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We introduce information-theoretic definitions for noise and disturbance in quantum measurements and

prove a state-independent noise-disturbance tradeoff relation that these quantities have to satisfy in any

conceivable setup. Contrary to previous approaches, the information-theoretic quantities we define are

invariant under the relabelling of outcomes and allow for the possibility of using quantum or classical

operations to “correct” for the disturbance. We also show how our bound implies strong tradeoff relations

for mean square deviations.
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Heisenberg’s uncertainty principle (HUP) states, loosely
speaking, that in quantum theory a measurement process
cannot measure one observable accurately, such as the
position, without causing a measurable disturbance to
another incompatible observable, such as the momentum.
Notwithstanding the crucial role played by Heisenberg’s
principle in modern science, it took a long time between its
first exposition [1,2] and its rigorous formalization in terms
of noise and disturbance operators [3—5]. The statistical
spreads of these operators are measurable quantities, and
hence tradeoff relations satisfied by these spreads yield
precise mathematical translations of Heisenberg’s intuition
[3,6,7] that have recently been experimentally tested in a
number of scenarios [8—14]. The use of noise and disturb-
ance operators allows for a detailed, state-dependent
formulation of HUP, able to capture the idea of “how
accurate” a measurement is with respect to one dynamical
variable and “how delicate” the same measurement is with
respect to another dynamical variable.

In this Letter, we will explore a different approach to
HUP, focused not on the change per se in a system’s
dynamical variables, but on the loss of correlation intro-
duced by this change. In doing so, we will make use of
ideas from information theory such as a “guessing strategy”
and error correction, and our definitions will be given in
terms of information-theoretic quantities like entropies
and conditional entropies. While we focus on the noise-
disturbance context here, our approach also yields tradeoff
relations for joint measurements.

In order to understand the difference between the present
approach and the previous one, let us consider, for example,
the case of noise. While the noise, in its conventional form
of root-mean-square deviation, is a statistical measure of
the distance between a given system observable and the
quantity actually measured [6,15], here we will only be
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interested in how well one can infer (i.e., guess) the value of
a system observable from a given measurement outcome.
That is to say, we will look only at the degree of correlation
between the measurement and the observable, irrespective
of how the corresponding outcomes and values are numeri-
cally labeled.

Analogously, when characterizing the disturbance,
we will consider the measurement process as a source of
noise for the system, and the degree to which such noise
can be corrected (for a given observable) will give us our
definition of disturbance.

Our measures of noise and disturbance will therefore
quantify the unavoidable loss of correlations, i.e., the
irreversible components of noise and disturbance. In par-
ticular, our definitions and results are invariant under revers-
ible operations, such as relabeling of outcomes and unitary
time evolutions. In contrast, the conventional approach using
root-mean-square deviations is not invariant, as such oper-
ations can change numerical values and indeed the system
observables of interest.

Information-theoretic approaches to HUP-like questions
have already been proposed in a variety of forms [16—19].
However, these focus on the disturbance of the system state
per se, with tradeoff relations which are functions only of
the initial state of the system and the measuring apparatus.
In contrast, we define noise and disturbance with respect to
two system observables, and our tradeoff relation depends
on the degree to which such observables are compatible, in
the spirit of the original HUP. Moreover, our definitions are
functions only of the two observables and the measuring
apparatus, leading to a state-independent tradeoff relation.

We note that a state-independent noise-disturbance
relation has recently been given, for the case of position
and momentum observables, in the conventional context of
root-mean-square noise and disturbance [20]. In contrast,
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our information-theoretic relation applies to arbitrary
observables and leads to stronger results.

Our proposal.—For simplicity, consider two nondegen-
erate observables X and Z of a finite-dimensional quantum
system S, with corresponding sets of eigenstates {|y*) } and
{|p*)}, respectively. The system is subjected to a measur-
ing apparatus M. Our aim is to introduce an operational
context for what it means for “M to measure X accurately,”
and for “M to disturb a subsequent measurement of Z.”
This will lead to sensible information-theoretic definitions
of noise and disturbance, N(M, X) and D(M, Z), in terms
of operational measurement statistics, which satisfy the
following.

Theorem 1: For any measuring apparatus M and any
nondegenerate observables X and Z, the following tradeoff
between noise N(M, X) and disturbance D(M, Z) holds:

N(M.X) +D(M., Z) > —log c. (1)

where ¢ := max,_|(y*|¢?)|* and the log is in base 2.

Theorem 1 clearly expresses the idea that, whenever
observables X and Z are not compatible (i.e., ¢ < 1), it is
impossible to accurately measure one of them without
at the same time disturbing the other. Significant general-
izations and applications of this result will be given
further below.

In order to proceed, we imagine two corresponding
correlation experiments that can be performed with M. The
first experiment consists of a source producing eigenstates
lw*) of X at random, feeding these states into the apparatus
M, and determining how correlated the observed outcomes
m are with the eigenvalues &, of X (Fig. 1). If it is possible,
from m, to guess &, perfectly, then there is perfect
correlation, and we say that M can measure X accurately,
by making the corresponding optimal guess [21]. Hence,
the noise N(M, X) will be zero. In general, the noise
will increase as the probability of correctly guessing &,
decreases. The experiment thus assesses the average
performance of the apparatus in discriminating between
different values of X.

In the second experiment, we imagine the source instead
producing eigenstates |p*) of Z at random, and feeding
these states through the apparatus M (Fig. 2). The task is
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FIG. 1. Noise with respect to X is measured by the ability
to guess correctly, from the measurement outcome M = m, in
which eigenstate |p*) of X the system was initially prepared.
The guessed value % will, in general, be some function f(m) of
the measurement outcome. Optimization over f is allowed.

then to guess, as accurately as possible, the eigenvalue £, of
the input state |¢®). We first permit an arbitrary operation &,
on both the classical outcome m and the “disturbed” output
quantum system S, to allow for the possibility of
“correcting” any reversible disturbance by M, before
making a guess Z corresponding to the outcome of a
measurement of Z. If it is possible to guess perfectly, then
there is perfect correlation between Z and the input
eigenvalue {,, and we say that M does not disturb Z.
Hence, the disturbance D(M, Z) will be zero. In general
the disturbance will increase as the correlation decreases.

The main difference between the first and the second
correlation experiments is that, in the second one, we are
allowed to use both the classical outcome observed and the
output quantum system S’. This is because “disturbance”
can only be meaningfully defined with respect to a
measurement of Z that happens after the measurement
process described by M has occurred. Thus, one is allowed
to base a guess on all of the data that emerges from the
measuring apparatus. Alternatively, the second experiment
can be understood in terms of “error correction”: before
guessing z, one tries to “undo,” as accurately as possible,
the action of the apparatus, seen as a noisy channel with
both quantum and classical outputs.

The notion of disturbance we consider is, therefore,
related to the “irreversible” character of a quantum meas-
urement: any reversible dynamical evolution is automati-
cally corrected during the correction stage. It therefore
captures the idea of “unavoidable” disturbance, in strong
contrast to the conventional formulation in terms of root-
mean-square deviations, where any change in the value of a
system’s dynamical variables is considered as a nontrivial
disturbance.

Quantifying noise.—As discussed above, we require the
information-theoretic noise N(M, X) to represent the
quality of the correlation between which eigenstate of X
was input and the measurement outcome m. For a given
input ), this correlation is determined by the conditional
probability distribution p(m|y*), which can be measured
via the experimental setup in Fig. 1. Since we are interested
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FIG. 2. Disturbance with respect to Z is measured by the ability
to guess correctly, from the outcome variable M and the
“disturbed” output quantum system S§’, in which eigenstate
@*) of Z the system was initially prepared. It is permitted to
apply a quantum operation £ to attempt to correct or minimize
any disturbance, prior to a measurement of Z (with outcome Z2).
Optimization over & is allowed.
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in the average noise performance, we have to introduce
an a priori distribution on the eigenstates |y*). By
fixing the prior to be the uniform one, i.e., p(x) =1/d
where d denotes the dimension of the Hilbert space of
the system, we obtain the joint input-output probability
distribution

plm.x) = px)p(mly) = 2 plmly"). @

This characterizes the correlation between X and M, and
leads to the following.

Definition 1.—The information-theoretic noise of
the instrument M as a measurement of X is defined
as N(M, X) :== H(X|M), where H(X|M) denotes the con-
ditional entropy computed from the joint probability
distribution p(m, x) in Eq. (2).

Note that N(M, X) can be interpreted as the average
uncertainty as to which eigenvalue of X was input, given
the outcome of the measurement. Our definition can be
further justified, in the precise sense that the noise
N(M, X) is small if and only if the outcome m identifies
the eigenvalues of X accurately. In fact, as we show in
the Supplemental Material [22], standard arguments in
information theory [23-26] imply that, given a guessing
function X = f(m) with its total error probability
pe=Pr{X # X} =3 > . p(%.x), it holds that

N(M., X) - 0iff minp, — 0. 3)

Quantifying disturbance.—Let us now consider a second
nondegenerate observable Z = ) { |¢*)(¢?| of system S.
While the noise depends only on the measurement out-
come, the disturbance can depend, in principle, on both the
classical outcome (M) and the quantum output system (")
of M. However, the conceptual framework is analogous to
that for noise: we imagine that eigenstates of Z are acted
upon by the measurement process M. We then require the
information-theoretic disturbance to quantify the extent
to which the action of M reduces the information about
which eigenstate |¢®) was initially selected.

However, if we want to quantify truly unavoidable
disturbance, we have to allow any possible action aimed
at recovering this information, after the measurement
process M has taken place. We therefore allow an
optimization over all possible correction procedures, before
any attempt to estimate z is conducted. A general correction
procedure is modeled by a completely positive trace-
preserving map &, reconstructing the initial system S from
the output system S and the measurement record M
(Fig. 2). The final estimation of z can then be performed
via a standard (i.e., von Neumann) measurement of Z, since
any additional optimization can be incorporated into the
correction channel £, and no more than d outcomes are
needed to discriminate between the input eigenstates. The

information-theoretic disturbance will therefore depend on
the joint probability distribution given by

p2) = p@plle) = gplle). @
which characterizes the correlation between z and Z. In the
above equation, as we did before for the case of noise, we
are selecting the eigenstates of Z uniformly at random.

We can now formalize the above discussion as follows.

Definition 2.—The information-theoretic disturbance
that the apparatus M introduces on any subsequent attempt
to measure the observable Z, is defined as D(M, Z) :=
mingH(Z|Z), where the conditional entropy H(Z|Z) is
computed from the joint probability distribution p(Z, z) in
Eq. (4), and the minimum is taken over all possible
completely positive trace-preserving maps &.

As for the information-theoretic noise above, this mea-
sure quantifies the average uncertainty of Z, given the
outcome of the estimate. Eq. (3) can similarly be applied to
justify our definition. In fact, besides Eq. (3), the notion of
disturbance we have introduced can be given an alternative
interpretation, directly related to the idea that the meas-
urement process irreversibly disturbs the measured system.
Defining the probability of error as p, = >_. >... p(2.2).
the probability of guessing correctly, 1 — p,, is nothing
but the average fidelity of correction, ie., 1 —p, =

d7' 32 F{(EeM)(|0°)(¢]). l¢*) (07|}, where F{p.o} =
Tr[\/\/po/p)* is the fidelity between states p and
o [27,28].

Information-theoretic - noise-disturbance  relation—Defini-
tions 1 and 2 lead to the noise-disturbance relation,
Eq. (1), as shown in the Supplemental Material [22].
The proof is based on a mapping of the statistics of the
two estimation procedures in Figs. 1 and 2 (which require
separate inputs of the eigenstates of X and Z), to the
measurement statistics of a single maximally entangled
state, and applying the Maassen-Uffink entropic uncertainty
relation [29] to this state.

Useful quantum lower bound on disturbance.—Given an
apparatus M and two observables X and Z, both the noise
N(M, X) and disturbance D(M,Z) can in principle be
computed. However, while the noise can be computed
directly from the data, the definition of disturbance involves
an optimization over all possible correction procedures.
Such an optimization can, in general, be very hard to
perform. Such a problem can, however, be encompassed
simply by noticing that any correction followed by an
estimation of Z is nothing but a postprocessing of systems
S’ and M into the estimated variable Z. We can therefore
apply the quantum data-processing inequality [30-32] to
arrive at the lower bound D(M, Z) > H(Z|S'M) for the
disturbance, where the conditional quantum entropy
H(A|B) is defined as the difference of the von Neumann
entropies corresponding to the combined system AB and
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system B. As we prove in the Supplemental Material [22], it
is also possible to refine the bound of Theorem 1 to

N(M., X) + H(Z|S'M) > —log c. (5)

The idea is that one can use the Stinespring representation
theorem [33] to purify the action of the measurement
channel M to an isometry V:Hg—> Hg @ Hy ®
Hg ® Hy, where the additional systems E and M re-
present the environment and the environment’s redundant
copy of M, respectively, and then apply the recently
discovered complementarity relations in the presence of
quantum memory [34,35].

Generalizations.—Since the proof of the tradeoff
relation, Eq. (1), only requires that X and Z are joint
estimates of X and Z [22], it follows as an immediate
corollary that

N(M,X)+N(M,Z) > —log ¢ (6)

for any joint estimate of X and Z via measurement ap-
paratus M. This information-theoretic joint-measurement
tradeoff relation may be contrasted to the joint-measurement
information exclusion relation of Hall [36]. In particular,
contrarily to the latter, Eq. (6) is state independent; i.e., it
constrains the inherent degree to which the measurement
apparatus can simultaneously perform as an X-measuring
device and a Z-measuring device.

Moreover, we can generalize the tradeoff relation in the
theorem to degenerate observables X and Z. One can use
essentially the same arguments as in the nondegenerate
case, with a suitable entropic uncertainty relation [37],
to replace the constant ¢ in Theorem 1 with ¢ =
max, . ||X,Z.|*, where X, and Z. are the spectral pro-
jectors corresponding to distinct eigenvalues of X and Z,
respectively (see Supplemental Material [22]).

Our information-theoretic approach also yields tradeoft
relations for root-mean-square deviations. In particular,
for the joint probability distribution p(m,x) in Eq. (2),
consider the alternative measure of noise defined by
VR =3 p(m.x)[& — &]?, where & = f(m) is the esti-
mate of x from measurement outcome m. Thus, this
measure is just the mean square deviation (MSD) of the
estimate of the input eigenvalue from its true value. One
may similarly define a measure of disturbance by the MSD
VE:=>". . p(22)[2—{.]> As shown in the Supplemental
Material [22], these quantities are equal to squares of
the noise and disturbance measures defined by Ozawa
[3] for the particular case of a maximally mixed system
state pg = d~ 1. If the spacing between eigenvalues of X
(Z) is a multiple of some value sy (s;), then the tradeoff

relation,
(Sx)2 (32)2 AN
yX X2 yZ o el | s (2252 ) 7
[N+ 12 DT 12| % \Zrec @

follows as a corollary to Theorem 1 (see Supplemental
Material [22]). It follows, for example, that if X and Z are
the Pauli spin operators for a qubit system, then V{ and V§
cannot both vanish. This cannot, in contrast, be concluded
from known noise-disturbance tradeoff relations for the
maximally mixed state [3,7].

A generalization to continuous observables is not
straightforward operationally, as the corresponding eigen-
kets are not physical states. However, as described in the
Supplemental Material [22], it is possible to formally take
limits to obtain the tradeoff relation,

N(M., Q) + D(M, P) > log weh, (8)

for position O and momentum P. Moreover, defining
MSDs Vg and V{ as above, this bound further implies
the Heisenberg-type noise-disturbance relation Vﬁvg >
h?/4 in the same way that the usual Heisenberg uncertainty
relation follows from the entropic uncertainty relation for Q
and P [38]. Note this is similar in form to, but stronger than,
the relation recently obtained by Busch ef al. [20], as the
latter is for the product of the maximum possible devia-
tions, rather than for the product of the mean deviations.
In both cases, however, the measures of noise and disturb-
ance for position and momentum are purely formal, with
no operational counterparts. Hence it appears that state-
dependent noise-disturbance and joint-measurement rela-
tions [3,6,7,10,15,36,39] may be preferable for continuous
observables.

Finally, while Theorem 1 relies on the entropic
uncertainty relation due to Maassen and Uffink, any
such relation, such as those recently obtained by Puchala
et al. [40] and Coles et al. [41], will similarly lead to a

corresponding tradeoff relation for the information-
theoretic noise and disturbance.
Conclusion.—We have obtained an information-

theoretic characterization of Heisenberg’s uncertainty
principle, which for the first time characterizes the inherent
degree to which a given measurement apparatus must
disturb one observable to gain information about another
observable, independently of the state of the system
undergoing measurement. Our proposed measures of noise
and disturbance quantify the irreversible loss of correlations
introduced by the measurement apparatus, and are invariant
under operations such as the relabeling of outcomes and
invertible evolutions. Further, in the case of discrete
observables, they can be operationally determined, as per
Figs. 1 and 2. Our main theorem has a number of
generalizations, including extensions to tradeoff relations
for joint measurements, degenerate observables, root-
mean-square deviations, and continuous observables, and
yields stronger constraints than previous results in the
literature.

We believe the above fundamental results will have
diverse applications in quantum information theory and
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quantum metrology, for example, and will also motivate
experimental confirmation of the strong information-
theoretic form of the Heisenberg uncertainty principle
presented here.

We acknowledge R. Colbeck and G. Smith for helpful
discussions, and thank A. Rastegin for pointing out an issue
in an early version of the proof of Theorem 1. F.B. is
supported by the Program for Improvement of Research
Environment for Young Researchers from SCF commis-
sioned by MEXT of Japan. M. J. W. H. is supported by the
ARC Centre of Excellence CE110001027. M. O. is sup-
ported by the John Templeton Foundations, ID #35771,
JSPS KAKENHI No. 21244007, and MIC SCOPE
No. 121806010. M. M. W. acknowledges support from
the Centre de Recherches Mathématiques and from the
Department of Physics and Astronomy at LSU.

“buscemi @iar.nagoya-u.ac.jp

michael.hall @griffith.edu.au

ozawa@is.nagoya-u.ac.jp
Smwilde @lsu.edu

[11 W. Heisenberg, Z. Phys. 43, 172 (1927).

[2] W. Heisenberg, in Quantum Theory and Measurement,
edited by J.A. Wheeler and W.H. Zurek (Princeton
University Press, Princeton, NJ, 1983), pp. 62-85.

[3] M. Ozawa, Phys. Rev. A 67, 042105 (2003).

[4] M. Ozawa, Int. J. Quantum. Inform. 01, 569 (2003).

[5]1 M. Ozawa, J. Opt. B 7, S672 (2005).

[6] M. Ozawa, Ann. Phys. (Amsterdam) 311, 350 (2004).

[7] C.Branciard, Proc. Natl. Acad. Sci. U.S.A. 110, 6742 (2013).

[8] J. Erhart, S. Sponar, G. Sulyok, G. Badurek, M. Ozawa, and
Y. Hasegawa, Nat. Phys. 8, 185 (2012).

[9] L. A.Rozema, A. Darabi, D. H. Mahler, A. Hayat, Y. Soudagar,
and A. M. Steinberg, Phys. Rev. Lett. 109, 100404 (2012).

[10] M. M. Weston, M. J. W. Hall, M. S. Palsson, H. M. Wiseman,
and G.J. Pryde, Phys. Rev. Lett. 110, 220402 (2013).

[11] G. Sulyok, S. Sponar, J. Erhart, G. Badurek, M. Ozawa, and
Y. Hasegawa, Phys. Rev. A 88, 022110 (2013).

[12] S.-Y. Baek, F. Kaneda, M. Ozawa, and K. Edamatsu, Sci.
Rep. 3, 2221 (2013).

[13] F. Kaneda, S.-Y. Baek, M. Ozawa, and K. Edamatsu, Phys.
Rev. Lett. 112, 020402 (2014).

[14] M. Ringbauer, D. N. Biggerstaff, M. A. Broome, A. Fedrizzi,
C. Branciard, and A. G. White, Phys. Rev. Lett. 112, 020401
(2014).

¥
t

[15] M.J. W. Hall, Phys. Rev. A 69, 052113 (2004).

[16] L. Maccone, Europhys. Lett. 77, 40002 (2007).

[17] F. Buscemi, M. Hayashi, and M. Horodecki, Phys. Rev. Lett.
100, 210504 (2008).

[18] F. Buscemi and M. Horodecki, Open Syst. Inf. Dyn. 16, 29
(2009).

[19] M. M. Wilde, P. Hayden, F. Buscemi, and M.-H. Hsieh,
J. Phys. A 45, 453001 (2012).

[20] P. Busch, P. Lahti, and R. F. Werner, Phys. Rev. Lett. 111,
160405 (2013).

[21] The state-dependent definition of a precise measurement
consistent with the present discussion has been given in
M. Ozawa, Phys. Lett. A 335, 11 (2005); Ann. Phys.
(Amsterdam) 321, 744 (2006).

[22] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.112.050401 for deriva-
tions and further examples.

[23] R.M. Fano, Transmission of Information (MIT Press,
New York, 1961).

[24] R. G. Gallager, Information Theory and Reliable Commu-
nication (Wiley, New York, 1968) p. 608.

[25] M. E. Hellman and J. Raviv, IEEE Trans. Inf. Theory 16,
368 (1970).

[26] S.-W. Ho and S. Verdd, IEEE Trans. Inf. Theory 56, 5930
(2010).

[27] A. Uhlmann, Rep. Math. Phys. 9, 273 (1976).

[28] R. Jozsa, J. Mod. Opt. 41, 2315 (1994).

[29] H. Maassen and J. B. M. Uffink, Phys. Rev. Lett. 60, 1103
(1988).

[30] E. H. Lieb and M. B. Ruskai, J. Math. Phys. (N.Y.) 14, 1938
(1973).

[31] A. Uhlmann, Commun. Math. Phys. 54, 21 (1977).

[32] B. Schumacher and M. A. Nielsen, Phys. Rev. A 54, 2629
(1996).

[33] W.F. Stinespring, Proc. Am. Math. Soc. 6, 211 (1955).

[34] M. Berta, M. Christandl, R. Colbeck, J. M. Renes, and R.
Renner, Nat. Phys. 6, 659 (2010).

[35] P.J. Coles, L. Yu, V. Gheorghiu, and R. B. Griffiths, Phys.
Rev. A 83, 062338 (2011).

[36] M.J. W. Hall, Phys. Rev. A 55, 100 (1997).

[37] M. Krishna and K. R. Parthasarathy, Indian J. Stat. A 64,
842 (2002).

[38] I. Bialynicki-Birula and J. Mycielski, Commun. Math. Phys.
44, 129 (1975).

[39] M. Ozawa, Phys. Lett. A 320, 367 (2004).

[40] Z. Puchala, L. Rudnicki, and K. Zyczkowski, J. Phys. A 46,
272002 (2013).

[41] P.J. Coles and M. Piani, arXiv:1307.4265.

050401-5


http://dx.doi.org/10.1007/BF01397280
http://dx.doi.org/10.1103/PhysRevA.67.042105
http://dx.doi.org/10.1142/S0219749903000437
http://dx.doi.org/10.1088/1464-4266/7/12/033
http://dx.doi.org/10.1016/j.aop.2003.12.012
http://dx.doi.org/10.1073/pnas.1219331110
http://dx.doi.org/10.1038/nphys2194
http://dx.doi.org/10.1103/PhysRevLett.109.100404
http://dx.doi.org/10.1103/PhysRevLett.110.220402
http://dx.doi.org/10.1103/PhysRevA.88.022110
http://dx.doi.org/10.1038/srep02221
http://dx.doi.org/10.1038/srep02221
http://dx.doi.org/10.1103/PhysRevLett.112.020402
http://dx.doi.org/10.1103/PhysRevLett.112.020402
http://dx.doi.org/10.1103/PhysRevLett.112.020401
http://dx.doi.org/10.1103/PhysRevLett.112.020401
http://dx.doi.org/10.1103/PhysRevA.69.052113
http://dx.doi.org/10.1209/0295-5075/77/40002
http://dx.doi.org/10.1103/PhysRevLett.100.210504
http://dx.doi.org/10.1103/PhysRevLett.100.210504
http://dx.doi.org/10.1142/S1230161209000037
http://dx.doi.org/10.1142/S1230161209000037
http://dx.doi.org/10.1088/1751-8113/45/45/453001
http://dx.doi.org/10.1103/PhysRevLett.111.160405
http://dx.doi.org/10.1103/PhysRevLett.111.160405
http://dx.doi.org/10.1016/j.physleta.2004.12.003
http://dx.doi.org/10.1016/j.aop.2005.08.007
http://dx.doi.org/10.1016/j.aop.2005.08.007
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.050401
http://dx.doi.org/10.1109/TIT.1970.1054466
http://dx.doi.org/10.1109/TIT.1970.1054466
http://dx.doi.org/10.1109/TIT.2010.2080891
http://dx.doi.org/10.1109/TIT.2010.2080891
http://dx.doi.org/10.1016/0034-4877(76)90060-4
http://dx.doi.org/10.1080/09500349414552171
http://dx.doi.org/10.1103/PhysRevLett.60.1103
http://dx.doi.org/10.1103/PhysRevLett.60.1103
http://dx.doi.org/10.1063/1.1666274
http://dx.doi.org/10.1063/1.1666274
http://dx.doi.org/10.1007/BF01609834
http://dx.doi.org/10.1103/PhysRevA.54.2629
http://dx.doi.org/10.1103/PhysRevA.54.2629
http://dx.doi.org/10.1090/S0002-9939-1955-0069403-4
http://dx.doi.org/10.1038/nphys1734
http://dx.doi.org/10.1103/PhysRevA.83.062338
http://dx.doi.org/10.1103/PhysRevA.83.062338
http://dx.doi.org/10.1103/PhysRevA.55.100
http://dx.doi.org/10.1007/BF01608825
http://dx.doi.org/10.1007/BF01608825
http://dx.doi.org/10.1016/j.physleta.2003.12.001
http://dx.doi.org/10.1088/1751-8113/46/27/272002
http://dx.doi.org/10.1088/1751-8113/46/27/272002
http://arXiv.org/abs/1307.4265

