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Abstract

We address the estimation of the magnetic field B acting on an ensemble of atoms with total spin ]
subjected to collective transverse noise. By preparing an initial spin coherent state, for any
measurement performed after the evolution, the mean-square error of the estimate is known to scale
as1/J,1i.e. no quantum enhancement is obtained. Here, we consider the possibility of continuously
monitoring the atomic environment, and conclusively show that strategies based on time-continuous
non-demolition measurements followed by a final strong measurement may achieve Heisenberg-
limited scaling 1/J? and also a monitoring-enhanced scaling in terms of the interrogation time. We
also find that time-continuous schemes are robust against detection losses, as we prove that the
quantum enhancement can be recovered also for finite measurement efficiency. Finally, we
analytically prove the optimality of our strategy.

1. Introduction

Recent developments in the field of quantum metrology have shown how quantum probes and quantum
measurements allow one to achieve parameter estimation with precision beyond that obtainable by any classical
scheme [1, 2]. The estimation of the strength of a magnetic field is a paradigmatic example in this respect, as it
can be mapped to the problem of estimating the Larmor frequency for an atomic spin ensemble [3-9].

As amatter of fact, if the system is initially prepared in a spin coherent state, the mean-squared error of the
field estimate scales, in terms of the total spin number J, as 1 /], which is usually referred to as the standard
quantum limit (SQL) to precision. If quantum resources, such as spin squeezing or entanglement between the
atoms of the spin ensemble, are exploited, one observes a quadratic enhancement and achieves the so-called
Heisenberg scaling,i.e.1/J?[10, 11]. On the other hand, it has been proved that such ultimate quantum limit may
be easily lost in the presence of noise [12] and that typically a SQL-like scaling is observed, with the quantum
enhancement reduced to a constant factor. These observations have been rigorously translated into a set of no-
go theorems [13, 14], which fostered several attempts to circumvent them. In particular, it has been shown how
one can restore a super-classical scaling in the context of frequency estimation, for specific noisy evolution and/
or by optimizing the strategy over the interrogation time [15-19], or by exploiting techniques borrowed from
the field of quantum error-correction [20-22].

In this manuscript, we put forward an alternative approach: we assume to start the dynamics with a classical
state that is monitored continuously in time via the interacting environment [23, 24]. The goal is to recover the
information on the parameter leaking into the environment and simultaneously to exploit the back action of the
measurement to drive the system into more sensitive conditional states [25—34]. This approach has received
much attention recently [35—42] also in the context of quantum magnetometry [43—48].

Here we rigorously address the performance of these protocols, depicted in figure 1, taking into account the
information obtained via the time-continuous non-demolition measurements on the environment, as well as
the information obtainable via a strong (destructive) measurement on the conditional state of the system. In
particular, in the limit of large spin, we derive an analytical formula for the ultimate bound on the mean-squared

©2017 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft
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Figure 1. Atomic magnetometry via time-continuous measurements—an atomic ensemble, prepared in a spin-coherent state aligned
to the x-direction and placed in a constant magnetic field B pointing in the y-direction, is coupled to train of probing fields that are
continuously monitored after the interaction with the sample.

unobserved
environment

error of any unbiased estimator, and conclusively show that, for experimentally relevant values of the dynamical
parameters, one can observe a Heisenberg-like scaling.

Remarkably, at variance with most of the protocols proposed for quantum magnetometry, and in general for
frequency estimation, one does not need to prepare an initial spin-squeezed state. The Heisenberg scaling is in
fact obtained also for an initial classical spin coherent state, thanks to the spin squeezing generated by time-
continuous measurements’ back-action. Finally, we analytically prove that the ultimate quantum limit for noisy
magnetometry in the presence of collective transverse noise [36] is in fact saturated by our strategy, i.e. one does
not need to implement more involved strategies, e.g. jointly measuring the conditional state of the system and
the output modes of the environment at different times.

The paper is organized as follows. In section 2, we present the quantum Cramér—Rao bounds that hold for
noisy metrology, with emphasis on estimation strategies based on time-continuous, non-demolition
measurements and a final strong measurement on the corresponding conditional quantum states. In section 3,
we introduce the physical setting for the estimation of a magnetic field via a continuously monitored atomic
ensemble. In particular, we focus on the case of large total spin, where a Gaussian picture is able to describe the
whole dynamics. In section 4, we present the main results: we first calculate the classical Fisher information (FI)
corresponding to the photoccurent obtained via the time-continuous monitoring of the environment, and we
discuss how to attain the corresponding bound via Bayesian estimation. We then address the possibility of
performing also a strong measurement on the conditional state of the atomic ensemble, and derive the ultimate
limit on this kind of estimation strategy, quantified by an effective quantum Fisher information (QFI). Upon
studying this quantity, we observe how, in the relevant parameters’ regime, the Heisenberg limit can be
effectively restored, also discussing the effects of non-unit monitoring efficiency, corresponding to the loss of
photons before the detection. Finally, we also prove the optimality of our measurement strategy in the case of
ideal detectors. Section 5 closes the paper with some concluding remarks.

2. Quantum Cramér—Rao bounds for time-continuous homodyne monitoring

A classical estimation problem consists in inferring the value of a parameter § from a number M of measurement
outcomes X = {x, %, ..., x)} and their conditional distribution p(x|6). We define an estimator @(X) a
function from the measurement outcomes to the possible values of  and we dub it asymptotically unbiased
when, in the limit of large number of repetitions of the experiment M, its average is equal to the true value, i.e.
fdx (x| A)@(X) = 0, where p(x|\) = H;W: 1P (x10). The Cramér—Rao theorem states that the variance of any
unbiased estimator is lower bounded as Vary(0) = (M F[p(x|0)])~!, where

p(I0)] = [dx p(xiN)(@slog (X)) M

denotes the classical FI.

In the quantum realm, the conditional probability distribution reads p(x|0) = Tr[gylL,], where gy is the
quantum state of the system labeled by the parameter 6, and I1, isa POVM operator describing the quantum
measurement. One can prove that the FI corresponding to any POVM is upper bounded F[p(x|0)] < Qlogl,
where Q[04] = Tr[ogLZ]is the QFL, and Ly is the so-called symmetric logarithmic derivative, which can be
obtained by solving the equation 20y0p = Lgos + 09Lg [49-51]. The QFI depends on the quantum state gy
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only, and thus poses the ultimate bound on the precision of the estimation of . Moreover, in the single
parameter case the bound is always achievable, that is, there exists a (projective) POVM such that the
corresponding classical FI equals the QFL.

In this manuscript we consider a quantum system evolving according to a given Hamiltonian Hj
characterized by the parameter we want to estimate, and coupled to a bosonic environment at zero temperature
described by a train of input operators dj, (¢), satisfying the commutation relation [d;, (¢), 51;; ] =6@—t,
via an interaction Hamiltonian Hi (1) = Edi’; (t) + ¢%d;, (1) (¢ being a generic operator in the system Hilbert
space) [23]. By tracing out the environment, the unconditional dynamics of the system is described by the
Lindblad master equation

d - 2
d—f = Lo = —i[Hy, 0] + DI¢] o, @

where D[clo = o’ — (1eo + 0&7¢) /2.

If one performs a homodyne detection of a quadrature £ou;(#) = doue(F) + doy () on the output operators,
i.e. on the environment just after the interaction with the system, one obtains that the dynamics of the system
quantum state 0 conditioned on the measurement results (we will omit the dependence of the measured
photocurrent y,), is described by the stochastic master equation [23]

do© = —i[Hy, o) dt + D[] 0© dt + JH[E]0© dw,. (3)

Here 7 denotes the efficiency of the detection, dw; is a stochastic Wiener increment (s.t. dwt2 = dt),and
Hlclo© = 09 + 08T — Tr[o (& + 7)) 0'© (notice that in principle one could consider other measure-
ment strategies different from homodyne, yielding a different superoperator). The corresponding measurement
record duringa time step ¢+ — ¢ + dt is given by the infinitesimal current

dy, = 7 Tr[0© + eH] dt + dw,. 4)
With the help of such measurement strategies, one can estimate the value of the parameter  both from the

T . .
measured photocurrent y, = fo dy,, and from a final strong (destructive) measurement on the conditional

state 0(©). In this case, as we explicitly show in appendix A (in general both for the classical and quantum case),
the proper quantum Cramér—Rao bound reads

1
M(FIp(yp] + Epiyy [QL0©1D)
where the first term at the denominator F[ p(y;)]is the FI corresponding to the classical photocurrent y;, while
the second term is the average of the QFI for the conditional state Q[ 0] over all the possible trajectories, i.e. on

all the possible measurement outcomes for the photocurrent.
The classical FI F[ p(y;)] can be calculated as described in [35] by evaluating

Flp(ypl = Epyy [Tr[71], (6)

where the operator 7 evolves according to the stochastic master equation

Vary(6) > (©)

dr = —i[Hy, 7] dt — i[(0pHy), 0] dt + D[E]7 dt + (7 + 7¢)dw,. @)

The conditional states o) at time T can be obtained by integrating (3), for a certain stream of outcomes y;; then
one can first calculate the corresponding QFI Q[ ¢(©'], and, numerically or when possible analytically, its average
over all the possible trajectories explored by the quantum system due to the homodyne monitoring.

A more fundamental quantum Cramér—Rao bound that applies in this physical setting has been derived in
[36], by considering the QFI obtained from the unitary dynamics of the global pure state of system and
environment. This QFI is obtained by optimizing over all possible POVMs, i.e. one also considers the possibility
of performing non-separable (entangled) measurements over the system and all the output modes d, () at
different times. On the other hand, in the previous setting the estimation strategies were restricted to the more
experimentally friendly case of sequential /separable measurements on the output modes and on the final
conditional state of the system.

The QFI expressing this ultimate QCRB is by definition

Qr(0) = 404,09, 10g(| (¥ (0 [¥(02)) ) lo,~0,~0 (8)

where (10(0)) |1 (6,)) is the fidelity between the global state of system and environment for two different values of
the parameter, and where we have highlighted its dependence on the superoperator £ that defines the
unconditional master equation (2). The key insight is that this fidelity can be determined by using operators
acting on the system only [36, 52] and it can be expressed as the trace of an operator Tr [p] = (10(8) |1 (62)),
which obeys the following generalized master equation
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dp A A

d—f = —i(Hy,p — pHy,) + DIC1p. ©)
Asbefore, we already assumed that the dependence on the parameter lies only in the system Hamiltonian Hjand
that we have a single jump operator ¢. We remark that the operator p is not a proper density operator
representing a quantum state, except in the limit case ; — 6,, where we recover the standard master
equation (2).

3. Quantum magnetometry: the physical setting

We address the estimation of the intensity of a static and constant magnetic field Bacting on a ensemble of N
two-level atoms that are continuously monitored [43—46], as depicted in figure 1. The atomic ensemble can be
described as a system with total spin J = N /2 with collective spin operators defined as J, = éZ,N: o Oia> Where
«a = x, y, zand 0, denotes the Pauli matrices acting on the ith spin. The collective operators obey the same
angular momentum commutation rules Ui, fj] = igji Ji» where gijk is the Levi-Civita symbol. We remark that in
the present manuscript we choose units such that 72 = 1.

We assume that the atomic sample is coupled to a electromagnetic mode a;,,(f) corresponding either to a
cavity mode in a strongly driven and heavily damped cavity [26], or analogously to a far-detuned traveling mode
passing through the ensemble [46]. By considering an interaction Hamiltonian Hye = VR L @Gin (1) + ciifl (1))
and if these environmental light modes are left unmeasured, the evolution of the system is expressed by (2), which
in this case corresponds to a collective transverse noise on the atomic sample,

do A A
i Lo = —iyBly, 0] + DUl o, (10)
where the constants x and -y represent respectively the strength of the coupling with the noise and with the
magnetic field, that is directed on the y-axis and thus perpendicular to the noise generator. Att = 0 we consider
the system prepared in a spin coherent state, i.e. a tensor product of single spin states (qubits) directed in the
positive x direction,

N
k=0

where |+) is the eigenstate of o, with eigenvalue +1. We thus have that the spin component on the x direction
attains the macroscopic value (] (0)) = J. The unconditional dynamics of (J;) is obtained by applying the
operator J; to both sides of equation (10) and then taking the trace. The result is the following equation
describing damped oscillations

(i)

~ K A~
T = yB(J, (1)) — E<]x(t)>, (12)

where we observe how the the dissipative and unitary parts of the dynamics are respectively shrinking the spin

vector (J ) and causing its Larmor precession around the y-axis. In the following we will assume to measure small
magnetic fields, such that yBt < 1and we can approximate the solution of the previous equation as

() &~ (Jo(0))e"t/2 = Jert/2, (13)

If the light modes are continuously monitored via homodyne measurements at the appropriate phase, one allows
acontinuous ‘weak’ measurement of J;; the corresponding stochastic master equation (3) for finite monitoring
efficiency n reads

do© = —ivBlJ,, 0“1dt + kD109 dt + i HIJ10© dw,, (14)

while the measurement result at time ¢ corresponds to an infinitesimal photocurrent

dy =2 /nr Tr[ o ];] dt + dw. Itisimportant to remark how the collective noise characterizing the master
equation (10) describes the dynamics also in experimental situations where no additional coupling to the atomic
ensemble, with the purpose of performing continuous monitoring, is engineered [53—55]. In this respect,
assuming a non-unit efficiency 7 corresponds to considering both homodyne detectors that are not able to
capture all the photons that have interacted with the spin, and environmental degrees of freedom, causing the
same kind of noisy dynamics, that cannot be measured during the experiment.

Let us now consider the limit of large spin J >> 1. In this case, the dynamics may be effectively described with
the Gaussian formalism as long as (J.(t)) & J,i.e. for times t small enough to guarantee that ¢t < 1. We define
the effective quadrature operators of the atomic sample, satisfying the canonical commutation relation
[X, P] = i,as[46,47]
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x=i/ i P=i/VE a3
where J, = | (J.(£)) | (notice that in the limit of large spin ] we can safely consider the unconditional average
value ( T. (1)), as the stochastic correction obtained via (14) would be negligible). In the Gaussian description the
initial state |1 (0)) corresponds to the vacuum state (X + iP)|0) = |0), which is Gaussian. As the stochastic

master equation (14) becomes quadratic in the canonical operators (and thus preserves the Gaussian character of
states)

do®© = —in\/]Tt[}A(, 0©1dt + K, D[P] p©dt + Jink H[P] 0©dw,, (16)

the whole dynamics can be equivalently rewritten in terms of first and second moments only [56, 57] (see
appendix B for the equations describing the whole dynamics in the Gaussian picture). As it will be clear in the
following, due to the nature of the coupling, in order to address the estimation of B, we only need the behavior of
the mean and the variance of the atomic momentum quadrature P calculated on the conditional state o,
which follows the equations

d(P(t)), = —By\Je 7 dt 4 2Var [P(t)]nkxJe 7 dw,, (17)
dVar [P(1)]
dr B

The differential equation for the conditional second moment is deterministic and can be solved analytically. For
an initial vacuum state, i.e. with Var[P (0)] = %, we obtain the following solution

1
Sj(1 —e¥) +2

—dnr]e”? (Var[P(1)]). (18)

Var[P(1)] = (19)
that shows how the conditional state of the atomic sample is deterministically driven by the dynamics into a
spin-squeezed state.

4. Results

Here we will present our main results, that is the derivation of ultimate quantum limits on noisy magnetometry
via time-continuous measurements of the atomic sample. We will first evaluate the classical FI Fy,]
corresponding to the information obtainable from the photocurrent, and we will also show how the
corresponding bound can be achieved via Bayesian estimation. We will then evaluate the second term appearing
in the bound, corresponding to the information obtainable via a strong measurement on the conditional state of
the atomic sample. This will allow us to discuss the ultimate limit on the estimation strategy via the effective QFI:
we will focus on the scaling with the relevant parameters of the experiment, i.e. with the total spin number Jand
the monitoring time characterizing each experimental run #, and we will address the role of the detector
efficiency 7.

4.1. Analytical FI corresponding to the time-continuous photocurrent

As discussed before, the measured photocurrent y, obtained via continuous homodyne detection can be used to
extract information about the system and to estimate parameters which appear in the dynamics. The ultimate
limit on the precision of this estimate is quantified by the FI F{p(y,)]. Given the Gaussian nature and the simple
dynamics of the problem we can compute it analytically in closed form, by applying the results of [58]. As we
describe in more detail in appendix B, one obtains the formula

FLp(y)] = 2nr]e "2 By [(@p(P (1)) (20)
By considering (17) and remembering that dw; = dy, — /2nxJe~7 (P(t)).dt, one obtains that the time

evolution of the derivative of the conditional first moment (13 (t)). w.r.t. to the parameter B, can be written as

d(0p(P(1)).)
dt

where Var,[P(¢)]is obtained from equation (19). We thus observe that the evolution is deterministic and one
can easily derive its analytical solution. By applying equation (20), as the average over the trajectories is not
needed, we readily obtain the following analytical formula for the FI

6477 )% (e — 1)
9k>[(41)] + D)e¥ — 4n]]

= —yyJe /2 — 4Var [P()]nrTe /2 (Op(P (1)), (21)

3rt

C[—4n) — 12n]ev 4 3(4n] + 3)er + (4] + 3)ei]. (22)

Flp(ypl =

As intuitively expected, this is a monotonically increasing function of t, since the partial derivative is always
positive. To get some insight into this expression we first report the leading term for t — 0

5
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Figure 2. Bayesian estimation of B from a single simulated experiment—the data shown in the plots are obtained as a function of xt,
for v/k = 1G™}, ] = 10*and n = 1; the prior distribution of the parameter Bis uniform in the interval [—0.01, 0.01] G, and the
true value is Byye = 0 G. In the top panel we show the ratio between the standard deviation of the posterior distribution and the
standard deviation predicted by the Cramér—Rao bound. In the bottom panel we show the posterior distribution as a function of time,
the constant white dashed line marks the value Bie.

Flp(y)l ~ ?mzmﬂ (23)

where we explicitly see both Heisenberg scaling Panda monitoring-enhanced time scaling . We can get further

intuition about this expression by expanding it around J = o0, the limit in which the Gaussian approximation

becomes exact. Theleading order in this other expansion is quadratic in J, thus showing again Heisenberg

scaling, irregardless of #:

64y )% (eF — 1)°(4€% + €7 + 1) (24)
9K%(eF + 1) ’

this last approximations actually reproduces the behavior of the function quite well in the range of parameters

we will consider in the following.

We now want to show that one can achieve this classical Cramér—Rao bound from the time-continuous
measurement outcomes obtained via an appropriate estimator. In figure 2 we indeed show the posterior
distribution as a function of time for a single experimental run, obtained after a Bayesian analysis (see
appendix C for details). We observe how the distribution gets narrower in time around the true value and we also
explicitly show that its standard deviation o, converges to the one predicted by the Cramér—Rao bound
ocr(t) = Flp(ypl~ 172 In the initial part of the dynamics the values of o are smaller than the corresponding
ocr: thisis due to the choice of the prior distribution, being narrower than the likelihood and thus implying
some initial knowledge on the parameter which is larger than the one obtainable for small monitoring time.

Flp(y)l =

4.2. Quantum Cramér—Rao bound for noisy magnetometry via time-continuous measurements

In order to evaluate the quantum Cramér—Rao bound in equation (5) we now need to consider the second term
Eyy) [Q[2“]], corresponding to the information obtainable via strong quantum measurement on the
conditional state of the system. The conditional state o) is Gaussian and has a dependence on the parameter B
only in the first moments. Therefore the corresponding QFI can be evaluated as prescribed in [59] (see
appendix B for more details) obtaining,

©] — .
QL = atb

(25)

Since, as we proved before, the evolution of both J5 <13 (t)). and Var, [P (t)]is deterministic, the average over all
possible trajectories is also in this case trivial and we have Eyy, ) [Q[2“]] = Q[2“)]. By exploiting the analytical
solution for both quantities, the QFI reads
329y (120 — 4nJe™> — (8] + 3)et + 3)2
IR [(4n] + Vet — 4n]] '
As expected, for no monitoring of the environment (1 = 0), one obtains that Q[0)] ~ ], i.e. corresponding to
the SQL scaling. This function is also monotonically increasing with t and we can expand itaround /] = oo to
study the leading term, which shows again a quadratic scalingin J
12872211 (—3e? 4 2¢%" + 1)2
9k2(er — 1) '

Qo] = (26)

Qo] ~ (27)
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Figure 3. J scaling—effective QFI O asa function of J for different vales of xt, for unit efficiency n and effective coupling strength
v/k = 1 G Y axes are in logarithmic scale. The solid curves are for increasing values of «t (shown in the legend) from top to bottom.
The two regimes appearing in the plots are ~J* (steeper slope) for higher values of xt and higher values of Jand ~J (gentler slope) for
the opposite parameters’ regions. For visual comparison we show a dashed line at the top ocJ* and a dotted line at the bottom o/ .
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— J=107
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Figure 4. Time scaling—effective QFI O as a function of ¢ for different values of ], for unit efficiency 1y and effective coupling
strength 7/k = 1 G1; axes are in logarithmic scale. The solid curves are for increasing values of ] (shown in the legend) from top to
bottom. The two regimes appearing in the plots are ~(rt)? (steeper slope) for higher values of xt and higher values of J and ~(xt)?
(gentler slope) for the opposite parameters’ regions. For visual comparison we show a dashed line at the top oc(xt)* and a dotted line at
the bottom oc(kt)>.

We also remark that the QFI is equal to the classical FI for a measurement of the quadrature P, thus showing that
a strong measurement of the operator J, on the conditional state of the atomic sample is the optimal
measurement saturating the corresponding quantum Cramér—Rao bound.

By combining equations (22) and (26), we can now define the effective QFI

0 = Flp(y] + By [QLo®N = Flp(y] + QLo (28)

which represent the inverse of the best achievable variance according to the quantum Cramér—Rao bound (5).
The resulting expression can be simplified to get the following simple analytical formula

0 =KJ + nKyJ?, (29)
where

,YZ
Ki = 32-=(1 — e "/, (30)

Kz

2
K = 647—(1 _ 8 + 2eHt/2 le*m). (31)
K2 3 3

We start by studying how this quantity scales with the total spin: in figure 3 we plot O asa function of Jin the
appropriate regions of parameters. We remark that the plots will be presented by using 1 / x as a time unit so that
the strength of the interaction becomes ~y/ and is always fixed to 1 G~ in the following. We observe that,
within the validity of our approximation (st < 1), it is possible to obtain the Heisenberg-like scaling J* for the
effective QFI. There is a transition between SQL-like scaling and Heisenberg scaling depending on the
relationship between Jand xt showing how the quantum enhancement is observed for J > 1/xt.

The same conclusions are drawn if we look at the behavior of @ as a function of the interrogation time t,
plotted in figure 4: a transition from a t*-scaling to a monitoring-enhanced ’-scaling is observed for J > 1/kt.
We remark here that the typical scaling obtained in quantum metrology for unitary parameters is of order £*. The
observed £’-scaling is due to the continuos monitoring of the system. A similar scaling of the FI would be in fact
obtained for an equivalent classical estimation problem, where a continuously monitored classical system is
estimated via a the Kalman filter [58]. Notice that there are also few recent examples in the literature where a
t*-scaling can be observed. This is obtained in noiseless quantum metrology problems with time-dependent
Hamiltonian and by exploiting open-loop control [60-63]. In particular in [63], it was also shown that a

7
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Figure 5. Effect of non-unit efficiency—effective QFI Q asafunction of J (top panel) and «t (bottom panel) for different values of 1)
and effective coupling strength /% = 1 G~1. The two regimes appearing in the plots are ~J* (top panel) and ~(xt)? (bottom panel)
for higher values of #t and higher values of J while ~J* (top panel) and ~(xt)? (bottom panel) for the opposite parameters’ regions.
For visual comparison we show a dashed line at the top ocJ* (top panel) and c(xt)? (bottom panel) and also a dotted line at the bottom
oJ (top panel) and oc(xt)? (bottom panel).

£’-scaling can be achieved without additional control, but by performing repeated (stroboscopic) measurement
on the system, analogously to our strategy.

The previous results were both shown by considering perfect monitoring of the environment, i.e. for
detectors with unit efficiency 7. In figure 5 we plot the behaviors of é as a function of J and ¢, varying the detector
efficiency n; we observe how the quantum enhancements can be obtained for all non-zero values of 7). The effect
ofhaving a non-unit monitoring efficiency is simply to imply larger values of  to witness the transition between
SQL to Heisenberg-scaling, as one can also understand by looking at the role played by 1 and J in equation (29).

We remind that if we consider only the classical FI [ p(y,)], the Heisenberg scaling in terms of J and
£’-scaling are always obtained for x¢ < 1and for every 7, as shown by the expansion (23). However, if the
contribution of this term, as well as the contribution of conditioning to the QFI, are too small then the QFI of the
unconditional state, i.e. (26) with 7 = 0, dominates (the term 7K, J? in (29) is negligible) and we observe SQL
scaling for Q. We finally mention that the in the regimes where we observe Heisenberg scaling of Q, the classical
FI F1p(y)]amounts to a relevant part of the total, namely around 25% .

4.3. Optimality of time-continuous measurement strategy for noisy quantum magnetometry

As explained before, the ultimate limit for quantum magnetometry, in the presence of Markovian transversal
noise as the one described by the master equation (10), is given by the QFI Q1 in equation (8). The generalized
master equation (9) in this case (considering the large-spin approximation) reads

&= I BXe - B:a%) + Wi DIPl2. (32)
In appendix D we show how this equation can be solved in a phase space picture, since the equation contains at

most quadratic terms in X and P and thus preserves the Gaussian character of the operator 2.
The final result is

Or,= Q=1 =KJ]+ KJ? (33)

i.e., we exactly obtain the effective QFI O defined in equation (28) in the limit of unit efficiency 7 = 1. This
result remarkably proves that our strategy, not only allows to obtain the Heisenberg limit, but also corresponds
to the optimal one, given a collective transversal noise master equation (10) and in the presence of perfectly
efficient detectors. Indeed, any other more experimentally complicated strategy, based on entangled and non-
local in time measurements of the output modes and the system, would not give better results in the estimation
of the magnetic field B.
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5. Conclusion and discussion

We have addressed in detail estimation strategies for a static and constant magnetic field acting on an atomic
ensemble of two-level atoms also subject to transverse noise. In particular, we have evaluated the ultimate
quantum limits to precision for strategies based on time-continuous monitoring of the light coupled the atomic
ensemble.

After deriving the appropriate quantum Cramér—Rao bound, we have calculated the corresponding effective
QFI in the limit of large spin, posing the ultimate limit on the mean-square error of any unbiased estimator. Our
results conclusively show that both Heisenberg J*-scaling in terms of spin, and a monitoring-enhanced #*-scaling
in terms of the interrogation time, are obtained for J > 1/kt, confirming what was discussed in [43, 46]. We
have remarkably demonstrated that these quantum enhancements are also obtained for not unit monitoring
efficiency, i.e. even if one cannot measure all the environmental modes or for not perfectly efficient detectors.
Finally we have analytically proven the optimality of our strategy, i.e. that given the master equation describing
the unconditional dynamics of the system and ideal detectors, no other measurement strategy would give better
results in estimating the magnetic field.

We remark that Heisenberg scaling, or at least a super-classical scaling, can be obtained in the presence of
collective or individual (independent) transversal noise, by preparing a highly entangled or spin-squeezed state
at the beginning of the dynamics and, for individual noise, by optimizing on the interrogation time t [17-19]. In
this respect, the advantage of our protocol lies in the fact that it achieves the Heisenberg scaling even for an initial
classical spin-coherent state, exploiting the dynamical spin squeezing that is generated by the weak
measurement.

In conclusion, we have shown that time-continuous measurements represent a resource for noisy quantum
magnetometry [43, 46, 47]. Indeed, the information leaking into the environment, here represented by light
modes coupled to the atomic sample, obtained via homodyne detection, and the corresponding measurement
back-action on the atomic sample, may be efficiently (and optimally) exploited in order to obtain the promised
quantum enhanced estimation precision.
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Appendix A. Classical and quantum Cramér—Rao bounds for sequential non-demolition
measurements

Here we will show how to derive the quantum Cramér—Rao bound for time-continuous homodyne monitoring
reported in equation (5).

We start by considering a (classical) estimation problem of a parameter 6 described by a conditional
probability p(z, y;|0), where the vector y; = (3, 1, -+ ;) contains the outcomes of sequential
measurements performed up to time T, while z corresponds to a final measurement performed on the state of
the system that has been conditioned on the previous measurement results y;.. The corresponding classical FI
can be evaluated as

Flp(@ vl = [ dy dz pez. y,10)(@slogp(z. ,16))

- f dy dz p(elyp> 0)p(y;10)[(Dplogp(aly;, 0))

+ 2(9plog p(zlyy, 0))(9glogp(y;10))
+ (Oplogp(y,10)*1, (A.D)

where the second expression has been obtained by means of the Bayes rule
Pz, y710) = p(lyy 0)p(yl0).

In the following, we will omit the dependence on the parameter ¢ and we will denote by E, ) [-] the average
over a probability distribution p(x). By considering each term inside the integral separately one obtains

Ep ey [(Dplogp(2ly)* 1 = Epeyy [Flp(alypll, (A.2)
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2 By(ey, (0010 pCalyy) dplogp(yp] =2 [[dy@up(yp) [dz(@up(Elyp) = o, (A3)
Ep(z,y,) [(Dologp(yp)*1 = Flp(ypl, (A.4)

where we have used the property f dz(Opp (2l yp) = O f dz p(zly;) = 0p(1) = 0. Asaconsequence, any

unbiased estimator § based on M experiments, i.e. obtained collecting M series of measurement outcomes
(¥y» 2) satisfies the generalized Cramér—Rao bound

1
M(FLp(ypl + Epiy [FLpGElyplD)

where the first term F[ p (y;)] is the FI corresponding to the sequential measurements with outcomes y;., while
the second term is the average of the FI [ p(z|y;)], corresponding to the final measurement over all the possible
trajectories conditioned on the previous measurement results y;.. The bound in equation (A.5) bears some
formal similarity to the Van Tree’s inequality [64], which however applies in a quite different situation, i.e. the
case where the parameter to be estimated 6 is a random variable distributed according to a given probability
distribution p(6).

The estimation strategy here described is of particular interest when we deal with quantum systems, given
the back-action of quantum measurement on the state of the system itself. We can in fact associate each
measurement outcome y, to a Kraus operator M, such that the conditional quantum state, for the system
initially prepared in a state g, and after obtaining the stream of outcomes y;., reads

Vary() >

(A.5)

v
© _ My, o0My,

© (A.6)

Tr[MyT QOM;;]

where MYT = M,,_... M,, M, and the probability of obtaining the outcomes y; reads

p(y ) = Tr[MyT gOJ\;I;T]S. One can then also perform a strong (destructive) measurement described by POVM
operators {II,} on the conditional state, and the whole measurement strategy is described by the conditional
probabilities

pClyy, 0) = Trlof1L],
p(z, y;10) = p(alyy 0) p(y;10)
= Tr[My, 00M; IL.]. (A7)

Typically the parameter to be estimated ¢ enters in the the dynamics described by the Kraus operators M,, . For
this reason we will start by considering these operators fixed, while we suppose we can optimize over the final

measurement {II,}. We can then apply the quantum Cramér—Rao bound for the conditional states ggfr), stating

that F[p(zlyy)] < Q[gng)]. One then obtains a more fundamental quantum Cramér—Rao bound for our
estimation strategy

1

Vary(0) > o
MFp(yp] + Ep(yT)[Q[Q;T]])

(A.8)

Clearly this bound can be readily applied to the time-continuous case discussed in the main text, where the
vector of outcomes y;. corresponds to a measured homodyne photocurrent, and where the conditional state gg,i)
can be obtained via a stochastic master equation as the one in equation (3).

We should also remark that a bound of this kind has already been considered in [39], in a similar physical
situation where # probes, that may be prepared in a quantum correlated initial state, are coupled to n
independent environments and one performs sequentially n measurement on the respective environments and a
final measurement on the conditional state of the probes.

Appendix B. Gaussian dynamics and Gaussian FI

Here we will provide the formulas for the dynamics of the atomic ensemble described by the stochastic master
equation (14). As we mentioned in the text, the whole dynamics preserves the Gaussian character of the
quantum state and thus can be fully described in terms of the first moments vector (£), and of the covariance
matrix o of the quantum state o). These are defined in components as (7). = Tr [#; 0)]and

ok = Tr[{#j — () fc — (fi)c } 09 for the operator vector £ = (X, PY. In formulae one obtains [56, 57]:

3 . . . s .

In our treatment we will consider the sequential non-demolition measurement fixed, and thus described by a fixed set of Kraus operators
{M,, }. However one can generalize the results by considering adaptive schemes where one can decide to modify the measurement performed
at each time f.

10
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oM dw

d(f), = udt + , B.1
(e =u 5 (B.1)
d7 _ b oMo, (B.2)
dt

where
D— (Zlde*’“/z 0)’ (B.3)
0 0

0 0
M:( A7 0), (B.4)
u = (0, —yByJe /), (B.5)

and dw is a vector of Wiener increments such that dw; dwy = 6; dt, related to the photocurrent via the
equation

dw

5
The equations (17), (18) and (21) can be obtained from the ones above, remembering that for our
definitions 05, = 2Var[P(t)].

The method to calculate the FI corresponding to the time-continuous measurement in the case of linear

Gaussian system has been described in [58]. One has to evaluate the formula

dy, = —M"(¢). dt + (B.6)

FIp(W] = By [205(®))) MMT (0p(E).)], (B.7)

that, by plugging in the matrices describing our problem, is easily simplified to equation (20).

As the conditional state is Gaussian, also the calculation of the corresponding QFI can be easily obtained, in
this case by applying the results presented in [59]. Moreover, as only the first moments of the state depend on the
parameter B, the calculation is further simplified and one has

Q0] =2 (Fp(®)) o1 (Bp(R).). (B.8)

By noticing that the only non-zero entry of the vector p(t), is the one corresponding to (P (¢))., one easily
obtain equation (25).

Appendix C. Bayesian analysis for continuously monitored quantum systems

Bayesian analysis has proven to be an efficient tool for estimation in continuously monitored quantum systems
[35, 38,42, 48]. The goal is to reconstruct the posterior distribution of B given the observed current y,, by Bayes
rule:

L(Bly)p(B)
p(y)

where p(B) is the prior distribution, L(B|y,) = p(y,|B) is the likelihood and p(y,) serves as a normalization
factor. The Bayesian estimator is the mean of the posterior distribution B (y) = By Bly, [BI and itis proven that
the corresponding variance Varg(B) = K|y, [B] — By iy [B])? is asymptotically optimal, i.e. tends to
saturate the Cramér—Rao bound when the length of the vector y;. is large.

The simulated experimental run is obtained by numerically integrating the stochastic differential
equation (17) with the Euler—Maruyama method for the ‘true’ value of the parameter Bi,,.. Time is discretized
with steps of length At, i.e. to get from time 0 to time T'we perform ny = T /At steps. Experimental data is
represented by the observed measurement current y;, = (Ayt] s ens A%,,T)T) which corresponds to an

p(Bly) = (C.1)

ny-dimensional vector. The outcome at every time step Ay, is sampled from a Gaussian distribution with

variance At and mean A_yt (B) = 2nkJe 7 (P(t;)). At. Notice that A_yt (B) depends explicitly on the

parameter B via the quantum expectation value <13 (t;)). on the conditional state.

Since we are estimating only one parameter the posterior can be obtained on a grid on the parameter space,
while for more complicated problems Markov chain Monte Carlo methods might be needed to sample from the
posterior [35]. In practical terms we need to solve equations (17) and (18) for every value of the parameter B on
the grid, assuming to perfectly know all the other parameters; then we need to calculate the likelihood for each
value via

11
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L(Bly;) H exp A (C.2)

i=0

ny l_ Ay, — A—%(B))z]

by considering the outcomes as independent random variables, i.e. multiplying the corresponding probabilities.
We then apply Bayes rule, equation (C.1), assuming a flat prior distribution p(B) on a finite interval. The same
analysis is trivially applied to more than one experiment by simply multiplying the likelihood obtained for every
different observed measurement current.

Appendix D. Ultimate QFI via generalized master equation in phase space

Here we explicitly show how to solve equation (32). The characteristic function for a generic operator O is

defined as
X[01(s) = Tr[D-0], (D.1)
where the displacement operator is defined as
D = exp (is"Of). (D.2)

In particular we will work in the phase space of a single mode system, so that # 7 = (X, P) is the vector of
quadrature operatorsand s’ = (x, p) is the vector of phase space coordinates.

The action of operators in the Hilbert space corresponds to differential operators acting on the characteristic
function via the following mapping [56, 65]

Xp (fiap - g)x@), (D.3)
pR o (—iap + g)x(s), (D.4)
Bp - (iax - g)x@), (D.5)
ob (i@x n g) X (). (D.6)

If we now define the characteristic function associated to the operator g introduced in equation (9)

X (s, 1) = x[2]1(s), (D.7)

the quantity of interest in order to compute the QFI is then Tr o = Y (0, t), as evident from the definition (D.1).
By applying the phase space mapping, from the generalized master equation (32) we get to the following
partial differential equation for the characteristic function

dxgst, D _ [WﬁBl +B,  x

5 TPZ — WI®B - Bz)ap]x(s, £). (D.8)
This equation can be solved by performing a Gaussian ansatz, similarly to [66], i.e. assuming that at every time
the characteristic function can be written in the following form

(s, t) = C(t)exp[—i Vo (s + isTQTsm(t)]. (D.9)

The dependence on time and on the parameters B, /; is completely contained in the covariance matrix o (t), in
the first moment vector s, (1) = (x,,(t), p,, (1)) andin the function C(¢) = x(0, t), which is the final result we
are seeking.

By plugging (D.9) into (D.8) and equating the coefficients for different powers of xand p, one obtains a
system of differential equations; the relevant ones are the equations coming from the coefficients of order one,
and multiplying p and p*:

a11(t) = 2kJe 7, (D.10)
p(t) = f%we—% (B — By) o (1), (D.11)
C(t) = —ipyTe ¥ By — By)xn(H)C(1). (D.12)

These equations are solved analytically with the initial conditions o3 1 (0) = 1, x,,(0) = 0and C(0) = 1(since
fort = 0the operator o corresponds to the initial state of the system |0) (0] ), yielding

12
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2
C(t) = exp[—%](& — By)?e (et — 1)? - (—4Jef + (6] + 3)e — 21)]. (D.13)

By plugging this term into equation (8), we finally obtain the ultimate QFI O, reported in equation (33).

ORCIDiDs

Francesco Albarelli ® https://orcid.org/0000-0001-5775-168X
Matteo A C Rossi @ https://orcid.org/0000-0003-4665-9284
Matteo G A Paris ® https://orcid.org/0000-0001-7523-7289
Marco G Genoni ® https:/orcid.org/0000-0001-7270-4742

References

[1] GiovannettiV, Lloyd Sand Maccone L 2011 Advances in quantum metrology Nat. Photonics 5 222
[2] Demkowicz-Dobrzariski R, Jarzyna M and Kotodyniski ] 2015 Quantum limits in optical interferometry Prog. Opt. 60 345
[3] Wasilewski W, Jensen K, Krauter H, Renema J J, Balabas M V and Polzik E $ 2010 Quantum noise limited and entanglement-assisted
magnetometry Phys. Rev. Lett. 104 133601
[4] Koschorreck M, Napolitano M, Dubost B and Mitchell M W 2010 Sub-projection-noise sensitivity in broadband atomic
magnetometry Phys. Rev. Lett. 104 093602
[5] Sewell RJ, Koschorreck M, Napolitano M, Dubost B, Behbood N and Mitchell M W 2012 Magnetic sensitivity beyond the projection
noise limit by spin squeezing Phys. Rev. Lett. 109 253605
[6] Ockeloen CF, Schmied R, Riedel M F and Treutlein P 2013 Quantum metrology with a scanning probe atom interferometer Phys. Rev.
Lett. 111 143001
[7] ShengD, LiS, Dural N and Romalis M V 2013 Subfemtotesla scalar atomic magnetometry using multipass cells Phys. Rev. Lett. 110
160802
[8] Lucivero V G, Anielski P, Gawlik W and Mitchell M W 2014 Shot-noise-limited magnetometer with sub-picotesla sensitivity at room
temperature Rev. Sci. Instrum. 85 113108
[9] Muessel W, Strobel H, Linnemann D, Hume D B and Oberthaler M K 2014 Scalable spin squeezing for quantum-enhanced
magnetometry with Bose—Einstein condensates Phys. Rev. Lett. 113 103004
[10] Wineland D], Bollinger J J, Itano W M, Moore F L and Heinzen D ] 1992 Spin squeezing and reduced quantum noise in spectroscopy
Phys. Rev. A46 R6797
[11] Bollinger JJ, Itano W, Wineland D J and Heinzen D ] 1996 Optimal frequency measurements with maximally correlated states Phys.
Rev. A54 R4649
[12] Huelga SF, Macchiavello C, Pellizzari T, Ekert A K, Plenio M B and Cirac J 11997 Improvement of frequency standards with quantum
entanglement Phys. Rev. Lett. 79 3865
[13] Escher BM, de Matos Filho R L and Davidovich L 2011 General framework for estimating the ultimate precision limit in noisy
quantum-enhanced metrology Nat. Phys. 7 406
[14] Demkowicz-Dobrzariski R, Kotodyriski J and Guta M 2012 The elusive Heisenberg limit in quantum-enhanced metrology Nat.
Commun. 3 1063
[15] MatsuzakiY, Benjamin S C and Fitzsimons J 2011 Magnetic field sensing beyond the standard quantum limit under the effect of
decoherence Phys. Rev. A84 012103
[16] Chin AW, Huelga S F and Plenio M B 2012 Quantum metrology in non-Markovian environments Phys. Rev. Lett. 109 233601
[17] Chaves R, Brask ] B, Markiewicz M, Kotodyriski ] and Acin A 2013 Noisy metrology beyond the standard quantum limit Phys. Rev. Lett.
111 120401
[18] Brask] B, Chaves R and Kotodyriski J 2015 Improved quantum magnetometry beyond the standard quantum limit Phys. Rev. X 5
031010
[19] Smirne A, Kolodyriski J, Huelga S F and Demkowicz-Dobrzariski R 2016 Ultimate precision limits for noisy frequency estimation Phys.
Rev. Lett. 116 120801
[20] Kessler E M, Lovchinsky I, Sushkov A O and Lukin M D 2014 Quantum error correction for metrology Phys. Rev. Lett. 112 150802
[21] Diir W, Skotiniotis M, Frowis F and Kraus B 2014 Improved quantum metrology using quantum error correction Phys. Rev. Lett. 112
080801
[22] Arrad G, Vinkler Y, Aharonov D and Retzker A 2014 Increasing sensing resolution with error correction Phys. Rev. Lett. 112 150801
[23] Wiseman HM and Milburn G J 2010 Quantum Measurement and Control (New York: Cambridge University Press)
[24] Jacobs Kand Steck D A 2006 A straightforward introduction to continuous quantum measurement Contemp. Phys. 47 279
[25] Wiseman HM and Milburn G J 1994 Squeezing via feedback Phys. Rev. A 49 1350
[26] Thomsen L K, Mancini S and Wiseman H M 2002 Spin squeezing via quantum feedback Phys. Rev. A 65 061801
[27] Mancini S and Wiseman H M 2007 Optimal control of entanglement via quantum feedback Phys. Rev. A 75012330
[28] Serafini A and Mancini S 2010 Determination of maximal Gaussian entanglement achievable by feedback-controlled dynamics Phys.
Rev. Lett. 104 220501
[29] Szorkovszky A, Doherty A C, Harris G I and Bowen W P 2011 Mechanical squeezing via parametric amplification and weak
measurement Phys. Rev. Lett. 107 213603
[30] GenoniM G, Mancini S and Serafini A 2013 Optimal feedback control of linear quantum systems in the presence of thermal noise Phys.
Rev. A87 042333
[31] GenoniM G, Mancini S, Wiseman H M and Serafini A 2014 Quantum filtering of a thermal master equation with a purified reservoir
Phys. Rev. A90 063826
[32] Hofer S G and Hammerer K 2015 Entanglement-enhanced time-continuous quantum control in optomechanics Phys. Rev. A 91
033822
[33] Genoni M G, ZhangJ, Millen J, Barker P F and Serafini A 2015 Quantum cooling and squeezing of a levitating nanosphere via time-
continuous measurements New J. Phys. 17 073019

13



10P Publishing

New]. Phys. 19 (2017) 123011 F Albarelli et al

[34] Genoni M G, Duarte O Sand Serafini A 2016 Unravelling the noise: the discrimination of wave function collapse models under time-
continuous measurements New J. Phys. 18 103040

[35] Gammelmark S and Melmer K 2013 Bayesian parameter inference from continuously monitored quantum systems Phys. Rev. A 87
032115

[36] Gammelmark S and Melmer K 2014 Fisher information and the quantum Cramér—Rao sensitivity limit of continuous measurements
Phys. Rev. Lett. 112170401

[37] Kiilerich A H and Melmer K 2014 Estimation of atomic interaction parameters by photon counting Phys. Rev. A 89 052110

[38] Kiilerich A H and Melmer K 2016 Bayesian parameter estimation by continuous homodyne detection Phys. Rev. A 94032103

[39] Catana Cand Gutd M 2014 Heisenberg versus standard scaling in quantum metrology with Markov generated states and monitored
environment Phys. Rev. A90 012330

[40] Gefen T, Herrera-Marti D A and Retzker A 2016 Parameter estimation with efficient photodetectors Phys. Rev. A 93 032133

[41] Plenio M B and Huelga S F 2016 Sensing in the presence of an observed environment Phys. Rev. A93 032123

[42] Cortez L, Chantasri A, Garcia-Pintos L P, Dressel ] and Jordan A N 2017 Rapid estimation of drifting parameters in continuously
measured quantum systems Phys. Rev. A95 012314

[43] Geremia] M, Stockton J K, Doherty A C and Mabuchi H 2003 Quantum Kalman filtering and the Heisenberg limit in atomic
magnetometry Phys. Rev. Lett. 91 250801

[44] Stockton ] K, Geremia J M, Doherty A C and Mabuchi H 2004 Robust quantum parameter estimation: coherent magnetometry with
feedback Phys. Rev. A 69 032109

[45] Auzinsh M, Budker D, Kimball D F, Rochester S M, Stalnaker J E, Sushkov A O and Yashchuk V' V 2004 Can a quantum nondemolition
measurement improve the sensitivity of an atomic magnetometer? Phys. Rev. Lett. 93 173002

[46] Molmer K and Madsen L B 2004 Estimation of a classical parameter with Gaussian probes: magnetometry with collective atomic spins
Phys. Rev. A70 052102

[47] Madsen L B and Mglmer K 2004 Spin squeezing and precision probing with light and samples of atoms in the Gaussian description
Phys. Rev. A70 052324

[48] Chase B A and Geremia ] M 2009 Single-shot parameter estimation via continuous quantum measurement Phys. Rev. A79 022314

[49] Helstrom CW 1976 Quantum Detection and Estimation Theory (New York: Academic)

[50] Braunstein SLand Caves C M 1994 Statistical distance and the geometry of quantum states Phys. Rev. Lett. 72 3439

[51] Paris M G A 2009 Quantum estimation for quantum technology Int. J. Quantum Inf. 07 125

[52] Macieszczak K, Gutd M, Lesanovsky I and Garrahan J P 2016 Dynamical phase transitions as a resource for quantum enhanced
metrology Phys. Rev. A93 022103

[53] Plankensteiner D, Schachenmayer J, Ritsch H and Genes C 2016 Laser noise imposed limitations of ensemble quantum metrology
J. Phys. B: At. Mol. Opt. Phys. 49 245501

[54] Dalla Torre E G, Otterbach J, Demler E, Vuletic V and Lukin M D 2013 Dissipative preparation of spin squeezed atomic ensembles in a
steady state Phys. Rev. Lett. 110 120402

[55] Dorner U2012 Quantum frequency estimation with trapped ions and atoms New J. Phys. 14 043011

[56] Genoni M G, Lami L and Serafini A 2016 Conditional and unconditional Gaussian quantum dynamics Contemp. Phys. 57 331

[57] Wiseman H M and Doherty A C 2005 Optimal unravellings for feedback control in linear quantum systems Phys. Rev. Lett. 94 070405

[58] Genoni M G 2017 Cramér—Rao bound for time-continuous measurements in linear Gaussian quantum systems Phys. Rev. A95 012116

[59] Pinel O, Jian P, Treps N, Fabre C and Braun D 2013 Quantum parameter estimation using general single-mode Gaussian states Phys.
Rev. A88040102

[60] Schmitt S et al2017 Submillihertz magnetic spectroscopy performed with a nanoscale quantum sensor Science 356 832—7

[61] PangSand Jordan A N 2017 Optimal adaptive control for quantum metrology with time-dependent Hamiltonians Nat. Commun. 8
14695

[62] Yang], Pang S and Jordan A N 2017 Quantum parameter estimation with the Landau—Zener transition Phys. Rev. A 96 020301

[63] GefenT, Jelezko F and Retzker A 2017 Control methods for improved Fisher information with quantum sensing Phys. Rev. A 96 032310

[64] Van Trees H L 1967 Detection, Estimation, and Modulation Theory (New York: Wiley)

[65] BarnettSM and Radmore P M 1997 Methods in Theoretical Quantum Optics (Oxford: Oxford University Press)

[66] Guarnieri G, Nokkala J, Schmidt R, Maniscalco S and Vacchini B 2016 Energy backflow in strongly coupled non-Markovian
continuous-variable systems Phys. Rev. A 94 062101

14



