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Information flow-enhanced precision in collisional quantum thermometry
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We describe and analyze a quantum thermometer based on a multilayered collisional model. We propose a
qubit system whose architecture provides significant sensitivity even for short interaction times between the
ancillae that compose the thermometer probe and the system to be probed. The assessment of the flow of
information taking place within the layered thermometer and between system and thermometer reveals that the
tuning of the mutual backflow of information has a positive influence on the precision of thermometry, and helps
unveiling the information-theoretic mechanisms behind the working principles of the proposed architecture.
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I. INTRODUCTION

Quantum metrology uses resources such as entanglement
[1-3], quantum coherence [4—6], and squeezing [7] to enhance
the precision with which measurement protocols are able to
estimate relevant physical quantities beyond the capabilities
of classical strategies. When applied to the problem of esti-
mating the temperature of a system, such quantum tools make
quantum thermometry [8] effective even when operating under
conditions that are classically challenging, such as when the
thermometer has not yet thermalized with the system. This
makes such framework potentially useful to probe nonequi-
librium environments, which could showcase coherence and
correlations.

Energetic resource value of information is an active re-
search area in quantum thermodynamics; it can power up,
cool, or heat systems using information instead of consuming
energy. Quantum thermometry will be an integral part of prac-
tical implementations of such quantum information engines
and devices. A particularly powerful way to model the process
of estimating temperature leverages upon the framework of
collisional models [9,10], which has been successfully applied
to describe the thermodynamics of nonequilibrium quantum
processes [11-16].

In collisional quantum thermometry, a set of probing par-
ticles acquire information on the temperature of the system
of interest through a sequence of short and intense, crashlike
interactions. Seah et al. [17] explored such approach show-
ing how it allows for the estimation of the temperature of
a quantum system beyond the precision constraints set by
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thermal fluctuations [18]. Additional studies have grounded
the suitability of collisional quantum thermometry to pursue
this important metrological task [15]. In this paper, we use
a collision-based approach to build a thermometric sensor
that measures the temperature of an environment indirectly,
without thermalization between sensor and system, using
measurements performed on auxiliary qubits (sensor) orga-
nized in the form of layers of chains. We go beyond state of the
art in collisional quantum thermometry by allowing explicitly
for interlayer interactions: Although this obviously increases
the complexity of the problem at hand, it also enhances the
process of information spreading that is responsible for the
performance of this metrological task. Quantitatively, we
achieve a thermometric sensitivity that is orders of magnitude
larger than that of a single-layered thermometer as proposed
by Seah et al. [17]. We also investigate the case where there is
a complete exchange of information during the system-ancilla
interaction, a model proposed by Shu et al [19]. In this
case, we showed that the same amount of information flows
between the qubits, not allowing for a gain in sensitivity.

To investigate the motivating factors for such gain in
sensitivity of our multilayered thermometer, we studied the
behavior of the information flow using the measure of non-
Markovianity proposed in Refs. [20,21] [dubbed here as BLP
(Breuer, Laine, and Piilo)]; this procedure was demonstrated
in Ref. [22]. Finally, we compare the quantum Fisher infor-
mation (QFI) and the BLP measurement, qubit by qubit, to
investigate the path taken by information in our complete
system. It was possible to determine how the accumulation
of information provides an increase in the sensitivity of our
thermometer; we also show that such accumulation can also
be characterized through mutual information.

II. DESCRIPTION OF THE MODEL

We consider a collisional model in which a qubit—
embodying the system—is initially thermalized with an
environment at temperature 7'. A set of ancillary chains is used
to indirectly estimate the temperature of the environment, as
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FIG. 1. (a) Illustration of the scheme of interactions for mul-
tilayered collisional thermometry. System S thermalizes with an
environment in equilibrium at temperature 7. The inference of such
parameter is made through the sequence of collisional interactions
illustrated in the main text. The numbered steps of the scheme [from
(1) to (6) in panel (a)] illustrate the first few steps of the sequence
leading to the measurements entailed by our metrological approach
to the estimate of 7. (b) Circuit-model representation of interac-
tions of steps (1)—(6) of our protocol. Each interancilla collision is
depicted by a full phased SWAP gate (colored in blue), while the
green-colored gates are used for partial SWAPs.

shown in Fig. 1(a). The dynamics of the overall compound
comprises a sequence of collisions between the system and N
chains of n ancillae each. In a schematic manner, the process
unfolds according to the following steps.

In the first step, the system § thermalizes with the environ-
ment through the thermal map 75 = e“™* generated by [23]

d
% = L(ps) = y(i+ DDIS_1 + y@DIS; 1. (1)

where D[L] = LpsLt — (1/2){L1'L, ps}, v 1s a temperature-
independent coupling constant, 77 = (e"#%s — 1)~! with g =
1/kgT, kg is the Boltzmann constant, and 7 is the temper-
ature of the environment. Here, Qg = 1 is the characteristic
frequency of the system and tgg is a time long enough for
the system qubit to be thermalized with the temperature of the
environment. At the end of this step, the qubit system will be
in the Gibbs state p' = e~#s/%7T /7 where Hs = hQsS,/2 is
the Hamiltonian of the system.

The following steps involve Ay ;, that is, element j of chain
k,with j =1,...,nand k = 1, ..., N. A collision between the

system S and Ay ;, ruled by the Hamiltonian
Hga, , = hig(Sya) + S_al), ©)

occurs, followed by the collision between Ay ; and Agyy
according to the generator

k,j k+1,j k,j k+1,j
Haag; = W (a7 ool 3)

Here, g=1 (J = 1) is the system-ancilla (interancilla) cou-
pling strength, which we assume to be independent of
Jj and k, while the operators S, = (]1)(0])s, S— = (|0)(1])s
and o = (|1)(0])a, ,, @ = (0)(1])4, , refer to the system
and the relevant ancilla, respectively, with {|0), |1)} being
the computational basis of our problem (we have shifted
the energy of the states in such a way that O,|0) = |0) and
O 1) = —|1)).

The collisions continue so as to span all the chains (i.e.,
for k =1, ..., N), after which a thermalization process occurs
again. The sequence of system-ancilla and ancilla-ancilla col-
lisions restarts for the j 4 1 ancillae spanning all the N chains.
Figure 1 provides a visual depiction of the first few steps of
the process, as well as its circuit representation representing
the interactions for the case of few chains only.

The sequence of operations that describes the described
interaction protocol for a single repetition and considering a
generic ancilla leads to the state

PS,Ay Ay, = US«AN,j © uAN—l.jAN.j O
olUs.a,; oUa, a,; 0Usa,,; 0 Ts(po), (4)

_ il —
where MS»Ak./’ opm = VS»Ak./' H VS,Ak‘j and uAu,AHl.j oOp =

T . . _
|7y MVAk,,,Am,/ for a density matrix wu, and Vs, =

exp(—iHsa, ,Tsa/h) and Va,, a,., . = exp(—iHy, ., ;Ta/1).
po is the initial state such that py = ps(0) ® pa,,(0), where
ps(0) = (|0){0[)s for the system and pa,;(0) = (10)(0])a,,
for the ancillae. In our analysis, we will consider values of the
dimensionless system-ancilla interaction time grsy << 7 /2;
here the interaction time between the qubits is equivalent to
a nonfull SWAP gate, so the information is not transferred
entirely between them, there is no thermalization between
the system and the thermometer, and there is only a “touch”
between them. Now the interancilla is Jty = 7 /2; this
interaction time is equivalent to a full SWAP gate, which
means that all information is transferred between the
qubits. Therefore, under such conditions, a full exchange of
information between the ancillae will be allowed, as Vy, a,,, ;
is the phased SWAP gate performing the transformation
la, b)a, A, — (—i)*®|p, @Ay A, (a,b=0,1 and
@ standing for sum modulo 2). On the other hand, the
information exchange between the system and ancilla will
only be partial.

III. ANALYSIS OF THE QUANTUM FISHER
INFORMATION

We make use of the formal apparatus of quantum metrol-
ogy to provide a bound to the precision of the estimation of
the temperature of the environment, which has been encoded
in the state of the system. In particular, using the framework
of quantum parameter estimation [18], we can upper bound to
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said precision through the quantum Fisher information

QFIL, (T, pa) = max Fej(To.g. pa,. T). )
0.¢

where Tlgy = [¥(0, @) (W (6, P)la,; with [Y(6, P))a,, =
cos6]0), , + € sinf|1)s,, (6 € [0, 7], ¢ € [0, 27]) are the
elements of a positive operator valued measurement (POVM)
on ancilla A j, and Fy ;(Tlg ¢, pa,;, T) is the classical Fisher
information of the POVM:

9 2
Fi,j(Tg g, T, pa) = // dode P(9,¢)<3—Tlnp(9,¢)) .

(6)
Here, p(0, ¢) = Tr(Ily ¢ p4,,;) is the probability to get out-
come (0, ¢) from the measurement. The QFI implies the
maximization of its classical counterpart over all possible
POVMEs, and is thus optimized over the measurement strategy
on the ancillae. The precision of a probe in thermal equilib-
rium with a system is limited by the Cramér-Rao bound

(AT > 7

QFI(T, p)’
where (AT)? is the temperature variance. When evaluated
over a thermal state, such lower bound to the variance of
a temperature estimator (sometimes referred to as thermal
Fisher information [19]) can be surpassed through the use
of quantum resources such as entanglement and coherence.
Quantum Fisher information for a thermalized probe QFI™ =
QFI(T, ,ogh), that is, the thermal Cramér-Rao bound, is [19]

_\2
th 1 on
QFI" = — — — - 3
A+ 1)2in + 1)2\ T
The results of the maximum QFI measurement for each
qubitin chain k = 1, ..., 8 are shown in Fig. 2(a), which shows

the value of the QFI for measurements performed on the
ancillae of each chain k as we vary the temperature. Here,
we have assumed to measure the last ancilla of each chain
(j = 30). The result of £ =1 is equivalent to that found in
the literature for the single-chain system [17]. As the number
of layered chains increases, the QFI grows, thus lowering the
upper bound entailed by the Cramér-Rao bound and witness-
ing an increase in sensitivity. Figure 2(b) shows the ratio of
maximum QFI to maximum QFI™ as we vary the number of
ancillae in each chain, i.e., varying j, showing that, in a suffi-
ciently layered structure, even a few ancillae will be sufficient
for our collisional thermometer to achieve high sensitivity.
Note that the value obtained for the maximum of the QFI™
in the model proposed in Ref. [17] was QFI®!N = 0.015

and in our model it was QFI" = 3.80; therefore, QFI"!7 ~

max
_ h . . h .
1072QFIL. . Thus, even if the ratio QFIL.! /QFINLI7 obtained

max

in Ref. [17] is of the same order as that obtained in our system,
we will still have a sensitivity dozens of times greater for
k = 8 chains.

Figure 2(c) shows the maximum value of the QFI growing
with the number of layers. As we propose here a nonther-
malized sensor with the system, the system-ancilla (system-
sensor) interaction time is very small (grsa = 7/100); this
is done with the intention of simulating a nonthermalization
between system and sensor. Any value of grg4 between 77 /100
and 7 /2 will increase the sensitivity of the sensor; that is, it
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FIG. 2. (a) QFI vs temperature, (b) ratio between maximum QFI
and maximum QFI of the thermalized probe vs number of ancilla on
each chain in the optimized temperature, and (c) maximum QFI vs
number of ancilla chains. Here, we used gt < /2, Jtp = /2,
and QFI® = 3.80.

max

will increase the QFI, at the cost of a longer thermalization
time between system and sensor. The interaction time Jt4 =
/2 was chosen so that all the information acquired by the
ancilla in the system-ancilla interaction is fully transferred to
the ancilla in the next chain; any value of Jt4 < /2 will be
equivalent to a lower value of QFL.

IV. ASSESSING INFORMATION FLOW AND ITS ROLE
IN THE THERMOMETRIC TASK

To understand the reason for the increased thermometric
sensitivity, we will analyze the flow of information during the
various operations carried out between system and ancillae.

We consider the system prepared as proposed in Ref. [22],
where the authors investigated the behavior of the informa-
tion flow between a main system and its environment. In
that paper, a non-Markovianity measure proposed by Breuer,
Laine, and Piilo [20,21] was used to know the path taken by
the information in an environment composed of qubits. The
BLP measure uses the distinguishability of two initial states
of a quantum system to quantify the degree of departure of
a given evolution from the Markovian structure. The lack of
monotonicity of trace distance signals a backflow of informa-
tion into the system stemming from the joint system-ancillae
dynamics.

Following Refs. [24-27], this witnesses the non-
Markovian nature of the open dynamics undergone by a
qubit. Therefore, the effect of the system-ancilla interaction
can be quantified, at every instant of time, by considering
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FIG. 3. Measure of non-Markovianity. Panels (a) and (b) show,
respectively, the results for the trace distance of the system and
ancillae. Panels (¢) and (d) show the results for the derivative of
the trace distance (measure of information flow) of the system and
ancillae, respectively. Here, we used gts4 < /2 and Jty = /2.

the distinguishability between the time-evolved form of such
initial preparations as given by the trace distance. To study
the system, we will have the quantity

DS, ps7s) = oS (0) — 57Ol )

with || -|l; the trace distance, and p;i) ) =
TrA[p_éj)] 1~~~AN1(I)] is the state of the system where Try
denotes the partial trace over all the ancillae. The results
shown in this section refer to operations involving the first
ancilla of each chain, that is, A ;. Now, with the analysis of
the ancillae, we will have

D(ps?, ps.5t) = [ os@6) = o5, )]

Lo a0)
where ,of(‘fl)(t) = Trsa,, [péj)l 1MANJ_(I)] is the state of the an-
cilla Akyl'such that Trga,, denotes the partial trace over
all qubits except the kth ancilla. To measure such dynam-
ics, we take the initial states of the system to be péi)(O) =
(I£)(£])s, while the initial state of the ancillae is py, ;(0) =
®sz, [0)(O0lx, with |£) = 1/2(]0) £ |1)). The initial state
of the system-ancillae compound is the uncorrelated one:
,0;?(0) = ,oéi)(O) ® pa,;(0). Below, we will show how the
information dynamics occur in our system when we consider
two different interaction times between system and ancillae
when gts4 < /2 (Fig. 3) and grsa = /2 (Fig. 4).

Figure 3 shows the dynamics of the trace distance and
its derivative of the system with the first ancilla of each
chain Ay | for gtsq < 7 /2 and Jt4 = 7 /2. Figures 3(a) and
3(b) report the behavior of Eq. (9); its derivative o () =
0:D(ps,4,,> Ps_,,>t) is represented in Figs. 3(c) and 3(d).
Figures 3(a) and 3(c) refer to measurements on the system,
i.e., tracing the ancillae, while panels (b) and (d) show the
measurements on the ancillae A ; while we trace the sys-
tem. We observe a flow of information between system and
ancillae, growing with the number of chains being consid-
ered. We know that when o < 0, there is information leaving
a given system, just as there is information entering when
o > 0 [20-22]. In Fig. 3(c), we observe o < 0 indicating
that information is leaving the qubit system at the same time
that there is information arriving at the ancillae [c > 0 in
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—-—/\I | (ill)

—AI { (out)

.\_\\v\\ ------------------- e - \(b) ....... A, (in)

5 0 *~.. I ~ o _A2~I (out)

-1
0 1 2 3 4
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FIG. 4. (a) Trace distance and (b) information flow between the
qubits involved in interactions (2), (3), and (4) in Fig. 1; the mea-
surements are performed for a complete exchange of information
between system and ancillae. Solid lines show information leaving
one qubit as it arrives at another qubit, shown in dot-dashed, dashed,
and dotted lines. Here, we used gtgy = 7 /2 and Jty = /2.

Fig. 3(d)]. Therefore, we easily conclude that information is
flowing from the qubit system to the ancillae.

Knowing the dynamics of the information flow, we ask
ourselves how it might be influencing the sensitivity gain
of our thermometer. So, in order to gather insight into the
dynamics of information flow during the thermometric task,
in the following numerical experiments we will consider
gtsa = J1y = /2, ie., a full exchange of information be-
tween system-ancilla and ancilla-ancilla. Measurements were
performed on all parties involved in the processes ruled by
Vs.ar, and Vi ;A However, for a clearer visualization,
we plot only the results for j =1 and k =1, 2, i.e., Vsa,,
(measuring S and Aj (), V4, ,.4,, (measuring A;; and Aj ),
and Vs 4,, (measuring S and A, ;). These are the operations
illustrated in steps (2), (3), and (4) of Fig. 1(a). These analyses
and results do not depend on the choice of j made here.

‘We show the behavior of the trace distance, its derivative o,
and the QFI in Figs. 4 and 5, respectively. We use the protocol
put forward in Ref. [22], where such tools have been used
to analyze the flow of information passing through a qubit
environment.

Figures 4(a) and 4(b) show the dynamics of the trace dis-
tance and its derivative, respectively, for the states described
above. Figure 4(b) shows the information flow in each inter-
action (system-ancilla and ancilla-ancilla) for grgy = Jty =
/2 representing a full SWAP operation. Note that such

out - in
0.004 75 — 0.5 ® —
y n M
—,’\._I i N e A !
— —A f \\ ==S
&,0.002 0.25 ,’ \
i N
I AN
i ~—
A Y -
0 0 -
0 1 20 I 2

Temperature Temperature

FIG. 5. QFI performed on qubits involved in interactions (2), (3),
and (4) in Fig. 1. We consider a full exchange of information between
system and ancillae. Measurements are performed on qubits when
information is (a) leaving and (b) entering. Here, we used gtsy =
w/2andJty = 7 /2.
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FIG. 6. QFI resulting from an incomplete exchange of infor-
mation between system and ancillae. The measurements needed to
perform the estimation are performed on (a) the system (during
the system-ancilla interactions), (b) the ancillae (during the system-
ancilla interactions), and (c) the ancillae (during the ancilla-ancilla
interactions). Here, we used gtsy < /2 and Jt4 = 7 /2.

interactions result in the information dynamics flowing ac-
cording to the preferential direction

S — chain k — chain k+1 — § (1

for k = 1, ..., N since the positions of the ancillae such that k
is odd and k + 1 is even. Here, we can also see that informa-
tion leaves a given qubit [as witnessed by having o < 0; cf.
solid line in Fig. 4(b)] and reaches the other qubit involved in
the operation [resulting in o > 0; cf. dot-dashed, dotted, and
dashed lines].

We now evaluate the QFI using the same protocol de-
scribed above; i.e., we measure the QFI on each qubit involved
in the operations when we use grsy = /2 and Jty = /2.
The system qubit acquires information about the environment
and transmits such information to the ancillae through ex-
change interactions in such a way that relation (11) is the
information path. Figure 5(a) shows that the QFI cannot be
measured at qubits that transmit the information; we highlight
that the QFI measurement was performed at the end of the
operation where all the information is being transferred to the
next qubit. Therefore, Fig. 5(b) shows that the same QFI can
be extracted from measurements performed on qubits that are
receiving the information during each operation. We see that
the QFI measurement does not vary when gtsy = Jtq = 7 /2
and there is no gain in sensor sensitivity; this happens because
the same amount of information is being transferred in the full
SWAP operation [cf. Fig. 4(b)].

We now extend the analysis and return to the case of
gtsa < /2, i.e., an incomplete exchange of information be-
tween system and ancillae. In Fig. 6, we consider the results

6

MI

[3%]

3 4 5 6 7 8
Number of chain (k)

FIG. 7. Mutual information between the system and the qubits
of the ancilla chains during operations Vs 4, . Here, we used gy <
w/2andJty = /2.

corresponding to j =1 and a compound comprising five
chains. The QFI for the system and that for the ancillae are
shown in Figs. 6(a) and 6(b), respectively. Figure 6(c) shows
the QFI for the ancilla that receives information during the
ancilla-ancilla interaction. Since the interactions characterize
a full SWAP operation, i.e., Jty = 7 /2, the QFI measure-
ments performed on the ancillae from which the information
is leaving the qubit follow the result shown in Fig. 5(a); thus,
we will not repeat such results here. As in Fig. 5(b), Fig. 6(a)
shows that the same amount of information can be measured
in the different parts of the compound. However, Figs. 6(b)
and 6(c) show that there is an increase in the sensitivity of our
thermometer as we increase the number of ancillary chains.
Therefore, this represents that there is an accumulation of
information caused by the short interaction time between sys-
tem and ancillae, tg4, as is evident in the characterization of
the distinguishability in Fig. 3(d). In short, since we can only
obtain the QFI when the information flows into an element, we
can state that there is also information returning to the system
leading to an accumulation of information that is reflected in
the gain in sensitivity of the thermometric sensor.

The accumulation of information can also be seen when
we calculate the mutual information between S and an ancil-
lary chain. We compute the mutual information between the
elements with j = n of the kth chain in all interactions as

I(ps : pa,) = E(ps) + E(pay,) = Epsar,).  (12)

where £(p) = —tr(plnp) is the von Neumann entropy [28].
Figure 7 shows that as we increase the number of ancilla
chains, the amount of information shared between the system
and the ancillae increases.

V. CONCLUSION

We have built a model to improve and increase the sen-
sitivity of a quantum thermometer based on the use of a
multilayered system. Even with a short interaction time, i.e.,
without requesting thermalization of the system with the
thermometer, we can adjust the sensitivity of the latter by
increasing the number of its ancillary chains. Our model has
been shown to be effective when we use only one ancilla in
each chain, i.e., j = 1, as long as we put a sufficient number of
chains k. However, although this means fewer iterations, any
increase in the number of chains k will result in an exponential
increase in the Hilbert space of the system, computationally
limiting the construction of the sensor. We have unveiled
a tight link between the sensitivity of the estimation of
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temperature as provided by the QFI and the information flow
among various parts of the compound. The accumulation of
information entailed by the information flow leads to better
sensitivity (i.e., a larger QFI). This can also be seen in the
increase of mutual information with the number of chains
comprised in the thermometer. Note, however, that the rela-
tionship between information flow and the improvement of
a sensor’s sensitivity also depends on the type of interaction
between the system and the probe. To understand whether this
connection is valid, it would be necessary to perform tests
on various sensor models with different interaction dynamics.
Another point that can also be worked on in the improvement
of sensors is the use of other quantum resources such as co-
herence and entanglement. In our sensor, we measured both,
but we did not find the creation of coherence in the dynamics
of the ancillae qubits. As for entanglement, we measured the
quantum negativity, which, although its maximum increases
in the same way as the maximum of the QFI, has an insignifi-
cant influence on the dynamics.
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