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Noncommutativity is one of the most elementary nonclassical features of quantum observables. Here we
propose a method to detect noncommutativity of interaction Hamiltonians of two probe objects coupled via
a mediator. If these objects are open to their local environments, our method reveals nondecomposability of
temporal evolution into a sequence of interactions between each probe and the mediator. The Hamiltonians or
Lindblad operators can remain unknown throughout the assessment, we only require knowledge of the dimension
of the mediator. Furthermore, no operations on the mediator are necessary. Technically, under the assumption
of decomposable evolution, we derive upper bounds on correlations between the probes and then demonstrate
that these bounds can be violated with correlation dynamics generated by non-commuting Hamiltonians, e.g.,
Jaynes-Cummings coupling. An intuitive explanation is provided in terms of multiple exchanges of a virtual
particle which lead to the excessive accumulation of correlations. A plethora of correlation quantifiers are helpful
in our method, e.g., quantum entanglement, discord, mutual information, and even classical correlation. Finally,
we discuss exemplary applications of the method in quantum information: the distribution of correlations and

witnessing dimension of an object.

DOLI: 10.1103/PhysRevA.98.052321

I. INTRODUCTION

All classical observables are functions of positions and
momenta. Since there is no fundamental limit on the pre-
cision of position and momentum measurement in classical
physics, all classical observables are, in principle, measurable
simultaneously. Quite differently, the Heisenberg uncertainty
principle forbids simultaneous exact knowledge of quantum
observables corresponding to position and momentum. The
underlying nonclassical feature is their noncommutativity:
Any pair of noncommuting observables cannot be simultane-
ously measured to arbitrary precision, as first demonstrated
by Robertson in his famous uncertainty relation [1]. Other
examples of nonclassical phenomena with underlying non-
commutativity of observables include violations of Bell in-
equalities [2,3] or, more generally, noncontextual inequalities;
e.g., see [4]. Here we describe a method to detect noncom-
mutativity of interaction Hamiltonians, and generally nonde-
composability of temporal evolution, from the dynamics of
correlations.

Consider the situation depicted in Fig. 1, where the probe
systems A and B do not interact directly but only via the
mediator C i.e., there is no Hamiltonian term H4p. In general,
we allow all objects to be open systems and study whether
the evolution operator cannot be represented by a sequence
of operations between each probe and the mediator, i.e.,
ApcAac, or vice versa. For the special case in which all
systems are closed, nondecomposability implies noncommu-
tativity of interaction Hamiltonians, i.e., [Hac, Hpc] # 0.
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Indeed, for commuting Hamiltonians, the unitary evolution
operator is decomposable into UgcUac, where, for example,
Uac = exp(—itHypc) and we set i = 1. We show that for
decomposable evolution, correlations between A and B are
bounded. We also show with concrete dynamics generated by
noncommuting Hamiltonians that these bounds can be vio-
lated. The bounds derived depend solely on the dimensionality
of C and not on the actual form of the evolution operators.
Hence, these operators can remain unknown throughout the
assessment. This is a desired feature, as experimenters usu-
ally do not reconstruct the evolution operators via process
tomography. It also allows applications of the method to
situations where the physics is not understood to the extent
that reasonable Hamiltonians or Lindblad operators can be
written down. Furthermore, the assessment does not depend
on the initial state of the tripartite system and does not require
any operations on the mediator. It is therefore applicable
to a variety of experimental situations; Refs. [5-8] provide
concrete examples.

We begin by presenting the general bounds on the amount
of correlations one can establish if the evolution is decompos-
able. It is shown that these bounds are generic and hold for a
plethora of correlation quantifiers. We then calculate concrete
bounds on exemplary quantifiers and show how they can be
violated in a system of two fields coupled by a two-level atom.
We discuss the origin of the violation in terms of “Trotterized”
evolution, where a virtual particle is exchanged between A
and B multiple times if the Hamiltonians do not commute
but only once if they do commute. Finally, we focus on
immediate applications in quantum information and discuss
the consequences of our findings for correlation distribution
protocols and dimension witnesses.

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.98.052321&domain=pdf&date_stamp=2018-11-16
https://doi.org/10.1103/PhysRevA.98.052321

KRISNANDA, GANARDI, LEE, KIM, AND PATEREK

PHYSICAL REVIEW A 98, 052321 (2018)

Hyc Hpc

FIG. 1. Probe objects A and B individually interact with a me-
diator C but not with each other (A, B, and C could be open to
their local environments). The coherent parts of the interactions are
described by Hamiltonians Hsc and Hpc. We show how to infer
nondecomposability of the temporal evolution based on a gain of
correlation between A and B exceeding a certain threshold, which
is a function of the dimensionality of C only.

II. RESULTS
A. General bounds

Consider the setup illustrated in Fig. 1. System C, with
finite dimension dc, is mediating interactions between higher-
dimensional systems A and B. For simplicity we take d4 =
dp > dc. We assume that there is no direct interaction be-
tween A and B, such that the Hamiltonian of the whole
tripartite system is of the form Hsc + Hpc (local Hamilto-
nians H,, Hg, and H¢ included). Our bounds follow from a
generalization of the following simple observation. Consider,
for the moment, the relative entropy of entanglement as the
correlation quantifier [9]. If the evolution is decomposable,
it can be written as Agc A 4zc, or vice versa. Therefore, it is
as if particle C interacted first with A and then with B, a
scenario similar to that in Refs. [10-15]. The first interaction
can generate at most log,(d¢) ebits of entanglement, whereas
the second, in the best case, can swap all this entanglement.
In the end, particles A and B gain at most log,(d¢) ebits.
The bound is indeed independent of the form of interactions.
Furthermore, it is intuitively clear, as this is just the “quantum
capacity” of the mediator.

Now let us consider correlation quantifiers obtained in
the so-called “distance” approach [9,16]. The idea is to
quantify correlation Qx.y in state pyy as the shortest dis-
tance D(pxy,oxy) from pxy to a set of states oxy €
S without the desired correlation property, i.e., Qx.y =
infs,,es D(pxy, oxy). For example, the relative entropy of
entanglement is given by the relative entropy of a state to
the set of disentangled states [9]. It turns out that most such
quantifiers are useful for the task introduced here. The condi-
tions we require are that (i) S is closed under local operations
AyonY, (i) D(A[p], Alo]) < D(p, o) (monotonicity), and
(iii) D(po, p1) < D(po, p2) + D(p2, p1) (triangle inequality).
They are sufficient to prove the following theorem.

Theorem 1. Suppose a correlation Q x.y satisfies properties
(1)—(iii) listed above. If the evolution operator A 4p¢ is decom-
posable into Agc A ac, then

Oa.8(t) < Iac:p(0) + Slug OQa:c, (D
¥

where I4c.5(0) = inf,, g0, D(0, 04c ® 0p), p is the initial
tripartite state, and the supremum of Q4.¢ is taken over pure
states of AC.
Proof. The proof is given in Appendix A. ]
Note that although the relative entropy does not satisfy (iii)
it still follows Theorem 1 (cf. Lemma 2 in Appendix A).
Correlations between probe A and probe B are therefore

bounded by the maximal achievable correlation with the me-
diator, Sup|y,) QO a.c. The additional term I4¢.5(0) reduces to
the usual mutual information if D(pxy, oxy) is the relative
entropy distance [16] and characterizes the amount of total
initial correlations between one of the probes and the rest of
the system. Note that the bound is independent of time. This
can be seen as a result of the effective description of such
dynamics given by ApcAac. The particle C is exchanged
between A and B only once, independently of the duration
of the dynamics.

In a typical experimental situation the initial state can be
prepared as completely uncorrelated p = ps ® pp ® pc, in
which case Theorem 1 simplifies and the bound is given solely
in terms of the “correlation capacity” of the mediator:

0a:8() < s‘%) Qac- ()

Clearly, the same bound holds for initial states of the form p =
pac ® pp. In Appendix B we show that, with this initial state,
Eq. (2) holds for any correlation quantifier that is monotonic
under local operations Apc, not necessarily based on the
distance approach, e.g., any entanglement monotone.

For initial states that are close to p = pac ® pg one can
utilize the continuity of the von Neumann entropy [17] and
see that /4¢.5(0) in Eq. (1) is indeed small. We can also ensure
that the initial state is of the form p = pac ® pp by perform-
ing a correlation breaking channel on B first. One example
of such a channel is a measurement in the computational
basis followed by a measurement in some complementary
(say Fourier) basis. This implements the correlation breaking
channel (1ac ® Ap)(pasc) = pac ® 7- [18]. In this way,
our method does not require any knowledge of the initial
state and any operations on the mediator, similar in spirit to
the detection of quantum discord of inaccessible objects in
Ref. [19]. We now move to concrete correlation quantifiers
and their correlation capacities.

B. Exemplary measures and bounds

We provide four correlation quantifiers which capture dif-
ferent types of correlations between quantum particles. All of
them are shown to be useful in detecting nondecomposability.

Mutual information is a measure of total correlations [20]
and is defined as Ix.y = Sx + Sy — Sxy, where, e.g., Sx is the
von Neumann entropy of subsystem X. It can also be seen as
a distance-based measure with the relative entropy as the dis-
tance and a set of product states ox ® oy as S [16]. The supre-
mum in Eq. (2) is attained by the state (recall that d4 > d¢),

N
W) = ﬁ;|a_f>|c,f>, 3)

where |a;) and |c;) form orthonormal bases. One finds
SUp |y Ia.c = 2logy(dc).

An interesting quantifier in the context of nonclassicality
detection is the classical correlation in a quantum state. It is
defined as mutual information of the classical state obtained
by performing the best local von Neumann measurements on
the original state p [21], i.e., Cx.y = SUPH, e, Ixy(Ilx ®
My (p)), where [Ty ® My (p) = }_, |xy)(xylplxy){xyl, and
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|x), |y) form orthonormal bases. The supremum of mutual
information over classical states of AC is log,(dc).

Quantum discord is a form of purely quantum correlations
that is broader than quantum entanglement. It can be phrased
as a distance-based measure. In particular, we consider the
relative entropy of discord [16], also known as the one-way
deficit [22]. It is an asymmetric quantity defined as Ax;y =
infr, S(ITy (p)) — S(p), where Iy is a von Neumann mea-
surement conducted on subsystem Y. The relative entropy
of discord is maximized by the state (3), for which we have
SUp|y A e =log,(dc).

Our last example is negativity, a computable entanglement
monotone [23]. For a bipartite system negativity is defined as
Nx.y = (||[p™]||1 — 1)/2, where ||.||; denotes the trace norm
and pT* is a matrix obtained by partial transposition of p with
respect to X. Negativity is maximized by the state (3), and the
supremum reads supjyy Na.c = (de — 1)/2.

Clearly, many other correlation quantifiers are suitable for
our detection method because the assumptions behind Egs. (1)
and (2) are not demanding. In fact, one may wonder which
correlations do not qualify for our method. A concrete ex-
ample is the geometric quantum discord based on p-Schatten
norms with p > 1, as it may increase under local operations
on BC [24,25].

C. Violations

We now demonstrate, with concrete dynamics generated by
noncommuting Hamiltonians, that the bounds derived can be
violated. We next discuss the origin of this violation.

Consider a two-level atom C, i.e., d¢ = 2, mediating in-
teractions between two cavity fields A and B. A similar
scenario has been considered and implemented, for example,
in Refs. [5,8,26,27]. The interaction between the atom and
each cavity field is taken to follow the Jaynes-Cummings
model,

H = g(ab, +a'6_)+ g(hé,. +b'6_), 4)

where a (b) is the annihilation operator of field A (B), while
64+ (6-) is the raising (lowering) operator of the two-level
atom. For simplicity, we have assumed that the interaction
strengths between the two-level atom and the fields are the
same. Note that H is of the form Hsc + Hpc with noncom-
muting components.

The resulting correlation dynamics are plotted in Fig. 2.
Mutual information and negativity were calculated directly,
whereas for the classical correlation and the relative entropy
of discord, we provide the lower bounds Cup and —S A|B>
respectively. C 4.p is calculated as the mutual information of
the state resulting from projective local measurements in the
Fock basis (no optimization over measurements performed).
The negative conditional entropy —S4|z is a lower bound on
the distillable entanglement [28], which in turn is a lower
bound on the relative entropy of entanglement E4.p [29].
Therefore, we note the chain of inequalities —Sjp < Ea:p <
Aup < 14, where the latter two inequalities follow from
[16]. Already these lower bounds can beat the limit set by
decomposable evolution, and therefore, all mentioned corre-
lations can detect nondecomposability of the evolution. Since
we consider closed systems, this infers noncommutativity

gt

FIG. 2. Correlation dynamics with the Jaynes-Cummings model
(solid curves) and the corresponding bounds for decomposable evo-
lution (dashed lines). (a) Mutual information, (b) lower bound on
the classical correlation (see the main text), (c) lower bound on the
relative entropy of discord, and (d) negativity. In all cases, time is
rescaled with the interaction strength g and the initial state of ABC is
varied: |110) (red curves), |101) (black curves), |210) (green curves),
and |220) (blue curves).

of the Jaynes-Cummings couplings. We also note another
nonclassical feature of the studied dynamics: since Fig. 2
shows entanglement gain, according to Ref. [19] there must
be quantum discord D 4p|c during the evolution.

It is apparent that the detection is easier (faster and
with more pronounced violation) with a higher number of
photons in the initial states of the cavity fields. We offer
an intuitive explanation. Consider, for example, |mnQ) as
the initial state of ABC. By defining & = (@ + b)/+/2, the
Hamiltonian of Eq. (4) becomes ﬁg(é 6+ + é‘ t6_) and it is
straightforward to obtain the unitary evolution [30]. One finds
that the quantum state of the fields oscillates incoherently
between ZT:O" cj(®)]jyalm +n — j)p and Z.';':(;Fldj(t)
|jYalm +n — 1 — j)p. Both of these states are superpositions
of essentially m + n biorthogonal terms giving rise to high
entanglement and, therefore, also other forms of correlations.

Figure 2 illustrates that different correlation quantifiers
have different detection capabilities and it is not clear at
this stage whether there is a universal measure with which
noncommutativity is detected, e.g., the fastest. For most initial
states we studied mutual information detected noncommuta-
tivity the most rapidly, but there are exceptions, as shown
by the black curve corresponding to the initial state |101).
With this initial state the mutual information never violates
its bound, but the negativity does.

II1. DISCUSSION

Let us present the origin of the violation just observed.
Since the total Hamiltonian is of the form Hyc + Hpc, the
Suzuki-Trotter expansion of the resulting evolution is particu-
larly illuminating,

elf(HAc+HBc) — lim (elAfHBcelAfHAc )n’ (5)
n—o0
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where At =t¢/n. If Hamiltonians do not commute, it is
necessary to think about Eq. (5) as n sequences of pairwise
interactions of C with A followed by C with B, each for a time
At. Each pair of interactions can only increase correlations up
to the correlation capacity of the mediator, but their multiple
use allows the accumulation of correlations beyond what is
possible with commuting Hamiltonians. Recall that, in the
latter case, we deal with only one exchange of system C,
independently of the duration of dynamics. We stress that
Trotterization is just a mathematical tool and in the labo-
ratory system C is continuously coupled to A and B. It is
rather as if a virtual particle C were transmitted multiple
times between A and B, interacting with each of them for a
time At.

Our results imply that the noncommutativity (nondecom-
posability in general) is a desired feature of interactions in
the task of correlation distribution, which is important for
quantum information applications. As a contrasting physical
illustration, we consider the strong dipole-dipole interactions
in our field-atom-field example. The Hamiltonian reads

H =g@a+a6, +6.)+gb+b)6,4+6), (6)

with commuting components, i.e., [Hac, Hgc] = 0. One can
verify that the results of this model are in agreement with
all the bounds we derived. Furthermore, we prove in Ap-
pendix C that, with this coupling, the state of AB at time
t is effectively given by a two-qubit separable state. This
makes N4.5(t) = 0and 14.5(¢) < 1. Note the counterintuitive
result that strong interactions produce bounded correla-
tions between the probes, while weak interactions (Jaynes-
Cummings coupling) can increase the correlations above the
bounds.

We also note an application of our bounds to estimate the
dimension of the mediator; see, e.g., Refs. [31-33] for other
dimension witnesses. For decomposable evolution, including
discrete sequential operators considered in Refs. [10—15], the
amount of correlation between the probes is bounded by the
correlation capacity supy,y Qa:c, which is a function of d¢. If
one observes a Q 4.p(¢) value that is larger than the correlation
capacity of a certain d¢, then the dimension of the mediator
must be larger than dc.

Finally, we wish to discuss a scenario where the three
systems are open to their own local environments, as realized,
e.g., in [8]. We take the evolution following the master equa-
tion in Lindblad form,

p = —ilHsc + Hpc, p)+ Y Lxp,  (7)
X=A,B,C

1 .
Lyp =) 0{r0; — 5[0 0 n}.
k

where the last term in (7) is the incoherent part of the
evolution and L x describes interactions of system X with its
local environment, i.e., the operators Q,f act on system X
only. We denote Lac = —i[Hac, ]+ La+ Lc and Lpc =
—i[Hpc, -] + Lp. Onereadily verifies thatif [Hac, Hgc] = 0
and [L¢, Hpc] = 0, we have commuting Lindblad operators
[Lic, Lpc] = 0. Note that, if one includes L¢ in Lpc in-
stead, the second condition for commuting Lindblad operators
now reads [L¢, Hac] = 0. For commuting Lindbladians, the

corresponding evolution decomposes as AgcAac, Or vice
versa. Therefore, our bounds apply accordingly. Their vio-
lation implies that either the Hamiltonians do not commute
or the operators describing dissipative channels on C do not
commute with Hac and Hpc. In particular, if C is kept
isolated so that its noise can be ignored, the violation of our
bounds is solely the result of the noncommutativity of the
Hamiltonians.

IV. CONCLUSIONS

We linked noncommutativity of interaction Hamiltonians
(nondecomposability of time evolution in general) to the
amount of correlations that can be created in the associated
dynamics. This led us to a method for detection of nonde-
composability of evolution in a scenario where subsystem C
mediates interactions between A and B (all these objects can
interact with their local environments). The method requires
no explicit form of the evolution operators or knowledge of
the initial state of the tripartite system. Nondecomposability
is detected by observing violation of certain bounds on AB
correlations, as measured by most correlation quantifiers. Fur-
thermore, no operation on C is necessary at any time, which
makes this strategy experimentally friendly. In particular, in
addition to avoiding characterization of the interactions, the
physics of C can remain largely unknown—only its dimen-
sion should be identified.
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APPENDIX A: PROOF OF THEOREM 1

For completeness let us begin with a useful lemma.

Lemma 1. For a measure of correlations Qy.y, between
party X and party Y, that is nonincreasing under local op-
erations on Y, the following property holds: Q .y is invariant
under tracing-out of uncorrelated systems on the side of Y.

Proof. Since the correlation measure is nonincreasing un-
der local operations on Y, tracing out an uncorrelated system
on the side of Y can only decrease the correlation. However,
if the correlation is strictly decreasing, then there is a reverse
process, i.e., attaching the uncorrelated system back and,
therefore, increasing the correlation. Hence, the correlation
QOx.y has to be invariant under tracing-out of uncorrelated
systems on Y. In fact, this is true for all reversible operations.

Our main theorem is proven as follows.

Theorem 1. Consider a correlation measure Qyx.y =
infs,,es D(pxy, oxy) satisfying the following properties:

(i) S is closed under local operations Ay on Y;

(i) D(Alp], Alo]) < D(p,0); and

(ii)) D(po, p1) < D(po, p2) + D(p2, p1)-
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If the evolution operator Aspc is decomposable into
A BC A AC>» then

Qa:5(t) < lac:p(0) + Shl;? Qacs (A1)
where I4¢.5(0) = inf,, g0, D(p, 0ac ® 0p), p is the initial
tripartite state, and the supremum of Q 4.c is taken over pure
states of AC.

Proof. Properties (i) and (ii), and the definition of Qx.y as
the shortest distance, imply that Qx.y is nonincreasing under
local operations on Y. Accordingly, the property proven in
Lemma 1 applies. We have

0a:5(1) < Qapc(ApcAaclpl) (A2)
< Qasc(Aaclp]) (A3)
< D(Aaclpl, 1) (A4)

< D(AAC[,O], Aac [Ugc] ® 02)
+D(Aac[oic] ® o, 1) (AS)

< D(p. o ®09) + D(Asc[olc] © 0§ 1)

(A6)
= Inc:(0) + Qasc(Aac[ofc] ® 0p) (A7)
= Lic:p(0) + Qac(Aacloic]) (A8)

(A9)

< Iac:(0) 4+ sup Qa.c,
[¥)

where the steps are justified as follows. In line (A2) we
have used the fact that Qy.y is nonincreasing under local
operations on Y (tracing out C). Line (A3) follows, as Q 4.5¢
is nonincreasing under local operation Apgc. The next line,
(A4), utilizes the definition of Q4.g¢ as the shortest distance
to the set of states i € Sa.pc. The inequality of (A5) follows
from the triangle inequality (iii). Note that the first distance in
(A5) does not depend on u and at this point one can choose
any agc and og. The inequality (A6) invokes property (ii). In
(A7), we have chosen Ugc ® ag as the closest product state
to p and p as a state in Sp.pc closest t0 Aacloye] ® op.
Line (A8) uses the invariance of Q 4.p¢ under tracing-out of
the uncorrelated system O'g. For the final inequality, we note
that a correlation measure that is nonincreasing under local
operations on at least one side must be maximal on pure
states [34].

Lemma 2. The conclusion in Theorem 1 still follows for the
relative entropy as a distance measure.

Proof. Let us begin with an identity,

S(pllox ® oy) = te(plog, p — plog, ox ® ay)
= tr(p log, p — plog, px ® py)
+tr(plog, px ® py — plog, ox @ oy)
= S(pllpx ® py) + S(pxllox) + S(pylloy),
(A10)
where px and py are the marginals of p and we have used,

for example, relation tr(plog, ox ® oy) = tr(px log, ox) +

tr(py log, oy).
Although relative entropy satisfies (ii) [35], it is well
known not to follow (iii). Therefore, starting from (A3), we

have
Qa:sc(Aaclpl)

= M;‘%f:ﬂc S(Aaclpllip) (A1D)
< S(Aaclpllimac ® wp) (A12)

= S(Aaclplllpic ® P)
+ S(Pclliac) + Sogllnn) (A13)
= Iac:a(Aaclp]) + Qac(pic) (Al4)
(A15)

< Lac:3(0) +sup Qacc,
|¥)

where p/, ~ and p} are marginals of A 4c[p]. The steps above
are justified as follows. Line (A12) follows for any state of
the form pac ® up € Sa.pc. We have used identity (A10)
in line (A13). The equality (Al4) uses the definition of
mutual information as the relative entropy from a state to its
marginals [16]. We have also chosen w4 as a state in Sa.c
closest to p/;~ and g = pj. The last line follows as mutual
information is non-increasing under local operation A 4¢ and
the correlation Q 4.¢ achieves the supremum on pure states.

APPENDIX B: PROOF OF EQ. (2) FOR CORRELATIONS
ONLY MONOTONIC UNDER LOCAL OPERATIONS A ¢

Theorem 2. Suppose the initial state has the form p =
pac @ pp. If the evolution operator is decomposable into
A BCA AC> then

Oap(t) < ﬁuE’ Qac (BD)
¥

for all correlation measures, Q, nonincreasing under local
operations Apc.

Proof. For initial states of the form psc ® pp we have the
chain of arguments

0a:3(t) < Qapc(t) < Qapc(Aaclp])
= Qa.c(Aaclp]) < SlllI>3 Oa.c, (B2)
¥

where the steps are justified as follows. Since the action of
tracing out (the, in general, correlated) system C is a local
operation on BC, we obtain the first inequality. The second
inequality follows as the correlation is nonincreasing under
Apgc. As we start with the initial state psc ® pp and A sc
does not act on B, system B stays uncorrelated in A ac[p].
Using Lemma 1, we have the equality. Finally, the correlation
0 4:c is again maximal on pure states.

APPENDIX C: PROOF OF SEPARABILITY VIA
DIPOLE-DIPOLE COUPLING FOR PARTICULAR
INITIAL STATES

Let us define £ = (a + b)/+/2. The dipole-dipole Hamilto-
nian, Eq. (6), is reformulated as H' = +/2g(§ + §1)6,, where
6, = 6, + 6_and [£, 7] = 1. The unitary evolution operator
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is given by
U[ — e—lHt

[(1— 6x)ei~f2gt(§+§i) + 1+ 5x)gfixf2gt(§+§*)]

[(1 — &) Dy(e)Dy(@) + (1 4 6,)Do(—a) Dy (—a)],
(C1)

[STENSTES

where o = igt and, e.g., 15“ (@) = exp(ozflT — a*a). Given an
initial state |mnQ), the state at time ¢ reads
W) = 3@’ Ipy”, DIy + | D™, D))|0)
— @™ D™, D™y 44" D™, D)),

where

A =2, /[1 £ €28 L, (4la)][1 % e-29F L, (4o )],
1

(nn)
dyiy

D) = [D(a) £ D(—a)]in).

Note that (D{|D™) =0 and (DL’|DY) =1. L,(ja|?)
is the Laguerre polynomial, which comes from the rela-
tion (n|D(a)n) = e""/2L, (Ja|?). After tracing-out of the
atomic mode C, the state of the fields is effectively given by a
two-qubit state,

@"my? 0 0 d\yam
1 0 @y ammamm 0
B d"gmm (g o |
d\"mamm 0 0 @2
(C2)

which is positive under partial transposition and, hence, sepa-
rable [36,37]. The same result follows for initial state |mnl).
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