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Condensation in hybrid superconducting-cavity—microscopic-spins
systems with finite-bandwidth drive
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Using Keldysh field theory, we find conditions for nonequilibrium condensation in the open Tavis-Cummings
model under a direct finite-bandwidth incoherent cavity drive. Experimentally, we expect the condensation
transition to be easily accessible to hybrid superconducting systems coupled to microscopic spins, as well as
to many other incoherently driven light-matter systems. In our theoretical analysis, we explicitly incorporate
the drive’s spectral distribution into the saddle-point description. We show that the injected incoherent photons
create a drive-dependent effective coupling between spin-1/2 particles. The condensation transition arises at a
critical regime of driving which we can now accurately predict. Our results also provide important guidelines for
future quantum simulation experiments of nonequilibrium phases with hybrid devices.
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I. INTRODUCTION

The last few decades have seen enormous advances in
experimental realization and theoretical understanding of
quantum condensation in a variety of physical systems.
They range from condensed matter models like microcav-
ity exciton-polariton systems [1,2], electron-hole plasmas of
highly excited semiconductors [3], and quantum magnets
[4]; to circuit quantum electrodynamics (CQED) devices that
demonstrate photon condensation [5], the Dicke states [6], and
dressed collective qubit states [7].

Among these, condensation in light-matter cavity QED
systems offers a path into deeper understanding of non-
equilibrium phases of matter. Here we show that this
phenomenon could be studied with an analog quantum sim-
ulation [8-11], which offers a highly promising avenue for
testing quantitative predictions of non-equilibrium quantum
theory [12]. Analog simulators can mimic the dynamics of
many-body quantum optical systems by reconstructing their
Hamiltonian under precisely controlled conditions [13-15].
In particular, we consider the much studied hybrid quantum
system consisting of a superconducting resonator coupled to
solid state spin centers [16—18] as the ideal quantum simula-
tor. Experimental realizations can include a superconducting
resonator coupled to NV~ spin centers or other impuri-
ties [19-22]. Programmable signal generators and sensitive
amplifiers provide highly controllable driving and probing
in the microwave regime, even to the extent that quantum
state tomography can reconstruct the cavity states of mi-
crowave resonators [23,24]. Although CQED setups have
well-understood Hamiltonians, the question of how to achieve
condensation with these systems has not been addressed be-
fore. A key element is energy pumping (driving) which we
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focus on here. We analyze this system in the presence of an
incoherent, finite-bandwidth, typically microwave frequency
drive with a general spectral distribution.

The nonequilibrium response to incoherent drive is chal-
lenging to analyze because the drive induces interactions
between the two-level atoms. This is considered an open
problem which was previously approached with an effective
phenomenological (or Markovian) description in the system’s
equations of motion [25] or, where appropriate, with the in-
troduction of fermionic driving [2]. In the latter it was shown
that the system can access both condensation and lasing
regimes [1,26—28] which are connected by a smooth crossover
[29-31].

In contrast, here we analyze the condensation transition
based on a model with a direct photonic drive. We use Keldysh
field theory techniques [25,32] to study the consequences of
a bosonic drive and obtain the condensation phase diagram
with directly applicable predictions. Technically, our analysis
is based on the saddle-point solution of the Keldysh action
which is standard procedure for studying condensation phe-
nomena [25,33]. Note also that because the drive couples to
the cavity photon modes, population inversion of the two-level
atoms cannot occur. Hence it is physically impossible for the
system to behave as a laser.

One of the central aims of our work is to determine the pa-
rameter space and photon drive’s distribution function where
the system can access the condensation regime. We hypothe-
size that driving the cavity with Markovian noise (flat spectral
density) cannot reach the phase transition because it strongly
decoheres and thermalizes the system. Physically, Markovian
drive and decay correspond to a constant in the frequency
domain all energy modes (even those at high energies) are
driven with the same strength, which corresponds to an infinite
temperature bath [34]. Indeed, we see that the threshold for
condensation is only realistically achievable for a finite band-
width drive, a case which can be analyzed in our formalism.

©2022 American Physical Society
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FIG. 1. Sketch of possible experimental setup uses NV~ vacancy centers (spin-1/2 particles) in diamond coupled to superconducting
resonator interacting with different types of environment. Frequency profile of photonic drive characterized by photon mode number ng(w).

In this work, we use the term “non-Markovian” driving to
mean frequency-dependent driving. We only observe spon-
taneous condensation when preferentially driving the low
frequency part of the spectrum. In the regime of condensation,
we observe that the condensation threshold is sensitive to
the width of the spectral profile of the drive. Larger widths
require higher drive strengths. Hence, extremely large spec-
tral profiles are experimentally unpractical. In fact, it was
established in earlier work [35] that condensation cannot be
achieved within the Markov approximation, which drives the
high and low energy modes with equal strength. The drive
would cause strong decoherence that impedes the formation
of the condensate [35]. Hence we cannot analyze the problem
using a Markovian master equation, which is a more appro-
priate method for quantum optical problems where energy
dependence of decay or drive are irrelevant.

II. SYSTEM AND MODEL

In this work, we use Keldysh field theory [25,32] to pre-
dict the onset of spontaneous coherence (via non-equilibrium
condensation) in many-body light-matter systems under di-
rect incoherent driving with finite bandwidth and amplitude.
Standard quantum optics techniques cannot easily treat fre-
quency dependent (non-Markovian) drive. However the field
theoretical approach offers a natural language for including
general spectral densities and exploring how this affects the
steady-state of the system.

We focus on the open Tavis-Cummings model (Fig. 1)
featuring an ensemble of spin-1/2 particles (or pseudo-spins
representing two-level atoms) which are dipole-coupled to
one quantized cavity mode. The cavity is coupled to an
incoherent photonic drive. Unlike previous Keldysh-based
theoretical studies on microcavity polariton systems [2], we
model the photonic drive as a bosonic reservoir (bath) which
feeds incoherent photons into the cavity. We derive an ex-

tension to the self-energy of the spins which arise from
fluctuations in the cavity field caused by the incoherent drive.
In addition, the theory includes a low temperature reservoir to
represent the nonradiative environment.

Note that this photonic driving generates a non-equilibrium
condensation which differs from the lasing and Dicke-type
phase transitions [36,37]. This work cannot be directly
compared with other phenomena such as lasing and super-
radiance. It is not an incremental study, but rather a new
regime for condensation in the driven-dissipative Tavis-
Cummings model which is directly relevant to CQED devices.

The nonequilibrium condensation is characterized by a
nonthermal distribution function. The structured spectral den-
sity of the drive and its statistical properties are described by a
customized distribution function. The signatures of condensa-
tion are a sudden appearance of collective phase coherence in
the spins and condensation of the cavity photons in a coherent
state (Fig. 1).

We define the Hamiltonian as H = Hyys + Hiys bath + Hoan
(A = 1) where

Ay =) leo(biba — alae) + ga(¥blay + H.c.)]

+ oy . (1

Spin-up and -down states, represented using fermionic annihi-
lation operators b,, and a,, respectively, are dipole-coupled to
cavity photon mode v with individual spin-photon coupling
is g,. We use a fermionic representation of spin-1/2 parti-
cles to facilitate a straightforward use of the field theoretical
formulation (although the action can be formulated in terms
of coherent spin states [38], it is technically difficult to treat).
For example the operation bL a, creates a spin-up particle with
energy €p. The single-occupancy constraint

blby +ala, =1 )
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allows the fermionic representation to properly describe
a spin-1/2 particle. This eliminates the unphysical states
|vacuum) and b a] |[vacuum), leaving two possible transitions
for the ground |0) = a] [vacuum) = a b, |1) and excited state
1) = bE|Vacuum) = bj)'(a(,|0). The constraint is maintained by
considering only states which obey this condition and bath
distribution functions as described below. For simplicity, the
spin-photon coupling is on resonance, i.e., the cavity and
atomic frequencies are both wg, and there is no detuning in
the system, i.e., wy — 2€p = 0. The system is coupled to two
baths (reservoirs),

ﬂsys,bath = Z[Fa,k(aZAk + bl B, +H.c.)
ok

+ 4y W+ Hee)l 3)

given by Ao = Y, 0f (AJAx + B[BY) + Y, wf W, W,
where A; and Bj are fermionic annihilation operators and
W, are bosonic annihilation operators. The fermionic bath
modes oscillate at frequencies ] and couple to the spins
with coupling constants I'y ;. Similarly the bosonic modes
have frequencies a)i and coupling constants .

The photonic bath represents a continuum of external
electromagnetic modes, for example on a superconducting
transmission line in the microwave regime. We assume that
the bath modes are populated with photons in a prescribed
spectral distribution which can be realized by controllable
external sources. (We shall use the terms photonic and bosonic
interchangeably throughout.) We assume that the spectral dis-
tribution is broader than the natural linewidth of the cavity
mode and possesses random phases for different modes. Un-
der these conditions, this bosonic bath cannot impose any
definite phase coherence on the cavity but rather only drive
it incoherently. Hence, the condensation transition would be
a result of spontaneous U (1) symmetry breaking rather than
any externally imposed phase coherence.

It is important to note that under broad (Markovian) spec-
tral distributions we do not expect cavity photons to condense
due to the bath’s excessive dephasing power [35]. Given
these conditions, we expect to find condensation only for
cases with a finite bandwidth. Hence we emphasize that the
non-Markovian, frequency dependent nature of the bath is
crucial.

The fermionic baths, which are simpler to treat in field
theory than the bosonic bath, represent the microscopic en-
vironment of the spins. These baths are assumed to be cold
compared to the spin energy, hence in the absence of any
other processes would induce relaxation of the spins to the
ground state. The choice of symmetric spectral distributions
ensures that on average there are no pair-breaking events
[2], i.e., (blby) + (alay) = 1. Although mathematically we
define two fermionic species comprising the fermionic bath, in
reality this corresponds to any kind of mechanism that causes
spin relaxation and dephasing.

III. METHODOLOGY

Standard procedure of Keldysh field theory in its path-
integral formulation [2,25] enables the Keldysh action to

be derived. Because the bath fields appear in the action
at quadratic level, the functional integral over them can
be performed analytically so we simplify the action by
removing the bath degrees of freedom using Gaussian in-
tegration [2,39]. This yields an effective description in
terms of the photon field. In the non-equilibrium steady
state the two-time Green’s functions are time-translational
invariant, T =¢ —t’. This means we can Fourier trans-
form with respect to t into the frequency representa-
tion and make some standard assumptions about the bath
properties.

Each bath couples equally to the cavity mode so that
spontaneous emission is momentum independent. The baths
contain many modes, i.e., are much larger than the system.
They therefore thermalize rapidly compared to any system
interactions, and their properties (e.g., distribution function)
are unaffected by the system behavior. Coupling strengths 'y
and ¢ are smooth functions of momentum k. The baths have a
dense energy spectrum, so ), summations can be replaced by
[do" and [ dw® integrals. We take the Markovian approxi-
mation (frequency independence) for the bath density of states
(N¢(w®) = N¢ and N"(o") = NT) and spin-bath coupling
(¢ (@) =¢and T(0") =T).

In summary, this step introduces the cavity-photonic drive
coupling strength x = w¢2N¢ and cavity-dephasing bath cou-
pling strength y = 7'2NT. As there are two different species
of fermions that couple to the upper and lower states of
the spin-1/2 particle, the latter is considered a relaxation
rate that models the microscopic environment. We also in-
troduce three distribution functions: One for the photonic
drive Fy(w) and two for the dephasing baths [2] F}/(w).
Here Fy(w) = 1 + 2ng(w) where the photon occupation num-
ber ng(w) can have any form. We discuss this later in the
calculation.

The dephasing baths’ distribution functions are

Fyja(@) = 1 —202"(w). )

The occupation functions nlbE “(w) are externally imposed and
can be chosen to have any form relevant to a particular phys-
ical situation. We choose a thermal reservoir with n% and n¢
set at equal internal temperature Ty but different chemical po-
tentials ,ug “. The system must adhere to the single occupancy
constraint [Eq. (2)], so the chemical potential of baths A and B
are related by ug = —Mg = —up, and the occupations should
satisfy [30,40] n% + n% = 1. Hence we choose

Fyq(@) = tanh g(w F uB) &)

with inverse effective temperature 8 = 1/Tr and chemical
potential wp.

In the regime where ug < 0 (ug > 0), the lower (upper)
state is more likely to be occupied in thermal equilib-
rium. The up — Foo limit corresponds to certainty that the
lower/upper state is occupied. For Fy,/, to behave as a dephas-
ing bath, we choose ug < 0.

For convenience, we arrange the fermionic fields in a
Nambu vector ¢ = [b, a]”, with (1, 2) indices to represent the
fermionic fields under Keldysh rotation [32]. The resulting
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action is

S= // an(Z G )Gy (1, 1o (') + &(t)[l-at, _ 3)0 Lk

10y — wo — Ik ,
zmha_ﬂﬂwao, ©)

where Gy is the Tavis-Cummings Green’s function. We use abbreviations A.; ; = f/—%t/quq so that we may write

G;mﬁ=[ ~(hg(1)o4 + Ry (1)0-)800

The calculation up to this point has followed the same steps
as in previous work [2]. The rest of the calculation is original
work.

To introduce the effects of incoherent driving, we separate
the photon field into its coherent and incoherent parts by sub-
stituting ¥ = (¥) + §¥ into the action. Gaussian integration
removes the fluctuation degrees of freedom §y, and produces
a new action containing quartic ~¢* terms [41].

Hubbard-Stratonovich decoupling [33] is required to sim-
plify the quartic terms, at the expense of introducing an
auxiliary field Q€D (t, 1)y o ~ (¢S (t)PY (1)) which may be
expressed in matrix form,

a1 (1,2)
Q= [8(2,1) g(z,z)] )

The decoupling makes the action quadratic in ¢ and is
analogous to the Bardeen-Cooper-Schrieffer (BCS) theory of
superconductivity. The resulting action indicates that the inco-
herent drive causes effective spin-spin interactions mediated
by photon exchange. This behavior appears in terms of the
form [41]

~ [[ drar Y a6 oot @)

+ Gyt 0 1 e ).

Gy, is the cavity photon Green’s function, and R, A, K denote
the retarded, advanced, and Keldysh components, respectively
[25,32]. By definition, the retarded and advanced components
contain information about the spectral properties whereas the
Keldysh component contains statistical properties of photons.

We can show explicitly that the linear terms in Q influ-
ence the cavity’s Tavis-Cummings dynamics [41]. The Dyson
equation becomes

G'=G,)' -2, )
where the Tavis-Cummings part [42] is given by
i [@GEHE Gy
The self-energy
s@.h  »(1.2)
Yy = |:E(2’1) 2:(2,2):| (11

comes directly from the incoherent drive and contains linear
terms in Q. Note it is written in Keldysh (1, 2) and Nambu
(particle-hole, or (b, a)) space with nontrivial matrix elements

(i0y00 — €003 — Aet(t)01 = At (1)0-)8g.0r + iy 00

(g0 4 g0 2y (Froy + Fio) | o)
(1800 — €003 — dat ()04 — At ()00 — iy 00 |

[
(i, j) = 1,2, where

g

By (®) = — i [GE ENQ (O
+ G@/A(ﬂ)Q};jgb(f)w,
+ Gy (EDQL (O], i # .
g
4
+ Gy (D00 (D
+ G EDQ N Oaw ] 1 # ).

Following standard procedure, we take the narrow bandwidth
limit g, — g using the same motivations behind similar work
[43], i.e., the individual spin-photon coupling is independent
of the spin index «. Then we define the collective coupling as
g— g\/IV. For both matrices Gg] [Eqg. (10)] and X Eq. (11)],
b and a define the particle-hole space as

Dy, Dpq
D= .
|:D ab D aa

S (1) = —i

K @i, ))
bb/aa [Gw (:i:‘L’ )Qaa;bb(f )a,o/

The Keldysh Green’s function G{,f contains the statistical
properties of the cavity photons which, after Fourier trans-
forming into frequency, is

—2ik Fq; (a))
(@ — w)? + K2
with system-photonic bath coupling strength «. The bath dis-
tribution function

Gl (w) = 12)

Fy(w) =1+ 2np(w) (13)

is the energy resolved occupation of (quasi-)particle modes.
Its presence in X means that the photon environment, with Fy
of modes outside the cavity, now affects both the free photon
evolution and the development of spontaneous coherence. We
will now show that the saddle-point equation includes this
distribution function, a significant departure from previous
works.

By adding a spin-spin interaction that we derive separately,
we can construct an augmented action,

Saug = /:/ dtdt/ZJ)a(t)G;L/(t —t/)d)a/(t/)—}—SQ —|—S¢,
| (14)

where G is the Dyson equation defined in Eq. (9) and Sy con-
tains terms quadratic in Q. Then integrating out the fermionic
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fields ¢ produces an effective action written in terms of the
photon and auxiliary fields,

Se=—iy _trlnG, |, +So+ Sy (15)

where tr traces over all parameters (Keldysh space, particle-
hole space, time, « site indices).

It is difficult to invert the G~! matrix when the photon field
¥ (¢) has an arbitrary time dependence. Hence we take two
further simplifications: The single-frequency ansatz

Y(t) = e ! (16)

and saddle-point approximation. Since we are interested in
nonequilibrium steady states, we take the only time depen-
dence of the photon field to be oscillation at a single frequency
ws. This leads to explicit time dependence within G~'. We
want to search for self-consistent solutions with a steady state,
uniform, photon field of the form v (¢). The us parameter can
also be thought of as the system’s chemical potential. The
mean-field theory of the nonequilibrium system describes a
self-consistent steady state, and inverting the G~! matrix gives
a self-consistent Dyson equation

G(w) = Go(@) + Go(w) - X(w) - G(w). a7

In summary, the effects of such a time dependence appear
in two places: In the time derivative terms, which lead to the
energy shifts wy — wy — s and €9 — €y — us/2, and in a
gauge transformation of the bath functions Fy (w) — Fy(w +
us) and Fy () = Fpa(o £ pus/2).

It is customary to assume that the dominant contribution to
the quantum partition function arises from the configurations
¥ and Q which minimize the total action. This requires taking
the functional derivative of the action with respect to ¥, then
setting ¥, = 0:

5seffy
e =0. (18)
51/[11 Y,=0
We get the saddle point equation
(@0 — s — i) () = i3 Yl (19

where tr traces over all parameters. Note that there always ex-
ists a solution to the saddle point equations where the quantum
part is zero, which corresponds to the purely classical limit.
Hence when vy, = 0, then rSSfflf]fg /8% = O trivially.

Similarly, varying the action with respect to Q,

55t
500D =0 (20)

gives
Qa,a’(f) = _2Ga,o/(f)' (21)

Hence we can redefine the auxiliary field with respect to
the Dyson equation. Substituting Q into the Dyson equa-
tion [Eq. (9)] and following causality arguments [32] inherent
to the formalism allows us to simplify the self-energy.
Hence we substitute QWD = 0k, 02 = oK, o0& =,

and 0*? = Q4. We rewrite the self-energy in matrix form,
R K
[ 7
0 =
where Tj V=3 »[PY=3f z3V=3x2D=0,
Ty = B, 20 = 55, 207 = 55, 507V = %),

The mean-field properties of a driven cavity are described
by a complex analog of the Gross-Pitaevskii equation in
the Bose-Einstein condensate regime or equivalently the gap
equation in the BCS regime [29]. The real part of the
self-consistent saddle-point equation [Eq. (19)] relates the
coherent field to the system’s nonlinear susceptibility, as in
the case of equilibrium condensation, while the imaginary part
reflects how the gain and decay are balanced, as in a laser. The
equation contains two unknown parameters that characterize
the system: The coherent photon field (y) and its common
oscillation frequency pg. The nonequilibrium Green’s func-
tion is defined as Gfa(t —1 )y = —i(azl(t)abd(t’)a), where
ac = (ag +ap)/ /2 and f and b are the forward and back-
ward branches of the Keldysh time contour [2,32].

As the name implies, the mean-field description [Eq. (19)]
should only contain details of the coherent photons, i.e., the
saddle-point approximation filters out the average field and
discards any fluctuations. In contrast, our strategy is to inte-
grate over fluctuations §y so that the effects of incoherent
photons appear in the action via corrections to the self-energy.
Then after taking the saddle-point approximation, the pho-
tonic drive distribution function contributes at the mean field
level.

The saddle-point equation itself is complex and hence
contains two nonlinear simultaneous equations (real and
imaginary parts). It is necessary to use numerical methods
to solve for two unknowns g and (). We use numerical
solvers based on trust region techniques [41,44], a simple yet
robust method in optimization problems. For a multivalued
function Y, the goal is to search for some vector x that satisfies
the Y (x) = 0 constraint or Y (x) &~ 0 if a defined boundary
condition is satisfied. It is necessary to locally approximate
the least-squares objective and constraint functions with some
simple functions that are easy to optimize. The trust region
algorithm uses a quadratic approximation of the objective
function, then optimizes the functions within some localized
trust region around a point x’ to obtain a candidate step y.
If y is an improvement on the previous iteration of y, the
algorithms moves closer to the center of the trust region. If
not, the approximations and trust region is adjusted.

IV. NON-EQUILIBRIUM CONDENSATION

By considering the external photon mode distribution func-
tion [Eq. (13)] with specific frequency profiles, we now show
that varying the drive parameters does indeed permit the de-
velopment of spontaneous coherence. For this work, we set
the photon occupation number np to be a Lorentzian

2Q
[0 — (§ — ps)? + Q2

centered at £ (resonance), with a width €2 (drive profile width)
and amplitude h. For simplicity, all parameters are scaled

ng(w) =nh (22)
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to g = 1. As discussed above, we assume a cold fermionic
(dephasing) bath and hence we fix its internal effective tem-
perature to be T = 0.1g. We also let ¢g =0 with zero
detuning wy — 2¢p = 0.

The following phase diagrams show the system prop-
erties such as the common oscillation frequency of cavity
photons g, photon coherence (), absolute value of polariza-
tion [(a"b)| = /(wo — s)? + «2|| (fraction of condensed
spins), and density of spin excitations p = % > (L +Dib, —
alay). The minimum p = 0 corresponds to all spins in the
ground state, whereas p = 1 corresponds to all spins in the ex-
cited state, i.e. maximum inversion. In between, there is lasing
when p > 0.5, non-equilibrium condensation when p < 0.5,
and a smooth crossover connecting the two regimes.

Figures 2—4 show the system’s steady state observables
upon increasing the photonic drive strength 4. The condensa-
tion transition occurs when polarization and (1) become finite
at some critical drive strength. In particular, setting chemi-
cal potential up/g < 0 ensures that the detuning bath causes
spontaneous decay processes instead of populating the higher
energy spin state. As expected, a larger driving amplitude 7 is
required to reach the condensation transition when the drive is
off resonance. The transition occurs at the same critical drive
strength when & = %1, indicating a symmetry in the system.
However the different values for ug/g and () suggest that
off-resonance driving affects the condensed state differently
when & = £1 (Fig. 2). Decreasing the drive profile width
2 increases the number of photons per mode around the &
frequency. This effectively allows the condensation transition
to occur at a smaller drive amplitude. We also see that larger €2
increases the condensation threshold. Hence we do not expect
the system to condense in the Markovian limit (i.e., large A
and 2 — 00). At some upper limit of the drive amplitude,
the numerical method fails. This possibly demonstrates that
there is a region of inaccessible parameters. It may be caused
by a numerical issue, or the system could be entering some
unknown state that displays exotic, perhaps chaotic dynamics.
Since the drive amplitude controls the level of noise, it is also
possible that the dephasing overpowers the spin-photon dipole
coupling and interrupts the condensation processes. This in-
accessible region is more obvious in a two-dimensional phase
diagram. Figure 3 uses the same parameters as in Fig. 2. Here
we sweep the drive amplitude & and Lorentzian detuning. The
phase diagram has an almost symmetric phase boundary along
the § = 0 axis. It is clear that as the drive detuning increases
and becomes more off resonance, the drive amplitude must
increase in order for the system to condense. When the system
is in a condensed state, a large detuning and strong driving
(h = 2) regime results in nontrivial differences in the system
observables when & = +2. Similarly, Fig. 4 shows that as
drive profile width € increases (which decreases the number
of photons per mode around & = 0), the system remains in
a condensed state for larger ranges of the drive amplitude
before entering the region of inaccessible parameters. Note
also that the spin density is always p < 0.5. In this regime the
system is either in the condensed or normal state. The density
never reaches p > 0.5 which shows that the system cannot
behave as a laser. Instead as drive amplitude / increases, the
rate of increase in photon coherence (), polarization, and

(&%)
———(~1,10k) = = =(—1,5k)
———(0,105) = = =(0,5k)

(1,10k) (1,5k)
-0.1 -(a)
E '02 B ~
t’) * \ - —
3 -03f N0 . >
[  d
-0.4 : : : '
0.4 '(b)
A~
= 0.2}
~—
0
o 0.5
o (c)
o=
® oif
N
o
= 005}
[
(@}
& o
Q
0.4r
g 0.3} ¢ L
/7 7
)
T 0.2} L/ /
a
8,01k . . . .
w9 0.5 1 1.5 2

photonic drive amplitude, h

FIG. 2. System observables of driven system. Parameters
[us, k, y] =[—0.5,0.25, 0.75]¢ and Lorentzian distribution ng with
[€, 2]. Solid lines indicate drive profile width Q = 10«, dashed lines
Q = 5«. Larger Q2 requires stronger driving (larger /) for system to
condense. Driving off-resonance & # 0 also requires larger % to reach
condensation transition. Markers x on () and polarization graphs
indicate where the condensation transition occurs.

density start leveling off before the system enters the region
of inaccessible parameters. In addition to taking a Lorentzian
frequency distribution, we examined a frequency indepen-
dent or Markovian drive. We used parameters that would be
physically sensible for a system consisting of superconduct-
ing resonator coupled to solid state spin-1/2 particles. We
explored different regimes involving combinations of y < k
or y >k, and ug < 0 or ug > 0, and gradually increased
the amount of Markovian noise (drive amplitude). We found
no reliable indications of condensation. This is an expected
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(@ Ks/g
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03
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0.2
0.1
2 -2
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photonic drive amplitude, h

FIG. 3. Driven system with Lorentzian distribution ng of external
photons, parameters [ug, , ¥, 2] = [—0.5,0.25,0.75, 10x]g. Pink
lines indicate the phase boundary where condensation transition
occurs.

result, as the above phase diagrams show how increasing the
bandwidth 2 requires increasing the driving strength for the
system to reach the condensation transition. In Szymanska’s
work using Maxwell-Bloch equations [35], when all decay
baths are Markovian and finite, the system transitions from
condensatelike (no inversion) at zero decay to one requiring
inversion. With frequency independent driving and decay,
there must be inversion for phase transition to lasing. One
major difference is that Szymarnska’s work involved driving
the spins directly by coupling to the bath modes, so strong
driving could easily produce inversion. However if instead we
drive the incoherent photons with large energies up to infinite

(a) us/g (b) ()
8 8
-0.1
0.12 0.1
7
-0.14 normal condensed
state state
6 -0.16 0.05
i 0.18
Q .
~ 5 0
= 0 05 1 15
=}
2(c)  spin density p (d) polarization
8
g 0.08
5 0.4 :
7
normal condensed 0.06
state state
0.35 0.04
6
0.02
5 0.3 5 0
0 0.5 1 15 0 0.5 1 15

photonic drive amplitude, h

FIG. 4. Driven system with Lorentzian distribution np of external
photons, parameters [ug, k, ¥, §] = [—2, 0.7, 0.3, O]g. Pink lines in-
dicate phase boundary of condensation transition.

energies, it is highly unlikely to induce population inversion
or condensation.

V. SUMMARY AND OUTLOOK

We used Keldysh path-integral field theory to study the
open Tavis-Cummings model. This allowed us to demonstrate
the possibility of condensation and spontaneous coherence
under conditions of finite-bandwidth incoherent driving with
a Lorentzian frequency profile. It is crucial to use a frequency
dependent drive biased towards the lower frequencies. By
exclusively driving the low energy modes, we create ideal
conditions for developing spontaneous coherence. The re-
sulting condensation is caused by the photonic drive which
induces an effective spin-spin coupling mediated by photons.
This phenomenon appears explicitly in the field theory and
saddle-point equation. The interactions arising from this in-
coherent drive may cause nonlinear effects that are not easily
seen in other systems. Because the phase diagrams contain
areas where there are no solutions, the obvious next step
would be to investigate the possibility of different phases in
those regimes, and to explore the influence of fluctuations
beyond the mean-field physics reported here [45].

This theory can be used directly in state-of-the-art CQED
experiments. Given the microscopic system parameters and
drive profile, quantitative predictions can be made now for
finding the nonequilibrium condensation transition, and ex-
ploring novel nonequilibrium phases with finite-bandwidth
drives. Since it is challenging to find a parameter space where
we can observe condensation, further exploration would be
extremely useful, as would understanding the behavior seen
in the phase diagrams. By applying our findings to analog
quantum simulators, this could pave the way for fundamental
research into many-body physics and powerful new techno-
logical applications.
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APPENDIX A: KELDYSH FIELD THEORY CALCULATION

This Appendix presents technical details related to the an-
alytical procedure. The bulk of the analysis involves Keldysh
field theory in its functional integral formulation. We use the
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Hubbard-Stratonovich transformation to simplify the action,
at the expense of introducing an auxiliary field.

The simplification ultimately allows the photon distri-
bution to enter the mean-field description. In the Keldysh
formalism, this is evident in the extension to the self-energy in
the Dyson equation. Further simplification involves assuming
that the cavity photons oscillate at a single frequency (taking
the single-frequency ansatz). The final analytical step is mean-
field analysis. This requires taking the functional derivative
with respect to the photon field to produce a complex Gross-
Pitaevskii equation, and the auxiliary field which makes it
possible to write it in terms of the Dyson equation.

1. Building a Tavis-Cummings system

After constructing the Keldysh action using standard pro-
cedures [2], we arrange the fermionic fields into a Nambu
vector ¢ = [b, a]” and ¢ = [b, a]. Then the quantum partition
function is

Z:N/ZD[(5QV¢Q7 1157 1//ﬂ14_k7Ak7§kaklelkv\yk]eiS
o,k

with normalization constant A/, Keldysh action (D
S = /Cdr (A@))id, — H|A(1)), (A2)
and coherent states specified by the fields in
[A@D) = Pa(t), u (), (1), Y (1), A1), Ax(0),
X Bi(1), Bi (1), Wi (), Wi (1)) (A3)

on Schwinger-Keldysh contour C. In the Keldysh formalism,
the system evolves from the distant past (f = —o0) to the
distant future (r = oco) on the forwards branch of a closed time
contour and returns along the backwards branch. For bosonic
fields, the time evolution on the two branches is written in
terms of separate fields on each branch v, ; and rotated into
the classical /quantum basis via the Keldysh rotation [25,32],

1
Yeryg = E(Wf =+ ), (A4)
_ 1 - _
Yerjg = E(lﬁf =+ ¥y). (AS)

Similarly the fermionic fields ¢ are rotated into the Larkin-
Ovchinnikov basis [32]

o = i(cﬁ E) (A6)
_ﬁ f b))

RS P

o =72(¢>f¢¢b>. (A7)

Integrating out the baths generates a Keldysh action in
terms of the photon and fermion fields, S = Sy + Sy with

S = /f dtdt’ Zq@a(t)Gg‘(r, N (),  (A8)

and Tavis-Cummings Green’s function Gy I
The photon action is

Sy = // dedt’ §(1)G,' (¢, )Y () (A9)

with photon Green’s function

(A10)

—1 t t, — 0 (GEI)Aj|
Gy (1) [(Gwl)R (G,

10y — wo — Ik
2ikFy(t — t’)]‘ (AL1)

As an aside: The Fourier transform [46] is defined for some
arbitrary complex function x(t) intime t = —t/,

_ 0
ity — wo + ik

X(w) = /Oo dt €T x(1), (A12)
Ooooda) .
x(t):f 3¢ T X (w). (A13)

The single frequency ansatz makes it possible to invert G, I
We let 1 (¢) = e s, hence the photon field ¥ time depen-
dence[2] occurs as oscillation at a single frequency 5. Then
using the Fourier transform gives the Tavis-Cummings terms
in frequency domain,

(GRY (GR)o (GK)o  (GE)o
(GR)o (G0 (GX)o  (GE)o
G — ai aa ai aa A14
0 0 0 (Gypo (Gpo (Al
0 0 (G20 (G2 )o
where
G (@) = (w % iy)og + €03 + ga (Yo + 1/70-)7 (ALS)

®? — E2 £ 2iyw — y?
ng/aa(a))o

(@ £ €)* + yH)Fpa(w) + & V72 Fup(@)
(@ —E)?* +y?) (0 + Eu)? + v?)

’

(A16)
Gh (@) = =G5 (o) = —2iy g ¥y
(w+e+iy)Fp(w)+ (w—€—iy)F(w)
((w—Ey)? +y)(w+ Ey)* + v?)

3

(A17)

where € = €y — pus/2 and E, = /€2 + g2 |s|>. (When tak-
ing the saddle-point approximation of the action § = Sy + Sy,

this requires setting ¥, = 0 so that ¥y = (Y + wq)/ﬁ =
Ve /+/2, and we recover the RAK Keldysh matrix structure.)
Similarly the photon Green’s functions are

GK  GK
_ ¥ ¥
G"'_[G?f 0}, (A18)
1
Frwy= —— A19
v (@) w— wy ik ( )
—2iF,
G (@)= —= v(@) (A20)

(@ — wo)? + 2’

2. Addition of incoherent photon field

After integrating out the bath degrees of freedom, we sep-
arate the cavity photon field into its coherent and incoherent
parts ¥ = (¥) + 8¢, where the latter component is the result
of an externally imposed optical drive.
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Again using Gaussian integration to remove the fluctuation  tical driving produces effective spin-spin coupling mediated
fields produces several terms. The analysis shows that the op- by exchange of photons,

J

Sps = __[/dtdt Z (00 1+ 52a®) GE . )@ D) + a282),

+ (Ba) + b3 al), G (. 1) (al b)) +a)bY),
F(Ba? + B2, G @R +3Pb2),). (a2

After reorganizing and symmetrizing the action, we use the Hubbard-Stratonovich transformation [33] to decouple the quartic
~@* terms. The process introduces an additional auxiliary field Q°(z, t')g.or ~ (@ (¢ )qﬁg, @)):

Spo = / / drdt’ Z“” G (1.1 (.1 ) O (0 v

-~ i%z(ég”(nc (. )OI, )0 b (1) + a1 OGS (1, 05V (2,1 )aal (1)
g2

G (6,007t ) Oy (¢, v

g2

zz( DY ()G (1, 104D (1, e b () + a3 (G (', )0 (0, 1) ceal ()

G (6. YOGt 1) Q2 (' v

- ig;(ég”(r)c’; (1. 1)05 V0. e bly (1) + 3 OG0 (1. 1 away) (1))
g2

G (6. Y0P (1. 1 ) O (', D

“f (B OGS (1, Y0E (1.1 )b (1) + 3P G (' QP (1, 1 Nawal ()
- g—ZGR(r )0t 1 Ve Oyt
3 [ASS aa ) LA bh e
s T B OG 0 1 ek () + D OG0y (1 ety (1)
8_2 R Ny (1L 1) ’ 2,1) /7
+ 8 G¢(t7t )Qaa (l,l )a,(x’be (t 7t)cl',0l
s T B OG @ N0 awrb () + OG0 (1w, ()
gz GS (6. Y05 (1. 1 ) 0> (', v
— ,-g;(z;g)(t)cg (t. QP (., )0 b (1) + 3 OGS (', )05, (8.1 )gal (1)
+ ngR . )0Vt e O (1 D
— igzz(z?g”(r)G{z (t.1)QED (1, )0 bE (1) + 3D OGH (1, OGP (1, 1 e ra? (1))
82 G (6, YOGt ) Oy (' v
~ .g2

i (B ()G (1. 1)QGV(t. by () + 3G (1 QY (0.1 ()
82 2,1
+ gG?;(t, O (t, e 05 (1, D
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s
g2

+ 5 G N0G  aw Oy (1 D

&

4(b<2>(t)GA<r )OIt )b () + 80 (G (', )05, (1,1 g .0al (1)

g : : ,
+ G0 e O (1 D

£

i (B (G (1, 1)Q4G 7t by () + 33 OG (1, D (1, ) (). (A22)

(b“kt)G*‘ (. )02 (1, 10 bE (1) + a2 (G (', DO (1,1 )aral (1))

Taking the terms linear in Q, we can rewrite this part of Sy in the style of Eq. (A8), such that

Sp¢

linear in Q

= // drdt’ Y g (Tt 1) (t). (A23)

For nonequilibrium systems in the steady state, the two-time Green’s functions are time invariant (t = ¢ — ¢’) so self energy can
be written in matrix form,

00 =z 0

bb
1,1 1,2
0 IS ) 0 E(ga )

=|saen 22) (A24)
P 0 pIpes 0
6 o=ev 0 =g
with elements
() = “j (G5 (005" (D + G (D)0 (Daar + G (1O (D) (A25)
&
257 (0) = =i (G) (D0 e + G (D04 (D + G (DO (D), (A26)
s
zy (1) = =i (GHO0E (D + GG (D + Gy (D)0 (Dawr), (A27)
(1) = —ig;(G’; (00 (D + G (1O (Daar + G (1) (D) (A28)
2 P() = - ’f(Gﬁ( 005 (Daw + G (=105 (Ve + G (=00 (D). (A29)
g
(1) = =i (G (=)0 (Daw + G (=)0 (Daw + Gl (=)0 (Tawr), (A30)
2o0(r) = zgzz(G"( D05 (Daw + G (=105 (Ve + G (=10 (D) (A31)
23(r) = zgzz(G{ﬂ D05 (Daw + G5 (=105 (Do + G (—D)Q (D). (A32)
(
This process shows that we make corrections to G~! by pro- 3. Saddle-point analysis
ducing.an additional self-energy. By adding an interaction.that We calculate the mean-field equation from the saddle
we derive separately, we now construct an augmented action, points of the effective action [2,32,33] taken relative to the
B . , classical and quantum fields,
Saug = / / drdt’ Zqﬁa(t)G — 1) (t') + So + Sy .
aug
-0, (A35)
(A33) 5% |y, -0
Then integrating out the fermionic fields ¢ produces an effec- S5.§eff
tive action, &Zug =0 trivially, (A36)
cl y,=0
ff _ -1 q
Se=—iy trlnG,| +So+ Sy, (A34) et
2 —0. (A37)
where tr traces over all parameters. sQ

024502-10



CONDENSATION IN HYBRID ...

PHYSICAL REVIEW B 106, 024502 (2022)

The §S¢ /8 ¥, = 0 saddle-point produces

aug

(@0 — s — i)y = i3 ;tr GE,(Das (A38)

where /¢ = v;/+/2. The functional derivative 8551 /6Q = 0
produces

sz,a’(r) = _2Ga,ot’(7:)~

Using causality arguments of retarded and advanced Green’s
functions [32] leads to

(A39)

o = 0f, (A40)
o =0~ (A41)
0%V =0, (A42)
0 = 0", (A43)
=y =2, (A44)
zy, Y =25, (A45)
o) =22 =0, (A46)
=7 = 25, (A47)
T = Toar (A48)
=P =3k, (A49)
P =%, (A50)

We take the single frequency ansatz and get a self-consistent
Dyson equation

G(@) = Go(w) + Go(@) - X(w) - G(w). (AST)

The self-energy

0 K 0
0 xr 0o =X
0o 0 A 0 (A52)
0 0 0 x4

Yy =

in frequency is
R . 'S R K
TR () = IE(GM(&)) o Gl ()

+ Gk (0) 0 Gf (w)), (A53)

2R (w) = ig(G,’fh(w) 0 Gl (—w)

+ Gh(w) 0 G (—w)), (A54)

Th(w) = i%(Gﬁa(w) o Gl (w)

+ Gk (0) 0 G (w)), (A55)

A (0) = i%(Gﬁb(a)) o Gl (—w)

+ Gf(w) o G§ (—w)), (A56)

(@) = i%(Gfu(w) o Gl (w)

+ Gh (@) 0 Gl (w)

+ G (@) 0 G (w)), (A57)

2K (0) = ig(G{fb(a)) o Gl (—w)
+ Gy (@) 0 G (—w)
+ Gy (@) 0 G (—w)),

where convolutions are defined as

dv
(fog)w) = / Z—f(V)g(v — o).
1

(AS8)

(AS59)

Figure 5 shows examples of E}’fb and X as functions
of frequency w. As a first approximation, we let G = Gy.
Then we numerically solve the saddle-point equation using
Matlab’s fsolve function. Through the trust region algorithm
(either trust-region or trust-region-dogleg), we solve
for the following nonlinear simultaneous equations

dw

(w0 — ps)¥y — m<i§ f Eczi,(w)a) =0,  (A60)

d
Ky — Qs(ig/ﬁGfa(w)a> =0,

which gives the numerical solution to wg and . For simplic-
ity, wesetg=1,w =260 =0,Tp =0.1g.

(A61)

APPENDIX B: NORMAL STATE SOLUTIONS

We now consider the stability of uniform condensed so-
lutions. The consideration of stability is important because
(¥) =0 is always a solution of the gap equation, so it is
necessary to determine which of the normal and condensed
solutions is stable. Secondly, because we considered only spa-
tially homogeneous fields with a single oscillation frequency,
it is possible that neither () = 0 nor the single-frequency
ansatz is stable, suggesting more complex behavior. There
is an important difference in the interpretation of the sad-
dle point equation between the closed-time-path path-integral
formalism used here and the imaginary-time path integral in
thermal equilibrium. In the imaginary time formalism, ex-
tremizing the action corresponds to finding configurations
which extremize the free energy. Thus, stable solutions cor-
respond to a minimum of free energy, and unstable to local
maxima.

In contrast, for a classical saddle point (i.e., ¥, = 0), the
action is always § = 0 and the saddle point condition corre-
sponds to configurations for which nearby paths add in phase.
Thus, in order to study stability, one must directly investigate
fluctuations about our ansatz, and determine whether such
fluctuations grow or decay. In considering the question of
stability, we discuss stability of the normal state. This shows
how the question of whether fluctuations about the nonequi-
librium steady-state grow or decay is directly related to the
instability expected in thermal equilibrium systems when the
chemical potential goes above a bosonic mode. We consider
an expansion in terms of ¥ = () 4+ §¥ to second order in
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FIG. 5. Examples of self-energy ¥ as a function of frequency w.

8. To find the spectrum of fluctuations, we consider the
effective action governing fluctuations about either ¥ = ()
or ¥ = 0. Considering the effective action

aug

S =—iy tw(nG™")+ S+ Sy. (B1)
o
G'=G,' -3, (B2)

and expanding to second order in 1, one finds a contribution
from the effective photon action, and a contribution from
expanding the trace over fermions. Note S contains quadratic
terms in Q, and ¥ contains linear terms in Q. Using bosonic
basis,

G'=Gyl—%= [(GO (Gg‘)A} ~ [ 0 EA}

_I\R _I\K R K
o) (G LEo
(B3)
Expanding to second order in §v gives contributions from Sy,
and —i ), tr(ln G~!). The latter term gives

G, = (G2,) " +3G; ", (B4)
where G* is the saddle-point Green’s function, which de-
pends on the value of the saddle-point field (y). The
contribution from fluctuations is

3G, = 3G, — 8%, (B3)
g —
= ﬁ((gwq co_+ 8y, G+)011(

+ (e - 0+ 8% - 04)0y ) — 8% (B6)

= %((81&}1 co_ + 8¢q . O'+)O-1K
+ (Ve - 0- + 8 - 04)07 ). (B7)

The full Dyson equation becomes

GP, = G

00,0

+GP . GP, (BS)

0,

and X, , contains convolutions of Gg and Gy. Hence the
action can be rewritten by expanding

—iy trln (G, 1) _—zZtrln (G2)7
—1Ztr G?, - 5G,")

i S — S —

+3 Xa:tr(cal?a -8G;' - GP, - 8G")

(B9)

= —iZtrln (G2)7
—JZtr (GP, - 8Gy,)

+ = Ztr (GP, - 3G, - GP, - §G,),

(B10)

and only retaining diagonal site index terms and neglecting
bath-induced interaction terms between different « sites.
Now, we consider the quadratic terms in 6y with

6_1/&'1 (a))
e (—w)
8Yy(w)
qu(—a))

the action for fluctuations becomes
5 / do i) 0
= | — w _
f 27 (DR

where

SA = (B11)

(Dfl )A
(D_] )K
KR,A,K

R.AK
(D—I)R,A,K _ 1 K;
T | gRAK  gRAK |
3 4

In the normal state, Nambu (2 x 2) structure is redundant
so the distribution function is a diagonal constant matrix Fy; =

}51\(@), (B12)

(B13)
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(a) Examples of S(KF(w)) without incoherent drive.

(b) Examples of (K {*(w)) with incoherent drive.

=

FIG. 6. Normal state Green’s function S(KR(w)) as a function of frequency w with and without incoherent drive. To determine o it is

necessary to find where the graph crosses the horizontal axis.

1 + ny, where ny is the occupation of (bosonic) modes. There
are also no anomalous (off-diagonal in Nambu space) contri-
butions, and so K can be simplified using Keldysh Green’s
functions symmetry relations.

Taking the difference of luminescence and absorption gets
the spectral weight

(K@)

R(KR (o, p =0)) +3(KF(w))>
(B14)

2aW(w,p=0) =

where

1 do’ , ,
Kf(w) = z(w — @ + ix) + igzz / E(Gfb(w )G (0 — w)

+ G ()Gl (0 — w)). (B15)

If the imaginary part of KF is a smooth function of w, then
the distribution function is
—iKf (w)

3 KRN (KIR (w)) . (B16)

Fv(w) =

If S(KlR (w)) =0, then F; diverges. However the spectral
weight W = 0 so that number of photons does not diverge.
Hence in order to find ,ueff, it is necessary to solve for

S(Kfp™) = o. (B17)

As a simple example, let G = Gy. When i‘s(Kfe (w)) is
sketched as a function of frequency (Fig. 6), we find where the
graph crosses the horizontal axis in order to determine . As
the dephasing bath becomes stronger, the I(K®(w)) graph is
shifted upwards. This is observed as pp decreases to negative
values: Physically it means that increasingly more spins are
in the ground state. At some critical g, the graph no longer
crosses the horizontal axis, hence ueﬁ does not exist. This
problem also exists when we apply incoherent driving and
define K{(w) in terms of G = Go + Go - X - G (Fig. 6). The
graph shapes can change dramatically when the dephasing
strength increases (up decreases), compared to the simpler
case without bosonic driving. This makes it more difficult to
determine whether u° exists, and if it is physical.
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