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The quantum dynamics away from equilibrium is of fundamental interest for interacting lattice systems. In
this work, we study strongly tilted lattice systems using the effective Hamiltonian derived from the microscopic
description. We first give general arguments for the density relaxation rate satisfying 1/t o k* for a large
class of systems, including the tilted Fermi Hubbard model that has been realized in the recent experiment,
E. Guardado-Sanchez et al. [Phys. Rev. X 10, 011042 (2020)]. Here k is the wave vector of the density wave.
The main ingredients are the emergence of the reflection symmetry and dipole moment conservation to the
leading nontrivial order of the large tilted strength. To support our analysis, we then construct a solvable model
with large local Hilbert space dimension by coupling sites discribed by the Sachdev-Ye-Kitaev models, where
the density response can be computed explicitly. The the tilt strength and the temperature dependence of the

subdiffusion constant are also discussed.

DOI: 10.1103/PhysRevResearch.2.033129

I. INTRODUCTION

In recent years, much understanding of strongly interacting
systems has been gained thanks to the quantum simulation
with cold atom systems. By using the quantum gas micro-
scope for fermions [1-6], the antiferromagnetic correlation
[7-10] has been observed in the Fermi Hubbard model,
which is suspected to be related to the understanding of the
high-temperature superconductivity. Besides observables in
thermal ensembles, nonequilibrium quantum dynamics can
also be used as a probe of underlying physics. As an example,
the spin [11] and charge [12] diffusion have been studied
experimentally, which shows the bad-metal behavior. Except
for these standard transport experiments, the precise control of
the Fermi Hubbard model in optical lattice also paves a new
way to study physics in some extreme conditions. In a recent
work [13], by applying an additional laser beam, authors
realize a linear potential, or tilt, in the two-dimensional (2D)
Fermi Hubbard model. This is an analogy of applying a
electric field in solid-state systems. A crossover between a
traditional diffusion in the weak tilt limit [14] and a new
subdiffusion behavior at larger tilt strength has been observed.

In this work, we find the subdiffusion behavior exists
for a large class of strongly tilted systems. Using the large
tilt strength expansion, we obtain the low-energy effective
Hamiltonian which governs the dynamics of the strongly tilted
system. The subdiffusion behavior is then found to be a direct
consequence of the emergent reflection symmetry and the
dipole moment conservation. We also analyze the scaling of
the subdiffusion constant with respect to the tilt strength. The
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analysis is under the assumption of hydrodynamical behavior,
which is motivated by the experiments. Note that this is
different from the low-dimensional models [15—-18] which
show transitions between ergodic and nonergodic phases.
Very recently, subdiffusion behavior is also observed in a spe-
cific circuit model that conserves the dipole momentum [19],
where both symmetries are imposed from the beginning [20]
and in more sophisticated fracton models [21,22]. To further
support our analysis, we construct a solvable model by adding
strong tilted potential to the quadratically coupled Sachdev-
Ye-Kitaev model (SYK) [23-26]. Without the tilted potential,
the model is a strongly interacting non-Fermi liquid with
diffusive charge transport at finite temperature [26], which
provides an ideal platform for our study. We explicitly com-
pute the density response in the leading order of large tilted
potential which shows the expected subdiffusion behavior.

II. GENERAL ANALYSIS

In this section, we give arguments for the existence of the
subdiffusion for a large class of strongly tilted lattice systems.
We assume that (1) the system can be described by a lattice
Hamiltonian, which would be specified below; (2) the system
is ergodic as observed in the experiment [13]; and (3) the
strength of the tilt potential is large enough such that the
system is in the prethermal regime.

We consider interacting lattice systems with additional
tilted potential. To be concrete, we focus on the two-
dimensional square lattice with nearest-neighbor hopping and
on-site interactions, as illustrated in Fig. 1. The Hamiltonian
reads

H == (¢]s Cia + 5 oCha + He)
j.a
+ ZHi“t(C},a’ Cja) — Zijn-i' (1
j i

Published by the American Physical Society


https://orcid.org/0000-0002-7408-0918
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.033129&domain=pdf&date_stamp=2020-07-23
https://doi.org/10.1103/PhysRevX.10.011042
https://doi.org/10.1103/PhysRevResearch.2.033129
https://creativecommons.org/licenses/by/4.0/

PENGFEI ZHANG

PHYSICAL REVIEW RESEARCH 2, 033129 (2020)

Jz
—
r.‘\ t;\ 77N t;\ I.-\ t;\
..... (O v.f Vvf@Ved VO vy .
NS LYY o/ L YPR A Y S
25N N 2N ZamkS 2N =~
..... Ogt-{ @ - (Ogyd 4Ot Og)-
NSNS NN NS N
] ( - s\ ( - \‘ ( - \‘ ‘z - \\ 6‘ \\. ‘z - s\
..... O - en L O . e .
Y L NI A N N \TQ’ A
P N 2t N At N N 2t N b Y
..... lOC)‘"‘ 1 .(Q ;"l Yoo IL..{ (T
A A VESC A Vi TSV S s Sy
Dl N el N ek N anb Pl ey
..... (O Vi @10 _Voif VOVl V.
\~Q \-_f’ \_QI / \__II \._1,

4
aual
\

P %4
po + Acoskj,

FIG. 1. A schematic of the tilted models on a two-dimensional
square lattice. F' is the slope of the linear potential applied in the
x direction. Balls with different colors indicate atoms with different
internal states. We focus on the relaxation of the initial density wave
p(jes 1) = po + Alt) cos(k ).

Here cj 4 (C.T’a) is the annihilation (creation) operator on site
J = (jx, j,) with additional internal-state index a. We have set
the lattice constant ap,4ce = 1 and assumed the interactions
preserve the local particle numbern; = Y nj, =), c},acj,a.
For the Fermi-Hubbard case [13], we have a € {7, |} and
Hi“‘(c;a,cj,a) = Unj4nj,,. The last term in (1) presents a
tilted potential in the x direction. Note that although in this
letter we only give explicit examples in term of fermions, the
general argument presented below also applies for interacting
bosons or boson-fermion mixtures.

We are interested in charge diffusion dynamics p(j, ) =
(¥ |nj(t)|yr) with some initial state [/). For initial configu-
rations with density waves p(j,,t) = po + A(t) cos(kj,), we
expect its amplitude decays exponentially as A(¢) o< e~/ for
general interacting systems [27]. We would like to understand
the relation between t and the wave vector k of the density
wave. To analyze this problem, we first consider applying
a gauge transformation U = exp(i Zj F j.njt). The Hamilto-
nian becomes

H{1) = — Z(Jxe*iFtC}.Jr&acj’a + J’VCJTH,QCJ-,‘, +H.c)
j.a

+ > H™(cf 0 ¢a)- )
J

H(t) is time periodic with frequency F. For F
much larger than any other energy scales, one can
make a high-frequency expansion to obtain a Floquet
effective Hamiltonian, which governs the dynamics
of the system at integer times of the driven period
T =2n/F [28]. The Floquet effective Hamiltonian

H.g 1s defined as
T
U(T)=17 exp [—i/ I:I(t)dt} =exp (—iHexT).  (3)
0

Here 7" is the real-time ordering operator. Defining H(t) =
> o1 Hue™" " with

Hy = —J, Z(C}w,acha +Hec)+ ZHim(c;a, Cja)s
J.a J

Hy = —J, Z C;L,CjJr)?,a = Hi] ) “4)
j.a

the effective Hamiltonian reads [29]:
[H-1, [Ho, H1]]
F? '

Here we keep terms to the order of (|H|/F)?, with |H|
being the typical energy scale of hopping or interaction terms.
Importantly, the term proportional to 1/F vanishes since
[Hi, H_1] =0 and the leading order nontrivial correlation
between sites with different x comes from the 1/F? term. It
is also straightforward to show that only the interaction term
in Hy contributes to AH. However, for the present discussion,
the specific form of this term is not significant.

For strongly interacting systems, it is plausible to as-
sume the evolution of (coarse-grained) density p(x,?) can
be described by the hydrodynamical equation 9,p(X,t) +
V - J(x,t) =0 in the long-time limit. The existence of the
subdiffusion behavior (in x direction) in systems with large
tilted potential comes from two observations:

First, the system has the translation symmetry and an
emergent reflection symmetry #, which generates x — —x.
This can be understood by realizing that the microscopic
Hamiltonian (1) satisfies

PH(F)YP = H(—F). ©6)

Heff = HO + AH = HO —|— (5)

Consequently, we have an emergent reflection symmetry
PH.P = H.g since the effective Hamiltonian only depends
on FZ?. This implies that if take a gradient expansion of J,
in terms of p, it should only contain an odd number of
derivatives,

Jo(x,t) = —DVd,p(x,t) + DD} p(x,t) +.... (7

Here DV is the usual charge diffusion constant, while D® is
the subdiffusion constant.

Second, the effective Hamiltonian conserves the dipole
moment D = ; jiny:

[D, Heir] = 0, ®)

since [D, Hy] = 0 and [D, Hy|] = FH4,. This emergence of
dipole moment conservation can also be directly understood
as taking the large F' limit of (1). As a result, we expect local
conservation of dipole moment

dd = x0,J; = d;[xJ, —DVp + DV} p] =8I (9)

Here we consider only variations in the x direction. d(x, t) =
xp(x, t) is the local dipole moment with current

J4=xJ, —DWp +DPdZp.
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Since the Hamiltonian is translation invariant, we expect
Jf =0 for a homogeneous charge filling. As a result,
we should have D'V = 0 and the hydrodynamical equation
writes

dpx,t)+ D3 p =0, (10)

which leads to the relaxation rate 1/t o k*. Similar sub-
diffusion equation has also been found recently in fracton
models [22] and specific circuit model with dipole moment
conservation [19]. Our analysis here can be directly applied
to analyze the strongly tilt limit of the tilted Fermi Hubbard
model realized in Ref. [13]. Since the analysis is based on
the symmetry of the system and does not depend on the
details of the local interaction term, the existence of subd-
iffusion behavior should be general: It is straightforward to
generalize the result into a higher dimension, different lattices
with reflection symmetry and different interaction terms that
commute with the gauge transformation U. We could also
consider microscopic Hamiltonians that explicitly break the
reflection symmetry when F = 0. In this case, it is possible
that the charge relaxation behavior is modified since generally
additional terms ~32p may appear in (7).

Moreover, we could determine the scaling of D® with
respect to the tilt strength 1/F. The correlation in x direction
is from AH ~ UJ?/F?, where U is the typical interaction
strength [30]. If we consider a transition driven by this term
between two different charge configurations, then the transi-
tion rate R is then proportional to 1/F*. For small interaction
strength, one further expects R oc U?/F*. It is reasonable to
assume D® show the same scaling as R.

III. SOLVABLE MODEL

Although our argument applies for general interacting
quantum systems, a determination of the subdiffusion con-
stant is usually hard and involves additional approximations.
Here, to support our argument, we instead consider specific
local interaction terms with which the model can be solved
explicitly with nontrivial interactions.

The SYK model [23,24], which describes N random in-
teracting fermion modes in 0 + 1D, is known as a solvable
model in the large-N limit where the dynamical mean-field
theory [31] becomes exact. The model describes a strongly
correlated non-Fermi liquid with maximal many-body chaos.
Generalizations with spatial dimension can then be systemati-
cally constructed by coupling different SYK sites [25,32-36].
For generalizations with U (1) symmetry [36,37], the charge
transport shows the standard diffusive behavior. As a result, it
provides an ideal platform to study the effect of a large tilted
potential.

To construct a coupled SYK system with additional tilt,
we consider a fermionic system with large number of internal
states a € {1, 2, ..., N}. We further specify the on-site inter-
action H™ in (1) as

L 1 . -
int, i _ J i i
H (Cj,a’ Cja) = 1 E Uab;cdcj!acj’bcj,ccj,d. (11)
abed

Here U, , with different indices are independent random
Gaussian variables with expectation and variance

: : 202
i iy
Uab;cd - 0’ (Uab;cd) - F’ (12)
under the symmetry U;ib;c = _Uga;c i = —Ujb; 4o The system

is translational invariant after the disorder average. We assume
the system is self-averaged and take the disorder replica diag-
onal assumption [24]. For F' = J, = J, = 0, the Hamiltonian
(1) describes decoupled SYK models. Near this SYK fixed
point, the hopping term is relevant which leads to a crossover
to Fermi liquid behavior at T ~ max{JXz/U, J2/U} [26,33].
We now consider the effect of a strong tilted potential by
evaluating the effective action (5) explicitly. We find

J? . .
— E J J
AH = 4;2 Uub;cdcab;cd ’
abcd,j

J I S B R S | i o
Cabca = 4 4 5CicCiid = 2€j 5 oCiz pCicCid

T el oo o ool i T oo o
- 2cjyacj,bcrx,ccj+x,d + 4cj+)?,acj’ch,CcJ+x,d

+ 46}_&00;1,01',501'—2,‘1. (13)

The first term gives a renormalization of the local interaction
U ;b;c - Other terms describe interactions between nearest sites
and collective hopping that conserves the dipole momentum.

We first consider the two-point function Gj(t) =
(T Tci,a(t)cf)’a(O)), where 7 is the imaginary-time ordering
operator. Using melon diagrams, it is straightforward to show
that a self-consistent solution can be derived by assuming the
Green’s function vanishes unless j, = 0, similarly to the case
in Ref. [35]. This leads to the self-consistent equation:

-~

PN 8J?2
(1) = @* = U2<1 — F; )Gg(r),
Gi(®) = [—iw, — 2], cos(ky) — T(w)] . (14)

Here the dashed line represents the disorder average. We have
introduced the Gj(t) = % > EGy(w)eiiet with Mat-
subara frequency w, = (n+ 1/2)r /8. We have kept terms
up to the J2/F? order. For JYZ/UT < 1 and BU > 1, the
system has emergent conformal symmetry where the scaling
dimension of ¢ is 1/4, as in the original SYK model. This
leads to the Green’s function of fermions

sgn(t) |: T
ArU2)1/4 | Bsin(nt/B)

Here U =U(1 — %2). At Jf/UT ~ 1, the system exhibits a
crossover to a stack of Fermi liquid chains. Note that for J, <
J, this crossover temperature can be much smaller than the
F =0 case.

We now study the charge fluctuation in x direction. We
follow the idea in Refs. [25,26] by using the Keldysh ap-
proach and introducing considering the phase fluctuation in
x direction. The Keldysh contour [38] contains a forward and
a backward evolution, with fermion field c;j 4 +(¢). The path

Gj(r) =

1/2
] 8. (15)
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integral is written as

Z= / DejamDe} ., expliSk),

o0
— T 90 t ,
Sk = Z/_oo dtm| Y ¢, (0)¢i am—Heir(c] ;s Ciam) |-
m ja

(16)

with additional boundary terms at t = 00 imposing the
fluctuation-dissipation theorem. Here we have defined m =
4. The real-time Green’s function on the Keldysh contour
can be directly related to the imaginary-time Green’s function
G;(7) by the analytical continuations.

The phase fluctuation can be introduced as

Cja,+(1) — e”"z’i(x")cj.a(t).

Here ¢.(x) is a slow-varying phase factor. The nontrivial
coupling terms between ¢ and fermions read

‘ J2U3,
i =2 [ | Do+ 3 L
m j.a

j.abcd

X (c.T f

. . i
i+2.a,mCj—2,b,mCi.cmCidm€ " + H~C-)]- a7

Since we focus on the density response Ilg(t,j) =
—1i6(t)[n;(t), ng]. We further introduce source term:

Se =3 [ dem| Smnin | (s)
m J

which leads to Mz = — £ 2122 with Oy = (04 £ 0_)/2.
c10Jq

To calculate Ilg to the leading order of 1/N, we keep the
action of ¢ to the quadratic order [25,26]. The action takes
the form:

‘G o -~ .
lsqu [¢’ J] @ // \\ ”@
e + «@/\ + N\

N

= Z A(@)(O1da + T (W, k) (B,pq + Tg)(—w, —kx)
W,k

+ k(M) = A2(0)dai(w, k)dy(~w, —ky).
(19
Here the wavy line represents the phase fluctuation ¢ or
source J. Focusing on the retarded part, we only maintain
terms contain both the classical and the quantum components.
The first term describes the response of a homogeneous source
field. As a result in the low-energy limit A;(w — 0) — 2iK
with KN being the compressibility [37]. The other coefficient
writes:
J4
Ar(t) = —21';4 [Gr()Zk(—t) + Ga(—1)Zg(—1)
+ Zg(0)Gk (—t) + Za(—1)Gg (—1)]. (20)
Here we have defined the retarded Green’s function

Gria(t) = —ié(j:t){c},a(t), ¢ja(0)} with  Xgua(r) being
corresponding self-energy. The Keldysh component reads

Gk (w) = [Gr(w) — Ga(0)][1 = 2np(w)] = —27iAg(w)[1 —
2np(w)] and similarly for Xg. For small w, we expand
As(w) — Ar(0) &~ —20KD® with

4

k0% =~ [ 4g0natans(god ~
=~ 9046(90)Ax(90)0g,1F (q0) ~ 7.

2

We have used the conformal Green’s function (15). Using the
effective action (19), the density response can be computed
as:

KND®k?
Mp(w, k) = —— 0 22
r(@, ky) “iw + DOK (22)
The pole —iw = —DPk? leads to the correct hydrodynamical

behavior as in (10). We see the subdiffusion constant D®
has a scaling of 1/F* consistent with our previous analysis.
Interestingly, the factor of U in KD® cancels out, which is
distinct from the expectation for weakly interacting systems.

We finally comment on the different temperature depen-
dence of the (sub)diffusion constant compared to the result
with F = 0, as computed in Ref. [26]. Without the tilted po-
tential, the diffusion constant is proportional to 1/7, leading
to a linear resistivity as in strange metals. This is because
the correlation between different sites is from a quadratic
term, which is relevant at the low energy limit with a scaling
dimension 1/2. However, here the correlation is from a term
that is marginal, leading to a constant subdiffusion constant.
More generally, we could consider generalizing the local
interaction term to be the SYK, model. While scaling of
the diffusion constant with F = 0 changes, the subdiffusion
constant for the strongly tilted potential remains a constant.
In this sense, we expect a weaker temperature dependence for
D® in strongly correlated systems.

IV. OUTLOOK

In this work we have analyzed lattice systems in strongly
tilted potential. We find the charge transport show subdiffu-
sion behavior due to the emergent reflection symmetry and
dipole momentum conservation. We further determine the
subdiffusion constant in a solvable coupled SYK model as an
explicit example.

Several interesting questions can be asked along this direc-
tion. First, we could consider generalizing the tilted potential
to impose dynamical conservation of high-order moments.
However, this would break the translation symmetry and make
the analysis harder. Second, here we have considered the case
where F is the largest energy scale of the system. We could
ask what happens if we instead consider the near-resonant
case [39-43] with F ~ U in tilted the Hubbard model. It is
also interesting to study the possible interplay between thee
spin diffusion and the charge diffusion in the strongly tilted
systems. We postpone all these questions for future studies.

ACKNOWLEDGMENT

We thank Lei Pan for bringing our attention to the experi-
ment [13]. We thank David A. Huse and Alan Morningstar for
helpful dicussions.

033129-4



SUBDIFFUSION IN STRONGLY TILTED LATTICE ...

PHYSICAL REVIEW RESEARCH 2, 033129 (2020)

[1] E. Haller, J. Hudson, A. Kelly, D. A. Cotta, B. Peaudecerf, G. D.
Bruce, and S. Kuhr, Nat. Phys. 11, 738 (2015).

[2] L. W. Cheuk, M. A. Nichols, M. Okan, T. Gersdorf, V. V.
Ramasesh, W. S. Bakr, T. Lompe, and M. W. Zwierlein, Phys.
Rev. Lett. 114, 193001 (2015).

[3] G.J. A. Edge, R. Anderson, D. Jervis, D. C. McKay, R. Day,
S. Trotzky, and J. H. Thywissen, Phys. Rev. A 92, 063406
(2015).

[4] A. Omran, M. Boll, T. A. Hilker, K. Kleinlein, G. Salomon, 1.
Bloch, and C. Gross, Phys. Rev. Lett. 115, 263001 (2015).

[5] D. Greif, M. F. Parsons, A. Mazurenko, C. S. Chiu, S. Blatt, F.
Huber, G. Ji, and M. Greiner, Science 351, 953 (2016).

[6] L. W. Cheuk, M. A. Nichols, K. R. Lawrence, M. Okan, H.
Zhang, and M. W. Zwierlein, Phys. Rev. Lett. 116, 235301
(2016).

[7]1 M. F. Parsons, A. Mazurenko, C. S. Chiu, G. Ji, D. Greif, and
M. Greiner, Science 353, 1253 (2016).

[8] M. Boll, T. A. Hilker, G. Salomon, A. Omran, J. Nespolo, L.
Pollet, I. Bloch, and C. Gross, Science 353, 1257 (2016).

[9] L. W. Cheuk, M. A. Nichols, K. R. Lawrence, M. Okan, H.
Zhang, E. Khatami, N. Trivedi, T. Paiva, M. Rigol, and M. W.
Zwierlein, Science 353, 1260 (2016).

[10] T. A. Hilker, G. Salomon, E. Grusdt, A. Omran, M. Boll, E.
Demler, 1. Bloch, and C. Gross, Science 357, 484 (2017).

[11] M. A. Nichols, L. W. Cheuk, M. Okan, T. R. Hartke, E. Mendez,
T. Senthil, E. Khatami, H. Zhang, and M. W. Zwierlein, Science
363, 383 (2019).

[12] P. T. Brown, D. Mitra, E. Guardado-Sanchez, R. Nourafkan,
A. Reymbaut, C.-D. Hébert, S. Bergeron, A.-M. Tremblay, J.
Kokalj, D. A. Huse et al., Science 363, 379 (2019).

[13] E. Guardado-Sanchez, A. Morningstar, B. M. Spar, P. T. Brown,
D. A. Huse, and W. S. Bakr, Phys. Rev. X 10, 011042 (2020).

[14] S. Mandt, A. Rapp, and A. Rosch, Phys. Rev. Lett. 106, 250602
(2011).

[15] P. Sala, T. Rakovszky, R. Verresen, M. Knap, and F. Pollmann,
Phys. Rev. X 10, 011047 (2020).

[16] E. van Nieuwenburg, Y. Baum, and G. Refael, Proc. Natl. Acad.
Sci. USA 116, 9269 (2019).

[17] M. Schulz, C. A. Hooley, R. Moessner, and F. Pollmann, Phys.
Rev. Lett. 122, 040606 (2019).

[18] A. Morningstar, V. Khemani, and D. A. Huse, Phys. Rev. B 101,
214205 (2020).

[19] J. Feldmeier, P. Sala, G. de Tomasi, F. Pollmann, and M. Knap,
arXiv:2004.00635.

[20] In this paper, authors also study the consequence of the higher-
moment conservation.

[21] M. Pretko, X. Chen, and Y. You, Inter. J. Mod. Phys. A 35,
2030003 (2020).

[22] A. Gromov, A. Lucas, and R. M. Nandkishore, Phys. Rev.
Research 2, 033124 (2020).

[23] A. Kitaev, in Proceedings of the Fundamental Physics Prize
Symposium, Vol. 10 (2014).

[24] J. Maldacena and D. Stanford, Phys. Rev. D 94, 106002 (2016).

[25] P. Zhang, Phys. Rev. B 96, 205138 (2017).

[26] X.-Y. Song, C.-M. Jian, and L. Balents, Phys. Rev. Lett. 119,
216601 (2017).

[27] Note that this assumes the ergodicity.

[28] In this approximation, we focus on the prethermal regime. It is
possible that to have the charge relaxation within this regime we
need a larger F' compared to the current experimental parameter
in Ref. [13] . We thank David A. Huse and Alan Morningstar
for pointing out this issue.

[29] A. Eckardt, Rev. Mod. Phys. 89, 011004 (2017).

[30] We have used the fact that the hopping term in Hy commutes

[31] A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, Rev.
Mod. Phys. 68, 13 (1996).

[32] S. Banerjee and E. Altman, Phys. Rev. B 95, 134302 (2017).

[33] X. Chen, R. Fan, Y. Chen, H. Zhai, and P. Zhang, Phys. Rev.
Lett. 119, 207603 (2017).

[34] S.-K. Jian and H. Yao, Phys. Rev. Lett. 119, 206602 (2017).

[35] Y. Gu, X.-L. Qi, and D. Stanford, J. High Energy Phys. 05
(2017) 125.

[36] R. A. Davison, W. Fu, A. Georges, Y. Gu, K. Jensen, and S.
Sachdev, Phys. Rev. B 95, 155131 (2017).

[37] Y. Gu, A. Kitaev, S. Sachdev, and G. Tarnopolsky, J. High
Energy Phys. 02 (2020) 157.

[38] A. Kamenev, Field Theory of Non-Equilibrium Systems
(Cambridge University Press, Cambridge, 2011).

[39] M. Bukov, M. Kolodrubetz, and A. Polkovnikov, Phys. Rev.
Lett. 116, 125301 (2016).

[40] A. P. Itin and M. L. Katsnelson, Phys. Rev. Lett. 115, 075301
(2015).

[41] F. Gorg, M. Messer, K. Sandholzer, G. Jotzu, R. Desbuquois,
and T. Esslinger, Nature 553, 481 (2018).

[42] W. Xu, W. Morong, H.-Y. Hui, V. W. Scarola, and B. DeMarco,
Phys. Rev. A 98, 023623 (2018).

[43] N. Sun, P. Zhang, and H. Zhai, Phys. Rev. A 99, 043629 (2019).

033129-5


https://doi.org/10.1038/nphys3403
https://doi.org/10.1103/PhysRevLett.114.193001
https://doi.org/10.1103/PhysRevA.92.063406
https://doi.org/10.1103/PhysRevLett.115.263001
https://doi.org/10.1126/science.aad9041
https://doi.org/10.1103/PhysRevLett.116.235301
https://doi.org/10.1126/science.aag1430
https://doi.org/10.1126/science.aag1635
https://doi.org/10.1126/science.aag3349
https://doi.org/10.1126/science.aam8990
https://doi.org/10.1126/science.aat4387
https://doi.org/10.1126/science.aat4134
https://doi.org/10.1103/PhysRevX.10.011042
https://doi.org/10.1103/PhysRevLett.106.250602
https://doi.org/10.1103/PhysRevX.10.011047
https://doi.org/10.1073/pnas.1819316116
https://doi.org/10.1103/PhysRevLett.122.040606
https://doi.org/10.1103/PhysRevB.101.214205
http://arxiv.org/abs/arXiv:2004.00635
https://doi.org/10.1142/S0217751X20300033
https://doi.org/10.1103/PhysRevResearch.2.033124
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1103/PhysRevB.96.205138
https://doi.org/10.1103/PhysRevLett.119.216601
https://doi.org/10.1103/RevModPhys.89.011004
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/PhysRevB.95.134302
https://doi.org/10.1103/PhysRevLett.119.207603
https://doi.org/10.1103/PhysRevLett.119.206602
https://doi.org/10.1007/JHEP05(2017)125
https://doi.org/10.1103/PhysRevB.95.155131
https://doi.org/10.1007/JHEP02(2020)157
https://doi.org/10.1103/PhysRevLett.116.125301
https://doi.org/10.1103/PhysRevLett.115.075301
https://doi.org/10.1038/nature25135
https://doi.org/10.1103/PhysRevA.98.023623
https://doi.org/10.1103/PhysRevA.99.043629

