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We investigate a pseudothermalization effect, where an open quantum system coupled to a nonequilibrated
environment consisting of several non-Markovian reservoirs presents an emergent thermal behavior. This thermal
behavior is visible at both static and dynamical levels and the system satisfies the fluctuation-dissipation theorem.
Our analysis is focused on the exactly solvable model of a weakly interacting driven-dissipative Bose gas in
presence of frequency-dependent particle pumping and losses, and is based on a quantum Langevin theory,
which we derive starting from a microscopical quantum optics model. For generic non-Markovian reservoirs,
we demonstrate that the emergence of thermal properties occurs in the range of frequencies corresponding to
low-energy excitations. For the specific case of non-Markovian baths verifying the Kennard-Stepanov relation,
we show that pseudothermalization can instead occur at all energy scales. The possible implications regarding
the interpretation of thermal laws in low-temperature exciton-polariton experiments are discussed. We finally
show that the presence of either a saturable pumping or a dispersive environment leads to a breakdown of the

pseudothermalization effect.
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I. INTRODUCTION

Our understanding of the conditions allowing for the emer-
gence of equilibrium features in driven-dissipative quantum
systems is still incomplete. The dynamics of open quantum
systems is often characterized by the presence of a complex
external environment, implementing a wide range of effects
such as single-particle and many-body losses, pump, dephasing
[1,2], or more exotic dissipative processes [3], which are usu-
ally modeled as a series of external reservoirs [4,5]. Because
of the presence of dissipation, in the generic situation an open
quantum system is expected to reach after a sufficiently long
evolution a steady state where observables no longer evolve
in time [6,7]. Although it is a widely accepted belief that
in the presence of a typical nonequilibrated environment the
system properties do not necessarily recover those predicted
by some thermal model, providing a quantitative estimation
of the deviations between the steady-state and equilibrium
predictions often reveals challenging.

Over the past decade, these problematics have become
particularly relevant at an experimental level also in the
quantum regime, as pioneering works in photonic devices
have opened a new research direction on the dynamics of
nonequilibrium quantum fluids. Signatures of Bose-Einstein
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distributions, such as the presence of power-law infrared
divergencies similar to the Rayleigh-Jeans distribution (rn;
k=% for k — 0), and/or high-energy exponential tails of a
Boltzmann type (n; o< exp[—BEx] for k — 00), have been
observed in several experiments involving photon and exciton-
polariton nonequilibrium gases [8—15]. In room-temperature
experiments [11-15], the appearance of thermal correlations
might be seen as something rather predictible since energy
exchange with the thermal environment is occurring much
more quicky than particle losses. Yet, in other classes of
low-temperature exciton-polaritons [8,9] and Vertical-Cavity
Surface-Emitting Laser (VCSEL) [10] experiments where
nonequilibrium effects are expected to be kinetically dominant,
the underlying mechanisms leading to the emergence of an
effective temperature differing from the one of the apparatus
are less clear and subject to controversy [16—18].

From a theoretical point of view, many studies have quan-
tified the distance from equilibrium for photonic systems
[16,19-23]. In Ref. [24], it was shown that the presence of
suitably designed 1/f noise in a generic open quantum system
could lead to critical properties analogous to an equilibrium
quantum phase transition. Works based on the renormaliza-
tion group (RG) [25-27] and diagrammatic expansions [28]
for nonequilibrium field theories have addressed the long-
range and low-energy properties of quantum fluids and the
critical properties across a driven-dissipative phase transi-
tion, and connections have been drawn between equilibrium
and symmetries of the Keldysh action [29,30]. In particular,
the important role played by the spatial dimensionality in
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determining whether a driven-dissipative quantum system
presents asymptotic thermal properties was pointed out in
many studies [26,31-33]. More recently, the necessity of
characterizing the dynamical properties was highlighted in
Ref. [34], where it was showed that a driven-dissipative
quantum system could present at steady-state equilibrium-like
static correlations without verifying the fluctuation-dissipation
theorem (FDT) [35] at a dynamical level.

Here we want to push this last statement one step further:
We argue that, under specific conditions, an open quantum
system can present all the attributes of an equilibrated system
both at a static and a dynamic level, verifying thus the FDT
theorem, even though its environment is highly nonthermal.
In a previous work [36], we unveiled a preliminary result in
this direction for a quantum optical model, where we showed
that apparent thermalization can be obtained by coupling the
system to several nonthermal and non-Markovian baths, which
effectively mimic the impact of a single thermal bath.

Thermal signatures have already been predicted to emerge
in sufficiently high dimensions in the long-range behavior
of generic interacting nonequilibrium systems [26,27] and
in Rydberg atoms in the presence of a suitably engineered
environment [37]. Furthermore, hints toward the validity of
some fluctuation-dissipation relations in driven-dissipative
quantum spin systems were recently found in Ref. [38]. Beyond
these works, we stress that the effective equilibrium predicted
in the present study relies on a different physical mechanism:
Whenever the Kennard-Stepanov (KS) relation [39,40] (i.e.,
a particular form of detailed balance relation) is verified
in our model, the system is not able to perceive that the
reservoirs are not equilibrated and its steady-state coincides
with a thermal state, with both temperature and chemical
potential being emergent quantities depending on the spectral
properties of the various baths. We choose to call this effect
pseudothermalization.

Following Ref. [36], the preliminary concept was deepened
in Ref. [41], which suggested to engineer more complex
reservoirs so to reproduce this mechanism over broader energy
scales and then obtain artificial and controllable temperatures
in view of optimizing the performance of quantum annealers.
Some hints suggest that the apparent emergence of thermal
static properties in low-T" exciton-polariton [8,9] and VCSEL
[10] experiments might be related to pseudothermalization in
some experimental configurations. In a very recent work [42],
two of us suggested exploiting a closely related effect to stabi-
lize photonic Mott insulating states close to zero temperature.

In both works [36,41], the formalism was based on a quan-
tum master equation formalism, which allowed us to compute
the static properties of the steady state. However, because of the
absence of a regression theorem for non-Markovian problems
[6,43], such approach does not allow access to dynamical
physical quantities such as multiple time correlators and in
particular is not suited to verify the validity of the fluctuation-
dissipation theorem. Moreover, as all predictions were based
on very general theoretical arguments, a full validation on an
exactly solvable model still remains to provide.

In this paper, we investigate pseudothermalization effects
for the specific model of a weakly interacting Bose-Einstein
condensate (BEC) coupled to several non-Markovian reser-
voirs. In contrast with Refs. [36,41], we develop an alternative

analytical approach based on a quantum Langevin formalism
which keeps tracks of the bath dynamics and in particular
allows us to access both static and dynamical properties of the
steady state. In this way, we are able not only to demonstrate
the presence of thermal signatures at a static level but also to
show that the fluctuation-dissipation theorem is verified at a
dynamical level.

This paper is organized as follows: In Sec. I, we introduce
the general Langevin model and use a Bogoliubov approach
to linearize the theory around a mean-field solution, from
which we demonstrate numerically the dynamical stability. We
also derive a low-energy effective description, allowing us to
provide exact analytical expressions for the low-momentum
Bogoliubov spectrum. In Sec. III, we show that, for baths
with arbitrary spectral shape, this model presents low-energy
pseudothermalization both at a static and dynamical level: We
demonstrate that at low energies not only do static correlations
match with their thermal counterpart but also the FDT is
verified. Moreover, if the nonthermal baths are suitably chosen
to verify the Kennard-Stepanov (KS) relation at all energies,
then the system undergoes thermalization at all energies. In
Sec. IV, we provide a microscopic derivation of the quantum
Langevin model starting from a quantum optical model involv-
ing frequency-dependent losses and emitters with a nontrivial
distribution of transition frequencies. We also explain how
the Kennard-Stepanov relation could be engineered with this
model, and how it might be naturally reproduced in some
specific low-T exciton-polariton and VCSEL experiments.
In Sec.V, we give hints on how pseudothermalization can
be broken and the system be driven out of equilibrium by
adding saturation and/or nontrivial momentum dependence
to the dissipative processes responsible for particle pumping.
Conclusions are given in Sec. VI.

II. NON-MARKOVIAN QUANTUM LANGEVIN EQUATION

In this section, we introduce a theoretical model for the
dynamics of a driven-dissipative interacting Bose gas in contact
with non-Markovian reservoirs. A similar model had already
been addressed in a quantum optics context in Refs. [36,42] but
it was formulated in terms of a Redfield master equation instead
of the quantum Langevin formalism used here. Focusing on the
weakly interacting case, in the BEC regime we study the mean-
field solution of this model and use the Bogoliubov theory
to study the dynamics of fluctuations. After demonstrating
numerically the dynamical stability for a specific choice of
the pump and loss spectra, we develop a low-energy effective
theory so to access analytically the low-momentum collective
modes of the condensate.

A. Model for a driven condensate

Let us consider a bosonic gas in d spatial dimensions,
described by the annihilation and creation fields (r) and
¥ i(r). The evolution in time of these operators is described
by the non-Markovian quantum Langevin equation

oy

V2 . R .
3_(1‘,0 = - i[wo ——+ gl/ft(l',t)llf(l‘,t)}/f(r,t)
t 2m

+/r(r’)x/}(r,t — 1)+ E(r,1), 2.1)
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where [/ = ff;o dt’, while wy is the bare cavity frequency,
m is the bosonic mass, g > 0 is the strength of the repulsive
contact interaction, I is a memory kernel, and é (r,t) is a
zero-mean Gaussian quantum noise operator. Equation (2.1)
resembles the Heisenberg equation for the motion of the
operator  for an isolated interacting Bose gas. However, the
dynamics described by Eq. (2.1) does not conserve energy
and number of particles. Namely, the memory kernel I'(z)
and quantum noise £(¢) terms model altogether the effect of
non-Markovian particle loss and incoherent pumping (i.e.,
injection) processes, whose respective strength is quantified
by the frequency-dependent power spectra Sj(w) and Sp(w).

Within the Langevin formalism, the correlations of the noise
operators £(r,7), £1(r,1) can be written as

EME()) = /w Si(w) e, (2.2a)
E R = /w Spl) =), (2.2b)

with [ = ["> dw/(2r). Likewise, I' is expressed as
L) =0(t) fw [Sp(@) — Si(@)le ™" (23)

The Heaviside function 6(¢) in Eq. (2.3) is needed in order
to ensure causality: As a result, its presence implies the
Kramers-Kronig relations between the real and imaginary parts
of the Fourier transform I'(w) = f; e!“'T'(¢), which can thus be
written as

1
Re[l'(w)] = E[Sp(w) — Si(w)], (2.42)
Im[[(w)] = p/ M_ (2.4b)
o w — W

The power spectra Sp(w) and Si(w) are assumed to be
smooth functions of the frequency w. In the following, we
will restrict our discussion to the case in which there exists a
range of frequencies w; < @ < w; such that Sy(w) > Si(w)
(“amplifying” region), and that S,(w) < Si(w) outside this
interval (“lossy” region). Accordingly, losses are perfectly
balanced by pumping at the boundary of this interval, i.e.,
Sp(w12) = Si(w1,2). We also define

Adgiss = min(FHWM(S)), FHWM(S,)) 2.5)

as the minimum of the full width at half maximum of the
power spectra Sj(w) and Sy(w). It represents a characteristic
frequency scale over which these power spectra change value
and quantifies the non-Markovianity of the dynamics.

We stress that the loss and pump power spectra Sj(w)
and S,(w) arise from the contact of the system with separate
reservoirs, i.e., a lossy medium and an amplifying medium
(these reservoirs are respectively composed of pure absorbers
and pure emitters): As a consequence, Sj(w) and Sp(w) are
assumed to be perfectly independent and completely tunable
physical quantities. A microscopic derivation based on a
quantum optical model of the quantum Langevin equation (2.1)
illustrating all these features is presented in Sec. IV.

Finally, we introduce the following quantity:

g L _S@)-8@) _ 4 |:Sl(w):|
eff = = - Sp(w)

— 1n
Tesr Sp(w2) dw

wW=wy

(2.6)

As we will see in Sec. 111, this model presents pseudothermal-
ization properties at low energies for generic power spectra,
and T will play the role of an effective temperature. T.g also
scales like the linewidth A g5 of the power spectra defined in
Eq. (2.5) and quantifies the non-Markovianity of the dissipative
dynamics, but unlike Ay, it is more sensitive to the local
properties in frequency space around w,. In the Markovian
limit, the power spectra are very flat and we have that
Tefr, Agiss — 0©. On the contrary, for very steep power spectra
(very coherent pump and/or loss processes), the dynamics is
highly non-Markovian and we have that Ty, Agiss — O.

In analogy with what was already discussed in Refs. [36,41],
here the physical origins of the pseudothermalization can be
understood intuitively at a qualitative level: At w, losses and
pump exactly compensate (S,(w2) = Si(@2)), so this frequency
will play the role of the condensate frequency for this model.
As we shall see below, a condensate at w; would instead be
unstable. Modes at frequencies close to w, will correspond to
low-energy excitations on top of the condensate.

In the vicinity of w,, the pump and loss power spectra verify
the following condition [see Eq. (2.6)]:

Sp(wr + ) ) N
Sl + o) om l - 0 A iss ~ ﬂettw’
Sl(wz + 0)) w—0 [ ,Beff(,() + (a)/ d s) ] e

2.7)

so the Kennard-Stepanov relation [39,40] is asymptotically
verified at low frequencies. Thus, as we will demonstrate in
Sec. II1, steady-state low-energy properties are expected to be
thermal.

Moreover, if we choose the pump and loss spectra to verify
exactly the Kennard-Stepanov relation

Sp(wr + ) _ B (2.8)

Si(w2 + @) ’ '
then the system should thermalize at all energies. Note that
this can be obtained without the various reservoirs being at
thermal equilibrium, as we can tune independently the power
spectra S/p) by changing the frequency distributions of the
excitations within the reservoirs respectively responsible for
particle losses and pumping. In Sec. IV, we will discuss a
few physical contexts where the Kennard-Stepanov may be
fulfilled.

While obtaining a full thermalization requires a fine-tuning
of the reservoirs’ power spectra in order to fully verify the
KS relation, all the results presented in the next sections
regarding low-energy properties are general in the sense that
they do not depend on the precise shape of the power spectra.
In order to make our discussion concrete, we performed
numerical simulations for a specific choice of Sqp)(w). For
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FIG. 1. Power spectra for Markovian losses and Lorentzian shape
pump in arbitrary units.

all the graphical representations, we will thus consider the
case of Markovian losses and a Lorentzian-shaped pump
(see Fig. 1):

SE () =T, (2.92)
(Adiss/2)*

P(@ — p)? + (Adiss /2

SEPNw) =T (2.9b)

where the use of the notation Ay is consistent with the
previous definition. We also define the detuning 6§ = wp — w,
between the photonic and the pump frequency. Accordingly,
we need to have I'y < I'; in order to obtain an amplified range
of frequencies and generate a condensate, and w , are the two
solutions of

(Adiss/2)? I

= —. 2.1
(w— Cl)p)2 + (Acliss/z)2 1_‘p 10

This choice of loss and pump power spectrum is naturally
reproduced by our quantum optics proposal in Sec. IVB 1.
Since it does not verify exactly the Kennard-Stepanov relation,
we do not expect it will lead to complete thermalization;
however, itis well suited to investigate the effect of low-energy
pseudothermalization.

B. Noninteracting case

In this section, we consider the case of a noninteracting
Bose gas; i.e., we set the interaction strength g = 0. In this
case, the Langevin equation, Eq. (2.1), is linear and it can be
solved exactly for a given choice of I'(w). If a stationary state
exists independent of the initial conditions (see the discussion
further below), one may evaluate the corresponding solution
by introducing the Fourier transforms

V(o) = / U (r,)e'®r=en, (2.11a)

i) = / Ui, e " ® 0 = [Jy()]T, (2.11b)

Ex(w) = [ E(r,t)e' T, 2.11c¢)

fiw) = / Elrpne ™ol = g, (2.11d)
r,t
and by replacing them into Eq. (2.1): One thus finds that the
value of Y (w) is given by
i)

— o — €k —iF(a))’

Yi(w) = (2.12)
1)

with e, = k?/2m. Note that as a consequence of the absence of
the nonlinearity, all the modes k are decoupled. When lﬁk(w) is
transformed back in real time, it results in a linear combination
of several modes wy ,, corresponding to the poles of the
denominator in Eq. (2.12), weighted with different amplitudes.
For each value of Kk, several solutions wy , (labeled by the
index n) may exist: This gives rise to a branched spectrum of
eigenfrequencies. The number of these branches depends on
the peculiar choice of I'(w): These additional branches account
for the existence of external reservoir degrees of freedom
which were integrated out in order to provide the dynamical
description Eq. (2.1) of the bosonic field 1.

The imaginary part Im[wg ,] corresponds to the inverse
lifetime of the given mode: In order to have a dynamically
stable mode, the condition Im[wy ,] < 0 must be satisfied;
this also implies that a dynamically stable stationary solution
independent of the initial state exists, as any information on
the initial state will vanish exponentially fast in time. On the
contrary, if Im[wg ,] > 0 for some values of k and rn, the
corresponding mode grows indefinitely in time, or it remains
constant: In both cases, one cannot neglect the information
about the initial state, thus invalidating the assumption that
a stationary value independent of the initial state exists. For
Im[wy ] > O, the field I/Af diverges exponentially in time, and
thus the solution is physically meaningless: Nonetheless, this
feature may signal a dynamical instability of the noninteracting
approximation of Eq. (2.1), and, as a result, the inclusion of
nonlinearity may be crucial.

For the choice of the power spectra discussed in Sec. IT A,
which admits an amplifying region [w;,;], one expects some
eigenmodes to present dynamical instabilities. Qualitatively,
if wo + €, falls into the amplifying region (which can be
shifted with respect to [w;,w;], due to the presence of the
imaginary part Im[I"(w)] which induces a Lamb shift of the
bare frequency), a dynamical instability is expected: While
in a standard laser, the instability would be controlled and
ultimately stopped by the presence of a saturated gain medium
[44,45], here the related nonlinear terms were not included
in our Langevin description. We will see below that the
inclusion of a nonvanishing interaction strength g # O pro-
vides a nonstandard saturation mechanism which prevents the
unconstrained growth of dynamically unstable modes.

C. Interacting case: Mean-field solution

We consider now the interacting solution of Eq. (2.1) for the
interacting case g # 0. As a first level of approximation, we
consider the classical limit of Eq. (2.1), which, in the absence
of areservoir, corresponds to the well-known Gross-Pitaevskii
description of a condensate [46]. This can be accomplished by
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replacing the quantum field v/ with a classical complex field v/
and by neglecting the quantum noise £. The classical field
can be thus interpreted as the wave function of a condensate.
The validity of this approximation relies on the fact that
the noncondensed fraction is assumed to be very small: This
would have to be checked a posteriori by studying the effect of
the fluctuations on the stability of the condensate solution (see
Sec. IID). While in lower dimensional geometries, fluctuations
are expected to be dominant [31,32,47] and thus preclude any
such description, we expect that for sufficiently high spatial
dimension d condensation is possible [26,27]. Thus, a weak in-
teraction coupling g (inducing a weak quantum depletion) and
a certain selectivity in frequency of the dissipation (limiting
the generation of excitations of high energy) should be suitable
conditions for the emergence of coherence in the system. The
classical field ¥ (r,#) thus obeys the following equation:

2
Ma(:’t) - i[“’o - Z—m + glw(r,t)lz]l//(r,z)

+ /F(t)w(r,t - 1), (2.13)
which has the form of a driven-dissipative Gross-Pitaevskii
equation with a memory kernel. We focus on spatially homo-
geneous solutions of the form

Y(t) = Yo e e

which describe a condensate with infinite lifetime, frequency
wBEC, and density ng = |I//0|2.

The noncondensed case ¥y = 0 is always a solution of
Eq. (2.13), whose stability may be studied by linearizing
Eq. (2.13) around it: This yields the linear equation studied
in Sec. IIB. As a result, the noncondensed solution is stable
when the spectrum of the excitations lies outside the amplifying
region, i.e., wy + €x = w,. We will now show that nontrivial,
condensed (o # 0) solutions exist when the bare frequency
lies below the upper boundary of the amplifying region, i.e.,
wo < wy. In this case, the interaction generates a blue-shift
~gng of the bosonic bare frequency wy, thus providing a
natural saturation mechanism as the condensate frequency is
spontaneously set at one of the boundaries of the amplifying
region. In fact, by inserting Eq. (2.14) into Eq. (2.13), one finds

(2.15)

(2.14)

wpEc = wo + &|Wol* + iT(wpkc)

from which, by taking the real and the imaginary parts and by
using Eq. (2.4), one finds the two following equations for wggc
and || *:

Sp(wgec) = Si(wBEc) (2.16a)
WBEC = Wy + 1 + Sr(wBEC), (2.16b)
where
= glvol (2.17)
is the mean-field self-interaction energy and
1
S(w) = P/ —— [Si(@) = Sp()] (2.18)
o W — W

corresponds to a Lamb shift of the condensate frequency due to
the contact with the bath. From Eq. (2.16a), we deduce that the

only solutions for the condensate frequency are wppc = w 2.
However, the solution w; will be unstable, since the low-energy
excitations of the condensate will fall in the amplified region
[w),w,] and undergo dynamical instability; thus we will not
take into account this solution and consider in all the next
sections the case wggc = ws.

We finally remark that, unlike usual VCSEL [48], where
stability is induced by a saturation effect of the pump (emitters
are “two-level-like” nonlinear systems which need some time
to be repumped in the excited state), stability is expected
to be in our model a consequence of the interplay between
the frequency dependence of pumping and losses and the
progressive blue-shift g|v|?> induced by interactions during
the condensate growth, until the condensate frequency reaches
wpgc where pump and losses perfectly compensate for each
other.

D. Interacting case: Bogoliubov analysis of fluctuations

In order to study the stability of the condensate and to
characterize the properties of its excitations, we express the
bosonic field as

P(r,t) = [Yo + Adr,1)le ot

where A(r,?) is an operator describing the fluctuations above
the condensate. Inserting this decomposition and the mean-
field solution obtained from Eq. (2.16) into Eq. (2.1), and
retaining terms up to the first order in the fields [\(r), f\T(r),
one obtains

(2.19)

aAg:’t) = —i[A(r,t),Hbog(t)]+/f‘(t)f\(l‘,l — 1)+&(r,0),
(2.20)
where
a |t —-V? . Hosrt 2
Hypoy = /d r{ A'(r) o A(r) + E[ZA (r)A(r)

+A@mAr) + Z\T(r)Z\T(r)]} (2.21)
is the Bogoliubov Hamiltonian, T is defined as
[(t) = "' I'(1) — §(t)[ (wEc), (2.22)

and £(r,t) = e'®sec’E(r, 1). After calculation of the commuta-
tor, Eq. (2.20) can be rewritten as

A1)

a

v, N .
- i{ 5 A@,t) + u[A,1) + AT(r,t)]}

m

+ /F(r)[\(r,z — 1)+ E(r,0). (2.23)
T
The linear system (2.23) can be regarded as the driven-
dissipative non-Markovian counterpart of the Bogoliubov—
de Gennes equations. Similar to the equilibrium case, the
field A(r,r) and its Hermitian conjugate Af(r,r) are coupled
by the interaction energy w: This coupling is mediated by
processes in which noncondensed particles are scattered into
the condensate, and vice versa. It is convenient to rewrite
Eq. (2.20) in momentum and frequency space: In order to do
this, we define the Fourier transform of the fields and noise
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operators as in Eq. (2.11). The correlations of the quantum
noise operators in the momentum and frequency space are
given by
(E(@)EL (@) = Sk 8o Si(wpec + @), (2.24a)
(EL @ (0) = By i Su-wSplwec + ). (2.24b)

with 8, = 2m)48@(K), 8, = 27 8(w). After taking the Fourier
transform of Eq. (2.20), we obtain the following set of coupled
equations:

S A@ . ) Ax(@) i @
A—o)) ~ TNA o) T \E o)

(2.25)
where the matrix Lx(w) is given by
+u+il
Ly = [P (@) M.~* ’
—[ —€ —u+ il (—w)
(2.26)

where F(a)) is the Fourier transform of F(t) defined in
Eq. (2.22). It reads

(@) = (@ + wpec) — T(@gkc), (2.27)

and we used the notation F*(a)) = [F(w)]*. The complex
function I'(w) represents the frequency-dependent decay rate
(real part) and Lamb shift (imaginary part) of the fluctuations.
I'(w) vanishes for @ — 0, consistent with the fact that the
condensate has an infinite lifetime [see Eq. (2.15)].

For later convenience, we define the correlation matrix

Ci(w)
Sk—k Sp—ar Ck(@)
[ (A@A @)
- <<Aik<—w>z\*/<w’»

A<;\k<w)Ajk/<—w )2 ) (22%)
(AL (o)A _g(—w))

which can be calculated by inverting Eq. (2.25), multiplying
the solution by its Hermitian conjugate, and averaging over
the noise correlation using Eq. (2.24) (see Appendix A for the
details of the calculations).

E. Dynamical stability of excitations

In order to study the dynamical stability of the mean-field
solution, it is necessary to check that the elementary excitations
do not grow exponentially and have a finite lifetime. To this
end, we derive from Eq. (2.25) the excitations spectrum by
calculating frequencies wx , (with i some integer number used
to label the excitation) which cancel out the determinant of the
matrix w — Lx(w) with Ly (w) defined in Eq. (2.26). This leads
us to the following condition on the frequency:

[0 — € —pu —iT(@)][w+ € + pu — iT* (—w)] + u?> = 0.
(2.29)

Solutions with negative imaginary parts correspond to de-
caying excitations, while in the presence of any instability,
some solutions present a positive imaginary part. Since we are
considering generic non-Markovian systems, " (w) can be any

function verifying the Kramers-Kronig relations reported in
Eq. (2.4); thus, in general Eq. (2.29) may have a large number
of solutions, and it may be not possible to solve it analytically.

In the case of Markovian losses and a Lorentzian spectrum
[Eq. (2.9)], Eq. (2.29) becomes an algebraic equation which
admits four different solutions, thus giving rise to four different
branches by varying the momentum k which we computed
numerically. In Fig. 2, these solutions are plotted successively
for increased values of I'(p, going at fixed ratio I}/ 'y = 0.3
from a weakly dissipative regime (upper panels) in which the
spectral power I'(,) are weak with respect to the linewidth
Agiss, to a strongly dissipative regime (lower panels) in which
they become comparable or higher. All other parameters
(interaction g, mass m, detuning §, linewidth Agiss) are left
unchanged.

As afirst observation, all imaginary parts of the frequencies
are negative, so there is no instability (we checked this for
other choice of parameters). Second, in the weakly dissipative
regime [Figs. 2(a) and 2(f)] the mode structure is typical of
exciton-polariton driven-dissipative condensates [1,21,49,50]
and presents a sharp transition from purely damped modes
to propagating ones. Also, we observe two other branches of
imaginary part Ags and real parts &=(wpgc — wp): These addi-
tional frequencies account for the oscillation of the reservoirs
degrees of freedom, which are hidden in the non-Markovianity
of the Langevin equation and are nearly unaffected by the
system dynamics because of the weak coupling. (In a photonic
language, for the Lorentzian pump spectrum the reservoir
degrees of freedom responsible for the photonic pumping may
be seen as two-level emitters of transition frequency w,.)

However, for stronger dissipation (other panels), the system
and reservoir degrees of freedom are coupled and cannot be
treated separately, which can be seen in a clearest way by a
deformation of the various branches near the crossing point.
Remarkably, a sharp transition from weak to strong coupling
occurs between Figs. 2(c) and 2(h) and Figs. 2(d) and 2(i),
inducing a change in excitation spectrum structure, as one
moves from a situation of branch crossing to an avoided
crossing: In this regime, the collective modes associated with
the excitation spectrum couple the bosonic and the bath
degrees of freedom, giving birth to a mixed quasiexcitation.
In a photonic language, this suggests that some elementary
excitations are of a polaritonic nature.

F. Effective low-frequency Markovian dynamics

Here we show that it is possible to derive an effective
time-local equation describing the dynamics for frequencies
small enough with respect to Agiss: Indeed, for @ < Agiss,
the function I'(w) defined in Eq. (2.25) can be linearized and
approximated as I'(w) ~ wl''(0) = oI'(wgc ). As a result,
the low-frequency limit of the Langevin equation Eq. (2.25)
becomes

wA(®) = e Ax(@) + plAn@) + AL (—o)] + iEg (@)},

(2.30)
with the coefficient z defined as
z=lim | — 2 | = [1 = iM(wgec)”',  (231)
L= w00 | @ — lr(w) = BEC ) .
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FIG. 2. Excitation spectrum of the condensate in the case of a
Lorentzian pump spectrum and Markovian losses (model defined in
Sec. IT A). Left (respectively, right) panel: real (resp., imaginary) part
of the frequency in units of A, in function of the momentum k in
units of k., defined as |zg|Ex,,,, = z;/. In blue crosses, we plot
exact numerical values for the eigenfrequencies wy , of the full non-
Markovian theory [Eq. (2.25)], and in red solid lines the solutions w5
given by the corresponding Markovian effective theory at low energies
[Eq. (2.33)]. Going from upper to lower panels, we investigate the
transition between weak dissipation to strong dissipation. Parameters:
m =1, 8§/Ags =0, I'/ ', = 0.3. From top to bottom: Fg/Adiss =
0.1,0.55,0.6,0.65, 1.

and the new noise operators & (w) and g}:(a)) are characterized
by the correlations

E(@FL (@) = Skt SowrSi(wprc),  (2.322)

EL@E (@) = Skt SowrSplwprc).  (2.32b)

Notice that the noise operators gk(w) and EL (w) correspond
to an effective classical noise, since their correlations do not
depend on the order of the operators, as a consequence of
Eq. (2.16a).

With respect to a purely Hamiltonian dynamics, all cou-
plings in the commutator have been multiplied by the complex
number z. The eigenmodes of Eq. (2.30) are given by

W = —izi(e + ) £ \[ZHEL — 22,

where z = zgr — iz;,zg and z; are both real numbers, and E;, =
Jer(ex +2u) is the equilibrium Bogoliubov energy for the
Hamiltonian Eq. (2.21). We can already verify the dynamical
instability of the mean-field solution for the choice of BEC
frequency wpgc = wi, as this leads to a negative z; [due to a
change of sign in the derivative of the real part of I'(w) involved
in Eq. (2.31)] and thus to a positive imaginary part in the low-
momentum excitation spectrum in Eq. (2.33). This justifies
definitively the choice wpgc = w, (Whose dynamical stability
was already checked in Sec. IIE).

The frequencies a),f, shown in Fig. 2 in red solid lines,
closely resemble the spectrum of a polaritonic driven-
dissipative condensate [1,21,49,50]: They are are imaginary
for small momenta, which signals the purely diffusive nature
of low-energy excitations, while they acquire a finite real part
at higher momenta. In particular, for k — 0 the branch w;"
vanishes and therefore it can be identified with the (diffusive)
Goldstone mode associated with the spontaneous breaking of
the U(1) symmetry. As was already discussed in the previous
subsection, higher powers of w present in Eq. (2.25) related
to the non-Markovianity can generate additional modes not
predicted by the effective low-energy theory Eq. (2.30), which
can be observed in Fig. 2.

The validity of Eq. (2.30) for the study of the long-range
physics has to be checked a posteriori, by requiring the
absolute value |a),:—L| to be small with respect to Agjss for small
k, so that it can be computed by mean of the low-energy
effective theory Eq. (2.30). On the one hand, this condition is
naturally satisfied for the Goldstone branch w;" for sufficiently
low momenta. On the other hand, the gapped branch w;
verifies |w,_,| = 2z, and therefore the gapped mode is
correctly described by the Markovian low-frequency theory
only if 2z;u < Agiss- According to Eq. (2.31), z scales as
Si(wEec)/ Adiss, s0 the gapped mode is correctly described
by the Markovian low-frequency theory only if S;(wppc)u <K
Aﬁiss: This is the case for very small power spectra (weak
dissipation) or very small interaction energy w. The validity of
this analysis is illustrated in Figs. 2(a) and 2(b), which feature
the case of a weak dissipation, and where we can see that
the theoretical prediction Eq. (2.33) for the Goldstone mode
and the gapped mode accurately fits with the exact numerical
predictions.

(2.33)

III. PSEUDOTHERMALIZATION

In this section, we give evidence for low-energy pseu-
dothermalization for generic power spectra, both at static and
dynamical levels, by showing that the low-energy static corre-
lations map on equilibrium ones and demonstrating the validity
of the FDT in the low-frequency regime. We also compute
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analytically the static correlations at all energies in the weakly
dissipative regime. Finally, in the specific choice of reservoirs
where the Kennard-Stepanov relation is exactly verified, we
demonstrate the validity of the FDT at all frequencies and
show that the steady state in the weakly dissipative regime
is in a Gibbs ensemble.

A. Static correlations

The steady-state properties of a system undergoing low-
energy pseudothermalization should look like those of a Gibbs
ensemble at low energies. In Sec. [IIA 1, we give the low-
energy analytical expression for static correlations, both in the
weakly and strongly dissipative regimes, while in Sec. III A 2
we give an exact analytical expression at all energies, only
valid in the weakly dissipative regime.

1. Low energies

In this section, we focus on the low-energy regime Ey <
Aygiss- By using the expressions derived in Appendix A for
the frequency-correlation matrix Cy(w) defined in Eq. (2.28)
and by restricting ourselves to the low-frequency regime using
the procedure described in Sec. IIF, we compute by Fourier
transform the steady-state values of the momentum distribution
e = ([\L[A\k) and the anomaleous average A; = (AxA_y) at
leading order in Ey/Agiss (see Appendix B for the details of
the calculation):

~ Tetr (Ek + /1')

e = 3.1)
o Lin
A G2

where we remind that T is defined in Eq. (2.6). These static
correlations have to be compared to those obtained by doing a
Bogoliubov calculation for a Bose gas at thermal equilibrium
of temperature T and chemical potential © = glvol*:

ny = muuuz + [vel®) + v
~ Tege (e + 1) ’ (3.3)
(Betr Ex)—0 (Ek)2
Al = 2(% + %)ukvig,
Terr (3.4)

BaEo—~0  (Ep)?

where u; and v, relate the annihilation operator Ag to the

phonon annihilation (resp., creation) operator by (resp., B]T()
through the Bogoliubov transformation:

Ay = uphy + v}y, 3.5)
1 €k Ek
=—|./—= — |, 3.6
e =7 |:,/ E, + 6k:| (3.6)
1 €k Ek
==|./=-./= 3.7
Uk 2|: E, < j| 3.7

By comparing Eqgs (3.1) and (3.2) and Egs. (3.3) and (3.4),
we note that the low-energy limit B Er — O of the driven-
dissipative quantum Langevin model accurately reproduce a
thermal infrared behavior, leading to the so-called Rayleygh-
Jeans distribution. Strikingly the validity of this equilibrium
signature only depends on the condition Ej; << Agiss X Tefr,
and in particular is not restricted to the range of Bogoliubov
energies E; below the interaction energy u: In the regime
Tt > 1, one expects thus the full phonon-particle crossover in
the elementary excitations to be well represented by an equilib-
rium theory. Correlations at higher energies E; > Agiss X Tegr
are not expected although to be thermal: In particular, we do
not expect necessarily to see exponential tails.

The analytical arguments leading to the expressions
Egs. (3.1) and (3.2) can be verified in Fig. 3 (resp., Fig. 4),
where we plot the static correlations obtained by numerical
resolution of the linearized Langevin equation (2.23) for
a Markovian loss spectrum and Lorentzian pump spectrum
[Eq. (2.9)], in the weakly dissipative regime (resp., strongly
dissipative regime), i.e., for Fg, I'l < Agiss (resp., Fg, I'; of the
order of Ag;ss), and compare those correlations to thermal ones.
We plotted the static correlations for two detunings § of the bare
frequency wp with respect to the pump resonance wy, inducing
different effective chemical potentials w, which is a decreasing
function of §. Indeed, looking at Eq. (2.16b) and neglecting as a
first step the Lamb shift, we see that increasing the frequency of
the pump w,, defined in Eq. (2.9), i.e., diminishing the detuning
8 = wg — w, at fixed wy, has for effect to increase wggc, and
thus to increase also the chemical potential 1.

The case of a weak (resp., strong) chemical potential with
respect to the effective temperature T is plotted in the left
(resp., right) panels. The upper panels correspond to the static
correlations (their logarithm is shown in inset to check for
any high-energy exponential tails), while in the lower panels
we plot the absolute error ny — n{* between the solutions of
the Langevin equations with respect to thermal predictions.
Expectedly, static correlations given by the numerical simula-
tion of the Langevin equation (green squares) coincide with
the equilibrium results (red solid line with circles) at energies
lower than the temperature (since T scales as the spectra
linewidth Agis and is of the same order of magnitude), both
in the weakly and strongly dissipative regimes. In particular,
they diverge as 1/k*> at low momenta, and looking at the
absolute errors we note that the corresponding corrections to
thermal equilibrium remain finite at low energies and thus
surprisingly do not present any subsingular divergencies
1/k, so effective thermal equilibrium seems to be true also
at the next leading order at a static level for this particular
system.

However, as we expected, the pseudothermalization does
not extend for a generic choice of power spectra at higher
energy scales (see the logarithmic plot) as the Kennard-
Stepanov relation is not valid in this energy range: In par-
ticular, while one can see in the grand-canonical distribution
the presence of exponential tails of a Boltzmann type in
Fig. 3(a) (approximately for momenta verifying 2 < k?/ klzh <
25, the slower decay for higher momenta being related to the
dominant vacuum fluctuations), such behavior is not present
in the driven-dissipative steady state, which features instead
algebraic decay. This feature is specifically related to the
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10 15 20
Ky,

FIG. 3. Static properties of the condensate at steady state in the
weakly dissipative regime (i.e., for the loss and pump power spectra I’}
and I', much smaller than the reservoirs’ characteristic spectral width
Agiss) in the case of Lorentzian pump power spectrum and Markovian
losses (model defined in Sec. IIA). The left (resp., right) panels
correspond to a detuning between the cavity and the atoms chosen
to induce a weak (resp., strong) chemical potential u with respect
to the effective temperature 7. Upper panels: static correlations
ng = (ALAk) in function of the momentum k in units of ky, defined
by E(kyn) = Tir, and in inset, their logarithm in function of the square
momentum k? in units of k3. In green squares, we plot the steady-
state properties given by numerical calculations of the linearized
Langevin equation [Eq. (2.25)] in the weakly dissipative regime,
in red lines with circles the results given by the grand-canonical
ensemble [Eq. (3.3)], and in solid blue lines the analytical results
given by the secular approximation [Eq. (3.8)]. Lower panels: the
absolute error n;, — nil' in green squares lines (resp., n3*° — n!f in solid
blue lines) between the numerical solution of the Langevin equation
(resp., the analytical solution given by the secular approximation)
and the thermal case, in function of the momentum K in units of kg,.
Parameters: for all panels, m = 1, [';/T) = 0.3, T/ Agiss = 1072
Deduced quantity Tu/ Agiss = 0.55. For the left (resp., right) panels:
8/ Agiss = 0.72 (resp., —10). Deduced quantity ¢/ Agiss = 4.6 x 1072
(resp., 10.8 x 10%).

Lorentzian shape for the pump spectrum Eq. (2.9) chosen
for numerical simulations. In the case of a big chemical
potential u > T [see Fig. 3(c)], the thermal distribution does
not present exponential tails because the vacuum fluctuations
which decay algebraically are dominant with respect to thermal
fluctuation in the energy range E; > Tef.

2. Analytical expressions for the static correlations at all energies
in the weakly dissipative regime

When the dissipation strength S;/p)(w) is much weaker than
the linewidth of the power spectra A 4gs, it is possible to provide
exact analytical predictions for the static correlations at all

FIG. 4. Static properties of the condensate at steady state in the
strongly dissipative regime (i.e., for the loss and pump power spectra
I'; and ', comparable to the reservoirs characteristic spectral width
Agiss) in the case of Lorentzian pump spectrum and Markovian losses
(model defined in Sec. II A). The left (resp., right) panels correspond
to a detuning between the cavity and the atoms chosen to induce a
weak (resp., strong) chemical potential o with respect to the effective
temperature T, Upper panels: static correlations n; = (ALAk) in
function of the momentum Kk in units of kg, defined by E(ky,) = Tefr,
and in inset, their logarithm in function of the square momentum k>
in units of k3 . With green squares, we plot the steady-state properties
given by numerical calculations of the linearized Langevin equation
[Eq. (2.25)] in the strongly dissipative regime, with the red line with
circles we show the results given by the grand-canonical ensemble
[Eq. (3.3)], and with solid blue lines we mark the analytical results
given by the secular approximation [Eq. (3.8)]. Lower panels: the
absolute error 1 — n!M in green squares lines (resp., n5°° — n!f' in solid
blue lines) between the numerical solution of the Langevin equation
(resp., the analytical solution given by the secular approximation)
and the thermal case, in function of the momentum K in units of
K¢,. Parameters: for all panels, m =1, I';/ T, = 0.3, 1"3/AdisS = 1.
Deduced quantity Tegr/Agiss = 0.55. For the left (resp., right) panels:
8/ Agiss = 0.92 (resp. —10). Deduced quantity 1/ Agss = 7.3 x 1072
(resp., 11.0 x 10°).

momenta:

1
Sec __ 2 2 2
ny —K(Ek)—1(|uk| + |ve”) + vkl

1 1
ASec =2 - *'
¢ (K(Ek)—l - 2)”"”"

Comparing these expressions to Egs. (3.3) and (3.4), we see
that the vacuum properties are left unchanged with respect
to equilibrium statistics, while the Boltzmann factor ef£+
of the Bose-Einstein distribution for phononic excitations
in the grand-canonical ensemble has been replaced by the

(3.8)

(3.9)

033603-9



LEBREUILLY, CHIOCCHETTA, AND CARUSOTTO

PHYSICAL REVIEW A 97, 033603 (2018)

nonequilibrium factor:

Si(wgec + Elukl* + Splwprc — Ex)|vk|?
Sp(wpec + Euk|?> + Si(wpec — Ex)|vk|*’
(3.10)

K(E) =

giving thus rise to the modified Bose-Einstein phonon distri-
bution 1/[K(E;) — 1].

The factor K (E}) can be interpreted as the ratio between the
annihilation and creation rates (both induced by pumping and
losses dissipative processes) of a single phononic excitation
at the Bogoliubov energy Ej, and is calculated using the
secular approximation (valid in the weakly dissipative regime).
The phonon distribution and average occupation number are a
consequence of an emerging detailed balance between states
with N and Nk — 1 phonons of momentum k.

We note that if the pumping and loss rates verify the
Kennard-Stepanov condition Eq. (2.8), one recovers the equi-
librium Boltzmann factor K (E;) = eff+: As expected, the
system is fully thermal at all energies, and its density matrix
at steady state is a grand-canonical ensemble. In the general
case, by using Eqs. (2.6) and (2.7) we note that K(E;) = 1 +
BetrEx + O(Er/ Agiss)* ~ ePE+ for Ey/Agiss — 0: This pro-
vides us another confirmation that low-energy static properties
should be thermal.

The static correlations computed under the secular ap-
proximation expressed in Egs. (3.8) and (3.9) are shown in
solid blue lines in the upper panels of Fig. 3 (resp., Fig. 4)
and compared with the exact numerical results obtained from
the linearized Langevin equation (2.23) in the weakly (resp.,
strongly) dissipative regime. In the lower panels, we plot
the absolute error nf“ — n}(h between the solution given by the
secular approximation and the thermal distribution. In the
weakly dissipative regime, we note absolutely no difference
between the exact numerical solution and n{*°. Expectedly,
in the strongly dissipative regime, they coincide only at low
momenta (Ey < T.) (up to a finite error, which is small with
respect to the divergency in 1/k2), and do not provide exact
results at higher momenta. The accuracy at low energies of
Egs. (3.8) and (3.9) also in the strongly dissipative regime
stems from the fact that low-energy pseudothermalization is
true in both the weakly and strongly dissipative regimes, as
shown in the previous subsection.

We now justify the expressions in Eqs. (3.8) and (3.9)
for the static correlations in the weakly dissipative regime
55,81 K Agiss: In such a secular regime, dissipation can be
considered as a “classical” stochastic process inducing transi-
tions in the system S between the eigenstates of the Bogoliubov
Hamiltonian Hyog defined in Eq. (2.21). These eigenstates are
labeled by the phononic occupancy number, Qi |Nk). Here k
is the momentum and Nk is the occupation number of the
phonon of momentum k. The phonon annihilation and creation

operators by and 13; are related to the particle annihilation and

creation operators Ay and [\L by the Bogoliubov transforma-
tion Eq. (3.5).

Phonon annihilation rate. Let us calculate as a first step
the phononic annihilation rate. Starting from a state with Nk
phonons of momentum k and Bogoliubov energy energy Ey,
one can remove one phonon through two processes:

(1) First, one can remove a phonon by losing a particle
of momentum k. The total energy removed to the system is
wpgc + E. This leads to the partial rate

TO(Nk — N — 1) = Si(wpkc + EQ{N — 1| Ak | Ni) |*
= Si(wpkc + Ex)Nilug|*. (3.11)

Starting from a wave-function calculation, this expression
could have been alternatively recovered by mean of the Fermi’s
golden rule [51].

(2) However, due to the presence of counter-rotating terms
in the Bogoliubov theory, it is also possible to remove a phonon
by pumping a particle of momentum —k. The total energy
added to the system in that case is wggc — Ey, i.e., the mean-
field energy of a single photon, minus the energy of the phonon
excitation. Thus the corresponding rate is

TP (Ng — Nk — 1) = Sy(wsec — Ex)
X |(Nie — 1AL M) ?

= Sy(wprc — Ex)Nilue|*. (3.12)

The total phonon loss rate is thus
TNk — Nk — 1) = Sj(wsgc + Ex) Nilugl?
+Sp(wprc — Ex)Nilvel*. (3.13)

Phonon creation rate. One can calculate similarly the
phonon total creation rate. Starting from a state with N; — 1
phonons of momentum k and Bogoliubov energy energy Ey,
one can add one phonon by pumping a new particle (the
total energy added to the system is thus wggc + Ej) or by
losing a particle (the total energy lost is wppc — Ex). After a
calculation very similar to the previous paragraph, one obtains
the following expression:

TN, — 1 — Ng) = Sp(wpkc + Ex)NicJug|?
+ S/(wpec — Ex)N|vi]?. (3.14)

Phonon probability distribution. The ratio between the
phonon annihilation and creation rates is given by

TN, — Ny — 1)

TN, — 1 — Ny)
_ Si(wsec + E)lux|* + Sp(wpec — Ex)lvil®
Sp(wpec + E)uk|?> + Si(wpec — Ex)lvk |
Because dissipative processes can remove or add only one
phonon of momentum k at a time and cannot affect simultane-
ously the phononic occupancy at other momenta, one deduces
that at steady state the probabilities 7 (...,Nx — 1,...) and

(..., Nx,...) of having Ny — 1 and N phonons of momentum
k verify the following detailed balance relation:

K(Ep) =

(3.15)

7w (Nx — 1) = K(Ep)m (Ny). (3.16)
One deduces that the probability distribution is
Ny) = ——K(Ep™", 3.17
TN = T gy K (B0 (3.17)
and that the average phonon occupation number is
€C on 1
precphon __ © (3.18)

k T K(E)-1
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Doing a Bogoliubov transformation Eq. (3.5), one obtains
the static momentum distribution and anomalous averages
Egs. (3.8) and (3.9).

B. Effective temperature from the FDT

A remarkable consequence of equilibrium involving dy-
namical quantities is the so-called fluctuation-dissipation the-
orem [35], which provides a relationship between the linear
response of a system to an external perturbation and the
correlation of thermal fluctuations.

Let us define the symmetrized correlation (C) and response
(R) functions for two arbitrary operators A and B as

iC(t —1t") = ({A@t), B("}),
iR(t — 1) = 0(t — ') {[A@), B())),

(3.1%9a)
(3.19b)

where the time dependence of A(t) and E(t) is determined
in the Heisenberg picture, while the average (---) is taken
over an equilibrium state at temperature 7. As a consequence
of equilibrium, C and R depend only on the time difference
t —t' and therefore we can define their Fourier transforms
C(w)/R(w) = [, €' C(1)/R(1). The explicit form of the FDT
then reads

C(w) = 2 coth (Bw/2)Im[R(w)], (3.20)

with 8 = T~'. An alternative, fully equivalent formulation
of the FDT is the so-called Kubo-Martin-Schwinger (KMS)
[52,53] condition,

Sap(—o) = e P Spa(w), (3.21)

where S,5(1) = (A(t)B) and Spa(t) = (B(1)A).

The FDT and KMS condition have often been used as
a tool to probe the actual thermalization in classical and
quantum systems and to characterize the eventual departure
from equilibrium [34,54,55]. In particular, from Egs. (3.20)
and (3.21) one can define an effective frequency-dependent
temperature T4 g o(w) such that the FDT or KMS conditions
are satisfied: If the system is really at equilibrium, then
T4 peff(®) has a constant value 7 which corresponds to the
thermodynamic temperature. On the other hand, if the system
is out of equilibrium it will generically develop a nontrivial
dependence on A, B, and w.

In the following, we discuss the effective temperatures
obtained from the linearized equation Eq. (2.20): In this
respect, we will consider the following ratios:

k@AY _ Si@pic +0) + Sp@see — ©)Ax()
(Al(@Ax)  Spl@prc + @) + Si(wpec — w)Ar(w)’
(3.22)

—

Ax(@)A ) _ Si(wpec + ) + Sp(wpec — ) Bi(w)
(Ak(—w)A_y) ~ Sp(wprc + ©) + Si(wprc — 0)Br(®)’
(3.23)

where the functions A;(w) and Bi(w) are explicitly reported
in Appendix A. At thermal equilibrium, the value of the ratios
(3.22) and (3.23) is fixed by Eq. (3.21) while, in the present

case, they have a nontrivial dependence on w and k, since the
system is out of equilibrium.
We then define the effective (inverse) temperatures

A At
pikw) = = n [M] (3.24)
do | (Al(@)Ax)
_d [ (A@Ay)
Bak,w) = T In [—(Z\k(—w)[\m} (3.25)

which are generic functions of k and w and can be evaluated by
using Eqs. (3.22) and (3.23). However, inserting the functional
forms Eqgs. (3.22) and (3.23) into Egs. (3.24) and (3.25) we see
thatfor w — 0, both 8;(k,w) and 8, (k,w) tend toward the same
k-independent value B.s defined in Eq. (2.6), indicating that
the KMS condition and the FDT are asymptotically verified at
low frequencies.

Remarkably, if the system satisfies the Kennard-Stepanov
relation

Sp(wprc + @) = Si(wprc + w)e P, (3.26)

then Bi(k,w) = Br(k,w) = B for every value of w and Kk,
i.e., the system is at full thermal equilibrium, even if the
environment is highly non-thermal (see Secs. IVB2 and
IV C for examples of physical systems made of nonthermal
reservoirs verifying artificially the KS relation).

In the upper (resp., lower) panels of Fig. 5, we plot the
effective temperature B;(k,w) (resp., f2(k,w)) as a function

A (C)
i Y
¥ | &N
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! '
]
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7Y 19
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e ': “ oL
SO I [
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FIG. 5. Test of the FDT-KMS relations for various sets of param-
eters. Upper (resp., lower) panels: plot of the frequency dependent
effective temperature S; (k,w) (resp., B,(k,w)) defined in Eq. (2.6) for
aLorentzian pump and Markovian losses, in function of the frequency
w in units of A g5, and for various momenta k. Panels (a) and (b) [resp.,
(c) and (d)] use the same parameters as Figs. 3(a) and 3(b) [resp.,
Figs. 3(c) and 3(d)]. For each panel, the various curves correspond to
increasing values of the momentum k, chosen in such a way that the
corresponding Bogoliubov energies span a wide energy range across
the effective temperature Ter = 0.54 Agiss: k/ kyy = 0.18 for the green
solid line, k/ky, = 3.65, for the orange dashed line, k/ky = 9.1 for
the red dotted line, and k/ ky, = 54.7 for the blue dash-dotted line
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FIG. 6. Test of the efficiency of thermalization in function of the
momentum k in units of ky,. By the green solid line, one shows Al
(in units of Agis), defined as the maximum frequency such that both
conditions |Bi(K,w) — Bete|/Berr < 0.05 and |Ba(k, @) — Bese|/Betr <
0.05 are verified for all w contained in the interval | — wpgc| < A}l‘.
In dashed blue lines, one shows in absolute value the real part |Re(a);;)|
(in units of Ag;) of the dissipative Bogoliubov spectrum for the same
parameters, computed by exact numerical calculation of the solutions
of Eq. (2.29) (the other branches are not visible here since they are
located at higher energies). Same parameters as in Figs. 5(a) and 5(b).

of w in units of Ay, for various values of the momentum k.
The left and right panels respectively feature the same choice
of parameters of Figs. 3 and 4. On one hand, in the region
o <K Adgis, these effective temperatures converge to the same
value Befr. This demonstrates the low-frequency validity of the
FDT and confirms that the system is effectively thermalized
in that frequency range. Even though these plots focus on the
weakly dissipative regime, the same behavior was also found
in the strongly dissipative regime, which displays identical
features. On the other hand, away from the low-frequency
region the effective temperatures have a nontrivial, frequency-
momentum-dependent behavior, so the system is globally not
at equilibrium.

In order to conclude from these plots that the Bogoliubov
modes are actually thermalized, one should check that the low-
energy limit value of B is already (approximately) attained
by B1.2(k,w) at the frequency wy ,, of the mode. In other terms,
one needs to verify that the strong modulations that one sees in
Fig. 5 are located at energies above the mode frequency. To put
this reasoning on quantitative grounds, we can define an energy
cutoff A}ch as the maximum frequency such that the conditions
[B1.2(k,w) — Betr|/Pest < € are verified for all @ contained in
theinterval |w — wggc| < Aﬂ‘. This sets a quantitative criterion
for thermalization, which of course depends on the value of
the small parameter €. In practice, we shall adopt € = 0.05.
The most constraining condition is the one on S,(w) in the
k — 0 limit that sets AT ~ 0.051 X Agis >~ 0.1 x Tor: We
have checked that for no value of k the peaks of 8,(w) can
get any closer to w = 0. Note that the peaks are not actual

singularities for a finite dissipation but they get sharper in the
limit of a weak dissipation.

By comparing the green and black lines in Fig. 6, one
sees that all the low-energy elementary excitations of the
condensate have their resonances located in the thermalized
frequency window [—A{, A"} and will verify the FDT at a
very good level of approximation. This is strong evidence of
their effective thermalization. Remarkably, for this simulation
the energy cutoff A is slightly bigger than the effective
chemical potential © >~ 0.045 x Ay, meaning that not only
is the phononic region of the spectrum efficiently thermalized
but also part of the crossover to the single-particle regime.

IV. DERIVATION OF THE LANGEVIN EQUATION FROM A
QUANTUM OPTICS MICROSCOPIC MODEL

In this section, we proceed to the derivation of the Langevin
equation (2.1) in an lattice geometry, starting from the micro-
scopic quantum optics model introduced in Ref. [36]. Namely,
we consider a photonic driven-dissipative Bose-Hubbard lat-
tice made of L nonlinear cavities coupled by tunneling. Each
cavity possesses a natural frequency wy and is assumed to
contain a x® Kerr nonlinear medium, which induces effective
repulsive interactions between photons lying in the same
cavity. Dissipative phenomena due to finite mirror transparency
and absorption by the cavity material are responsible for
(possibly non-Markovian) loss processes.

We assume that a large number N, of two-level atoms are
embedded in each cavity and that their transition frequencies
a);'[') are distributed according to the distribution D(w). Each
atom is coupled to the cavity with a Rabi frequency Qg and
is incoherently pumped into its excited state at a fast rate '
so that spontaneous decay can be neglected. The small value
of the individual Rabi coupling Qg is compensated by the
large number of atoms, which allows for a non-negligible and
controllable collective coupling to the photonic cavity modes,
whereas having F;‘ > Qg guarantees that each atom spends
most of its time in its excited state.

The whole system dynamics can be described by a Hamil-
tonian involving the photonic and atomic degrees of freedom
plus an external environment (modeled as a series of baths of
harmonic oscillators):

H = Hp, + Hy + Hy + Hpan + Hipath- 4.1)

The Hamiltonian for the isolated photonic system has the usual
Bose-Hubbard form

L
3 U ;
th = Z [wanai + Ea;airaial} - Z[h]ajaj + H.C.],
i=1 (i,))

4.2)

where we assumed that the Kerr nonlinearity of the cavity
medium induces an onsite interaction term U. The free evolu-
tion of the atoms and their coupling to the photonic degrees of
freedoms are described by the following terms:

L Ny
+ p—
H, = Z Z oo 4.3)
i=1 n=1
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and

oi_(") +H.c.],

= QRZ [aT

in

4.4)

where the indices i and n account respectively for the lattice
sites and the atoms in each site.

Likewise, the external environment and its coupling to the
photonic and atomic degrees of freedom are represented by the
following Hamiltonian contributions:

L Ny
Hyr =y Y [wmbg’””b}’") -3 @mcﬁ""””c,f”’m], (4.5)
i=l m n=1
and

Hi pan = Z gnlalb™ +He]

~I—Zg

lﬂm

+(’1) T(” m) + Hec. ] (46)

where the indices m account for the various bath excitations.
Remarkably, while the photonic field a(m) is coupled to

the bath by mean of a creation operator b; mi with a positive
frequency w, in order to account for loss processes such as

radiative losses, the atomic raising operator o; g coupled in

an antirotating way to a creation operator ct(” m) with a negative

frequency —&,, so to reproduce the effect of an irreversible
atomic pumping leading to an inversion of population. In
different terms, this process can be seen as the result of
a negative temperature, as the atomic environment is more
likely to induce an increase in energy than to have a cooling
impact. Physically, such dissipative amplification effect can
be reproduced in analogy with the lasing operation [44] by
coherently coupling the atomic ground state to an additional
third atomic level with a strong decay toward the first excited
state.

We assume both baths to be in the vacuum state at the initial
time

(B )(0) = (" e ™) 0) = 0 (4.7)
meaning that the bath b"” (resp., ¢\"") can only induce photon
losses (resp., atomic excitation). The various baths are also

assumed to have a broad spectral function

> lgulPe o = / Si(w)e™",
m w
Z|gm|2 i

where Sj(w) is the loss power spectra of a single cavity and the
atomic pumping processes are described as Markovian.

A consequence of being in the regime I'y > Qg is that
a single atom will have a very weak probability of being in
the ground state and that the effect of atomic saturation on
photonic emission process will be strongly suppressed. We
can thus model atoms as linear degrees of freedom and replace
the spin matrix of each atomic two-level system by an inverse
harmonic oscillator whose vacuum state (resp., whose state

(4.8)

= I5(1), (4.9)

with a single excitation) corresponds to the atomic excited state
(resp., to the atomic ground state): 0( RN a;?)l.. States of the
harmonic oscillator with more than one excitation will be so
rarely occupied that they will not contribute to the photonic
dynamics.

We obtain thus the modified (although physically equiva-
lent) Hamiltonian contributions involving atomic degrees of
freedom:

Neav Nat
Hy=Y > (- ol)ali al) + Eo, (4.10)
i=1 n=1
where Ej is a constant,
QRZ [a]al" + H.e.], @.11)
and
Hipan = »_ gn[aib™" + He]
im
+ 3 gue""al) +He].  (@12)

i,n,m

Within this linearized form for the atomic dynamics, it is pos-
sible to derive an exact non-Markovian Langevin equation for
the photonic quantum field, by re-expressing the Hamiltonian
dynamics into the form of Heisenberg equations of motion for
the various operators:

9ia;(t) = — ila;(1), Hpn(1)],
—i Z b ) — iQr Zaf;f)j(t) (4.13)

day () = — iwgal) (1) +i Z c<" o),

+ iQra;(t) (4.14)
b (1) = —iwnb™ (1) — igna;(t), (4.15)
3" (1) = —idne!™ (1) — 1gnal) (). (4.16)

Injecting the integrated equation (4.16) for the bath oscilla-
tors into the equation (4.14) for the atomic degrees of freedom,
we obtain a Markovian quantum Langevin equation for the
atomic field coupled to the photonic field,

th
0,42 (1) = ( o’ =5 ) a0+ iQrai(0) + £10),

4.17)

with a Markovian quantum noise contribution related to atomic
pumping,
£t 2(n") s at
(B + DEID) = 81,8,n U8, (418)

(EDa + 0E) 1) = (4.19)
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Then, by integrating Eqgs. (4.17) and (4.15) and injecting them
in Eq. (4.13), we get for the photonic dynamics

Buas(t) = — ilai(t), Hon(t)] — / MYailt — 1) + £ (1)

t

t at
RO
+ / ds ZQZReH“’ﬂ‘pr)(“S)ai(s)
0 n
t at
o Tp ~
_ iQR‘/(; dsZe(_“”“‘ —Tp)(t—f)%-x?(s)
n

(4.20)

at,i

. l"i\l r
~ et 0 0 )
n

where the expressions for the loss memory kernel and noise
autocorrelations are described below.

A. Langevin equation: General form
At long times with respect to 1/ th, the time-dependent
contribution oc e ~T5/20 Y 4¥(0) in Eq. (4.20) (which

at,i
represents a memory of the initial conditions) vanishes, and
we can also replace the boundaries in the various integrals by
0 and +oo. We obtain then the final form for the photonic

non-Markovian Langevin equation of Eq. (2.1):

0,:a;(t) = — i[a; (1), Hpn(1)] +/ dt[I'p(7) — I'(7)]

X 4i(t — 1) + &1 (1) + &1 (1), (4.21)

where

t

. rat n
ds ) e TTIEN(s). (4.22)
o0 n

B (1) = —i% /

The nonzero contributions for the two-point quantum noise
autocorrelations can be summarized as

(Gt + T)élTj(t» =i / Si(w)e™",
! ; (4.23)
L+ Db ) =51 / S (e,

where T'y(7) =60(1) [, Si(w)e ™" and Tp(1) =60(1) [, Sp
(w)e™"*. While the loss power spectrum Sj(w) is provided
in Eq. (4.8), the photonic pump power spectrum has the
expression

(re/2)°

. (424)
(@ — )2+ (2 /2)°

Sp(w) = rlg” / do/'D(&)

where (" = 4Q} /T3 is the maximum photonic pumping
rate for a single atom and is obtained at resonance: As
in Refs. [36,42], each atom is responsible for a Lorentzian
contribution to the photonic pumping, and the continuous sum
of the various contributions then provides the full spectrum
Sp(w).

B. Some examples of realizable power spectra

1. First example: Markovian losses and Lorentzian
pump power spectra

As a first example, we set ourselves in the configuration in
which losses are Markovian processes, i.e., Sj(w) = '}, and all
atomic transitions are equal to w,, in such a way that D(w) =
Nad(w — wp). In that case, we obtain for the photonic pump
power spectrum the Lorenzian form:

(Agiss/2)?
Sp(@) = Ny 'V :
p() = Nal'y 00— @p)? + (Agiss/2)

where we have set the value Fl‘;“ = Agiss for the atomic pumping
rate. This configuration leads to the specific model Eq. (2.9)
introduced in Sec. II that we have chosen in order to perform
numerical simulations.

(4.25)

2. Second example: Artificial Kennard-Stepanov relation

Another option would be to engineer nontrivial distributions
D(w) (which we could imagine to do, e.g., by tuning all atoms
to different frequencies, or by using several atomic species) of
the atomic transition frequencies in such a way to simulate
a Kennard-Stepanov relation. More specifically, we choose
losses to be also Markovian Sj(w) = T}, and the particular form

D(w) = Dye e (4.26)

for the distribution of atomic transition frequencies. In that
case, the pump power spectrum becomes

(rs/2)°
(w — w/)z + (th/z)z .

In the limit of a very weak atomic pumping rate Fg‘ L Tesr =
1/ Besr, we recover the exponential-shaped spectrum:

Sp(w) = l"pe_ﬂEff“’,

Sp(w) = DI’V / dao e P (4.27)

(4.28)

where ', = %D()Adissf‘g‘. The Kennard-Stepanov relation
Eq. (2.8) is thus reproduced artificially even though the pho-
tonic environment is highly out of equilibrium. Theoretically,
this spectral shape (initially proposed in Ref. [41]) can be
reproduced for an arbitrary temperature: If necessary, one can
lower simultaneously the pumping rates FSI and Qg, while
increasing the number of atoms in order to stay within the
previously described conditions of validity of the quantum
Langevin equation (4.21). Concretely, for very low T the
engineering procedure might be become more complex as it
requires an high number of emitters with a fine control on
transition frequencies.

C. Pseudothermalization in exciton-polaritons
and VSCSEL experiments

The artificial Kennard-Stepanov configuration mentioned
in Sec. IVB2 might also be naturally reproduced in low-T
exciton-polaritons experiments [8,9].

While most theoretical works in the early literature [16,17]
have stressed on the impact of exciton-exciton scattering pro-
cesses in the relaxation of polaritons into the bottleneck region
of lower branch, recent works [18] have raised the possibility
that high-energy longitudinal optical (LO) phonons might play
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an important role in the polariton relaxation dynamics in
some regimes. We discuss here what the implications might
be regarding the nature of thermalization in such physical
situation.

Since the excitons (located in a higher energy with respect
to the bottom of the polaritonic band) usually undergo fast
collisions and energy exchanges processes and also possess a
much longer lifetime than polaritons, the exciton reservoir is
rather well thermalized (while polaritons might not be able
to thermalize among them) and can thus be described by
a classical Boltzmann distribution n X(e,f( ) ePeil (excitons
being very massive particles, their degree of degeneracy is
usually very weak in those experiments).

On one hand, since the LO phonons dispersion law is
typically very flat and strongly located around the frequency
wro (in stark contrast with acoustic phonons whose disper-
sion presents a light-cone structure), the LO phonon-assisted
scattering process of excitons— polaritons maintains the full
information on the excitonic energy distribution and transfers
it into the frequency dependence of the polariton injection
rate (up to an energy shift /iw;p): In the hypothesis that
LO phonon-assisted scattering processes are dominant, the
polaritonic injection rate should thus present an exponential
frequency dependence (Sy(w) ~ Flf e Py at a good degree
of approximation.

On the other hand, in that same picture, polariton— exciton
recombination processes are strongly inhibited as they would
involve the absorption of a phonon from the LO phononic
reservoir, which can be approximated as being close to the
vacuum state [LO phonons possess a significantly higher
energy (=5 meV) than the typical temperatures (=~0.5 meV) in
exciton-polaritons). As a consequence, polaritonic losses are
by far dominated by mirror transparency effects and can be well
represented by Markovian processes Sj(w) >~ FlP = Xph I 'phs
where xp, is the photonic fraction in the bottom of the lower
polaritonic branch and I'p, is the photonic loss rate. One
concludes that the Kennard-Stepanov relation Sp(w)/Si(w) =~
Fg / TP e~ might be artificially verified in that context (at
least in a broad frequency region) and polaritons might be
subject to pseudothermalization.

Even more important, a similar phenomenology may be
invoked to explain the peculiar features observed in the
VCSEL device of Ref. [10]: As the excitonic-polaritonic
strong coupling is broken by the high density of excitations
present in the active medium, scattering between bare photons
is expected to be very inefficient. The observed thermal
distribution of photons can therefore be hardly explained
in terms of standard collisional thermalization within the
gas of photons, but must be inherited by energy exchange
processes with the external environment, which can be well
represented by the combination of an amplifying reservoir
formed of thermalized free carriers and a dissipative reser-
voir due transparency of the cavity mirrors. Here again, the
Kennard-Stepanov relation might be artificially verified in
specific configurations where the processes of absorption by
free carriers are inhibited and thus weak with respect to
the rate of particle losses, leading to an apparent photonic
thermalization.

Based on these arguments, the measurement of thermal
signatures in the polaritonic (resp., photonic) observables in

exciton-polariton (resp., VCSEL) experiments has to be inter-
preted carefully. On one hand, one should first experimentally
investigate whether the thermal-like momentum distribution is
associated to a satisfied FDT using, e.g., the protocol proposed
in Ref. [34]. Then, before drawing any conclusion regarding a
true thermalization or a pseudothermalization, one should also
verify that polaritons (resp., photons) are indeed equilibrated
with their environment of excitons (resp., free carriers), and
phonons: For this purpose, one way to proceed would be to
check the validity of the FDT associated to a pair of operators
A(r) and B(r) (with the notations of Sec. IIIB) associated
respectively to polariton and the reservoirs degrees of free-
doms, by measuring the corresponding frequency-dependent
effective temperature.

V. HOW TO BREAK PSEUDOTHERMALIZATION

Expectedly, the low-energy pseudothermalization effect
described in Sec. Il is not a fully general properties
of driven-dissipative quantum systems, since a wide class
of models cannot be cast into the form of the quantum
Langevin Eq. (2.1), which only implements non-Markovian
loss and pump processes, and does not include many other
possible effects such as the saturation of the emitters or
dephasing.

In this section, we discuss a simple extension of Eq. (2.1),
which allows us to break the emergent equilibrium presented
in Sec. III. More specifically, we introduce a generalized
Bogoliubov—de Gennes model at low energies and low mo-
menta, with a complex kinetic energy and a complex chemical
potential:

—ioA() = — ilzaAk(@) + Zu(Ak(@) + AT (—0))]

+ Eneq k(@) (5.1)
The noise autocorrelation is
Erea k(@ (@) = (E 1 (@req (@)
= Ok—k’ Sw—w S1(@WBEC), (5.2)

and complex couplings are written in phase-modulus represen-
tation as z = pe ™%, 7 = pe~'?. This model is very similar to
the low-energy model Eq. (2.30) derived in a previous section,
except that the kinetic energy ¢; and the chemical potential p
have respectively been multiplied by two different complex
numbers z and 7 (while they were multiplied by the same
complex in the low-energy theory, Eq. (2.30). In Secs. VA
and V B we will show that in case of alignment in the complex
plane of these couplings (i.e., & = #), we obtain an effective
equilibrium theory, while in the case of a misalignment,
the steady state presents nonequilibrium features. Finally in
Sec. VC, we will describe a few ways to implement those
modified complex couplings.

A. Static correlations
Analyzing Egs. (5.1) and (5.2), we obtain the following ex-

pression for the static momentum distribution 7}°* = (A} A)
and the anomalous average Azeq = (f\kf\_k) (the derivation
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is very similar to the one made in Appendix B):

|zex + Zul*Si(wgec)/2
[psin(0)ex + psin(@)ulper[per + 2cos(0 — H)pu]’
(5.3)

neq __
n, =

neq _ —(Z* €& + Z* WZuSi(wrc)/2
© 7 [psin(@)ex + psin(@)ulperlpex + 2cos(0 — D)pul’
(5.4)

In the general case, it is not possible to further simplify those
expressions, and the steady-state properties differ from the
equilibrium statistics, as static correlations cannot be cast in the
form of a Rayleigh-Jeans thermal law (e.g., for the momentum
distribution n; = Tege(ex + 1)/ E,%). However, considering the
particular case in which the complex couplings z and Z are
aligned in the complex plane, i.e., 8 = 0, one obtains

pliened _ Tesi(pex + p) 7
per(per + 2p )
Ailigned _ —TetP it ’
per(per +2p1)
which compared to Eqs. (3.3) and (3.4) corresponds to a low-
energy effective equilibrium statistics with

(5.5)

(5.6)

- Si(wsec)
T T2sin(0)

and renormalized couplings €, — pe€x, 4 — pu. This is not
surprising since in that case, the generalized Bogoliubov—de
Gennes model given by Eq. (5.1) coincides with the low-
frequency limit Eq. (2.30) of the non-Markovian Langevin
equation studied in this paper. We conclude that the alignment
configuration of the couplings z and Z of Eq. (2.30) corresponds
to an effective equilibrium situation, while the general case
of nonalignment drives the system out of equilibrium, as
thoroughly discussed in Refs. [26,27,31].

Although Egs. (5.3) and (5.4) present deviations from
the Rayleigh-Jeans law for E; — 0, for a generic choice of
misalignment of z and Z the low-momentum correlations still
present a 1/k> equilibrium-like infrared divergence and we
do not expect any particular loss of coherence by driving
the system out of equilibrium, at least in three or higher
dimensions. This is generically valid except for the specific
pathological configuration in which we set the phase 6 to 0 and
the phase 6 to 7 /2. In this case, which can be obtained by using
Markovian baths, by canceling the photon-photon interactions
and adding saturation to the pump (see Sec. V C2), we indeed
obtain a very different behavior:

(5.7)

npathological _ Sl(wBEC)[Elg + (15“)2]

_ , 58

k 2pue} oy

Aptological _ iSl(CUBEC)(NGk ‘2 iﬁﬂ)m’“. (5.9)
2ppe;

We see that the momentum distribution changes behavior at
long range: n(k) ~ 1/k*. Such a feature has already been
predicted in Ref. [21].

Because of these increased low-momenta fluctuations, we
might be tempted to conclude that in three dimensions, a

nonequilibrium free Bose gas in the presence of a pump and
saturation, i.e., a three-dimensional (3D) VCSEL [48] cannot
Bose condense (while the equilibrium free Bose gas is known
to condense). However, in this case the Bogoliubov approach is
inconsistent and cannot be applied in a straightforward manner
since the nonlinear corrections are very large for small k modes
and cannot be neglected.

Instead, accessing the long-range properties in this regime
requires applying the renormalization group methods to this
nonequilibrium system while keeping all relevant nonlineari-
ties (including those providing from saturation effects): Our
understanding is that during the RG flow [26,27], a small
photon-photon interaction should be generated and the true
correlations should be thus in n(k) ~ 1/k?, saving thus the
convergence. Such effect was verified numerically in Ref. [56]
by simulating the Kardar-Parisi-Zhang equation [however, in
that case the simulations were done in a one-dimensional (1D)
configuration].

B. Momentum-dependent effective temperatures from the FDT

It is also interesting to check whether a misalignment of the
couplings affects the validity of the FDT. To do so, we will
use an exact model providing a quantum Langevin equation
valid at all frequencies which leads at low frequencies and
low momenta to the effective description, Eq. (5.1), with
nonaligned couplings z and Z: This model is defined in the
next section in Egs. (5.11) and (5.10). We computed the
corresponding effective temperatures g (k,») and B, (K,w) by
means of the definitions in Egs. (3.24).

In Fig. 7, we show B;(k,w) (resp., f2(K,w)) in the upper
panel (resp., lower panel) in function @ in units of A
for various momenta k: We notice that in the region |w| <K
AJiss, these effective temperatures do not take identical values,
but indeed tend toward a momentum-dependent value. We
conclude that pseudothermalization is broken not only at a
static level (in the sense that it does not respect perfectly the
Rayleigh-Jeans law obtained for a weakly interacting isolated
Bose gas) in the case of misalignement, but also at a dynamical
level, as the FDT is not verified at low frequencies.

C. Examples of modified quantum optics models driving the
system out of equilibrium

In this section, we discuss various physical ways to obtain
the modified Bogogliubov—de Gennes system, Eq. (5.1), with
misalignment of the complex couplings, by mean of simple
modifications with respect to the quantum optics model intro-
duced in Sec. IV.

1. Emitters with dispersion

The first model we introduce is very similar to the one
presented in Sec. II, except that we add a momentum de-
pendence to the photonic pump power spectrum S, k(). In
the quantum optics model presented in Sec. IV, this can be
obtained by taking into account the recoil of the mobile and
massive two-level atoms, which leads to the expression

(Adiss/2)2
(CU + Gﬁ - Cl)p)2 + (Adiss/z)2

Spr(@) =T, (5.10)
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FIG. 7. Test of the FDT-KMS relation in the presence of disper-
sion of the emitters. Panel (a) [resp., panel (b)]: frequency-dependent
effective temperature B;(k,w) (resp., B2(K,w)) defined in Eq. (2.6)
for a Lorentzian pump, mobile and massive emitters, and Markovian
losses (model defined in Sec.V C 1), as a function of the frequency w
in units of Ay and for various momenta k. Parameters: M,/m = 3,
F,/Fg =0.3, I'p/Agis = 0.01, and §/Agiss = —2. For each panel,
the various curves correspond to increasing values of the momen-
tum k, chosen in such a way that the corresponding Bogoliubov
energies span a wide energy range across the effective temperature
THP = 1/B5P = 0.54Ag: k/ky =3 x 1072 for the green solid
line, k/ky = 1.83, for the orange dashed line, k/ky, = 2.43 for the
red dotted line, k/ ky, = 3.66 for the dash-dotted blue line. Here ky, is
also defined by E(ky) = T4

with EE =k*/ 2M,, defined as the recoil energy for the emission
of a photon of a wave vector k. If the mass M,, of the emitters is
small enough, this effect can be physically relevant. We obtain
thus the following Langevin equation:

[ee]

0 R
(1) = = i), Hyy(0)] + / eIl o)

— DOkt — T) + Eaisp (1), (5.11)

with the non-Markovian momentum-dependent dissipative
kernel for pumping,

k(7)) = (1) / Sy x(@)e™ ", (5.12)

and noise correlations in momentum-frequency space,

Eaipa (@) 10 (@) = Skie 80wy Si(wppc + @), (5.130)

Etipa @ Baisp i (@) = Skk 8o Spk(@BEC + 0).
(5.13b)

We used the theory Eq. (5.11) and applied the Bogoliubov
methods in order to compute analytically the correlation
functions in momentum-frequency space. In order to test the
FDT, we define for this specific model the physical quantity

_d [ 8
P == 5, In [Sem,kw)]

which we plotted in dashed horizontal lines in Figs. 7(a) and
7(b) and compared to the momentum-frequency-dependent
inverse temperatures 8;(Kk,w) and B, (K,w) of Eq. (3.24).

Still in the Bogoliubov regime, from Eq. (5.11) we can
derive a low-energy and low-momentum effective theory by
applying a procedure similar to that in Sec. II F:

, (5.14)

w=wggc,k=0

—iwAk(®) = — i{zasper Ak(@) + Zaispit[ Ak ()

+ Al (—o)]) + Eigpx(@). (5.15)
The noise correlations are
(Eaisp k(@) 10 (@) = Skt 80w Silwprc),  (5.162)

(Edipac @ Eaisp i (@) = Sk Sur Spo(@pec),  (5.16b)

where Sp o(wpec) = Si(wpec) and the complex couplings
are

zaisp = (1 + 8 —iD) (1 +i2My 9 Tp o omiopc )» (5:17)
~——
<0
Zasp = (L+ 8 —iD). (5.18)

We obtain some effective complex kinetic energy and chemical
potential for the photonic dynamic. However, as predicted,
because of the dispersion of the emitters an additional mul-
tiplicative contribution has been added to the complex kinetic
energy, inducing thus a phase misalignment between the
complex terms Zgisp and Zgsp-

2. Saturation of the pump or two-body losses

In the second model, we propose to add saturation to
the pump or two-body losses. Based on the photonic case
presented in Sec. IV, some saturation can stem from the
fact that the emitters are two-level atoms and thus are not
perfectly linear systems. In this case, at a qualitative level the
Langevin equation for the quantum fluctuations becomes at
low frequency

—iwAk(@) = — i{zaerAr(@) + ZaulA@) + AL (—0)]}
+ Eqar k(). (5.19)
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and the complex couplings are

Zsa = (1 + §— lﬁ), (5.20)

Zoat = (1 +S - lf)(l - iysat)-

¥sat 18 @ dimensionless coupling quantifying the saturation ef-
fect, i.e., an increase of the dissipation strength with the density
Al Ay, which linearized gives in the Bogoliubov approach a

(5.21)

complex contribution proportional to Ay + f\ik. Here again,
because of saturation which multiplies the chemical potential
by some complex, we also observe a misalignment between
Zsar and Zgy.

For the sake of simplicity, we assumed autocorrelations to
be Gaussian at a first level of description:

(Esar k(@ (@) = Sk SuwrSi(wpEC), (5.222)

(&L @i (@) = Wit 8o Si(wprc). (5.22b)

Yet, it is worth highlighting that, in the presence of satu-
ration, the noise should present nontrivial nonlinear autocor-
relations depending on the quantum field Ay. Studying the
effect of these corrections to Gaussianity in the context of
pseudothermalization will be the subject of a future work. The
identity between both right-hand sides in Eq. (5.22), which
leads to an effective classical noise, is a consequence of the
restriction to the regime of low momenta and low frequencies,
where a large average occupancy of each momentum state is
expected above the BEC threshold, and nonclassical effects
related to the discrete nature of particles are rather weak
corrections.

VI. CONCLUSION AND PERSPECTIVES

In this work, we have analyzed the pseudothermalization
effect, where an open quantum system coupled to several non-
thermal and non-Markovian reservoirs presents an emergent
thermal behavior in spite of the highly nonthermal nature of its
environment. Our approach was based on a quantum Langevin
formalism which allows us to overcome the inherent issues
related to the quantum master equation formalism and the
quantum regression theorem in a non-Markovian context and
then to compute arbitrary multiple time correlators. The focus
was set on the exactly solvable case of a driven-dissipative
weakly interacting Bose-Einstein condensate.

In particular, we have shown that pseudothermalization
not only occurs at the static level but is also accompanied
by the satisfaction of the fluctuation-dissipation theorem at
the dynamical level. According to the spectral properties of
the chosen reservoirs, equilibrium signatures can be observed
either only at low energies or globally. In the latter situation,
which might relevant in some exciton-polariton and VCSEL

J

experiments, the steady-state properties of the system alone are
completely undistinguishable from the ones of an equilibrium
system. Finally, several modifications of the initial model
allowing us to break this pseudothermalization effect have been
discussed, with a particular stress on the role played by the
dispersion and the saturation of the emitters.

The results of this work challenge the common idea that
only open quantum systems in contact with an equilibrated
environment can behave completely thermally. It implies
in particular that, before concluding to an equilibration, an
experimentalist should check the thermal character not only
of the system correlations but also of the crossed correlations
involving altogether the degrees of freedom of the system and
the various reservoirs.

While this pseudothermalization effect is expected to be
robust and universal with respect to the many-body dynamics
of the considered physical system in the case where the
Kennard-Stepanov relation is verified globally, it is unclear
whether low-energy pseudothermalization should apply for
any choice of system Hamiltonian in the generic case where the
Kennard-Stepanov relation is only valid locally in frequency
space: Future studies will be dedicated in particular to the
interplay between low-energy pseudothermalization and the
departure of the Bogoliubov regime.
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APPENDIX A: QUANTUM CORRELATIONS IN
FREQUENCY AND THE FDT

In this appendix, we compute the correlation matrix in
momentum frequency space Cx(w) defined in Eq. (2.28). We
then move to the calculation of the momentum-frequency-
dependent effective inverse temperatures involved in the test
of the validity of the FDT, and defined in Egs. (3.24) and
(3.25). By inverting the Langevin equation in frequency space
Eq. (2.25), we get

Ax(o) i (o)
= — N . Al

After calculation, this gives us

Ak | i
Al (—0)) (o —lea+n+il@Do+ e+ p— il (—w)] + p2

:m+@+u—ﬁ%wmmm—@uew}
—1E (@) + [0+ & + p + iT(@)E (o) |
(A2)
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and, taking the Hermitian conjugate,

Al ) _ —i
Ax(—w))  Ho—l&+u—il*@)o+ e + p+ il (—w)] + p

We get, after tracing over the various baths, the expression for
the correlation matrix:

S S <M<”>( ) Mﬁ‘%)) A
N(@)N_k(=0) \MZ(w) M ()
=M(w)
where
Ne(w) = {w — [ex + n + iT ()]}
x[w+ € + p — il (—w)] + u1?, (A5a)
MV (@) = Si(wec + w)lo + & + p + il (—w)|?
+Sp(wpEC — W), (A5b)

M (@) = —Si(wpec + o) + e+ p +iT(—o)u
+ Sp(wpec — w){w — [ek + u + i (@)u,
(A5¢)
MP (@) = — Si(wpec + ) x [0 + & + p — iT*(—o)u
+ Sp(wpec — w){w — [ex + 1 — iT* (@)}u,
(A5d)
Ml((zz)(w) = Si(wpkc + w)? + Sp(wprc — ®)
x|w — [ex + p + iT(@)]]*. (A5e)

To test the FDT, it is also useful to calculate the ratios

(A@A)) (Ak(@)A
&l (w)[\:> d Y. We obtain the following expressions:
(Ax(@)A]) _ Si(wpc + @) + S)(wppc — w)Ax(w) (A6)
(Al@Ay)  Sp(@sec + 0) + Si(wpec — 0)Ar(@)’
(Ax@)A_)  Si(wsec + ) + Sy(wpEc — ®)Bi(w)
(A(—)A_) — Sp(@rc + @) + Si(@prc — ) Bi(w)’
(A7)
with
2
w
Ar(w) = — , (A8)
«() o+ €k + 1+ iL(—w))?
_ i
Bu(w) = o+ e+ p—il'™(w) (A9)

a)+ek+u—if’*(—a))'

APPENDIX B: STATIC CORRELATIONS AT LOW ENERGY

In this appendix, we calculate the static correlations at
steady state in the low-energy regime Ej; < Agis. In this
regime, using the definition Eq. (2.31) as well as the fact
that Sj(wgec) = Sp(wBEc), We can approximate the expression

{ [0+ €& + 1 + il (—o)lE () — nE k(—w)
—pEl (@) + [0 + & + pu — iTH)E (o)
(A3)

(

Eq. (A4) of the correlation matrix calculated in the previous
appendix as

1
Ng(w) ~ = W{[‘“ — 2(ex + wWllw + 2" (e + wl+z*1?)

= W(w—wﬁ)(CU—wD, (Bla)
an Si(wpEc) 2 2 2
M) = Sl + et W+ PR (BIb)
MY (@) = —28(wpe)(er + i, (Blc)
M () ~ —28)(wprc) (€ + Wi, (B1d)
Si(@Ec)
M (@) = =25 o — 2ac+ W +2PiR) Ble)

where a);f are the complex low-energy mode frequencies of
the condensate given by Eq. (2.33). From these expressions,
we can calculate the dynamic structure factor Sk(¢), which is
defined as

Ac(AL
S = <<<Ak<r>Ak(0)>

(Ax(t)A _x(0))
, B2
Al (AL©0) ) ®2

(AT, (A _x(0))

and is related to the correlation matrix Ci(w) as ft Sk(t)e i@ =
Cx(w). Using a pole integration in the complex plane, we obtain

—ilz|?
Z(a);r — wy )(a);(r + )

+ —lwkt —\,—iwg t
|:M(w e M(“)k)f i| (B3)

Za)k Wy

Sk(t) =

where M (w) has been defined in Eq. (A4). Setting t = 0, we
find the static correlation matrix
—i|z|? [M(wl‘f )

S0 = o e o)

_ M)

20, o
(B4)

By injecting the expressions given by Egs. (B1) as well as the

explicit expressions for the condensate frequencies Eq. (2.33),
we find

S5c(0) = Si(wpEc)|z|? (ek +u - > (B5)

27, E} - a+u)
From Egs. (2.31) and (2.6), we have that £ =TIm(z™!) =
_—dReél;,(w)) |w 0= M from which we deduce the final
expression:
€+ 1 —U
Sk(0 . B6
KO0 = E2<—M ek—i—u) (BO)
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