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Hybrid discrete-continuous truncated Wigner approximation for driven, dissipative spin systems
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We present a systematic approach for the semiclassical treatment of many-body dynamics of interacting, open
spin systems. Our approach overcomes some of the shortcomings of the recently developed discrete truncated
Wigner approximation (DTWA) based on Monte Carlo sampling in a discrete phase space that improves the
classical treatment by accounting for lowest-order quantum fluctuations. We provide a rigorous derivation of the
DTWA by embedding it in a continuous phase space, thereby introducing a hybrid discrete-continuous truncated
Wigner approximation . We derive a set of operator-differential mappings that yield an exact equation of motion
(EOM) for the continuous SU(2) Wigner function of spins. The standard DTWA is then recovered by a systematic
neglection of specific terms in this exact EOM. The hybrid approach permits us to determine the validity
conditions and to gain a detailed understanding of the quality of the approximation, paving the way for systematic
improvements. Furthermore, we show that the continuous embedding allows for a straightforward extension of
the method to open spin systems subject to dephasing, losses, and incoherent drive, while preserving the key
advantages of the discrete approach, such as a positive definite Wigner distribution of typical initial states. We
derive exact stochastic differential equations for processes which cannot be described by the standard DTWA
due to the presence of nonclassical noise. We illustrate our approach by applying it to the dissipative dynamics
of Rydberg excitation of one-dimensional arrays of laser-driven atoms and compare it to exact results for small

systems.
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I. INTRODUCTION

The many-body dynamics of dissipative quantum spin sys-
tems is of key importance in many areas of physics and
technology. Its exact numerical treatment is, however, ex-
tremely challenging, being restricted either to small systems
where the time evolution of the full many-body density matrix
can be simulated or to the classical limit of strong dephasing,
which can be tackled by Monte Carlo methods [1,2]. Various
approximation techniques have been developed in the past,
ranging from mean-field, cluster-mean-field [3], and varia-
tional approaches [4], as well as field-theoretical descriptions
within the Keldysh formalism [5] to those based on matrix-
product state (MPS) expansions of the density matrix [6,7] or
variational MPS techniques [8]. More recently, a semiclassical
approach based on Monte Carlo sampling of spin-% density
matrices in a discrete phase space [9]-the discrete truncated
Wigner approximation (DTWA) [10]-has been developed. In
the DTWA, the many-body dynamics of spin-% systems is
described by a set of classical equations of motion of the
Cartesian spin components, while interactions are accounted
for at the mean-field level. Similar to the truncated Wigner
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approach to Bose fields [11-14], quantum fluctuations are par-
tially incorporated by sampling the spin components from an
initial quasiprobability distribution of a discrete phase space
[9].

It was shown in Ref. [10] that the DTWA can reproduce
rather accurately collective observables and correlations of
interacting spin-% particles on short time scales and thus can
be successfully applied to problems of spin squeezing [15,16]
and quantum quenches [17-20]. The agreement with exact
solutions is particularly good for long-range interactions, i.e.,
when each spin interacts with a large number of other spins
with comparable strength. While qualitatively such a behavior
does not come unexpected, since increasing the coordination
number of interactions for each spin improves the accuracy
of the mean-field approximation, detailed quantitative under-
standing of the applicability and limitations of the DTWA
is still missing. Yet, such an understanding is important in
order to estimate the quality of the DTWA when applied to
larger systems, where exact benchmarks can no longer be per-
formed, or for the development of systematic improvements
[21].

Furthermore, while phase space methods for bosonic fields
[11-13] can easily incorporate dephasing or losses, so far
there has been no first-principles derivation of the DTWA for
general open systems. Only very recently a first attempt has
been made to include dephasing and incoherent decay using
a phenomenological approach. In Ref. [22] dephasing was
incorporated by Markovian classical noise fields coupled to
the x,y components of the spins, turning the deterministic
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equations of motion into stochastic ones with multiplica-
tive white noise. In contrast, decay and incoherent drive
are associated with non-classical noise in standard DTWA,
which prevents numerical simulations by stochastic differen-
tial equations. Further approximations were therefore made
[22,23]. In an alternative approach of treating pure decay, the
authors of Ref. [24] proposed to first unravel the quantum
master equation and then apply a semiclassical approach. This
open-system version of the DTWA requires an ad hoc intro-
duction of the spin norm as an additional degree of freedom.
For a single spin, very good agreement with exact results was
found, but the range of validity of the approach as discussed in
Appendix D and its applicability to systems with simultaneous
dephasing and loss or to more general reservoir couplings
remains unclear.

Here we present an alternative, rigorous derivation of the
DTWA based on an embedding of the discrete Wigner repre-
sentation in the continuous SU(2) phase space. This hybrid
discrete-continuous approach, which we term as DCTWA
(discrete-continuous truncated Wigner approximation), alle-
viates the shortcomings of the standard DTWA, namely, it
permits us to assess and systematically improve the quality
of the truncation approximation and allows to extend the
approach to treat both dephasing and decay. To this end, we
derive a set of operator-differential mappings which yield an
exact equation of motion (EOM) for the continuous SU(2)
Wigner function. The truncation approximation, which forms
the basis of the DTWA, can then be associated with a sys-
tematic neglection of higher order derivatives in this EOM.
A scaling analysis of the higher-order terms provides clear
insight into the range of validity of the approximation and
paves the way for systematic improvements. Furthermore, the
continuous approach provides a straightforward extension to
open-system dynamics. In sharp contrast to the DTWA, the
diffusion matrix associated with spin decay is always positive
definite for the continuous Wigner distribution. Yet, typical
initial states have continuous Wigner distributions which are
not positive definite and thus cannot be treated as probability
distributions, preventing a Monte Carlo sampling. We here
show that exploiting the connection between discrete and
continuous representations, together with the gauge degree of
freedom of the continuous Wigner function of spins, allows
for both a Monte Carlo sampling of initial states as well
as a simulation of time evolution by stochastic differential
equations. Moreover, just like the approach of Ref. [24] the
dynamics of a single driven-dissipative spin is treated exactly
(see Appendix D).

The paper is organized as follows. In Sec. II we briefly
review Wootters’ discrete Wigner function formalism for
spins [9] and the standard DTWA based on that formalism
[10]. In Sec. IIT we summarize the continuous SU(2) Wigner
representation of spins [25,26]. In Sec. IV we derive a map-
ping between the discrete and continuous representations and
develop a hybrid discrete-continuous version, where the sam-
pling of the initial distribution encoding quantum fluctuations
to lowest order is performed on a discrete space, while the
time evolution is performed in the continuous representation.
In Sec. V we illustrate the performance of the DCTWA by
applying it to the dissipative dynamics of Rydberg excitation
of one-dimensional arrays of laser-driven atoms [27,28] and

compare it to exact results for small atomic systems. Our
findings are summarized in Sec. VI.

II. DISCRETE WIGNER FUNCTION FOR SPINS AND
TRUNCATION APPROXIMATION

A. Quantum systems with continuous degrees of freedom

The density operator p of a quantum system with contin-
uous degrees of freedom can equivalently be represented by
the Wigner function. For example, a quantum particle with
position § and momentum p has a corresponding quasiprob-
ability distribution W (g, p) of continuous scalars g, p. The
connection between the Hilbert space and Wigner phase space
is given by

p= /f dqdp W(q, p)A(q, p), (1)
where

Y.
e’

Aq, p) = /dy‘q— §><q+%

are continuous phase-point operators [29-31]. Expectation
values of any observable O can then be calculated by taking
the statistical average of the corresponding Weyl symbol O
with respect to the Wigner function

@@j»=[/@mnw%m0@4x %)

over the whole phase space, where the Weyl symbol O is
defined via

Op, q) = Tr{A(q, p)O(4. p))

= [av{a+ 3o

B. Wigner function for a two-state quantum system

173

J >eh 3)

The concept of phase space representations can be ex-
tended to quantum systems with a finite-dimensional Hilbert
space [9] such as spin—% systems. To this end, Wootters [9]
introduced four discrete phase-point operators

Aa =%(]A12 +re0), “4)

where 6 = (6%, 6, 6%)7 is the vector of Pauli matrices, o =
(a1, ap) with elements «; € {0, 1} and the vector ry is given
by the discrete set of points

re =((=1)%, (=), (=1)") &)

on the sphere with radius r = +/3. The phase-point opera-
tors have unit trace Tr(A,,,) = 1, are orthogonal %Tr(AuAAﬂ) =
dap, and form a basis. The density operator o can then be
expanded as

,(A) = Z WaAa, (6)
o

where the weights W, = %Tr[/ia p] are called the discrete
Wigner function and are real by construction.

Note that since r = +/3 > 1, the phase-point operators A,
are not positive definite and therefore are not density matrices
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themselves. As a consequence, the discrete Wigner func-
tion W, is in general not positive, but is normalized Tr p =
> o Wo = 1. Just as in the continuous case, the Wigner func-
tion represents only a quasi-probability distribution, therefore
preventing a stochastic (Monte Carlo) sampling of arbitrary
states. But for certain relevant quantum states, all Wigner
coefficients are positive and can therefore be interpreted as
proper probabilities. For example, the fully polarized spin
states

I = 300 +Ao)

= Woo=Wo1 = 5, Wio=Wy; =0, (7a)
DA = %(A10+A]l)

= Woo=Wo1 =0, Wio=W;; =1, (7b)

can be represented as equally weighted classical mixtures of
Ago and Ay (for [ 1)(1 1), and A9 and Ay; (for [ ) (] ]).

C. Equations of motion

It follows from the von Neumann equation j—[,?)(t) =
—i[Hy, p(t)] (i=1) for the unitary time evolution under
some single-particle Hamiltonian Hy that the evolution equa-
tions for the phase-point operators are

%Au(t) = —i[Hy, Ag(1)]. ®)

Note that these equations describe the time evolution in the
Schrddinger picture, as the phase point operators correspond
to the quantum state. Since each of the four phase-point op-
erators A, is a linear combination of the Pauli spin matrices
6%, 67, 6%, their time evolution can be expressed in terms of a

time-dependent vector s, (¢) = (s,(2), so (), s5,(1)),
Au(t) = 1(15 + 54(1)6). )

Here s*(¢t) (u = x,y, z) obey the equations of motion for a
classical spin (see Appendix A),

oHo

dsv’

$) = 15" Hobp =2 €uuns” (10)
v,A

where the classical Hamiltonian H(s) is the Weyl symbol
corresponding to Hy and we have dropped the index a for
notational simplicity. The initial conditions of the vector s,
are s4(t = 0) = ry. Evaluating the expectation value of any
observable (O(6(¢))) then amounts to calculating the time
evolution of the Weyl symbol O(s(z)) = Tr{OAq (1)} averaged
over the initial discrete Wigner distribution

(OGO =Y Wal0) O(s(1)). (11)

If the initial state p(0) has positive Wigner coefficients W,,
as for the state [1) or || ) in Egs. (7), Eq. (11) can be evaluated
as a classical average of the Weyl symbols weighted by the
initial probabilities W, (0). The “quantumness” of the spin is
then captured by the averaging over the initial conditions. This
is possible without further approximation since we consider a
single spin—% particle without interactions and decay, in which
case the Heisenberg equations of motion are also linear.

D. Interacting spin systems and DTWA

The utility of the discrete phase-space approach stems from
its application to many interacting spins, which in general
have complicated and intractable many-body dynamics. The
phase space representation is the basis of the DTWA [10],
allowing it to take lowest-order quantum fluctuations into
account and thus going beyond the mean-field level. Below,
we outline the essence of the DTWA.

The density matrix for N interacting spins can be faithfully
represented by 4" discrete Wigner coefficients and the corre-
sponding phase point operators

ﬁ = Z WO{[ 44444 oy AADL] ..... oy - (12)

As for a single spin, the dynamics of p can then be mapped
onto the dynamics of the 4" phase point operators Au] _____ ay (@),
whose general evaluation in time requires exponentially in-
creasing effort in N. The key approximation in the DTWA that
makes the many-body problem tractable is the factorization of
the phase point operators at all times:

Agy an ) R A1) @ Ar g, (1) ® ... ® Ay ay ().  (13)

The many-body density operator at time ¢ is then explicitly
given by

.....

oy,...0N

which, for a factorized initial state, is further simplified to
Won ..... ay (0) = l_[n th,l (O)

Substituting the factorization ansatz of Eq. (13) into the
equation of motion with a many-body Hamiltonian H,

d . oA A
EAOll,...OlN(t) = —i[H, Aal,...aN(t)], (15)
and using the orthogonality of the phase point operators, one
finds that the time evolution of the single-spin operators is
governed by

d » TAME 2 6

EAj,uj(t) = _l[Hj aAj,aj]- (16)
Here the mean-field Hamiltonian I-7JMF for jth spin is obtained
by replacing all the other spin operators ; by the correspond-
ing ¢ numbers s7 (). Using the decomposition of the phase
point operators in Eq. (9), we thus find that s? O (mw=x,v2
obey the classical equations of motion with the classical
many-body Hamiltonian,

a IH
ey = {s". H}, =2Zems;m, (17)
v J

with initial conditions s 4, (f = 0) = r},4,. As in the case of a
single spin, all quantum mechanical observables are obtained
from the solutions of the classical (mean-field) equations (17)
and averaging over the initial Wigner distribution

(061, ...,65:1))
= ) Waoay 0 OG1(1), ... sy(1). (18)
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It is worth noting that, despite the mean-field character of
the DTWA, the quantum nature of the problem is taken into
account to some extent in two ways. Firstly, as in the case of a
single spin, the averaging over the initial conditions for every
spin captures lowest-order quantum fluctuations on the single-
particle level. Secondly, information about initial (quantum)
correlations between the spins is, in principle, contained in
Wa,....ay(0). Hence, the DTWA goes beyond a mean-field
description of the many-spin problem, as we will illustrate
below with a specific example of an optically driven lattice
of Rydberg atoms. This and the fact that it is computationally
not much more expensive than a mean-field calculation makes
the DTWA an appealing semiclassical approach. However, the
derivation of the DTWA is based on the heuristic approxi-
mation of factorizing the many-body phase point operators.
The quantitative characterization and range of validity of this
approximation are not well defined, and the level of improve-
ment over a simple mean-field approach is not clear.

E. Open spin systems and DTWA

It is tempting to extend the above procedure to open spin
systems coupled to Markovian reservoirs. This is described by
the Lindblad master equation

19)

where the 1:/4 are the Lindblad generators. Substituting the
representation of p(z) in terms of the discrete phase-point
operators Aa(t), one recognizes, however, that, in general,
they do not remain orthogonal under nonunitary time evolu-
tion. This prevents a straightforward extension of the DTWA
to open systems and one has to resort to approaches where
the Lindblad master equation is effectively generated, e.g.,
by coupling to classical noise fields [22] or by an unraveling
procedure [24].

III. CONTINUOUS WIGNER FUNCTION FOR SPINS

One of the key advantages of continuous phase-space rep-
resentations of quantum states is the connection to stochastic
processes via equations of motion which are partial differ-
ential equations and—with additional approximations—are
of Fokker-Planck type [32]. This permits efficient numerical
simulation of the system dynamics in terms of stochastic
differential equations. Despite its successful application in
quantum optics, continuous Wigner functions had not been
widely applied to finite dimensional quantum systems, such
as spins. Following the approach of Ref. [25], Tilma et al.
[26] defined a Wigner distribution W, (£2) for a quantum state
0 over a continuous phase space characterized by parameters
2, provided there exists a kernel A(S) that generates W;(€2)
according to the generalized Weyl rule W;(Q2) = Tr[pA(2)]
and that satisfies the Stratonovich-Weyl correspondence [33].

The kernel operator A(S2) and the set of coordinates 2 are
not unique. For a spin-1 system, there exists, in particular, a

2
representation of the state p through

A, 9)=U®, 9, v)AU" O, ¢, ¥), (20)

where Ay = (1, — 369, and U@, e, v)=
'0°9/2¢1570/2i5°V/2  are the SU(2) rotation operators with
the Euler angles (0, ¢, ¥) that span the continuous phase
space of the surface of a sphere, 6 € [0, 7] and ¢ € [0, 27).
Note that in Eq. (20) the dependence on the angle i drops
out and one finds

N 1 .
A0.¢) = Sl +5(0.¢)0]

:l(l_ﬁcose ﬁei“’sin@)

2\ /3 sin 6 14 +/3cos6

= VI (Yoo, 1 — Yoot 5°)
+«/EY1’71(9’¢)2_ Yn©.¢) .
i NG DENOD 5 )

Here the c-number vector
50, ¢) = x/g(sin 6 cos ¢, —sin O sin ¢p, — cos NHT (22)

is a representation of the surface of the sphere with radius +/3
and the Y;,,(0, ¢) are the spherical harmonics.

The relation between any observable O(6) for a spin-%
system and the corresponding Weyl symbol follows from the
simple algebra of the Pauli matrices. Since any function O of
spin operators can be written as a linear superposition of the
unity matrix and the Pauli matrices 6* (u = (x, y, 2)),

06) = aply + a,6* + a,6” + a,6%, (23)

its Weyl symbol is obtained by replacing the spin operators
by the corresponding components of the classical spin vector

s(0, ¢),

O(s(6, ¢)) = Tr{A(0, $)0(6)} = O(s). (24)
An arbitrary spin state p can now be expressed via the contin-
uous Wigner function W (6, ¢) € R and vice versa as

b= / dQA0, )W (O, ), (25a)

W, ) = TrA®, $)p],

where [dQ = [ dfsin6 fozn dp/2mw and A =A'. The
Wigner function is normalized f dQW@,¢)=Trp =1,but
is in general not positive, i.e., is a quasiprobability distribu-
tion. Note that [ dQA(, ¢) = 1,.

The continuous Wigner representations for fully polarized
spin states are

(25b)

Wi (0. ¢) = TrA®©0. )| 1) (111 = 2(1 — V3cos ),
(26a)

W, (0, ¢) = TrlA©®, $)| 1)(L ] = $(1 + V3 cos ).
(26b)

These Wigner functions are not positive semidefinite and
therefore cannot be approximated faithfully by a Monte
Carlo sampling. In fact all pure spin states have non-positive
continuous Wigner functions and cannot be sampled. Note,
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moreover, that the surface element d2 = sin0d0d¢/2m is
nonlinear in 6, which prevents straightforward derivation of
a Fokker-Planck type equation of motion for W (9, ¢). Both
problems can be resolved, however, by a hybrid discrete-
continuous approach as outlined in the following section.

IV. HYBRID DISCRETE-CONTINUOUS TRUNCATED
WIGNER APPROXIMATION

The shortcomings of the standard DTWA can be overcome
by the hybrid DCTWA approach in which the sampling over
initial conditions is performed for the Cartesian spin com-
ponents as in the standard DTWA, while the time evolution
is performed in an angular representation using a “flattened”
continuous Wigner distribution that leads to a Fokker-Planck
type EOM.

A. Time evolution of continuous Wigner function
for a single spin

We first derive a mapping from the Lindblad master equa-
tion (19) of the density operator p for a single spin to
an equation of motion of the continuous Wigner function
W (6, ¢). To this end, we employ the decomposition (25)
of p into continuous phase point operators and note that

A, ¢), AW, ¢), %A(e, ¢) and %A(e, ¢) are linearly in-
dependent and thus form a basis for all 2 x 2 matrices. We
can, therefore, express any operator acting on p by its action
on a phase-point operator using an operator-differential iden-

tity, such as

R 3sinf —2csch @
6°A0, ) = [—ﬁcos9+u—

V3 90
—ii B 2cot005008_2}i(9 5. @7
L) V3 8¢? T

which can be proven by a straightforward evaluation of both
sides.

Following the standard procedure of phase-space ap-
proaches, we insert these mappings into the master equa-
tion (19), which, after partial integration, leads to a dynamical
equation for W (6, ¢). In contrast to typical quantum optical
problems of interacting bosonic fields, however, the EOM is
not of (generalized) Fokker-Planck type, due to the nonlinear
integration measure on the sphere d2 = sinf dfd¢/2n. To
circumvent this problem, we introduce the “flattened” Wigner
function (FWF)

sin 6
X0, ¢)= Er W@, ), (28)
T

defined on a stripe 8 € [0, ], ¢ € [0, 27r), which is periodic
in ¢ with period 2m. The distinction between the Wigner
function and the FWF is critical for the time evolution, since
the EOM of W(8, ¢) contains in general terms that can-
not be expressed through partial derivatives. In contrast, the
time evolution of the FWF can be expressed as a Fokker-
Planck equation (FPE) (provided higher than second-order

derivatives can be neglected), which in turn allows for an
efficient numerical evaluation of the system dynamics by
stochastic differential equations.

More formally, this reinterpretation can be avoided
by introducing the contravariant coordinate vector
', x?)=(0,¢) and metric tensor guw of the curved,
i.e., spherical, phase space which is given by

1 /1 0
§= 57 <O sin® 0)' (29)

The infinitesimal volume element is generated by
J/det(g) = sin0/2m. If we were to use covariant derivatives

1 P
vV, = —
T /det(g) dxt

instead of plain derivatives, the introduction of the FWF
would not be necessary and instead diffusion processes on the
spherical surface would be obtained. Since both approaches
yield the same differential equations and therefore identical
results, we choose the one based on plain derivatives and the
FWEF.

As opposed to the derivation in Sec. II, we now include
the time dependence in the Wigner function, or the flattened
Wigner function, while keeping the phase-point operators
constant,

det(g), (30)

pt) = // dode x (6, ¢;1)A0, §). €29}

We substitute this expression into the Lindblad equation, eval-
uate the action of spin operators on the kernel operators as
in Eqgs. (27) and (B1), and integrate by parts in order to let
the derivatives act on the FWF instead of on the kernel. Since
the (6, ¢) space is compact, the surface terms vanish and we
obtain

) 9 3sin6 — 2csch
6Zﬁ:fd9d¢A(9,¢)|:—«/§cose——u

6 3
n 9 92 2cot6’csc€i| ©.4) (32)
—f——— .
N Y TV B

This can be understood as a mapping between Hilbert space
and phase space. We abbreviate this relation to

d 3sin® —2csch
6Z,b<—>|:—«/§cos0——u

30 73
+ii_8_22cot6cs09i| ©. 8 (33)
AT B

Note that if we let the derivatives act on the Wigner function
instead of on the FWF, the contributions from the factor sin 6
would produce different and far more involved mappings. A
complete list of mappings for all spin operators is given in
Appendix B.

The mappings allow us to investigate the dynamics of a
given system in terms of the Wigner phase space. As an ex-
ample, the unitary dynamics of a single spin is fully governed
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0.0 L5
s, 1.5

FIG. 1. The phase space of a single spin—%, or a qubit, is defined

via the parametrization of the phase-point operator A(9, ¢) in terms
of angles (6, ¢) on a sphere with radius +/3. The time evolution of
a state p in Hilbert space is equivalently expressed by an ensemble
average of stochastic trajectories {6;(¢), ¢;(¢)}. Here, two exemplary
stochastic paths (blue and orange lines), starting from the same
discrete initial condition, are shown for the decay process of Egs.
(48).

by the differential contributions

d ad
—i[6%, p] < 2(£ sin ¢ + % cot 6 cos qb))(, (34a)

Bl 0
—i[67, D] < 2<£ cos ¢ — % cotf sin¢>>)(, (34b)

?
—i[6%, p] < 2—x. (34c)

a9

If we additionally consider the Lindblad master
equation with a set of Lindblad generators L, that describe
couplings to Markovian reservoirs, we obtain an equation of
the general form

R 3 R
/d9d¢A(0,¢)5x =/d9d¢A(9,¢)£x, (35)

where L is a differential operator. We thus see that a flattened
Wigner function x (0, ¢, t) satisfying the partial differential
equation (PDE)

a
Ex(9,¢,t)=£x(9,¢,t) (36)

faithfully represents the density matrix of Eq. (31).

Up to this point, no approximation has been made and the
PDE describes the full quantum problem. One type of PDE
that commonly occurs in the context of single-spin dynamics
is the Fokker-Planck equation given by

0x,

%x(x,t) =— Z 0 [A,(x, 1)) (x, 1)]

82
+ mZ Tx on (D (x, ) x (x, 1)1, (37

where x = (0, ¢)". We call A(x,?) the drift vector and
D(x,t) = %B(x, )T B(x,t) the (positive-semidefinite) diffu-
sion matrix. Instead of solving the Fokker-Planck equation,
one can then solve the corresponding It6 stochastic differential
equation (SDE)

dx(t) =A(t)dt + B(t)dW, (38)

where dW = (dWj, dW¢)T is a multivariate differential
Wiener process [34].

This is useful for a numerical integration as one can
sample a sufficient number of initial states x(¢ = 0) from
a given positive semidefinite Wigner function, determine
their time evolution according to Eq. (38) and calculate av-
erages with respect to all trajectories to obtain a desired
observable:

(OM) = fd9d¢ x(0,9,0TOA®©, ¢)]

= Tr[OAO(1), p(1))] (39)

1 &
~ o ;Tr[omem(r), ()],

where 6,,(t), ¢,,(t) are the time-evolved trajectories and
M < oo is the number of evolved trajectories and the overline
denotes averaging over trajectories. As an example, in Fig. 1
we show two stochastic trajectories for the evaluation of the
the dynamics of a single spin-%.

B. Many spins and truncated Wigner approximation

The above results for a single spin can be generalized
to a system of N > 1 spins by constructing the phase-space
representation of the many-body density operator

N
p(t) =|:HfdQnA(9na¢n):|W(t’ 0, 9), (40
n=1

where 0=, ....00)7, d=(d1,...,o8)7 and
d2, = db,sinb,d¢,/2r pertains to the nth spin. A
Pauli matrix 6,? (¢ =x,y,z) in the subspace of the nth
spin acting on 4(0, @) = ]_[nA(Gn,qbn) generates the same
operator-differential identities as in Eqs. (B1). The FWF then
becomes x (0, ¢) = (]_[f:’:l %)W(O, ).

Let us now consider interactions between the spins, e.g., of
Ising type:

. .
H=—52Jmn poas (41)

m<n

In analogy to the single spin approach, we derive equations for
the time evolution of the phase-point operators first.
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The interactions then generate mixed-spin derivatives,

d . i hraz £
A ) == 2> Jm[5:57, 46, 9]

m<n

2csch,, —3sinb, 32

2coth, csch,, d°

:ZZJmn(\/gcosem% +

n. m#n

If only terms with derivatives in the same spin were present,
the time evolution of an initially factorized operator A(r =
0) =11, A,(t = 0) would preserve the factorization. But the
terms with mixed-spin derivatives, such as the second and
third term of Eq. (42) entangle the spins. Hence, in order
to reproduce the DTWA, we have to discard all terms with
mixed spin derivatives, n # m. We note that, in general, there
is no a priori small parameter that justifies such a truncation
and the validity of the truncation must be considered on a
case-by-case basis. We will return to this issue in Sec. IV E.

By repeating these steps for the von Neumann equation,
we obtain a Fokker-Planck equation for the FWF x (6, ¢, 1),
resulting for the case of the Ising Hamiltonian in the set of
ordinary differential equations for the spin angles

d

—6,(t) =0, 43
7 ) (43a)
d

TOn(0) = V3 003 0,1, (43b)

m#n
Transforming to Cartesian coordinates yields
d Si _S;
al7]= D T, +g; : (44a)
Sy m#n

which are precisely the mean-field EOMs for the Ising
Hamiltonian in DTWA.

C. Dephasing, decay, and incoherent pump

The coupling of spins to Markovian reservoirs can be
straightforwardly included in our hybrid approach. Applying
the mappings between the Hilbert space and phase space,
Eq. (33), we have for the dephasing Lindbladian

32

—p 2—x. 45
p 002 45)

Using a change of variables, we can transform the Fokker-
Planck equation resulting from Eq. (45) to Cartesian coordi-
nates, obtaining the set of SDEs

ds, = —2s,dt — 2SydW¢, (463)
dsy = —2s,dt + 2s5,dWy, (46b)
ds; = 0. (46¢)

These equations reproduce Egs. (13)—(15) of Ref. [22] if
we make the substitution r — 2¢/Ty.

it T 3 a¢§a¢n>A(a’¢)' “2)

In a similar way, we can derive the mappings for incoherent
gains and losses,

1 a csco
Aj:AAq:__ A:':/\i A _ te:t
67p6 2{0 67, p) «— 89<C0 \/§)X

1
+——<1+2cot29:i: @7)

2cotf csch
2997 X

3

Changing to Cartesian coordinates similarly reproduces the
deterministic parts given by Eqgs. (24) of Ref. [22]. One finds,
however, that the diffusion matrix in Cartesian coordinates is
not positive semidefinite and no corresponding SDE exists. In
stark contrast to this, the parametrization with respect to 6, ¢
does have a corresponding set of SDEs that can immediately
be deduced from Eq. (47) as

d6 (t@icsoe>dt (482)
=|co , a
V3
2cot6 csch
dp = |1 +2c00+ 277 qw. (48b)
\/ V3

Thus the hybrid discrete-continuous approach can incorporate
incoherent processes which lead to classical noise terms in the
EOMs.

D. Gauge freedom of SU(2) Wigner functions and
sampling of initial states

We have seen in Sec. III that all pure spin states have a
continuous SU(2) Wigner function W (6, ¢) which is nonpos-
itive and thus cannot be sampled by Monte Carlo methods.
This complicates explicit averaging over the initial Wigner
distribution. This problem can be overcome by relating the
continuous and discrete Wigner representations of spins using
a gauge freedom [35].

The SU(2) phase-point operators of Eq. (21) are orthogonal
to all functions that only contain spherical harmonics Y;
with [ > 2,

00 l
FO.0)=Y">" CuYin(®.¢), (49)
1=2 m=—1
which means that
[ 266 16.6)=0 (50)
The function f can be chosen real by setting

Ci.—m = (=1)"Cy . Thus the representation of a spin state p
in terms of a SU(2) Wigner function is not unique but has a
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gauge freedom

WO, 9) = WO, ¢)+ f(0,9). D

The initial discrete Wigner coefficients W,y are positive
in many important cases. We now argue that the initial FWF
X0(0, ¢) can be expressed in terms of Wy as

X000, )= 80 —0)5(¢ — pu)We,  (52)

where the initial phase point operators Ay = A0y, ¢q) corre-
spond to angles

900 = 901 = JT — arccos —3,

1
010 = 611 = arccos %,
¢_77t¢_37T¢_7T¢_571’ (53)
00 = 7= Q01 = = P10 = 5 Q1=

Substituting this into Eq. (25a) reproduces the initial density
operator. As an example, the spin down state is sampled from
two points as

x@PO, ¢) = 8(9 — arccos %)

oS o

Next, it follows from the completeness relation of spherical
harmonics,

o0

/
2 2 Yina ) Yin (0. 0)

1=0 m=—1
= 8(¢ — o) 8(cos B — cosby),

that the difference between xo(6, ¢) of Eq. (52) and a directly
evaluated FWF pertaining to the initial state contains only
components of type sin(6)f (6, ¢)/2x.

Using Eq. (52) and the fact that all eigenstates of the Pauli
matrices have positive discrete Wigner coefficients Wy, we
can sample the initial phase space distribution from a discrete
set of points. Using the discrete set of points decreases fur-
thermore the statistical error when a finite number of samples
is taken. Since all pure states (spin coherent states) are con-
nected by unitary operations, we can generate positive discrete
distributions for them as well. Finally, every mixed state can
be represented as a mixture of pure states and therefore every
single particle state is accessible by a classical Monte Carlo
sampling.

E. Validity of the interaction truncation in DTWA

The original formulation of the DTWA [10] does not con-
tain information on the range of validity of the interaction
truncation. Instead, the quality of this approximation has only
been characterized empirically, by comparing the predictions
of the DTWA with exact (numerical) solutions for a given
Hamiltonian. It was found in Ref. [10] that the DTWA re-
sults reproduce the short time dynamics of macroscopic spin
observables well if the interaction couples many spins in a

similar way. We now provide an explanation for this empirical
observation by deriving conditions under which the truncation
approximation is justified.

Our aim is to show that the second and third derivatives in
Eq. (42) generated by the two-body interactions of Eq. (41)
can indeed be neglected in the case of macroscopic collective
spin dynamics or for short interaction times. For simplicity,
we assume the extreme limit of J,,, = J, i.e., consider all-to-
all interactions. We then find that the FWF satisfies a PDE of
the form

a d 02
5)( = - Xn: aT%(AnX) + Xn:; W(Dmn)()

3
- %(Gmnxm (55)

n. m#n

where the coefficients are given by

An =31 cosby, (56a)
m#n
2c¢sch, —3sin6,
D, = J csc sin ’ (56b)
V3
cot 6, csc 6,
Gy =2 —— (56¢)
V3

If all spins are aligned, 6; ~ 6; V i, j, then all terms in the
sum of Eq. (56a) interfere constructively. The drift coefficients
are therefore of order A,, ~ O(N), while the other coefficients
are of order D,,,, G,,, ~ O(1). By introducing scaled ¢ vari-
ables ¢, = ¢, /N, we obtain new coefficients

3 3J
A, = \/_T Zcos@m = 0(1),

m#n

- ichch — 3sind, _ O(N_')

mn = 0 NG ;

5 L2cot9m csc O, _ 0(N’3). 7
N3 J3

The sums over all first derivatives and second derivatives each
scale as O(N), but the sum over the third derivatives scales
as O(N~"). Hence, for large values of N > 1 we can neglect
the third derivatives and obtain a generalized Fokker-Planck
equation. Note, however, that the diffusion matrix associated
with mixed derivatives is not positive definite. To arrive at the
deterministic equations of the DTWA, all derivatives higher
than first-order must be disregarded. To deduce the conditions
under which this is justified, we perform a change of variables
using the mean 6 = Il\,zl 0; and difference 8, = 6, — 0,11
angles which yields a new generalized FPE

9 ) 92 )
—y = — — (A, %) + —— | =D}
5k =2 ag, Al Z 96,90 (N X)

n

92 - XL
+ Z m((DmrHA - Dmn)X)- (58)

mn

The second term on the r.h.s. is O(1) and can, therefore, be
neglected in comparison to the first term which is O(N). The
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third term is, however, also of order O(N), but contains only
differences of polar angles

Dmn+l - Dmn

3(sin 6,1 — sinb,) — 2(csc O,

_J —csch,)
=N 7 .

(39)

If, as assumed, there is an all-to-all spin coupling and initially
all the spins are aligned with high probability, 6,,,(0) ~
6,,(0), then the difference of the diffusion coefficients is small
and the corresponding term in Eq. (58) can be neglected.

This explains the findings in Ref. [10], where collective
observables are well reproduced by the DTWA if the interac-
tion Hamiltonian has a high effective coordination number.
One can similarly explain why the DTWA generally gives
good predictions for short-time dynamics: At small times, the
dynamical variables 6(¢) and ¢ () have values of Eq. (53) with
probabilities given by the discrete Wigner coefficients W, of
the initial state. For these values the diffusion coefficients D,,,,
vanish identically.

V. DYNAMICS OF A LASER-DRIVEN ARRAY OF
RYDBERG ATOMS

We illustrate the performance of the DCTWA by applying
it to an experimentally relevant system of driven, dissipative,
interacting spins. Specifically, we consider an array of atoms
driven by a resonant laser to the strongly interacting Rydberg
state [36]. Denoting the atomic ground state by || ) and the
excited Rydberg state by |1), the Hamiltonian of the system
is given by

7 ==szj§: X4 = j{:|n1

m#n

&rrerr (60)

|a O On >

ATT

where Q2 is the Rabi frequency of the resonant laser, 6" =
a+ 65)/2 is the projector onto the Rydberg state, J 1s the
interaction strength and o determines the interaction range
(e.g., & = 6 for van der Waals interactions). We include a local
dephasing with rate x and incoherent decay (deexcitation) of
the Rydberg state with rate y via

Lk = k6t LY = v6;, (61)

where 6 = i(6) + 67)/2.

Without interactions (J = 0), the laser field induces
damped Rabi oscillations of all the atoms, resulting in a sta-
tionary state with

vkt (/27
2Q2 + yi + (y/2)%

n

In the presence of interactions, J # 0, an atom in the Rydberg
state shifts the Rydberg transition of all the surrounding atoms
out of resonance. Within the blockade distance, this shift is
sufficiently large to suppress the excitation of the other atoms

[36]. As a consequence, the steady-state value of the effective
spin polarization (S.) is reduced.

Mapping the Lindbladian to the spin phase space and trun-
cating interaction contributions leads to the set of SDEs

do [ 2Q sin ¢, + ( t6 ($C9">}dt (62a)
n = | — S @, coto, — s a
i’ NG
J <= 1 —+/3cos6,
cmz—zmm@m@+—§—;£ﬁi—m
2 |m — n|®
m#n
2cot b, csch,
+ |y 1+ 20026, - =200 ) 4 die dW,
V3
(62b)

We evaluated these equations for atoms in a one-
dimensional lattice with periodic boundary conditions using
the DifferentialEquations package [37] of the Julia program-
ming language [38]. The observables were calculated by
averaging 92 x 103 trajectories, and we have verified the con-
vergence of the calculations by further increasing the number
of trajectories and observing no significant variation of the
results. We note that the first moments only require ~103
trajectories to convergence properly. Due to the dissipative
fluctuations, correlations and other higher moments in the
steady state require many more trajectories.

In Fig. 2 we show the time dependence of the average
spin polarizations (S ) =x Zn 1{6}(¢)) along the x, y, z
directions for N = 10 atoms subject to relatively large Rabi
frequency 2 = 0.3J and weak damping and dephasing rates
k =y = 0.01J, as obtained via our hybrid DCTWA (blue
solid lines). For comparison, we also show the results obtained
from exact solutions of the density matrix equations under
the same conditions (black dashed-dotted lines). We observe
that the results of DCTWA are in good agreement with the
exact simulations, especially for the final stationary values
of the spin polarizations. In the insets of Fig. 2 we also show
the results of the mean-field calculations (orange solid lines).
The mean-field equations do not contain the stochastic terms
resulting from decay and dephasing, and no averaging over
an initial distribution is performed. As a consequence, the
persistence of Rabi oscillations is substantially overestimated
and also the stationary values of the collective spin deviate
from the exact results.

In Eqgs. (7) we have introduced a discrete representation of
the spin down state which uses two of the four discrete phase
space points (2p sampling). According to Eq. (5) this means
that the signs of the Cartesian x and y component are strictly
anti-correlated. While this correctly reproduces the initial den-
sity operator, time evolving these anticorrelations according
to the approximate dynamics of the DTWA can affect the dy-
namics of interacting spins [17,39]. Let us, therefore, employ
a sampling scheme of initial states that uses more discrete
phase points as this reduces the relevance of such correlations,
while still faithfully representing the initial state. Specifically,
consider the set of four discrete phase points that is generated
by applying a 7 /2 rotation around the z axis. By combining
both sets of four points each, we can express any given state
using eight points. The spin down state, e.g., is described by
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FIG. 2. First collective moments S, = ﬁZL 6} for N =10
atoms in a one-dimensional lattice (periodic boundary conditions)
excited to the Rydberg state by a resonant laser, as obtained from
DCTWA (solid blue lines), exact solution of the master equa-
tion (dashed-dotted black line), and the mean-field calculations (solid
orange lines in the insets). The parameters are Q2 = 0.3J, « = 6 and
y =k =1072J,

four points with nonvanishing Wigner coefficients

x40, ¢) = 8(0 — arccos %)

1< n—1
.ZZ(S(qg_%)’ (63)
n=1

which corresponds to setting the Cartesian component s, =
—1 and independently drawing £1 with equal probability for
the x and y component. Similarly we can consider a sampling
from an even larger number of discrete phase points arriving
eventually at a continuous distribution arising from rotations
around the z axis. This results in

x P, ¢) ZLB(G — arccos L) (64)
’ 27 NG

The dynamics produced from these sampling schemes are
compared in Fig. 3. The 2p sampling corresponds to the blue
lines of Fig. 2 and differs from the 4p and oop samplings
which produce identical dynamics that resemble the exact

—— DTWA, 2p
—— DTWA, 4p
—— DTWA, wp
—-— exact

40 50

40 50

~1.00 L ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50
Time Jt

FIG. 3. First collective moments S, = x ZnN=1 6} with param-
eters as given in Fig. 2, but with initial state sampling according to
Egs. (54), (63), and (64) (solid lines) and exact results (dashed-dotted
black line). The results obtained from the 4p-sampling (orange solid
line) and cop-sampling (green solid line) coincide.

results much more closely. The drastic initial overshooting in
(S.) of the 2p method is corrected. Furthermore, the extremal
points of all components are slightly shifted in time which
significantly increases the quantitative agreement with the
exact data at short times as well as the qualitative agreement
at short-to-intermediate time scales. The improved agreement
with exact results can be understood as follows: The DTWA
amounts to neglecting the cross diffusion terms in the second
line of Eq. (58), which do have the same scaling O(N) with
the number N of spins as the first term in Eq. (58) and thus
are not a priori small. In the ocop-sampling scheme discussed
above the initial Wigner distribution is however homogeneous
in all ¢, and thus the derivative (3%/3¢,88,)%(t = 0) van-
ishes.

In Fig. 4 we finally show the steady-state correlations of
Rydberg excitations of the atoms in the lattice. The com-
petition between the resonant laser excitation and Rydberg
blockade of nearest-neighbor atoms leads to a density-wave
of Rydberg excitations. In one dimension, the resulting
steady-state correlations always decay exponentially, while
the correlation length is very small for the two-level driving
scheme considered here [40]. We note that the correlations
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FIG. 4. Stationary Rydberg-Rydberg correlations of atoms, as
obtained from the DCTWA and exact solution of the density matrix
equations, for the same parameters as in Fig. 2. The correlations are
evaluated at J¢+ = 200 when the steady state has long been reached.

are well captured by our DCTWA method, while they cannot
be calculated by using a simple mean-field approach.

VI. SUMMARY

We have presented a practical approach for a semiclassical
description of interacting spins which is a hybrid discrete-
continuous generalization of the discrete truncated Wigner
approximation. In our DCTWA, the quantum state of individ-
ual spins is represented by a Wigner function in a continuous
rather than a discrete phase space, and, as in standard DTWA,
interactions are treated via mean-field factorization. Quantum
fluctuations are taken into account in lowest order by averag-
ing over the quasiprobability-distribution of initial states. The
advantage of a Wigner representation in a continuous phase
space is that the corresponding equation of motion is a partial
differential equation. Under specific, quantifiable conditions,
this equation can be approximated by a Fokker-Planck equa-
tion with positive definite diffusion and mean-field interaction
contributions, which can then efficiently be simulated by
solving ordinary SDE for the spins using an angular represen-
tation. An important property of the continuous representation
of spin states is the overcompleteness of the corresponding
phase-point operators which leads to a gauge freedom in the
continuous Wigner function. This gauge freedom can be used
to overcome the main drawback of a continuous Wigner func-
tion, namely its nonpositivity for pure spin states. Exploiting
this freedom and mapping the continuous Wigner function
of typical initial states to their discrete counterpart allows an
averaging over the initial state by Monte Carlo sampling.

The DCTWA allows for a rigorous derivation of the trunca-
tion approximation and yields conditions for its applicability.
Hence, we were able to explain the empirically observed
range of validity of the DTWA. Furthermore, the DCTWA
allows us to include Markovian reservoir couplings leading
to dephasing, decay or incoherent pumping in a straightfor-
ward way. Disregarding the noise terms in the SDEs, resulting
from reservoir couplings and transforming to Cartesian spin
coordinates, we reproduce the standard DTWA equations [10].
Considering dephasing reproduces the stochastic equations of
Ref. [22]. Decay and incoherent pumping, on the other hand,

lead to nonclassical noise terms in the equations of motion
of Cartesian spin components used in the standard DTWA.
These processes can only be treated by stochastic simulations
in an angular representation in which the diffusion terms are
positive definite.

We have illustrated the performance of the DCTWA by
considering a small one-dimensional array of atoms, reso-
nantly driven into a Rydberg state in the weak damping regime
under conditions of a nearest-neighbor Rydberg blockade.
Comparison of the time dependence of collective spin ob-
servables and steady-state spin-spin correlations showed very
good agreement with exact simulations, in contrast to the
mean-field calculations.

Our approach paves the way for systematic improvements
of the standard DTWA, which will be the subject of future
work.
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APPENDIX A: CLASSICAL SPIN EQUATIONS OF MOTION
The proof of Eq. (10) follows from projecting %A(t) of
Eq. (8) onto a single element s;(¢)
;= Trlo, LA
s;=Tr{é;—
J J dt

i A
=3 Z 51 Tr{6 j[6x, 611}
7

=2 Z xtmS1 i Tr{6 6}
kil
aH
=2 S| — . Al
%: €jkiS1 o5t (A1)

In the last line we have used the fact that the classical Hamil-
ton function H = ), hys is always linear in the spin s and

therefore hy;, = %

APPENDIX B: PHASE SPACE MAPPINGS

As demonstrated in Sec. IV A, an operator acting on a state
0 can be translated into a differential operator acting on the
flattened Wigner function (8, ¢,t) = sin(6)W (6, ¢)/2m.
Repeating the steps performed for 6°p for all Pauli matrices
acting from the left and right yields
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. 9 . d (cscOsing 8% 2csch cos ¢
6°p < «/§s1n9cos¢ — —(ﬁcos@ cos¢ —ising) + —(— + icot@cos¢>) + ——|x,
L a6 a9 V3 P 3
(Bla)
i . 9 . 9 [cscOsing 8% 2cscHcos ¢
pér < ﬁsm@cosq& — —(\/50050 cos¢ +ising) + —(— — icothosq)) + ——i|)(,
L a0 a¢ V3 32 /3
(B1b)
, [ Lo 0 ) d (cscHcosg , 9% 2cscOsing
67p < | —+/3sin O sin —l——(x@cos@smdwf-icos )—i——(——icot@sm >———i|x,
_ T D\ ’) T p
(Blc)
_—— L 0 i d [cschcosg , 9% 2cschsing
p6Y < | — 3s1n031n¢+—(ﬁcos@smd)—icosqb)—i——<—+icot0sm¢>——— X,
L el ¢ V3 a3
(B1d)
o [ 3 cos 8 0 3sin9—20509+ 9. 9 200t9csc€] (Ble)
6°p«>|—+3c0s - ——mMmMF — + —— ——— ¥, e
! 0 V3 AT N R
a [ 3 c0s 8 0 3sinf —2csch 9. 9 ZCotQCSCG] B1D
6« |—-+v3c0s) - ——mM8M8M8M —— — —i— —— |x.
S 0 V3 AT N I
[
Any differential equation with respect to p in Hilbert space is given by
can thus be translated into a PDE in the phase space.
2
/dQ = /dzﬂ—”, (C2)
APPENDIX C: COMPLEX STEREOGRAPHIC m(1+181%)

PROJECTION MAPPINGS

The parametrization of the phase-point operator A(£2) is
not uniquely given by a pair of angles 6, ¢. Instead, one can
introduce a steoreographic projection onto a complex plane
with coordinates 8 € C. In this case, Eq. (22) can be equiva-
lently expressed as

3
e

The formulation with respect to the angles 6, ¢ is recovered
by substituting 8 = tan(6/2)e~**. The new integral measure

J

s(B) B+ B* —i(B—B*), =1+ ). (CD)

— (2R __ 2 % .
sAuchA thAat 2lA_fd B warpre W (B, ). The matrices
A, %, %, % span the Hilbert space, where 8 and B*
are treated as independent variables. The discrete phase-point
operators Ay, = A(B;, By ) are given at points

1420

—1)% +4/3
fu = (-1 P E A

V2

We can similarly derive a set of mappings for the new FWF
X(B* B) = zazm W (B, B)

(€3)

wp o [EEE - 2o s O N L
por o [VEEEE - L - 8;*2% e 'ﬂ'z)]xw*, B (Cab)
0 o |3 L - D e - aﬁafaﬁiw s lmz)}x(ﬂ*,ﬂ), (Ce)
P87 o :_, S g e (B ) - 8/38,;/31'(’3 _ﬂ*i;? wz)]x(ﬂ*,ﬁ), (C4d)
o o | Vi :ﬁ:i R 3;;/3 1 _\/légﬁ]x(ﬁ*, g (Cae)
p5 :ﬁ:—:ﬁ:}%%‘m e 3ﬁi23ﬂ1_¢g3|4]x(ﬁ*,ﬁ), (cah

where ¢4 = V3 +3.
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FIG. 5. Time evolution of (6°) with initial states being polarized
along the negative Z/Y axis obtained from numerical integration of
the DCTWA (blue/orange solid lines, respectively) and exact results
(black lines). The inset shows the long-time limit (orange crosses)
for varying g/y and exact steady state results (black line).

APPENDIX D: BENCHMARKING OF THE DCTWA

We show that the DCTWA precisely reproduces the exact
dynamics of a single spin, driven by an external field and
subject to spontaneous decay. In Fig. 5 we plot the results
of the DCTWA simulation of (6%(¢)) and compare them to
exact results for a spin initially in the eigenstate of 67, 6 with
eigenvalue —1 and evolving according to the Hamiltonian
H = £6* and Lindblad generator L= J/Y6~. We choose
parameters identical to that in Ref. [24] and find perfect agree-
ment with the exact results, both dynamically as well as in the
long time limit yt = 15.

A similar excellent agreement was obtained using
the OSDTWA (open system discrete truncated Wigner

approximation) introduced in Ref. [24], which leads to a sim-
pler, but larger set of four dynamical equations for every spin,
describing its Cartesian components and one additional degree
of freedom S° describing the norm:

§ =— gSX, (D1)

§ ==L g5, (D2)
§=— g(sO +5) + g8, (D3)
§0=— g(s0 + 59, (D4)

In the OSDTWA the spin dynamics are obtained by evolving
these equations from initial values corresponding to the dis-
crete Wigner distribution of the initial state as well as $°(0) =
1 and probabilistically performing quantum jumps. Whether
or not a jump occurs at a given time step is determined by the
jump probability §p = %(S0 + §%). We note that although this
approach leads to a perfect agreement with exact simulations
for a single spin initially prepared in the state | |), it may
lead to some artifacts in other cases that must be corrected by
hand. Lets consider, e.g., as an initial condition the eigenstate
of 6 with eigenvalue —1, which corresponds to realizations
starting with §7(0) = —1, 59(0) = 1 and $*(0), 5%(0) having
an equal probability of being 1. More specifically we choose
the trajectory with S*(0) = —1. Initially, the quantum jump
probability is §p(0) = 0, i.e., no jump can occur. After inte-
grating the system of equations by a small step At we obtain

SY (A1) = — 1 — gAr + O(Ar?), (D5)

S%(Ar) =1+ O(A?) (D6)

with corresponding jump probability p(Ar) = —gy At/2 +
O(At?), which is negative. For consistency, one then has to
set 8 p(At) to zero.
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