(t ) as well as the spectral function ρ(ω) (right) in the quantum theory, are shown for the BH phase (b) and the TW phase (c), respectively. In
the Penrose diagrams, the colored regimes are the physical space in the geometry. Two yellow dashed lines represent the physical boundaries
of two AdS2 spaces, denoted by the left (L) and the right (R) ones, where the quantum fields are defined. The black dotted lines with an arrow
represent the null geodesic. The horizontal axis is the real-time axis.

total magnetization along x̂ are experimentally measured after
h is suddenly turned off. In some of these experiments where
the magnetization decay time due to the single-spin effect is
shorter, a spin echo is applied to eliminate the single-spin
effect [16–18,21], which ensures that the observed features
are all due to spin-spin interactions described by Eq. (1). Two
features of the quench spin dynamics have been observed in
the time scale from a few to a few tens of h̄/J . They take
place in different parameter regimes, but both are observed
in different systems and across different parameter regimes.
These two features are listed below:

(i) Slow decay of the total magnetization has been found
when the magnetization decays to zero at long time, and the
time dependence of the total magnetization is identified as a
stretched exponential function. This feature has been observed
in experiments on NV centers [18], Rydberg atom [20], and
high-spin atoms in optical lattices [21].

(ii) When the total magnetization saturates at finite value
at long time, the total magnetization oscillates in time.
This feature has been observed in experiments using cold
molecules in optical lattices [16,17], and fermions in har-
monic traps [19].

Here we will address the question of the general conditions
under which these two features will occur in these random spin
models. This paper is to show that a scenario emerged from the
dual gravity theory unifies these experiments.

This paper establishes a connection between the quench
dynamics in these random spin models and the dynamics after
suddenly turning off the coupling in a traversable wormhole.
The connection is bridged by a model coupling two SYK
systems proposed by Maldacena and Qi, as shown in Fig. 1(a).

The Maldacena-Qi model is dual to a gravity theory hosting
an eternal traversable wormhole [6], and a clear correspon-
dence can be established between the behaviors of the spectral
function in different phases of the Maldacena-Qi model and
different space-time geometry in the gravity side with or with-
out a traversable wormhole. We will show that the random
spin models are closely related to the Maldacena-Qi model,
and the spectral functions of these two models share similar
behaviors. Hence, by studying the evolution of the spectral
functions during the quench dynamics, we can establish a
gravity interpretation of the quench dynamics.

II. MALDACENA-QI MODEL AND ITS GRAVITY DUAL

Since the Maldacena-Qi model is a coupled SYK model,
we need to first briefly introduce the SYK model. A single
SYK model is written as

ĤSYK({ψi}) = i2
∑

1�i< j<k<l�N

Ji jkl ψ̂iψ̂ jψ̂kψ̂l , (2)

where ψ̂i(i = 1, . . . , N ) are N Majorana fermion operators,
and Ji jkl are random Gaussian variables with zero mean and
the variance 〈J2

i jkl〉 = 3!J2/N3. The SYK model is exactly
solvable in the large-N limit. It can be shown explicitly that
the low-energy physics of the SYK model has an emergent
conformal symmetry, which can be dual to the Jackiw-
Teitelboim gravity in the AdS2 geometry with a black hole.

Various extensions of the SYK models have been con-
sidered, especially coupled SYK models [6,24–37]. Here we
focus on the version proposed by Maldacena and Qi [6]. The
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Maldacena-Qi model is written as

ĤMQ = ĤSYK
({

ψ̂L
i

}) + ĤSYK
({

ψ̂R
i

}) + iμ
∑

i

ψ̂L
i ψ̂R

i . (3)

where ψ̂L
i and ψ̂R

i denote the left and the right Majorana
fermions. If μ = 0, there is no coupling between two SYK
models, and on the gravity side, two AdS2 spaces are also
independent. Therefore, the geodesic starting from the bound-
ary of one AdS2 space can never reach the boundary of the
other AdS2 space. The μ term adds coupling between two
boundaries of the AdS2 spaces, which distorts the boundary
geometries. At finite temperature, when the distortion is weak,
two boundaries still cannot be connected by a geodesic and
this is referred to as the “black hole” (BH) phase. However,
when the distortion is strong enough, the geodesic starting
from the boundary of one AdS2 space can reach the bound-
ary of the other AdS2 space, which renders these two black
holes into a traversable wormhole. This is referred to as the
“traversable wormhole” (TW) phase. The difference between
these two geometries is represented by two different Penrose
diagrams in Figs. 1(b) and 1(c).

In the presence of the holographic duality, the behavior
of correlation functions are closely related to the con-
nectivity of the space-time geometry through the standard
holographic dictionary. Let us consider the lesser Green’s
function G<

aa′ (t ) = i
∑

l〈ψ̂a′
l (t )ψ̂a

l (0)〉/N , where a, a′ = L, R.
Roughly speaking, this Green’s function can be physically
interpreted as follows: First, a signal is created at t = 0 by an
operator at boundary a′, and then the signal propagates follow-
ing the geodesic, and finally, the signal is detected at time t on
boundary a. In the BH geometry, since there is no connection
between two boundaries, it is natural to have G<

aa′ (t ) = 0 for
a �= a′. For a = a′, G<

aa′ (t ) decreases as t increases, because
as one can see from the Penrose diagram in Fig. 1(b), the
geodesic, denoted by the black dotted line, moves away from
the boundary. However, the situation is different for the TW
geometry. In the TW geometry, as also shown by the Pen-
rose diagram in Fig. 1(c), the geodesic starting from the left
boundary can reach the right boundary and can be further
bounced back and forth between two boundaries for an eternal
traversable wormhole [6]. Thus all G<

aa′ (t ) are always finite
for a = a′ and a �= a′. At a time when the geodesic arrives
at one of the boundaries, the corresponding Green’s function
reaches a maximum. Therefore, G<

aa′ (t ) shows an oscillatory
behavior in time. These two different behaviors of G<

aa′ (t )
are also illustrated in Figs. 1(b) and 1(c). Similar behaviors
can also be found in the quantity i

∑
l〈[ψ̂a

l (0), ψ̂a′
l (t )]〉/N =

−G>
aa′ (t ) − G<

aa′ (t ), which more directly reflects whether and
how the information gets transferred from one side to the
other.

Knowing the Green’s function G<
aa′ (t ), one can obtain

G<
aa′ (ω) by performing the Fourier transformation, and then

derive the spectral function ρaa′ (ω) = G<
aa′ (ω)/2π inF (ω) by

the fluctuation-dissipation theorem, where nF (ω) is the Fermi-
Dirac distribution. In the BH phase, ρaa′ (ω) shows a single
broad peak near ω ∼ 0 for a = a′, and is significantly smaller
for a �= a′. In the TW phase, ρaa′ (ω) displays multiple narrow
peaks. ρaa′ (ω) behaves similarly for a = a′ and a �= a′, ex-
cept for their different parities in ω. This difference is also

shown in Figs. 1(b) and 1(c). Hence, we have established
correspondence between the behavior of the spectral function
and the presence of a traversable wormhole. Equipped with
this correspondence, we are now ready to move on to discuss
the random spin models.

III. CONNECTION BETWEEN THE RANDOM SPIN
MODELS AND THE MALDACENA-QI MODEL

When � = 1, h = 0, and J̄ = 0, the model Eq. (1) pos-
sesses SU (2) symmetry, which becomes the Sachdev-Ye
model when the SU (2) group is promoted to SU (M ) group.
The Sachdev-Ye model can be solved in the large-N and
large-M limits where the self-energies can be obtained by
summing up the melon diagrams only. Here we will take
similar approximations for studying the quench dynamics of
the model Eq. (1) in general, and the approximations can be
justified by qualitative agreements with exact diagonalizations
[38] and experiments. Before studying the quench dynamics,
we first address the connection between this model and the
Maldacena-Qi model.

First of all, the random spin model can be written in terms
of fermion operators ĉi,s with spins s =↑,↓, by rewriting the
spin operators as Ŝα

i = 1
2 ĉ†

i,s(σ
α )ss′ ĉi,s′ , where α = x, y, z and

σα denotes the corresponding Pauli matrices. Then, we define
the imaginary-time Green’s function of fermions G(τ ) as a
2×2 matrix, with the matrix elements defined as

Gss′ (τ ) = 1

N

∑
i

〈Tτ ĉi,s(τ )ĉ†
i,s′ (0)〉. (4)

We first consider the case with J̄ = 0. The Fourier transfor-
mation of G(τ ) defines G(iωn), and by the Schwinger-Dyson
equation, we have

G(iωn)−1 = −iωn − h

2
σ x − �(iωn), (5)

with the Matsubara frequency ωn = (2n + 1)π/β and β =
1/(kBT ) being the inverse temperature, where �(iωn) is the
self-energy in the Matsubara frequency domain. With the
large N and the melon diagram approximations, the self-
energy can be obtained as

�(τ ) = −J2

4

∑
αα′

ξαξα′
σα′

G(τ )σαTr[σα′
G(τ )σαG(−τ )],

(6)
where ξ = (1, 1,�).

For the Maldacena-Qi model, we can similarly define
a 2×2 matrix G(τ ) with Gaa′ (τ ) = ∑

i〈Tτ ψ̂
a
i (τ )ψ̂a′

i (0)〉/N ,
with a, a′ = L, R, and G(iωn) in the Matsubara frequency
domain also obeys the Schwinger-Dyson equation as

G(iωn)−1 = −iωn − μσ y − �(iωn). (7)

It has been shown that the Green’s function obeys the self-
consistency equation [6]

�aa′ (τ ) = J2Gaa′ (τ )3. (8)
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FIG. 2. Phase diagrams of the Hamiltonian before and after quench. (a) Phase diagram for Hamiltonian before quench. Here h �= 0 and
htol determines the spectral functions, and we set htol = 0.2J . (b) Phase diagram for Hamiltonian after a quench. Here h = 0 and J̄ is the only
parameter left, and we set J̄ = J . J is taken as the energy unit. “BH” denotes the black hole phase and “TW” denotes the traversable wormhole
phase. They are distinguished by the spectral functions, as illustrated in Fig. 1. The dashed line represents a first-order transition separating two
phases, associated with discontinuity in observables, and it is a crossover between two phases for other places. (c) Several typical examples of
the spectral functions of BH and TW phases are plotted, with their corresponding locations marked by solid circles in (a).

We first consider the case � = 0, where direct evaluation
of Eq. (6) yields

�ss(τ ) = −J2Gss(τ )Gs̄s̄(τ )Gs̄s̄(−τ ),

�ss̄(τ ) = −J2Gss̄(τ )Gs̄s(τ )Gss̄(−τ ), (9)

where s̄ �= s. First of all, to compare Eq. (5) with Eq. (7), we
notice that the spin model has rotational symmetry along ẑ,
and therefore one can replace σ x in Eq. (5) by σ y. Then note
that the system is invariant when rotating π along ŷ: ĉi →
iσyĉi, which gives G↑↑(τ ) = G↓↓(τ ) and G↑↓(τ ) = −G↓↑(τ ),
and the system also has the particle-hole symmetry ĉi →
ĉ†

i that corresponds to (Ŝx
i , Ŝy

i , Ŝz
i ) → (−Ŝx

i , Ŝy
i ,−Ŝz

i ), which
gives G↑↑(τ ) = −G↑↑(−τ ) and G↑↓(τ ) = −G↓↑(−τ ). These
symmetry relations simplify Eq. (9) into �ss′ (τ ) = J2Gss′ (τ )3,
which takes the same form as Eq. (8). In this way, Eq. (5)
and Eq. (9) for the random spin model become completely
identical to Eq. (7) and Eq. (8) for the Maldacena-Qi model.
Two spin components s, s′ =↑,↓ play the role of a, a′ = L, R,
and the Zeeman field h plays the role of the coupling term
μ, which is responsible for the wormhole being traversable.
The equivalence between these two models also holds approx-
imately for nonzero but small �, where a nonzero small �

provides an extra channel to couple two sides, as one can see
from the low energy effective action [38].

Next, we discuss how to deal with a nonzero J̄ . Up to a
constant, the term associated with J̄ can be cast into

J̄

2N

∑
α=x,y,z

ξα

(∑
i

Ŝα
i

)(∑
i

Ŝα
i

)
. (10)

We implement the molecular field approximation by denoting
Mα = ∑

i〈Ŝα
i 〉/N and hα

eff = J̄ξαMα . Then, Eq. (10) can be
written as ∑

α=x,y,z

hα
eff

∑
i

Ŝα
i . (11)

For equilibrium, Mα needs to be determined self-consistently.
For dynamics, Mα evolves in time. In this paper, since we
initially polarize spins along x̂, we focus on the situation only
Mx �= 0 and My = Mz = 0. Hence, this term can be com-
bined with the h term by replacing h with htol = h − hx

eff =
h − J̄Mx.

IV. PHASE DIAGRAM

The quenching process we will consider is instantaneously
turning off h from nonzero to zero, therefore, here we will
first discuss the equilibrium phase diagram for both finite and
zero h, respectively. The model parameters contain J , �, h,
and J̄ , as well as temperature T . Here we take J as the energy
unit. When h is finite, it polarizes spins, and Mx is nonzero,
which further normalizes htol through the effect of J̄ . When
the self-consistency is reached, there is a one-to-one corre-
spondence between h and htol, and only htol enters the equation
that determines the spectral functions. Hence, in Fig. 2(a),
we fix htol and plot the phase diagram in terms of the other
two dimensionless parameters T/J and �. The phase diagram
is obtained by numerically solving the self-consistency equa-
tions [38]. Here the “BH” and “TW” are distinguished by their
different behaviors of spectral functions, as we illustrate in
Figs. 1(b) and 1(c) and show in Fig. 2(c). Consistent with the
Maldacena-Qi model [6], the random spin model with small �
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FIG. 3. Slow dynamics after quench. (a) The decay of the total magnetization Mx along x̂ as a function of time t (in unit of 1/J) for three
different temperatures βJ . The inset shows a zoom-in plot for tJ > t∗J ∼ 2. (b) The same curves as (a), but the loglog-log plot is used. Here the
vertical axes L(t ) denotes log(| log(Mx (t )/Mx (0))|). The slope of L − log(tJ ) curves give the exponent in the stretched exponentials. (c) Four
representative spectral functions ρ(ω) and distribution functions F (ω) for different stages of the evolution, as marked in (a) and (b). Here we
take � = −0.73, which is realized in the Rydberg atom experiment [20], and we set J̄ = J .

displays the BH phase at high temperature and the TW phase
at low temperature [38].

When h = 0, the system possesses a spin-rotation sym-
metry of (Ŝx

i , Ŝy
i , Ŝz

i ) → (−Ŝx
i ,−Ŝy

i , Ŝz
i ). If this symmetry is

respected, then Mx is always zero and htol is also zero. Nev-
ertheless, the ground state can have nonzero Mx due to the
spontaneous symmetry breaking, which leads to nonzero htol.
Both a nonzero J̄ and a nonzero � can lead the system into
a TW phase [33,34]. However, as shown in Fig. 2(b), the TW
phase is significantly smaller compared with the h �= 0 case
shown in Fig. 2(a).

V. QUENCH DYNAMICS

Now we discuss the two universal features observed in the
quench experiments. As we have seen, the h term is mapped
to the μ term in the Maldacena-Qi model, which couples two
boundaries and makes the wormhole traversable. Hence, in the
gravity picture, the quench dynamics of suddenly turning off
h corresponds to turning off the coupling term, which is re-
sponsible for making a wormhole traversable. Below we will
calculate the quench dynamics numerically by the Kadanoff-
Baym formula, which gives how the spectral function evolves
in time [38]. By the correspondence between the spectral
function and the space-time geometry discussed above, we
can establish a gravity picture of the quench dynamics.

Firstly, we discuss the slow dynamics described by a
stretched exponential. Initially, the spectral function is a

typical TW-type one, as shown in Fig. 3(c1). We show in
Fig. 3(a) that the dynamics contain two stages. In the first
stage when tJ < t∗J , with t∗J ≈ 2 in the case shown in
Fig. 3(a), Mx decays quite fast. As shown in Fig. 3(c2), the
spectral function still retains TW-phase-like in this stage.
It is known that the distribution function F (ω) at equilib-
rium should be tanh(βω/2), as in the initial case shown in
Fig. 3(d1). As one can see in Fig. 3(d2), at the end of the first
stage, the system strongly deviates from equilibrium.

In the second stage, with tJ ranging from t∗J to a few tens,
the dynamics is much slower. Note that if Mx obeys a stretched
exponential e−C(t/t0 )η , it should manifest as a straight line in
the log(| log Mx|) − log t plot, and the slope determines η. We
show this in Fig. 3(b), and the fitting yields η < 1, meaning
that the dynamics is slower than usual exponential decay. In
Fig. 3(c3), we show that the multiple peaks in the spectral
function gradually merge into a single peak, and meanwhile,
ρss′ with s �= s′ is gradually suppressed. At the long-time
limit, as shown in Fig. 3(c4), the spectral function becomes
BH-phase-like, where ρss′ shows a single broad peak around
ω ∼ 0 for s = s′ and is vanishing small for s �= s′. Hence, in
the gravity picture, this process corresponds to the wormhole
gradually closing. From Figs. 3(d3) and 3(d4), we also see
that the distribution functions fast reach quasi-equilibrium
in this stage, and by fitting the distribution function with
tanh(β̃ω/2), we can obtain an effective temperature 1/β̃ for
the saturated state. By comparing Fig. 3(d4) with Fig. 3(d1),
one can see that the temperature for the final state is close
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FIG. 4. Oscillatory behavior after quench. (a) The decay of the total magnetization Mx along x̂ as a function of time t (in the unit of 1/J)
for two different temperatures βJ . (b) The spectral functions ρ(ω) at the initial time of these two cases [(b1) and (c1)], and at the long-time of
these two cases [(b2) and (c2)]. Here we have taken � = −0.5 and J̄ = 0.

to the temperature of the initial state. By examining various
different parameters [38], we identify that the stretched expo-
nential decay occurs generically when a traversable wormhole
is disconnected and becomes two decoupled black holes, and
the temperatures of the initial TW and the final BH phases are
close.

Secondly, we discuss the oscillatory behavior. In Fig. 4 we
compare two cases, which only differ by the parameter βJ
but show two different behaviors. For the one with a smaller
βJ , Mx monotonically decays to zero as discussed above. For
the one with a larger βJ , Mx saturates to a finite value in
the long-time limit, and oscillates in time before saturation.
Here we also want to find a generic condition to determine
which behavior should take place, and it turns out that the
answer is also quite clear in the gravity picture. As we show in
Figs. 4(b) and 4(c), these two cases have similar initial states
in the TW phase. However, their long-time saturation states
are very different. ρ(ω) at long-time exhibits typical behavior
of the BH phase for the one with smaller βJ , but exhibits
typical behavior of the TW phase for the one with larger βJ .
Note that in Fig. 2(b), even with h = 0, there still exists TW
phase in the equilibrium phase diagram, which means that
turning off h does not always disconnect the wormhole. If the
long-time saturation phase is still retained in the TW phase,
there will exhibit an oscillatory behavior of magnetization in
time. This oscillatory behavior can also be found by using the
effective action with gravity dual [38]. By examining different
parameters [38], we also find that whether the monotonical
decay or oscillatory behavior occurs in the quench dynamics
essentially depends on whether the final state is the BH phase
or the TW phase.

VI. SUMMARY AND OUTLOOK

In summary, we show that the quench dynamics of ran-
domly interacting quantum spins after turning off an external
field can be understood in the dual gravity picture as turning

off a coupling field for making the wormhole traversable. If
this process disconnects the traversable wormhole and finally
yields two decoupled black holes, the magnetization displays
a slow decay described by the stretched exponential function
toward zero magnetization. If this process does not disconnect
the traversable wormhole, due to the existence of the residual
couplings between the boundary fields, the magnetization sat-
urates to a nonzero value at long time and oscillates around
the saturation value. This gravity picture conceptually unifies
these two universal phenomena observed in the random spin
model realized in different physical systems.

The stratagem of our paper is reminiscent of the concept of
the “fixed point” in the renormalization group theory, where
different microscopic models can share the same low-energy
description given by a fixed point action. Here we use the
Maldacena-Qi model, whose gravity dual has been shown
explicitly, as the “holographic fixed point”, and we use the
holographic fixed point to define correspondence between
quantum properties and the gravity properties. We further
share this correspondence with different microscopic models
in the neighborhood of the Maldacena-Qi model with similar
quantum properties, and these models are much closer to
reality. Therefore, the success of this approach can inspire
more applications on realistic quantum models with insights
from the gravity theory.
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