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Consider a quantum system prepared in an input state. One wants to drive it into a target state. Assuming
classical states and operations as free resources, I identify a geometric cost function which quantifies the
difficulty of the protocol in terms of how different it is from a classical process. The quantity determines a
lower bound to the number of commuting unitary transformations required to complete the task. I then
discuss the link between the quantum character of a state preparation and the amount of coherence and
quantum correlations that are created in the target state.
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Introduction.—Quantum systems promise to outperform
classical devices in information processing protocols, if
prepared in certain complex configurations [1]. It is then
interesting to measure the difficulty to drive a quantum
system into a target state, and design the best strategies to
complete the task. Previous works determined time optimal
Hamiltonian control dynamics [2-8], and energy efficient
out-of-equilibrium driving for classical and quantum sys-
tems [9-13]. Yet, the difficulty of preparing a useful
quantum state is not plainly due to the consumption of
physical resources, as classical processes can take more
time or energy than quantum ones. An alternative, inform-
ative metric should evaluate how different is a trans-
formation from being classical. While measures of
quantum coherence and correlations mark the difference
between classical and quantum states [14,15], there is no
clear boundary between classical and quantum processes,
as there is no quantifier of their quantumness.

Here I introduce a measure of the difficulty of a quantum
state preparation in terms of how different it is from a
classical process. First, I identify incoherent states and
classical stochastic maps as well-motivated sets of free
states and operations, being the only ones which do not
display quantum superpositions, i.e., coherence. Creating
coherence should never be easy because it can be sufficient
for outmatching classical devices. This was proved by
works in quantum information [14], cryptography [16], and
communication [17], which yet left unknown the exact
laws establishing how difficult is creating superpositions.
Then, I introduce a design principle for quantum driving of
general validity. The best preparation strategy is the input-
target dynamics which minimizes a geometric index
quantifying the quantum character of the transformation.
The geometric measure, which overcomes the limitations of
customary distance functions, lower bounds the operation-
ally meaningful algorithmic cost to prepare a state via
commuting operations. As a target state is expected to be
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computationally useful, it is also interesting to establish a
link to the creation of quantum resources. I derive quanti-
tative relations between the quantumness of a process, a
computable lower bound, and the coherence and quantum
correlations created in the target.

Quantum state preparation: Free resources and cost.—
Suppose a finite dimensional quantum system is in a state
described by a density matrix p. How hard is it to drive the
system into a target state z? I formulate the problem in a
geometric framework [18,19]. The system dynamics is
modeled by a curve y: t — y, in the stratified manifold
of quantum states M, where y, = > A4;(7)]i(2))(i(7)],
2oidi(t) = 1, (i(0)]j(1)) = 6ij, o = p, yr = 7, is the spec-
tral decomposition of the system state at time ¢. First, I
identify what it is “easy” to obtain and to do. In the parlance
of quantum information theory, this is represented by the
free states and the free operations, respectively [20,21]. 1
aim at associating the difficulty of the computation p — 7
with its quantumness. Thus, free state preparations must be
classical processes, which are characterized as follows.
If an input state p =>;4;(0)[i(0))(i(0)[, [i(0)) = lix),
(irljr) = 6;j, is given for free, then any state which is
diagonal in the reference basis {|iz)} can be prepared
(deterministically or stochastically) via an operation such
that the state of the system is at any time described by an
element of M, = {p =3",4;|iz)(ix|}. The information
about the basis is then redundant and the transformation is
at any time a classical process. Hence, the free states are the
density matrices in M, . The free operations are the maps
such that the state of the system is at any time diagonal in a
reference basis, y, = > :4;()|ig) (ix| € M,;,, Y1 €[0,T].
Note that the eigenspaces {iz} are not necessarily of
multiplicity one, and a state can be free with respect to
more than one basis.

I discuss a few examples to justify these definitions. A
transformation between two orthogonal states |i) — |j),

© 2019 American Physical Society
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(i|j) = 6;;, can be synthesized via a unitary operation,
as well as by a classical “amplitude damping” map
vi= 1 =1/T)[i){i| +¢t/T|j){j|, in which the density
matrix is diagonal at any time in a basis with elements
{i,j}. Hence, it is not necessarily quantum. Conversely,
noncommutativity between input and output density matri-
ces implies that the process is quantum [22], as classical
maps cannot create superpositions |i) — ali) + bl|j),
a,b € C. The quantumness of a process is independent
of the basis in which the states are written. A transformation
between commuting states displaying coherence in a basis,
e.g., ali) + blj) — alj) — bli), always admits a classical
implementation y, = (1—¢/T)|+)(+|+t/T|-)(-|, |+) =
aliy + blj), |-) = a|j) — b|i). One observes that the free
operations in a resource theory are often characterized by
the form of their Kraus operators [21], but this is generally
not sufficient to signal the quantumness of a transforma-
tion. A parametrized Kraus set for the amplitude damping is
given by K, = |+)(+|++/1—1/T|- = /t/T|+)
(—|. Yet, the very same Kraus set transforms the input |i)
into a noncommuting output. The quantum character of the
continuous time evolution of a state is independent of
reparametrizations of ¢#. On this hand, continuous time
classical maps seem more appropriate free operations
for state preparation than incoherent operations [14]. For
example, the unitary qubit transformation e~ is a
quantum map at any time ¢, but it is a (strictly) incoherent
operation with respect to the basis {0, 1} for 7 = kxn/2
[23,24], creating coherence otherwise. It is hard to justify
why a phase shift should be easy only for some values of ¢,
as no experimental challenge emerges to implement this
map at different times.

The difficulty of an input-target transformation can be
then evaluated in terms of how different it is from a free
operation, i.e., a classical process. This cannot be measured
by distance functions, which quantify the ability to dis-
tinguish two states via measurements [1,25]. For example,
two orthogonal states |i), | ), are more distinguishable than
|i) and any state displaying coherence ali) + b|j),a, b # 0.
I search for a function of input and target states Q,(7)
which meets a set of desirable properties: faithfulness,
being zero only when the target is a free state, 0,(7) =
0 & 7 € M,,; invariance under free operations, taking the
same value for all free states, Q,(7) = Q5(7), Vp € M, ;
contractivity under mixing, Q,(7) > Qr, (I'(z)), where I
is a completely positive trace-preserving (CPTP) map.

Consider the energy of a curve at fixed boundaries

T
W@~ﬂ=AIMW% vo=p. mr=e (1)

where the norm is induced by a Riemannian Fisher metric,
the only class of contractive metrics under noisy maps on
M [26-28]. The quantity is formally equivalent to the
kinetic energy (per unit of time) for a particle traveling on

the manifold [29-31], while being generally not related to
the physical energy. By decomposing the state as y;, =
U,AU], Uy = I, where A, is a diagonal matrix with the
state eigenvalues as entries, the rate of change reads
7. = UANU; +ily,.H,), H, = iU,U]. For classical proc-
esses, only the first term survives at any time 7. On the other
hand, a unitary transformation y¥ = U ,AOU,T, Vi, is
genuinely quantum. It changes the state eigenbasis while
the spectrum is invariant, so only the second term appears at
any time ¢. For a path corresponding to a general CPTP
map, the two terms coexist. The key point is that,
independently of the specific metric employed, the tangent

space to M has a direct sum structure such that ||y,||* =
|UA U+ |ily,. H,]|[* [18.19]. Hence, it is possible to
discriminate between classical and quantum components of
the energy:

E'(p— 1) =El(p— 1)+ Ef(p 1),

T .
Bip— )= [ lU AUl

w@»ﬂ:AWWmeL 2)

Note that a distance function cannot be split. For unitary
transformations, only the quantum term survives, capturing
the sensitivity of the system to phase shifts. This property,
called asymmetry [17], is the peculiar resource for phase
estimation. Generalizing the concept of asymmetry to
arbitrary CPTP maps, the basis changing component of
the (squared) speed measures the sensitivity of the system
in a state y, to a map I, due to quantum effects. Hence, the
quantumness of a computation p — , i.e., the difficulty of
driving the system into the target state within a time 7, is
given by the minimum quantum component of the energy
over all the possible maps linking a free state to the target:

0,(z) = E{(p = 1),
E}(p — ) = minE} (p — 1),
TP
pPEM, .7 pr>r. 3)

The results I am going to present would hold for any
Riemannian metric. Yet, for the sake of clarity, I employ
from now on the Bures metric, which plays an important
role in quantum statistics and quantum information theory
[1,26,32,33]. The squared speed of the system at time 7 is

IR = ZMU+Z| eI

The first term is the squared norm related to the classical
Fisher metric, while the second one is the quantum
contribution. For unitary transformations y}, only the
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second term survives, EZ? (p = 1) =E'i(p > 1) [34,35].
This is non-negative, vanishing at any time only for
classical processes, and nonincreasing under mixing
[36,37]. If the evolution is time independent, U, = =",
the quantity is lower bounded by 7 times the variance of the
Hamiltonian, E”(p — ) < TV ,(H),V,(H) = Tr(pH?) —
Tr(pH)?, being the inequality saturated for pure states. It
follows from the properties of the quantum Fisher infor-
mation, i.e., the instantaneous (squared) speed, that the
required constraints are met. Faithfulness holds because
if and only if the target is a free state, there exists a classical
preparation such that ||7,||> = S2,[4;(1)2/44:(1)], V.
Invariance under free transformations of the input state
is satisfied by construction. Defining I'(y,): T'(p) > I'(z)
the dynamics of a state subject at any time to a CPTP map,
the quantity is contractive, Q,(7) > Eg(m(l“(p) - TI(7)) >
Or()(I(2)).

The definition in Eq. (3) unrealistically assumes that
every dynamics linking input and target state is implement-
able in practice. I therefore derive an operationally moti-
vated upper bound (see Fig. 1). Suppose only classical
processes and unitary transformations are allowed. This is
not very limiting: Any preparation can be split into a
change of spectrum and a change of basis, p — p" — 7,
p' =3 i4i(T)|ig)(ig| € M,,, where 4,(T) are the eigen-
values of z. The first step can be completed via a free
operation. The second step can be completed via one purely
quantum, unitary change of basis y¥: p* > 7. One then
has EV(p* - 1) = E’f(p” — 7). For a target state of a
d-dimensional system with eigenvalues having multiplic-
ities m;, there are d!/(I1;m;!) isospectral free states which
can freely transform into each other via permutations,
Py = Pp"P*. The minimum energy to complete the second
step is computed by minimizing over the free states which

FIG. 1. The optimal path ¥, to drive a system from p € M,
into 7 is the minimizer of the quantum component of the energy
0,(7) = E{(p — ) over all the free states. The unitary map 7}
generates the energy minimizing path from a free state p“
isospectral to the target, Q4(7) = E" (p" — 7).

are isospectral to the target. Thus, the difficulty to complete
a state preparation with classical operations and unitaries is

4(5) = B " — o)

E(p" — ) = min E"v(ply — 1),

p.r°Fp

Yoot Py T (5)

One has Q}(z) > Q,(z). This upper bound also meets
by construction faithfulness, invariance, and contractivity,
O)(r)=0e7teM,, Qjr)=05(r), VpeEM,,

5(t) 2 Of,(I'(7)). Note that the two-step, classical-
quantum split is optimal by construction. A classical
map is, by definition, a transformation in M, . Hence,
the path corresponding to an arbitrary sequence of multiple
classical and quantum steps returns to M;, multiple times,
requiring more energy.

Optimal path, algorithmic complexity, and quantum
resources.—An important question is what is the best path
y¥ to reach the target from an isospectral free state. The map
between two states which minimizes the energy E"'(p — 7)
is the length minimizer at constant speed [29]. A distance
function is D(p, 7) := min, ., . [{ ||7,||dt. The one related
to the Bures metric is the Bures angle Dg(p,7) =
cos™'Tr(|/py/z|). The energy minimizing map from a
pure free state p" = |y ) (y | to a pure target 7 = |y) (y,|
is the length minimizing unitary, and the Bures angle
reduces to the Fubini-Study distance Dgg (l//,;tu W) =
cos™ ! [(w, [w,)|. The closest free pure state p* to the target
is then the one with maximal overlap. The length or energy
minimizing constant speed path reads

71 = lyp) (wye
ly7u) = (cos @ —sin@/ tand) |y ) + (sin@/ sind)|y;),

(6)

s

where @ = dt/T, d = Dgs(wy, ). This is obtained by the
expression for the length minimizing path [38—40], and
noting that the energy minimizer is unique up to affine
reparametrizations ' = at + b, a, b € R. Finding the opti-
mal unitary for mixed target states is more challenging,
while necessary conditions for the shortest unitary path
between isospectral states have been found [41]. However,
the result for pure states yields a lower bound to Q5 (z) for
arbitrary target states. The distance between two mixed
states is the minimum distance between their purifications

[38]. The closest isospectral free state to the target is then
the one with the closest purification |z;/glmf> to a target
purification |y/$urif>. The closest purifications have a com-
pact expression [40], which in this case is
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wp™) = > V0" lir) ® lig).

The length or energy minimizing (generally not unitary) path
between two mixed states is obtained by partial trace along the
shortest (unitary) path between the closest purifications.

Thus, one has Qf(7) > Qi (w?"™). The inequality is
i}“

saturated for pure targets. Such a lower bound, which satisfies
by construction faithfulness, invariance, and monotonicity
properties, is computed as follows. Consider, for example,
driving a qubit from an input state with Bloch form
p=1/2(I+gq.0,), q. #0, to a target = 1/2(I +7-5).
The isospectral free states to the target are identified by

|9:| = [F|. One has Qv,ggrif(wgurif) ={cos™M[(\/F++VF-)/

0V/T.fo =1+ |r, £ [T+ 27, [P~ 2 D).
The process is classical for r, = r, = 0, |[F| = |r,|, while the
maximum energy 7z2/(167T) is required to prepare the pure
state given by r2 + r2 = 1, r, = 0. The same method applies
for systems of dimension d > 2, as their states admit a
Bloch form 1/d(I + 7+ £), where % is a vector of d x d
traceless matrices.

The geometric index Qj(z) can bound the size of
preparation algorithms. Suppose that a unitary map y} =
p"* — t1is synthesized by N commuting unitary operations,
e.g., logic gates, y¥ = U,p"U;, U, = e7" H =3V H,
[H;,H] =0, VI, k. The scenario describes the phase
imprinting step in parallel estimation protocols [33], and
the preparation of highly entangled symmetric states,
(a|0) + b[1)) ® [0)®N — a|0)®N+! + p|1)®NH! 4 b € C,
via controlled gates between the first and th [+ 1th
qubit. Consider the seminorm of each Hamiltonian |H;| =
hiy — hy,, being the difference between its largest and
smallest eigenvalues [42]. It measures the complexity of
H,, as it depends on the number of gates implementing
the Hamiltonian, and the size of the correlations they can
build [42,43]. Since 4V ,(H) < |H|* < (3_;|H,|)?, one has

E'(p - 7) < TN*|H|*/4, where |H|* is the average
squared seminorm over all the generators H;. By assuming
every Hamiltonian has the same seminorm |H;| = h, VI,
one has

va2 ()" ©

The bound is saturated for superpositions of the largest and
smallest eigenvalues of H, |y,) = (|hy) + €|h,))/ V2,
which are the most sensitive inputs to the map.

The quantumness of a transformation is also linked to the
coherence the target displays with respect to the reference
basis [14,44,45], here quantified by the distance to the set

of incoherent states Cjf (7) := minjc M, Dp(P. 7). (The dis-
tance function is determined by the chosen Riemannian
metric.) One has

0)(1) 2 Qe (v?"™) 2 (CE(0))/T 2 Qy(2). (9)

where 0(z) =0« C%(z) = 0. The chain holds as
le_)urif(llfgunf) = D%(p",7)/T. For pure states, one has

C(y,) = cos™ max; [(ig|ly,)| [46], which
Dp(wy.y,) = Cg‘ (w.). In the multipartite case, the quan-
tumness of the transformation upper bounds the quantum
correlations in the target, whenever the reference basis is
local or multilocal. Note that rather than the average or
maximum ability of a map to create quantumness [47,48],
I compute the minimum cost. The most general form of
bipartite quantum correlations, quantum discord [15], can
be measured by the minimum coherence over all the bilocal
bases, Dg(pi2) = mini]jzcg” (p12), i1 = i) ® |ja2) }-
This is the symmetric discord [49,50], but the argument
applies to the original asymmetric definition as well.
Consider the set of free states being the zero discord states
P2 = Zijp}jzlilj2><ilj2 721','1’}/2 =1,pp €M, ;,. That
is, the reference basis is the bilocal basis {i;j,}. One has

! implies

(wP") > Dy (11)/T. (10)

172

prurif

pleM;

Yet, Dp(t),) = O;E>Q;(f2/\/lili2 (12) = 0. For example, the

qutrit-qubit map  p|0)(0[®[0)(0[+ (1 - p)[1) (1| @ [1)
(1]~ p[0) (0] ® [0)(0] + (1= p)/2[(|1) + [2)({1] +(2]) &
|1)(1]] does not create discord, but it generates coherence
with respect to the basis {0, 1,2} [24]. T extend the bound
to a hierarchy of measures of coherence and genuine
multipartite correlations of different orders [51-55].
Given an N-local reference basis {i|, ..., iy}, the coarse-
grained bases containing up to k-local terms read {i*} :=
2 ikj =N,
k > kj, V j. The Bures quantum discord of “order higher
than k7 in an N-partite target state 7y 1is

.........

to be the incoherent states in a coarse-grained basis i,
pr..nv = S xpr|it) (i, i.e., a subset of the states without
quantum discord of order higher than k. One has

Qi (Wh",) = (DN (mi )*/T. (1)

peM;k

A bound for the total amount of quantum correlations is
obtained for k = 1, where D5V (7, ) is the distance of
the target to the classically correlated states. As geometric
measures of discord upper bound measures of entangle-
ment [56], being equal to them for pure states, the

010505-4



PHYSICAL REVIEW LETTERS 122, 010505 (2019)

quantumness of a process upper bounds measures of
multipartite entanglement in the target.

Conclusion.—I have quantified the difficulty of prepar-
ing a quantum system in a target state by measuring the
process quantumness. The optimal dynamics is obtained by
solving the geometric problem of minimizing the quantum
contribution to the energy of the associated curve. The
result highlights the usefulness of geometric methods to
establish fundamental limits of quantum information
processing. Geometric bounds could provide a benchmark
to evaluate the performance of methods for shortening
quantum algorithms [57], which is of renewed interest due
to the applicability of machine learning techniques. Also,
the resource theory approach can be fruitful to solve critical
quantum control problems [58].

I thank F. Anza, 1. Bengtsson, C. Cafaro, P. Gibilisco,
A. Jencova, S. Luo, R. Maity, V. Moretti, B. Yadin, and
K. Zyczkowski for fruitful discussions. I acknowledge
support from LANL through the LDRD Project
No. 20180702PRD1 and the LDRD Rapid Response
project “Unraveling Entanglement in a black box quantum
computer.” Also, this research was supported in part by the
National Science Foundation under Grant No. NSF PHY-
1748958, as part of the work was carried out at the KITP in
Santa Barbara.

“davegirolami@ gmail.com
[1] M. A. Nielsen and I.L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
New York, 2000).
[2] A. Carlini, A. Hosoya, T. Koike, and Y. Okudaira, Phys.
Rev. Lett. 96, 060503 (20006).
[3] T. Caneva, T. Calarco, R. Fazio, G.E. Santoro, and S.
Montangero, Phys. Rev. A 84, 012312 (2011).
[4] C. Cafaro and S. Mancini, Physica (Amsterdam) 391A,
1610 (2012).
[51 N. Khaneja, S. J. Glaser, and R. Brockett, Phys. Rev. A 65,
032301 (2002).
[6] A.M. Childs, H. L. Haselgrove, and M. A. Nielsen, Phys.
Rev. A 68, 052311 (2003).
[71 M. A. Nielsen, M. R. Dowling, M. Gu, and A. C. Doherty,
Science 311, 1133 (2006).
[8] X. Wang, M. Allegra, K. Jacobs, S. Lloyd, C. Lupo, and M.
Mohseni, Phys. Rev. Lett. 114, 170501 (2015).
[9] F. Schlogl, Z. Phys. B 59, 449 (1985).
[10] D. A. Sivak and G. E. Crooks, Phys. Rev. Lett. 108, 190602
(2012).
[11] P.R. Zulkowski, D.A. Sivak, G.E. Crooks, and M.R.
DeWeese, Phys. Rev. E 86, 041148 (2012).
[12] S. Deffner and E. Lutz, Phys. Rev. E 87, 022143 (2013).
[13] S. Deftner, J. Phys. B 47, 145502 (2014).
[14] A. Streltsov, G. Adesso, and M. B. Plenio, Rev. Mod. Phys.
89, 041003 (2017).
[15] K. Modi, A. Brodutch, H. Cable, T. Paterek, and V. Vedral,
Rev. Mod. Phys. 84, 1655 (2012).
[16] C. H. Bennett, Phys. Rev. Lett. 68, 3121 (1992).

[17] S.D. Bartlett, T. Rudolph, and R. W. Spekkens, Rev. Mod.
Phys. 79, 555 (2007).

[18] I. Bengtsson and K. Zyczkowski, Geometry of Quantum
States (Cambridge University Press, Cambridge, England,
2007).

[19] S. Amari and H. Nagaoka, Methods of Information Geom-
etry (American Mathematical Society, 2007).

[20] M. Horodecki and J. Oppenheim, Int. J. Mod. Phys. B 27,
1345019 (2013).

[21] E. Chitambar and G. Gour, arXiv:1806.06107.

[22] A transformation between commuting states may not be
free. For example, [00) — (|01) + [10))/+/2 is not free if
the reference basis is {|0, 1)}®2, while it is free if the basis is
{]00), [11), (J01) % [10))/+/2}. In the second case, entan-
glement cannot be detected via free operations.

[23] A. Winter and D. Yang, Phys. Rev. Lett. 116, 120404
(2016).

[24] B. Yadin, J. Ma, D. Girolami, M. Gu, and V. Vedral, Phys.
Rev. X 6, 041028 (2016).

[25] W. K. Wootters, Phys. Rev. D 23, 357 (1981).

[26] D. Petz, Linear Algebra Appl. 244, 81 (1996).

[27] A. Morozova and N.N. Cencov, J. Sov. Math. 56, 2648
(1991).

[28] S. Luo, Phys. Rev. Lett. 91, 180403 (2003).

[29] P. Petersen, Riemannian Geometry, Graduate Texts in
Mathematics (Springer, New York, 1998).

[30] T. Tao, Compactness and Contradiction (American Math-
ematical Society, 2013).

[31] S. Luo, J. Phys. A 35, 5181 (2002).

[32] C. W. Helstrom, Quantum Detection and Estimation Theory
(Academic Press, New York, 1976).

[33] V. Giovannetti, S. Lloyd, and L. Maccone, Nat. Photonics S,
222 (2011).

[34] D.P. Pires, M. Cianciaruso, L. C. Celeri, G. Adesso, and
D. O. Soares-Pinto, Phys. Rev. X 6, 021031 (2016).

[35] M. M. Taddei, B. M. Escher, L. Davidovich, and R.L.
de Matos Filho, Phys. Rev. Lett. 110, 050402 (2013).

[36] C. Zhang et al., Phys. Rev. A 96, 042327 (2017).

[37] B. Yadin and V. Vedral, Phys. Rev. A 93, 022122
(2016).

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

[39] A. Ericsson, J. Phys. A 38, L725 (2005).

[40] H.N. Barnum, Ph.D. thesis, University of New Mexico,
1998.

[41] O. Andersson and H. Heydari, J. Phys. A 47, 215301
(2014).

[42] S. Boixo, S. T. Flammia, C. M. Caves, and J. M. Geremia,
Phys. Rev. Lett. 98, 090401 (2007).

[43] M. Zwierz, C. A. Perez-Delgado, and P. Kok, Phys. Rev.
Lett. 105, 180402 (2010).

[44] F. Herbut, J. Phys. A 38, 2959 (2005).

[45] T. Baumgratz, M. Cramer, and M. B. Plenio, Phys. Rev.
Lett. 113, 140401 (2014).

[46] H.-J. Zhang, B. Chen, M. Li, S.-M. Fei, and G.-L. Long,
Commun. Theor. Phys. 67, 166 (2017).

[47] P.Zanardi, G. Styliaris, and L. Campos Venuti, Phys. Rev. A
95, 052306 (2017).

[48] S. Meznaric, S. R. Clark, and A. Datta, Phys. Rev. Lett. 110,
070502 (2013).

[49] S. Luo, Phys. Rev. A 77, 022301 (2008).

010505-5


https://doi.org/10.1103/PhysRevLett.96.060503
https://doi.org/10.1103/PhysRevLett.96.060503
https://doi.org/10.1103/PhysRevA.84.012312
https://doi.org/10.1016/j.physa.2011.09.018
https://doi.org/10.1016/j.physa.2011.09.018
https://doi.org/10.1103/PhysRevA.65.032301
https://doi.org/10.1103/PhysRevA.65.032301
https://doi.org/10.1103/PhysRevA.68.052311
https://doi.org/10.1103/PhysRevA.68.052311
https://doi.org/10.1126/science.1121541
https://doi.org/10.1103/PhysRevLett.114.170501
https://doi.org/10.1007/BF01328857
https://doi.org/10.1103/PhysRevLett.108.190602
https://doi.org/10.1103/PhysRevLett.108.190602
https://doi.org/10.1103/PhysRevE.86.041148
https://doi.org/10.1103/PhysRevE.87.022143
https://doi.org/10.1088/0953-4075/47/14/145502
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.84.1655
https://doi.org/10.1103/PhysRevLett.68.3121
https://doi.org/10.1103/RevModPhys.79.555
https://doi.org/10.1103/RevModPhys.79.555
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1142/S0217979213450197
http://arXiv.org/abs/1806.06107
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevX.6.041028
https://doi.org/10.1103/PhysRevX.6.041028
https://doi.org/10.1103/PhysRevD.23.357
https://doi.org/10.1016/0024-3795(94)00211-8
https://doi.org/10.1007/BF01095975
https://doi.org/10.1007/BF01095975
https://doi.org/10.1103/PhysRevLett.91.180403
https://doi.org/10.1088/0305-4470/35/25/303
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1103/PhysRevX.6.021031
https://doi.org/10.1103/PhysRevLett.110.050402
https://doi.org/10.1103/PhysRevA.96.042327
https://doi.org/10.1103/PhysRevA.93.022122
https://doi.org/10.1103/PhysRevA.93.022122
https://doi.org/10.1016/0034-4877(76)90060-4
https://doi.org/10.1088/0305-4470/38/44/L01
https://doi.org/10.1088/1751-8113/47/21/215301
https://doi.org/10.1088/1751-8113/47/21/215301
https://doi.org/10.1103/PhysRevLett.98.090401
https://doi.org/10.1103/PhysRevLett.105.180402
https://doi.org/10.1103/PhysRevLett.105.180402
https://doi.org/10.1088/0305-4470/38/13/010
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1088/0253-6102/67/2/166
https://doi.org/10.1103/PhysRevA.95.052306
https://doi.org/10.1103/PhysRevA.95.052306
https://doi.org/10.1103/PhysRevLett.110.070502
https://doi.org/10.1103/PhysRevLett.110.070502
https://doi.org/10.1103/PhysRevA.77.022301

PHYSICAL REVIEW LETTERS 122, 010505 (2019)

[50] D. Girolami, M. Paternostro, and G. Adesso, J. Phys. A 44,
352002 (2011).

[51] G.L. Giorgi, B. Bellomo, F. Galve, and R. Zambrini, Phys.
Rev. Lett. 107, 190501 (2011).

[52] C. Radhakrishnan, M. Parthasarathy, S. Jambulingam, and
T. Byrnes, Phys. Rev. Lett. 116, 150504 (2016).

[53] Y. Yao, X. Xiao, L. Ge, and C.P. Sun, Phys. Rev. A 92,
022112 (2015).

[54] D. Girolami, T. Tufarelli, and C. E. Susa, Phys. Rev. Lett.
119, 140505 (2017).

[55] Z.-A. Jia, R. Zhai, S. Yu, Y.-C. Wu, and G.-C. Guo, arXiv:
1711.04664.

[56] K. Modi, T. Paterek, W. Son, V. Vedral, and M. Williamson,
Phys. Rev. Lett. 104, 080501 (2010).

[57] C.P. Williams and A.G. Gray, Quantum Computing and
Quantum Communications, Lecture Notes in Computer
Science Vol. 1509, edited by C.P. Williams (Springer,
Berlin, Heidelberg, 1999).

[58] S.J. Glaser et al., Eur. Phys. J. D 69, 279 (2015).

010505-6


https://doi.org/10.1088/1751-8113/44/35/352002
https://doi.org/10.1088/1751-8113/44/35/352002
https://doi.org/10.1103/PhysRevLett.107.190501
https://doi.org/10.1103/PhysRevLett.107.190501
https://doi.org/10.1103/PhysRevLett.116.150504
https://doi.org/10.1103/PhysRevA.92.022112
https://doi.org/10.1103/PhysRevA.92.022112
https://doi.org/10.1103/PhysRevLett.119.140505
https://doi.org/10.1103/PhysRevLett.119.140505
http://arXiv.org/abs/1711.04664
http://arXiv.org/abs/1711.04664
https://doi.org/10.1103/PhysRevLett.104.080501
https://doi.org/10.1140/epjd/e2015-60464-1

