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Abstract

Fluctuation-dissipation relations (FDRs) and time-reversal symmetry (TRS), two pillars
of statistical mechanics, are both broken in generic driven-dissipative systems. These sys-
tems rather lead to non-equilibrium steady states far from thermal equilibrium. Driven-
dissipative Ising-type models, however, are widely believed to exhibit effective thermal
critical behavior near their phase transitions. Contrary to this picture, we show that both
the FDR and TRS are broken even macroscopically at, or near, criticality. This is shown
by inspecting different observables, both even and odd operators under time-reversal
transformation, that overlap with the order parameter. Remarkably, however, a modi-
fied form of the FDR as well as TRS still holds, but with drastic consequences for the
correlation and response functions as well as the Onsager reciprocity relations. Finally,
we find that, at criticality, TRS remains broken even in the weakly-dissipative limit.
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1 Introduction

Quantum systems in or near equilibrium define a paradigm of modern physics. The past two
decades, however, have witnessed a surge of interest in non-equilibrium systems thanks to the
advent of novel experimental techniques where quantum matter is observed far from equi-
librium. An immediate challenge is that general guiding principles of equilibrium statistical
mechanics are not directly applicable in this new domain. One such general feature is the
principle of detailed balance in equilibrium [1]. Extensions of this principle to the quantum
domain have been studied extensively for both closed and open systems [2-5]. In all such
settings, detailed balance is directly tied to time-reversal symmetry (TRS) under reversing the
direction of time (in two-time correlators, e.g.). A second defining characteristic of equilibrium
systems is the fluctuation-dissipation relations (FDRs) relating the dynamical response of the
system to their inherent fluctuations. Importantly, these two principles are not independent:
a proper formulation of the TRS leads to the FDRs [6].

A generic non-equilibrium setting is defined by driven-dissipative systems characterized by
the competition between an external drive and dissipation due to coupling to the environment.
This competition leads the system towards a non-equilibrium steady state far from thermal
equilibrium [7, 8]. Due to the non-equilibrium dissipative dynamics, both TRS and FDR are
generally broken in these steady states [9]; the guiding principles of equilibrium physics are
thus absent in their driven-dissipative counterparts. Nonetheless, it has become increasingly
clear that the critical properties of a large class of many-body driven-dissipative systems (yet
not all [10-14]) are described by an effective equilibrium behavior near their respective phase
transitions [ 15-27]. This is particularly the case for Ising-like phase transitions where the order
parameter takes a relatively simple form and the dynamics is rather constrained. Thermal
critical behavior is even observed in the driven-dissipative Dicke phase transition [28].

In this work, we consider driven-dissipative Ising-type models, but, contrary to what is
generally believed, we show that both FDR and TRS are broken even macroscopically at or
near criticality. This is shown by inspecting different observables that overlap with the order
parameter and crucially encompass both even and odd operators under time-reversal transfor-
mation. We show that these observables satisfy emergent FDR-like relations but with effective
temperatures that are opposite in sign; we dub such relations FDR*. Moreover, while TRS is
broken macroscopically, we show that a modified form of the time-reversal symmetry of two-
time correlators, dubbed TRS*, emerges at or near criticality where correlation and response
functions exhibit definite, but possibly opposite, parities under time-reversal transformation.
This is in sharp contrast with equilibrium where correlation and response functions exhibit the
same parity.
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We showcase our results in the context of two relatively simple models, enabling exact
analytical and numerical calculations. The main model considered here is an infinite-range
driven-dissipative Ising model, a descendant of the paradigmatic open Dicke model [29, 30].
We also consider a short-range quadratic model of driven-dissipative bosons with the Ising
symmetry. These models provide an ideal testbed for the general questions about the fate of the
FDR and TRS in driven-dissipative systems, the role of the time-reversal symmetry (breaking),
and the emergence of modified fluctuation-dissipation relations.

We begin by summarizing our main results in Section 2. Building on the techniques de-
veloped in a recent work [31], we set up a non-equilibrium field theory and calculate the
exact correlation and response functions in Section 3. In Section 4, we determine the effective
temperatures and provide evidence for the modified FDR* and TRS* via exact analytics and
numerics. We further show that, even in the limit of vanishing dissipation, the TRS breaking
or restoring depends on a certain order of limits. In Section 5, we present an effective field
theory from which we prove the FDR* and TRS* and furthermore derive the modified Onsager
reciprocity relations. Finally, in Section 6, we make the case for the broader application of our
conclusions in the setting of a short-range driven-dissipative model of coupled bosons.

2 Main Results

Characteristic information about a given quantum system and a set of observables O; can be
obtained from the two-point functions

Co,0,(t) = {6:i(0),0;}), X0,0,(t) = —i0(t){[0:(1),0;]), M

which define the correlation function and the causal response function, respectively; the for-
mer captures fluctuations (e.g., at equal times), while the latter describes the response of the
system to a perturbation at an earlier time. The function ©(t) is the Heaviside step function,
used to enforce causality. The fluctuation-dissipation theorem, a pillar of statistical mechan-
ics, relates these two quantities in equilibrium. For our purposes, we write the fluctuation-
dissipation relation (FDR) as [32]

1
FDR : X0,0,(t) = Ee(t)atCOin ) (2)
valid for classical systems (with the respective classical definitions of C(t) and y (t) [33]), as

well as quantum systems at finite temperature and at long times [32]. An alternative repre-
sentation of the FDR in the frequency domain takes the form

w
%0,0,(®) = 37 Co0,(®), 3)
where Xgioj(t) = %([Oi(t),éj]), and the Fourier transform has been defined as

flw) = ftei“’t f(t) for a function f. Furthermore, if the system satisfies microreversiblity,
or (quantum) detailed balance, two-time correlators exhibit a time-reversal symmetry [3, 4].
Assuming that the operator O; has a definite parity €; under time-reversal (in the absence of
magnetic fields), the correlation and response functions then satisfy [34]

Co0,(t) = €;€;Co0,(t), (4a)
X0,0,(t) = €;€;20,0,(t). (4b)

In this work, we shall refer to such relations as TRS of two-time correlators, or just TRS.
Notice that these set of equations are also consistent with the FDR in Eq. (2), and are valid in
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the frequency domain as well. The above equations form the origin of the Onsager reciprocity
relations [35].

FDR and TRS are both broken in driven-dissipative systems as they give rise to a non-
equilibrium steady states at long times. Extensive effort has gone into identifying the steady
states of many-body driven-dissipative systems as well as their phase transitions. A large body
of work, however, has shown that a variety of driven-dissipative many-body systems exhibit
critical behavior that is effectively equilibrium [15-28]. Specifically, an effective temperature
T.; emerges that governs the critical properties (e.g., critical exponents) near their phase
transitions at long times/wavelengths. An effective TRS may be then expected to emerge as
well given that TRS and FDR are intimately tied [6].

In this work, we consider driven-dissipative systems whose Hamiltonian—in the rotating
frame—is itself time-reversal symmetric: THT™! = H with T the antiunitary operator as-
sociated with the time-reversal transformation; here, T = K is simply complex conjugation.
Dissipative coupling to the environment, however, explicitly breaks TRS and exposes the non-
equilibrium nature of the system. Additionally, we assume that the full dynamics under the
Liouvillian £ comes with an Ising Z, symmetry that defines the order parameter at the phase
transition. Non-equilibrium systems with the Z, symmetry are generally expected to fall under
the familiar Ising universality class at their phase transitions. In fact, it is known that the Ising
universality class is robust against non-equilibrium perturbations [36]. In harmony with this
picture, previous work on driven-dissipative Ising-type systems has reported an emergent FDR
governing the order-parameter dynamics for some T, [17,20,28,37-39].

Notwithstanding the evidence for emergent equilibrium near criticality, here we report
that FDR and TRS are both macroscopically broken in quadratic driven-dissipative Ising-type
systems. This becomes manifest by considering other observables that overlap with the order
parameter, i.e., observables that share the same Z, symmetry. In the Ising model, for example,
beside 8, typically signifying the order parameter, we will also consider § , (with the transverse
field along the z direction). This expanded set of observables exhibit critical scaling, but they
do not obey an effective FDR. Interestingly, however, we show that a modified form of the FDR
emerges at long times,

5 1
FDR* : Xoio}k(t) ~ 5T N
e

()3, Co,0, - (5)

where the ~ sign means we have neglected noncritical corrections here and throughout the
rest of the paper; we dub this modified relation FDR*. Here, we have assumed that the O;’s are
Hermitian operators' which have the same Ising symmetry as the order parameter; we have
also defined OJ’.“ =T Oj T~ (recall that T = K). In the example of the Ising spin model, §j; =38,
while §* = —§y. We emphasize that FDR* is only applicable for this subset of observables,
and not for all observables as is the case in Eq. (2). In the frequency domain, FDR* takes the
form

w
Im¥ ,0:(@) = 4Tffcoioj(w) , 6)
e

which does not reduce to Eq. (3), in particular when the two operators have opposite parities.
The FDR* is radically different from its equilibrium counterpart, and has important conse-
quences. To see this, let us again assume that the operator O; has a definite parity €; under
time-reversal transformation. In this case, the FDR can be written as

€
X0,0,(t) ~ T

This means that an emergent FDR is satisfied with X 0,0; = (1/2T4;)0, Co.o; but with different
temperatures for different observables, T;; = €; T, same in magnitude but possibly with

©(t)9,Co,0, - (7

1Unlike the standard FDR, the FDR* is sensitive to the operators being Hermitian or not; see Section 6.2.

4
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opposite signs depending on the observables. For example, if O; is even under time-reversal
(61 = 1) and éz is odd (62 = _1), we find Tll = _le = T21 = —T22 = Teff.
We further show that an unusual form of TRS holds at or near criticality:

Co,0,(t) = Co,0,(1), (8a)
XOin(t) A eieijjOi(t) . (8b)

In parallel with FDR*, the above relations will be referred to as TRS*. Notice that the above
equations are consistent with the FDR* in Eq. (7). Interestingly, the correlation and response
functions transform differently under time-reversal transformation, in sharp contrast with
equilibrium; cf. Eq. (4). While violating TRS, these functions still have a definite parity under
time-reversal transformation. Moreover, combining Egs. (7) and (8), we further show that the
Onsager reciprocity relation finds a modified form with the opposite parity. This is surprising
in light of the broken TRS, but is a direct consequence of the emergent TRS*.

We derive these results via a simple field-theoretical analysis that identifies a slow mode
in the vicinity of the phase transition. We show that the FDR* and TRS* are a consequence
of the non-Hermitian form of the dynamics generator, due to the TRS of the Hamiltonian,
TAT™! = A, combined with the Ising Z, symmetry of the Liouvillian L.

3 Driven-Dissipative Ising Model

Here, we briefly introduce the infinite-ranged driven-dissipative Ising model with spontaneous
emission (DDIM) [31]. The DDIM describes a system of N driven, fully-connected 2-level
atoms under a transverse field, and subject to individual atomic spontaneous emission. In the
rotating frame of the drive, the Hamiltonian is given by

N J s
A= —st +AS,, 9

with J an effective Ising coupling and A the transverse field. For clarity, we use the total
spin operators 5, = 67, with 6% the usual Pauli matrices. The Markovian dynamics of the
system is given by the quantum master equation [40]

dp _ e NPT P
E=£[p]=—z[H,p1+rZai po7— 167670} (10)

Here, p is the reduced density matrix of the system and the (curly) brackets represents the
(anti)commutator. The first term on the RHS generates the usual quantum coherent dynamics,
while the remaining terms describe the spontaneous emission of individual atoms at a rate I'.
While there is no time dependence in the rotating frame, detailed balance is directly broken,
and the model is indeed non-equilibrium [41].

Equation (10) exhibits a Z, symmetry (6?’}' — —(“If’y ), which is spontaneously broken in
the phase transition from the normal phase ((ﬁx’y) = 0) to the ordered phase ((ﬁx’y> # 0). This
Ising-type model provides a minimal setting that leads to a driven-dissipative phase transition.
As we shall see in Sec. 5, the Ising symmetry enables a simple field-theory description that
allows us to derive the main results of this paper.

Due to the collective interaction, the DDIM phase diagram is exactly obtained via mean
field theory in the thermodynamic limit [31], where the critical value of T' is given by
[. = 44/ A(2J —A). However, it is also a physically relevant model, realized experimentally
either in the large-detuning limit of the celebrated open Dicke model [31, 42-47], or directly
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through trapped-ions [48]. At the same time, this model allows for exact analytical and nu-
merical calculations, and provides an ideal testbed for our conclusions. We will also consider
a short-range model in Section 6 where we arrive at the same conclusions.

In the models considered in this paper, the operator T = K is simply complex conjugation.
The Hamiltonian in Eq. (9) is time-reversal symmetric because it is real. Time-reversal trans-
formation (i.e., acting with the anti-unitary operator T together with sending t — —t) leaves
the von Neumann equation 3, = —i[H, ] invariant. In the ground state, this symmetry en-
forces ($ y)=0as T8 ) T=1=-§ y; this is true even in the ordered phase where (s ) = 0 while
(8,) # 0 [39]. Furthermore, correlators such as ({.§x,§y}) that are odd under time-reversal
must be zero. More generally, these symmetry considerations can be extended to thermal
states under unitary dynamics as they satisfy the KMS condition and exhibit an equilibrium
symmetry that involves time-reversal [49,50]. Two time-correlators then satisfy the symmetry
relations in Eq. (8). However, the driven-dissipative model in Eq. (10) breaks such symme-
tries. This is because Eq. (10) is derived in the rotating frame of the drive, hence breaking
detailed balance. The resulting steady state is then not a thermal state, and TRS of two-time
correlators no longer holds [51]. Specifically, this allows for nonzero expectation values of
odd observables such as (§ y) (in the ordered phase) and correlators such as S, y})

Despite the infinite-range nature of the model, individual atomic dissipation makes the
problem nontrivial since the total spin is no longer conserved. To make analytical progress,
we adopt the approach that we have developed in Ref. [31]. We provide the technical steps in
the following subsections; a non-technical reader may wish to skip ahead to Section 4 for the
relevant results.

3.1 Non-equilibrium field theory

Using a non-equilibrium quantum-to-classical mapping introduced in Ref. [31, 39], we can
map exactly the non-equilibrium partition function (normalized to unity)

Z=Tr(pg) = tl_lglo Tr(e“5(0)) =1, (11

to a Keldysh path-integral over a pair of real scalar fields, representing the order parameter of
the phase transition. We have introduced the steady state density matrix p, defined as the
long-time limit of the Liouvillian dynamics governed by Eq. (10). The mapping is done by
vectorizing, or purifying, the density matrix, such that the non-equilibrium partition function
takes the form

z= lim ((11e™ po)) (a2)

where we have performed the transformation |i)(j| — |i) ® |j) on the basis elements of the
density matrix. The inner product in the vectorized space is equivalent to the Hilbert-Schmidt
norm in the operator space, ({A|B)) = Tr(A'B). The matrix L is given by

L=—i(Ael—IeH) +FZ[0 ®6; ——(éj&;®f+f®€r él‘)] (13)
Following the vectorization procedure, we perform a quantum-to-classical mapping via a
Suzuki-Trotter decomposition in the basis that diagonlizes the Ising interaction, and then
utilize the Hubbard-Stratonovich transformation on the (now classical) collective Ising term

[31,39]. Tracing out the leftover spin degrees of freedom leaves us with a path-integral rep-
resentation of the partition function:

Z= f Dlm,(t), my(£)]e e, (14)

6
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with the Keldysh action

S= —2JNJ m(£)my(t) — iN InTy| Tel: T ] (15)
t

where 7T is the time-ordering operator. For convenience, we have introduced the classical
and quantum Hubbard-Stratonovich fields m, in the usual Keldysh basis [19,52]. The order
parameter (S, is given by the average of m, which takes a non-zero expectation value in the
ordered phase; correlators involving the operator §, too can be directly written in terms of the
fields m,,, [31]. The matrix T in Eq. (15) in the basis defined by 6* ® I and [ ® 6*, where

c/q
1 0 0 i 0 1
AX — 5Y — 5% —
is given by
— +i2v2im, iA —iA z
. in—% —3 +i2v/20m, —Z —in—1 an
| Liat _r _3C_i9/3 AT
IA—3 7 7 —12V2Jm, A—3
. —iA i —5—i2v2Im,

This matrix generates the (purified) dynamics of a pair of spins. Imaginary elements char-
acterize the coherent evolution inheriting the factor of i from the unitary evolution. Beside
the transverse field, the latter also includes the time-dependent fields m (t) and m(t) which
mimic the “mean field” due to the Ising interaction. Real elements in T are all proportional
to I', and characterize dissipation. Note the overall factor of N in Eq. (15) due to the collec-
tive nature of the Ising interaction, meaning that the saddle-point approximation is exact in
the limit that N — co. We mention here that Eq. (15) indeed describes the steady state of
the quantum master equation in Eq. (10), arising due to the competition between drive and
dissipation.

3.2 Correlation and response functions

This action is only in terms of the scalar fields m, ,, which are related to the observable S, [31].
To obtain the correlation and response functions for $ , and the cross-correlations with S, we
introduce source fields a®/D and B®/D to Eq. (13) which couple to S, and §y respectively:

L'(t)=L+ ia(”)(t)g—x el—ia®O(D)i® S + i/5<u)(t)§—y ef+ipO)ie S—y (18)
VN VN VN VN’

and perform the non-equilibrium quantum-to-classical mapping as usual. The absence of a
minus sign on the last term stems from the vectorization transformation in the mapping. In-
troducing the sources does not affect the quadratic term in m in Eq. (15), but changes the T
matrix to the new matrix T/ =T + T, + Tg where

@ 0 0 0
4l2]0 a 0 o

Ta=t\§lo 0 —a o | (19
0 0 0 -a
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and
0 _ﬁc + qu _ﬂc - ﬂq 0
— L ﬁc - ﬁq 0 0 _ﬁc - ﬁq
Tﬁ \/W _ch - ﬁq 0 0 _ﬁc + /5q (20)

0 _ﬂc _ﬁq ﬂc _ﬂq 0

We have performed the Keldysh rotation a./, = (™ + a¥)/v2, ./, = (B™ £ 1)/ v/2 for
convenience. Next, we expand the action to quadratic order in both m_/, and the source fields
around m/; = ac/q = Be/q =0,

me ! P 0o o "
. my mg
I ac a.
5= 2 Jc o | % WPua Pag 0 ag |’ @D
Be Be
4JP 2P P
ﬁq t ba ba hb t—t’ ﬁq %

where the kernel becomes a lower triangular block matrix. The block matrices take the usual
Keldysh structure

(o P4 1 0 2J5(t)
P_(PR PK)’ P“d‘ﬁ[P+(2j5(t) 0 )}
o P
Ppa = (p;; P%a) ’ Ppp = Paa;
a a

and the matrix elements for each block matrix are

PR(t) = PA(—t) = —2J5(t) + ©(£)8J % 2" sin (2At), (22a)
PK(t) = i8J2e 2t cos (2At), (22b)

PR (t) =—Pj (—t) = —©(1)2¢~ 2 cos(2A1), (220)

P (t) = —i2e”21sin(2A1). (22d)

Equation (21) is exact in the thermodynamic limit, as higher-order terms in the expansion are
at least of the order O(1/N).
After Fourier transformation, defined as m(t) = fw e '“'m(w) with the integration mea-

sure fw = f_ozo dw/27, we integrate out the m,, fields to obtain the generating functional
W[ac/q) ﬁc/q] = _l an as

i

th K R aq
1 B G" G B
W=—= 4 af . (23)
2 )1 a a

G o ‘
B/, o \PBe
The Green’s function block matrices are given by

Gk GX Gt Gt
GK:( %x ?)’ GR:( ﬁx ﬁ}')’ (24)
ny ny G}’X G)’}’
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and satisfy GX(w) = —[GX]"(w) and GR*(w) = [G*]"(w). In terms of the original observables
S.,8 the Green’s functions become ij,(w) = —i}"w({ﬁj(t),ﬁ-/(o)})/N and

X y’
ij,(w) = —i]—'w@(t)([ﬁj(t),g~/(0)])/N, with F,(f(t)) = f_ozo dte'“tf(t). The elements of
Eq. (24) are given by

(@)= 5 C:f)r([cfz_j;(;{f_:;zi — (25a)
Gry(@) = 52 wj;((gf ZZZ)J(Z — i?;()c)o ol (25b)
Sol)= 2(w_—ifo[1r)2(:i6<f)22§(:oA—)i¥)?;oz—] o)’ @59
Gy (@)= (w_w:;(Aw_wz), (25d)
) o ) (25¢)
)~ o ) @D
68 () = e =) (259)

(w—w1)(w—w,) ’

where w;/, = —5(TF L), [, = 44/A(2) — A).

4 Non-Equilibrium Signatures

In this section, we discuss the macroscopic, critical behavior of the driven-dissipative Ising
model introduced in Eq. (10). It is generally believed that such Ising models find an emergent
equilibrium behavior near their phase transition. This is often argued by considering a single
observable such as the order parameter and showing that it satisfies an effective FDR [17, 20,
37-39]. In contrast, we consider different observables and show that the associated FDR and
TRS are both violated even macroscopically. However, we show that a modified form of these
relations emerge, dubbed as the FDR* and TRS*, which govern the critical behavior of this
system. In the following subsections, we derive the effective temperatures for different set of
observables, discuss the breaking and emergence of (modified) TRS, and finally discuss our
results in the limit of vanishing dissipation.

4.1 Effective temperature

At thermal equilibrium and at low frequencies, the FDR in frequency space can be written as
G ()= Gh(w) = 5 =G5 (w) (26)
ij ij oT i

We focus on the low-frequency limit as we will investigate the system at or near criticality
where the dynamics is governed by a soft mode. To compare against the FDR in the time
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domain, we identify Co,o,(t) = iGg(t) and X ,0,(t) = Gﬁ.(t_).2 The above equation follows
from another version of the FDR given by [32]

. 1
_lxg,-oj(t) = 4_Tatcoioj(f), 27)

where Xgioj(t = 2([0,(D), 0,1) = %(Gﬁ.(t) — G‘lf‘j(t)); the retarded and advanced Green func-
tions are defined directly from the operators as GZ./ A(t) = Fi0(£t){[O;(1), Oj]). While Eq. (2)
is restricted to t > 0, the above equation is valid at all ¢, making it more suitable for the tran-
sition to Fourier space, i.e., Eq. (26). Of course, the two (causal and non-causal) versions of
the FDR are equivalent in equilibrium.

Equation (26) has been extensively used to identify an effective temperature even for non-
equilibrium systems [31, 37, 38]. In the non-equilibrium setting of our model, however, we
would immediately run into a problem for i # j when the corresponding operators have dif-
ferent parities under time-reversal transformation (e.g., T becomes infinite or complex val-
ued). To see why, let us anticipate that the TRS* relations reported in Eq. (8) indeed hold,
a fact that we will later justify near criticality and at long times. It is then easy to see that
Coioj(t) = Cojoi(—t) ~ Coioj(—t) while Xgioj(t) = _ngoi(_t) ~ —eiejloioj(—t). Now for
two distinct operators O; and éj where ¢; = —¢;, we find that both Coioj(f) and X oioj(t) are
even in time (for a fixed set of operators). However, this is not compatible with Eq. (27) as
it requires Coioj(t) and X Oioj(t) to have opposite parities. Postulating an effective FDR in this
case, valid for all t, forces us to include a sign function, sgn(t), that is, we should substitute
xgioj(t) = (Gg.(t) — Gg(r_))/zl' — Sgn(t))(gioj(t) = (Gg.(t) + Gg.(t)) /2i on the left hand side
of Eq. (27) when €; = —e j- Notice that the extended FDR is consistent with the causal FDR
in Eq. (2) when t > 0, but is now conveniently valid at all times. This extension is informed
by the anticipated form of the TRS* which we will justify later. The fluctuation-dissipation
relation is now conveniently cast in frequency space: for arbitrary operators O; and Oj (with i
and j being the same or distinct), the updated FDR takes the form

R,V o o A __ W K
Gl.j(co) elele.j(w) = 2T, (@) Gl.j(co), (28)
where we have now allowed for a frequency- and operator-dependent effective temperature
T;j(w). It is now clear that, while for €; = €; the above equation recovers the structure of

the FDR (cf. Eq. (26)), a different combination, Gg.(a)) + Gf}(co), appears on the left hand

side when ¢; = —¢;. The above equation can be brought into a more compact version again
by anticipating the TRS* in Eq. (8b) to write eieijj(a)) o~ G;‘i(w). Utilizing the relation

Gﬁ. (w)= Gg.(w)*, we are finally in a position to write an equation for the effective temperature
in the low-frequency limit:

GK
Tij = lim el

: ~K

o —1Gl.j
9 GR A = lim ——p—.
©=0 2 Gi(w) = Gji(w)  ©-0 4 1ImGj(w)

(29)

We have taken the low-frequency limit appropriate near criticality. Again we stress that the
above equation is consistent with the standard form of the effective FDR for i = j, and it
correctly incorporates the TRS* for i # j with opposite parities.

A shorter, but perhaps less physically motivated, route to the above equation is to start
directly from the causal form of the FDR in Eq. (2). The Fourier transform of this equation is

2We are including a normalization factor 1/N in the definition of correlation and response functions for conve-
nience.
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given by [34]

/ / .
Yoo, (@)= 5= H X oo () l;“’coioj(w)] : (30)
where P stands for the principal part. Here too, we shall assume the TRS* in Eq. (8a): with
Coioj(t) &~ Cojoi(t) = Co,o, (—t) regardless of the operators’ parities, the correlation function
C;;(t) is even in time, hence its Fourier transform, Coioj(w): is purely real. Taking the imagi-
nary part of the above equation then yields Im X Oioj(co) =—(w/ 4T)Coioj(w) where T has to
be identified with the effective temperature T;;(w). Therefore, we arrive at the same definition
of the effective temperature in Eq. (29).

Using Eq. (29), we can now identify the effective temperature in the driven-dissipative
Ising model (defining i,j € {x,y})

I? +16A2
ST G

_ T2+16(A—2J)2

= , 31b
vy 32(A—2J) (31b)
—2JT?
Ty =—Tyy = . (310)
I'2+16A(2J —A)

These expressions are calculated everywhere in the normal phase and generally take different
values (see also [38]), underscoring the non-equilibrium nature of the model at the micro-
scopic level. We note that the effective temperatures reported above have a physical signif-
icance only near the phase transition where the slow mode governs the dynamics. This is
because we have neglected noncritical contributions in the derivation of Eq. (28) (by invoking
TRS*). Equations (31a) and (31b) display non-analytic behaviour, though in different regions
of the phase diagram. T,, diverges when A — 0, in agreement with Ref. [53] that reports an
infinite temperature in the 6 basis. In contrast, T, diverges when A = 2J for any finite value
of T'. This divergence coincides with the change in the dynamical behaviour from overdamped
to underdamped dynamics as pointed out in [31]. Finally, T, = —T,, are everywhere finite
but opposite for the opposite order of the observables; this is tied to the TRS* as we will discuss
later.

The definition of the low-frequency effective temperature is particularly motivated near the
phase boundary where there exists a soft mode that characterizes the low-frequency dynamics
[31]. Interestingly, at (or near) the phase transition, we find

Tex=—Tyy =Ty =—T,, =J. (32)

Remarkably, these effective temperatures find the same magnitude, but possibly with different
signs. While focusing on a single observable (say $,) and its dynamics, one might be led to
conclude that the system is in effective equilibrium. However, a different observable (say $ y)
exhibits the opposite effective temperature. Notice that all correlation functions (involving S,
and/or ﬁy) are divergent at the phase transition, i.e., they are all sensitive to the soft mode;
we will make this more precise in Section 5 where we develop an effective field theory. This
suggests that although the critical behavior is governed by a single (soft) mode at the transition,
the system is genuinely non-equilibrium even macroscopically.

To support these analytical results, we have numerically simulated [39] the FDR in the time
domain (cf. Eq. (2)) and at a representative critical point on the phase boundary for a finite,
yet large, system with N = 100 spins. Correlation and response functions at criticality and at a
finite system size require an analysis beyond the quadratic treatment presented here and thus
serves as a nontrivial check of our results. Also, working in the time domain and restricting
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0.5 — Ty == |Tyy‘ - Iyr = 7’1‘111
'
0.0
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Figure 1: (a) Effective temperatures T, Ty, T}, and T, as a function of A at or
away from the phase boundary; we choose the parameters J = 1,I' = 4 with the
point A = 1 representing the critical point at the tip of the phase boundary (see the
red dot in panel (b)). The effective temperatures become equal up to a sign at the
critical point. The same pattern emerges on any point along the phase boundary and
away from I' = 0. (b) The phase diagram of the DDIM. The shaded region is the

ordered phase where (§x’y) #0.

to t > 0, we circumvent the issues that arise in the frequency domain; see the discussion in
the beginning of this subsection. Indeed, we find an excellent agreement in Fig. 2 between
the analytical results (in frequency space) and the numerical results (in the time domain) with
the exception of short time differences; the discrepancy at short times is a consequence of the
fact that the (observable-dependent) effective temperature is defined in the zero-frequency
limit of Eq. (28), therefore characterizing the long-time dynamics. In fact, the agreement is
remarkably good even at relatively short times Jt 2 1. Finally, we remark that the difference
at short times is not due to finite-size effects, and exists even in the limit N — co.

4.2 TRS breaking

As discussed in Section 3, broken TRS allows for nonzero correlators such as ({§x,§y}) that
are otherwise odd under the time-reversal transformation. Indeed, we find that this correlator
is nonzero and is even critical. More precisely, we find from Eq. (25b) that

Cyy ()= infy(t) — i[—JF +sgn(t)(J —A)(T — FC)e—%ItI

T. I—T.

—JT +sgn(t)(J —A)T +T,.) —%Itl]

— e .
T+T.

(33)

(For ease of notation, we have replaced Cs;s, by C;;; similarly for X;;.) Specifically, at equal

s
times, we have C,,(t =0) = —8JT/ (FZ—FCZ) . Indeed, the equal-time cross correlation diverges
as ~ 1/(I' —T,) upon approaching the critical point I' — I.. This is a stark manifestation of
broken TRS at a macroscopic level. We also note that both C,,,C,, ~ 1/(T' —I;.) diverge in a
similar fashion. Again, this is because ﬁx and §y share the same soft mode, as will be shown
in Section 5.

The macroscopic breaking of TRS alters the Onsager symmetry relations in an exotic fash-
ion that is distinct for the correlation and response functions. Indeed, the analytical expression
in Eq. (33) shows that, near criticality and at sufficiently long times,

4JT LTy

Cry(t) —me_ 2, (34)
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Figure 2: Numerical plots of correlation and response functions at a representa-
tive critical point with J = 1,A = 1,T = 4 and the system size N = 100. A
modified fluctuation-dissipation relation, xoioj(f) = @(t)COin(t)/ZTij, emerges
at long times. The effective temperatures take the same value up to a sign:

Ty =—Tyy =Ty =—T,, =J.

hence, C,,(t) =~ C, (—t), or equivalently, C,, (t) =~ C,,(t) up to noncritical corrections; far
from criticality, the correlation functions do not generally satisfy this symmetry relation. Fur-
thermore, the analytical expressions for the response functions in Egs. (25e) and (25f) show
that X, ,(t) = —X,,(t). Interestingly, the cross-correlation and -response functions exhibit
opposite parities. These analytical considerations are further supported by the numerical sim-
ulation shown in Fig. 3 at criticality confirming

ny(t) ~ ny(t); (35a)
Xxy(t)g_xyx(t); (35b)

consistent with the TRS* in Eq. (8). Despite the broken TRS, the correlation and response
functions retain definite, though distinct, parities under time-reversal.

4.3 Weakly-dissipative limit

In this section, we briefly consider a special limit of the driven-dissipative Ising model, namely
a weakly-dissipative critical point at at A — 2J and I' — 0; see Fig. 1(b). It was shown in
previous work that this limit leads to a different critical dynamics than a generic critical point
at finite T' [31,39]. Here, we are interested in the TRS breaking and its possible emergence
in the limit of vanishing dissipation. Interestingly, we find that the fate of the TRS depends
on the way that this critical point is approached, and that this distinction only exists in the
thermodynamic limit where the system is gapless at the phase boundary. We shall consider
two different scenarios below.

In the first scenario, let us set A = 2J and take the limit I' — 0. Fourier transforming Eq.
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(25c¢) to the time domain gives

. . 1
Cyy(6) = lim iGy (£)=2¢72"". (36)

We thus see that the .§y correlator is finite at the weakly-dissipative critical point, indicating
that §y has become “gapped”. This appears to suggest a return to the equilibrium scenario
where S, plays no role in critical behaviour. However, the cross-correlation given by Eq. (33)
remains nonzero and even critical at the weakly-dissipative point: C,,(t =0) ~ 1/T. There-
fore, even in the limit of vanishing dissipation, TRS is macroscopically broken.

In the second scenario, we consider A > 2J and first take the limit I — 0. In this case, we
have I, =i/ A(A —2J) = iw,, which then leads to

—4(A—J) ., ot
sin )

w, 2 37)

%151) Cx y(t) =
This expression goes to zero at t = 0 for any value of A including the weakly dissipative critical
point as A — 2J ", recovering the equilibrium result.

The different behavior in the two scenarios lies in the fact that the system has a finite
dissipative gap when we send I' — 0 before sending A — 2J but not vice versa. It has been
shown that the steady state of a system with a finite dissipative gap becomes purely a function
of the Hamiltonian in the limit of vanishing dissipation, i.e., ps = f (H) [54]; see also [55].
In this case, the steady state for our model can be written as a function of the Hamiltonian in
Eq. (9), and thus respects TRS. A system of finite size would fall under this category as well
because the system will always be gapped for N < o0, irrespective of the order of limits taken
w.r.t. A and I'. The argument about weakly-dissipative states commuting with H in gapped
systems, however, fails in a gapless system corresponding to the first order of limits, where we
sent A — 2J before taking the weakly-dissipative limit. Indeed, we find that in this case the
TRS is macroscopically broken even in the limit of vanishing dissipation.

One can also determine the behavior of the effective temperature at the weakly-dissipative
critical point. However, since the operator $ , is gapped, the definition of the low-frequency
effective temperature doesn’t seem appropriate. In fact, one finds that the effective tempera-
tures involving this operator take different values (and even diverge) depending on the order
of limits. Therefore, we will not report the effective temperature in this limit.

(a) (b)

0 E—— 2
-2 o~ — \ Xay
// 1 \\ == Xyzx
-4 /// TN
/ 0 ===
-6 // Cry
4
- 8 ,, - Cy”c - 1
-10 -2
0 5 10 15 20 0 5 10 15 20
t t
Figure 3: Cross-correlation and -response functions at criticality

J =1,A =1, = 4N = 100). A modified form of TRS emerges at critical-
ity where correlation (panel a) and response (panel b) functions exhibit opposite
parities under time-reversal transformation.
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5 Effective Field Theory

In this section, we develop a simple, generic field-theory analysis that elucidates the origin of
the effective temperatures and their signs as well as FDR* and TRS*. We first need to construct
an action that maps the spin operators S, and §y to the fields x(t) and y(t), respectively.
This is achieved by starting from the generating functional W in Eq. (23) and constructing
a quadratic action in terms of x and y fields that exactly reproduces the correlations of the
corresponding operators. This is simply done via a Hubbard-Stratonovich transformation on

exp(iWlac/q, Bejql) as
e :fD[Xc/q:J’C/q]eiSeff[xc/q’yC/q]"'ifij(_w)v(w), (38)

where we have absorbed an unimportant normalization factor into the measure, and we have
. . . T T .
defined the source and field vectors j = (ag, 4, @, Bc)" and v = (x., ¥, X4, ¥4)" - The resulting

action is given by
1 o D/
S =3 f V) (DR DK)M v(®), (39)

where we have written the kernel in terms of 2 x 2 block matrices:

— lep_ 9
v =T =(, 208, T2 b= (1 9).

By inspecting the form of DR, we can identify the soft mode. At the critical point
(T > T. =4+ A(2J — A)), this matrix takes the form

DR(w=0)=( 2J —A \/A(ZJ—A)).
o —v/AJ—A) —A

A convenient decomposition of Dfr(w = 0) is given by Dfr(co = 0) = UAU where

1 A it 0 0
e 47c A: 2
U= 7= (%1} A ) (0 —2J)’ 42

valid for 0 < A < 2J; the regime A > 2J needs to be dealt with separately. The matrix U
is orthogonal, i.e., UUT = I. Notice that this decomposition can be viewed as an SVD where
DX (w = 0) = UAV”, where V = U with both U and V being orthogonal matrices. In this
sense, the left and right vectors are rotated with respect to the original directions in opposite
directions; see Fig. 4(a). As we shall see, this is the reason behind the new FDR* and TRS*.
This decomposition allows us to express both classical and quantum components of ¢, in
terms of x, y as

(41)

¢c) (Xc) 1 (AXC—%FC yc)
=U = , 43a
(Cc Ye)  V2TA \GLxc+ Ay (“432)
qbq) T(x) 1 (Ax +3Ly )

=UT ()= —— FlaT ) ) (43b)
(Cq yq Vv2JA _%chq'i'A.yq

We note that the diagonal elements of A define the masses of the fields ¢ and { on the phase
boundary. Therefore, we can identify ¢ as the soft mode and ¢ as the gapped field. In addition,
the Keldysh element of the kernel remains unchanged, U DXU = DX,
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Figure 4: Schematic representation of the massless and massive fields ¢ and ¢ in
terms of the x and y fields that represent S, and §y. (a) The gapped/gapless fields
are shown at a generic critical point. The classical and quantum fields are rotated
with respect to the x-y axes, but in opposite directions, a fact that leads to the oppo-
site signs of the effective temperatures. (b) At the weakly-dissipative critical point,
A =2J, T — 0, the gapless and gapped fields align with the x and y axes, respec-
tively, similar to thermal equilibrium.

5.1 FDR* and TRS*

The field-theory representation makes the origin of the results shown in Section 4 clear. The
correlation and response functions can now be expressed in terms of ¢ and . At the phase
boundary, the low-frequency effective temperature is captured purely by the soft mode ¢ be-
cause ( is gapped and does not affect the low-frequency behavior of the model. In other words,
the dominant contribution to the effective temperature follows from the correlation and re-
sponse functions involving ¢, while those involving { as well as the cross-correlations produce
noncritical corrections which can be neglected. We have, up to these corrections,

Txx =~ T¢ B (44&)
U
Ty~ 2Ty =—T,, (44b)
Uz
Ty, ~Ty, (44c¢)
U,
T,, ~—Ty=-T,, 44d
Y Uy ¢ ¢ (44d)

where

T. = 1i w <¢c(w)¢c(_w)>

¢ = m — ,
®=0 2 (¢c(w)¢q(_w)> - <¢q(w)¢c(_w)>

can be viewed as the effective temperature of the soft mode. This interesting result is purely

a consequence of the non-Hermitian structure of Eq. (41).
Technically, one can see that the same pattern of effective temperatures emerges whenever

(44e)

the inverse retarded Green’s function Dy = Dfr(co = 0) obeys the relation
1 0
"Dy’ =D, , with ©* = (o _1) , (45)

which simply states that the off-diagonal part of the matrix D is antisymmetric. Note that D is
real, but non-Hermitian. The fact that the kernel D, satisfies the above property can be argued
solely on the grounds that the Hamiltonian itself is time-reversal symmetric. To show this, let
us assume the contrary, namely that the off-diagonal part of the matrix Dy has a symmetric
component. This would give rise to a coupling ~ x. y,+x,Y. where the fields’ time dependence
is implicit. Rewriting the classical and quantum fields in terms of the fields on the forward
and backward branches of the Keldysh contour [52], such coupling becomes ~ x,y, —x_y_.
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This term takes the structure of a Hamiltonian contribution to the action (S, —S_); however,
the Hamiltonian does not couple x and y since it is time-reversal invariant. We should then
conclude that the off-diagonal part of D is antisymmetric. In equilibrium, the off-diagonal
terms are simply zero (at w = 0); however, in a driven-dissipative system, dissipation naturally
gives rise to nonzero (though antisymmetric) off-diagonal matrix elements. The role of the Z,
symmetry in this analysis is to guarantee that there is only one soft mode described by a single
real field, in contrast with other symmetries (such as U(1) symmetry) which would require
more (or complex) fields to describe the critical behavior. In addition, an explicit Z, symmetry
forbids a linear term in the action whose existence could alter our results.
We remark that a generalized version of the FDR,

GX(w) = GR(w)F(w) — F(w)G*(w),

is also utilized in the literature [17,19] to determine the distribution function matrix F(w).
While in thermal equilibrium F(w) = coth(w/2T)I is proportional to the identity, the distribu-
tion function is allowed to become a nontrivial matrix in driven-dissipative systems, specifically
in the context of the open Dicke model (possessing the same symmetries as those considered
here). For the cavity mode, it was shown that this matrix finds two eigenvalues, £A(w), whose
low-frequency behaviour is given by A(w) ~ 2T./w [17]. The positive eigenvalue was then
identified as the effective temperature. In contrast, our analysis clarifies the interpretation of
the negative effective temperature in the form of the FDR* in Eq. (5) and its origin due to
time-reversal symmetry breaking.

Next, we derive the TRS* relations for the correlation and response functions in Eq. (8),
namely C,,(t) =~ C,,(t) while ¥, (t) ~ —X,,(t) up to noncritical corrections. As for the
effective temperatures, the key is to keep only the critical contributions from ¢, ;. Recall that
{c/q are gapped, hence leading to noncritical corrections at or near the phase transition. The
symmetry of the correlation function follows in a simple fashion as

ny(t) = (xc(t)yc(o)) =~ U11U12<¢c(t)¢c(0)) =~ (yc(t)xc(o» = ny(t)- (46)

For the response function, we have

Xxy(t) = (Xc(t)}’q(o)) =~ U11U21<¢c(t)¢q(0)>:
Xy () = (¥e(t)x4(0)) = Uy Uq1 (@ (t)$4(0)) -

Again using the fact that Uy, = —U,;, one can see that ¥, (t) >~ =X, (t).

Finally, we remark that the field y becomes gapped at the weakly dissipative point as one
can see from Eq. (43) (see also Fig. 4(b)), which leads to the noncritical (ﬁ)zl) fluctuations.
One thus recovers the equilibrium behavior, although, care should be taken with the ' — 0
limit due to the order of limits discussed in Section 4.3.

(47)

5.2 Onsager reciprocity relations

In this section, we derive the modified form of the Onsager reciprocity relations. As a start-
ing point, consider the saddle-point solution of Eq. (39): DR(id,) - x(t) = 0 where we have
replaced w — 9, and defined x = (x, y); we have dropped the subscript ¢ for convenience.
By rearranging the time derivatives, we find the equation

(48)

a . [ T/2  2A
O ="M-x(t),  with M_(4J—2A 1“/2)'

This equation describes the average dynamics of x(t) (i.e., (§x,y)) near the steady state and
governs its decay to zero.
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Adopting a slightly more general notation, the dynamics near the steady state can be writ-
ten as

d
E(Xi)t :_ZMik<xk)t: (49)

where {x;} denote a set of macroscopic variables, and (-), represents the statistical (and, the
quantum) average at time t; we later specialize to the variable x by setting x; = x and x, = y.
Now defining L;; = Dok My (opex 7), Onsager reciprocity relations in equilibrium take the form

L] JjL
where €; denotes the parity of the corresponding field under time-reversal transofrmation.
These relations are a direct consequence of the equilibrium FDR—in the form of Onsager’s
regression hypothesis—together with the TRS. The Onsager reciprocity relations are of great
importance for their fundamental significance as well as practical applications. We shall refer
the interested reader to Ref. [34] for the proof of the reciprocity relations in a classical setting.

In the non-equilibrium context of our model with both FDR and TRS broken, the Onsager
reciprocity relations do not generally hold; however, given the modified form of the FDR* and
TRS* in Egs. (7) and (8), one may expect a modified form of the Onsager relations perhaps
with a different parity than the one expected in equilibrium. Here, we show that this is indeed
the case. To this end, we first note that the Onsager’s regression hypothesis is modified in a

straightforward fashion as
A
(xi)¢ =€jkB—T(Xi(t)Xj(0)), (51)

assuming that a “magnetic” field A has been applied along the j direction before it is turned
off at time t = 0. The only difference from the standard Onsager regression hypothesis is the
prefactor €; appearing out in front, a factor that simply carries over from Eq. (7). Combining
with Eq. (49), we have

(0 (0)) = = Y My (0, (0)). 52

Notice that the factors of €; cancel out on both sides. Finally, using the TRS* of the correlation
function, C;;(t) = Cj;(t) regardless of the corresponding parities, and setting t = 0, we find>

Notice the absence of the TRS parity factors €;€;; cf. the equilibrium Onsager reciprocity
relation in Eq. (50).

To verify that this relation holds in our non-equilibrium setting, it is important to distin-
guish the contribution of the soft mode, responsible for the critical behavior, from the gapped
mode. Therefore, we shall consider the dynamics at a coarse-grained level where the gapped
mode is “integrated out”. To this end, let’s write

M= mgRop! + MLR¢E, (54)

where we have used a dyadic notation. Here, ¢*/* and ¢*/? define the right/left eigenvec-
tors of the matrix M. These vectors are biorthogonal, that is, ¢~ - ¢& = ¢ - ¢R = 1 while
¢l - ¢’ =L - ¢ = 0. Furthermore, m and M represent the two eigenvalues of the matrix
M: the eigenvalue m vanishes at the critical point defining the soft mode, while M remains
finite (at the order of J) and defines the gapped mode. The notation for the soft and gapped

3Since the modified FDR doesn’t hold at short times, setting t = 0 might seem problematic. However, the error
incurred in the process only amounts to a noncritical correction.
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modes mirror our conventions for the effective field theory. In fact, the above diagonalization
is a similar decomposition to that of the previous section but in a different basis (notice that
M is “rotated” with respect to DX). While we do not need the explicit form of the eigenvalues
and the (right and left) eigenvectors, here we provide them for completeness:

¢R=(_\ ZJéA’l), ¢L=%(—\ ZJ;A,l), m=T—4y/(2] — A)A,
gR:(\ 2JA_A,1), gL:%( ZJ;AJ), M=T+4/(2J—A)A.

Now, the coarse-grained dynamics at sufficiently long times is governed solely by the soft
mode, while the gapped field quickly decays to zero ({*-x = 0). Therefore, the slow dynamics
is given by

(55)

d —

—x=—-M-x, 56

TR X (56)
where we have defined M = m¢R¢’ keeping only the critical component. We are finally in a
position to study the relation between L, and L, explicitly defined by

Lyy =M (xy) + M,y (yy),

— — (57)
Ly =M {xx) + M, (yx).

Now notice that the fluctuations (x;x;) ~ ¢f¢f(¢2) where (¢?2) represents the critical fluctua-

tions (to be identified with (¢C2) in the previous section); this simply means that the dominant
contribution to fluctuations is given by the overlap of dynamical variables with the critical
field. Additionally, using the biorthogonality &* - % = 0, we have (¢, ¢L) oc (—¢&, ¢F). We
can then write

Lyy—Ly,ocgt-M-¢f=0, (58)

where the last equality follows from X - M oc ¢ - ¢® = 0. We thus arrive at the relation
Ly, =~ L, in harmony with our modified version of the Onsager reciprocity relation. This
should be contrasted with the reciprocity relation in equilibrium: L, , = —L,, with x (y) even

(odd) under time-reversal transformation.

6 Driven-Dissipative Coupled Bosons

In this section, we go beyond the infinite-range model discussed so far and consider a quadratic
model of driven-dissipative bosons. The model being quadratic can be solved exactly using any
number of techniques. For a coherent presentation, we will adopt a simple (Keldysh) field-
theoretical analysis. Our main point is however that the conclusions of this work apply to
a wider range of models. To be specific, consider a bosonic model on a cubic lattice in d
dimensions with the Hamiltonian

N J N At At A A
H= ~5q Z(ai +aiT)(aj +a})+ 2AZa:ai, (59)
(@ij) i
and subject to the dissipation
Li=+vTg;. (60)

4While one might be tempted to conclude that M o< m — 0 at the critical point, the product m(¢$?) remains
finite due to the diverging fluctuations and thus L,, assumes a nonzero value at the critical point.

19


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066

Scil SciPost Phys. 12, 066 (2022)

The coefficients in the Hamiltonian are chosen for later convenience. Notice that the Hamil-
tonian is time-reversal symmetric. This follows from either writing the operator a in terms of
two quadratures that are even and odd under time-reversal (see below), or directly by not-
ing that TaT~! = & and similarly for &* (site index suppressed) although T is antiunitary
(TiT™! =—0) [56]. The above bosonic Hamiltonian is therefore real and time-reversal sym-
metric. In addition, the Liouvillian governing the dynamics is Z, symmetric under the trans-
formation a — —a, similar to the driven-dissipative Ising model considered in Eq. (10). This
symmetry is broken at the phase transition where (a) becomes nonzero in the ordered phase.
As discussed in Sec. 3, the Z, symmetry provides a minimal setting where the time-reversal
symmetry breaking or emergence can be investigated near criticality.

The Keldysh action for this model can be constructed in a straightforward fashion us-
ing a coherent-state representation mapping operators to c-valued fields as @; — a;(t) and
&Z — aj(t). A path-integral formalism can be straightforwardly constructed in terms of these
bosonic fields on a closed contour with the Keldysh action given by [20]

SK:SH+SDJ (61)

where Sy j, represent the coherent and dissipative terms, respectively. The coherent term in
the action is given by

Sy = Z af [Zafgiataia—H[aia,a;"g]], (62)
t i

O=+,—

with o = =+ representing the forward and backward branches of the contour. The last term
represents the (normal-ordered) Hamiltonian in the coherent-state representation. The rela-
tive sign of the forward and backward branches has its origin in the commutator [H, p]. The
dissipative term in the action takes the form

1
Sp= —iI‘ZJ [aHa;k_ —3 (a;"+ai+ +a;_a; ] . (63)
i Jt

Upon a Keldysh rotation a.;/,; = (a, £a_)/ V2 (site index i being implicit), the Keldysh ac-
tion is then written in terms of classical and quantum fields. Here, it is more convenient
to cast the bosonic field in terms of its real and imaginary parts (the two quadratures) as
a;(t) = (®;(t) —il1;(t))/2 where the factor of 1/2 is chosen for later convenience. The cor-
responding operators can be viewed as a scalar field and the conjugate momentum. These
Hermitian operators obey the same symmetry relations as x and y in the DDIM, where & is
even under TRS while IT is odd. The anti-unitary nature of the time-reversal transformation
makes the bosonic fields real and invariant under TRS. The Lagrangian Ly defined via the
Keldysh action Sk = f dtLg then takes the form [20]

1 1 r . .
Lic = D, 5 @i, e — 5 Tig@bic — A(®ieiy + Ty ) + 7 (g Tlie — Tl + 18], +iT5)
i
J
+ Z ﬁ(q)icq)jq + <I>iqq>jc) ) (64)
(i)
in terms of classical and quantum fields &;./, and II;;/;. In momentum space, the Keldysh

action takes almost an identical form to Eq. (39) with the substitution v — (&, 1, %, I1,)
where the frequency and momentum (w, k) are implicit and J — Jy, = %(cos ki+---+cosky).
This implies that this model too exhibits a phase transition at the same set of parameters. While
a nonlinear term is needed to regulate things on the ordered side, we shall only consider the
critical behavior.
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6.1 Green’s functions

Since Eq. (64) is identical to Eq. (39) upon the above substitutions, we can immediately write
the correlation and response functions of ® and II. They are simply given by Eq. (25) once J
is substituted by Jy. Using the definitions of the bosonic variables in terms of the real fields,
we can easily determine the form of the bosonic Green’s functions:

K K R R
& = [ Caar Caa Gt = | Caar Coa (65)
K k |’ R R |’
Ga'f'a"” afa Ga"’a'*' Ga'*'a
where
GX (w0, k) =[GX (—w,K)]
—iT (302 +4(32J2 + 12A% + 8Aw + 3w? — 8J,(4A + w))) (66a)
B 8(w — w1)(w— wy)(w — wi)(w — wj) ’
*
Gfa(w> k) = I:G(If-ra-;-(w: k):l
il (12872 + T2 — 161/ (I — 8iA) + 4(4A% + w?)) (66b)

5

8(w — wq)(w — wy)(w — wi)(w — w})
* —4Jy +4A + 2w + il

Goar (1) =[G (e W] = 57— =5 (660)
GR (0, k) =[Gk (0, K)] = —2 = 4) (66d)

B (w—wi1)(w—wy) ’

and GR(w,k) = [G}(w,k)]", GX(w,k) = —[GX(w,k)]". In a slight abuse of notation, we have
defined the modes w; /, = —i(T' ¥ I (Jx))/2 (introduced earlier in Section 3.2) and defined the
function I.(J) =44/ A(2J — A).

For comparison with the FDR in the time-domain, we quote the long-wavelength (k — 0)
limit of the correlation and response functions at criticality:

—i4d] _
GK (6,10 =GK_(—t, k)~ N Ae] (672)
s Ad[—i(J+A) 42T —A)] _ue
Gaa(t: 1) = =[Gy s (6,10 ~§[ A oI ]e b 67D
—A
G (60 =[G (6, )] ~ () (% —2i) e, (670)
C
R R * —8J _miee
G (1) =[GR .(t,K)] ~O(t)——e Y, (67d)

where we have defined A = —JT./4d(2J — A) and T, = I.(J). The expressions above are
obtained by first setting I' = I. and then taking the limit k — 0 while keeping k>t = const.
These expressions are valid all along the phase boundary except at the weakly-dissipative
critical point since we have assumed k? < 2J — A in our derivation.

6.2 FDR* for non-Hermitian operators

The Green’s functions of ® and II of the short-range model considered here are identical to
those of the DDIM once we substitute J — Jy.. Therefore, the low-frequency effective temper-
atures of this model in the long-wavelength limit k — O are identical to those of the DDIM

21


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066

Scil SciPost Phys. 12, 066 (2022)

in Eq. (31). In other words, at criticality and at long wavelengths and frequencies this short-
ranged model obeys the FDR*. The latter can be extended to the bosonic operators d; and c“zi’(
too. Taking the linear combination of the FDR* for the two quadratures, we find

X

ala 2Teff®(t)3 eCatals X

ey 2Teff(a(t)a .C, (68)
These relations can be explicitly verified by plugging in Eq. (67) with the effective temperature
identified as T.¢ = J. Interestingly, the set of operators on the two sides of these FDR-like
equations are different, namely the first operator (appearing at the earlier time) transforms
into its adjoint between the two sides of these equations.

The above equation suggests a more general form of the FDR* also applicable to non-

Hermitian operators,

1
Zoor(t) = o

()3, Coy, (69)
eff

where the O,’s are not necessarily Hermitian. The transpose T arises due to the combined
action of taking the adjoint as well as conjugation due to the time-reversal transformation. This
equation reduces to the FDR* for Hermitian operator in Eq. (5), while reproducing Eq. (68)
for non-Hermitian (but real) bosonic operators.

6.3 Weakly-dissipative limit

Finally, we investigate the bosonic Green’s functions at the weakly-dissipative point; this par-
allels our discussion of the weakly-dissipative DDIM in Section 4.3. Again we must be care-
ful in taking the order of limits. We shall first Fourier transform Eq. (66) to the time do-
main, send A — 2J, and then take the long-wavelength limit k — 0 in which case we have
Ji ~ J(1—k2/2d) and T,.(J) ~ i4v/2J|k|/d. Finally, we take the weakly-dissipative limit
I' — 0 and report only the critical contribution at long wavelengths:

2
Ggﬁ(t,k)ﬂa—izkizcos(&lkl ) (70a)
Gp(t, k) ~—0(t )% in(z‘/_J|k| ) (70b)

for a, € {a,a'}. Note that the dynamical exponent (z) is now different as the scaling variable
is |k|t compared to k?t in Eq. (67), i.e., we find ballistic (z = 1) rather than diffusive dynamics
(z = 2). Fluctuations diverge in the same fashion, Ggﬁ ~ 1/Kk?, regardless of the dissipation,
while the dynamical behavior undergoes a crossover; for a similar behavior of the DDIM, see
Ref. [39]. As we kept k finite while taking I' — 0, the system remains gapped. Therefore, the
density matrix commutes with the Hamiltonian, in parallel with our discussion in Section 4.3.
The TRS is then restored and the correlation and response functions satisfy the equilibrium
FDR as one can directly see from Eq. (70). If we instead take k — O before sending ' — O,
we find that the cross-correlation ng(t = 0,k = 0) ~ 1/T diverges even at the weakly-
dissipative critical point, while this quantity remains zero in equilibrium as it is odd under the
time-reversal transformation.

7 Conclusion and Outlook

In this work, we have considered Ising-like driven-dissipative systems where the Hamiltonian
itself is time-reversal symmetric although dissipation breaks this symmetry. We have shown
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that, despite an emergent effective temperature, the FDR and TRS are macroscopically vio-
lated when one considers multiple operators that overlap with the order parameter and are
even or odd under time-reversal transformation. Nevertheless, we have argued that a modi-
fied form of the fluctuation-dissipation relation (dubbed FDR*) governs the critical behavior.
Similarly, a modified form of time-reversal symmetry (dubbed TRS*) arises where correlation
and response functions find definite, but possibly opposite, parities under time-reversal trans-
formation; in sharp contrast with TRS in equilibrium, one cannot assign a well-defined parity
to a given operator while correlation and response functions exhibit definite parities. Addi-
tionally, we have derived a modified form of the Onsager reciprocity relation in harmony with
the TRS* while violating the TRS. These conclusions are based on the underlying symmetries
(time-reversal symmetry of the Hamiltonian and the Ising symmetry of the full Liouvillian)
and the existence of a single soft mode at the phase transition. They follow from a generic
field-theoretical analysis that leads to a non-Hermitian kernel for the dynamics. We have pre-
sented our results in the context of two relatively simple Ising-like driven-dissipative systems.
Finally, we have shown that even in the limit of vanishing dissipation, TRS is not necessarily
restored.

We distinguish our results from recent interesting works where quantum detailed balance,
microreversibility and time-reversal symmetry [57-59] or extensions thereof [60] are an ex-
act property of a special class of open quantum systems. On the other hand, the modified
time-reversal symmetry of two-time correlators introduced here arises near criticality, but is
expected to hold for a large class of driven-dissipative systems near their phase transitions,
specifically mean-field or quadratic models (or models with irrelevant interactions in the sense
of renormalization group) exhibiting an Ising type phase transition and described by a time-
reversal invariant Hamiltonian.

A natural extension of the models considered here is the full Dicke model with both bosonic
and spin operators in a single- or multi-mode cavity [30,42,61]. The two components of the
spin operators as well as the two quadratures of the cavity mode(s) constitute a larger space
of operators that overlap with the order parameter and are even/odd under time-reversal
transformation, but similar results should be expected. Another interesting direction is to go
beyond mean-field or quadratic models and consider nonlinear interactions and their effect on
the modified fluctuation-dissipation relations and time-reversal symmetry. An important future
direction is to investigate if similar FDR* and TRS* emerge for phase transitions governed by
different symmetries, as the order parameter takes a more complicated form. It is possible
that a generalization of the results reported in this work would depend on the underlying
symmetries, as well as the weak or strong nature of such symmetries [62]. Similarly, one
may consider models where the time-reversal transformation takes a more complicated form
than complex conjugation. More generally, it is desired to identify emergent forms of time-
reversal symmetry governing the macroscopic behavior of driven-dissipative systems despite
this symmetry being broken microscopically.

Funding information This material is based upon work supported by the NSF under Grant
No. DMR-1912799. M.M. also acknowledges support from the Air Force Office of Scientific
Research (AFOSR) under award number FA9550-20-1-0073 as well as the start-up funding
from Michigan State University. This research was supported in part by the National Science
Foundation under Grant No. NSF PHY-1748958.

23


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066

Scil SciPost Phys. 12, 066 (2022)

References

[1] S.D. Groot and P Mazur, Non-equilibrium thermodynamics, Dover Publications, Mineola,
New York, US, (1984), doi:10.1098/rsta.2020.0066.

[2] R. Zwanzig, Nonequilibrium statistical mechanics, Oxford University Press, Oxford, UK,
ISBN 9780195140187 (2001).

[3] G. S. Agarwal, Open quantum Markovian systems and the microreversibility, Z. Phys. A
258, 409 (1973), doi:10.1007/BF01391504.

[4] H. J. Carmichael and D. F Walls, Detailed balance in open quantum Markoffian systems,
Z. Phys. B 23, 299 (1976), doi:10.1007/BF01318974.

[5] R. Alicki and K. Lendi, Quantum dynamical semigroups and applications, Springer
Berlin Heidelberg, Berlin, Heidelberg, ISBN 9783540708605 (2007), doi:10.1007/3-
540-70861-8.

[6] G. Biroli, Slow relaxations and nonequilibrium dynamics in classical and quantum sys-
tems, in T. Giamarchi, A. J. Millis, O. Parcollet, H. Saleur and L. E Cugliandolo,
eds., Strongly interacting quantum systems out of equilibrium, Lecture Notes of the
Les Houches Summer School 99, 207, Oxford University Press, Oxford, UK, (2016),
doi:10.1093/acprof:0s0/9780198768166.001.0001.

[7] S. Diehl, A. Micheli, A. Kantian, B. Kraus, H. P Biichler and P Zoller, Quantum states
and phases in driven open quantum systems with cold atoms, Nat. Phys. 4, 878 (2008),
doi:10.1038/nphys1073.

[8] E Verstraete, M. M. Wolf and J. Ignacio Cirac, Quantum computation and quantum-state
engineering driven by dissipation, Nat. Phys. 5, 633 (2009), do0i:10.1038/nphys1342.

[9] A. Denisov, H. M. Castro-Beltran and H. J. Carmichael, Time-asymmetric fluctuations
of light and the breakdown of detailed balance, Phys. Rev. Lett. 88, 243601 (2002),
doi:10.1103/PhysRevLett.88.243601.

[10] E. Altman, L. M. Sieberer, L. Chen, S. Diehl and J. Toner, Two-dimensional superflu-
idity of exciton polaritons requires strong anisotropy, Phys. Rev. X 5, 011017 (2015),
doi:10.1103/PhysRevX.5.011017.

[11] J. Marino and S. Diehl, Driven Markovian quantum criticality, Phys. Rev. Lett. 116,
070407 (2016), doi:10.1103/PhysRevLett.116.070407.

[12] H. E H. Cheung, Y. S. Patil and M. Vengalattore, Emergent phases and critical be-
havior in a non-Markovian open quantum system, Phys. Rev. A 97, 052116 (2018),
doi:10.1103/PhysRevA.97.052116.

[13] E. G. Dalla Torre, E. Demler, T. Giamarchi and E. Altman, Quantum critical states and
phase transitions in the presence of non-equilibrium noise, Nat. Phys. 6, 806 (2010),
doi:10.1038/nphys1754.

[14] J. T Young, A. V. Gorshkov, M. Foss-Feig and M. E Maghrebi, Nonequilib-
rium fixed points of coupled Ising models, Phys. Rev. X 10, 011039 (2020),
d0i:10.1103/PhysRevX.10.011039.

24


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066
https://doi.org/10.1098/rsta.2020.0066
https://doi.org/10.1007/BF01391504
https://doi.org/10.1007/BF01318974
https://doi.org/10.1007/3-540-70861-8
https://doi.org/10.1007/3-540-70861-8
https://doi.org/10.1093/acprof:oso/9780198768166.001.0001
https://doi.org/10.1038/nphys1073
https://doi.org/10.1038/nphys1342
https://doi.org/10.1103/PhysRevLett.88.243601
https://doi.org/10.1103/PhysRevX.5.011017
https://doi.org/10.1103/PhysRevLett.116.070407
https://doi.org/10.1103/PhysRevA.97.052116
https://doi.org/10.1038/nphys1754
https://doi.org/10.1103/PhysRevX.10.011039

Scil SciPost Phys. 12, 066 (2022)

[15] A. Mitra, S. Takei, Y. Baek Kim and A. J. Millis, Nonequilibrium quantum
criticality in open electronic systems, Phys. Rev. Lett. 97, 236808 (2006),
doi:10.1103/PhysRevLett.97.236808.

[16] M. Wouters and I. Carusotto, Absence of long-range coherence in the parametric emission
of photonic wires, Phys. Rev. B 74, 245316 (2006), doi:10.1103/PhysRevB.74.245316.

[17] E. G. Dalla Torre, S. Diehl, M. D. Lukin, S. Sachdev and P. Strack, Keldysh approach for
nonequilibrium phase transitions in quantum optics: Beyond the Dicke model in optical
cavities, Phys. Rev. A 87, 023831 (2013), doi:10.1103/PhysRevA.87.023831.

[18] T. E. Lee, S. Gopalakrishnan and M. D. Lukin, Unconventional magnetism via op-
tical pumping of interacting spin systems, Phys. Rev. Lett. 110, 257204 (2013),
doi:10.1103/PhysRevLett.110.257204.

[19] L. M. Sieberer, M. Buchhold and S. Diehl, Keldysh field theory for driven open quantum
systems, Rep. Prog. Phys. 79, 096001 (2016), doi:10.1088/0034-4885/79/9/096001.

[20] M. E Maghrebi and A. V. Gorshkov, Nonequilibrium many-body steady states via Keldysh
formalism, Phys. Rev. B 93, 014307 (2016), doi:10.1103/PhysRevB.93.014307.

[21] E. T. Owen, J. Jin, D. Rossini, R. Fazio and M. J. Hartmann, Quantum correlations and
limit cycles in the driven-dissipative Heisenberg lattice, New J. Phys. 20, 045004 (2018),
doi:10.1088/1367-2630/aab7d3.

[22] C.-K. Chan, T. E. Lee and S. Gopalakrishnan, Limit-cycle phase in driven-dissipative spin
systems, Phys. Rev. A 91, 051601 (2015), doi:10.1103/PhysRevA.91.051601.

[23] R. M. Wilson, K. W. Mahmud, A. Hu, A. V. Gorshkov, M. Hafezi and M. Foss-Feig, Col-
lective phases of strongly interacting cavity photons, Phys. Rev. A 94, 033801 (2016),
doi:10.1103/PhysRevA.94.033801.

[24] A. Le Boité, G. Orso and C. Ciuti, Steady-state phases and tunneling-induced instabili-
ties in the driven dissipative Bose-Hubbard model, Phys. Rev. Lett. 110, 233601 (2013),
doi:10.1103/PhysRevLett.110.233601.

[25] M. Foss-Feig, P Niroula, J. T. Young, M. Hafezi, A. V. Gorshkov, R. M. Wilson and M. E
Maghrebi, Emergent equilibrium in many-body optical bistability, Phys. Rev. A 95, 043826
(2017), doi:10.1103/PhysRevA.95.043826.

[26] V. R. Overbeck, M. E Maghrebi, A. V. Gorshkov and H. Weimer, Multicrit-
ical behavior in dissipative Ising models, Phys. Rev. A 95, 042133 (2017),
doi:10.1103/PhysRevA.95.042133.

[27] E Vicentini, E Minganti, R. Rota, G. Orso and C. Ciuti, Critical slowing down
in driven-dissipative Bose-Hubbard lattices, Phys. Rev. A 97, 013853 (2018),
doi:10.1103/PhysRevA.97.013853.

[28] FE Brennecke, R. Mottl, K. Baumann, R. Landig, T. Donner and T. Esslinger, Real-time
observation of fluctuations at the driven-dissipative Dicke phase transition, Proc. Natl. Acad.
Sci. 110, 11763 (2013), doi:10.1073/pnas.1306993110.

. Hepp and E. H. Lieb, Equilibrium statistical mechanics of matter interacting with the
[29] K. H d E. H. Lieb, Equilibri istical mechani ' ing with th
quantized radiation field, Phys. Rev. A 8, 2517 (1973), doi:10.1103/PhysRevA.8.2517.

25


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066
https://doi.org/10.1103/PhysRevLett.97.236808
https://doi.org/10.1103/PhysRevB.74.245316
https://doi.org/10.1103/PhysRevA.87.023831
https://doi.org/10.1103/PhysRevLett.110.257204
https://doi.org/10.1088/0034-4885/79/9/096001
https://doi.org/10.1103/PhysRevB.93.014307
https://doi.org/10.1088/1367-2630/aab7d3
https://doi.org/10.1103/PhysRevA.91.051601
https://doi.org/10.1103/PhysRevA.94.033801
https://doi.org/10.1103/PhysRevLett.110.233601
https://doi.org/10.1103/PhysRevA.95.043826
https://doi.org/10.1103/PhysRevA.95.042133
https://doi.org/10.1103/PhysRevA.97.013853
https://doi.org/10.1073/pnas.1306993110
https://doi.org/10.1103/PhysRevA.8.2517

Scil SciPost Phys. 12, 066 (2022)

[30] E Dimer, B. Estienne, A. S. Parkins and H. J. Carmichael, Proposed realization of the Dicke-
model quantum phase transition in an optical cavity QED system, Phys. Rev. A 75, 013804
(2007), doi:10.1103/PhysRevA.75.013804.

[31] D. A. Paz and M. E Maghrebi, Driven-dissipative Ising model: An exact field-theoretical
analysis, Phys. Rev. A 104, 023713 (2021), doi:10.1103/PhysRevA.104.023713.

[32] U. C. Tauber, Critical dynamics, Cambridge University Press, Cambridge, UK, ISBN
9781139046213 (2009), doi:10.1017/CB09781139046213.

[33] B M. Chaikin and T. C. Lubensky, Principles of condensed matter physics, Cambridge Uni-
versity Press, ISBN 9780521432245 (1995), doi:10.1017/CB09780511813467.

[34] L. Peliti, Statistical mechanics in a nutshell, Princeton University Press, Princeton, New
Jersey, US, ISBN 9781400839360 (2011), doi:10.1515/9781400839360.

[35] H. K. Janssen, On the renormalized field theory of nonlinear critical relaxation, in From
phase transitions to chaos, World Scientific, Singapore, ISBN 9789810209384 (1992),
doi:10.1142/9789814355872_0007.

[36] K. E. Bassler and B. Schmittmann, Critical dynamics of nonconserved Ising-like systems,
Phys. Rev. Lett. 73, 3343 (1994), doi:10.1103/PhysRevLett.73.3343.

[37] J. Gelhausen, M. Buchhold and P Strack, Many-body quantum optics with de-
caying atomic spin states: (y,k) Dicke model, Phys. Rev. A 95, 063824 (2017),
doi:10.1103/PhysRevA.95.063824.

[38] D.Kilda and J. Keeling, Fluorescence spectrum and thermalization in a driven coupled cavity
array, Phys. Rev. Lett. 122, 043602 (2019), doi:10.1103/PhysRevLett.122.043602.

[39] D. A. Paz and M. E Maghrebi, Driven-dissipative Ising model: Dynamical crossover at weak
dissipation, arXiv:1906.08278.

[40] C. Gardiner and P Zoller, Quantum noise: A handbook of Markovian and non-
Markovian quantum stochastic methods with applications to quantum optics, Springer,
ISBN 9783540223016 (2004).

[41] L. M. Sieberer, M. Buchhold and S. Diehl, Keldysh field theory for driven open quantum
systems, Rep. Prog. Phys. 79, 096001 (2016), doi:10.1088/0034-4885/79/9/096001.

[42] K. Baumann, C. Guerlin, E Brennecke and T. Esslinger, Dicke quantum phase
transition with a superfluid gas in an optical cavity, Nature 464, 1301 (2010),
doi:10.1038/nature09009.

[43] K. Baumann, R. Mottl, E Brennecke and T. Esslinger, Exploring symmetry break-
ing at the Dicke quantum phase transition, Phys. Rev. Lett. 107, 140402 (2011),
doi:10.1103/PhysRevLett.107.140402.

[44] J. Klinder, H. KeBler, M. Wolke, L. Mathey and A. Hemmerich, Dynamical phase
transition in the open Dicke model, Proc. Natl. Acad. Sci. 112, 3290 (2015),
doi:10.1073/pnas.1417132112.

[45] Z. Zhigiang, C. Hui Lee, R. Kumar, K. J. Arnold, S. J. Masson, A. S. Parkins and M. D.
Barrett, Nonequilibrium phase transition in a spin-1 Dicke model, Optica 4, 424 (2017),
doi:10.1364/0OPTICA.4.000424.

26


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevA.104.023713
https://doi.org/10.1017/CBO9781139046213
https://doi.org/10.1017/CBO9780511813467
https://doi.org/10.1515/9781400839360
https://doi.org/10.1142/9789814355872_0007
https://doi.org/10.1103/PhysRevLett.73.3343
https://doi.org/10.1103/PhysRevA.95.063824
https://doi.org/10.1103/PhysRevLett.122.043602
https://arxiv.org/abs/1906.08278
https://doi.org/10.1088/0034-4885/79/9/096001
https://doi.org/10.1038/nature09009
https://doi.org/10.1103/PhysRevLett.107.140402
https://doi.org/10.1073/pnas.1417132112
https://doi.org/10.1364/OPTICA.4.000424

Scil SciPost Phys. 12, 066 (2022)

[46] E Damanet, A. J. Daley and J. Keeling, Atom-only descriptions of the driven-dissipative
Dicke model, Phys. Rev. A 99, 033845 (2019), doi:10.1103/PhysRevA.99.033845.

[47] J. A. Muniz, D. Barberena, R. J. Lewis-Swan, D. J. Young, J. R. K. Cline, A. Maria Rey
and J. K. Thompson, Exploring dynamical phase transitions with cold atoms in an optical
cavity, Nature 580, 602 (2020), doi:10.1038/s41586-020-2224-x.

[48] A. Safavi-Naini et al., Verification of a many-ion simulator of the Dicke model through
slow quenches across a phase transition, Phys. Rev. Lett. 121, 040503 (2018),
doi:10.1103/PhysRevLett.121.040503.

[49] L. M. Sieberer, A. Chiocchetta, A. Gambassi, U. C. TAuber and S. Diehl, Thermodynamic
equilibrium as a symmetry of the Schwinger-Keldysh action, Phys. Rev. B 92, 134307
(2015), doi:10.1103/PhysRevB.92.134307.

[50] C. Aron, G. Biroli and L. E Cugliandolo, (Non) equilibrium dynamics: A (bro-
ken) symmetry of the Keldysh generating functional, SciPost Phys. 4, 008 (2018),
doi:10.21468/SciPostPhys.4.1.008.

[51] H.J. Carmichael, Breakdown of photon blockade: A dissipative quantum phase transition
in gero dimensions, Phys. Rev. X 5, 031028 (2015), doi:10.1103/PhysRevX.5.031028.

[52] A. Kamenev, Field theory of non-equilibrium systems, Cambridge University Press, Cam-
bridge, UK, ISBN 9781139003667 (2009), doi:10.1017/CB09781139003667.

[53] M. Foss-Feig, J. T. Young, V. V. Albert, A. V. Gorshkov and M. E Maghrebi, Solvable
family of driven-dissipative many-body systems, Phys. Rev. Lett. 119, 190402 (2017),
doi:10.1103/PhysRevLett.119.190402.

[54] T. Shirai and T Mori, Thermalization in open many-body systems based
on eigenstate thermalization hypothesis, Phys. Rev. E 101, 042116 (2020),
doi:10.1103/PhysRevE.101.042116.

[55] E Lange, Z. Lenarcic¢ and A. Rosch, Pumping approximately integrable systems, Nat. Com-
mun. 8, 15767 (2017), doi:10.1038/ncomms15767.

[56] A. Messiah, Quantum mechanics: Volume II, North-Holland Publishing Company, Ams-
terdam, (1962).

[57] M. McGinley and N. R. Cooper, Fragility of time-reversal symmetry protected topological
phases, Nat. Phys. 16, 1181 (2020), doi:10.1038/s41567-020-0956-z.

[58] A. Altland, M. Fleischhauer and S. Diehl, Symmetry classes of open fermionic quantum
matter, Phys. Rev. X 11, 021037 (2021), doi:10.1103/PhysRevX.11.021037.

[59] S. Lieu, M. McGinley, O. Shtanko, N. R. Cooper and A. V. Gorshkov, Kramers’ degeneracy
for open systems in thermal equilibrium, arXiv:2105.02888.

[60] D. Roberts, A. Lingenfelter and A. A. Clerk, Hidden time-reversal symmetry, quantum de-
tailed balance and exact solutions of driven-dissipative quantum systems, PRX Quantum 2,
020336 (2021), doi:10.1103/PRXQuantum.2.020336.

[61] A.J. Kollar, A. T. Papageorge, V. D. Vaidya, Y. Guo, J. Keeling and B. L. Lev, Supermode-
density-wave-polariton condensation with a Bose-Einstein condensate in a multimode cavity,
Nat. Commun. 8, 14386 (2017), doi:10.1038/ncomms14386.

27


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066
https://doi.org/10.1103/PhysRevA.99.033845
https://doi.org/10.1038/s41586-020-2224-x
https://doi.org/10.1103/PhysRevLett.121.040503
https://doi.org/10.1103/PhysRevB.92.134307
https://doi.org/10.21468/SciPostPhys.4.1.008
https://doi.org/10.1103/PhysRevX.5.031028
https://doi.org/10.1017/CBO9781139003667
https://doi.org/10.1103/PhysRevLett.119.190402
https://doi.org/10.1103/PhysRevE.101.042116
https://doi.org/10.1038/ncomms15767
https://doi.org/10.1038/s41567-020-0956-z
https://doi.org/10.1103/PhysRevX.11.021037
https://arxiv.org/abs/2105.02888
https://doi.org/10.1103/PRXQuantum.2.020336
https://doi.org/10.1038/ncomms14386

Scil SciPost Phys. 12, 066 (2022)

[62] B.Buca and T. Prosen, A note on symmetry reductions of the Lindblad equation: Transport
in constrained open spin chains, New J. Phys. 14, 073007 (2012), doi:10.1088/1367-
2630/14/7/073007.

28


https://scipost.org
https://scipost.org/SciPostPhys.12.2.066
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1367-2630/14/7/073007

	Introduction
	Main Results
	Driven-Dissipative Ising Model
	Non-equilibrium field theory
	Correlation and response functions

	Non-Equilibrium Signatures
	Effective temperature
	TRS breaking
	Weakly-dissipative limit

	Effective Field Theory
	FDR* and TRS*
	Onsager reciprocity relations

	Driven-Dissipative Coupled Bosons
	Green's functions
	FDR* for non-Hermitian operators
	Weakly-dissipative limit

	Conclusion and Outlook
	References

