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1 Summary

1.1 Introduction

This thesis deals with different quantum-mechanical and quantum-statistical meth-
ods as well as their application to problems in quantum optics. The development of
these methods was motivated by the requirement to study dissipation in quantum op-
tics [1,2], e.g., for the construction of quantum computers [3-6]. Perfect control over
the system state is needed, which is hard to realise because the necessary quantum
coherence rapidly decays [7]. This decoherence is induced by the coupling of the sys-
tem to reservoirs yielding modified system dynamics [8]. Recent experimental progress
in the realisation of quantum computers shows, that the baths sometimes have to be
treated as nonthermal environments [9-11].

The traditional modelling of decoherence through coupling of the microscopic system
to environmental degrees of freedom has been focussed on thermal reservoirs [2,8]. Nev-
ertheless, structured nonequilibrium baths may lead to new and interesting phenomena
such as the generation of an electrical current through the system that is induced by
heat gradients [12,13]. Alternatively, the open system may be used as an apparatus
that measures properties of the environment [14].

The characteristics of the reservoir are reflected by the fluctuating forces that alter
the dynamics of the open system [15]. In particular, the evolution becomes nonunitary
because the fluctuating forces lead to damping of the system. The consequent loss of
information, i.e., the transfer of quantum coherence into the surroundings, has to be
suppressed for the construction of quantum computers.

The fundamental resource for quantum computation is quantum entanglement [7,
16-18], a kind of correlation between subsystems, that cannot be interpreted in terms
of classical joint probabilities [19]. Especially in the multipartite situation with more
than two subsystems, these nonclassical correlations exist in various forms. The most
elementary examples of nonequivalent forms are given by Bell states in bipartite settings
[20] and GHZ or W states in the multipartite case [21,22].

The detection of entanglement is usually done with entanglement witnesses [23,24].
A witness is an observable and can hence be measured in experiments. It has a non-
negative expectation value for separable states, but exhibits negativities for entangled
ones. To quantify the amount of entanglement within the state of a system, one has to
find a proper entanglement measure [25-27]. The construction of entanglement mea-
sures from witnesses is possible, but requires the solution of an optimisation problem.
Such a solution is already known for bipartite systems [27,28], but remains open in the
multipartite case [29].

Despite the experimental progress, the generation and control of entangled states is
still a challenging task. From practical points of view an optical realisation in pho-
tonic systems is usually preferred. Common approaches are based on parametric down
conversion in nonlinear crystals [30-32] or biexciton decay in quantum dots [33, 34].
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Another prominent example employs the strong coupling between cavity photons and
excitons and their parametric interactions in two dimensional semiconductor microcav-
ities [35—-38]. These systems can generate light entangled in polarisation, frequency, or
photon number [39-43].

In this thesis we study the interplay between quantum dissipation and quantum
entanglement generation in photonic systems (see Fig. 1). First, we show that semi-
conductor microcavities serve as sources of entangled light. Entanglement arises at
short times because the different parametric scattering processes between cavity pho-
tons and semiconductor excitons are indistinguishable. Specifically, we demonstrate
how bipartite branch entanglement and multipartite entangled photons in W states
can be generated. We study the fundamental processes within the bosonic picture
of interacting polaritons [40, 44] and analyse the entanglement properties using the
Schmidt number [28,45] and entanglement witnesses. At later times, dephasing of
quantum states during the propagation of entangled light through media leads to a
decrease of the available amount of entanglement.

Second, we study the dissipative dynamics of the quantum harmonic oscillator as a
generic open system coupled to a harmonic oscillator bath. Because of the linearity of
this model, the central oscillator density matrix can be constructed through evaluation
of linear expectation values and variances of the position and momentum operators.
The initial preparation enters only the initial expectation values such that we can allow
for general initial bath preparations. Our focus is on the long-time behaviour of the cen-
tral oscillator and we show that equilibration is generic and prevented only in situations
where undamped oscillations exist. The additional requirements for thermalisation of
the central oscillator are formulated as a hierarchy of conditions. While it is true that
equilibration occurs through dephasing of quantum states, the results obtained for the
dissipative oscillator go beyond the scope of arguments related to ensemble averages.

Third, we analyse the stationary states of three different photonic systems. The
stationary state of the dissipative harmonic oscillator is shown to obey a generalised
nonequilibrium fluctuation dissipation relation. We identify regimes of nonclassical
light emission from few emitters in a cavity and emphasise that the usual quantum
optical treatment entirely fails at predicting regimes of different photon statistics. The
light emitted from a continuously pumped semiconductor microcavity is proven to be
entangled even at infinitely long times. These studies are based on the computation of
correlation functions, which requires methods from quantum optics and open systems.

1.2 Entanglement generation in short-time dynamics

We start with the description of parametric scattering in semiconductor microcavi-
ties. The exciting laser field with frequency near the fundamental band gap of the
semiconductor coherently generates electron-hole pairs (excitons). The exciton mo-
tion is dominated by the Coulomb interaction and leads to scattering between the
mixed exciton-photon modes (polaritons). Our goal is the characterisation of partic-
ular parametric scattering processes that lead to the generation of internal polariton
entanglement (articles I and II).

The polariton motion leads to an ultrafast electric polarisation as a source of light
that is emitted by the microcavity. The emitted photons serve as a probe of the internal
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Fig. 1: Illustration of the interplay between quantum dissipation and entanglement
generation. The physical aspects studied in this thesis are printed in green
ellipses.

entanglement properties. To verify their entanglement we use the Schmidt number and
entanglement witnesses.

The scattering of polaritons by other polaritons, phonons, and defects, as well as the
propagation of the emitted light through media leads to polarisation decay and loss
of optical coherence. While the losses through the cavity mirrors and the coupling to
lattice vibrations are neglected, we study the decay of the initially available amount of
entanglement when the light propagates through different linear media.

Parametric scattering in semiconductor microcavities We review the bosonic
description of planar microcavities [40,44]. This approach can easily be used to inves-
tigate polariton parametric scattering in momentum space [39].

The two-dimensional semiconductor system is described through an electron-hole
Hamiltonian with Coulomb interaction [44]. A bound eigenstate of this Hamiltonian is
an exciton with binding energy Ey and radius Rx. In the limit of low exciton density,
the system may be treated as an ideal gas of bosons. Because there is a small but finite
overlap of the exciton constituents, we have to include an effective repulsion between the
fermionic exciton constituents. The mapping of the fermionic electron-hole Hamiltonian
onto the bosonic exciton Hamiltonian is called the Usui transformation [46,47]. The
four-operator Coulomb terms transform into a sum of products of bosonic exciton
operators to all orders. For the description of parametric scattering the Hamiltonian
is truncated at the second order of the exciton density. The result includes the (two-
dimensional) wave-vector dependent exciton kinetic energy Ex(k) and all two-body
interaction terms.

The excitons of the crystal are coupled to cavity photons with dispersion F¢(k).
Transformation of the dipole electron-hole-photon interaction Hamiltonian into the
bosonic space yields a harmonic exciton-photon interaction and a saturation term ac-
counting for the fermionic nature of the system [40,44]. The coupling strength Qg of
the harmonic exciton-photon interaction is called the Rabi frequency.

For the description of parametric scattering, the unitary Hopfield transformation [48]
from semiconductor excitons and cavity photons to lower (7 = 1) and upper (j = 2) po-
laritons pjx with dispersions F;(k) is applied to the harmonic parts of the Hamiltonian.
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This transformation leads to the polariton kinetic energy

Hp =" E;(K)plpi., (1)
jk
and the polariton-polariton interaction

2
Hpp = % % Do D VTP el —aP ik Pk - (2)
J1,J2,J3,ja k. k' ,q
In this equation, A is the sample surface and the effective branch-dependent interaction
potential Vlillz,zﬁj“ is given in Eq. (8) of article I.

The polariton dispersions Fj(k) and Fy(k) are schematically shown in Fig. 2 (solid
lines) together with the dispersions Fc(k) and Ex(k) of the cavity photons and the
excitons (dashed lines) for different values of the normalised detuning § = [Ec(0) —
Ex(0)]/(292r). The strong coupling of exciton and cavity photon modes leads to the
anticrossing of the polariton branches. The parameter 2{2r determines the distance
Es(k) — E1(k) at the crossing of exciton and cavity photon modes and is thus called
polariton splitting. For large values of |k| the polariton modes are equal to the separated
exciton and photon modes. For small |k|, the strength of the exciton-photon mixing
depends on the detuning 4.

0 k[ 0 k[ 0 K|

Fig. 2: Schematic dispersion relations of excitons, cavity photons, and lower and upper
polaritons for (left) § < 0, (centre) 6 = 0, and (right) § > 0.

The idea for the generation of entanglement is, that the peculiar form of the polariton
dispersions allows for energy and momentum conserving scattering processes between
polaritons that lead to the generation of entangled polariton pairs. Because of the
large photon component of the polaritons, these parametric processes can easily be
stimulated by external pump lasers. We discussed two different pump configurations
in articles I and II.

In the branch entanglement scheme of article I, a pump-pulse train, where all pump
wave-vectors are aligned in the same direction but have different amplitudes, excites
the upper polariton branch. This setup is illustrated for a single pump in the left part
of Fig. 3. The pumped polaritons (solid black circles) scatter into states belonging to
different branches (open black circles) and branch entanglement arises since both paths
(indicated by the green lines) are indistinguishable. The total emission of this setup
is visualised in the right part of Fig. 3, where the pumped mode (p, k;) is marked
with a cross. The possible energy and momentum conserving scattering processes
of two pumped polaritons into pairs of signal/idler polaritons lead to the two rings.



1.2 Entanglement generation in short-time dynamics

Entanglement arises at the crossings of these rings (the process shown in the left part
of Fig. 3) and the entangled signal (s, ks) and idler (i, ki) modes are marked with
crosses.

1.51

E/eV
1.505

ky /Ko

ke /ko

Fig. 3: Illustration of the branch entanglement generation in semiconductor microcav-
ities. The left panel visualises the interbranch polariton pair scattering process
that leads to entangled signal/idler polaritons. The right panel shows the
emission of the system in momentum space.

A thorough theoretical description of these processes for a pump-pulse train of N
individual pumps leads to the generation of N branch entangled polariton pairs in the
state (see article I for details)

N
n) = TT (@ P, Phie, + V1= 0% P, Pl ) Ivac) (3)
n=1

Here, |vac) denotes the polariton vacuum and p}ksn (p;r.kin) creates a signal (idler) po-
lariton in branch j that belongs to a scattering process driven by pump n =1,..., V.
The parameters «,, [see Eq. (18) of article I] depend on the properties of the semi-
conductor material. They influence the entanglement properties of |)x). We have a
product of true Bell states only if all 2 = 1/2. If one a2 = 0 or a2 = 1 the state
of the corresponding polariton pair is separable, i.e., not entangled. In all other cases,
each state within the product (3) is an entangled superposition of two product states.

For a single pump (N = 1), the violation of a corresponding Bell inequality can be
quantified by the von Neumann entropy [49] S = —a?Ina? — (1 — a?)In(1 — a?) of the
reduced signal polariton state. A true Bell state has S = In2 and a separable state
has S = 0. The value S/In2 as a function of the normalised detuning § and the ratio
of polariton splitting to exciton binding energy ps = 2Qr/Ey, is plotted in Fig. 4. We
remark that & and ps characterise the semiconductor material. The state described by
Eq. (3) is a true Bell state on a specific line in the (4, ps) plane and for ps — 0. The
state of the polariton pair is an entangled Bell-like state [20] with S € (0,1n2) for values
of 6 and ps apart from these lines (see article I).

The second scenario presented in article II consists of four pumps with wave-vectors
of equal amplitude that excite the lower polariton branch. The incident angles of
all pumps are below the magic angle [36,50], i.e., the scattering of two polaritons is
suppressed, when they are generated by the same pump. Because the pumped lower
polaritons can not scatter into the upper branch we can omit the upper polaritons in
our description. In particular, we chose the four pump wave-vectors kp1 = (kp, kp),
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Fig. 4: Magnitude of S/In2 in the (4, ps) plane for N = 1.

kpo = (—kp, kp), kps = (—kp, —kp), and kps = (kp, —kp). The total emission for this
scenario in momentum space is depicted in Fig. 5. Pair scattering processes of polaritons
that are created by oppositely arranged (neighbouring) pumps with |kp, + kpm| = 0
(|kpn + kpm| = 2kp) contribute to the circle(s) with radius v/2k, (k,). Because of the
common idler mode at k; = 0, the four corresponding signal modes at kq; = (0, 2kp),
ke = (—2kp,0), ke3 = (0, —2k;,), and kg = (2kp, 0) are entangled. In the theoretical
description (see article II), after taking the partial trace over the idler mode, the state
of the signal modes emerges as

1
lhw) = 5(!1,0,0,0> +10,1,0,0) + ]0,0,1,0) + |0, 0,0, 1)) . (4)

Here, p1k5n|vac> =0,1,0,0) with the 1 being at the nth position. The state (4) is a
four-partite entangled pure state, called the W state.

T
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Fig. 5: Illustration of the microcavity emission for N = 4 and &, = 0.01ko.
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Entanglement of emitted light To obtain the state of the emitted light we have
to couple the intracavity polariton scattering dynamics to an extracavity field and de-
termine the parametric luminescence. It is well know that there is a correspondence
between the properties of the polaritons within the cavity and the emitted photons out-
side the cavity [38—40]. In particular, due to energy and momentum conservation, the
emitted photon has both the energy and the in-plane momentum of the corresponding
polariton. In addition, the emitted photons carry the internal polariton entanglement
properties (see articles I and II), such that the states of the emitted photons are equal
to the states (3) and (4).

To verify the bi- and multipartite entanglement of the emitted photons we use en-
tanglement witnesses [23,51]. The idea is to test if the state p under consideration is
an element of a certain class of states. For example, the state p is entangled if and only
if there exists a Hermitian operator L with the property [29, 52]

(L) = TepL > f(L), (5)

where f(L) = fsep(L) = sup{(¢|L|¢) : |¢) separable state} is the maximum expectation
value of L within the class of separable states [51]. Following this recipe, the choice
f(L) = fr(L) = sup{(p|L|p) : |¢r) Schmidt rank r state} leads to a condition for the bi-
partite state p to have a Schmidt number [28,45] greater than r [52]. In the multipartite
case we must distinguish between partially entangled (not fully separable) and fully en-
tangled (not partially separable) states and the corresponding entanglement criterions
are based on the functions fpart(L) = sup{(¢|L|¢) : |¢) partially separable state} and
fran(L) = sup{(¢|L|¢p) : |¢) fully separable state} [29]. A witness can be constructed
from [f(L)I — L], where I denotes the identity operator.

The calculation of the different values of the function f(L) is based on the solution
of generalised eigenvalue equations [29,52]. In the bipartite case the function f, (L) is
determined from the Schmidt number eigenvalue equation

LW}T> = g|7pr> + |X> ) (6)

where |x) is a biorthogonal perturbation. The value g is the Schmidt number eigenvalue
and the vector |¢,) is the Schmidt number eigenvector. The largest Schmidt number
eigenvalue is the value of the function f,(L). Analogously, the values of the functions
fpart (L) and fr (L) in the N-partite case are calculated from the solution of separability
eigenvalue equations L|¢) = g|v)) + |x), where |x) is an N-orthogonal perturbation.
Now, g is the multipartite separability eigenvalue and |¢) is the multipartite separability
eigenvector. The largest multipartite separability eigenvalue determines the value of
fran(L) and fpart(L), respectively. We note that the value of the function fpa(L)
in general depends on the chosen decomposition of the combined Hilbert space and
to obtain the value of the function fpart(L) we have to consider all possible partial
decompositions of the combined Hilbert space.

We use these relations for the states (3) and (4) of the emitted light in the two con-
sidered scenarios. For the frequency entangled photons in the state (3) we decompose
the total Hilbert space into two parts containing the signal and idler photons, respec-
tively. To determine the Schmidt number of the state p = |{)n) (x|, we consider the
projection L = |¢n)(¢n| and obtain (L) = (¢Yn|L|yn) = 1. It can easily be shown,
that the value of f.(L) is smaller than one, if there exist more than r values a, # 0, 1.



1 Summary

In conclusion, the considered pure state [¢)y) in Eq. (3) has a Schmidt number of 2V,
in the general case that all o, # 0,1 for n = 1,..., N. Considering the four mode W
state p = |Yw)(¢Yw]| from Eq. (4) and choosing L = p we obtain fgy(L) = 27/64 and
Jpart(L) = 3/4. Because the left hand side of the entanglement criterion in Eq. (5)
evaluates to one, we can prove partial and full entanglement of ).

Propagation of entangled light Once the photons are emitted from the cavity,
they are subject to the environment. The propagation of entangled light through media
can be described by realistic loss models [53,54]. This may include losses during the
outcoupling of the field from the cavity [55], and the subsequent propagation through
lossy media. Of special importance are turbulent media since they describe the typical
propagation of light in the atmosphere [56].

A propagation of light in different linear media leads to dephasing, i.e., the decrease
of the initially available amount of entanglement (see article I). The argument is, that
the different dispersion relations of the media lead to different optical path lengths. To
obtain the photon state measured by a detector at a fixed distance from the microcavity,
one has to average over the different arrival times. In practice, the resulting statistics
depends on the details of the dispersive properties of the different media representing
the propagation channels. Such a treatment must be based on an experimental analysis
of the used channels. To demonstrate the basic principles, we suppose an equally
distributed difference of the arrival times in the interval [t1,t2]. The Schmidt number
of the resulting state as a function of At = t5 — t; for different values of the normalised
detuning § and the ratio of polariton splitting to binding energy ps is given in Fig.
4 of article I. Since the microcavity is pumped by three beams with different wave-
vectors aligned in the same direction, the maximal possible Schmidt number of the
emitted radiation is 23 = 8. An increasing dephasing due to the increase of At, yields a
decreasing Schmidt number. The jumps of the value of the guaranteed Schmidt number
from 7 to r — 1 occur for values of At where the corresponding witness fails to identify
a Schmidt number larger than r. For a fixed value of At the Schmidt number strongly
depends on the properties, § and pg, of the planar microcavity. For At — oo the state
becomes separable.

Our description of the short-time dynamics of semiconductor microcavities captures
parametric scattering as the mechanism to generate entangled light. The entanglement
properties of the emitted light can be tuned by varying the parameters of the semi-
conductor material. Dephasing, e.g., during the unitary propagation of light through
different linear media, diminishes the initially available amount of entanglement. Nev-
ertheless, because our approach neglects the losses through the cavity mirrors and
the coupling to lattice vibrations, the inclusion of quantum dissipation is needed for
a description of the emission under realistic experimental conditions. An interesting
question is, if the entanglement generation in semiconductor microcavities can survive
in the long-time limit when the system is coupled to the environment.
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1.3 Evolution of non-thermal preparations towards
stationary states

We now turn to the dissipative dynamics at long times. Our focus is on equilibration
as the irreversible evolution of a system towards a stationary state as well as on the
additional requirements for thermalisation. General arguments relate equilibration to
dephasing by noting that the nondiagonal density matrix elements p, ,(t) in the system
energy eigenbasis H|n) = E,|n) oscillate oc e!(Fm=En)t [57-61]. In the thermodynamic
limit, one can expect that only the diagonal terms m = n survive for t — oo, such
that a stationary state is obtained. Although this argument explains the origin of
equilibration, it neither makes a statement about equilibration of a finite part of the
total system nor about the emergence of a thermal state out of an initial preparation.
Here, we study the microscopic model of the dissipative quantum harmonic oscillator
[62-67] with general nonthermal preparations of the harmonic oscillator bath. Because
this model allows for an exact analytical solution we can explicitly study the reason
why equilibration of the central oscillator may fail and discuss the stationary state in
the long-time limit. More details can be found in article III.

Prerequisite for equilibration The Hamiltonian for the dissipative quantum har-
monic oscillator, H = Hg + Hp + Hgp, is the sum of the contribution of the central
oscillator,

Hy = 5 (P4 02Q7), ()

the contribution of the harmonic oscillator bath,

N
1 2 212
HB:2Z_:1(PU +WVQ1/)7 (8)
and the linear interaction term
N
Hsp = QY \Qy- (9)

v=1

In these expressions, the position and momentum operators @,, P, fulfil the canonical
commutation relation [Q,, P,] = id,,. The size of the coupling constants A, is restricted
by a positivity condition (see Eq. 8 of article IIT). It guarantees that the normal modes of
the total Hamiltonian H have real frequencies, such that H is bounded from below [68].
We assume factorising initial states p(0) = ps(0) ® pp(0) corresponding to the choice
of isolated systems that are brought into contact at ¢ = 0. We keep the initial bath
distribution pp(0) arbitrary and do not necessarily assume thermal equilibrium.

The central oscillator density matrix pg(t) is obtained through solution of the Heisen-
berg equations of motion for the operators Q(t) and P(t). The central piece of infor-
mation is the solution of the classical equation of motion

t
i(t) = —Q%u(t) + /0 K(t—7)u(r)dr. (10)
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In this homogeneous integro-differential equation the damping kernel K(t) emerges
from the coupling to the bath as a combination of coupling constants and bath fre-
quencies [Eq. (12) of article ITI]. The relevant solution wu(t) follows through Fourier
transformation of a function F'(w), which has poles at the eigenfrequencies of the total
system plus environment. Hence, for a finite number N of bath oscillators, u(t) is a
quasiperiodic function. Equilibration of the central oscillator requires the thermody-
namic limit N — oo. In this limit, the characteristics of the bath are reflected by the
bath spectral function v(w), which, for finite N, is a combination of coupling constants
and bath oscillator frequencies [see Egs. (28)—(30) of article III]. The Fourier transform
F(w) of the function u(t) then follows from the analytic continuation I'(z) of the bath
spectral function (w) into the upper half of the complex plane,

Fz)= (92— 2+ F(z)>_1 . (11)

Because the only stationary solution of equation (10) is u(t) = 0, the prerequisite for
equilibration of the central oscillator is the condition u(t) — 0 for ¢ — oo, which is
fulfilled if and only if F'(z) has no isolated poles.

As an explicit example for the violation of the prerequisite u(t) — 0 for ¢ — oo we
consider the infinite chain of harmonic oscillators (see Fig. 6) [69-73]. Oscillators in the
right (n > 1) and left (n < —1) half of the chain, with frequency €}, are coupled to their
neighbours (n + 1) with spring constant k. They form the harmonic oscillator bath
for the central oscillator at n = 0, with oscillator frequency €2 and coupling k to the
oscillators at n = +1. We introduce the dimensionless model parameters 2, = Q/y,,
K = 2k:b/92b, and Kk, = 2kb/Q% with 0 < kp < 1, and use the normalised quantity
w = w/Qy,. In the thermodynamic limit, the bath spectral function emerges as

2 k2 9

V@) =20 k- (1-@2)? for [1-& < k. (12)
7['/<.Jb

Important is that v(@) = 0 for |1 — @?| > kp,. We note that we assume identical initial
conditions for both sides of the chain and thus exclude the possibility of stationary non-
equilibrium states with finite heat flow between the right and left half-infinite chain.

ky k k Ky
= WM DM DWWAG

Fig. 6: Sketch of the infinite linear harmonic chain.

According to Eq. (11), to exclude the possibility of isolated poles of F'(z), we have to
compare the functions ©? — Q2 and ReT'(w +i07) in regions where ImI'(@ +i0") = 0.
From the qualitative behaviour of T'(w + i0"), shown in Fig. 7, we first deduce that
the function @? — Q2 must have a slope larger than that of Re['(w + i0") as well as
a root within the interval @ € [\/1 — Ky, /1 + k1, |. This immediately yields the basic
restrictions

Kk < Ky and 11— Q2| < ry (13)

10
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for the absence of isolated poles of F'(z). The second inequality guarantees that the cen-
tral oscillator frequency £, fulfils (£2;) > 0. If this it is fulfilled, equilibration is always
possible for sufficiently small k. Since xp, < 1, it restricts the admissible parameters
to the rectangle (ky,Q22) € [0,1] x [0,2]. The admissible parameter combinations for
equilibration of the harmonic chain that follow from a closer inspection of the involved
quantities are shown in Fig. 8 [see Eq. (77) of article IIT].

T T T T T T
0<0|n>0 —— Re
-—
— ImTI
N \ { ]
— \ /
+ / \
= e \\ // ~
A \ / ]
=0 N /
— \ P /
\N s N\ 7/
N/ \
L N 4 u
1 1 1 1 1 1

Fig. 8: Diagram of the admissible parameter space for equilibration of the infinite
linear chain. The white triangular region above the solid black lines is the
maximal set of allowed parameter combinations. Outside of this region an
isolated pole exists even in the weak damping limit x — 0. For x > 0, the
region of admissible parameters shrinks as depicted by the dashed black curves.

In summary, the condition u(t) — 0 for ¢ — oo is the prerequisite for equilibration
of the central oscillator. In the weak damping limit, this condition is equivalent to
~v(£2) > 0 (taking the thermodynamic limit for granted). This expresses the basic fact
that equilibration occurs through energy exchange with the environment, which is not
possible for an isolated oscillator with v(€2) = 0. We note that a small value of ()
can result in long transients that prevent equilibration over the observation time.

Quantum equilibration and the conditions for thermalisation The construc-
tion of the propagating function, that maps any initial state pg(0) onto ps(t), can be
done using only that an initial Gaussian state of the joint central oscillator and bath
system remains a Gaussian state during time evolution with the Hamiltonian H. This

11
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construction is possible in three steps (see article III). Assuming that the correspond-
ing classical solution u(t) is known, the dynamics of the central oscillator operators
Q(t) and P(t) is calculated. This allows for the evaluation of linear expectation values
and variances of the position and momentum operators in the thermodynamic limit.
The parameters of the most general ansatz for the propagating function, that maps an
initial Gaussian state ps(0) onto a Gaussian state pg(t) for ¢ > 0, are fully specified
through the mapping of linear and quadratic expectation values. The resulting propa-
gating function is valid for arbitrary initial states pg(0). In this way, the full solution
for the dynamics of the central oscillator is obtained without explicit consideration of
non-Gaussian pg(t). We note that the propagating function is usually calculated in the
position representation [65], which obscures the clear formal structure obtained using
the Wigner function [74] in a conveniently simple derivation (see article III).

The result for the propagating function allows us to study the behaviour of the
central oscillator density matrix pg(¢) in the long-time limit ¢ — co. Assuming that
the prerequisite u(t) — 0 for t — oo (taking the thermodynamic limit for granted) is
fulfilled, the position and momentum expectation values vanish in the long-time limit
(see Sec. IV.A of article III). In addition, the central oscillator variances converge to
stationary values. Specifically, the mixed variance vanishes and the stationary position
and momentum variances 200 and X% are fully determined by the frequency resolved

energy distribution £ (w) of the initial bath state. Equilibration of the central oscillator
then follows from the observation that the long-time limit of the propagating function
is a Gaussian state. In other words, the stationary state pg® is Gaussian and depends
through the values %3, and X5, on the initial bath state but is independent from
the initial central oscillator state. This proves equilibration for general initial central
oscillator states. In particular, the stationary state is Gaussian also for non-Gaussian
initial states.

Because only E%OQ and X3 are non-zero, the asymptotic stationary state pg® can be
interpreted as the thermal equilibrium state of some harmonic oscillator. The effective
oscillator frequency 2o, and temperature T4, associated with pg° are

¥ Qo — 00 Y00
QC2>O = Tgog, TOO = 7&1‘C0th 1(2 EQQEPP) . (14)

Generally, () is not equal to the central oscillator frequency €2. The condition 2, = 2
is equivalent to equipartition of kinetic and potential energy (P?) = ¥, = 922(5@ =
02(Q?), which is achieved in the limit of weak damping. Then,
0 26(Q
QWb — | TWP)(Q) = §a1r(:oth71 é) , (15)
such that the stationary state pg’ is a thermal equilibrium state of the central oscillator.
The temperature T (2) is determined by the energy £(Q2) of the bath oscillator at
frequency €2 in the initial state, but it still is a function of €2. Full thermalisation
requires that T, is independent of 2. According to Eq. (15) this leads to the condition
9 w w
E(w) = = coth ——. 16
(w) =5 co ST (16)
Note that this is a condition on the sum of initial bath kinetic and potential energies,
and not on the individual functions. Therefore, any initial bath preparation that fulfils
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1.4 Fluctuations and entanglement in the stationary state

condition (16) results in the same stationary state as the thermal bath at the respective
temperature. Thermalisation is well possible in non-thermal environments, even those
far from thermal equilibrium.

In summary, we have a hierarchy of conditions for equilibration and thermalisation:
The central oscillator equilibrates whenever u(t) — 0 for ¢ — co. The stationary state
is always a Gaussian and thermal state. Equipartition of kinetic and potential energy
occurs precisely at weak damping. The asymptotic temperature T, is independent of
the central oscillator frequency under the additional condition (16) on & (w).

1.4 Fluctuations and entanglement in the stationary state

So far, we considered the dynamics of bosonic systems for short times and their asymp-
totic approach to equilibrium. Combining these results, we analyse the properties of the
stationary state with respect to fluctuations, nonclassicality, and entanglement. This
analysis requires the calculation of different correlation functions.

Generalised nonequilibrium fluctuation relation for the dissipative oscillator
Fluctuation relations [75-78] build on the connection between the response of a physical
system in thermal equilibrium to a weak externally applied force and the fluctuations
in the system without the external force. In linear response theory this relation is
expressed in form of the quantum fluctuation-dissipation theorem [79-83]

1 w
W(w) = 5 coth (ﬁ><1>(w) , (17)
which relates the Fourier transform W(w) of the symmetric equilibrium correlation
function of an observable to the Fourier transform ®(w) of the (antisymmetric) response
function of this observable. Since the relation (17) is valid for a system in thermal
equilibrium at temperature T' only, systematic advancements are necessary.

Having in mind the hierarchy of conditions for equilibration and thermalisation of the
dissipative oscillator, the validity of related fluctuation relations in case of nonthermal
equilibrium or for stationary nonequilibrium states has to be scrutinised. Both issues
are addressed for the dissipative harmonic oscillator in article IV. The latter situation
requires the extension of the dissipative oscillator model to multiple baths to allow for
finite heat flows in the stationary state. Here, we consider the generalisation of the
fluctuation dissipation relation (17) to the situation of nonthermal equilibrium.

To proof the validity of a proportionality relation between the Fourier transforms of
the symmetric correlation function for the central oscillator position,

W(t,s) = LQIIQUE +5) + Qe +5)Q()), (18)
and the antisymmetric response function,
B(t,5) = H{QUNQ( +5) — Q¢ + 5)Q(1) (19)

1

we insert the solution for Q(¢). The thermodynamic limit N — oo and the long-time
limit ¢ — oo are performed employing the relations given in Sec. 2 of article IV. The
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subsequent Fourier transformation yields the result

W)= W

i w
This relation generalises the thermal fluctuation dissipation theorem (17). It is valid for
the stationary state of the central oscillator at arbitrary coupling strengths and bath
preparations. The requirement is to have equilibration of the dissipative oscillator, i.e.,
we must have u(t) — 0 for ¢ — oo. The explicit form of the stationary state does not
enter this relation. It is rather determined by the frequency-resolved energy distribution
of the initial bath state £(w). A comparison with the thermal result in Eq. (17) shows
that in the considered nonthermal situation the thermal energy distribution g'th(w) =
(w/2) cothw/(2T) has to be exchanged by the general bath energy distribution. This
shows that not only the stationary state but also the fluctuations within the stationary
state do only depend on the sum of the initial potential and kinetic bath energies and
not on the individual functions.

D(w). (20)

Nonclassicality of cavity light The symmetric and antisymmetric correlation func-
tions from the preceding paragraph contain products of two operators. In contrast, the
Glauber g(® function [84] is a correlation function that contains products of four op-
erators. It is employed in quantum optics and determines statistical properties. In
particular, it can be used to analyse the statistics of the photons emitted from quan-
tum optical systems.

We study the Glauber ¢(®) function that characterises the light generated by a few
emitters in a cavity at strong light-matter coupling. Specifically, we identify temper-
ature and coupling regimes where nonclassical light [85,86] is emitted. To capture
the dissipative dynamics of the emitter-cavity system, we used the full input-output
formalism [87-89] and Markovian master equation [2,15,90-93] without further approx-
imations (see article V). We contrast our results with the predictions of the commonly
used quantum optical master equation and show that it entirely fails at predicting
different regimes of photon statistics.

The system of NV two-level emitters interacting with a single cavity mode is described
by the Dicke Hamiltonian [94],

N N N
H = weala + wy Zaf)o(_j) + gz (aTa(_j) - aagf)) +4d Z (aa(_j) + aTang)) . (21)
=1 =1 =1

where a() is the annihilation (creation) operator of a cavity photon with frequency we
and o) (aij)) is the corresponding lowering (raising) operator for the jth emitter with
transition energy wyx. We consider the resonant case wg = w. = wx. The emitter-cavity
coupling strengths g for the corotating interaction terms and ¢’ for the counterrotating
terms are allowed to be different. Of particular interest are the Tavis-Cummings limit
with ¢’ = 0 and the Dicke limit with ¢’ = g [95, 96].

We couple the emitter-cavity system to the environment. The statistics of the emitted
photons can be computed through a standard input-output formalism (see article V),
which leads to the projected cavity-environment coupling operator

X_= Y (Ea— En)lm)(m|(a’ —a)ln)(n|, (22)

m,n>m
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1.4 Fluctuations and entanglement in the stationary state

where |n) are the eigenstates of the Dicke Hamiltonian (21) with H|n) = Ep[n). The
correlation functions of X_ describe the emission from the cavity. Specifically, the
second order Glauber function [84] at zero time delay reads

i) 1 DX DX X 0)
N T =

We note that evaluation of ¢(®(0) requires diagonalisation of the Hamiltonian (21).

To obtain the dynamics X (t) we use the full Markovian master equation [2, 15,
90-93]. Compared with the explicit solution of operator equations of motion for the
dissipative oscillator, this approach is justified because of the weak emitter-environment
and cavity-environment couplings [1,2]. In addition, we assume a thermal environment
such that—according to the results from Sec. 1.3—full thermalisation of the emitter-
cavity system is expected. The Glauber function g(?) (0) then follows from the numerical
diagonalisation of the Dicke Hamiltonian (21) as a thermal expectation value.

The results for the Glauber function ¢(®(0) for N = 1,2, 3 emitters determine the
statistics of the photons emitted by the cavity (see Fig. 9). For ¢ (0) = 1 the emitted
photons have a Poissonian distribution, while g(2) (0) > 1 indicates super-Poissonian
statistics. Thermal light has ¢(®(0) = 2 and ¢(®(0) < 1 indicates nonclassical light
with sub-Poissonian photon statistics. Clearly distinguished regimes of emission can
be identified in Fig. 9. In particular, regions with ¢(®)(0) < 1, that stretch out along
the vertical axis, indicate the emission of nonclassical light with sub-Poissonian pho-
ton statistics at low temperatures and moderate-to-strong light-matter coupling. The
regime of strongly super-Poissonian photon statistics [¢(2)(0) > 2], visible in the Dicke
limit in panels (a—c), is pushed back in favour of a second sub-Poissonian region that
continues towards ultrastrong coupling in the Tavis-Cummings limit in panels (d—f).
The emission of nonclassical light in the first sub-Poissonian region is observed equally
in the Dicke and Tavis-Cummings limits.

The distinctive features of the Glauber function persist when varying the number of
emitters, but the regions are shifted to smaller couplings g as the number of emitters
increases from one to three. The similarity between ¢(?) (0) for N = 1,2, 3 emitters (see
Fig. 9) can be expressed as an approximate relation between the respective emitter-
cavity coupling g. In the Dicke limit (¢’ = g), we find that the features of g(®(0)
follow the scaling g < 1/N. In the Tavis-Cummings limit (¢’ = 0), this scaling is g
1/v/'N. Interestingly, the proper scaling of g depends on the presence of counterrotating
interaction terms in the Hamiltonian. This difference is in contrast to the semiclassical
theory where the mean cavity photon number in the steady state scales o< NV both in
the Dicke and Tavis-Cummings limits. Not surprisingly, the Glauber function ¢(*)(0)
is more sensitive to the details of light-matter coupling than the semiclassical theory
that neglects quantum correlations in favour of a mean-field approximation.

It is instructive to compare these results with the predictions from the usually em-
ployed quantum optical master equation [1,2]. In this equation, terms for the emitter-
environment and cavity-environment couplings appear independently. The coupling of
emitters and cavity is completely neglected in the dissipative terms of the master equa-
tion. Specifically, the quantum optical master equation does not distinguish between
energy-increasing and energy-decreasing transitions, such that it can lead to unphysical
predictions, e.g., the emission out of the ground state. Results for the Glauber func-
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Fig. 9: Glauber function g(?) (0) as a function of temperature 7" and coupling strength g
for (left) N =1 emitter, (middle) N = 2 emitters, and (right) N = 3 emitters.
The results are given for (a—) ¢’ = g and (d-f) ¢’ = 0. Note that all values
g (0) > 4 are assigned the same dark red colour in the density plots.

tion in the Dicke limit ¢’ = g obtained with the quantum optical master equation are
shown in Fig. 10. The quantum optical master equation does not predict the emission
of nonclassical light with sub-Poissonian photon statistics in any part of the parameter
space. The situation does not improve in the Tavis-Cummings limit ¢’ = 0, where
the quantum optical master equation gives 9(2)(0) = 2 independent of the number of
emitters IV, the coupling strength ¢, or the temperature 7.

In summary, the features of the Glauber function (see Fig. 9) occur at smaller val-
ues of the individual emitter-cavity coupling strength when the number of emitters is
increased. In this sense, the generation of nonclassical light is easier with more emit-
ters. The reason is that all emitters interact with the same cavity mode leading to
enhanced resonant emission and (re)absorption of cavity photons. While it may not
be surprising that the quantum optical master equation fails at strong emitter-cavity
coupling it is remarkable that it fails to capture any features of the Glauber function.
This failure highlights the importance of using the correct master equation not only for
strong light-matter coupling but also if one is interested in properties following from
higher-order correlation functions, e.g., the photon statistics obtained from the second
order Glauber function.

Stationary entanglement generation in semiconductor microcavities So far,
we neglected the coupling to the environment in the description of the semiconductor
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Fig. 10: Glauber function 9(2) (0) computed with the quantum optical master equation,
shown as a function of temperature T" and coupling strength g for ¢’ = g. The
results are given for (a) N = 1 emitter and (b) N = 2 emitters.

microcavity with the four pump configuration that leads to the generation of four-
partite entangled polaritons in a W state. Now, we include internal decoherence in-
duced by the losses through the cavity mirrors and the coupling to lattice vibrations.
This allows us to study the transfer of internal polariton entanglement to external
photon entanglement under realistic experimental conditions. In this way, we answer
the question if entanglement generation can survive the long-time limit in dissipative
dynamics. These issues are addressed in article VI.

Our study is based on the Heisenberg equations of motion for the polariton operators,

d . .
Pk = —iEj(k) pjx — iR}, (24)
where, according to Eq. (2), R;\IkL is the nonlinear contribution:

1 R? C o
NL _ =% 3:32,J3:34 J2:0,98,94 \ T A
Rjk 94 Z Z (Vq,q’,k—q + Vq,q’,q’—k)pj2q+q’—kpj3q’pa4,q' (25)
J2,J3,j4 4,9’

We note that a similar equation of motion with equal operators but modified prefactors
in R?IkL is obtained within the dynamics-controlled truncation formalism [97-100]. In
this approach, no explicit bosonisation of the system Hamiltonian is performed. Instead,
equations of motion for generalised Hubbard (transition) operators are derived and
truncated at a certain order of the external field. Specifically, the mean-field Coulomb
interaction terms are equal in the two approaches but the phase-space filling terms
differ by a factor of about two [100]. This difference is a consequence of the polariton
nature: In our approach, polaritons are bosonic particles, whereas within the dynamics-
controlled truncation formalism they do not obey Bose-Einstein statistics.

The quantity of interest is the signal/idler photon density matrix that can be mea-
sured in experiments. This quantity can be computed through a tomographic recon-
struction [42,101], which is based on the evaluation of multi-time correlation functions
of polariton operators. The losses through the cavity mirrors and the coupling to lat-
tice vibrations are introduced through coupling of the semiconductor microcavity to an
Ohmic thermal environment. Within the Langevin approach one has to add effective
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damping rates and a noise background to the equation of motion (24). The resulting
equation of motion can analytically be solved in the limit of a continuous pumping
with identical pumps (see article VI). As a basis, we choose the four states |15, 1g,) for
n=1,...,4, where |1,) denotes the state of a photon in channel x =1i,s1,...,s4. The
matrix elements pp, ., = (1i, Lsm|p|1i, 1sn) of the measured photon density matrix can
be combined in the matrix

1111 1000
X[(1111] 1=x]0o10 0

P=4 1111|724 |oo1 o (26)
111 1 000 1

where X € [0, 1]. This state is a mixture of a pure (fully entangled) W state and a (not
entangled) identity state, where the parameter X is the weight of the fully entangled W
state in the mixture. The state p is fully entangled (fully separable) for X =1 (X = 0).
For any finite X > 0, p is entangled. In this sense, X can be taken as an entanglement
measure, which quantifies the violation of a corresponding Bell inequality.

X as a function of the pump intensity A and the noise background Ny, is shown in Fig.
11. We note that the pump intensity is limited by a stationarity condition that guar-
antees the convergence of polariton populations to stationary values in the long-time
limit. The fully entangled pure W state is obtained for vanishing noise background.
This result is in accordance with the previous one, where losses through the cavity mir-
rors and the coupling to lattice vibrations are neglected. Interestingly, even for a finite
noise background Ny, > 0 the pure W state can be generated if the pump power is high
enough. This observation shows, that the entanglement generation in semiconductor
microcavities can survive the long-time limit under realistic experimental conditions if
the system is continuously pumped. Lowering the pump power at fixed N}, leads to
a decrease of entanglement. Nevertheless, a small but finite amount of entanglement
remains if the pump power is finite.

0.5 1
0.4 0.8
0.3 0.6
<
0.2 -1 0.4
0.1 102
0 — 0

Fig. 11: Amount of entanglement in the state p [Eq. (26)] quantified by X as a function
of the pump intensity A and the noise background Ny,.

In summary, we showed that not only the stationary state but also the fluctuations
of the central oscillator within the stationary state depend only on the initial bath
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energy distribution, which generalises the well known thermal fluctuation-dissipation
theorem to the case of stationary nonequilibrium. In addition, depending on the cou-
pling strength and the bath temperature, emitters in a cavity can emit nonclassical
light with sub-Poissonian statistics. For the analysis of this property the full Marko-
vian master equation must be employed because the quantum optical master equation
entirely fails at predicting the features of the Glauber function. Finally, we showed
that a continuously pumped semiconductor microcavity generates entangled light even
under realistic experimental conditions.

1.5 Conclusions

The realistic description of the physical processes in quantum optical systems requires
careful investigation of the interplay between quantum dissipation and entanglement
generation. In this thesis, we have considered from a microscopical perspective the
entanglement generation in semiconductor microcavities at short times, the dissipa-
tive evolution of the quantum harmonic oscillator towards a stationary state, and the
nonclassical properties of the asymptotic states of different photonic systems (see Fig.

12).
generation:
semiconductor microcavity

nonclassical light:
easier with more emitters

verification: thermalization:
witnesses hierarchy

equilibration:
absence of isolated modes

DISSIPATION

entangled light:

driven microcavity
fluctuations
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Fig. 12: Illustration of processes in quantum optics applications. The physical aspects
studied in this thesis are printed in green ellipses.

quantification:
Schmidt number

ENTANGLEMENT

In our description of two-dimensional semiconductor microcavities we showed that
two different pump configurations can be used to stimulate parametric scattering pro-
cesses between polaritons that lead to the generation of internal polariton entanglement.
A moving polariton induces an ultrafast electric polarisation as a source of light that
serves as a probe of the internal entanglement properties. The identification of the non-
classical correlations of the emitted photons is based on entanglement witnesses that
can also be used for the quantification of entanglement, e.g., in terms of the Schmidt
number. The simultaneous creation of multiple branch entangled photon pairs renders
it possible to generate an arbitrary number of entangled qubit states. By adjusting the
number of pump beams and their spectral properties, one can optimize the Bell-type
correlations within one ore more of those entangled qubits.
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Quantum dissipation can be studied in a microscopic setting with the well known
model of a central oscillator coupled linearly to a bath of harmonic oscillators. We
showed that equilibration of the central oscillator is the generic behaviour, which is
prevented only in situations in which the classical oscillator equation of motion possesses
undamped oscillatory solutions. Because of its localised spectral function, the infinite
linear harmonic chain is an example for this behaviour. Thermalisation of the central
oscillator depends on additional conditions. Equipartition of kinetic and potential
energies requires the weak damping limit but is independent on the initial condition.
The initial bath preparation enters the asymptotic temperature. Essential for the
thermalisation of several oscillators is, that the asymptotic temperature is independent
of the central oscillator frequency, which is fulfilled if the initial bath energy distribution
matches that of a thermal state. Nevertheless, because this condition involves the sum
of kinetic and potential energy, full thermalisation is possible in environments with
nonthermal individual energy distributions, even in those far from thermal equilibrium.
We showed, that even in the absence of full thermalisation the fluctuations of the central
oscillator follow a generalised fluctuation dissipation theorem that reduces to the well
know thermal result whenever the central oscillator thermalises in the strict sense.

Photonic systems such as two-level emitters in a cavity or semiconductor microcavi-
ties are employed in quantum optics applications. The realistic theoretical description of
the physical processes requires the use of methods from quantum optics as well as from
the field of quantum dissipation. Our focus was on the correct theoretical description
of the emission from systems with strong coupling. The analysis of the light generated
by emitters in a cavity reveals a non-trivial dependence of the photon statistics on the
light-matter coupling and temperature. Clearly identifiable parameters regimes with
sub- and super-Poissonian photon statistics appear at strong and ultrastrong coupling,
and lie immediately next to each other. We provided an approximate rule to relate the
emission characteristics for a single emitter to those obtained for few emitters under
an appropriate scaling of the emitter-cavity coupling. In accordance with this rule,
the generation of noncassical light is easier with more emitters. The outright failure
of the quantum optical master equation at predicting any of the features observed in
the emission statistics shows that using the correct master equation is essential in all
situation. Including internal dissipation channels we showed that a continuously driven
semiconductor microcavity generates entangled light even at infinitely large times. The
entanglement generation is thus robust against decoherence under realistic experimen-
tal conditions. Because the pair correlations between polaritons can sustain over long
times and distances in these solid-state devices, a microcavity is a highly efficient source
of entangled light and therefore well suited for quantum optics applications.
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The emission of entangled light from planar semiconductor microcavities is studied and the entanglement
properties are analyzed and quantified. Phase matching of the intracavity scattering dynamics for multiple pump
beams or pulses, together with the coupling to external radiation, leads to the emission of a manifold of entangled
photon pairs. A decomposition of the emitted photons into two parties leads to a strong entanglement of the
resulting bipartite system. For the quantification of the entanglement, the Schmidt number of the system is
determined by the construction of Schmidt number witnesses. It is analyzed to which extent the resources of the
originally strongly entangled light field are diminished by dephasing in propagation channels.
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I. INTRODUCTION

The interaction of light and matter is a fundamental
issue connecting elements of quantum optics and solid state
physics. It offers a wide range of quantum effects, for
example, the emission of various kinds of nonclassical light.
These phenomena sensitively depend on the interaction of
light with the fundamental excitations of the crystal. The
nonclassical correlations of such systems can be used for
various applications, such as quantum information processing,
quantum metrology, and quantum communication (see, e.g.,
[1.2]).

One of the most prominent quantum phenomena is en-
tanglement. It has been studied since the very first ideas
of nonlocal superpositions of wave functions arose [3,4].
Entanglement has been used to perform a number of classically
impossible operations in theory and experiment, such as,
quantum teleportation, secure communication, and distillation
protocols [1,2]. The latter ones require copies of entangled
mixed states to distill pure entangled states [5,6], namely,
Bell states [7]. One problem is the feasibility of appropriate
quantum memories to store and manipulate the individual,
entangled copies [8,9]. Despite this, the determination of
entanglement of, in general, mixed quantum states is still a
challenging task.

Typically, quantum correlations are determined from mea-
surements of correlation functions. Here, we aim to quantify
the measured correlations in terms of entanglement. The
tricky relation between entanglement and correlations was
mainly analyzed for spin systems [10,11]. Various entangle-
ment measures have been introduced [12,13] and compared
numerically and analytically [14-17]. It has been shown that
the evaluation of an entanglement measure, especially for
mixed states beyond qubits, is a sophisticated problem.

In the first instance, it is convenient to quantify entangle-
ment for pure states only. One example is the Schmidt number
(SN) [18-20]. For pure entangled states the SN counts the
number of required superpositions of local product states to
express the given state. A generalization to mixed quantum
states can be achieved by a convex roof construction [21].
The SN of a general quantum state can be determined by
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making use of the method of SN witnesses [18,22]. Recently,
an approach based on generalized eigenvalue equations—so-
called SN eigenvalue equations—Iled to a general construction
scheme for SN witnesses [23]. Note that such an approach does
not exist for other entanglement measures. Another advantage
of the determination of the SN via SN witnesses is that these
witnesses represent experimentally accessible observables.

Common approaches for the generation of bipartite en-
tangled states consider type-II parametric down conversion
[24] or biexciton decay in quantum dots [25,26]. Another
prominent example is based on parametric phenomena in
two-dimensional semiconductor microcavities [27-34]. They
are known to realize a strong coupling between cavity
photons and excitons [28] resulting in an anticrossing of
the mixed exciton-photon modes, called lower and upper
polariton branches. The ground state of the polaritons has
been studied with respect to general quantum properties [31]
and entanglement [35]. Stimulated scattering processes of
polaritons within the lower branch have been shown to result in
a large angle-resonant amplification of the pump field [36,37]
and to produce polarization entangled polariton pairs [32,34].
Scattering processes involving both polariton branches can
lead to the emission of photon pairs, which are entangled with
respect to the branch index [29,31].

In the present work we show that semiconductor micro-
cavities can be used to generate strongly entangled photons
and demonstrate how their entanglement can be identified. In
our study, we apply different pump beams to the microcavity,
which leads to the emission of a large number of entangled
photon pairs. These pair correlations can be identified as a
strong entanglement, if we decompose the emitted light into
two ensembles of beams. The identification of these strong
correlations is done using SN witnesses. We quantify the
impact of a lossy channel on the strongly entangled systems
by determining the SN. This procedure is closely connected
to the solution of the SN eigenvalue equations. As a result,
we show that different degrees of dephasing require different
kinds of witnesses to detect strong entanglement.

We proceed as follows. In Sec. II, we briefly recapitulate
the physical description of the polariton formation in planar

©2012 American Physical Society
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microcavities. The intracavity scattering dynamics leads to
branch entangled polariton pairs, which will be discussed in
Sec. III. The coupling of the polaritons to radiation modes
considered in Sec. IV yields strongly frequency-entangled
photons. We verify their correlations by the use of entangle-
ment and SN witnesses. In Sec. V, we study the dephasing
due to the propagation of the frequency-entangled radiation
through a linear dispersive medium. Section VI presents our
conclusions.

II. PLANAR MICROCAVITY MODEL

In this section, we briefly recapitulate the quantum Hamil-
tonian model for semiconductor microcavities. It is based on
the bosonic picture of interacting excitons [29,38,39] and can
easily be used to investigate polariton parametric scattering in
momentum space. Another common approach is based on the
dynamics-controlled truncation formalism [40—42] that can be
written in terms of the 7 matrix [43].

In semiconductors the fundamental excitations are electron-
hole pairs with radius Rx and binding energy E, =
e?/(2e Rx), with € being the static dielectric constant of the
crystal. Since excitons are composite particles made up of
fermions, they have an internal structure. Moreover, we have
to take into account an effective exciton-exciton interaction
[38,39],

R% toot
Hyy = 6E, =% > bleygblo_gbibic- (1)
KK.q

In this equation by (bl) are bosonic annihilation (creation)
operators of excitons with wave vector k and dispersion
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Ex(k), and A is the sample surface. Since we consider
planar microcavities, all wave vectors in Eq. (1) shall be in
plane. As a simplification, we assume dispersionless excitons
Ex(k) = Ex and work in units where 1 = ¢ = 1.

Coupling the excitons of the crystal to in-plane cavity
photons with dispersion

Ec(k) = Ec(Ik]) = Ec(0)v'1 + (k/ko)*, 2

where kg = E¢(0), we have to consider the exciton-photon
interaction. The harmonic part of this interaction is given by

Hyc = Qg Zblak + H.c.,
k

3)

where 2Q denotes the vacuum Rabi splitting and a, (alt) are
bosonic annihilation (creation) operators of the cavity photons
with in-plane wave vector k. It leads to lower (j = 1) and
upper (j = 2) polariton branches

Ej(K) = L(Ec() + Ex F [Ec(k) — ExP +423). )

which depend on the modulus & = |Kk| only.

Figure 1(a) schematically shows the polariton dispersions
E (k) and E, (k) (solid lines) as well as the dispersions Ec(k)
and Ex of the cavity photons and the excitons (dashed lines).
Note the anticrossing of the polariton branches, which is due to
the strong coupling of exciton and cavity photon modes. The
parameter 22, is oftentimes called polariton splitting, since it
determines the distance E,(kK) — E(K) when the exciton and
cavity photon modes are resonant, Ec(k) = Ex.

C A
(a) . / () \inear me
ﬁ E2 // = = =
<5 e N T
B¢
7 Ex
,,,,,,, et P PR S
- F,
0 k
(b)
151 - 1.51
' 1.508
TV ° 1.506
1.504
1.505 - o, 1.502
1.5
1.498

polychromatic pump

FIG. 1. (Color online) Sketch of the considered physical processes. The inset (a) shows the dispersion relations of the excitons, cavity
photons, and polaritons. Part (b) visualizes the interbranch polariton pair scattering. Panel (c) depicts the emission and propagation of the

emitted entangled light.
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The anharmonic part of the total Hamiltonian of the exciton-
photon interaction (saturation) is [37,38]
1 Qr

= —a
k+q
2 KK .q NsatA

H = — bl gbibg +He,  (5)

where ng = 7/(16:TR§) is the exciton saturation density.
Together with the exciton-exciton interaction Hyy, it gives
rise to an effective polariton-polariton interaction

1 R§( i isjsis t ,
Hpp =3 D0 30 VG PlacraPiw—aPixPiac - (©)

Here the Pk (p;k) are bosonic annihilation (creation) op-
erators of polaritons in the lower or upper branch with
in-plane wave vector k. The effective branch-dependent

V,/\273%% can be calculated through a unitary Hopfield

potential g
transformation [44]
Mk \ [ Pix
7
M22k) < D2k O

b\ _ ( M
ax M1

as
J1j2j3Ja
k.k'.q
——— = 12M\j ks qM1ji—q M1 jikc M jyi
Ey
8

s (M) rqMjok—q M jk M e
+ Maje My jk M ok —q M jkrq) - ®)

In Eq. (8) we have introduced the ratio of polariton splitting to
binding energy, p; = 22z /E}),. For the matrix elements of the
Hopfield transformation one finds the relations

Mok = Myx = 1/y/1 + pg, (&)
M = =My = /1 — M}y, (10)

_ Ex(k) — Ec(k)
= 7QR .
Note that in contrast to the relations used in Ref. [29], the
coefficient My is always positive.

InFig. 2 we show the dependence of the squared coefficients
M3, and M?, on the modulus k of the wave vector k for
different values of the normalized detuning
_ Ec(0)—Ex
T

where

(11

Pk

8 (12)
For large values of k the coefficient M121k — 1, and conse-
quently excitons and cavity photons do not mix. The polariton
modes are equal to the separated exciton and cavity photon
modes. For smaller & the value of M 121k depends on the detuning
6 and the polaritons are a combination of excitons and cavity
photons. This mixing is due to the strong coupling of excitons
and cavity photons.

III. BRANCH-ENTANGLED POLARITONS

Since we are interested in the generation of entangled
polariton pairs, we consider a situation where a pump laser

PHYSICAL REVIEW A 86, 052313 (2012)

FIG. 2. (Color online) Coefficients of the Hopfield transformation
matrix in Eq. (7), for the parameters Ec(0) = 1.5 eV and Qx =
2 meV. The solid lines correspond to M7, and the dashed ones to
M, The color of the curves indicates the values of the normalized
detuning 8. For large values of |K| the coefficient M7, converges to
one and M?%, vanishes.

stimulates scattering processes of polaritons. It was shown
theoretically in Ref. [34] and experimentally in Ref. [32], using
“which-way” experiments, that pumping the lower polariton
branch can lead to the generation of polarization-entangled
polariton pairs. Here we are interested in a different situation
where the pump laser drives coherently the upper branch
at a given wave vector k,, as illustrated by Fig. 1(b) for
k, = 0.05kge,, Ec(0) = 1.5eV, Qr = 2meV,and § = 0. The
pumped polaritons (solid black circles) scatter into states be-
longing to different branches, j; # j, (open black circles). In
this setting, frequency or branch entanglement arises since both
paths (indicated by the green lines) are indistinguishable, i. e.,
they are simultaneously phase matched. For strong pumping
we approximately replace the annihilation operator p, by its
mean-field value (po,) and use Pzzkp = (pu,)*Ry/A. This
yields a parametric Hamiltonian

1 4
par _ % 2 1222 f |
HYp = 5 P (Vi aP ik, <P,
q

+ Vl(z;,%(i,quk,&qp}k,,—q) +He. (13)

that approximates the polariton-polariton interaction Hamilto-
nian (6) for the scattering process of Fig. 1(b). Note that each
pair of polariton creation operators has a different effective
potential, such that we cannot factor out the effective potential
as done in Ref. [29]. Additionally, there is a mean-field shift
of the branch-dependent energy:

~ . 2
Ej(1) = E;() + A, | P, | (14)
where
, o o -
A‘Jl‘zkn = %(V‘l{kjlfo + sznjv%ljo + V‘lv{‘jpzvkl)*q + Vk]pzrquq*kn)’ (15)

Assuming that the scattering wave vector q fulfills the
phase-matching condition for the considered interbranch
polariton pair scattering process,

Eyny(k, +q) + Eiok, — q) = 2E>(k,), (16)

the Hamiltonian H5) from Eq. (13) applied on the vacuum
state |vac) generates branch-entangled pairs of polaritons in
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the state
T T i i
lp) = (05 Pix,+qP2k,—q + 8 Pﬁk,,+qplk,,_q)lva0)- a7
Here we introduced the parameters
1222 1222 )2 2122 \27-1/2
o=Vl o[ (Vonod) (Vo]
2122 1222 )2 2122 \271-1/2
ﬂ = Vk,,,k,,,q[(vk,,,kl,,q) + (Vkﬁ’k[”q) ] ’
characterizing the properties of the material. In contrast to
Ref. [29], the state |¢) in Eq. (17) is not a Bell state (for
o # B%), which is due to the inequality of the effective
branch-dependent potentials. As usual, o> + 82 = 1 ensures
the normalization of |¢).

In that the polariton energy dispersions E; (k) depend on
k only, the phase-matching condition is fulfilled if

k, +ql* = [k, — q*, (19)

being equivalent to q L k,. The second part of the phase-
matching condition in Eq. (16) yields

Ec(kp +q)) + Ex = 2Ex(k)). (20)

The solution of this equation gives the absolute value of the
scattering wave vector q:

2E,(k,) — Ex \?
|q|2=(%) - P @D

(18a)

(18b)

Because the sign of q remains unspecified, the phase-matching
condition is fulfilled for two equivalent interbranch polariton
pair scattering processes. Entangled polaritons in the state
(17) appear due to the indistinguishability of these scattering
channels.

As we have mentioned above, the value of § influences
the nonlocal character of |¢), cf. Eq. (23). In case B = 1/2,
we have a true Bell state, and |¢) is separable for 8 = 0 or
ﬂ2 = 1. In all other cases, we have an entangled state as a
superposition of two product states. Such states are referred
to as Bell-like states. They violate a Bell inequality, but not
maximally [7].

In Fig. 3 we plot the value of 82 for the phase-matching
scattering wave vector ¢ following from Egs. (19) and (21)
as a function of the normalized detuning § and the polariton
splitting to binding energy ratio p,. From this figure we
can deduce that the state described by Eq. (17) is a true
Bell state only on a specific line in the (§,ps) plane. For
values of § and p, apart from this line the state of the
polariton pair is an entangled Bell-like state. Since § and p; are
determined by the material, we are in the position to tune the
entanglement properties of the polariton pairs. For example,
we might consider materials, where the polariton splitting
is of the order 2Q2x ~ 4 meV, while the exciton binding
energy approximately is E, ~ 10 meV. Since the ratio of the
anharmonic exciton-photon interaction to the exciton-exciton
interaction, [47 Qg/(21E;)]?, is of the order of 1072, it is a
fairly good approximation to omit the anharmonic part of the
exciton-photon coupling. The particular choice p;, = 0 causes
a simpler effective branch-dependent potential

./1./‘[2./‘3./‘4
k’ki’bq ~ 12My kg M jow —q M1 kM i s (22)
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FIG. 3. (Color online) Magnitude of 8% in the (8,p,) plane
according to Eq. (18b) for Ec(0) =1.5 eV, E, = 10 meV, and
k, = 0.05koe,. The phase-matching scattering wave vector q follows
from Egs. (19) and (21).

Vklffp’q = Vlfpliz[“q, and o?> = B2 = 1/2. Obviously, such mi-
crocavities create polariton pairs in a Bell state configuration.

Another important effect results when we apply several
pumps with different pump wave vectors k,i,K,», ... to the
microcavity. Motivated by experiments is a pump-pulse train,
where all k,,, n = 1,2, ... are aligned in the same direction
but have different amplitudes. Then we have a phase-matching
condition for each k,,. Accordingly, branch-entangled polari-
ton pairs appear for all phase-matching scattering wave vectors
q, following from Eqs. (19) and (21) by inserting the respective
pump vector k,,. Then the state of N branch-entangled
polariton pairs takes the form

N
_ T T
) = H (a" Pk, +q, pék,m—qn

n=1

+Bu P, Pikyy—a,) VS (23)

The normalization [J(e2 + 82) = 1 of this state follows from
the property o2 + 82 = 1 for each n.

IV. ENTANGLEMENT OF EMITTED LIGHT

A. Frequency-entangled photons

In the following, we consider the emission of entangled
light from the microcavity. As shown in Ref. [29], the coupling
of the intracavity polaritons to an external field can be
described by the quasimode Hamiltonian

Hey =Y / dw g(@)|Mjl*al , py +He.  (24)
ik

with a frequency-dependent coupling g(w). The creation
operator “I).k describes an emitted photon with frequency w
and in-plane wave vector k. The coupling of each branch
to the external field is proportional to the photonic fraction
|Mjox|?. If the |Mjx|* are of comparable magnitude, the
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branch entanglement of the polaritons transfers to a frequency
entanglement of photon pairs in the state

N
¥) = [[nal —al , + Bual _a} lvac).  (25)
n=1

where the multi-indices are defined as
(n,+) = (El(k[m + qn)’kpn £ qn),
(ﬁ,:l:) = (EZ(kpn + qn)vkpn + qn)

Obviously, Eo)(Kp, — q,) = E12)(Kps + q,), for scattering
wave vectors ¢, fulfilling the phase-matching condition (16).

We now identify the entanglement of the multiple photon
pairs as strong entanglement by changing the point of view
according to Fig. 1(c). For this purpose, we decompose the
compound Hilbert space H of the emitted photons into two
parties, H = H_ ® H,, where the subspaces H. contain
all photons emitted with an in-plane wave vector k,, & q,,
respectively. In Fig. 1(c), this yields two spatial subspaces for
all photons emitted to the left-hand side or to the right-hand
side. We choose this particular decomposition in order to
quantify entanglement in possible which-way experiments. It
is important to stress that other possible decompositions could
be treated similarly, but they may give other outcomes [1,45].
Our particular decomposition is motivated from experimental
accessibility. Consider, for example, the above-mentioned
pump-pulse train, where all k,, are aligned in the same
direction e, but have different amplitudes. Then, according to
the solution of the phase-matching condition (16) in Sec. I1I, all
scattering wave vectors q, are perpendicular to the symmetry
axis ey, i.e., photons with wave vectors Kk, & q, are spatially
separated.

Let us describe this decomposition mathematically. We
may introduce the states |0), for a photon with an energy
Ei(k,, +q,), and |1), for a photon energy E>(K,, + q,).

With these definitions we get al’_a%&lvac) =10), ® |1), and

al _al ,Ivac) = |1), ® |0),. Thus, the state |y) in Eq. (25)
reads

(26)

N

1) = [J@nl0)n @ 11+ Bul 1)y ®10),).  (27)

n=1

The expansion of this product yields a sum of 2V product states

(f[l |in>n> ® (ﬁ[l 11— in)n)

JAN) R =iy, ..., 1 —iy) (28)

with i, € {0,1}. The sequence (in),]:’=1 can be understood as
a binary representation of an integer m between 0 and 2V —
1, whereas the corresponding sequence (1 — in),’l\':1 gives the
complement integer 7 = (2¥ — 1) — m. As a result we obtain

=lit,...

2N
W)= Yulm,im) (29)
m=0
with coefficients
N
Y = [ JI( = in)otw + inful. (30)

n=1
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The expression (1 — i,)w, + i, B, equals «, fori, = 0 and 8,
for i,, = 1. The normalization condition reads

2N 1 N
Yova=[ll+8)=1. (31)
m=0 n=1

Note that in the form of Eq. (29) |v) is no longer a multipartite
product state, but a strongly entangled bipartite state.

B. Identification of strongly entangled states

To identify bipartite entanglement we use entanglement
witnesses [46,47], or, more specifically, SN (Schmidt number)
witnesses. For pure states the SN arises from the Schmidt
decomposition of the state [2]. For example, if we consider the
pure state |y), cf. Eq. (29), the SN is the number of nonzero
coefficients y,,. Thus, the SN quantifies the entanglement
based on the quantum superposition of the product states
|m,m). SN witnesses can also be employed for mixed quantum
states.

The construction of SN witnesses is a challenging task.
Recently we have shown that one can use general Hermitian
operators to identify the amount of entanglement [23]. A (in
general mixed) quantum state has a SN greater than r if and
only if there exists a Hermitian operator L with

(LY =Tr pL > f,(L), (32)
where

fr(L) = sup{(y,|LIY;) : [¥r) SN r state}.  (33)

A SN witness can be constructed from [ f,.(L)I — L]. Obvi-
ously, the case r = 1 is equivalent to an entanglement test [47].
A possible way to identify the value of the function f,(L) is
based on a generalized eigenvalue equation—the so-called SN
eigenvalue equation—which takes the form

Llyy) = gl + 1x) (34)

with |x) being a biorthogonal perturbation, cf. [23]. The
value g is the SN eigenvalue and the vector |,) is the
SN eigenvector. The largest SN eigenvalue is the value of
the function f,(L) for the SN test in Eq. (32). The case
r = 1 delivers the separability eigenvalue equations [47], and
we have shown that they also apply to the identification of
entanglement via negative quasiprobabilities [48,49].

Now, let us measure the entanglement with respect to the
chosen decomposition of the Hilbert space H. To determine
the SN of the state, we consider the projection L = |¢) (|
and obtain (L) = (¥|L|¥) = 1. For the function f,(L) we get

[y =max{y; +---+y, im #mjfori #j}, (35

which is the sum of the r largest squared Schmidt coefficients

[23]. Due to the normalization of the state, Zi{v :B' y,ﬁ = 1, the
value of f.(L) is smaller than 1, if there exist more than r
values B,, # 0. In conclusion, the considered pure state |y)
has a SN of 2V, in the general case that all a,,8, # 0 for
n=1,...,N.

We conclude that the emitted light, which directly cor-
responds to the cavity-internal quantum state, is strongly
entangled. In order to generate such a state, the quantum
superposition of local states |m, ), is required at least r = 2V
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times. These strongly entangled outputs verify the internal
quantum correlation between the branch-entangled polaritons
inside the cavity structure. However, in a more realistic
scenario, we have imperfections causing a loss of quantum
entanglement. For example, the initially strongly entangled
state |¢) (1| could undergo a dephasing. In the limiting case
of full dephasing, the state pgepn becomes

2N -1
Pacgh = Y Volmm)m. i, (36)

m=0

and contains no interferences of the form |m,m)(l,I| forl # m.
In this scenario, the SN equals the minimum value one for the
separable state pgeph. This means that this state is useless for
any protocol based on entanglement. In the following, we will
study the amount of entanglement in the intermediate region
between no and full dephasing.

V. DEPHASING

In quantum optics the role of losses is crucial and has to be
considered carefully. On the one hand there are internal losses
leading to branch-, wave-vector-, and excitation-density-
dependent broadenings for the polariton modes. Examples are
scattering with acoustic phonons [34,50], mixing with states
of the exciton continuum [51], Coulomb induced parametric
scattering [50], or losses through the cavity mirrors. On the
other hand, there are external losses diminishing the initially
available amount of entanglement. Once entangled radiation
is emitted out of the cavity a major source for the loss of
entanglement is dephasing [23,49]. We here aim to quantify
this lossy channel, i.e., we neglect all internal losses and
assume that the microcavity emits strongly entangled photons
that shall be detected at a certain fixed distance.

A. Propagation through different linear media

In the bipartite setting under study, the two parts of the
entangled radiation field would in general propagate through
different media, cf. Fig. 1(c). In the case of pumping by a
pulse train, already some small differences in the dispersive
properties of the two media would lead to significant relative
phase shifts and hence to an overall dephasing effect diminish-
ing the entanglement between the output channels of the two
transmission lines.

Let us assume two media with linear dispersions given
by w+(k), where the index =+ indicates the propagation in
‘H., respectively. The Hamiltonian reads Hyepn = H_ + H,,
where

N
Hy =Y [ow(Eval wa, o +or(Exal  az ] (37)

n=1

with the energies Ey,2, = E12)(Kp, £ q,). Recall that en-
ergies for wave vectors K,, & q, are identical for phase-
matching scattering wave vectors (,,. These Hamiltonians are
diagonal in the photon number basis, such that

Hym) = Ey +|m) (38)

PHYSICAL REVIEW A 86, 052313 (2012)

with modified eigenvalues in the binary representation (i, )2’=1
of the integer m € [0,2V — 1]

N
Ey+= Z[(l — ioi(E) + iox(Ew)]. (39)

n=1

It is obvious that the vacuum can be expressed in the same way
using the dispersion relation wy,(k) = k.
The time evolution of the initially emitted radiation is

V-1

—i(H_+H. —i(Em,—+Egm, m

[ () = e "I gy = N " e En Bty Im ).
m=0

(40)

The spatial distances from the cavity to detectors in the left
and right subspaces are assumed to be equal. However, the
optical path lengths differ in both parties and depend on the
frequency components of the propagating fields. Effectively,
the arrival times at the detectors differ for the different field
components created by the microcavity system. This leads to
the exponential factor in Eq. (40) which takes into account the
phase shift between the two parties of photons.

To obtain the photon state measured by the detectors, we
have to average over the different arrival times to account
for the different optical path lengths. In practice the resulting
statistics depends on the details of the dispersive properties of
both media representing the two propagation channels. Such
a treatment must be based on an experimental analysis of the
used channels, which is beyond the scope of the present paper.
To demonstrate the basic principles, we simply suppose an
equally distributed difference of the arrival times in the two
channels. This yields

1 e
Bltnaty) = —— / dit 19 (0) (Y (0|
nh—nJ;

1

P
— Z YVl o~ ixmi (11 +12)/2
m,l=0
th—t -
x sinc (xm, 2 l>|m,m><z,z|, (41)
with
b —ixt —ix(a+b)/2 b—a
e dt = (b —a)e sinc | x , (42)
a
where X,y =(E, -+ Egy—E_ —Ej,), sinc(y) =

sin(y)/y. The state p(t;,t;) in Eq. (41) represents the
structure of the density operator of entangled light suffering
from dephasing. For At =1, —t — oo we obtain the
separable state pgepn. All the correlations generated by the
branch-entangled polaritons vanish in this extremal situation.

Clearly there is no dephasing if the photons in both Hilbert
spaces Hy propagate through the same medium, w.y (k) =
w(k), as it is perfectly realized in vacuum channels. Under
such conditions, the sum

N
Eyp++ Ep+ = Z[w(Eln) + w(E2n)] (43)

n=1
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is independent of m such that x,,; = 0 forallm,l € [0,2Y — 1].
The difference in the optical path lengths only depends on the
difference of the dispersion relations between left and right
Hilbert space. Thus, without loss of generality, we can assume
that we have a free-space propagation in H,; and a linear
medium in H_ as anticipated in Fig. 1(c).

B. Detection of strong entanglement

To quantify strong entanglement in the continuous-variable
mixed state p(t1,1,) for finite Az, we need to find a suitable test
operator L. As we have seen in the case of pure states, the test
operator should be closely related to the density operator in
order to have a large value on the left-hand side of Eq. (32). On
the other hand, the value f,(L) should be as small as possible.
Together this means that we should use a test operator L in the
form

2N 1

L= Tpylmm){Lll, (44)

m,[=0

with the positive semidefinite matrix of coefficients
N_
T = (Cwi)pio- (45)

As shown in Ref. [23], in such a case we can obtain the function
fr(L) just by determining the largest eigenvalue of all r x r
principal submatrices of T'.

To construct a suitable test operator we consider the given

state 5(t1,02) = Yo 1o Pt L. Let x® = (x)2)]

m=0
be the kth eigenvector of the coefficient matrix (,om,,)i’,; 10 for
a nonzero eigenvalue. Then we choose L to be the projector in
the subspace spanned by the vectors

2N —1

x®) =" xPlm.m). (46)
m=0

This means T, ; = Y, x®x*. Analogously to the case of a
pure state we obtain

(L) = Tr p(t,L)L = 1. A7)

As long as the subspace given by all [x®) does not contain a
SN r vector |;,), for the projection L holds:

fr(L) = i}q}’(lprlLer} <1 (43)

Hence we get a SN greater than r whenever f.(L) < 1 = (L).

At this point, let us comment on the particular choice of the
observable L. The fact that L is a projection guarantees a high
verification rate of the SN test given by Eq. (32). The main
advantage of using L, which depends on p(t;,1,), relates to the
appearance of a large mean value (L) on the left-hand side of
Eq. (32), representing the measurement outcome. By contrast,
the right-hand side of the SN inequality test, for our choice,
takes a comparably small value f,(L) because the projected
subspace of L, by construction, has no SN r state in its
range.

In Figs. 4 and 5, we plot the SN of the state p(1,%,)
depending on At for different values of the normalized
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FIG. 4. (Color online) Amount of entanglement within the state
o(t1,1,) depending on At and quantized by the SN. We apply three
different pumps with wave vectors k,, = 0.025nkpe,, n = 1,2,3 to
the cavity. The system parameters are Ec(0) =1.5 eV and E;, =
10 meV. The dispersion of the medium is chosen to be w(k) = 0.5k.
Based on our units 7 = ¢ = 1, we choose a typical reference time
scale 7o = 1 eV. The inset shows the behavior for weak dephasing.

detuning § and the ratio of polariton splitting to binding energy
ps. Figure 4 shows the case, where the microcavity is pumped
by three beams with different wave vectors aligned in the
same direction. Hence, the maximal possible SN of the emitted
radiation is eight. Applying an additional pump, the maximal
achievable amount of entanglement increases to 16 (see Fig. 5).

Both figures indicate that an increasing dephasing due to
the increase of At, yields a decreasing SN. For At = 0 the
SN of the state p(t;,t,) is equal to 2V, which is the maximum
value. The jumps of the value of the guaranteed SN from r to
r — 1 occur for values of Ar where the corresponding witness
fails to identify a SN larger than r. For a fixed value of Az the
SN strongly depends on the properties 6 and p; of the planar
microcavity. A higher number of pump beams—and thus a
higher initial SN—may significantly increase the range of At
for which the state p(t;,1,) is still entangled (compare Figs. 4
and 5).

At/ (10° t,)

FIG. 5. (Color online) Amount of entanglement within the state
p(t,1y) for N = 4 different pumps. The parameters are the same as
in Fig. 4, aside from the additional Kk, for n = 4.
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VL. CONCLUSIONS

We have discussed polariton scattering processes within
planar semiconductor microcavities with a focus on the
possible creation of entangled polariton pairs. In extension
to previous works, we show that a polychromatic pumping
of the upper polariton branch, as motivated by experiments,
leads to a simultaneous creation of multiple branch-entangled
polariton pairs. The coupling of the intracavity scattering
dynamics to an external field then transfers these kinds of
quantum correlations to frequency-entangled photon pairs.
Since the entanglement properties of these photon pairs are
determined by parameters of the device, the measurement of
the photon correlations gives valuable information about the
internal branch-entanglement within the microcavity.

The simultaneous creation of photon pairs renders it possi-
ble to generate an arbitrary number of copies of entangled qubit
states p, of the form p ® p ® - - - ® p. Such kinds of states are
desired to perform quantum operations based on entanglement,
such as quantum teleportation. Usually the generation of such
states requires that a source of entangled states produces at
each time a state p, which will be stored in a quantum memory
to obtain the desired number of copies. Here, the number of
pump beams or the spectral properties of a pump-pulse train
determine the maximal number of simultaneously available
entangled qubits. By properly choosing the wave vectors of the

PHYSICAL REVIEW A 86, 052313 (2012)

pump field, one can optimize the Bell-type correlations within
one or more of those entangled qubits. Microcavities pumped
with a single pulse of polychromatic light serve as generators
of copies of entangled qubit states, making optical quantum
memories superfluous. Decoherence due to the storage time in
a quantum memory cannot occur.

If desired, the multipartite pair correlations can be mapped
to strong bipartite entanglement. The quantification of such
correlations can be done via the determination of the Schmidt
number, which automatically quantifies the multipartite pair
correlations and the branch entanglement in the microcavity.
From our results follows that the Schmidt number of such an
unperturbed system is maximal and it can be controlled by the
properties of the pump field. A dephasing channel diminishes
this resource of entanglement. However, we showed that a high
amount of entanglement can be guaranteed for a certain range
of parameters. By using a higher number of pump beams or
properly designed pump pulses, one may not only increase
the initially available amount of entanglement, but also its
resistance against dephasing.
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Multipartite entangled light from driven microcavities
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The generation and the characterization of multipartite entangled light is an important and challenging task
in quantum optics. In this paper the entanglement properties of the light emitted from a planar semiconductor
microcavity are studied. The intracavity scattering dynamics leads to the emission of light that is described by a
four-partite W state. Its multipartite correlations are identified by using the method of entanglement witnesses.
Entanglement conditions are derived, which are based on a general witness constructed from W states. The results
can be used to detect entanglement of light that propagates through lossy and even turbulent media.

DOI: 10.1103/PhysRevA.88.042310

I. INTRODUCTION

The phenomenon of quantum entanglement relies on
the superposition principle of quantum physics. Since the
pioneering works [1,2] this effect has been regarded as one
fundamental discrepancy between the quantum and classical
domains of nature. Nowadays, entanglement is considered
to be a key resource for quantum information technologies
(cf., e.g., [3-5]).

Quantum entanglement is defined as a kind of correlation
between subsystems, which cannot be interpreted in terms of
classical joint probabilities [6]. Especially in the multipartite
scenario, these nonclassical correlations exist in various forms
(for an introduction, see, e.g., [4,5]). The most elementary
examples of nonequivalent forms are given by GHZ states
[7] and W states [8]. Among many possible applications
of entanglement, the best studied ones are quantum key
distribution [9], quantum dense coding [10], and quantum
teleportation [11].

Typically one can detect entanglement using so-called
entanglement witnesses [12,13]. These observables are non-
negative for separable states, but exhibit negativities for
entangled ones. To quantify the amount of entanglement within
a system [14-18] one has to find a proper entanglement mea-
sure, which can be constructed from entanglement witnesses.
For bipartite systems the solution of such an optimization
procedure is given [17,19]. In the multipartite case, the
problem of finding an optimal entanglement measure is still
unsolved. The construction of multipartite witnesses has been
resolved only recently [20].

A system where the identification of multipartite entangled
light becomes important is a two-dimensional semiconductor
microcavity [21-25]. Here, an optical driving with a laser
field at a frequency near the fundamental band gap of the
semiconductor can coherently create excitons, i.e., bound
states of electrons and holes. In the low density limit, excitons
can be described as an ideal gas of bosons. For high densities
one has to account for the fermionic nature of the exciton
constituents, leading to effective exciton-exciton interactions

*fehske @physik.uni-greifswald.de
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[26-30]. Within the microcavity, the strong coupling of cavity
photons with semiconductor excitons leads to an anticrossing
of the energy dispersions of the mixed exciton photon modes—
so-called polaritons [31,32]. Polariton-polariton interactions
arise from the Coulomb interaction within their electronic
parts [26,28]. Due to this interaction, pumped polaritons
can scatter into pairs of signal and idler polaritons, if
energy and momentum are conserved. It has been shown,
that the signal and idler polaritons can be in an entangled
state [21,33-36].

While the generation of multipartite entanglement in planar
microcavities is based on the strong coupling between the
intracavity field and the semiconductor excitations, alternative
generation schemes have been proposed in the literature. Re-
alizations involving linear optics such as beam splitters rely on
parametric light sources, e.g., squeezed light [37]. Examples
for setups using nonlinearities are concurrent interactions in
second-order nonlinear media [38], interlinked interactions
in x® media [39], and down-conversion in parametric
media [40].

In the present paper we demonstrate that multipartite entan-
glement can be created and identified in driven microcavities.
In particular, we consider the emitted light from a planar
semiconductor microcavity that is driven by four pumps. This
leads to the generation of photons in a four-partite W state.
The detection of their multipartite correlations is based on
entanglement witnesses. This method requires the solution
of the so-called multipartite separability eigenvalue equations
[20], and we provide the full solution for a class of witnesses
that is based on a generalized pure W state. This allows us
to study the loss of entanglement of the emitted light when it
propagates through lossy media.

We proceed as follows. In Sec. II we briefly recapitulate
the bosonic description of planar microcavities and present
the pump geometry that leads to the generation of polaritons
in a W state. Their multipartite entanglement is verified
in Sec. III. In Sec. IV we study the propagation of the
emitted light through the atmosphere and its impact on the
entanglement properties of the photons. We use the solution
to the separability eigenvalue equations for a generalized pure
W -state witness, obtained in Sec. IV B. Section V presents our
conclusions.

©2013 American Physical Society
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II. SETUP FOR THE GENERATION
OF ENTANGLED LIGHT

In this section, we give a short review of the description of
planar microcavities in terms of bosonic polaritons [21,26,27].
This description can easily be used to investigate polariton
parametric scattering in momentum space [21,36], and we
propose a scenario that leads to the generation of polaritons in
multipartite entangled states.

An alternative approach for the description of polariton
scattering is based on equations of motion for the exciton and
photon operators and is called dynamics controlled truncation
formalism [41-43]. It was recently extended to double and
triple cavities [35].

A. Bosonic description of planar microcavities

Our staring point is the bosonic description of two-
dimensional semiconductor microcavities in the basis of
excitons and cavity photons. The excitons are assumed to be
dispersionless, i.e., Ex(k) = Ex, whereas the photon energy
Ec grows linearly with the modulus of the three-dimensional
wave vector. Projected onto the two dimensions of the
microcavity we obtain Ec(k) = Ec(0)y/1 + (k/ko)?, where k
is the modulus of the in-plane wave vector k and kg = Ec(0).
As a simplification, we work in units where i = ¢ = 1.

The interaction of excitons and cavity photons can be sepa-
rated into a harmonic and an anharmonic contribution [26,44].
In the harmonic approximation, we can perform a Hopfield
transformation [45] to get new quasiparticles called polaritons.
The Hamiltonian of noninteracting polaritons then reads

Hp =Y E;(Kphp)e 1)
jik

where p;k creates a polariton with in-plane wave vector k in
the lower (j = 1) or upper (j = 2) branch with energy E;(k).
Figure 1 inset (a) schematically shows these functions (solid
lines) together with the dispersions Ec(k) and Ex of the cavity
photons and excitons (dashed lines). For large values of k the
polariton modes are equal to the separated exciton and cavity
photon modes. For small k the strong coupling between the
excitons and the photons of the planar microcavity leads to an
anticrossing of the polariton dispersions.

A polariton pair interaction arises from the anharmonic
exciton photon coupling and from the Coulomb interaction
within the electronic part of the excitons and is given by
[21,26,30]

1 RY .. ..
Hep =5 > TXVlillf"ﬁhpjlkJrqu’zk’fqp-fSkp e (2)
kK.q ji,j»
J3+Ja

In this equation Ry is the exciton radius, A is the sample sur-

face, and Vk’ 'lf,z_";}j“ is the effective branch-dependent potential,
J1j2J3J:
Vikg
— - = 2MyjikiqMijk-a MMk
b
8
— 7 ps (MajicsqMi joe—q M1 M jxe
+ MijkiqMij—qMijkMaj). 3
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Here, E}, = €?/(2¢Ry) is the exciton binding energy with
€ being the static dielectric constant of the crystal, and
ps = 2Qr/Ey is the ratio of polariton splitting to binding
energy. The coefficients My follow from the Hopfield

transformation as Mjjx = Myx =1/~ 1+ ,o]% and My =
—Myix = V1 — M3, where px = [E2(k) — Ec(K)]/ Q.

B. Polariton parametric scattering

We consider an experimental setup that involves scattering
processes within the lower polariton branch only. We choose
a four-pump scheme, where the wave vectors K, for n =
1,...,4 of the pumps have equal amplitudes. The scattering
of pumped polaritons into pairs of signal and idler is described
by single-pump (signal at k and idler at 2k, — k) and
mixed-pump (signal at k and idler at kp,, + Kp,, — k with n #
m) parametric processes. Within the setup under study (see
Fig. 1), the incident angles of the four pumps shall be below
the magic angle [22,25], such that single-pump parametric
scattering is negligible. In particular, we choose k,; = (kp,kp),
Kp» = (—=kp,kp), kp3 = (—kp, — kp), and Ky = (kp, — kp).

In Fig. 1 inset (b) we show the phase-matching function for
this scenario. This function is given by

4
o) = Y YHIEK) + Ei(kp + kpm — KD

n,m=1
—2E\(V2k) P + 3L, 4

where y is the polariton broadening. Mixed-pump scattering
processes of oppositely arranged pumps (|Ky, + Kyl = 0)
contribute to the circle with radius ﬁkp in Fig. 1 inset
(b). The four mixed-pump processes of neighboring pumps
(Ikpn + K| = 2k,) share a common idler mode at k; = 0,
such that the four corresponding signal modes are expected to
be entangled.

C. Emission of light

In the following we calculate the state of the emitted
polaritons in the absence of noise or losses. Since we consider
a setup, where the lower polariton branch is resonantly
excited, we can neglect all processes where polaritons from
the upper polariton branch scatter into some final states.
Thus, we can assume j; = js =1 in the polariton pair
interaction Hamiltonian, Eq. (2). Inspection of the polariton
dispersions in Fig. 1 inset (a) shows that there is no energy and
momentum conserving process, where two lower polaritons
with incident angles below the magic angle scatter into one
lower and one upper polariton. Hence, we can neglect all
contributions from the upper polariton branch and approximate
the polariton-polariton interaction Hamiltonian equation (2) by
the parametric Hamiltonian

4
1
par __ 1111
Hpp =3 > > itk ke, Piig, Pik,

k n,m=1

X p{kpfkpﬁkpwk +Hec., )

where P12k,, = (Plkp)2R§/A is a classical pump field. For
the proposed parametric scattering process with k; = 0 and
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FIG. 1. (Color online) Sketch of the considered physical processes. The pumping of the planar microcavity leads to the emission of light
whose multipartite entanglement is detected. Inset (a) shows the energy dispersion relations of the excitons, cavity photons, and polaritons.
Inset (b) depicts the phase-matching function for Ec(0) = Ex = 1.5eV, Qr =2 meV, and y = 10 ueV. The four pumps with k, = 0.01k are

arranged on a cone.

ks = (Ovzkp)v ks = (—ka,o), kg = (0, — 2kp)a and ky =
(2kp,0), the effective branch-dependent potential Vkl;,l,ll(
for neighboring pumps can be simplified, which yields

pm>—Kpn

W
el A e LR 12My10Miiok, My or, My o1
Eb P P
8
- TPS(MZIOMI12kpM11\/§kpM11\f2kp
+ MuioMioi, My, g5, Moy /31, ) (6)

being independent of the directions of the respective wave
vectors. In obtaining this equation we took into account
that the coefficients M; ; x depend on the modulus k only.

Consequently, we may take V; = Vl(llll](pw_kp,‘ and find

pns

HE = Vi, (Piky Piko Pl P, + Piks Py Pl Pl
+ Pk, Pk Pl Pk, + Pity Plkpd’Ikil’Ikﬂ) +Hec.
@)

We now assume coherent pump polariton fields of equal
amplitude, Plkp,, = Plkpm = Plkp forn,m =1, ...,4. Then, in
the limit of low excitation intensity (Vi | P, |2t <« 1) [33], the
Hamiltonian Hlfli“r from Eq. (7)—when acting on a vacuum
state—generates polaritons in the state

[Wou) = 511i(11s1 + D)2 + 113 + [1)sa), ®)

where we denote with |1)y the state of a polariton in channel
x =i (idler),sl1, ... ,s4 (signal). We now take the partial trace
over the idler mode i to obtain the state p of the four signal
fields

£ = Tri|Vou) (Voul = [Y ) (V] (C))

where

1¥) = (11,0,0,0) +10,1,0,0) +10,0,1,0) 4 10,0,0,1))
10)

is a four-partite entangled pure state, called the W state. In the
following, we denote this state as a four-mode W state. In a
similar way one may generate not only four-mode, but also
2N_mode W states.

To obtain the state of the emitted light we have to couple the
intracavity polariton scattering dynamics to an extracavity field
and determine the parametric luminescence. As is known from
previous results [27,32,46] there is a correspondence between
the properties of the polaritons within the cavity and the
emitted photons outside the cavity. In particular, due to energy
and momentum conservation, the emitted photon has both
the energy and the in-plane momentum of the corresponding
polariton. Since the coupling strength between an extracavity
photon and an intracavity polariton depends on the energy and
the modulus of the in-plane wave vector only, in the considered
setup every (polariton) signal mode is equally coupled to
a corresponding mode of the external field. Hence, we can
assume that the emitted signal fields outside the microcavity
are given by the state (8).
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III. IDENTIFICATION OF MULTIPARTITE
ENTANGLEMENT

In the bipartite case, several approaches for the identifica-
tion and even for the quantification of entanglement exist (see,
e.g., [3.4]). Examples are the relative entropy of entanglement
[15] and Schmidt number witnesses for mixed states [12,47].
In the N-partite case with N > 2 we must distinguish between
partially and fully entangled states. On the one hand, a pure
quantum state is called partially entangled if it cannot be
written as a product of states of each subsystem, i.e., it is
not fully separable. On the other hand, if the state is not even
partially separable, i.e., we cannot separate any subsystem, it is
called fully entangled. These definitions can also be extended
to mixed quantum states, since they can be written as classical
mixtures of pure states.

For the identification of entanglement we use the method
of multipartite entanglement witnesses [20]. A quantum state
p is partially entangled if and only if there exists a Hermitian
operator L with

(L) =Tr pL > frn(L), )

where fr(L) is the maximum expectation value of L for fully
separable states,

Jrn(L) = sup{(¥'[L|y) : |4) fully separable}.  (12)

Accordingly, the state p is fully entangled if and only if there
exists a Hermitian operator L with

(L) =Tr pL > fpan(L), 13)

where fpa(L) is the maximum expectation value of L for
partially separable states,

Fran(L) = sup{{(¥|L|¥) : |¥) partially separable}. (14)

An entanglement witness can be constructed as frparc (L)1 —
L, where [ denotes the identity [48].

The calculation of the values of the functions fx (L) and
Spar(L) is based on the solution of so-called separability
eigenvalue (SE) equations [20]. In the N-partite case with
the combined Hilbert space H = ®,1(V:1 Hi the maximum
expectation value of L for fully separable states can be obtained
from the solution of the equations

Ly, i s [WE) = 81Vk) (15)
fork=1,...,N. Here |{) € H are the normalized eigen-

states of the reduced operator

Ll//hm-Wk—]J//k+1w-<,1//N
=Try 1k 1, NAYD U Q@ - - @ [Yrp—1 ) (V1]
QI @ [Yiy1) (Vi1 ® - - @ [Yn)(¥nDL],  (16)

and the corresponding eigenvalue g,

&=V, ... . ¥NILIY1, ... . ¥wN), 7
is called SE of L. The value of the function fg(L) then is
Sfran(L) = max{g : gSE of L}. (18)

The value of the function f,,(L) in general depends on the
chosen decomposition of the combined Hilbert space, which
can be computed by the same form of equations [20]. In the

PHYSICAL REVIEW A 88, 042310 (2013)

N-partite case H = ®,}(V:1 ‘Hy a separation of H into K < N
subsystems results in the SE equations

Ly, i i sv V) = g1W%) (19)

for j =1,...,K. Note that the symbols |¢}) in Eq. (19)
denote a state of the kth subsystem with k € [1, K], whereas in
Eq. (15) itis used for a state of the kth mode withk € [1,N]. To
obtain the value of the function fp,+(L) we have to consider
all possible partial decompositions of the combined Hilbert
space. For every decomposition we calculate the maximum
SE g. Then, fpa(L) is the maximum of all these values.

As an example, let us consider the four-mode W state
|[Yr) from Eq. (10). A general pure state of the nth signal
mode (n =1,...,4) is given by |¥,,) = (a)*|0) + (af)*[1)
with |afl|> 4 e |*> = 1. We choose L = p as the Hermitian
test operator, such that (L) = Tr pL = 1. From symmetry
reasons we have to consider one component only, say the
fourth one. The SE equation for full separability then reads

Ly, s,y |¥a) = gl¥a). We obtain
Ly, oy = 1¥1.23) (Y123 (20)
with
[Y123) = S(adaded + afoded + aladad)|0)
+ze005051). (e2))

Since we are interested in nontrivial solutions of the SE
equation, we find |y4) = M|y 23) with a normalization
constant M. The corresponding eigenvalue g then is

¢ = i(lojoda] + afatd +alofed]” + |ageded]’).  (22)

The maximum g is obtained for ) = a% = ag =+/3/2 and
we find

L)= 27 23
ffull( )_ 6747 ( )

which obviously is smaller than one, such that the four-mode
W state is shown to be partially entangled.

As mentioned above, the SE equations for partial separabil-
ity depend on the chosen separation. In a first step, we consider
the fourth mode as separated. The solution of the correspond-
ing SE equation then yields the maximum expectation value
foat H(L) = 3/4, where the superindex 123:4 indicates the
chosen decomposition. For symmetry reasons permutations of
this separation will result in the same value. For the remaining
separations we find f2*(L) = f2%*(L) = 1/2. Hence,

3
fpart(L) = Zv (24)

such that the four-mode W state |¢) from Eq. (10) is not only
partially but also fully entangled.

IV. ENTANGLEMENT IN THE PRESENCE OF LOSSES

In this section we study the propagation of entangled
light through media which can be described by realistic
loss models (cf. [49-51]). This may include losses during
the outcoupling of the field from the cavity [52], and the
subsequent propagation through lossy media. Of special
importance are turbulent media since they describe the typical
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propagation of light in the atmosphere [53]. In particular, we
perform an entanglement test where the witness is based on
a general pure W state. This allows us to study the effects of
the lossy channel on the entanglement within the state of the
signal fields.

A. Mixing with vacuum

We consider the case of a four-mode radiation field with up
to one photon per mode. In arandom loss model the initial pure
state mixes with some vacuum contributions. A replacement
scheme of this atmospheric propagation is a chain of beam
splitters, which transmits a part of the incident light and scatters
the remaining radiation. The scattered part of the light is given
by the reflectivity /1 — 5 of the beam splitter and, in general,
depends on the wave vector k of the propagating light, i.e., the
quantum efficiency is n = n(k).

Mathematically, this process can be described by replacing
the polariton creation operators ppg, in the Hamiltonian

equation (7) by a loss model of the output light ./, plm +

V1= n,,b,ﬁ, where 1, = n(ky,) and b,t creates a polariton in
bath n. Note that the elaboration for polaritons instead of
photons is justified through the equivalence of their respective
momenta [33,46], as we already mentioned in Sec. II. The
state of the emitted polaritons is then obtained by applying the
resulting Hamiltonian onto the polariton vacuum. To obtain
the state of the signal fields only, we take the partial trace over
the idler mode and the bath degrees of freedom. The resulting
state reads

1 4
Pix = [Ymix) (Wrmix| + 7 (4= D14 ]10,0,0,01(0,0,0,01,

n=1

(25)
where

[Ymix) = 3 (v/7111,0,0,0) + /1210,1,0,0)
+/1310,0,1,0) + /7310,0,0,1))  (26)

is a generalized four-mode W state. Let us also note that
the turbulence model of losses is given by a probability
distribution P(ny, ...,ns) of the quantum efficiencies [53].
In the considered approximation this yields a replacement of
the values 1, with the corresponding mean values.

B. General W-state witness

The mixed four-mode state ppix from Eq. (25) can be written
as the trace of a pure five-mode state over the fifth mode, i.e.,

Pmix = Trs|Ws)(Ws]. (27)
Here,
[Ws) = ‘/TTTIII,O,O,O,O) + ‘/T]TZIO,LO,O,O)
@l0,0,l,0,0) @l0,0,0,l,O)

+ +

1
+ 5J4 — 1 — 12 — 3 — 14]0,0,0,0,1)  (28)

is a generalized five-mode W state. In order to detect
entanglement within the state py,x, 1.€., in order to calculate the
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right-hand sides of the conditions (11) and (13), it is therefore
sufficient to consider a test operator based on a pure W state
only. This property is known as the theorem of cascaded
structures [20]. Since the right-hand sides of the entanglement
conditions (11) and (13) are independent of the considered
state, the results can be used to detect entanglement for any
arbitrary state. Thus, we here consider the general test operator
L = |Wy){Wy]| based on the generalized N-mode W state

N
IWy) = %l0,...,0,1,0,....0), (29)

i=1 i—1 N—i
where the A; fori = 1, ..., N are the weights of the respective

modes.

1. Test for partial entanglement

As mentioned before, the value of the function
frun(L) 1is obtained from the solution of the correspond-
ing separability eigenvalue equations (15). For the state
|Y,) of the nth subsystem we choose the parametriza-
tion |¥,) = (g)*|0) + (@})*[1) with the normalization
lod | + | |* = 1. Explicitly, we get Ly, . v i tnoriiy =
V1=t kt 1 N k= 1kt 1,. v | With

N N N
V1, k—1k41,..,N) = Z Ao 1_[ o} 10) + Ag 1_[ aj|l)

i—1 ji=1 ji=1

ik J£ik i £k

(30)

and

N N )
g=> naj [] o - 31)

This expression has to be maximized over all ; and af. We
may decompose & = r;?ei‘”? and A, = |A,|e'® forx = 0,1 and
n =1, ...,N inpolar coordinates, such that r{! = /1 — (r})>.
The definition r,, = r;j and the maximization over all ¢} and
6, then leads to the equation

N N
g= D> 1= ] ri |- (32)
i=1

j=1
J#EI

We now have to maximize over r,, € [0,1] forn=1,...,N.

At the borders r, = 0,1 the function in Eq. (32) assumes the

solutions

g=0,1M .. lanl* (33)

If g has alocal maximum for at least one r,, € (0, 1), the partial
derivatives dg/dr, vanish at this point. This requirement leads
to the N equations

N
al =20 Y Ihilxi (34)
i=1

i#n
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forn =1, ...,N, where we introduced the new variables x, =
1 —r2/r, € (0,00). To obtain the global maximum of g we
have to compare the solutions (33) with the local extrema
determined from the solution of Egs. (34).

For general choices of the weights A, forn =1,...,N
Eqgs. (34) have to be solved numerically. Analytical results can
be obtained for an equal-weighted W state with |A,| = 1/+/N
foralln = 1,...,N. Then, the solution of Egs. (34) reads

1

X1 =+ =X e —— 35
1 N N1 (35

such that

N —1\V!

8max — ffull(L) = (T) . (36)
A more general but also analytically solvable situation arises, if
we assume that all but one weights are equal, i.e., |[A;| = --- =
|[An—1| = Aand |y | = A’. Note that this situation corresponds
to the choice of equal reflectivities n; = 1, = n3 = n4 within
the five-mode W state from Eq. (28). After some algebra, we
get in the general N-mode case

_ _ 2\ N-2
(N —1)(N —2)A ) .G

_ _ 2
gmax = (N — Dk <—(N—1)2A2—()J)2

which is valid for A'/A < /N —1. If /A > +/N—1
Egs. (34) have no solution, such that gm.x = max!_, |2, |?
taking the solutions (33) into account.

2. Test for full entanglement

To obtain the value of the function f,.«(L) we have to
consider all possible separations of the Hilbert space. In a first
step we study a general bipartite decomposition of the state
| Wy ). In particular, we consider the n subsystems with indices
ki < --- <k, as one party (system A) and the other N —n
subsystems with indices k,+; < --- < ky as the second party
(system B). We then may write

n N
Wi) =Y 22,00+ Y 410277, (38)
i=1

i=n+1

where we introduced the abbreviations

2,0y =10,...,0,1,0,...,0) (39)
N e’ N e’
ki—1 N —k;
and
10,27 =0, ...,0,1,0,...,0) (40)
N — N —
ki—1 N—k;

in the form of two binary numbers for the states of the two
parties. Note that, although the right-hand sides of Egs. (39)
and (40) look equal, they belong to different states. In Eq. (39)
the mode k; corresponds to a subsystem of system A (i €
[1,n]), whereas in Eq. (40) the k; belongs to a subsystem of
system B (i € [n + 1,N]).

We trace out the system A and obtain

N n
Tral = ) A0 127" Q7"+ ) [ PI0)OL (41)
i,j=n+1 i=1
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Since this expression already is the spectral decomposition,
i.e., it is diagonal in the two states

N -2y
10), (Z |xki|2> D2, @)

i=n+l1 i=n+1

we get two separability eigenvalues for the considered bipar-
tition, such that

n N
8max = Max [Z Ml Y |Ak,.|2] : (43)

i=1 i=n+1

Note that the method of tracing out a system and reading
of the separability eigenvalues from the result is valid only
in the bipartite case (N = 2) because in this situation the
solutions (33) are the only ones.

The maximum of the values (43) is obtained for n = 1, if
we choose the mode with the smallest weight as system A, or
forn = N — 1, if we choose the N — 1 modes with the largest
weights as system A. The resulting eigenvalue is then the sum
of the N — 1 largest |A;|%. In particular, in the case of equal
weights we have gnax = (N — 1)/N, and in the case of all but
one equal weights we have gn.x = (N — DA if A > A’ and
gmax = (N — 242 + (W)?if A < V.

We now consider the general decomposition of the com-
bined Hilbert space into K subsystems. We may write

K N,

Wy) =YY 2200,...,02".0,...,0), (44)

n=1 m=1

where N, is the number of modes that are combined into
subsystem 7. Accordingly, A" denotes the weight of the mth
mode within subsystem #n. The state |0, ...,0,2",0,...,0) is
a product of states of the n subsystems, where 0 denotes the
respective vacuum state and 2" denotes the state of one photon
in mode m. To shorten the expressions we introduce

Ny
lay) =Y 20012"), (45)

m=1
being the (unnormalized) state of the nth subsystem, such that

K
[Wy) =Y _10,....0,a,.0,....0). (46)

n=1
Similar to the case of partial entanglement we have to

solve the separability eigenvalue equations (19) and obtain

Lwl,...,d/”,l,wuﬂ ..... vx — |¢'L...¢n71,n+1,..4.1()<¢| ..... nfl,n+1,..,,K|
with

[V1,.n—tnt1, k) = i(l//imi) ﬁ (¥;10) | 10)
P Zn S Eim
K
+| TT @10y | 1. (47)
12
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Hence, we can use

(@)
VM,
with |ef]? + || = 1 and M, = {a,|a,) as parametrization

for the state of the nth subsystem. The separability eigenvalue
then follows as

1) = ()10} + |a,) (48)

2

K .
[T | - (49)

j=1
J#i

K
g =2 VM
i=1

Again, we can decompose o = r"¢l% for x =0,1 and
n =1,...,K in polar coordinates such that r{ = /1 — (rg)z,
define r,, = ry, and obtain after maximization over the phases
¢! the relation

2

K K

g = Z\/ﬁh/l—riz Hrj . (50)

i=1 =
iz

The solutions g = M,, for n =1,...,K are obtained for
r,=0andr;, =1fori =1,...,K with i # n. For all other
solutions we can compare Eq. (50) with Eq. (32) to see
that the structure of both expressions is the same. It follows
that the maximum separability eigenvalue in the case of full
entanglement can be obtained from the general solution to
Eq. (32) for partial entanglement if we replace the number of
modes N by the number of subsystems K and the weights |A;|
by the values /M;.

C. Analytical and numerical results

The general results from the last section allow us to identify
the parameter range of the efficiencies 7, for which the mixed
signal state pp,;x from Eq. (25) is partially and fully entangled.
Choosing L = ppix we obtain for the left-hand side of all tests

1< (< ’
Trpo L =1—= "0, + L) 51
rp 227} +8<n§n) (51)

n=1
Analytical results can be obtained for equal reflectivities,
ie., n, =n for all n =1, ...,4. Because the moduli of the
signal wave vectors K, are equal in the considered scenario this
assumption corresponds to a situation, where the reflectivities
are isotropic. Then, we can use the result from Eq. (37) yielding

0<n<1/2
1/2<np< 1.

1 —n,

274 (5n — )73, 62

Sran(L) = {
To determine the value of the function fy.(L) we have to
solve Eq. (50) for all relevant decompositions of the combined
Hilbert space. Since we use the operator L = |Ws)(W5| based
on the pure five-mode W state from Eq. (28) instead of
the mixed four-mode state pnix from Eq. (25), the fifth
mode should always be considered as a separated party.
For the remaining four modes we have to allow for all possible
decompositions. As a result, the maximum SE is obtained
if we consider the fourth and the fifth mode as separated,
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FIG. 2. (Color online) Left- and right-hand sides of Egs. (11)
and (13) as functions of n = n, for n =1, ...,4. The state pyx is
partially entangled in regions where Tr pnixL > frn(L) and fully
entangled if Tr ppixL > fpan(L) with respect to the choice L = ppix.

such that the states |a,) from Eq. (45) are given by |a;) =
(vn/2(1,0,0) +10,1,0) +10,0,1)), laz) = ({/n/2)|1), and
las) = /1 — n|1). It follows that M, = 3n/4, M, = n/4, and
M5 = 1 — n. After maximization of Eq. (50) for these values
we obtain

I—n, 0<n<1/2
2(n—
fon(L) = { oilieis, 1/2<n<2/3  (53)
3n/4, 23<n< 1,

Note that according to our assumption of equal reflectivities
the same result is obtained if one considers the first, second,
or third together with the fifth mode as separated.

In Fig. 2 we show the results fru(L) and fpa(L) from
Egs. (52) and (53) together with Tr pyix L from Eq. (51) as
functions of 1. We see, that we can detect entanglement for
n > 1/2. The witness based on L = pyix does not distinguish
between partial and full entanglement.

Numerically, we can also study the case of unequal reflec-
tivities. As an example, we choose n = n,, forn = 1,2,3 and
n’ = n4. This choice corresponds to a nonisotropic situation,
where the dependency of the reflectivity on the direction
kg differs from that of the other directions. In Figs. 3(a)
and 3(b) we show the numerical results for the functions
Tr pmixL — fran(L) and Tr ppix L — fpar(L), respectively. We
see, that these functions take positive values in some regions
indicating that the state pnx is partially or fully entangled.

-0.1 0 0.1 02 03 04 05 -0.1 0 0.1 0.2
||
1
0.8
0.6
=
0.4
not entangled not entangled
0.2 partial
entangled
0
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
n n

FIG. 3. (Color online) Contour plots of (a) Tr pmixL — frun(L)
and (b) Tr pixL — fpa(L) as functions of n =n; = n, = n3 and
n’ = n4. The state ppy is partially or fully entangled in regions where
the respective function takes positive values.
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From the test for partial entanglement—summarized in the
left panel (a) of Fig. 3—we conclude that the state pp;y is not
entangled within the black region and contains some entangled
modes within the colored region. Panel (b) of Fig. 3 shows
the corresponding results for the test for full entanglement.
This panel shows an additional black region at the lower right
corner, where the state pp;ix is not fully entangled. Together
with the results from panel (a) of Fig. 3 we conclude that the
state pmix is partially entangled in this additional black region
and fully entangled within the remaining colored region.

V. CONCLUSIONS

We have studied the generation and the characterization of
multipartite entanglement of light that is emitted from a planar
semiconductor microcavity. Here, a monochromatic pumping
of the lower polariton branch with four pumps arranged on
a cone with opening angle below twice the magic angle
leads to the emission of light in a four-mode W state. From
an experimental point of view the most critical points in
building the proposed setup are the realization of the pump
geometry, the suppression of stray light, and the detection of
the entangled output fields. Using linear optics, such as beam
splitters and mirrors, our scheme requires careful adjustment
of all optical paths. Recently, the authors of Ref. [54] proposed
a multidimensional laser spectroscopy setup using spatial light
modulators. Adapting this concept, it should also be possible
to realize the required pump geometry. The stray light can
be suppressed by means of spatial filtering [55], such that
the setup under study can be experimentally realized [56]. In
the context of the detection of entanglement, the advantage
of our setup is that all pumps share the same frequency.
In addition, all signal fields share the same frequency as
well, which is different from the pump frequency however.
This makes it possible to perform interference experiments or
balanced homodyne detection of the four signal fields [57].

In our theoretical study, the identification of the multipartite
entanglement of the light emitted from the microcavity is done
by using the method of multipartite entanglement witnesses.
We provide the solution for an entanglement test with a witness
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based on a general N-mode W state. Using this solution,
we characterize the light propagation through lossy channels
regarding its entanglement properties. We showed that we can
guarantee partial and full entanglement for certain ranges of
loss. In our theoretical description the boundaries between
these regions are sharp. In an experimental realization the
distance between the left-hand side, Tr p L, and the right-hand
side, frupart(L), of the entanglement condition determines the
maximum allowed fluctuations for a successful entanglement
test.

From our results we can conclude, that in the case of a pure
state the optimal entanglement witness is given by the state
itself. Due to the theorem of cascaded structures [20], we may
reduce the optimal test for mixed states to a pure test with
one additional degree of freedom. This allows us to verify the
entanglement of mixed states as well.

In particular, we deduce general criteria to decide whether
an arbitrary N-mode state p is partially or fully entangled.
For this purpose we constructed an appropriate test operator
based on the N-mode W state itself. For every bipartite de-
composition of the combined Hilbert space the corresponding
boundary of the entanglement condition is readily calculated.
Thus, we can perform a test for entanglement for every bipartite
decomposition of the considered state. The full classification
of the state p is the following. First, if there is no bipartite
decomposition for which entanglement has been verified, then
the state p under study is not entangled. Second, if there is
at least one decomposition with a successful test, the state is
at least partially entangled. Third, if any test is positive for
any bipartite decomposition, the state is fully entangled. In the
second case we can even identify which modes are entangled
and which separate from all others. For this task we have to
gradually repeat the bipartite tests within the two subsystems
that are not entangled.
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Equilibration and thermalization of the dissipative quantum harmonic oscillator
in a nonthermal environment
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We study the dissipative quantum harmonic oscillator with general nonthermal preparations of the harmonic
oscillator bath. The focus is on equilibration of the oscillator in the long-time limit and the additional requirements
for thermalization. Our study is based on the exact solution of the microscopic model obtained by means of
operator equations of motion, which provides us with the time evolution of the central oscillator density matrix in
terms of the propagating function. We find a hierarchy of conditions for thermalization, together with the relation
of the asymptotic temperature to the energy distribution in the initial bath state. We discuss the presence and
absence of equilibration for the example of an inhomogeneous chain of harmonic oscillators, and we illustrate
the general findings about thermalization for the nonthermal environment that results from a quench.

DOI: 10.1103/PhysRevE.87.012127

I. INTRODUCTION

Equilibration can be defined as the evolution of a system out
of equilibrium toward a stationary state in the long-time limit.
For quantum systems, the question arises how equilibration is
possible in spite of the linear and unitary time evolution, how
the stationary state depends on the initial conditions, and to
which extent it can be described as a thermal state.

General arguments relate equilibration to dephasing of
quantum states [1-5]. Starting from the expansion of an
initial state |y (0)) = 2,11\;1 ¥, |n) in the eigenstates |n) of the
Hamiltonian H = Zfl\’:l E,|n)(n|, the time evolution of an
operator expectation value is given by

(A@D) = (Y OIAY (1))

N
S U S EE Al (1)

m,n=1

In the thermodynamic limit N — oo, we can expect that only
diagonal terms m = n survive for t — 00, such that the long-
time limit of the expectation value is

Aim (A@0) = trlpecA] - (N — 00), @

with the density matrix ps, = Zf:/:l [, %|n) (n]. This argu-
ment can be justified with the Riemann-Lebesgue lemma [6]
that states

lim / f@)edw =0 3)

for any integrable function f(w) [here, the density of states is
D(w)]. Although this argument explains the origin of equilibra-
tion, not much is learned about the properties of the stationary
state poo. In particular, the question of thermalization is left
open.

In this paper, we study equilibration and thermalization of
dissipative quantum harmonic oscillators using the standard
model of a central oscillator coupled to a harmonic oscillator
bath. For this example we can determine the stationary state

*alvermann @physik.uni-greifswald.de
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Poo explicitly and analyze its dependence on the initial con-
ditions completely. Most importantly, we allow for arbitrary
nonthermal bath preparations in our study. Thermalization is
subject to additional conditions in this more general situation,
and we show how the temperature of the asymptotic stationary
state is obtained from the initial energy distribution of the
oscillator bath rather than from the initial bath temperature.
We also include the case study of an interaction quench in
an infinite harmonic chain, where undamped oscillations can
prevent equilibration at strong damping.

The dissipative quantum harmonic oscillator is studied
extensively in the literature [7-10], covering such diverse
topics as Brownian motion [11-15], quantum fluctuations
[16], driven dissipative systems [17], entanglement [18],
the existence of local temperatures [19], or the second
law of thermodynamics [20]. Reviews are given, e.g., in
Refs. [21-23]. With an exact solution, this model is also
an important example for the derivation of master equations
[24-27], the discussion of fundamental statistical relations
such as fluctuation-dissipation theorems [28] and their con-
nection to detailed balance, and the Kubo-Martin-Schwinger
condition [29], or for the assessment of numerical methods that
provide a perspective for nonlinear models [30,31]. It appears,
however, that the questions addressed here for nonthermal bath
preparations require further analysis.

To obtain our results, we proceed as follows. After
introduction of the model in Sec. II, we construct the exact
solution for nonthermal initial states in Sec. 11, including the
propagating function in Sec. III D. Further details, including
the extension to driven oscillators, are given in Appendixes A
and B. The central results for equilibration and thermalization
are formulated in Sec. IV. We discuss these results for the
example of an infinite chain of harmonic oscillators in Sec. V
before we conclude in Sec. VI.

II. THE MODEL

The Hamiltonian for the dissipative quantum harmonic
oscillator,

H = Hgs + Hp + Hsp, 4

©2013 American Physical Society
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is the sum of the contribution of the central oscillator,

Hg = i[P?+ Q*07], )
the contribution of the harmonic oscillator bath,
N
1
Hy = 5 Z [P} + o} 0]]. (6)

v=1

and the linear interaction term,

N
Hsp = QZ)\UQw @)

v=1

In these expressions, Q,, P, are position and momentum oper-
ators with canonical commutation relations, e.g., [Q,,P,] =
i8,,. Summations over Greek indices, used for bath oscillator
operators Q,, P,, run from 1,...,N. We suppress an index
for the central oscillator operators.

The size of the coupling constants X, is restricted by the
positivity condition

N )\'2
Q- >0 8)
v=l VY
It guarantees that the normal modes of the total Hamiltonian
H have real frequencies, such that H is bounded from below
[11]. A positive Hamiltonian can always be obtained through
addition of the term (1/2) 3" (A, /@,)*Q?, which leads to
renormalization of the central oscillator frequency [22]. We
prefer the present form of the Hamiltonian since it allows for

a more natural treatment of the harmonic chain in Sec. V.
Of primary interest to us is the central oscillator density
matrix

ps(t) = trg[exp(—i H1)p(0) exp(i H1)], (C))

which is obtained from the initial state p(0) through propaga-
tion with the total Hamiltonian H and subsequent evaluation
of the partial trace trp over the bath degrees of freedom. A
natural choice for p(0) are factorizing initial conditions

p(0) = ps(0) ® pp(0), 10)

which correspond to the picture that at t = O the previously
isolated central oscillator is brought into contact with the
oscillator bath.

The restriction to factorizing initial conditions is not
essential for the following derivations, especially not for the
long-time limit in Sec. IV, but it is a natural assumption that
simplifies the presentation. For example, mixed central/bath
oscillator terms drop out of the expressions for the central
oscillator variance (see Sec. III B).

III. SOLUTION OF THE DISSIPATIVE QUANTUM
OSCILLATOR FOR GENERAL INITIAL CONDITIONS

The central oscillator density matrix pg(#) can be obtained
in various ways, e.g., through transformation of H to normal
modes [7,11] or by using path integrals [21,32] based on
the Feynman-Vernon influence functional formalism [33-35].
The arguably simplest approach is the direct solution of the
Heisenberg equations of motion for the operators Q(¢) and
P(t), which reduces to the solution of a classical equation of
motion. The initial conditions pg(0) and pp(0) enter only the

PHYSICAL REVIEW E 87, 012127 (2013)

evaluation of central oscillator expectation values, such that
we can allow for general initial bath states. The full solution
is then given by the propagating function.

A. Reduction to the classical equation of motion

As further detailed in Appendix A, the central piece of
information is the solution u(¢) € R of the classical equation
of motion

ii(r) = —Q%u(r) + / K — tu(r)dr, (11)
0

which is subject to the following conditions:
(1) u(t) solves Eq. (11) for ¢ > 0.
(i) u(®)=0fort <O.
(iii) The initial conditions are u(0) = 0, 12(0) = 1.
We introduced here the damping kernel
N )\'2
K@y=)" ~Esinwyt. (12)

v=1 Y

The function u(t) can be calculated as the Fourier transform
[36]

2 oo
u(t) = 7/ sinwt Im F(w +i07)dw (13)
T Jo
of the function
N 32 -1
F(o)= Q% -2 v , 14
o ( z+;zz_w3> (14

writing F(w 4 i07) = lim,_.¢ ;=0 F(®w + in). We note that the
positivity condition (8) implies that the poles of F(z) occur on
the real axis, such that u() is a quasiperiodic function for finite
N whileu(t) — Ofort — oois possible in the thermodynamic
limit N — oo. An explicit example for the computation of u(z)
is given for the harmonic chain in Sec. V [see Eq. (79)].

To proceed, we introduce the partial Fourier transforms

ii(t,w) :e”“’/ u(t)e *dr, (15)
0
i(t,w) = e”‘”/ W(D)e %t = u(r) + iwi(r,w), (16)
0

and define the matrices

Ue) = (UQQ(I) UQp(t)> _ (u(t) u(t))7 (17)

Upg(t) Upp(?) ii(t) u()
Red(rw) @)
Ut.0) = Im 5(t, ) (18)
Red(t,w) ——nn®

‘We now obtain the central oscillator operators from the matrix
equation,

N
oM\ _ 0(0) 0,(0)
(0)=vo(0) - ;“U“’“’”)< o)

B. Central oscillator expectation values

Equation (19) gives the operators Q(¢) and P(¢) as linear
combinations of the operators Q(0), P(0) and Q,(0), P,(0).

012127-2
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This allows us to express central oscillator expectation values
for ¢ > 0 in terms of the initial expectation values at t = 0.

The linear expectation values are given by the matrix
equation

(P(1))

with the same shape as Eq. (19). In addition to the initial
expectation values X(0), it contains the contribution

N
1) = (’Q(’)) =Y WUCe)X,. @D
v=1

X(1) = <(Q(’)>> — U()X(0) + (1), (20)

Ip(2)

where we mark the initial bath expectation values

% (Q,(0)

X, = 22

( (P,(0)) (22)

with a breve ~ as a notational convention. Note that if X, = 0,
e.g., for a thermal bath, the “noise term” I(¢) vanishes. Then,
position (Q(#)) and momentum (P(¢)) of the central oscillator
follow the classical equation of motion (11).

For the quadratic expectation values, we define the variance
of operators A and B as

Tap = 3(AB + BA) — (A)(B), (23)

which simplifies to 44 = (A%) — (A)? for A = B, and we
write Xp(t) = L@@ We combine the central oscillator
variances into the real symmetric matrix,

Yoo Zop(t)
() = s 24
© <2Qp<z> Srp(0) @9
and denote the initial bath variances with the matrix
S % ©0) Zg,r,0
Ev — Qqu 0, " . 25
g (EQMPV(O) 1, (0) )

Note the index swap in the off-diagonal elements, and recall

that mixed central oscillator and bath variances such as Yo,

vanish for our choice (10) of factorizing initial conditions.
We now obtain with Eq. (19) the matrix equation

(1) = U@ Z(O)UT (1) + C1). (26)

Similar to Eq. (20), the first term results from the time evolution
of the central oscillator according to the classical equation of
motion (11), and appears in the same form for an isolated
oscillator. Only the second term,

_ [ Coo@®) Cop®)
co= <CQP(z) cpp(r))
N
= > LW U)E,U0" (o), @7
v, u=1

depends on the initial bath oscillator variances %,,. Mixed
terms in U(#) and U(¢,w,) do not appear for factorizing initial
conditions.

C. The thermodynamic limit

Because u(t) is a quasiperiodic function for a finite number
N of bath oscillators, equilibration becomes possible only in

PHYSICAL REVIEW E 87, 012127 (2013)

the thermodynamic limit N — oco. We assume that for N —
00, the density of states

1 N
D) = Z §(@ — @) (28)
v=1

converges to a continuous function. Note that D(w) = 0 for
o < 0 since the bath oscillator frequencies are positive. The
coupling constants appear in the damping kernel K(¢) and in
Eq. (11) as A2, and must thus scale as N ~!/2, We assume that

Ay = Mawy)/VN (29)

with a continuous function A(w), and we introduce the bath
spectral function

Mw)?
w

y(w) = D(w)

(30

with y (w) = 0 for v < 0. The damping kernel is now given as

o0
K(t) = / y(w)sinwt dw, 31)
0
and the positivity condition reads
[oe]
Q> / V@) 4, (32)
0 w

The function F(z) in Eq. (13) for u(¢) can be written as

00 —1
F(z)=(92—z2+ | ;)y(a;)zd‘”) SENES)
0

Under mild assumptions, the evaluation of the w integral in
this equation is possible by contour integration and results in

F)=[Q* -2+ T@)]"! (34)

for Im z > 0, where the complex function I'(z) with y(w) =
F(2/m)Im T (£w + i0") is the analytic continuation of ¥ (w)
into the upper half of the complex plane (see Sec. V for
an example). For future use in Sec. IV we note the relation
y(w)|F()|*> = (2/7)Im F(w + i0") that follows from this
representation. The analytic properties of F(z) determine the
behavior of u(¢) in the long-time limit, which is essential for
equilibration [see condition (EQ) in Sec. IV]: Itis u(#) — O for
t — oo if and only if F(z) has no isolated poles.

The linear expectation values X, enter Eq. (21) with the
prefactors A, oc N™'/2. To obtain a finite result for the sum
over N terms, also X, has to scale as N~/2, which leads to
the ansatz

o 1 o
X, = —=X(w, 35
W(w) (35

with a continuous vector-valued function X(w). Then, Eq. (21)
becomes

I() = — f ~ D()M(@)U(t,0)X(w)dw. (36)
0

The variances )fm enter the sum in Eq. (27) with the
prefactors A, A, o< N~'. We must now distinguish between the
N? off-diagonal terms v # u, which require an additional 1/N
prefactor for convergence, and the N diagonal terms v = u.

012127-3
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Therefore, we make the ansatz
N 1. M
EU;L = Nz(z)(wv,a)u,) + E(l)(w\))svu (37)

\yith continuous matrix-valued functions ¥®(w;,w;) and
S D (w). Then, C(¢) from Eq. (27) is the sum of the off-diagonal
term

o) = // D(w1)D(@2)M(w1)M(w2)
0

x U(t,w) P (w1,0)U” (t,02)dwidewr,  (38)

and the diagonal term
o0
cVe) = f oy @)U@E,0)EV (@)U (1, 0)dw.  (39)
0

If the initial bath state is uncorrelated, such as for a thermal
bath or a general product state pp(0) = p 1'9(0) R -® ,of,f’ 0),
the off-diagonal term C?(¢) vanishes.

When we construct the propagating function in the next
subsection, we will conveniently assume that the initial bath
state pp(0) is a Gaussian state. For the long-time limit, which
is the situation of interest here, this assumption can be justified
in the thermodynamic limit on general grounds [37,38]. The
principal mechanism is illustrated with counting arguments
of the following kind: Consider an uncorrelated bath state,
where only N diagonal terms contribute in any sum over the
bath oscillators. If we consider a higher-order cumulant of
bath operators, say Q3(v) = (03) — 3(03)(Q,) +2(0,)° as
mentioned before, it appears with a prefactor A3 oc N=3/2,
Therefore, the total contribution of these cumulants scales
as N x N™¥2 = N~1/2 and vanishes in the limit N — oco.
Similar counting arguments can be given for cumulants
involving two or more bath oscillators in the presence of
correlations. Because higher-order cumulants vanish and only
linear and quadratic bath expectation values survive the N —
oo and t — oo limit, we can treat the bath state as Gaussian
in any calculation of the central oscillator density matrix. For
the formulation and proof of a strict result, which is involved
even under some simplifying assumptions, see [38].

D. The propagating function

Knowledge of the expectation values X(¢) and X(¢) does
not suffice to obtain the central oscillator density matrix pg(?),
unless we restrict ourselves completely to Gaussian oscillator
states [cf. Eq. (43) below]. Otherwise, the general solution
is given by the propagating function J(-) that, in position
representation, expresses the density matrix ps(g,q’,t) =
(qlps(®)lq’) fort = 0 as

Ps(qriqs.t) = /f J(q5:979i-49;1)ps(qi.q;,0)dqidq;.
—00
(40)

This expression must hold for all ps(0) and ¢ > 0, and a fixed
initial bath state pg(0).

The propagating function can be calculated using path
integrals, and the result for a thermal bath is given, e.g., in
Ref. [21]. Within our approach, it is more natural to construct
the propagating function directly, using only that an initial
Gaussian state of the joint central oscillator and bath system

PHYSICAL REVIEW E 87, 012127 (2013)

remains a Gaussian state during time evolution with the
bilinear Hamiltonian H. With respect to the final remarks in
Sec. III C, we assume a Gaussian bath state pg(0). We can then
consider the most general ansatz for J(-) that maps an initial
Gaussian state pg(0) in Eq. (40) onto a Gaussian state pg(#) for
t > 0, and we will find that the parameters of this ansatz are
fully specified through the linear maps (20) and (26) of X(#)
and X(¢). The result is valid for arbitrary pg(0) in Eq. (40),
but we do not need to consider non-Gaussian ps(t) explicitly.

To translate this argument into equations, we work with the
Wigner function [39,40]

1 [ s s :
W(g,p,t) = — —.q — =.t |e"'""d 41
(q.p.1) 2n[mps(q+2q 2 )e s (4D
instead of the density matrix ps(q,q’,t) in position represen-
tation (see also Refs. [23,41] for a related calculation). The
propagating function Jy (X,x,t) = Jw(§,p,q,p,t) is defined
by the relation

W(i,t):/ Jw (X, x,1)W(x,0)dx, (42)
R2

where we write W(x,t) = W(q,p,t) with x = (g,p)” and
dx = dq dp for abbreviation. Note that W(x,¢) and Jy (X,X,?)
are real functions.

A Gaussian state to given X(#) and X(#) has the Wigner
function

exp {—1[x — X0 - T (0)[x — X1}

27 /det =(¢) ’
and the most general expression for Jy (-) that respects this
structure is an exponential function of the 14 linear and

quadratic terms in the coordinates ¢, p,§, p. The normalization
fRZ W(x,t)dx = 1 of Wigner functions implies the condition

W,(x,t) =

(43)

f Ty & x.0)d% = 1 (44)
RZ

on the propagating function, which fixes the prefactors of the
five terms g2, p>,qp,q, p in the initial coordinates. This leaves
nine free parameters that have to be fixed in accordance with
the linear transformations (20) and (26) of expectation values.
The final result is

Jw(X.X,1)
_exp [-1X —U(x — 1] - C~'(0)[% — U@)x — 1(1)]]

27 /det C(r) ’
(45)

where the 4 + 3 + 2 = 9 parameters are the entries of the 2 x 2
matrix U(z) from Eq. (17), the symmetric and positive-definite
2 x 2 matrix C(t) from Eq. (27), and the two-dimensional
vector I(¢) from Eq. (21).

To check that this expression indeed reproduces the trans-
formations (20) and (26), we can express the expectation values
at ¢t > 0 in terms of those at t = 0 through the evaluation of
simple Gaussian integrals. To give an example, it is

Q) = /quw(i’t)di

= f qJw (X, x,1)W(x,0)dX dx. (46)
R4
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The integral of §Jw(X,X,?) over X is a Gaussian integral with
a linear term, and gives

/R’ GIw&Ex,0)dX = Ugo(t)q + Ugp()p + Io(r).  (47)

The final integration over x in Eq. (46), which now involves
the right-hand side of Eq. (47), generates the initial expec-
tation values (Q(0)) and (P(0)). Therefore, we obtain the
relation (Q(1)) = Ugo()(Q(0)) + Ugp(t){P(0)) + Io(r) =
uw()(Q(0)) + u(){P(0)) + I(¢) in accordance with Eq. (20).
Following this recipe, we find that the given expression
(45) for the propagating function Jy (-) reproduces the entire
transformations (20) and (26) of the expectation values X(z),
3(t), as we required.

If C(t) —» 0, we get a representation of the distribution
6(x —U@)x — I(r)) from Eq. (45). In particular, for r = 0,
where U(0) = 1, I(0) = 0 in addition to C(0) = 0, we have
the correct result Ji (X,x,0) = §(X — x) in Eq. (42).

We note that the conveniently simple derivation of Jy(-)
relies on the use of Wigner functions. Of course, the ex-
pressions for ps(g f,q_’f,t) in position representation often
reported in the literature can be recovered from Eq. (45) (see
Appendix B).

IV. EQUILIBRATION AND THERMALIZATION

The results from the preceding section allow us to study
the behavior of the central oscillator density matrix pg(t)
in the long-time limit # — co. We can classify the behavior
according to the general criteria of equilibration and thermal-
ization. Equilibration means convergence to a stationary state
as expressed in the following two conditions:

(E1) The central oscillator density matrix pg(¢) converges
for t — oo.

(E2) The stationary state pg° = lim,_, o ps(?) is indepen-

dent of pg(0).
Note that pg° will depend on the initial bath state pg(0).
Note further that the above definition of equilibration does
not distinguish between stationary equilibrium states and
stationary nonequilibrium states with finite heat flows. The
latter cannot arise for a single bath with continuous initial
conditions as in Eq. (37) such that condition (E1) is sufficient
for the present study.

Equilibration (E1) implies convergence of central oscillator
expectation values for # — oo. This, in turn, requires conver-
gence of the matrix U(¢) in Egs. (20) and (26). Because the only
stationary solution of the homogeneous differential Eq. (11)
is u(t) = 0, convergence of U(¢) is equivalent to U(r) — 0 or
u(t) — 0fort — oo. Therefore, we assume in this section the
condition

(EQ) u(t) - O fort — oo
as the prerequisite for equilibration (E1). Under this assump-
tion, we will be able to show convergence of expectation
values and, building on this result, convergence of the central
oscillator density matrix.

In the weak damping limit, condition (EQ) is equivalent
to y(€2) > 0 (taking the thermodynamic limit for granted).
This expresses the basic fact that equilibration occurs through
energy exchange with the environment, which is not possible
for an isolated oscillator with y(€2) = 0. We note that a
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small value of y(£2) can result in long transients that prevent
equilibration over the observation time.

Thermalization additionally requires that the stationary
state pg° is a thermal state, and we have the following three
increasingly stronger properties:

(T1) The stationary state pg° is a thermal state.

(T2) The stationary state is a thermal state p$° o< e
of the central oscillator.

(T3) The temperature T, of the stationary thermal state pg°

is independent of the central oscillator frequency.
We will see that the stationary state is always Gaussian,
which implies property (T1). Property (T2) reduces to an
equipartition condition on the central oscillator variances that
determine the Gaussian state, while property (T3) leads to a
strong condition on the initial bath state.

—Hs/ T

A. Expectation values in the long-time limit

The assumption U(t) — Ofort — oo implies that the terms
U(t)X(0) in Eq. (20) and U(r)=(0)U7 (¢) in Eq. (26) drop out
of the expressions for X(¢) and X(¢) in the long-time limit.
Only the terms I(#) and C(#), which depend exclusively on
the initial bath preparation, can survive the + — oo limit: All
information about the initial central oscillator state is lost.
We cannot immediately draw a conclusion about the long-
time behavior because the functions 7i(f,w) and o(¢,w) from
Egs. (15) and (16) do not converge for + — oo. Instead, we
note that ii(¢,w) behaves asymptotically as

s (t, ) = ' / u(te Tdr  (t - 00).  (48)
0

Similarly, it follows that ¥(f,w) =~ iwil,(t,w) for t — oo
from Eq. (16). Consequently, the matrix U(#,w) behaves
asymptotically as

Im i, (f,w
Re ﬁas(taw) ¢

U(t,w) ~ (t > 00), (49)

—wImii(t,w) Reiiy(t,w)

and remains oscillating for 1 — oo even if u(#) — 0.
The contributions to the term I(¢) in Eq. (36), say to (Q(?)),
are of the form

—Re / h D(0)M)iias(t, )X o(w)dw. (50)
0

The integrand depends on ¢ through the factor ¢/’ from
Eq. (48), such that the integral is the Fourier transform of
an integrable (by assumption even continuous) function of w.
If we recall the Riemann-Lebesgue lemma (3), we see that
I(t) — O for t — oo. Altogether, it follows that the position
and momentum expectation values vanish in the long-time
limit, i.e., X(¢#) — O for t — oo.

For the variances, a finite contribution can survive the r —
oo limit because the squares of the matrix elements of U(z,w)
occur in C(t). For example, the diagonal term C™V(¢) from
Eq. (39) contributes to X (t) the integral

Cop(t) = /Oowy(w)cQQ(fvw)dw G
0

012127-5

47



2 Thesis Articles

D. PAGEL, A. ALVERMANN, AND H. FEHSKE

of the function
[Re ii(r, )] £5 ) ()
N 2[Re @(r,)|[Im (1, w)] « £0) (@)

1))
[Im u(t w)]?

CQQ(Z,CU) =

Lo (). (52)
Here we write, using the notation from Eq. (24),
(1) 1)
CO) = <CQQ(r) CQp(z)) 53
Cop(®)  Chp(®)
for the matrix elements of CV(¢) and
(1) (1)
$O() = %(I)Q( ) Z(l p(@) (54)
Ypp®) EPP(w)

for the matrix elements of 1 (w) from Eq. (37).
The contribution from the first term in ¢ (¢, w) is

o0
/ wy(@)Reiin(t.0) Lop@dw.  (55)
0
If we expand the square [Re fias(t,0)]? according to
|Z|2 2 _ 2
[Ree'z]* = 5 +Z 5 oS 201 — 2,2 5in 201 (56)

for a complex number z with z, = Re z, z; = Im z, we see that
in the above integral a contribution |i,s(,w)|? /2 remains finite
for t+ — oo, while the oscillatory terms with cos 2wz, sin 2wt
vanish according to the Riemann-Lebesgue lemma (3). Similar
expressions are obtained for the remaining terms in CV(¢).

The off-diagonal term C®(¢) from Eq. (38) is given by
a double Fourier integral and contains only oscillatory terms
in the two frequencies w; and w,. Therefore, C?(¢) — 0 for
t — Q.

We can now collect the finite contributions from the
different terms in CV(¢) to find that the central oscillator
variances converge to stationary values X = lim,_, » 2(¢)
in the long-time limit. They are given by
?E()

o0 o0 .
5, =/ y(w)’/ eu(tydt| ——dw, (57)
0 0 @

2% = /oo y(w) '/Ooe”“’u(t)dt
0 0

=5, =0, (59)

2
wé(w)dw, (58)

where
Ew) = (w S0b@) + E5h()). (60)

Comparison with Eqgs. (13) and (34) gives the alternative
expressions

EOQOQ_E/O Im F(w 4 i0")—= ( ) 61)

2 [ .
5= /0 ImF(o + i0Hwé(@)dw.  (62)

PHYSICAL REVIEW E 87, 012127 (2013)

Recall that F(w + i0™) is a continuous function according to
our assumption u(t) — 0.

As noted before, the values X£*° are independent of the
initial central oscillator state. Furthermore, the initial bath
state pp(0) occurs only through the frequency-resolved energy
distribution &(w). In particular, the known equations for
thermal baths [7] are recovered whenever & (w) = E(T,w),
where

Q Q
= — coth — (63)
2 2T
is the energy of a thermal oscillator at temperature 7'. Because
there are no separate conditions on the two functions ig)Q(a))

E(T,Q2)

and flf,,];,(a)), thermalization is possible also in nonthermal
environments (see below).

Equations (57)—(59) follow directly if we assume a thermal
bath from the outset, with initial conditions wzig)g(w) =

)fg;(a)) E(T,w) and 2(1) (w) = 0. Equipartition of energy
allows us to combine the terms in Eq. (52) to cpp(t,w) =
lii(t,w)|* E(T,w)/w?, which depends only on the modulus of
ii(t,w). We can then drop the exponential factor e/ from
Eq. (48), and convergence of X(¢) is evident. This short cut is
not available in the general case.

B. Equilibration of the central oscillator

If the initial bath state pp(0) and the central oscillator
state pg(0) are both Gaussian states, the central oscillator
density matrix pg(¢) is Gaussian for all + > 0. Then, pg(?)
is completely determined by the values of X(¢) and X(¢), and
their convergence suffices to establish equilibration (E1), and
also (E2), in this case.

Otherwise, for non-Gaussian initial states pg(0), we can use
the propagating function Jy (X,x,#) from Eq. (45) to find pg(¢)
for t — o0. Recall that according to Sec. III C, we can assume
that the initial bath state is Gaussian in the thermodynamic
limit, which allows for the construction given in Sec. III D.

Equilibration follows now from the observation that
Jw(X,x,t) converges for + — oo whenever X(f) and X(r)
converge. The long-time limit

JEE) = lim Jy (X _ oxp[—5% 7] 64
W(X)_til?}c w(&Xx,t) = RS (64)

is obtained through substitution of lim,_ I(r) =0 and
lim,_, o, C(t) = > from Egs. (57)—(59). Because U(r) — 0,
the result does not depend on x.

The long-time limit of the Wigner function WJ°(x) =
lim,_, o, Wg(x,7) follows immediately with Eq. (42): The
integration over X in the resulting expression

W) = /RZ Jiy X)W (x,0)dx = Ji7 (%) (65)

evaluates to 1 because Ws(x,0) is normalized, such that Wg°(x)
is equal to J7(x). In other words, the stationary state pg° is
a Gaussian state (43) with parameters X =0 and ¥ = X*°.
These parameters depend on the initial bath state according to
Eqgs. (57) and (58), but they are independent of the initial
central oscillator state. This proves equilibration (E1) and
(E2) for general initial central oscillator states. In particular,
the stationary state is Gaussian also for non-Gaussian initial
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states. We note that the propagating function in position
representation does not converge in the long-time limit (cf.
Appendix B), which prevents an equally simple argument.

C. Thermalization of the central oscillator

Because the stationary state p° in the long-time limit is a
Gaussian state for which only X7, and £, are nonzero, it
can always be interpreted as the thermal equilibrium state
of some harmonic oscillator. This establishes the weakest
thermalization property (T1).

The effective oscillator frequency 2., and temperature 75,
associated with pg° are

Q -
T = —arcoth™'[2,/35F, T3 | (66)

Generally, Q. is not equal to the central oscillator frequency 2
such that the stronger property (T2) is not fulfilled. By Eq. (66),
the condition Q,, = 2 is equivalent to equipartition of kinetic
and potential energy (P?) = X5 = Q°%F, = Q*(Q?). The
violation of this condition arises from the integrations over w
in Egs. (57) and (58) or (61) and (62), which cover a finite
energy range and include values @ # €2. Quantum corrections
of this type are characteristic for strong damping [7].

Equipartition of energy is achieved in the limit of weak
damping [y (€2) — 0], when according to Eq. (34) the func-
tion (2/7)Im F(w +i0%) in Egs. (61) and (62) converges
to 28(w? — Q%) = [8(w + Q) + §(w — )]/ Q. Therefore, the
values QZES’Q =X = &(Q) are obtained. This establishes
the stronger thermalization property (T2) in the weak damping
limit.

For these values of ES’Q, 2 %%p, itis [cf. Eq. (63)]

QZ _ E%OP
oo Zoo ’
00

Q 28(Q
TO(OWD)(Q) = Earcoth_1 7;2 ), 67)

QWD) — @,
such that the stationary state pg° is a thermal equilibrium state
of the central oscillator. The temperature 7o, (£2) is determined
by the energy £(2) of the bath oscillator at frequency 2 in
the initial state. Note that the assumption (EO) implies y (2) #
0 and D(w) # 0, such that the value of &(Q) is defined. In
particular, £(2) > €2/2 and the argument of arcoth(-) is equal
to or greater than 1.

Still, the asymptotic temperature 7o, = TO(OWD)(Q) from
Eq. (67) is a function of €2. The functional dependence is
determined by the choice of E(w). If we demand, for the
strongest thermalization property (T3), that T, is independent
of 2, we have to solve Eq. (67) to obtain the condition

< 1) w
= = coth ——.
E(w) > cot T (68)

Note that this is a condition on the particular combination E(w)
of initial bath variances flg)g(a)) and flg},(a)), and not on the
individual functions. Therefore, any initial bath preparation
with £(w) = E(Ty,w) results in the same stationary states
as the thermal bath at temperature 7y. One example for this
additional freedom is the choice

coth(w/2Ty) — 1/2
w

50 (@) = , I (@) =w/2,  (69)

PHYSICAL REVIEW E 87, 012127 (2013)

and arbitrary f)g},(w). It can be realized, e.g., by superposition
of coherent oscillator states at different positions. This initial
bath state is not a thermal state for Ty > 0. In particular, it
violates equipartition of energy wzig)Q(w) = ig;(w). But
since &(w) = E(Ty,w), we find that the stationary central
oscillator state pg° is identical to that obtained with a
thermal bath at temperature 7y: Thermalization is well possible
in nonthermal environments, even those far from thermal
equilibrium.

D. Summary

In summary, we have a hierarchy of conditions for equili-
bration and thermalization:

(E1) and (E2) The central oscillator equilibrates whenever
u(t) — 0fort — oo.

(T1) The stationary state is always a Gaussian and thermal
state.

(T2) Equipartition of kinetic and potential energy occurs
precisely at weak damping.

(T3) The asymptotic temperature T, is independent of the

central oscillator frequency under the additional condition (68)
on &(w).
It is a special feature of linear systems such as the one
studied here that equilibration depends only on the asymptotic
behavior of the solution u(¢) of a classical equation of motion
(11). Another feature is that the stationary state is always
Gaussian such that equilibration implies thermalization, albeit
only in the weak sense of property (T1). We noted earlier that
in the situation studied here, with coupling to a single bath,
a stationary state does not admit finite heat flows as would
become possible for several baths with different preparations
&(w). Therefore, conditions (E1) and (E2) capture the standard
notion of thermodynamic equilibrium.

We note that a consistent definition of thermalization
requires the strong property (T3). Suppose we deal with two
central oscillators with frequencies 2; # €2,. In the weak
damping limit, the stationary state is the product state of
two independent thermal states with respective temperatures
T5(£21) and Too(£27). Such a state is only a thermal state of the
combined system comprising the two oscillators if 7o (2;) =
T»(£2;). Therefore, thermalization of multiple oscillators,
already in the weak sense (T1), requires the strong property
(T3) and thus condition (68) [but recall that this condition can
be fulfilled also for nonthermal environments as in Eq. (69)].

V. THE INFINITE HARMONIC CHAIN

As an example, for equilibration in a nonthermal environ-
ment we consider an infinite chain of harmonic oscillators
(see Fig. 1). Oscillators in the right (n > 1) and left (n < —1)
half of the chain, with frequency €2,, are coupled to their
neighbors (n = 1) with spring constant k,. They form the
harmonic oscillator bath for the central oscillator at n = 0,
with oscillator frequency €2 and coupling & to the oscillators at
n = %1. For Q = Q; and k = k;, we obtain a homogeneous,
translational invariant chain.

Related examples have been studied in numerous pub-
lications, see, e.g., [13,42—48]. The behavior for thermal
initial conditions, e.g., in a homogeneous chain [42] or a
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~ O q; ~ g ~ Q% q;

FIG. 1. (Color online) Sketch of the infinite harmonic chain as
defined in Egs. (70) and (71).

chain with a single heavy mass [13], is well understood.
Equilibration in a harmonic chain with non-thermal initial
conditions as discussed in Refs. [43,44] can be expressed in
terms of our conditions from Sec. IV D. General arguments
for the appearance of Gaussian states in the long-time limit
are given in Refs. [38,46]. Still, a satisfactory and explicit
analysis of equilibration and thermalization of the simple
chain in non-thermal environments is missing. Some studies
assume too quickly that equilibration implies thermalization,
in the sense of our condition (T1), failing to note, e.g., that
the appearance of Gaussian states is the general behavior of
linear systems and unrelated to thermalization as expressed
by condition (T3). According definitions of “temperature”
have to be taken with care. In addition we must carefully
analyze the role of undamped oscillatory behavior that prevents
equilibration and, therefore, thermalization.

A. Mapping onto the central oscillator model

To address the harmonic chain within the formalism from
Secs. II-1V, we must transform the Hamilton operator

o]

1 o0
Hy =2 [+ Q] =k ) andnn  (70)

n=1 n=1

for the harmonic oscillator bath (with operators ¢, and p,
for the oscillator at site n # 0) to normal modes. The same
transformation has to be applied to the operator kq; in the
coupling term

Hsg = —k Q(q1 +q-1) (7D

between the central oscillator and the chain oscillators at
n = =£1. It suffices to treat one of the two half-infinite chains
explicitly, say the right chainn > 1 as in Eq. (70), and include
a factor of 2 in y(w) to account for the left chain n < —1.
Note that in doing so we implicitly assume identical initial
conditions for both sides of the chain and thus exclude the
possibility of stationary nonequilibrium states with finite heat
flow between the right and left half-infinite chain.

The normal modes of Hp are the standing wave solutions
Sfu(n) o sin(£22) (for a finite chain of length N), and after a

Nt1
few lines of calculation we obtain the spectral function

@ 2 k?
W) = ——
v 7k}
for |Q) —w?| < 2k (72)

40— (% - )

in the thermodynamic limit N — oo. It is y(w) =0 for
|Q? — @?| > 2k,, and we impose the positivity condition
Q% > 2k, > 0 to exclude negative frequencies of the bath.

PHYSICAL REVIEW E 87, 012127 (2013)

To proceed, it is convenient to introduce the dimensionless
model parameters

2k, 2k a Q (73)
Kp=—5, kK=—5, Q=—,
b Qi 9127 Q2
and to use the normalized quantities
o= T=1Q D)= Qu(). (74)
b

Note that 0 < kp < 1.

B. Conditions for equilibration in the harmonic chain

As discussed in Sec. IV, equilibration depends entirely on
the decay of the function u(¢) for + — oo, and thus on the
absence of poles in F(z) from Eq. (33). To obtain F(w), we
use the representation (34) with the complex function

2

I'(z) = k (- (- 22)2 —4kz),  (15)

k
where the branch cut of the root must be chosen along the
positive real axis, and the minus (plus) sign applies for Re z >
0 (Re z < 0). Note that the positivity condition (8), which can
now be rewritten as Q2 + ['(;0") > 0, requires that

2
K
Q2> K—g(l—,/l—/cz). (76)

Before we can determine the function u(¢) with Eq. (13)
we must consider the possibility of isolated poles of F(z).
According to Eq. (34) we have to compare the functions &> —
Q? and Re I'(w + i0*) in regions where Im '(w 4 i07) = 0.
From the qualitative behavior of I'(w + i0™"), shown in Fig. 2,
we deduce that isolated poles of F(z) do not exist if and only

if the inequalities
2 _ .2 2 _ 2

2 Ky — K
<<+
Kp Kp

7

are fulfilled. The first inequality excludes poles in the interval
@” < 1 — «p, the second inequality in the interval @ > 1+
kp. Another more fundamental restriction is the positivity
condition (76), which is however less restrictive than the
present condition.

FIG. 2. (Color online) Real (dashed curve) and imaginary (solid
curve) part of I'(w+i0%) for k, =1/2 and w > 0. For @* =
{1 —«,,1,1 4+ &3} the function value is {—1, —i,1} x (kp)*/kp,
respectively.
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Kp
T
/

FIG. 3. (Color online) Diagram of the admissible parameter space
for equilibration according to condition (77). The white triangular
region above the solid black lines is the maximal set of allowed
parameter combinations. Outside of this region, an isolated pole
exists even in the weak damping limit « — 0. For « > 0, the
region of admissible parameters shrinks, as depicted by the dashed
black curves. The parameter combinations of homogeneous chains
(2, = 1) correspond to the cusps «;, = k of the curves, marked with
red dots. The parameter combinations of chains with a single heavy
mass [13] correspond to the intersections of the curves with the k;, = 1
line at 2, = «, marked with green squares. At these points, condition
(77) coincides with the positivity condition (76).

The admissible parameter combinations for equilibration
of the harmonic chain that follow from condition (77) are
depicted in Fig. 3. We note the basic restrictions

Kk < kp and \I—Qﬂgxh. (78)

The second inequality guarantees that the central oscillator
frequency €2, lies within the interval @ € [/1 — kp,+/1 + &3]
where y(®) > 0. If this is fulfilled, equilibration is always
possible for sufficiently small k. Since «;, < 1, it restricts
the admissible parameters to the rectangle (K,,,Qf) €
[0,1] x [0,2].

Condition (77) is always fulfilled for the homogeneous
chain (and we note that ¥ = k;, requires €2, = 1). The chain
studied by Ullersma corresponds to parameters x, = 1 and
Q =« (Qf equals the mass ratio u in Ref. [13]). Condition
(77) is fulfilled if 2, < 1, i.e., only for a heavy mass. Both
examples lie on the boundary of the admissible parameter
space, with one or two of the inequalities in Eq. (77) becoming
equalities.

C. Dynamical evolution of the harmonic chain

Depending on parameters, the harmonic chain features rich
dynamical behavior. For parameter combinations that fulfill
condition (77), the explicit result for u(¢) from Eq. (13) reads

2/(2 V14K _
() = —/ sin@f \/ki — (1 — @2)?
LN

PHYSICAL REVIEW E 87, 012127 (2013)

Kp

FIG. 4. (Color online) The (Qf,/cb) parameter space of the infinite
harmonic chain for k = 1/2. The solid/dotted black curves give the
boundary of the two regions defined by each of the inequalities from
condition (77). The central oscillator equilibrates for parameters in the
unshaded region above the solid curve, where the condition is fulfilled
(note that k;, < 1). For parameters lying between the solid and dotted
curves, one of the two inequalities is violated and a single isolated
pole of F(z) exists. Below the dotted curve F(z) has two isolated
poles. The dashed region to the left indicates where the positivity
condition (76) is violated, but such parameters already violate the
first inequality in Eq. (77). Both conditions coincide at k, = 1,
Q, = k. The dashed red/green lines indicate the path followed in the
next Fig. 5; the crosses marked a—d indicate the parameters used in
Fig. 6.

For parameter combinations violating condition (77) isolated
poles of F(z) occur and additional (undamped) sine functions
£ sin ;¢ must be added to this expression. According to
Eq. (34), the poles of F(z) are the solutions of Q2 —
5212 + I'(2;) = 0, which gives a quadratic equation for the
harmonic chain such that zero, one, or two (positive) poles are
possible.

As an example let us consider the case x = 1/2. The
restrictions on the parameters arising from the positivity
condition (76) and the stronger condition (77) are summarized
in Fig. 4. We now follow the dashed path in this figure and
plot the position S_Z% , of isolated poles and their total weight
& = & + & in Fig. 5. Only for parameter combinations in the
white unshaded area in Fig. 4, which corresponds to the part
between the dashed vertical lines in Fig. 5, condition (77) is
fulfilled. Accordingly, only panel (c) in Fig. 6 (the parameter
combination “c” in Figs. 4 and 5) shows a situation where
i(t) — 0 fort — oo. Otherwise, one (parameter combination
“d”) or two (“a” and “b”) isolated poles exist if one or
both inequalities from Eq. (77) are violated. Then, the
amplitude of oscillations in #(7) remains finite in the long-time
limit.

For strong damping situations (k ~ 1) shown in Fig. 6
the function u(¢) deviates significantly from an exponentially
decaying function, even in the absence of poles [panel (c)].
Exponential decay occurs only for weak damping « < k3. For
|Q2 — 1| < kp we have

1
X 5 d.
K (0% — Q2)" — 22(@* — 1)(@? — Q2) + «* sin(€2,7) K%
. i = T o <_ir> <), (80)
r b
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K,: ———— 0.2 0.4 0.6 0.8

FIG. 5. (Color online) Position €; and total weight £ of isolated
poles of F(z). We set k = 1/2 and change €2,, «;, along the dashed
path from Fig. 4,i.e., from 2, = 0,x, = 0.2t0 2, = 2,k, = 0.8. The
position of the poles is compared to the continuum of bath modes in
the interval @* € [1 — kp, 1 + ], filling the gray area around Q? = 1
in the plot. Between the two vertical dashed lines at 2, = 1,x, = 1/2
(left) and «, = 0.8, 2, = 1.4875 (right) no poles exist, in agreement
with condition (77). For Q2 < 0.126 28, in the dashed region to the
left, the positivity condition (76) is violated and one Q7 becomes
negative.

as plotted in Fig. 7 (left panel). Note that the case y(2) = 0,
with an undamped sine function in the weak damping limit, is
excluded by the second inequality in Eq. (78).

For the homogeneous chain, with €, = 1 and k;, = «, the
weak damping limit gives a different result. Since «;, = «, the
width of the continuum of bath states shrinks to zero fork — 0
such that we do not obtain exponential decay of u(t). Instead,
itis

r _
) =Jy (%) sinf (k < 1, hom. chain) (81)

of ' ' " (@] ' ' D)
; ] o5
\If:T Of \I% OH
_1 L
050
_2 L
0 5 10 15 20 O 5 10 15 20
t/(2n) t/(2m)
1 T 1 T
(© (d)
0.5 {1 o5
S o =go)
0.5} 1 -0.5H
0 5 10 15 20 0 5 10 15 20
t/(2n) t/(2n)

FIG. 6. Function i(f) for the harmonic chain with « = 1/2. The
parameters from panels (a)-(d) correspond to the crosses in Figs. 4
and 5. They are (a) k, = 0.2, Q% = 0.4 (two poles ; = 0.48, @, =
1.10, & = 0.82, & = 0.10); (b) k, = 0.4, Q2 = 1 (two poles Q| =
0.76, Q, = 1.20, & = 0.26, & = 0.26); (c) kp = 0.6, Q> =1 (no
pole); (d) k, = 0.8, 2? = 1.6 (one pole ; = 1.35, & = 0.50).
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50 100 150
t/(2r) t/2n)

FIG. 7. (Color online) Function #(7) for the inhomogeneous (left
panel, with @, =1, x, = 0.5, x =0.1) and homogeneous (right
panel, with @, =1, «, = 0.1, « = 0.1) harmonic chain at weak
damping. The dashed red curves indicate the exponential decay from
Eq. (80) (left panel) and the asymptotic decay o 1/+/7 of the Bessel
function from Eq. (81) (right panel).

with the Bessel function Jo(x) (cf. Refs. [42—44]). According
to condition (77) isolated poles of F(z) cannot occur in this
situation. From the asymptotic behavior of the Bessel function
we find that here i(7) decays only as 2(w« 7)™ /2 for 7 > 1,
as shown in the right panel of Fig. 7. Exponential decay
in the weak damping limit is only achieved if the coupling
k of the central oscillator to the chain becomes small also
in comparison to the width (~«k}) of the continuum of bath
.

D. Thermalization after a quench

According to the previous discussion, the central oscillator
in the harmonic chain equilibrates precisely for parameter
combinations that fulfill condition (77). We now study, under
these conditions, thermalization after a quench that generates a
non-thermal environment for the central oscillator [cf. Eq. (84)
below].

1. Initial conditions generated by the quench

We imagine that for ¢+ < 0O all oscillators are decoupled
(k = kp = 0) and in thermal equilibrium at temperature 7j.
Every oscillator has the same variance

Q3,,(n) = X,,(n) = E(Ty, ), (82)

and we do not need to specify further initial expectation values
if we are only interested in the stationary state in the long-time
limit.

Att = 0, we quench the system by cranking up the coupling
to finite values «,x; > 0. Since iqq(n), f]pp(n) do not depend
on n, transformation to the normal modes of the bath results
in constant functions

QU (@) = (@) = E(Ty,2) (83)

for the initial bath variances at + = 0. The initial bath state is
uncorrelated with @ (w,w,) = 0.

According to Sec. IV, the stationary state in the long-time
limit depends only on the frequency-resolved energy E(w) of
the initial bath state, which for the present example is given
by the function

E(Ty,$2). (84)
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This function acquires a dependence on « through the
dispersion of the bath modes after the quench, but it does
not fulfill Eq. (68). We thus see that the thermal equilibrium
state of uncoupled oscillators before the quench corresponds
to a non-thermal state of the coupled chain of oscillators
after the quench. According to condition (T3) from Sec. IV D
we expect that the temperature 7., of the stationary state
depends on the central oscillator frequency €2, even at weak
coupling.

From Egs. (57)—(59) or Egs. (61) and (62), the variances in
the long-time limit are obtained as

1 1

oo - __ 14+ E(TO Qh)
QQ 2 9 9
29, Q2 —S(1—/1—«})
! (85)
1
=5 =5 (1+2) E(To,2). (86)

We will give further results using normalized quantities
o/ 2y To=To/Q. (87)

choosing €2, as the unit of energy.

Qoo = o/ U Too =

2. Thermalization (T2)

We recall that according to property (T1) the stationary
state is always a thermal state of some harmonic oscillator
Hamiltonian, such that we should check the stronger property
(T2). From Eq. (66), the effective frequency associated with
the stationary state is

QL Q2 +1
Q2

Tl g (11— )]

(88)

We observe that equipartition of energy, i.e., Qoo = €,, can be
achieved only in the weak damping limit « — 0. For « > 0,
it is always Qo, < €2,. This confirms the conditions given for
property (T2) in Sec. IVD.

3. Thermalization (T3)
For weak damping, Egs. (85) and (86) simplify to

1
QZZOQOQ = EIOJCP = E (1 + Q%) E(TOva) (fOI"K O)
(89)

Equipartition of energy in the stationary state is evident, and
the thermalization (T2) property fulfilled. To check property
(T3), we calculate the temperature

2T (Q 1 1 1
Ho®) = arcoth™| = (Q, + —) coth ( = ) (90)
Q, 2 Q, 2Ty

of the stationary state with Eq. (66) or the weak damping result
(67). We see that T.,(2,) depends explicitly on the central
oscillator frequency €2,, as depicted in Fig. 8. It is T, = T
only for 2, = 1. As discussed before, this results from the fact
that £ (w) after the quench violates condition (68).

‘We note that k;, does not appear in Eq. (90). In the present
example, the value of x;, only determines the admissible
values of €2, that lead to equilibration, as given by the second
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0.5

0.25

FIG. 8. (Color online) Temperature Ty, of the stationary thermal
state at weak damping as given in Eq. (90). It is shown as a function
of Q, for different temperatures To = 0.2, ...,0.8 of the initial state,
as indicated. Note that T, does not depend on «, but the admissible
values of €2, for which equilibration occurs are restricted by the
second condition in Eq. (78) (see also Fig. 3). In particular, it must
be 0 < Q2 < 2.

inequality in Eq. (78). Once equilibration has been observed,
the temperature of the stationary state at weak damping
depends only on the value of £(Q) not on the functional
dependence of the spectral function y ().

4. The homogeneous chain

For the homogeneous chain with k;, = «, , = 1, Egs. (85)
and (86) simplify to

=% —L 1+¥ E(Ty,2) 91)
QQ—2Q]27 1—K2 0:%4p),

2%, = E(Ty. Q). (92)

1.5 T T T

FIG. 9. (Color online) Frequency Q.. (dashed curve) and temper-
ature Ty, (solid curves) for the homogeneous chain, from Eqs. (93)
and (94), and shown as a function of «. The temperature curves are
plotted for 7y = 0,0.2,0.5,1 as indicated.
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Equipartition of energy is violated for any « > 0, such that
the effective frequency

L
* T T (=217

associated with the stationary state deviates from the central
oscillator frequency (it is always €2, < 1). The temperature
of the stationary state is

27T, 1 /1 1—«2)-1/2
> = arcoth™'| coth = M . (99
Qoo 27, 2

It is Too > T for k > 0, for example T, — 1/2 for Kk — 1
and Ty — O (see Fig. 9).

The situation simplifies again in the weak damping
limit x — 0, where we recover from Egs. (91) and (92)
the equilibration/thermalization result for the homogeneous
chain formulated in Refs. [43,44]: At weak damping the
central oscillator evolves into a stationary thermal state, with
equipartition of energy inlg’g = X% = E(T),2). Because
of translational invariance this statement applies to every chain
oscillator.

We note, however, that thermalization of the homogeneous
chain is not perfect. As discussed in Sec. IV D, observation of
a single oscillator in the homogeneous chain is not sufficient
to establish thermalization of the entire chain. Thermalization
fails for a finite chain segment consisting of two or more
oscillators, because property (T3) is not fulfilled as seen in
Eq. (90). Note that there is no possibility to check property
(T3) directly for the homogeneous chain (€2, =1 is fixed
here), such that results restricted to this situation have to be
interpreted carefully [43,44].

(93)

VI. CONCLUSION

Our study of the dissipative quantum harmonic oscillator
addresses equilibration and thermalization in nonthermal
environments. Equilibration is the generic behavior, which
is prevented only in situations in which the classical os-
cillator equation of motion possesses undamped oscillatory
solutions. The infinite harmonic chain is an example for this
behavior.

Thermalization of the central oscillator depends on addi-
tional conditions. Just as for thermal environments, equipar-
tition of energy requires the weak damping limit but is
independent of the precise initial conditions. The asymptotic
temperature T, is obtained from the energy distribution E(w)
in the initial bath state, and generally depends on the central
oscillator frequency 2. If we demand that T, is independent
of Q, another condition on &(w) follows. This condition is
essential for simultaneous thermalization of several oscillators,
when a thermal state of the combined system is obtained
only if the same asymptotic temperature is assumed by each
oscillator.

Part of the behavior discussed here generalizes to systems
with nonlinear interactions. First, we note that equilibration is
possible although the linear system is integrable. Equilibration
occurs because, in a rough sense, the reduced density matrix
of the central oscillator involves an average over conserved
quantities of the joint oscillator-bath system. In other words,
equilibration of small systems embedded in a large envi-
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ronment does not require ergodicity. Second, because of the
linearity and unitarity of quantum-mechanical time evolution,
the stationary state depends explicitly on the initial (bath)
state. But already for the linear system, some properties,
such as equipartition of energy, are independent of the initial
conditions. Furthermore, the stationary state depends only on
the energy distribution £ (w) in the initial bath state. Effectively,
information is lost in the long-time limit and thermalization is
possible for a large class of (nonthermal) initial states.

We discussed neither the generalization of the fluctuation-
dissipation relation to the present nonthermal setting nor the
role of stationary nonequilibrium states with finite heat flow
that would require coupling to at least two baths with different
preparations. Multitime correlation functions can be computed
within the present formalism, which will allow for the analysis
of both issues in the future.
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APPENDIX A: OPERATOR EQUATIONS OF MOTION
AND THEIR SOLUTION

The solution of the dissipative quantum harmonic oscillator
model through operator equations of motion instead of
transformation to normal modes of H allows for a simple
treatment of general initial conditions and time-dependent
coefficients. We list here the relevant steps of the derivation
omitted in Sec. III, and we allow for a time-dependent central
oscillator frequency €2(¢) (cf. Ref. [17] for a path integral
calculation).

The Heisenberg equations of motion A(t) = i[H, A(t)] are

N
0 = P(). P()=-QX000) — Y 40,0 (AD)

v=1

for the position and momentum operator of the central
oscillator, and
Py(1) = =7 Qu(1) — 2, Q1)

0.(1) = P,(1), (A2)

for the bath oscillators.

We can read Eq. (A2) as an inhomogeneous linear equation
for Q,(t). Using the Green function for the homogeneous
equation 0,(t) = —?Q,(t), we find

0,(t) = cosw,t Q,(0) + wi sinw,t P,(0)

v

— A -/.t L sinw,(t — 7)Q(t)dr. (A3)
0 Wy

Inserting this result into Eq. (A1) gives the equation of
motion

o) = —92(t)Q(t)—|r/0 K@ —1)Q)dr —N@) (A4)
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for the central oscillator operator Q(t), with the damping
kernel K (¢) from Eq. (12) and the noise term

sin w, t

N(t) = ZA (coswuz 0.(0) +

v=1

P (0)) (AS5)

Equation (A4) is an inhomogeneous linear integro-
differential equation, which can be solved through solution
of the classical equation of motion

t
Ou(t,t) = —Qz(t)u(t,t')—i-/ K@ — tu(r,thdr. (A6)

v
We need the two solutions u;(¢,t'), uy(¢,t') to the initial
conditions u(t,t) =1, du(t,t")|;=r =0 and u,(t,t) =0,

d,us(t,t")|;— = 1. The solution of the operator equation of
motion for Q(t) is then given by

0@ = ”l(l»O)Q(O)+u2(t,O)P(O)_/ us(t,T)N(t)dr,
0

(A7)
and itis P(t) = Q(1).
With the partial Fourier transforms
t
i(t,w) = / uy(t, 7)€" dr, (A8)
0
t .
i(t,w) = / o,us(t,7)e'“ dr, (A9)
0
and the definition of matrices
_ [ u1(,0) us(t,0)
e = (a,ul(z,()) a,uz(z,O)) (A10)

and U(#,w) as in Eq. (18), the operators Q(t), P(t) are given
by the matrix Eq. (19).

For constant Q(¢) = 2, the function u(¢) used in Sec. III
is recovered as u(t) = u,(z,0), and it is u(t) = u;(¢,0) [while
uy(t,t') # d,uy(t,t’) for time-dependent 2(¢)]. Then, the par-
tial Fourier transforms ii,(f,w) and ,(¢,w) are related by
Eq. (16) and U(¢) is given by the simpler expression (17).
Equations (20) and (21) and Egs. (26) and (27) for the
calculation of expectation values and variances and Eq. (45)
for the construction of the propagating function remain valid
for time-dependent (7).
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APPENDIX B: PROPAGATING FUNCTION IN POSITION
REPRESENTATION

The propagating function in position representation is the

Fourier transform
J(qy, qf gi,g;,t) = // o Par=ay) g=ip(ai—a)

+ ; !
(1 5 G Napap
2 2
B1)
of Eq. (45). It results in the expression
J(X,y,X,x,t) = meXP[]IJC + joxy + 3y’

+ z((14x + Js»X + (jex + j7y)Y
+ jsx + joy)l,

where we write ¥ = (g7 +q})/2, y =qr —q}, X = (g +
q})/2,x = q; — q; for abbreviation and drop the time argument
in jp = ji(¢). The nine real parameters ji,...,jo in this
expression are related to the parameters of Jy(X,x,f) in
Eq. (45) through

(B2)

; Coo ; CQP Upp
J1=— s 2= +
203, Ugr  22UQ,
. 1 Pp Upp
J3=—5Cpp— Coo + —Cop,
2 202, Ugr
. U UooUpp 1
j4=£, Js=Upg — oo , =——,
UQP UQP UQP
. Upp . 1 . Upp
1= s Js=—lg, Jo=1Ip— lo. (B3)
"= Uor g = Uor o=Ir =gl

Explicit insertion of U(z) from Eq. (17) or (A10) gives
expressions that allow for direct comparison with the literature.
For example, the expressions given in Ref. [17] are recovered
for I(¢) = 0 such that the terms jgx, joy vanish.

Obviously, the position representation leads to less conve-
nient expressions for the propagating function, and obscures
the clear formal structure of Eq. (45). In particular, the
expressions (B3) are singular for u(t) — 0, which gives
a complicated representation of the § distribution for the
propagating functionat = Oandt — oo instead of the simple
limit for Jy (X,x,7) [cf. Eq. (64)].
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Abstract. We formulate exact generalized nonequilibrium fluctuation relations
for the quantum mechanical harmonic oscillator coupled to multiple harmonic
baths. Each of the different baths is prepared in its own individual (in
general nonthermal) state. Starting from the exact solution for the oscillator
dynamics we study fluctuations of the oscillator position as well as of the
energy current through the oscillator under general nonequilibrium conditions.
In particular, we formulate a fluctuation—dissipation relation for the oscillator
position autocorrelation function that generalizes the standard result for the case
of a single bath at thermal equilibrium. Moreover, we show that the generating
function for the position operator fulfils a generalized Gallavotti-Cohen-like
relation. For the energy transfer through the oscillator, we determine the average
energy current together with the current fluctuations. Finally, we discuss the
generalization of the cumulant generating function for the energy transfer to
nonthermal bath preparations.
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1. Introduction

Fluctuation relations [1-7] build on the fundamental connection between the response of a
physical system to a weak externally applied force and the fluctuations in the system without
the external force. This connection was first observed for thermal equilibrium by William
Sutherland [8, 9] and Albert Einstein [10-12]. They established the relation between the
mobility of a Brownian particle, which is a quantity that measures the response to an external
electric field, and the diffusion constant, which is a quantity that characterizes the fluctuating
forces at equilibrium. The famous Johnson—-Nyquist relation [13, 14] gives the corresponding
connection between the electrical resistance of a circuit and charge fluctuations in the resistor.
A more general relation has been derived by Callen and Welton [15] in form of the quantum
fluctuation—dissipation theorem (FDT)

V(@) = 2 coth (@)ob(w), (1)

2i 2

which relates the Fourier transform W(w) of the symmetric equilibrium correlation function
of an observable to the Fourier transform ®(w) of the (antisymmetric) response function of
this observable in thermal equilibrium at temperature 7 = (kg 8) . It was recognized by Green
[16, 17] and Kubo [18] that the FDT in equation (1) is a particular case of the more general
linear response theory which is an invaluable tool to model and understand experimental data
in all fields of physics. However, often situations are encountered where the assumption of
thermal equilibrium is invalid, for example, for systems strongly driven by external fields,
charge currents in systems with large differences in the electric potential, heat currents in
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systems with strong temperature gradients, or systems in solvents and disordered media which
themselves are in metastable quasi-equilibria only. It has been a longstanding task in statistical
physics to generalize linear response theory and FDTs to such nonequilibrium situations and, by
this, to build a unifying theoretical framework of the spectral characteristics of environmental
noise.

Generalized nonequilibrium fluctuation theorems have been formulated for classical
nonstationary Markov processes [19] and for stationary Markov processes far away from
thermal equilibrium [20, 21]. They relate the higher-order nonlinear response to higher-order
correlation functions of stationary nonequilibrium fluctuations. A fully nonlinear, exact and
universal classical fluctuation relation has been provided by Bochkov and Kuzovlev [22]. It
gives the fluctuation relation at any order for systems that are in a thermal state in absence of
external forces. It solely builds on the time-reversal invariance of the equations of motion and
the assumption of a thermally equilibrated initial state. The quantum version was provided by
Andrieux and Gaspard [23] and lead to fundamental insights [1] into the fact that work injected
to or extracted from a system is not a quantum mechanical operator or observable, because it
characterizes a process rather than a state of the system [24].

Recently, growing interest in nonequilibrium fluctuation relations arose from alternative
formulations by Evans et al [25] and by Gallavotti and Cohen [26] for the statistics of
nonequilibrium fluctuations in steady states and by Jarzynski [27] and Crooks [28] on the
statistics of work performed by a transient time-dependent perturbation [1]. The reviews [1-7]
summarize the actual progress in this field.

Most studies so far consider systems initially in thermal equilibrium, described by the
canonical distribution

— ! —BHo

po = Zoe (2)
with the system Hamiltonian H, and the partition function Zy = Tr[e ##°]. In this work,
we want to give up this assumption and formulate generalized nonequilibrium fluctuation
relations for nonthermal initial states. To do so, we consider the dissipative quantum mechanical
harmonic oscillator [29-37]. Building on our previous work in [38] we study a central oscillator
coupled to an arbitrary number of harmonic baths each of which can be prepared in its own
individual initial state. The fluctuations of the baths are thus still Gaussian, but not necessarily
thermally distributed. Because the exact solution for the system dynamics is known, we can
analytically calculate all observables and correlation functions of interest, and thus investigate
the validity of nonthermal nonequilibrium fluctuation relations for this admittedly restricted
model situation.

The structure of the paper is as follows. We introduce the model, its classical equation of
motion and the basic notions in section 2. Then, in section 3, we calculate the symmetric and
antisymmetric correlation functions of the oscillator position for the case of general nonthermal
bath states. In section 3.3, we formulate the generalized nonequilibrium fluctuation relation for
the oscillator position correlation functions. This constitutes one major result of this work. In
section 4, we calculate the generating function for the position operator of the oscillator and
show that it fulfils a generalized Gallavotti—Cohen relation under nonequilibrium conditions at
arbitrary times. Section 5 is devoted to energy transfer and we present the derivation of the
average energy current. In section 6, we calculate the energy current fluctuations and generalize
the well-known cumulant generating function of the heat transfer for thermal baths to general
bath preparations, before we summarize in section 7.
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2. The model

In a system—bath model approach, we consider the one-dimensional harmonic oscillator
bilinearly coupled to a finite number Ny of different and mutually uncoupled baths of harmonic
oscillators. The total Hamiltonian is H = Hgs + Hg + Hsg, where (i = 1, kg = 1 throughout the
work)

Hs = 3[P*+Q*Q°] (3)
is the contribution of the central oscillator with frequency €2,
N Ny 1
— o a __ _ ay2 a a2
HB—;H, HB—;z[(PV) + (@09’ 4)
is the contribution of the bath oscillators with frequencies o, and
Np Ny Ny 1 )\‘Ot 2
Hsp =Y  HE. H?B:QZki‘Q‘j+Zz<w_‘;) 0> (5)
a=1 v=1 v=1 v
is the coupling part. In these expressions, the position and momentum operators Q% and P
fulfil the canonical commutation relation [ Q% PI‘Z/] =18,,04q- The labels o, o' =1, ..., Np are
used to identify a particular bath, while the indices v, u =1, ..., N, identify a single oscillator

from bath «.

The coupling term contains the counter term which serves to eliminate the potential
renormalization due to the coupling of the oscillator to the baths [39, 40]. Throughout this work,
we assume factorizing initial states p(0) = ps(0) ®2’il pg(0) corresponding to the choice of
isolated systems that are brought into contact at ¢t = 0*. Notice, however, that we keep the initial
distributions pg (0) of the baths arbitrary and do not necessarily assume thermal equilibrium.

2.1. The exact solution for the operator dynamics

Starting from the Heisenberg equation of motion for the system and bath operators, one inserts
the formal solution for the bath operator dynamics into the equation of motion of the central
oscillator to obtain the quantum Langevin equation

(1) =—-2°0() —/ dr K(t — 1) Q(7) — n(t) — K (1) Q(0) (6)
0
with the damping or friction kernel
Ng No A9 2
KO =Y K0, Ka®)=3 <E> cos &, %
a=1 v=1 v
and the noise term
Al al sin w®t
n(t) =Y na(), nalt)=) 2% (Q‘:(O) cos 't + P‘f‘(O)T.(”) _ (8)
a=1 v=1 v

The noise term 7(¢) together with the initial slip term K (¢) Q (0) appears as a fluctuating force in
equation (6). Due to our choice of factorizing initial states, the noise terms of different baths are
uncorrelated, i.e. (1, (#)ng(s)) = (N (2))(np(s)) for a # B. Nevertheless, the fluctuating forces
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£, (1) = nu(t) + K, () Q(0) including the initial slip term are correlated because of the coupling
to the central oscillator [41]. These correlations vanish if the expectation values are calculated
with respect to the nonfactorizing initial state that is obtained out of p(0) through the unitary
transformation with the displacement operator exp[iQ Z ‘| AYP%/(®*)*]. At this point, we
note that explicit expressions for the correlation functions of the ﬂuctuating forces depend on
the choice of the initial distributions p§(0) and thus, the fluctuations are in general associated
with a nonstationary Gaussian operator noise. Only in the limit of long times, these fluctuations
become stationary again (see the appendix).

As is well established in the literature [29-37], the full solution for the central oscillator
dynamics can be constructed from the solution u(¢) € R of the corresponding classical equation
of motion

Li(t):—Q%t(t)—/ dr K(t —t)u(r). )
0

The relevant solution u(¢) is specified by u(¢) =0 for ¢t <0 and by the initial conditions
u(0) =0 and i(0) = 0. It is given by the Fourier transform

1 [> N 2 [
u(t) = — / dwe @0 F(p+i0h) = = / dw sinwt Im F(w +10%)  (10)
27 J_ T Jo

o0

of the function

S oo 1
F<Z)=9+ZZ(wa) Z+ZZ “w | (1

a=1 v=1 lvl

Given u(t), the solution for the dynamics of the central oscillator operators can be obtained
from the matrix equation

O 000\ s, Q(0)
(Pm)_ <P<0>) 22 Mo <P§<0>>' 12

We here introduced the matrices

(i) u)
vn= (ﬁ(t) u(t)> ’ (13
up(t, ) MI(Z;CU)
U(t, w) = ot ) , (14)
UR(I, a)) >

and denote by the respective index R or I the real or imaginary part of the partial Fourier
transforms of the classical solution u(t),

t
u(t, w) = ur(t, ®) +iu (1, ) = ' f dru(r)e T, (15)
0

v(t, ) = vr(t, w)+iv1(t,w)=eiw'/ dra(t)e " = u@t) +iou(t, w).  (16)
0
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2.2. Expectation values

Equation (12) allows us to express central oscillator expectation values for ¢ 2> 0 in terms of the
initial ones at t = 0. The linear expectation values are given by the equation

~(lomy\
X(1) = <<P(I)> ) =U()X(0) +1(r), (17)
where
N Ny
I ==Y > 20, o)XS (18)
a=1 v=1

depends on the initial bath expectation values X% = ((Q*(0)), (P*(0)))".
For the quadratic expectation values we define the correlator of two operators A and B by

EAB:%(AB+BA)—(A)(B), (19)

and write X45(f) = X 4¢)p() for better readability. For correlators of operators related to bath
oscillators at initial time, we define

OAeBy = EAng 0) (20)
and write
O— o o O- o o
z, = ([0 o). @1
Opgos OPgpy
We then obtain with equation (12) the relation
2oo(t) ZQP(I)) T
Y1) = ( =U@nXO)U () +C(r), (22)
Yop(t) Zpp(d)
where
Ng N,
CHy=)_ Y xu, 0T Ut o). (23)
a=1 p,v=1

2.3. The thermodynamic limit

In the thermodynamic limit N, — oo for all @ =1,..., Ng we can replace summations
(1/N,) Zivil f (@) by integrations fooo dw D, (w) f (w) by introducing the densities of states
of the baths,

N,
1 o
Dy(w) = — S(w— %), 24
@) =4 2_1: (@ — ) (24)
that converge to continuous functions. Since the coupling constants A% enter equations (7)

and (11) as (A%)?, they have to scale as 1/+/N, to obtain finite results for the sum over N,
terms. We thus introduce continuous functions A, (w) according to

A% = Ao (@) //Na, (25)
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and define the bath spectral functions

Ao (0)?
Ya(@) = Dy(a) 2220

Note that we here use the definition of the bath spectral function of [42] without the factor 7 /2,
which corresponds to the definition of [30] with an additional 1/w factor.

The linear expectation values X” have to scale as 1/4/N,, because they appear in
equation (18) with the prefactors A%. We introduce continuous functions X, (@) and X, p(w)

according to

X, (0)) 1 (Xa Q(wﬁ‘))

X = = ’ . (27)
VN VN \ X p(@])

Moreover, we have to separate the N, diagonal terms X% from the N? off-diagonal terms
37, with v # u that require an additional 1/N, prefactor for convergence in the thermodynamic

limit. Hence, we define

(26)

1
¢ =2 ()8, + Ezgf) (@, @) (28)
with continuous functions o, Xy(w) and 0 (a)l, w») (X,Y = Q, P) as the matrix entries of
M (w) and TP (w1, wy).

The function F(z) in the thermodynamic limit can be obtained via contour integration with

the result
N e or@ .\
F(z)=<92+;fo Z/ el )
Np Np B
::<92_§:r;awu-z2+§jrA@> (29)
a=1 a=1

for Imz > 0. The complex functions I',(z) follow from analytic continuation of y,(w) =
F2/m)Im T, (£w +10%) into the upper half of the complex plane.

If the function F'(z) has no poles for Im z > 0, the classical function u(¢) from equation (10)
is the inverse Fourier transform of a continuous function. We can use the Riemann-Lebesgue
lemma

oo
lim do f(w)e =0 (30)

t—>x00 J_
valid for any integrable function f(w) and conclude, that u(t) — O in the long-time limit
t — oo. In turn, poles of F'(z) correspond to undamped oscillations in u(¢), such that the central
oscillator will approach a stationary state only if isolated modes do not exist. The possibility of
lim,_, ,u(t) # 0, i.e. the existence of isolated poles in F(z), is closely connected to a breaking of
ergodicity in the sense of the mean-square of a stochastic observable [43—46]. Precise conditions
for lim,_, ,u(t) =0, as well as a general discussion of equilibration and thermalization of the
central oscillator, can be found in [38]. Throughout this work, we assume that F'(z) has no
isolated poles, such that the classical solutions for ¢t — oo approach zero, i.e., U(t) — 0. Then,
the central oscillator equilibrates and the asymptotic state is Gaussian with the expectation

values in the long-time limit lim,_, ., X(¢#) = 0 and lim,_, ,, 33(¢) = 3 [38].
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3. Nonequilibrium fluctuation relation for the oscillator position

The results from the previous section allow us to derive a generalized nonequilibrium fluctuation
relation of the form of equation (1). For this, we determine the symmetric and the antisymmetric
correlation functions of the central oscillator position Q. Their Fourier transforms are then
shown to obey a generalized nonequilibrium fluctuation relation in form of a characteristic
proportionality relation.

3.1. The symmetric correlation function

We define the symmetric correlation function of the central oscillator position as

W(t,5) = 5(Q) Q@ +5)+ Q1 +5) Q1)) €1V

Inserting the solution for Q(#) from equation (12) and performing the thermodynamic limit
N, — 00, we obtain

W(t,s) =(QW)NQ{+5)) +iu ()it +5)X000) +u(®)u(t +5)Xpp(0)
+(@(Out+s) +u@®)i(t +5)Top0) + ¥V (1, ) + WP (2, 5) (32)
with the two functions

B 00 (O]

0]

v, s) :Z/ da)a)ya(a)){uR(t,a))uR(t+s,a))crog’l)QQ(a))+u1(t,a))ul(t+s,a))%()
— Jo

(1)
Hur(t, @)ur(t +5, ) + ug(t + 5, 0)uy(t, )] O, ch( ®) } (33)

and
Ng 00 )

LAIGOES Y f do, / dw; Dy (1) Do (@) 1 (@1) 1 (02)
a=1 0 0

Oy, pp(a)l’ y)

X {uR(t w)ur(t+s, a)z)o" QQ(a)l,a)z)+u1(t w)uy(t+s, @) o
102

(34)

OEZ)Qp(wl, ))
+Hur(t, w)ui(t +s, ) +ur(t +s, w)ui(t, w)) | ————1¢ .

wy

In the long-time limit t — oo the terms involving u(t), it(¢) and (Q(¢)) vanish according
to our assumption of continuity of F(z). For the remaining terms WV (¢, s) and W@ (¢, 5) we
rewrite the partial Fourier transform of equation (15) as u(f +s, w) = e [u(t, w) — fos dru(t+
T) e '“"]. Since u(t) vanishes at long times, the partial Fourier transform u(¢ + s, w) behaves
asymptotically as

Uns (T +5, w) ~ ™y (w), (35)

where

u(w) = f h dru(r)e it (36)
0
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is the full Fourier transform of the function u(#).* Using this asymptotic behaviour in the
expressions for W (¢, s) and W@ (¢, s) we see that the off-diagonal term W®(z, s) contains
only oscillatory terms in the two frequencies @, and w,. If we recall the Riemann-Lebesgue
lemma, equation (30), we conclude, that W® (¢, s) vanishes in the long-time limit. Following
the same line of reasoning we find that the only non-zero term in the limit 1 — 0o comes from
W (2, s) and involves |u(w)|? while the arising oscillating terms vanish. In particular,

NB 00
Y(s)=lim W(z,s) = Z/ dw Y, (w) |u(a))|2w cos ws, (37)
t—00 o 0 w
where
Eal@) = 0?0y ) o (@) + 04 b p(@)] (38)

denotes the frequency-resolved energy distribution functions of the initial bath states.
We next Fourier transform equation (37) and obtain

~ S Eu(®)
Vo = [ dsewe =1 Yo n@ i@ P, (39
- a=I

00 w

3.2. The antisymmetric correlation function

The antisymmetric correlation function of the oscillator position Q is given by

1
O, 5) = (RO QU +5) — QU +5)Q(1)). (40)

Inserting the solution Q(#) of equation (12), using the property ([Q7(0), P7(0)]) =id,, and
performing the thermodynamic limit N, — 0o, we obtain

O, s)=u@)u(t+s) —u(t)iu(t+s)
Ne  roo
+Z/ dw Vo (0)[ur(t, o)ui(t +s, w) — ur(t +s, w)u(t, )], 41
a=1 0

which is independent of the initial bath preparation as expected [39].
Similar to the calculation of the symmetric correlation function, we obtain for the
antisymmetric response function in the long-time limit

N 00
O (s) = lim d(¢, 5) = Zf do Y, (@) |u(w)]? sinws . (42)
—00 0
a=1
Its Fourier transform readily follows as
0 Np
& (w) :/ ds e ®(s) :inZya(a)) lu(w)|?. (43)
% a=1

4 We use the same symbol u for the function and its Fourier transform for ease of readability. Time arguments are
denoted as ¢, T or s, while frequency arguments are denoted by w.
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3.3. The generalized nonequilibrium fluctuation relation

To formulate the general nonequilibrium fluctuation relation, we compare equations (39)
and (43) and obtain for general initial preparations and an arbitrary number Ny of independent
harmonic baths the relation
Np
W (o) = 1 Zem Ve @) ) (44)
1 wZail Yo (0)

This is one major result of the present work and illustrates that the relation is crucially
determined by the frequency-resolved energy distributions &,(w) of the initial bath states
defined in equation (38) and the bath spectral functions y,(w) given in equation (26). A
comparison with the thermal FDT in equation (1) shows that in the considered nonthermal
situation we have to exchange the thermal energy distribution

w w
& , T) = — coth — 45
wn(w, T) 5 coth = (45)

with the average of the individual energy distributions of the baths weighted with their spectral
functions.

In the case when all baths are initially distributed thermally at the same temperature
T according the thermal equilibrium Bose—Einstein distribution function, we have &,(w) =
En(w, T) forallae =1, ..., Ng. This reproduces the equilibrium FDT equation (1) [39].

A natural question then is under which initial bath preparations the central oscillator
thermalizes, i.e. reaches a stationary state which is thermally distributed with a given
temperature 7. By comparing equations (44) and (1), we obtain the condition

Y o Ye(@Ey(w)
Yoo Va(®@)

for which the fluctuations of the central oscillator for t — oo are thermal. This condition
certainly is satisfied whenever all baths are thermal and have equal temperature, but can also
be satisfied for other nonthermal initial bath preparations. In turn, if this condition is satisfied,
the quantity

=&n(®,T) (46)

a2
T = —arcoth
w

(% > mw)ea(w)) @

0 Dy Va(®)
is a constant, i.e. independent of w. It is then tempting to understand this quantity as an
‘effective’ temperature characterizing the general initial bath preparation. However, the above
condition does not guarantee true thermalization of the central oscillator, which is essential for
a meaningful notion of temperature. For a more detailed discussion of this question, see [38].

4. Generating function for the position operator of the oscillator

In this section we show that the dissipative oscillator model allows us to study the connection
between transient and steady state fluctuation relations. We calculate the generating function
for the central oscillator position operator and show that it fulfils a Gallavotti-Cohen symmetry
relation [26] valid for arbitrary times and a Gaussian initial state of the central oscillator. This
additional Gaussian assumption is not necessary in the long-time limit and we obtain an exact
result for the steady state fluctuation relation.
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We define the generating function for the position operator according to
Zo(E. 1) = (e"°0). (48)
With that, all the cumulants ((Q"(¢))) of the position operator follow by performing the
respective derivative
; "InZy(&, 1)
(Q N ===, (49)

For instance, we have ((Q(1))) = (Q(¢)) and ((Q*(1))) = Z 0 (2).
It is convenient to represent the generating function in terms of the Wigner function of the
central oscillator

We(q. p.t) = — /Ood< +S‘ (z)‘ S> ~ips (50)
= — — — e K
such that
Zo(t, 1) = / dx W (x, 1) 7, 51)
RZ

where we write Ws(x,t) = Wg(q, p,t) with x= (g, p)" and dx =dg dp for abbreviation.
The Wigner function Wg(x, ¢) at time ¢ > 0 can be obtained from the propagating function
Jw(x,Xx,t)=Jw(q, p, q, p,t) in Wigner representation, that is defined by the relation

Ws(x,t) = / dx Jy (x, X, 1) Wi (X, 0), (52)
R2

and can be evaluated to [38]
exp{—3 [x—U@®Xx—I0)]-C'() [x —U@®O)x—I(1)]}
21 /det C(¢)

with U(z), I(¢) and C(¢) from equations (13), (18) and (23). Performing the Gaussian integral
over X we obtain

Jw(X, X, t) = (53)

2

Zo, 1) = / dx Ws(x, 0) exp {—%el -C(t)e; +1&[U(H)x+1(2)] -el} . (54)
R2

where e; = (1, 0)T.

In the long-time limit t — oo, where U(¢#) — 0 according to our assumption of continuity
of F(z), the integration in equation (54) evaluates to one because the initial Wigner function is
normalized. We then obtain

e’} . %-2 [ee)
Z5®) = lim Zo(6.0) =exp { — 5 T3, | (55)

with X5, = lim;_, o, X (7). The results obeys the symmetry Z5(§) = Z7 (—§).
For finite times, we can restrict ourselves to Gaussian initial states of the central oscillator

exp {—3[X—X(©0)]- =71 (0)[x — X(0)]}
2 /det X(0) ’

Ws(x,0) = (56)
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and obtain

2
ZQ(%', l’) = exp {—%el . Z(t)61 +l§X(l’) -el}

2
= exp{—%EQQ(r>+iS<Q<r>>}. (57)

In order to see when the Gallavotti-Cohen relation is fulfilled, we calculate
2

A
Zo(=§+iA, 1) =exp {—%EQQ(I) +i§[A%go(t) = (QN)]+ S [AXgo(1) — 2<Q(t))]}- (58)

Hence, the relation Z,(—§ +1A,t) = Zy(&, t) is fulfilled at any arbitrary time ¢, if

()

Zoo)
This implies that the oscillator fluctuates symmetrically around its momentary position average
(Q(t)) since Zg_0y(=&,t) = Zg_(0)(&, t). On the other hand, however, the symmetry point for
the generating function of the position operator, which in the stationary state is & = 0, is shifted
by the momentary position expectation value scaled by the momentary position variance, i.e.
Zo(=§+1A/2,t) = Zp(§ +1A/2, t). Note that this relation holds in general and also when the
central oscillator has not yet reached its equilibrium state. This transient fluctuation relation is
linked with the steady state fluctuation relation from above by realizing that lim, , A (¢) = 0.

A=A@) =2

(59)

5. Quantum mechanical energy transfer between nonequilibrium baths

We now study the quantum mechanical transfer of energy between nonequilibrium baths. To
keep the discussion simple, we concentrate on the case of the energy transfer between two
baths, i.e. Ng =2, and denote them as left (@ = 1) and right (o = r) reservoir. In particular, we
are interested in the form of the expectation value of the energy current operator which can be
defined for instance for the left junction according to [47-52]

dH(D) _ 1

1) =——1- Z»J{P (1), Q1)) (60)

with the anticommutator defined as {A, B} = AB+ BA.
For the calculation of the expectation value (I (¢)) we need the solutions of the Heisenberg
equations of motion for the left bath operators

0! (1) = coswlt 0 (0) + 22T pl gy — f dr M 0(t). (6la)
C() 0 (,()v

P\t =0 1. (61b)

We insert these equations and the solution equation (12) for Q(¢) into equation (60) and perform
the thermodynamic limit to obtain (I (¢)) = (I;(¢)) + (I2(¢)) + (I3(¢)) with

(L)) = f " do Di(@) (@) sinwt X; o(w)(Q 1)) + (I (0) + (17 (1)), (62a)
0

(L(1)) = — f dw Di(@)Mi(w) cos wt X p(@){Q (1)) + (I, (1)) + (17 (1)), (62b)
0
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o0 t
(I3(1)) =/ dw a)yl(a))/ dr coswt W (z, 7). (62¢)
0 0

In these equations, W (¢, t) is the symmetric position autocorrelation function given in
equation (31) and the diagonal and nondiagonal contributions to (/;(¢)) and (/,(¢)) are

(Il(l)(t)):—foodww Yi(w) sin wt [uR(t ®)0, )o@ )+ @) ( “) ol gp(@ )], (63a)
0

(1(2)(0 f dwl/ dw, Di(w;) Di(w2)Mi(w1)Ai(wr)w; sinw;

ui(t, )
X |:MR(t, wz)Ulfzg)Q(wl, w) + % 1%;:(0)1, 602):| (63D)
2
and
00 ¢
<1§”(n>==(/‘ dwcvm(w>[Coswtula,a»of2p0n>+cosan”“ D op @ )] (04
0 ’ 0]

(12(2)(1)) =/ da)1/ dw, Di(w1) Di(@2) Ai(wi) A (@2)
0 0
ur(t, m)

X [cos wat ug(t, ©1)0)pp (@1, @) +cos wt ———01 7 p (w1, wz)} . (64b)
, .

To perform the long-time limit, we follow the line of reasoning of section 3.1.
The terms containing the linear expectation value (Q(¢)) vanish. The off-diagonal terms
(Ifz)(t)) and (12(2)(t)) contain oscillatory terms in the two frequencies w; and w, only,
such that (/ fz)(t)), (12(2)(t)) — 0 for t — oo. The remaining diagonal terms can be simplified
algebraically using the asymptotic behaviours equation (35) of the partial Fourier transform
u(t, w) and equation (37) of the symmetric correlation function W(¢, t) and by applying the
Riemann—Lebesgue lemma equation (30). We finally obtain the expectation value of the energy
current from the left reservoir to the central oscillator in the long-time limit as

Ioo = lim (I (1)) = — / do p(w) |:u1(a))51(a)) +% Z ya(w)lu(w)|25a(a)):| . (65)
— 00 0

a=lr

We can rewrite this expression into the final form

&=%fcmmwmmmwﬂam—ﬂm1 66)
0

by using, that the Fourier transform u(w) in equation (36) is the inverse of the Fourier transform
in equation (10), such that u;(w) = —Im F (0 +i0%) = —(7/2)[yi(®) + y:(@)]|u(w)|>.

Expression (66) generalizes equation (4.2) of [49] and reproduces it for the special case of
thermal baths. Obviously, the asymptotic energy current vanishes exactly, if y;(w) = 0 for only
one bath, or if & (w) = & (w) for equal bath preparations.
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For two thermal baths with &, (w) = En(w, Ty), and T = T, + AT where AT <« T;, we can
expand the energy distribution function as

2
51(w)=5r(w)+[2‘; sinh~! “’T] AT +O(AT?), (67)

T T

where sinh~'x = 1/sinh x. Thus, we obtain the linear response result

) T 00 2
IV = ATZ /0 do 1(@)7,(@)lu() 1 sinh™

T r

+O(AT? (68)

growing linearly with the difference AT of the temperatures of the left and right bath.

6. Nonequilibrium fluctuations of the transferred energy

In this section, we consider the energy which is transferred from one bath (say, the left) to the
central oscillator in presence of the second bath (say, the right). Moreover, we are interested
in the fluctuations of the transferred energy. We note in passing that we use the more general
term of ‘energy’ instead of ‘heat’ since the definition of heat in the strict sense requires purely
thermal environments.

The energy that is transferred from the left bath to the rest of the system until time ¢
is obtained from the difference of the energy of the left bath between times ¢ and 0. This
involves the measurement of the observable Hjy at two different times. Following the idea
of two-time quantum measurements, the corresponding generating function can be written as
[50-52]

Z(E, 1) = (e e M)y (69)

where the prime indicates that the expectation value has to be taken with respect to the projected
density matrix

p'(0) = Z |Pa) (¢al 0 (0)[¢a) (Pal- (70)

Here |¢,) is an eigenstate of the operator H}, i.e. H}13|¢a) =a|¢,). Writing the generating
function as a series in powers of i &£, we obtain [50, 52]

20 =3 S wr oy, (1

n=1

oo

where ((W"(t))) denotes the nth order cumulant of the operator

W (1) =f dtl(t) = Hy(0) — Hy(1). (72)
0

In the following, we calculate the moments of the energy transfer operator W(¢) entering
equation (71). In particular, we are interested in the long-time limit of these quantities.
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6.1. The first moment

Using equations (61a) and (61b) the linear expectation value of the energy transfer operator
follows as

N

(W(t)):—%Z()JU/O dt (@) sinw!7{Q!(0), Q(r)} —coswl 7 {P(0), O(1)})

v=I

+

2

In the long-time limit # — oo, we expect from the definition in equation (72) and from the result

(I(t)) — I of the last section that (W (¢)) grows linearly with time. It is thus useful to consider

(W(t))/t instead of (W (¢)).

The explicit calculation of (W (#))/¢ in the long-time limit is achieved by inserting the

solution Q(¢) from equation (12), performing the thermodynamic limit according to section 2.3,
and analytically carrying out the remaining time integrations. The result is

N2 pt opt
(%) / / dt dT cos w})(r —7){0(71), Q(f)}>. (73)
0o Jo

.1 o b * 5
i o) =—{ [ don@u@é@+3 Y [ don@r@@re o)
a=lr

-7 / doo Y (@) 14(0) (@) [6(0) — E)]. o
0

As expected, this expression coincides with the expectation value of the energy current operator
given in equation (66).
6.2. The second moment

The second moment of the energy transfer operator is
1

N )\‘v t '
W20)) :<[;{7/0 dr (a)L sinwlt{Q!(0), Q(1)} — cos ' t{P!(0), Q(r)})

+

1\2 pt pt
5 / f dr d7 cos wl(r — ){Q (), Q(ﬂ}m' >
4 o Jo

Expanding the square yields a sum of terms containing expectation values of products of four
operators. We may reorder the operator products using the commutators

)\l
[0(0), Q(1)] = —i—u, o)), [PN0), Q)] =ir ur(t, ). (76)

A general expectation value of a product of four operators can be ascribed to a sum of
products of expectation values of one or two operators for Gaussian states. The assumption
of a Gaussian bath state is justified in the thermodynamic and long-time limit on general
grounds [53, 54]. In [38] it is shown that the state of the central oscillator becomes Gaussian
for t+ — oo, independent of its initial preparation, if the classical solution u(¢) vanishes
asymptotically—the situation of interest here.

For an explicit result, we insert the solution Q(¢) from equation (12), perform the
thermodynamic limit, use the results for the position correlation functions from section 3 and
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carry out the remaining time integrals in the long-time limit. The result for the second order
cumulant then reads

WZ 3 00
Jim “tﬂ == / do 7" (@), (@) |u(@)|" [€1() - E@)]*
—00 0
T 00 5 6()2
+5 /O de yi(@)y:(@) u(@)| [zemw)a(w) - 7]. (77

This expression generalizes the result for the second moment given in equation (9) in
[50, 51]. Equation (77) reduces to this equation for the special case of thermal baths
with & (w) = En(w, Ty) = ofy(w) + w/2 which then lead to the expressions f,(+w) =1/
[exp(+w/T,) — 1] in [50, 51].

6.3. The generating function for the energy transfer

We have seen that the well-known results [50, 52] for the first and second moment of the
heat transfer operator for the special case of thermal baths are well reproduced by our more
general results. The generalization follows by the corresponding replacements of the thermal
distribution functions of the baths by the general initial distributions. Hence we can now follow
the same line of reasoning and generalize the steady state expression of the cumulant generating
function for the heat transfer given in equation (8) in [50, 51] with the result

G(€) = lim nz@¢, 0 Zis’ 2
[e’s) 2
_ ' [Taom {1+7r2y1(a))yr(w) @)
27T 0 602

2
X [(281(60)6}(60) — %) (1 =coséw) —iw(&(w) — & (w)) sinéa)]} . (78)

We observe that G (&) fulfils the symmetry relation

G(&) =G(=§ +iA), (79)
where A = B, — B, with
8, = Zarcoth ( 2 (w)) . (80)
w w

Since the constants 8, should be independent of w the existence of the symmetry (79) implies a
condition on the initial bath preparation. In particular, the energy distribution functions should
be thermal, i.e. &, (w) = En(w, T,). Note that this is a condition on the combination &, (w) of the
initial bath variances GOE})Q o(w) and aé};, p(w), not on the individual functions (see equation (38)).
It can be fulfilled for nonthermal bath preparations as well [38].

From the relation (79) it follows that the probability distribution of the transferred energy,

P(W) = /oo % lim Z (¢, 1)e 7Y, (81)

fulfils the steady state fluctuation theorem
P(W)=e*"P(—W). (82)
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We remark that the exchange fluctuation relation (82) can only be proven rigorously when the
initial preparation is indeed free of correlations and also the interaction of the system and the
bath is switched off at some final time [1, 55, 56]. The role of initial system—bath correlations
for the nonequilibrium fluctuation relations is still an open problem. According to that the result
in equation (78) and the corresponding symmetry relation (79) are formulated and valid in the
long-time limit only. For transient times ¢ < 0o, we expect additional contributions to the steady
state fluctuation theorem in equation (82) [1, 55, 56].

7. Summary

Most studies related to fluctuation relations so far consider the special case when the systems
are initially in thermal equilibrium, but do not restrict their analyses to a specific model. In the
present study, we give up the assumption of initial thermal states and allow for nonthermal bath
preparations. The price we have to pay for this generalization is the restriction to an analytically
solvable model for which we obtain exact generalized nonequilibrium fluctuation relations.
On the one hand, we can give the explicit expressions for the symmetric and antisymmetric
autocorrelation functions of the central oscillator position. Then, a generalized nonequilibrium
fluctuation relation follows which only involves the bath spectral functions and the frequency-
resolved energy distribution of the initial bath states. The general expression also contains the
special case of a single thermal bath and coincides with the well-known equilibrium FDT.
Moreover, we discuss the conditions under which the generating function of the oscillator
position fulfils a Gallavotti-Cohen relation at arbitrary times. This relation reflects the fact
that the oscillator position fluctuates symmetrically around its momentary average position.
On the other hand, we have elucidated the quantum mechanical energy transfer through the
central oscillator by calculating the time-dependent energy current and the second moment of
the current fluctuations. Based on this result we generalize the cumulant generating function for
energy transfer, which is well-known for thermal baths, to the nonthermal situation.
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Appendix. Correlation functions of the fluctuating forces

We here give the correlation functions of the fluctuating operator-valued forces in the quantum
Langevin equation (6). By this, we illustrate some subtleties of the nonthermal initial bath
preparations with respect to stationarity and ergodicity.

The statistics of the operator-valued noise forces 7,(¢) is determined through their
respective moments and explicitly depends on the initial preparation of the baths. For the
common thermal bath preparation the linear expectation values

sma) t
(0 (1)) Zx( Q3(0)) cos it + (P (0)—— ) (A.1)

v
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vanish because (Q%(0)) = (P*(0)) = 0 for thermal bath states pg (0) e P«H5 _j.e. the random
noise forces are not biased. In the considered case with nonthermal bath preparations the
expectation values (n,(¢)), in general, are finite. This leads to a finite shift of the central
oscillator. In the thermodynamic limit, where

(10 (1)) = f " 4D, (@) (@) <Xa,Q(w) cos i + Xy p(@) Sir;w) , (A2)
0

we can use the Riemann-Lebesgue lemma (30) to find lim,_, o (7, (¢)) = 0. In conclusion, for
transient times ¢ < co the generalization of the initial preparation from thermal to general
nonthermal states introduces a shift of the central oscillator which vanishes in the long-time
limit.

The correlations of the noise forces are given by

Snans (158) = 5 (1o (DN ($) + 0 ()1 (1)) — (Na (1)) (1 (5))

No
= Z ASAS (cos(w‘j‘t) cos(w;;$)0 s ou + [cos(w)1) sin(w;;s)

v,u=1
@y i a oL P e a o TPEPE
+cos(w; s) sm(a)ut)]— + sin(w) ) sin(w, s) a8 (A.3)
o, g,

Of course, S,,,,(t,s) =0 for « # B due to our assumption of factorizing states. Starting again
with the thermal bath preparation, where (wf})ong Qx = Opaps = En(wy, T4)8,,, and 0 ga pe = 0
we obtain

ND( 2
)\’Ot
Sff;nﬁ(t, s) = Sf;;nﬁ(t —5,0)= E (E) 08 @* (t — 5)En (@, Ty)Sup- (A4)

v v

This expression depends on ¢t — s only, i.e. it is time-homogeneous. In the thermal case, the
fluctuating forces constitute a stationary Gaussian process. For a nonthermal bath preparation,
the correlation functions Spans (15 8), in general, are not time-homogeneous. Performing the
thermodynamic limit, the correlation function in equation (A.3) assumes the form

Spans (t,8) = / dw M [a)z cos(wt) cos(a)s)aofl)QQ(a)) +wsinw(t + s)aofl)QP(a))
0 w | |
+sin(wr) sin(ws)a;];,,)(w)]aa, s+ f dw / dw) Dy (1) Do (02) A (1) Ag (w2)
0 0
X (cos(a)lt) cos(w, s)aof?)QQ(wl, wy) + [cos(w;t) sin(w, §)

(2
Ou,0P (w1, w7)

+cos(wq §) sin(w,t)]

2)
. . o (w1, w2)
+sin(w; t) sin(w, S)L> Sup-

w1

(A.5)

New Journal of Physics 15 (2013) 105008 (http://www.njp.org/)

74



Article IV

19 IOP Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

In the limit + — oo and/or s —> oo, the nondiagonal parts with double frequency integrals as
well as the term involving oa 0 P(w) vanish. The remaining terms

/ " do @ [a)2 cos(@t) cos(@s)a '), (@) +sin(wt) sin(s)o, Pp(a))} (A.6)
0

disappear as well if only one of the two variables ¢ or s independently approaches infinity. A
finite contribution to S, ,,(, s) is obtained when 7 and s simultaneously approach infinity, such
that

Yo (@)

w

o
tll}?o Spans (L, 1 +5) = /o w B (A.7)
We note that this result is identical to the thermal result in equation (A.4), provided that &, (w)
is replaced by the corresponding expression for the thermal state of a single bath.

In contrast to 1, (¢), the statistical properties of the fluctuating forces &,(¢) including the
initial slip term explicitly depend on the initial preparation of the total system including the
central oscillator. For the random forces &,(¢) to be not biased and to have time-homogeneous
correlations, the total system should be prepared in the state p(0) o ps(0) [TNE, e=Pe Hi+Hsi)
where the bath contains shifted oscillators, see [41] for a detailed discussion. In the nonthermal
situation, we have

Ne s
(6 (1) = (0 (0) +(Q(0)) Z( ) cos o't (A8)
v=1
and
No Np B\
Sty (1:5) = $,.0,05) + E00® 3 ’;; cos(@1) cos(@fs). (A.9)
v=1 p=1 Wy

Performing the thermodynamic limit one notes that the additional contributions from the initial
slip term vanish in the long-time limit # — oo and/or s — oo. We remark that the stationarity
of the correlation functions in the long-time limit is a consequence of the thermodynamic limit
and does not rely on ergodicity.
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Nonclassical light from few emitters in a cavity
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We study the characteristics of the light generated by a few emitters in a cavity at strong light-matter coupling.
By means of the Glauber g® function we can identify clearly distinguished parameter regimes with super-
Poissonian and sub-Poissonian photon statistics. We establish a relation between the emission characteristics
for one and multiple emitters and explain its origin in terms of the photon-dressed emitter states. Cooperative
effects lead to the generation of nonclassical light already at reduced light-matter coupling if the number of
emitters is increased. Our results are obtained with a full input-output formalism and master equation valid also
at strong light-matter coupling. We compare the behavior obtained with and without counterrotating light-matter-
interaction terms in the Hamiltonian and find that the generation of nonclassical light is robust against such
modifications. Finally, we contrast our findings with the predictions of the quantum optical master equation and

find that it fails entirely at predicting regimes with different photon statistics.

DOI: 10.1103/PhysRevA.91.043814

I. INTRODUCTION

Two-level emitters interacting with a cavity photon mode
are widely studied in quantum optics with respect to spon-
taneous emission and superradiance [1-4], cooperativity and
lasing [5-7], and the emission of nonclassical light [§-10].
For sufficiently weak light-matter coupling, when the photon
dressing of emitter states is negligibly small, the emitter-cavity
system can be studied with the quantum optical master
equation, usually in combination with the rotating-wave
approximation [11]. The quantum optical master equation fails
at strong light-matter coupling to the extent that it predicts
unphysical emission at zero temperature if the number of
photons in the ground state is finite [12—14].

The correct theoretical description of systems with (ul-
tra)strong light-matter coupling [15-18] has attracted in-
creasing interest recently [19-24]. Essentially, the quantum
optical master equation has to be replaced by a master
equation expressed in the photon-dressed emitter eigenstates
[24-29]. While the master equation remains Markovian, which
is justified because of the weak emitter-environment and
cavity-environment couplings [11,25], it now requires full
diagonalization of the interacting emitter-cavity Hamiltonian.
Such an equation was used in recent studies of photon blockade
effects [19], spontaneous conversion of virtual to real photons
[20,21], and the emission of nonclassical light from a single
emitter [22].

In this paper we study the emission of a few emitters in
a cavity, with particular focus on the photon statistics of the
emitted light. Our goal is the characterization of temperature
and coupling regimes where nonclassical light [30,31] is
generated. A major result will be the identification of two
clearly distinguished neighboring regimes with pronounced
sub-Poissonian and super-Poissonian photon statistics at
strong coupling.

Our results are obtained with the full input-output for-
malism [32-35] and master equation [24-29] without further
approximations. To understand the relevance of the differ-
ent approximations involved in traditional quantum optics
treatments we make two comparisons. First, we compare the
results that are obtained when the counterrotating light-matter

1050-2947/2015/91(4)/043814(10)
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interaction terms are included in the Hamiltonian to those when
they are dropped. Second, we contrast the results obtained with
the full master equation with results from the quantum optical
master equation. The latter comparison will clearly show the
necessity of using the correct master equation already at weak
coupling if the photon statistics is of interest. This issue has
been studied conclusively for a single emitter in Ref. [22],
which also contains Glauber function plots for few emitters in
the supplemental material but omits the further analysis of the
situation that we give here.

This paper is organized as follows. In Sec. II we introduce
the physical situation under study together with the master
equation used for its analysis. In Sec. IIl we discuss the
emission spectra in relation to the energy spectra of the
emitter-cavity Hamiltonian, while the statistics of the emitted
photons is studied in Sec. IV. We conclude in Sec. V.
The appendixes collect further information on the theoretical
approach. Appendix A gives details of the input-output
formalism. In Appendix B we derive the master equation,
and we give a few analytical results for the photon statistics in
Appendix C.

II. THE PHYSICAL SITUATION

The interaction of N two-level emitters with a single cavity
photon mode is described by the Dicke model [36],

N N
H = wcaTa + w, Z of)cry) +g Z(a*cry) + aof))
j=1 j=1

N
+g' ) (a0 +ala})), (1
j=1

where the operator a! annihilates (creates) a cavity photon
with frequency . and o (crfrj )) is the corresponding
lowering (raising) operator for the jth emitter with transition
energy w,. Throughout this work, we consider the resonant
case wy = w, = w,. We allow for different emitter-photon
coupling strengths for the corotating (g) and counterrotating

(g’) interaction terms. Changing g’ relative to g interpolates

©2015 American Physical Society
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between the Tavis-Cummings (TC) limit (g’ = 0) without
and the Dicke limit (¢’ = g) with counterrotating terms.
Both situations can be realized experimentally [37,38]. The
rotating-wave approximation consists in replacing the Dicke
by the TC limit.

Dissipation arises from the coupling of the emitters and
the cavity to the environment. For a bosonic environment the
coupling terms are of the form

Hp =—iS Y hy(by, — b)), 2)

where S is a (Hermitian) emitter or cavity operator and b are
bosonic operators for the environment photons (at frequencies
w, with coupling constants A,). As the operator S we choose
the field operator X = —i Xo(a — a') for the coupling of the
cavity and the transition operator o\ = i(c\’ — ¢'/’) for the
coupling of the jth emitter to the environment.

At sufficiently weak coupling to the environment, the
emitter-cavity system density matrix p obeys a Markovian
master equation [24-29],

d 1
PO =—ilH.p(O) = i5 ; E(@)[S] S0 p(1)]

1
+5 ij X(@H[Swp (), S]]+ [Sw,p(OSI1Y, (3)

where

Sy =Y |m)(m|S|n)(ndg, £, . @

m,n

is the projection of S onto transitions between eigenstates
|m), |n) of H with energy difference w,,, = E, — E,, (see
Appendix B for a derivation). For the sake of notational sim-
plicity we state the master equation for a single coupling term
(2). Multiple coupling terms lead to additional contributions
of the same form.

The functions x(w) and &£(w) in Eq. (3) follow from the
environment spectral function

(@) =21 ) 18w —w) 5)

and its analytical continuation I'(®) into the upper half plane,
with y(w) = FImI'(£w + i0"). For a thermal environment
with inverse temperature 8 = 1/T we get

y(@)n(w,T)+ 11 ifw >0,
x(w) =

Q)

y(—on(—w,T) ifw <0,

and

ReT(w+i0N)[n(w,T)+1] ifw >0,
§() = . , @
—Rel'(—w +i0M)n(—w,T) ifw <0,

with the Bose-Einstein distribution function

1

Note that in the zero-temperature limit n(w,T) — 0 such that
the master equation (3) contains only dissipative terms for
transitions |n) — |m) with positive energy w,, > 0; that is,
dissipation correctly leads to energy decrease. In particular, the

PHYSICAL REVIEW A 91, 043814 (2015)

problem of unphysical emission from the ground state encoun-
tered for the quantum optical master equations is resolved.

In the present work we assume an Ohmic spectral function
ye(w) = yw/wy for the cavity-environment coupling and use
y = 102wy in all numerical computations. To reduce the
number of free parameters we assume the same spectral func-
tion yx(’ )(a)) = y.(w) for the emitter-environment couplings.
The respective environment temperatures are also identical.

A. Solution of the master equation

As we show in Appendix B, the master equation (3) splits
into two equations of motion,

d
—Pnn(l) = n S,L t
T Puan(0) éx(wk )Sp 1 r k(1)

- Z X(wnk)sk,npn,n(t)s (9)
k#n

d
—Pmn(t) = —(Z,, zZ m,n (E
dtp’() (Zm + Z)pm.n(t)

for the matrix elements p,, ,(t) = (m|p(t)|n) of the density
operator. In these equations, S, ; = |(n|S|k)|* and

(m #n), (10

1
Zy =5 Y X (@) +iE@w1Sen + 1By (D)
k#n

The general solution of Eq. (10) is
Pn(t) = e Fnt 2 p, (0)  (m # n). (12)

Because Re Z,, > 0 for all n, the off-diagonal elements of p(r)
decay exponentially. Hence, the stationary state fulfills

,0,2,0’,, = tl—lglo Pm.n(t) = p,?,on(sm,n- (13)

The diagonal elements o, are determined by the stationary
solution of the Pauli master equation (9). If the system is
coupled to a thermal environment as in Egs. (6) and (7), the
stationary solution of Eq. (9) is the thermal state p> oc e #H#
of the system corresponding to the temperature 7 = 1/8 of
the environment.

The emission spectrum and photon statistics can now be
computed through a standard input-output formalism (see
Appendix A), which leads to the projected cavity-environment
coupling operator

Xo==i Y (E,— EmmIXInnl  (4)

m,n>m

describing the emission. The correlation functions of X_ and
X, = (X_)! characterize the properties of the emitted light.
The emission spectrum of the cavity is

Ye(w) Re

S(w) = tl'rgo -

1
—

[e¢]
/ eTONUX L (r + T)X_())dT, (15)
0
and the second-order Glauber function [39] reads
(XXt +DX_(t + D)X _(1))

(X1 ()X _(1))>

Note that evaluation of Eqgs. (15) and (16) requires diagonal-
ization of the Hamiltonian H.

(16)

g®(r) = lim
t—00
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Because the stationary state p*° from Eq. (13) is diagonal
in the eigenbasis |n) of H, we can evaluate the T integration
in Eq. (15) analytically as

S(w) = Ye(w)

D lmIX_|n) P,
Re(Z,, + Z,)
"o —1Im(Zy — Zm)P + [Re(Zy + Zo)P

The emission spectrum S(w) is the sum of Lorentz peaks
with width Re(Z,, + Z,,) at the respective transition energies
Im(Z, — Z,,), which, according to Eq. (11), are shifted relative
to the transition energies E, — E,, of the closed system by a
Lamb shift that results from coupling to the environment.

a7

B. Quantum optical master equation

It is instructive to compare the master equation (3) to the
quantum optical master equation [11]

d
P = —ilH.p0] =i ) IR
t m 2

+ 3 BIS2p(0). 5L+ [Se.p0SLY). - (18)
+

which is obtained by replacing the projected operators S,
with the “bare” operators Sy = szo S, and by assum-
ing x(£w)~ xi, £(£w) ~ &4 in the vicinity of a typical
transition energy . Note that S, = —iXpa for the cavity-
environment coupling and S; = —i o for the emitter-
environment coupling. Evidently, this approximation can be
valid only for weak light-matter coupling g,¢’ < w.,w,,
when the dressing of emitter states by cavity photons can
be neglected. Because the quantum optical master equation
does not distinguish between energy-increasing and energy-
decreasing transitions, which are equally contained in the
unprojected operator S because of Hermiticity, it can lead to
unphysical predictions such as emission out of the ground state.
Furthermore, because failure to observe the above distinction
is tantamount to a high-temperature approximation, one will
expect that the quantum optical master equation fails at the
prediction of nonthermal photon statistics at low temperatures.
Therefore, we use the more general master equation (3).

III. THE EMITTED LIGHT

The first characterization of the light generated in the cavity
is provided by the emission spectrum. Because the emission
spectrum depends on the (Lamb-shifted) energy spectrum
of the Dicke Hamiltonian, we start with a discussion of
the eigenvalues of H for a few emitters before we turn to
the actual function S(w) obtained from numerical solution
of the master equation (3).

A. Energy spectrum of the Hamiltonian

To construct the energy spectrum of H we notice first
that the eigenstates of N uncoupled two-level emitters can
be classified as angular momentum eigenstates with total
angular momentum J =N/2,N/2—1,...> 0. Since H
commutes with the total angular momentum operator, states

PHYSICAL REVIEW A 91, 043814 (2015)

FIG. 1. Schematic energy-level pattern for the construction of the
spectrum of the Dicke model. Horizontal arrows depict the corotating
interaction terms in Eq. (1) (coupling constant g); diagonal arrows
depict the counterrotating terms (g’).

with different J do not mix even at finite coupling g,g’ # 0.
For fixed J, the J, quantum number M can assume the
values M = —J, — J + 1, ...,J, and a corresponding emitter
eigenstate has energy (M + N /2)w,. Note that for N > 3 the
classification in terms of J, M is not exhaustive since different
emitter states can have identical values. However, these states
give the same contribution to the emission spectrum. The
cavity photon eigenstates are Fock states |n) with energies
nwe.

For given J we can arrange the eigenstates of the uncoupled
emitter-cavity system as the rungs of a ladder diagram as
in Fig. 1. Working at resonance w, = w, = wy, the energy
(M + N /2 4+ n)wy of each state is given by the total number
of emitter and cavity excitations. The corotating light-matter
interaction terms in H preserve the number of excitations and
connect states at the same energy level (horizontal arrows
in Fig. 1). The counterrotating terms change the number of
excitations by two (diagonal arrows in Fig. 1). This simple
scheme explains many properties of the energy spectra of H
shown in Fig. 2.

4 " N A E
) N P ‘\-\‘\\\\\\‘ \!
g | NN i‘%i\\\\\}g

=\ \ \\\\v

c n R
L@ ® ., ©, .

4 = y
g3 g
3 2 NS
R y
% 0 == \%
2 4 4 L 4 L
o ) (e) o

FIG. 2. Eigenvalues of H in Eq. (1) for (a)—(c) g’ = g and (d)—(f)
g’ = 0 as functions of the coupling strength g. (a) and (b) show the
results for one emitter, whereas the number of emitters is N = 2 in
(b) and (e) and N = 3 in (c) and (f).
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For N =1 it is J =1/2, and we recover the Jaynes-
Cummings ladder [40] for ¢’ = 0. The lowest level (M =
—1/2, n = 0) does not couple to any other state and hence
leads to the g-independent eigenvalue zero of H [see Fig. 2(d)].
Every other level consists of two ladder rungs. They lead to
the eigenvalues nwy + 4/ng forn > 1. For g’ = g corrections
arise from coupling between states at different heights in
the ladder, but the energy-level pattern remains discernible
[Fig. 2(a)].

For N = 2 [see Figs. 2(b) and 2(e)] we have either triplet
(J = 1) orsinglet (J = 0) emitter states. For g’ = 0, the triplet
states lead to the eigenvalue zero (n = 0), the two eigenvalues
wy £ +/2g (n=1), and the three eigenvalues nwy, nwy =+
V2/2n —1g for n > 2. The singlet states do not couple
with each other and lead to the g-independent eigenvalues
(n + 1wy for n > 0. It follows that the eigenvalues nw, for
n > 2 are twofold degenerate (one triplet, one singlet state).
This degeneracy is lifted for g’ = g, but the energies of the
singlet states remain fixed.

For N =3 we have quadruplet (J = 3/2) and doublet
(J = 1/2) emitter states. The ladder scheme for the doublet is
equal to that for N = 1 and hence leads to the same energy
spectrum, apart from the fact that all energies are shifted up by
wp when going from N = 1 to N = 3. Notice that the doublet
states are twofold degenerate because the angular momentum
classification of the emitter states is not unique in this case. The
quadruplet states lead to one (starting at zero for g = 0), two
(at wyp), three (at 2wy), and four (at nwy with n > 3) additional
eigenvalues in Fig. 2(f). Because of the close vicinity of many
states in the energy spectrum the corrections resulting from the
counterrotating terms for g’ = g are large. This trend continues
if N is increased further.

B. The emission spectrum

In Fig. 3 we show the emission spectrum S(w) for N =2
emitters at different coupling strengths g and environment
temperatures 7. These data, as well as those for the Glauber
function g@(¢) shown later, have been computed with a
maximal number of 107 cavity photons in the numerical
diagonalization of H, which is sufficient for the given
parameter combinations.

For low temperatures 7 < wp, only the first possible
transition into the ground state contributes to the emission
spectrum. It leads to the single peak in panels (i) and (iii)
of Fig. 3. With increasing temperature, transitions involving
higher excited states begin to contribute. For example, the
two peaks in panels (ii) and (iv) correspond to the transition
from the second to the first excited state and from the third
excited state to the ground state. As could be deduced already
from Figs. 2(b) and 2(e), the transitions tend to have smaller
energies in the TC limit than in the Dicke limit, which leads to
the redshift of the emission peaks in panel (v) relative to those
in panel (ii). However, at not too strong coupling the low-lying
states still have comparable energies, and the emission spectra
look similar. The situation changes at ultrastrong coupling
when the corotating and counterrotating terms are of equal
magnitude [panels (iii) and (vi)]. In addition to the markedly
different peak energies the peak height has now decreased by
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FIG. 3. Emission spectra S(w) for N = 2 emitters, for (left) g’ =
g and (right) g’ = 0. The emitter-cavity coupling strength and the
environment temperature are g = 0.5w,, T = 0.07w, in panels (i) and
(iv), g = 0.7wy, T = 0.23wy in panels (ii) and (v), and g = 0.8wy,
T = 0.1wy in panels (iii) and (vi).

two orders of magnitude in the Dicke limit but not in the TC
limit.

The decrease of peak height can be recognized in the w-
integrated emission spectrum

/OO 5 e = (X, %) (19)
—o0 Ye(®)

shown in Fig. 4. The equality with the given expectation value
follows directly from Eq. (17). Only in the Dicke limit, but not
in the TC limit, does the total emission become small again at
ultrastrong coupling and low temperatures. Still, one sees that
both plots agree nicely for not too strong coupling (g/w <
0.5). This observation sets the upper limit of the coupling
strength (here, for N = 2 emitters) below which the presence

107 107 107! 107 107 107!
[ |
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FIG. 4. (Color online) Expectation value (X+X,) for N =2
emitters as a function of temperature 7 and coupling strength g.
Results are given for (a) g’ = g and (b) g’ = 0. Crosses mark the
parameters used in Fig. 3.
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FIG. 5. (Color online) Glauber function g®(0) at zero time delay
for one emitter (N = 1) as a function of temperature 7" and coupling
strength g. Results are given for (a) g’ = g and (b) g’ = 0. Note that
all values g®(0) > 4 are assigned the same [dark red (dark gray)]
color in the density plots.

or absence of counterrotating interaction terms does not affect
the light emission significantly. We will find the same behavior
for the Glauber function.

IV. NONCLASSICAL LIGHT

A basic decision on the possible generation of nonclassical
light is possible with the Glauber function g®(0) at zero
time delay. For g (0) = 1 the emitted photons have a Poisso-
nian distribution, while g®(0) > 1 indicates super-Poissonian
statistics. Thermal light has g®(0) = 2. By contrast, g?(0) <
1 indicates nonclassical light with sub-Poissonian photon
statistics. Further information on photon (anti)bunching is
provided by the full time-dependent function g®(t).

A. Photon statistics for one emitter

The Glauber function g®(0) for one emitter (N = 1) is
shown in Fig. 5. Two distinct regions can be identified in the
Dicke limit in Fig. 5(a) (where g’ = g). A triangular region
with g®(0) < 1, which stretches out along the vertical axis, in-
dicates the emission of nonclassical light with sub-Poissonian
photon statistics at low temperatures and moderate to strong
light-matter coupling. It lies below an elongated region with
strongly super-Poissonian photon statistics [g®(0) > 2] at
larger coupling, which extends diagonally towards higher
temperatures. Both regions are embedded in the background
of thermal light with g®(0) & 2. The situation is distinctly
different in the TC limit (¢’ = 0) in Fig. 5(b), where the super-
Poissonian region is pushed back in favor of a second sub-
Poissonian region that continues towards ultrastrong coupling.
Note, however, that the emission of nonclassical light in the
first sub-Poissonian region is observed equally in both limits.

B. Photon statistics for few emitters

The distinctive features of the Glauber function persist for
multiple emitters (see Fig. 6), but the regions are shifted to
smaller couplings g as the number of emitters increases from
one to three.

The obvious similarity between g®(0) for N =1,2,3
emitters visible in Figs. 5 and 6 can be expressed as an
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FIG. 6. (Color online) Glauber function g®(0) at zero time delay
as a function of temperature 7' and coupling strength g for (top) N = 2
emitters and (bottom) N = 3 emitters. Results are given for (a) and
(b) g = g and (c) and (d) g’ = 0. Note that all values g®(0) > 4 are
assigned the same [dark red (dark gray)] color in the density plots.

approximate relation between the respective emitter-cavity
coupling g. In the Dicke limit (g’ = g) we find that the
features of g®(0) are closely reproduced under the scaling
g x 1/N. In the TC limit (g’ = 0) features are reproduced
under the scaling g o 1/+/N. Interestingly, the proper scaling
of g depends on the presence of counterrotating interaction
terms in the Hamiltonian. This difference is in contrast to the
semiclassical theory where the mean cavity photon number
in the steady state scales o« N in both the Dicke and TC
limits. Not surprisingly, the Glauber function g®(0) is more
sensitive to the details of light-matter coupling than the
semiclassical theory that neglects quantum correlations in
favor of a mean-field approximation.

Our arguments in favor of the above scaling relations
depend on several observations, which we now develop for the
TC limit (g’ = 0). Without counterrotating interaction terms
the Hamiltonian H commutes with the operator N, = ata +
Zj\’:l crfr/ ‘o), which counts the total number of excitations.
Hence, H is block diagonal with blocks of the form n,wol +
gC, where n, denotes the eigenvalue of N,, I is the identity
matrix, and the matrix block C contains the g-independent
matrix elements of the corotating interaction terms in H. From
this form of the blocks it is evident that the eigenvectors of
H do not depend on g, that is, the matrix elements of X
that enter Eq. (16) are constant. The dependence of g®(0) on
g results purely from the eigenvalues, which determine the
occupation of the states in the stationary (thermal) state and
the prefactors of X 1. If we can show that the eigenvalues scale
approximately as g+/N, the above relation follows.

Let us focus on the low-lying states that give the dominant
contribution in the interesting temperature regimes. These
states can be found in the ladder diagram of states in Fig. 7.
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FIG. 7. Schematic energy-level pattern. Horizontal arrows depict
the corotating interaction terms in Eq. (1) (coupling constant g);
diagonal arrows illustrate the action of the cavity photon annihilation
operator a.

They must be connected to the ground state at energy zero by
a diagonal arrow that gives the action of the operator a, i.e., of
X_.

For the denominator (X . X_) of g (0) from Eq. (16) states
which are separated by one vertical step in the ladder diagram
contribute. The energy of the most relevant first excited state is
given by E; = wo + g+/N, which has the postulated scaling.
This scaling of the first excited state for a few emitters has
been verified experimentally in Ref. [41].

For the numerator (X, X, X_X_) of g®(0), where each
operator appears twice, states which are separated by two
vertical steps on the ladder contribute. Now the second excited
state is most relevant, which is the linear combination of the
two (N = 1) or three (N > 2) vertical rungs that occur for
n, = 2 excitations. The corresponding 2 x 2 or 3 x 3 matrix
from the above block decomposition of H is

2 V2 0
ﬁg) o 8

2(1)0
2 2 v2Ng|. 20
(fzg 29 Ve 2o S M

0 V2Ng 2wy

Diagonalization gives the energies E, = 2wq & +/2g for N =
1, while E; € {2wg,2w0 + ~/2+/N + 1g} for N > 2. With the
approximation /N + 1 &~ +/N, which is good enough for
a rule of thumb, this is again the postulated scaling. Put
together, the energies that enter the computation of g‘®(0)
scale roughly as g+/N, which concludes our argument in favor
of the observed relation “g o 1/+/N”" in the TC limit.

In the Dicke limit g’ = g the block decomposition of H is
not possible because of the counterrotating interaction terms.
The eigenvectors of H now depend on g, and the previous
argument cannot be easily translated. However, inspection of
the energy spectra in Fig. 2 strongly suggests that the observed
relation is still related to an approximate relation between
the eigenvalues of H for different N, now with the scaling
g 1/N.

C. Photon statistics from the quantum optical master equation

Results for the Glauber function obtained with the quantum
optical master equation (18) are shown in Fig. 8 in the
Dicke limit g’ = g. In stark contrast to the results from
Figs. 5 and 6 the quantum optical master equation does not
predict the emission of nonclassical light with sub-Poissonian
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FIG. 8. (Color online) Glauber function g®(0) computed with
the quantum optical master equation (18), shown as a function of
temperature 7' and coupling strength g for g’ = g. Results are given
for (a) N = 1 emitter and (b) N = 2 emitters.

photon statistics in any part of the parameter space. The
situation does not improve in the TC limit g’ = 0, where
[H,N,;] =0 and the quantum optical master equation gives
the stationary (thermal) state oc e #0"Nr leading to g@(0) =
(atataa)/(aa)? =2 independent of the number of emitters
N, the coupling strength g, or the temperature 7', thus always
predicting the emission of thermal light. While it may not
be surprising that the quantum optical master equation fails
because the weak-coupling condition g < w; . is not satisfied,
it is remarkable that it fails to capture any features from
the previous Glauber function plots in Figs. 5 and 6. This
failure highlights the importance of using the correct master
equation not only for strong light-matter coupling but also
if one is interested in properties following from higher-order
correlation functions, such as the photon statistics obtained
from the second-order Glauber function.

D. Photon bunching and antibunching

A further property to distinguish classical and nonclassical
light is the time-coincidence statistics of the emitted photons,
which can be deduced from the time-dependent Glauber
function g@(¢). For classical light, g®(¢) has a nonpositive
initial slope at ¢+ = 0. This indicates photon bunching, i.e.,
that the probability of observing two photons at equal times is
larger than the probability of observing them at different times.
Conversely, a positive slope indicates photon antibunching,
which is possible only for nonclassical light. In the long-time
limit, lim,_, o, g®(#) = 1 in all cases.

In Fig. 9 we plot g?(¢) for the parameter combinations
marked in the two upper panels in Fig. 6. We see that g ()
is always a strictly monotonic function of z. Therefore, in the
present situation photon bunching and antibunching coincide
precisely with super-Poissonian and sub-Poissonian photon
statistics. Only if 1 < g®(0) < 2 in panel (ii) the function
g@(t) shows small oscillations, but the overall decay is still
indicative of photon bunching.

V. CONCLUSIONS

Our analysis of the light generated by a few emitters
in a cavity reveals a nontrivial dependence of the photon
statistics on the light-matter coupling and temperature. Clearly
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FIG. 9. Glauber function g‘®(¢) as a function of time for N = 2
emitters, for (left) g’ = g and (right) ¢’ = 0. The emitter-cavity
coupling strength and the bath temperature are g = 0.5wy, T =
0.07wy in panels (i) and (iv), g = 0.7wy, T = 0.23w, in panels (ii)
and (v), and g = 0.8wy, T = 0.lwy in panels (iii) and (vi).

identifiable parameter regimes with sub- and super-Poissonian
photon statistics appear at strong and ultrastrong coupling
and lie immediately next to each other. Tuning the light-
matter coupling or changing the temperature can thus have
a tremendous effect on the photon statistics. As a general
trend we find strong signatures of nonclassical light at strong
coupling. Thermal photon statistics, on the other hand, requires
weak coupling or high temperatures: It is the exception rather
than the rule at low temperatures.

The photon statistics, and to a lesser degree also the total
emission, is strongly influenced by the presence of counter-
rotating light-matter interaction terms in the Hamiltonian.
These terms are responsible for the prevalence of super-
Poissonian over sub-Poissonian light at ultrastrong coupling.
Not surprisingly, the convenient rotating-wave approximation
(i.e., identification of the Dicke limit by the TC limit) gives
the wrong prediction when the coupling becomes too large.
Nevertheless, the scenarios with and without counterrotating
terms are surprisingly similar at not too strong coupling, which
shows that generation of nonclassical light is not a peculiar
effect arising from the fine-tuning of interaction terms in the
Hamiltonian but a rather robust feature.

We have provided an approximate rule to relate the emission
of a few emitters to the emission of a single emitter under
appropriate scaling of the coupling constant. In accordance
with this rule, the features of the Glauber function observed
for one emitter occur at comparably smaller values of the
individual emitter-cavity coupling in the case of a few emitters.
The reason is that all emitters interact with the same cavity
mode, which magnifies the effects of resonant emission and
(re)absorption of cavity photons. Broadly speaking, generation
of nonclassical light is easier with more emitters because the
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required coupling of each individual emitter to the cavity mode
can be reduced.

Our analysis of strong light-matter coupling required the
use of the full input-output formalism and of the full master
equation, which carefully distinguishes between transitions
at different energies. If this correct treatment is replaced by
the standard quantum optical master equation, results change
completely. Especially, the prediction of nonclassical light
does not survive the additional approximations made in the
replacement. While the quantum optical master equation could
not be expected to work at strong coupling, its outright failure
at describing any of the distinctive features observed in the
photon statistics shows that using the right master equation is
essential in all situations, perhaps apart from extremely weak
coupling. The price one has to pay is full diagonalization of
the Hamiltonian.

We here focus on the system at thermal equilibrium.
Future work should address emission if the system is driven
coherently through external photon sources. This will require
the addition of explicitly time-dependent periodic terms to the
Hamiltonian and thus combination of the present master equa-
tion with the Floquet formalism. By contrast, a perturbative
expansion in the driving strength is sufficient only for weak
off-resonant driving, but then the possible new effects would
be weak too.
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APPENDIX A: THE INPUT-OUTPUT FORMALISM

We follow standard input-output theory [19,42]. The in-
teraction Hamiltonian in Eq. (2) for the cavity-environment
coupling in the continuum limit is

H =—-iX / D(w)M(w)(b, — bl)da), (A1)
where D(w) is the environment density of states and A.(w)
is the cavity-environment coupling function; that is, the
environment spectral function is y.(w) = 2w D(w)A(w)>. H;
together with the free Hamiltonian f D(w)wabwdw of the

environment photons and the commutator [bw,bi),] =8(w —
") leads to the equation of motion

by =—iwby, + Mw)X (A2)

for the field quadratures of the environment. For 7y < ¢ < 11,
the formal solution of Eq. (A2) is

t
by (1) = e_iw(t_tO)bw(fo)-i-)»(a))/ e—iw(t—t’)X(l/)dl/
fo
. ll 1 4
— e—zw(f—tl)bw(tl)_)\(w)f e—m)(t—l)X(t/)dt/. (A3)
t

We define input (output) field operators

binoun (1) = / D(@)r(@)e ™ Wb, (tgq)dw  (A4)
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and make use of the spectral function y.(w) = Yy w/wy to obtain
the input-output relation

bou(t) = bin(t) + i X _(1), (AS)
o

where X _ denotes the positive frequency component of X;
that is, X acts as a lowering operator. The explicit definition
of X_ in the system-energy eigenbasis is given in Eq. (14).

APPENDIX B: THE MARKOVIAN MASTER EQUATION

We consider the dissipative dynamics of the system
density matrix in the weak system-environment coupling
limit. For strong coupling within the system the quantum
optical master equation predicts unphysical emission from
the ground state [14]. Going one step back in the derivation
of the quantum optical master equation, the second-order
time-convolutionless projection operator method [25] gives
a time-local master equation leading to consistent results
including the counterrotating terms [43,44]. Nevertheless,
this master equation does not, in general, generate positive
dynamics [45,46]. This problem was resolved by a recently
derived master equation in the system eigenbasis [24-29], and
we here recapitulate its derivation.

The total Hamiltonian is the sum of the contribution of
the system H, the contribution of the reservoir Hg, and
the interaction H;. We note that the interaction Hamiltonian
in Eq. (2) is of the general form H; = SR, where S (R)
is a Hermitian system (reservoir) operator. A more general
coupling H; =), S,R, can also be considered but leads
to the same qualitative results. The dynamics of the density
operator p7(t) of the total system in the interaction picture is
described by the von Neumann equation,

d

2 pr(®) =—i[H(t),pr(D)].

B1)
As a notational convenience, we mark operators in the
interaction picture with a hat. The interaction Hamiltonian
and the density operator in the interaction picture are defined
as

pr(t) = Uj(t,0)0r(1)Us(t,0), (B2)
A;(t) = U} (t,00H; Up(1,0), (B3)

where the time-evolution operator of the uncoupled system
and reservoir is
Uo(t,s) = e HHHRI=), (B4)
In the limit of weak system-reservoir coupling several
approximations are performed. First of all, within the Born
approximation, initial factorization of the density operator is
assumed, p7(0) = p(0)pg, and the back-action of the system
onto the reservoir is neglected, pr(t) = p(t)pgr. Second, the
Markov approximation is performed by replacing p(tr) at
retarded times 7 with p(¢) at the local time 7. Third, assuming
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that the reservoir correlation time is small compared to the
relaxation time of the system, the time integration is extended
to infinity to arrive at the Born-Markov equation of motion

d d N R
0 =- /0 Tl LA (O.LAL — 0. p@)prllldT, (BS)

where Trg{-} denotes the partial trace over the reservoir
degrees of freedom and (R) =0 is assumed. We further
assume a thermal reservoir state pg oc e #7% and define the
reservoir correlation function

C(1) = Trg{e'#x* Re 1 * Rpr} = C(—1)* (B6)

to evaluate the traces in Eq. (B5). This yields the master
equation

%ﬁ(r) = / 8¢ — )p@),S(")1C(r)dt +He.,, (BT)
0

where H.c. denotes the Hermitian conjugate.

We introduce the transition operators in Eq. (4) that are the
discrete Fourier components of the interaction picture S(t),
i.e.,

Stty="Y e, (B8)
w
Equivalently, [H,S,] = —wS,,. In addition, we introduce the

even and odd Fourier transforms of the reservoir correlation
function,

X (w) =/ C(n)e' " dt = x(w)*, (B9)
E(w) = ,1 / ” C(1)sgn(1)e’“*dt = &(w)*.  (B10)

For a thermal photon reservoir with spectral function y (w) the
functions x(w) and &(w) are given in Eqgs. (6) and (7). With
these definitions we find

%ﬁ(t) = % Q)Xa;{x(w/) +iE(@))e ™ [Sy p(1), S + Hee.

B11)

Equation (B11) is the standard Born-Markov master equation
in the system energy eigenbasis. It contains the dissipative parts
proportional to x(w) and the Lamb-shift terms proportional
to £(w). Because Eq. (B11) is not of Lindblad type, it
does not, in general, preserve the positivity of the density
operator.

Inspecting Eq. (B11), we recognize that it contains os-
cillating terms proportional to =) If we assume that
the relaxation of the system is slow compared with all
oscillations e*@~“) we can neglect the contribution from
terms with @’ # w. This approximation is called secular or
rotating-wave approximation, and the master equation in the
Schrodinger picture simplifies to the result given in Eq. (3).
This equation is the Lindblad master equation that includes
the Lamb shift of the unperturbed system energies E, as well
as reservoir induced dissipation effects to lowest order in the
system-reservoir interaction strength.
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As is already known in the literature, special care has to be
taken if the spectrum of H is degenerate [24,47]. But even if
the eigenvalues E, are nondegenerate, we may have situations
where energy differences are degenerate, i.e., E, — E,, =
Ey — E; for n # m # k # . The consequences of these two
different types of degeneracy can be understood when we
decompose the density matrix into blocks. In particular, we
write p,,, (Sy.,) for the matrix containing the elements (k|p|l)
((k|S|l)) with E;, = E, and E; = E,,. The master equation (3)
in this block notation reads

d, .
TP =Y X(Ex = En)Suibu(08},05, -, 51,
k,l

1 A
—5 2 9(Es = Q)" byy(D8, St
k

1 R
-3 Y " @(En — EOS)Stmby (). (B12)
k

where the summations run only over different system energies,
and the complex function ¢(x) = x(x) + i&(x) is introduced.
We see that the last two lines in this equation are block
diagonal. For m = n, the Kronecker delta in the first line
evaluates to 8g, g such that diagonal blocks couple only
to diagonal blocks. For m # n, the first line contains only
terms with k # [, such that nondiagonal blocks do not couple
to diagonal ones. Nevertheless, a nondiagonal block p,,,
couples to another nondiagonal block p; withk £ [ #m # n
if the respective transition energies are degenerate. Thus,
energy-level degeneracy introduces a block structure implying
that a diagonal density matrix element couples to nondiagonal
elements within diagonal blocks, whereas energy transition
degeneracy leads to a coupling of nondiagonal blocks to
different nondiagonal blocks. We remark that both subtleties
have their origin in the rotating-wave approximation. On
the one hand, this approximation leads to the Lindblad
structure of Eq. (3). On the other hand, it results in strict
Kronecker deltas between the two transition energies o’
and .

Consider a situation where each degeneracy in the spectrum
of H as well as in their differences is lifted by a small €
parameter. Then, each block contains only a single element,
implying that the equations for the diagonal density matrix
elements no longer couple to nondiagonal elements. In addi-
tion, any nondiagonal element of the density matrix evolves
independently from all other elements. This behavior does not
change when we let each € — 0. In this limit, the equations
become independent of the € parameters but are different from
the € = 0 case. In particular, for every nonzero ¢ — 0 we get
the two equations (9) and (10) for the diagonal and nondiagonal
density matrix elements.

We remark that in real physical systems one will never have
perfectly equal or equidistant energies because each small
perturbation will lift the degeneracies. In the theoretical de-
scription we may argue that the Lamb shift lifts degeneracies.
Nevertheless, we have to keep in mind that with Egs. (9) to
(11) we cannot study effects that rely on degenerate energies
or degenerate transitions; for example, the perfectly harmonic
oscillator or a system composed of completely uncoupled
identical subsystems is not correctly described.
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APPENDIX C: ANALYTICAL RESULTS IN THE
TAVIS-CUMMINGS LIMIT

In this section we derive analytical results for the Glauber
2®(0) function in the TC limit (g’ = 0) for a single emitter
(N =1).

According to the argumentation in Sec. IV B, the dominant
contribution to the denominator of g®(0) in Eq. (16) at
low temperatures is that of the first excited state with
energy E| = wg — g. Specifically, the denominator (X, X_)
is approximated by

3w — )P, €
In this expression the exponential e #(0~8 is the thermal
population of the first excited state, and the prefactor (wy —
2)%/2 is the squared transition matrix element of X_ between
the first excited state and the ground state.

The most relevant state for the numerator of g‘®(0) at low
temperatures is the lowest eigenstate with energy E; = 2wy —
V/2g of the 2 x 2 matrix given in Eq. (20). To evaluate the
matrix elements of the operators X1 we have to consider the
four possible transition sequences |2,—) — |1,£) — |0) —
[1,£) — |2,—), where |0) denotes the ground state and |n, =)
are the two eigenstates with energies E, = nwy + 4/ng. This
yields the expression

{3+«/§

o lon - (V2 — DglP(wy — g)°

1
+ oo - (V2 - Dgl(wf — g*)lwo — (v2 + 1)g]

3-8
T

[wo — (V2 + Dgl(wo + g)z}e—f’@%—ﬁg)
(C2)

approximating the numerator of g‘®(0).

The results belonging to Eqgs. (C1) and (C2) are plotted in
Fig. 10(a). Compared to the exact numerical results in Fig. 5(b),
a good agreement appears for 0.2 < g/wp < 0.4 and low
temperatures. For high values of g 2> 0.4w the first excited
state becomes closer and closer to the ground state, such that

[ I — ]
1 1
\i
0.8 0.8
s 0.6 0.6
>

0.4

0.2 0.2

0.15 0.2 0.25
T/ wy

0 0 .
0.05 0.1 015 02 025 0.05 0.1

T/ w0y

FIG. 10. (Color online) Analytical results for the Glauber func-
tion g®(0) for one emitter (N = 1) as a function of temperature T
and coupling strength g in the TC limit. Shown are (a) the result
following from Egs. (C1) and (C2) and (b) the result refined for
g < wy as explained in the text.
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the finite temperature leads to significant contributions from
transitions not involving the ground state. For this reason, the
upper part of Fig. 10(a) is not well reproduced. In contrast,
the lower part of Fig. 10(a) is not in accordance with the exact
numerical results because our assumption of low temperatures
T K g < wp does not include the limit g — 0.

To improve the results in regions with g < wy we addi-
tionally have to take into account the transition sequences
[1,4) — |0) — |1,4) for the denominator and |2,4) —

PHYSICAL REVIEW A 91, 043814 (2015)

[1,£) — |0) — |1,£) — |2,+) for the numerator. The result
is shown in Fig. 10(b), where the agreement with the exact
results in Fig. 5(b) is now very good for all temperatures
and g < 0.4wp. Note that at g >~ 0.4w, a crossing of the
eigenvalues of the second and third excited states occurs, as can
be seen in Fig. 2(d). This indicates that the role of these states in
the calculation of g (0) is interchanged. The impact of these
eigenvalue crossings would analytically be reproduced if we
include contributions to g®(0) from higher excited states.
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Entangled light from driven dissipative microcavities
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We study the generation of entangled light in planar semiconductor microcavities. The focus is on a particular
pump configuration where the dissipative internal polariton dynamics leads to the emission of entangled light in
a W state. Our study is based on the nonlinear equations of motion for the polariton operators derived within the
dynamics-controlled truncation formalism. They include the losses through the cavity mirrors, the interaction with
lattice vibrations, and the external laser driving in a Langevin approach. We find that the generated entanglement
is robust against decoherence under realistic experimental conditions. Our results show that pair correlations in
solid-state devices can be used to stabilize the nonlocal properties of the emitted radiation.

DOI: 10.1103/PhysRevA.92.022342

I. INTRODUCTION

Quantum entanglement is known as the essential resource
for quantum information processing [1-3]. It is defined as
a nonlocal correlation that cannot be interpreted in terms
of classical joint probabilities [4—6]. The most fundamental
examples of nonequivalent forms are Greenberger-Horne-
Zeilinger (GHZ) and W states [7,8]. The identification
and quantification of entanglement is commonly based on
entanglement witnesses [9—14]. The generation and control
of entangled states still is a challenging task for quantum
computation. In the optical domain, the implementation of
quantum algorithms relies on the availability of efficient
sources for entangled photons.

The generation of entangled photons is usually based on
parametric down conversion in nonlinear crystals [15,16]
or biexciton decay in quantum dots [17,18]. Optically ex-
cited semiconductor microcavities [19-23] are alternative
candidates for the efficient generation of entangled light on
the micrometer scale [23-28]. The exciting laser field with
frequency near the fundamental band gap coherently generates
electron-hole pairs (excitons). The dynamical evolution of ex-
citons is governed by the Coulomb interaction, and the efficient
coupling to the cavity photons leads to mixed exciton-photon
modes—so-called polaritons [29-31]. The external laser can
be tuned to stimulate parametric scattering processes between
polaritons which may cause entanglement [32,33]. A moving
polariton induces an electric polarization as a source of light
that carries the initial (internal) polariton entanglement [22].
Then, depending on the explicit pump configuration, branch
or frequency entanglement [23,32], polarization entangle-
ment [28], multipartite entanglement [33], and hyperentangled
photon pairs in multiple coupled microcavities [27] can
be generated. A very recent interesting development in the
generation of entanglement considers a microcavity coupled
to a mechanical oscillator and shows that such a hybrid system
creates exciton-mechanical mode entanglement [34].

In this work, we demonstrate that a semiconductor mi-
crocavity can be used to entangle light in a W-state con-
figuration. Beyond that, such a setup allows one to analyze
the internal polariton entanglement properties in the presence
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of dissipation. Specifically, we consider a microcavity that
is either continuously driven or excited by Gaussian pump
pulses. In previous work [33], we introduced the specific
pump arrangement for the creation of entangled light in a W
state and used multipartite entanglement witnesses to verify
the nonlocal correlations. Here, the inclusion of decoherence,
induced by the losses through the cavity mirrors, and the
coupling to lattice vibrations, within the dynamics-controlled
truncation formalism, allows us to study the emitted light
under realistic experimental conditions. Most notably, we
show that the entanglement of the generated light is robust
against dephasing.

We proceed as follows. In Sec. II we briefly recapitulate the
equations of motion obtained within the dynamics-controlled
truncation formalism and review the explicit pump configura-
tion. The tomographic reconstruction of the state of the emitted
radiation is performed in Sec. III, including the analytical
solution in the limit of continuous pumping in Sec. III A and
the numerical solution for Gaussian pump pulses in Sec. I1I B.
Further details for the derivation of the analytical result can be
found in the Appendix. We finally conclude in Sec. IV.

II. THEORETICAL DESCRIPTION OF
PARAMETRIC EMISSION

The theoretical description of the dynamical processes in
semiconductor microcavities is frequently based on an explicit
bosonization of the whole system Hamiltonian [22,24,35].
Alternatively, one can derive equations of motion for gen-
eralized Hubbard (transition) operators and truncate these
equations at a certain order of the external field. This approach
is called a dynamics-controlled truncation scheme [36-39].
The structure of the equations of motion is similar in both
approaches. However, the nonlinear coupling coefficients due
to fermionic phase-space filling differ [38]. In this work, we
adopt the dynamics-controlled truncation formalism because
the resulting coefficients are expected to more closely match
the experimental data [27,28]. Combining this method with the
quantum Langevin approach allows for the evaluation of corre-
lation functions needed for the tomographic reconstruction of
the state of the emitted light modes [26,28]. It is thus well suited
to study the generation of entangled light in semiconductor
microcavities under realistic experimental conditions.

©2015 American Physical Society
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A. Nonlinear system dynamics

We begin with the equations of motion for the semiconduc-
tor exciton and cavity photon operators that are derived within
the dynamics-controlled truncation formalism [38,39],

d

Zak = —iwﬁak + iQRbk, (]a)
d . x . - pNL
Ebk = —iwybx +iQrax — iR, ", (1b)
where RYE = R + Ry,

Ry = n Z K-+~ k Pk, i (2a)

sat k
Riix = Z ki +ky— bklbkz (2b)

ks

In these equations, ax (bx) annihilates a cavity photon (semi-
conductor exciton) with in-plane wave vector k and energy
wy, (). R is the dipole coupling strength between excitons
and photons—the so-called Rabi frequency. In addition, 7,
denotes the exciton saturation density and V. is the exciton-
exciton coupling strength.

The unitary Hopfield transformation to polaritons [29],

pic) _ (X Cu) bk 3)
D2k Xk Co J\ak )’

which is tuned to diagonalize the linear part of the equations
of motion (1), leads to the equations of motion in the polariton
basis,

d

= —iopik — iR\, (4a)
d . . NL
2y P = Tloxpu - iRy, (4b)

with RY k = X;kRYL. Here, px annihilates a polariton with
dlspersmn wj in the lower (j = 1) or upper (j = 2) branch.

B. External driving and dissipation

To include losses through the mirrors, the interaction
with lattice vibrations and the external laser driving, we
couple the system dynamics to the environment. As shown
in Ref. [38], combining the dynamics-controlled truncation
scheme with the nonequilibrium quantum Langevin approach,
the incoherent system dynamics decouples from parametric
scattering processes. In particular, we have to add the damping

PHYSICAL REVIEW A 92, 022342 (2015)

n= pyk) and by the second-order moments

(Fu®F (")) = 2(Dyn (1) 8(t — ') (6

with diffusion coefficients

2(Dy(0)) = %(M(I)V(t)) — (a@v@) + wov@). (1)
In Eq. (7), the dot denotes the time-derivative following from
Egs. (4), i.e., without noise source operators F.

Equations of motion for the expectation values (u(t)v(t))—
the so-called polariton photoluminescence—are given in
Ref. [38]. They are derived in the framework of a second-order
Born-Markov approach. Important for us is the final result:
Due to the decoupling of incoherent dynamics and parametric
processes the diffusion coefficients in Eq. (6) can be used as
input when we calculate multitime correlation functions of
polariton operators. We stress that the damping rates Fj’lf’)
follow from this treatment too.

C. Explicit pump scenario

Let us now consider the experimental setup introduced in
Ref. [33], where four pump lasers drive the lower polariton
branch at wave vectors k1 = (kp.,kp), Kpo = (—=kp.kp), Kp3 =
(=kp,—kp), and K4 = (k,,—k,) (see Fig. 1). The incident
angles of all pumps are below the magic angle [21,40] such
that single-pump scattering processes (signal at k and idler at
2k, — K) are negligible. The multipump parametric processes
(signal at k and idler at k,, +Kk,, — k with n # m) share a
common idler mode atk; = (0,0). The four corresponding sig-
nal modes atk; = (0,2k,), kK> = (—2k,,0), k3 = (0,—2k,),
and k4 = (2k,,0) have been shown to be entangled [33].

To obtain the equations of motion for the signal and
idler modes, we introduce a simplified notation. In particular,
because all scattering processes are within the lower polariton
branch, we omit the branch index. In addition, we introduce
Y, = Yy, forevery quantity ¥ = P,w,T'% & RNL X,C and
define y, = T¥/2 forx = i,s1,...,54,pl, ..., p4. Because
of the particular pump-signal-idler configuration, we have
Wsp = Wy, Vsn = Vs Xsn = Xs, Csn = Csa Wpp = Wp, Xpn =
Xp,and Cp, =Cpforn=1,... 4.

Assuming classical pump fields (pjx,,) = P, € C, which
imply a coherent driving, and identical pumps P, = P, we
retain only terms containing the semlclasswal pump amplltude

(piplys . pl)T and
the equation of motion for the

73 twice. Introducmg the vectors P =
= (F, G FT

51gnal and 1dler modes takes the form:

rates T";’f:” and Langevin noise source operators .7-' with proper ip(;) = M®)P(t) + F(1), (8)
statistics and moments to the equations of motion (4). This dt
yields where

J —iz;  —ig,P? —ig,P* —ig;P? —ig,P?

—Ppik = — —iRN 5 ~ . . .

g = iGwpik — RN + Fous (52) ig,(P*)? i 0 0 0

d - ) M = | ig,(P*)? 0 ik 0 0 ,

— - _ RNL ]_- , b K s °

gy P2 = Tlonpn — iRy + Foo (5b) g (P 0 0 i@ 0

. 2 C o~
where LT)J-k =wjk—i F;’E’)/Z. The operators F are charac- ig;(P") 0 0 0 el
terized by vanishing expectation values, (F,) =0, where 9
022342-2
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p2 pl

p3 p4

FIG. 1. (Color online) Sketch of the considered pump-signal-
idler configuration in (a) position space and (b) momentum space.
The circles in panel (b) display the possible energy- and momentum-
conserving scattering processes within the lower branch, where two
pumped polaritons scatter into pairs of signal and idler polaritons.
Specifically, mixed-pump scattering processes of oppositely arranged
(neighboring) pumps with |K,, +K,,| =0 (k,, + K| =2k,)
contribute to the circle(s) with radius 2k » (kp).

and

Qp

g = 2xixsx,,( Cp+ VxxXp>. (10)

sat

We note that the matrix M depends on time solely, because the
pump amplitude P is time dependent.

D. State of emitted field

Defining the matrix G of Green’s functions as the solution
of the homogeneous equation,

d AN !
EG(M ) = M()G(1,t), (11

with the initial condition G(z,¢) =1 (I is the 5 x
5 identity matrix), the solution of the inhomogeneous

PHYSICAL REVIEW A 92, 022342 (2015)
Eq. (8)is
t
P(z) = G(¢,00P(0) + / G(t,0)F(v) dt. (12)
0

It allows for the calculation of multitime correlation functions.

As a basis for the tomographic reconstruction of the
measured signal and idler photon density matrix we choose
the four states |1;,15,) (n =1, ...,4), where |1,) denotes the
state of a photon in channel x =i,s1,...,s4. This choice
can experimentally be realized by the postselection of events,
where a click in the idler detector occurs, which takes out the
vacuum component. Then the matrix elements of the measured
photon density matrix p; gm:i.sn = (1i, lsmlp|1i, 15n) are given
by

1
Oismii,sn = N/ / <P,-T(l|)sz(lz)P.m(lz)Pi(ll))dlldlz
Ta VT4

_1 tr ) i
=V fT [ /T [[<p, )PPy (02) Psu(82))

+ (Pl PL ) Pan() pi(e)dndty,  (13)

where the second line follows from a Wick factorization. In this
equation A is a normalization constant and T} is the detector
window.

III. RESULTS

The equations from the last section allow us to study the
tomographic reconstruction of the state of the emitted signal
and idler fields in different situations. If the semiconductor
microcavity is continuously pumped, the equations of motion
can be solved analytically through transformation into the
pump rotating frame. For Gaussian pump pulses—the usual
experimental situation—the equations have to be solved
numerically.

A. Analytical modeling
To obtain analytical results for the stationary state in the
long-time limit we assume a continuous pumping, i.e., P =

= —— =2 .
Pe'vt with P € R. We define A = g,P~ for abbreviation
and perform a transformation into the pump rotating frame:

ﬁin = p;rn 6—21'0),:’7 ijn = ijn e_Zin[_ (]4)
Defining
1 0 0 0 0
0 e 2ot 0 0 0
T = |0 0 e 2opt 0 0 , (15)
0 0 0 e 2wyt 0
0 0 0 0 e iwpt
P() = T(H)P(t), and F(t) = TO)F() (16)

brings the equation of motion (8) to the form

%ﬁ(z) =MP() + F(1), an
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with the time-independent matrix

M =T ')MNT() — 2iw,

S oo Oo o
S oo ~=OoO
S o~ O O
=l el el
—_— o o o0

-y —iA —iA —iA —iA

iN -y, 0 0 0
=liaA 0 -y O 0 | —iwl. (18)
iA 0 0 —Ys 0
iA 0 0 0 —¥s

According to G(t,t") = T~'(t)G(z,t")T(t’), the Green’s func-
tions become a matrix exponential

G(t,t") =exp{M(t —t)} = G(t —1'). (19)

In order to calculate the populations and correlators
in the long-time limit needed for the tomographic state
reconstruction, we assume the condition y,y; > 4A? to
be fulfilled. This guarantees that all eigenvalues of M
have negative real parts; i.e., the corresponding Green’s
functions converge in the long-time limit. In addition,
we assume a (dimensionless) uniform noise background
N, characterized by (F), (1)F), (1) = (F 1 () F 1 (1)) =0,
(FiOFp, (1) = NpTxdy 8t — '), and (F, ()F 1 (1)) =
(Np + DIy8, ,8(t — t'), with x,y =i,s1,...,54. As shown
in the Appendix, the tomographic reconstruction is

1111 0 0

111 1) 1-x 0 0
=Sl 11 1|t 1 0
111 1 0 1

1 0
0 1
0 0
0 0

with X € [0,1]. The state p in Eq. (20) is a mixture of a pure
(fully entangled) W state and a (not entangled) identity state.
In the four-partite case under study, full entanglement means
that neither subsystem can be separated. The parameter X is
the weight of the W state in the mixture p. For X =1, p is
fully entangled. Contrariwise, p is fully separable for X = 0.
Clearly the state p is entangled for any finite X > 0. In this
sense, X can be taken as an entanglement measure, which
quantifies the violation of a corresponding Bell inequality.

Figure 2 shows X as a function of A/y and N,, for y =
¥; = 5. We note that the parameter A is proportional to the
pump intensity, which, however, is limited by the stationarity
condition 4A% < y;y,. Obviously, the fully entangled pure W
state is obtained for vanishing noise background. This result is
in accordance with the discussion in our previous article [33],
where losses through the cavity mirrors and the coupling to
lattice vibrations are neglected. Interestingly, even for a finite
noise background N, > 0 the pure W state can be generated
if the pump power is high enough. Lowering the pump power
at fixed N, leads to a decrease of entanglement.

B. Numerical solution

Numerically, we can also study the case of Gaussian
pump pulses. In practice, we solve Eq. (11) for Gaussian
pump pulses, having an intensity maximum at 4 ps and a
width of 1 ps, and calculate the populations and correlators

PHYSICAL REVIEW A 92, 022342 (2015)

Aly

0 0.2 0.4 0.6 0.8 1

FIG. 2. (Color online) Amount of entanglement in the state p
[Eq. (20)], quantified by X as a function of A/y and N,, for y =

Vi = Vs-

to do the tomography. Thereby we choose a reasonable
detection window of 7; = 120 ps, allowing for technically
feasible experiments with standard photodetectors. Again,
the tomographic reconstruction results in a state of the
form (20); i.e., it is fully characterized by a single parameter
X. The amount of entanglement quantified by X is shown
in Fig. 3(a) in dependence on the pump intensity at var-
ious temperatures, while Fig. 3(b) gives X as a function

o—oT=1K

0.9} [z2T=5K
—oT =10K
0.88} [T =20K 4
0 50 100 150 200

pump intensity [photons / um?]

0'-72.4 -1.2 0 1.2 2.4

4 [meV]

FIG. 3. (Color online) Entanglement of the numerically recon-
structed signal density matrix as a function of the pump intensity
(a) and the detuning § = wj — wy (b). The results in panel (a) are
calculated for different environment temperatures but fixed detuning
8 = —2.4 meV, whereas data in panel (b) are obtained for different
environment temperatures and pump intensities. Other parameters of
the investigated sample can be found in Ref. [21].
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of the detuning § = wj — wj. The remaining system pa-
rameters are fixed in accordance with Refs. [21,25,26],
where a specific semiconductor microcavity sample was
investigated.

Compared to the analytical solution in the last section, we
have set the uniform noise background N, to 0. Noise enters the
equations through the pump-induced photoluminescence [41]
that depends on the temperature of the reservoirs. The choice
Np = 0 is the reason why the numerical results in Fig. 3(a)
tend to 1 for vanishing pump intensity. Contrary to the
long-time behavior for continuous pumps, an increase in
the pump intensity leads to a decrease of the entanglement.
This behavior is even more pronounced for higher reservoir
temperatures. The reason for this is a temperature-dependent
background, created by the pump-induced photoluminescence,
on top of which parametric scattering, i.e., entanglement
generation, takes place. Increasing the temperature at a fixed
pump intensity leads to a higher background at a fixed
number of parametric scattering processes and hence to a
lower degree of entanglement. Nevertheless, the generated
entanglement is surprisingly robust [see the range of X in
Fig. 3(a)], even in the full simulation which includes the
losses through the cavity mirrors and the coupling to lattice
vibrations.

When one keeps the environment temperature and the pump
intensity fixed, the entanglement decreases if the detuning is
increased [see Fig. 3(b)]. This happens as a consequence of
the suppression of exciton and photon mixing for positive
detuning, which weakens the polariton parametric scattering
strength. Increasing the environment temperature or the pump
intensity leads to a decrease of entanglement, but the functional
6 dependence remains similar. Interestingly, even for large

|
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positive detuning a finite amount of entanglement is generated
by the microcavity.

IV. CONCLUSIONS

We have studied the generation of multipartite entangled
light in semiconductor microcavities within the dynamics-
controlled truncation scheme. If one includes the losses
through the cavity mirrors and the coupling to lattice vibra-
tions, this formalism allows for a decoupling of the incoherent
system dynamics (pump-induced photoluminescence) from
the parametric scattering processes as the source of entan-
glement. After calculation of particular multitime correlation
functions, the state of the emitted signal and idler fields is
obtained through tomographic reconstruction. The resulting
multipartite entanglement between the four signal channels for
both continuous pumping and Gaussian pump pulses is robust
against decoherence under realistic experimental conditions.
This observation shows that the emitted photons carry the ini-
tial polariton entanglement. Since polaritons are quasiparticles
composed of cavity photons and semiconductor excitons, they
can sustain pair correlations over long times and distances in-
side such solid-state devices. In this sense, the emitted photons
serve as a probe of the internal entanglement properties.
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APPENDIX: EXPLICIT SOLUTION FOR CONTINUOUS PUMPING

Here, we evaluate the stationary populations and correlations in the long-time limit. We start with the diagonalization of the

matrix M from Eq. (18). The eigenvalues of M are

M=h=A=—y—io;, hys=—30+vEV¥ —y)?+16A%) —iow;.

(Vi — V)P +16A%, A = —y; —iw;, and Ax = A — Aays = (y; — ¥ £ )/2, with

To simplify the notation, we introduce Q =

(AT)

At > 0and A_ < 0. With these definitions, the matrix V of eigenvectors is

0 0 0 —V2_hy ZAi|A_]
1 — VO] =] =LA V2I_iA J2ZALiA
V= —— 0 0 Qhi|h_ 2A_JiA 224 iA |, A2
TR VO V2] I{ v + (A2)
0 VA A] 0 V2N J2hiiA
VO] 0 0 V2N J2h4iA
such that
00 0 0 0
B 00 0 0 0
VMV=a-]/0 0 0 0 0 (A3)
0 0 0 Ap O
0 0 0 0 A
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The matrix G of the Green’s functions is given by

0 0 0 0 Gii(t) Gis() Gis(t) Gis(t)  Gis@)
0 1 0 0 0 G?is(t) Gs,s(t) Gs,s’(t) Gs,s’(t) Gs,s’(t)
G =e"V|0 0 1 0 0 |V Ii=eM|Gi () Gso(t) Gos(t) Gog) Gio@)], (A4)
0 () 0 67)\” 0 G?is(t) Gs.s’(t) Gs,s’(t) Gs,s(t) Gs,s’(t)
00 0 0 ™! Gi () Guw@) Gp() Gsu(t) Gyu)
with matrix elements
Q P Vs . Q
G;i(t) = e~ 2 (cosh Et oy sinh Et>’ (A5a)
A Q
Giy(t) = —2i§e—%<%’—%>’ sinh =+, (A5b)
3 e Q  vi— Q
o) = =+ ————(cosh = * sinh =7 ), A
G, (1) 1 + ) (cos 2 t+ S sin > t) (A5c¢)
Gs,s’(t) = Gx,.r(t) - L (AS5d)

Convergence of these functions requires y; + y, > Q, i.e., yiys > 4A2.
Introduction of the uniform noise background N, allows for the evaluation of the idler and signal populations in the long-time
limit. This yields
0]
N7 = lim (p/()pi(1)) = / 2¢ ! (Nyyi G} (1) + 4Ny + Dys|Gis(0)P} d
- 0

Noyi vs(vi +v5) —4A%  (Ny+ Dy, 4A?

= : - (A6)
vitys  vivs —4A VitV vivs —4A
) (Ny + Dy A? 3N, Npoys  vi(yi +v5) — 4A?
NS = Jim (plOpy ) = =T i R et RO (A7)
=00 Yit+ Vs vivs —4A 4 Ayt vivs—4A
and the correlators become
. Ny+ 1y,  A? N Npys  vilvi +ys) — 442
N = llm(Rf(t)P,-r(t))z( »+ Dyi 2_7b+ vYs  Yilvi +vs) i (A3)
=00 Vit Vs vivs —4A 4 At vivs—4A
. I2Np + Dy v A
N® = Tim (Pl Iy = N F Dyl (A9)
SRS Vi + v)(iys — 4A%)
Finally, the tomographic reconstruction results in the state
) 1 1 1 1 5 1 0 0 O
CINFNS HINTE(1 o1 11 41 CNFNGAINEEN[fo 1 0 0 (AL0)
PTaANTNE P \L L AU T NN NP )l o L of
' ' 1 1 1 1 : ' 0 0 0 1
such that the value of X in Eq. (20) becomes
2
_ NN+ NG (ALD
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