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We introduce the concept of fidelity for dynamical maps in an open quantum system scenario. We derive
an inequality linking this quantity to the distinguishability of the inducing environmental states. Our inequality
imposes constraints on the allowed set of dynamical maps arising from the microscopic description of system
plus environment. Remarkably, the inequality involves only the states of the environment and the dynamical
map of the open system and, therefore, does not rely on the knowledge of either the microscopic interaction
Hamiltonian or the environmental Hamiltonian characteristic parameters. We demonstrate the power of our result
by applying it to two different scenarios: quantum programming and quantum probing. In the first case, we
use it to derive bounds on the dimension of the processor for approximate programming of unitaries. In the
second case we present an intriguing proof-of-principle demonstration of the ability to extract information on
the environment via a quantum probe without any a priori assumption on the form of the system-environment

coupling Hamiltonian.
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I. INTRODUCTION

Quantum systems are extremely sensitive to noise arising
from the interaction with their surroundings. This feature is
at the very heart of the transition between the quantum and
the classical description of the world and, at the same time,
imposes limitations on the efficiency of quantum devices for
quantum technologies. For this reason, a number of theoretical
and experimental approaches focus on the modelization,
characterization, and reduction of noise induced by the
environment, both by increasing the isolation of the system
and by suitable engineering of the environment.

A key quantity in the dynamical description of open quan-
tum systems is the dynamical map, a time-parametrized family
of quantum channels [1]. Formally, the exact description of the
dynamical map can be obtained starting from a microscopic
Hamiltonian model of the system, the environment, and their
interaction. In many practical circumstances, however, one
does not have accurate knowledge of the microscopic details
of either the interaction or the environmental Hamiltonian.
In addition, it is well known that different environments
and couplings can lead to the same dynamical map. It is
therefore clear that, both from an experimental and from a
theoretical perspective, it is crucial to develop approaches
able to (i) discriminate between different dynamical maps, (ii)
identify the restrictions imposed on the form of the dynamical
map from the specific choices of the environmental state,
Hamiltonian and coupling, and (iii) develop techniques to
probe the environment without ideally any a priori assumption
on its microscopic properties and on the way it is coupled to
the system.

In this paper, we address these issues by introducing a
family of channel fidelities, which generalize the familiar
(Uhlmann) fidelity of quantum states. Endowed with these
quantifiers, we prove a powerful inequality between the fideli-
ties of the two environmental states inducing the dynamics
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and the corresponding dynamical maps. More precisely, the
introduced fidelity quantifies the difference between two
dynamical maps by measuring how distinguishable they render
a pair of initially identical (or more generally nonorthogonal)
states, which are initially uncorrelated from their dynamics-
inducing environments. This addresses point (i). the derived
inequality, on the other hand, allows us to answer the points (ii)
and (iii) since, contrarily to the probing approaches existing
in the literature [2—10], it does not rely on the knowledge of
either the system-environment interaction Hamiltonian or the
characteristic parameters of the environmental Hamiltonian.
We prove the usefulness of our inequality by applying it to two
different scenarios both highly relevant for the development
of quantum technologies, namely quantum programming and
quantum probing.

A programmable quantum processor, or gate array, is
a device that implements different quantum channels on
one system (the data register) depending on the state of
another quantum system (the program register). The third
element of this device is a fixed array of gates acting on
both the data and the program register. The virtue of this
arrangement is its versatility: one can realize various maps
simply by controlling the state of program register. The
alteration of the programming state to perform the desired
operation is called quantum programming. Programmable
quantum processors were first considered by Nielsen and
Chuang in the late 90’s [11]. Remarkably, these authors
showed that a deterministic universal programmable processor
cannot be realised. The reason for this impossibility is
that any two states of the program register implementing
a pair of inequivalent unitary transformations need to be
orthogonal [11-14]. Therefore the programming resources,
bounded by the dimension of the program register, are insuf-
ficient to implement all unitaries, comprising an uncountable
set.
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The no-programming theorem above holds only if the
programming is deterministic. Indeed, it was shown already in
Ref. [11] that it is possible to successfully implement any one-
qubit unitary operation with 1/4 probability, thus proving the
existence of probabilistic universal quantum processors. This
result was generalized in Refs. [15,16], where it was proven
that the probability of success is p = 1 — ¢ and the error ¢
can be made arbitrarily small; the results were later extend for
qudits in Refs. [17,18]. Probabilistic programming, however,
tells little about programming states of general quantum
transformations, described by completely positive and trace
preserving (CPTP) maps. This is, however, important as all
realistic implementations of quantum devices are subjected to
environmental noise. In this more realistic scenario, known as
approximate quantum programming, maps are near to, but not
exactly, unitary.

Approximate quantum programming has been studied in
Refs. [12,13,15]. In particular, in Refs. [12,13], relations
between the overlap of pure programming states and the
programmed channels are presented. Our inequality, on the
other hand, sets an upper bound for the programming states
in terms of the programmed channels and is independent of
the choice of the processor. This independence is important
since, as we argued above, the microscopic description of
the environmental noise affecting the processor may not be
known. In addition, unlike in the previously proposed relations,
our inequality holds for general (mixed) programming states.
In other words, our bound is universally valid and enables
us to tackle efficiently problems such as finding size bounds
for quantum circuit designs able to implement the desired
transformations in full generality.

The second application is in the framework of quantum
probing. One particularly renowned quantum feature is sum-
marized by the statement no information without disturbance.
Namely, any measurement producing meaningful information
generally transforms the state of the measured system. An
observer is thus faced with a dilemma: how to ascertain and
assign values to properties of the measured system since they
may be, and typically are, altered due to the measurement? One
way of obtaining some information on the system of interest
without predisposing it to a direct measurement is to let it
temporarily interact with a smaller ancillary quantum system
and then perform a measurement on it: this technique is known
as quantum probing. The system of interest in this framework
acts as the environment of the quantum probe, and the induced
probe dynamics carries information on the properties of the
environment. If the coupling between the probe and the system
of interest is sufficiently weak, measurements on the probe
only lead to small perturbations on the system. In addition,
measuring the full probe dynamics ideally allows one to extract
even complete information on the system while leading to only
minimal disturbance [2—8].

Typical quantum probing strategies assume the knowledge
of the microscopic system-probe interaction as well as the
system Hamiltonian. The originality of our method is the use
of the quantum programming perspective in order to go beyond
these existing probing approaches. Namely, by comparing
the dynamics induced by an unknown environmental state
with the one of a calibration state, some properties on the
measured system can be extracted with none or minimal a
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priori assumptions. Indeed, we provide examples in which
such a probing protocol can be used for parameter estimation
without knowing anything about the system-probe coupling or
the probe Hamiltonian.

The paper is structured as follows. In Sec. II, we introduce
the mathematical methods and the notation used throughout
this work and provide the main result of this paper: the inequal-
ity between the channel fidelity of two state transformations
and the fidelity of the corresponding two inducing states. In
Sec. 111, we present four applications that capture the power of
this result from different perspectives. Finally, in Sec. IV, we
summarize our results and present conclusions.

II. INEQUALITY BETWEEN INDUCING STATES
AND OPEN SYSTEM DYNAMICS

We denote a complex separable Hilbert space by H and
the trace class operators on H by 7 (H). A quantum state is
represented as a positive operator ¢ € 7 (H) with Tr[p] = 1
and the set of quantum states of M is denoted by S(H).
We indicate with supp(o) the support of the state ¢ and
say that o; and g, are orthogonal, i.e., o; L 0y, when the
sets supp(o;) and supp(oz) are orthogonal. The extremal
elements of S(H) are called pure and such element can be
written as o = |p)(p| for some unit vector |¢) € H. The
transformations of quantum states are represented by linear
mappings &€ : 7(H) — 7 (H') that are completely positive
and trace-preserving: such transformations are called quantum
channels. In particular, a channel I/ is called a unitary channel
whenever it is of the form (o) = UoU' for some unitary
operator U on H and for all p € S(H).

The dynamics of a closed quantum system with initial state
o is described by a t-parametrized group of unitary operators
UDastUD (o) = UVoU ™", t > 0.Inreality, every physically
realizable quantum system S, with Hilbert space Hg, interacts
with some environment, £, with Hilbert space H g, such that
the pair S 4 E can be considered a closed system, represented
by Hs ® Hg. One commonly assumes that the system and the
environment are initially uncorrelated, that is o5 = 0 ® £.
The reduced dynamics of the system state can be calculated
from the total system dynamics U/’(o ® £) as a partial trace
over Hg:

ED(0) = trg[U (0 @ &)]. (1)

In particular, we say that the dynamics £ (p) is induced by
the environmental state &.

The amount of information ascribed in the state o is
measured in terms of entropy. In our investigation, we are
focusing on a class of «-Rényi entropies S, (0) = ﬁ Intr[p*],
a € (0,1)U(1,00). The a-Rényi entropies generate a one-
parameter family of divergences, that from a certain axiomatic
point of view for classical random variables X; and X, takes
the unique form

- _
Do(X1|IX2) = —— > In[pi(x)*pax)' ™1, (2)
oa—1 P
where the two probability measures p; and p, measure the
probabilities for outcome x;, i = 1,...,n, occurring in X
and X», respectively [19]. In a quantum scenario, however,
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the uniqueness of the formulation of the divergences arising
from the same set axioms is not guaranteed, and two divergent
extensions of Eq. (2) to the quantum setting have been
proposed in the literature

1 11—«
~ | —Injtr[o¥ ,
Sa<al||az)=[“—1 {wleiex ]} o1 ke (3)
00, otherwise
and
Se(o1ll02)
1w 1w
=l in[uf(e,” 010" )]l whenoi Loa (4
00, otherwise

defined for « € (0,1) and a pair of quantum states o;,0, €
S(Hs) [20,21]. In this study, we will be focusing for the latter
definition S,, and call it the quantum a-Rényi divergence. 1t is,
however, worth mentioning that all the results we will present
in this paper could be also formulated in the context of S, and
furthermore, since the S, and S, coincide for commuting states
[01,02] = 0 [20], most of these results are in fact equivalent
for the two definitions.

Importantly, many of the most commonly used quantum
(relative) entropies, such as the common (relative) entropy,
the minimum and the maximum (relative) entropies, can be
derived from the quantum «-Rényi divergence as special cases;
for the properties of «-Rényi divergence we refer the reader
to Refs. [22-25] and references therein. For our purposes, we
recall here the following features:

(S1) Sq(o1ll02) = 0, where the equality holds if and only
if o1 = 02,

(82) Su(o1 ®&1llo2 ® &2) = Su(01ll02) + Sa(&1162),

(83) SaU(enIlt(02)) = Sa(e1lle2)
forallee € (0,1)and 01,02 € S(Hs),&1,6 € S(HEg) and for all
unitary channels U. Notice that the order of inputs is important,
since in general S,(01,02) # S«(02,01). Additionally, for
all ¢ € [1/2,1), the a-Rényi divergence satisfies the data
processing inequality

(84) So(E(eIIE(@2)) < Salrlle2),
for all 01,02 € S(Hs) and for arbitrary quantum channels £ :
T(Hs) = T(HY).

From Eq. (1), it is clear that altering the inducing state
& € S(Hg), while keeping the coupling interaction fixed, may
lead to different channels. A question then arises: how do the
two different inducing states and the corresponding induced
channels relate to each other? The following proposition
provides insight into this question.

Proposition 1. Suppose that two (different) channels &
and & : T(Hs) — T (Hs) are induced by states & and &, €
S(HE), respectively, from some fixed (unitary) coupling U :
T(Hs @ He) —> T (Hs ® Hg); see Eq. (1). Then for all @ €
[1/2,1) and 01,02 € S(Hs)

Sa(E1(eD1€2(02)) — Sa(011l02) < Su(&111€2). ®)

Proof. The claim follows from the properties (S1)—(S4),
namely,

Sot(QIHQZ) + Sot(él”éZ)
= SeU(01 ® EDII U(02 ® §2))
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2 Se(tre[U(o1 ® ED] || tre[U(o2 @ &2)])
= S (E1(en1€2(02)). (6)

[ |
‘We will use a short-hand notation

I—a

F,(01,00) = tr[(Qzlz;aan 0, )], @)

since it will often appear in the following, and call the quantity
F, the « fidelity of states." In the particular case @ = 1/2, Fip
corresponds to the usual (Uhlmann) fidelity of states. Using
this notation and the monotonicity of the logarithm function,
inequality (5) implies

Fo(01,02) Fo(§1,8) < Fo(E1(01),2(02)), (®)

for @ € [1/2,1), which can be seen as a generalization of the
data processing inequality F,(01,02) < Fy(E(01),€(02)), for
o € [1/2,1). Motivated by this inequality, for « € (0,1), we
define

FuEE) = inf Fa(51(Q1),52(Qz))’ ©)
01.0eSHs)  Fu(01,02)
and call it the « fidelity of channels £, and &,. We justify the
terminology, since F, shares many of the basic properties of
fidelity-measures as we shall verify next.

Proposition 2. For all o € (0,1) and channels ¢&; :
T(Hs) > T(Hs), i =1and2, « fidelity of channels
Fu(&1,&) has the following properties:

(F1) Fu(&1,&) €10,1],

(F2) Fo(&1,E) = FouU o0& oV, U o0 E oV), for all uni-
tary channels ¢/ and V.

Additionally, for o € [1/2,1),

(F3) Fu(&1,8) =1iff & = &,

(F4) Fo(&1,E) < Fo(€ 0 &1,E 0 &), for all channels & :
T(Hs) — T(Hj),

(F5) Fo(&1,8) < Fo(&1 0E,E 0 &), for all channels & :
T(Hy) — T(Hs).

Proof. Clearly F,(&1,£,) is non-negative by defini-
tion. Since F,(01,02) <1 for all gy,0, € S(Hs), as ver-
ified from (S1) of «-Rényi divergence, F,(&1,&) <
inf,, o, Fa(01,02)"" =1 proving (F1). Using the properties
(S3) and (S4) of «-Rényi divergence, the monotonicity of
the logarithm function and the fact S(Hys) >~ U(S(Hs)) we
conclude (F2) and (F4). Since F,(01,02) < Fy(E(01),£(02)),
for all channels £ when « € [1/2,1), we confirm F,(£,E) =
1. Assume, on the other hand, that F,(&,&) =1, but
make a counterassumption &; # &. Then, there exists
a state o € S(Hs) such that & (9) # &(e) and there-
fore by (S1) F,(&1(0),E(0)) < 1. Since 1 = F,(&,&) <
F,(&1(0),5:(0)) < 1, this leads to a contradiction and we get
(F3). Lastly, we prove (F5). From the properties above, we get
the inequality

Fy((E1 0 E)01),(&2 0 E)(02))
Fo(E(01),€(02))

< Fo (€1 0 E)01),(&2 0 E)(02))

h Fa(01.02)

, (10)

'In one of the founding papers [21], this quantity goes by the name
“sandwiched quasirelative entropy.”

052102-3



TUKIAINEN, LYYRA, SARBICKI, AND MANISCALCO
which together with £(S(HY)) C S(Hy) implies that

Fy(E1(E(01)),62(E(02)))
£01).£(02) Fy(E(01),€(02))
inf Fo((€1 0 E)01),(& 0 E)02)
01,02 Fo(E(01),€(02))
< Fy((E1 0 E)01),(&2 0 E)(02)
< inf

o1.02 Fy(01,02)

= Fo(E10E,E0E). (11)

N

Fo(€1,8)

|

Different fidelity measures of pairs of quantum channels
have been formulated including the process fidelity measuring
the distinguishability of the corresponding Choi states [26],
the minimax fidelity [27] with operational connection to the
single-shot discrimination of channels done with the so-called
process POVMs [28,29] and the plethora of gate fidelities
considered in Refs. [30,31]. All of these channel fidelities have
a common feature: they measure the distinguishability of pair
of quantum channels in different operational scenarios. The
« fidelity of channels we propose does not, however, admit
operational connection to the above channel discrimination
tasks due to a peculiar property the other channel fidelities do
not share. Namely, as we will see shortly, it vanishes for any
pair of different unitary channels. This unique feature makes
our fidelity particularly appealing in quantum programming.

We note that the double infima in Eq. (9) can make
Fo difficult to evaluate. It is, however, readily verified
that 7o (€1,&) < inf, F(€1(0),&:2(0)), where the latter quan-
tity also sets an upper bound for the inducing states
and it is much easier to handle. Furthermore, since it
has been shown in [32] that F, is jointly concave for
o €[1/2,1), that is, in particular for an arbitrary o =
2 Ali) (i) it satisfies Fo (€13, A:1i) (i1),E2(3; Aili) (D) =
oA Fu (&) (). Ea(i) (i) for o € [1/2,1), it can be con-
cluded that it is enough to consider the infimum over the
set of pure states. In the special case o = 1/2, the quantity
Fmin(gl ,52) = il’lfg Fl/g(gl(g),gz(.@)) is known as the minimal
gate fidelity [30,31]. We leave it as an open problem, whether
also in F, it is sufficient to evaluate the infima over the set
pure states or not.

Above an ordering, Fi; < Fpin, was pointed out, and
one may wish to reveal such relations between other fi-
delities also, e.g., between « fidelity and the commonly
used process fidelity defined for channels &; : 7(Hs) —
T(Hs), i =12, via Fpmc(gl,gz) = F1/2(51 R®I(N),E ®
Z(2)), where T : T (Hs) — 7 (Hs) is the identity channel and

Q= dim(lHS) thrn';(:?{f) [nn)(mm| is the maximally entangled
state in Hg ® Hg with respect to an orthonormal basis
{ln),n=1,...,dim(Hg)}. Such an ordering cannot, however,
be established. Namely, it can be confirmed that for the one-
qubit channels & =7 and & (o) = 1/3 Z?zl O'iQGiT, where
oi, i =1,2,3, are the Pauli matrices, the process fidelity
vanishes, Fproc(€1,&€2) = 0, or more generally Fy (£1 ® 7,6 ®
Z(2)) = 0 for all @ € (0,1). On the other hand, by writing
05 = %(Jl +m-o), where m -0 = 21.3:1 m;o; and m € R3
has ||m|| < 1, we see that £(g;) = % . (%]1)+ % - 0—m and

PHYSICAL REVIEW A 95, 052102 (2017)

therefore

F, (0,2 - A1)+ 1.0
Ful&1,6) = inf (055 G1) +5-0-5)
0i0in Fy(05i,0im)

WV

2 1 Fy(0i,0-m
2 inf Fy(05.1/21) + » inf Te(@i-@-i)
3 o 3 aiei Fol(07i,0m)

2/1 l—a
= §<§> #0, (12)

for « € [1/2,1), where the estimation follows from the
joint concavity of the o fidelity [32]. Therefore there
exist channels & and & for which Fyoe(£1,6) <
Fu(&1,E) for all «a €[1/2,1). However, in Proposition
IITA, we will show that F,(U;,Ur) =0 for any pair
of unitary channels U; # U,, which does not hold for
Fproc in general [26]. In conclusion, there is no order-
ing between F, and Fyc. Furthermore, since the pro-
cess fidelity and the minimax fidelity [27] Fqnm(&1,&) =
infyesey) rlIVE ® Z(2) 1 @ 0 /€ ® L(2)]] satisfy Fiym <
Fproe, and since there exist unequal unitary channels U,
i = 1 and 2, such that F,,,(U;,U) # 0, it may be concluded
that the channel fidelities Fy,, and JF, are not related either.
As a corollary, we can prove that the « fidelity of channels is
not (sub)multiplicative for separable channels.

Proposition 3. F, does not satisfy the multiplicativity

property
Fa(&1,6) Fo(C1,C) = Fol(&1 ®C1,E2, R C2),  (13)

forall channels &; : 7 (Hs) — T(Hs),Ci : T(HYg) — T(HY),
i =1and?2.

Proof. 1tis easily seen that 7, (£1,&) Fo(C1,C2) = Fo(&1 ®
C1,E ® Cy), since S(Hs) ® S(H) C S(Hs ® H). The other
direction, however, leads to a contradiction. Namely, assume
that F (£1,E2)Fx(C1,C) < Fo(&) ® C1,E ® Cy) holds for all
channels & : T(Hs) = T(Hs), C; : T(Hy) — T(Hy), i =
1 and 2. Then in particular

Faul&1,8) < Fip1 ®1,5:® 1)
< Fo(& ®@I(R),6 @ I(Q) , (14)

which we have noted before does not hold in general. ]

We observe that similar calculations to those above can be
used to verify that Fp;, is not multiplicative either. So far,
we have only considered static quantum channels, however,
the calculations above hold as well for dynamical maps. The
emerging inequality

Fol61.68) < Fo(&, &), aell/2,1), t>0, (15)

has the following twofold interpretation. Firstly, if the initial
environmental states &;,i = 1 and 2, induce dynamics Ei(’),
spectively, then F,, (€ f'),fy) ) cannot decrease below Fy(&1,&)
for any ¢t > 0. This sets limitations on what dynamics are
compatible with the inducing environmental states. On the
other hand, since inf,>¢ ]-"D,(é’](’),c‘fg)) majorizes Fy(&1,&), it
is possible to gain some information about the environment
by measuring the open system dynamics, i.e., by probing.
Remarkably, these two strategies work even if the environment
and the interaction were not specified. The next section is
devoted to examples that demonstrate these properties.

re-
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FIG. 1. Quantum programming and probing. (a) In a quantum
programming scheme, one varies the state &; of the program register
(HEg) coupled to the data register (H;). By varying & we can induce
multiple different channels & on the data register. In this scenario,
the emphasis is on Hs. (b) In a quantum probing scheme, on the other
hand, the system of interest is H g, which is coupled to the probe H.
Different initial states, &;, of the system lead to different dynamics,
&, of the probe. By measuring the probe dynamics &;, we can obtain
some information of the corresponding inducing state &;.

III. APPLICATIONS OF THE INEQUALITY

In the following, we will present three applications of
inequality (8) for quantum programming and quantum probing
purposes. Figure 1 illustrates the quantum probing and quan-
tum programming protocols. Despite their apparent similarity,
the main objectives in the two protocols are complementary; in
quantum programming, the aim is to induce different channels
for the data register in a controlled way, whereas in quantum
probing the goal is to extract information of the system of
interest which induced the dynamics.

A. Quantum programming

The altering of the inducing state § € S(Hg)in Eq. (1)isan
action known as quantum programming and accordingly, the
pair (Hg,U) formed by the program space H g and the (unitary)
coupling U between Hg and Hg is called a programmable
processor.

From the inequality

Fy(§1,8) < Fo(&1,&),

we get a limit for the fidelity of the inducing states in terms
of the induced channels. We recall once again that a sharp
equality between the inducing states and the induced channels
has been introduced in Ref. [33]. This equality depends on the
programmable processor. In inequality (16), on the contrary,
no such dependence is present.

In the case @ = 1/2, inequality (16) has a particularly nice
interpretation, viz. Fy,;(&,&,) measures the distinguishability

of the states &;, i = 1 and 2. Also, Fj,, has a similar inter-

Fi2(€1(01),62(02))
Fip2(01,02)

mutual distinguishability of the channels £,E, by measuring

how distinguishable these channels can render a pair of initially
nonorthogonal states ¢ and g,. The inequality then naturally
stems from the fact that the distinguishabilities should not
increase under physical processes, such as programming. We
connect inequality (16) to earlier known programming results
[11-14] by proving that unitary channels are, in this sense, the
most distinguishable.

ae[1/2,1), (16)

pretation: Fy2(€1,&) = infy, o, quantifies the
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Proposition 4. Let U; and U, be two unitary channels. If
U, # U, then F,(U,,U) = 0 for all @ € (0,1). In particular,
the inducing states of different unitary channels must be
orthogonal regardless of the choice of the processor (Hg,U).

Proof. We first prove the proposition for o = 1/2. Us-
ing the properties of fidelity of pure states, we have
Fip @ (101) (1) Ua(192) (921)) = 11 |U{ Uaga) . Tt suffices
to show that for any operator U # c - 1y, |c| =1, there
exists nonorthogonal unit vectors |¢;),|¢2) € Hg such that
(p1|Ugr) = 0. Make a counterassumption that (¢;|U¢,) #
0 whenever (@;|g2) # 0. One can express |p2) = o|@;) +
Bln), where (¢i]n) =0 and |«|* 4 |B]*> = 1. Fix |¢;) such
that |(¢1|U¢@1)| #1. We can then choose a unit vec-
tor ) = (UTer — (@1|UT@1)@1)/y/1 — [{@11U 1) |? orthogo-
nal to ¢;. With the above choices, we have 0 # (¢ |U@,) =
a{pi|Ugp) + By 1 — |{@1|Ug)|?* for all @ and B. Since o =
V1 —=e1|lUp)|? and B = —{¢@1|U¢g;) contradict this while
satisfying |a|> + | 8]? = 1, the counterassumption is falsified.
Going the other way around, for any unit vector |¢;) such that
[{@1|Ug@1)| # 1, we find that the unit vector

lp2) =v'1 = [e1lUg)I* lg1)

(e11lUq1)

T Hz(lﬂm)—<¢1|U*¢1>|¢1>>,
— g1l

a7)

which satisfies (¢ |Ug,) = 0 and (¢;|¢,) # 0. Fixing U =
UITUZ proves that F; (U ,Us) = 0. For general « € (0,1) the
claim follows from the above considerations when noticing
that F,(01,02) = 0 if and only if 0; L 07; see Eq. (4). ]

It should be stressed that for any pair of quantum channels
&, i =1and?2 acting on a same Hilbert space, one can
find a processor (Hg,U) from which the two channels can
be induced. To see this, let us recall that any channel
E:T(Hs) —> T(Hs) admits a Stinespring dilation of the
form E£(o) = try,[G o ® |n)(n| G'], where G is a unitary
on Hg ® Hs and |n) € Hg is some fixed unit vector. We
can therefore assume without loss of generality that & (o) =
try [Gi 0 ® 1) {(n] G:f] for unitaries G;,i = 1 and 2. Consider
any pair of orthogonal unit vectors |¢;) and |¢,), (¢1|¢2) =0
in a two-dimensional Hilbert space C2. Then, it is easily
verified that U = G ® [n)(n| ® |91) (1| + G2 @ [n){(n| ®
|$2) (2] + L3 ® (I3e5 — Im)(n]) ® L2 defines a unitary op-
erator on Hs ® (Hs ® C?). It follows that, by defining Hz =
Hs ® C? and U(p) = UpU', the vectors |n ® ¢;) program
the two channels &;, i = 1 and 2, via processor (Hg,U). As
a result, any pair of quantum channels, even identical ones,
can be programmed with orthogonal programming states. On
the other hand, we showed above that for identical quantum
channels the channel « fidelity reaches its maximum value
1. Importantly, this example alludes that is impossible to
generally talk about the tightness of inequality (16).

In connection to the above, there are two complementary
questions related to the tightness of inequality (16) that we
would like to address. Firstly, one may wonder if for any pair
of programming states & € S(Hg) there exists a processor
(Hg,U) realizing channels &;, i = 1 and 2, respectively, that
would satisfy F,(§1,&) = Fo(€1,E,). The answer is affirma-
tive, namely any quantum state £ € S(Hg) can be considered
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as the preparation channel & : 7(Hg) — C{&}, &(o) =&,
for all o € S(Hg). Moreover, any such channel may be
programmed with state £ € S(Hg) by using the processor
(He . Uswap), where Uswap(T1 @ To) =T, ® Ty, for all T;
T(Hg), that is, & (o) = try, [Uswar(o ® §)], for all g €
S(HE). It is evident that in this case F (&, ,&,) = Fu(£1,&),
for all @ € (0,1). It is natural to ask if the contrary also holds,
that is, if for any channels & one can find some processor
and programming states &;,i = 1 and 2, respectively, such that
F,(&1,&) = Fo(&1,E)? It turns out that the answer in this case
is negative. To confirm this, we recall that the programming
states & € S(HEg), i = 1,2, resulting into a unitary and any
other different extremal channel are necessarily orthogonal to
each other, that is, in particular, F;,,(&1,6,) = 0; see Ref. [14,
Prop. 8]. Itis, however, possible to find a unitary channel / and
an extremal channel £ # U with F;,(U,£) # 0. Indeed, let
us choose U as the one-qubit identity channel and for any
0 € S(C?) define E(o;) = %(]1 + my 0y). The extremality
of £ can be verified by using the results of Ref. [34], and
furthermore using inequalities found in Ref. [35] one can show
that

FipU,E)
S inf trlo; E(oim)]
||||r%|\‘|§11’ trloi 0] + \/(1 —t[oz]) (1 — ufoz])
—1/2.

(18)

We conclude that inequality (16) fails to be tight in general.
Nevertheless, the channel « fidelity F, is a genuinely
important figure of merit in quantum programming, as we will
see in the following. According to the previous proposition,
programming N different unitary channels requires
dim(Hg) > N. The processor’s dimension may, however, be
lowered if some error is accepted. Let us denote d = dim(H).
Suppose we wish to program the approximate unitary
channels &y, (0) = (1 — e)ld;(0) + sé]lHS with programming
vectors |¢;), respectively, where U;, i =1,...,N are
unequal unitaries and ¢ € [0,1] describes a fixed error
rate. From Ref. [35], we find that F,2(Ey,(01),Ey,(02) <

tr[&u,(01) Eu, (0] + V(1 — €y, (01 D1 — €y, (02)*])
Choosing 0; = |¢;){(¢:], i = 1 and 2 simplifies this inequality
Fi2(Eu;(01):Eu; (02))

o U=’ U;olUg) P | (2—e)e
yielding Folney S o Tga)] * Torigni- 1D
particular, choosing ¢, as in Eq. (17) for U = U j Uy implies
. 2—e)
Fi2(¢;,¢1) < inf
J o) /1 — [(U;11Uxer) 2
2—-¢) .
= gjr(e),

~ /1= inf, Fiol;0).(@)
(19)

when j # k. We may use this bound to solve for the
largest set of linearly independent programming vectors
using the following result: if |¢;), j =1,...,K, are unit
vectors and F (¢, ¢x) < ﬁ whenever j # k, then the
vectors |¢;), j =1,...,K, are linearly independent [12].
Let us denote with K, the largest integer such that K, <
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min dim(Hg)

1.0
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€

FIG. 2. Dimension of programmable processor in approximate
programming. We consider the dimension of a processor capable
of implementing the four noisy unitary channels & : o +— (1 —
s)a,-gaiT + e%]l, i =0,...,3, in terms of the noise parameter ¢ €
[0,1]. It may be confirmed that the process fidelity satisfies Fyroc(07 -
crl-T,E,-) >1—¢foralli =0,...,3. Accordingly, an analysis done in
Ref. [13] implies that any processor implementing &;, i =0, ...,3,
is at least four-dimensional for 0 < ¢ < [3(13 + 2«/5)]_1, at least
three-dimensional for [3(13 + 2v/42)] ' < & < [2(9 +4v/5)] ' and
at least two-dimensional for [2(9 + 4\/5)]_1 < & < 1 excluding the
dimensions within the red area. However, our approach results
to tighter limits, which we have denoted in blue: the processor
is necessarily at least four-dimensional for 0 < ¢ < %(3 — «/3), at
least three-dimensional for 1(3 — v/6) < & < $(2 — +/2) and at least
two-dimensional for %(2 V) <e<1.

max eq1,..n) (1/gjk(e) + 1). The previous result then im-
plies that any set of vectors whose size is less than or
equal to K, is linearly independent. Therefore, if N < K,
then all of the programming vectors are linearly independent
and dim(Hg) > N. On the other hand, if N > K., then
dim(Hg) > K, [13].

As an example, let us consider approximate programming
of qubit unitaries o;, i =0, ...,3, where oy = I¢2. For all
pairs the quantity inf,, F2(0j00;,0,00%) vanishes. Therefore,
according to Eq. (19), the processor in approximate program-
ming of the above unitaries is at least four-dimensional for 0 <
e < %(3 — \/6), at least three-dimensional for %(3 — \/6) <
e < %(2 — \/5) and at least two-dimensional for %(2 — ﬁ) <
& < 1. In Fig. 2, these bounds have been compared to those
previously solved in Ref. [13]. It is noteworthy that our
approach gives tighter limits for the amount of noise necessary
to be present in order to approximately implement the four
unitary channels 0;,i =0, ...,3.
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B. Ruling out incompatible environmental properties
Let us consider a general thermal environment Hg and
two initial states of the environment in different temper-
atures 77 and 7>. The environmental states therefore at-
tain the Gibbs form &(8;) = exp[—B;Hel/Z(Bi,HE), i =
1 and 2, where B; = (kzT;)~!, where Hg is a Hamiltonian

J

Sa(E(BDIIE(B) =

a—1
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of the environment and Z(B;,Hg) = trlexp[—B;HEg]] are the
corresponding partition functions for i = 1 and 2.

Our goal is to exclude some properties of environment
inscribed in the spectrum of the Hamiltonian Hg that are
incompatible with inequality (15). Since for thermal states

[E(B1),E(B2)] = 0, we easily solve

(In[Z(eB1 + (1 — )2, Hp)] — a In[Z(B1,HE)] — (1 — &) In[Z(B2,HE)D. (20)

In particular, for all & € [%, 1), inequality (15) implies the following inequality:

In[Z(@py + (1 = )p2.He)l = aI[Z(B1.Hp)l = (1 = ) I Z (B H)] < inf In [7 (£]7.6")]. @n

In fact, due to the commutativity of the thermal states, we can expand this for o € (0,1) such that

In[Z(eB1 + (1 — a)B2,HE)] — aIn[Z(B1,HE)] — (1 — &) In[Z(B2,HE)] < inf

Let us consider the implications of the above inequalities.
Assume that it is possible to prepare the environment in two
different known temperatures and perform the full-process
tomography of the two induced dynamics. This enables us
to determine the values of F, in the right-hand side of
inequality (22). On the other hand, any hypothesis about
the Hamiltonian of the environment determines the left-hand
side of the inequality. If the inequality is not satisfied, the
hypothesized Hamiltonian of the system can be ruled out as
incompatible with the induced pair of dynamics. We highlight
that in order to do so neither the system-environment coupling
nor the Hamiltonian of the system needs to be specified.

As a demonstration of the power of this method, let us
consider a specific example of a qubit system coupled to
an environment consisting of a single harmonic oscillator:
such a situation could occur, for instance, when a two-level
atom is passing through an optical cavity including only
a single quantized mode. Assume that the mechanism of
interaction is unknown as well as the oscillator frequency
which we nevertheless wish to determine. Mathematically,
we only know that the Hamiltonian of the environment is
of the form Hg = w(b'b + %Il). Choosing different values for
w one plots the dashed coloured curves in Fig. 3 given by the
left-hand side of inequality (22). For a concrete example of
the (exactly solvable) reduced dynamics giving the right-hand
side of inequality (22) and the solid black curve in Fig. 3, we
consider the interaction model of the form

H=Hs+Hg +H,

w, 1
Do, + w<wb " 511) +oy® (gbl +g%b) (23)

analyzed in Ref. [1]. One can see that the inequality forbids
frequency values greater than 3.1 times the real frequency .
For details, we refer the reader to Appendix B.

C. Quantum thermometry

Let us consider the situation of the previous example
from a different perspective. Suppose now that a thermal

In [.7:&(5(’),5{’))], fora € (0%)
20 |In[F, (E.6)], fora € (1.1)

(

environment described by a single harmonic oscillator with
Hamiltonian Hg = w(b'b + 11) is initially prepared at cali-
bration temperature Ty = 0, that is £(8y = oo) = |0)(0]. Let
us assume we are tasked with probing another temperature
T of the environment. The «-Rényi divergence between the
states §(Bo) and §(B = 1/(kgT)) now reads Sq (5 (Bo)|1€(B)) =
H(_MTQJ — In[Z(B,HE)]) and therefore after some simple
algebra we solve from inequality (5) a lower bound for the

—0.006 3 7 o
’0

L 4

—-0.008 - N\ p7 —_——w/w =3
\‘\ ,,",o’ —— wyw =3.1
—0010 % S=m==T . wsfw =325
* .

[ ~'--"

-0.012 -

FIG. 3. Excluding the frequency values of a harmonic oscillator.
(In this example, we have fixed & = 1 = kp.) We prepare the
environment in two temperatures and measure the induced dynamics,
which gives us right-hand side of inequality (22) (black line).
The three dashed colored lines correspond to the left-hand side of
inequality (22) with different choices for wy, k =1, 2, and 3, in
units of the actual frequency w. Knowing the two temperatures of
the environment (7} /w = 0.25) and (7> /w = 0.75), we notice that
some frequencies (w;/w = 3) are compatible with inequality (22)
while others (w,/w = 3.1 and w;/w = 3.25) violate it. In fact, we
see that inequality (22) is violated for all frequencies larger than
wy/w = 3.1, and thus w,/w = 3.1 is the crossover between the
compatible and incompatible frequencies. As a probe we use a qubit
and the induced dynamics result from an exactly solvable model
described in Ref. [1]. The optimal initial state(s) of the qubit are
o = |+)(+] with |[+) = %(lO) + |1)) being the eigenstate of Pauli
operator oy; for details, see the Appendix B.

052102-7



TUKIAINEN, LYYRA, SARBICKI, AND MANISCALCO

PHYSICAL REVIEW A 95, 052102 (2017)

temperature
1
kT In{1 —inf,>¢ Fy E(Z) E(t) “ , o e (0,1
ar | InD AR ) we0) o
ho [In[1 —inf20 Fu(E.€) ], we (41)
for all T > 0. It can be confirmed that with temperatures lower than a limiting temperature (kgT)/(hw) < 1.03, the term

—1In[Z(B,HE)] = ’3 "o 4 1n[1 — e~P"] is non- negative, from which, by using inequality (5), we may also obtain an upper bound

for the temperature

0 o)) s 1
kT 1 pp | LInlinfzo FulE 80T 1]] e )
w [In[infoo Fu(E.EP) 7] e (L.1)

Since there is no dependency on the parameter o on the
left-hand side of the above inequalities, we optimize over
this parameter. The quantities on the right-hand side of the
inequalities above can be solved (numerically) after measuring
the dynamics; these observations allow us to estimate the
unknown temperature 7 .

Inequalities (24) and (25) may, unfortunately, be difficult
to evaluate in general due to double optimization with
respect to states and therefore a more accessible form is
desirable. To achieve this, we use the fact that F,(&1,&) <
inf, Fy(€1(0),6:(0)), for all o € (0,1). Since S,(-[|-) is
monotonically increasing in « [20], that is, S,(01]l02) <
Sw(01]|l02) whenever o < o/, and since the logarithm function

is monotonically increasing, we conclude that Fa(gl,gz)ﬁ
monotonically decreases in «. On the other hand, since
for all positive semidefinite linear operators A, B and num-
bers g > 0,r > 1 the Araki-Lieb-Thirring inequality [36,37]
states that tr[(B'/2AB'/?Y9] < tr[(B"/*A” B'/*)?] holds and

since F,(01,02) may be recast in the form?> F,(01,02) =
1/2 (l —a)/a _1/2\a

tri(e, < )*], we have
Fitonon = (el
S tr[(g‘f/z(l Q)Q Qa/2(1 a))l ot]

= Fi_«(02,01), (26)

and therefore Fo(01,02)"" < Fi_a(02.01)"""® when-
evera > 1/2 (& r = % > 1). To summarize,

kgT L
2> -m[1- mf hm Fo (& @6 @)™ ]
— —1In [1 e SUpP, >0 Si (é‘(gr)(g)HS(T')(Q))]_ (27)
for T >0, where lim, 1 Se(01ll02) = S1(o1lle2) =
trfo1(In @) — In ;)] is the Kullback-Leibler divergence [20].

Similarly, for the upper bound of temperature one derives

1
kT 1o [ inf_ lim £, (€] (0). E0(0) ™ }
o.,t>

-1

= (2 sup i (55’><g)||€¥><g>)> : (28)
o.t=

when 0 < (kpT)/(hw) < 1.03.

2This follows from the fact that the operators X X' and X' X have the
same nonzero eigenvalues, and therefore tr[(X X ] = a[(XTX)*].

(

In Fig. 4, we have plotted (kpT)/(iw) and the optimal
bounds given by the right-hand sides of inequalities (27)
and (28) for the resonant Jaynes-Cummings model, which
describes a two-level atom interacting with a single quantized
mode of radiation in an optical cavity [1,38]; for details
we refer the reader to Appendix C. In the figure, we have
chosen the initial state of the qubit probe as o = |+)(+]|, since
numerics suggest that it leads to the optimal bounds.

200 5 :
r | |
\
)
)
L )} B
1.5F ‘\ a
L A} |
* //'
-
//
1.0 - ” 1
”
7
7
, yd
0.5 /
L //
/
0~0'1/‘“J.“\.“\‘.‘\
0.0 0.5 1.0 1.5 2.0
ksT/hw

FIG. 4. Estimation of temperature. We assume that the environ-
ment is prepared in two different temperatures [(kpTp)/(hw) =
and (kpT)/(hw)] and measure the induced dynamics. The green
line represents the actual temperature (kg T')/(fiw). From inequality
(27), we solve a lower bound of (kzT)/(hw), plotted above as the
blue dashed curve. The red dotted curve corresponds to the upper
bound of the temperature valid whenever (kgT)/(fiw) < 1.03 given
by inequality (28). The system that we use for probing the temperature
is a qubit and the dynamics are due to Jaynes-Cummings model in
the resonant case (see Ref. [38]). The initial state of the qubit that we
have used for in the plot is 0 = |4)(+/, since numerics suggest that
it leads to the optimal bounds.
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A standard procedure in (quantum) thermometry is to bring
the thermometer into contact with a bath, let it thermalize, and
then read out the temperature. In the quantum scenario, we say
that a qubit probe has thermalized with the bath if any initial
state o of the probe evolves in the long time limit # — oo into
the equilibrium Gibbs state ¢ — geq = (1 — p(T))|0)(0] +
p(T)|1)(1], where p(T) =[1+ exp(ﬁa)/kBT)]_l. Quantum
thermometry protocols [39-42] and optimality of initial probe
states [43] have been studied for both fully and partially
thermalizing probes. To our best knowledge, all preexisting
protocols are based on knowing the exact form of the coupling.
Also the optimal initial probe states have been solved in
the partially thermalized probes only for fixed system-probe
couplings.

In the case of fully thermalized probes, calculating the
«a fidelity becomes particularly easy: lim;_, o ]—"a(E(l),S;’ ) =
a- p(T))lf"‘. Accordingly, our protocol sets the limits

kpT
—[In[p(T)N~" < ;—w < —1/2[n[1 — p(THIY, (29)

with the upper bound valid whenever 0 < (kgT)/(hw) < 1.03.
It is noteworthy that due to the special form of the state gq
the temperature 7' could be solved analytically from the state
occupations, which shows that our protocol is not the optimal
one for thermometry under the assumption of thermalization.
However, there is no a priori need to require thermalization of
the probe with the bath in our protocol. This is an important
advantage, since thermalization itself in a fully quantum
scenario may not be a well-defined concept due to the ever
present quantum fluctuations and the long time scales needed
compared to the survival time of the quantum properties of the
bath.

We wish to emphasize that knowing the specific system
environment coupling is not required in the above two
parameter estimation protocols B and C: to the best of
our knowledge, such probing approaches independent of
the description of the coupling have never been proposed
before. While the precisions of the frequency estimation
and thermometer are clearly not optimal, these examples
serve as proofs-of-principle demonstrations of the ability to
extract information on certain physical quantities by means
of our approach, making only minimal assumptions on the
microscopic details of the system to be probed. From a
broader point of view, the two protocols B and C could be
applied to estimate, not only the frequency and temperature,
but also other physical quantities of a system of interest. The
task to probe some of such quantities could be unattainable
“conventionally,” since the description of the coupling model
between the system and the probe is not either accurately
known or is borderline totally missing. An ultimate example
of such case is the quantum gravity, since no commonly agreed
model of gravitational interaction in quantum regime exists.

D. Bounds for the Loschmidt echo

In our last application, we change the perspective altogether
and consider a different implication of inequality (8). We show
how from the « fidelity of the initial environmental states we
can infer certain properties of the induced dynamics, such
as information back-flow (non-Markovianity). Importantly,
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back-flow of information can be used to protect and restore
vital quantum properties of the system subjected to detrimental
noise [44—46].

As an example, we concentrate on one-qubit dephasing
channels arising from system environment interaction. Al-
though the method of this section holds generally for such
channels, we demonstrate the power of the protocol by focus-
ing on a specific situation with known solutions only for certain
initial states of environment: a qubit transversely coupled to
its environment, which is an Ising spin chain in a transverse
field. The total evolution of such a composite system is gov-
erned by the Hamiltonian H(A,8) = —J Zj(aé") ® 03(]+1) +
AUI(]) +8le)e|l ® 01(1)). Here the parameters J, A, and 8
characterize the strength of the nearest-neighbor interactions
in the Ising chain, its coupling to a transverse field and
the coupling between system and environment, respectively
[47,48]. It is known that the initial environmental state |¢)
induces dynamics corresponding to a pure dephasing chan-
nel Eg)(g) = py(t)o + [1 — py(t)]loszpos with the probability
Do (1) given by

po(t) = (1 + /Ly(1.1)), (30)

where Ly(A,1) = |{¢p|e!H*-0 g=iHO+3.00 412 i5 the Loschmidt
echo corresponding to the state |¢). Despite the apparent
simplicity, finding an analytical expression of Lg4(A,?) is a
difficult task for a general initial state |¢). In fact, to our best
knowledge, the only known analytical solution exists for the
ground state |¢p) of the Hamiltonian H(A,0) for which one
obtains

Ly (1) = Mol 1 — sin®(2ay) sin(ex1)], (31)

where o4 are the Bogoliubov angles and g; the single
quasiparticle excitation energies of the system with the qubit
in the excited state |e) [47,48].

Using inequality (8) allows us to give an estimate for the
Loschmidt echo L (A,¢) that is valid for any state |¢). Indeed,
fixing an initial state o = |+) (+| of the qubit, [+) = \%(lO) +
|1)) being the eigenstate of 0|, we can solve

o 1 1 VLsGoD)
&y (0= 3 <m ) . (32)

It can be concluded that

Fij2(¢0.0) < Fi2(€5)(0).£5(0))
1
= E\/(l — /Ly (A, )1 — /Ly(A,1))
1
+ 5\/(1 + /Ly (A, )1 +/Ly(A,1)), (33)

from which an estimate for Lg(A,?) in terms of F,(¢o,)
may be solved. In Fig. 5, we have presented the results for
three different values of the strength of the transverse field A
fixing the parameters § = 0.1, J = 1 and the number of spins
N = 4000. In particular, we see that for those A resulting to
revivals in Loschmidt echo in the ground state |¢o), after a
certain limiting value of Fyn < Fi/2(¢o,¢) such revivals are
guaranteed for the state |¢) also. The revivals of Loschmidt
echo are linked to revivals of coherences via Eq. (32) and
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FIG. 5. Bounding the Loschmidt echo. (a) The dynamics of the Loschmidt echo induced by the environmental ground state ¢. The
parameter values of the Hamiltonian H(1) are setas J/ = 1, § = 0.1, and N = 4000. The blue dashed line corresponds to the choice A = 0.01,
the green solid line corresponds to the critical value A = 0.9 and the red dotted line corresponds to the value A = 1.8. (b)—(g) The dynamics
of the upper and lower bound of the unknown Loschmidt echo are represented by the curves in lighter and darker hue of the corresponding
color choices of the parameter A, respectively. The black solid line indicates the level of the first local minimum of the upper bound. In (b)
and (f), the lower bounds cross the black line after the local minimum of the upper bound, which implies revivals in the Loschmidt echo and

thus information back-flow. (b) A = 0.01 and F »(¢o,¢) = 0.98. (c) A = 0.01 and F}5(¢h,¢) = 0.966675. (d) A = 0.9 and F;>(¢,¢) = 0.98.
(e) A = 0.9 and F5(¢ho,¢p) = 0.95. (f) A = 1.8 and F;2(¢hy,$) = 0.999. (g) A = 1.8 and F)5(¢hy.¢p) = 0.99761.

hence indicate back-flow of information from environment to
system.

It should be pointed out, that the upper and lower bounds of
the Loschmidt echo L4 could be made tighter by considering
general « fidelities in the above inequality (33). However, since
solving L4 from inequality (33) in such a general situation can

only be done numerically, we have left this examination as a
topic for future investigation.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we have introduced a family of « fidelities
of quantum channels. We also have derived an inequality

between the « fidelity of the initial states of the environment
and the o fidelity of the corresponding induced dynamics:
F,(&1,8) < Fy (5('),551)), a € [1/2,1). From a more practical
viewpoint, the inequality was then considered in the context
of four different applications: (A) quantum programming,
(B) discrimination of environmental properties, (C) quantum
thermometry, and in (D) deriving bounds for the Loschmidt
echo of a general (pure) initial state of the spin-chain.

In a nutshell, the general procedure of estimating an
unknown &, requires (1) the possibility to prepare the en-
vironment in a known “calibration” state & and (2) the
possibility to compare the probe dynamic £ {” and Eg) induced
by these states. To apply our framework to quantum probing
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experimentally, as proposed in examples B-D, the experi-
menter needs first to perform quantum process tomography
and then numerical optimization for all times, which may
be extremely difficult. However, the starting point underlying
behind our results is inequality (8), which shows that nontrivial
bounds for F,(£;,&) may be found for plethora of choices
of initial probe states ¢; and g;; the notion of « fidelity of
dynamics was developed as the best achievable resolution of
this inequality. In particular, choosing o; = 0, i = 1 and 2,
simplifies inequality (8) to

Fou(£1,8) < Fo (E7(0).6(0) < 1, (34)

for all p € S(Hy) and « € [1/2,1) and any given time ¢ €
[0,00). Although the resulting upper bound F,(&(0),&2(0))
may not be the optimal one, any choice of the initial state of
0 € S(Hs) allows one to extract some information of system
of interest via the protocols described above. In addition, the
full process tomography is now reduced from the full channel
tomography to mere state tomography of the evolved states of
the probe &(o) and & (o).

In our theoretical framework, the introduced fidelities are
based on the definition of the «-Rényi divergence, given in
Eq. (4), mainly because of its connection to the Uhlmann
fidelity for « = 1/2. However, as we mentioned before, there
exists another quantum divergence often encountered in the
literature, namely S, defined in Eq.(3). It is known that
also S, satisfies both the properties (S1)-(S3) and the data
processing inequality (S4) for all « € (0,1) [20]. Hence, also
for F,(01,02) = tr[o%03 "1, we have F,(01,02)Fa(£1,E) <
F, (5(’)(91) E(t)(gz)) a € (0,1). Furthermore, for commuting
states [01,02] = 0 the quantities S, and S coincide [20].
Although it is known that F, < F,, since S, < S [21,23],
an interesting question to investigate in the future is which
of the two definitions F, or F, leads to a tighter inequality
between the inducing states and induced dynamics—or whether
such optimality even holds in general. It is noteworthy, that the
results shown in Figs. 3-5 are independent of the choice of F,
or F, due to the facts that the time-evolved final states of
the probe are commuting in all the three cases as well as the
environment states in applications B, C, and since F and F,
coincide when comparing pure states in D.

Due to the generality of our formalism, our results can
be used in different fields of physics: from quantum infor-
mation theory to solid state physics, from particle physics to
cosmology, from quantum gravity to atomic and molecular
physics, and from quantum optics to quantum thermodynam-
ics. Therefore our approach has the potential to pave the way
to new fundamental theoretical and experimental discoveries
in numerous physical scenarios.
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APPENDIX A: EVALUATING « FIDELITY
OF QUBIT CHANNELS

In this section, we present the method that has been used to
evaluate the o fidelity of one-qubit channels. First, we simplify
the analytic expression to make the numeric optimization more
feasible. The density matrices of two arbitrary one-qubit states
Ok, k = 1 and 2, can be written in the Bloch form as

1
Ok = 5(11 + X071 + Y02 + 2403)

_1<1+Zk xk—iyk>
2\t -z )
where xi, yi, and z; are real numbers satisfying x? + y? +

2
z,% < 1 and o1, 07, and o3 are the Pauli operators. The density
matrices can be diagonalized as

(AL)

or = 1 (rk +ze —(n— i)’k)>
“7 20k + 20\ + i Fr+ 2k
Line 0 re+z —(xx — i f
. (k & (xk )’k))’ (A2)
0 =)\ +iv Tie + 2k
where r, = vx? + y? + z;. Now by using Eq. (A2), we can
1—a

simplify the form of ¢, as

Q%ﬂ . L(VkA,'f + 2 O — i)’k)A;> (A3)
k (xx +iy)A™ A — 2 AL)
l-a l-a
where A;" = (1£%) £ (15%) . By using Eq. (A3) and the

properties of trace and determinant, we can calculate the trace

I 1-a a

and determinant of the matrix product 0, 010, as

o ! |
= tfo,” 010," | = 5Af + A_”Zz’

2 2
) . (A5)

1-
1o 1o 1 —r2 = 1— 2
szQlez“):( 1 2) ( 1 1

From Egs. (A4) and (AS), we can write the eigenvalues X

(A4)

D := det (

and A_ of QZ’“ Q1Q2 as
Ay = NT £VT2—4D).
] 1-a

Using these eigenvalues, we can diagonalize 0,™ Q1Q2 as

(A6)

N
0, 010, =URU", (A7)
where R = diag(A;,A_) and U is the diagonalizing unitary
matrix found in the same way as in Eq. (A2). Finally, this
allows us to express the « fidelity of two arbitrary one-qubit
states, 01 and @3, as

Fo(01,02) = ttf(URU*] = 2% + 2. (AB)
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Now we see that, in order to calculate the channel « fidelity
of one-qubit channels &£ and &, it is enough to minimize the
quotient
Fu&1(01).62(02) A4 +37
Fy(01,02) AL+

(A9)

Here, LE are eigenvalues of 82(92)'57“51(Q1)€2(Q2)15Ta cal-

culated in a similar way from the Bloch coordinates of

&1(01) and &(02), and Ay are the above-solved eigenvalues
1—a 1-a

of 0, 010, , where ¢ and o, are the initial states of the
qubits. The quantity to be minimized in Eq. (A9) is a function
of six variables x, yi, 21, X2, Y2, and z, under the constraints
Xy <landxs+y;+25 < L.

1. Example: the case of pure dephasing channels

In this example the reduced dynamics is a family of
dephasing channels with the same invariance basis for all
values of time ¢ and the inverse temperature 8§ = 1/kgT. Let
I'1(t) and I'(¢) be the decoherence rates at time ¢ (the same
for both channels) corresponding to B and B, respectively.
The two dephasing channels &; are defined via

_ 1+ z x—iy
e=o\x+iy 1-2
Y| 1+z Ti(r)(x — iy)
=& (Q)—§<F,-<r)*(x+iy) -2 ) (410)

We have performed the numerical minimization of Eq. (A9)
by tools of constrained minimisation. More precisely, we have
used the method SLSQP (sequential least square program-
ming) implemented in SCIPY.OPTIMIZE library.

The numerical calculation shows, that the minimum is
attained when g| = @, is any pure state maximally unbiased
with respect to the invariant basis, for example, |+)(+| =
%(]1 + o1). This observation lets us write the explicit formula
for « fidelity of the dynamics:

l—a o
fa(ff[),gg)) — (14—;20)) <1+§l(t)>

1—=Ta)\' (1 =Ty)\*
+< 2 ) ( 2 )’(A“)

APPENDIX B

In application B (ruling out incompatible environmental
properties), we consider a system coupled to a thermal
environment with Hamiltonian Hg in two different inverse
temperatures B; = 1/7;, i = 1 and 2; we have used natural
units 1 = 1 = kp throughout this section. We showed that the
partition functions Z(8;,Hg) of the two environmental states
and the corresponding induced dynamics Sl.(') satisfy inequality
(22). It was reasoned that some of the properties of the
environment inscribed in Hg may be ruled out by measuring
the dynamics induced by two different temperatures and
by testing which partition functions are (in)compatible with
inequality (22). In a particular case of environment consisting
of harmonic oscillators, that is, Hg =), a)k(b,ibk + %]1),

where b}: and b, are the creation and annihilation operators
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of the environmental mode k, respectively, the logarithms of
the partition functions attain a simple form:

In[Z(Bi Hp)l = [—@ ~In(l — eﬂf‘“k)} . (B

k

where i = 1 and 2, which then only depends on the oscillators
frequencies wy and the known inverse temperatures ;.

Inequality (22) holds regardless of the choice of the actual
coupling between the system and the environment. As an
example of our method, in Fig. 3, we have, however, deployed a
particular exactly solvable system-environment model leading
to the dephasing channel of the system described in Ref. [1].
In this model, the system is a qubit coupled to environment
consisting of harmonic oscillators and the total Hamiltonian,
consisting of the Hamiltonians of the system Hg, the environ-
ment Hg, and the interaction Hamiltonian H;, governing the
composite evolution can be written as

H=Hs+Hg +H,

wo

1 *
=503 + ;wk (b}:bk + §ﬂ> + ;03 ® (gkb;i + g;bo),

(B2)

g describes the strength at which the system couples to
different modes. Fixing the initial composite system state as
os+e = 0 ® £(B;), we get an analytical solution for the qubit
system dynamics

{000 o1 O, N _ 000 (1) o
€= <Q10 Qll) = &@= (Fi(l)Qlo o1 )
(B3)

where I';(f) =exp[— ), 4'5—‘2"2 coth(% [1 — cos(wit)]]; we
refer the reader to [1] for furtiler details of this model.

For simplicity, we will only consider environment con-
sisting of a single oscillator; this is also the case in Fig. 3.
By fixing two temperatures of the environmental initial state,
Ti, T, and a single oscillator frequency w, which we want
to probe, we obtain two dephasing channels 51(’) and 5;“ of
the form Eq. (B3) and according to (Al1) their « fidelity is
equal to

el )
(l + Cg(t)c‘”h(éwﬂz)>l_a (1 + Cg(t)coth(;wﬂl))a

2 2
+(1 _ Cg(t)cothqwﬂz))““ (1 _ Cg(t)coth(;wﬁo)“
2 2 ’
(B4)
for Cq(1) = exp [—4152'2(1 — coswt)]. Importantly, the func-

tion C,(¢) is the only term involving both the coupling
strength g and time ¢. It is easily verified that for any
|g|/w > 1/+/8 the function C,(t) can be kept constant in value
by choosing t appropriately. Therefore we can conclude that
any coupling (in units of w) stronger than 1/+/8 can only
make the number inf; F, (€ <’),5§’>) smaller and consequently
our protocol to work better. For demonstration, we have chosen
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lgl/w =1,T/w = 0.25, and T>/w = 0.75. We can therefore
plot inf; In [fa(é'{’),é'g))] as a function of «, which is the
right-hand side of inequality (22). Also, by using the same
temperatures 7} and 7, and varying the frequency value in
Eq. (B1), we can plot the left-hand side of inequality (22) as
a function of o and compare it with the plot of the right-hand
side. Whenever we see violation of inequality (22), we know
that these frequency values cannot have led to the induced
dynamics. In accordance, plots with frequencies satisfying and
violating inequality (22) are presented in Fig. 3.

APPENDIX C

In application C (quantum thermometry), we continue on
considering a system coupled to a thermal environment. This
time we assume to know the oscillator frequencies of the
Hamiltonian Hg = )", (b,tbk + %ﬂ) and again we check the
induced dynamics for two different temperatures: 7y = 0 and
T that is unknown. Since &(oc0) = ), [0)(0], the «-Rényi
divergence between the initial states of the environment in
the inverse temperatures Sy = oo and B = 1/kpT can be
calculated that

Sa(§(B0).E(B))

1 e 1«
= — IlHlE(B) T £(B0) €8T 1]
= e e 208 Hy)
a—1

l—«o Blioy
Za—lln[n(l_eﬁh ):|, (CD

k

with 8 = 1/kgT and the last equality follows from inserting
Z(B,Hg) from Eq. (B1). Similarly, we confirm that

Sa(§(B),5(Bo)) = o O_[ 1 In []_[ (1- eﬂ“’k)j| . (C2)
J

k

0= (Qoo Qm> s g(Tz)(Q) _ (ar(t) 000 + [1 —br(®)]on

Q10 Q11 cr(t) 010

where the coefficients

ar(t) = u{C'(7,0)C(hA,1) E(B)],
br(t) = tr[Cl(A 4+ 1,0)C(A + 1,0) E(B)]
er(t) = u[C( + 1,0)C(,1) E(B)] (C6)

operator  C(Ai,1) = cos (|g|t v/A),
A=blb [38]. Inserting the thermal state £&(8)
in the above formulas we get, e.g., ar(t)=
Zrltv:O e Bhon+1/2) (2 (Iglt\/ﬁ)/ 220:0 e~ Blio(n+1/2)

Although in principle N — oo, in lack of a closed form
solution, we have truncated the series to N = 10 (similarly for
br(t) and c7(t)). The error due to this estimation is negligible

depend on  the
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Consequently, from inequality (5), one confirms that

l_[ (1 _ e*hwk/kBT)
k

fora € (0,1)

1
r 5('/‘)’5(1‘) E’
<inf «(&r&) 2

I . (©3)
20 fa(g((f),é’(T’))m, fora € [4.,1)
where Eg) and E(T’) are the dynamics induced by By and Br,
respectively. From this inequality the temperature 7 can be
numerically estimated. For simplicity, we again consider the
case of only a single harmonic oscillator mode. In this case,
the above relation can be solved in terms of the temperature T
analytically: the solution is presented in inequality (24).
Notice, that the above inequality (C3) holds model-
independently even without a priori knowledge of the coupling
between the system and the environment. As a concrete
example, in Fig. 4, we have demonstrated the power of our
method by considering the Jaynes-Cummings model of a
qubit coupled to a thermal environment consisting of a single
harmonic oscillator. In such a model, the total Hamiltonian of
the system-environment composite reads

H=Hs+Hg+H,
1
= wyo o + w<bTb + E]1) +g(0, ®b+o_®Dbh),
(C4)

where o, = [1)(0| and o_ = |0)(1]| are the raising and lower-
ing operators of the qubit system, respectively, and g describes
the coupling strength. Assume that an initial separable state
of the composite system o ® £(8) evolves according to this
Hamiltonian. Then, in the resonant case of matching system
and environment frequencies A = w — wy = 0, the reduced
dynamics take a relatively simple form

cr(t)* oot ) ©5)

[1 —ar(H)] oo + br(t) on

(

because for large N the dominating exponent factor makes
the summand minuscule.

Our numerics suggest that, even though the induced
dynamics are not purely dephasing, the choice o = 0r =
|+)(+| minimizes the channel « fidelity inf,>o Fo(ES,E)
also in this case. Therefore the temperature can, in fact, be
directly estimated in terms of the Kullback-Leibler divergence
S1(&0)IE7(0)), 0 = |+){+|, as shown in inequalities (27)
and (28) and which we have plotted in Fig. 4. The remaining
optimization with respect to time ¢ has been done numerically
by using the build in algorithms of MATHEMATICA. Finally, we
note that, because of the relation of the coupling strength g
and 7 in the terms C(#,t) defining the dynamics and the time
optimization involved in our protocol, the upper and lower
bounds presented in Fig. 4 are independent of the strength of
the coupling as long as it is nonvanishing.
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