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Even though entanglement is very vulnerable to interactions with the environment, it can be created by

purely dissipative processes. Yet, the attainable degree of entanglement is profoundly limited in the

presence of noise sources. We show that distillation can also be realized dissipatively, such that a highly

entangled steady state is obtained. The schemes put forward here display counterintuitive phenomena,

such as improved performance if noise is added to the system. We also show how dissipative distillation

can be employed in a continuous quantum repeater architecture, in which the resources scale polynomially

with the distance.
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Entanglement plays a central role in applications of
quantum information science such as quantum computa-
tion, simulation, metrology, and communication. However,
any quantum technology is challenged by dissipation. The
interaction of the system with its environment is regarded a
major obstacle, and the degradation of entangled states due
to dissipation is typically considered to be a key problem.
Contrary to this belief, new approaches aim at utilizing
dissipation for quantum information processes [1] includ-
ing quantum state engineering [2–4], quantum computing
[4], quantum memories [5], the creation of entangled states
[6], and error correction [7].

Entanglement generated by dissipation has been dem-
onstrated [8] following a recent theoretical proposal [6].
The main advantage of this scheme lies in the fact
that entangled states are generated in a steady state.
Furthermore, as opposed to standard methods, the desired
state is reached independently of the initial one. By cou-
pling two quantum systems to a common environment
(e.g., the electromagnetic field [8]) a robust entangled
steady state can be quickly generated and maintained for
an arbitrary long time without the need for error correction
such that entanglement is available any time.

As other schemes, dissipative protocols are exposed to
noise sources, which degrade the quality of the produced
state and render it inapplicable for many important appli-
cations in quantum information, like quantum communi-
cation where noise effects increase dramatically with the
distance. By means of distillation [9], entanglement can be
improved at the expense of using several copies. In combi-
nation with teleportation, this allows for the construction of
quantum repeaters [10], which enable the distribution of
high-quality entanglement for long distance quantum com-
munication with a favorable scaling of resources.
Unfortunately, existing schemes for distillation and tele-
portation are incompatible with protocols generating
steady state entanglement, as they require the decoupling
of the system from the environment, such that the above-
mentioned advantages of the dissipative approach (e.g., the

inherent robustness) are lost. Hence, new procedures which
are suitable to accommodate dissipative methods such that
all advantages can be retained and used for quantum re-
peaters are highly desirable.
We introduce and analyze different dissipatively driven

distillation protocols, which allow for the production of
highly entangled steady states independent of the initial
one and present a novel quantum repeater scheme featuring
the same properties. This protocol continuously produces
high-quality long-range entanglement and the required
resources scale only polynomially in the distance. Once
the system is operating in steady state, the resulting en-
tangled link can be used for applications. Remarkably, the
time required to drive a new pair into a highly entangled
steady state is independent of the length of the link such
that this setup provides a continuous supply of long-range
entanglement [10]. Moreover, the proposed distillation
protocols exhibit intriguing features. We present a method
which allows for distillation in steady state where none of
the individual source pairs is entangled and describe an-
other one whose performance can be improved by adding
noise to the system.
In the following, we introduce two types of dissipative

distillation protocols suitable for different situations. We
first explain scheme I, which is physically motivated, and
consider the situation shown in Fig. 1. Two parties, Alice
and Bob, share two source qubit pairs s1 and s2, which are
each dissipatively driven into an entangled steady state and

FIG. 1 (color online). Entanglement distillation by dissipation
(a) Distillation setup without communication. (b) Distillation
setup including classical communication.
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used as resource for creating a single highly entangled pair
in target system T . Assuming Markov dynamics, the time
evolution of the density matrix � can be described by a
master equation of Lindblad form _� ¼ �½O�Oy � 1

2 �ð�OyOþOyO�Þ� with rate � and will be abbreviated
by the short hand notation _� ¼ �LOð�Þ. The entangling
dissipative process acting on the source qubits [11] corre-
sponds to the master equation _� ¼ Lentð�Þ ¼ �½LAð�Þ þ
LBð�Þ� with A ¼ coshðrÞ��

Alice þ sinhðrÞ�þ
Bob and B ¼

coshðrÞ��
Bob þ sinhðrÞ�þ

Alice, where �� ¼ j0ih1j and

�þ ¼ j1ih0j. The unique steady state of this evolution is

the pure entangled state jc i ¼ ðj00i � �j11iÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �2

p
,

where � ¼ tanhðrÞ. The system is subject to local cooling,
heating and dephasing noise described by Lnoiseð�Þ ¼
"c½L��

Aliceð�Þ þ L��
Bobð�Þ� þ "h½L�þ

Aliceð�Þ þ L�þ
Bobð�Þ�þ

"d½Lj1ih1jAliceð�Þ þ Lj1ih1jBobð�Þ�.
We assume that the entangling dynamics acting on s1

and s2 is noisy, while the target system is protected (this
assumption will be lifted below). The source qubits are
locally coupled to T such that

_� ¼ Lent
s1 ð�Þ þ Lent

s2 ð�Þ þ Lnoise
s1 ð�Þ þ Lnoise

s2 ð�Þ
þ LAliceð�Þ þ LBobð�Þ;

where LAliceðLBobÞ acts only on Alice’s (Bob’s) side. We
choose LAliceð�Þ ¼ �LBobð�Þ ¼ i�F½F; ��, corresponding
to the unitary evolution with respect to the Hamiltonian

F ¼ P
i;jjjtîsihitĵsj, where j0̂si ¼ j0s11s2i and j1̂si ¼

j1s10s2i. Note that this protocol does not require any clas-

sical communication or predefined correlations. The effi-
ciency is mainly determined by the mixedness of the
source states [see Fig. 2(a)] rather than their entanglement.
In the absence of errors, the target system reaches a maxi-
mally entangled state.

In order to allow also for noise acting on T , we include
now classical communication. As shown in the appendix,
any Lindblad operator of the form LTLOCCð�Þ ¼
½TLOCCð�Þ � ��, where TLOCC is an arbitrary LOCC chan-
nel [12], can be realized using local dissipative processes
and classical communication [13]. In particular, this allows
for the stabilization of the distillation schemes discussed
below against errors acting on the target system by running
them using m blocks of source pairs, which are all coupled
to the same target state (see Sec. 3 in [14]) as shown in
Fig. 3(a). If sufficiently many source-blocks, m, are used,
the dynamics is dominated by the desired processes. For
clarity, we discuss the following schemes in the absence of
target errors, which corresponds exactly to the limit m !
1 and consider the master equation

_� ¼ Lent
s1 ð�Þ þ Lent

s2 ð�Þ þ Lnoise
s1 ð�Þ þ Lnoise

s2 ð�Þ
þ �F½TFð�Þ � ��:

The LOOC map TFð�Þ is defined by the four Kraus opera-
tors FA � FB, P

?
A � PB, PA � P?

B , P
?
A � P?

B , where P, P
?

are the projection onto the one excitation subspace and its
orthogonal complement. Alice and Bob measure the num-
ber of excitations on their side. After successful projection
onto the subspace with one excitation PA � PB, a flip
operation F is performed. In the unsuccessful case no
operation is carried out. We will repeatedly discuss
Lindblad terms in the language of quantum jumps, i.e.,
as a measurement followed by an action, e.g., a unitary.
However, note that the actual (dissipative) implementation
is a continuous probabilistic process due to a designed

FIG. 2 (color online). Dissipative distillation according to
scheme I without communication [panel (a)] and including
classical communication [panels (b)–(d)]. The full red lines
show the steady state entanglement of formation (Eof) of system
T . The dashed blue lines depict the steady state Eof of the
source state s1 if no distillation is performed (a),(c),(d) and
during the protocol (b). For better visibility the blue dashed
curve is multiplied by a factor 30 in panels b and c. The dotted
green lines show the entropy of s1 which is a measure of its
mixedness. (a) EoF attainable without communication versus
error rate "N � "h ¼ "c ¼ "d. (b) EoF versus the noise parame-
ter "c. (c) EoF versus error rate "N. The black dotted curve
represents the entanglement of the total source system measured
in log negativity. (d) EoF versus the parameter r.

FIG. 3 (color online). Building blocks of a dissipative quantum
repeater. (a) Noise resistant distillation setup. The process acting
on the target system is boosted using several copies of the source
system. (b) Continuous entanglement swapping procedure.

PRL 107, 120502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

16 SEPTEMBER 2011

120502-2



coupling to an environment described by a master equa-
tion. As shown in Fig. 2(b), the scheme is robust against
local noise of cooling-type [L��ð�Þ]. This kind of noise
can even be used to enhance the performance of the dis-
tillation protocol in the steady state at the cost of a lower
convergence rate. Thus, counterintuitively, it can be bene-
ficial to add noise to the system in order to increase the
distilled entanglement. Moreover, the steady state entan-
glement of the source pairs is zero in the absence of cooling
noise for the parameters considered in Fig. 2(b), if no
distillation scheme is performed. For increasing �c, the
entanglement in s1 and s2 increases, reaches an optimal
point an decreases again. Yet, the entanglement that can be
distilled from these pairs is monotonically increasing and
displays a boost effect. Because of the noise, the system is
driven into a less entangled but more pure steady state for
wich the scheme is more efficient. Panel c also hints at
another counterintuitive effect, namely, that entanglement
can be distilled even though none of the source pairs is
(individually) entangled in the steady state. This can be
explained by noticing that the two-copy entanglement can
be maintained for high noise rates when the single-copy
entanglement is already vanishing. Figure 2(d) shows that
the distilled entanglement increases considerably for small
values of r despite the decrease in the entanglement of the
source pairs. This is due to the fact that the protocol is most
efficient for source states close to pure states.

If the source states can be highly mixed, another distil-
lation scheme (scheme II hereafter) is the method of choice
and will be explained in the following. We analyze a
generic model, which can be solved exactly and allows
one to reduce the discussion to the essential features of
dissipative entanglement distillation. As in standard distil-
lation schemes, we study the general problem in terms of
Werner states [15], since many situations can be described
this way and a wide range of processes can be cast in this
form by twirling [15]. Werner states are of the simple form
�WðfÞ ¼ f�þ ð1� fÞðI��Þ=3, where � is a projector
onto the maximally entangled state j00i þ j11i, and I the
identity operator. We assume a process driving each source
pair into the state �, _� ¼ �½trð�Þ�� �� � �Eð�Þ. Local
depolarizing noise is added in the form of the term Nð�Þ �
ð�Alice � 1� �Þ þ ð1 � �Bob � �Þ, where �AliceðBobÞ de-

notes Alice’s (Bob’s) reduced density matrix and 1 the
normalized identity. This term describes the continuous
replacement of the initial state by the completely mixed
one. The source system reaches the steady state �s /
��þ "1 of the total master equation _� ¼ �Eð�Þ þ
"
2Nð�Þ at least exponentially fast in � (see Sec. 4 in

[14]). A continuous distillation process based on a standard
protocol [16] can be constructed using n source pairs
which are independently driven into the steady state �s

and a target system T . T is coupled to the source pairs
by a dissipative dynamics of the form _� ¼
�D½trð�ÞTDð�Þ � ��, where the completely positive map

TDð�Þ corresponds to a process which acts on the n source
pairs and distills a single higher entangled copy. The output
state is written onT and the n source pairs are reinitialized
in the state 1. The total master equation is given by _� ¼P

n
i¼1½�Eið�Þ þ "

2Nið�Þ� þ �D½TDð�Þ � �� where Ei, Ni

denote entangling and noise processes on the ith source
qubit pair. The steady state has a fidelity of f ¼R
1
0 dxfD½fs � ðfs � 0:25Þxð�þ"Þ=ð�DÞ�, where fs and

fDðfÞ ¼ tr½�TDð�WðfÞ�nÞ� are the fidelity of �s and the
output of the distillation protocol with n input states of
fidelity f. High fidelities require low values of �D.
However, the solution �ðtÞ (see [14], Sec. 4) shows that
fast convergence requires high values of this parameter. A
low convergence speed on the target system is extremely
disadvantageous if noise is acting onT . Therefore, a boost
of the process as illustrated in Fig. 3(a) is required, which
can be achieved by couplingm source systems individually
to the same target. This way, the new convergence rate is
given by m�D while the backaction on each source system
remains unchanged (see [14], Sec. 3).
The distribution of long distance entanglement is a big

challenge in quantum information. In repeater schemes,
entanglement is generated over short distances with high
accuracy and neighboring links are connected by entangle-
ment swapping. This allows one to double the length of the
links, but comes at the cost of a decrease in entanglement
for nonmaximally entangled states or noisy operations.
Therefore, a distillation scheme has to be applied before
proceeding to the next stage, which consists again of en-
tanglement swapping and subsequent distillation. The
setup for a continuous entanglement swapping procedure
is sketched in Fig. 3(b). It consists of three nodes operated
by Alice, Bob and Charlie, where Alice and Bob as well as
Bob and Charlie share an entangled steady state. By per-
forming a teleportation, an entangled link is established
between Alice and Charlie and mapped to the target sys-
tem, while the source systems are reinitialized in the state
1. This corresponds to a LOCC operation Tswð�Þ. The
dynamics is described by _� ¼ P

2
i¼1½�Eið�Þ þ "

2Nið�Þ�þ
�sw½Tswð�Þ � ��. The steady state has a target fidelity of

f ¼ 2�2

ð2�þ�swÞð�þ�swÞ ½fswðfsÞ � 1
4� þ 1

4 , where fswðfsÞ is the
output fidelity of the entanglement swapping protocol for
two input states with fidelity fs (see [14], Sec. 5).

FIG. 4 (color online). Nested steady state quantum repeater
scheme. In contrast to common repeater schemes, the levels of
the nested protocol are physically present all the time and
connected via dissipative processes.
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The basic idea of a steady state quantum repeater is
shown in Fig. 4. At the lowest level, entangled steady states
are generated over a distance L0. At each new level, two
neighboring states are connected via continuous entangle-
ment swapping and then written onto a target pair sepa-
rated by twice the distance. The distillation and boost
processes required at each level to keep the fidelity con-
stant are not shown in this picture. The resources required
for this repeater scheme can be estimated as follows.
Entanglement swapping processes acting on source pairs
of length l with fidelity fl result in entangled target pairs of
length 2l, with degraded fidelity f2l < fl. This reduction is
due to the swapping procedure, noise acting on the target
system and the backaction from entanglement distillation.
Stabilization against noise acting on the target systems is
achieved by coupling each of them to m copies of the
source system and requires therefore 2m source pairs of
length l. In order to obtain a fidelity f2l � fl, n copies of
these error stabilized links are used as input for a n to 1
distillation process. The distilled state is mapped to another
target pair of length 2l, which also needs to be stabilized
using m copies of the blocks described. Hence, in total
2m2n pairs of length l are required for a repeater stage
which doubles the distance. For creating a link of length
L ¼ L02

k, ð2m2nÞk source pairs are needed, where k is
the number of required iterations of the repeater protocol.
Therefore, the resources scale polynomial with

ðL=L0ÞLog2ð2m2nÞ. In Sec. 5 in [14], we discuss a specific
example scaling with ðL=L0Þ16:4. The convergence time of
the total system scales only logarithmically with the dis-
tance. Once the steady state is reached, the entanglement of
the last target system can be used for quantum communi-
cation or cryptography. The underlying source systems are
not effected by this process and remain in the steady state.
Therefore, the target state is restored in constant time. Note
that the error rate affecting the source systems is highly
dependent on the length of the basic segments L0. Because
of the resulting trade-off in the use of resources, there
exists an optimum length which depends on the implemen-
tation. In conclusion, we have shown how entanglement
can be distilled in a steady state and distributed over
long distances by means of a dissipative quantum repeater
scheme serving as stepping stone for future work aiming at
the optimization in view of efficiency and experimental
implementations. The basic repetition rate is limited by the
time required for classical communication, as is typically
the case for quantum repeater schemes [17]. The develop-
ment of concrete schemes for realistic physical realizations
will be an important topic for future work. Possible im-
plementations could, for example, be based on atoms in
cavities by extending ideas put forward in [18].

Appendix.— The continuous exchange of classical com-
munication is added in the framework of dissipative quan-
tum information processing, by assuming that Alice and
Bob have access to a system, which is used for communi-

cation only and considering the master equation _� ¼
�ðPihicA j�AlicejicAi j 0cAicBih0cAicB j � �Þ � �CA!Bð�Þ.
States referring to the communication system at Alice’s
and Bob’s side are labeled by subscripts cA and cB. Alice’s
communication system is continuously measured in the
computational basis yielding the quantum state jicAi with
probability hicA j�AlicejicAi and reset to the state j0cAi, while
the communication system on Bob’s side is set to the
measurement outcome. This way, classical information
can be sent at a rate �, but no entanglement can be created
[14]. As proven in Sec. 2 in [14], any operation that can be
realized by means of local operations and classical com-
munication (LOCC) can be constructed in a continuous
fashion using communication processes CA!B and CB!A,
if the rate � is fast compared to all other relevant processes
including the retardation due to back and forth
communication.
We acknowledge helpful discussions with E. Polzik and

support from the ENB project QCCC, the DFG-FG 635
and the EU projects COMPAS and QUEVADIS.

[1] M. B. Plenio and S. F. Huelga, Phys. Rev. Lett. 88, 197901
(2002); B. Kraus and J. I. Cirac, Phys. Rev. Lett. 92,
013602 (2004); F. Benatti, R. Floreanini, and U.

Marzolino, Phys. Rev. A 81, 012105 (2010); R. Bloomer

et al., arXiv:1007.2369; J. Cho, S. Bose, and M. S. Kim,

Phys. Rev. Lett. 106, 020504 (2011); M. J. Kastoryano, F.

Reiter, and A. S. Sorensen, Phys. Rev. Lett. 106, 090502
(2011); A. Mari and J. Eisert, arXiv:1104.0260; J. T.

Barreiro et al., Nature (London) 470, 486 (2011).
[2] J. F. Poyatos, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 77,

4728 (1996).
[3] S. Diehl et al., Nature Phys. 4, 878 (2008).
[4] F. Verstraete, M.M. Wolf, and J. I. Cirac, Nature Phys. 5,

633 (2009).
[5] F. Pastawski, L. Clemente, and J. I. Cirac, Phys. Rev. A 83,

012304 (2011).
[6] C. A. Muschik, E. S. Polzik, and J. I. Cirac, Phys. Rev. A

83, 052312 (2011); A. S. Parkins, E. Solano, and J. I.

Cirac, Phys. Rev. Lett. 96, 053602 (2006).
[7] J. Kerckhoff et al., Phys. Rev. Lett. 105, 040502 (2010);

J. P. Paz and W.H. Zurek, Proc. R. Soc. A 454, 355

(1998).
[8] H. Krauter et al., Phys. Rev. Lett. 107, 080503 (2011).
[9] C. H. Bennett et al., Phys. Rev. Lett. 76, 722 (1996).
[10] H.-J. Briegel et al., Phys. Rev. Lett. 81, 5932 (1998).
[11] The entangling dissipative process considered here is a

discrete single particle version of the collective dynamics

realized in [8] for continuous variables.
[12] LOCC channels are completely positive trace preserving

maps that can be realized by means of Local Operations

and Classical Communication.
[13] We assume, that the time scales for classical communica-

tion ��1 (see appendix) are sufficiently long such that

retardation effects can be ignored.

PRL 107, 120502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

16 SEPTEMBER 2011

120502-4

http://dx.doi.org/10.1103/PhysRevLett.88.197901
http://dx.doi.org/10.1103/PhysRevLett.88.197901
http://dx.doi.org/10.1103/PhysRevLett.92.013602
http://dx.doi.org/10.1103/PhysRevLett.92.013602
http://dx.doi.org/10.1103/PhysRevA.81.012105
http://arXiv.org/abs/1007.2369
http://dx.doi.org/10.1103/PhysRevLett.106.020504
http://dx.doi.org/10.1103/PhysRevLett.106.090502
http://dx.doi.org/10.1103/PhysRevLett.106.090502
http://arXiv.org/abs/1104.0260
http://dx.doi.org/10.1038/nature09801
http://dx.doi.org/10.1103/PhysRevLett.77.4728
http://dx.doi.org/10.1103/PhysRevLett.77.4728
http://dx.doi.org/10.1038/nphys1073
http://dx.doi.org/10.1038/nphys1342
http://dx.doi.org/10.1038/nphys1342
http://dx.doi.org/10.1103/PhysRevA.83.012304
http://dx.doi.org/10.1103/PhysRevA.83.012304
http://dx.doi.org/10.1103/PhysRevA.83.052312
http://dx.doi.org/10.1103/PhysRevA.83.052312
http://dx.doi.org/10.1103/PhysRevLett.96.053602
http://dx.doi.org/10.1103/PhysRevLett.105.040502
http://dx.doi.org/10.1098/rspa.1998.0165
http://dx.doi.org/10.1098/rspa.1998.0165
http://dx.doi.org/10.1103/PhysRevLett.107.080503
http://dx.doi.org/10.1103/PhysRevLett.76.722
http://dx.doi.org/10.1103/PhysRevLett.81.5932


[14] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.107.120502 for de-
tails of the proposed distillation schemes and the repeater
architecture.

[15] R. Werner, Phys. Rev. A 40, 4277 (1989); M. Horodecki
and P. Horodecki, Phys. Rev. A 59, 4206 (1999).

[16] C. H. Bennett et al., Phys. Rev. A 54, 3824 (1996).
[17] N. Sangouard, C. Simon, H. de Riedmatten, and N. Gisin,

Rev. Mod. Phys. 83, 33 (2011).
[18] S. J. van Enk, H. J. Kimble, J. I. Cirac, and P. Zoller, Phys.

Rev. A 59, 2659 (1999).

PRL 107, 120502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

16 SEPTEMBER 2011

120502-5

http://link.aps.org/supplemental/10.1103/PhysRevLett.107.120502
http://link.aps.org/supplemental/10.1103/PhysRevLett.107.120502
http://dx.doi.org/10.1103/PhysRevA.40.4277
http://dx.doi.org/10.1103/PhysRevA.59.4206
http://dx.doi.org/10.1103/PhysRevA.54.3824
http://dx.doi.org/10.1103/RevModPhys.83.33
http://dx.doi.org/10.1103/PhysRevA.59.2659
http://dx.doi.org/10.1103/PhysRevA.59.2659

