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(a) The concept of hidden time-reversal symmetry helps unify disparate-seeming
topics in the study of driven-dissipative quantum systems. (b) A driven dissipa-
tive system described by a Lindblad master equation. The conventional definition
of quantum detailed balance is formulated as a time symmetry of steady-state
correlation functions. (c) Hidden TRS is a symmetry ensuring that correlation
functions of a doubled version of the original system, prepared in a thermofield
double state, are time symmetric. It is defined by an anti-unitary operator 7.
Hidden TRS can hold even when the correlation function symmetry in (b) fails;
it also enables a powerful method for finding exact solutions. . . . . . . .. ..
Schematic of the many-body parametric oscillator model. Schematic of the model:
a lattice of bosonic modes, with two-photon drives on each site (G) and on each
nearest-neighbor (nn) bond (A). There is also single-photon loss k on each site,
and a global Hubbard (Kerr) interaction U. . . . . . . ... ... ... .....
Schematic of the (infinite-range) dissipative transverse-field Ising model. A col-
lection of N spin-1/2 particles is subject to local T decay at a rate v, as well as
collective decay at a rate I'. The spins interact via an all-to-all Ising interaction
with strength J. Inset: each spin is subject to a separate external magnetic field
with both axial and transverse components. The axial component of the external
field is the same for each spin. . . . . . . . . . ...

(a) Generalized driven Kerr cavity problem, where a single interacting bosonic
mode is subject to linear and nonlinear coherent drives A, as well as independent
one and two photon loss (rates k1, k3). (b) The coherent quantum absorber
(CQA) method represents each dissipative bath as a chiral waveguide, and couples
a second auxiliary b cavity downstream. By picking its Hamiltonian judiciously,
the entire composite system can relax to a pure state, providing an efficient means
for finding the steady state of cavity-a. . . . . . . . . ... ... ... .. ...
Simple picture of the unique steady state of the generalized driven Kerr resonator
with non-zero single-photon loss. One starts with a pure state, single-mode wave-
function [¢)4). This is mixed with vacuum noise at a 50-50 beamsplitter; the out-
put ports represent the final steady state of the physical a cavity and the auxiliary
b cavity. This operation implies that the cavity-a steady state is |1)4) convolved
with vacuum noise. As a result, cavity-a’s steady-state Wigner function Wy(z) is
equal (up to scaling) to the @ function @y, (2) of the pure state |¢4). . . . ..
Steady-state phase diagram for the generalized, driven-dissipative Kerr resonator.
ro is a dimensionless detuning parameter, whereas r7 is a drive-dependent dimen-
sionless parameter; both are defined in Eqgs. (2.39)-(2.40). The phase diagram
indicates parameter choices that lead to unusual steady states. . . . .. .. ..
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24

2.5

2.6

2.7

2.8

Generalized Photon Blockade. (a) Mean steady-state cavity-a photon number as
a function of single photon drive Eq. (2.47). The periodic, sharp drop in photon
number corresponds to a generalized photon blockade phenomena, which occurs
whenever the parameter r; (c.f. Eq. (2.39))is a non-negative integer. Solid lines:
analytic exact solution, diamonds: master equation numerics. Photon numbers
associated with the semiclassical stable amplitudes are also plotted (dashed red
lines). (b) Zoom-in of one of the blockade anti-resonances. (c) Steady-state
Wigner function, for two choices of §A; corresponding to being either at (off) a
blockaded parameter value; black dots indicate semiclassical amplitudes. For all
results, A = 5K, Ay = 4K , k] = 1072K, and A3 = k9 = 0. By using a non-zero
three-photon drive Ag, this blockade phenomena can be made sharp (i.e. there is
a sharp cutoff in the photon number distribution). . . . . . ... ... ... ..
Generalized Photon Blockade. (a) Mean steady-state cavity-a photon number
as a function of single photon drive 0A] = Ay — AEO), where the offset Ago) =
(0.01 — 10¢) - K is defined in Eq. (2.47). The periodic, sharp drop in photon
number corresponds to a generalized photon blockade phenomena, which occurs
whenever the parameter r; (c.f. Eq. (2.39))is a non-negative integer. Solid lines:
analytic exact solution, diamonds: master equation numerics. Photon numbers
associated with the semiclassical stable amplitudes are also plotted (dashed red
lines). (b) Zoom-in of one of the blockade anti-resonances. (c) Steady-state
Wigner function, for two choices of §A; corresponding to being either at (off) a
blockaded parameter value; black dots indicate semiclassical amplitudes. For all
results, A = 5K, Ay = 4K , k1 = 102K, and Ag = k9 = 0. By using a non-zero
three-photon drive Ag, this blockade phenomena can be made sharp (i.e. there is
a sharp cutoff in the photon number distribution). . . . . ... ... ... ...
Drive-interference causes generalized photon blockade. By adding a nonlinear
one-photon drive with the right strength, one can trap the steady-state in a
low-photon-number subspace. This blockade phenomenon persists for arbitrarily
weak nonlinearity Ag — 0. . . . . .. o
Photon anti-blockade. Average cavity-a steady-state photon number as a function
of drive detuning A, with drive amplitudes fixed at A; = Ay = K/2, A3 = 0.
Resonances here correspond to having tuned the parameter o (c.f. Eq. (2.40)) to
be near a non-negative integer. Other parameters are k1 = 0.01K, ko =0. . . .
Quasi-bistability without engineered dissipation: (ry,79) = (0,0) bistable point.
Steady-state P-function for increasing single-photon drive amplitude Ay: (a) A; =
0, (b), Ay =0.01K, (c¢) Ay = 0.02K, and (d) Ay = 0.1K. For all plots, A3 = A =
ko =0, k1 = 1072K, and Ay = 4K. By tuning the single-photon drive amplitude
A1, one can pick out a particular state in the "bistable" manifold by tuning the
parameter @, c.f. Eq. (2.71)). Note the strong non-classicality exhibited by the
steady-state P-function near these bistable points. . . . . . . . ... ... ...
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2.9

2.10

2.11

3.1

3.2

Slow dynamics near generalized bistable regimes. (a) Solid line: ratio of the two
smallest relaxation rates (i.e. dissipative rates of the system Liouvillian L), as a
function of k;. Dashed line: k1/v;. kK1 — 0 corresponds to being at a bistable
parameter point (r1,79) = (n,n), either n = 2 (light green) or n = 4 (dark green).
Parameters are Ay = 6K, A3 = ko = 0, A = nK/2, and Ay = —iny/Ao/2. One
sees that the slow rate v is much slower than 1, and that there is a pronounced
dissipative gap. (b) Solid line: The measure 1 — P (c.f. Eq. (2.79)) of how closely
the slowest system decay mode (with rate -y;) corresponds to dynamics in the
bistable manifold. Dashed lines: same, but measuring how closely this mode
is described by coherent states centered at the semiclassical stable amplitudes.
One clearly sees that the bistable manifold gives a far better description. Same
parameters as in (). . . ... ..
Realizing quantum bistability by breaking chirality. The generalized bistable
points in our phase diagram (c.f. Fig. 2.3) are ezactly realizable by using a two-
cavity setup (b) which is not cascaded, i.e. where the chirality of one of the
waveguides is reversed. . . . . .. L.
Limiting behavior of bistable states. (a). We plot the fidelity of p (c.f. Eq.
(2.167)) with an even cat state with amplitude a = iy/A9/2 (solid line) and the
vacuum state (dashed line). Corresponding results from exact diagonalization
are also given (black dots) (b) We plot the fidelity of p, (c.f. Eq. (2.168)) with
an amplitude-a odd cat state (solid line) and a 1-photon Fock state (dashed
line). Corresponding results from exact diagonalization are also given (black
dots). Parameter choices: In both plots, Ay = 5K, ko = K, and Ay, k1 = 0.

(a) System with discrete microstates, described by a classical master equation.
Detailed balance (Eq. (3.2)) is equivalent to a time-symmetry of stationary corre-
lation functions. (b) Equivalent formulation of classical detailed balance, involv-
ing a doubled system prepared in an initial correlated state given in Eq. (3.6);
the auxiliary system B has no dynamics. The detailed balance condition in (a)
is equivalent to requiring a time-symmetry of doubled-system correlators. . . . .
Correlation functions and hidden-TRS in a driven qubit. Stationary, connected
(oy(t)o»(0)) correlation functions for the dissipative Rabi-driven qubit system in
Eq. (3.30), for a drive Q equal to the decay rate . Blue: the standard single-
system correlation function Cy,(t) is asymmetric as a function of time, reflecting
the fact that this system does not satisfy conventional quantum detailed balance.
Red: Two-qubit correlator for a system prepared in a TFD state corresponding to
the hidden-TRS operator T defined in Eq. (3.34). All TFD correlators symmetric
in time, reflecting the presence of hidden TRS. Green: “classical” part of the TFD
correlator (c.f. Eq. (3.19)), which has no time symmetry. The lack of symmetry
shows that the importance of entanglement in the definition of hidden-TRS. Note
that the while the correlators C’;L(t) and C’Z/TZFD (t) are guaranteed to be real by
construction, Cy;(t); however for our chosen parameters it too is purely real.
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3.3 Hidden TRS and perfect quantum absorbers. (a) A Markovian quantum system
evolves according to a master equation in Lindblad form, with Hamiltonian H and
jump operators ¢;. (b) A particular realization of the environment as a collection
of unidirectional waveguides. (c¢) The dual Lindbladian L" always formally solves
the "perfect absorber" problem for the Lindbladian £ depicted in panel (a): when
a system described by o placed downstream, it absorbs all of the output radiation
(red squiggly arrows) emitted by the original A systems. As a result, the two
quantum systems A and B relax into a pure entangled state (which has the
general form of a thermofield double state). In general, the Hamiltonian H’ and
jump operators J[¢;] of the B system are extremely complex and difficult to find.

(d) If the master equation in panel (a) has hidden TRS, then it is extremely easy
to construct the Hamiltonian and jump operators of the absorber B system. . . 158

3.4 Hidden time-reversal symmetry operations in a parametrically-driven Kerr cav-
ity. For vanishing single-photon drive Ay, the driven-dissipative cavity model in
Egs. (3.56)-(3.57) has two distinct hidden time-reversal symmetries, correspond-
ing to anti-unitary operators T4. Here, we plot the Wigner functions of the states
Ty o), where |@) is a coherent state (amplitude a = v/2i, black dots). (a) For
weak nonlinearity, K = 5 x 10~%x1, and two-photon drive Ay = 6.25 x 10 °xq,

T are simple phase-space reflections about the axes 6 = + arg(Ay/ix) (indicated
by dashed black lines). (b) For strong nonlinearity, K = k1, Ao = /8, hidden-
TRS operations become highly non-Gaussian, as indicated by the presence of
significant Wigner negativity in the final states. . . . . . . . .. ... .. .. .. 159

3.5 Time symmetry of special correlation functions in a driven Kerr resonator. Real
part of the connected, steady-state correlation function C3 ,(¢) = (a3(t)a) (c.f. Eq. (3.63))
for a parametrically driven nonlinear cavity with Ay = K, k1 = 04K and
kg = Ay = A = 0. This correlation function is symmetric in ¢, something
that is guaranteed by the existence of hidden TRS. We also plot another quartic
correlation function C'y2p2(t) (where X, P are canonical quadrature operators).

This correlator is clearly asymmetric as a function of time. Hidden-TRS only en-
sures that a certain restricted class of correlators are time symmetric (in contrast
to the more commonly studied CQDB which guarantees all correlators exhibit a
form of time-symmetry). . . . ... 160

3.6 Hidden-TRS breaking in a driven qubit. Inset: The doubled-system TFD oy-0,
connected correlation function C’yTZFD (t) (c.f. Eq. (3.16)) as a function of time, for
a Rabi-driven dissipative qubit for a non-zero temperature corresponding to 1}, =
0.3. The TFD state is defined by the hidden-TRS operator T (c.f. Eq. (3.34)).
Main plot: The time asymmetry of the TFD correlation function C’;g(t) —C’lt/}zl(—t)
versus time ¢ for various temperatures. The values of 7y}, are in order from
top to bottom: 0, 0.01, 0.03, 0.1, 0.3, and 1. The ny}, = 0 trace is identically
zero which reflects the presence hidden TRS at zero temperature. The onset of
asymmetry heralds the breaking of hidden-TRS with the introduction of thermal
fluctuations. All functions are computed for a resonant Rabi drive with amplitude
Q= k(1 + 2nyy,), where k is the lossrate. . . . . ... ... ... L. 161
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3.7 Hidden-TRS breaking in a driven nonlinear cavity. Main plot: total correlation

3.8

4.1

function time-asymmetry m(7’) vs. temperature for a parametrically-driven Kerr
resonator, c.f. Eq. (3.81). Solid green: integrated asymmetry for the special cor-
relation function Cpo g (t) (c.f. Eq. (3.80)), which is guaranteed to be symmetric
if hidden-TRS holds. There is a sudden onset of asymmetry above a threshold
temperature, indicating a sharp temperature at which hidden-TRS is broken. In
contrast, we also plot the total time asymmetry of a correlation function whose be-
havior is not constrained by hidden-TRS, function C X2,P? () (dashed red curve);

here X and P are standard quadrature operators. This correlator is asymmetric
already at zero temperature, and shows no strong temperature dependence. Inset:
real-part of the correlation function asymmetry of C(t) = Cp2 g (t) for gy, =0
(solid green), and ny, = 0.2 (dashed green). For all plots we take Ay = 3K,
k1 =001K, A=A1=ro=0. . . . .
The Rabi-driven qubit violates conventional quantum detailed balance. Inset:
The correlation function Cy(t) is shown as a function of time for TRS ¢ = 0.
Although time symmetry is not explicitly ruled out for ¢» = 0, the lack of time
symmetry is clear. We show only the connected part which decays to zero for
|t| > k. Main plot: The time asymmetry of the symmetrized correlation function
Re(Cyz(t) — Cyz(—t)) as a function of time ¢/ for different permissible TRS.
The correlation function is complex in general for ¥ # 0, 7; however, the time
asymmetry is manifest even in the real part alone. The values of ¢ in order from
top to bottom are: m, 57 /6, 3w /4, 5w /8, w/2, and 0. All functions are computed
for Rabi drive strength b=1. . . . . . . . . .. . ... ... ... .. ... ..

(a) Schematic of the model: a lattice of bosonic modes, with two-photon drives on
cach site (G) and on each nearest-neighbor (nn) bond (A). There is also single-
photon loss k on each site, and a global Hubbard (Kerr) interaction U. (b) Our
exact solution allows the description of steady-state spatial correlations. Here,
nn pairing corelations are plotted as a function of drive detuning A and drive
amplitude A, for a N = 225 site 2D lattice with w = U/N, k£ = 0.0lu. One sees
clearly a Mott-lobe like structure associated with multi-photon resonances.
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4.2

4.3

4.4

4.5

Driven-dissipative phase transitions. (a) Average density 7 versus detuning A
for various sized 2D square lattices (periodic boundary conditions, x = 0.01U,
G = U/5,A = U/4). As system size increases, discrete resonances merge to
yield a jump in the density and a first-order phase transition. We also show
the predictions of a basic semiclassical mean-field theory, which predicts a zero-
density solution that cannot be shown here due to the log scale on the y-axis. (b)
Here, we attempt to distinguish the bunched (red squares) and antibunched (blue
circles) phases via their correlations, respectively single-particle (left panel) and
density-density (right panel) correlations. We choose A = +3U as representative
of the bunched phase and A = —3U as representative of the antibunched phase.
Both plots show data for a N = 100 site periodic lattice with D = 1. All other
parameters are the same as in panel (a). All results are computed using the exact
solution in Eq. (4.4). . . . . . .
Phase diagram for D = 0. (a) Average density as a function of detuning A and
loss Kk, with N = 500, A = 0, and G = U. Phase boundaries can be seen,
the critical damping value k. is also indicated: for k > k., the first order PT
vanishes. (b) Asymptotic long-distance behavior of the density-density correlation

function, as captured by gg) (c.f. Eq. (4.7)); the sign of this quantity more clearly
distinguishes the two relevant phases in the model. A critical point Agg =

(2)

A¢ + ike/2 marks the exact location where gog becomes continuous across the
phase boundary. Same parameters as in panel (a). The parameter tuning that
results in a many-body pair coherent state is indicated with a star. . . . . . . .
Symmetry breaking at strong driving. (a) Occupancy 7, of standing wave modes
in a odd-length D = 1 open chain, as the drive A is increased. For large drives,
the modes with the largest pairing amplitudes, £ = 0, 7, dominate. Nyt denotes
average total photon number. Parameters are A = 0,k = u/100, v = U/N,
N = 31. (b) Normalized density correlations between the modes at k = 0, 7 (red
curve), and the horizontal asymptote y = —1/s predicted by a uniform sphere
distribution (black dashed line). Here, s = 2. Parameters same as in panel (a). .
Exactly-solvable Bose-Hubbard models with hopping and pair-driving. (a) A
bipartite lattice is subjected to chirally-symmetric hopping (depicted using blue

and red arrows) as well as pair-driving of the form 6H = zj(a;?); + h.c.) (not
shown in this subpanel), and an infinite-range Bose-Hubbard interaction (not
shown in this subpanel). (b) At late times, the steady state becomes stationary
with respect to the hopping process depicted in panel (a), and so the steady state
can be analyzed by ignoring the hopping processes and considering only the pair-
driving process (depicted by blue ovals) and the Hubbard interaction (not shown

in this subpanel) in isolation. . . . . . .. ... L

xii

176



4.6

4.7

4.8

4.9

4.10

4.11

Bosonic pairing fluctuations near the PCS regime. (a) Here, we plot the normal-

ized fluctuations gg) = (<1%T_/%_) — |K12)/|K|? in the nonlocal pairing observ-
able K := (k_), for different values of loss x € {0.01U,0.1U,U} (red curves;
transparency increases with increasing loss). Note the sharp dip exactly at

Apcg = U(2 — N)/N. Here, G = U,A = 0,N = 500. Inset: We plot the
normalized fluctuations g((/?) = ((a2a2) — |¢[2)/|¢|? in the local onsite pairing

¢ = (&?). Parameters same as before. (b) Same as panel (a), but for D = 2 with
N = 8 x 8 and periodic boundary conditions. Here, A =2U =4G. . . . . . . ..
Benchmarking DMFT using the exact solution (in D = 0). (a) Here, we plot the
mean onsite occupation n as a function of detuning, for G = U,k = 0.01U. Note
that we obtain asymptotic agreement with DMFT in the limit that N — oo.
To see work where a similar kind of mean field theory was benchmarked by
exact diagonalization results in a permutation-symmetric spin model, see Wang
and Fazio [2021]. (b) Here, we plot the rms fluctuations in N using the exact
solution. We observe the empirical scaling AN, := \/<N3) —(N{)2 = 0O(NY?)
so that ANy /N vanishes as N — oo, ensuring the asymptotic convergence of
the wavefunction |\I/T> of the paired boson gas to the form predicted by DMFT.
Here, G =U/10,k =U/100, and A =0. . . . . . . ... ... .. ... ....
Confirming the location of the critical point using the exact solution. (a) Average
density as a function of detuning A and loss &, with N =500, A =0, and G =U.
Phase boundaries can be seen, provided that x < k4 =~ 4U. (b) Maximum
absolute value of the susceptibility as a function of , for k — k. Here, A = 0,
and G = U/10. The polynomial fit used to estimate ~ is depicted (dashed blue

Nonthermal nature of the steady state. The exact solution (4.126) for the Wigner
function can be used to symbolically check that the Hamiltonian and steady state
do not commute. Here, we evaluate the phase-space commutator HxWes—Wgsx H
in the case G = k = U, and A = 0, for the cases (a) N = 1, in which case we
choose to evaluate the result at the phase space point & = 1 and (b) N = 2, in
which case we choose to evaluate the result at the phase space point a; = ag = 1.
Note that, since H, Wgg are both purely real, the result is always purely imaginary.
As expected, the result always vanishes in the limit k — 0. . . . .. . ... ..
First iteration of the circuit (no driving). A Josephson tunnel junction is placed

213

in parallel with a chain of LC oscillators to provide a global Hubbard interaction. 216

Circuit incorporating coherent two-photon driving. The global parametric drive
is supplied by a flux-tunable transmon (blue shaded region). . . . . . . . . . ..
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5.1

5.2

9.3

5.4

Schematic of our solvable dissipative transverse-field Ising model. A collection of
N spin-1/2 particles, represented here as a collection of driven-dissipative two-
level systems, is subject to local T decay at a rate v, as well as collective decay
at a rate I'. The two-level systems interact via an all-to-all Ising interaction with
strength J. Inset: each spin is subject to a separate external magnetic field with
both axial and transverse components. The axial component of the external field
is the same for each spin, whereas the transverse part can vary. . . .. ... ..
Blockade effect in the dissipative transverse-field Ising model. Top panel (a):
plot of the density of up-spins, 7 = j<6;-”6j_)ss /N, near a first-order blockade,
for h* = 4J, T" = 0, and N = 22. Inset: Plot of the correlation functions
C** (dashed red line) and C¥Y (solid red line) for the same parameters, where
CHH = (6)'6h)ss. Bottom panel (c): Close-ups of the first three blockades,
n = 0,1,2. Parameters are the same as in panel (b). The exact solution yields
extremely precise estimates for the widths of these features, see (5.12) for more
details. . . . . . .
First- and second-order phase transitions in the dissipative transverse-field Ising
model. Top panel (a): Steady-state polarization density m = — Zj@j-)ss /N,
for v = J /10, N = 128, and I' = 0. The shaded region enclosed by solid black
lines denotes parameters where mean field theory predicts bistability. The first-
order phase transition occurs when the local minima in f become degenerate,
and is traced by a red dashed curve. The location of this transition predicted
by the Maxwell construction is given by the blue dashed curve. Critical points
where the first three derivatives of f vanish are marked by red crosses. Inset:
Steady-state magnetization for h* = 0.4J, and v = J/100, for N = 4,16, 128.
Increasing values of IV correspond to increasing opacity. Black dashed curves are
used to denote the mean-field solutions. Bottom panel: free energy landscape
f(m) determining the amount of polarization m in the steady state pgg, for three
parameter choices near (b) a second-order phase transition, and (c) a first-order
phase transition. . . . . . .. Lo

Spin blockade effect with ||S_||zg = 2/3. Rescaled coherence tensor hiy -+ by Gy

for k =1 (red), k = 2 (orange) and k = 3 (green). Here, N = 22 h* = 3N J hY =
0,and I' =0. v € {J, J/10, J/100}, with greater transparency indicating greater
loss rates. Note how the dips in the rescaled coherence are noticeable even with
loss rates v comparable to the interaction strength J. Furthermore, these dips
have a sizeable width ~ O(1). . . . . . . .. ... .. . ...
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5.5 Dissipative phase transitions in a random transverse-field Ising model.
(a) Solid curves: density of up spins . = >, ([fj-'&j_)SS/N, for N € 4 (lightest
gray), N = 16 (light gray), and N = 128 (black). Parameters are y = J /100,
' =0, and ¥ = J/5,hY = 0. Blue dots and error bars denote n and An =

\/ > j((&f&j_>ss — n)? respectively, for a N = 128 random transverse-field Ising

model with the same parameters, but with hf sampled from a normal distribution
with mean A" and variance ¢ = h”/2. Results are all for a single disorder
realization. Inset: von-Neumann entropy of the 1-spin reduced density matrix for

the non-random transverse-field Ising model with N = 128 (black curve). Bottom
panel: connected density-density correlation function gfj) for a N = 256 random
transverse-field Ising model with the same parameters (i.e. h;c’y,% [',J) as in
panel (a), but with ~* = 0.30J (b) and h* = 0.36J (c). . . . ... ... ....
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Common driven-dissipative quantum systems and their status both with respect
to conventional quantum detailed balance (CQDB) (c.f. Sec. 3.2.4), and our new
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ABSTRACT

Driven-dissipative quantum systems generically do not satisfy simple notions of detailed
balance based on the time symmetry of correlation functions. We show that such systems
can nonetheless exhibit a hidden time-reversal symmetry which most directly manifests itself
in a doubled version of the original system prepared in an appropriate entangled thermofield
double state. This hidden time-reversal symmetry has a direct operational utility: it provides
a general method for finding exact solutions of non-trivial steady states. Special cases of
this approach include the coherent quantum absorber and complex-P function methods
from quantum optics. We also show that hidden-TRS has observable consequences even in
single-system experiments, and can be broken by the non-trivial combination of nonlinearity,
thermal fluctuations, and driving. To illustrate our ideas, we apply our methods to quantum
many-body systems, and discover exact solutions to several new models, including a kind of
many-body parametric oscillator model, as well as the infinite-range limit of the dissipative

transverse-field Ising model.
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CHAPTER 1
INTRODUCTION

Time-reversal is a basic symmetry that plays a crucial role in a vast variety of physical
systems. For open classical systems subject to dissipation and driving, it manifests itself as
detailed balance constraints on transition rates (or equivalently drift and diffusion functions).
It also places a strong symmetry constraint on steady-state two-time correlation functions
A(t)B(0): they must be invariant when each quantity is replaced by its time-reversed version
and t — —t. This symmetry is sometimes referred to as Onsager symmetry, as it plays a
crucial role in the derivation of Onsager reciprocity relations. In classical systems, this
symmetry has a direct operational utility: it provides a simple route for finding steady state
probability distributions (i.e. potential conditions that can be used to solve Fokker-Planck
equations Gardiner [2009]).

There is a long history of works that extend notions of Onsager symmetry and detailed
balance to quantum open systems described by a Markovian master equation in Lindblad
form Agarwal [1973], Carmichael and Walls [1976], Alicki [1976], Kossakowski et al. [1977],
Majewski [1984], Majewski and Streater [1999], Denisov et al. [2002], Fagnola and Umanita
[2007], Fagnola and Umanita [2010], Duvenhage and Snyman [2018|, Carlen and Maas [2017],
Ramezani et al. [2018]. The most natural definition requires that steady-state correlation
functions in the quantum theory obey an Onsager symmetry analogous to the classical case
Agarwal [1973], Carmichael and Walls [1976], Denisov et al. [2002]; this condition necessarily
holds if the microscopic system-bath dynamics obey time-reversal symmetry Carmichael
and Walls [1976]. Later more formal works considered generalized definitions of quantum
detailed balance Fagnola and Umanita [2007], Fagnola and Umanita [2010], framed in terms
of quantities that are not directly measurable and whose physical interpretation is somewhat
opaque. The ultimate operational utility of all these quantum definitions of detailed balance

are unclear. Unlike classical detailed balance, these quantum symmetries are not known to
1
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Figure 1.1: (a) The concept of hidden time-reversal symmetry helps unify disparate-seeming
topics in the study of driven-dissipative quantum systems. (b) A driven dissipative system
described by a Lindblad master equation. The conventional definition of quantum detailed
balance is formulated as a time symmetry of steady-state correlation functions. (c¢) Hidden
TRS is a symmetry ensuring that correlation functions of a doubled version of the original
system, prepared in a thermofield double state, are time symmetric. It is defined by an anti-
unitary operator 7. Hidden TRS can hold even when the correlation function symmetry in
(b) fails; it also enables a powerful method for finding exact solutions.

enable a simple method for finding a non-trivial system’s steady state density matrix!.

In this thesis, we introduce a powerful, symmetry-based formulation of quantum detailed
balance (QDB) that goes beyond the simple definition in Ref. Agarwal [1973|, and that
directly enables an efficient way for finding non-trivial steady states. Our work builds on

Ref. Duvenhage and Snyman [2018|, which showed that a particular generalized definition

1. The only attempt at such connections in the past were limited to systems that were easily solvable by
other means (e.g. linear bosonic systems, or systems that could be reduced to a classical master equation)
Agarwal [1973].



of QDB introduced in Ref. Goldstein and Lindsay [1995] can be formulated using an en-
tangled, thermofield double state Takahashi and Umezawa [1996]. We use this to introduce
the notion of “hidden” time reversal symmetry (TRS) in an open quantum system. This
anti-unitary symmetry need not reveal itself through some simple invariance of the original
master equation, nor through a standard Onsager symmetry of two-time correlation func-
tions. Instead, this symmetry is directly tied to a time symmetry of correlation functions of
a doubled version of the original system prepared in an thermofield double state whose form
is directly tied to the symmetry operator (see Fig. 1.1(c)). Crucially, we show that a system
can possess hidden TRS even if it fails to have the conventional quantum detailed balance
(CQDB) defined in Ref. Agarwal [1973] (though in the limit of infinitely weak dissipation,
these notions coincide).

Hidden TRS is not just a formal curiosity: it provides a powerful tool for understanding
complex non-thermal and non-classical steady states. We show that the existence of hidden
TRS directly yields a simple and direct method for analytically finding the steady state density
matriz of a Lindblad driven-dissipative quantum system. This method is not limited to
situations of weak driving, interactions or dissipation. It represents a generalization of the
coherent quantum absorber (CQA) method introduced in Ref. Stannigel et al. [2012b],
and extended in Ref. Roberts and Clerk [2020]. Hidden-TRS is also connected to well-
known exact solution methods from quantum optics based on the complex-P phase space
quasiprobability Drummond and Gardiner [1980], Drummond and Walls [1980b|, Bartolo
et al. [2016], Elliott and Ginossar [2016]: these methods can be viewed as special cases of
our more general approach.

In the final two chapters of this thesis, we show how such quantum detailed balance
methods can be used to solve nontrivial driven-dissipative many-body systems, systems
whose steady states are non-thermal, and for which no conventional notion of time-reversal

symmetry is possible. These systems include a many-body generalization of the Kerr para-



metric oscillator (KPO), as well as the infinite-range limit of the dissipative transverse-field
Ising model, depicted in Figure 1.3. The many-body systems that we solve in this thesis in
many respects are inspired by the original exact solution of Drummond of a linearly-driven
and damped nonlinear quantum oscillator Drummond and Walls [1980b]. They also share
many characteristic features in common. One unifying theme is that the thermofield double

states for each system can be written in the parametric form

wy) = 0 0 (1)
where r is a suitably defined dimensionless detuning, |€2) is a suitably-defined vacuum state,
and X is some operator that creates excitations in that vacuum state. Here, ¢F7 is the
limiting confluent hypergeometric series. In a linearly driven-damped nonlinear oscillator,
the operator X is a bosonic raising operator, and as such X, Xt generate the Heisenberg
algebra. In the many-body parametric oscillator model that we introduce in Ch. 4, X is
a quadratic form in bosonic raising operators, and hence generates an SU(1, 1) algebra. In
the dissipative transverse-field Ising model that we discuss in the last chapter of the thesis,
X generates an SU(2) algebra, albeit with a somewhat unusual presentation.

However, despite these similarities, the process of extracting information from the exact
solution (1.1) is slightly more difficult in the many-body case. For example, in our mul-
timode bosonic model, in the case that the corresponding SU(1,1) lowering operator (call
it X ') satisfies X x X T, the problem of evaluating equal-time correlation functions is a
somewhat nontrivial exercise in the multimode representation theory of the group SU(1, 1),
something that is solved explicitly in Ch. 4. In general, with a nonunitary representation,
one cannot find closed-form expressions and instead must resort to a recursive solution for
such correlations. A similar story plays out in the driven-dissipative Ising model that we
solve in Ch. 5 - the problem of calculating correlation functions there also bifurcates into the

general problem in a situation with X generating nonunitary representation of SU(2), and
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Figure 1.2: Schematic of the many-body parametric oscillator model. Schematic of the
model: a lattice of bosonic modes, with two-photon drives on each site (G) and on each
nearest-neighbor (nn) bond (A). There is also single-photon loss k on each site, and a global
Hubbard (Kerr) interaction U.

v v

Figure 1.3: Schematic of the (infinite-range) dissipative transverse-field Ising model. A
collection of N spin-1/2 particles is subject to local T} decay at a rate -, as well as collective
decay at a rate I'. The spins interact via an all-to-all Ising interaction with strength J. Inset:
each spin is subject to a separate external magnetic field with both axial and transverse
components. The axial component of the external field is the same for each spin.



a more symmetric problem where X generates a unitary representation of SU(2). In both
models, whenever X generates a unitary representation of (Lie algebra of) the relevant Lie
group G, closed-form solutions take a somewhat simple form as a ratio of hypergeometric
functions, just as in Drummond and Walls [1980b].

To summarize, this thesis presents a new symmetry that can exist in driven-dissipative
systems described by a Lindblad master equation: hidden time-reversal symmetry. We
have shown explicitly how this goes beyond the conventional definition of quantum detailed
balance (CQDB) introduced by Agarwal Agarwal [1973|; crucially, hidden-TRS can exist
in systems whose steady states have non-zero energy-eigenstate coherences, something that
makes it impossible to have CQDB. While hidden-TRS is most naturally formulated in
terms of a doubled system prepared in a thermofield double state, we demonstrated that it
has a direct observable consequence: a certain class of single-system correlation functions
are guaranteed to be time-symmetric. This is in contrast to CQDB, which requires all
correlation functions to obey a time-symmetry. To illustrate our ideas, we have analyzed
how several ubiquitous driven quantum systems (qubit and nonlinear cavity models) can
have hidden-TRS despite not having CQDB.

We hope that our results will lay the groundwork for further studies exploiting hidden-
TRS as a means to understand even more complex systems. This symmetry could provide
an interesting means for finding non-trivial, exactly-solvable fermionic driven dissipative
systems, not just qubit and bosonic systems. It could also lead to novel perturbative tech-
niques for studying systems that weakly break hidden-TRS. Another interesting direction
would be to see whether these ideas could be extended to systems with a Floquet structure,
i.e. Lindblad master equations where the Hamiltonian and/or jump operators have a periodic
time dependence (see e.g. Kamleitner and Shnirman [2011], Ferron et al. [2012], Blattmann
et al. [2015], Reimer et al. [2018]). Finally, the prospect of using hidden TRS to explore

many-body models is exciting and provides a fruitful direction for future work. For example,



there is work soon to come out, solving a driven-dissipative spin chain model. This work
demonstrates that our ideas have applicability well beyond the global interaction models
explored in this thesis. Thinking even more generally, it would also be extremely interesting
to rephrase this symmetry fully in terms of a dissipative field theory describing the system
of interest (i.e. in terms of a Keldysh action Kamenev [2011], Sieberer et al. [2015, 2016]).
This could yield further insights, and also perhaps enable an extension of these ideas into

non-Markovian regimes.



CHAPTER 2
DRIVEN-DISSIPATIVE KERR OSCILLATORS

2.1 Introduction

Exact solutions of interacting, driven-dissipative quantum problems are rare, and thus occupy
a special place in the study of open quantum systems. A canonical example is the solution of
the driven-dissipative Kerr resonator. Here, a bosonic mode with a Kerr nonlinearity (i.e. a
Hubbard U interaction) is subject to a coherent linear drive and Markovian single photon
loss. As shown by Drummond and Walls [1980b], one can exactly solve for the steady state
of this system using a positive- P phase space representation. Later work showed that models
including two-photon driving and loss are also solvable using this technique Drummond and
Walls [1980b], Bartolo et al. [2016], Elliott and Ginossar [2016]. These driven nonlinear cavity
systems have renewed relevance, as they can be directly implemented in superconducting
circuit QED setups (see, e.g., Kirchmair et al. [2013], Leghtas et al. [2015b], Touzard et al.
[2018], Lescanne et al. [2019], Grimm et al. [2019]). Their ability to exhibit multiple steady
states has utility in quantum information processing Mirrahimi et al. [2014b], Goto [2016],
Puri et al. [2017].

While the existence of exact solutions here are remarkable, they are somewhat physically
opaque and unwieldy (e.g. they are typically expressed as infinite sums of special functions).
Their derivation is also somewhat intricate, requiring a non-trivial integration to relate the
solution of an effective classical problem to the underlying quantum system. More direct
methods for obtaining and possibly extending these solutions are thus highly desirable. For
the simplest version of the Kerr-cavity problem (single-photon drive and loss only), Stannigel
et al. [2012b] were able to reproduce the exact solution of Ref. Drummond and Walls [1980b]
using a simple, purely algebraic approach. While extremely elegant, it was unclear whether

this approach could be extended to more complex problems.
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Figure 2.1: (a) Generalized driven Kerr cavity problem, where a single interacting bosonic
mode is subject to linear and nonlinear coherent drives Aj, as well as independent one
and two photon loss (rates 1, x2). (b) The coherent quantum absorber (CQA) method
represents each dissipative bath as a chiral waveguide, and couples a second auxiliary b
cavity downstream. By picking its Hamiltonian judiciously, the entire composite system can
relax to a pure state, providing an efficient means for finding the steady state of cavity-a.

In this chapter, we show that such an extension is indeed possible: the “coherent quantum
absorber” (CQA) method of Ref. Stannigel et al. [2012b] can be extended to a wide class
of systems which include nonlinear coherent driving as well as multiple dissipators (see
Fig. 2.1). Our extension employs a new ingredient: the Segal-Bargmann representation
of a single-mode pure state wavefunction Bargmann [1961], Segal [1962, 1963], Bargmann
[1967]. This enables non-trivial transformations that are crucial for finding exact solutions.
Our approach yields several new insights. We find and describe new parameter regimes
where the steady-state exhibits a surprising generalized photon-blockade phenomenon. We
also find an infinite number of points in parameter space where our generalized driven Kerr
system exhibits quantum bistability, despite the lack of photon-number parity conservation;
these parameters can be achieved asymptotically in the limit of weak single-photon loss.
Our solution also provides a simple intuitive picture when there is a unique steady state
(see Fig. 2.2): the steady state is formed by mixing a pure state with vacuum at a 50-
50 beamsplitter, and then discarding one of the outputs. At a technical level, our work

also provides new, simple closed-form expressions for the steady-state Wigner function and
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normally-ordered moments.

The remainder of this chapter is organized as follows. In Sec. 2.2 we introduce the basic
system. In Sec. 2.3, we review the CQA method, and in Sec. 2.4 present our extension to
nonlinear driving and multiple dissipators. Sec. 2.5 summarizes the new physical phenomena
uncovered by our exact solution, while Sec. 2.6 and Sec. 2.7 discuss regimes of classical and

quantum bistability. We conclude in Sec. 2.15.

2.2 System

We consider a driven Kerr resonator whose coherent dynamics is described by the Hamilto-

nian

A

K
H, = ?TaTaa — Adta

+ KAlaT + %aw + AgaTaTa> + h.c.] . (2.1)

We work in a rotating frame in which the drives are stationary. Here A is the drive detuning,
K is the Kerr nonlinearity, and Ay, Ao, A3 are the complex amplitudes of standard coherent
one and two photon driving terms. Ag represents an unusual kind of nonlinear single-photon
driving term; as we will see, it enables a striking new kind of photon blockade effect that
does not require strong nonlienarity. We show in 2.9 how this Ag drive can be implemented
using the superconducting circuit architecture of Ref. Sivak et al. [2019].

The full dissipative dynamics includes one and two photon loss processes, and is described

by the Lindblad master equation

d . G A A o 97 .
=P = —ilta, p| + mDlalp + kaD[a%]p = Lop, (2.2)

where D[X]p = XpXT — (1/2) {XTX, ,6} is the usual Lindblad dissipative superoperator,
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and k1 (ko) are the one (two) photon decay rates. Note that the dissipative evolution
corresponds to coupling the system to two distinct zero-temperature baths.

We will focus exclusively on finding the steady states of this kind of system, i.e. density
matrices pgg satisfying

Lopss = 0. (2.3)

We briefly summarize prior work on this model. For A3 = 0, exact solutions for pgs have been
found using the positive- P approach Drummond and Walls [1980b|, Drummond et al. [1981],
Elliott and Ginossar [2016], Bartolo et al. [2016]. The solutions express matrix elements of
pss in the Fock basis as sums of special functions. In the semiclassical limit, solutions for the
steady state can be found using an alternate approach developed by Dykman and co-workers
Marthaler and Dykman [2006], Dykman [2012]; unlike the positive-P approach, these can
also be used to describe dissipation at a non-zero temperature. Systems with a non-zero
three-photon drive A3 # 0 have not to our knowledge been studied before, nor were they
previously known to be solvable.

While the prior work on driven Kerr resonators is a remarkable achievement, it leaves
several mysteries unanswered. First, in the presence of single photon loss, the unique steady
state that one finds always yields a positive-definite Wigner function. Given the nonlinearity
in the system, it is not a priori obvious that this should necessarily be the case. Second,
in the absence of single photon processes (i.e. A{ = k1 = 0), this system exhibits multiple
steady states Krippner et al. [1994|, Wolinsky and Carmichael [1988a], Hach III and Gerry
[1994], Gilles et al. [1994], Mirrahimi et al. [2014b]|. We are not aware of any discussion of this
using the positive-P approach. For A = 0, the system is simple enough that the multiple
steady states can be found via elementary means, in terms of superpositions of coherent
states Goto [2016], Puri et al. [2017]|. Conditions needed for Wigner function negativity were
recently discussed in Ref. Braasch et al. [2019], though these are not directly applicable

to our system. In the sections that follow, we discuss an alternate, physically-transparent
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method for solving this class of problems that addresses the open issues mentioned above.

2.3 Exact solutions using the quantum absorber method

Our approach to solving driven-dissipative Kerr problems is to adapt and extend the so-
called “coherent quantum absorber” (CQA) approach first introduced by Stannigel et al.
[2012b] to solve the simplest driven Kerr problem where there are no two photon drive or
loss processes. We quickly recap the philosophy of this approach, and then show how it
can be extended to deal with more complex problems involving two and even three photon

processes.

2.3.1 Recap of the basic approach

Consider first the case where our system in Eq. (2.2) has no two photon loss (kg = 0). The
starting point of the CQA method is to represent the one photon loss as arising from a
coupling to a chiral (i.e. unidirectional) waveguide. Further, one imagines coupling a second
auxiliary bosonic mode (annihilation operator b, system Hamiltonian H, p) to the waveguide,
downstream from the physical a cavity (see Fig. 2.1). Given the chirality of the waveguide,
the dynamics of this auxiliary cavity can have no impact on the physical cavity a. The
entire composite system can be described using standard cascaded quantum systems theory
Carmichael [1993], Gardiner [1993], Gardiner and Zoller [2000]. The dynamics of the reduced
density matrix p,; describing both cavities is described by a Lindblad master equation of

the form:

d

%ﬁab = _i[‘ﬁ[aba ﬁab] + HID[& - B]:aah (2'4>
Hyy = Ho+ Hy — “‘71(&*6 — h.c.). (2.5)
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Note that one can rigorously trace out cavity b from this equation, recovering Eq. (2.2) for
cavity a alone.

While the introduction of the auxiliary cavity b has no impact on cavity a, it provides a
useful tool for finding its steady state. As shown in Ref. Stannigel et al. [2012b], for a general
cavity a Lindblad master equation having only single-photon loss (i.e. Eq. (2.2) with ko =0
and arbitrary ﬁa), one can always construct a Hamiltonian Hb for the auxiliary cavity b
such that the composite system has a pure steady state. This steady state state necessarily
has vanishing emission to the waveguide- it is a “dark” state. Letting pyy 45 denote the

steady-state density matrix of the two-cavity problem, this means:

pabss = 10} 01, (a=b) ) =0, (2.6)

Note that the dark state condition implies that |1)) is essentially a single mode state. Intro-

ducing new composite mode operators

(2.7)

one notes that the dark state condition forces the composite mode ¢— to be in vacuum.
Hence, one just needs to solve for the (pure) state of the composite ¢4+ mode.

In physical terms, the CQA approach seeks to construct H p such that the auxiliary cavity
b acts as a “perfect absorber” for all photons emitted into the waveguide by cavity a. By
tracing out cavity b, one obtains the desired steady state for the physical cavity-a problem.
One generically obtains an impure state, as the two cavities will be entangled in the state
).

While such a construction is always possible, in practice it would seem to be of no utility,
as one can only construct the required I:Ib by first independently solving for the cavity-a

steady pa,ss, Despite this seeming obstacle, Ref. Stannigel et al. [2012b] demonstrated that
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for a range of problems, one could essentially guess the form of I:Ib without first knowing
Pa,ss- This educated guess is extremely simple: ﬁb is taken to be identical to FIa up to
an overall minus sign. Ref. Stannigel et al. [2012b| applied this to the simplest driven Kerr

problem (Ag = Ag = k9 = 0 in Eq. (2.1)), in which case
; Ksiitii oAbt i
Ay = == b1btbh + AbTh - [Alb + h.c.} . (2.8)

With this choice, Stannigel et al. were able to find a pure-state solution of the cascaded
master equation in Eq. (2.4) by solving a simple one-term recursion relation. By then tracing
out cavity b, they recovered (in a much simpler manner) the classic solution of Drummond

and Walls [1980b] for the linear-drive Kerr problem.

2.3.2  FExtension to nonlinear driving and two-photon loss

It is natural to ask whether the the absorber method approach can be extended to solve
problems with nonlinear driving and two-photon loss. An immediate issue is the presence
of two independent dissipators in the master equation Eq. (2.2). We find that the CQA
approach is easily modified to deal with this situation. As shown in Fig. 2.1(b), one can
represent the two-photon loss process as a nonlinear coupling to a second chiral waveguide.

One again needs to add something downstream along this waveguide to absorb the emit-
ted exctitations. While there are many possible options, we find the simplest approach is
sufficient: we assume that there is still a single auxiliary cavity b that now couples to both

these independent chiral waveguides. The cascaded master equation now takes the form:

d . o R S R ~9.
i Pab = —i[Haps pap) + K1Dla — blpap, + #2D[a — b]pap, (2.9)
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with

Hy=H, — H, — %(eﬁz} — he) — %(aTaTiﬂ — h.c.). (2.10)
Again, tracing out cavity b from the above equation recovers the cavity a master equation
given in Eq. (2.2), independent of the choice of H,.

The next step is the same as before: we want to pick ﬁb so that cavity b absorbs all
photons emitted by cavity a into either of the two chiral waveguides. We thus want a pure
steady state |1} of the two cavity system that is a dark state of both collective loss operators
appearing in Eq. (2.9). Fortunately, these dark state conditions are not independent: having
(& — D) [¢) = 0 as before ensures that the state is dark with respect to emission to either
waveguide.

Finally, there remains the question of how exactly to find the desired H p- As we show in
Sec. 2.4, the simple educated guess of taking ﬁb to be the negative of H, still works in the

presence of two photon driving and loss, and even for a wider class of problems.

2.3.83  Connection to Seqgal-Bargmann representations

A second crucial element in our extension of the CQA method is to combine it with the
Segal-Bargmann (SB) representation of single-mode pure-state wavefunctions in terms of
holomorphic functions Bargmann [1961], Segal [1962, 1963|, Bargmann [1967]. This provides
an extremely efficient way of solving the complex recursion relations that determine the
desired dark state wavefunction |¢)). More importantly, it is an extremely useful tool for
developing physical intuition. It renders the operation of tracing out the auxiliary cavity b

trivial, and allows one to directly obtain the Wigner function of the cavity-a steady state.
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Basics of the representation

Consider a single bosonic mode in a pure state |¢) that in is written in terms of Fock states

|m) as:
o0

= amlm). (2.11)

m=0
In the SB representation, this state is associated with a holomorphic function 1¥gg(2) defined

on the complex plane:

vsp(z) = mZ:O \/%Zm (2.12)

The space of these functions forms a Hilbert space that is unitarily equivalent to the original

Fock space, with an induced inner product:

1
(Wsp-dsplsn = = [ = up(:)osp(e (213)

The SB wavefunction has a direct physical interpretation: its modulus determines the Husimi

Q-function of the state |¢). Letting |z) denote a coherent state with amplitude z, we have

Q) = ~ el )% = (=) eI (214

Finally, the canonical ¢ and creation ef operators become linear differential operators in the

Bargmann space: ¢ — 0/0z, et s 2.

Tracing out the auxiliary cavity

As we will see, the CQA method reduces to finding a single-mode, pure-state wavefunction
|41 ) for the collective mode ¢4 = (@ 4 b)/v/2; the orthogonal mode ¢_ must be in vacuum
to have a dark state. To find the corresponding state of the physical cavity a, one transforms

from the ¢+ basis to the a/ b basis, and then traces out the state of the auxiliary cavity b.
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Figure 2.2: Simple picture of the unique steady state of the generalized driven Kerr resonator
with non-zero single-photon loss. One starts with a pure state, single-mode wavefunction
|14 ). This is mixed with vacuum noise at a 50-50 beamsplitter; the output ports represent
the final steady state of the physical a cavity and the auxiliary b cavity. This operation
implies that the cavity-a steady state is [¢4) convolved with vacuum noise. As a result,
cavity-a’s steady-state Wigner function Wy (z) is equal (up to scaling) to the @ function

@y (2) of the pure state [¢)).
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This operation has a very simple physical interpretation (see Fig. 2.2): it corresponds to
mixing the state [4) with vacuum noise at a 50-50 beamsplitter, and then discarding one
of the output modes.

At a heuristic level, this operation implies that in phase space, the cavity-a steady state
will be equivalent to that of the state |¢)4) convolved with an extra half-quantum of vacuum
noise. Recall that this is the same transformation that converts a Wigner function into a
@-function. As a result, we find a very simple expression for the cavity-a steady state Wigner

function. Letting 1, gg(z) denote the SB representation of the pure state |[1)1), we have:

Wa(2) = 2Q+(V22) = % ‘lﬁ_hs]g (ﬁz*) 26_2‘Z|2 (2.15)

We see that the SB “wavefunction” ¢+,SB(2) has a direct physical interpretation: its modulus
determines the cavity-a steady-state Wigner function. We also see that this Wigner function
must necessarily be positive (as it is equivalent to the @Q-function of the state |¢4), and
the @ function is always positive). The above relation follows from the fact that Wigner
functions transform in the expected way (i.e. like classical probability distributions) under a
beamsplitter transformation.

As a simple corollary, one can also obtain strong constraints on the steady-state P-
function. Applying the same smoothing and rescaling procedure to the Wigner function of

the state |¢)4) yields an expression for the cavity-a steady-state P-function:

Pu(z) = 2Wi(V22). (2.16)

Therefore, the P-function is nonsingular. Furthermore, as a consequence of Hudson’s the-
orem, the P-function is non-positive whenever the pure state [¢4) is non-Gaussian. Thus,
the cavity-a steady state cannot be interpreted as a statistical mixture of coherent states.

Therefore, in the negativity of the P-function, we have a tell-tale signature of nonclassicality.
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2.4 CQA solution of the general driven Kerr cavity

We now use the results of Sec. 2.3 to solve Eq. (2.2) for a driven Kerr resonator subject to both
one and two photon driving, and one and two-photon loss. This will allow us to reproduce
results previously derived using positive-P methods Drummond et al. [1981], Bartolo et al.
[2016], Minganti et al. [2016b], Elliott and Ginossar [2016], but in a manner that allows
greater physical intuition. We are also able to solve an extended model which includes
a three-photon driving term; this model has not been previously solved. Our approach
yields several new physical insights: the possibility of photon blockade and “anti-blockade”
phenomena, and the possibility of near quantum-bistability without parity conservation. We
focus in this section on the case where there is non-zero single-photon loss (k1 # 0), implying
the existence of a unique steady state. In Sec. 2.7, we turn to the case where there is no
single photon driving or loss; we are able to use the CQA method to provide insights into
the bistability in this system, and how this changes from quantum to classical bistability

with the addition of a drive detuning.

2.4.1 Solution without nonlinear single-photon driving

We are interested in the driven-Kerr system described by Egs. (2.1) and (2.2) with A3 = 0 and
k1 > 0. The CQA approach represents this system using the equivalent two-cavity cascaded
system in Egs. (2.9) and (2.10). We seek a pure-state steady-state |¢)) that is necessarily dark
with respect to dissipation, meaning that Eq. (2.6) is satisfied: v/2¢_ |¢) = (a — E)) [) = 0.
Our steady state can thus be written as a tensor product of a non-trivial state of the ¢

collective mode, and a vacuum state for the ¢— mode:

) = |¥4) 10-). (2.17)

In order for |¢) to be a steady state, it also needs to be an eigenstate of the cascaded
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Hamiltonian ﬁab with energy E. Writing ﬁab in terms of ¢4, and using the fact that ¢— [¢))

vanishes, the eigenvalue equation becomes
lAJr ~
S H ) = Bl). (218)
with
i = (K —irg)el @ — (28 +in1)ey + 2098, +2V2A. (2.19)

Our choice of the auxiliary-cavity Hamiltonian H p thus leads to a cascaded Hamiltonian
that necessarily creates an excitation in the ¢_ mode. It follows that we must have E = 0.

Having |¢)) be a stationary state then reduces to a single mode problem:

Holiby) =0, (2:20)

i.e. we need to find a pure state |14 ) that is annihilated by the non-Hermitian operator 7:[4_.
The seemingly obvious next step is to follow the approach used in Ref. Stannigel et al.
[2012b]: express |¢4) in the Fock state basis, and turn Eq. (2.20) into a recursion relation

for the expansion coefficients «;:

(K — ikg)m — (24 + ml)} VI T Tagmi1 (2.21)

+2A9v/ Moy, —1 + 2V2A i, = 0.

In special cases, this reduces to an easily solvable single-term recursion relation: either the
case of no two-photon driving Ag = 0 Stannigel et al. [2012b], or the case of no one-photon
driving A; = 0 Mamaev [2018]. In the more general case, the resulting two-term recursion
relation is more unwieldy:.

A more direct way of getting the desired solution is to use the SB representation ¢+,SB(2)
20



of the state |1/4). Eq. (2.20) is then transformed into a second-order ordinary differential

equation:
[za—2—D3+(>\z+>\)¢ (2) =0 (2.22)
922 T \VE T AUTHSBEIT '
where
2A 27 2v/2A
D=2, x=222 )\ = fN L (2.23)
K K K

Here, A=A+ irk1/2 and K=K-— 1kg are, respectively, effective complex detuning and
Kerr nonlinearity parameters.
Without two-photon driving (i.e. Ao = 0), Eq. (2.22) is a standard hypergeometric equa-

tion. It has a unique analytic solution:

by sp(z) = NAPH2g o (2 )\12) , (2.24)

where Jp(z) is a Bessel function and N is a normalization constant. Using the correspondence
between the SB wavefunction and Fock state amplitudes (c.f. Eq. (2.12)), we recover the
infinite series result given in Ref. Stannigel et al. [2012b], which in turn corresponds to the
classic solution of Ref. Drummond and Walls [1980b]. The closed form we have here has
additional virtues. Via Eq. (2.15), it directly yields a closed form expression for the steady-
state Wigner function of the physical cavity a; this is in contrast to expressions involving
infinite sums that are the usual result of positive-P solutions. Our expression for this case
agrees with that derived earlier (via an alternate method) Kheruntsyan [1999].

We turn now to the more interesting case where Ay # 0. Eq. (2.21) is now a more
nontrivial second-order recursion relation. The SB representation allows us, however, to

simplify the system via non-standard transformations. An example is a “non-unitary gauge
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transformation”

vy sp(z) = eV Fg(2), (2.25)

where 0(z) is the “gauge potential”. This transformation shifts the differentiation operator
by the gradient of 0(2), 0, — 0, — 0,0(z). Here, we try the simplest potential 0(z) = ez,
with € some constant. Note that as # is not purely imaginary, the resulting transformation
on the Hilbert space is non-unitary. In the Fock representation, it is equivalent to acting on

the state by the exponential of a raising operator:

) o e~<Ek [y (2.26)

After our transformation, the problematic two-photon driving term is effectively shifted

by an amount €2

2

0 0

(Ao + €2z + (A +€D)|p(2) = 0. (2.27)
It can thus be eliminated by choosing € such that

er = +i/Ag. (2.28)

We will call these non-unitary gauges plus-gauge and minus-gauge. Choosing, e.g. the plus
gauge € = €4, we see that the gauge-transformed state ¢(z) satisfies Kummer’s differential

equation (see Brychkov), so that:

6(2) = Ny [1F1 ( - Al;—:D; —D; 262”, (2.29)
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where Ny is a normalization factor, and 1 F}(rq;ro; z) is Kummer’s hypergeometric function,
the same special function which appears in the hydrogen atom problem (see, e.g. Sakurai
and Napolitano [2017]). We stress that that the special case where D is a positive integer
must be treated specially; this is discussed in Sec. 2.5. Note also that in the e — 0 limit, the
solution above tends smoothly to the Bessel-function solution in Eq. (2.24).

The above result combined with Eq. (2.15) immediately yields a closed-form expression

for the steady-state Wigner function of the physical a cavity of interest:
Wass(2) = Nlp(v2s") 22t/ V2P, (2.30)

where NV is a normalization constant. Note that if ¢(z) = 1, then W, s5(2) corresponds to a
coherent state with amplitude o« = y/—A9/2. Thus, a non-unity ¢(z) describes corrections
to the dark state being just a simple coherent state. Note also that if one had chosen the

minus gauge in Eq. (2.25), one obtains an identical solution (see Section 2.11).

2.4.2  Including nonlinear single-photon driving

We now allow Az # 0 in Eq. (2.1). We are still able to exactly solve for the steady state in
this case; unless k9 = 0, it has a qualitatively different form from the A3 = 0 case. The CQA
method proceeds as in Sec. 2.4.1. We again write the two-mode dark state as |¢) = [14)|0—),

and the eigenvalue equation again reduces to finding the kernel of a non-Hermitian operator

~

Hoy:

Ay = (Kl +v203) @ + (2v2850] — 22 ) ey

+ (2/\2@1 + 2\/§A1) . (2.31)

Comparing against Eq. (2.19), we see that the presence of Ag creates a term proportional

to éi Attempting to solve directly for [¢4) in the Fock basis leads a complicated recursion
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relation, as now we have terms that add a photon (o &l ), as well as those that subtract two
photons (o éi) One obtains a third-order recursion, in place of the second-order recursion
that we had before.

One can nonetheless still solve for the dark state in closed-form. We first perform a

displacement,

~

[€+) = D(a+)|+), (2.32)

~ A Al
where ay = v2A3/K*, and D(a) = ¢*“ "¢ is the standard displacement operator. We
can then remove the two-photon drive by applying a non-unitary gauge transformation (as
before), yielding a differential equation which again has a simple solution in terms of Kum-

mer’s confluent hypergeometric function:

)\1+6+D‘
€4 —€—

o) = | 171 - Difes —e):) | (2.33)

Here, e+ correspond to the non-unitary gauge choices in which the displaced two-photon

drive vanishes (c.f. Eq. (2.28)):
Xy —dze+ €2 =0 (2.34)

To be manifestly consistent with the solution of the driven Kerr cavity without three-photon

terms, we have again written the solution in the plus gauge. Finally, A3, Ao, A1, D are the
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following general complex constants:

2 [~  2|Aal?
D=2 (A + |—~3|> (2.35)
K K
2As (4A3]2 ~ 2¢/2 AgAX
M:fN 3( A3l +2A)+TI<A1— 2N3), (2.36)
|K|2 K K K
22 K 2A2 / K 2A
K K* |K|]2 \ K* K

We have again defined A = A + ik1/2, K = K —iky. For the case where A3 — 0, these
parameters revert to those given before Eq. (2.23). Note that for vanishing two-photon
loss, K is real, and hence Eq. (2.37) implies that A3 = 0. In this case, the three photon
drive does not give us anything qualitatively new, as it can be completely eliminated by our
displacement transformation. In contrast, for non-zero k9, three photon driving gives rise to
genuinely new phenomena.

As before, the solution above directly determines the steady-state Wigner function of the

physical cavity:
Wass(2 = @) = N|g(v/22")[2 e 2o/ V2L, (2.38)

where & = a4 /v/2, and N is a normalization constant. Note that, if A3 = 0, then the
non-unitary gauge choices in Eq. (2.34) satisfy ey = —e_, and so e — e_ — 2¢4, and we

recover the standard solution Eq. (2.30).

2.5 Steady-state phase diagram of the generalized driven Kerr

resonator

We now use our exact solutions in Eqgs. (2.29) and (2.33) to explore the parameter dependence

of the steady state of our generalized driven-dissipative Kerr resonator. The steady-state is
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largely controlled by just two dimensionless parameters rq,r9. For the usual case A3 = 0

(no three photon drive), these are:

M +eD A4 A
T = 1ter +Z,7— i (2.39)
2¢ K — kg Ao (K — iko)
2A + ik
=D=———-. 2.40
"2 K — k9 ( )

The various drive amplitudes A; enter only through ri; in contrast, ro is a generalized
detuning parameter which is independent of drive amplitudes. With a non-zero Ag, one has
r1 = (A +€e+D)/(e4 —e—), rog = D, where A1, D, e+ are defined in Eqs. (2.34)-(2.37).

As we now show, the steady state exhibits remarkable properties whenever system param-
eters are tuned to make one or both of 71, 79 be non-negative integers (see Fig. 2.3). At these
points in parameter space, the solution can exhibit generalized forms of photon blockade and
anti-blockade, as well as new kinds of bistability. This latter result generalizes the previously
studied cat-state bistability that occurs when Aj = A = k1 =0 (i.e. r; = r9 = 0) Mirrahimi
et al. [2014b]. We stress that all of these features have clear observable signatures, and are
quantum in nature. In what follows, we focus primarily on the standard case Ag = 0. We
also highlight the fact that with a non-zero three-photon drive, the observable consequences

of the photon blockade and anti-blockade phenomena can be made even more dramatic.

2.5.1 Basic intuition

Recall that the steady state is determined by a single-mode pure-state [14) (c.f. Fig. (2.2)),
and that further, this state is related to a simpler state |¢) via a “non-unitary gauge trans-
formation” (c.f. Eq. (2.26)). We could always expand the transformed state |¢) in the Fock

basis as:

[0) = Y B |m). . (2.41)
m=0
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Figure 2.3: Steady-state phase diagram for the generalized, driven-dissipative Kerr resonator.
ro is a dimensionless detuning parameter, whereas r{ is a drive-dependent dimensionless

parameter; both are defined in Eqs. (2.39)-(2.40). The phase diagram indicates parameter
choices that lead to unusual steady states.

27



Defining the scaled Fock state amplitudes (c.f. Eq. (2.41))

Vm!

m:ﬁmm

(2.42)

the ODE defining the gauge-transformed state |¢) in Eq. (2.29) is equivalent to the simple

recursion relation (m > 0)

(m - 7“2)Cm+1 = (m - Tl)cm (2.43)

with r1,79 defined in Egs. (2.39),(2.40). The significance of r1,ry being positive integers is
now clear: in this case, there is the possibility of the recursion relation terminating (i.e. van-
ishing for certain values of m). This termination corresponds to a kind of quantum inter-
ference effect, and will be at the heart of the new blockade, anti-blockade and bistability
phenomena we describe.

Note that we can directly go from the Fock state structure of |¢) to the SB wavefunction

of the desired, untransformed state |¢4). For Az = 0 the SB wavefunction of |¢4) is

¢+ SB Z Cm

(2.44)

with € = i\/A9. For the more general case with non-zero Ag, up to a displacement, we have:

Yy gB(2) oxe” HF Z Cm (64 — e )Z}m (2.45)

where €4 are defined in Eq. (2.34). Recall that these SB wavefunctions directly determine

the steady-state Wigner function of the physical cavity via Eq. (2.15).
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2.5.2  Pure unique steady states: r1 = ro

The first surprising phenomena we describe is the emergence of unique pure steady states
even with nonlinearity. In general, the combination of dissipation and nonlinearity leads us
to anticipate impure cavity-a steady states. Surprisingly, there are a range of parameters
where the unique steady state of cavity a is a pure coherent state (as would be expected
from a damped, linearly-driven, linear cavity). This occurs when parameters are chosen such
that 1 = ro (without either being a positive integer). In terms of physical parameters, and

for A3 = 0, this requires tuning the one and two photon drives Ay, Ay so that:

A B A—Fi%
\/—AQ(K — iK9) - K —iky

(2.46)

For this parameter tuning, Eq. (2.43) implies that all the scaled Fock state amplitudes

¢m are identical. This in turn implies from Eq. (2.44) and (2.12) that the the state |1)4) is

a coherent state with amplitude v = iy/2A9/(K — irg) = iv/A9. As sending coherent states
through a beamsplitter also generates coherent states at the output, this also implies that
the cavity-a steady state is a simple, pure coherent state of amplitude ~/v/2. This follows
directly from Eq. (2.44) and the general expression in Eq. (2.15) for the steady-state cavity-a
Wigner function. Note that this steady-state coherent state amplitude is consistent with the

semiclassical cavity-a equations of motion.

2.5.8  Higher-order photon blockade: r = nyg

Surprising effects also occur when drives and detuning are chosen so that r1 = ng, where ng
is a non-negative integer. The recursion relation in Eq. (2.43) now terminates at m = nq:
Fock state amplitudes ¢y, vanish for all m > ng + 1. This is an example of a generalized
strong photon-blockade phenomena: the gauge-transformed steady-state |¢) has strictly zero

probability to have more than ny photons. Unlike standard photon blockade Imamoglu et al.
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[1997|, the mechanism here does not require infinitely strong nonlinearity. Also, unlike the
so-called “unconventional” photon blockade Liew and Savona [2010], Bamba et al. [2011],
Lemonde et al. [2014], the blockade here is complete: there is strictly no probability to have
more than ng photons in the state.

While the “gauge-transformed” state |¢) exhibits blockade, physical phenomena is con-
trolled by the untransformed state |¢)1). Eq. (2.26) shows that this state is a “smeared”
version of the blockaded state. Despite this, the physical cavity a steady state still shows a
pronounced suppressed photon population whenever the parameter r; is tuned to an inte-
ger. This blockade-induced suppression can be observed by considering how the steady state
changes as a function of the single photon drive amplitude A1 (as this tunes 1 but not rg).
From Eq. (2.39), one sees that blockade occurs periodically as a function of Ay, with the

nth-order blockade occuring when

Ay =AY —in/[K —isglAy, (2.47)

where Ago) = —i(A + ik /2)(K — ir) " YH(Ag/K)Y? is a constant offset. Fig. 2.4 shows
representative results for k9 = A3 = 0: the average cavity photon number shows a sharp
suppression whenever Aq is tuned to make 1 a positive integer. We stress that this is a purely
quantum phenomena: the semiclassical solution does not exhibit any such oscillations. We
also stress that the width of these blockade suppressions (as a function of Aj) are much
smaller than .

The results shown in Fig. 2.4 are for the usual case of no three-photon drive, i.e. Ay =
0. The situation becomes even more interesting with A9 = 0. By tuning this drive, the
generalized photon blockades associated with 71 = ng can be made sharp. The localized
nature of the steady state along the classical minima suggests that a simple explanation of

these effects is obtained by considering the normally-ordered (Husimi) classical symbol of
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Figure 2.4: Generalized Photon Blockade. (a) Mean steady-state cavity-a photon number
as a function of single photon drive Eq. (2.47). The periodic, sharp drop in photon num-
ber corresponds to a generalized photon blockade phenomena, which occurs whenever the
parameter 1 (c.f. Eq. (2.39))is a non-negative integer. Solid lines: analytic exact solution,
diamonds: master equation numerics. Photon numbers associated with the semiclassical
stable amplitudes are also plotted (dashed red lines). (b) Zoom-in of one of the blockade
anti-resonances. (c) Steady-state Wigner function, for two choices of jA; corresponding to
being either at (off) a blockaded parameter value; black dots indicate semiclassical ampli-
tudes. For all results, A = 5K, Ay = 4K , k] = 1072K, and A3 = k9 = 0. By using a
non-zero three-photon drive Ag, this blockade phenomena can be made sharp (i.e. there is a
sharp cutoff in the photon number distribution).
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the Hamiltonian, called the metapotential:

M(z) = (z|H|z). (2.48)

However, the effects we witness here have nothing to do with the metapotential, as the
addition of Ay driving tilts the metapotential in the orthogonal direction to the one containing
the two classical minima. Indeed, under a perturbation by A, the metapotential transforms

M(z) — M(z) + 0A1 Rez. (2.49)

Since the minima of the metapotential differ only by the imaginary part of z, this tilt cannot
explain this sudden switching behavior. Instead, our effect relies on subtle physics for how
the quantum system switches between and populates the different classical steady states
Marthaler and Dykman [2006].

Finally, we note that when r; = ng, the SB wavefunction for the dark state |¢4) (which
directly determines the cavity-a Wigner function) reduces to an associated Laguerre poly-

nomial Lg,?) (2):

brsp(z) oo e L) (2e2), (2.50)

71—N0

where for Ag = 0, we have € = iy/)\g.

2.5.4  Photon blockade: physical intuition

We now describe the generalized photon blockade at a more basic and intuitive level. In

terms of the displacement parameter a = v/2A3/ K *, recall that we must displace the dark
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Figure 2.5: Generalized Photon Blockade. (a) Mean steady-state cavity-a photon number as

a function of single photon drive 6A] = A — A§0)7 where the offset Ago) = (0.01 —10¢) - K is
defined in Eq. (2.47). The periodic, sharp drop in photon number corresponds to a general-
ized photon blockade phenomena, which occurs whenever the parameter r; (c.f. Eq. (2.39))is
a non-negative integer. Solid lines: analytic exact solution, diamonds: master equation nu-
merics. Photon numbers associated with the semiclassical stable amplitudes are also plotted
(dashed red lines). (b) Zoom-in of one of the blockade anti-resonances. (c) Steady-state
Wigner function, for two choices of A corresponding to being either at (off) a blockaded
parameter value; black dots indicate semiclassical amplitudes. For all results, A = 5K,
Ay =4K , k1 = 102K, and As = k9 = 0. By using a non-zero three-photon drive Ag, this
blockade phenomena can be made sharp (i.e. there is a sharp cutoff in the photon number
distribution).
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Figure 2.6: Drive-interference causes generalized photon blockade. By adding a nonlinear
one-photon drive with the right strength, one can trap the steady-state in a low-photon-
number subspace. This blockade phenomenon persists for arbitrarily weak nonlinearity A3 —

0.

state to obtain a closed-form solution:

1) = Dias)e~<+e|g) (251)

where |¢) is the core state defined in Eq. (2.41). The photon blockade phenomenon is
best intuitively understood when there is nonlinear one-photon driving, but no two-photon
driving. In the limit that Ag vanishes, a4 — —e4, meaning that, after direct application
of the Baker-Campbell Hausdorff identity, the displacement transformation partially cancels

the exponential factor:

¥4 sB(2) ~ ¢sB(z + a+) (2.52)

Ao

where ¢gp is the Segal-Bargmann representation of the core state defined in Eq. (2.41).
Therefore, we see that the Ao — 0 is physically important because it removes the smearing

factors that spoil the bare physics contained in the state |¢). Furthermore, in this limit,

~ —Ay/As 2.53
SOV 1/A3 (2.53)

and so a photon blockade occurs each time the ratio of nonlinear to linear one-photon driving
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is a negative integer. Indeed, we see that, in this limit, photon blockade results from the
destructive interference between linear and nonlinear one-photon driving. In this limit, we

can express the Hamiltonian as

. K
H = EaTaTaa — Adta

+ Ag(R—r)al + Asa(h — 1) (2.54)

Therefore, at a blockade r; = ng, we can define a blockaded subspace, which is the linear

span of all Fock states up to |ng), e.g. consisting of states of the form

nQ

) =) enln). (2.55)

n=0

In particular, when rq is tuned to a non-negative integer ng, the matrix elements of the
Hamiltonian Eq. (2.54) connecting states of photon number ng or less with those of photon
number equal to ng + 1 or greater vanish, "trapping" the quantum dissipative dynamics
in this subspace, as there is no process (dissipative or coherent) in this case that can add
photons to the resonator beyond the cutoff (see Figure 2.6). As a consequence, the steady

state pgs of the resonator is constrained to lie in the blockaded subspace.

Exact blockade with weak nonlinearity

As it turns out, contrary to many other schemes involving nonlinear elements (such as
qubits), it is possible to realize this generalized photon blockade without strong nonlinearity.
We examine the case ng = 1. In the simplest case A = 0, in the absence of any nonlinearity
(except for the driving), the steady state depends only on a single dimenionless parameter

A = Ag/k1, and is the following impure state in the subspace spanned by the Fock states
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|0) and |1):

1 4A% +1 —2iA

2.56)
7 (

ﬁss =
For extremely weak nonlinearity /interactions A — 0, the cutoff is still exact. From a basic
Taylor expansion of the resonator steady state Eq. (2.56) in powers of the nonlinearity A,
we see that a nontrivial one-photon population appears at second order. In Section 2.9, we
show how the state Eq. (2.56) is easily dissipatively stabilized using the SNAIL circuit QED
architecture. Generalized photon blockade may have applications in quantum information

settings where nonlinearity is a limited resource.

2.5.5 Photon anti-blockade: r9 = my

Tuning the parameter r9 to be an integer mq in the recurrence relation Eq. (2.43) also
results in unusual behaviour of our dark states. For zero-dissipation, ro = my is simply the
condition for the Fock states n = 0 and n = myq of our physical a cavity to be degenerate in
the absence of any driving (i.e. the detuning and Kerr terms cancel out) Bartolo et al. [2016].
Our exact solution shows that this resonance condition has strong consequences even with
dissipation and drive. When r9 = mg, the only solution to the recurrence relation has the
coefficients ¢; through ¢, be exactly zero. This implies that the gauge-transformed dark
state in Eq. (2.41) will have strictly zero probability to have a photon number equal to m
or smaller (while higher Fock states will be occupied). We call this phenomenon a photon
“anti-blockade”. As with the photon-blockade phenomena, this will also have implications
for our physical cavity, via Eq. (2.26).

For any non-zero amount of dissipation, it is clear from Eq. (2.40) that we can never
have r9 exactly be a positive integer (as k1, k9 > 0). This remains true even in the presence
of a three-photon drive, where ro = D, with D given by Eq. (2.35). Nonetheless, for weak
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Figure 2.7: Photon anti-blockade. Average cavity-a steady-state photon number as a function
of drive detuning A, with drive amplitudes fixed at A; = A9 = K/2, A3 = 0. Resonances
here correspond to having tuned the parameter ro (c.f. Eq. (2.40)) to be near a non-negative
integer. Other parameters are k1 = 0.01K, k9 = 0.
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dissipation (namely k1 < A, k9 < K), one can still tune ro to be extremely close to an
integer. In this regime, one still has strong signatures of the anti-blockade behaviour. For the
physical cavity a, this translates into a kind of resonant enhancement of photon number and
skewed photon number statistics. Representative behaviour is shown in Fig. 2.7. Note that
this resonance phenomena was observed in Ref. Bartolo et al. [2016], though connections to

photon statistics and the properties of the analytic steady-state solution were not discussed.

2.5.6  Simultaneous/coezisting blockade and anti-blockade

What if 1,79 are both non-negative integers, and r9 < r17 In this case, neither the photon-
blockaded nor the photon-resonant solution is permitted. Instead, a medium-photon number

solution exists, and serves as the unique dark state. For A3 = 0, we have

e~ (2ez)™
V4 sB(2) = Ni2 > C— (2.57)
ro—+1
with € = iy/Ao. Without the exponential prefactor, this state would exhibit both photon

blockade and anti-blockade (i.e. the its photon number distribution is cut-off at small and

large photon numbers).

2.5.7 Generalized bistability: (ri,72) = (n1,n2)

Having understood photon blockade and anti-blockade phenomena, the natural remaining
case is when both these phenomena coexist. This occurs when parameters are chosen so that
(r1,7m92) = (nq,n9), where no > nq are both non-negative integers. Eq. (2.43) then yields

both a photon-blockaded solution, and a distinct anti-blockaded solution. These correspond
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to two distinct dark states of the 4+ mode, described respectively by SB wavefunctions:

2

Y158( - 73 Z =) (2.58)
ez 00 (2

vnsn(z) = ;1/2 > <T,> (2.59)

2  m=ro+1

Any linear combination of these solutions is also a dark steady-state. We refer to this
situation as “quantum bistability”: the extended, two-cavity cascaded system in Fig. 2.1(b)

has an infinite number of steady states, corresponding to any superposition state of the form:

lar,az]) = a1 [¥1) 0} +a [va) . 10) (2.60)

This also implies multi-stability for the physical a cavity, which exhibits a two-parameter

continuous family of steady states,

Pass = t1p H@E[al, a2]> <@Z[a1, ag]H ) (2.61)

The upshot is that the generalized driven-dissipative Kerr cavity has a multitude of distinct
parameter points that yield multi-stability, despite any obvious symmetry.

Unfortunately, we have the same issue as with the anti-blockade phenomena: non-zero
dissipation makes it impossible to exactly tune to bistable parameter values except for the
case n1 = ng = 0. This is because the constraint of having one or both of k1, k9 be positive
implies 79 cannot be exactly equal to a positive integer (c.f. Eq. (2.40)). The only exactly-
achievable bistable point is the case ny = n9 = 0, which can be reached if k1 = 0, k9 > 0.
This parameter point corresponds to the well-studied cat-state bistability in a two-photon
driven Kerr resonator Wolinsky and Carmichael [1988a).

Despite these caveats, the new bistable points are physically relevant: for weak dissipa-

tion, one can come arbitrarily close to them in parameter space, with striking observable
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consequences for the steady state. We explore this further in the next section. We also
discuss in Section 2.8 how one can ezactly achieve the physics of these new bistable points

using a non-cascaded version of the two cavity setup depicted in Fig. 2.1(b).

2.6 Consequences of new quantum bistable points

As discussed in the previous section, there are an infinite number of points in parameter
space where our generalized driven-dissipative Kerr resonator is almost quantum bistable
(c.f. Fig. 2.3). With non-zero one-photon loss, one cannot exactly achieve the required pa-
rameter tuning for bistability, but one can come arbitrarily close to a given bistable parameter
point. In this section, we explore the physical consequences of this near-bistability. We show
that there is an extremely strong sensitivity to small parameter changes when one is in this
near-bistable regime, and that the unique steady state can be understood as “picking-out” a
unique state from the bistable manifold in Eq. (2.61).

Suppose we chose parameters that result in (r1,ry) being close to integers (ny,n9):
ry =nj+0rq, ro = ng + dr9, (2.62)

These small deviations kill the bistability. However, for small r; the resulting pure steady
state of the + mode is a particular linear combination of the states ¢;(z) that span the
bistable manifold at dr; = 0. Moreover, the precise form of this combination is extremely
sensitive to parameter variations.

For example, consider the simple case where the unperturbed recursion parameters are
(r1,792) = (n,n). In this case, the recursion relation Eq. (2.43) simplifies to

(m—n)—0dr

Cmtl = ( Cm.- (2.63)

m—mn) — dre

In the regime that 07, dry < 1, we can see that the ratio ¢;,+1/cm is essentially 1, except
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for the ratio ¢y, y1/c, = dr1/dry. Therefore, as 071, 6rg — 0, the unique steady state solution

(i.e. solution to the recursion relation) has the limiting form

ory

Y. sB(2) - V1,58(2) + %1/12,513(2) (2.64)

as a superposition of the bistable solutions given in Egs. (2.58),(2.59). Note that in writing

this equation, we must pick the overall phase of ¢9 gg such that the ratio between c¢;, 11

(appearing in 19 gg) and ¢y, (appearing in 11 gp) is precisely 671/drs.

As a result, the unique steady state Wigner function of the physical a cavity will be:

5 2
wl,smﬂz*w% -y s(V22")| . (2.65)

2
@_2|Z|

N

Wa,ss(z) =

This equation is the crucial result of this subsection: for parameters that bring us close to
a quantum bistable point, it provides a simple way to understand the system’s steady state

and its extreme sensitivity to small parameter changes.

2.0.1 Cat-state bistability: (r1,7m9) = (0,0)

The simplest bistable point is where r; = ro = 0. From Egs. (2.39),(2.40), we see that this
requires there to be no single photon drive or loss, nor any detuning: Ay = A = x; = 0. This
corresponds to the well-known quantum bistability that occurs in a two-photon driven Kerr
resonator Goto [2016], Puri et al. [2017], Grimm et al. [2019], a system where photon number
parity is conserved. The two distinct solutions to the recurrence relation in Eq. (2.43) are

cj =050 and ¢c;j =1 —3d;9 (c.f. Egs. (2.58)-(2.59)). This corresponds to two distinct dark
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Figure 2.8: Quasi-bistability without engineered dissipation: (r1,72) = (0,0) bistable point.
Steady-state P-function for increasing single-photon drive amplitude Aq: (a) Ay = 0, (b),
Ay = 0.01K, (¢) Ay = 0.02K, and (d) Ay = 0.1K. For all plots, A3 = A = kg = 0,
k1 = 1072K, and Ay = 4K. By tuning the single-photon drive amplitude A, one can pick
out a particular state in the "bistable" manifold by tuning the parameter @, c.f. Eq. (2.71)).
Note the strong non-classicality exhibited by the steady-state P-function near these bistable
points.
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states for the + mode, with SB wavefunctions

U1sp(z) =€ (2.66)

UosB(2) =€ —e (2.67)

¥1.9B(2) corresponds to a coherent state with amplitude € = iy/Ag, whereas 19 gg(z) corre-
sponds to an odd cat state (odd superposition of coherent states with amplitude €). Note

that we have picked the global phase of ¥y gp to be compatible with Eq. (2.65).

We thus have a direct connection between this parity-based bistability and the photon
blockade and anti-blockade discussed above: bistability corresponds to both these phenomena
occurring simultaneously. As always, any amount of single-photon loss will kill the bistability
and yield a unique steady state (though relaxation to this state could be extremely slow).
Our approach gives a simple way to understand the unique steady state when there is weak
single photon loss, and possibly other weak perturbations (such as single photon driving
and/or a detuning). These imperfections cause a shift in the recursion parameters away

from dr; = drg = 0:

S = 22T UL 2.
27K kg (2.68)
L i (2.69)
2 Ag(K —irg)

For small imperfections, we can then use Eq. (2.65) to give us the steady-state SB wavefunc-
tion:

Uy sp(2) = N [(1+ Q)™ + (1 - Q)e)] (2.70)
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where N is a normalization constant, and

K —iry i
=4/ . 2.71
¢ Ao/4 2A +ikq ( )

Eq. (2.70) directly gives us the Wigner function of the unique steady state via Eq. (2.15).

Each term in Eq. (2.70) on its own corresponds to a simple coherent state (amplitudes
+e = +iy/\9); thus, in general we have a steady state that is an incoherent mixture of
two coherent states. This equation also reveals something surprising: the localization of the
steady state in phase space is a non-monotonic function of A1. The state is delocalized both
for A7 = 0, and for Ay large enough to make ) > 1. Representative results are shown in
Figure 2.8. Again, we stress that in Fig. 2.8, the single photon drive is orthogonal to the
axes separating the two potential wells, hence it does not simply tilt the potential to favour

one well versus the other. Hence, there is no simple metapotential picture.

2.0.2  Quantum bistability with a single photon drive: (ri,7m9) = (n,n)

A more surprising regime of near bistability is when the recursion parameters are both tuned
to be close to the same positive integer, i.e. (r1,79) =~ (n,n). As discussed, for an exact tuning
to this point, the expanded system exhibits quantum bistability. There are two orthogonal
solutions to the recurrence relations, given by ¢; = Py - 0 and ¢j = Yoo (1— dix) (cf.

Eq. (2.58-2.59)). These in turn correspond to two distinct +-mode states

Y188(2) = Niem“T'(n + 1, 2¢z) (2.72)
r 1,2
Un8(2) = Noe ™ (1 - %) .13

where I'(r,z) = [° t"~le=tdt is the incomplete Gamma function.
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In the absence of any loss, tuning | = r9 = n requires a detuning A = n/2K and a single
photon drive A; = —i(n/2)y/A9 K. If we now include single photon loss (but keep kg = 0),
and also shift Ay slightly from the above value, the recurrence parameters are slightly shifted

as well:

r = n+%zn+5rl (2.74)
i/ﬁ;l . (5/\1

ro = =n+dry (2.75)

"TIK TR,

Hence, via Eq. (2.65), by slightly varying the one photon drive amplitude, one can pick
out completely different linear combinations of the two different bistable states as the single
unique steady state. This leads to an extreme sensitivity of the final state to small changes in
A1. Note that by picking parameters so that dr; = dr9, the steady state becomes a coherent
state with amplitude v = \/W , whereas if 01 = 0, it has a bimodal form. Should we
make a figure for this? I was thinking of maybe replacing Fig. 7 with the same exact data,
except gathered from the (rq,r9) = (4,4) bistable point, instead of the already well-known

(r1,72) = (0,0) bistable point.

2.6.3 Metastability due to proximal quantum bistability

Tuning parameters to be close to a quantum bistable point also has consequences for dynam-
ics. The characteristic decay rates of the system correspond to the non-zero eigenvalues of
the Liouvillian £ (c.f. Eq. (2.2)). We find that tuning to a regime of near-bistability gives
rise to an extremely slow population-decay mode, and also a clear dissipative gap separating
the rate of this slow-mode from other decay modes. Formally, if we let ; denote the decay

modes of the Liouvillian (i.e. negative real parts of the eigenvalues of L), and order rates
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such that v; < 79 < ..., then in near-bistable regimes:
1<K KL, > (2.76)

Note that this hierarchy of dissipative rates has already been described for the more familiar
(r1,m2) = (0,0) “cat-state” bistable point Puri et al. [2017]; we show that this is also true
for our new bistable points. An exact description of this dynamical behaviour is outside the
scope of the CQA method. It can however be studied numerically. Representative behavior
of a driven Kerr cavity whose parameters are close to either the (ry,72) = (2,2) or (4,4)
bistable points are shown in Fig. 2.9(a).

For near-bistable parameters, the CQA approach provides insight into the nature of the
slow decay mode of Lj. As one might expect, this mode corresponds to slow relaxation
within the bistable manifold of states. To make this precise, recall that if one tuned exactly
to a bistable parameter point, cavity-a has a continuous three-parameter family of possible
steady states corresponding to Eq. (2.61) (and incoherent mixtures of these states). Density

matrices in this bistable manifold lie in the span of the four operators (i,j = 1,2):

~

Ny =ty | (1) (5]) 4 (10) (01)_] (2.77)
By Section 2.10, these operators have Wigner transforms
9.2
Wij(2) = Nuy; sp (V22" ) g (V22" )e 2! (2.78)

with NV a normalization constant.
The slow mode (rate ;) has an associated right eigenvector Moy, ie. LoMyow =
—’YlMslow- If the slow dynamics is entirely in the bistable manifold, then Mslow should lie

completely within the span of the Ml] To see whether this is the case, we pick parameters
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than k1, and that there is a pronounced dissipative gap. (b) Solid line: The measure 1 — P
(c.f. Eq. (2.79)) of how closely the slowest system decay mode (with rate 7;) corresponds
to dynamics in the bistable manifold. Dashed lines: same, but measuring how closely this
mode is described by coherent states centered at the semiclassical stable amplitudes. One
clearly sees that the bistable manifold gives a far better description. Same parameters as in

(a).
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for near-bistability, and numerically calculate the Hilbert-Schmidt norm P of the projection

of the slow mode onto the bistable subspace:

P= " [ Te[M] My (2.79)
ij=1,2
Here ]\N4ij is an orthonormal basis for the span of Mij (obtained via the standard Gram-
Schmidt process). As 0 < P < 1, the quantity 1 — P measures how much of the slow mode’s
dynamics lies outside the bistable manifold.

Representative results for 1 — P are shown in Fig. 2.9(b). One sees that for small x;
(i.e. when one is close to the bistable point), the slow mode is almost entirely described by
the bistable state manifold. For comparison, we have also tried to describe the slow mode
in terms of simple coherent states centered at the expected classical bistable steady-state
amplitudes. This involves taking

MY = | oy (2.80)

cat —

with ; the classical amplitudes, determined by (with K = 1):
Alaj —iv/Ag) = Ao — ajlaP =0, j=1,2 (2.81)

One sees from Fig. 2.9(b) that this coherent-state description does a far poorer job of de-

scribing the dynamical slow mode, compared to the states from the bistable manifold.

2.7 Parity-conserving dynamics: true quantum bistability

We now focus on a special case that has received considerable recent attention Mirrahimi
et al. [2014b], Goto [2016], Puri et al. [2017], Grimm et al. [2019]: a system where kK1 = A} =0

in Eq. (2.2), implying that the full dynamics conserves photon number parity. This in turn
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implies that there are at least two distinct steady states, and opens the possibility of true
quantum bistability Albert and Jiang [2014]. Our exact-solution CQA method provides
several insights into this regime. Among other things, it allows one to understand why
adding a drive-detuning destroys quantum bistability despite parity still being conserved.
More generally, the CQA method provides a transparent understanding of this quantum
bistability that is difficult to achieve using the positive-P solution method.

We start by revisiting the CQA method of Sec. 2.3 for systems described by Eq. (2.2)
with k1 = A1 = 0. The corresponding cascaded two-cavity system is described by Eqgs. (2.9)
and (2.10). The first step as always is to insist that we have a state that is dark with respect
to the cascaded dissipators. For k1 = 0, we only have the a two-photon loss dissipator, given
by

Dla? — b?] = D[2¢y ¢ ] (2.82)

where again the collective ¢+ modes are defined in Eq. (2.7). There are now two distinct
possibilities for a non-trivial dark state: either the ¢_ mode is forced to be in vacuum (with
the + mode occupied), or the ¢4 mode is forced to be in vacuum (with the — mode occupied).
The first option is the same as what we did for k1 = 0; the second option is a new possibility
enabled by the lack of one photon loss.

It follows that the most general 2-cavity dark state has the form:

[bac) = g 1) 10)_ +a [0), 16)_ (2:83)

This structure is a direct consequence of parity conservation, which guarantees the existence
of at least two orthogonal steady states (one even parity, one odd parity). This structure
also implies that the general argument in Sec. 2.3 ensuring a positive cavity-a steady-state

Wigner function no longer holds, as |¢qx) can have both + and — modes occupied.
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2.7.1 Zero detuning: quantum bistability

Consider first the case A = 0, meaning that we have a resonantly-driven Kerr parametric os-
cillator subject to two photon loss. Without dissipation, this system has degenerate coherent
state eigenstates Goto [2016], Puri et al. [2017]. Including two-photon loss, the dissipative
system exhibits true quantum bistability: it admits multiple steady states. We show how
this structure emerges via the CQA method.

The first step of the CQA method is to identify possible pure dark states of the collective
cascaded-systems dissipators; in our case, this is Eq. (2.83). To have this state be a steady
state, it must also be an eigenstate of the cascaded Hamiltonian (c.f. Eq. (2.10)). For A =0,

this leads to the equation:

el el <a+ [éi + Az] ), [0)_

+a [é% + )\2] 0}, |e>_) = B g (2.84)

with Ay = 2Ao /(K —ikg). Since Hease always adds an excitation to both modes é_ and é,
the only possible energy eigenvalue is £ = 0. The equation then decouples into separate
equations for [¢), ,|#)  which are easily solved. Crucially, each of these equations admits
two possible solutions.

As a result, one finds that the most general dark state solution can be written in terms

of coherent states as:
a) =Y (1 | €)1 [0) + v [0) [de) ) (2.85)
+

where the coherent state amplitude € = 74/A9, as in the previous section. We see that the
cascaded two-cavity system has a four dimensional subspace of possible steady-state, dark
states.
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The last step is to determine the corresponding steady state structure of the physical
a cavity. As discussed in Sec. 2.3, this effectively corresponds to taking a given two-cavity
state, sending it through a 50-50 beamsplitter, and then discarding one of the outputs. This
procedure is easy to carry out on the general state in Eq. (2.85), as coherent states transform
in a simple manner under a beamsplitter operation. In the basis of the physical a cavity and

auxiliary b cavity, our general dark state has the form:

i) =Y (Mi |£€)q [£E),

+

T v [£8), ) ) (2.86)
= (18 + v-18)a ) 180

(1 =8 + v 148, ) -8, (2.87)

with € = ¢/ V2. As there is in general entanglement between the physical a cavity and the
auxiliary b cavity, one in general is left with an impure state for cavity a. However, pure
cavity-a steady states are indeed possible; consider for example the case where y— = v = 0.

The upshot is that we have a steady state manifold for cavity a that is two dimensional,
and spanned by the states |+€), (in agreement with previous work Mirrahimi et al. [2014b]).
In simple terms, the steady-state manifold corresponds to a quantum bit, i.e. a full single-
qubit Bloch sphere Albert and Jiang [2014|. This is what we mean by the system exhibiting

quantum bistability.

2.7.2  Non-zero detuning: classical bistability

Loss of quantum bistability

We next consider the case of a non-zero detuning A. While parity continues to be conserved,

this addition has a dramatic consequence for the nature of the bistability. Solving the system
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again using the CQA method, the requirement of having our general dark state in Eq. (2.83)

be a energy eigenstate of the cascaded Hamiltonian leads to the equations

et (d}& — Déy + Aﬁl) )1 = 0, (2.88)
¢t (éT_a% _Dé_ + AQéT_) 10)_ = 0. (2.89)

where D = 2A /(K —ikg). As before, the equations determining [¢)) , and [f) _ are identical
(reflecting parity conservation). The equation in each case can be solved by using a SB
representation for the state, and turning the operator equations into differential equations.
We get the same ODE in each case:

02 0

<z@ — Do+ )\QZ) bsp(2) =0 (2.90)

With the same equation for fqp, and with A9, D having the same definitions as earlier.

At the qualitative level, one can see how true quantum bistability is lost in the presence
of detuning: for zero detuning D = 0, the ODE above has no singular points, and thus
the standard existence theorem (§12.22 in Ince [1956]) guarantees two independent, analytic
solutions. As discussed earlier, this leads to quantum bistability for the physical mode a.
However, the term o D3, introduces a singular point into the ODE at z = 0, and the
existence of two dark steady states is no longer guaranteed. Indeed, the singular point at
z = 0 produces a branch-cut discontinuity in one of the solutions. Generically, only one

analytic solution survives:

si(2) = 17 0FL(1/2 = D/% ~\g2? 4, (291)

where N is a normalization constant.

As we will see, this two-fold reduction in the number of dark steady-states has dramatic
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consequences for the bistability of the physical mode a. As there is a unique choice for both
14) . and |0) _, the most general dark state has the form of Eq. (2.83), and corresponds to a
two-dimensional subspace. In what follows, it will be useful to write this general dark state

as

[Vai) = te |Pe) + o |Po) (2.92)
with

1

2es0) = ot (1994 10)- £ 10)4 9)) (299)

We now trace-out the auxiliary b cavity. Note that the pure dark states above span a
subspace of dimension 2. Incoherent mixtures in this subspace are also stationary states;
hence the cascaded 2 cavity problem has a steady-state manifold corresponding to a Bloch
sphere. We imagine starting with an abitrary mixed state in this subspace (described by
a 2 cavity density matrix), and then tracing out cavity a to determine the corresponding
cavity a state. Understanding the full range of cavity a states produced here determines the
steady-state manifold of cavity a.

This procedure leads us to consider four linearly-independent cavity-a operators (that

determine the cavity a density matrix after tracing out cavity b):

M = trp[ly) +10) — (¥] (0] ]
Mg g5 = t1[|0) 1) — (0] (2] -]
Mg = trp[|y) +10)— (0] 4 (] -]

My d= (M) (2.94)

a,ss

To understand the structure of these operators, we consider their corresponding ()-functions
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(easily obtainable using the SB representation):

0= [ a2 osn (22) 09
i?s(z) = /d2u1/}§]3 <%>¢SB <Z:FWU> (2.96)

We obtain an important result: these four operators are not all independent. Because of the

symmetry of each integral under the mapping © — —u, we have

Mi& =My  Mig =M= (M) (2.97)

a,ss a,ss

These equalities imply a loss of information in tracing out cavity-b, and result in the

cavity-a steady state manifold being simply two-dimensional. It is spanned by the quantities

Pass = My
Pass = My s (2.98)

with ﬁgt’ ss both Hermitian. We now have enough information to calculate each steady state
exactly: since the steady-state manifold is two-dimensional, and since parity is a conserved

quantity, every density matrix in the manifold must then be an impure mixture of the form

ﬁa,ss = ppe + (1 - p)ﬁo (2-99)

where the extremal states p, /o are uniquely characterized by the property of having definite
photon number parity (even and odd respectively).

Thus, in summary, in this case there is a distinct steady state in both the even and odd
photon number sectors; any mixture of these is also a possible steady state. The steady

state manifold is indexed by just a single number 0 < p < 1, which simply corresponds to
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the dynamically-conserved probability of having an even photon number parity. In simpler
terms, the cavity-a steady-state manifold corresponds to a classical bit Albert and Jiang

[2014].

Full characterization of the steady state manifold

To conclude our discussion of A # 0, we use the CQA method to compute exactly each steady
state in the bistable manifold. We begin by noting that the states |, /,) in Eq. (2.93) have
definite photon-number parity, and thus so do the corresponding states of the physical cavity-
a (obtained by tracing over cavity-b). Therefore, by uniqueness of the extremal states, these

states must be precisely p, Jo*

pe = try[[Pe)(Pel]

Po = trp[|Po) (Pol]. (2.100)

To compute these steady-states, we note that by substituting Eq. (2.93) into Eq. (2.100) we

can expand, e.g.

. N . A,
Pelo = m(ﬂ;ss + pa,ss) (2.101)

where N is just the normalization constant N for the dark state |¢))4, which has the exact

expression
N = 1Fy(1/2:1/2 - D/2,(1/2 - D/2)%; pa/20?). (2.102)

Inverting the above linear relation, we get

) 1[N+1. N-1._
Pass =5 |~ Pet —3—Po (2.103)
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This equation immediately leads to exact expressions for p, /o which are given in Section 2.14.

Incidentally, Eq. (2.103) tells us which state is selected from the bistable manifold in the
presence of an infinitessimal amount of single-photon loss (or any other symmetry-breaking

perturbation, e.g. one- or three-photon driving). Indeed, we can rewrite it as

1 1 1
. ~ 1= ) be+ (14 ) pol- 2.104
pa’ss Hl,Al,A3—>0 2 |: ( N) pe ( N) IOO} ( )

We will briefly discuss physical intuition from this formula, as well as the closed form of N.
In the weak-driving limit A9 — 0, the hypergeometric series defining N collapses to just the

first term, and we get N~1 — 1, so

Pa,ss Ass0 Pe-

In contrast, in the strong-driving limit /N diverges, and thus

N pe + Po
Ao—00 2

(2.105)

Pa,ss

A final piece of physical intuition: since N is a function only of the modulus |As|, the relative

bias (towards either p, /e) is independent of the phase ¢ of the drive Ay = ei¢]A2].

2.8 Exact realization of new quantum bistable regimes using a

two-cavity non-cascaded setup

In Sec. 2.5.7, we discussed how the generalized driven-dissipative Kerr problem could be
tuned to be arbitrarily close to points in parameter space where we have true quantum

bistability. Exact tuning to a bistable point was not possible due to the constraint that
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neither k1 nor k9 could be made negative.

An exact realization of these quantum bistable points is nonetheless possible if one works
with the two cavity system in Fig. 2.1. Making one of k] or k9 negative now has a simple
physical interpretation: we simply reverse the chirality of one of the waveguides in the ab-
sorber setup (see Fig. 2.10). Reversing the chirality of the (e.g. linearly-coupled) waveguide
leads to the dynamics of the master equation Eq. (2.4) with the same dissipators but with

the Hamiltonian (c.f. Eq. (2.5)) changed to
Hy — Hy — Hy + mf(aﬂi) —he)— %(aﬂeﬁz}? — he). (2.106)

Again, using the absorber method, we can solve this master equation in a manner identical
to before, i.e. with |¢)) = |¢4)]|0-), except now we have k1 — —~k1. So the master equation
specified by Eq. (2.106) constitutes an analytic extension of the steady state to negative
values of x1 9 (and thus arbitrary values of D), and thus can exhibit quantum bistability.
For a depiction of the setup, see Fig. (2.10).

In this case Eq. (2.64) actually becomes a relation for selecting a pure state in the bistable

manifold:

[Y4) = 0oty 1) + 0Ty 2) (2.107)

In this case, ]%_7 j> are the photon-added coherent states of the symmetric mode defined in

Sec. 2.3. The states are perhaps best understood in the Fock basis. For A3 = 0,

n 9 AT ym
w= 3 =g 2.108)
m=0 '
o0 2) ~T\m
|ty 2) = Zl—< 6;;) | —€) (2.109)
m=n-+
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@) Cascaded network (b) Non-cascaded network

K1 > 0 =——> — 1 < 0
— r— — —
e At P> <t
—p — =D <—
Ko > 0 =——pp Ko > 0 =——pp

Figure 2.10: Realizing quantum bistability by breaking chirality. The generalized bistable
points in our phase diagram (c.f. Fig. 2.3) are ezactly realizable by using a two-cavity setup
(b) which is not cascaded, i.e. where the chirality of one of the waveguides is reversed.

where |z) as usual denotes a coherent state with amplitude z. Note that their sum is
Gaussian, i.e. a coherent state, as is expected from properties of Kummer’s hypergeometric
function. In the more general case of the "off-diagonal" bistable points (i.e. the (n, m) points

with n # m), one stabilizes even more exotic states, whose sum may no longer be Gaussian.

2.9 A circuit-QED implementation of the three-photon driving

effect

We now show that it is possible to realize the generalized driven-Kerr oscillator using circuit
QED devices that already exist, in particular, a SNAIL device Sivak et al. [2019]. The
Hamiltonian for a SNAIL, as a function of applied magnetic flux, can be written as (following

the notation of Sivak et al. [2019])

A~

H =wila+ g3(®)(a+ a3+ g4(®)(a+ah* (2.110)

We now introduce time dependence into the flux parameter ® in such a way that g3(t) =
g3|®(t)] is oscillating at the cavity frequency with amplitude gz()’o), whereas g4(t) = gio) is
essentially constant (cf. Fig. 1 in Ref. Sivak et al. [2019]). In the frame rotating at the
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cavity frequency, the time-dependent Hamiltonian then has the form

OHUT = 39" {aTata + aTaa) (2.111)
+ 39\ {2atataa + 4afa + 13 (2.112)
+ counter-rotating terms. (2.113)

Under the rotating-wave approximation, if the drives are weak we can neglect all counter-

rotating terms, which yields the effective Kerr Hamiltonian

- K
Hpwa = EeﬁaTaa — AaTa+ (Ara' + AzaTala + h.c) (2.114)
where A1 = A3 = 39:(30), and K = 12g§10) = —A. In conclusion, realization of the nonlin-

ear coherent driving effect, for weak driving strengths, is possible using a superconducting
nonlinear asymmetric inductive element, by modulating its flux parameter at the cavity
frequency. We can also see from this analysis how it would be even harder to realize the
three-photon additional or removal terms (&T)3, a3 within this scheme, as this would require
modulating the external flux ® 3 times more rapidly (specifically, 18 GHz, for the device
considered in Ref. Sivak et al. [2019]).

2.10 Steady-state Wigner function

We will now rigorously prove the connection between the Wigner function of the steady-
state pq,ss of the driven Kerr cavity, and the modulus squared of the SB representation of
its purification |¢4). We will also show how the calculation generalizes to the case where
there are multiple dark states.

The result here relies on a deep fact relating operator ordering conventions for a quantum-

mechanical mode, and the heat semigroup on the corresponding classical phase space. This
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was originally pointed out by Glauber and Cahill in Cahill and Glauber [1969], and we will

review the salient results here. Specifically, given a (possibly non-Hermitian operator) A of

a quantum-mechanical mode, define its normally-ordered symbol o to be

o (2) = A (2.115)

: |dT,€u—>z7z*’

where : A : is the operator A but re-expressed in normal order, i.e. with all of the cre-
ation operators to the left of the annihilation operators. Analogously, we can define the

symmetrically-ordered symbol:

~

o4(2) =1 A:g \m,(ﬁz?z*, (2.116)

where : A : g is the operator A but re-expressed according to the symmetric ordering con-
vention (as defined in Cahill and Glauber [1969]). The symmetrically-ordered symbol is
proportional to the standard Wigner transform, which can be formally computed via an

integral:
oa(z) x /d2£ Tr[ef*d*S&Tfl]egz**g*z (2.117)

For positive semi-definite operators, e.g. a density matrix p = ﬁT, the symmetrically-ordered

and normally-ordered symbols coincide with the Wigner- and Q-functions respectively:

Q(z) = %0[])\[ (), W() = %ap(z). (2.118)

What Glauber and Cahill showed in Cahill and Glauber [1969] is that operator symbols cor-

responding to different ordering conventions are related by the heat semigroup. In particular,

we have the following theorem:

Theorem. (Cahill and Glauber [1969]). Let A be a Hilbert-Schmidt operator (i.e. TH{ATA] <
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o0 ). Then its normally-ordered symbol can be obtained by “cooling” (i.e. running the heat

equation on) the symmetrically-ordered symbol for a time t = 1/4, i.e.

ag(z) :/ d>ZK(t, 2, 2o 4(2)) (2.119)
C t=1/4

where K(t,z,2") is the heat kernel on C, which can be exactly computed and comes out to

—la—2'2
4t
s

We can use the theorem above to directly trace-out the ancilla cavity used in the absorber
method. Following the notation earlier, suppose we have an orthonormal basis |¢1), - - | [1}.)

of the space of dark states, i.e.
é_w;) =0, (2.121)
Clearly, these states form a k-dimensional Bloch sphere, spanned by their outer-products:

|hi) (5. (2.122)

According to CQA, to obtain the corresponding stationary modes MZ ; of the physical cavity-a

Lindbladian, we must trace-out the ancilla mode:

~

M;; = Try[|h;) (¥51]. (2.123)

We now compute the Wigner transform of the above stationary modes. First, we take ad-

vantage of the fact that a dark state factorizes across the two-modes ¢+ as [¢;) = |1 1)[0-):

~

Mij = Trp[(|ti4)(j,41) (10-)(O0-])]. (2.124)
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Letting o ;;(z) denote the symmetrically-ordered symbol (i.e. Wigner transform) of the
outer-product [¢; 4)(¥; 4|, and o0—(2) denote the symmetrically-ordered symbol of the vac-
uum state [0—)(0—|, let 0;;(2) denote the symmetrically-ordered symbol (i.e. the Wigner
transform) of the stationary mode MZ] We can then rewrite the expression for the partial
trace completely in terms of symmetrically-ordered symbols: in this case, the partial trace
becomes an integral, and the symmetrized-antisymmetrized nature of the input states means
that the integral convolves the operator symbols. The symbol o_(z) then acts as a Gaussian

filter for the symbol o ;;(2):

aij(z):/CdQZ/ o (Z_T;I)aH](i\/;l) (2.125)

0 26—2|z+—\/§z|2
= [ o i), (2.126)

where we have defined symmetrized and anti-symmetrized phase-space variables z4+ = (2 +
2'Y/v/2. The above filtering operation is the same exact operation which "reorders" a
normally-ordered symbol into a symmetrically-ordered symbol, up to a rescaling of the phase

space z — v/2z. Indeed, we can rewrite it in terms of the heat kernel:

C t=1/4
=207 5(v/22), (2.128)
where UJ]Y, ij is the normally-ordered symbol of the mode [¢); 1 )(1j | This form highly

constrains the Wigner function of the steady state of any single-mode system with single-
photon loss that is solvable via CQA.
In particular, now we can compute the symbol exactly in terms of the Segal-Bargmann

representation. It is easy to show that the normally-ordered symbol of an operator has the
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simple form:
o (2) = (2|Az) (2.129)

where |z) denotes a coherent state with amplitude z. By expanding A in terms of outer-

products as

A= gl (g1, (2.130)

ij

and utilizing the property ¥gp(z) = <z*|¢>e*|z‘2/2, Bargmann in Bargmann [1967] was able

to show that this implies
2
o (2) =3 iyt sp (") gn()e A (2.131)
ij

By substituting the exact expression for the normally-ordered symbol into Eq. (2.128), we

can finally state the main result:
91,2
01j(2) = 2 sp (V22 sp (V22 )e 2L (2132)

By taking linear combinations of the above stationary modes, the Wigner function of any

stationary density matriz of the physical cavity a has the closed-form

2
Wass(z) == aiji 5B (V22 Wi gp (V2 )e 2l (2.133)
ij

*

where «;; = a;

is a positive semi-definite matrix with unit trace.
We can also write the CQA ansatz in a manifestly positive-form. Letting {p;} denote

the eigenvalues of the positive semi-definite matrix {a;;}, and letting {¢;(2)} denote the
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Segal-Bargmann representations of the corresponding eigenvectors, the Wigner function can

be equivalently written as
2 9|2
Wass(2) = = > pjlo;(vV2:")[2e 22 > 0, (2.134)
"

where normalization forces - ;p; = 1.
As a simple example, when the dark-state subspace is one-dimensional, the Wigner func-
tion is the squared-modulus of the SB representation of the unique, normalized dark state

in that subspace:
2 _9l,2
Wa,ss(2) = ;|¢(\/§z*)\2e 2l1", (2.135)

In summary, we have derived an exact, closed-form expression for the steady-state Wigner
function of a cavity that is solvable via CQA. What is most striking from this analysis is the
absence of any consideration of the Hamiltonian of the cavity: the CQA method, if it works,
will predict that the Wigner function will be positive-definite, simply as a consequence of

the presence of single-photon loss in the system.

2.11 “Gauge-invariance” of the dark state

Eq. (2.34) makes it manifest that there exist two distinct (non-unitary) gauge choices in
which the troublesome two-photon term vanishes in the dark state equation Eq. (2.18). We
solved the dark state equations in the plus-gauge. This leads to the question of what would
happen if we solved the dark state conditions in the minus-gauge. If we had solved for the

dark state in the minus gauge, we would have ended up with the solution

Al —I—E,D‘_

€ — €4

J—F,SB(Z/) =e “*1F ( — D; (e — €_|_)Z) . (2.136)
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However, the results are gauge-invariant, as we can write

7:&_}_ p(2) = -2 t(e——eq)z
A _D
LF ( _p-MTEE pe, - (—:_)z) (2.137)
€L — €—
_ e—6+2
—e_)D A _D
1F1(— s —e)D M+te ;—D;(€+—€—)Z>
€+ —€— €L — €—
A D
— ¢ +% ¥al ( . €1++_€J€r . D; (€+ _ 6—)2) = ’QD_A,_’SBa (2138)

where 1, gp is the dark state Eq. (2.33), and in the first line (Eq. (2.137)) we utilized
Kummer’s transformation (see e.g. Ref. Brychkov), which is a fundamental symmetry of the

confluent hypergeometric differential equation:

1F1(r1:725 2) = e 1 F1(rg — 115723 —2). (2.139)

2.12 Stationary density matrix and moments of a driven Kerr

cavity

We show here how to compute exact analytic expressions from our steady-state solution
for density matrix elements in the Fock basis, as well as normal-ordered cavity moments.
Although the expressions obtained here are considerably more complex/physically opaque,
this will allow us to make contact with older results obtained via P-function methods Bartolo

et al. [2016], Elliott and Ginossar [2016]. Expanding the purification of the density matrix
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|¥) = |¢+) ® |0-), and writing the symmetric component in the SB representation yields
¥4 sB(2) = Z@/nﬁ, (2.140)
=0

which implicitly defines coefficients ¢; = ¢$)SB(O) which are the derivatives of the Bargmann
state evaluated at the origin z = 0 in phase space. In the special cases \{ = A3 = 0,
reproducing results in Bartolo et al. [2016]), or the more generic regime Ay = 0, which

represents new results, we can actually evaluate the sums, resulting in compact, closed-form

expressions.

Steady-state density matrix

In terms of these Taylor coefficients, the steady state density matrix can be computed in the

Fock basis:
<m|ﬁa7ss|n> (2.141)
(0.9] (0.¢]
VUL i R
=St X Sk yiooit in
1=0 =0 I
B 1
(2mAnplm))1/2
o0
¢J¢Z (éJr_é*) N m At
—%(0 +¢-)"™ (el )70
ljzk::()j!,(|\/21—“(+ )"(e4)710)
Y
01k (of AT Gy —¢2)
<0‘C+(C++C—) 51 0)
B 1
- (2mtnpim)1/2
o0
Vi 1, oy A
S k0t oyolek ) o). (2.142)
ko JUE 207!
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Using identities of the form <O|Am+l( )‘7 0) = 0ppyq1,jJ!; ete., we get the remarkably simple

result:

77Z)m+l¢n_|_l

(mlpa,ssn) = \/m Z 2011

(2.143)

This expression matches similar expressions obtained using positive-P solutions, as we will

see later in this section.

Cavity moments

We can also express the normally-ordered moments of a driven Kerr cavity exactly in terms

of the scaled Fock-state amplitudes ;. The calculation is slightly more straightforward:

Tt[pa,ss(a’)"a™] = (] (al)"a™ )

1
= Wwi + el ) ey + o)), (2.144)

where |1), as before, is the purification of the density matrix obtained from the absorber

method. Expanding the dark state yields

Tr[ﬁa,ss(aT)”am]
1 Vi N R
= T 2 ,k,‘“ & @ merel)Fo)
> ¢ Vg,

WZ U lEbrenie). (2.145)
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Defining a new variable [ such that j = n + [, we find that k£ = m + [, and that furthermore

[ > 0. So our sum simplifies to

Tr[ﬁa SS(CLT)nam]

A L NV R IRVACE ]
\/—”IZ\/m—l—l N+ VI N/ (2.146)

We thus obtain the simple result

Tefpumlal) "] = Z Pt Vit 2.147)

m

This is the formula used to produce exact-solution plots of average photon number in Fig. 2.4;
a similar-looking expression was derived independently in Bartolo et al. [2016], using P-

function methods.

Normalization

Throughout this section, we have assumed that the normalization of |¢4) is known. Sup-

posing that this is not the case, and |1 ) is written instead in the form

1 =~z
vasn(a) = PR (2.148)
we can write an exact expression for N:

N:iﬂﬂziﬂ. (2.149)
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Expression for 1; in general regime

The scaled Fock-state amplitudes 1; can be computed in closed-form in terms of the Gauss
hypergeometric function. We can then utilize this closed form to show that our exact ex-
pressions derived here agree with earlier solutions Bartolo et al. [2016], Elliott and Ginossar

[2016] in the limit of A5 — 0:

v =0, gp(0). (2.150)

The above quantity is particularly difficult to evaluate in the general case, so we evaluate

instead

& =0'¢, gp(0). (2.151)

where [€) is the displaced dark state used earlier. Eq. (2.151) then represents the Fock-state
amplitudes of the purification of the displaced steady-state p' = ﬁaﬁa,ssﬁ:&, where « is de-

fined earlier and vanishes when Az — 0.

Expanding §, gp(z) = O(2)¢(2), where ©(z) = exp(—0(z)) is the non-unitary gauge

transformation defined earlier. Expanding via the Leibniz rule, we get

l
g=> (l)al—”@(o)a%(()). (2.152)

n
n=0

Plugging in O(2) = e % and ¢(2) = 1F1(—r1; —719; (€4 — €-)z2), we get

9"0(0) = (—ey)* (2.153)
O (0) = E:Z;;Z(€+ L (2.154)



So, in total, we get

n=0 "
l
— (—e ) 1\ L\ (=r1)n &= "
= (e 2,1 (-5
l €—\n
et EDnr)n 1 &)
(—€+) nZ% == .
oo ) 1_2_; n
:(—e+)lz( l()f£2) n - ) . (2.155)
n=0 " ’

Therefore, we have a closed-form expression for the scaled Fock-state amplitudes of the

displaced dark state:

&= (=) aF1 (=1, —ry; —rg; 1 — ). (2.156)

In the limit A3 — 0, e — —e_, and so, as before, defining € = e, we get

Y o~ (—e) g Fi(=1,—ry;—19;2). (2.157)
A3—0

where we are implicitly utilizing the fact that § — 1; in this limit, as the displacement
parameter « vanishes in the limit A3 — 0. From Eq. (2.157), it is straightforward to recover
the previous solutions Bartolo et al. [2016], Elliott and Ginossar [2016] of the Kerr resonator

in the limit Ag = 0.
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2.13 Exact results when the non-unitary gauge transformation is

trivial

The series expressions derived in Section 2.12 have simple closed forms when we have A9 = 0,
which, for Ag # 0, represents previously unexplored physics. We emphasize the generic na-
ture of this regime, in that there are 8 real parameters to play with: Ay, Ag, and K, A, k1, k9.

In this limit, the displaced SB wavefunction Eq. (2.32) is purely hypergeometric:

1

&4 sB(2) = N1/2 151 (=113 —r2; —A32), (2.158)

where 71 = —\{/A3, and 79 = D. In this case, the coefficients £ of the displaced steady

state simplify to ratios of Pochhammer symbols:

b (=
N1/2(=r9)

& (=A3)", (2.159)

~—~

o~

where the Pochhammer symbol is defined as (2); = I'(2 + 1) /I'(2). Therefore, the normal-

ization is computable in closed form:

= oFy(—ry, —rf; =19, —15; [A3?). (2.160)

Here, ,Fy(ay---ap;by,---bg; 2) denotes the generalized hypergeometric function (see, e.g.
Brychkov). The normalization of the steady-state Wigner function is thus exactly com-
putable:

2y Fi(—rys =y —v2hg2%) 2e 2
- 12’

Wa,ss(2 — @) (2.161)

ToFy(—r1, =1} —r2, =13 [A3]?)
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where here o = a/ V2 is the appropriately normalized displacement factor given in Eq.

(2.32) defined earlier. We now move on to compute the matrix elements of the density ma-

aal—h.c.

trix in the displaced frame (here, Do=e is the standard displacement operator of

the physical cavity).

(—A3)™(=A3)"

Ny 2m+tnpIml

& et (=Dt (522
=0 <_T2)m+l(_7"§)n+l l!

(m|Dapa,ssDhIn) =

Utilizing the identity (2),,4; = (2)m(z +m);, the sum closes, and we get

s
(m|Dapa,ssDaln) = Vomtngim!
9Py (n —r1,m —rfm —ro;n — 15 [ A3]7/2) (2.162)

As for the normally-ordered cavity moments in the displaced frame, in a similar fashion, we

get an analogous closed-form in terms of a generalized hypergeometric function:

k
Tr[Dapa,ss Db (al)"a™) = —%ﬁn

. gFg(m—rl,n—rf;m—rg;n—r§;|)\3|2) (2.163)

2.14 Exact results in the parity-conserving regime

We now will complete the process started in Section 2.7, namely that of tracing-out the

ancilla resonator for each of the dark steady states obtained by the CQA method. We begin

72



with the formula in Section 2.12 on unique steady states:

(m|pa,ssln) = : eV (2.164)
’ Vol = 21!
note that, as a direct consequence of ¥9;_1 = 0, we have
(2) + 1|pa,ss|2k) = (27]pa,ss|2k + 1) = 0, (2.165)
as each term in the sum over [ would identically vanish in these cases. In summary;,
Mepa.ssllo = Hopa,ssile = 0, (2.166)

where f[e /o are the the projections onto the subspaces of the resonator Hilbert space spanned
by even/odd photon number states.

Therefore, by taking matrix elements on both sides of Eq. (2.104), one obtains

2N
(m|pe|n) = N—H(m|ﬁa7ss|n>, m,n even (2.167)
R 2N .
(m|poln) = m(mma,ssm), m,n odd. (2.168)

Therefore, to compute the steady states p, /o it suffices to compute matrix elements of pg_ss.
We note that this was done in Bartolo et al. [2016] (as this represents the unique steady-state
regime k1 # 0), and so we're technically done, as we could simply cite the result here.

For completeness, however, we show that the calculation of the expressions on the RHS’s

of Egs. (2.167-2.168) can be reproduced in a straightforward manner within the quantum
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Figure 2.11: Limiting behavior of bistable states. (a). We plot the fidelity of p. (c.f. Eq.
(2.167)) with an even cat state with amplitude o = i1/ Ag/2 (solid line) and the vacuum state
(dashed line). Corresponding results from exact diagonalization are also given (black dots)
(b) We plot the fidelity of p, (c.f. Eq. (2.168)) with an amplitude-a odd cat state (solid line)
and a 1-photon Fock state (dashed line). Corresponding results from exact diagonalization
are also given (black dots). Parameter choices: In both plots, Ao = 5K, k9 = K, and
Al, R1 = 0.
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absorber formalism. Assuming m = 2j, n = 2k are both even, we have

L ol
= (7 —ro)i(k —r3); 22(20)!

(2.169)

Therefore, in total we have

io: ¢m+l¢;+l (2 170)
20! '

(=0

o1 1 1
= Yoy - 2880 + 5, k+ i =k =15, Ao /4]2). (2.171)

Assuming m = 2j + 1, n = 2k + 1 are both odd, we have

oo

Z wm+lw;’;+l - i ¢2(j+l+1)¢;(k+l+1)
ol 221+1(2] +1)!

=0
> [

wQ(j-l-l)w;(_kH)
=42 220(21)!

=1
NG R o4
= dipojrboy ; (G —ra)(k—r5)(3) U

(G + 3k + H)ro/4P

(G — o)k —r3)(3)
S GG P/
(G 1—rk+1—r3)(3) U

= vy,

(2.172)
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Therefore, in total we have

i Ymst¥pg _ Y205, (G + 3)(k + )Mol

—~ 2l 2 (j—ro)(k—r3)

o3 3 3
B30+ 5, k+§;j+1—r2,k+1—r§,§;|A2/4|2>. (2.173)

In summary, we have the following closed-form for p4 ss in the Fock basis:

Um¥n

m|p n = @ —
( |Pa758| >m7n€22 o il
m+1 n+1 m—D+1 n—D*+1 1 |A]?
F. : — | = 2.174
2 3( 9 9 9 ) 9 "9 g )7 ( )
o) = Sttt
S ne142Z \/amTmin)
2
| Ao|2mn m+2 n+2 m—D+2 n—D*+2 3 |
O : 21221, 2.175
Q(m—D)(n—D*) 2 3( 9 ) 9 ) 9 ) 9 72a 4 ) ( )

Substituting Eq.’s (2.174-2.175) into Eq.’s (2.167-2.168) , we get that the bistable manifold

of the Kerr cavity in this regime is spanned by the following density matrices:

mlpelny = 2N Pnt
ez N+ 1\/om+ngin!
m+1 n+l m—D+1n—D"+1 1 |\]?
- oF : — |22 2.1
I 2 > oi|a| ) 2176
A 2N ¢m—1w;f1
(m|poln) =
mnel+2Z N — 1 /9m+nmin!
2
| Ao|?mn m+2 n+2 m—D+2 n—D"+2 3 |\
F : 2122 2.177
2(m—D)(n—D*)23( B i et 1 el DS C R

and with all other matrix elements vanishing. Here, N has the closed-form expression (also

given in Eq. (2.102)):

N = 1Fy(1/2:1/2 — D/2,(1/2 — D/2)*:|A9/2/2). (2.178)
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For small detuning |D| < 1, the CQA solutions above approach even/odd cat states, both
of which exhibit Wigner function negativity. In the large detuning limit |D| > 1, g, /o also
approach pure states: the vacuum state and one-photon state respectively, one of which
exhibits Wigner function negativity. The exact CQA solutions are validated against master
equation numerics in Figure 2.11.

For completeness, we include here the calculation of N in Eq. (2.178) (this expression
also shows up in Eq. (2.104), where it controls the average parity of the unique steady state
selected when parity-symmetry is spontaneously broken). The derivatives of the dark state,

evaluated at the origin in phase space, are

1 (@)
NG - B,

Wy (—Ag/4)! (2.179)

whereas the odd derivatives vanish at the origin (19;_; = 0). However, note the following

identity (—ZZZ,X = 221(%) ;- With this identity, the Fock state amplitudes take the simpler form:

1 (=) l
Vo = N2 (Zry), (—X2) (2.180)

—~

with r{ = —1/2, and r9 = r1 + D/2. Having computed the Taylor coefficients ¢, Eq. (2.149)

gives us the normalization:

= 1 Fp(; —rg, 13 | Ma)?). (2.181)

This concludes the calculation of the normalization constants in the expressions Eqs. (2.167-

2.168).
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2.15 Conclusions

In this, work, we have presented a generalization of the coherent quantum absorber method
developed by Stannigel et al. [2012b] for solving the simplest driven Kerr resonator prob-
lem. Our generalization exploited the Segal-Bargmann representation, and allows one to
analytically solve for the steady state of driven-dissipative Kerr cavity models with nonlin-
ear driving and nonlinear loss. We used these analytic solutions to describe a host of new
physical phenomena, including generalized photon-blockade phenomena, and new regimes of
near quantum bistability. These phenomena should be experimentally accessible in a number
of different platforms, including superconducting circuit experiments.

Our work naturally suggests many new open questions and directions for future study. For
example, can the new bistable parameter points we have identified be utilized for quantum-
information applications? Are there other forms of nonlinear dissipation and driving that
could also be included in our system that still leave it amenable to solution via the CQA
method? Can this approach be extended to nonlinear driven-dissipative systems with more
than one cavity?

At a fundamental level, there is also the basic question of why the CQA method is able
to yield exact solutions to systems that are on the surface highly non-trivial (because of
strong nonlinearities and driving). Is there some general physical principle here, or perhaps
a dissipative version of integrability that underlies this method? These are all questions we

hope to explore in future works.
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CHAPTER 3
HIDDEN TIME-REVERSAL SYMMETRY

3.1 Introduction

In this chapter, we introduce the foundational theory of hidden time-reversal symmetry,
which includes how it relates to classical detailed balance, quantum absorber approaches to
solving quantum master equations in quantum optics, as well as connections to prior work
in mathematical physics, dating back to the mid 1990’s.

In particular, we explore in detail two classes of ubiquitous, experimentally-accessible
systems (see Table 3.1): Rabi-driven qubits subject to dissipation, and driven-dissipative
nonlinear quantum cavities. These systems exhibit in general no correlation function time-
symmetry, and hence do not possess CQDB as defined in Agarwal [1973]. They however do
possess hidden-TRS in the low temperature or small nonlinearity limit. This explains the
surprising exact solvability of a variety of driven nonlinear cavity models Drummond and
Gardiner [1980], Drummond and Walls [1980b]|, Bartolo et al. [2016], Elliott and Ginossar
[2016], Roberts and Clerk [2020]. We explore how hidden TRS is broken in these models by
the combination of non-zero temperature, driving and nonlinearity. For nonlinear cavities,
breaking of detailed balance was extensively studied in the semiclassical limit Dykman and
Krivoglaz [1979], Dykman and Smelyanskii [1988|, Marthaler and Dykman [2006], Dykman
[2012], Guo et al. [2013], Guo [2013], Zhang and Dykman [2019].

For clarity, the specific example systems we have chosen to illustrate our ideas are either
single qubit or nonlinear cavity systems. We wish to stress though that the basic notion
of hidden-TRS and connection to exact solutions we present is extremely general, going
far beyond these simple examples. We thus anticipate these ideas will also have utility in
the study of driven-dissipative many-body systems. This is an increasingly active area of

research, both experimentally (see e.g. Baumann et al. [2010b], Landig et al. [2016], Dogra
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Hidden | Hidden TRS:

System CQDB | TRS unique?
Thermal qubit Yes Yes Ty, e =1
Thermal linear cavity Yes Yes Ty, € =1
Kerr cavity, 1-ph. drive No Yes Yes
Kerr cavity, 2-ph. drive No Yes No; T+, T

with nonzero temp. No No N/A
Driven qubit No Yes Yes

with non-zero temp. No No N/A

Table 3.1: Common driven-dissipative quantum systems and their status both with respect
to conventional quantum detailed balance (CQDB) (c.f. Sec. 3.2.4), and our new notion of
hidden-TRS. Italics indicate systems with hidden-TRS that do not have CQDB. Some of
these systems possess multiple distinct hidden TRS (right-most column).

et al. [2019], Muniz et al. [2020]) and theoretically (see e.g. Nagy et al. [2010b], Buca and
Jaksch [2019], Ivanov et al. [2020], Jager et al. [2019]|, Mivehvar et al. [2019], Caballero-
Benitez and Mekhov [2015]).

While experiments on doubled quantum systems prepared in thermofield double states
have recently been performed Zhu and Monroe [2020], hidden TRS also has experimental
consequences in experiments on just a single system. Unlike CQDB, systems with hidden
TRS will not exhibit Onsager time-symmetry of all correlators. However, we show that
there are always a class of special correlation functions that are guaranteed to have this time

symmetry. This provides a direct means for probing hidden TRS (and its possible breaking)

in a variety of experimental platforms.

3.2 Classical detailed balance and conventional quantum detailed

balance

3.2.1 Classical detailed balance

Consider a classical stochastic system with a discrete set of microstates indexed by integers
n, whose Markovian dynamics is fully described by a set of transition rates I'y,—y;,. The
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time-dependent probability p(n,t) for the system to be in a given state n then obeys:

% (n,t) = Zp(m, ) m—n — Zp(n,t)rn%m. (3.1)

We assume that this equation admits a time-independent steady-state probability dis-
tribution p(n). This steady state is said to have detailed balance if there is a balancing of
probability fluxes between any given pair of states and their time-reversed partners. Letting

n denote the time-reversed version of the microstate n, the condition is (see e.g. Gardiner

[2009)):
P(n) T = p(m) L35, (3.2)

This definition generalizes directly to systems with a continuous state space: Eq. (3.1) then
becomes a Fokker-Planck equation, and Eq. (3.2) becomes a constraint on drift and diffusion
matrices (so-called potential conditions). As is well known, these “zero probability flux”
conditions give a direct way to find the steady state distribution. In the discrete case, one
uses the zero-flux condition to iteratively find the probability of each microstate in terms
of the rates. The continuous version of this yields the steady state in terms of a potential
function that is determined by drift and diffusion matrices (see e.g. Gardiner [2009]).

One can equivalently define detailed balance by a time symmetry of correlation functions,
what we term here an Onsager symmetry. Suppose X and Y are arbitrary functions of
the microstate n of our system. Steady state correlation functions can be defined in the
usual manner in terms of conditional probabilities p(m,t|n,0), which can be computed from

Eq. (3.1). For example:

X(6)Y(0) =Y X (m)p(m,t|n,0)Y (n)p(n) (3-3)
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(a) Q (b) @K . Q

Ov@ OvQ QBQ

X(1)Y(0)=Y(1)X(0) Xa)Y(0) = Ya(t)Xp(0)

Figure 3.1: (a) System with discrete microstates, described by a classical master equation.
Detailed balance (Eq. (3.2)) is equivalent to a time-symmetry of stationary correlation func-
tions. (b) Equivalent formulation of classical detailed balance, involving a doubled system
prepared in an initial correlated state given in Eq. (3.6); the auxiliary system B has no
dynamics. The detailed balance condition in (a) is equivalent to requiring a time-symmetry
of doubled-system correlators.

The detailed balance condition of Eq. (3.2) is then equivalent to requiring that the following

symmetry hold for all steady state correlation functions:
XY (0) =Y () X(0). (3.4)
Here, the time-reversed function X is defined as X (n) = X (7).

3.2.2  Doubled-system formulation of classical detailed balance

Consider now an alternate but equivalent formulation of classical detailed balance Duvenhage
and Snyman [2018]. We imagine making a copy of our original system that has exactly the
same set of microstates as the original. This auxiliary system (system B) is completely
static, whereas the original system (system A) retains its transition rates and dynamics,

see Fig. 3.1. To be explicit, the doubled-system is described by a probability distribution
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paB(n 4, np;t) which satisfies the master equation:

d

Zpap(n,n’st) = > pap(m,n'it)o s
m
= pap(n,nit)lnsm. (3.5)
m

We further assume that the doubled system is initially prepared in a correlated state

described by the probability distribution:

paB(n,m;0) = p(n)dy 7, (3.6)

where p(n) is the single-system steady state of interest. Note that the correlations in this
state partner each microstate n in system A with its time-reversed partner 7 in system B.
It is easy to confirm that the marginal probability distribution describing each subsystem
alone (A or B) is time independent and equal to p(n) for system A, and p(n) for system B.
In contrast, the total state of the two systems will evolve non-trivially. The result is that
while quantities involving only each subsystem are completely static, correlations between
the two subsystems will evolve in time.

Given this dynamics and initial state, we now ask whether inter-system correlations at
time t > 0 are invariant if we “exchange” the two subsystems. To be concrete, we consider
two observable quantities X and Y that we could measure on either system A or B; these
are functions of microstates, i.e. X4(n,m) = X(n), Xg(n,m) = X(m). We now define a

doubled-system Onsager time-symmetry by the requirement:

X4)YR(0) = Yu(t)Xp(0), (3.7)

for all possible observables X,Y. We stress that system B is not dynamical.

Superficially, this looks very different from the standard Onsager time-symmetry con-
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straint in Eq. (3.4). We are not exchanging observation times, but rather the subsystem in
which each quantity is measured. There is also no explicit time-reversal operation in this
equation (it is instead hardwired into the initial correlated state). Despite these differences,
one can easily show (see Ref. Duvenhage and Snyman [2018] and Sec. 3.9) that the above
symmetry relation is completely equivalent to standard Onsager time symmetry. While this
formulation thus provides nothing new in the classical context, we will see that it moti-
vates an extremely powerful generalized notion for quantum systems, namely the notion of

a hidden time-reversal symmetry.

3.2.83  Markovian quantum open system. general setting

Onsager-like correlation function time-symmetries can also be considered in the context of
open quantum systems Agarwal [1973|, Carmichael and Walls [1976], Denisov et al. [2002].
For systems well-described by a Lindblad master equation, the dynamics is completely spec-
ified by the Hermitian system Hamiltonian H and a set of jump operators ¢; that describe
the influence of external dissipative reservoirs. Defining I:.,eﬂ' = H— %Zl élTél, our general

Lindblad equation of motion for the system density matrix p(t) is:
M

p=—i(Hop — pHlg) + > ape] = L]p], (3.8)
=1

where we have introduced the Liouvillian superoperator £. Given a particular steady state
of this equation (i.e. a time-independent solution pgs), steady-state correlators between two
system operators Xand Y obey time-translation symmetry and can be calculated from the
master equation (see, e.g., Breuer and Petruccione [2002]). To state this compactly, we first

introduce the adjoint Liouvillian superoperator £, determined by (see e.g. Ref. Gardiner and
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Zoller [2000])

M
LA = i(AlA — AHg) + ¢l Agy. (3.9)
=1

Following the quantum regression theorem Gardiner and Collett [1985], correlation functions

are then computed as
(X(H)V(0)) = T (gt[fq?pss) . & =exp(Lt). (3.10)

Stated explicitly, & is a superoperator generated by exponentiating the superoperator £
times t. & [X' ] is then a standard operator generated by having & act on the operator X ,

e, &[X] = Yoo, ME]

n

We briefly note that while time-independent Lindblad master equations provide an ex-
cellent description of many physical systems and are ubiquitous in many areas of physics,
there are of course more general kinds of open-systems descriptions. For example, if one
is interested in describing driving effects beyond the rotating-wave approximation, one is
often lead to master equations that are explicitly time-dependent (see e.g. Kamleitner and
Shnirman [2011], Ferron et al. [2012], Blattmann et al. [2015], Reimer et al. [2018]). Similar
to previous studies of quantum detailed balance, we will not consider this situation here.
We note that even in a strictly classical context, there is no universally accepted definition
of detailed balance for systems described by explicitly time-dependent master equations.

Standard textbook discussions only discuss detailed balance in the time-independent case

Gardiner [2009].

3.2.4  Conventional quantum detailed balance (CQDB)

As mentioned in the introduction, a variety of definitions of quantum detailed balance have

been formulated for Lindblad Markovian master equations Duvenhage and Snyman [2018],
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Agarwal [1973], Cipriani [1997], Kossakowski et al. [1977]. The simplest and best-known
definition of quantum detailed balance involves the same constraint on correlation functions
that exists in the classical setting Agarwal [1973], Carmichael and Walls [1976]. With this
definition (which we call conventional quantum detailed balance (CQDB)), detailed balance

requires:

(XY (0)) = (YT(t)XT(0)). (3.11)

Here X and Y are arbitrary system operators, and tilde is used to denote the time-reversed
version of an operator, i.e. B = TBT~, where T is the anti-unitary time-reversal operator.
Note that on the RHS of Eq. (3.11), we have Y1(t) = & [Y/T]

Besides being simple to state, the CQDB correlation function symmetry also has a direct
connection to a microscopic symmetry: this correlation function time symmetry necessarily
holds if the microscopic system-bath dynamics has time-reversal symmetry Carmichael and
Walls [1976]. This requires both that the entire system-plus-bath Hamiltonian has time-
reversal, and that the bath state also relaxes to a time-independent state (not just the
system state). This connection to microscopics (and the fact that it involves measurable
correlation functions) has led many to consider CQDB the most natural generalization of
classical detailed balance to quantum systems Denisov et al. [2002]. Note that CQDB is also
referred to as “GNS detailed balance” Carlen and Maas [2017].

3.2.5 CQDB implies a trivial steady state

As has been noted previously Alicki [1976], Fagnola and Umanita [2007], Fagnola and Uman-
ita [2010], the CQDB condition is extremely restrictive: it only holds for systems with steady

states that are diagonal in the energy eigenstate basis (i.e. [H, pss] = 0)!. Such states are

1. The Hamiltonian in a Lindblad master equation is in general not unique. Our condition holds for the
case where jump operators are chosen to be traceless.
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in some sense trivial, as they can be found by solving a classical (Pauli) master equation,
obtained by setting all energy-eigenstate coherences in Eq. (3.8) to zero. The resulting
steady state can thus be interpreted classically: the Hamiltonian plays no role, and steady-
state probabilities are determined by balancing incoherent transition rates between different
eigenstates. A simple proof of this result is presented in Sec. 3.10.

The upshot is that CQDB is found in an extremely limited class of systems, and is not
a useful tool for finding non-trivial quantum steady states; in fact, the presence of CQDB
makes it impossible to have such a state. In Sec. 3.11, we show explicitly that an extremely
simple model of a Rabi-driven dissipative qubit fails to have CQDB (though it will possess

the hidden time-reversal symmetry we introduce in the next section).

3.3 Hidden time-reversal symmetry and generalized detailed

balance

3.3.1 Basic formulation

As we have discussed, the simple CQDB condition of Eq. (3.11) corresponds directly to mi-
croscopic time-reversal symmetry Carmichael and Walls [1976]. We now consider something
more general, the notion of hidden time-reversal symmetry, which we will formulate in a
doubled version of our original system (in rough analogy to the classical construction in Sec.
3.2.2). This unusual symmetry will connect directly to an abstract variant of quantum de-
tailed balance (so called “SQDB-6”) studied in the mathematical physics literature Fagnola
and Umanita [2007]|, Fagnola and Umanita [2010], and which was recently linked to entan-
glement Duvenhage and Snyman [2018]. Our work complements these studies by providing
a direct physical motivation for this definition and connects it explicitly to symmetry. More
importantly, we show that this formulation has great practical utility: it allows us to solve

for non-trivial steady states. This connection was not previously known.
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Our starting point is again the Lindblad master equation of Eq. (3.8) and particular

steady state pgg, which we write in diagonal form as

pos = S palmnl. (312)

Throughout this chapter, we will assume that pgg is full rank, and further, that the p, have
no degeneracies.

We next construct a purification of this state: an entangled pure state |7) of a doubled
version of our system that yields pgg if we trace out the auxiliary system B. We take system
B to have the same Hilbert space as the original system A. To construct |¢p), we first chose
an anti-unitary operator T which will define our hidden time-reversal symmetry. We then
use this choice to construct [¢)7) in a manner that mimics the classical doubled-system state
in Eq. (3.6): we pair each pointer state |n) in the original system with its time-reversed

partner in the auxiliary system. We thus have

or) =3 Vo ma (TIn)s) = 3 Vo nhali)p (3.13)

With this definition, [¢7) is invariant under a gauge change of the pgs eigenkets |n) —
'@ |n). The state [1p7) has the form of a so-called “thermofield double state”; such states
have been studied in many different contexts Takahashi and Umezawa [1996], though usually
without including a time-reversal operation in its definition. We stress that the form of |i7)
is contingent on the choice of T.

We next specify the dynamics of the doubled system: as we did in the classical case, we
take subsystem A to evolve as per the master equation in Eq. (3.8), but take the auxiliary

subsystem B to have no dynamics at all. The dynamics of the joint system thus follows the
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Lindblad master equation:

d

%ﬁAB(t) =[L@1p|pap(t) (3.14)

where £ is our original single-system Liouvillian, and 1 denotes the unit superoperator
acting on subsystem B. Starting the doubled system at ¢t = 0 in the pure state p4p(0) =
|) (Y|, this dynamics leaves the reduced density matrices of each subsystem invariant. It
does not however leave the full joint state p4 g time invariant. The result is that single-system
expectation values are time-independent, but correlations between them can evolve.

We will now use these evolving inter-system correlations to define the notion of a hidden
time reversal symmetry. We define single-subsystem operators in the natural way, i.e. X A=
X ®1, Xp=1® X. Starting in the state |¢op) and evolving as per Eq. (3.14), hidden TRS

holds if all inter-system correlations obey the following symmetry:

Tr [XaVp pap(t)| = Tr [YaXp pan(t) (3.15)

Stated explicitly, the symmetry requires that inter-system correlations at any time ¢t > 0 are
invariant if we exchange which subsystem each quantity is measured in. Note that as system

B has no dynamics, we can equivalently write this condition in the Heisenberg picture.

Defining
(Wr|Xat)Yplor) >0
i = | AT 510
(Ur|Ya(=t)XlYr) t<0
the condition for having hidden TRS condition then becomes
CxyP () = CHP (1) (3.17)

Note that for a general system that does not have hidden TRS, the definition in Eq. (3.16)
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C’;l;];/D(t) be asymmetric, it can even fail to be continuous at ¢t = 0.

implies that not only can
We also stress again that the hidden-TRS condition above is contingent on the choice of
anti-unitary T. As we will see, there exist physical systems where hidden-TRS is in some
sense degenerate: there are a whole family of distinct operators T for which Eq. (3.17) holds.
Despite mirroring the classical doubled-system construction, in the quantum case Eq. (3.17)
gives us something truly new: there are systems that fail to satisfy the Onsager symmetry
condition of Eq. (3.11), but nonetheless satisfy the generalized condition in Eq. (3.17). In
these cases, we describe the particular anti-unitary operator T used to define [vr) as a

hidden time-reversal symmetry. Note that if a system has hidden TRS, the steady state is

invariant under the corresponding time-reversal operation:
TﬁssTil == ﬁss (318)

This follows directly by assuming hidden TRS (i.e. Eq. (3.15)), and taking the choice ¥ = 1.
The only way the remaining condition can hold for all X isif Eq. (3.18) holds.

To gain intuition for the role of entanglement in our formulation of hidden TRS,; it is useful
to express the doubled correlation function in terms of the eigenstates of pgs, c.f. Eq. (3.12).

Using Eq. (3.16), we have

CRHYP (> 0) = /b (n| X (t)[m) (R[] Y |1

= Cy () + CFy (1), (3.19)
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where

Cy(t) =D pu{nl X (@)|n) (A Y]7) (3.20)

CRy (t) = D Voubm(nl X (8)|m)(@|Y [1m). (3.21)
n#m

For times t < 0, Egs. (3.19)-(3.21) are defined analogously to C)T(I;,D(t) itself.

The above separation has a direct physical significance, as it is the second contribution in
Eq. (3.21) that encodes the contribution from quantum entanglement. To see this explicitly,
suppose that we initially had prepared our doubled system in a state that only had classical

correlations (but not entanglement) between systems A and B, i.e.

paB(0) =Y pnln, i)(n, 7. (3.22)

In this case, our entire inter-system correlation functions would be given by Eq. (3.20):

Te [XA(0)V5 pag| = D palnl X (O)n) IV 17)

= Oy (1): (3.23)

We can thus view C§y-(f) in Eq. (3.21) as the extra contribution to the TFD correlator that

stems from having quantum entanglement (as opposed to purely classical correlations).

3.3.2 CQDB as a special case of hidden TRS

At this point, it is natural to ask whether there is any simple relation between our notion of
hidden TRS and conventional CQDB (which we stress is directly connected to microscopic
time-reversal of the complete system-plus-environment Carmichael and Walls [1976]). The
first key result here is that CQDB is a special case of hidden-TRS: any system satisfying
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CQDB automatically has a hidden-TRS, but the converse is not true. Recall from Sec. 3.2.5
that systems satisfying CQDB necessarily have somewhat trivial steady states (in that they
are diagonal in the energy eigenstate basis). In contrast, there are many systems with have
hidden TRS but not CQDB, and have steady states with non-zero coherences between energy
eigenstates. This is a crucial result: hidden TRS does not preclude having a non-trivial
steady state.

To understand the origin of the above result, it is useful to introduce an effective dimen-
sionless Hermitian Hamiltonian defined by the steady-state density matrix pgg, the so-called

modular Hamiltonian:
H, = —log pss. (3.24)

Any system possessing CQDB has an extremely tight constraint on its dynamics Bratteli
and Haagerup [1978]: dynamical evolution generated by the full Liouvillian £ must commute
with evolution generated by H p (i.e. by the unitary e‘iﬁpt). This symmetry allows one to
demonstrate that CQDB is a special case of hidden TRS, using the same methods introduced
to study a class of generalized QDB conditions in Refs. Fagnola and Umanita [2007], Fagnola
and Umanita [2010]. In Section 3.13, we give a non-technical proof of this result: for any
system with modular symmetry, CQDB and hidden TRS are equivalent Fagnola and Umanita
[2007|, and thus CQDB implies hidden TRS.

The second key result connecting hidden TRS and CQDB involves the limit of vanishing
incoherent dynamics. Consider a system that possesses hidden-TRS even as the strength of
the incoherent dynamics is tuned to zero (i.e. replace the jump operators ¢; — A¢; in the
master equation, and let A — 0). In such systems, hidden TRS reduces to CQDB in the
limit of vanishing dissipation. Hence, while in many cases finite dissipation destroys CQDB,

hidden TRS can continue to be a symmetry.

This result can also be understood using the modular Hamiltonian. In the limit of van-
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ishing dissipation, the full dynamics is completely generated by the Hermitian Hamiltonian

H,ie.

L[p) ~ —ilH, p]. (3.25)

Further, in this limit the steady state pss must commute with H in order to be stationary.
These two facts then necessarily imply that in this asymptotic zero dissipation limit, the full
Liouvillian commutes with the modular Hamiltonian. As discussed above, this then implies
that our system has CQDB in the zero-dissipation limit. This proves the desired result:
systems with hidden TRS always recover CQDB in the weak dissipation limit. At a more
physical level, systems with hidden TRS do not necessarily have (single system) correlation
functions that are time-symmetric. However, the lack of time-symmetry vanishes in the

zero-dissipation limit.

3.3.8 Hidden TRS has observable consequences for a single system

Hidden TRS might initially seem to be experimentally irrelevant in most settings, as it is
defined in terms of TFD correlators (c.f. Eq. (3.16)) that require one to prepare two copies
of the system of interest in an initial entangled state. This is usually extremely challenging
(though see the recent trapped ion experiment in Ref. Zhu and Monroe [2020]). Formally, one
could define this correlator as a single-system quantity involving a state-dependent observable.

We first introduce a superoperator 7 which acts on single-system operators:

JI(X]alvr) = Xpler) (3.26)

93



J is well-defined and unique when pg; is full-rank, and is given by the explicit formula (see

Sec. 3.12)

5 ~1/2 ot —1/2
JX] = Pss/ XTpSS / . (3.27)
The TED correlator in Eq. (3.16) can then be written as a single system correlator, e.g. for

t>0:
CRP(0) = (XTI = tr (X(D)T[V]ps) (328)

Using this correspondence, the defining symmetry condition of hidden TRS in Eq. (3.17) can

be written in a manner that only involves a single system:
tr (X(OTV]pss) = tr (V)T [Xpss ) (3.29)

The above condition is formally equivalent to one of the many generalized quantum detailed
balance conditions discussed in Ref. Fagnola and Umanita [2007], Fagnola and Umanita
[2010] (so-called SQDB-0). It is also referred to as “KMS detailed balance” Carlen and Maas
2017].

In general, the symmetry condition in Eq. (3.29) is not helpful as an experimental tool, as
it involves an operator whose very form depends on the system state pgg, i.e. it is nonlinear
in pgs. This is reminiscent of the problem of measuring Renyi entropies Ekert et al. [2002],
Islam et al. [2015], Kaufman et al. [2016]. Remarkably, all hope is not lost. As we will show
in Sec. 3.5, systems with hidden TRS are guaranteed to have their effective Hamiltonian [:Ieﬂr
and jump operators ¢, transform very simply under the action of 7. For correlation functions
involving these operators, Eq. (3.29) becomes a standard (and often simple) single-system

correlator.
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We thus have a key result that makes it possible to directly and simply test for hidden
TRS in experiment: hidden TRS implies that only a certain restricted class of correlation
functions (directly identifiable from the master equation) are guaranteed to have Onsager

time-symmetry.

3.83.4  Example: Hidden TRS in dissipative Rabi-driven qubit

We show in Sec. 3.11 that a simple Rabi-driven qubit with loss fails to respect CQDB: its
correlation functions do not exhibit Onsager time-symmetry, regardless of how one tries to
define time-reversal. Here we show that this system nonetheless possesses a hidden TRS.
Working in the rotating frame set by the drive, and making a rotating wave approximation,

the master equation has the form of Eq. (3.8) with M =1 and

H= A6, + %&m, é1 = K6_. (3.30)
For simplicity, we consider the resonant-driving case A = 0 in what follows.

This system has a unique steady state, and corresponding thermofield doubled states
can be constructed according to Eq. (3.13). This construction depends on the choice of the
hidden TRS operator T ; as discussed in Sec. 3.11, the requirement that the steady state be
TRS invariant (c.f. Eq. (3.18)) constrains 7' to the form:

7o | Snle/2) (1 — 2ib63) +icos(v/2)6. | K, (3.31)

VA4b? + 1

where b = Q/k, K, is the complex conjugation operator acting in the ¢, basis, and v is at
this stage an arbitrary real parameter.

To determine whether our system has hidden-TRS, we must find a T such that Eq. (3.17)
holds (i.e. intra-system TFD correlators have a time symmetry). We thus compute TFD cor-
relators between different pairs of Pauli operators. Here we will consider only the correlation
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function CgZFD(t), and we leave the other two correlation functions to Sec. 3.15.
Using Eq. (3.19) we can decompose this into the classical correlation Cf/lz(t) and the
entanglement correction Cy2(t) as: CyTZFD(t) = C’g(jlz(t) + Cy2(t). The classical correlation is

independent of 1, and its time asymmetry is nonzero irrespective of how T is chosen:

320° sin (%mﬁ) e_%”t
(262 +1)(4b2 +1)

Cob(t) — Cb(—1) = (332)
Here, o = V/16b% — 1. We thus see that were we to neglect the entanglement correction, the

system could never have hidden TRS.

Now, we look at the time asymmetry of the entanglement correction, which is dependent

on -
3
_32b5 sin (%Ht) e 1kt

Cya(t) — iz (—t) = a(20? + 1)(42 + 1)

cos 1. (3.33)

Comparing Eqgs. (3.32) and (3.33), we see that for the TRS with ¢ = 7, the entanglement
correction to CgZFD(t) modifies the classical correlation in just the right way to cancel the
net time asymmetry. We see just how stark the effect is in Fig. 3.2 which compares the full
TFD correlation function with the classical correlation terms for b = 1 at the TRS ¢ = 7.
For reference, the single qubit correlation function Cy () for b = 1 at ¢» = 7 is also included.
This result shows the importance of the entanglement correction to restoring a notion of
detailed balance to the Rabi-driven qubit and highlights the fact that the notion of hidden
TRS has a distinctly quantum nature.

From the above, we conclude that our model does have a unique hidden TRS, described
by the anti-unitary operator T h

. 1
T

In Sec. 3.15 we confirm that the remaining two correlation functions are time symmetric for
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this TRS.

It is interesting to consider the form of T}, in various limits. For weak Rabi driving
(ie. b — 0), Eq. (3.34) reduces to T}, = K. In this limit the qubit system in fact satisfies
SDQB with 7 = K, (i.e. all correlation functions have standard Onsager time-symmetry).
In the strong drive limit b > 1, T h— —i6. K. Up to a phase, this just complex conjugation
in the &y basis. To make sense of this, consider the steady state Eq. (3.117) in this limit. To
first order in small b~! < 1, the steady state reduces to fgs = % + b—;@. The form of the
hidden-TRS operator in this limit thus directly reflects the eigenvectors of pgs. Furthermore,
one can show that for any b, the hidden TRS Ti j, corresponds to complex conjugation in the

steady state eigenbasis.

3.4 Hidden time reversal symmetry and dynamical constraints

We have now introduced our notion of hidden TRS (c.f. Egs. (3.15), (3.17)), and demon-
strated that this symmetry can hold even when the more standard CQDB symmetry is
broken. It still however may seem that hidden-TRS is nothing more than a formal curios-
ity. We show here that this is not the case: hidden-TRS is a symmetry that has direct
operational utility in helping us understand complex phenomena, as it enables the exact
solution of steady-states of non-trivial systems. In particular, it is the symmetry condition

that enables the surprising but powerful coherent quantum absorber method introduced in

Ref. Stannigel et al. [2012b] and extended in Ref. Roberts and Clerk [2020].

3.4.1 Equivalent subsystem dynamics and hidden TRS as a self-dual

condition

We start by demonstrating that the hidden TRS condition can also expressed as a kind of

dynamical equivalence between the two subsystems in our TFD state. Consider a general
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system and a TFD state which does not necessarily satisfy the hidden TRS condition of
Eq. (3.17). We stress that the TFD state is defined completely by the steady state of
interest pgs and choice of anti-unitary T. We will take pss to be full rank in what follows,

and will consider intra-system correlations in this TFD state as defining a bilinear form:

(X, V)7 = (| XaVBlvr). (3.35)

where X, Y denote arbitrary single-system operators. This bilinear form can then be used

to define the dual £* of any given single-system superoperator £ via

A~

(EX],Y))7 = (X, YT (3.36)

Of particular interest is the case where £ is the adjoint evolution operator & = exp|Lt]
defined in Eq. (3.10) in terms of the adjoint Liouvillian £ (c.f. Eq. (3.9)). The LHS of
Eq. (3.36) then describes the correlation of a subsystem-A operator at time ¢ and a subsystem
B operator at time zero. In this case, the dual ()" has a direct physical interpretation: it
represents an alternate and equivalent time evolution of subsystem B that would result in the
same inter-system correlation. This dual time evolution can be written as (£)* = exp [£*t].
Thus, for a given subsystem-A dynamics £, we have a corresponding “mirrored” dynamics £*
for subsystem-B, defined by the constraint that it yield identical inter-system correlations,

i.e.

<<exp [Lt] X)A SA/B>T = <XA (exp [L*t] Y>B>T (3.37)

These notions now give an extremely transparent way to rephrase the hidden-time reversal

condition of Eq. (3.17): the original system-A dynamics and its mirrored version must be
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identical, that is L is self-dual,

L =L. (3.38)

To see this, note first that if a system satisfies the hidden TRS condition of Eq. (3.17), then
the bilnear form in Eq. (3.35) must be symmetric, i.e. ((X,Y))7 = (Y, X)) this follows
from the ¢ = 0 limit of Eq. (3.17). This in turn implies that the steady state psg of the original
master equation must be invariant under our hidden time-reversal operator T (i.e. consider
the case Y = i). Combining these two conditions lets us express the hidden-TRS condition

of Eq. (3.17) as:

(Wr|Xa)YB(0)[Yr) = (V1| Xa(0)YB(1)[4r). (3.39)

where for either subsystem, O(t) = 8,5[@]. This now looks more like a standard Onsager-
type correlation function symmetry, except that the two operators are measured on different
subsystems. Finally, comparing this equation against Eq. (3.36) directly yields the self-

duality condition in Eq. (3.38) 2.

3.4.2 Hidden TRS as a symmetry of the Liouvillian

We now show that the hidden TRS condition can be viewed as a dynamical symmetry
that directly constrains the system’s adjoint Liouvillian £. To do this, we step back and
consider a general system and T, such that hidden TRS is not necessarily satisfied. We then
explicitly construct the dual Liouvillian £* that generates the mirrored-system dynamics, by
considering each term in Eq. (3.9). Our construction will explicitly make use of the exchange
superoperator J introduced in Eqgs. (3.26) and (3.27); recall that this superoperator lets us

convert subsystem-A into corresponding subsystem-B operators (and vice-versa) such that

2. Note that we are implicitly using the fact that our bilinear form is non-degenerate (as pgs is full rank),
something which guarantees the uniqueness of the dual.
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TFD expectation values are preserved.
The exchange superoperator allows us to efficiently express the desired dual of the ad-
joint Liouvillian £. This is done using the following relations, that follow directly from the

definition of J in Eq. (3.26):

(XO.Y))1 = (X,YTOI)T" (3.40)

(01X V)7 = (X, J10I'Y) - (3.41)
We can thus obtain an explicit expression for the desired dual £* as

E*[A] = i(j[Heff]TA - AJ[Heff])

+3 Tl AT (). (3.42)
l

Recall ﬁeﬁ is the effective non-Hermitian Hamiltonian, and ¢; the jump operators in our
original Lindblad master equation Eq. (3.8). We thus see that the properties of the system-
B “mirrored dynamics” are encoded in the exchange superoperator 7.

We now ask what constraints ensue when we insist that the hidden TRS condition
holds, and hence £L* = L. For two Liouvillians (each defined with traceless jump oper-
ators) to be equivalent, the effective Hamiltonians for each must be identical (up to an
additive real constant), and the jump operators related by a unitary mixing matrix (see e.g.
Ref. Parthasarathy [1992]).

Hence, insisting that our system has hidden TRS leads to the following constraint equa-

tions:
M
JHetl = Hg + E. Jle)=> Upéy, U>=1 (3.43)
k=1

E is a real number, and Uy, is a M x M unitary matrix. The last constraint on U (i.e. that
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it is involutory) follows from the fact that if hidden TRS holds, then the steady state is itself
invariant under 7' (c.f. Eq. (3.18)). This resulting additional symmetry of the TFD state
then implies (via Eq. (3.26)) that two exchanges yield the identify superoperator: J2 = 1.
This immediately constrains the unitary matrix U, to have purely real eigenvalues 3,

Egs. (3.43) represent necessary and sufficient conditions for our system to have a hidden
TRS. They are however somewhat unwieldy, as they directly involve the exchange superop-
erator, which is itself a function of 7" and the steady state pss. We can eliminate the explicit
appearance of J by using the fact that since pgs is full rank, the TFD state is separating
(see e.g. Bratteli and Robinson [1997]): if two subsystem-A operators have the same action

on the TFD state, then they must be identical operators. Stated explicitly:
(Xalw) = Yalw)) & (X =7). (3.44)

Using this, we can eliminate J from each equation in Eqs. (3.43) by taking each side of
each equation to be a system-A operator, and applying it to the TFD state |¢7). Using the
definition of the exchange operator on the resulting state, this gives us an equivalent but

more useful set of constraint equations:

He g [U1) = (Hor 4 + E) [U7) (3.45)
M

Gplor) =) Ukéra | lvr) (3.46)
k=1

vl=vut=1 (3.47)

Eqgs. (3.45)-(3.47) are the main result of this subsection: they express the existence of a

3. Note that the condition in Eq. (3.43) on the jump operators implies the exchange superoperator acts
as a unitary on the subspace spanned by the Lindblad operators ¢;. Since J squares to one, the unitary
operation in Eq. (3.43), which is the restriction of J to the subspace spanned by the Lindblad operators ¢;,
also squares to one. It follows that its eigenvalues can only be 1 or —1.
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hidden TRS symmetry directly as a constraint on the Hamiltonian and jump operators that
define our open system dynamics. Heuristically, these conditions imply that the action of
Heﬁ and the jump operators are “almost” the same whether they act on subsystem A or
B. Hidden TRS requires that these equations must hold for some pure state [¢)p) of the
doubled system, some constant £ and some involutory M x M unitary matrix U. One can
view this as a generalization of the classical detailed balance condition in Eq. (3.2). While
the classical condition only involves transition rates, our quantum conditions above constrain
both the incoherent dynamics generated by the ¢; operators, as well as the coherent system
Hamiltonian H.

We stress that the above equations are equivalent to those derived in Ref. Fagnola and
Umanita [2007|] when considering the abstract “SQDB-6" version of quantum detailed bal-
ance. By phrasing these conditions directly in terms of the thermofield double state, we will
be able to directly exploit them as a means for efficiently finding unknown steady states
(something that was not considered previously).

Finally, we note that Eq. (3.45) - Eq. (3.46) tells us that if hidden-TRS holds, the action of
the exchange superoperator is extremely simple when acting on ffeﬁc or the jump operators
¢;. This means that doubled-system TFD correlation functions involving these operators
can be directly converted to single-system correlation functions. As discussed extensively in
Sec. 3.3.3, this gives a direct means for experimentally testing for hidden-TRS in a single

system: hidden-TRS ensures that a certain reduced class of correlation functions will obey

Onsager-like time symmetry (c.f. Eq. (3.29)).
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3.5 Hidden TRS as a route to exact solutions

3.5.1 Basic idea

Classical detailed balance has a profound operational utility: it provides an extremely effi-
cient method for finding the steady state of a given dynamical model (i.e. so called potential
solutions of Fokker-Planck equations Gardiner [2009]). It is thus natural to ask whether
something similar is possible using our notion of hidden TRS. If a system satisfies this sym-
metry, does this directly provide a method for solving for the steady state? As we now show,
the answer is a resounding yes. The existence of hidden TRS places a strong constraint on
the form of our dynamics via Eqs. (3.45) - (3.47). These equations also provide an efficient
method for finding an unknown steady state. To see this, we change perspective, and view
|t7) in these equations as an unknown pure state of a doubled version of the original sys-
tem. The goal is then to find a pure state |i)7), constant £, and unitary matrix U such
that Eqgs. (3.45) - (3.47) are satisfied. If we are able to do this, then as we will show, our
system has hidden TRS, and the desired system-A steady state pgs is obtained by tracing
out system-B from [i¢p). Conversely, if we cannot do this, then our system does not have
hidden TRS, and there is no generic simple route to finding the steady state.

We stress that the above procedure for finding the steady state is simpler than a direct
brute-force approach. Suppose our original system has a Hilbert space dimension d. Without
assuming hidden TRS, solving for the steady state of Eq. (3.8) reduces to the problem
of solving for the null space of a matrix with dimensions d? x d2. Without additional
assumptions, this matrix does not have any obvious sparseness properties. In contrast, with
the assumption of hidden TRS, we need to solve Eqs. (3.45) and (3.46). Each of these
M + 1 equations also involves a d? x d? matrix. However, each of these matrices has a
simplified structure as there are no terms corresponding to an interaction between the two

subsystems. As a result, there can be at most O[dg] non-zero matrix elements. In addition,
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our constraint equations decouple the effective Hamiltonian physics (Eq. (3.45)) from the
incoherent “jump” physics (Eq. (3.46)). This effective non-interacting property provides a

considerable simplification, as we will exploit more fully in the next section.

3.5.2  Connection to perfect quantum absorbers

As we show below, the presence of hidden TRS guarantees that we can construct a simple
mirrored system that perfectly absorbs everything emitted by the main system into its en-
vironment. Such absorbing systems have been studied previously as a method for deriving
exact solutions of certain Lindblad master equations Stannigel et al. [2012b], Roberts and
Clerk [2020]. Our discussion here will provide a generalization of this “coherent quantum
absorber” method to systems with multiple jump operators, and also show that its success

is indeed intimately connected to hidden time-reversal symmetry.

To establish this connection, we again consider a general system described by the master
equation Eq. (3.8) with a steady state pgs. We also construct a doubled system as in Sec. 3.3.1
with a TFD state given by Eq. (3.13). To start, we do not assume that the system has
hidden TRS. As discussed in Sec. 3.4, for a given subsystem A dynamics (generated by L),
we can always construct a corresponding “mirrored” dynamics on subsystem B (generated by
L£*), such that either evolution generates the same time-dependent inter-system correlations,
c.f. Eq. (3.37).

Somewhat remarkably, this mirrored dynamics is also ezactly what is needed make
subsystem-B a “perfect absorber” of energy and information emitted by subsystem-A into

its environment (Fig. 3.3). This can be established by using the exchange superoperator J

introduced in Eq. (3.26), which converts the action of a subsystem-A operator acting on the
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TFD state to a subsystem-B operator (and vice-versa). From the definition of J we have:

Heg 4 lt7) = T Hegt] g |¥7) (3.48)

aalvr) = JlelB 1Y) (3.49)

where lf]eﬂr is the effective Hamiltonian in our master equation, and ¢; are the jump operators.

As shown in Sec. 3.16, these equations can be re-written as:

Haplvr) =0, (Jlalp —éa)lvr) =0. (3.50)

Here, the Hermitian Hamiltonian H AR describes an interaction between the two subsystems

in our doubled system:

M
~ ~ N ) . .
Hpop=Hp—Hp - 3 > ;[,AJ[CZ]B — h.c.) (3.51)
=1
with
A = Re [j[ﬁeﬁ]] . H=Re [ﬁeﬁ} (3.52)

We denote the Hermitian part of an operator A as Re[A]. Note that H is nothing but the
Hermitian Hamiltonian in our original master equation.

Eq. (3.50) has an extremely suggestive form: it tells us that [i)7) is necessarily a zero-
energy eigenstate of a Hermitian Hamiltonian describing a doubled system with an inter-
system coupling, and that it is also annihilated by particular combinations of jump operators.
Together, these conditions imply that |i)7) is a zero energy pure-state, steady-state of the
cascaded doubled system sketched in Fig. 3.3c. In this cascaded system Gardiner [1993],

Carmichael [1993], there is an independent chiral (directional) waveguide associated with
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each jump operator ¢; in our original master equation. These channels mediate a directional
coupling between systems A and B, with B downstream from A. Using the standard theory
of cascaded quantum systems Gardiner [1993|, Gardiner and Zoller [2000]|, the full master

equation for this system is:

M
Opap = —i[Hap, paB] + ZD[éZ,A —JalB|paB- (3.53)
=1

Here f 4 is the density matrix of the doubled system, and D[2]p = 2p2T — {472, p} /2 is the
standard Lindblad dissipation operator. One can easily verify that if [¢)7) satisfies Eq. (3.50),
then it is a steady state of Eq. (3.53).

We thus have established the desired connection: the same formal construction that
gives us a correlation-conserving mirrored dynamics on subsystem-B also tells us the precise
dynamics that is needed for subsystem-B to be a perfect absorber for subsystem-A. We
stress that for each possible choice of candidate time-reversal operator T, we have a different
TFD state, a different mirrored-dynamics (i.e. Hamiltonian H', jump operators J [¢1]), and

hence a different possible coherent quantum absorber.

3.5.8 Hidden TRS and simple absorbing dynamics

The cascaded master equation in Eq. (3.53) in principle provides a route for finding the steady
state of the physical system A. If one could find the steady state of this master equation,
then tracing out system B necessarily yields a steady state of the original single-system
master equation. One could simplify this procedure by trying to find a pure state solution
to Eq. (3.53). Of course, there is an obvious problem to this approach: the construction of
Eq. (3.53) is contingent on already knowing the steady state psg, as this is needed to construct
the exchange superoperator 7.

Things simplify considerably though in the case where our system possesses a hidden
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TRS. In this case, we can use Eqgs. (3.45)-(3.47) to dramatically simplify the cascaded master

equation for our system. The system-B jump operators and Hamiltonian are then given by
A M

T = [ di=3" Upném | . Re [j[Heﬂ]} S H+E (3.54)
m=1

for some involutory unitary M x M matrix U and real constant £, and the Hamiltonian of

the coupled system becomes

. M
Hap=Hy—H —%Z(ézr’AcZLB—h.c.), (3.55)
=1
where F is now implicitly absorbed into an energy-shift of the dark state.

We can now view this as a method for finding an unknown steady state of our original
system-A master equation in Eq. (3.8). If we assume the existence of hidden TRS, finding
this steady state is equivalent to finding a involutory M x M unitary matrix U and energy F,
such that the cascaded master equation in Eq. (3.53) (with the simplifications of Eqs. (3.54)
and (3.55)) yields a pure-state, steady state. This pure state then gives us the desired
system-A steady state by just tracing over system B.

The technique detailed above is a generalized version of the CQA exact solution method
introduced in Ref. Stannigel et al. [2012b| for solving master equations with a single jump
operator. Our extension to systems with multiple jump operators involves a new object, the
involutory unitary matrix U. We have shown that this solution technique is thus intimately
connected to the notion of a hidden TRS, and thus to the generalized SQDB-0 quantum
detailed balance conditions introduced earlier on purely formal grounds Fagnola and Umanita
[2007], Fagnola and Umanita [2010]. As far as we know, this is the first example of this notion

of quantum detailed balance having an operational utility.

107



3.6 Hidden-TRS in nonlinear driven-dissipative quantum cavities

At this stage, we have established the basic notion of hidden TRS. This symmetry can hold
even if the more conventional CQDB condition (Sec. 3.2.4) is broken. Moreover, it directly
enables a simple but powerful method for finding non-trivial steady states (Sec. 3.5). We
have illustrated these ideas by explicitly considering hidden TRS in a model of a dissipative
Rabi-driven qubit (see Sec. 3.11 and 3.3.4). In this section, we turn to a more complex class
of models. These describe a bosonic mode (canonical annihilation operator a) with a Kerr
or Hubbard-U type interaction, subject to both one and two particle coherent driving, as
well as one and two-particle losses. The system is described by a Lindblad master equation

Eq. (3.8) with a coherent Hamiltonian:

A

K
H= Tﬁa*&a +Adta (3.56)

A
+ (Aleﬁ + 72&%* + h.c.)
and with jump operators

61 = /R4, ¢9 = \/Raa’ (3.57)

This model describes a dissipative cavity mode driven both with linear and parametric drives
that have commensurate frequencies (working within rotating-wave approximations, and in
a rotating frame that eliminates the time dependence of the drives). It is a ubiquitous
system, having both been studied extensively in quantum optics, and more recently in the
field of superconducting quantum circuits as a route to error-corrected quantum memories
Mirrahimi et al. [2014b]|, Leghtas et al. [2015b], Wang et al. [2016], Puri et al. [2017], Grimm
et al. [2020].

It is well known that the steady state of this class of systems can be found analytically
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using quantum-optical phase space methods Drummond and Gardiner [1980], Wolinsky and
Carmichael [1988al, Bartolo et al. [2016]; more recent work has shown that these exact
solutions can be derived more directly (and even extended) using the coherent quantum
absorber method (CQA) Stannigel et al. [2012b], Roberts and Clerk [2020]. An underlying
explanation however for why these models are solvable has been lacking. We now have
such an explanation: this class of models possess hidden-TRS, which directly leads to their
solvability.

In what follows, we discuss the nature of hidden-TRS in these systems, showing that
hidden-TRS is present even though (generically) CQDB does not hold. Crucially, we show
that the presence of hidden-TRS has observable consequences even in experiments on a
single system: while generic correlation functions do not exhibit a time-symmetry, there is
a special class of correlators that do. In Sec. 3.8, we will show how hidden-TRS directly
enables the required symmetry exploited in the complex-P function phase space methods
that were first used to solve these systems Drummond and Gardiner [1980], Wolinsky and
Carmichael [1988a].

3.6.1 Multiple non-trivial hidden-TRS symmetries

We start by noting that our general driven-dissipative resonator problem does not satisfy
CQDB, and thus its correlation functions do not all exhibit a simple time-symmetry. An
example of such a lack of correlation function symmetry is shown in Fig. 3.5. More generally,
as discussed in Sec. 3.2.5, CQDB can only hold if the system’s steady state commutes with
H. This condition is violated except in the vanishing dissipation limit k1, kg — 0.
Despite the lack of CQDB, these systems always possess hidden-TRS, which explains their
solvability. The specific nature however of the symmetry operator (or operators) depends on
the particular version of the model. Consider first the most common case, where there is no

two-photon loss, k9 = 0. To determine whether our system has hidden-TRS, we consider a
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doubled two-cavity system and a two-cavity state |¢p). The question is whether this state
could represent a TFD state constructed using an anti-unitary operator T which describes

a hidden-TRS (c.f. Eq. (3.13)). From Egs. (3.45)-(3.47), such a state must satisfy:

alr) = ublyr) (3.58)

Hegr AlUr) = (Hogt. g + E)|7) (3.59)

for some real energy E and constant u = +1. Here (as always) Hog = H — irqala/2 is
the effective non-Hermitian Hamiltonian in our master equation. If we can find a two-cavity
state |1p) satisfying the above equations, then we are guaranteed both to have hidden TRS,
and to be able to solve for our system using the CQA method of Sec. 3.5.

If we have a non-zero single-photon drive A1, one can only solve Egs. (3.58)-(3.59) if u = 1
and E = 0. With these choices, there is a unique solution for the two-cavity state |¢p). This
was explicitly found and expressed as a confluent hypergeometric function in Ref. Roberts
and Clerk [2020], which demonstrated that this model can be solved using CQA. Hence, the
system has a unique hidden-TRS operator T in this case. As we will see in the next section,
this gives us more than just a way to understand the solvability of the model: it also directly
lets us predict a surprising correlation function symmetry.

It is also interesting to consider the special case where there is no single-photon drive,
A1 — 0. Because of the single photon loss, the system still has a unique steady state.
However, there are now two distinct hidden-TRS symmetries Ti, each corresponding to

distinct TFD states |77/)%>

7)) = Paln)aTw|n)p. (3.60)

We stress that both these states each yield the same pgs when the auxiliary second cavity

is traced out. Formally, the two TFD states (and corresponding Ti) are found by solving
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Egs. (3.58)-(3.59) for E = 0,u = 1 and E = 0,u = —1. The explicit states can be found
analytically in terms of Bessel functions Roberts and Clerk [2020].

We thus have our first example of a physical system with multiple, distinct hidden TRS
symmetries; other examples are listed in Table 3.1. Using the explicit forms of the TFD
states, we can explicitly compute the action of the hidden TRS symmetry operators T+ and
T_. In general, their action is highly non-trivial (as can be seen in Fig. 3.4, where we show
their action in phase space on an initial coherent state).

In the limit of vanishing nonlinearity K — 0, the hidden-TRS operators T, take a simple
form. In this case, the two TFD states limit to simple two-mode squeezed states:

22 (4t +5h)2

) ~ e

0,0), 3.61
o 0,0) (3.61)

where Aog = A + ik1/2 and |0,0) is the two-cavity vacuum state. Expanding out the
exponential allows us to pick out the corresponding hidden time-reversal operators, which
correspond to simple phase-space reflections about the axes § = +arg(Ay/Aqg) in phase

space:

Ty ~ efﬂg(ﬂEAQ/Aeﬁ‘)fﬁ&f(7 (3.62)

K—0
where here, K denotes complex-conjugation in the Fock basis. For non-zero Kerr, the cor-
responding time-reversal operations become highly nontrivial and non-Gaussian, and must
be extracted via a numerical Schmidt decomposition. In Fig. 3.4, we show the action of Ty

for both K = 5 x 10~ %k (weak nonlinearity) and K = 1 (strong nonlinearity).

3.0.2  FExperimental consequences of hidden-TRS

Our finding that driven-dissipative nonlinear cavities possess a hidden-TRS does more than
simply explain why these systems are exactly solvable: it also lets us predict observable phe-
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nomena that are accessible in a standard single-system experiment. Recall our discussion in
Sec. 3.3.3: while hidden-TRS (by definition) guarantees a symmetry of doubled-system TFD
correlation functions, for certain operators, this directly implies time-symmetry of standard,
single-system correlators. In particular, these special operators are ones that transform sim-
ply under the exchange operator J. By virtue of Egs. (3.45)-(3.47), the effective Hamiltonian
ﬁeﬁ and jump operators ¢;, are guaranteed to be such special operators.

As a specific example, consider the following steady-state, single-system correlation func-

tion:

)= B (3.63)

If we set k9 = 0, Eqgs. (3.45)-(3.47) ensure that J[a] = £a. From the definition of the ex-
change operator, it follows that J[a"™] = (—1)™a". As a result, hidden-TRS guarantees (via
Eq. (3.29)) the above correlator has an Onsager-like time symmetry: C3 ,(t) = Cy3 ,(—t).
We stress that this correlation function symmetry is special: unlike the case with CQDB,
most correlation functions will not exhibit any time-symmetry. This behavior is shown ex-
plicitly in Fig. 3.5, where we contrast the correlator C'3 () (time-symmetric) with a more
generic correlator involving quadrature operators X = (a + al)/v2, P = —i(a — al)/v/2.
Hidden-TRS does not enforce any special symmetry of this latter correlator; hence, as ex-
pected, it is manifestly not symmetric in time. We stress that even though J[a?] is simple,
this does not imply that J[ala] is simple.

We thus have a clear experimental test for confirming the existence of hidden-TRS in

this class of systems.
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3.7 Breaking of hidden-TRS by thermal fluctuations and

interactions

We have now demonstrated that hidden-TRS holds in two very different zero-temperature
dissipative models: a Rabi-driven qubit with loss (Sec. 3.3.4), and a driven nonlinear cavity
with one and possibly two photon loss processes (Sec. 3.6). Within the setting of our Lindblad
master equations, zero temperature corresponds to only having dissipators that remove (and
not add) excitations.

The natural next question is to ask what happens to hidden-TRS if we introduce a non-
zero temperature to the above systems. This corresponds to adding dissipative processes
that can add excitations. We show that in a generic setting where there is both coherent
(Hamiltonian) driving as well as nonlinearity, introducing such thermal dissipators can break
hidden-TRS. The only exceptions to this are the case of no driving (where the system is
effectively classical), or the case of no nonlinearity (where the steady state is Gaussian). Our
results here suggest that for a generic nonlinear driven-dissipative system, hidden-TRS is a
symmetry associated with vacuum fluctuations, and hence only emerges as one approaches
the zero-temperature limit.

Our work here is inspired by and complements seminal studies from Dykman and co-
workers of related phenomena in driven nonlinear oscillators Dykman and Krivoglaz [1979],
Dykman and Smelyanskii [1988|, Marthaler and Dykman [2006], Dykman [2012]|, Guo et al.
[2013], Guo [2013], Zhang and Dykman [2019]. These works studied the basic nonlinear
resonator model of Egs. (3.56)-(3.57) in the limit of weak dissipation, where the quantum
master equation can be reduced to a simpler Pauli master equation (i.e. one can drop off-
diagonal elements of the density matrix in the energy eigenstate basis). The resulting classical
master equation was found to satisfy the classical detailed balance condition of Eq. (3.2) at
zero-temperature; in a semiclassical limit, this could be shown analytically. Further, it was

shown that this classical detailed balance failed to hold at non-zero temperatures, and that in
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the semiclassical limit, the corresponding transition temperature became exponentially small.
Our work extends these results: by formulating detailed balance in completely quantum
manner using hidden TRS, we are not limited to weak-damping or semiclassical regimes. We
also discuss how the breaking of hidden-TRS by thermal fluctuations is contingent on having
driving and nonlinearity; without both these ingredients, there is no symmetry breaking.
Finally, we discuss how this symmetry breaking could be directly probed in experiment by

measuring the time-symmetry of correlation functions.

3.7.1 Rabi-driven qubit subject to thermal dissipation

A driven-dissipative qubit is a simple example to illustrate the breaking of hidden TRS due to
thermal fluctuations. While this model has hidden-TRS at zero temperature (c.f. Sec. 3.3.4),
this symmetry is broken in the presence of both coherent driving and thermal fluctuations.
We consider a Rabi driven qubit in the standard weak-coupling, rotating-wave limit. The
master equation is of the form Eq. (3.8) but now with M = 2 and

H=ANA6,+

Ux>

1 = \/Ii(l + T_Lth)é'_, Co = /KNt 0+ (3.64)

Here (2 is the amplitude of the Rabi drive, and A = wg, — wq, is the drive detuning,
L.e. the difference between the qubit splitting frequency wgy, and the drive frequency wyy.
The dissipation here describes T7 relaxation of the qubit due to a transverse coupling to
a thermal bath. The coupling rate to this bath is «, and 7}, represents the bath thermal
occupancy at the qubit frequency: ngy, = (exp(wyp/T) — 1)~1 where T is the temperature of
the bath. This master equation is widely used to describe driven two-level systems both in

a variety of atomic, quantum optical and quantum information settings.
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Thermal dissipation with no drive

In the absence of a Rabi drive (i.e. = 0), the unique steady state of our master equation

has the thermal equilibrium form:

1+T_lth

o 19l + Ty (). (3.65)

where |g) , |e) denote 6, eigenstates. This steady state commutes with A, and it is easy to

confirm that the system has CQDB. Due to the lack of coherences, the problem is analogous

to a classical two-state system; hence, the presence of detailed balance is not surprising.
Formally, the system still possesses a set of hidden-TRS symmetries; this symmetry is

however not unique. There is a one parameter family of hidden TRS operators
T = (¢"]e) (el + lg) (g K. (3.66)

For each 1 there is a corresponding U matrix (c.f. Eq. (3.43))
Uy = (3.67)

for which the dynamical constraints Eqgs. (3.45)-(3.47) are satisfied.

The presence of hidden TRS in the finite-temperature, undriven qubit system implies
that it can be solved using the coherent absorber method of Sec. 3.5.2. The qubit-plus-
absorber system has the cascaded Hamiltonian Eq. (3.55) where H 4 is the qubit Hamiltonian

~

H = %wo&z acting on the physical qubit A and H B is the Hamiltonian acting on the auxiliary
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qubit B (the absorber). The cascaded system also has the collective jump operators

Cr=ié1a—¢ Veyp, (3.68)
Co =iy a—eVeyp. (3.69)

The pure state which is simultaneously dark with respect to H AB> C’l, and C’Q is

o) = g (VT alag) + € Viiglee)) (3.70)

After tracing out the absorber system, the single site steady state density matrix is precisely

Eq. (3.65).

Thermal dissipation with a non-zero drive

We now ask what happens to our thermal qubit when a non-zero drive is added (2 # 0).
For simplicity we take A = 0 (resonant driving), and define the dimensionless driving ¥ =
Q/k(1+ 2n4,). With this definition, the steady state pgs 7 of the driven qubit with thermal
dissipation is given by the zero temperature result in Eq. (3.117) with the simple substitution
b— V.

Furthermore the eigensystem of the Liouvillian at finite temperature is obtained from the
zero temperature results in Egs. (3.120)-(3.123) by replacements pss — pgs 1, b — b, and
k — k(1 4 2n¢y). Finally, the permissible TRS of the finite temperature system are given
by Eq. (3.31) with b — ¥/,

We consider the TFD correlation function CEZFD (t) defined in Eq. (3.16) for Pauli oper-
ators gy, 0,. As in the zero-temperature case, we decompose this into classical correlation
and the entanglement correction using Eq. (3.19), and we look at the time asymmetry of

each. At finite temperature, the classical correlation asymmetry picks up new temperature
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dependent terms:

CoL(t) — CL(—t) =

3
81 sin (%mj) e~ akt " 9
B (22 4+ 1)(402 + 1) [46 + (407 + 1)77th] (3.71)
where we have defined
1
T T o2 3.72
h (1 + 27,2 (3.72)

In contrast, the 1)-dependent entanglement correction is

Cyz(t) = Ce?(—t) =

8b' sin (z[lit

B ( bl2 —+ 1)( b/2 + 1 |: b/2\/4bl4 b/2 + 1)7]131’1 COSwa (373)

which also gains temperature-dependent terms.

At zero temperature the above expressions reduce to Egs. (3.32)-(3.33) so for ¢ = m,
CEZFD(t) has time symmetry, and our system has a hidden-TRS. However, as soon as iy, is
non-zero, hidden-TRS is broken. For non-zero temperature, there is choice of ¢ for which
the time-asymmetry of the correlation function. To see this explicitly, suppose we set the
time asymmetry of C’EZFD(t) to zero and attempt to solve for costp. We obtain

462 +1

?
costp = —¢|1+ T (3.74)

For any finite temperature n > 0 so the right-hand side has a magnitude greater than
1, thus there is no solution for . This shows explicitly that for finite temperature and
non-zero driving, the driven-dissipative qubit problem has no hidden-TRS. This breaking of
correlation function time symmetry is shown explicitly in Fig. 3.6. At a heuristic level, this

symmetry breaking is a result of the classical contribution growing faster with 7y}, than the
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entanglement contribution, breaking the cancellation that occurs at 7y, = 0.

3.7.2  Parametrically-driven nonlinear cavity at finite temperature

The qubit example above corresponds to a system where the strength of the nonlinearity is
essentially infinite. We now consider a driven-dissipative system where the strength of the
nonlinearity is tuneable: the parametrically-driven damped nonlinear cavity of Sec. 3.6, but
now with thermal dissipation. For simplicity, we consider where there is only a parametric
(two-photon) drive, and there are only single-photon dissipation processes. We then have a
Lindblad master equation with a Hamiltonian given by Eq. (3.56) (with A; = A = 0), and

dissipators

e = /(1 + figy)a, o = /Rigpa . (3.75)

As is standard in the derivation of quantum optics master equations, the thermal occupancy
Ny, corresponds to a Bose-Einstein factor evaluated at the bath temperature 7" and cavity
resonance frequency weay: 7y, = 1/ (exp|hweay/kgT] — 1). For simplicity, we ignore two-
photon dissipative processes (i.e. ko = 0).

At non-zero temperature, hidden TRS is broken unless one or both of the nonlinearity K
or drive Ay are zero. To see this, note that for hidden-TRS to hold, Eq. (3.46) requires that
for some two-mode state |ip) and 2 X 2 involutory unitary matrix U the jump operators

must satisfy

[vr) =0, (3.76)

{6’1,/1 — (U11é1,B + U12¢2.B)

{@,A — (Ua161,B + Ua2éa B) | [¥) = 0. (3.77)

The equations imply that |¢7) is annihilated by two independent canonical annihilation
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operators. As such, this state must be Gaussian, which in turn implies that psg must be
Gaussian. However, this steady state is Gaussian only if one or both of Ay and K are zero.
We thus have an important conclusion: the combination of thermal fluctuations, driving and
nonlinearity together can break hidden-TRS. Note that for a more explicit proof that hidden-
TRS does not hold, one can explicitly try to solve both Egs. (3.45) and (3.46); for both Ag
and K non-zero, one can confirm that it is impossible to solve these equations.

It is interesting to consider the simple case of an undriven, linear thermal cavity (i.e. K =
0, Ao = 0, iy, > 0). In this case, the steady state is essentially classical (no Fock-state
coherences), and it is well known that CQDB holds Agarwal [1973]|. Formally, our system
also has hidden-TRS, implying that this system can be solved using the CQA method. This
can be explicitly shown by solving Egs. (3.45)-(3.47). We find that solutions are possible

when F = 0 and when U is chosen to have the form
U= ) (3.78)

Here, 6 is a real parameter. We thus have a continuous family of distinct hidden-TRS
operators Tg (see Tab. 3.1), in contrast to the pair of hidden time-reversal operators T, seen
for nonzero parametric driving and zero temperature (i.e. K =0,A; = 0,74, = 0).

For each possible hidden-TRS operator Tg, we have a corresponding thermofield double

state. These always have the form of Gaussian, two-mode squeezed states:

o

Wr(0)) = Y e B2H 0y ), (3.79)

n=0

Returning now to the more interesting case where we add both parametric driving and
nonlinearity, we can study how thermal fluctuations break the hidden-TRS that is present

at zero temperature. We focus on an experimentally-accessible quantity that shows this
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symmetry breaking: the time-asymmetry of the steady-state correlation function

Ca2 i (1) : (3.80)

where as always, ﬁeﬁ is the non-Hermitian effective Hamiltonian associated with our master
equation. As discussed above, at zero temperature hidden-TRS guarantees that this special
correlator has time-symmetry. This time-symmetry is lost as 74}, is increased.

To see this explicitly, we plot the total time-asymmetry vs. temperature, which we define

as:

m(T) = /O 1 (0 = Co gy (D)t (3.81)

As shown in Fig. 3.7, the total asymmetry remains zero as long as the temperature 7T is
small, but then suddenly jumps at a critical “transition” temperature, consistent with a
sudden breaking of detailed balance. This temperature can be understood from the size of
the system’s dissipative gap I' at 14, = 0. At a heuristic level, the transition occurs when the
new thermal excitation rate xny), is comparable to I'. T corresponds to the slow switching
rate between two coherent states |+a) (|a| = /A2/K) that are eigenstates of the coherent
Hamiltonian Mirrahimi et al. [2014b], Puri et al. [2017]. Using Lindblad perturbation theory,
one finds that for large |a| this rate is exponentially small Mamaev et al. [2018]|, Mamaev
[2018]:

[ = 2k]a|2e— 4ol (3.82)

Defining a cross-over temperature via fig oross = I'/# provides a good qualitative estimate
for the symmetry-breaking temperature in Fig. 3.7.
We stress that even at zero temperature, most system correlation functions do not exhibit

any time-symmetry. Such correlation functions do not show any dramatic behavior as a
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H~idden TRS Classical TRS

[¥) =Tly) ( B) = (Ua, UB)
CYP () = | C% y (1) = X(1)Y(0)
(Xa()Y5(0))

Jlal = Ua, Potential conditions
J|Heg) = Hog + E. (U must be unity)

Table 3.2: Dictionary connecting hidden TRS and an effective classical notion of TRS in the
effective phase space used in the complex-P function method. We list objects/conditions
commonly appearing in the solution of quantum master equations via quantum detailed
balance (i.e. hidden TRS), and their counterparts in the language of classical detailed balance
in the complex-P representation. This correspondence only exists for multimode bosonic
systems coupled to local zero-temperature dissipation.

function of temperature. As an example, we plot the asymmetry of the correlation function

Cx2 p2(t), defined as

00
mX2p2 (T) = /0 |CX2,P2 (t) - CX2’P2(—t)|dt, (383)

in Fig. 3.7; here, X , P are standard quadrature operators.

3.8 Hidden TRS and phase-space methods: a quantum-classical
Correspondence
In this final section, we turn to driven-dissipative systems comprised of one or more bosonic
modes, and connect our notion of hidden TRS to phase space methods that are well known in
quantum optics, and have been used to solve non-trivial problems using an effective Fokker-

Planck equation in an expanded phase space. The focus is on Lindblad master equations of

the form

Orp = —ilH, p] + Y r;Dlaj] (3.84)
j
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Here, [a;, dL] = 0, 1s a standard set of independent bosonic modes, r; represents a decay
rate for each mode, and H is an arbitrary bosonic quantum many-body Hamiltonian. We
will establish that for this restricted class of models, the fully quantum notion of hidden-TRS
(described by an anti-unitary operator T) coincides with a classical notion of time-reversal
in an expanded phase space, i.e. an involution of the form (x,p) — (Z,p) (where z,p are
classical phase space coordinates). Hence, the effective detailed balance properties (and
potential conditions) of a complex-P Fokker-Planck equation is directly tied to hidden-TRS.
This allows us to directly understand the success of the complex- P method in solving several
non-trivial driven cavity problems Drummond and Gardiner [1980]. Interestingly, we show
that for extended models, this correspondence no longer necessarily holds. For example,
by simply adding two-photon loss processes, there exist hidden-TRS operators that have no
correspondence to a simple operation in an extended phase space.

The context of our discussion will be the complex-P phase-space representation of the
general bosonic master equation in Eq. (3.84). This is a particular non-diagonal expansion
of the system’s density matrix in terms of coherent states that can be used to convert the
master equation into a well-behaved, Fokker-Planck-like equation (see Walls and Milburn
[2008] for a pedagogical introduction). Consider the single-mode case first for simplicity.
We consider a doubled phase space described by complex coordinates («, ), and chose
appropriate integration contours C,C’ for each of these variables. This lets us express the

density matrix as

/ /Idﬁ’(z'g Pla, B). (3.85)

where P(a, ) is the complex-P quasi-distribution function. Using standard techniques
Drummond and Gardiner [1980], one can often convert the Lindblad master equation for
p into a Fokker-Planck equation for this function, which is required to be nonsingular on the

integration surface C x C’ defined by the contours. The resulting equation has the standard
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form:

O1P(a,6) = 04| Ve )Pl )

+ 0,0y {DW(&, B)P(«, 5)] (3.86)

Here, C*(a, ) represents a generalized drift vector, and D*¥(«, B) a generalized diffusion
tensor. The above derivatives are holomorphic derivatives Drummond and Gardiner [1980],
and Einstein summation notation is implied.

We can now state our quantum-classical correspondence principle: if the quantum master
equation Eq. (3.84) has a hidden quantum time-reversal symmetry T and corresponds to a
well-defined Fokker-Planck equation in the complex-P representation, then this associated
Fokker-Planck equation has a well-defined classical TRS corresponding to T. In the case
where this classical TRS operation is trivial (i.e. the identity operation), this symmetry then
correspond to a standard detailed balance condition, meaning that the drift and diffusion
matrices satisfy potential conditions Gardiner [2009]. This directly enables an efficient so-
lution for the steady-state distribution function P(«, /3), and hence the steady-state density
matrix.

The fact that the complex- P Fokker-Planck equations satisfy potential conditions is pre-
cisely the property that enabled exact solutions of a variety of nonlinear driven cavity models
Drummond and Walls [1980b]. Our result shows that this surprising property is directly tied
to a more general, and fully quantum symmetry: hidden-TRS. In what follows, we will
describe precisely how to construct the classical time-reversal operator corresponding to a
hidden TRS 7', and then show how this correspondence can be broken by considering higher-

order Markovian loss channels.
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3.8.1 Detailed balance in generalized P-representations

We start by defining a notion of time-reversal symmetry that is meaningful for the complex-P
distribution function P(«, ). We stress the well-known fact that this distribution function is
in general complex valued, and thus does not represent a meaningful probability distribution.
Nonetheless, we can formally use it to define quantities analogous to expectation values and
correlation functions.

Note first that the expectation value of a holomorphic function X («, ) defined on our

complex phase space is defined as:

YE/Cda/C, dfPss(a, B) X (a, ). (3.87)

We can also define a time-evolved function X («, ;t) defined by the solution of the dual

Fokker-Planck equation

X (v, ) =~y {cﬂ(a, B)X (e, 6)}

+ 0uOy [D“V(a, B)X (a, 6)1 : (3.88)

With these definitions in hand, we define time-reversal symmetry in our doubled, complex

classical phase space as the existence of a phase-space involution

(a, 8) = (a, B), (3.89)

such that all two-time correlation functions (calculated as defined above) are time-symmetric:

CXy(t) : (3.90)
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Here X,Y are any two holomorphic functions, and the time-reversed functions are given as

X(a,0) = X(a, B) (3.91)

P

where (a, #) is the time-reversed counterpart to («, ), i.e. another point in the integration
surface on which the complex Fokker-Planck evolution is taking place. All we require is that
this time-reversal operation squares to the identity, namely, time-reversing a point twice
recovers the original point on C x C’.

For complex-P distributions, one can establish a generalization of a standard result in
classical probability theory, which we rigorously establish in Section 3.18: in the limit where
the time-reversal operation is just the identity, the classical detailed balance condition Eq.
(3.90) is equivalent to the potential conditions on the Fokker-Planck equation Risken and
Frank [1996], Gardiner [2009]. Recall that these conditions correspond to the having the
(pseudo)probability current vanish in the steady state at every point in phase space, where
the pseudoprobability current J*(a, §,t) is defined by rewriting the Fokker-Planck equation

as a continuity equation:

OtP(a, B;t) = 0 J" (o, Bs t). (3.92)

This constraint allows a direct method for solving for the steady state in terms of a potential

function.

Note that in the case where the time-reversal operation («, 5) — (v, 8) is not the identity,
there is no simple potential-condition method for solving Fokker-Planck equations, unless

the time-reversal symmetry is known beforehand (see e.g. Ref. Risken and Frank [1996].)
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3.8.2  Constructing the classical TRS corresponding to a hidden TRS T

We briefly outline the correspondence here in the single-mode case, and leave the discussion
of the multimode case to Sec. 3.14. For these systems, hidden TRS implies (among other

constraints) the constraint
J[a] = ua, (3.93)

where J is the exchange superoperator as always, and © = +1. In Sec. 3.14 we show that,
under the assumption that Eq. (3.93) holds, hidden TRS is equivalent to classical detailed
balance in the complex- P representation with respect to the following classical time-reversal

operation:

e~

(a, 8) = (ua, up) (3.94)

Note that the fact that u squares to one, an intrinsic property of the exchange superoperator,
ensures that this is a valid classical time-reversal operation in the effective phase space used
for the complex- P representation.

This surprising correspondence is the result of TFD correlation functions of normally-
ordered operators coinciding with complex-P correlations. More precisely, if J[a] = ua with
u = £1, then we have (see Sec. 3.14):

0)7;};(75) = 0§f§(t) (3.95)

where X, Y are the classical representatives of X,Y in the complex-P representation. Ex-
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plicitly, without loss of generality, X , Y can be written as

X =Y xnm@)mam, (3.96)
n,m

Y =" Apmlah)ma™. (3.97)
n,m

In terms of the normally-ordered expressions above, the classical representatives X, Y have

the following form:

X(a,p) = ZXn,mﬁn@my (3.98)

Y(a,8) =Y Anmp ™. (3.99)

Finally, the classical time-reversal operation used to define the reversibility of the Fokker-
Planck equation is given in Eq. (3.94). Therefore, in this situation, hidden (quantum) TRS

is equivalent to classical TRS in the complex-P representation.

3.8.8  Breakdown of the correspondence principle: going beyond phase-space

methods

The simplest situations in which the above correspondence principle breaks down is in sys-

tems with higher-order loss dissipators, e.g. a system of the form

d N
o0 =—ilH,p] + xDla?]p. (3.100)

An example of this is the driven cavity problem considered in Sec. 3.6, in the regime where
all single-photon terms are set to zero: A{ = k1 = 0. We are left with a model with an
interaction, detuning, two-photon drive and two-photon loss. The full master equation in

this case conserved photon number parity, and thus does not have a unique steady state.
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For this model, we still have hidden-TRS for each of the steady states. The full set of
hidden-TRS compatible TED states, i.e. obtained by solving Eqs. (3.45)-(3.47), has the

form:

W7 (v, v)) = lr) + vlvr). (3.101)

where the individual terms W%> in the superposition correspond to the two simple ther-
mofield doubled states encountered in Sec. 3.6, and which, upon tracing-out the auxiliary

cavity B, correspond to a single steady state of the master equation Eq. (3.100):

A = Trgllet) (k)] = Trplleg) (g (3.102)

According to the quantum-classical correspondence outlined in this section, this stationary
state corresponds to a stationary complex-P distribution with both a trivial TRS (corre-
sponding to the potential conditions) and an inversion TRS (corresponding to something

more complicated):

0 = / da |, dﬁ'ogff; Py B) (3.103)
/ //dﬂ'a |65* Pys(—a, —f) (3.104)

In light of the above observation, one might interpret the more exotic thermofield doubled
state |1(7y,)) as describing a quantum TRS which corresponds to a "superposition" of both
the trivial and inversion TRS, and thus this hidden time-reversal symmetry no longer has a
classical analogue.

Indeed, it is well-known that the stationary state obtained via solution of the potential
conditions is not the only stationary state of the quantum master equation Eq. (3.100)

Bartolo et al. [2016], Wang et al. [2016]. Tracing out the auxiliary cavity B for arbitrary
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parameters v, v reveals a family of quantum steady states:

pss(v,v) = Trpllr (v, v)) (L (v, v)l]- (3.105)

While any T and TFD must yield an exchange superoperator J that acts simply on a2 (via
Eq. (3.46)), the action on a need not be simple. In fact, we only get a simple action when
v =0 (y=0), in which case J[a] = a ( J|a] = —a). For the more general case, the identity
Eq. (3.93) is broken. The more complicated nature of the hidden TRS operator and the
corresponding 7 implies that the steady states corresponding to |i)p(7, )) cannot be easily

found using the complex-P phase space solution method.

3.9 Doubled-system classical detailed balance

In this section, we prove that classical detailed balance may be equivalently stated as the

following symmetry condition:

XA(OYE(0) = Y4()X5(0), VX,V (3.106)

The reason why the above condition is equivalent to the standard definition of detailed
balance is that the doubled-system correlation function X 4(¢)Yp(0) is actually a single-

system correlation function in disguise:

XaOYp(0) =Y p(n)dm X (t,n)Y (0,m) (3.107)

= > )X ()Y (0,7) = X(£)Y (0), (3.108)
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Therefore, the doubled-system correlation function X 4(¢)Yp(0) is time-symmetric for all

random variables X, Y if and only if

X ()Y (0) =Y ()X(0), VX,Y. (3.109)

Now, making the replacement ¥ — Y in this single-site symmetry condition yields the
definition of classical detailed balance used earlier. Therefore, Eq. (3.109) is equivalent to

classical detailed balance:
X(H)Y(0) =Y ()X(0), VX,Y. (3.110)

Note that we have implicitly used the fact that ¥ — Y is a bijection of the algebra of random
variables. In summary, we have shown that the doubled definition Eq. (3.106) of classical

detailed balance is completely equivalent to the standard definition Eq. (3.110).

3.10 CQDB rules out stationary coherences between energy

eigenstates

We now demonstrate that systems with CQDB have steady state density matrices that
are always guaranteed to be diagonal in the energy eigenbasis. There are many references
that show this explicitly Kossakowski et al. [1977|, Bratteli and Haagerup [1978|, Alicki
[1976]. However, here we will assume an intermediate result, namely that CQDB implies
modular symmetry Bratteli and Haagerup [1978], that is, a symmetry of the driven-dissipative

dynamics with respect to the unitary dynamics generated by the modular Hamiltonian

H, = —log pss. (3.111)
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The reason for taking this symmetry-based perspective is that it informs most of the central
results in the theory of quantum detailed balance Fagnola and Umanita [2007], Fagnola and
Umanita [2010].

Indeed, once the above symmetry is established, the proof that steady states with CQDB
are diagonal in the energy eigenbasis is very easy. We provide here a simple argument that
works in the finite-dimensional case. We begin with Lindblad’s original expression for the

effective Hamiltonian as a classical average Lindblad [1976]:
iHog = LIUT-U (3.112)

where here, U is a Haar-random unitary, and £ is the Heisenberg-picture Lindbladian, which

generates time-evolution of observables. We now observe how the effective Hamiltonian

evolves under the modular (dynamical) group O(t) = pilOpL:

iHe(t) = pLLIUT] - Ups'". (3.113)

The above identity holds for any Lindbladian, and thus contains no hidden assumptions
about the system in question. Now suppose, however, that £ satisfies CQDB, and thus has

modular symmetry. Then, in particular, we have
PLLIOT) = LU ps ik (3.114)

Substituting the above identity into the Haar-random average defining the effective non-
hermitian Hamiltonian yields a simple result - ﬁeﬁ' is time-independent with respect to the

unitary dynamics generated by the modular Hamiltonian:

iHog(t) = LIOT®)] - U(t) = LIUT - U = i Hog(0). (3.115)
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Therefore, the effective Hamiltonian commutes with the modular Hamiltonian, and thus the

effective Hamiltonian commutes with the steady state itself: [Hqg, pss] = 0. By taking the

anti-hermitian part of the commutator, we immediately have that H commutes with Dss-

3.11 Example of broken CQDB: dissipative Rabi-driven qubit

To make the ideas of sections 3.2.4 and 3.2.5 more concrete, we consider simple but ubiquitous

system which does not satisfy CQDB, does have hidden TRS.

3.11.1  Violation of CQDB via correlation function asymmetry

Our example is a qubit (with Pauli operators 65 4 ) subject to a coherent Rabi drive in the
presence of loss. Working in the rotating frame set by the drive, and making a rotating wave

approximation, the master equation has the form of Eq. (3.8) with M =1 and
N R Q R R
H= A6, + 50w, &1 = VEO_. (3.116)

Here A is the detuning of the drive from the qubit splitting frequency, € is the Rabi frequency,
and « is the decay rate of the qubit excited state. The steady state for this system is easy

to find and given in many textbooks, see e.g. Ref. Gardiner and Zoller [2000]:

X 1 4AQ - Ok R
= — — g a.
Pss = ) T 16A2 1202 + 127 T 16AZ £ 202 + 12 Y
16A2 + k2 A

_ 3.117
2(16A2 1 202 + 12) (8.117)

Given the external driving, this steady state does not correspond to thermal equilibrium, and
hence a priori there is no reason to expect that it will satisfy CQDB. While this may seem
obvious, we will now show that CQDB is broken explicitly, by directly uncovering correlation

function time-asymmetry in this system. We stress that the CQDB condition in Eq. (3.11)
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is contingent on the choice of time-reversal operator T. We will take a general approach here
(and throughout this chapter): we do not pre-select the definition of T using on additional
knowledge of our system, but rather ask where there is any possible anti-unitary 7' which
would give rise to a symmetry. Hence to truly rule out CQDB, one must check Eq. (3.11) for
all permissible choices of 7. We will thus show that CQDB does not hold no matter what
choice is made for 7.

In what follows, for simplicity we assume a resonant drive (i.e. A = 0), and introduce the
dimensionless Rabi frequency b = 2/k; CQDB is violated even for non-resonant drives, see
Sec. 3.11.2 below. The first step is to parameterize all possible TRS operators. Since CQDB
only holds if pgg is itself invariant under TRS, this constrains the form of TRS. The only

permissible TRS operators are then parameterized by a single phase ¢/ and have the form:

o | Sn/2) (1 — 2ib63) +icos(/2)6. | K (3.118)

VA4b? + 1

where K is the complex conjugation operator acting in the 6, basis. The complex conjuga-
tion operator K is an antilinear operator, K (cqla) + cp|b)) = ¢:Ka) + ch(|b), whose action
is basis dependent Messiah [1962]. In the &, basis (basis state denoted |£)) the complex
conjugation operator K, is defined by K (c|4)) = ¢*K,|+) = ¢*|4), i.e. K, leaves the basis
states invariant but conjugates complex coefficients.

To show that CQDB cannot hold in this system, it is sufficient to show that at least one
correlation function violates Eq. (3.11) for each TRS angle 1. As our main object of study,

we introduce the correlation function defined for positive and negative times:

Cyz(t) = a (3.119)

where G; = T6jT_1. CQDB holds, then Eq. (3.11) implies time symmetry: Cy,(t) =
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Cyz(—t). In what follows we show that the properties of the TRS and the eigenmodes of the
Liouvillian do not allow for the time symmetry of Cy(t) and other correlation functions.
The Liouvillian of the driven qubit system is readily diagonalized. Letting A; denote its

eigenvalues and 7; the corresponding right-eigenvectors, we find:

MN=0 7= pes (3.120)

A = —g = &y (3.121)

Ao = —g (B+ia) o =6y + %@ (3.122)
A3 = —g (3—ia) fy= “Z—bio‘)&y + 6. (3.123)

where b = Q/k, a = V1662 — 1 is the dimensionless damped Rabi frequency. For b < 1 /4
the qubit is overdamped and the frequency is imaginary: a — iv/1 — 16b2. The essential
feature of the eigensystem is that the o, coherence behaves differently from the 6, coherence
or the classical population (6,). The 6, coherence decays exponentially with rate (—\1) =
#/2. The Gy coherence and the classical populations decay with (—Re Mg 3) > /2 for any
finite b. This implies that (6, (t)6(0)) has a time dependence that is always different from
(6 (1)31(0)) or (6:(1)34(0)) for any G

With this in mind, we turn to the time-reversed operator ¢, which, in general is a linear

combination of all three Pauli operators. In particular, the 6, component is
Gy = —(2b/\V/4b2 + 1) sin 6y + - - - (3.124)

We can see that for any ¢ # 0,7, for which sinty # 0, the expression Cy(t < 0) will
have terms measuring the decay of 6, coherence. Thus the time dependence at t < 0 must
be qualitatively different from that at ¢ > 0. Even at ¢ = 0,7 the correlation function

is generically not time symmetric. As an example, we show a generic plot of the time
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asymmetry of Cy;(t) in Fig. 3.8 for b = 1 computed for various 1. Although the argument
breaks down at 1) = 0,7, we can show definitively that CQDB cannot hold by considering
Cy»(t), which is defined analogously with Cy,(t). Since at 1 = 0,7 there are no ¢, terms
in 7,, the time dependence of Cy,(t < 0) must be qualitatively different from the time
dependence of Cy,(t > 0). Therefore we conclude that the Rabi-driven qubit does not
satisfy CQDB.

3.11.2  Violation of CQDB for any detuning

In the preceding section we restricted our analysis to the resonantly driven qubit for which
A = 0 primarily because the diagonalization of the Liouvillian becomes unwieldy for A # 0.
Here we show by an alternate route that for any detuning, the Rabi driven system violates
CQDB.

Recall from Section 3.10 that a system which satisfies CQDB must have a steady state
that is diagonal in the energy eigenbasis. The commutator [ﬁ[ , Pss] 1s equivalent to taking
the cross product between the Hamiltonian “vector” (£2/2,0, A) and the traceless part of pgs.
Imposing the constraint that the commutator is zero requires the form of pgg to be

. L/s 3

s =5 (1 + aH) (3.125)
where « is a real constant of proportionality. Crucially, the above expression is linear in A
and (), whereas the true steady state is a quadradic rational function of these parameters
and the decay rate k, c.f. Eq. (3.117). Therefore we conclude that for any detuning, the
Rabi-driven qubit does not satisfy CQDB. Furthermore, one can numerically diagonalize the
Liouvillian at any drive detuning and verify that there does not exist any TRS for which the

steady state is invariant and for which all correlation functions are time symmetric.
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3.11.83 Permassible TRS

Here we show how the permissible TRS of Eq. (3.118) are determined from the steady state
Eq. (3.117). We require only that T leaves the steady state invariant as a necessary condition
of CQDB. All possible TRS take the form T=VK p for unitary V and complex conjugation
K p in the steady state eigenbasis such that TﬁSST_l = pss- This condition implies that the

action of T on the eigenstates of pgg (i.e. pointer states) is restricted to be

T)1) =|1) (3.126)

T[2) =e''|2) (3.127)

up to a global phase. Thus in the steady state eigenbasis the permissible TRS take the form
T = (1)1 + eiw|2><2|)f(p for any v, where f(p is complex conjugation in the steady state
eigenbasis and the pointer states are assumed time-reversal invariant: K,|n) = |n).

As the final step, we represent T in the familiar 6, basis. Recall that in the steady state
eigenbasis, T=VK p- Given the unitary U that diagonalizes the steady state, U ﬁSSU t =

diag(p1, p2), the permissible TRS are given in the 6, basis as
T=UWK,U=UVU*K,. (3.128)

Here we use the relation

K,=U*K,UT (3.129)

which defines K p in terms of K. Messiah [1962].
For completeness U is given in terms of b = Q/k and s = V4b? + 1 as

. 1 ivs—1 +s+1
U= — . (3.130)

V2s | T s
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Substituting this into the expression for T' above recovers Eq. (3.118) (which is also Eq. (3.31)).

3.12 Explicit construction of exchange superoperator [J

By definition, the exchange superoperator is supposed to act on a single site observable O and
produce a new single-site observable, J [O], which, upon acting on site B of the thermofield

double, produces the same state as one would obtain by acting on site A with the observable

A

O:

J0)Bl¢r) = Oaltr) (3.131)

One may interpret the above equation as the vectorization of an operator equation, according

to the rules

.1/2

OAA|Q/JK> - Opss ) (3.132)
A~ A1 2 ~
Oplui) — psh 07, (3.133)

where |¢f) is the thermofield doubled state where the time-reversal operation T=Kis

complex-conjugation in the eigenbasis of the steady state. Explicitly:
W) =D Vpnln)ln). (3.134)
n

Furthermore, O — OT denotes matrix transposition in the eigenbasis of the steady state.
An arbitrary time-reversal operation can be decomposed as T=VK , where V commutes

with pgs. Explicitly, an arbitrary thermofield doubled state corresponding to a hidden TRS
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must always have the expression

W) = /pnln)en), (3.135)
= Z VPr|n)VK|n). (3.136)

Under the above rules, the thermofield doubled state with an arbitrary time-reversal opera-

tion for a unitary V satisfies the following identities:

Oultr) = OuVilig) — Op VT (3.137)
Oplvr) = (OV)glog) — pl2(OV)T (3.138)

A1/2

We now verify the formula J[0] = OTﬁssl/ . First of all, any hidden TRS must leave

the steady state invariant, and we can rewrite this formula as
0] = p20T p M (3.139)
We can then proceed to verify Eq. (3.131) directly:
(52055 plor) > pPVT (L2 OT 5 T, (3.140)
Taking advantage of the fact that V commutes with Pss, we have

PLRUT GL2OT 5 VAT — VT k2 — o512 0T (3.141)

which is just the operator representation of O 4|i7) according to the rules Eqs. (3.137-3.138).
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3.13 From CQDB to hidden TRS

In this Section, we will show that, for systems with modular symmetry, CQDB and hidden
TRS are equivalent. Since CQDB already implies modular symmetry by itself Kossakowski
et al. [1977], Bratteli and Haagerup [1978], this will demonstrate that CQDB necessarily
implies hidden TRS. Therefore, CQDB is a strict subphenomenon of hidden TRS.

Indeed, consider an arbitrary driven-dissipative system described by a Lindblad master

equation. The definition of the exchange superoperator tells us that
TFD
Cx.gy)t) =Cxy (1), Vt=0. (3.142)

The above correlation function, for negative times, is harder to rephrase as a two-site quan-

tity:
Cx v)(—1) = (hss Y s ) (0 XT). (3.143)

However, the above expression simplifies considerably in systems with modular symmetry.
Indeed, let us now assume that the driven-dissipative system in question is symmetric with
respect to the modular Hamiltonian H p, as is always the case with systems that have CQDB
Kossakowski et al. [1977|. Then, we can write (/3;91/217/3%2)(15) = ,6;51/237(75);3%2. Substitut-

ing this identity into Eq. (3.143), we get
Cx gy (—t) = CXY (=t), vt>0. (3.144)

Therefore, for any driven-dissipative system with modular symmetry,

Cxgp)(t) =CXV () VteR (3.145)
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Therefore, since J is a bijection of the observable algebra, CQDB and hidden TRS are
equivalent for this class of systems, as time-symmetry of one set of correlation functions

implies time-symmetry of the other.

3.14 Complex-P and hidden TRS correspondence theorem

We now consider a general many-body bosonic Lindblad master equation, with, say, n bosonic
modes. Recall that classical detailed balance for this class of master equations can be for-

mulated in the complex-P representation as the time-symmetry of the correlation function

XMHY(0) t>0

Xy () (3.146)

Y(—t)X(0) t<0

—

where, here, X (&, 5’), Y (@, B) are arbitrary multivariate holomorphic functions, and averages

are understood to be taken with respect to the stationary complex-P distribution, e.g.

=, =

X= / d"ad"3 Pey(d@, )X (d, §), (3.147)
by

where ¥ is a 2n-dimensional closed integration surface (the many-body analogue of the pair
of integration contours C,C’ mentioned earlier). Furthermore, X (&, E) — X (a, E) is a well-
defined classical time-reversal operation, that is, induced by a bijection of the phase-space
squaring to one (c.f. Eq. (3.91)).

Recall that hidden TRS for a quantum system is defined as the time-symmetry of the
thermofield doubled correlation function, which, e.g. for positive times, is given by a sym-

metric bilinear form:
CED(t) = (X(t), V)T, (3.148)
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and for negative times (with a time-reversal invariant steady state), is expressible using the

same bilinear form:
CTD(—t) = (X, Y (1)) 7. (3.149)

where the relevant bilinear form (which depends on a particular choice of time-reversal

operator T) is defined as follows:

(X, V)=t =0) (3.150)

Clearly, the condition of hidden TRS is equivalent to identifying the left-hand side of Eq.
(3.148) with the left-hand side of Eq. (3.149), which, upon examining the right-hand sides
of said equations, is equivalent to the symmetry of the Heisenberg-picture time-evolution

~t£ with respect to the bilinear form ((-,-))7-

superoperator & = e

One can form an analogous construction to express classical correlations in the complex-
P distribution in terms of a bilinear form. Indeed, for any pair of normally-ordered quantum
observables X , Y and a classical time-reversal operation X — X, one can write

O 5 () = (X0, V). (3151)

and for negative times (with a stationary complex-P distribution which is time-reversal

invariant), we can also write:

Ch 5 (=) = (XY ()P, (3.152)
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Where we have introduced a new symmetric bilinear form

(X V)p=Chy(t=0) (3.153)

where X, Y are the normally-ordered symbols of X,V ie. the classical representatives of the
observables X, Y in the complex-P representation. Explicitly, if X = YorJcry (&J{)il e (d%)i"d{l e &*ZL",

then the normally-ordered symbol X is
X = Z cry B - -ﬁi”a{i e aﬁ{b, ete.. (3.154)
1J

where I = {i1,--- ,ip} and J = {j1,--,jn} are multi-indices. The condition of classical
detailed balance in the complex-P representation, i.e. the time-symmetry of Eq. (3.146),
is equivalent to identifying the left-hand side of Eq. (3.151) with the left-hand side of Eq.

(3.152), which is equivalent to the symmetry of the Heisenberg-picture time-evolution su-

peroperator & = e L

with respect to the bilinear form ((,-)p.
With these definitions in hand, we return to the general problem of interest: a Markovian
multi-mode bosonic system where each mode is subject to loss. For simplicity, we start by

assuming each mode has the same loss rate, implying a master equation of the form
p=—ilH,p|+ > rDlaj). (3.155)

If this system has hidden TRS with respect to a particular quantum time-reversal operation
T, then as discussed earlier (c.f. Eq. (3.43)) there must exist a N x N unitary matrix U such

that:

Tl => Uiy, U*=1. (3.156)
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Here (as always) J is the exchange superoperator.
What we will show in this section is a remarkable coincidence between the two families
of bilinear forms, under the above jump operator constraint. That is, Eq. (3.156) implies

that we can identify both bilinear forms, i.e.

(X, V)p = (X, V)F VX,V (3.157)

where the classical time-reversal operation on the complex-P side is none other than the

-,

change-of-Kraus representation given in Eq. (3.156): (&,p5) = (Ua,U 5) In what follows,
we first prove this result in the single mode case, then extend to the multi-mode case where
each mode has an identical damping rate x. Finally, we extend the result to the more general

case where each mode has a different damping rate ;.

Single-mode case

Consider Eq. (3.155) in the single mode limit N = 1. If this system has hidden TRS with
respect to a particular quantum time-reversal operation T, then the jump operator constraint
reduces to J[a] = ua, with u = £1 a scalar quantity. We show in what follows that this in

turn implies the following identity:
(X, Y)p = (X, Y)T, (3.158)

where the bilinear form on the right-hand side is defined using the classical time-reversal
operation («, 8) = (ua,uf). To see this, note that both the left- and right-hand sides are
bilinear with respect to X,Y, and so it suffices to verify the above identity in a basis of

normally-ordered monomials. That is, without loss of generality, we may assume that

X =@hka!, v =(ahras. (3.159)



We begin by computing, e.g.
(X V)7 = (erl@h*a’ GNPeur). (3.160)
Substituting-in the definition of the exchange superoperator, we get
(X, V)7 = (ahra'g((@hPa), (3.161)

where, here, (O) = Tr[ﬁssé] denotes a steady-state expectation value. Now, we utilize the

fact that J[O0'] = J[0']|T[O] for generic O, 0’
(X, V)7 = (@h*a (ua)t.71(@h)?). (3.162)

Finally, by direct computation, we also have that J [OT] = pssJ [O]Tﬁ;l for generic O, and

so (via the cyclic nature of the trace)

(XY )7 = ((walP(ah) e (ua)?)

_ / do / dB Pss(a, B)BPBFalad (3.163)
C c/

Immediately, we recognize here the normally-ordered symbols of X,Y, which are, explicitly:

Y, B) = pPal, X(a,p) = pFal. (3.164)

With the above observation, we have thus proved Eq. (3.158), which establishes the equiv-
alence of generalized quantum detailed balance, that is, hidden TRS, with classical detailed
balance in the complex-P representation. Note that the potential conditions, as well as the
original CQA method, as originally formulated in Stannigel et al. [2012b], both correspond

in this context to the special case of a trivial TRS, i.e. U = 1.
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Many-body case

Now, consider the multi-mode master equation Eq. (3.155). If this system has hidden TRS
with respect to a particular quantum time-reversal operation T, then we have the constraint

Eq. (3.156) on the jump operators, which we write as
Tlaj] = éj, ;=Y Uiy (3.165)
ik

What we will demonstrate in this section is that this jump operator constraint implies the

following identity:

(X Y)p = (X V)T, (3.166)

where the bilinear form on the right-hand side is defined using the classical time-reversal

—~——
—

operation (&, ) = (U4, Ug) To see this, note that both the left- and right-hand sides are
bilinear with respect to X ,}A/, and so it suffices to verify the above identity in a basis of

normally-ordered monomials. That is, without loss of generality, we may assume that

X = (! .. (ah)kmalr . ke, (3.167)
Y =@hp - (ah)Pra®t . aln. (3.168)
We begin by computing, e.g.
~ ~ . R Al .
(X V)7 = (rl@)h - (@hyknag - alp (3.169)
By @R B ). (3.170)
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Substituting-in the definition of the exchange superoperator, we get

(X, V)7 = (@ @bk (3.171)

gl @hymaf ---afr). (3.172)

where, here, (O> =Tr [ﬁssé] denotes a steady-state expectation value. Again, we now utilize

the fact that J[O0'] = J[0']|T[O] for generic O, 0’

(X, V)7 = (@) - @bk (3.173)

) &({1 . @%nj[(&];)pl ... (&;[L)pnb' (3.174)

Finally, by direct computation, we also have that J [OT] = pssJ [O]Tﬁb_sl for generic O, and

SO

A~ A

(X, Y=

AP (P (3.175)
(@)™

(d};)k”dlf calnat . alny

_ / ad" Py(@, F)BP" - - B
>

k l ~ ~dn
511 /B’rlinall.a’{’?atlll ...a% (3176)

Immediately, we recognize here the normally-ordered symbols of X, Y, which are, explicitly:

~ —

Y(a,B) =g ghradt .. al (3.177)
k l
X(a,B) =By Binadl - aln. (3.178)

With the above observation, we have thus proved Eq. (3.166), which establishes the equiv-
alence of generalized quantum detailed balance, that is, hidden TRS, with classical detailed
balance in the complex-P representation.
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Finally, consider the general case where each mode has a different damping rate ;. In

this case, the corresponding classical TRS is modified to be
Uij — _.Uija (3.179)

which can be proven by trivially repeating the steps above.

3.15 Doubled system correlation function symmetry for TRS
p=m

Earlier we showed that the TFD correlation function C'yTZFD (t) is time symmetric for the TRS
1 = m. We must still explicitly verify that the other two correlation functions, C’gyF D(#) and
CT¥D (1) are time symmetric for the same TRS.

The expansion of the TFD correlation functions as in Eq. (3.19) is practically useful for
computing correlation functions if the time-dependent operators are easily found because
it reduces the problem to computing matrix elements. For the qubit system, the time-

dependent operators are readily written in terms of the Liouvillian eigenmodes as

o(t) = Y Ml Te(6yn)Ih (3.180)
n

This definition ensures that the operators reproduce the correct time averages and single

system correlation functions under the hypotheses of the quantum regression theorem. We
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can then immediately write the time evolved operators as

Go(t) = e /%6, (3.181)
3
Gy(t) = (3y) + > M Te(yin)ih (3.182)
n=2
3
6:(t) = (6:) + Y M Tr(6:7n)l) (3.183)
n=2

With these in hand we proceed to compute the matrix elements.

We label the pointer states of the steady state by |£) satisfying pss|£) = p+|£) for

eigenvalues pL = %(1 + v/4b2 4+ 1/v/2b% +1). The eigenstates lie in the Y Z plane of the
Bloch sphere, namely
|+) = cosf|g) —isinf|e) (3.184)

for some angle 6 whose precise value as a function of b does not concern us (except that
0 < 0 < m/2 so that these do not reduce to pure G, or 7, eigenstates). The matrix elements

of 6, = 64(0) and 6,(t) follow immediately as

(£loz(t)]£) =0 (3.185)

(—[62(B)]+) = (+]62(t)|=)* = ie™ /2 (3.186)

and the matrix elements in the time-reversed pointer state basis are easily found for the TRS

¥ =7 (cf. Eq. (3.31) ):

(E|6p|E) = 0 (3.187)

(=162]+) = (+]62]=)" = —i. (3.188)
We thus arrive at an interesting result already: the doubled system classically correlated
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state has identically zero correlation functions C’%(t) = 0 = C(t). We therefore need to
compute only the off-diagonal elements of ¢y(t) and 6,(t). Given the TRS ¢ = 7 and the
form of the pointer states, it is straightforward to compute these in the time-reversed pointer

state basis. The relevant result is that they are real and thus

(=loyl+) = (Flayl-), (3.189)

(=]02]4) = (F]o2]-), (3.190)

as required by their hermiticity. To see why this must be true without explicitly computing

the matrix elements, note that in the time-reversed pointer state basis, ,(t) is off-diagonal

Y

and imaginary and thus plays the role of an effective “5,” in this basis. Therefore ¢, and

9 Y

0, must be linear combinations of the effective “6,” and “6,” and hence their off-diagonal
matrix elements must be real and equal.
Furthermore, we can draw the same conclusion about the matrix elements of the time-

dependent &y (t) and 6 (1):

(=loy(®)]+) = (+lay()]-), (3.191)

(=lo=(D)]+) = (+lo=(1)]-)- (3.192)

Again &, is off-diagonal and imaginary and because Zg and lAg have only ¢y and &y com-
ponents, the time-dependent operators must remain as linear combinations of the effective

W

0, and “6.” which have real and equal off-diagonal matrix elements.
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Finally putting everything together, the TFD correlation functions are

CTFD (1) = jor/2 [(Floyl¥) - (Floyl=)]  t>0
[(+ay ()] =) — (~|6y()]+)] t<0

=0 (3.193)
and

CTFD gy _ jomrtyr ) W10 = GlocAR] e 20
(H62(8)]=) — (—o=(0]+)] t<0

—0 (3.194)

which are obviously time symmetric. Therefore all TFD correlation functions of the Rabi-
driven qubit are indeed time symmetric for the TRS ¢ = 7, Eq. (3.31).
3.16 Mapping to a cascaded quantum system

In this section, we show that the dual Liouvillian Z*, as defined and discussed earlier, can
be reinterpreted as a "perfect absorber" of the output radiation of £ Stannigel et al. [2012b].

We start with the following identity (which is just a rewriting of the definition of J):

Hegr g [v7) = T[Hegt B V1) (3.195)

ealvr) = JlelB 1Y) (3.196)

where ﬁeﬁ is the effective Hamiltonian in our master equation, and ¢; are the jump operators.

We denote the Hermitian (anti-Hermitian) parts of an operator A as Re [A] (¢Im [A] ). One
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can then tautologically rewrite Eq. (3.195) as
4~ Rel s

.M
~ (520t~ il il
=1

A short but nontrivial calculation in Sec. 3.17 then shows that

. M
ilm [ [Heg]] = =5 Y Tl T e,
=1

so that Eq. (3.197) simplifies to:

[HA_Re[j[Heﬂ?”B

.M
- %Z 2,494~ IlelTlal) | [vr) =0.

[vr) = 0.

(3.197)

(3.198)

(3.199)

Now, separately note the following algebraic identity (which is independent of Eqs. (3.195-

3.196):

(CZACZ,A - j[cl]TBJ[Cl]B)
= (éz,A + j[él]B>T (€4 —TalB)

+ (] 4Tlelp — hec).

(3.200)

Using the above equality along with Eq. (3.196) to simplify Eq. (3.199), one obtains:

M
2

Hy —RelJ| 3—52 ClAjClB h.c)|l¥r) =0,
=1

as desired.
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3.17 Anti-Hermitian part of the effective Hamiltonian for an

electromagnetic absorber

In this Section, we compute the anti-hermitian part of the effective Hamiltonian for the

absorber system discussed in Section 3.16:

it T (o) = (T Fles) — T e

1 A e At
= i(j[Heff] - psslj[Hgﬂ]pSS>

We now apply J? to both sides:

. ~ | TS
ilm J[Hegg] = ij[Heff - psngﬁpssl}

7 S PPN
= §j[—2(Heﬁpss - Psngff)pssl]

Now, since pgs is a steady state of the Lindbladian £, we have
l
Therefore, plugging the above identity into Eq. (3.202), we get

. A i -
ilm J [Heg] = 5‘7[_ chpssczfpssl]-
l
o DA A
l

= S Tl T
l

which is the expression utilized in Section 3.16.
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3.18 The potential conditions: manifestation of trivial TRS in the

complex-P representation

The main goal of this Section is to reproduce a well-known result in classical probability
theory which is known for Fokker-Planck equations. Specifically, these results apply to

Fokker-Planck equations of the form
Oy P(Z,t) = 0,[CH(Z)P(Z,t)] + 0,0, [ DM (Z) P(Z, 1)], (3.205)

where P(Z,t) is the probability distribution of a real-valued random process on Rd, with

stationary expectation values of observables X (&) described in the standard way, e.g.
X= / A Py (2) X (7). (3.206)

The statement about these Fokker-Planck equations that we wish to generalize to the
complex-P representation is as follows Pavliotis [2014]: provided that DY (&) is positive
definite for all Z, then the potential conditions are equivalent to detailed balance with re-
spect to a trivial time-reversal operation & = #. By the potential conditions, we mean the
statement that the stationary probability current vanishes.

In this Section, we generalize the above result for the pseudo-Fokker-Planck equations

encountered in the complex- P representation:

(%P(Oj, g: t) = aﬂ[cu(o_z> ﬁ)P(&a 6)]

+0,0,[D" (&, ) P(d, B,1)]. (3.207)

A complex pseudo-probability current may then be defined for the complex-P distribution
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in the way described in Sec. 3.8:
HP(d, 3,t) = 8, J"a, 5, 1) (3.208)

However, there are significant departures from standard probability theory: the complex-
P distribution is complex-valued, and thus violates the axioms of classical probability. In

particular, stationary moments are given by
X = / d"ad"BPys(a, 3,4)X (@, ). (3.209)
%

Here, ¥ is a 2n-dimensional closed integration surface (the many-body analogue of the pair of
integration contours C,C’ mentioned earlier). Furthermore, as the diffusion tensor D*(a, E)
is generically complex, it may fail to be positive-definite.

Despite these differences, in this Section we will nonetheless prove that the standard
classical result in Pavliotis [2014] still applies (however, here there will be no assumption on

the diffusion tensor D*¥(d, #)): the potential conditions are equivalent to detailed balance

with respect to a trivial time-reversal operation:

-,

(@, )

(a,B). (3.210)

This result is critical for bosonic many-body systems with local onsite loss, as, with a non-
trivial U parameter, hidden TRS corresponds to a nontrivial classical TRS in the complex- P
representation, and thus potentially corresponds to a richer symmetry than that encapsu-
lated by the potential conditions.

We first establish the forward implication: if the stationary pseudoprobability current
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Eq. (3.208) vanishes, then a straightforward calculation shows that

L(X Py) = Pl (X), (3.211)

where L is the Liouvillian for the pseudo Fokker-Planck equation Eq. (3.207), and £* is the
adjoint Liouvillian, obtained via integration by parts Drummond and Gardiner [1980]. The
proof almost exactly follows Pavliotis [2014], except while carrying out the calculation we
notice that positive-definiteness of the diffusion tensor D*¥ (&, 5 ) is not needed in the proof,
and thus the assumption of positive-definiteness may be relaxed.

From Eq. (3.211), detailed balance is immediate, as, by integrating by parts on the

surface ¥ (which is valid, as X,Y are holomorphic), the dual Liouvillian £* can then be

shown to be symmetric with respect to the bilinear form

(X,Y) = / d"ad"f Pss XY. (3.212)
by
From this and the expressions
XY (0) = (e £ (X),Y), (3.213)
Y(H)X(0) = (X, e £ (Y)), (3.214)

we have detailed balance. For the converse direction, the proof follows analogously to the

classical case as well: one starts by proving the following (assuming Psg is nonvanishing on

¥):
(—LX(X),Y) = (D"9,X,0,Y) + (X, Py 0, Y Jhs) (3.215)
The above is a generalization of the lemma in Section 4.6 of Pavliotis [2014], to pseudo

Fokker-Planck equations, and may be proven by invoking the holomorphicity of X,Y. With
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the above, one can compute the asymmetry of the Liouvillian:

(L5(X),Y) = (X, LH(Y)) (3.216)

—, = —,

ZQAﬁ%mﬂﬂﬁﬁﬂﬁmﬁiﬁﬂéﬁiﬁ

Now, if detailed balance holds with respect to a trivial TRS, then the Liouvillian £* is
symmetric, and thus the right-hand side must vanish for all pairs of holomorphic functions
X,Y. The only way that this can happen is if the stationary current vanishes everywhere

on the integration surface, i.e.

=,

JE@ B =0 vapg ex. (3.217)

However, the above is precisely the statement of the potential conditions.
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Figure 3.2: Correlation functions and hidden-TRS in a driven qubit. Stationary, connected
(oy(t)o-(0)) correlation functions for the dissipative Rabi-driven qubit system in Eq. (3.30),
for a drive €2 equal to the decay rate k. Blue: the standard single-system correlation function
Cy:(t) is asymmetric as a function of time, reflecting the fact that this system does not satisfy
conventional quantum detailed balance. Red: Two-qubit correlator for a system prepared in
a TFD state corresponding to the hidden-TRS operator T defined in Eq. (3.34). All TFD
correlators symmetric in time, reflecting the presence of hidden TRS. Green: “classical” part
of the TFD correlator (c.f. Eq. (3.19)), which has no time symmetry. The lack of symmetry
shows that the importance of entanglement in the definition of hidden-TRS. Note that the
while the correlators C’;L (t) and CEZFD (t) are guaranteed to be real by construction, Cy,(t);
however for our chosen parameters it too is purely real.
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Figure 3.3: Hidden TRS and perfect quantum absorbers. (a) A Markovian quantum system
evolves according to a master equation in Lindblad form, with Hamiltonian H and jump
operators ¢;. (b) A particular realization of the environment as a collection of unidirectional
waveguides. (c) The dual Lindbladian o always formally solves the "perfect absorber"
problem for the Lindbladian £ depicted in panel (a): when a system described by o placed
downstream, it absorbs all of the output radiation (red squiggly arrows) emitted by the
original A systems. As a result, the two quantum systems A and B relax into a pure
entangled state (which has the general form of a thermofield double state). In general,
the Hamiltonian H’ and jump operators J [¢7] of the B system are extremely complex and
difficult to find. (d) If the master equation in panel (a) has hidden TRS, then it is extremely
easy to construct the Hamiltonian and jump operators of the absorber B system.
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Figure 3.4: Hidden time-reversal symmetry operations in a parametrically-driven Kerr cavity.
For vanishing single-photon drive A1, the driven-dissipative cavity model in Egs. (3.56)-(3.57)
has two distinct hidden time-reversal symmetries, corresponding to anti-unitary operators
Tx. Here, we plot the Wigner functions of the states T}, [o), where |a) is a coherent state
(amplitude o = v/2i, black dots). (a) For weak nonlinearity, K = 5 x 10~%x1, and two-

A

photon drive Ay = 6.25 x 10 %k, T4 are simple phase-space reflections about the axes
0 = targ(A9/ir) (indicated by dashed black lines).
k1,9 = k/8, hidden-TRS operations become highly non-Gaussian, as indicated by the

presence of significant Wigner negativity in the final states.
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Figure 3.5: Time symmetry of special correlation functions in a driven Kerr resonator. Real
part of the connected, steady-state correlation function Cp3 ,(t) = (a3(t)a) (c.f. Eq. (3.63))
for a parametrically driven nonlinear cavity with A9 = K, k1 = 0.4K and ko = Aj = A = 0.
This correlation function is symmetric in ¢, something that is guaranteed by the existence of
hidden TRS. We also plot another quartic correlation function C'y2p2(t) (where X, P are
canonical quadrature operators). This correlator is clearly asymmetric as a function of time.
Hidden-TRS only ensures that a certain restricted class of correlators are time symmetric
(in contrast to the more commonly studied CQDB which guarantees all correlators exhibit
a form of time-symmetry).
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Figure 3.6: Hidden-TRS breaking in a driven qubit. Inset: The doubled-system TFD oy-
o, connected correlation function C’EZFD(IS) (c.f. Eq. (3.16)) as a function of time, for a
Rabi-driven dissipative qubit for a non-zero temperature corresponding to 74, = 0.3. The
TFD state is defined by the hidden-TRS operator T (c.f. Eq. (3.34)). Main plot: The
time asymmetry of the TFD correlation function C’;j}g(t) - C’gzl(—t) versus time ¢ for various
temperatures. The values of nyp are in order from top to bottom: 0, 0.01, 0.03, 0.1, 0.3,
and 1. The ny, = 0 trace is identically zero which reflects the presence hidden TRS at
zero temperature. The onset of asymmetry heralds the breaking of hidden-TRS with the
introduction of thermal fluctuations. All functions are computed for a resonant Rabi drive
with amplitude Q = k(1 + 2n4y,), where & is the loss rate.
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Figure 3.7: Hidden-TRS breaking in a driven nonlinear cavity. Main plot: total corre-
lation function time-asymmetry m(7T) vs. temperature for a parametrically-driven Kerr
resonator, c.f. Eq. (3.81). Solid green: integrated asymmetry for the special correlation
function Cp2 g () (c.f. Eq. (3.80)), which is guaranteed to be symmetric if hidden-TRS
holds. There is a sudden onset of asymmetry above a threshold temperature, indicating
a sharp temperature at which hidden-TRS is broken. In contrast, we also plot the total
time asymmetry of a correlation function whose behavior is not constrained by hidden-TRS,
function C'y2 p2(t) (dashed red curve); here X and P are standard quadrature operators.
This correlator is asymmetric already at zero temperature, and shows no strong temperature
dependence. Inset: real-part of the correlation function asymmetry of C(¢) = Cp2. Heﬁ(t) for
ntp, = 0 (solid green), and 7y, = 0.2 (dashed green). For all plots we take Ay = 3K,
k1 =0.01K, A=A =Ko =0.
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Figure 3.8: The Rabi-driven qubit violates conventional quantum detailed balance. Inset:
The correlation function Cy,(t) is shown as a function of time for TRS ¢ = 0. Although
time symmetry is not explicitly ruled out for v = 0, the lack of time symmetry is clear.
We show only the connected part which decays to zero for |[t| > k. Main plot: The time
asymmetry of the symmetrized correlation function Re(Cy,(t) — Cy.(—t)) as a function of
time ¢/k for different permissible TRS. The correlation function is complex in general for
1 # 0, m; however, the time asymmetry is manifest even in the real part alone. The values
of ¢ in order from top to bottom are: m, 57/6, 3w /4, 57 /8, w/2, and 0. All functions are
computed for Rabi drive strength b = 1.
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CHAPTER 4
AN EXACTLY-SOLVABLE MANY-BODY PARAMETRIC
OSCILLATOR

4.1 Introduction

Spurred both by applications to quantum information and the advent of controllable dissi-
pative quantum simulators Baumann et al. [2010a], Houck et al. [2012], Fitzpatrick et al.
[2017], Fink et al. [2018], Ma et al. [2019] there is a renewed interest in exploring driven-
dissipative bosonic quantum systems in the many body limit (see e.g. Diehl et al. [2008],
Torre et al. [2013], Sieberer et al. [2013], LeBoite et al. [2013], Hartmann [2016], Biella et al.
[2017], Savona [2017], Dykman et al. [2018], Lebreuilly et al. [2019], Rota et al. [2019]).
Of particular interest are the possibility of dissipative quantum phase transitions, and the
emergence of highly non-thermal steady states. While a variety of numerical approaches
have been devised to study such systems, they have limitations. Conventional Gutzwiller
mean-field approaches (see e.g. Rokhsar and Kotliar [1991], Krauth et al. [1992a,b|, Zwerger
[2003]) are unable to account for strong correlations, whereas matrix-product state methods
(see e.g. Mascarenhas et al. [2015]) are largely restricted to 1D systems. Alternate numerical
approaches for 2D exist Finazzi et al. [2015], Scarlatella et al. [2021a], but these can be-
come numerically infeasible for large systems. Given this, the ability to have exact analytic
solutions for higher dimensional models would be extremely valuable.

In this Chapter, we address this outstanding challenge. We introduce a class of strongly-
interacting driven-dissipative bosonic models, and show that it is possible to analytically
describe their dissipative steady states in arbitrary dimensions. The basic system is shown
in Fig. 4.1: a set of bosonic modes is subject to arbitrary two-photon driving (both on-site,
and between sites), as well as to Markovian single-photon loss and a global Hubbard (Kerr)

interaction that depends on total photon number. While there are no conventional hopping
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interactions, one still has a lattice structure defined by the intersite two-photon drives. We
show that the steady-state density matrix of this model is amenable to exact solution via the
hidden time-reversal symmetry method Roberts et al. [2021], Stannigel et al. [2012a]. This
method is related to other quantum optical solution methods Drummond and Walls [1980a),
Wolinsky and Carmichael [1988b]|, Kryuchkyan and Kheruntsyan [1996], Kheruntsyan et al.
[1997|, Kryuchkyan et al. [1999], though attempts to use these in the many-body limit were
unsuccessful Cao et al. [2016], Kheruntsyan and Petrosyan [2000].

Our exact solution reveals a wealth of physical phenomena. For weak driving, one sees
the emergence of phase transition behaviour as system size is increased, with singularities
arising in the thermodynamic limit from the merging of discrete photonic resonances. Unlike
well-studied single-site models Minganti et al. [2016a|, the phase transition physics here can
occur far from the many-photon semiclassical limit, and can show marked deviations from
mean-field theory predictions. We also show surprising connections to the representation
theory of SU(1,1). Strikingly, we find that with appropriate tuning, the driven-dissipative
steady state is directly related to a non-trivial many-body generalization of SU(1,1) pair
coherent states Barut and Girardello [1971], Luo [1997], Albert et al. [2019].

We also find surprising behaviour in more strongly-driven regimes: the system can exhibit
surprising symmetry breaking phenomena and mode-competition physics, with the exact
solution again providing crucial insights. We stress that the class of models we study could
be directly realized in e.g. superconducting quantum circuits experiments, and can be viewed
as a many-body extension of the driven Kerr parametric oscillator systems that are being
studied extensively in the context of bosonic error correction Grimm et al. [2020], Lescanne

et al. [2020].

165



(b) (i j410i,)ss

b
2N 4
o~o~
A

+5.7x 103

0.0x 1073
-5.7x 1073
-1.1x102
-1.7x 102
-2.3x 1072
2.9x 102
3.4x102
-4.0x 102
4.6 x 102

0.05 0.10 0.15
AJu

Figure 4.1: (a) Schematic of the model: a lattice of bosonic modes, with two-photon drives
on each site (G) and on each nearest-neighbor (nn) bond (A). There is also single-photon
loss k on each site, and a global Hubbard (Kerr) interaction U. (b) Our exact solution
allows the description of steady-state spatial correlations. Here, nn pairing corelations are
plotted as a function of drive detuning A and drive amplitude A, for a N = 225 site 2D
lattice with u = U/N, k = 0.01u. One sees clearly a Mott-lobe like structure associated with
multi-photon resonances.
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4.2 Two-photon driven global interaction models

We consider a set of N bosonic modes (lowering operators dj), subject to arbitrary two-
photon (parametric) drives (amplitudes M;;), as well as a global Hubbard interaction (i.e. equal-
magnitude self-Kerr and cross-Kerr interactions U/N). Assuming all drives to have an iden-
tical detuning A from resonance, and working in the common rotating frame, the coherent

system dynamics is given by:

U \? ) .
H:N(Zn]) —Aan—i-Z(MijaIa;[—kh.c.) (4.1)

where n; = d;[dj. While our solution technique is more general, we focus here on the
case where our modes live on the sites of a D-dimensional hypercubic lattice, and we have
translational invariance, with M;; = G, and off-diagonals M;; = A/2D if i, j are nearest
neighbour sites, zero otherwise. This represents a modified two-photon driven Bose-Hubbard
model, with single-particle hopping replaced with p-wave pairing terms, and the interaction

made global. We also include dissipation: independent Markovian single-particle loss on

each site. The full dynamics is thus described by the Lindblad master equation
0ip = —i[H,p) + > KDlajlp = Lp, (4.2)

where D[X]p = XpXT—(1/2){XTX, p} denotes the standard dissipative superoperator, con-
structed from an arbitrary linear operator X acting on the Hilbert space of our system. We
note that related two-photon driven many-body bosonic models have been recently studied
numerically Savona [2017], Lebreuilly et al. [2019], Rota et al. [2019].

Eq. 4.1 exhibits a generic tension common to many driven-dissipative systems. The drives
favour populating the system with pairs of photons, creating squeezing correlations. This is

opposed by the losses, the energy detuning A (which makes pair addition non-resonant), and
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most crucially the interaction U (which is like a number-dependent detuning). This yields
the possibility of phase transitions, where a high density could self-consistently make the
drives resonant. While there is no conventional hopping, the nonlocal pair drives can create
spatial correlations (and are like an "Andreev-reflection" hopping process). Note that our
model could be realized in a variety of setups including superconducting circuits and more
conventional quantum optical platforms. We also note that our solution is even more general
than Eq. 4.1. As shown in , for a given set of drive amplitudes M;;, there exist a class of
standard hopping terms that can be added to H without changing the dissipative steady
state. We can thus describe, e.g., bipartite lattices with local hopping and pairing terms.
Our goal in this chapter is to understand the dissipative steady state psg of our system,
which satisfies Lpsg = 0. Surprisingly, for all parameter values and dimensionalities, this
can be done exactly and analytically, using the hidden TRS (hTRS) / coherent quantum
absorber approach introduced in Stannigel et al. [2012a], Roberts et al. [2021]. This method
postulates the existence of an anti-unitary operator T , in terms of which the associated

purification of pgg (which lives in a doubled Hilbert space)

pos = Trpl ) (Wpl,  [97) = 3 Vialn) £ T1n) . (4.3)

n

satisfies a generalized symmetry constraint Roberts et al. [2021]. Here |n), p,, are the eigen-
vectors and eigenvalues of pgs, L denotes states in the physical Hilbert space, and R denotes
states in the auxiliary Hilbert space, which is another copy of the physical Hilbert space.
The ansatz that T is a hTRS implies a set of conditions on | 7) that must be solved. For
this system, this can be done analytically .

The resulting solution for the pure state |\I/T> has a striking form. It describes an unusual

kind of pair condensate: all particles occupy the same two-body wavefunction whose spatial
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structure is determined by the driving amplitudes M;;. We find :

o0
ey = > (&) ), K= N > Mjjalal, (4.4)

m=0 1J

where K is the effective pair creation operator, &j = (a1 +ajp)/V2, and [Q) = |0)]0) 5

is the vacuum. The coefficients ¢y, in the expansion take the simple form
cm o< (=1)™/(6)m, (4.5)

where (0)m := 6(0 +1)---(d + m — 1) denotes the Pochhammer symbol (rising factorial),

and where the dimensionless detuning parameter r is
§:=1— NAug/2U, A=A+ ir/2. (4.6)

We stress that when U # 0, this pure-state pair condensate is highly non-Gaussian and
exhibits Wigner-function negativity. The parameter dependence of this state is also remark-
able. The global Hubbard interaction U along with the detuning A and loss x determine the
effective "fugacity" of our pair gas via the ¢, coefficients. In contrast, all spatial structure
(encoded in M;;) is encoded completely in the two-body “wavefunction” of each paired boson.
Finally, the resulting dissipative steady state is non-thermal, in that it cannot be written as

exp(—BH) for some f3 .

4.3 Emergence of phase transitions

. The exact solution allows us to study the emergence of dissipative phase transitions as the
number of sites NV becomes large, i.e. in the thermodynamic limit. This can be done for arbi-
trary dimensionality D, and while still remaining in low-density regimes where semiclassical

approximations would fail. We find a direct connection between first-order phase transitions
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Figure 4.2: Driven-dissipative phase transitions. (a) Average density 7 versus detuning A for
various sized 2D square lattices (periodic boundary conditions, k = 0.01U, G = U/5,A =
U/4). As system size increases, discrete resonances merge to yield a jump in the density
and a first-order phase transition. We also show the predictions of a basic semiclassical
mean-field theory, which predicts a zero-density solution that cannot be shown here due to
the log scale on the y-axis. (b) Here, we attempt to distinguish the bunched (red squares)
and antibunched (blue circles) phases via their correlations, respectively single-particle (left
panel) and density-density (right panel) correlations. We choose A = 43U as representative
of the bunched phase and A = —3U as representative of the antibunched phase. Both plots
show data for a N = 100 site periodic lattice with D = 1. All other parameters are the same
as in panel (a). All results are computed using the exact solution in Eq. (4.4).
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that occur at large N, and discrete multi-photon resonances that can be resolved at smaller
N. This is seen clearly in Fig. 4.2(a), which shows the average steady-state photon density
versus A in a D = 2 model, for different system sizes. The discrete resonances at modest N
occur when the dimensionless detuning r is close to a negative integer. The exact solution
tells us that when § = —n + € with |e| < 1, the relative "fugacity" between the n + 1 and
n pair configurations diverges as € — 0: ¢p41/cn = —1/(n +0) = O(e~1). This divergence
(cut-off by k) leads to an enhanced photon number, and thus sharply-defined resonances
occuring at detunings A,, = 2U(n+1)/N (see Fig. 4.2(a)). As N — o0, the spacing between
resonances vanishes, leading to a first-order phase transition where the density exhibits a
jump as a function of A. Fig. 4.2(a) also shows a comparison against the predictions of a
simple semiclassical mean-field theory.

A further virtue of the exact solution is that it gives full access to spatial correlations. We
find that these correlations provide a much better way of distinguishing phases compared
to purely local observables. In the large-N limit, two-point equal-time correlators in the
steady state such as (@;1,G;)ss, <€Ll~L 4-G)ss always decay exponentially with distance (see
Fig. 4.2(b)). In stark contrast, the global Hubbard interaction generates long-range (but
weak) density-density correlations. To study this quantitatively, we define in D = 1 the

reduced density-density corelator

A~ o . _2
g (i,r) = (s T";éss o (4.7)

Here, i = (71)ss is the mean onsite occupation in the steady state, and we note that g (,7)
is independent of ¢ away from boundaries. An analogous definition holds for D > 1.

We find that the two phases of our model can be cleanly distinguished by the sign of the
(2)

large-distance density-density correlations, i.e. by gsg’ = limw o g(2)(7“). We call the phase

2)

where gs’ > 0 a "bunched" phase, where density fluctuations are positively-correlated at

(2)

long distances, and the remaining phase with g3’ < 0 an "antibunched" phase. When &« is
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Figure 4.3: Phase diagram for D = 0. (a) Average density as a function of detuning A
and loss k, with N = 500, A = 0, and G = U. Phase boundaries can be seen, the critical
damping value k. is also indicated: for kK > kg, the first order PT vanishes. (b) Asymp-

totic long-distance behavior of the density-density correlation function, as captured by gﬁ)
(c.f. Eq. (4.7)); the sign of this quantity more clearly distinguishes the two relevant phases in
the model. A critical point Afg := Ac + ik /2 marks the exact location where gg) becomes
continuous across the phase boundary. Same parameters as in panel (a). The parameter

tuning that results in a many-body pair coherent state is indicated with a star.
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sufficiently small, these phases are connected by the first-order phase transition mentioned
above. The corresponding jump in density is accompanied by a sign change in g(()%), see
Fig. 4.2(b), right panel. We also note that for modest values of N, the multiphoton resonance

physics described above can also lead to interesting structures resembling Mott lobes LeBoite

et al. 2013, 2014], if one looks at intersite correlations. This is shown in Fig. 4.1(b).

4.4 Criticality in the D = 0 model

The above physics becomes especially clear in the limit where A = 0, i.e. purely local driving.
There is no remaining spatial structure, hence we call this the D = 0 limit. As we saw in
Fig. 4.2, for D > 0, our model has a finite correlation length characterizing the decay of
two-point correlators. The D = 0 model sets this length to zero, while retaining the more
interesting physics associated with density-density correlations. The D = 0 limit is also
experimentally relevant: it can be realized directly using a relatively simple superconducting
circuit .

The D = 0 case has another key virtue: it allows a dramatic simplification in the calcu-
lation of observables, as now K, }A(L and K, = (2NG2/U) [IA(L K 1] form a representation
of the Lie algebra of SU(1,1). This makes the problem of evaluating moments with respect
to the state |\IIT> given in Eq. (4.4) completely algebraic; one only requires knowledge of
the bosonic representation theory of SU(1,1). Further, harmonic analysis in RN yields a
satisfactory characterization of the requisite representation theory . We are thus able to
compute local observables and correlators for systems with tens of thousands of sites and
at unit density. For our D = 0 model and for large N, we can verify by brute force that
lim, ., AZ sign{gg)} = +1, where A, denotes the location of the discontinuity in n. This
confirms that the first-order PT marks the boundary between bunched- and antibunched
phases (c.f. Figure 4.2). We also find that this first-order PT only exists when k < ke,

where k¢ is a critical damping threshold, akin to a critical pressure in a liquid-gas transition
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(c.f. Figure 4.3a). As in a liquid-gas transition, above the critical point the two phases are

2)

smoothly connected, as is indicated by the continuity of go% in Figure 4.3b. Here, we use
the exact solution to estimate k., by explicitly observing the divergence of the susceptibility

X = 0n/OA as k — k.

4.5 Many-body pair-coherent states

When D > 0, analysis based on the exact solution becomes more challenging. One can still
obtain a representation of the Lie algebra SU(1,1) by defining a (generalized) pair-lowering
operator K_ := % Zij(M_l)ij@i@ja which has the effect of removing a pair of bosons:
K_K_T\Q) x KT_1|Q) However, K_ is not equal or proportional to [A(]:_ unless D = 0
or D = oo. The result is that representation-theoretic techniques are of no utility when
D > 0. Nonetheless, the Lie-theoretic point of view is still useful in helping reveal unusual
phenomena.

In particular, at special detuning values, the gas of boson pairs constituting the purifi-
cation of the steady state (c.f. Eq. (4.4)) forms a many-body pair coherent state (PCS),
that is, an eigenstate of the operator K_ Barut and Girardello [1971]. From the form of
the solution, we see that this happens when ¢, 11/¢m = —k/(N/2 + m), where k = —1 is
the corresponding eigenvalue of K_ . From Eq. (4.6), we see that this requires § = N/2,

corresponding to x — 07 and
A—>APCS = U(Q—N)/N (4.8)

Note that for the case of just a single mode N = 1, this corresponds to the known physics
of a Kerr parametric oscillator Wolinsky and Carmichael [1988b]. In this case, A = U is
the same as zero detuning if one normal-orders the Kerr interaction, and |\IIT) reduces to an

even-parity cat state.
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We stress that there are observable consequences associated with the formation of this
many-body PCS. As one approaches the special detuning, there are no fluctuations in the

global pairing, as quantified by the operator K_. One can explicitly show that:

< (Z(M_l)ijdidj> " ( Z(M_l)ijdi&j)m>ss

1] 1

o KR, (4.9)
A—=Apcs

Similar to their two-mode counterparts Agarwal [1988|, Agarwal and Biswas [2005], the
many-body PCS we describe here may have utility for bosonic quantum error correction
Mirrahimi et al. [2014al, Leghtas et al. [2015a], Puri et al. [2019], Lescanne et al. [2020],
Grimm et al. [2020]. We note that the many-body PCS that emerge here are distinct from

the multi-mode states discussed in Ref. Albert et al. [2019].

4.6 Symmetry breaking

In the strong-driving regime, our model exhibits a surprising symmetry breaking phenomenon.

First, note that the singular values of our matrix of pair-driving amplitudes is

1
A\, = — 4.10
k u ) ( )

A D
EZcoskj—i-G
j=1

where the wavevector k labels standing wave modes. Let A\« denote the maximum singular
value, and s denote the number of distinct modes that it corresponds to (so-called max
pairing modes). For large driving, one can analytically show that the steady state Wigner

function W[{ay}| corresponds to a uniform distribution over the (s — 1)-sphere defined by

Z xi —const., ap=e Yoy (4.11)
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Figure 4.4: Symmetry breaking at strong driving. (a) Occupancy 7} of standing wave
modes in a odd-length D = 1 open chain, as the drive A is increased. For large drives,
the modes with the largest pairing amplitudes, £ = 0,7, dominate. Nyt denotes average
total photon number. Parameters are A = 0,k = u/100, u = U/N, N = 31. (b) Normalized
density correlations between the modes at k = 0, 7 (red curve), and the horizontal asymptote
y = —1/s predicted by a uniform sphere distribution (black dashed line). Here, s = 2.
Parameters same as in panel (a).
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with z € R and 6 an overall phase . Even though there is a near continuum of pairing
eigenvalues, for large driving, the max pairing modes completely dominate. This behaviour
is shown explicitly in Fig. 4.4(a). The structure of this solution also directly leads to an
anti-correlation between mode amplitudes that is purely geometric, see Fig. 4.4(b).

The mode selection in our system can be related to spontaneous symmetry breaking. Real
rotations amongst the max-pairing modes form a non-abelian group of weak symmetries iso-
morphic to O(s,R) which commutes with the Lindbladian £. At high driving strengths we
conjecture that this symmetry is spontaneously broken. This is seen clearly at the semiclas-
sical level, where one can show that every point on the max pairing (s — 1)-sphere is a stable
stationary state of the dynamics. Each such solution of course breaks the underlying mode-
rotation symmetry. In the full quantum theory, fluctuations lead to a slow randomization on
this space of symmetry broken solutions, yielding the final unique steady state. The effective
mode selection phenomena in our model is reminscient (but not identical) to analogous ef-
fects in other systems (see e.g. Narducci et al. [1986], Gong et al. [2007], Stone et al. [2022]).
Ref. Wang et al. [2020] also describes (using semiclassical MFT) related phenomena in a
many-mode model with uniform pairing, with mode selection being controlled by dispersion
as opposed to pairing amplitudes. We stress that in contrast to Wang et al. [2020] our exact
solution lets us describe all quantum fluctuation effects, allowing analytical insights into how
our mode selection effect emerges as the dimensionless driving rates G /U, A/U become large,

see Fig. 4.4(a).
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Figure 4.5: Exactly-solvable Bose-Hubbard models with hopping and pair-driving. (a) A
bipartite lattice is subjected to chirally-symmetric hopping (depicted using blue and red

arrows) as well as pair-driving of the form 65 = 3 j (d;[ i)}—l—h.c.) (not shown in this subpanel),

and an infinite-range Bose-Hubbard interaction (not shown in this subpanel). (b) At late
times, the steady state becomes stationary with respect to the hopping process depicted
in panel (a), and so the steady state can be analyzed by ignoring the hopping processes
and considering only the pair-driving process (depicted by blue ovals) and the Hubbard
interaction (not shown in this subpanel) in isolation.

4.7 Augmenting the model with hopping terms

The driven-dissipative bosonic lattice model that we solve in this chapter is given by the

following Lindblad master equation:

~

Op=—ilH )+ DLy,  H=uN?— AN+ (Myalal+he),  Lj=/ra
j ij
(4.12)

where here, N = Zjvzl d}dj denotes total boson number, and v = U/N. In addition, we

have an arbitrary complex-valued two-mode squeezing array M;;.

We will now describe how single-photon tunneling terms of the form J dgdj + h.c. can
be added to the Hamiltonian while preserving its solvability. A proper explanation of this
necessitates a discussion of the symmetries of the dissipative evolution generated by the

Lindbladian £. We begin by discussing the two-mode squeezing array M. We define the
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symmetry group S of the array M to be the group formed by unitary beam-splitter trans-
formations that leave the pairing array invariant. Under such a transformation, represented

by a unitary matrix W, the pairing array M transforms as M — WM WT. Therefore

S = {W cUWN): wMwT = M} =v [ oGsr.R) VT, (4.13)
AEX

where M = VEVT is the Autonne-Takagi factorization of the matrix M with ¥ the diagonal
matrix of singular values, and where s, denotes the degeneracy of the singular value A € 3.
In arriving at the result (4.13) we have used the fact that the symmetry group of ¥ is the
product group []yex; O(sy,R). Since S by definition conserves total particle number, any

beam-splitter transformation that lies in S is a weak symmetry of the Lindbladian (4.12).
Let us now assume that £ has a unique steady state. Then this steady state must respect
the weak symmetries of the Lindbladian £ Buca and Prosen [2012]. In particular, the steady
state is invariant under the symmetry group S of the pairing array. In particular, we can
add any element in the Lie algebra s of S to the Hamiltonian in (4.12) while still preserving

the steady state. The Lie algebra of S can be explicitly computed:
5= V{i SN tijala; —alay), ;e R}VT. (4.14)
AEY i,jEé)\

where s) denotes the subset of mode indices corresponding to the singular value sy, and

Y is some beam-splitter transformation that implements the unitary transformation V', i.e.

VTdiV = Zj VZJCALJ

4.7.1 Imaginary hopping arrangements

When the singular values of the pairing array are fully degenerate, the pairing array is

maximally symmetric: in this case, the symmetry group S is, up to the unitary similarity
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transform V', just the full rotation group as a subgroup of the unitary group. The simplest
example is the case where the pairing array is diagonal and uniform: M;; = G4;;, which lets
us set V' = 1. Therefore, in this case, the symmetry group of the pairing array is generated

by terms of the form

N
oA =iy tij(ala; —alay). (4.15)
1,5=1
Recall that, since 6 H generates a weak symmetry of £, one can add 6H to the Hamiltonian
without changing the steady state of £. That is, one can add any set of imaginary hopping

terms to the Hamiltonian without changing the steady state of L.

4.7.2  Chirally-symmetric hopping arrangements

Thanks to the similarity transform V' appearing in the symmetry group S, there are many
situations where our solvable model can be augmented with conventional hopping terms. As
a particularly striking example of this, consider a global Bose-Hubbard model defined on
a bipartite lattice with 2V sites, with corresponding modes ay,...ay, I;l, e ,l;N. We can
consider a special case of the Lindbladian (4.12) where the pairing array is fully "dimerized",

that is, where the Hamiltonian takes the form

H=uN? = AN + A (albl + he.). (4.16)
j

In this case, one can augment the above Hamiltonian with the following hopping terms:

5H =3 T ((ajaj +he) — (bb; + h.c.)) . (4.17)
ij
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Note that such a model describes arbitrary hopping within the A-sublattice, which is mirrored
in the B-sublattice. This situation is schematically depicted in Fig. 4.5a. To see explicitly
that the hopping terms generate rotational symmetries of £, we have to diagonalize the

pairing array. In particular, one can do this by defining modes

S| |

4=l +b~", U (4.18)

.73+ \/§ J— Z\/§
In this mode basis, the Hamiltonian, with the hopping terms included, reads as

) N N
H=uN?— AN + AZ(@;’i + h.c.)+i Z Jij(cg-’iéj’+ — h.c.)+1i Z ‘]ij<c;'r,+éj,* — h.c.).
JEx i,j=1 i,j=1
(4.19)

In this diagonal mode basis, it is extremely clear that the hopping terms generate rotations
of the modes ¢; +, é;[ . that are weak symmetries of the Lindbladian. Therefore, the results
of this chapter can be used to analytically describe the steady states of the model (4.16),

including the chirally-symmetric hopping arrangement depicted in Fig. 4.5a.

4.8 Hidden TRS conditions

Given a steady-state pss and corresponding time-reversal operation T, one can construct the

thermofield double state

(Wi) = vonln) [ Tln) g, (4.20)
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where |n) are the eigenvectors of pgs, and p,, the corresponding eigenvalues. Sufficient con-

ditions for T to be a hidden time-reversal symmetry are Fagnola and Umanita [2010]

[(u(NL—i—NR)—Aeﬁ)(NL NR —1—22 z+ j’ |\I/ ) =0,
ij

Gj—|Wz) =0, (4.21)

where 4 4+ = 27 1/2 (aj,,%a; g). Since the Bogoliubov transformation a; r, a; p — &; 4, ;-
is boson-number preserving, we have Ny + Np = Ny + N_, where N4 = Zj aj L Ot

Therefore, we can write the above conditions equivalently as

Z@ [( (Np 4+ N_+1) - Aeﬁ)aﬁwZMW T ) =0, (4.22)
J

dj_|Wz) = 0. (4.23)

Each term in the sum in Eq. (4.22) has exactly one boson in the antisymmetric mode a; _
and is thus mutually orthogonal with the remaining terms. Therefore, each term in the sum
must separately vanish. Factoring the thermofield double into symmetric and antisymmetric
components |V) = [V )[¥_), we obtain [V_) = [0-), i.e. the antisymmetric component

is in vacuum, and

(¥4 1) = Badis + 23 Myl Y 4) =0 (4.21)

1
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4.8.1 Ezact solution via representation theory

We now proceed to solve the system of equations Eq. (4.24). To begin, we multiply each
1

constraint on the left by & i yielding
(40— Bt s + S yal 0] )l =0, (1.25)
where 75 4 = ;u_ &; +. We then sum over j:
(u(N+ — M) Ny +2Y " Ml ol +> W) = 0. (4.26)
ij

Note how the above operator annihilating \\DT) is almost like the effective nonhermitian
Hamiltonian ﬁeﬁ‘ = H—ixN /2, except that here the lowering operators associated with the

drive are not present. We now identify a "hidden" nonunitary representation of SU(1,1) via

~ 1 MZ] —1— AT ~ 1 1 R ~ ~ 1 AJ[ ~ 1
Kp=352 =000 0 Ko=g ) (@M Dy by, Ka=33 (4,40 +5).
ij ij J
(4.27)
Note that the representation presented here is unitary if and only if the pairing array is
unitary, i.e. (M/u)~! = (M/u)t. In terms of the Lie algebra generators, the hTRS condition

simplifies to Heg 4 |V) = 0, where
Hot 1+ 1= (K. — N/4 — Aggg/2u) (K. — N/4) + K. (4.28)

To solve this condition, we make the ansatz that the dark state inhabits an irreducible
representation of SU(1, 1), with the vacuum state constituting the vector of lowest weight

(with respect to the subalgebra generated by K »). This irreducible representation is spanned

183



by vectors of the form

U) = > emK P |ho),  |ho) = |2) (4.29)

m

The use of the notation hq to denote the bosonic vacuum [Q2) :=|0)|0) g, as well as the fact
that the solution Eq. (4.29) to the constraints Eq. (4.24) is unique will become apparent
in later sections when we review the general representation theory of SU(1,1). For now,
however, we will treat Eq. (4.29) as an ansatz and proceed to compute the exact coefficients

¢m occuring in the expansion:

(0. ¢]
Her+|T4) = > (m(m — Aegr/2u)em + Cm—l) K''|hg) =0, (4.30)
m=

1

which yields the solution ¢, o< (=1)"/m!(§)m, where § = 1 — Ag/2u, and (6)y, =

3(6+1)--- (6 +m — 1) denotes the Pochhammer symbol (rising factorial).

4.8.2  Diagonal form of the representation

By treating the raising operators ol;[’ 4 as indeterminates, one can interpret the SU(1,1)
raising operator K + presented in Eq. (4.27) as a quadratic form over the complex numbers.
[ts matrix representation M /u is invariant under transposition and thus admits a kind of
singular-value decomposition M/u = VEVT (called the Autonne-Takagi factorization Au-
tonne [1915]), with V' an N x N unitary matrix and ¥ = diag(\q,...,Ay) the matrix of
singular values. Writing Bl L= > V%jd} o for the corresponding basis of singular vectors,

we can re-express the SU(1, 1) representation (4.27) as follows:

J

3 1 At2 : 1 152 .o 1 At A 1
Ky=52 N Ko=53 N8 Ke=35) (9 8e+5)  (431)
i 1
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4.9 Exact solution: collective moments

The simplest quantities to compute in our model are collective observables, that is, moments

of normally-ordered monomials in the SU(1,1) algebra.

4.9.1 Unitary case

Our job is easiest when the representation Eq. (4.27) satisfies [A(i o K_. This happens
if and only if the singular values of the matrix M/u are all the same. In this case, the
SU(1,1) representation can be made unitary by rescaling K_, and the diagonal form of the

representation is as follows:

o1 At2 Lo 1 152 Lo 1 SO 1
J J

J

with A > 0 the unique singular value of the matrix M /u. With this, we now turn to compute

moments of monomials of SU(1, 1) within the representation:
(UA[KENER™ W) =" Acreq(ho| K K NE K™K |ho) (4.33)
b,q

We reparametrize the sum by defining an auxiliary non-negative integer | = p —n =q —m.

In terms of {:

(0.8}
(WA KENER™ W) =S N o (ol KR KT NER™ KT KY |ho)
=0
2 ok (2420 ntd Cmtl
= XT"chem Y (21)F|er A ;—CC;”Tm Fn,m, ). (4.34)
1=0 "
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Using the SU(1, 1) commutation relations, we evaluate

F(n,m, 1) = (ho| KLK" KT KM K™K ko)
= II(N/2), (n+ D! (m+ D! (N/2)n11 (N/2) i

T (N2), (N2 (4:35)
_ (N/2)n(N/2)m (n + D!(m + DIN/2 + n)y(N/2 +m); (4.36)
I (N/2), ‘ ‘
We then compute
o222 Cnerl Cmtl gr  Unlltm!— (6%)1(6%)n(8)1(0)m
(2l) lerl"A cjcr ciem = lal*> (n+ D m+1D! (09100 (%) 10m (4.37)
A2lnlm!
= . (4.38)

(n+ Dl m + D1(0* +n);(d +m);
Putting everything together,

kA2 (N2 + n)y(N/2 4+ m)
l! (N/Q)Z(CS* + n)l(5 + m)l

(¥

#) = A2 (N/2)n (N/2)ntm! Y ~(21)
=0

_ XM= 1)"T(N/2)n(N/2)
(0%)n ()m

k
d
m(de—) 9oF3(N/24+n,N/2+m; N/2,6% +n,§ +m;2) ,
i z=)\2
(4.39)

where here, ,Fj denotes the generalized hypergeometric function, defined as the analytic

extension of the following infinite series:

qu(al,...ap;bl,...bq;z) = E =7 (4.40)
(b))
1=0 tim=1

Up to this point, we have computed |\IIT) up to a normalization prefactor. This normalization

V) = 1F5(N/2;6,6%; \2), thus completing the

can also be computed in closed form: (V.- 7

T

characterization of collective moments in the case that the representation (4.27) is unitary.
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4.9.2  Nonunitary case

We now accomplish the same task, but in the more general regime where the singular values
A; are possibly non-degenerate. In this situation, there is less structure to the calculation,

but moments of SU(1,1) monomials may nonetheless be extracted efficiently:
o
(A KTNER™W ) = cheglho KPR NY B K |h) (4.41)

b.q

We reparametrize the sum by defining an auxiliary non-negative integer [ = p —n = ¢ — m.

In terms of {:

o0
A~ ~ A~ ~ l A~ A A~ A~ A
(A RENER™W) =3 ¢ e (2D (ol KT KT KT R RTKY [ ho)

=0
2 l+n Cl+m
— cncm§‘ ql - Lm0 g(n, m, 1). (4.42)
We evaluate:
N/2 m + )] N D o~
ot 1) = B g 0 ey (4.43
N/2 m—+D(n+ 0 (n+1) -

where ®,,(X; N) := (n!)2<h0]f(inf(?_\ho> is a form factor to be evaluated later on. Therefore,

in total we have

A /\k_ A
(U | KENER™ 05 =

(— 1)n—|—m N/2m§o: (N/2+m) (n+l)!<2l)k q)n—f—l(X;N)' (4.45)
ZZO

(6% (6% + n); (6 + m), (N/2),l!
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All that is left is to compute the normalization, which comes out to
oo
(U700 =Y By(X N)/(8)(6%);. (4.46)
=0

Up until this point, we have given formulae in terms of the form factors @n(X; N) =
(ho\f(inf(?_\h@ /(n!)2, which, in the nonunitary case, cannot be evaluated purely using the
internal relations of the SU(1,1) algebra. Instead, via the multinomial expansion, we are

left with a sum over an exponential number of terms:

. n 1 R n
B (X; N) = ho|< Zwﬁ) <§ZAjﬁ}?+> hoy = 3 TI/2A"
J jkj=nJ

(4.47)

Our work would not be complete if we did not give an efficient prescription for evaluating

these sums. The key to evaluating these sums efficiently is the following observation:

n

(NN =S 1208 S [Tk = Y20 (N - 1)

p=0 ZN lk]—n p J p=0

(4.48)

We note that the above constitutes a recursion relation for @n(i; N) with boundary condition
<I>p(x; 1) =(1/ 2)p)\%p . Note that via this recursion relation, and fixing some boson-number
cutoff k, the collection {CIDp(X; N)}p< of form factors may be evaluated using only O(K%N)

floating-point operations.

4.10 Exact solution: local moments

We now turn to a more difficult task: that of computing (equal-time) correlation functions
of local observables, that is, observables that are not collective in nature. To accomplish this
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efficiently in the unitary case, we must solve the "addition of angular momentum" problem
for SU(1,1), i.e. we must understand how to decompose a tensor product of SU(1,1)
representations into irreducible components. Luckily, this task is easily solved in terms of
the theory of harmonic functions on RV, In the nonunitary case, however, the SU(1,1)
structure is not so useful, and instead some generalization of the combinatorics in (4.48) is

needed to compute observables.

al

To make our task easier, we will compute observables in the basis of modes b]L =>.V j Vija;

that diagonalizes the pair-driving matrix M /u.

4.10.1 Addition of angular momentum for SU(1,1)

We can write our global SU(1, 1) representation (4.31) as a tensor product of local represen-

tations:
N N 1. A 1
ng2+, K(f) = 5)\]' 1/32+’ K< = _ (BT +ﬁj 4+ 2) (4.49)

It is easy to see that each local representation is reducible, and has the decomposition Vi) =
VJ(rj ) &) V_(j ), where Vj(Ej ) denotes the subspace consisting of all states with a fixed boson-
number parity £1. Our global SU(1,1) representation K., K, K, is the N-fold tensor

product ®]V( 7), and has the following decomposition into irreducible subrepresentations:

®,V _é(@v ) (4.50)

=0

()

where each irreducible subrepresentation V" takes the form

= 3" KPP, (4.51)
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and |hl(1)>, ce |hl(dl)> is some orthonormal basis of the subspace of the kernel of K_ consist-
ing of those states with fixed total photon number equal to [. Later on we sketch a proof of
the decomposition (4.50) using the Segal-Bargmann representation Bargmann [1961, 1967],
which represents bosonic states as multivariate analytic functions, and bosonic creation- and
annihilation operators as partial differential operators. In the Segal-Bargmann representa-
tion, the SU(1,1) vacua |hl(p )> are represented as homogeneous harmonic polynomials of

degree [, hence the notation "h;".

4.10.2  Unitary case

In the unitary case, the decomposition (4.50) becomes an orthogonal direct-sum decompo-
sition, with the superselection rules (hl(m)\[A(ip[A(ﬂhl(,m/)} = 5[,1’5m7m’5p,qp!)\2p(N/2 + D).
These simple rules allow us to compute any local quantity of interest in our model. For the
case of quadratic correlation functions, however, such rules are not necessary. To see this, it

suffices to use the weak permutation symmetry IA)Z l;j, as well as the weak parity symmetry

b; — —b; of the Lindbladian £:

~ 1 ~ 0 N
(blbier) = brogy _(blbs) = 7 LR N7, (4.52)
J
N 1 ~9 57.70 ~
(bibitr) = 005 > (5) = B[P (4.53)
J

Higher-order correlations, are not expressible in terms of collective moments, and so in
general the decomposition (4.50), along with the associated superselection rules, serve as
a useful guide. As an example, we compute the pair-correlation function, as well as the

density-density correlation function, and leave the general case to the reader. We compute
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the pair correlation function first:

0 2
P2, = (0l B 1) - — ey (454)
0 2
Zc cqlhol B2 KIPRIBZ | |ho) - (U K[ 0 ) (4.55)

For the calculation to proceed, it is necessary to decompose the states B;ri‘h@ into SU(1,1)
vacua. Although this can be done by hand in this simple case, in general it is useful
to automate this process (especially for higher-order observables). For this purpose, the
HFT Mathematica package Axler [2020] is especially relevant, in particular the function

harmonicDecomposition[], which automatically extracts the decomposition

2N 2K+

2
B2 ho) = 20 + S5 o), (4.56)
where \h?) = % ﬁ—f_vl(k(j) - %)]hg) generates an irreducible subrepresentation with
weight N/4 + 1. We thus obtain:
1
72 peqlhol B KIPRLBI, | Iho) (4.57)
pq
_ 2N - I+1 )| el g (i
- oy Z\c| (ho KR hg) + Z| SRR RSy

. (4.58)

2N—2{ 0 ] . N5r0_1 x
= —=— 2=+ 1| 1Fo(N/2;0,0";2) + —2=——1F2(N/2+2;6,6; 2)
( N3 0z 2N 2

We now compute the density-density correlation function <l§jl§zl;j +,«Bz’+r>- Since the case r = 0
is subsumed by the previous calculation, without loss of generality we can assume r # 0.

Again, we split the calculation into a collective part and a noncollective part (that populates
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a higher weight representation):

1 1 N
BbibL, bisr) = 3 2 cheathol i KIPRUBIAL, ho) = (W7l Ra105).  (459)
b,q

We evaluate the noncollective part, by noticing that |hg’j )> = B;r +B;L L |ho) generates an

irreducible subrepresentation with weight N/4 + 1:

1 A ~ ~

1 2 hcalhol BB KPRLBTAL, Iho) (4.60)
b.q

— _Z| ”*’" KTZK+|h”+T)) = ilFQ(N/2+2;5,5*;A2). (4.61)

Higher-order moments

The general procedure for calculating higher order moments is no different from what we have
done in the previous subsection: given a higher-order moment to be evaluated, one writes
the expectation value in terms of an antinormally-ordered correlation function involving the
mode operators BJH-’ BJ, 4 and then uses standard harmonic analysis software Axler [2020]
to decompose the resulting states into components lying in higher-weight subrepresentations.
Iterating this process yields formulae in terms of generalized hypergeometric functions and

their derivatives.

4.10.8  Nonunitary case

We now turn to the most general task of computing local correlation functions in our global
Bose-Hubbard model, in the nonunitary regime. In this case the calculation has the least

amount of structure, and so here we just present the most general result. To better organize
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the calculation, we will write the purification |\I/T> as a power series
-y @ H 8™ |hg), (4.62)
mENN
with ¢z = []; (4/\j)mj(1/2)mj/(5)2»mj' From the above form of the purification, we can
j

calculate the parametric form of any normally-ordered correlation function:

“ A A ~ 1
<b§”1 . ..b;f\T;Nbgnl e DN) = e (W,
‘/223‘ nj+m;

*
1 Z _ii+k itk (4.64)

BT BB BN ) (463)

There are a number of issues, however, with the series expression given above: firstly, due
to the weak symmetry l;j — —Ej of L, only correlation functions with n; = m; modulo two
are nonzero. Secondly, the series expression naively seems to be useless, as, for a fixed total
boson number cutoff, the series contains a number terms that is exponentially growing with
N. Therefore, the naive way of evaluating (4.64) scales no better than a direct simulation
of the original master equation.

We will resolve both of these issues now: first of all, we can efficiently parametrize all of
the nonzero correlators by replacing 7 — 21+ 5, m — 2m+ 5, where b € Fé\f is a fixed vector
of booleans. To exponentially reduce the complexity of summing the series (4.64), we define

generalized combinatorial form factors

.- (1/2+nj+bj)kj(1/2+mj+bj)kj ok
O (N, 71, m,b; N) = Z H (2k; 0] (4X;)7"9. (4.65)
Zj kal J

Indeed, in terms of the above form factors, the series expressions for normally-ordered mo-
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ments simplify quite considerably:

*

— — C - Ch o T, 7
(G2 DDy 1 O bk 2Dtk

= - (4.66)

c* L 2 Coin OO T o oo
__2(ii+b) 2(ni+b) Z . @y (A, 7, 7, b) (4.67)
ESTET R SRS S CES MRS SN

Our job would not be finished if we did not give an efficient prescription for evaluating the
form factors ®;. Our task is made easier, however, by observing that, when 7 = m = b= 0,
the form factors (4.65) reduce to the form factor CDn(X; N) used previously to compute
collective moments. In fact, these more general form factors satisfy an analogous recursion

relation:

®y(X

=
3

- (1/24+ny +bn)p(1/2+mpy +by) 2 o
bN) =" (Zpi - 2 (4\N) 2P Dy (X, 77,170, N — 1).

(4.68)

—

We note that the above recursion relation has the boundary condition (Pp()\,ﬁ,m,g; 1) =
(1/2 4+ nq + b1)p(1/2 + my + by)p(4r1)?P/(2p + by)!. Therefore, the following kth-order

approximant for each normally-ordered moment,

* k >

‘/22 nj—l—mj—i—b l:0 (6% +Zjnj+2] )(

may be evaluated using only O(k;ZN ) operations. We now factor in considerations as to

M, b)
- (4.69)

22jmi+ 225051

the scaling of the total-particle-number cutoff k. Assuming the onsite density n converges

as N — oo, the total number of particles is O(N), and so the cutoff typically scales with
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the system size: k ~ O(N). Therefore, factoring in all considerations, time-complexity of

evaluating a single normally-ordered moment is roughly O(N 3).

Quadratic correlation functions

Up until this point, we have given expressions for normally-ordered moments in the basis of
singular modes Z;I = Vi aT To obtain correlation functions in the spatial mode basis, we

must expand each a-mode in terms of b-modes:
a aH—r Z Vi j H—r] bTb > (@jtitr) Z ‘/’L*j‘/lj—’r'j > (4.70)

In both cases, one has to evaluate N normally-ordered moments in the b-basis. By the
previous estimates, each normally-ordered moment takes O(N 3) floating-point operations to
evaluate, so that in general it takes O(NN 4) floating-point operations to evaluate a quadratic

correlation function.

Quartic correlation functions

We now turn to evaluate quartic correlators using the same re-expansion technique. We first

compute the pair-correlation function:

12,2\ _ T
<a a1+?”> - Z V;JlVJQVthr]3‘/117",]4@31[);[26]3[7]4) (4'71)
J1,J2:J3:J4
Al 2 %2 71272
=23 ViV g Vi Vi (B0 Zvuvzjw (P52, (4.72)
J#J
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The calculation for the density-density correlation function (assuming r # 0) is very similar:

<ﬁiﬁi+r> = Z z ,J1 V;—H“Jz ‘/;*]3 ‘/7,17’,]4 <b}Ll b;g bj3bj4>

]17]27J3a]4
A ~ A 2A2
Z‘ i.jVitrg + Vidr ZJ" b bjr Z Vitr, ZJ'Vlj‘TJ <b;r' jr)-
J#J

(4.73)

In both cases, one has to evaluate O(N?) normally-ordered moments in the b-basis. By the
previous estimates, each normally-ordered moment takes O(N 3) floating-point operations to
evaluate, so that in general it takes O(N 5) floating-point operations to evaluate a quartic

correlation function.

4.11 Phenomenology of the exact solution

4.11.1 SU(1,1) coherent states

When ¢ = N/2, the purification [V ) is an SU(1, 1)-coherent state in the sense of Barut and
Girardello [1971], that is, an eigenstate of the lowering operator K_. This holds regardless

of whether the representation is unitary or not:

X mKKm X, (—1)mtl K
K |Uz) = 1)(N/2 L lho) = —|W.2).
| ZO N/2 - mz—:O N/2 - (m +1)(N/2+m)—lho) = =|¥3)

(4.74)

The above identity has a dramatic effect on the physical steady state pss. In particular, fluctu-

ations in K := </;‘_> exactly vanish when § = N/2, whereas fluctuations in the onsite pairing

¢ := (42) remain nonzero and show no special behavior. Here, k_ := + 3. (uM~1);:a;a; is
: j : P =T 2 L 1)y

a pair-lowering operator involving only the physical lattice modes a;.
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Figure 4.6: Bosonic pairing fluctuations near the PCS regime. (a) Here, we plot the normal-
ized fluctuations gg) = ((/%T_IAL> —|K|?)/|K|? in the nonlocal pairing observable K := (k_),
for different values of loss k € {0.01U,0.1U, U} (red curves; transparency increases with in-
creasing loss). Note the sharp dip exactly at Apcg = U(2 — N)/N. Here, G = U, A =

0, N = 500. Inset: We plot the normalized fluctuations gg) = ((a2a2) — |¢|)/|¢|? in the

local onsite pairing ¢ := (&?>. Parameters same as before. (b) Same as panel (a), but for
D = 2 with N = 8 x 8 and periodic boundary conditions. Here, A = 2U = 4G.

4.11.2  DMFT analysis of the D =0 model

DMFT expansion

We now use dynamical mean field theory (DMFT) to derive a large-N expansion for our
D = 0 model. To derive this expansion, we first fix a site (labelled j = 0) in our lattice model,
and attempt to integrate-out the remaining degrees of freedom. Typically this integration

procedure is carried out within the Schwinger-Keldysh formalism, which states that the
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action for the full D = 0 lattice model is

U 2
Z(ajﬂatoz;a — Anj’g + G(aia +c.c))+ N ( Z ”j,a) ]

S:/dtZa

o==1 J J
. 1 2
+m/dtz <aj7+aj’_ b Z |ozj’a| ),
J o==+1
(4.75)
. |2
njo = |0l (4.76)

where a4+ = a; 4+ (t) are complex fields associated to the bosonic degrees of freedom a, d;,
as is standard in the Keldysh formalism. Within this formalism, the goal is now to compute
the effective action for a fixed site j = 0. One can compute a large-N asymptotic expansion
for the effective action for the fields ag 1, ap —, which takes the following self-consistent form

at leading-order:

Seff = Ofree T /dt Z 20Un0,a<n0,a>eﬁ’ + O(N_l)v (4.77)
o==%1

where Sf.q0 1s the Keldysh action for a single site, without the Bose-Hubbard interaction, and
(-)eff denotes an average taken with respect to the effective action. Note that this leading-
order theory is Markovian. Therefore, as N — oo, one can evolve observables for a fixed site

using the self-consistent Lindbladian

n . PN ~12 N n 1A N n o~
Legpo = —i[Aeg(p0)0 + Gag + h.c., po] + xDlag] po, Aegr(po) = A +2UTr[pong)-
(4.78)

One can then solve for the steady-state density 7 = "™M¥ within this leading-order mean-field
description, leading to a cubic equation for AMF " This leads to a large-N phase diagram

where regions exist with up to three self-consistent solutions for the density. We obtain good
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Figure 4.7: Benchmarking DMFT using the exact solution (in D = 0). (a) Here, we plot
the mean onsite occupation n as a function of detuning, for G = U,k = 0.01U. Note
that we obtain asymptotic agreement with DMFT in the limit that N — oo. To see work
where a similar kind of mean field theory was benchmarked by exact diagonalization results
in a permutation-symmetric spin model, see Wang and Fazio [2021]. (b) Here, we plot
the rms fluctuations in N+ using the exact solution. We observe the empirical scaling

ANy = \/(N_QQ —(N4)2 = O(NY/2) so that AN, /N vanishes as N — oo, ensuring

the asymptotic convergence of the wavefunction ]\IJT> of the paired boson gas to the form
predicted by DMFT. Here, G = U/10,x = U/100, and A = 0.

agreement between this leading-order DMFT description and the exact solution, and find

that

e The location A, of the lst-order phase transition obtained from the exact solution
approaches the location of the bifurcation in the MFT cubic self-consistency condition
as N — oo. However, this convergence is extremely slow (finite-size effects are still

noticeable for N ~ 103).

e The tristable region of the mean-field phase diagram has a unique point with maximal
loss rate ky. Let (Ay, kx) denote this point. We call this point the mean-field critical-
point. We find that the mean-field critical point is precisely the same as the critical

point in the phase diagram obtained from the exact solution, that is,

Ry = ffc, AC</€C) — A*

199



Establishing the validity of DMFT

Normally DMFT expansions are hard to rigorously justify directly, even in the limit of large
coordination number z — oo. We will nonetheless give the standard justification here,
and then see how the exact h'TRS solution yields a much more direct perspective, at least
with respect to the steady state problem. The usual justification for the asymptotic result
(4.77) is as follows: note that we can view our Hubbard interaction as a general (extended)

Bose-Hubbard interaction for a general graph G with G = Ky, i.e. a complete graph,

U N\ U .

J (i.5)€g

(4.79)

G=Kx

The large-N asymptotic result (4.77) can be established, by copying exactly the calculation
in Scarlatella et al. [2021b], Strand et al. [2015], but by performing the cumulant expansion
therein with respect to the density fields n; , instead of the ordinary complex fields o , (the
calculation is relatively unilluminating, and for the sake of brevity, we omit it here). This
has the effect of establishing the desired result for G a regular tree graph with coordination
number N, instead of a complete graph. After performing such a calculation, one then waves
one’s hands and claims that the same asymptotics (4.77) holds on a complete graph.

The exact solution yields a more direct way to check the validity of (4.77), at least
from the perspective of the steady-state. The steady-state(s) predicted by the leading-order

DMFT dynamics L. admit the following purification:

=1 2K m
+
1\ = — h 4.80
vouer) = 3 o (gt ) Vo (4.80)
m=0 €
where nMF is any solution to the cubic self-consistency condition mentioned in the preceeding

subsection. We can directly see that the exact solution indeed converges to this form as N —

oo. We begin by noticing the asymptotics (N/2U)I'(9)/T'(m+9) N, (2Um/N —Aeg)™™
—00
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for the Gamma function, which yields the asymptotic estimate

oo

Wy o~ S L (2 VT (4:81)
T" N—oo mzom! 2Um/N — Ao 0/ '

Notice that the above is identical to (4.80), provided that we replace m ~ 2N, with its
average value. Indeed, fluctuations in Ny with respect to the exact solution |\I/T) can be
evaluated directly via (4.39) and shown to be of order O(N/2), so that m/N becomes a
deterministic variable in the large-N limit. The series above thus becomes well-concentrated
about m/N ~ aMF | leading to the self-consistent form (4.80) predicted by leading-order
DMFT.

Establishing the location of the critical point

We will now test the claim made previously, namely that the critical point obtained from the
exact solution lies exactly at the mean-field critical point, i.e. we will compute the maximum

magnitude of the susceptibility

A (4.82)

Xmax (K, N) := sup
A

an’

where all other parameters are held fixed. We confirm that ymax diverges as N — oo
whenever k < k4, and converges otherwise. Repeatedly testing for the convergence of xmax
in the thermodynamic limit for different values of x allows us to approximately compute the
rate at which ymax diverges, thus obtaining the critical exponent ~:

lim ymax(k, N) ~ 77, (4.83)

with 7 := (k — kx)/k«. Using a very crude polynomial fitting algorithm, we estimate v ~ —1

(see Figure 4.8(b)).
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Figure 4.8: Confirming the location of the critical point using the exact solution. (a) Average
density as a function of detuning A and loss k, with N = 500, A = 0, and G = U. Phase
boundaries can be seen, provided that k < ks« ~ 4U. (b) Maximum absolute value of the
susceptibility as a function of x, for & — ;. Here, A = 0, and G = U/10. The polynomial
fit used to estimate v is depicted (dashed blue line).

4.11.8  Semiclassical limit

We now investigate our model without the D = 0 restriction, but in the semiclassical limit
n > 1. When the onsite photon occupation is large, the dynamics of the field amplitudes

aj(t) := Tr[p(t)a;] is well captured by the semiclassical equation of motion

iu_latﬁj = 2)\j6}6 + ﬁj {(2 Z |6k|2 + 1) — Aeﬁ‘/u:| , (4.84)
k
where
N
B =>"V,pap (4.85)
k=1

is the change-of-coordinates on the classical phase space induced by the unitary V' in the
Autonne-Takagi factorization M/u = VXV, We now demonstrate the claim made earlier,
namely that the stable stationary states of the above dynamical system are spheres in phase

space formed by the max-pairing modes. In particular, the semiclassical fixed-points satisfy
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the equations
0= 2)\]ﬂ; —i—ﬁj{(22|ﬂk|2+l) —Aeﬁ‘/’u:| (4.86)
k

From now on, for clarity, we will use the symbol X to denote the set of fixed points. Note
that, trivially, 0 € X. However, we are interested in the nonzero fixed points. Therefore, let
Bss € X be a nonzero fixed point, i.e. a nonzero solution to (4.86). Whenever 3; s # 0, we

can divide through by 3; in (4.86), yielding a constraint on the phase Wi = Bjss/|Bjssl:

o205 _ _2Rgs +1— Aggg/u

2,

, (4.87)

where R2, = 3 il ﬁj755]2. In particular, if §3; s, 855 # 0 is any pair of nonzero components

of ESS, then, by taking the absolute value of the above equation,
L on2 L op2
2>\'|2RSS+1—Aeﬂ'/U| = 2/\.|2Rss+1 — Aggr/ul- (4.88)
i J

In particular, x # 0 and so we can divide both sides by |2R% + 1 — Agg/ul. Therefore,

Ai = Aj. We can go even further: (4.87) also means that 2% — 295 In summary, for each

Ess € X, there exists a A, # such that, for all nonzero components of BSS,
0
)‘j = A, Bj,ss =e' Zj, Tj € R, (4.89)

where 6 is independent of j and uniquely determined by A in the following way:

20 _ 2RI +1- Aeft/u

oY (4.90)
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By taking the real and imaginary parts of the above equation, we also have

2Asin 20 = —k/2u, (4.91)

2Xcos20 = —(2R% +1 — AJu). (4.92)

Instability of solutions with A < A,

Let ESS € X be a nonzero fixed point, and A the corresponding singular value. Also, let
Ax = sup; A; denote the maximum singular value. We will now show that if A 7 A, then
ESS is unstable. For this purpose, it will be useful to rewrite the equations of motion in a

coordinate system (6{, . 6§V) that is adapted to ﬁss, namely such that

(Blss - Biss) = (€7R.0,...,0). (4.93)

Crucially, by the arguments in the preceeding subsection, we can achieve this via a rotation

of the mode amplitudes 3; with A\; = A:

DA kB A=A
B; = g ! ’ ) A€ O(S)\,R), (494>

5 A # A

where s) denotes the multiplicity of the singular value A. Since the above transformation is
a symmetry of the equations of motion (4.84), the equations of motion are covariant with

respect to this transformation:

iu T 0B = 2 (B + B (22 1BL]* +1 - Aeﬁ/u). (4.95)
k
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Now let 6; = Bg — 6; 4 denote the fluctuations about ESS. Assuming these fluctuations are

small, we can obtain linearized equations of motion for these fluctuations:
A :
i 10,08 = 2); ((55})* - re%%ﬁ;) +28) 5 > ((Brge) 08y + c.c.) + O(358"%)  (4.96)
J k

where we have implicitly used (4.87). We now wish to argue that, if A # A, then the Hurwitz
criterion fails, that is, the associated dynamical matrix contains an eigenvalue with positive
real part. It suffices to examine the stability of the fluctuations o 6} for j # 1, which evolve

within this linear approximation as follows:

iu 010 = 2\, <(55§)* - %e—2i955;) (4.97)
J
= 2);(66;)" — g(w} - i(A — u(2R% + 1)) 55, (4.98)

where we have shown explicitly that this is the equation of motion for a detuned parametric
amplifier, with detuning modified by the presence of the Hubbard interaction u. Proceed-
ing with the calculation, we then split the fluctuations into real and imaginary parts via

e’wéﬂ; = o0xj +10y;, and obtain the equations of motion
u” oy (0w + idy;) = 22 e 20 ((1 +A/Aj)dy; +i(1 - A/Aj)axj) (4.99)

The corresponding eigenvalues of the dynamical matrix, using (4.91), are

v =—k/2+ \/(5/2)2 —4u2(A2 — \2), (4.100)

Therefore, if A; > A, then the eigenvalue ’y;.r has positive real part. Therefore, if A # A4, then
ESS is unstable. We also have a partial converse statement: if A; < A, then the fluctuations

) 5} are stable.
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Stability of solutions with A = A,

Let Ess € X be a nonzero fixed point with corresponding singular value Ax. We will now
investigate the conditions under which BSS is stable. By (4.100), the fluctuations 55} for
J =2,3,...N are all appropriately damped. We thus must investigate the stability of the

remaining fluctuations (5ﬁi, which have the following linearized equations of motion:
uwLap(e™68)) = —aNee 295y — 4iR% 01, (4.101)

The corresponding eigenvalues of the dynamical matrix, using (4.91-4.92), are

ﬁ = —(k/2) £ \/(m/2)2 — 8u2R%,(2R2, + 1) + 8uARZ,. (4.102)
Therefore, ESS is stable if and only if
2 p2 2 2
Su”R3 (2R + 1) + SuARZ, > 0, (4.103)

which happens if and only if u2(2RgS +1)—uA > 0. To see whether this criterion is satisfied,
we must use the fact that ESS is a fixed point in order to obtain an additional constraint on
Rss. In particular, taking the absolute value squared of (4.87) yields a quadratic equation

for RZ + 1, with two possible solutions:

2R% + 1= Afut /(202 — (k/2)2 (4.104)

Therefore, criterion (4.103) is satisfied if and only if

Res = \/A/“ —1t \/(2%*)2 — /27y (4.105)
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Finally, let §; for j = 1,2,...,s denote the eigenmodes corresponding to the maximum
singular value A4, i.e. the so-called "max-pairing modes". Since rotations A € O(s,R) of
the max-pairing modes are symmetries of the equations of motion, any such rotation A must
send a stable fixed point to another stable fixed point. Therefore, when the inequality (4.105)

is satisfied, the space X5t2P- © X of nonzero stable fixed points is a sphere:

xstab. ei"{xj eER®: ) af= RES} (4.106)
A=\
In particular, when s > 1, the fluctuations tangent to X stab. are Goldstone modes, i.e.

zero-modes for the linearized dynamics. We can verify this explicitly by fixing a point
ﬁss e X Stab', and expanding the linearized equations of motion for the resulting fluctuations

e’wéﬁ’- = dx; + idy;, in the coordinate frame adapted to ESS:
7 J J
Loy (02 + i0y;) = —didee P8y, j=2,..s (4.107)

In particular, the real-components ox; € T 3 Xstab. of the fluctuations are zero modes of the
SS

dynamical matrix, as was expected.
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4.12 Mathematical background

4.12.1  Proof of the SU(1,1) decomposition theorem

We now establish the decomposition (4.50). To make our task easier, we establish the desired
decomposition for a dense subspace of the Hilbert space. The corresponding decomposition

for the full Hilbert space can then be proven using standard functional-analytic techniques.

In particular, let V() be the local nonunitary SU (1,1) representations defined in (4.49).
We define W) ¢ V) to be the algebraic part of each representation, that is, the part of

the representation consisting of finite linear superpositions of Fock staes:

{ Z anﬁT |ho) € VU finitely many ay, nonzero} (4.108)

The above subspaces allow us to conveniently establish the following theorem:

Theorem. The global nonunitary SU(1,1) representation ®jW(j) decomposes into irre-

ducible subrepresentations as follows:

R;WU) ~ @ (EBW > (4.109)
=0
(p) (p) :
where the spaces W™ C V" are defined analogously:

I/Vl(p) = { Z anf(fﬂhl(p)% finitely many ay, nonzero}. (4.110)

n

Proof. This can be proved by going to the Segal-Bargmann representation. Within this
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representation, a finite-boson number state is represented as a polynomial:

ZanﬂT |ho) EW —>Zanx € Clx (4.111)

n

with C[z;] the univariate polynomial ring generated by x;. It then follows that the tensor
product ®jW(j ) is the multivariate polynomial ring Clz1, ...,z x| generated by the indeter-
minates x1,...2x. Finally, creation and annihilation operators are represented by partial
differential operators:

| S (4.112)

axj’ )5

We first establish our decomposition under the assumption that the singular values A; = A are
all completely degenerate, and then generalize the argument to the generic non-degenerate
case A; # Aj. In the degenerate case, the global SU (1,1) representation takes the simple

form

A 9 - 1 02
j J

Therefore, within the Segal-Bargmann representation, our decomposition theorem is equiv-

alent to the following decomposition of the polynomial ring ®jW(j ):

o) d
Clzy, ..., zN] :@ (@C[RQ]hgp)), (4.114)
p=1

=0

where R? = Z] i and h( ) hl(dl) is some orthonormal basis of the space of harmonic

homogeneous polynomials of degree [. When interpreted pointwise, the above isomorphism
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reads as a harmonic expansion of a fixed polynomial:

oo d;

pat,ay) =3 ¢ P (R)RP (@) (4.115)

[=0p=1

()

where the ¢, are univariate polynomials. The decomposition (4.114) is then equivalent to
the statement that the above mapping, interpreted as a mapping from the RHS to the LHS,
is an isomorphism of SU(1, 1)-representations. The representation (4.113) acts the same on
both sides, so it suffices to establish the isomorphism at the vector space level, i.e. prove
that the above mapping is both injective and surjective. For injectivity, it suffices to show
that the subspaces C[RQ]hl(p ) are all mutually nonintersecting (except at {0}), which can be

verified by direct calculation:

oy (D) p2m () 2\*"

To demonstrate surjectivity, we must demonstrate that, for any polynomial p on the LHS of
(4.115), a decomposition of the form given on the RHS exists. This seems considerably more

challenging to establish. However, here we are helped by a basic fact from harmonic analysis:

Lemma. let p denote a homogeneous polynomial of degree l. Then
(1, xy) = h(E) + R2q(e1, ... zy), (4.117)

where q is a homogeneous polynomial of degree | — 2, and h is a homogeneous harmonic

polynomial of degree .

A proof is usually given in standard textbooks on harmonic function theory (see, e.g. Axler

et al. [2001]). In any case, iterating the above lemma, we obtain, for any homogeneous
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polynomial p a decomposition

p(r1, .., zN) = Z Rthdegp—?m(f)a (4.118)

m=0,1,...

where h; denotes a homogeneous harmonic polynomial of degree [, so that the expansion
(4.115) can be established simply by writing out the polynomial on the LHS of (4.115) as a
sum of homogeneous components, and then expanding the harmonic polynomials appearing

on the RHS of (4.118) into a basis.

The preceeding arguments constitute a proof of the theorem for the degenerate case
A = Aj. Therefore, all that is left is to reproduce the above proof in the non-degenerate
case A; # Aj. Luckily, the proof for the non-degenerate case follows immediately from the

degenerate case. In particular, we can write the SU(1, 1) representation as

.1 5 o 1= 02
J J J

where we have made the change of variables z; — y; = )\}/ zmj. In particular, just by

making the replacements x; — y; in (4.114), we obtain the desired result:

00 d;
Clyt, - un] =~ P (@C[RQ]hl(p)), (4.120)

=0 \p=1

with R? and hl(p ) defined just as in (4.114), but with the replacements x; — y;. This

completes the proof of our theorem in the non-degenerate case.
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4.12.2  Ezact solution for the steady-state Wigner function

We now compute a closed form for the Wigner function Wgg of the steady-state density matrix
pss- The arguments in Roberts and Clerk [2020] generalize in a straightforward manner to
the N-mode case. In particular, the steady-state Wigner function for our system satisfies

the identity

Was(@) = 2% Qg (\/552) (4.121)

where Q|‘I’ L) s the Husimi-Q representation of the N-mode pure state |Wy). Therefore,
to express the Wigner function Wsg of the steady state in closed form it suffices to express
the Husimi-Q representation of |W4) in closed form. This task is solved easily via the
Segal-Bargmann representation Bargmann [1961, 1967] of |V ), which can be calculated in

a straightforward manner from (4.29):

M;; 00
0FL(6; =5 >4 T]O‘iaj)’ N=S
VN l

Tgp(d) = 3 % (4.122)

Now, the @-function of a pure state [¥) is given by Qg (&) = 7T_N|\I/SB(07*)|26_|O7|2, where

Uqp is the Segal-Bargmann representation of |W). Therefore, (4.121) yields

N
Wis(@) = /%/ (%) e~ 2l (4.123)

M. 2
oFy (&—Z - a;o;;)

ij

Scaling limit for the Wigner function

We now investigate the expression for the Wigner function in the high-density limit M;;/u —
oo. Note that the expression (4.123) for the Wigner function is non-negative, and thus can

be interpreted as a bona-fide probability measure. In the limit M;;/u — oo, this probability
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Figure 4.9: Nonthermal nature of the steady state. The exact solution (4.126) for the Wigner
function can be used to symbolically check that the Hamiltonian and steady state do not
commute. Here, we evaluate the phase-space commutator H x Wgs — Wss * H in the case
G =k =U, and A = 0, for the cases (a) N = 1, in which case we choose to evaluate the
result at the phase space point @« = 1 and (b) N = 2, in which case we choose to evaluate
the result at the phase space point vy = a9 = 1. Note that, since H, Wgsg are both purely
real, the result is always purely imaginary. As expected, the result always vanishes in the
limit x — 0.

measure will become supported on larger and larger regions of phase space, and so it is useful

to re-scale the phase space in such a way that the resulting rescaled distribution converges

to a limit.

The correct scaling turns out to be 3; := \/—)\*Bj, where A« = sup; A; is the maximum

singular value appearing in the Autonne-Takagi factorization M /u = Vvl and

N
B =Y Vika (4.124)
k=1

is the change-of-coordinates on the classical phase space of our system, induced by the unitary
V appearing in the factorization. The explicit form of V' can be recovered from the spectral
decomposition of the Laplacian of our underlying connectivity graph. One can show that, at
least when A = 0, x = 0T, in which case the Bessel function sitting inside the absolute value

in (4.123) becomes a hyperbolic cosine, the steady-state Wigner function Wgg(/5) limits to a
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uniform distribution on the sphere
SE{@LMJ%,H 0) e RV : }:6:1} (4.125)

where f31,..., (s are the max-pairing modes. This can be established by expanding the
Wigner function (4.123) into a sum of four exponentials, and then solving the associated

saddle-point equations.

4.12.3  Using the Wigner function to verify the nonthermal character of the

steady state

The exact solution for the Wigner function can be used to explicitly showcase the nonequi-
librium character of the steady state. One non-thermal feature of the steady state is that it
does not commute with the Hamiltonian, that is, [H, pss] # 0. Therefore, the steady state
cannot be written as exp(—8H) for some 3. This can be verified efficiently when A = 0, in
which case we can write down the closed-form solution

N . %2 2
» ™ 1F2(N/2;6,0%; A2) ’ '

with A = NG/U in this case corresponding to the unique singular value of the pairing
matrix. To show that the steady state and the Hamiltonian do not commute, we pass to the
phase-space formulation of quantum mechanics. In the phase space formulation of quantum
mechanics, the noncommutativity of the steady state and the Hamiltonian is equivalent to

the statement that

W« H — H  Wes # 0, (4.127)
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where * is the Moyal product Moyal [1949], and H denotes the symmetrically-ordered (i.e.
Weyl) symbol of the Hamiltonian. Because H is a polynomial, the following derivative
expansion terminates at a finite order and hence can be calculated symbolically in closed

form using a simple computer algebra program:

(4.128)

(@) e - S (50~ 5007 )99

J=1

Since both the Wigner function and Hamiltonian are generically smooth functions of &, the
phase-space function 4.127 is generically a smooth function of @. In Fig. 4.9 we exhibit a

single point where this phase-space function is non-vanishing.
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4.13 Experimental realization using superconducting circuits

(D =0)
Chn L,
E,
Ld Cy Lo
Ch -|—_ Ly

Figure 4.10: First iteration of the circuit (no driving). A Josephson tunnel junction is placed
in parallel with a chain of LC oscillators to provide a global Hubbard interaction.

Our D = 0 model is relatively easily realizable using a simple superconducting circuit with
only three nonlinear elements. To see this, we first attempt to realize the D = 0 Hamiltonian
without the driving. We begin by placing a chain of N uncoupled LC oscillators in series.
Via examination of Kirchoft’s current laws, the Hamiltonian that describes the equations of

motion for the chain is the following:
Q2 2
H= 447 4.129
> (0 +2) (1129
J

where here, (); denotes the charge stored on the jth capacitor, and ®; denotes the time-
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integrated voltage across each inductor. One may diagonalize this Hamiltonian by defining

dimensionless creation- and annihilation operators

& £/ A A . f/ A N
CI)]‘ = @?p (aj + a;), Q] = —ZQ?p (aj — a;), (4.130)
where here, Q% £ o?! are the zero-point vacuum fluctuations of the charge and phase across

Jj g

the inductive and capacitive branches of each LC oscillator.

To add an infinite-range Bose-Hubbard interaction, we place a Josephson junction in
parallel with the chain of oscillators (c.f. Figure 4.10). The Josephson junction, in the limit
of extremely weak junction capacitance C'; < C;, can be modelled accurately to leading

order via the following interaction Hamiltonian:

Hiynt = Ejcos (Z@j(&j +d;r-)>, (4.131)

J
where ¢; = @?pf/ 2m®j. We now tune the dimensionless phase fluctuations ¢; to be para-
metrically small and uniform across all modes, that is p; = ¢ < 1. Note that this can be
done without constraining the resonant frequencies of each oscillator. Taylor’s theorem then

says that

2 4

Ji _ by Y a;+h et Y a;+h O(8 4132

int = 191 aj+hc | + Tl aj+hc | + (). (4.132)
J ' J

We then go into a rotating frame with respect to the free Hamiltonian Hyyee := A j Wit
where w; is the bare resonance frequency of each LC resonator in the chain. Now we choose
the resonant frequencies of each mode so that the fundamental frequency €2 of the rotating-

frame Hamiltonian is much larger than the rate h~1E Jgoz. In this regime, the rotating-wave
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Figure 4.11: Circuit incorporating coherent two-photon driving. The global parametric drive
is supplied by a flux-tunable transmon (blue shaded region).

approximation is valid and yields
N R E gp4 R 2
Hpwa = —Ej9* Y i+ JT ( > nj) . (4.133)
J J
4.13.1 Adding a two-photon drive

To obtain the D = 0 Hamiltonian for our model, we just have to add two-photon driving to
the above scheme. To do this, we play the same trick as above: this time we add a symmetric
SQUID in parallel with the oscillator chain. Assuming that the junction capacitances in the

SQUID are also much smaller than the capacitances present in the oscillator chain, the new
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interaction Hamiltonian is simply
[:fintZELCOS< Z j-l—hc)-l—QERcos( ) ( Z j—f—hc) (4.134)
J

where Ep = FER 1, ER 2 is the Josephson energy of each junction in the symmetric SQUID.

We then choose to drive the SQUID in such a way that

==~ —elt). (4.135)

We also assume that EFp < Ef. As a result, we can truncate the expansion of the SQUID
potential at quadratic order, while continuing to truncate the expansion of the left junction

at quartic order:

2 2 2
3 - LY ~
Hint = —ERgOQGp(t)( E aj+ h.c.) o ( E aj+ h.c.) (4.136)
J J
EL904 4
+ = ( Y aj+ h.c.) + O(Ere®) + O(Ere?). (4.137)

J
By modulating the pump amplitude appropriately via
ep(t) == € Z cos(2w; — 2wp)t, (4.138)
J

and going into a rotating frame with respect to the free Hamiltonian Hyee = 15 j(wj—wp)ny,
and again assuming that the mode frequencies are all appropriately detuned from each other,

we obtain the following rotating-wave Hamiltonian:

: Epy’ A X
HRwa = 5 (Z nj) + Z — Ero®)n; — Epp’e Z(a? + h.c.) (4.139)

J J
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We thus obtain the exact parameters of our solvable model in the regime D = 0 (in SI

units!):

NEpo* G _ Erp?e

U=—p— B

Ery’ h(Li /Mt _
A =uwp— o Lp:\/;%:const.

(4.140)

4.13.2  Effect of junction capacitances

We now compute the corrections to the Hamiltonian due to junction capacitances, and
demonstrate that these capacitances can be neglected when they are much smaller than
the capacitances in the oscillator chain. To simplify the analysis we assume the junction
capacitances in the symmetric SQUID are the same, and define a new parameter Cy, := Cf,+
2C'R corresponding to the sum of the three junction capacitances. The Maxwell capacitance

relation of the circuit, assuming the junction capacitances are all zero, is

C1 —Cy 0 0
—Cy Cy+C3 —Cj
7= Cos, Cp = 9 G GG G , (4.141)
: ) 5
—Cn-1
0 —COn_1 Cy

where the nodal charges g; can be expressed in terms of the charges ); in the capacitance

chain via

J
QN—j = D aN—k (4.142)
k=0
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With the junction capacitances included, the new capacitance matrix is obtained in a very

simple manner from Cj:

C=Cy+ | : Fl (4.143)

0 - Cx

To obtain the corrections to the Hamiltonian that were neglected in the previous analysis,

we use the Sherman-Morrison formula, which is exact:

Cs(Cy kN (Cy N

Crt=(CoY)pw + (4.144)
k.k 0 /kk )
’ 1+ Cs(Cy Hny
so that the correction to the Hamiltonian is rigorously
q_Cs Co N Co oAy
Z Ak qp (4.145)

w1 0Os(Cy Yy

which goes to zero as Cg(Cal)i,j — 0, as expected.
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CHAPTER 5
THE INFINITE-RANGE DISSIPATIVE TRANSVERSE-FIELD
ISING MODEL

5.1 Introduction

Dissipative transverse-field Ising (DTI) models are a paradigmatic class of open quantum
systems in atomic physics, quantum information and quantum simulation. In these systems,
a collection of spins interact on a lattice via Ising interactions, while subject to local magnetic
fields that are transverse to the interaction axis; these fields can represent local Rabi drives in
a rotating frame. Markovian dissipation is most commonly introduced via Lindblad dynamics
with jump operators that induce either local dephasing Marcuzzi et al. [2014], Borish et al.
[2020] or local T7 relaxation along chosen axes Jin et al. [2018], Lee et al. [2012], Kazemi and
Weimer [2023], Singh and Weimer [2022], Weimer [2015], Overbeck et al. [2017]. Interest in
this model stems from its direct relevance in understanding diverse experimental platforms
ranging across atomic physics. In dilute Rydberg gases, the mean-field equations of the
DTT have been used to qualitatively capture bistability and hysteresis in the magnetization
density when sweeping laser detunings Carr et al. [2013], Malossi et al. [2014], Paris-Mandoki
et al. [2017]. In quantum simulation platforms such as trapped ions, the DTI model has been
realized with tunable power-law decaying interactions .J;; = Jo/|i — j|* that approach the
infinite-range limit with 0 < o < 3 Britton et al. [2012]. More recently, arrays of Rydberg
atoms, with much shorter-range and stronger Ising interactions, have emerged as a versatile
platform for simulating many-body quantum systems, and have realized the DTI on, e.g.
triangular and hypercubic lattices Ebadi et al. [2021], Scholl et al. [2021].

Solutions for the DTT nonequilibrium steady state have been lacking, mainly due to the
difficulty in understanding the competition between the transverse field and the dissipation.

Without a transverse field, the Lindblad dynamics is integrable due to the existence of a
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Figure 5.1: Schematic of our solvable dissipative transverse-field Ising model. A collection of
N spin-1/2 particles, represented here as a collection of driven-dissipative two-level systems,
is subject to local T decay at a rate ~, as well as collective decay at a rate I'. The two-level
systems interact via an all-to-all Ising interaction with strength J. Inset: each spin is subject
to a separate external magnetic field with both axial and transverse components. The axial
component of the external field is the same for each spin, whereas the transverse part can
vary.
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complete set of commuting weak symmetries Foss-Feig et al. [2013], McDonald and Clerk
[2022], and the steady-state problem is essentially a classical one. However, when the trans-
verse field is present, even in the simplest case a = 0, an analytical solution that is valid
in all parameter regimes is still lacking. In this Letter, we address this issue by finding a
“hidden" symmetry Roberts et al. [2021], Fagnola and Umanita [2010] in the dynamics of the
DTI model, leading to an exact solution for its dissipative steady state in the infinite-range
limit. Our analytical solution remains valid for systems with inhomogeneous transverse
fields, where the dynamics is not simplified by permutation symmetry.

Equipped with the exact solution, we are able to derive closed-form expressions for corre-
lation functions of any order, offering valuable insights into the system’s behavior. We also
investigate a novel spin blockade effect characterized by unconventional correlation proper-
ties, and uncover an effective “thermodynamic potential" which allows us to fully understand
the large- N limit, and which incorporates non-mean-field information, including the location
of first-order phase transitions in regimes far from the critical point Marcuzzi et al. [2014],

Paz and Maghrebi [2021].

5.2 Dissipative transverse-field Ising model

We consider a dissipative system consisting of spin-1/2 particles described by the local spin
observables 5’5 = &5/2, with 4 = x,y, z denoting the spin direction and 7 = 1,2,..., N
indexing the lattice sites. Here, 65‘ denote the Pauli matrices. The spins are coupled via
an all-to-all Ising interaction, and we allow for each lattice site to experience a different

magnetic field h’; , which can have both transverse and axial components:

i#] Jslt
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This Hamiltonian can be viewed as representing a collection of Rabi-driven two-level sys-
tems in the rotating frame, with the transverse- and axial fields corresponding to the drive
amplitude and detuning of each local two-level system.

The full dynamics of our solvable model Singh and Weimer [2022|, Huybrechts et al.
[2020b] also includes both collective and local T decay for each two-level system and is

described by the Lindblad master equation

p = —i[Hre, o +7 Y Dlo; 1p+TD[S-]p = Lp, (5.2)
J

where D[X]p = XpXT — (1/2){XTX,p} is the usual Lindblad dissipative superoperator,
v = 1/T7 is the local longitudinal relaxation rate, and I" is a rate for collective relaxation that
is relevant in many platforms, capturing effects such as superradiant decay Carr et al. [2013)].
Finally, S_ := S¥ — iS¥ is the lowering operator for the collective SU (2) representation
Sh = Ej gf . Throughout the rest of this Letter, we will fix the axial component of the
magnetic field to be spatially uniform ( ; = h*), and will (without loss of any generality)

set h:;/. =0.
We focus exclusively on finding the steady states of this system, i.e. density matrices pgg

satisfying
Lpgg = 0. (5.3)

We briefly summarize prior work on this model. In the case that the external field hé-t is

uniform, the model is known as the dissipative LMG model Schneider and Milburn [2002],

Morrison and Parkins [2008], Kessler et al. [2012], which has no known exact solution for

its steady state, although there has been much work studying asymptotic expansions for the

transverse-field Ising steady state in the semiclassical limit N — oo Lee et al. [2012], Lee

and Chan [2013], Ates et al. [2012]|, Weimer [2015|, Paz and Maghrebi [2021]. Mean-field
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approximations for the steady states satisfying Eq. (5.3) have been used to qualitatively
model dissipative phase transitions in dilute Rydberg gases trapped in, e.g. vapor cells Carr
et al. [2013], Malossi et al. [2014], Marcuzzi et al. [2014], and have been proven to be exact
in the limit N — oo Carollo and Lesanovsky [2021], Fiorelli et al. [2023|. For N finite, the
dissipative steady state has been studied using numerical methods that take advantage of the
permutation symmetry of the problem Huybrechts et al. [2020a], Jo et al. [2022], although

these break down when the external fields are allowed to vary nontrivially.

5.3 Exact steady-state solution

Suppose that £ were the Liouvillian for a classical master equation. In this case, a common
method for solving Eq. (5.3) would be to impose detailed balance conditions on the steady-
state probability density Kelley [1979]. In our case, we factor the steady state into two
pieces, pgg = UUT, with U antilinear, and impose the quantum detailed balance conditions

Fagnola and Umanita [2007], Fagnola and Umanita [2010]

ol — 0l L= i), (5.4)
where Lj, € {01, 0N S_} ranges over the set of Lindblad operators in (2), and Heg =

H—(i/2) 3 ﬁzﬁk is an effective non-Hermitian Hamiltonian which allows us to write the

Lindbladian in the form
L= —i(Hegp— pHlg) + > LipL}. (5.5)

Using (5.5), we confirm that if ¥ is a solution to the detailed balance conditions (5.4), then
p = Ut is a valid steady state of the master equation.

To solve Eqgs. (5.4), we write U = &K, with K = K.U,, where K, denotes complex
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conjugation in the eigenbasis of the commuting operators 67, ..., 7%, and Uy = Hj 6% is the
global z-parity operator. Remarkably, whenever I' = 0 or the transverse fields are uniform,
ie. hf = h%, we can explicitly solve for ®, and hence obtain pss. In both situations, we

obtain
pss = BTN, &= (1S )len/Jen (5.6)

where we have defined an effective complex Ising coupling Jg := J +i['/2, and an effective
complex longitudinal field hZg := h* —i(y +T)/2. Finally, N' = tr(®®1) is a normalization

constant. We have also defined a non-unitary representation of SU(2),

. 2Jeﬁ’5'-_ ~ htst
o J L J )
=Y Se=Y 4 (5.7)
J J J

Explicitly, §* := (S; +S_)/2, S¥ := (S — S_)/2i, along with §% := S7 satisfy the com-
mutation relations of the SU(2) algebra. However, since ST_ # S+, pss does not in general
preserve the decomposition of the Hilbert space into irreducible representations for the NE
operators, reflecting the non-collective nature of the dissipative dynamics. In the fully col-
lective limit v = 0 with no Ising interaction or inhomogeneity, we recover the solution of
the driven Dicke model Puri and Lawande [1979], Drummond [1980], Lawande et al. [1981],
Schneider and Milburn [2002], Nagy et al. [2010a], Hannukainen and Larson [2018]. In what

follows, we investigate the physics that emerges from our solution (5.6, 5.7).
5.4 Spin blockade

Setting hgff/ Jof = 0,1,2, -+ yields an interesting class of states:

d=(1-S)", n=012,... (5.8)
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This condition can be realized by setting h* = nJ, where n is a non-negative integer,
and letting v,' — 07. The condition on the longitudinal field can be understood as a
resonance between all spins down and a configuration where all but n spins are excited. In
this situation, even for drive amplitudes h* < J, which would seem to preclude being able
to excite many spins starting from an all-down state, one obtains a steady state with an
extremely high excitation density, see Figure 5.2. The truncated form of the steady state
at a blockade value of h*® leads to extremely subtle correlation properties. In particular, the

rescaled coherence

hi b (o767 )ss (5.9)
is independent of iy,--- ,i,. Furthermore, the kth-order coherence for £ > n vanishes. In

the simplest case n = 0, the steady state is a completely depolarized state, and all coherences
vanish. The case n = 1 is nontrivial. In this situation, the rescaled transverse magnetization

hf(&jr>ss is independent of j. Since
Re (5,6 )ss = (5767 )ss — (6]7)ss. (5.10)

the transverse correlation functions coincide in this limit, c.f. the inset in Figure 5.2a.

If we also set |Jog/ h;”| > 1, then we can further approximate ® ~ §”. In this limit,
there is a vanishing probability to observe a spin configuration with fewer than n spins down
in the steady state. In particular, the limiting distribution is a binomial distribution :

priar - (V) () -

n

where here, M* = 258 is the total magnetization.

The exact solution allows us to obtain a precise bound on the modulus of € = hZg/Jog—n
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within which the above effects are observable. To do this, we consider the corrections to (5.8)
by retaining the remaining terms in the binomial series. Assuming the transverse fields are
uniform, a simple estimate comparing the Hilbert-Schmidt norms of the nth and Nth terms

in the series yields the bound |e| < wy,, with

wy, = m an—N (JD (5.12)

where we have defined \ := 2|.Jog/h%|2. The above bound yields extremely accurate estimates
for the full-width at half maximum (FWHM) of each blockade feature, c.f. Figure 5.2b.
5.5 Other special cases

Another interesting situation is the case th/Jeﬁ = —1,—-2,—-3,---, in which case d is an

integer power of a geometric series:

k
N 1 A A
@:(—A) —(14+S+§2+..)F (5.13)
1-S
This class of parameter regimes is nice because it allows us to discuss the case hig/Jog = —1,

where one can recover the exact solution via more elementary methods. Note that, in this
situation, disa pure geometric series in S. In this situation, if ¥ = h® = 0 and the transverse

fields h; = h are uniform, then £ oc D[1 —§], and in a two-line calculation it may be verified

that Drummond [1980], Puri and Lawande [1979]
D1 -§)(1-8) 1 -8HhH =0 (5.14)

However, if v # 0, then the Lindbladian can no longer be expressed as a single dissipator,

and the above argument breaks down. More generally, setting the imaginary part of hgff/ Jof

equal to zero yields the constraint Re[hZg/Jog] = —T' |h§ﬂ~]2 /(I' +v) < 0. Therefore, while
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Figure 5.2: Blockade effect in the dissipative transverse-field Ising model. Top panel (a): plot
of the density of up-spins, n =3 (&j&;>ss /N, near a first-order blockade, for h* = 4.J,
[' =0, and N = 22. Inset: Plot of the correlation functions C** (dashed red line) and
CY (solid red line) for the same parameters, where CH* := (54'64')gg. Bottom panel (c):
Close-ups of the first three blockades, n = 0, 1,2. Parameters are the same as in panel (b).
The exact solution yields extremely precise estimates for the widths of these features, see

(5.12) for more details.
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positive real values are unatainable, by appropriately tuning parameters, all negative real
values of hZg/Jog are achievable with nonzero loss rates. Therefore, in contrast to the spin
blockades, this new class of regimes is well within the achievable parameter space, although

their physical significance is less clear.

5.6 Phase transitions and the large-N limit

At the mean-field level, as one sweeps the longitudinal field ~A* (corresponding to sweeping
the drive-detuning in the driven qubit realization), a spin-configuration with O(NV) spins
pointing up can become self-consistently resonant, leading to features of a first-order phase
transition, such as bistability and hysteresis in the magnetization density Marcuzzi et al.
[2014], Carr et al. [2013]. Our exact solution yields several new insights into this transition,
including the fact that this transition is fundamentally a transition between a polarized and
a depolarized state, with the magnetization density serving as a proxy for the amount of
polarization in the steady state. The exact solution also allows us to transparently see such
a phase transition emerge in the large-/N limit, and reveals insights that go beyond mean-
field theory, including the location of first-order phase transitions, as well as the behavior of
multispin correlations across the transition.
Our starting point is the binomial expansion of o, Defining r = hig/Jog, this is
. N S*
@:1—r2(1—r)---(k—1—r)ﬁ. (5.15)
k=1

The relative weight of each monomial S™ in this expansion determines an important piece of
physics: if the lowest powers of S_ dominate, psg is close to a maximally mixed (depolarized)
state, and the magnetization density m* = (M #)/N approaches zero. On the other hand, if
the highest powers of S_ dominate, the steady state is close to a completely polarized state
and the (longitudinal) magnetization approaches its minimum value m?® = —1.
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We can make this intuition more precise. We start with the identity tr(ST_MM N /) =
-M tr(ST_MSiV[ ,) involving the (longitudinal) magnetization. As a result, we have the some-

what suggestive formula
(5.16)

where pys = [|(1)) SM H%{S is the size of the term proportional to S in the expansion of ®
with respect to the Hilbert-Schmidt norm. Eq. (5.16) makes precise the intuition described
above: if the distribution p), is biased towards terms with M < NN, then the magnetization
density vanishes in the thermodynamic limit, and the steady state is close to a depolarized
state. The opposite occurs when the distribution is skewed towards terms with M — N, in
which case the steady state approaches a completely polarized state.

To understand the large- N behavior, we write the magnetization density in the suggestive

form

m* = — SR (5.17)

with m = M /N now a variable ranging between zero and one, representing how polarized the
steady state is. Here, f(m) = —N"!logpy,, is a dimensionless “free energy" that controls
the relative weight of the terms in the expansion of d. To approach the thermodynamic limit,
we must hold Jug := N Jg fixed, which fixes the renormalized parameters 7 := hig/ Jofr, and
Nj = 2 e/ 1.

To make it easier to calculate the free energy, we assume that the transverse fields are
uniform, h;*" = h”*. In this case, we have an asymptotic series for f(m) in the large-N limit,

with a leading-order contribution

m™(1 — m)l—m

(m _ ﬂm—f(m _ 7:*)771—77* o (

f(m) =log log A — 2)m, (5.18)
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with O(N 1) corrections to f given later on. Since r (and hence 7) cannot be a non-negative
real number, f must be an analytic function of m. As such, the analytic function f(m) plays
an analogous role to an equlibrium free energy in Landau theory Landau [1937], and lets us
rigorously describe the phase transition physics in our model.

In particular, the global minima m™ of the potential f correspond to the thermodynamic
limit limpy_, o, m* of the magnetization density. Whenever f has two degenerate global
minima, the magnetization density is the average of the two minima, and we have a first-
order phase transition from a polarized to a depolarized state, c.f. Fig. 5.3c. More details
can be seen in Fig. 5.3a, where we also show that the location of the first-order transition
line in our model is not accurately predicted by a simple Maxwell construction (indicating
the non-equilibrium nature of the model). Whenever the first three derivatives of f vanish
at a global minimum, we have a quantum critical point and a second-order phase transition,
c.f. Fig. 5.3b. Note that the formula (5.17) is still valid for the case of an inhomogeneous
magnetic field. Later on, we study these phase transitions in the presence of transverse-
field disorder, and also connect them to a sign-change in a particular connected correlation

function.

5.7 Correlation functions

Finally, the exact solution allows one to analytically solve for equal-time correlation functions
of arbitrary order in our spin model. For the purpose of succinctly stating the main results,
it is useful to define 5% = HjeC [fj-[, for C' C {1,2,3,..., N} an arbitrary cluster of spins.
Given such a cluster, it is convenient to use the notation C¢ = {1,2,3,..., N} \ C to denote
its complement, and |C| to denote its size. Given a pair of clusters C, Ca, our exact solution
yields the expectation value of the normally-ordered product 6& 652. To express the answer
in a compact form, we define auxiliary regions R19 = C1 U Cy, and R; = (C1 U Cs) \ Cj. In
the situation where the external fields A* are uniform, one can express the solution for the
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Figure 5.3: First- and second-order phase transitions in the dissipative transverse-field Ising
model. Top panel (a): Steady-state polarization density m = — Zj@;)ss/]\f, for v = J/10,
N = 128, and I' = 0. The shaded region enclosed by solid black lines denotes parameters
where mean field theory predicts bistability. The first-order phase transition occurs when
the local minima in f become degenerate, and is traced by a red dashed curve. The location
of this transition predicted by the Maxwell construction is given by the blue dashed curve.
Critical points where the first three derivatives of f vanish are marked by red crosses. Inset:
Steady-state magnetization for h¥ = 0.4.J, and v = J/100, for N = 4,16,128. Increasing
values of N correspond to increasing opacity, Black dashed curves are used to denote the
mean-field solutions. Bottom panel: free energy landscape f(m) determining the amount of
polarization m in the steady state pgqg, for three parameter choices near (b) a second-order
phase transition, and (c) a first-order phase transition.



expectation value in terms of generalized hypergeometric polynomials:

o 215l K (R1)K(Ry)
(64,00,)s8 = Nl 2 (5.19)

x 3Fy(|Ry| — r*,|Ra| — 7, |R12| — N; —2|Jeg/h% ),

where N = 2NV s Fy(—r*, —r, =N; —=2|Jog/h*|?). We have also defined form factors K(X) =
(=7)|x| HJGX(QJeﬁ/hJ“?), where (2)y, = 2(z+ 1)+ (2 +m — 1) is the Pochhammer symbol,
or rising factorial 1.
More generally, in the case of an inhomogeneous field, we obtain the expression
oA 22l % (Ry ) K(Ry)
(65,60,)88 = G (5.20)

X Z |R1| = ) m(|R2| — 7)mZm(R12),

where we have defined the form factors Zn, (X) = Yy cx |vi=m Hjey(2|Jeﬁ/h9?|2). These

form factors satisfy the recursion relation Z,,(X) = Z,(X \ {j}) + 2“‘;;5"2 o1 (X \ {4},

which is useful when evaluating the expectation value in the thermodynamic limit.

5.8 Exact solution for the steady state

The mixed-field Ising model, in the infinite-range limit, has the following Hamiltonian:

H=17Y Si5;+ Zh“S“ (5.21)
i#]

Here, 4 = x,y, z, and 5’; = &?/2 are the local SU(2) operators used earlier. We consider a

Lindblad master equation with both collective and local loss, d;p = —i[H, p| + £1[p] + L2[7],

1. In this case, the external fields are uniform, and so we can use the simpler formula K(X) =
(_r)‘X‘(QJeﬁ‘/hw)le.
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that is, with

%Z (267 pot —{oF 67, 0}), (5.22)

52 (2S-pSy — {5+S-,5}). (5.23)

The loss operators above, together with their adjoints, generate the entire algebra of observ-
ables for our spin system. Therefore, thanks to the centralizer condition in Evans [1977|,
we know that the above Lindblad master equation must have a unique steady state. We
now make the ansatz that this steady state satisfies a quantum detailed balance condition,
namely s-QDB with s = 1/2 Goldstein and Lindsay [1995], Fagnola and Umanita [2010],
Ramezani et al. [2018]. A sufficient condition for 1/2-QDB is that the steady state admits an
antilinear square root ¥ with unit Hilbert-Schmidt norm, satisfying Fagnola and Umanita

2007]
OV = V0T, (5.24)

for all linear operators Oe span{ H.g, ﬁl, e ,f/l}, where [ = N + 1 is the number of jump
operators. Letting $ := UK with K an antiunitary operator, we can gauge transform these

conditions into

0d = d(KTOK)T, VO € span{Hyg, L1, , L;} (5.25)

5.8.1 Solution in permutation-symmetric case

We now assume the external magnetic field is homogeneous, hf; = h*. Then the constraint
Eq. (5.24) is permutation symmetric, and furthermore has at most one solution (otherwise

the master equation would have multiple steady states, which is impossible, as was discussed
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in the previous section). Therefore, any solution \i/, if it exists, must be permutation sym-
metric. Now suppose in Eq. (5.25) that we choose a K which is permutation symmetric.
Then ® = UK is also permutation symmetric. If we further choose K so that the quadratic

casimir for the collective su(2) representation ST SY S% e,
¢ = (57)2 + (SY)? 4 (5%)* (5.26)

commutes with K , then any monomial ¢ also commutes with K , and therefore we can add
any polynomial in the Casimir element with complex coefficients to any of the operators O
in (5.25), without changing the space of solutions. In particular, this is useful for the case
0= ]:.Ieﬂ‘, which we can then deform into a non-Hermitian Ising model:

iWN il'e

N N N N 1 N
Gef = Hegr + —— + —~ = o152 + higSs + 5(hSs +hc), (5.27)

where Jog = J +il'/2, and we have introduced two effective complex magnetic fields: hZg =
h* —i(y+T)/2, and h = hy — ihy. Choosing the antiunitary K = K .U, referenced earlier,

we obtain:

Al A N N N 1 N
(KTGogK)' = JgS% — higS. + 5 (B84 + h.c), (5.28)

Furthermore, the jump operators are K-invariant: (k T(}j_ K )1L = 0 . Therefore our condition

A

Eq. (5.25) reduces to [6]._, ¢] =0, and

A oA A Al A ~ N A A ~ A 1 N ~
Gon® — (KT CorR) = JeglS, {82 OY) + higlSz, ) + S [0S + he), 8] = 0. (5.29)
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Substituting [S_, ®] = 0 yields

Gt~ (K Copl)
Jeff

2J ot

where we have used the definition r = hZg/Jog used earlier. The only solution to the set of
constraints [&;, @] = 0 is a polynomial in the lowering operators with complex coefficients,
that is, ® € Cloy,... 0] Because o is permutation symmetric, this is a symmetric poly-
nomial. By the fundamental theorem of symmetric polynomials, ® can further be expanded
as a polynomial in the elementary symmetric polynomials. Because [7]7 squares to zero, the

elementary symmetric polynomials are each proportional to some power of S_. Therefore

we can write
O =¢S5k (5.31)
k

To solve for the coefficients {cp}, we substitute the above polynomial into Eq. (5.30).

Defining Bk = (2§Z + k:)gﬁ , and using standard spin commutation relations, we get
{5.,8%y =By, [S4,5%)=kBy_y, [S., By = —kBy, (5.32)

so that, noting that BN =0, we get

Co® — (KT Gog )T Nz‘l <

Joff (k+ 1Dcgr — (k= T)Ck> ®j, = 0. (5.33)

im0 \2eft

Since the operators B’k are linearly independent, each coefficient must vanish, yielding a

first-order recursion relation for {cj}z, which yields the binomial series solution

b = ki: (Z) (=S, (5.34)
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where S_ is the non-unitary SU (2) lowering operator defined earlier, and (z) = 2(z —

1)--- (2 —k+1)/k! is the generalized binomial coefficient. Explicitly,

N 2 N
§_ = %fs. (5.35)

In the following section, we will show how one can generalize this solution to the case where
the transverse-plane magnetic fields h; := hf — ih? have arbitrary spatial dependence, but

at the cost of removing the collective loss term (5.23) from the Lindbladian.

5.8.2  Solution without permutation symmetry, I' =0

We now consider the following conditions but possibly allowing for a spatially-inhomogeneous

magnetic field:
0 = d(KTOK)T VO e span{Heg, L1, -+ , L;} (5.36)

In this case it seems that the lack of permutation symmetry would invalidate all of the argu-
ments we used previously to calculate the solution P. Indeed, we cannot add a polynomial

in the Casimir element to _ﬁeﬁ‘ to obtain éeﬁ’7 and are instead stuck with an inhomogeneous

mixed-field XXZ model:

. o T sy L1 . -
Hyg=JS2 - 5(53, +S2) + higS: + 5 Z(hjaj* +1567) (5.37)
J

However, we can still solve the detailed balance condition if I' = 0. In this case the imaginary

XY term vanishes. Using the same choice of K as before, the condition Eq. (5.25) with
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0= Heﬁ‘ reduces to

Hog® — O(KTH g K)T
J

=[S, {S:, ®}] + r{S., D} +Zﬁ[&+,ci>] = 0. (5.38)
j

The inhomogeneity in the transverse-plane magnetic field can now be removed via a similarity

transformation G := [1; o5 108(2 et/ hj ), which reduces the above condition to a special case
of Eq. (5.30):

JHog® — &(KTH gt " . L.

gHet® — K Het K) 51 _ 1o w6 §3) 4 r{S g} + [S4.06] =0, (5.39)

J

where <f>g = G 1dG is the transformed solution. Comparing Eq. (5.39) with Eq. (5.30)

immediately yields
Pg=(1-5-)". (5.40)

The general solution cited earlier then follows from the fact that our two SU(2) representa-

tions are precisely related by this similarity transformation: S# = GSHG1.

5.9 Spin blockade

We now derive the bounds used earlier to determine the threshold where blockade effects
become observable. A good estimate for this threshold is obtained as the point where p,, =
pN, where {pm}m is the probability distribution defined earlier. We now calculate this
threshold:

(5.41)

(2)@2

pn:‘
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We calculate

2 AN |12
PN n! 2”8— ”HS
— = —|(—€e)(—e—=1)---(=e =N +n+1)|"—==. (5.42)
pn NP I1S™ |13

We calculate the L2 norm of S by brute force using the multinomial expansion:

2ot || 25N
11 oy || =2, (5.43)

jex HS

& 2 2
IS™ I = n! >

Xc{12 N}, |X|=n

where Z,, = Z,,({1,2,..., N}) is the form factor defined earlier. We thus obtain the asymp-

totic estimate

T,
PN 12 x (N —n—1)12Z% (e —0) (5.44)
Pn In

Setting the ratio equal to one yields the result |¢| < (N —n —1)!1"1\/Z,,/Zx. In the uniform
driving limit, Z,, = A" (]X), where A\ = 2|.J.g/h*|? is the dimensionless driving parameter

defined earlier. This yields the bound
1 N
le| < oy [ AN . (5.45)
)!

Blockade effect with v ~ J

Despite what the previous discussion might suggest, the condition v < J is not strictly
necessary for observing the blockade effect. For this purpose, let us assume that the Hilbert-
Schmidt norm ||S_||gg is less than one half. This effectively sets hi/Jemr ~ O(N), or equiv-

alently h;/Jeg ~ O(1). In this case,

log(1 = S-)[lus < log(1 — [IS—|lus) < 1. (5.46)
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As a result, the following series uniformly converges when |e| < 1:
ci>:(1—S_)”<1+elog(1—S_)+---). (5.47)

In this case, the threshold to observe an effective blockade is |¢|] < 1, and thus the effect
remains observable well into the thermodynamic limit. However, the constraint ||S—||gg <
1/2 means that the steady state is close to an infinite-temperature state. Representative

results are shown in Figure 5.4.

5.9.1 Distribution for the magnetization

We now calculate the distribution for the total magnetization at a blockade. We attempt to

calculate the quantity,

par, - van) = (a1, an @D g1, - - ) = [®Tq1, - aw) |12 (5.48)

where ¢; is a Boolean variable that is zero if the jth spin is pointing up, and one otherwise.

In the limit hj? /Jeff < 1 we can approximate d ~ S™, and we obtain

plar, -+ an) = (a1, an|®® g1, - aw) (5.49)

= | ®¥]qr, - an)|* ~ 3 I (5.50)

AC{12,...N}, |[A|=njeA
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where \; = 2[Jog/ h? 2. To obtain the distribution for the total magnetization, it suffices to

coarse-grain the above distribution over k = ) j 45- We obtain

pe= > pla, - .an) = > > 1IN (5.51)

> 4=k Bc{1,2,...,N}, |B|=k ACB, |A|=nj€A

- > (HAj > 1) (5.52)

AC{laZ"'aN}a ‘A|:TL JGA BDA; ‘B|:k

_ S ( TN @tg)) (5.53)

AC{1,2,- N}, |[A|=n \j€A
N —n N\ [k
(00

which yields the binomial distribution given earlier.

5.10 Thermodynamic limit N — oo

We now calculate the distribution {pp;} s in the limit that N — oco. To make this task easy,

we assume that the external magnetic fields are uniform, h? = h*. The exact expression is

2 2
oMm!|( T &M 112 N—M 112 om (N r
s =22 ()| 1821 =2V arRaan ()| (1)) 69
NI \M
12 AT
B N! M
= |(=N7)pr? (5.56)

(N — M)! N2M pp1°

where we have dropped all M-independent constants, and have recalled the definitions given

earlier:

: X = 2| g /h%)?, (5.57)

=
I
‘\

@D
==
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Figure 5.4: Spin blockade effect with ||S_|[gg = 2/3. Rescaled coherence tensor
hiy -+ by Ciy oy, for k=1 (red), k = 2 (orange) and k = 3 (green). Here, N = 22, h"* =
3NJ,hY =0, and ' = 0. v € {J,J/10, J/100}, with greater transparency indicating greater
loss rates. Note how the dips in the rescaled coherence are noticeable even with loss rates
~ comparable to the interaction strength J. Furthermore, these dips have a sizeable width

~ O(1).
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where Jog = NJog. We now expand

(=NF)ar = NV (=7) - (% —r) (MA; ! —7“), (5.58)

(NJ_V_!M)!:NMLO_%)...(l_MA;l). (5.59)

Substituting m = M /N allows us to write the logarithm of (5.56) as a Riemann sum:

Nl logpy = mlog NA — N~ tog M! + > log(l—m)F—m'PAm’  (5.60)
m’G{k‘/N}]kVial

with Am’ = 1/N. We can simplify the terms excluding the Riemann sum by using Stirling’s
approximation log M! = Mlog M — M + O(log M):

_ A
mlog NA — N~ tlog M! = m(l + log E) +O(N7Y, (5.61)

where again we have neglected M-independent constants. We therefore arrive at the asymp-

totic estimate

f(m) = —/Om dm’ log(1 —m/)|7 —m/|?> — m(l + log %) +O(N Y. (5.62)

Carrying out the integral analytically yields the closed-form expression utilized earlier.

5.10.1 1/N corrections to the potential

The leading-order corrections to the potential come from both (1) including the O(N™1)

terms in Stirling’s approximation, and (2) writing the Riemann sum as an asymptotic series

245



(whose terms are each Riemman integrals). For (1), note the improved estimate

- ) 1
mlog NA — N~ 1log M! = m(l +logi) + ﬁlogm—l—O(N_Q), (5.63)
m

where again, we have dropped M-independent constants. Finally, for the Riemann sum, we
note that the integrand g(m) = log(1 —m)|7 —m|? is a real-analytic function on the domain
m € (0,1). This is because r, as was discussed earlier, cannot be a non-negative real number.

Therefore, we have the asymptotic series expansion

/Omdm’gm’): S g(m’mmwzw S O,

m'e{k/N}t k=1 m'e{k/N}t

= Z g(m"Am' +

m/e{k/N}Lt

This leads to the following improved estimate for the Riemann sum:

m
Z log(1 —m/)|F —m/|PAm/ = / dm/ log(1 —m/)|F — m/|?
m’E{k/N}]]CVIzal 0

1 _ D —9
2Nlog(l m)|F —m|*+ O(N~7) (5.65)

Putting both O(N *1) corrections together yields the following shift in the free energy:

+O(N72). (5.66)
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5.10.2  Critical points of the potential

To understand the large- /N behavior of our infinite-range DTT model, it is useful to calculate

the derivative of the potential:

f'(m) = log <

A1 — mT;L|m — 7|2 (5.67)

The critical equation f’(m) = 0 is thus equivalent to the cubic equation m = A(1—m)|m—7|>.

On the other hand, the mean-field equations for S, := (6#)gg are

0=—-27S,S. — %Sx + 18,8, +i(h*S, — hYS.), (5.68)
0=—2JS5;5, — %Sy +T'SyS. + ih” +i(h"S, — h*S,), (5.69)
0= —%(zsz +1) = (52 + 52) +i(hYSy — h™S,), (5.70)

where 7 = v + I'/N, with I := NI Huybrechts et al. [2020a]. Writing S, = 2m,,, and

substituting Eqgs. (5.68), (5.69) into Eq. (5.70), while letting N — oo, we obtain

md + (14 2ReF)m2 + |72 + (JF + 112 =1+ A Hym, = 0, (5.71)

which is precisely the critical equation f/(m) = 0, once we substitute the identity m = —m?.

This demonstrates that the critical points of f(m) are in one-to-one correspondence with
the mean-field solutions for m, for all possible values of ~,I', J, h* h¥Y h* (forming a 6-

dimensional parameter space).

5.11 Correlation functions

We now proceed to calculate the expectation values of normally-ordered strings of Pauli

operators. This process largely adheres to the formalism described in the supplementary
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information (SI) of Roberts and Clerk [2023|. It’s worth noting that the particular method-
ology of Roberts and Clerk [2023] was in fact initially devised during the investigation of
the current model (both exactly-solvable models were discovered at around the same time,

in mid 2021), for which the calculation is much simpler:

otoc,= 1167 11 o5 (5.72)

iGCl jGCQ

where C7,Cy C {1,2,3,...,N} are the clusters of spins mentioned earlier. We use the

multinomial expansion Sk = k! Z| Al=F 0/4&;1 to write

N ™, etk at ~— &l
<Uclac2 NZ + ( )(l>tr(S_ 05100287)

1 * xA1 A At oAt oA— A
= JT/A {Z: }(—r )14 (57 g e 2tr(aA10010020A2). (5.73)
LAsC{1,2.3,.. N

where a; = 2Jog/hj, and we have used the shorthand notation ot = HjeA a;. The
fundamental trace tr(&jgl &a &52 622) inside the sum vanishes unless A; C Cj(?, and A1 1ICT =

Ao II (9. Because of the former constraint, we can write

where II denotes the disjoint union, and Ri9, R; are the regions defined earlier. The con-

straint Aj II C| = A 11 C9, yields

AjﬁRj:R'
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Furthermore, we can write A; = X Il R; and AN C; = X I Ry, and hence (A1, A2) —
X = Aj\ Rj is a bijection from the support of the sum in Eq. (5.73), to the power set (the

set of all subsets) of R{y. Therefore,

Ry R
(65 67 Yas = @M a2 (=) gy | (=1 Ry
C1Y0y/SS — N
N—|X|-|R 2
< S0 (R1| =) (1R = 1) x 2N TR TT oy,
XCRS, JjeX

(5.76)

Eq. (5.76) immediately leads to the formula given earlier.

5.11.1 Permutation-symmetric limit

With permutation symmetry, the recursion relation for Z,,(X) presented earlier admits the

closed-form solution

2,(x) = (1)l (5.77)

Substituting this solution for Z,, into the general formula given earlier yields

o 2B K (R)K(R . (= RGoDm (2 Jenl*\"™
(68,00,)8s = VR S 1By~ 1ol — 2 ’"(— ||hjf2|>

m

which leads to the solution used earlier, once we recall the definition of the generalized

hypergeometric function:

o 17TP l
ZH _i(am); 2
=0

q—l( ¥ (5.78)
m=1\"T :
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Figure 5.5: Dissipative phase transitions in a random transverse-field Ising model.
(a) Solid curves: density of up spins n = }_; (&f&;)SS/N, for N € 4 (lightest gray), N = 16
(light gray), and N = 128 (black). Parameters are v = J/100, I = 0, and h* = J/5,hY = 0.
Blue dots and error bars denote n and An = \/ Zj(<6;"6j_)ss —n)? respectively, for a

N = 128 random transverse-field Ising model with the same parameters, but with h? sampled

from a normal distribution with mean h”* and variance o = h* /2. Results are all for a single
disorder realization. Inset: von-Neumann entropy of the 1-spin reduced density matrix for
the non-random transverse-field Ising model with N = 128 (black curve). Bottom panel:

ﬁ) for a N = 256 random transverse-field

Ising model with the same parameters (i.e. h?’y, 7v,T,J) as in panel (a), but with h* = 0.30.J
(b) and h* = 0.36.J (c).

connected density-density correlation function g
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5.11.2 Phase transitions in the disordered model

We use the above solutions for correlation functions to investigate phase transitions in the
disordered version of our model. We plot these correlation functions for single disorder

realizations in Figure 5.5, where we obtain the following preliminary findings:

e The phase transition remains sharp, even with strong disorder. The location of the

transition also doesn’t seem to shift at all, even with transverse-field disorder Ah* /A" ~

0(1).

e As in Roberts and Clerk [2022], the sign of the connected density-density correlation

function
5 ) y

flips at the transition point. Note: in panels (b) and (c¢) of Figure 5.5, the spins are

reordered so that hj? is an increasing function of j.

5.12 Conclusion

In this chapter, we have solved exactly for the steady state of the dissipative variant of
the transverse-field Ising model, in the situation where the Ising interaction is infinitely-
long ranged. We used the exact solution to reveal a novel spin blockade effect where low-
order coherences diminish in the steady state. We uncovered a "thermodynamic potential"
that governs the magnetization density in the thermodynamic limit, enabling an analytical
determination of the phase diagram, including the location of first-order phase transitions.
Finally, we used the solution to investigate the robustness of these phase transitions to
transverse-field disorder, as well as their connection to a sign-change in a particular connected

correlation function . While our study focused on the fully-connected transverse-field Ising
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model, future work could be directed towards the study of this model on a cubic lattice where
the dimension d < oo, where an analytical understanding is also lacking. More broadly,
future research could also delve into driven-dissipative spin systems defined on more general

graphs.
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