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That is why it is called the present.
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ABSTRACT

In this thesis we explore aspects of dynamics of open quantum
systems related to coherence and quantum correlations — necessary resources for enhanced quantum metrology and quantum computation. We first discuss limits to the precision of parameter estimation when using a quantum system in the presence of noise. To this end we introduce a variational principle
for the quantum Fisher information (QFI) bounding the estimation errors of any measurement, which motivates an efficient
iterative algorithm for finding optimal system preparations for
noisy estimation experiments. Furthermore, we investigate influence of noise correlations on the precision in phase and frequency estimation, by delivering bounds for both spatially and
temporarily correlated (non-Markovian) dephasing noise. This
allows us to prove the Zeno limit in frequency estimation, conjectured in Phys. Rev. A 84, 012103 (2011) and Phys. Rev. Lett.
109, 233601 (2012). The enhanced estimation precision in quantum metrology can be, however, achieved only using highly entangled states. We propose a scheme of generating such highly
correlated states as outputs of Markovian open quantum systems near first-order dynamical phase transitions. We show that
the quadratic scaling of the QFI with time is present for experiments within the correlation time of the dynamics and describe a theoretical scheme for quantum enhanced estimation
of an optical phase-shift using the photons being emitted from
an intermittent quantum system. Finally, we establish the basis
for a theory of metastability in Markovian open quantum systems, by extending methods from classical stochastic dynamics.
We argue that the partial relaxation into long-lived metastable
states –— distinct from the asymptotic stationary state –— may
preserve initial coherences within decoherence-free subspaces
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or noiseless subsystems, thus allowing for quantum computation during the metastable regime.
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Part I
INTRODUCTION

0
INTRODUCTION

In this thesis we explore aspects of quantum open systems
dynamics in relation to coherence and quantum correlations,
which are necessary resources for quantum technologies applications, such as enhanced quantum metrology [1–6] or quantum computation and communication protocols [7].
Experimental realisations of quantum systems can rarely be
considered isolated or closed, due to interactions with external
environments which introduce decoherence to unitary system
dynamics and lead to generally mixed rather than pure system states. When the interactions are weak and environment
correlations decay fast in comparison to timescales of the system dynamics, the noisy system evolution can be approximated
as Markovian [8, 9]. This type of noise is known to be destructive for multipartite quantum entanglement — a necessary ingredient for the enhanced precision scaling with the size of a
quantum system used in phase or frequency estimation [10,
11] — and the improvement of optimal quantum metrology
over classical strategies is consequently reduced, for typical local noise models even just to a constant enhancement [12–16].
Such Markovian noise models are, however, just an approximation to the true system dynamics, which neglects in particular the initial regime of necessary slower decoherence [17–20].
Consequently, for the maximally entangled states undergoing
local non-Markovian dephasing noise, it was demonstrated that
the enhancement in the scaling of the spectrocopy precision, although reduced, can be still present [21–23]. In Chapter 1 we
derive a general limit to the spectroscopy precision in the pres-
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ence of non-Markovian dephasing noise [24]. We further show
that the enhanced precision scaling can be achieved only for
the initial regime of slower decoherence and any revivals of
coherence or quantum correlations, usually considered as a signature of non-Markovian dynamics [25, 26], do not contribute
to the enhancement for large system sizes. In Chapter 1 we also
investigate other aspects of quantum metrology in the presence
of noise. In Sec. 1.3 we derive precision bounds for spatially
correlated noise models, where the noise cannot be described
as local, which bounds show a transition in precision scaling
depending on the decay of noise correlations [27]. In Sec. 1.2
we introduce an efficient numerical algorithm to find optimal
system preparations and measurements for general quantum
parameter estimation [24].
Even when the system dynamics is unitary, preparation of
highly entangled states leading to enhanced parameter estimation is challenging [28]. In Chapter 2 we propose exploiting
open quantum systems characterised by complex and slowly relaxing dynamics in order to prepare highly correlated states for
quantum metrology [29]. We consider Markovian open quantum
systems generating, as a result of interaction with the external
environment, output fields [30], e.g. atomic ensembles emitting
photons [31–33]. For the system dynamics in proximity to firstorder dynamical phase transitions [34–36], we show that the
precision of estimating parameters encoded on the output, e.g.
optical phase-shift on emitted photons, can be quadratically enhanced for experiment times within the correlation time of the
system dynamics. Furthermore, also the precision of estimating
system parameters can be enhanced, which generalises the recent work on estimation limits for dynamics featuring a single
stationary state [37–39].
For quantum information processing [7] decoherence free subspaces [40–43] and noiseless subsystems [44–46], where parts of
the Hilbert space are protected against external noise, are ideal
scenarios for experimental implementation. Since experiments
are performed in finite time, however, it is sufficient to consider
a larger class of systems whose coherence is only stable over
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experimental timescales, i.e., metastable. In Chapter 3 we lay
grounds for the metastability theory in Markovian open quantum systems by generalising concepts from classical stochastic systems [47–53]. Metastability, a common phenomenon in
classical soft matter [54], with glasses being the paradigmatic
example [55, 56], manifests itself as initial partial relaxation is
into long-lived states with subsequent decay to true stationarity
occurring at much longer times. We show that for Markovian
open quantum systems, metastability corresponds to a separation in the spectrum of the generator governing the dynamics.
This structure leads to a low-dimensional approximation of a
manifold of metastable states in terms of degrees of freedom
preserved in the metastable regime. Furthermore, those degrees
of freedom can be quantum and correspond to the coherences
inside metastable decoherence free subspaces or noiseless subsystems, where quantum computation operations can be implemented [57, 58].
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Part II
R E S U LT S

1
QUANTUM METROLOGY

In this chapter we discuss aspects of quantum metrology. This
area explores possibilities of enhancing the precision in estimation of unknown values of parameters, such as magnetic fields
or optical-shifts, by using quantum systems whose dynamics
depends on the estimated parameters. It is inevitably tied to
experiments with the most prominent applications including
spectroscopy in atomic frequency standards [4–6] and phase
estimation in gravitational interferometers [59–61].
This chapter proceeds as follows. First, main questions and
ongoing research efforts in the field of quantum metrology are
reviewed. This is followed by three sections presenting results
on quantum metrology in the presence of noise: finding optimal quantum system preparation for a given dynamics, parameter estimation in the presence of correlated noise, and precision limits to frequency estimation in the presence of nonMarkovian noise. In Appendix A complementary derivations
can be found. In the next chapter 2, we will discuss how dynamical phase transitions in Markovian quantum systems can
be utilised for preparation of quantum states leading to the enhanced precision in quantum metrology.

1.1

background

Let us first review some essential aspects of quantum metrology, where a quantum system is employed in order to estimate
the unknown value of a parameter determining the system dynamics.
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1.1 background

1.1.1

Quantum metrology setup

We consider a quantum metrology setup [1, 62] in which a
quantum system is first prepared in an initial state represented
by a density matrix ρ (ρ ∈ B(H), ρ > 0 and Tr(ρ) = 1, where H
is the system Hilbert space). The system undergoes dynamics
described by a completely positive and trace-preserving channel Λφ which is assumed to depend on a parameter φ being
estimated. Information about the parameter φ can retrieved via
a measurement of an observable X (X ∈ B(H) and X = X† ) on
the system state ρφ = Λφ (ρ), see Fig. 1.1. As neither the pa-

Figure 1.1: Quantum metrology setup. An initial state ρ undergoes
the dynamics represented by a quantum channel Λφ ,
which imprints a parameter value φ on the state. An observable X is measured to obtain the information about
the parameter. The choice of ρ and X is optimised to obtain the maximum estimation precision.

rameter value φ nor the state ρφ cannot be accessed directly,
but only via measurements with an associated probability distribution, there are necessarily errors in estimation of the value
φ. This so called quantum noise is present even if no interaction
with an environment takes place and the channel Λφ is unitary.
The aim of quantum metrology is to find the optimal system
preparation ρ and observable X, so that the estimation errors
are minimal.
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Errors and estimation strategies

1.1.2

1.1.2.1

Estimation errors

There are many ways of quantifying errors given by the so
called cost function C, so that the mean error is
MEφ =

X

(1.1)

pφ (x) C(φ̂(x), φ),

x

where φ̂ is an estimator representing a guess of the parameter
φ value, φ̂(x), when a measurement result x is obtained, and
pφ (x) is the probability of obtaining x. Note that the optimal
choice of ρ and X will depend on the cost function C. A common choice in statistics is the quadratic function, C(φ̂(x), φ) =
(φ̂(x) − φ)2 , due to a scalar-product structure on the parameter space it originates from [63]. This leads to the mean square
error (MSE),
MSEφ (φ̂) =

X

pφ (x) φ̂(x) − φ

2

(1.2)

,

(1.3)

x

= ∆2φ φ̂ + Eφ φ̂ − φ

2

where Eφ φ̂ is the mean value of the estimator φ̂, Eφ φ̂ − φ is
P
its bias, and ∆2φ φ̂ := x pφ (x) (φ̂(x) − Eφ φ̂)2 its variance. Note
that the mean error is a local notion, as it is calculated with respect to a given value φ of the estimated parameter. This may
seem contradictory, as this value is exactly the quantity to be
estimated, but this choice is well motivated in two following
scenarios. First, consider estimation of a small parameter fluctuation δφ ≈ 0 around a known value φ0 , i.e., φ = φ0 + δφ, which
is the case e.g. for an optical-shift in gravitational interferometers [59]. For well behaved distribution pφ (x) (e.g. double differentiable w.r.t. φ), the error does not vary for small enough
perturbations δφ. In the second scenario, we consider asymptotic strategies, where we assume that for large number n of independent experiments the estimator φ̂(n) (x1 , ..., xn ) converges
to the true parameter value φ (in probability or almost every-
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where), i.e., is asymptotically consistent, cf. (1.3). This usually
coincides with the bias disappearing asymptotically Eφ φ̂(n) −
φ → 0. This is the case for example when φ̂ is a maximal likelihood estimator (see also paragraph below Eq. (1.11)). The results presented in the three next sections are relevant exactly
for these two scenarios. Another so called mini-max scenario
involves considering minφ̂ maxφ MSEφ (φ̂) [63].
For the metrology setup in Fig. 1.1, the result x corresponds
P
to eigenvalue of an observable X = x x |xihx| and the associated probability is given by pφ (x) = Tr(|xihx| ρφ ). The estimator
φ̂ corresponds to relabelling of the X spectrum, and for simply
φ̂(x) = x we obtain
MSEφ (X) = ∆2φ X + hXiφ − φ

2

.

(1.4)

The setup in Fig. 1.1, can be further generalised to a measurement described by a positive-operator-valued measure (POVM)
P
— a set of positive operators {Πx }x , Πx > 0, with x Πx = 1H —
with pφ (x) := Tr(Πx ρφ ) yielding a probability distribution. In
the case of dynamics generating an output, see Sec. 2.1.1, also
continuous measurements of the output can be considered. This
will be considered in Chapter 2.
1.1.2.2

Optimal local strategies and quantum Fisher information

Consider estimation of a small perturbation δφ around a known
value φ0 , i.e., φ = φ0 + δφ. We can shift φ̂ by a constant so that
Eφ0 φ̂ = φ0 , but we would like its prediction to be true on
average also for small perturbations, i.e., locally unbiased, and
hence only its variance to contribute to the MSE, cf. (1.3). Therefore, we shall consider the rescaled estimator α−1 φ̂ + β, where
α = ∂φ |φ=φ0 Eφ φ̂ and β = −α−1 Eφ0 φ̂ + φ0 . In particular, for
the setup in Fig. 1.1 and φ̂(x) = x, in such case we have that
the mean square error of estimating φ is given by the inverse
of the signal-to-noise ratio (SNR),
(∂φ |φ=φ0 hXiφ )2
,
SNRφ0 (X) =
∆2φ0 X

(1.5)
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where the signal ∂φ |φ=φ0 hXiφ is rescaled by measurement noise
∆2φ0 X, which corresponds to the error propagation formula.
Optimal estimator. The variance of any locally unbiased estimator of φ, and thus the MSE, is bounded from below in the
Cramér-Rao inequality [63]
∆2φ0 φ̂ > I−1
φ0 ,

where Iφ0 =

X

pφ (x) ∂φ log(pφ (x))

x

2
φ=φ0

,

(1.6)
where Iφ is the Fisher information and we assumed that support
of pφ does not change with φ, so that Eφ0 ∂φ |φ=φ0 log(pφ (x)) =
0. The estimator whose variance saturates the inequality is called
efficient. Note that the Fisher information quantifies the quality
of the quantum metrology setup, as it bounds from below the
precision of estimating parameter φ when the probability distribution of results is given by {pφ (x)}x , and we no longer need
to refer to an estimator. The Fisher information depends on the
state ρφ and the projective measurement on the eigenbasis of X
(or POVM {Πx }x ), but not the spectrum of X.
Optimal measurement. The optimal measurement {Πx }x for the
state ρφ is the one that leads to the maximum Fisher information, the so called quantum Fisher information (QFI) [64–67],
Fφ (ρφ ), which depends only on the quantum state ρφ ,
Fφ (ρφ ) = Tr(D2ρφ ρφ ),

where

1
(Dρφ0 ρφ0 + ρφ0 Dρφ0 ) = ∂φ ρφ |φ=φ0 ,
2

(1.7)
(1.8)

and Dρφ is so called symmetric logarithmic derivative (SLD).
Note that the QFI and SLD depend on both ρφ and ∂φ ρφ , but we
choose the notation Fφ (ρφ ) and Dρφ for simplicity. Furthermore,
it follows that the SNR of any observable X is bounded by the
QFI, see e.g. [68],
(∂φ |φ=φ0 hXiφ )2
6 Fφ0 (ρφ ).
∆2φ0 X

(1.9)
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Note that we have SNRφ (Dρφ ) = Fφ (ρφ ) since hDρφ iφ = 0 and
∂φ |φ=φ0 hDρφ0 iφ = Tr(D2ρφ ρφ ). This shows that the projections
on the eigenvectors of the SLD, Dρφ0 , provide the optimal measurement, and the spectrum of Fφ0 (ρφ0 )−1 (Dρφ0 + φ0 ) yields
the efficient locally unbiased estimator around φ = φ0 .
Optimal initial state. The optimal initial state leads to the maximum QFI, maxρ Fφ (Λφ (ρ)) and thus to the minimal mean square
error in estimation. Since both the Fisher information, (1.6), and
the QFI are convex with respect to mixing probability distributions or quantum states,
(1)

(2)

(1)

(2)

Fφ (λρφ + (1 − λ)ρφ ) 6 λ Fφ (ρφ ) + (1 − λ) Fφ (ρφ ), (1.10)
it follows that the optimal initial state can be chosen pure.
The maximum QFI yields an ultimate limit to the estimation
setup in Fig. 1.1 with dynamics Λφ , whatever the initial state,
the measurement and the (locally unbiased) estimator are employed. When dynamics is not unitary, the state ρφ is in general
mixed, and there is usually no closed formula for the QFI w.r.t.
all input states, which makes maxρ Fφ (Λφ (ρ)) difficult to compute [69]. In Sec. 1.2 we provide a numerical algorithm which
circumvents this problem by providing a variational principle
for calculating the QFI.
1.1.2.3

Asymptotic strategies and quantum Fisher information

Consider performing n independent experiments in order to estimate unknown value of φ. We have that the joint probability
pφ (x1 , ..., xn ) = pφ (x1 )...pφ (xn ), which corresponds to the system state ρ⊗n
φ measured by {Πx1 ⊗ ... ⊗ Πxn }x1 ,...,xn . This leads to
the following form of Cramér-Rao inequality, cf. (1.6),
∆2φ φ̂(n) > (n Iφ )−1

(1.11)

for a locally unbiased φ̂(n) estimator representing a guess about
φ from results (x1 , ..., xn ). In general, however, it is difficult to
find estimators that are unbiased for all φ ∈ Φ. Even when
that is the case, they are usually not efficient except special
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cases, e.g. pφ (x) being Gaussian distribution with mean φ and
P
φ̂(n) (x1 , ..., xn ) = n−1 nj=1 xj . Therefore, a concept of asymptotic efficiency has been introduced by F. Y. Edgeworth [70] and
R. A. Fisher [71]. First, let us recall that a sequence of estimators
√
{φ̂(n) }∞
n=1 is asymptotically normal if it n−converges in law to a
normal distribution. When it is consistent, we furthermore have
√
d
the following convergence in law, n(φ̂(n) − φ) −→ N(0, vφ ).
Finally, when the asymptotic variance vφ = I−1
φ , the estimator is considered asymptotically efficient, as it was shown by
L. M. LeCam [72] that for any asymptotically normal and consistent estimator, the set {φ ∈ Φ : vφ < I−1
φ } is of measure zero.
An important example of an asymptotically efficient estimator
is the maximal likelihood estimator under some regularity conditions on pφ (x) [63].
We therefore see that the concept of the Fisher information
is meaningful, as in general estimation it can be achieved in
the asymptotic sense. In the quantum setup, however, the probability distribution of results depends on the choice of measurement and the optimal measurement given by the eigenbasis of Dρφ depends in general on an unknown value φ. Adaptive strategies need to be employed in which the measurement
is given by the SLD for the current estimate of φ, in order to
achieve the optimal precision given by the QFI in the asymptotic sense, see [67, 73, 74].
1.1.2.4

Bayesian estimation

In an opposite scenario to the local and the asymptotic ones discussed above, when one wants to minimise errors of just a few
experiments — so called one-shot scenario — but information
about the value of φ is partially known, one can use a Bayesian
approach. Prior information about the estimated parameter φ
is represented by a probability distribution g(φ) on the parameter space Φ. After a result x is obtained, the prior information
about φ is updated to the posterior distribution,
p(φ|x) =

g(φ) pφ (x)
,
p̄(x)

(1.12)
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R
where p̄(x) = Φ dφ g(φ) pφ (x) is the average probability of
obtaining the result x. When an estimator φ̂ is used, the corresponding average mean error is given by
Z

Z
dφ g(φ) MEφ =

AME(φ̂) =
Φ

dφ g(φ)
Φ

X

pφ (x) C(φ̂(x), φ).

x

(1.13)
For application of this approach to phase estimation see e.g. [14,
75, 76], for frequency estimation e.g. [77, 78]. Furthermore, for
the quadratic cost function C, the van Trees inequality [79, 80]
bounds the error of any (not necessarily unbiased) estimator φ̂
from below, by the information contained in the prior distribution and the average Fisher information,
Z
dφ g(φ)
Φ

X
x


−1
Z
pφ (x) (φ̂(x) − φ) > Iprior + dφ g(φ) Iφ
,
2

Φ

Z
dφ g(φ) ∂φ log(g(φ))

where Iprior =

2

,

(1.14)

Φ

as long as g(φ) = 0 at the boundary of Φ and Iφ is well defined for all φ ∈ Φ. In Sec. 1.3 we will use this inequality to
derive bounds on the MSE in local estimation with a quantum
system in the presence of correlated noise. Let us note here that
in quantum parameter estimation using highly non-Gaussian
states, the so called Ziv-Zakai bound may be tighter than the
van Trees inequality, see [81].
Furthermore, for the quadratic cost function, the optimal estimator minimising the average error is known to be simply the
mean of the posterior distribution,
R
dφ g(φ) pφ (x) φ
φ̂(x) = RΦ
Φ dφ g(φ) pφ (x)

and thus

(1.15)

Eφ̂(x) = φ0 , and
(1.16)
Z
X
AME(φ̂) =
dφ g(φ)(φ − φ0 )2 −
p̄(x) (φ̂(x) − φ0 )2 , (1.17)
Φ

x
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where φ0 is the mean of the prior distribution, so that the average error is the difference between the prior distribution variance and the estimator variance.
Moreover, for the quadratic cost function in quantum paremeter estimation, the optimal measurement can be found and corresponds to projections on the eigenvectors of the observable
Dρ , which is the solution of the following equation [66, 77], cf.
the SLD in Eq. (1.8),

1
Dρ ρ + ρ Dρ = ρ 0 ,
(1.18)
2
R
R
where ρ = Φ dφ g(φ) ρφ and ρ 0 = Φ dφ g(φ) (φ − φ0 )ρφ . Moreover, the shifted observable Dρ + φ0 1 encodes in its spectrum
the optimal estimator φ̂ for the optimal measurement, which
leads to the average error, cf. Eq. (1.17),
Z
AME(Dρ ) =
Φ

1.1.3



2
dφ g(φ)(φ − φ0 ) − Tr ρ Dρ .
2

(1.19)

Ultimate precision limits and quantum correlations

From now on we consider local and asymptotic strategies, where
the Fisher information, (1.6), and the quantum Fisher information, (1.7), can be used to quantify the quality of a metrology
setup.
Standard scaling. Consider parameter estimation using a quantum system consisting of N identical subsystems, e.g. N twolevel atoms. A state ρ⊗N
with no correlations between subsysφ
tems leads to the QFI linear in N, cf. (1.7), as it corresponds
to N independent experiments using just one subsystem, and
thus mean square errors scale ∝ N−1 , so called standard (shotnoise) limit, cf. Eq. (1.11). Furthermore, precision of estimation
setup using any separable state can be shown to be bounded
by N maxρ F(Λφ (ρ)) due to convexity of the QFI [1, 2]. On the
other hand, an entangled state of a quantum system exhibits
stronger than classical correlations, which has been exploited in
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quantum computation and communication protocols [7]. Those
quantum correlations can also result in fast evolution in the
quantum states space, which makes entangled states very sensitive to changes in dynamics parameters and therefore potentially useful for metrology [1, 2, 62]. Entanglement has been indeed demonstrated to enhance the precision of estimating unknown phase (optical shift) in optical setups (first considered
in [3]) and unknown magnetic field via spectroscopy (first discussed in [4], for experiments see [5, 6]) when system dynamics
is unitary.
Heisenberg scaling in phase and frequency estimation. Let us briefly
consider the example of unitary estimation with the maximally
correlated Greenberger-Horne-Zeilinger (GHZ) state √1 (|GHZi =
2
|0i⊗N + |1i⊗N ) consisting of N qubits (e.g. N photons with |0i,
|1i representing modes in two arms in an interferometer, in
which case such a state is called the NOON state, or N twolevel atoms with |0i, |1i describing the ground and the excited
states of an atom). When dynamics introduces a relative phase
difference φ between |0i and |1i, we obtain the evolved state
|GHZφ i = √1 (|0i⊗N + e−iNφ |1i⊗N ) which effectively encodes
2
the phase Nφ, the phase estimation precision for the optimal
measurement (parity measurement) will scale ∝ N−2 , and indeed it can be easily shown that the QFI equals F(|GHZφ i) = N2 ,
which is actually the maximum value of the QFI for such unitary dynamics. This is referred to as Heisenberg limit or scaling
in N [3]. On the other hand, the uncorrelated state of N atoms,
1
−iφ |1i)⊗N , the QFI equals only N.
√ N (|0i + e
2
In general, for any phase encoding with unitary dynamics,
i.e., ρφ = Uφ ρU†φ where Uφ = e−iφH , we obtain that the QFI
is independent of φ value, Fφ (ρφ ) = F(ρ), as the optimal measurements for different φ1 6= φ2 are simply related by the unitary Uφ2 −φ1 . Furthermore, from convexity of the QFI, the optimal initial state is pure. For any pure initial state |ψi, we simply have that the QFI is proportional to the Hamiltonian variance, F(|ψi) = 4 ∆2 H. Therefore, when the Hamiltonian is local
P
⊗(j−1) ⊗ h ⊗ 1⊗(N−j) , the
with respect to subsystems, H = N
j=1 1
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maximum QFI equals N2 (hmax − hmin )2 and is achieved for a
GHZ-like state consisting of the extreme eigenvectors of h corresponding to eigenvalues hmax , hmin , whereas for separable
states the QFI reaches at most N(hmax − hmin )2 . For frequency
ω estimation in spectroscopy, i.e., the encoded phase being
φ = ωt, it simply follows that the maximum QFI is N2 t2 , while
for the uncorrelated state N t2 , see [4].
We note that the Heisenberg scaling can be beaten for states
with a fluctuating number of subsystems, e.g. for states composed of different number of photons, and there is no ultimate
bound as the QFI can even be infinite [82]. When Gaussian states
are considered, however, the Heisenberg scaling is recovered as
the limit, due to the fluctuations of the number of subsystems
being bounded, see e.g. [83, 84].
It should be noted that except for very particular forms of
ρφ , the optimal measurement given by Dρφ is usually difficult
to engineer. Nevertheless, its SNR equals the QFI, Fφ (ρφ ), and
thus bounds the (asymptotic) precision of any measurement
that can be performed in practice. Therefore, it provides an ultimate benchmark against which performance of measurements
currently used in experiments can be checked, see e.g. [85].
Moreover, as we discuss in the next subsection on quantum
metrology in the presence of noise, when F(ρg ) is optimised
over all possible preparations φ, it can be determined whether
there is at all possibility of enhancement in scaling using entangled states of N subsystems.
as a witness of multipartite entanglement. As we discussed
above, when an estimated parameter is encoded via unitary
dynamics with a local Hamiltonian, the corresponding QFI for
a separable state is necessary limited to linear scaling, Fsep =
N(hmax − hmin )2 . Therefore, if there is a way of determining
the QFI for a given state ρ experimentally, or at least a lower
bound for the QFI, it serves as a witness of multipartite entanglement whenever the measured value is higher than Fsep [10, 11].
Moreover, this criterium can be refined by considering limits of
QFI
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the QFI for k-producible states (a mixture of tensor products of
at most k-subsystem states), Fk−prod = N k (hmax − hmin )2 [10,
86]. Experimental schemes to obtain a QFI value or its lower
bound have been proposed e.g. in [87–89].
It is known, however, that for mixed states there can be quantum correlations present, so called quantum discord [90], even
if the state is not entangled, i.e., separable. It can be shown that
those quantum correlations can be useful for certain metrological scenarios where the Hamiltonian encoding a parameter to
be estimated is unknown [91].

1.1.4

Metrology in the presence of noise

In the previous section we discussed how an entangled initial
state preparation can lead to Heisenberg scaling in estimation
precision [2]. This quantum enhancement in precision, however,
may be significantly limited in the presence of additional noise
- decoherence [15, 16, 92].
When the system is interacting with external environments,
quantum correlations may be significantly reduced and thus
the quantum enhancement in precision may be limited for open
quantum systems. This is especially visible in the case when the
noise effects commute with the phase encoding, i.e., Λφ (ρ) =
e−iφH Λ(ρ) eiφH , since it effectively limits the set of possible initial states from ρ to Λ(ρ). This is the case in the optical interferometry in the presence of photon losses which reduce the precision scaling to the standard limit [13, 14]. It was shown later in
that similar results hold for dephasing noise [15, 16, 92].
Markovian noise in frequency estimation. In a frequency estimation setup, an initial system state ρ evolves for time t so that
frequency can be encoded in phases of the evolved state, ρω,t =
Λω,t (ρ), and accessed by a subsequent measurement. For a total
time T given for estimation, the single experiment is repeated
n = Tt times, assuming negligible preparation and measurement times. Single experiment time t is chosen so that the corre-
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sponding estimation errors are minimal, e.g. for local perturbation estimation so that maxt6T Tt Fω (ρω,t ) is achieved, cf. (1.11).
In order to do so, the quantum channel Λω,t needs to be specified as a function of time t. When interactions between the
system and environments are weak and the noise correlation
time is much shorter than the characteristic time of the system
ω−1 , environments can be assumed to have no memory and
the quantum channel has a semigroup structure Λω,(t1 +t2 ) =
Λω,t2 ◦ Λω,t1 , which corresponds to a time-homogenous master equation for system dynamics [8, 9], see also derivation in
Sec. 2.1.1. For the interaction leading to local Markovian dephasing, it was shown in [12] that the GHZ and uncorrelated
states provide exactly the same precision, and together with
generalized Ramsey spectroscopy schemes have standard scaling, see Fig. 1.4 and [93]. It was proved later, also for other
local Markovian noise usually encountered in spectroscopy experiments (depolarisation, spontaneous emissions/amplitude
damping), that the standard scaling indeed holds for any atom
preparation and measurement, and the quantum enhancement
is limited to just a constant [15, 94]. Nevertheless, there are realistic Markovian models in which the standard scaling can
be beaten [95, 96] or even the Heisenberg scaling can be restored using error correction methods [97–99] or due to spatialcorrelations in non-local noise [100].
Non-Markovian noise in frequency estimation and new precision
limits. Markovian noise models are an approximation of the system dynamics and not all noise models can be described within
this approximation, resulting in so called non-Markovian models with noise correlated in time. For example, in magnetic field
sensing using the GHZ state in the presence of semi-classical
dephasing due to unaccounted stationary magnetic fields has
infinite correlation time, the precision of magnetic field sensing
scales ∝ N−3/2 [21, 101]. Furthermore, joint unitary dynamics
of the system and an environment impose an initial quadratic
decay of the probability of observing the system in its initial
state, which leads to the quantum Zeno effect [17–20], whereas
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the semi-group structure of Markovian models imposes a faster
exponential decay of this probability. The authors of [22, 23]
showed that the precision of frequency estimation in the Zenodynamics regime with the atoms prepared in the GHZ state
scales ∝ N−3/2 for numerous local non-Markovian dephasing
models. It was also argued that the Zeno scaling ∝ N−3/2 should
be a limit valid for any system preparation and any local dephasing model, as the scaling enhancement for the GHZ state
in comparison to the Markovian noise is due to the slower increase of the noise strength in the Zeno-dynamics regime.
In Sec. 1.4 we derive a bound for the precision of frequency
estimation in the presence of general local dephasing. For dephasing featuring the initial Zeno dynamics, we prove that the
Zeno scaling is indeed the best possible precision scaling for all
atom preparations and measurements, and can be achieved only
for experiments performed within the Zeno dynamics-regime,
whereas for other regimes the precision scaling is necessary
standard and thus non-Markovian revivals are not a resource
for metrology asymptotically. Moreover, using already earlier derived bounds [15, 94], the Zeno scaling can be shown to be the
limit for frequency estimation with non-Markovian depolarisation and damping models. These results have been published
in [24]. The authors of the later work [102] prove that the Zeno
scaling is the precision limit for all models of noise commuting
with phase ωt encoding, Λω,t (ρ) = Uωt Λt (ρ)U†ωt , which feature initial Zeno dynamics.
Spatial correlations in noise and limits in phase estimation precision. In Sec. 1.3 we present a bound for semi-classical model of
Gaussian dephasing derived in [27] which crucially depends
on the noise correlations and thus bridges the gap between
usually considered local noise [13, 15, 16, 94] and fully correlated noise [84, 103]. In particular depending on the correlation
length in the noise we observe transition between linear and
constant scaling of the Fisher information for phase estimation
and Markovian frequency estimation. The bound [27] is later
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used to prove the Zeno scaling in [24]. In [100] the frequency
estimation using atoms interacting with electromagnetic fields
via electric quadrupole moments was considered. For the case
of the dephasing noise with the spatial correlation length increasing linearly with the number N of atoms, it was shown
that the Heisenberg scaling is restored in the limit of an infinite
number of subsystems, N → ∞.
Unitary noise. If the parameter being estimated is not encoded
simply as a phase, the precision scaling may be limited, even
when there is no interaction with an environment and the sys0
tem dynamics is unitary, e.g. for Uφ = e−i(φH+ϕH ) and two
terms in the Hamitonian not commuting, [H, H 0 ] 6= 0 [104–
106]. This is due to the fact that the parameter φ is effectively
encoded with a parameter-depending Hamiltonian given by
Rφ
ϕ
ϕ
0
0
0
0
Hφ,ϕ = 0 dφ 0 e−iφ (H+ φ H ) H eiφ (H+ φ H ) . In particular, for frequency estimation, t2 -scaling of the QFI may not be present
asymptotically [105]. When both H and H 0 are local, however,
the best possible scaling in the number N of subsystems is still
the Heisenberg limit [104, 106].
Estimation of noise parameters. For the optimal estimation of a
noise parameter, see [94] for bounds and [107] for an example
of temperature estimation.

1.1.5

Resources in metrology

In frequency estimation there is an additional parameter of
time t, which can be optimised to lower estimation errors, when
total time T of experiments is given as a resource. In the case
of phase estimation with N subsystems, local phase encoding,
(N)
Λφ = Λ⊗N
φ , can be thought as parallel application of N encoding operations Λφ . In such situations enhancement can come
from the initial entangled preparation usually requiring also
an entangled measurement to retrieve the value of φ [1], cf. the
SLD in (1.8). On the other hand, consider applying N encoding
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operations sequentially to one subsystem, ΛN
φ , so called multipass interferometry, which for unitary phase estimation leads to
Heisenberg scaling with N without multipartite entanglement between subsystems or entangled measurement [73, 74]. One can
further consider a general framework treating encoding operations as a resource, which includes the above two. One considers N encoding operations are applied to a finite number
of initially uncorrelated subsystems, some of which may play
role of ancillas (Λφ is not applied), and interspersed with additional operations possibly entangling the subsystems, leading
to an entanglement-assisted scenario [2, 108, 109]. For the unitary case, the solution is known [108], but when Λφ is noisy,
a hierarchy of scenarios is known only for special types of noise,
like dephasing and erasure, see [109] for proofs and a general
conjecture.
We note here, when a considered scenario is entanglementassisted, i.e., additional operations used beyond the local encodings, entangle the subsystems, their implementation cost
should be also taken into account as they are usually difficult
to perform experimentally, possibly within a proper resource
theory framework [110].
Furthermore, we note that usually the above scenarios are
considered with respect to local estimation, cf. Sec. 1.1.2.2. When
there is no initial knowledge about the estimated parameter φ,
it has been shown for the unitary multiple-passes intereformetry scenario with a single subsystem, or equivalently the parallel scenario using the GHZ states, that the Heisenberg scaling
of errors can be indeed achieved [73, 74]. For general (possibly
noisy) scenarios, however, it is not known whether the precision achievable locally can be also achieved in the asymptotic
sense. Note that the standard scenario using separable states
and parallel strategies, simply corresponds to n = N independent experiments and thus the local precision is achievable also
asymptotically, cf. Sec. 1.1.2.2.
Non-linear phase estimation. The Heisenberg scaling is a consequence of unitary encoding, Uφ = e−iφH , with a local Hamil-
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tonian H. When there are interactions in the encoding Hamiltonian H, so called non-linear/many-body encoding, first proposed in [111], the corresponding QFI can feature faster than
quadratic (even exponential) scaling, in the number of subsystems N used, which can be remedied by careful counting of
resources as Tr(H ρ) − E0 , where E0 is the ground energy in
H [112]. Nevertheless, again a question arises about asymptotic
attainability of the corresponding bounds on precision, but the
answer seems to be negative [113].

1.1.6

Multi-parameter estimation

Quantum technology applications require precise characterisation of their components via quantum tomography [114], where
the density matrix ρ describing a system state is reconstructed
from measurement outcomes, and system identification [37, 115],
where system dynamics is determined. These tasks require estimation of usually more than a single parameter.
Multi-parameter Cramér-Rao bound. Consider m parameters φ =
(φ(1) , ..., φ(m) )T , whose unknown value is to be estimated. The
Cramér-Rao inequality [63] states that the covariance matrix
Σφ (φ̂) of errors of locally unbiased estimators, φ̂ = (φ̂(1) , ..., φ̂(m) )T ,
is bounded from below by the inverse of the Fisher information
matrix Iφ , cf. (1.6),
Σφ (φ̂) > I−1
where
(1.20)
φ ,

Σ(φ̂) jk = Cov(φ̂(j) , φ̂(k) ) = E(φ̂(j) − φ(j) )(φ̂(k) − φ(k) ) and



X

Iφ jk =
pφ (x) ∂φ(j) log(pφ (x)) ∂φ(k) log(pφ (x)) .
x

Moreover, in the quantum metrology setup, where parameters
to be estimated are encoded by a quantum channel, ρφ = Λφ (ρ),
we further have that the Fisher information matrix is bounded
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from above by the quantum Fisher information matrix [64, 65],
Fφ (ρφ ), and thus
Σφ (φ̂) > I−1
> Fφ (ρφ )−1 where
φ


1  (j)
(k)
Tr Dρφ , Dρφ ρφ
Fφ (ρφ ) jk =
2
1
(k)
Dρφ , ρφ
2

=

(1.21)
and

∂φ(k) ρφ .

Note however, that the QFI matrix corresponds in general to
m different projective measurements on the eigenbases of the
(k)
SLDs, Dρφ , k = 1, ..., m and thus may not be attainable. The con (j)
(k) 
dition of commutation of all SLDs, Dρφ , Dρφ = 0, j, k = 1, ..., m
is sufficient for the bound to be achievable in local estimation. In Sec. 1.2 we discuss finding a single optimal measurement so that in the multi-parameter estimation, the trace of
the classical Fisher information matrix Iφ , Eq. (1.20), is maximal. Asymptotically, the estimation precision is bounded in the
Holevo bound [116]. The Holevo bound has been proven to
be achievable recently [117] by methods of Local Asymptotic
Normality, where ρ⊗N
φ is shown to correspond asymptotically
to (in general non-commuting) Gaussian modes. Moreover, the
Holevo bound corresponds to the precision of the optimal (usually not projective) POVM performed on the modes, and a collective measurement on ρ⊗N
φ . When the Gaussian modes commute, the Holevo bound is simply given by the QFI matrix
(1.21). This takes place when all the SLDs commute on average,
 (j)

(k) 
Tr Dρφ , Dρφ ρφ = 0, for j, k = 1, ..., m. For the case of a pure
states ρφ , the condition of commuting on average was shown
to be necessary in order to achieve the QFI already in [118].
Types of parameters. In quantum imaging, an image is described
by m phases corresponding to m independent modes, which
we refer to as unitary parameters. In [119] it has been shown
for unitary encoding and pure initial states that optimal multiparameter estimation yields better results than independent
best estimation of each phase, as the total mean square error
decreases O(m) faster when using initial states entangled w.r.t.
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all the modes. On the other hand, for system identification also
decoherence parameters need to be estimated, e.g. losses in optical interferometry. For simultaneous estimation of unitary and
decoherence parameters, trade-offs arise due to possible noncommutativity of optimal measurements, for example of optical interferometry see [120–122]. A different setup considers a
single parameter changing in time according to an unknown function that is to be estimated [123].
For a detailed review of background and recent advances in
multi-parameter quantum metrology, see [124].

1.1.7

QFI as a metric

The multi-parameter QFI matrix represents a Riemannian metric on the space of system states [125], which is minimal among
monotone metrics [126, 127]. Therefore, it can be used to detect
singular changes in the structure of system states corresponding e.g. to quantum phase transitions [128–130] or conversely
phase transitions can be used to enhance the estimation precision [107, 131]. In Chapter 2 we will consider the relation
between enhanced parameter estimation and dynamical phase
transitions [34].
Furthermore, as a metric, the QFI bounds the speed of quantum evolution, in so called Quantum Speed Limits [132–135], which
can be viewed as a generalisation of the Heisenberg uncertainity for time and energy [136, 137]; for other methods of deriving quantum speed limits see [138–140]. Finally, in turn, the QFI
determines also the minimum frequency of the projective measurement on an initial system state, necessary to observe the
quantum Zeno effect [141].
In sections below we discuss three aspects of metrology in the
presence of decoherence. First in Sec. 1.2, we present a numerical iterative algorithm to find optimal preparation of the initial state ρ and measurement X for a given evolution Λφ [142].
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Secondly, in Sec. 1.3, we deliver bounds on phase estimation
precision in the presence of arbitrarily correlated Gaussian dephasing noise showing transition between the standard scaling
and the constant scaling [27]. Finally in Sec. 1.4, we prove the
3
Zeno limit ∝ N− 2 for frequency estimation in non-Markovian
environments [24].

1.2

variational principle for quantum fisher information and numerical algorithm for finding optimal system preparation

Since decoherence usually results in a mixed state ρφ , the maximal quantum Fisher information, supρ Fφ (ρφ ), is difficult to
calculate. In [142] we introduced a variational principle which
delivers a convenient numerical algorithm to calculate the maximum QFI for quantum systems of a finite dimension.

1.2.1

Variational principle

Let us consider a quantum metrology setup in which the states
used in the estimation are obtained from a quantum channel Λφ ,
i.e., ρφ = Λφ (ρ), and an observable X is measured on ρφ in order to retrieve the information about φ, see Fig. 1.1. In order
to obtain an ultimate limit on precision in local and asymptotic estimation strategies, one optimises the setup in Fig. 1.1
by finding the initial preparation ρ leading to the maximum
(max)
QFI, Fφ
= supρ Fφ (Λφ (ρ)).
(max)

As we show below, the ultimate limit Fφ
can be expressed
by the following variational principle which includes maximisation w.r.t. both an initial state ρ and an observable X,
(max)


= sup sup Tr Gφ (X) ρ , where
ρ
X
 
†
†
Gφ (X) = −Λφ X2 + 2 ∂φ Λφ (X),
Fφ

(1.22)
(1.23)
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where Tr Λφ (X) ρ = Tr X Λφ (ρ) . A quantum channel Λφ
encoding an unknown value of the parameter φ, does not have
to be unitary and can represent any decoherence of a state ρ.
Proof of the variational principle. Since 2 ∂φ Λφ (ρ) = 2 ∂φ ρφ =
{Dρφ , ρφ }, where {·, ·} denotes the anti-commutator, cf. (1.8), we
have that


†

Tr Gφ (X) ρ







= −Tr ρφ X2 + Tr X Dρφ , ρφ



2 
.
= Tr ρφ D2ρφ − Tr ρφ X − Dρφ

Hence, the first supremum
 in (1.22)
 leads to the QFI for Λφ (ρ)

2
supX Tr ρ Gφ (X) = Tr ρφ Dρφ = F(Λφ (ρ)), cf. Eq. (1.7) .
Note that the parabolic function Gφ (X), Eq. (1.23), can be replaced by any other function Gφ0 (X) such that for a given initial
state ρ, Tr(Gφ0 (X) ρ) has a global maximum equal to F(ρφ ) at
X = Dρφ .

The value of Fφ (ρ, X) := Tr ρ Gφ (X) can be viewed as a generalisation of the quantum Fisher information to any projective measurement and a generally biased estimator, encoded in
the eigenbasis and the spectrum of an observable X. Note that
Fφ (ρ, X) is a concave function of ρ and X, in contrast to the QFI
being convex in ρ, cf. (1.10). Furthermore, Fφ (ρ, X) for given ρ
(max)
and X provides a lower bound for the maximum Fφ
.
Relation to SNR. When the optimisation over X is first done
e = αX + β of
with respect to an optimal linear transformation X
e equal the SNR of X, as Fφ (ρ, X) is just
a given X, it yields Fφ (ρ, X)
the difference between twice the signal, Tr(∂φ ρφ X), and the
noise, as Tr(ρφ X2 ) = ∆2φ X + hXi2φ is minimised when hXiφ = 0
or rather β := −α hXiφ . This confirms the inequality between
the SNR of any observable and the QFI [68], see Eq. (1.9).
Furthermore, when Fφ (ρ, X) is optimised only with respect
to the choice of X-spectrum and a measurement is fixed as the
projective measurement on X-eigenbasis, Fφ (ρ, X) yields the corresponding Fisher information. In general, for a given POVM
measurement Π = {Πx }x , an analogous variational principle can
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be established for the Fisher information corresponding to the
optimal initial preparation ρ for that measurement,

 
†
†
Iφ (Π) = sup sup Tr ρ −Λφ (X2 ) + 2 ∂φ Λφ (X1 ) , (1.24)
ρ

φ̂

P
where φ̂ is a used estimator and Xj := x φ̂(x)j Πx . When Π is
a projective measurement, X2 = X21 , and Eq. (1.24) reduces to
Eq. (1.23).
Moreover, from the Jensen’s inequality for operators [143] it
P
P
2
2
2
follows that X2 =
x φ(x) Πx > ( x φ(x)Πx ) = X1 , where
POVM operators {Πx }x play a role of weigths, and thus considering more generally the POVM in the variational principle (1.22),
also leads to a projective optimal measurement.
In the next section we show how the variational principles
introduced above can be used to establish numerical iterative
algorithms to find optimal initial system preparations.
Example of sequential correlated measurements. Now we show
how the variational principle in (1.24) can be used to find an
Pn
optimal linear estimator, φ̂(x) =
j=1 αj xj , in the case when
the result of experiment is multidimensional, x = (x1 , ..., xn ),
e.g. corresponding to sequential measurements of the system
during its dynamics parametrised by φ [144] (see also parameter estimation using continuous measurements [37–39]). The
signal-to-noise ratio for optimal linear estimator is given by
(linear)

SNRφ

= STφ Σ−1
φ Sφ ,

(1.25)

where Sφ = (∂φ Eφ x1 , ..., ∂φ Eφ x1 )T is the signal vector, whereas
the matrix Σφ = (Eφ (xj xk ) − Eφ xj Eφ xk )jk describes correlations between results. This corresponds to the estimator (rescaled
for local unbiasedness around φ)
n 

 X

(linear) −1
φ̂(x1 , .., xn ) = SNRφ
Σ−1
S
xj + φ. (1.26)
φ φ
j=1

j
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In the case when the results are i.i.d. we arrive at the optimal
estimator being simply proportional to the arithmetic mean of
P
the results, φ̂(x) ∝ n1 nk=1 xk , and corresponding SNR being
proportional to n (standard scaling).
We note that the optimal SNR, (1.25), corresponds to the QFI in
estimation with correlated Gaussian variables of the same mean
φ, where we simply have Sφ = (1, ..., 1)T and thus SNR(linear) =
Pn
−1
j,k=1 (Σ )jk [63]. Moreover, the optimal linear estimator in Eq.
(1.26) is optimal among all estimators, furthermore efficient and
also globally unbiased.
Derivation. The variational principle (1.24) restricted to linear
P
estimators, φ̂(x) = nj=1 αj xj + β, and a fixed ρ (or more generally a fixed probability distribution pφ (x) ), yields

max

α1 ,..,αn ,β

X
x1 ,...,xn


2
n
X
pφ (x1 , ..., xn ) 
αj xj + β
j=1


!
n
X
− 2∂φ pφ (x1 , ..., xn ) 
αj xj + β
j=1


2
= max −αT Σφ α − β − αT Aφ + 2 αT Sφ .
α,β

Here α = (α1 ,...,αn )T is the vector of coefficients in the linear
estimator, and Aφ = (Eφ x1 , ..., Eφ xn )T is the vector of average
results. First, the maximum w.r.t. β is achieved when β = αT Aφ .
Furthermore, the extremum of the above expression is achieved
when the first derivatives w.r.t. α1 ,..., αn are 0, which corresponds to

1 T
Σφ + Σφ α = Sφ ⇐⇒ α = Σ−1
φ Sφ ,
2
where we used the fact that Σφ is a symmetric matrix. As the
second derivative simply equals minus the correlation matrix,
− Σφ 6 0, the coefficient vector α above indeed corresponds to
the optimal choice of a linear estimator.

28

1.2 variational principle for qfi

1.2.2

Numerical algorithm to find optimal system preparation

We now introduce an iterative alternating algorithm based on
the variational principle in Eq. (1.23). Its construction is based
on the observation that the order of two suprema in Eq. (1.23)
can be swapped. The convergence of the algorithm to the max(max)
imum value of the QFI, Fφ
, is guaranteed for a system of
finite-dimension by the concavity of F(ρ, X) = Tr (Gφ (X)ρ) on
the convex sets of system observables X and convex and compact set of initial states ρ. The optimal system preparation is
yield by a subsequence of initial states chosen in sequential iterations of the algorithm.
Algorithm. Let ρ(n) be the initial system state considered at
n-th step of algorithm. First, we consider the optimal observable X leading to the maximum value of Fφ (ρ(n) , X). From (1.8)
it is attained for the SLD, X(n) = Dρ(n) , and equals the QFI for
φ

(n)
ρφ .

Now we alter the order of suprema, and choose an initial
system state for the next step as the state leading to maximum
value of Fφ (ρ, Dρ(n) ). As Fφ (ρ, X) = Tr (Gφ (X) ρ) is linear in ρ,
φ

we obtain ρ = ρ(n+1) as the pure state corresponding to the maximum eigenvalue of Gφ (Dρ(n) ). Note that the quantum Fisher
φ

information

(n)
F(ρφ )

(n)
F(ρφ )

increases with n,





(n)
(n+1)
= Fφ ρ , Dρ(n) 6 Fφ ρ
, Dρ(n)
φ
φ


(n+1)
6 Fφ ρ(n+1) , Dρ(n+1) = F(ρφ
).
(1.27)
φ

The increase in the QFI is thus achieved by alternatively ‘moving’ along two perpendicular ‘directions’ of observables X and
initial states ρ. At each step we first go as high as possible in
‘direction’ X and then as high as possible in ‘direction’ ρ. Since
Fφ (ρ, X) is linear w.r.t. ρ, we always choose ρ to be pure, similarly as optimal initial state for a given measurement is always
pure due to the convexity of the QFI, cf. Eq (1.10).
In Appendix A.1 we prove that for a system of finite dimension, the algorithm provides the maximum quantum Fisher in-
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(max)

formation, limn→∞ Fρ(n) = Fφ

30

. In the proof we exploit con-

φ

cavity of F(ρ, X) w.r.t. convex sets of observables X and compact and convex set of initial states ρ. The optimal initial state
is given by a subsequence of ρ(n) . Although the convergence of
the algorithm may not be faster than other algorithms, such as
gradient methods, it only requires diagonalising two operators
(n)
at each step, ρφ and Gφ (Dρ(n) ) and a storage of only one opφ

erator at each step.
An analogous algorithm for the variational principle in the
case of a fixed POVM, see Eq. (1.24), can be proved to converge
as in Appendix A.1. Let us also note that convergence of similar
algorithm used in quantum Bayesian estimation [76, 77] can be
proved analogously. We note as well that the algorithm is formally similar to the Expectation Maximisation algorithm [145]
and similar extensions as in the case of the EM algorithm may
be applicable [146].
Restricted set of initial states. If we restrict the set of initial
states in Eq. (1.23) to a subset S, e.g. to matrix-product states or
Gaussian states, we obtain a variational principle for the maximum quantum Fisher information in S,
sup F(ρφ ) = sup sup Fφ (ρ, X)
ρ∈S

ρ∈S

(1.28)

X

Furthermore, when the set S is convex (or at least there exist an
open convex neighbourhood around optimal (ρ, Dρφ ), see Appendix A.1), an analogous alternating iterative algorithm will
converge to supρ∈S F(ρφ ), which we demonstrate on the following example.
Example of frequency estimation. Consider estimation of the frequency ω of N two-level atom in the presence of collective
i

PN

(j)

i

PN

(j)

Markovian dephasing, i.e., ρω,t = e− 2 ωt j=1 σz Λt (ρ) e 2 ωt j=1 σz ,
(j)
where σz = −|0(j) ih0(j) | + |1(j) ih1(j) | with |0(j) i being the ground
and |1(j) i the excited state of j-th atom, whereas Λt represents
action of dephasing noise. In particular, for fully symmetric
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2

states we have hn|Λt (ρ)|mi = e−γt(n−m) hn|ρ|mi, where γ is
dephasing rate and |ni denotes the state of n atoms excited
and the rest, N − n, in the ground state. In order to fully optimise the estimation setup, one need not only consider an initial state ρ and an observable X, but also possibility of dividing a total time T into n = Tt single experiments each lasting time t, in which case the corresponding total quantum
Fisher information equals F(total) = Tt F(ρω,t ). Fig. 1.2 shows

Figure 1.2: Optimal frequency estimation with collective dephasing:
F(total) for the optimal symmetric states (green) found using the algorithm, the Berry-Wiseman states [75] (red) and
the uncorrelated states (blue). Black curve corresponds to
the bound 2T/γ [84]. The inset shows corresponding optimal times of a single experiment.

results for optimal choices of t and symmetric initial state obtained using the algorithm, which achieve an ultimate bound
for frequency estimation in the presence of collective dephasing, F(total) 6 Tt t2 (N−2 + 2γt)−1 6 2T/γ, which can be derived
from a phase-estimation bound in [84]. This confirms that the
(max)
algorithm indeed converges to Fω . The bound is also approached by the optimal separable states for large N, but the
convergence rate is bigger for entangled preparations. One-axis
and two-axes squeezed states [28] perform as well as the opti-
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mal fully symmetric states for moderate and large N.
Experimental implementation of the algorithm. If diagonalisation
of the operators Gφ (X) and ρφ is difficult, the algorithm can be
generalised as follows. In the n-th step an observable X(n) is
fine to be chosen as long as Fφ (ρ(n) , X(n) ) > Fφ (ρ(n) , X(n−1) ),
and a state for the next step ρ(n+1) when Fφ (ρ(n+1) , X(n) ) >
Fφ (ρ(n) , X(n) ). This way an increasing sequence Fφ (ρ(n) , X(n) ) is
obtained. This can be further refined by considering in each
e(n) , its linear transformation X
e(n) leading to
step after choice X
Fφ (ρ(n) , X(n) ) being its SNR. Furthermore, this generalised algorithm can be actually implemented experimentally or through
random sampling techniques without any knowledge of X or ρ
beyond the signal ∂φ hXiφ and the noise ∆2φ X which determine
Fφ (ρ, X), cf. (1.23). Although the series Fφ (ρ(n) , X(n) ) does not
(max)
necessary converge to Fφ
, it provides a way of consistently
improving the estimation setup.

1.2.3

Multi-parameter case

Multi-parameter variational principle. Consider quantum dynamics which depends on a vector of m parameters, φ = (φ(1) , ..., φ(m) )T ,
so that ρφ = Λφ (ρ), see Sec. 1.1.6. We introduce a multi-parameter
variational principle that yields the maximum sum of the Fisher
informations w.r.t. a single projective measurement, and thus
the trace of the corresponding Fisher information matrix Iφ ,
which is not necessary diagonal, see Eq. (1.20),
sup

n
X

ρ,Π k=1

Iφ(k) (ρ, Π) = sup sup
ρ

(k)

Fφ (ρ, X) =

m
X

(k)
Fφ



(k)
ρ, f (X) ,

X,f k=1


(k)
Tr Gφ (X) ρ ,

where
(1.29)

with the parabolic functions of an observable, similarly as in
one-parameter case of Eq. (1.23), are
 
†
(k)
Gφ (X) = −Λ†φ X2 + 2 ∂φk Λφ (ρ) (X),

(1.30)
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and in order to consider any estimator for each parameter corresponding to just one projective measurement given by the
eigenbasis of X, we introduce a set of polynomial functions,
f = (f(1) , ..., f(m) )T , of an observable X of the order of the system
space dimension d = dim(H),
f(k) (X) =

d
X

(k)

αj Xk + β(k) .

(1.31)

j=1

Note that in order to be able to reproduce any estimator, we
need a non-degenerate spectrum of X. That is why we consider the optimisation w.r.t X and f together, cf. supX,f in (1.30).
Note that we consider optimisation with respect to only d × m
more variables than in one-dimensional case. Note that using
Lagrange multipliers for commuting observables Y1 ,..., Ym corresponding to m parameters, i.e., the variational principle with
Pm (k)
k=1 Fφ (Yk , ρ), with a condition of all m observables commuting requires d(d − 1)/2 × m(m − 1)/2 multipliers.
Trade-off in multi-parameter estimation. Note that in the varia(k)
tional principle each term Fφ (ρ, X) is maximised at in general
(k)

different X = Dρφ , and the principle represents a trade-off between the estimation precision for different parameters, cf. [121,
122].
Optimal projective measurement for a given state. From the supremum over X and polynomials f, we can derive the equations for
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34

optimal projective measurement for a given state ρ and dynamics Λφ as follows.

−

m X
d
X

(k)
αj

0

(k)
αj 0

j 0 =1

k=1 j=1

+2β

d
X

(k)

j
X
l=1

l−1

X

j+j
X

0

Xl−1 (ρφ ) Xj+j −l

l=1
j−l

(ρφ ) X

+

j
X

!
l−1

X

j−l

(∂φk ρφ ) X

= 0,

(1.32)

l=1



(k)
Tr Xj −f(k) (X) + Dρφ , ρφ
= 0, for k = 1, ..., m,


Tr f(k) (X) ρφ = 0, for k = 1, ..., m,

j = 1, ..., d,

(k)

where Dρφ is the SLD corresponding to φk and above equations
(k)

corresponds to derivatives w.r.t to X in (1.32), αj in (1.33), and
β(k) in (1.34). Note that when there exist k such that f(k) (X) has
a non-degenerate spectrum, we can simply choose f(k) (X) = X,
since X is varied as well.
Iterative alternating algorithm. When Eqs. (1.32-1.34) can be
solved, we can also introduce an iterative numerical algorithm
to find both the optimal state and the optimal measurement.
Again, a generalised algorithm can be performed via experiment/random sampling techniques, without knowing X of ρ
only with control over φ, but higher moments of X, up to d-th
moment, need to be measured, cf. Eq. (1.31).
If we fix X (with non-degenerate spectrum) and consider optimisation with respect to an initial state ρ and polynomials f
only, we obtain the maximum sum of the Fisher informations
for the projective measurement on the eigenbasis of X, cf. (1.24).
If instead of polynomials, we simply consider linear transformations, we obtain the maximum sum of the SNRs for the observable X. The latter approach can be useful in the generalised
algorithm, in the case when it would take a long time to gather
the data to estimate the higher moments of X.

(1.33)
(1.34)
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1.2.4

Summary

In this section we presented a variational principle for the maximum quantum Fisher information. This variational principle
leads to a computationally efficient iterative algorithm. We illustrated its good performance on the example of frequency
estimation in the presence of collective dephasing. Moreover,
in the case of multi-parameter estimation, we derived a variational principle maximising the trace of Fisher information matrix w.r.t. to a single projective measurement, and delivered the
equations for the optimal projective measurement given a system preparation.

1.3

precision limits for phase estimation in the
presence of correlated dephasing noise

In this section we come back to the simplest quantum metrology setup of interferometry, in which parameter φ being estimated is just a phase, cf. Fig. 1.1. We consider a phase encoded
by a local Hamiltonian in the presence of dephasing which commutes with the phase encoding, i.e., ρφ = e−iφH Λ(N) (ρ)e−iφH ,
P
⊗(j−1) ⊗ h ⊗
where the Hamiltonian H = N
j=1 Hj with Hj = 1
1⊗(N−j) . It is known that for local (independent) dephasing
noise, Λ(N) = Λ⊗N , the scaling of the QFI is at most standard
in the number N of subsystems [15, 16], while for collective
(fully correlated) dephasing, the scaling is at most constant [84].
In [27] we derived an upper bound on the QFI for phase estimation in the presence of semi-classical spatially-correlated
Gaussian dephasing, see Eq. (1.37), which shows a transition
between the standard and the constant scaling, depending on
the form of the decay of noise correlations. Below we sketch the
derivation and discuss main results of [27].
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1.3.1
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Semi-classical correlated Gaussian dephasing

Semi-classical dephasing noise can be simply viewed as introducing additional random phases {φj }N
j=1 to the subsystems dynamics, beyond the phase φ we want to estimate. Those random phases vary from one experiment to another, and the average state is given by
Z
Λφ (ρ) = dϕ1 ...dϕN g(ϕ1 , ..., ϕN ) e−i

PN

j=1 (φ+ϕj )Hj

ρ ei

PN

j=1 (φ+ϕj )Hj

(1.35)
where we assume a Gaussian distribution of random phases
√
1 PN
−1
p(ϕ1 , ..., ϕN ) = 2π det Σ e− 2 j,k=1 (ϕj −µj )(Σ )jk (ϕk −µk ) , which
is determined by the covariance matrix of correlations, Σjk =
E(ϕj ϕk ) − µj µk , and the means, µj = Eϕj , of the random
phases. Without loss of generality we can assume µj = 0, which
corresponds to the measurement of an observable X unitarPN
PN
ily tranformed as ei j=1 µj Hj X e−i j=1 µj Hj . When the random
phases are independent and identically distributed phases, the
dephasing is local, whereas the fully correlated phases, ϕj = ϕk ,
1 6 j, k 6 N, correspond to collective dephasing. Correlations
in noise can be due to e.g. spatial correlations in unaccounted
magnetic fields, or interactions with common baths [100].

1.3.2

Bound on phase estimation precision

Note that there are two contributions to estimation errors.
Firstly, the quantum noise related to the fact that phases encoded in a quantum state cannot be observed directly, but can
be retrieved only via probabilistically distributed results of measuring an observable X. Even, when system dynamics is unitary,
the mean square error is always at least equal to the inverse of
the QFI, cf. (1.7), which takes into account available resources,
i.e., the number N of subsystems and multipartite correlations
in an initial state ρ.

,
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Secondly, in the presence of correlated Gaussian dephasing,
even if the phases encoded in the evolved system state could
be observed directly and values of {φ + ϕj }j=1,...,N could be reconstructed, the randomness of {ϕj }j=1,...,N would yield classical
noise in estimating φ given by the minimum error of estimating
the mean φ of Gaussian random phases φ + ϕj j=1,...,N , which
error we denote as ∆2Σ .
Using Bayesian estimation tools exploiting knowledge about
the random phases distribution, see Sec. 1.1.2.4, we derive a
lower bound on the mean square error in phase estimation for
all locally unbiased estimators φ̂,
∆2φ φ̂ > Fφ (Uφ ρU†φ )−1 + ∆2Σ

(1.36)

> N−2 (hmax − hmin )−2 + ∆2Σ .
Furthermore, note that this bound corresponds to an upper
bound on the QFI,

−1
† −1
2
Fφ (Λφ (ρ)) 6 Fφ (Uφ ρUφ ) + ∆Σ

−1
−2
−2
2
6 N (hmax − hmin ) + ∆Σ
.

(1.37)

The bound is tight for weak decoherence, since it recovers the
Heisenberg scaling as dephasing strength decreases to 0. We
will exploit this feature in the next Sec. 1.4, in order to derive limits on the frequency estimation in the presence of nonMarkovian dephasing noise. As we demonstrate in the examples below, for fully correlated random phases the bound yields
a constant limit [84], which is also the case whenever the correlations do not decay to 0. For i.i.d. random phases we obtain
the standard limit, as earlier derived in [15, 16], and this limit
is also preserved for exponentially decaying correlations, see
Fig. 1.3.
Universality of the bound. Although in the derivation of the
bound (1.36) we consider semi-classical dephasing model, in
which Gaussian random phases are introduced to subsystems
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dynamics while encoding a phase φ, the bound is not necessary
limited only to this model.
First, let us consider the case of the i.i.d. phases with variance
2
σ , in which case the dephasing is local and fully determined
by its action on a single subsystem. In particular, for subsystem
of a qubit and h = 12 σz , we obtain (in the eigenbasis of σz )

Λφ (ρ) = 

2

ρ00
ρ10 e

ρ01

2
−iφ− σ2

σ
eiφ− 2

ρ11







 , where ρ =  ρ00 ρ01  ,
ρ10 ρ11
(1.38)

which is a general structure of any dephasing channel acting
on a qubit. Furthermore, in phase estimation, the ultimate precision of measuring a state Λφ (ρ), given by the inverse of QFI,
depends only the state ρ, and thus depends on the noise only
via the strength value σ2 /2, not any other details of the model.
As the variance σ2 is not limited for uncorrelated Gaussian random phases in the semi-classical model, any other model of
local dephasing can be mimicked by this model, and thus the
bound (1.36) holds true.
Furthermore, for a system consisting of N subsystems undergoing correlated dephasing described by the following Lindblad master equation [8, 9],
hX
i
d
ρω (t) = −iω
Hj , ρω (t)
dt
N

(1.39)

j=1

1
+
2

N
X
j,k=1



1
Σ(t)jk Hj ρω (t) Hk −
Hj Hk , ρω (t) ,
2

the resulting system dynamics at time t is identical to that
of a semi-classical Gaussian model with the covariance matrix
Rt
0 du Σ(u) and the average φ = ωt. Therefore, the bound (1.36)
is also true for such a class of dephasing noise. For example of
such a quantum noise model derived from unitary dynamics of
subsystems interacting with baths, see [100].
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Derivation. Let us first consider a thought experiment in which
phases encoded in an evolved system state can be accessed directly in each realisation of the experiment, i.e., thr phases of
PN
PN
the state e−i j=1 (φ+ϕj )Hj ρ ei j=1 (φ+ϕj )Hj . Furthermore, let us
assume that we can reconstruct all the values {φ + ϕj }j=1,...,N , in
contrast to e.g. an initial state ρ chosen as the GHZ state that enP
e j = φ + ϕj ,
codes only the phase Nφ + N
j=1 ϕj . We have that ϕ
j = 1, ..., N, are Gaussian variables with the covariance matrix Σ and identical means φ. From Eqs. (1.25) and (1.26), the
mean φ is then efficiently estimated with a linear estimator
P
P
PN
−1
−1
e j , where γj = N
ϕΣ = N
j=1 γj ϕ
k=1 (Σ )jk /
j,k=1 (Σ )jk gives
PN
the unbiased estimator as j=1 γj = 1. The mean square error
PN
−1
of this estimator is ∆2Σ =
j,k=1 (Σ )jk . Note that this linear
estimator ϕΣ itself is just a random phase whose distribution is
Gaussian with mean φ and variance ∆2Σ , and it contains all the
information about φ therefore giving so called sufficient statistics [63].
In a real estimation experiment, however, phases in an evolved
system state cannot be accessed directly, but only through a
POVM measurement performed on the state. Nevertheless, as
we know the Gaussian distribution of random phases {ϕj }N
j=1 ,
in order to estimate φ = φ0 + δφ from a measurement result
x, we first use Bayesian estimation to construct optimal estieN
mators of {ϕ}
j=1 (assuming their means equal φ0 ), which we
e j (x)}N
denote as {ϕ
j=1 , and then simply use the linear estimator,
PN
e j (x), to estimate φ. From Bayesian estimation,
φ̂(x) = j=1 γj ϕ
P
we have x pφ0 (x) φ̂(x) = φ0 . Moreover, this estimator is optimal (up to a linear transformation guaranteeing local unbiasedness around φ = φ0 ),
Fφ0 = SNRφ0 (φ̂) =

∂φ |φ=φ0 Eφ φ̂
∆2φ0 φ̂

2
= (∆2Σ )−2 ∆2φ0 φ̂, (1.40)

where we also used the fact that the signal ∂φ |φ=φ0 Eφ φ̂ =
(∆2Σ )−1 ∆2φ0 φ̂ (for all derivations see Appendix A.2.2).
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On the other hand, φ̂ is also the optimal Bayesian estimator
for the phase ϕΣ (see Appendix A.2.1). Hence, from Eq. (1.17)
we have that its average mean square error
AME(φ̂) = ∆2Σ − ∆2φ0 φ̂.

(1.41)

The estimator necessary obeys the van Trees inequality [79, 80],
see Eq. (1.14),

−1
Z
2 −1
AME(φ̂) >
(∆Σ ) + dϕΣ p(ϕΣ ) FϕΣ
,
R

(1.42)

where we used the easy fact that for Gaussian distribution of
ϕΣ we have Iprior = (∆2Σ )−1 . Moreover, ϕΣ indeed plays a role of
a phase and is encoded in the system state via the same Hamiltonian H (see Appendix A.2.3). Thus, the Fisher information FϕΣ
for any measurement can be shown to be no more than the QFI
with unitary dynamics, FϕΣ 6 F(Uφ ρU†φ ).
Therefore, combining Eqs. (1.41) and (1.42) we arrive at

−1
,
∆2φ0 φ̂ 6 ∆2Σ − (∆2Σ )−1 + Fφ0 (Uφ0 ρU†φ0 )

(1.43)

which together with Eq. (1.40) yields the main result
Fφ0


−1
† −1
2
6 Fφ0 (Uφ0 ρUφ0 ) + ∆Σ
.

(1.44)

Optimisation with respect to a performed POVM measurement
leads to Eq. (1.36).
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1.3.3

Examples

Let us consider two examples of correlated dephasing with covariance matrices given by


Σ1





2
= σ 




1

Σ2

α

α 1 α ··· α
.. . . . . . . ..
.
.
. .
.
α ···

α

···

α


···

α

1

α

1

α

α

1






,





α2 · · · αN−1


 α
1 α · · · αN−2


..
..
.. .. ..
= σ2 
.
.
.
.
 .

 αN−2 · · · α 1
α

αN−1 · · · α2 α
1

which leads to


1−α
2
2
,
∆Σ1 = σ α +
N

∆2Σ2 = σ2 N−1

(1.45)






,





1+α
α.
1−α+ N

(1.46)

(1.47)

Therefore, from Eq. (1.36), for any value 0 < α < 1, for constant
correlations, Σ1 , the lower bound on the mean square error converges to a constant, σ2 α, whereas for exponentially decaying
correlations, Σ2 , we obtain asymptotically the standard scaling
∼ σ2 N−1 1+α
1−α , see Fig. 1.3. Note that, both for Σ1 and Σ2 , the
case α = 1 corresponds to collective dephasing and
∆2φ φ̂

>

2

σ +

1
F(Uφ ρU†φ )

!



2
−2
> σ +N
,

(1.48)

where in the second inequality we assumed (hmax − hmin )2 = 1,
as is the case in the two-arm interferometry. An analogous
bound was derived for two-arm interferometry with Gaussian

41

1.3 precision in estimation with correlated noise

Figure 1.3: Error scaling in phase estimation with correlated dephasing Lower bounds on the errors in phase estimation using
N two-level atoms, cf. Eq. (1.36). The difference in scaling
with N, between independent ∝ N−1 (red solid) and collective dephasing ∝ 1 (blue solid) is clearly visible. Exponentially decaying correlations preserve the ∝ N−1 scaling
(red dashed; α = 0.9), whereas non-decaying correlations
limit the precision scaling to a constant error (blue dashed;
α = 0.2). Dephasing strength σ2 = 0.5.

state of photons [84]. The case of α = 0 corresponds to independent random phases and local dephasing with
∆2φ φ̂ > N−1

σ2 +

N
F(Uφ ρU†φ )

!



> N−1 σ2 + N−1 . (1.49)
2

In [16] a different bound has been derived, ∆2φ0 φ̂ > N−1 (eσ −
2
1), which works better for strong dephasing, eσ − 1  N−1 ,
but does not provide the Heisenberg scaling for weak noise
when σ2 → 0. Both bounds show the standard scaling ∝ N−1
when N → ∞.
1.3.4

Comments and summary

Derivation of the bounds (1.48) and (1.49) lends a simple explanation to the constant and linear precision scaling with the
collective [84] and local dephasing noise [16], respectively. For
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fully correlated random phases, leading to collective dephasing
noise, all the subsystems experience a shift by the same random
phase φ + ϕ, and therefore noise of ϕ cannot be eliminated,
leading to the estimation error bounded by the random phase
variance, σ2 . Only by repeating the experiment n times when
there are no correlation in the noise between experiments, one
can further reduce the errors to σ2 /n. On the other hand, N
i.i.d. random phases leading to local dephasing noise, always
give a contribution to estimation errors that scales as N−1 due
to the Central Limit Theorem (CLT) for the classical noise.
In this section we derived a bound on phase estimation precision in the presence of correlated Gaussian dephasing noise, cf.
Eq. (1.36), which delivers the standard limit for exponentially
decaying correlations, while for correlations not decaying to 0
asymptotically, imposes the constant limit. In derivation of the
bound, we exploited the fact that the dephasing channel Λφ
can be represented as an average over a Gaussian distribution
of unitary channels, cf. Eq. (1.35). Therefore, this bound should
extend to other channels by modifying the local classical simulation method of deriving bounds on the QFI [16], in which the
encoding channel is also represented as an average over a probability distribution over the space of quantum channels. This
way, new bounds on the QFI in the presence of other correlated
noise can be found, and such bounds will be tight for weak
decoherence.

1.4

precision limits for frequency estimation with
non-markovian dephasing, damping and depolarising noise

An entangled state can be very sensitive to changes introduced
to its dynamics and thus can be used as a precise sensor of dynamics parameters. For unitary dynamics of N entangled twolevel atoms, precision in frequency estimation is Heisenberglimited and scales as N−2 , whereas uncorrelated states give
only the standard-limited precision that scales as N−1 . How-
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ever, when interactions with external environment lead to local
Markovian noise 1 such as dephasing, depolarisation or amplitude damping, the precision scales at most as N−1 for all atom
preparations and the quantum enhancement is limited just to a
constant [12, 15, 16, 93, 94], see discussion in Sec. 1.1.4.
In this section we discuss frequency estimation in the presence of non-Markovian noise [22, 23, 27, 102]. Markovian dynamics are defined by their semi-group structure, which together with complete positivity of the dynamics leads to their
characterisation by a Lindblad master equation [8, 9], see also
Sec. 2.1.1. Such a general description, which is a consequence
of approximation of weak system-environment interaction and
much shorter environment timescales, is missing, however, when
those approximations do not hold and system dynamics are
non-Markovian. Nevertheless, using a universal bound on phase
estimation precision in the presence of local dephasing derived
in the previous section, for models featuring initial Zeno dynamics, we show that the Zeno limit ∝ N−3/2 in frequency precision is indeed the best possible scaling for all atom preparations
and measurements [27]. This limit was demonstrated for system initially prepared in the GHZ state and the parity measurement [22, 23]. Furthermore, the Zeno limit can be achieved only
for experiments performed within the Zeno dynamics-regime,
whereas for longer experiments the precision scaling is necessarily standard. Moreover, using similar arguments as given
for dephasing noise below, we can show that the Zeno limit
also holds for local non-Markovian models of depolarisation or
amplitude damping noise. In [102], the Zeno limit result was
proven for all noise models commuting with frequency encoding.

1 Here the Markovian noise refers to time-homogenous Markovian noise, so
that Λt1 +t2 = Λt2 ◦ Λt1 , and any other case we refer to as non-Markovian.
We remark that in the literature on non-Markovianity it is common to cone t ,t ◦ Λt ,
sider any divisible dynamics to be Markovian, i.e., Λt1 +t2 = Λ
2 1
1
e t ,t represents some quantum dynamics, and in general Λ
e t ,t 6=
where Λ
2 1
2 1
Λt2 .
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1.4.1

Frequency estimation

Let us recall that a frequency estimation experiment with a
system of N two-level atoms consist of three stages: system
(N)
preparation in an initial state ρ, evolution into ρω,t = Λω,t (ρ)
within time t and measurement of an observable X on ρω,t ,
which leads to estimation precision given by the inverse of
2
the SNR, (∂ω hXiω,t )2 /∆2ω,t X , see Fig. 1.4 for an example of
Ramsey interferometry. Within total time T , this single experiment is repeated Tt times, assuming that preparation and measurement times are negligible, which leads to total precision


T
2 ∆2 X −1 when the experiments are indepen(∂
hXi
)
ω
ω,t
ω,t
t
dent.

Figure 1.4: Ramsey spectroscopy [4, 147]. N two-level atoms in the
ground state |0i⊗N are prepared using the Ramsey π
2
pulse, which drives each atom into the superposition of
the ground and excited states, √1 N (|0i + |1i)⊗N . Next, the
2

atoms evolve for time t, each gaining a relative phase
φ = ωt. Finally, to retrieve φ, another π
2 pulse is applied
and the excited state population is measured via stimulated emission, X = Jx . SNR equals Nt2 when the dynamics is unitary and φ = π
2 . This figure originally appeared
in [24].

We want to establish an ultimate limit to the estimation precision, by optimising the system preparation ρ, a measurement X
and time t of a single experiment, for frequency estimation using N atoms within total time T . Firstly, for a given initial state
ρ and time t of dynamics, the optimal X is a linear function of
the SLD, Dρω,t , see Eqs. (1.8) and (1.7), so that the correspond-
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ing SNR equals QFI, Fω (ρω,t ). Secondly, the optimal initial state
is the one leading to the maximum QFI, maxρ Fω (ρω,t ). Finally,
by optimizing time t of a single time, we arrive at the limit,
∆2ω ω̂

> min
t6T

T
sup Fω (ρω,t )
t ρ

!−1
.

(1.50)

Relation to phase estimation. Consider unitary dynamics given
by ρω,t = e−iωtH ρe−iωtH , where the Hamiltonian is given as
P
(j)
(j)
(j)
(j)
(j)
(j)
H = 21 N
j=1 (−|0 ih0 | + |1 ih1 |) with |0 i, |1 i, being the
ground and the excited state of j-th atom, respectively. In this
case, the bound in Eq. (1.50) reduces to
∆2ω ω̂ > N−2 T −2 .

(1.51)

This limit corresponds to the optimal GHZ preparation encoding effectively a relative phase N φ, where φ = ωT , see discussion in Sec. 1.1.3. Moreover, for any system preparation followed by the unitary dynamics, the frequency ω is encoded in
ρω,t always via the phase φ = ωt. Therefore, we have Fω (ρω,t ) =
t2 Fφ (e−iφH ρeiφH ), and moreover, the QFI Fφ (e−iφH ρeiφH ) is independent from φ value and we denote Fφ (e−iφH ρeiφH ) =: F(ρ).
It simply follows that the optimal time of a single experiment
is t = T , when the encoded phase φ is the largest.
(N)
Consider now dynamics with local noise, Λω,t = Λ⊗N
ω,t , which
commutes with frequency encoding, so that the frequency ω is
iωt H and
again encoded via the phase, ρω,t = e−iωt H Λ⊗N
t (ρ) e
the corresponding QFI equals t2 F(Λ⊗N
t (ρ)). In this case the optimal time of frequency estimation will result from the trade-off
between the phase φ = ωt growing with time and coherence
in the state Λ⊗N
t (ρ) being suppressed with the increasing noise
strength.

1.4.2

Universal bounds on frequency estimation precision

The above discussed connection between frequency estimation
and phase estimation, enables us to address the question of
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the optimal estimation setup by using bounds on the phase
estimation precision.
First, consider local dephasing noise. We will use the bound
in Eq. (1.37) derived for semi-classical correlated Gaussian dephasing, which in the local independent takes the form of Eq. (1.49).
We obtain


2 Re γ(t)
1
2
+
T t,
(1.52)
∆ω ω̂ > min
N
t6T
N2
where γ(t) describes the dephasing noise strength. The estimation errors are bounded by the quantum noise, 1/ N2 T t, which
bounds the precision of frequency estimation using N atoms
when the atoms dynamics is unitary, and the classical noise,
2 Re γ(t)/N T t, which represents the errors caused by random
phases introduced to atom dynamics in the semi-classical noise
model, and would be present even if the system state could be
read out directly.
Note that for any local dephasing noise, due to locality, dynamics of N atoms are determined just by dynamics of a single
(N)
atom, Λω,t = Λ⊗N
ω,t , where

Λω,t (ρ) = 

ρ00
ρ10 e

−iωt−γ(t)∗

ρ01

eiωt−γ(t)
ρ11


,

(1.53)

and Re γ(t) determines the dephasing strength, whereas Im γ(t)
effectively shifts the phase φ = ωt. The precision in phase estimation depends on the noise model only via γ(t), not any
other details of the model, as measurements are performed on
the system alone. Note that for a given time t, the action of
any local dephasing model can be mimicked by the independent semi-classical Gaussian model, and therefore, the bound
in Eq. (1.52) is valid for all dephasing models.
Similarly, for non-Markovian noise models of local depolarisation or spontaneous emission, we can modify bounds on frequency estimation precision in the presence of Markovian noise
derived with Channel Extension method in [15, 94]. As those
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types of noise commute with frequency encoding, in derivation of the bounds, bounds on phase estimation precision are
established first. These bounds do not explicitly assume Markovian dynamics and are valid for non-Markovian models as well,
see Tab. 1.1. Note that for a given local dephasing model, the
Noise
Dephasing
Depolarisation
Spon. Emission

CE bound

− 1 + N1 /NT t



η(t)−2 + η(t)−1 − 2 + N2 /2NT t

η(t)−1 − 1 + N4 /4NT t
η(t)−2

Table 1.1: Channel Extension bounds on frequency estimation precision for local noise [15, 94]. We have 0 6 η(t) 6 1, for
dephasing η(t) = |eγ(t) | = eReγ(t) .

bound (1.52) can be used to determine the best possible precision scaling with N by finding the optimal experiment time topt .
In Fig. 1.5 we consider the quantum dephasing model solved
in [148] and discussed in [22], in which interaction of atoms
with bosonic baths with the cut-off frequency ωc and at inverse
temperature β, leads to local dephasing, γ(t) = ln (1 + ω2c t2 ) +
sinh(πtβ−1 )
2 ln ( πtβ−1 ). The optimal precision asymptotically scales as
∝ N−3/2 , the Zeno limit [22, 23]. Below we show that this result holds for all local dephasing models featuring initial Zeno
dynamics [17–20].

1.4.3

Zeno limit

Quantum models of noise are derived assuming that global dynamics of the system and environment is unitary and the initial
state of the system and environment is a tensor product. Local
decoherence models originate from the situation where each
subsystem, in our case a single atom, interacts with a different environment, so that the global Hamiltonian is a sum of
individual Hamiltonians for N subsystem-environment pairs.
For identical subsystems and environments this leads to ρω,t =
Λ⊗N
ω,t (ρ). Furthermore, the initial behaviour of any quantum
model is is characterised by a quadratic decay of the proba-
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Figure 1.5: Frequency estimation with non-Markovian dephasing
from [148]. Main plot: bound (1.52) (continuous lines) is
compared to GHZ state performance (short-dashed lines),
for different experiment times t and number of atoms
N = 10 (blue), 50 (red), 100 (green). Optimal values both
for the bound and GHZ state are achieved at t ∝ N−1/2
inside Zeno-dynamics regime, but noise strength is not
negligible leading to worse precision than in unitary case
(for N=100 see continuous black line). Inset: optimal precision for different number N of atoms. Precision in the
bound (continuous gray) and for GHZ state (triangles)
scales ∝ N−3/2 in contrast to standard scaling for uncorrelated state (long-dashed gray) and unitary Heisenberg
scaling (continuous black). Plot parameters
were chosen
√
π −1
3
−1
√
ωc = 3 β , which leads to β = 2π σ. This figure originally appeared in [24].

bility of observing the system in its initial state, so called survival probability, hψ|ρω,t |ψi = 1 − 2c t2 + O(t3 ), which enables
the quantum Zeno effect [17–20]. We refer to this time regime
this quadratic decay takes place as Zeno dynamics regime. In
the case of local dephasing noise, the dynamics is parametrised
by γ(t), see Eq. (1.53), which by construction does not depend
on N, but on the interaction details [22, 23]. We now show how
the initial behaviour of γ(t) is fully determined by the quadratic
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decay of the survival probability. Consider a single atom initially in the state |ψi = √1 (|0i + |1i), we have
2

hψ0 |ρω,t |ψ0 i =

i
1h
1 + e−Re γ(t) cos(ωt − Im γ(t)) ,
2

which, when expanded around small t, implies
σ2 2
t + O(t3 )
2
Im γ(t) = −µ t + O(t2 ),
Re γ(t) =

and

(1.54)
(1.55)

where σ corresponds to the fastest energy scale in the bath dynamics [22, 23]. Let τ be chosen so that for t < τ the above
approximation is valid. Note that σ, µ and τ do not depend on
N, as γ(t) does not. The general characterization of initial dynamics given in Eq. (1.54) will allow us now to derive the Zeno
limit ∝ N−3/2 for frequency estimation precision in the presence of any non-Markovian dephasing noise with initial Zeno
dynamics. Moreover, as we show in Tab. (1.2), the quadratic
decay of the survival probability allows for similar characterisation of initial dynamics in noise models of depolarisation and
spontaneous emission.
For local semi-classical models of dephasing, random classical fields independently acting on atoms are considered. For a
Rt
random field h, e−γ(t) = E ei 0 h(s)ds [22], where E is the average over the field probability distribution. When h is Gaussian,
γ(t) depends only on the field correlations in time. Constant
2
correlations lead to γ(t) = σ2 t2 − iµt, where σ2 , µ are simply
the variance and mean of the time-independent field h(t) =
h(0) [149]. Such behaviour of γ(t) is analogous to Zeno dynamics regime in quantum models. When there are no time correlations (white noise), we obtain the linear behaviour, γ(t) = γt.
The linear behaviour is a characteristic feature of Markovian
models, where dynamics obey a master equation [8, 9] and a
semi-group structure, Λω,t1 +t2 (ρ) = Λω,t2 (Λω,t1 (ρ)), thus imposing γ(t) = γt [12].
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Let us now consider the following time regimes in atom dynamics with non-Markovian dephasing: the quantum regime
when the classical noise is much smaller than the quantum
noise, i.e., 2 Re γ(t)/ N  1/N2 , the quantum-classical regime
when the noises are of the same order, and the classical regime
when the classical noise dominates. From now on we will consider a large number N of atoms. When N → ∞, in the quantumclassical regime the dephasing strength gets arbitrarily small,
Re γ(t) ≈ 1/N −→ 0. For models without complete revivals
in which Re γ(t) = 0 only at t = 0, this implies that in the
quantum-classical regime time t → 0 as N → ∞ and thus,
for large enough N one must enter the Zeno-dynamics regime,
2
where Re γ(t) = σ2 t2 + O(t3 ).
For experiments in the quantum time regime, the frequency
estimation precision is just like in the unitary case, see Fig. 1.5,
as initial quantum correlations are preserved. The phase φ =
ωt encoded in the state is, however, very small due to the short
experiment time t leading to,
∆2ω ω̂ &

min

t  N−1/2 /σ

N−2 / T t  N−3/2 σ/ T .

(1.56)

For experiments in the classical time regime, the precision obeys
the standard scaling, which is a consequence of suppression of
(N)
quantum correlations in the dephased system state Λt (ρ),
∆2ω ω̂ &

min

t  N−1/2 /σ, t6T

N−1 2 Re γ(t)/ T t = N−1 C/ T . (1.57)

The quantum-classical regime is optimal when N → ∞, as it
lays asymptotically in the Zeno-dynamics regime and Eq. (1.52)
reduces to Zeno limit


σ2 t2 + O(t3 )
1
2
+
/T t
∆ω ω̂ >
min
2
N
t=O(N−1/2 /σ) N
= N−3/2 2σ/ T + O(N−2 ),

(1.58)

where the minimum is achieved at topt = N−1/2 /σ. The bound
in Eq. (1.58) is also valid for semi-classical models whose dy-

51

1.4 frequency estimation with non-markovian noise

namics within the random field correlation time τ is analogous
to the Zeno dynamics, for examples see [22].
Let us recall from [22, 23] the results on frequency estimation
in the presence of non-Markovian dephasing using atoms prepared in the GHZ state and the parity measurements. The total
precision for optimal locally unbiased estimator is
∆2ω ω̂ = min N−2 e2 N Re γ(t) / T t = N−3/2
t6T

√
2e σ/ T ,

(1.59)

where we used the fact that for large N, the optimal time enters
the Zeno-dynamics and topt = N−1/2 /σ. This proves that the
Zeno limit is achievable. Note that the GHZ state performs optimally for experimental times t . 0.4 N−1/2 /σ, see Fig. 1.5, but
it may not be optimal as the constant in the bound (1.58) is not
achieved.
Markovian dephasing noise. For Markovian dephasing the noise
strength increases faster for initial times, as γ(t) = γt. Consequently, phases encoded in the system state in the quantumclassical regime are so small that the scaling remains standard,

∆2ω ω̂ >

2 Re γ −1
N .
T

(1.60)

Other types of noise. By considering a modification of the bounds
on frequency estimation precision in the presence of Markovian
noise, derived with Channel Extension method in [15, 94], see
Tab. 1.1, one analogously arrives at the Zeno limit ∝ N−3/2 for
depolarisation and spontaneous emission, as long as a noise
model features initial Zeno dynamics, see Tab. 1.2. In [102] it
was shown that the Zeno limit holds for all noise models that
commute with frequency encoding and feature initial Zeno dynamics.
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Noise
Dephasing
Depolarisation
Spon. Emission

hψ|ρω,t |ψi
(1 + η(t) cos(ωt))/2
(1 + η(t) cos(ωt))/2
η(t) (1 + cos(ωt))/2

η(t) at t < τ
2
1 − σ2 t2 + O(t3 )
2
1 − 2σ3 t2 + O(t3 )
1 − 4σ2 t2 + O(t3 )

η(t) Markov
e−γt
4
e− 3 γt
e−8γt

Table 1.2: The survival probability for an initial state |ψi = √12 (|0i +
|1i) of a single atom and parametrisations of noise in the
Zeno regime and with Markovian assumption that lead to
bounds (1.58) and (1.60).

1.4.4

Non-Markovianity is (not) a resource

Let us note that the fact that the bound in Eq. (1.57) proving the
standard scaling of frequency estimation precision in the classical time regime, has important consequences for regarding nonMarkovianity as a resource. It shows that no matter what type
of non-Markovian dynamics takes place after the initial Zeno
dynamics it does not lead to enhancement in the precision scaling for estimation in the presence of dephasing noise. In particular, any revivals in coherence or in quantum correlations,
usually considered as a signature of non-Markovian dynamics [25, 26], will asymptotically not enhance the precision scaling
with the number N of subsystems used, for example see Fig. 1.6.
This is due to the fact that choosing a revival time tr , which is
independent of N, leads to a finite strength of the local noise
and thus the standard scaling. Choosing topt as above, which
approaches t = 0 as the number of subsystems grows, however,
can reduce the noise strength with N due to a slow quadratic
increase of noise strength in the Zeno regime, cf. Eqs. (1.54), in
contrast to much the faster linear growth in the case of Markovian noise [12]. See also the discussion in [102].

1.4.5
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Summary and outlook

Summary. The Zeno limit ∝ N−3/2 in the precision of frequency
estimation was first demonstrated for the GHZ state [22, 23]. In
this section we presented the results of [27], where the Zeno
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Figure 1.6: Asymptotic irrelevance of non-Markovian revivals in
frequency estimation. Upper panel: Example of nonMarkovian
dephasing channel
eγ(t) =

 from [150], where
p
t
t
1
t
e− 2τ cos(µ 2τ
)+ µ
sin(µ 2τ
) and µ =
(4aτ)2 − 1,
where a is system-bath coupling strength and τ determines preferred interaction frequencies, µ = iτ (red), µ =
0 (blue), µ = 10τ (green). The inset depicts dependence of
the bound from Tab. 1.1 for N = 100 on the single experiment time t. Lower panel: Numerical optimisation of t in
all time regimes. For large N the Zeno limit in precision,
3
1
N− 2 2σ/T , and topt = N− 2 /σ (inset) is obtained.
Note
p
that not only τ, but also µ determines σ = 2 + |µ|2 / 2τ
for this model and thus the optimal times are different for
the chosen parameters.
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limit has been proven to hold for any frequency estimation experiments in the presence of local dephasing noise featuring initial Zeno dynamics. Moreover, the Zeno scaling can be achieved
only for experiments performed in the Zeno-dynamics regime
and for other regimes the precision is standard-limited.
Future work. In this section and other works on frequency estimation in the presence of non-Markovian noise [22, 23, 102],
the noise was assumed to be independent in individual experiments, so that the signal to noise ratio of n = T/t experiments
lasting time t is simply n times the SNR of a single-experiment,
cf. Eq. (1.25). In general, however, one should consider correlations between measurements results due to correlations in time
of random fields in semi-classical models, or perturbations in
the environment state introduced by measurements on the system evolving coherently with the environment. Those perturbations, together with correlations created between the system
and its environments, are two core ingrediends of the parent
definition of non-Markovian dynamics [151, 152], and should
not be easily discarded.
Interestingly, in the quantum metrology setup, the scenario
simplifies as follows. Of course, the evolved and then measured
system state is replaced by a new initial preparation in each experiment, thus removing the correlations between the system
state and its environments, but due to exactly those correlations created in the coherent system-environment, the evolved
environment state is in general different from its initial state.
As, in every individual experiment, the system is assumed to
be initialised in the same state that is uncorrelated with the
environment, this imposes Markovian dynamics of the environment. Asymptotically, for large total time T of experiments, the
environment will approach the stationary state of that Markovian dynamics, which will in general depend on time t and an
initial state of the system [153]. In turn, the system dynamics
should be considered as a collection of quantum channels indexed by the single experiment time t [152], as a consequence
of different stationary states of the environment. Furthermore,

55

1.4 frequency estimation with non-markovian noise

bounds on frequency estimation precision should be derived
for that collection of system quantum channels. We intend to
apply this idea to non-Markovian models in which the system
couples strongly to a part of the environment, while dynamics
with respect to the rest of the environment obeys the Markovian approximation [154].
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2
DYNAMICAL PHASE TRANSITIONS AS A
RESOURCE FOR QUANTUM ENHANCED
METROLOGY

The estimation of unknown parameters is a crucial task for
quantum technology applications such as state tomography [114],
system identification [115], and quantum metrology [1, 2, 4–6,
59].
In the previous chapter 1 we discussed how the enhancement
in the estimation precision can be achieved by using highly correlated/entangled quantum states which encode the unknown
parameter, like the GHZ state |GHZi = √1 (|0i⊗N + e−iNφ |1i⊗N )
2
constructed out of N qubits and encoding an unknown phase
φ. Since the phase effectively encoded in the state is Nφ, the
estimation errors obey the Heisenberg scaling ∝ N−2 [3], instead of the standard ∝ N−1 scaling for a separable state (|0i +
e−iφ |1i)⊗N . For large N, however, such highly correlated pure
states are challenging to prepare in practice [155], either as the
ground state of a closed many-body system, or as the stationary
state of some dissipative dynamics [156, 157], which typically
requires careful system engineering, since generic open quantum systems have mixed rather than pure stationary states, see
Sec 2.1.1.
The key property that makes correlated states such as |GHZi
useful for enhanced metrology is that they can be thought of as
“bimodal”, in the sense that the probability of an appropriate
observable is peaked in two (or more) “phases” (the states |0i⊗N
and |1i⊗N in the case of |GHZi). This bimodality is reminiscent
of what occurs near a first-order phase transition. In fact, en-
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hanced estimation of parameters in a system Hamiltonian can
be achieved with a pure ground state at quantum phase transitions [130, 131]. In this chapter we discuss how to exploit the dynamics of open quantum systems (for example, driven atomic
or molecular ensembles emitting photons [31], or quantum dots
[32]) to generate states for quantum enhanced metrology. This
can be achieved by using both the system and its output when
the system dynamics is in proximity of a dynamical phase transition, which is characterised by singular changes in dynamical
observables on the output, in contrast to static observables on
the system, see [34] and Sec. 2.1.2. In particular, we show how
using an intermittent system near a dynamical first-order transition for preparation of a photonic state, quantum enhancement
in optical phase-shift estimation can be achieved [29].

2.1

background

Before presenting the results of [29], we first sketch a derivation
of Markovian dynamics [8, 9] and introduce the input-output
formalism [30]. This is followed by a short introduction to dynamical phase transitions [34] in Sec. 2.1.2, which notion we
later generalise. Finally, as we will quantify the precision using
the quantum Fisher information (QFI), in Sec. 2.1.4 we recall a
convenient way of its calculation using the fidelity of quantum
states.

2.1.1

Markovian dynamics of open quantum system and input-output
formalism

Our goal is to explore open quantum systems as resources for
parameter estimation. We consider systems whose reduced dynamics, after tracing out the environment, is given by a Markovian master equation [8, 9],

X
1 †
dρ
†
= Lρ = −i[H, ρ] +
Jj ρJj − {Jj Jj , ρ} ,
dt
2
j

(2.1)

58

2.1 background

59

where H is the system’s Hamiltonian, and Jj are so called jump
operators describing the interaction with the environment1 .
Sketch of derivation (based on [30]). Markovian dynamics is
a result of three approximations [8, 9]. We consider the joint
unitary dynamics governed by Hamiltonian H = HS ⊗ 1E +
1S ⊗ HE + HSE , where an initial system-environment state is independent, ρSE (t) = ρS (0) ⊗ ρE , and the interaction between
the system and its environment, HSB , is weak. In the interaction picture with respect to the non-interacting dynamics,
Hint (t) = eit(HS ⊗1E +1S ⊗HE ) HSE e−it(HS ⊗1E +1S ⊗HE ) , we have
h
i
d (int)
(int)
ρSE (t) = −i Hint (t), ρSE (t) , which gives
dt
Zt
h
i
(int)
(int)
(int)
ρSE (t) = ρSE (0) − i dt 0 Hint (t 0 ), ρSE (t 0 ) , and thus
0
Zt
h
h
ii
d (int)
(int)
(int)
ρSE (t) = −i[Hint (t), ρSE (0)] − dt 0 Hint (t), Hint (t 0 ), ρSE (t 0 ) .
dt
0
We are interested now in the reduced state of the system, ρS (t) =
(int)
TrE (ρSE ) = e−itHS TrE (ρSE )eitHS . In Born approximation the joint
state of the system and environment is assumed to factorise,
ρSE (t) = ρS (t) ⊗ ρE , and the environment state to be stationary
w.r.t. HE . This is motivated by the fact that environment state is
perturbed weakly by the interaction and its is assumed significantly bigger than the system and thus less affected. We obtain
d (int)
ρ
(t) = −
dt S

Zt

dt 0 TrE

0

h
h
ii
(int)
Hint (t), Hint (t 0 ), ρS (t 0 ) ⊗ ρE
,

where we assumed the first-order term to be 0 (which can be
done by redefining HS ). In Markov approximation, the correlations in the environment dynamics depending on ρE are further assumed to disappear much faster than the rate at which
system state changes, thus giving
d (int)
ρ
(t) = −
dt S

Z∞
0

dt 00 TrE

h
h
ii
(int)
Hint (t), Hint (t − t 00 ), ρS (t) ⊗ ρE
,

1 The calligraphic font denotes super-operators, such as the generator L,
while the Roman font denotes normal operators, such as the Hamiltonian H
or the jump operators Jj .
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where t 00 = t − t 0 . We have thus arrived at an equation in which
the change in a system state depends only on its present state,
and thus dynamics is Markovian. Furthermore, when the correlations depend only on the time difference, t 00 , due to stationarity of ρE (and usually within the rotating wave approximation),
this equation becomes time-homogenuous and leads to Eq. (2.1),
where for simplicity we dropped the lower index S. Note that
Eq. (2.1) yields a dynamical semi-group, i.e., Tt1 +t2 (ρ) = Tt2 (Tt1 (ρ)),
where Tt (ρ) = ρ(t) is the solution of (2.1) for an initial state ρ
of the system. It can be shown that Eq. (2.1) defines actually
the most general form of completely positive dynamical semigroup, see e.g. [158].
Input-output formalism. In this chapter we consider initial states
of the system being pure, as so are the optimal states for quantum parameter estimation. Moreover, we are interested in systems where the system-environment interaction leads to emissions of quanta to the environment, and corresponding jumps
operators Jj acting on the system. Such quanta do never again
interact with the system, due to Markovian approximation, but
can be detected, e.g. as in quantum optics one can perform a
continuous measurement on an output field. This assumption
is crucial, as in order to achieve enhanced parameter estimation we aim to exploit not only open quantum systems, but
especially their outputs.
When the environment (input) is initially in the vaccum, we
can represent the system evolution as a superposition of all possible emission records and corresponding conditional states of
the system, with respective probability amplitudes of observing
such an emission record in a continuous measurement [30],
|Ψ(t)i =

∞
X
X Zt
m=0 j1 ,...,jm 0

Zt
dt1
t1

Zt
dt2 · · ·

dtm
tm−1


× e−i(t−tm )Heff Jjm e−i(tm −tm−1 )Heff

· · · Jj2 e−i(t2 −t1 )Heff Jj1 e−it1 Heff |χi
⊗ |(j1 , t1 ), (j1 , t2 ), ..., (jm , tm )i.

(2.2)
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A sequence of m quantum jumps {j1 , ..., jm } that happen at times
{t1 , ..., tm } corresponds to an output state |(j1 , t1 ), (j1 , t2 ), ..., (jm , tm )i.
The probability of the sequence depends on an initial pure state
of the system |χi, waiting times between the jumps, when the
evolution is governed by the effective non-Hermitian HamiltoP
nian, Heff = H − 2i j J†j Jj , and types of jumps/emitted quanta.
The term m = 0 in the first sum corresponds to no jumps/no
emissions, when the output state remains unchanged in the input vacuum, and the corresponding probability, so called waiting time probability, is given by dynamics only with Heff . The
structure of the joint system and output state in Eq. (2.2) is a
continuous matrix product state (CMPS) [35, 128, 159–161].
For simplicity, the CMPS can be approximated by a regular
matrix product state (MPS) by discretising time into time steps
of length δt, see [35, 128, 159, 160],
|Ψ(t)i =

X
jn ,...,j1

Kjn · · · Kj1 |χi ⊗ |j1 , ..., jn i ,

(2.3)

where n = t/δt and the Kraus operators
K0 = e
Kj>0

−iδtH

s
1 − δt

√
= e−iδtH δtJj .

X

J†j Jj ,

j

(2.4)

Here the output state |j1 , ..., jn i describes the time record of type
of jumps or no jumps that happened at each time step δt, as
sketched in Fig. 1(a).

2.1.2

Dynamical phase transitions

A state of a quantum system can be accessed only by performing a measurement. For example, a system state described by a
density matrix ρ can be fully reconstructed in quantum tomography [114], where the set of system observables being measured constitutes a basis in the space of observables, so that all
the information about ρ is retrieved.
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Static phase transitions. Consider the system interacting weakly
with an environment, so that the system dynamics can be approximated as Markovian, see Sec. 2.1.1. For any initial state
the system asymptotically approaches the stationary state, ρss
such that Lρss = 0, e.g. a thermal equilibrium state when interacting with a thermal bath. When parameters of dynamics
are varied, e.g. the system Hamiltonian or the temperature of
the bath, such a stationary state can undergo singular changes
— static phase transitions — which correspond to a cumulant
of a system observable diverging faster than linearly with the
increasing system size. For a first-order phase transition, the
expected value of such an observable, e.g. spin magnetisation,
constitutes an order parameter. In the case, when the stationary
state is thermal and at zero temperature, it corresponds to a
ground state of the system Hamiltonian and its transitions are
referred to as quantum phase transitions [162].
Dynamical phase transitions [34–36, 163, 164]. For Markovian
systems whose dynamics features an output, for example photon emissions from atoms corresponding to their decay from
higher to lower energy, one can consider performing a continuous measurement of the output, e.g. counting of emitted photons.
Let Pt (Λ) be the probability of observing in time t, Λ photons
associated with the jump J1 . In this case the cumulant generating function (CGF) can be related to a deformation of the master
operator L [34],
Θt (s) = log

X

!
e

−sΛ

Pt (Λ)

= log Tr(etWs ρin ),

where

(2.5)

Λ

Ws ρ = L ρ + (e−s − 1) J1 ρ J†1 .

(2.6)

For examples of CGF for homodyne and heterodyne continuous measurement see [164]. We have hΛ(t)i = −∂s Θt (s)|s=0 and
∆2 Λ(t) = ∂2s Θt (s)|s=0 . When we are interested in the asymptotic behaviour of the Λ(t) cumulants, we consider the long
time limit of the CGF,
1
Θt (s).
t→∞ t

θ(s) = lim

(2.7)
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This function plays the role of a density of dynamical free-energy
for the ensemble of records (trajectories) of photon emissions [34].
When θ(s) is differentiable, the distribution of photon number
Λ(t) obeys Large Deviations Principle, i.e., its tails decay exponentially,
Λ

Pt (Λ(t) > Λ) ≈ e−tϕ( t )

Pt (Λ(t) < Λ) ≈ e

−tϕ( Λ
t)

for Λ > µt,

(2.8)

for Λ 6 µt,

(2.9)

where µ = limt→∞ hΛ(t)i/ t is the asymptotic emission rate,
and ϕ(λ) = −infs (λs + θ(s)), see Gärtner-Ellis theorem in [165,
166]. The function ϕ(λ) acts as an entropy density for ensemble of emission records and its minimum corresponds to µ =
limt→∞ hΛ(t)i/ t. Moreover, when ϕ(λ) is twice differentiable
around λ = µ, dΛ(t) obeys CLT [166] with asymptotic variance
d2
−1
given by dλ
2 ϕ(λ)|s=µ . For CLT in continuous measurements statistics see also [37, 39].
A singularity of θ(s) at some sc is an indication of a phase
transition in the ensemble of quantum jump trajectories. When
sc = 0, we have a singular change in the actual dynamics of
the open system, which we term a dynamical phase transition
(DPT). This singular behaviour in n-th derivative corresponds
to divergence of the n-th cumulant of Λ(t) and is necessary
associated with the vanishing spectral gap of L ≡ W0 [34, 35].
Note that a dynamical transition of higher than the first order
does not have to be accompanied by a static transition in the
stationary state [36]. For a finite quantum system with a single
stationary state, θ(s) is simply the maximal eigenvalue of Ws ,
and thus the perturbation theory for linear operators [167] w.r.t.
s, implies analyticity of θ(s) at s = 0 and the asymptotic linear
behaviour in time of all Λ(t) cumulants.
We note that there are other definitions of dynamical phase
transitions in the literature, see e.g. [168–170].
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2.1.3

Parameter estimation using both system and output

Ability to access not only the system, but also the output, allows
for improved precision of estimating parameters of the master
equation L. This is due to the fact that the effective “size” of the
system and output is now Nt, where t is the observation time
and N is the system size. Furthermore, considering both the
system and the output provides the ultimate bound on estimation precision by considering the most general measurement
exploiting all the available resources, see recent work on parameter estimation with single stationary states of open quantum systems [37–39]. Later in this chapter, we present results
of [29] where estimation of dynamical parameters is enhanced
near or at a DPT, similarly as estimation of Hamiltonian parameters at quantum phase transitions [131]. We show that at a
first-order DPT [34, 36], the QFI of the system-and-output may
become quadratic in t giving rise to the Heisenberg scaling, while
away from the transition point the Heisenberg scaling is present
for times shorter than the correlation time of the dynamics, and
asymptotically standard scaling is recovered. Moreover, both a
first and a second-order DPT correspond to diverging correlation time in dynamics, which is related to closing of the master
operator gap [35]. Those correlations correspond to multipartite
entanglement in the system-output state, since it is pure, and
can be exploited to achieve enhanced parameter estimation of
extrinsic parameters encoded on the output, which is the main
result of this chapter. We illustrate this idea with a simple example of enhanced estimation of optical phase-shift encoded
on photons emitted by an intermittent system near a first-order
DPT.

2.1.4

Fidelity of pure states and QFI

Considering a pure joint state of system and output circumvents a problem of calculating the best possible precision of pa-
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rameter estimation for mixed states, which is usually difficult,
except for particular cases such as thermal states [69].
Quantum Fisher information. Let us recall essential aspects of
quantum parameter estimation introduced in Chapter 1. We
are interested in estimating a parameter g, not necessary a
phase, encoded in a state ρg . By measuring an observable X,
the asymptotic estimation precision is given by the inverse of
the signal to noise ratio (SNR) [68], which is always bounded by
the quantum Fisher information,
SNRg (X) = (∂g hXig )2 /∆2g X 6 Fg (ρg ) = ∆2g Dg ,
1
{Dg , ρg } = ∂g ρg ,
where
2

(2.10)
(2.11)

and the symmetric logarithmic derivative Dg is the optimal observable [64, 65, 67]. Although generically Dg is difficult to engineer, its SNR given by the QFI, Fg (ρg ), bounds the precision of
any measurement that can be performed in practice.
QFI for pure states and fidelity. For a pure state, |ψg i, the QFI can
be obtained from the fidelity hψg1 |ψg2 i [39, 130, 131] according
to,
F(|ψg i) = 4∂g1 ∂g2 loghψg1 |ψg2 i|g1 =g2 =g ,

(2.12)

see Appendix B.1 for the proof2 . A simple situation, which will
turn out to be relevant for the results of this chapter, is when the
parameter g is encoded as a phase in a unitary transformation
on a pure state, |ψg i = e−ig G |ψi. Here the fidelity hψg1 |ψg2 i is
the characteristic function of G at g1 − g2 , and the QFI is given
by its variance, F(|ψg i) = 4∆2g G. Note that while the QFI is given
by the variance of both Dg and G, these two operators play very
different roles. The optimal measurement to recover the parameter g is Dg , and its SNR is maximal, SNRg (Dg ) = Fg (|ψg i). In
2 We refer here to the scalar product hψg1 |ψg2 i instead of the absolute
value |hψg1 |ψg2 i| as the fidelity. The phase φ(g1 , g2 ) of hψg1 |ψg2 i =
eiφ(g1 ,g2 ) |hψg1 |ψg2 i| does not contribute to the result of the differentation
in Eq. (2.12), as it is an antisymmetric function, φ(g1 , g2 ) = −φ(g2 , g1 ).
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contrast, G encodes g in the quantum state, but measuring it
provides no information about g since SNRg (G) = 0.
For the example of the GHZ state |GHZi and the generaP
(j)
tor G =
j (1 + σz )/2, the optimal measurement is Dg =
NN −igG (j) igG
(j)
σy e , where σa are Pauli operators acting on qubit
j=1 e
j. The QFI for the GHZ state then obeys Heisenberg scaling,
Fg (|GHZg i) = N2 , which is related to the fact that the distributions of both G and Dg are bimodal In contrast, the QFI of the
uncorrelated state is standard, Fg ((|0i + e−ig |1i)⊗N ) = N, given
by the fact that the corresponding distributions of G and Dg
are unimodal, which is a consequence of the CLT. We show below that an analogous change from bimodal to unimodal also
accompanies a change in the scaling with time of the QFI when
approaching a first-order DPT.
Fidelity and generalised phase transitions. As the fidelity corresponds to Bures distance on the space of quantum states [7], dep
fined as DB (|φg1 i, |φg2 i) = 2(1 − |hφg1 |ψg2 i|), it can be used
to capture singularities of the state |ψg i with respect to the parameter g [128–130]. In praticular, singularities of the fidelity
may allow for identification of quantum phase transitions of
ground states in situation where typical observables do not feature any singularities, e.g. the ground state energy is constant,
Eg = E0 [128]. Therefore, considering the joint system-output,
Eq. (2.2), as a resource, not only allows to find the best achievable estimation precision, but also provides a generalisation to
the definition of DPT, cf. Sec. 2.1.2, as we discuss in detail in
Sec. 2.5.
After this short introduction to concepts of Markovian open
quantum dynamics, an output of open quantum system and
dynamical phase transitions, let us present the results on the
enhanced parameter estimation in the presence of dynamical
phase transitions. First, in Sec. 2.2 we discuss an example of
enhanced optical-shift estimation for a system with intermittent photon emissions. In this example the Heisenberg enhance-
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ment in precision is a consequence of a macroscopic optical
phase-shift effectively encoded in the joint system-output state
as a consequence of bimodal distribution of photon statistics.
In Sec. 2.3 we discuss estimation of a general parameter and
show how enhanced estimation precision is again related to
a bimodal distribution of an observable distinguishing the dynamical phases at a first-order DPT, and also to a static transition in the stationary state of the system. In Sec. 2.4, we discuss
possibility of enhancement for certain classes of parameters, features of the corresponding optimal measurement and influence
of noise on the estimation precision. Finally, in Sec. 2.5, we finish the chapter by discussing the generalised DPTs and ways
of detecting their signatures in experiments. Derivations of the
results of this chapter are presented in Appendix B.

2.2

intermittency and enhanced estimation of optical shift

Here we present a simple example of the relation between dynamical phase transitions and enhanced metrology. We discuss
a scheme for enhanced optical-shift estimation using a photon
output of a quantum system near a first-order DPT in photon
emissions.
Consider a setup in which an unknown value φ of optical
shift is unitarily encoded on photons emitted from a quantum system initially in a pure state, see Fig. 2.1. This transforms the MPS |Ψ(t)i of the system and the output as follows,
|Ψφ (t)i = e−iφΛ(t) |Ψ(t)i, where Λ(t) is the operator that counts
the number of photons emitted up to time t. The optimal estimation precision is given by the inverse of the QFI, which in
turn, for pure states, is related to the second derivative of logarithm of the fidelity, see Eq. (2.12). In the case of optical shift,
the fidelity corresponds simplyto the characteristic function of
the number of photons emitted,
0

hΨφ 0 (t)|Ψφ (t)i = hΨ(t)|e−i(φ−φ )Λ(t) |Ψ(t)i
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and, thus, the QFI is proportional to its variance,
F(|Ψφ (t)i) = 4∆2 Λ(t).

(2.13)

Note that the QFI is the same for any value of φ. Eq. (2.13)
shows the relation between the photon counting problem and
the optical-shift estimation precision using an open quantum
system initially in a pure state. In the next subsections we discuss the behaviour of the variance ∆2 Λ(t) away, at and near a
DPT, and thus the QFI for initial pure state.

2.2.1

Away from a DPT

For a finitely dimensional open quantum system with a unique
stationary state, ρss , both the average and the variance of the
total number of photons, Λ(t), can be shown to asymptotically scale linearly in time, which is a consequence of the Local Asymptotic Normality (a quantum analogue of the CLT) for
photon counting [37, 39]. Therefore, the enhancement in estimation precision is only limited to a constant. In Appendix B.2 we
derive the linear limits of the photon emission average (µ) and
variance (ν), and thus QFI, which turn out to be independent
from the initial system state,
hΛ(t)i
= Tr J†1 J1 ρss
t→∞
t
∆2 Λ(t)
= Tr J†1 J1 ρss
ν = lim
t→∞
t
h
i


†
†
−1
−2 Tr J1 J1 L
J1 ρss J1
µ = lim

(2.14)
(2.15)

I−Pss

where [ · ]I−Pss restricts a superoperator to the complement of
the stationary state and it was assumed for simplicity that photon emissions are associated with the jump operator J1 . Note
that the second line in Eq. (2.15) describes the photon emission correlations in otherwise Poissonian distribution, see Appendix B.3.1.

68

2.2 intermittency and enhanced estimation of optical shift

Figure 2.1: General scheme of enhanced quantum metrology using
output of system near a DPT (a) Open quantum system
with dynamics that depends on the unknown parameter
g in the vicinity of a first-order DPT with two dynamical
phases differing in activity. The output shows strong intermittency with active/inactive periods of length determined by the correlation time τ. (b) The QFI of the combined system-output state scales quadratically for observation times t  τ. In the example of optical phase-shift,
this regime features a bimodal photon count distribution
corresponding to two dynamical phases, while for t  τ
the distribution becomes unimodal and consequently, the
QFI scales linearly with t. (c) Wigner distribution W(Q, P)
of the state (2.41) after being projected on an appropriate
system state (|Ii + |Ai). The two peaks are located at radii
that corresponds to the square root of the count rates µI,A
of the inactive/active phase. The homodyne measurement
is not optimal, however, as the highly oscillatory fringe
pattern [with period ∝ [t(µA − µI )]−1 ] between the peaks,
characteristic for a Schrödinger cat state, is simply rotated
by φ. This figure originally appeared in [29].

2.2.2 At a first-order DPT in photon emissions
For a system at a first-order DPT, the gap of the master operator
L closes, i.e., λ2 = 0, which for a finite system causes the asymptotic state to be no longer unique and the linear limit ν of the
variance may diverge (see Eq. (2.15)). Below we show that the
variance scales quadratically with with time for a first-order DPT
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in photon emissions.
For two-fold degeneracy of 0-eigenvalue of L, there exist two
eA and ρ
eI , supported within orthogonal substationary states, ρ
spaces HA , HI of the system Hilbert space, HA ⊕ HI ⊂ H.
Let us further assume that there is no decay subspace, i.e.,
HA ⊕ HI = H (for a general case see Sec. 2.3). In this case
dynamics leave these subspaces invariant, i.e., the jump and
Hamiltonian operators in Eq. (2.1) are block-diagonal in this
I
decomposition, H = HA ⊕ HI and Jj = JA
j ⊕ Jj . As we consider
a first-order DPT in photon emissions, we assume that the dynamics within HA corresponds to a higher average number of
emissions per unit of time than dynamics within HI , and term
the respective dynamics “active” and “inactive”.
Let us consider the system initially in a pure state supported
both in HA and HI with probability weights pA and pI , i.e.,
√
√
|χi = pA |χA i + pI |χI i , where |χA i ∈ HA and |χI i ∈ HI .
The corresponding MPS at time t is a macroscopic superposition
√
√
|Ψ(t)i = pA |ΨA (t)i + pI |ΨI (t)i of the orthogonal states |ΨA (t)i
and |ΨI (t)i, as the system state within |ΨA,I (t)i is supported
only on HA,I due to the Hamiltonian H and jumps {Jj }j preserving the subspaces. Moreover, as the photon emission number
Λ(t) is an observable on the output state only, the system states
remain orthogonal, and there is no interference between |ΨA (t)i
and |ΨA (t)i in the photon emission statistics, which is just a mixture of distributions for |ΨA i and |ΨI i. Thus, the leading terms
in the average and the variance of the photon emission number
are
hΛ(t)i = t (pA µA + pI µI ) + O(1)

(2.16)

∆2 Λ(t) = pA ∆2A Λ(t) + pI ∆2I Λ(t)
+ pA pI hΛ(t)iA − hΛ(t)iI

2

= t2 pA pI (µA − µI )2 + O(t),

(2.17)

where hΛ(t)iA,I and ∆2A,I Λ(t) are the average and variance, respectively, of the number of emissions for the system initially in
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the state |χA,I i. Note that the leading terms in (2.16) and (2.17)
depend on the initial state only via the probabilities pA and pI .
For a DPT in photon emissions, the emission rates within HA
and HI are different, µA > µI , and the variance grows quadratically in time. The photon statistics are bimodal and do not follow the CLT. Note that in the case of higher-degeneracy of the
0-eigenvalue of L, the photon statistics may feature more than
two modes, but the variance will again scale quadratically with
time. Finally, the quadratic scaling of variance of photon emissions corresponds to different averages of a system observable
M = J†1 J1 in two stationary states (see Eq. (2.14)) and thus, to a
stationary first-order phase transition.
Macroscopic optical shift. The quadratic scaling of the photon
number variance implies that the QFI in optical-shift estimation
using photons emitted form the system initially in the pure
state, also scales quadratically, see Eq. (2.13). In the case of a
first-order DPT, this is a consequence of a macroscopic opticalshift difference effectively encoded on the two states |ΨA (t)i
and |ΨI (t)i in the superposition of the MPS |Ψφ (t)i. In the first
order of φ, the difference in complex phase is t (µA − µI ) φ. This,
analogously as in the case of optical-shift estimation with the
GHZ state, leads to the Heisenberg scaling in time.

2.2.3

Near a first-order DPT in photon emissions

Generically, open quantum system dynamics feature a single
stationary state, ρss , and thus photon counting statistics obeys
the central limit theorem, and both the variance of photon emissions and the QFI scale linearly in time, see Eq. (2.15). The
emission records, however, can be intermittent with dynamics
switching between long periods with distinct emission characteristics [32–34, 36], see also Fig. 2.1 (b). Below we explain that
intermittency corresponds to proximity to a first-order DPT. Furthermore, it leads to bimodal photon emission statistics with the
quadratically growing variance for times shorter than the corre-
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lation time τ of the dynamics [36].
Regime of quadratic scaling in photon emission variance. The average length τA , τI of “active" and “inactive" periods in the
dynamics is the longest (observed) timescale in the dynamics.
Let us assume that there does not exist any other (direct or continuous) measurement on the system demonstrating a longer
timescale. Then τA , τI is necessary proportional to the dynamics correlation time τ = (−λ2 )−1 , given by the inverse of the
lowest-lying eigenvalue of the master operator L. For times
much shorter than the correlation time τ — and thus τA and
τI — photon emission records are mostly inside “active" or “inactive" periods. The photon statistics is approximately bimodal,
see also Fig. 2.1 (b) and [36]. This implies a quadratic increase
of the variance with time, and thus also of the QFI,
∆2 Λ(t) ≈ t2 pA pI (µA − µI )2 + O(t).

(2.18)

Here µA and µI are the average counting rates in “active" or
“inactive" periods, while pA and pI are probabilities of observing an “active" or “inactive" period. For t  τ there is a macroscopic, ∝ t, difference between the number of photons observed
in emission records. When the photon output is used for opticalshift estimation, this will lead to encoding in the MPS, |Ψφ (t)i,
the macroscopic parameter t(µ1 − µ2 )φ, and thus to the quadratic
scaling of the QFI with time.
For times much longer than τ, in each emission record the dynamics switch between periods of distinct emission rates many
times, giving rise to the intermittent behaviour [34, 36]. The
eventual distribution of the photon count is unimodal centered
around the overall average with the variance scaling linearly in
time, cf. Fig. 2.1 (b) and Fig. 2.2. There is no macroscopic optical
shift encoded in the MPS anymore.
In Fig. 2.2 we show the QFI for optical-shift estimation using
photon output of a 3-level system, with a Hamiltonian H =
Ω1 H1 + Ω2 H2 , where Hj = |jih0| + |0ihj|, j = 1, 2, and a single
√
jump operator J = κ |0ih1| that corresponds to an emission of
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a photon. When Ω2  Ω1 , system trajectories can be “shelved”
for long times in |2i, giving rise to intermittency in observed
quantum jumps [33]. The intermittency can be seen as the proximity to a first-order DPT [34] and is a consequence of a small
gap in the master operator L [35]. In Fig. 2.2 the estimation precision is enhanced as long as initial state evolves into mixtures
of "active" and "inactive" records, cf. Eq. (2.35). Furthermore, in
the quadratic regime of the QFI, the resource used – average
number of photons – scales linearly with time, see the inset of
Fig. 2.2.

Figure 2.2: Enhanced estimation of optical phase-shift using intermittent 3-level system: The precision is enhanced quadratically in the regime τ 0  t  τ for the initial state
√1 (|1i + |2i) (purple), while for initial states |1i (red) and
2
|2i (blue), it is absent. This corresponds to the initial state
√1 (|1i + |2i) evolving into mixture of active and inactive
2
records, see the average photon number in the inset for the
initial states and Eq. (2.18). At times t  τ a linear scaling
of the QFI is recovered, cf. Eq. (2.15). The parameters were
chosen as Ω1 = 4κ and Ω2 = Ω1 /50.

Intermittency as proximity to a DPT in photon emissions. For intermittent records of photon emissions, the correlation time τ is
much longer than any other timescales, e.g. time between individual emissions in “active" periods. This implies a separation
of the eigenvalues of the master operator L, which determine
all the dynamics timescales. In particular, for two distinct emis-
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sion characteristics appearing in a record, −λ2 = τ−1  −Reλ3 .
Therefore, L has a small gap, which is necessary to be near a
DPT.
At times much longer than the correlation time, t  τ, the
system reaches the stationary state ρss and the initial state is
forgotten. However, correlations in photon emissions records
do not disappear. The correlation between numbers of photons
emitted in different time intervals [t1 , t1 + ∆t], [t2 , t2 + ∆t] depends only on the time |t1 − t2 | between them, due to stationarity of the system state, ρ(t) = ρss , and decays approximately as
eλ2 |t1 −t2 | for the interval length chosen as (−Reλ3 )−1  ∆t  τ.
Since the variance of the total number of photons emitted up
to time t is simply the double integral over the correlations, for
t  τ we have
X

t/∆t
2

∆ Λ(t) ≈

∆2 Λ(∆t) eλ2 |k−j|∆t ,

k,j=1

where ∆2 Λ(∆t) is the variance of the number of photons emitted within ∆t for the system in the stationary state. Together
with Eq. (2.18) this gives a leading contribution to the asymptotic linear behaviour
∆2 Λ(t)
2
ss
ν = lim
≈ 2 τ pss
A pI (µA − µI ) ,
t→∞
t

(2.19)

ss
where pss
A , pI are probabilities of observing an “active" or “inactive" period for the observation time ∆t  τ and the system
in the stationary state. Thus, the variance diverges as the correlation time τ, see also Eq. (2.15) and Fig. 2.2. This demonstrates
that an intermittent system dynamics is indeed near a DPT in
photon emissions. As only finitely many eigenvalues of L are
close to 0-eigenvalue (in the case above only λ2 ), the intermittent dynamics manifests proximity to a first-order DPT.

The relation of parameter estimation to second-order DPTs,
which can only appear in the thermodynamic limit of the sys-
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tem size as well as to transitions in ensembles of trajectories,
will be discussed in the next subsection.

2.2.4

Optical-shift encoding and deformation of master dynamics

The MPS of the system and the output is an unravelling of the
system master dynamics, which purifies a mixed state of the
system. Note that the MPS represents the perfect knowledge on
the joint system-environment evolution, as there exist various
gauge choices of H, and {Jj }j leading to the same master dynamics L, but different MPSs.
As the optical-shift encoding is an operation that can be implemented sequentially in time, it can be included as a part
of the joint system-environment evolution. For simplicity let
a photon emission event be associated with the jump operator J1 . The MPS with the encoded optical shift φ, |Ψφ (t)i =
e−iφΛ(t) |Ψ(t)i, is identical to the MPS for the master dynamics
with the jump J1,φ := e−iφ J1 now depending on the optical shift,
and the Hamiltonian H and the other jump operators as before,
Hφ = H, Jj,φ = Jj , j > 1. Note that although the jump operator
J1,φ depends on the parameter φ, the master dynamics of the
system state Lφ = L remains unchanged, as the optical shift is
encoded on the output only. Optical-shift encoding is thus an
example of a gauge transformation of L, i.e., a transformation
of H and L that do not alter the master operator L itself, for
other examples see Appendix B.3.3.
The fidelity between the MPSs with different optical-shift values can be expressed on the system level as


hΨφ 0 (t)|Ψφ (t)i = Tr etLφ 0 ,φ |χihχ| ,

with
X
0
1X †
Jj Jj , ρ
Lφ 0 ,φ ρ = −i [H, ρ] + e−i(φ−φ ) Jj ρJ†j +
Jj · J†j −
2
j>1

j

being a deformation of the master operator L, which is not tracepreserving (for the derivation see the next Sec. 2.3). In the case

(2.20)
(2.21)
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of a single stationary state, from Eq. (2.24), the QFI is related to
Lφ1 ,φ2 as follows
1
F(|Ψφ (t)i) = 4 ∂φ1 ∂φ2 λ1 (φ1 , φ2 )
t→∞ t
lim

φ1 =φ2 =φ

,

(2.22)

where λ1 (φ1 , φ2 ) is the eigenvalue of Lφ1 ,φ2 with the maximal
real part.
More on relation to photon counting. In the case of optical-shit
encoding the fidelity corresponds to a characteristic function of
the number of photons emitted up to time t and thus its logarithm encodes the cumulants of the photon number statistics.
As we discussed in Sec. 2.1.2, the cumulants can also be encoded in the CGF, Θt (s), and its long-time limit, θ(s), which are
given by dynamics with a deformation Ws of the master operator L, see Eqs. (2.5), (2.7) and (2.6). Note that Ws is the same as
Lφ 0 ,φ with (φ − φ 0 ) = −is. As the QFI is related to the variance
of the photon emission number (2.13), we arrive at
1
F(|Ψφ (t)i) = 4 ∂2s θ(s)
t→∞ t
lim

s=0

.

(2.23)

For a DPT in photon emissions of a first or second order (which
happens only in the limit of the infinite system size), the QFI
scaling with time will be enhanced and no longer linear. For a
transition in the ensemble of quantum jump trajectories, when
the function θ(s) has a first- or second-order singularity at some
|sc |, although the QFI necessary scales linearly, the constant enhancement in Eq. (2.23) can be large when |sc | ≈ 0. Note that
from Eq. (2.15), this can be also seen as a consequence of the
fact that the gap in L must be small when |sc | ≈ 0.
2.3

general parameter estimation and dpts

In the previous section 2.2 we discussed optical-shift estimation
using a photon output of an open quantum system, see Fig. 2.1.
We showed how the corresponding QFI can be enhanced from a
linear to a quadratic scaling in time for the system at a first-
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order DPT in photon emissions. Moreover, we demonstrated
that near such a first-order DPT, when the photon emissions
are intermittent, although the asymptotic scaling is linear, there
exist an intermediate time regime when the QFI scales quadratically with time. Furthermore, the constant in the linear scaling
of the QFI diverges as one approaches the transition due to increasing correlations in photon emissions. In this section we
show that analogous results hold for a general parameter estimation.
We consider estimation of a parameter g in the joint systemand-output evolution, such as g being an intrinsic parameter of
the system dynamics or a extrinsic parameter encoded locally in
time on the output. Thus, we assume that the Hamiltonian, Hg ,
and jump operators, Lj,g may depend on g analytically, but the
type of emitted quanta does not depend on g. It follows that the
MPS representing the system-output state, |Ψg (t)i, also depends
on g, see Eqs. (2.2) and (2.3). In contrast, the master operator Lg ,
Eq. (2.1), depends on g only when varying g changes the actual
system dynamics. This is not the case for encoding a parameter
on the output, which is a gauge transformation of L.

2.3.1

Parameter estimation and deformation of master dynamics

In order to consider optimal precision of the estimation, we investigate the QFI related to the fidelity, hΨg 0 (t)|Ψg (t)i, see Eq. (2.12).
Similarly, as in the case of the optical shift encoded on a photon
output, the fidelity can be expressed on the level of the system
state as


hΨg 0 (t)|Ψg (t)i = Tr etLg 0 ,g |χihχ| ,

(2.24)

where Lg 0 ,g is a deformation of the master operator
Lg 0 ,g ρ = − iHg ρ + iρHg 0
(2.25)



X
1 †
J Jj,g ρ + ρJ†j,g 0 Jj,g 0 .
+
Jj,g ρJ†j,g 0 −
2 j,g
j
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Note that the operator Lg 0 ,g in general is not trace-preserving
and thus, it does not explicitly correspond to any system dynamics, but nonetheless can be (indirectly) realised experimentally, for details see Sec. 2.5.2.
Proof. In order to prove Eq. (2.24), let us consider the discrete
MPS in (2.3). We have

hΨg 0 (t)|Ψg (t)i = TrS TrO |Ψg (t)ihΨg 0 (t)|


 X

†
†
= TrS
Kjn ,g · · · Kj1 ,g |χ ih χ| Kjn ,g 0 · · · Kj ,g 0 ,
1


jn ,...,j1

where TrS,O stands for the trace over the space of the system (S)
or output (O). In the rest of this chapter we will simplify the
notation and use Tr instead of TrS .
In the limit δt → 0, we obtain Eq. (2.24) analogously as the
discretisation in the master dynamics converges to the continuous dynamics given by Lg ,
ρg (n)

=

X
jn ,...,j1

−→

δt→0

Kjn ,g · · · Kj1 ,g |χ ih χ| K†jn ,g · · · K†j1 ,g

ρg (t) = etLg |χihχ| .

The result in Eq. (2.24) has been already discussed in [38, 39].

2.3.2

Linear scaling of QFI away from a DPT

For dynamics with a single stationary state, the QFI asymptotically scales linearly with time with the constant enhancement
related the largest eigenvalue λ1 (g1 , g2 ) of Lg1 ,g2 [38, 39], as
from Eqs. (2.12) and (2.24) it follows that
lim t−1 F(|Ψg (t)i) = 4 ∂g1 ∂g2 λ1 (g1 , g2 )|g1 =g2 =g .

t→∞

(2.26)
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Eq. (2.26) can be expressed via the master operator L as follows (see Appendix B.2 or non-hermitian perturbation theory
in [38]),
lim t−1 F(|Ψg (t)i) = 4 Tr (∂g1 ∂g2 Lg1 ,g2 ρss )


h
i
−1
−8 Re Tr ∂g1 Lg1 ,g Lg
∂g2 Lg,g2 ρss

(2.27)

t→∞

I−Pss

,

g1 =g2 =g

where [ · ]I−Pss restricts a superoperator to the complement of
the stationary state. One can already see that something interesting may occur as the system approaches a DPT when the gap


−1
in Lg closes at some g, and L−1
g I−Pss diverges as (λ2 ) . Consequently, closing of the gap in Lg may cause λ1 (g1 , g2 ) to be
non-analytic at g1 = g2 = g.

2.3.3

Quadratic scaling of QFI, bimodality and first-order DPTs

Regime of quadratic scaling of QFI near a first-order DPT. Near a
first-order DPT the gap of the master operator Lg is necessary
small [35], i.e., there is a separation in real parts of the Lg
spectrum, e.g. −λ2  −Reλ3 . Therefore, there exist an intermediate time regime τ 0  t  τ, where τ is the dynamics
correlation time given by the gap, τ = (−Re λ2 )−1 , while τ 0 is
the longest timescale associated with the rest of the spectrum,
τ 0 = (−Re λ3 )−1 . In this regime the slowest second dynamical
mode appears stationary whereas the contribution from all the
other eigenmodes in Lg can be neglected. This further leads
to the QFI being quadratic in time (see Appendix B.2 for the
derivation),
F(|Ψg (t)i) = 4 t

2



− ∂g1 Tr (Lg1 ,g P|χihχ|)

2

+ ∂g1 ∂g2 Re Tr (Lg1 ,g PLg,g2 P|χihχ|)

(2.28)

g1 =g2 =g

+ t O(tλ2 ) + O(t),
2
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where P is a projection onto the eigenmatrices of Lg corresponding to the eigenvalues within the gap, e.g. for −λ2 
−Reλ3 , P projects onto first two eigenvectors of Lg . At a firstorder DPT, the gap closes, λ2 → 0 and Eq. (2.28) becomes valid
for all times t  τ 0 with the projection P becomes the projece1 ,
tion on the stationary manifold P0 of two stationary states ρ
e2 supported in orthogonal subspaces H1 , H2 .
ρ
Quadratic scaling and bimodality. We will now show that the
quadratic scaling with time of the QFI, corresponds to bimodal
statistics of an observable acting on both the system and the
output. The way the MPS |Ψg (t)i changes with g is encoded in
the observable (see Sec. 2.5.1 for the precise definition)
Gg (t) |Ψg (t)i := i ∂g 0 |Ψg 0 (t)i|g 0 =g .

(2.29)

From Eq. (2.12) it follows that the QFI is again simply proportional to the variance of Gg (t) when measured on the MPS
|Ψg (t)i,
F(|Ψg (t)i) = 4∆2 Gg (t).

(2.30)

This establishes the relation between the precision of parameter
g estimation with a system initially in a pure state and statistics
of an observable on the joint system-output state.
The generator Gg (t) is a stochastic integral of an observable
local in time, see Sec. 2.5.1. Therefore, it follows that the finitetime interval before the system relaxes to its asymptotic state,
t . τ, contributes negligibly to the asymptotic behaviour of
leading terms in Gg (t) cumulants. Note that in general, at a
first-order DPT with two stationary states, for a system state ρin
with initial coherences between the subspaces H1 , H2 , the coherences will persist in the joint system-output MPS and lead to
interferences in statistics of Gg (t). Since coherences are absent
e1 +
in the asymptotic state of the system, limt→∞ ρ(t) = p1 ρ
e2 , leading orders in the average, variance of Gg (t) will not,
p2 ρ
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however, depend on the coherences, but on the probabilities p1
and p2 .
We first discuss the average of Gg (t). We have
hGg (t)i = −i ∂g 0 hΨg 0 (t)|Ψg (t)ig 0 =g = −i ∂g 0 Tr(etLg 0 ,g |χihχ|)g 0 =g
Zt
= −i du Tr(∂g 0 Lg 0 ,g ρ(u))g 0 =g and
(2.31)
0

µg =

lim

t→∞

1
hGg (t)i = −i Tr(∂g 0 Lg 0 ,g P0 |χihχ|)g 0 =g
t

(2.32)

Note that the instant rate at which Gg (t) is accumulated is given
by −iTr(∂g 0 Lg 0 ,g ρ(t))g 0 =g . Moreover, this result holds also for
mixed initial states ρin . In the case of the single stationary state
P0 = ρss Tr(·) and thus the average of Gg (t) per unit time, µg =
−iTr(∂g 0 Lg 0 ,g ρss )g 0 =g , is independent from the initial state. In
the case of two-fold degeneracy of the 0-eigenvalue of Lg , the
asymptotic rate
µg = p1 µ1 + p 2 µ 2 ,

(2.33)

e1 + p2 ρ
e2 ,
where p1,2 are probabilities in the asymptotic state, p1 ρ
and µ1 , µ2 are asymptotic rates of Gg (t) for initial states relaxing to H1 and H2 , respectively. Note that the asymptotic rate
indeed does not depend on the initial coherences between H1
and H2 which are absent for times t  τ 0 .
Let us now discuss the variance of Gg (t). For the case of the
single stationary state, the variance ∆2 Gg (t) necessary scales
linearly in time for t  (−λ2 )−1 , cf. Eq. (2.27). In contrast,
when the master operator Lg has a degenerate 0-eigenvalue,
the asymptotic scaling of the variance may become quadratic
in time, see Eq. (2.28). For two-fold degeneracy of 0-eigenvalue,
the leading quadratic term of the variance, similarly as the average, will not depend on the coherences (see Appendix B.3.1)

∆2 Gg (t) = t2 p1 p2 (µ1 − µ2 )2 + O(t).

(2.34)
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For the system state relaxing only to one of the subspaces H1
or H2 (for example initialised in those subspaces), the variance
scales linearly as in the case of dynamics with a single stationary state. In particular, when there is no decay subspace, the linear and constant terms are given exactly as in Eqs. (2.27), (B.6),
(1,2)
with I − Pss replaced by IH1,2 − Pss . For a general initial state
the linear terms in Eq. (2.34) will also depend also on initial
coherences between H1 and H2 , see Appendix B.3.2.
We have shown that quadratic scaling of ∆2 Gg (t) for dynamics featuring two stationary states, Eq. (2.34), is a consequence
of bimodal statistics of the observable Gg (t). In the case of a
higher than two-fold degeneracy of the 0-eigenvalue of Lg , the
Gg (t) statistics may feature several modes, but the variance scaling will be always at most quadratic with time, cf. derivation
of Eq. (2.28) in Appendix B.2. For higher-fold degeneracy some
of the initial coherences in the system may not decay, in which
case the leading quadratic term may crucially depend also on
those initial coherences. For general discussion of enhanced parameter estimation in the case of higher-fold degeneracy, see
Appendix D.3.
Quadratic scaling and macroscopic phase-shift. We have shown
that for a pure initial state of the system the quadratic scaling
of QFI is related to the bimodality of variance of the observable
Gg (t), (2.29). The observable Gg (t) encodes the parameter via a
"phase" in the MPS state
|Ψg 0 (t)i = Te−i

Rg 0
g

dh Gh (t)

|Ψg (t)i,

where T is the g-ordering (cf. time-ordering) operator, see also [104,
105, 171]. The quadratic behaviour of the QFI can be associated
with a macroscopic phase shift encoded via Gg (t) in the MPS, since,
in the first order with respect to ∆g := g 0 − g, two parts of the
MPS initialised in H1 and H2 differ in the complex phase by a
macroscopic effective parameter t (µ1 − µ2 ) ∆g. For a finite system, it is this macroscopic phase-shift that leads to the Heisenberg scaling in time, similarly as in the case of GHZ states.
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No quadratic scaling for classical systems. Let us note that the
of the QFI is an intrinsically quantum feature. This behaviour cannot occur in finitely dimensional systems for which
the associated MPS is real, as the average of the observable Gg (t)
is 0, hGg (t)i = −i∂g 0 hΨg 0 (t)|Ψg (t)i ∈ iR ∩ R = {0}, and thus also
the rate µg = 0. Therefore, only terms linear in t will survive in
Eq. (2.34). In other words, the parameter g cannot be encoded
via unitary transformation of the MPS and there cannot be any
macroscopic phase shift.
t2 -scaling

Bimodal statistics near a first-order DPT. We assume that the
master operator Lg with a single stationary state features a
small gap, i.e., there is a split in its spectrum. This leads to a separation of dynamics timescales which manifest itself in the system dynamics as a broad intermediate time regime, τ 0  t  τ,
when the system state ρ(t) appears stationary before eventually
relaxing to the true stationary state ρss at times t  τ.
In the time regime τ 0  t  τ, the instant rate of Gg (t),
µg (t) = Tr(∂g 0 Lg 0 ,g ρ(t))g 0 =g , is approximately constant. Therefore, for times t towards the end of the regime, the average is
dominated by hGg (t)i ≈ t Tr(∂g 0 Lg 0 ,g ρ(t))g 0 =g . Since the instant
rate depends on the initial system state via ρ(t), let consider
the initial states leading to the maximal µ1 and the minimal
µ2 instant rate for the metastable regime τ 0  t  τ, and
thus also the extremal averages hGg (t)i1 and hGg (t)i2 . Furthermore, the initial states can be chosen pure, |χ1 i and |χ2 i. In
the case of one-low lying eigenvalue in the Lg spectrum, i.e.,
−λ2  −Reλ3 , for the system initially in a superposition of those
√
√
initial states, |χi = p1 |χ1 i + p2 |χ2 i, the statistics of Gg (t) can
be shown to be bimodal as follows. The system state in the intermediate regime can be well described by an approximately
stationary contribution of the second dynamical mode — one
degree of freedom — while all the other modes are negligible.
Thus, the initial coherences can no longer be present in ρ(t).
Consequently, as the statistics of Gg (t) for time t at the end of
the regime is dominated by the contribution during the regime,
the statistics is necessary close to that of the system initially in

83

2.3 general parameter estimation and dpts

a mixture of the two initial states, ρin = p1 |χ1 ihχ1 | + p2 |χ2 ihχ2 |.
Therefore, the statistics of Gg (t) for times τ 0  t  τ is bimodal
and its variance scales quadratically with time,
∆2 Gg (t) ≈ t2 p1 p2 (µ1 − µ2 )2 + O(t).

(2.35)

Moreover, for any initial state the instant rate in the intermediate regime can be expressed as p1 µ1 + p2 µ2 for some probabilities p1 , p2 = 1 − p1 . As this fixes the only degree of freedom in
this regime, the corresponding system state in the intermediate
regime can be approximated by the system state initialised in a
mixture ρin = p1 |χ1 ihχ1 | + p2 |χ2 ihχ2 |. It follows that the statistics
Gg (t) is bimodal and the variance can be expressed as in (2.35)
for any initial state of the system. For a formal proof of correspondence between Eqs. (2.28) and (2.35) see Appendix D.1.
Note that for classical systems the instant rate is always 0, and
thus there is no quadratic regime in the variance scaling.
The quadratic scaling of the variance in (2.35) is related to
correlations in the dynamics which disappear as exp(−λ2 t) and
thus in the intermediate regime are approximately constant. As
the observable Gg (t) is a stochastic integral (see Sec. 2.5.1), let
us consider it as a sum of contributions from time intervals
∆t within the intermediate regime length, τ 0  ∆t  τ. As
after t  τ the system is in the stationary state the asymptotic
variance can be approximated well as (see also Appendix B.3.2)

X

t/∆t
2

∆ Gg (t) ≈

∆2 Gg (∆t) eλ2 |k−j|∆t ,

k,j=1

where ∆2 Gg (∆t) is the variance for the system in the stationary
state. Together with Eq. (2.35) this gives a leading contribution
to the asymptotic linear scaling of the variance
∆2 Gg (t)
2
ss
≈ 2 τ pss
1 p2 (µ1 − µ2 ) .
t→∞
t

νg = lim

(2.36)
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ss
where pss
1 , p2 are probabilities determined by the asymptotic
ss
rate µg = −iTr(∂g 0 Lg 0 ,g ρss )g 0 =g = pss
1 µ1 + p2 µ2 . Thus, the linear limit of the variance diverges as the correlation time τ, see
also Eq. (2.27) and the formal proof in Appendix D.1.

In Chapter 3 we discuss metastability in Markovian open quantum systems. We argue how this phenomena is related to a separation in the spectrum of a master operator and how it manifests itself in the dynamics on the level of the system and output
observables. In particular, we show how, in the case of one lowlying eigenvalue of the master operator, i.e., −λ2  −Re λ3 , one
can observe intermittent system dynamics. Furthermore, in Appendix D.1 we prove that the system states in the metastable
regime which lead to the extremal averages of Gg (t), correspond to extreme metastable states — metastable phases. Moreover, the quadratic scaling of the QFI with time for a pure initial state of the system, is also related to a macroscopic phaseshift encoded in the MPS state during the metastable regime,
see Appendix D.1. As we discuss in the next section, the instant rate of Gg (t) corresponds to an expected values of a system observable, see Eq. (2.37). Therefore, if metastability of a
finite system is a consequence of a first-order static transition
occuring in the thermodynamic limit of the system size, so that
limN→∞ µN1 6= limN→∞ µN2 , the QFI displays also the Heisenberg
scaling in the system size, F(|Ψg (t)i)N2 ∝ t2 N2 , cf. Eq. 2.36 and
see example of photon emissions corresponding to spin magnetisation in a dissipative Ising chain with transverse field [36,
172].

2.4

estimation schemes

In this section we discuss enhancement in optimal parameter
estimation for several class of parameters, we consider parameter regimes in which such enhancement is present and study
features of any efficient measurement that can exploit this enhancement.
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2.4.1

Parameters

Here we discuss enhancement in parameter estimation near
a first-order dynamical phase transition for parameters in the
free system dynamics, strength of system-environment interaction and output parameters.
Let us first note that for a general parameter g the instant
rate of Gg (t) observable, µg = −iTr(∂g 0 Lg 0 ,g ρ(t)), corresponds
to the average, µg = Tr(Mg ρ(t)), of the system observable
Mg = Hg0 +

i
i Xh † 0
0 †
) Jj,g ,
Jj,g Jj,g − (Jj,g
2

(2.37)

j

where we have introduced the notation Xg0 = ∂g 0 Xg |g 0 =g . The
quadratic behaviour of QFI at a DPT is a consequence of differe1 ) 6=
ence in the rates for two stationary states, µ1 = Tr(Mg ρ
e2 ), see Eq. (2.34). Therefore, Mg can be used to
µ2 = Tr(Mg ρ
determine the multiplicative constant in the quadratic scaling
of QFI with time. Furthermore, for a system near a DPT, the
observable Mg determines the quadratic scaling of the QFI in
the intermediate regime τ 0  t  τ, see (2.30) and (2.35). This
criterion can be further simplified, as it is sufficient to check
whether hMg i is different for metastable phases discussed in
Chapter 3, see Appendix D.1.
We consider the following class of parameters of the systemoutput dynamics, see Eq. (2.1),
• Coupling constants Ω in free system dynamics.
We consider the Hamiltonian HΩ = H0 + ΩH1 . We simply
obtain
MΩ = H1 .

(2.38)

• Strength of the system-environment interaction.
√
We assume Jj,κj = κj Jj , where κj > 0. Since
Mκj = 0

∀j ,

(2.39)
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the corresponding rate for any state is always 0 and thus
there in no quadratic term in (2.34). Hence, there is no
enhancement in estimation of the strength of the systemenvironment interaction. This is a consequence of the fact
that κj is encoded in the MPS, |Ψκj (t)i, as a classical parameter, which when varied, changes only the absolute values
of amplitudes in the MPS, not their phase, cf. Eq. (2.2).
Therefore, there is no macroscopic phase encoded on the
MPS, similarly as in the case of a classical system. Furthermore, the QFI takes a simple form, cf. Appendix B.2,

F(|Ψκj (t)i)) =



†
t Tr Jj Jj ρss + Tr

J†j Jj



etLg − I
Lg

!!


I−Pss

|χihχ|
(2.40)

which corresponds to the variance of the uncorrelated
Poissonian statistics of jumps Jj .
• A phase in a unitary transformation of the output that can
be implemented locally in time.
Here we can consider a gauge transformation of the master dynamics, when all Hg and {Jj,g }j can depend on g, but
Lg ≡ L. In particular, the generator may be independent
from the parameter value, Gg (t) = G(t), in which case
also its instant rate µg = µ, as the observable Mg = M.
In the example of the optical shift φ encoded on photons
emitted by the system, we have J1,φ := e−iφ J1 and the
system observable is independent from φ, M = J†1 J1 . Similarly, for the parameter encoded by the homodyne current
associated with photon emissions J1 , wehave the opera
†
g
−iφ
iφ
−iφ
tors J1,g := J1 − ige
and Hg := H + 2 e J1 + e J1
which leads to M = e−iφ J1 + eiφ J†1 being related to the
average current rate, see Appendix B.3.3 for derivation.
Note, however, that for the g = φ being the angle associated with the homodyne measurement, we have J1,φ :=
J1 − ie−iφ and Hφ := H + i

e−iφ J1 −eiφ J†1
.
2

This again leads

,
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to the average current rate given by the observable Mφ =
e−iφ J1 + eiφ J†1 , which in this case depends on the parameter φ, as so does the generator Gφ .
In Fig. 2.3 we show the QFI for estimation of the intrinsic
parameters in dynamics of the 3-level system (see the upper
inset) Ω1 , Ω2 , κ. The quadratic enhancement is absent due to no
difference in the extreme rates µ1 , µ2 , cf. Eq. (2.35). In contrast,
for a parameter encoded as an amplitude (g) or an angle (φ)
of homodyne current, cf. Appendix B.3, the quadratic scaling
is present for φ 6= kΠ, k ∈ Z, see the inset of Fig. 2.3, which is
analogous to enhancement in the optical phase-shift estimation
in Fig. 2.2.

Figure 2.3: Estimation of intrinsic dynamical parameters in 3-level
system: The quadratic enhancement is absent for Ω1
(green), Ω2 (red), and the classical parameter - decay rate
κ (blue), and the asymptotic linear scaling is obtained at
earlier timescales τ 0 = (−Reλ3 )−1  τ = (−Reλ2 )−1 , as
the lowest-lying mode does not contribute to the asymptotic precision. In contrast, for a parameter g encoded as
the amplitude or the angle of homodyne current, the enhancement in precision is present for φ 6= kΠ, k ∈ Z (for
φ = kΠ we have that Mg equals MΩ1 = H1 up to a linear
transformation, see Appendix B.3.3). The initial state was
chosen as |χi = √12 (|1i + |2i) and the Rabi frequencies as
Ω1 = 4κ and Ω2 = Ω1 /50.
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2.4.2

Sensitivity over broad parameter range

In order to use an open quantum system and its output as
a resource for enhanced parameter estimation, the sensitivity
of the joint system-and-output state should be present over
a broad parameter range. Otherwise, the system-output MPS
can be used to mark a fixed point in the parameter range. This
is analogous to requirements for classical sensors, e.g. thermometers, which should give an accurate temperature prediction over
a broad range of temperatures, between fixed points usually
given by thermal phase transitions in various classical systems
[173]. Note that at those fixed points the accuracy can scale better than linear with the size of a classical system, as the accu−

H

−

H

racy for a thermal state ρT = e kB T /Tr(e kB T ) is proportional
to the variance of the system Hamiltonian, ∆2 H [131]. Away
from the transition, however, the accuracy scaling is necessary
linear from the very definition of a phase transition.
Extrinsic parameters. Consider an extrinsic parameter g encoded
as a phase by an output observable O(t), |Ψg (t)i = eigO(t) |Ψ(t)i,
so that the corresponding system state does not change ρg (t) ≡
ρ(t). Let us further assume that O(t) is an integral of localin-time quantity, i.e., an observable representing a continuous
measurement, e.g. a total number of photons or an integrated
homodyne current. In this case the MPS |Ψg (t)i, can be expressed
as the MPS obtained for dynamics with parameter dependent
operators: the Hamiltonian Hg and the jump operators {Jj,g }kj=1 .
The master dynamics of the system, however, will be independent from the value of g, Lg ≡ L, as is the reduced state of the
system obtained from |Ψg (t)ihΨg (t)| by tracing out the output
degrees of freedom. This emphasizes that the resource used for
the estimation for all values of g is the same MPS, on which
an unknown value of g is encoded.
Let system dynamics be close to a first-order DPT, so that L
features a separation in spectrum which leads to ∆2 O(t) scaling
linearly in time with a large constant, see Eq. (2.27), which is
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directly related to quadratic scaling in the regime τ 0  t  τ
due to distinct instant rates of O(t). As the QFI is the same for
all g, cf. (2.30), the optimal estimation precision is enhanced for
the whole range of g. Therefore, a system near such a first-order
DPT can be used as a resource for enhanced estimation of the
parameter g.
For a general parameter g encoded by a stochastic integral,
i.e., |Ψg (t)i = eiOg (t) |Ψ(t)i, where Og (t) 6= gO(t), we have Gg (t) =
∂g Og (t). When at g = g0 dynamics is close to a DPT with
∆2 Gg0 (t) scaling linearly in time with a large constant, there exist a finite range of g, where, in spite of varying g, the extremal
rates of Gg (t) in the regime τ 0  t  τ stay non-negligibly
different, (µ1 − µ2 )  (−λ2 ). In this parameter range the QFI
features the quadratic scaling regime and the constant of the
asymptotic linear scaling is large (see (2.35) and (2.36)).
Intrinsic parameters. Let us now consider an intrinsic parameter g of dynamics such that the master operator Lg depends on
the value of g. We distinguish two types of intrinsic parameters.
Parameters driving a transition. When a parameter g drives
a stationary or dynamical phase transition at g = g0 , the corresponding MPS undergoes a singular change at g = g0 . It is
this singularity that allows for estimating with high precision
the value of g in the vicinity of g0 , and in the case of a firstorder DPT, it manifests itself as a regime of quadratic scaling of
the QFI (2.35). Varying g in broader range, however, takes system away from the transition point and increases the gap in Lg
thus shortening the quadratic regime, which further leads to a
moderate constant in linear scaling of the QFI (2.27). Although
such open dynamics cannot be used for estimation of g in a
broad regime, it can be used to mark a fixed point g = g0 .
Other parameters for which varying a parameter in Lg does
not move the system away from a phase transition or increase
the gap significantly, but changes the properties of the stationary state and the low-lying modes analytically. On the phase
diagram this is manifested by a horizontal or a vertical line of
the phase coexistence. As the gap is not changed significantly
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by varying g in some finite range, the estimation precision may
be enhanced due to persisting long correlation time in the dynamics. Similarly as in the case of an extrinsic parameter, this requires the extremal instant rates µ1 , µ2 in the regime τ 0  t  τ,
to be non-negligibly different, see Eqs. (2.35) and (2.36).
Example I. Let us consider a finite open quantum system with
two-fold degeneracy of 0-eigenvalue in Lg0 and estimation of
the field g in the system Hamiltonian Hg = gH. It follows that
(1)
(2)
(1)
(2)
g0 H = Hg0 ⊕ Hg0 and Jj = Jj ⊕ Jj for the decomposition
H = H1 ⊕ H2 . This implies 
that H1 and H2 are invariant for
(1)
(2)
g
all values of g, since Hg = g0 Hg0 ⊕ Hg0 . Furthermore, when
e1,g , ρ
e2,g supported within H1 , H2 corretwo stationary states ρ
spond to different rates Tr(He
ρ1,g ) 6= Tr(He
ρ2,g ), the value of g
can be estimated with the QFI scaling quadratically in time, see
Eq. (2.34). This is due to the fact that the macroscopic phase
encoded in the MPS, is actually here a global phase on the system, which can be resolved only when the output is accessed,
and thus the quadratic scaling is absent when measurements
are considered on the system only, see also Appendix D.3.
Example II. Let Lg0 feature m > 4 eigenvalues with real part
0 (but possibly non-zero imaginary parts). When asymptotic
states preserve some initial coherences, there is a part of the
system space where dynamics is unitary — a decoherence free
subspace (DFS) [40–43] or a noiseless subsystem (NSS) [44–46],
see also Sec. 3.1.3. Let g be a coupling constant in the Hamiltonian Hg0 = gH 0 governing such a unitary evolution inside a
DFS or NSS. The corresponding QFI for the reduced system state,
ρg (t), is independent from g. Moreover, for an initial state being
a superposition of H 0 eigenvectors with different eigenvalues,
the QFI scales quadratically in times, as phases growing linearly
with time t are encoded in the coherences of ρg (t), therefore it
is enough to use just the system to achieve enhanced estimation. Using the output as well can provide a higher constant in
quadratic scaling, see Appendix D.3 for details.
Example III. Consider Lg0 with all eigenvalues with 0 real
part corresponding just to a single DFS or a NSS. As the output
statistics is the same for all states in DFS/NSS due to no infor-
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mation leak from the inside guaranteed by unitary evolution,
there is no quadratic enhancement in estimation of any parameter
encoded on the output. It is the difference in the output states
corresponding to different stationary states that may lead to
multiple modes in statistics of an output observable and further to quadratic scaling in the QFI for parameter encoded using
such an observable.

2.4.3

Optimal measurement

We have shown that near a DPT the system-output state can
have a large QFI. In order to exploit this, and achieve quantum
enhanced sensitivity, it is necessary to measure an appropriately chosen observable. The optimal observable is known to
be the SLD Dg defined as the solution of (2.11). For pure states
this can be solved and Dg = 2∂g |ψg ihψg |. However, the measurement of Dg will be difficult to engineer in most practical
situations. One needs therefore to find an alternative which is
both practical and whose SNR is as close as possible to the QFI.
Despite the fact that the intricacy of the optimal measurement
makes it impractical, we can still formulate general characteristics for a measurement that achieves enhanced precision.
Support of measurement observable. The first consideration is
whether the measurement should be on the system or output,
or both. Consider Lg with 2 low-lying eigenvalues, i.e., close
to the two-fold degeneracy of 0-eigenvalue. In this case, in the
regime of quadratic scaling the optimal measurement whose
precision is given by the QFI involves measuring both system and
output. This is a consequence of the fact that the macroscopic
phase t (µ1 − µ2 ) g encoded in the MPS during this regime is
present neither in the reduced state of the system or the output, as they act as a reference for each other. In particular, at
a DPT the precision achievable by measuring only the output
(1)
(2)
is bounded by p1 F(|Ψg (t)i) + p2 F(|Ψg (t)i), which scales lin(1,2)
early in time, see Appendix B.2. Here |Ψg (t)i are the MPSs
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associated to two stationary states, and p1,2 are their probabilities. This last result is the precision of an idealised protocol given by a first measurement of the system to project onto
one of the subspaces associated with the competing stationary
states, followed by an optimal measurement of the conditioned
system-output state |Ψ1,2 (t)i. On the other hand, the precision
of a measurement performed just on the system is asymptotically a function of the stationary state, F(limt→∞ ρg (t)) and
therefore is constant. A similar situation holds for dynamics featuring multiple stationary states, but not preserving any initial
coherences. For a higher degeneracy than three-fold, however,
the dynamics can be unitary on a part of the system space, thus
preserving some initial coherences. This corresponds to a DFS
or a NSS. In this case the asymptotic state of the system may
depend on time via this unitary evolution, possibly leading to
quadratic scaling of the precision of a measurement performed
just on the system, see Example II in the previous subsection
and Appendix D.3.
Optimal measurement time. The second consideration is what
should be the time extension t of a single measurement run.
Here we imagine that the total time available to the experiment is T and one performs n = Tt independent repetitions
of the optimal system-output measurement of the state |Ψg (t)i.
This corresponds to a measurement of the joint state |Ψg (t)i⊗n ,
and the optimal time t is that which maximises the QFI of the
joint state, F(|Ψg (t)i⊗n ) = n F(|Ψg (t)i) = Tt F(|Ψg (t)i).
For dynamics at a first-order DPT, when the QFI asymptotically has quadratic, linear and constant terms, see Eq. (2.34)
and Appendix B.2, and the quadratic behaviour is due to nondecaying correlations in the MPS. All correlations present are
exploited by the choice t = T , which is confirmed by a positive
derivative of the QFI for times t  τ 0 . Near a DPT the quadratic
regime is limited to t  τ, when the correlations do not decay,
cf. Eq. (2.35). The optimal time t is necessary longer than the
metastable regime in order to fully exploit correlations in the
dynamics t ≈ O(τ), see Fig. 2.2 and the inset of Fig. 2.3, but
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longer experiments with t  τ cannot provide significant enhancement.
Optimal measurement in optical phase-shift estimation. For the
case of optical phase-shift estimation at a DPT, the bimodality
of the system-output state in the counting statistics means that
it is essentially of the form of a “Schrödinger cat” state. Assuming for simplicity that the competing stationary states are pure
and the photon emission statistics from each stationary state is
Poissonian, it reads,
|Ψφ (t)i =

√
√
pI |Ii ⊗ |αI (φ)i + pA |Ai ⊗ |αA (φ)i

(2.41)

where |αA (φ)i are coherent states with amplitudes αI,A (φ) =
p
eiφ t µI,A , where µI,A are the photon emission rates of the dynamical phases, see Eqs. (2.19) and Fig. 2.1 (c). In fact, as shown
in Ref. [174], the state (2.41) is approximately a GHZ state
with an effective parameter t(µA − µI )φ. Note that for (2.41)
neither counting nor homodyne measurements achieve Heisenberg scaling, which highlights the general challenge of identifying optimal measurements, see also Fig. 2.1 c). However, one
might think of instead employing interferometric protocols, related to the ones put forward in Refs. [174–176] for superpositions of coherent states, in order to exploit the enhanced precision scaling.
Optical-shift estimation in the presence of noise. It is known that
for the optical-shift estimation in the presence of Markovian
noise typically arising in experiments, i.e., dephasing or photon losses, the QFI scales necessary linearly in the mean number
of photons in the interferometer [12–16]. Therefore, the quantum enhancement is limited just to a constant. In the numerical
study [161] it was shown, however, that MPSs perform optimally
in the presence of losses, i.e., achieve the optimal constant in the
linear scaling of the QFI. This can be understood as follows using the sequential structure of MPS [35, 128, 159]. For photon
loss occurring at rate η, the average waiting time for a pho-
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ton loss to occur is η−1 , therefore for correlations in the MPS of
a shorter length τ  η−1 , are not affected by the noise. This
corresponds to bounds of [15, 94] approaching the Heisenberg
scaling in that regime. Moreover, this argument generalises to
other local noise models such as local dephasing.

2.5

generalised dpts

When changing a parameter g of the system dynamics, the
joint system-output state |Ψg (t)i can undergo a singular change.
This could correspond to a static phase transition in the stationary state of the system or to a dynamical phase transition
that happens in the output. Both kinds of transitions can be detected by discontinuities in the average or a higher cumulant
of an observable; in the case of a static transition, the observable should act on the system, whereas for a dynamical transition — a continuous measurement should be perfomed on the
output. Yet, it is not obvious how to choose such an observable or a continuous measurement. More generally, however,
the changes in the structure of any state |ψg i with varying g,
can be captured by the way the distance between states |ψg 0 i
and |ψg i changes when g and g 0 are varied. Let us consider ḡ
being a vector of state parameters. The information-geometric
approach [125] using Bures distance, which is based on the fip
delity between states, DB (|ψḡ 0 i, |ψḡ i) = 2(1 − |hΨḡ 0 |Ψḡ i|), establishes a Riemannian metric on the quantum state space. The
singularities of the metric in the thermodynamics limit of the
system size going to infinity, have been successfully used to
identify transitions in ground states of many classes of Hamiltonians, also in the cases when the corresponding ground state
energy does not feature any singularities with respect to the
parameters ḡ [129, 130]. Moreover, the metric determines the
state distinguishability, as it is proportional to the QFI matrix
for the parameters ḡ [127], see Eq. (1.21), thus bounding the
optimal precision in the multi-parameter estimation of ḡ [131].
In particular, the information-geometric approach has been ap-
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plied to Hamiltonians with ground states being matrix-product
states [177] (note the difference in the normalisation to the joint
system-output state in (2.3)).
The results presented in this chapter and [29] extend the
geometric approach to open quantum systems with accessible outputs, thus generalising the notion of dynamical phase
transitions [34–36, 163, 164]. The thermodynamic limit of infinite system size is replaced by the limit of infinite time t. In
the one-parameter case the asymptotic metric is simply given
by limt→∞ F(|Ψg (t)i) / 4t = ∂g1 ∂g2 λ1 (g1 , g2 )|g1 =g2 =g , cf. (2.26).
In the multi-parameter case of a vector ḡ of parameters, it is
the matrix of second derivatives of the maximal eigenvalue in
the modified master operator Lḡ 0 ,ḡ , see also [178]. The notion
of phase transitions in the metric, although more general and
better suited for theoretical investigations than singularities of
observable cumulants, does not give a recipe for detection of
such a transition in an experiment. In the section 2.3 we have
introduced the observable Gg (t), (2.29), whose variance corresponds to the metric, cf. (2.30). Below we characterise Gg (t) as a
stochastic integral, and consider the necessary conditions under
which measuring Gg (t) could be used to detect the generalised
DPTs of the first and the second-order. Furthermore, we discuss
some experimental approaches in which the maximal eigenvalue λ1 (g1 , g2 ) of the modified operator Lg1 ,g2 in Eq. (2.25) can
be accessed directly, and also the limit limt→∞ t−1 log(hΨg1 (t)|Ψg2 (t)i).
2.5.1

Observable distinguishing dynamical phases

The generator Gg (t) characterises how the system-output MPS
changes when g is varied. We have shown that for a finite system the variance ∆2 Gg (t) scales linearly except a phase transition point when the stationary state is degenerate and the scaling may be quadratic, in which case measuring rates of Gg (t)
distinguishes two dynamical phases, cf. (2.34). Here we discuss
the structure of the generator in detail. We note that an analogous notion to the generator Gg (t) has been introduced in [130]

2.5 generalised dpts

for a general family of states |ψḡ i, but, as we discuss below, the
generator can be used to detect a phase transition only if it itself features finite correlations.
Generator as a stochastic integral. Let us first consider the case
of a closed system with parameter g = Ω being a coupling
constant in the Hamiltonian, i.e., HΩ = H0 + ΩH1 and Jj = 0,
which corresponds to all D2 eigenvalues of Lg having real part
0, where D is the system space dimension. In this case we have
(see also [104, 105])
Zt
GΩ (t)|ψΩ (t)i =
0
Zt

=

du e−i(t−u)HΩ H1 e−iuHΩ |ψ(0)i

(2.42)

du e−i(t−u)HΩ H1 ei(t−u)HΩ |ψΩ (t)i,

0

Rt
so that GΩ (t) = 0 du e−i(t−u)HΩ H1 ei(t−u)HΩ is an integrated
observable. We note, however, that t2 -scaling of the corresponding QFI, F(|ψΩ (t)i), is not always present when H0 and H1 do
not commute [105].
In the case of an open quantum system which can be described by the input-output formalism the evolution is no longer
unitary, but can be described by stochastic unitaries, which will
lead to Gg (t) being a stochastic integral. Let us first consider dynamics discretised by δt, see Eq. (2.3), where the joint system
and output MPS can be described by a co-cycle Ug (n, 0),
|Ψg (n)i = Ug (n, 0) |χi ⊗ |vaci = Un,g · · · U1,g |χi ⊗ |vaci, (2.43)
where n = t/δt, and Ui,g is the unitary acting on the system and
a part of the input at time t = iδt, and as the identity on the the
output. Ui,g can be expressed by the evolution Kraus operators,
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P
(2.4), as Ui,g |χi ⊗ |vac(i)i = j Kj,g |χi ⊗ |ji. We therefore arrive
at the discrete generator, cf. [171],
Gg (n)|Ψg (n)i = i

n
X
l=1

=i
=

n
X

l=1
n
X

0
Ul−1,g · · · U1,g |χi ⊗ |vaci
Un,g · · · Ul+1,g Ul,g

0
Un,g · · · Ul,g U†l,g Ul,g
U†l,g · · · U†n,g |Ψg (n)i

Ug (n, l − 1) Gl,g Ug (n, l − 1)† |Ψg (n)i,

(2.44)

l=1

where Ug0 (l) := ∂g 0 Ug 0 (l)|g 0 =g and Gl,g := i Ug (l)† Ug0 (l). Note
that Eq. (2.44) is analogous to Eq. (2.42). In the continuous time
Ug (t, 0) is a stochastic unitary




k 
X
1
dUg (t, 0) = −iHg dt +
Jj,g dA†j,t − J†j,g dAj,t − J†j,g Jj,g dt  Ug (t, 0)
2
j=1

(2.45)
In order to mimic the structure of the co-cycle in the discrete
case, let us introduce
dUt,g = Ug (t + dt, t) = Ug (t + dt, 0)Ug (t, 0)†
= [Ug (t, 0) + dUg (t, 0)] Ug (t, 0)†

X
1 †
†
†
= 1 − iHg dt +
Jj,g dAj,t − Jj,g dAj,t − Jj,g Jj,g dt ,
2
j

(2.46)
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which leads to
0
dGt,g = i dU†g,t dUg,t



X †
1
= i 1 + iHg dt +
Jj,g dAj,t − Jj,g dA†j,t − J†j,g Jj,g dt 
2
j




X
1
0
× −iHg0 dt +
Jj,g
dA†j,t − (J†j,g ) 0 dAj,t − (J†j,g Jj,g ) 0 dt 
2
j




X
i
0
= Hg0 +
− (J†j,g ) 0 Jj,g  dt
J†j,g Jj,g
2
j

X
0
dA†j,t − (J†j,g ) 0 dAj,t ,
(2.47)
+i
Jj,g
j

where the last equality is due to dAj,t dA†j,t = dt and all the
other cross terms disappearing according to the quantum Ito
rule, see e.g. [39]. Furthermore, note that the term which acts
on the system only is the observable Mg dt, (2.37). This is the
only term that will contribute to the average hGg (t)i (see Appendix B.3.1), which is consistent with (2.31). The generator
Gg (t) is a stochastic integral
Zt
Gg (t) =

Ug (t, u) dGu,g Ug (t, u)†

(2.48)

0

and thus its variance of ∆2 Gg (t) is an integral of correlations
(covariance) between dGu,g and dGv,g , 0 6 u, v 6 t, see Appendix B.3.1 for discussion. We therefore see that if the Hamiltonian Hg and jumps {Jj,g }j depend analytically on g, also Gg (t)
is well-behaved.
In particular, for Ω being a coupling constant in the system
Hamiltonian, HΩ = H0 + ΩH1 , we obtain
Zt
GΩ (t) =

du UΩ (t, u) H1 UΩ (t, u)† ,

(2.49)

0

which is analogous to Eq. (2.42).
Let us finally note that the generator Gg (t) is not fully determined by Eq. (2.29), since the matrix product states for all
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initial system states, with respect to which the generator is defined, do not span the whole system and output state space. In
particular, any dCt such that dJt |Ψ(t)i = 0 on any MPS |Ψ(t)i
e t,g =
leads to equivalent definitions of the generator with dG
dGt,g + dCt . Moreover, Eq. (2.47) can be used to solve the inverse problem of identifying Hg and {Jj,g }j for a given generator
Gg (t), see Appendix B.3.3 for the example of Gg (t) being the
homodyne current of the output.
Using the generator to detect a DPT. We see that in the case of a
first-order DPT measuring rates of Gg (t) distinguishes two dynamical phases and can be also related to the variance ∆2 Gg (t)
scaling quadratically.
In order to use Gg (t) as an observable measured to detect
a DPT, all its cumulants, in particular the variance, must scale
at most linearly with t for any MPS — not only |Ψg (t)i — that
corresponds to dynamics with a single stationary state on the
same system-output space, e.g. |Ψg 0 (t)i at g 0 6= g as long as
Lg 0 has non-degenerate 0-eigenvalue. This corresponds to infinite differentiability of the long-time limit of its CGF, which
result is not known in general. Moreover, even a weaker result
of the Central Limit Theorem, which states that the distribu√
tion shifted by minus its average and rescaled by t asymptotically converges to a Gaussian distribution, is not yet establish
apart from the case of a continuous measurement of the output
where results following from the Local Asymptotic Normality
(LAN) [37, 39, 171], which we explain below.
The LAN theorem states that for the finite system dynamics with single stationary state the asymptotic behaviour of the
fidelity is asymptotically Gaussian,
lim hΨg+ √v (t)|Ψg+ √u (t)i = e

t→∞

t

t

−

(u−v)2
2νg

,

(2.50)

where νg is the linear limit of the variance ∆2 Gg (t), cf. (2.27)
and (2.30). For the phase encoded unitarily on the output or in
the amplitude of homodyne current (see Appendix B.3.3), the
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fidelity corresponds to a characteristic function of the respective integrated continuous measurement, Gg (t). Therefore, the
Local Asymptotic Normality result yields the CLT for that measurement performed on |Ψg (t)i. Moreover, since for g encoded
as a phase of the output observable, the generator does not
depend on g, Gg (t) ≡ G(t), and all its cumulants measured on
|Ψg (t)i are the same for all g. Thus, the CLT holds for measuring
any joint system-output state corresponding to a single stationary state.
Measuring the generator. Nevertheless, let us assume for now
that Gg (t) is well-behaved when measured on any MPS corresponding to single-stationary-state dynamics. We now discuss
further aspects of relation between measurement of Gg (t) and
DPTs.
In the case of a system near a first-order dynamical transition,
due to the small gap, dynamics exhibits metastability, which can
be observed as a broad time-regime where the average of the
system observable Mg , (2.37), appears stationary before relaxing to the value corresponding to the true stationary state ρss .
Approximate stationarity of hMg i implies a quadratic regime
in the variance ∆2 Gg (t) and a large constant in its asymptotic
linear scaling, see (2.35) and (2.36). This highlights the relation
of first-order dynamical phase transitions to first-order stationary phase transitions [36]. In general, however, approximate
stationarity of a particular system observable in some broad
time-regime does not imply separation in the spectrum of the
master operator, as that observable may not capture behaviour
of all dynamical modes or, even if the separation is present, the
metastable dynamics may not be related to a DPT.
Therefore, in order to observe signatures of being in proximity of first-order or higher-order DPTs, it is necessary to consider not only the system, but also the output. For a DPT corresponding to a diverging cumulant of a continuous measurement, the fidelity of states with parameter g encoded with that
measurement as a generator, is simply the characteristic function of the generator and thus a DPT corresponds to singular-
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ities of loghΨg 0 (t)|Ψg (t)i with respect to g 0 . For a general parameter g, such singularities will corresponds to diverging behaviour of time-ordered cumulants of Gg (t), see Appendix B.3.1
and it is left to investigate whether diverging behaviour of
time-ordered cumulants implies the divergence of cumulants
defined in standard fashion. However, instead of measuring
Gg (t), the long-time limit limt→∞ t−1 loghΨg 0 (t)|Ψg (t)i can also
be accessed in the experiments, and thus the time-ordered cumulants, see Sec. 2.5.2.
Generalised transitions in ensembles of quantum trajectories. Beyond dynamical phase transitions, a notion of transitions in
ensembles of dynamical trajectories has been introduced for
continuous measurements, such as photon counting [34] or heterodyne/homodyne measurement [164]. Furthermore, a similar notion has been introduced for time-integrated observables
of a closed quantum system [179]. Here we introduce a generalised notion of the transitions in ensembles of open quantum
system trajectories.
We have discussed how cumulants of a continuous measurement can be encoded in a characteristic function corresponding
to the fidelity between quantum states. The cumulants can be
also encoded in the CGF associated to a modified master operator [34, 164], see also Sec. 2.1.2. The long-time limit of such
CGF corresponds to "free energy" density, whose singularities
at s 6= 0 manifest non-analytic features among the continuous
measurement records, referred to as transitions in the ensemble of
quantum trajectories. In the case of a closed quantum system one
can consider cumulants of a time-integrated system observable
and investigate the singularities of the related long time-limit
CGF [179]. We now extend this approach to the case of an open
quantum system and a system observable X, and consider cuRt
mulants of G(t) = 0 du U(t, u) X U(t, u)† , analogous to the generator associated with encoding of a coupling constant of the
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system Hamiltonian (H1 = X and Ω = 0 in (2.49)), as follows.
We define
Θt (s) = log hΨ(t)|e

−

Rs/2
−s/2

dh Gh (t)

|Ψ(t)i

= log hΨi 2s (t)|Ψ−i 2s (t)i

= log Tr(etWs |χihχ|),

(2.51)

where (see Eq. (2.25) for g = Ω being a coupling constant in the
Hamiltonian H)
s
Ws (ρ) := Li 2s ,−i 2s (ρ) = L(ρ) − {X, ρ}.
2

(2.52)

Θt (s) is related to G(t) via derivatives w.r.t. s up to the second
cumulant, and to higher cumulants up to time ordering, exactly
as it is the case for the fidelity, see Appendix B.3.1 for detailed
discussion. This is also the case (but not mentioned) for the
closed case in [179] and full counting statistics approach [180].
Asymptotically, Θt (s) ≈ tθ(s), where θ(s) is the maximal eigenvalue of Ws . A singularity of θ(s) at s 6= 0 will correspond to
a new type of transition in ensemble of quantum trajectories.
Moreover, this transition can be observed experimentally, see
Sec. 2.5.2.
The notion can be extended even further to the case of a general parameter g as follows,

 tL s
s
g+i 2 ,g−i 2
|χihχ|
Θt (s) := log Tr e
= log hΨg+i 2s (t)|Ψg−i 2s (t)i
= log hΨg (t)|Te
2.5.2

−

Rs/2

−s/2

dh Gh (t)

|Ψg (t)i.

(2.53)

Direct measurement of fidelity

Here we present two experimental schemes obtaining the values of the fidelity between two MPSs, hΨg 0 (t)|Ψg (t)i or Θt (s)
defined in (2.51). From the experimental results the numerical
derivatives can be further determined, in particular the second
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derivative corresponding to the QFI (cf. (2.12) and (2.30)).
Interferometry with two-level ancilla (proposed in [181, 182]).
We consider an extended master dynamics LSA of the system
and a two-level ancilla in which the ancilla controls the system
dynamics as follows

HSA = 




Hg
0

0 
,
Hg 0


JSA
j =


Jj,g
0

0 
,

j = 1, ...k,

Jj,g 0

(2.54)
where matrices are expressed in the ancilla basis |0iA , |1iA . For
example, for the ancilla initially in the state |1iA the system
dynamics is given by Lg 0 , whereas for the initial state |0iA the
system evolves with Lg . For the system and ancilla initially in
√
a separable state |χiS ⊗ (|0iA + |1iA )/ 2 we have

ρSA (t) = 

etLg (|χihχ|)
etLg 0 ,g (|χihχ|)

e

tLg,g 0



(|χihχ|) 
.
etLg 0 (|χihχ|)

(2.55)

Note that the off-diagonal term in the joint system-ancilla state
ρSA
10 corresponds to the modified master dynamics Lg 0 ,g in (2.25).
Furthermore, the corresponding off-diagonal
term

 in the ancilla
tLg,g 0
A
A
A
state ρ10 = TrA (ρ (t)σ− ) = TrS e
(|χihχ|) yields exactly
the MPS fidelity hΨg 0 (t)|Ψg (t)i, cf. (2.24). Therefore, the modified dynamics is simply encoded in the dephasing strength and
the rotation experienced by the ancilla atom. As hσA
− i can be deA
termined via measurements of Pauli operators σx and σA
y on
A
A
A
the ancilla, σ− = σx − σy , this interferometric scheme provides
a direct access to the value of the fidelity, from which its numerical derivatives can be further determined.
Waiting time distribution. For a parameter being a coupling
constant in the free system dynamics, e.g. Ω with HΩ = H0 +
ΩH1 , the fidelity can be related to the modified master operator
Ws , analogously as a characteristic function is related to a CGF,
cf. Eqs. (2.51) and (2.52). Although the operator Ws is not trace-
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preserving, it can be related to physical dynamics of L, but
with additional jumps operators corresponding to interactions
with more modes of the environment, as follows. For s > 0,
without loss of the generality, let us assume that the observable
X is positive, X > 0, as the shift by a constant will not change
the (time-ordered) cumulants of its time-integral. We consider
a master operator

X
s
seJj 0 (·)eJ†j 0 − {eJ†j 0eJj 0 , (·)}
2
j0
X
eJj 0 (·) eJ†0 ,
= Ws (·) + s
j

e s (·) := L(·) +
W

(2.56)

j0

where we have only assumed that the additional jump operaP
tors {eJj 0 }j 0 obey j 0 eJ†j 0eJj 0 = X for s > 0, and when s < 0 we
consider X shifted by a constant so that X 6 0. In the case of
e s (·), Θt (s) = Tr(etWs ρin ) is
physical dynamics generated by W
logarithm of the probability of observing none of the additional
jumps {eJj 0 }j 0 up to time t for the system initially in the state ρin ,
cf. the effective Hamiltonian Heff in (2.2). Note that the waiting time distribution, and thus Tr(etWs ρin ), can be accessed in
e s or in Monte Carlo
an experiment with dynamics given by W
simulations of that dynamics. We note that this approach has
been originally proposed for closed systems, i.e., Lρ = −i[H, ρ],
in [179].
Continuous measurements. For a parameter encoded as a phase
of output observable, i.e., a continuous measurement, the fidelity corresponds simply to a characteristic function of that
observable and can be reconstructed from moments of the measurement statistics.

2.6

conclusions

We have shown that, close to a first-order dynamical phase transition, the output of an open quantum system can be seen as
a resource for quantum metrology applications, in which the
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parameter to be estimated in encoded on the output state. For
times of the order of the dynamics correlation time, the systemoutput QFI scales quadratically with time, while in the long
time limit, the QFI scales linearly in time with the multiplicative constant that diverges when the spectral gap closes, as in a
DPT. Furthermore, the precision of estimating intrinsic parameters of the system dynamics may also be enhanced, but only
around the parameter values corresponding to dynamics being
in the proximity to a DPT. The regime of the quadratic scaling of
the QFI in time, corresponds to a bimodal distribution of the dynamical observable encoding the parameter, and thus a macroscopic relative phase encoded in the joint system-output state.
Asymptotically, the distribution becomes unimodal and the relative phase is lost, which results in the linear scaling of the QFI.
It remains an open issue what experimentally realisable measurement can exploit the large QFI of the system-output close
to a DPT. Finally, exploiting the fact that the QFI corresponds to
a metric on the space of quantum states, we have discussed how
its singularities for the joint system-output state correspond to
generalised DPTs.
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3
M E TA S TA B I L I T Y I N M A R K O V I A N O P E N
QUANTUM SYSTEMS

In Chapter 2 we explored the possibility of quantum enhancement in parameter estimation by using Markovian open quantum systems together with their output. The crucial property
we exploited was a small or zero (at a DPT) gap in the spectrum of the Markovian master operator governing the system
dynamics.
In this chapter we show that a splitting in the spectrum results in the separation of timescales of the system dynamics,
corresponding to initial partial relaxation is into long-lived states,
with subsequent decay to true stationarity occurring at much
longer times. This phenomenon is referred to as metastability
and has evident experimental manifestations, for example in
two-step decay of time correlation functions of system observables [183].
Metastability is a common occurrence in classical stochastic many-body systems often displaying complex and slow relaxation, including classical soft matter [54], glasses being the
paradigmatic example [55, 56]. On the other hand, in the nonequilibrium dynamics of quantum many-body systems, both
closed and open, questions about timescales and partial versus
full relaxation play central roles in issues such as thermalisation [184–187], many-body localisation [188–190], and an aging
and glassy behaviour [183, 191–195].
Given this broad range of problems, it would be highly desirable to have a unified theory of quantum metastability. In
this chapter we present results of [196], where we lay grounds
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for such a theory for the case of open quantum systems with
Markovian dynamics. By generalising concepts from classical
stochastic systems [47–53], we develop an approach for quantum Markovian systems based on the spectral properties of the
generator of the dynamics. We show how to exploit its spectral structure to obtain a low-dimensional approximation to
the dynamics in terms of motion in a manifold of metastable
states constructed from the low-lying eigenmatrices of the generator, and consider the associated behaviour of time correlations. Based on perturbative calculations for finite systems, we
argue that the manifold of metastable states is in general composed of disjoint states, decoherence-free subspaces (DFSs) [40–
43] and noiseless subsystems (NSSs) [44–46]. We illustrate these
possibilities with simple examples.
Let us note that from the quantum information perspective,
decoherence free subspaces and noiseless subsystems, where
parts of the Hilbert space are protected against external noise,
are ideal scenarios for implementing quantum information processing [7]. Since experiments are performed in finite time, however, it is sufficient to consider a larger class of systems whose
coherence is only stable over experimental timescales, i.e., metastable.

3.1

background

Before discussion of the results for metastability in Markovian
open quantum systems, we briefly review the notion of metastability in classical equilibrium systems. Next, we sketch the basics of the metastability theory for classical Markovian dynamics [48, 51]. We also recall the general structure of manifolds of
stationary states in Markovian open quantum systems.
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3.1.1

Phenomenology of metastability in classical equilibrium systems

A finite classical system at equilibrium with a bath of certain
temperature, can be described by its free-energy functional, which
determines the probability of observing a given (usually collective) configuration (a microstate) [197]. For a large system
size, the minimum of the free-energy functional corresponds to
the macrostate observed on average in experiments (up to thermal fluctuations, which disappear in the thermodynamic limit).
Due to thermal fluctuations, the system undergoes stochastic
dynamics between configurations. When the dynamics is timereversible, the difference of free-energy functional for two configurations, i and j, determines the ratio between the escape
rates in detailed balance condition, wjk /wkj = e−β(f(j)−f(k)) , where
wjk is the escape rate from the configuration k to j, f(j) is the
free energy of j-configuration, and β is the inverse temperature
rescaled by the Boltzmann constant kB .
Let us consider an example of a classical ferromagnet at low
temperatures, where metastability is a dynamical consequence
of the static features of the system. In the thermodynamic limit,
this system features a first-order static phase transition at zero
magnetic field (and the Landau free energy w.r.t. the spin magnetisation features two equal minima). If the ferromagnet is
close to the coexistence point (e.g. at small positive magnetic
field), but initially at a state belonging to the unfavoured phase
(in this case with negative magnetisation corresponding to local minimum of Landau free-energy) there will be an initial
fast relaxation within this phase, before a much longer relaxation to the eventual equilibrium state within the stable phase
(of positive magnetisation corresponding to global minimum
of Landau free-energy). This occurs due to the existence of a
large, but finite, free-energy barrier that needs to be crossed
from the metastable phase to the stable phase due to small thermal fluctuations. The barrier height is related to the surface tension of creating domains of the stable phase in the background
of the other. At the zero field there is a strict coexistence be-
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tween the phases of positive and negative magnetisation, and
dynamics is no longer ergodic. At finite size, however, the phase
transition is absent and the dynamics is necessary metastable,
with the metastable states being those of non-zero magnetisation, and the true equilibrium state being paramagnetic, due
to intermittent dynamics between two metastable phases [197].
In this sense, metastability does not require the presence of a
phase transition, only that the distinct states are long lived and
only weakly connected by dynamics, which is exactly the case
of many-body systems with complex collective dynamics and
slow relaxation, such as glasses [55, 56].
In Sec. 3.3 we show that for an open quantum system with
small gap, i.e., a single low-lying master operator eigenvalue
close to 0, the system dynamics always features two metastable
phases and the long-time dynamics corresponds to a classical
motion between two minima of a free-energy functional separated by a barrier, although the underlying system dynamics is
quantum.

3.1.2

Metastability in classical stochastic systems

Let us now recall the metastability theory for classical Markovian systems of finite size, developed by B. Gaveau and L. S.
Schulman [48, 51]. As Markovian dynamics in general does not
obey detailed balance nor their stationary states are thermal,
the metastability theory [48, 51] comprises also large class of
non-equilibrium dynamics that can be approximated as Markovian.
Consider a Markovian master equation for a vector of probaP
bilities p = (p1 , ..., pd )T , (pk > 0, k = 1, .., d, dk=1 pk = 1) on a
discrete space of d system configurations,
d
p = W p.
dt

(3.1)

As dynamics preserves positivity of p, the off-diagonal entries
of the master operator W are positive wjk := (W)jk > 0, and
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correspond to escape rates from j-th to k-th configuration, j 6=
k = 1, ..., d. Furthermore, as the total probability is conserved,
Pd
Pd
k=1 pk = 1, we also have that
j=1,j6=k wjk = −wkk , k = 1, ..., d,
and hence the diagonal entries are negative. The differential
equation in (3.1) can be solved formally as p(t) = etW pin by
finding the eigenmodes of the master operator W. In particular,
Pd
tλk r lT p ,
when W is diagonalisable, we have p(t) =
k k in
k=1 e
where rk and lk are right and left eigenvectors of W corresponding to an eigenvalue λk (ordered with decreasing real
part). When dynamics are ergodic, we have that Re(λk ) < 0
for k = 2, .., d and the first eigenvalue equals 0, λ1 = 0, which
corresponds to the stationary probability distribution, r1 = pss ,
and lT1 = (1, 1, .., 1).
In [48, 51] W is considered to have a separation in real parts
of eigenvalues. This implies that there exists metastable time
regime when only low-lying eigenmodes contribute to the dynamics of the probability distribution, p(t), and their decay
is negligible. In this regime it can be shown that any metastable system state is simply a mixture of multiple phases characterised by approximately disjoint probability distributions,
which is a structure analogous to that at a first-order transition.
Sketch of the proof. Consider m low-lying eigenmodes and assume that in the metastable regime their decay is negligible, so
P
tλk r lT p is determined by so called observthat p(t) ≈ m
k k in
k=1 e
able representation of state space, i.e., the coefficients ck = lTk pin ,
k = 2, ..., m , (c1 = 1 for all pin ), where the low-lying spectrum
has been assumed real and without Jordan blocks. It will be
shown that the set C of c = (c2 , ..., cm ) for all possible initial
distributions pin is approximately a simplex, i.e., a convex set
whose interior points uniquely represent probability distributions on m vertices via barycentric coordinates. Moreover, the
vertices can be uniquely associated with disjoint sets of initial
configurations — basins of attraction —- evolving into metastable states with the coefficients c close to a given vertex. Finally, each vertex represents one of m metastable phases, which
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are approximately proportional to pss on the respective basins
of attraction.
Consider m extreme points in the set C, such that the point
(0, .., 0) corresponding to the stationary distribution pss can be
represented as their convex combination. The dynamics of p(t)
for any initial system configuration, will feature decay of the
low-lying modes, i.e., time-dependent c(t), but due to separation in the spectrum during metastable regime the decay is
small, c(t) − c =: O(δ) (including the initial system configurations corresponding to the chosen extreme points, with respective δl , l = 1, .., m). For a given extreme point, cl , one can choose
an affine transformation such that the given extreme point is
the origin of the new local (in general non-orthogonal) coordinates, and all points in C have non-negative coordinates. This
is possible since C is a subset of a cone originating at cl as C
consists of finitely many, at most d, extreme points. Consider a
set Xl (al ) of initial system configurations s.t. the corresponding
coefficients c are not further away, in the local coordinates, from
cl than al . One can show that probability pl (t) corresponding
to the extreme point cl , is supported on configurations belonging to Xl (al ) up to m aδll . As one does not want to choose sets
Xl (al ) overlapping for different l, we need an assumption (I),
so called separation hypothesis, that the m extreme points, c1 ,
. . . , cm , are separated by O(1), when the left eigenvectors lk ,
k = 1, . . . , m, of W are normalised in the max norm. Furthermore, this separation needs to be maintained also in the local
coordinates (assumption II). In such a case one can choose al
s.t. δl  al  O(1), which guarantees Xl (al ) to capture the
supports of pl (t) up to m aδll , l = 1, ..., m, and be disjoint. MoreS
δl
over, pss is supported on m
l=1 Xl (al ) up to m × maxl=1,..,m al ,
and this is also the case for any metastable state.
Furthermore, assuming that in the inverse affine transformation from the local coordinates back to the original coordinates
of the coefficients c, distances are only changed by order O(1)
(assumption III), one also obtains that the left eigenvectors lk ,
k = 1, ..., m, are constant on each Xl (al ) up to corrections of the
order O(al ). This leads, for any initial configuration y, to the
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corresponding coefficients, c(y), being a convex combination of
the m extreme points cl , up to corrections of the O(al ), and thus
the corresponding probability distribution being simply a mixture of the extreme probability distributions pl (t), l = 1, ..., m.
This finally proves that C is approximately a simplex and the
choice of the extreme points is unique up to O(al ). .
In [51] the effective long-time dynamics is obtained as coarsegraining of the space of system configurations over disjoint basins
defined above, and necessary corresponds to transition between
metastable phases. As we show in this chapter for quantum systems, such transitions can be observed in coarse-graining in time
of quantum jump trajectories of the Markovian open quantum
system, although such dynamics may not be ergodic and thus
coarse-graining in space does not have clear interpretation.
We finally note here that the observable representation have
been utilised to define dynamical distance between system configurations, which can be further used in pattern recognition in
classical stochastic trajectories, see [52, 198].

3.1.3

Stationary manifolds of quantum semi-group dynamics

In the previous subsection, we recalled the results of [48, 51]
stating that metastable states of classical Markovian systems
can be represented as a probabilistic mixture of approximately
disjoint metastable phases. This resembles the general situation at a first-order phase transition when more phases are stable than just a single one, which for Markovian systems corresponds to non-uniqueness of a stationary probability distribution.
Let us now present the general structure of degenerate stationary states in Markovian open quantum dynamics [199]. We
consider dynamics of a finite quantum system with the Hilbert
space H, described by a Lindblad master equation [8, 9], so that
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the system state ρ(t) obeys
of the dynamics L,

d
dt ρ(t)

= Lρ(t), with the generator


X
1 †
†
Lρ = −i[H, ρ] +
Jj ρJj − {Jj Jj , ρ} ,
2

(3.2)

j

where H is the system Hamiltonian, and Jj quantum jump operators describe the system interaction with an environment. Any
stationary state of such dynamics, Lρss = 0, is in general of the
following form [199],
0

ρss = 0H0 ⊕

m
M
l=1

el ⊗ ωl ,
pl ρ

(3.3)

where the system space is divided into orthogonal subspaces
L 0
el are fixed full-rank states on
H = H0 ⊕ m
l=1 Hl ⊗ Kl , and ρ
Hl , while arbitrary states ωl on Kl and probabilities pl depend on an initial state of the system. When dim(Kl ) > 1 and
dim(Hl ) = 1, Kl is a decoherence free subspace (DFS) protected
from the noise [40–43]. When dim(Kl ) > 1 and dim(Hl ) > 1,
Kl is also protected from noise, but in general the correspondel ⊗ ωl cannot be pure, and Kl is termed a noiseless
ing state ρ
subsystem (NSS) [44–46]. When dim(Kl ) = 1 there are no coherences preserved in Hl ⊗ Kl . The subspace H0 corresponds to
the decay subspace, which is not supported asymptotically, see
also [199, 200]. In general the master dynamics within DFSs and
NSSs is unitary and corresponds to purely imaginary eigenvalues of L [199].
Idea of the proof for the case of no decay (based on [158],
for the general case see [199]). One may ask about the structure of stationary observables, which always include 1H due to
trace-preservation. It can be easily shown that when an operator commutes with all the operators appearing in the master
equations: with the Hamiltonian, H, and the jumps operators
(both Jj and J†j ), it is stationary. A set of such operators is a von
Neumann algebra, i.e., all linear combinations of such operators and their conjugates commute as well. When there is no
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decay, dim(H0 ) = 0, it can be shown that there are no other stationary operators. It is known that any von Neumann algebra
on a finite Hilbert space H has a general form
0

Mss =

m
M
l=1

1Hl ⊗ Ml ,

(3.4)

Lm 0
where Ml is an arbitrary operator on Kl and H =
l=1 Hl ⊗
†
Kl . Conversely, the algebra generated by H and {Jj , Jj }j (which
becomes a von Neumann algebra by including 1H ) necessary
commutes with the stationary operators. Therefore, we arrive
at the decomposition of the Hamiltonian and jump operators
as
0

0

H=

m
M
l=1

H(l) ⊗ 1Kl

and

Jj =

m
M
l=1

(l)

Jj ⊗ 1Kl ,

(3.5)

leading to the stationary states of the form given in Eq. (3.3).
From, Eq. (3.3), we see that the asymptotic state of the system
depends on its initial state not only via probabilities between
the disjoint stationary states, but also initial coherences preserved within DFSs and NSSs. This much richer structure allows
us to anticipate that the metastability theory in such systems
should be more complex than in the classical case reviewed in
Sec. 3.1.2.

3.2

towards metastability theory in open quantum
systems with markovian dynamics

The aim of this chapter is to lay ground for metastability theory
for the case of open quantum systems evolving with Markovian
dynamics. Our starting point is a well-established approach for
metastability in classical stochastic systems [47, 48, 50–52, 201]
we reviewed in Sec. 3.1.2. We develop an analogous method for
quantum Markovian systems based on the spectral properties
of the generator of the Markovian dynamics.
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First we show that metastability, which is a manifestation
of separation of timescales, requires a splitting in the generator spectrum. Using this spectral division allows us further
to construct a low-dimensional description of metastable states
from the low-lying eigenmatrices of the generator. Moreover,
we show that the long-time dynamics reduce to a low–dimensional
effective motion in the metastable manifold (MM). We also show
how both the metastability and the effective motion can be
probed by considering the behaviour of time correlations in results of measurements performed sequentially on the system.
In the next Sec. 3.3 we show that in the case of two low-lying
modes, which we also discussed in Chapter 2, the structure
of the MM is classical and it is composed of two metastable
phases. Consequently, the effective long-time dynamics is classical stochastic – consisting of jumps between the metastable
phases. We argue how intermittency of continuous measurement records corresponds directly to that effective dynamics
and is therefore a signature of metastability.
In Sec. 3.4 we move on to considering higher-dimensional
metastable manifolds. First, we demonstrate that for the class
of systems perturbed away from a degenerate stationary manifold, the metastable manifold is in general composed of disjoint
states, noiseless subsystems and decoherence-free subspaces.
We also provide the metastable regime and the effective longtime dynamics, which is trace-preserving and approximately
completely positive. The complementary derivations can be found
in Appendix C, while in Appendix D we show how such metastability can be exploited for enhanced parameter estimation.
In general case of higher-dimensional metastable manifolds,
e.g. for a class of system dynamics in which metastability emerges
with increasing system size, it is not yet known what is the
structure of the MM, but based on perturbative results, we formulate a conjecture. We finish this chapter by discussing possible methods of unfolding classical and quantum components
of a general structure of the MM, and extensions of the metastability theory to non-Markovian and closed quantum system dynamics.
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3.2.1

Review of spectral properties

We consider a finite open quantum system evolving under Markovian dynamics, so that the system state ρ(t) obeys Lindbladian
d
ρ(t) = Lρ(t) [8, 9], where the generator of
master equation dt
the dynamics L is given by Eq. (3.2). As the generator L is a
linear operator on the system state ρ(t), the formal solution of
Eq. (3.2) is simply given by ρ(t) = etL ρin , where ρin is an initial
state of the system. Therefore, when the eigendecomposition
of the generator L can be found, the system dynamics can be
expressed into exponentially decaying, possibly oscillatory, dynamics of the eigenmodes, which we elaborate on below using
basic linear algebra.
While in general the generator L is not diagonalisable, one
can find its eigenvalues {λk , k = 1, 2, . . .}, each corresponding
to an eigenspace or a Jordan block (generalised eigenspace).
We order the eigenvalues by decreasing real part, i.e., Re λk >
Re λk+1 . Let us first note that L generates a trace-preserving dynamics of ρ(t), and thus there is an eigenvalue λ1 = 0 with the
corresponding left eigenmatrix being the identity, L1 = 1 and
L1 L = λ1 L1 = 0. Moreover, together with positivity-preserving,
it further implies the corresponding right eigenmatrix R1 , LR1 =
λ1 R1 = 0, can be chosen positive [158], R1 > 0, which yields the
stationary state of the dynamics, R1 = ρss after normalisation
Tr(R1 ) = 1 . Generically, the stationary state is unique and the 0eigenvalue is non-degenerate. In the case when there are more
eigenvalues with real part equal 0, the associated Jordan blocks
are only 1-dimensional and the basis of the (right) 0-eigenspace
can be chosen as consisting of only positive matrices, cf. Sec.
3.1.3. Here, for simplicity of the presentation, we assume the 0eigenvalue to be non-degenerate. The other right (generalised)
eigenmatrices, {Rk }k>1 , corresponding to the eigenvalues with
Reλk 6= 0, cannot be positive due to orthogonality between
the left and the right (generalised) eigenmatrices of different
eigenvalues, in this case Tr(L1 Rk ) = Tr(Rk ) = 0 for k > 1.
Hence, dynamics preserving positivity of ρ(t) requires Re λk <
0, so that the Rk eigenmatrices represent exponentially decay-

117

3.2 metastability in open quantum system

ing eigenmodes with the relaxation rates (−Re λk ) (or exponentially damped polynomial time-dependence for non-trivial Jordan blocks).
Although the generator L is in general not Hermitian, L 6= L†
and thus Lk 6= Rk , it is Hermiticity-preserving, i.e., (Lρ)† = Lρ† .
Therefore, the complex eigenvalues necessarily come in conjugate pairs, i.e., when LRk = λk Rk and Lk L = λk Lk , we also
have LR†k = λ∗k R†k and L†k L = λ∗k L†k 1 . As we are interested
in the dynamics of Hermitian matrices, we notice that on top
of the exponential decay there will be oscillations with a frequency ωk = Im λk , between the Hermitian Rk + R†k and the
anti-Hermitian part −i(Rk − R†k ) of the (generalised) eigenmatrix Rk . Moreover, when the real part of an eigenvalue is nondegenerate, it must be real, λk = Re λk , and we can choose
the corresponding left and right eigenmatrix to be Hermitian.
Finally, we normalise the left and right (generalised) eigenmatrices so that Tr(Lj Rk ) = δjk .
The real parts of eigenvalues {λk>1 } determine the timescales
of relaxation of the modes of the system dynamics. In particular, the second eigenvalue λ2 determines the spectral gap, whose
inverse is related to the longest timescale τ of the relaxation of
the system to the stationary state, i.e., kρ(t) − ρss k ∼ e−t/τ with
√
τ ∼ (−Re λ2 )−1 (where kAk := Tr A2 ).
3.2.2

Metastability and separation in generator spectrum

Metastability manifests itself as a long time regime when the
system appears stationary, before eventually relaxing to ρss . A
quantum state of the system can be probed by measuring an
observable M in repeated realisation of the same experiment in
order to obtain the average value hM(t)i = Tr(M ρ(t)), and at
different times t after the initialisation of the system in a state
ρin to get the average dependence on time t. When metastabil1 In the case of a generalised eigenmatrix Rk , we have LRk = λk Rk + Rk−1 ,
and thus also LR†k = λ∗k R†k + R†k−1 .
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ity occurs, there will be a plateau in hM(t)i when the system
state ρ(t) is metastable for any observable M.
As we show below, metastability will occur if and only if the
low-lying eigenvalues of L become separated from the rest of
the spectrum in terms of their real part.
Let us first assume that this separation takes place between
the m-th mode and the rest, that is, (−Re λm )  (−Re λm+1 ).
The system evolution from an initial state ρin is then
ρ(t) = etL ρin = ρss +

m
X

h i
etλk ck Rk + etL

I−P

k=2

ρin ,

(3.6)

where ck = Tr(Lk ρin ) are coefficients of the initial state decomposition into the eigenbasis of L, and we have introduced
the projection P on the subspace of the first m eigenmatri tL 
P
ces, Pρ := ρss Tr(ρ) + m
R
Tr(L
ρ),
and
e P := PetL P. In
k
k
k=2
Eq. (3.6) we have assumed there are no Jordan blocks in the lowlying spectrum relevant for our analysis, which assumption is
motivated by the structure of the 0-eigenspace, cf. Sec. 3.1.3, as
non-trivial Jordan blocks would lead to an unbounded norm of
ρ(t) in the limit of gap → 0 [158]. More precisely, Jordan blocks
may be considered as long as they do not contribute significantly, so that Eq. (3.7) holds true with appropriately redefined
corrections being small (see also discussion in Sec. 3.4).
Expanding the exponentials in the sum, and assuming λ1 , . . . ,
λm are real, Eq. (3.6) can be rewritten as,
ρ(t) = ρss +

m
X

c k Rk

k=2

 h i
+O (k[tL]P k) + O
etL

I−P


,

(3.7)

where the norm k·k of a super-operator S, is the norm induced
√
by the trace norm, kAk := Tr A2 , of Hermitian matrices A on
which S acts kSk := supkAk=1 Tr kSAk. Dynamics will appear
stationary for any initial state ρin when the last two terms in
Eq. (3.7) are small. This defines a time regime τ 00  t  τ 0
where metastability occurs. Intuitively, the last term in (3.7) can
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be discarded if τ 00 ∼ (−Re λm+1 )−1 and the overlap of the initial state with the suppressed modes is not too large, so that
the sum over many modes of small amplitude can still be neglected. Thus, for times τ 00  t the system relaxes into a state
determined by decomposition into the low-lying
eigenmodes,

 tL 
Pm tλ
ρ(t) = ρss + k=2 e k ck Rk + O
e I−P . Apparent stationarity of this state further requires k[tL]P k  1, which defines
the upper limit of the metastable interval, τ 0 ∼ (−Re λm )−1 (for
m not too large) and yields the corresponding metastable state
P
as ρMS = ρss + m
k=2 ck Rk .
More generally, eigenvalues λk , k = 2, ..., m, can be complex,
appearing in conjugate pairs, λk1 = λ∗k2 , with imaginary parts
that cannot be discarded, i.e., |Im(λk )|  (−Reλk ). Taking this
into account, a state ρMS in the MM would read in general,
ρMS = ρss +

m
X

ck0 (t)Rk0 .

(3.8)

k

When λk is real, we simply keep ck0 (t) := ck and Rk0 := Rk .
For conjugate pairs, λk1 = λ∗k2 , we introduce pairs of Hermitian operators, Rk0 1 := Rk1 + R†k1 and Rk0 2 := i(Rk1 − R†k1 ), between which the oscillations with frequency ωk1 := Im λk1 take
place as follows, ck0 1 (t) := |ck1 | cos(ωk1 t + δk1 ) and ck0 2 (t) :=
|ck1 | sin(ωk1 t + δk1 ) with δk1 := arg(ck1 )2 . Due to the remaining
time dependence in (3.8) the state ρMS is in general not stationary in the metastable regime, τ 00  t  τ 0 , defined above. However, the set of ρMS for all initial conditions ρin – the metastable
manifold – remains invariant, as the time dependence in Eq.
(3.8) simply constitutes rotations within the MM. Therefore, Eq.
(3.8) corresponds to non-dissipative evolution for τ 00  t  τ 0 ,
which we further discuss in Sec. 3.4.
Note that In Eq. (3.8) we have discarded the second line of Eq.
P
(3.7) where k[tL]P k by k m
k=2 Reλk Rk Tr(Lk ·)k corresponding to
the real part of the low-lying spectrum. Note that truncating of
the terms in Eqs. (3.7), (3.8) leads ρMS to be approximately pos2 The orthonormalised choice of the left basis will be Lk0 1 := (Lk1 + L†k1 )/2
0

and Lk0 2 := (Lk1 − L†k1 )/2i, but note ck (t) 6= Tr(Lk0 ρin ) in general.
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itive with its negative part bounded by the corrections to the
invariance of the MM.
In order to prove that separation in the real parts of the L
spectrum is necessary, consider the opposite case of no pronounced separation in the spectrum. For the choice of an observable M = Lk , where for simplicity we assume λk ∈ R and
thus Lk is Hermitian, we have hM(t)i = etλk Tr(Lk ρin ) (with an
extra polynomial term for a generalised eigenmatrices Lk , Rk ).
This shows it is possible to single out dynamics of each eigenmode. Hence, when there is no separation in the spectrum, one
cannot find an approximately stationary regime valid for all
the modes and for any initial state ρin . Therefore, the system
dynamics cannot be metastable, which proves that separation
in the real parts of the L spectrum is necessary.
Note that if the set of observables which can be measured in
a given experiment is limited to {Mj }j , one can observe effective
metastability when the observables couple only to a subset of
modes, i.e., Rk such that ∃j Tr(Mj Rk ) 6= 0, and the eigenvalues
in that subset are separated in their real parts.
Similarly, when preparation of only some initial system states
ρin is feasible, some modes may never be present in the dynamics, i.e., Tr(Lk ρin ) = 0. In particular, for ρin = ρss , we simply
have hM(t)i = hMiss = Tr(Lk ρss ) and there is no dynamics in
measurement averages. Note however, that performing a measurement usually changes the system state, and thus dynamics
can be unfolded by correlations of sequential measurements,
even for ρin = ρss , which we present in detail in Sec. 3.2.5.

3.2.3

Geometrical description of quantum metastable manifold

The MM can be described geometrically by generalising the classical method of Refs. [48, 50, 51, 53].
In the metastable regime, the system state is well approximated by a linear combination of the m low-lying modes, see
Eq. (3.7). Hence, a metastable state ρMS in Eq. (3.7) is deter-
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0 ) that belongs
mined by a vector of the coefficients (c20 , . . . , cm
to Rm−1 . Thus, the MM is (m − 1)-dimensional, although each
point on this manifold (approximately) represents a d2 density
matrix ρMS , where d = dim(H) is the dimension of the Hilbert
space H of the system. This effective dimensional reduction due
to a separation of timescales will be exploited in next sections
to unfold the structure of the metastable states and the long0 ) represent
time dynamics. Note that the coefficients (c20 , . . . , cm
(m − 1) degrees of freedom preserved for times t  τ 0 . As we
show in Sections 3.3 and 3.4 those can correspond to both to
classical probabilities and quantum coherences.
Since the MM is an image of the linear projection P of the
convex set of initial states ρin , it is itself convex. The coefficients
{ck0 }m
k=2 are bounded by the maximum and the minimum eigenvalues of {Lk0 }m
k=2 , respectively, and thus the MM is also bounded.

3.2.4

Effective long-time dynamics

For times t & τ 0 , only the first m modes contribute significantly
to the system dynamics,
tL

ρ(t) = e ρin = ρss +

m
X
k=2

e

tλk

 h i
ck Rk + O
etL

I−P


. (3.9)

Therefore, dynamics takes place essentially only inside the MM,
ρ(t) ≈ [etL ]P ρin = et[L]P (Pρin ). The MM contracts exponentially
towards the stationary state ρss , which is reached at times t  τ.
Note that this low-dimensional evolution in the MM is well described by an effective generator Leff := [L]P . The knowledge
about the structure of the MM gives further interpretation to
Leff as a generator of the dynamics on that structure. For example, in the case of classical MM, the effective long-time dynamics
is classical dynamics with probabilities, with Leff being a generator stochastic transitions between metastable phases, whose
trajectories further correspond to coarse-graining in time of continuous measurement records, see Sec. 3.3.2.
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3.2.5

Experimental observation of metastability

As we discussed a quantum state of the system ρ(t) can be
probed via measurements of the average of an observable M,
hM(t)i = Tr(Mρ(t)). Observation of the metastability requires
non-trivial system dynamics triggered by preparation of the initial state ρin 6= ρss . In practice, when preparation of a given
initial state is difficult, metastability can be observed through
the double-step decay of correlations [183] in sequential measurements of M, even in the case of the stationary state, ρin = ρss .
We consider the autocorrelation
C(t) := Tr(MetL Mρss ) − Tr(Mρss )2 ,

(3.10)

where M is the superoperator describing the action of measuring of M on the system (the average of a result and the correP
sponding conditional system state); for M = di=1 mi |mi ihmi |,
P
we have M(ρ) = di=1 mi hmi |ρ|mi i |mi ihmi |.
Performing a measurement generically perturbs the stationary state ρss , M(ρss ) 6= Mρss , unless the eigenbasis of M and
ρss coincide. Consider the system state conditioned on a result
of the first measurement of M. For time t . τ 00 it relaxes (partially) towards the MM. Since only (m − 1) degrees of freedom
are preserved, a part of the information about the initial result
is erased, which manifests in an initial decay of correlations.
During the metastable regime, τ 00  t  τ 0 , in the case when
where all low-lying eigenvalues are real, correlations show a
plateau, C(t) ≈ Tr(MPMρss ) − Tr(Mρss )2 , due to the approximate stationarity of the dynamics, see Fig. 3.1(e). When lowlying eigenvalues are complex, undamped oscillations of C(t)
can occur in the metastable regime, cf. Eq. (3.7), e.g. coherent
rotation in Fig. 3.2(d). At later times, when t & τ 0 , dynamics
begins to relax back towards ρss , further erasing the information about the initial result. This corresponds to the second final decay of correlations governed by the effective dynamics of


m − 1 degrees of freedom, C(t) ≈ Tr(M etLeff P Mρss ). At times
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t  τ, when any initial state relaxes to ρss , all the information
is erased and C(t) ≈ 0.
3.3

bimodal case of two low-lying modes

We first consider the case of m = 2 low-lying modes and derive
the classical structure of the MM with the effective classical dynamics. Note that, since the real part of λ2 is non-degenerate,
it is real, λ2 ∈ R, and L2 can be assumed Hermitian. Moreover,
we have τ 0 = τ = (−Re λ2 )−1 .

3.3.1

Classical structure of the metastable manifold

The metastable manifold is 1-dimensional and convex and therefore corresponds to an interval. Indeed, a metastable state, ρMS =
ρss + c2 R2 , is determined by the single coefficient c2 = Tr(L2 ρin ),
whose value is between the maximum cmax
and minimum cmin
2
2
min , where p = 1 −
eigenvalues of L2 . As c2 = p1 cmax
+
p
c
2 2
1
2
p2 ∈ [0, 1], any metastable state is simply a mixture, ρMS =
e1 + p2 ρ
e2 , of two extreme metastable states,
p1 ρ
e1 = ρss + cmax
ρ
2 R2 ,

e2 = ρss + cmin
ρ
2 R2 .

(3.11)

e1 and ρ
e2 correspond to the metastable states obNote that ρ
tained for the system initialised in pure states chosen as the
L2 eigenvectors with the eigenvalues cmax
and cmin
2
2 , respectively.
Consequently, in contrast to the R2 eigenmode being non-positive
with Tr(R2 ) = 0, we obtain that the each extreme metastable
state (eMS) fulfils Tr(e
ρ1,2 ) = 1 and is positive up to corrections
of the order of non-stationary terms neglected in the metastable
e1 , ρ
e2 represent (approximately)
regime, cf. Eq. (3.7). Therefore, ρ
quantum states of the system.
The probabilities for any initial state ρin to evolve during the
metastable regime into each of two eMSs are given by p1,2 =
e1,2 ρin ) (up to corrections in Eq. (3.7)), where the observables
Tr(P

e1 = L2 − cmin 1 /∆c2 ,
P
2


e2 = − L2 + cmax 1 /∆c2 ,
P
2

(3.12)
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e
e
e
− cmin
with ∆c2 := cmax
2 . Note that P1,2 > 0 and P1 + P2 = 1,
2
e1 , P
e2 constitute a POVM, which is a
and hence two observable P
consequence of the MM being a simplex. Finally, as we also have
ei ρ
e1 ,
ej ) = δij , i, j = 1, 2, the eMSs ρ
e1 , ρ
e2 and the observables P
Tr(P
e2 constitute a (right and left) basis of the MM.
P
Let us note that properties of any metastable state are fully
characterised by its decomposition into the two eMSs and their
properties. Hence, in analogy with the Maxwell construction in
e1 , ρ
e2 as metaequilibrium classical systems [197], we refer to ρ
stable phases. Moreover, when a finite system features two stationary states (phases), it is known their supports are mutually
disjoint (see 3.1). It can be shown this is approximately the case
also for the metastable phases (see Appendix C.1).
Example I: 3-level system. Consider the 3-level system in Fig. 3.1
(a), with the Hamiltonian H = Ω1 (|1ih0| + |0ih1|) + Ω2 (|2ih0| + |0ih2|)
√
and a single jump operator J = κ |0ih1|. When Ω2  Ω1 , dynamics can be “shelved” for long times in |2i, giving rise to
intermittency in quantum jumps [33], which can be seen as
coexistence of “active” and “inactive” dynamical phases [34].
Fig. 3.1 (b) shows the spectrum of L: the gap is small for Ω2 
Ω1 , the two leading eigenvalues detach from the rest (m = 2),
and the dynamics is metastable. The MM for this m = 2 case
is a one-dimensional simplex, see Fig. 3.1 (c). Fig. 3.1 (d) illustrates the trace distance of the state ρ(t) to the MM starting from
ρin 6= ρss : an initial decay on times of order of τ 00 to the nearest
point on the MM (in this case to an eMS) is followed by decay to
ρss on times of order τ described by Leff .
For the example of metastability with m = 2 low-lying modes,
appearing as a collective effect with an increasing system size,
see the analysis for a dissipative quantum Ising chain with
transverse field [172]. In this model there exists a region in parameter space for which there are two metastable phases: ferromagnetic (spins down) and paramagnetic (spins close to the
fully mixed state) one.
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Figure 3.1: Example of metastability in a 3-level system: (a) Level
scheme and transitions. (b) Spectrum of L showing separation between eigenvalues (λ1 , λ2 ) (full, dashed) and {λk>2 }
(shaded), for the case κ = 4Ω1 , Ω2 = Ω1 /10. (c) Illustration of the distance of the state, ρ(t), to the MM. We consider ρ(t) starting from pure states corresponding to the
eigenvectors of L2 with maximal (red) and minimal eigenvalues (blue), cmax
and cmin
2
2 . The full curves indicate the
nearest state on the MM, ρMS (t), to the full state ρ(t). The
shaded region indicates the scale of the “approximation”
kρ(t) − ρMS (t)k. On times of order τ 00 (open circle) the state
e1,2 ), as
ρ(t) relaxes to the MM (in this case to the eMSs, ρ
seen by the shaded region decreasing to zero. On times of
order τ (filled circle) there an eventual relaxation to the stationary state ρss takes place (black line). Ω2 = Ω1 /25. (d)
The MM is a one-dimensional simplex. (e) Normalised autocorrelation, C(t), of the observable |1ih1| − |2ih2|, in ρss .
For a decreasing ratio of Ω2 /Ω1 , the gap decreases and
the metastable regime between τ 00 (open symbols) and
τ (filled symbols) is increasingly pronounced. This figure
originally appeared in [196].

3.3.2 Effective classical long-time dynamics
For times t & τ = (−λ2 )−1 only two low-lying eigenmodes, R2
and ρss , contribute non-negligibly to the system dynamics
 h i

tL
ρ(t) = [e ]P ρin + O
e
.
I−P
 h i
tλ2
= ρss + e c2 R2 + O
etL
tL

I−P


.

(3.13)
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Thus, long-time dynamics effectively take place only on the
metastable manifold, etL ≈ [etL ]P , which contracts exponentially towards the steady state ρss .
As we have showed above, due to the MM being an interval,
and thus a simplex, all metastable states can be represented
as the probability distributions (p1 , p2 ) between the metastable
e1 , ρ
e2 . Since, the effective long-time dynamics, [etL ]P ,
phases ρ
transforms the MM into itself, it necessary preserves the probability distribution structure: positivity (p1,2 (t) > 0) and total
probability (p1 (t) + p2 (t) = 1). We indeed have




h
i
 p1 (t)  = etL  p1 
P
p2 (t)
p2



max
tλ
min
min
tλ
2
2
−c2 (1 − e )   p1 
1  c2 e − c2
=
,
tλ2 )
max − cmin etλ2
∆c2
cmax
(1
−
e
c
p
2
2
2
2


where [etL ]P is expressed in the basis of the metastable phases,
see Eqs. (3.11) and (3.12), and the initial probability distribue1,2 ρin ). Note that [etL ]P features only position is p1,2 = Tr(P
tive entries (positivity) and its columns sum to 1 (total probability preservation). The asymptotic probability distribution,
−cmin cmax

ss
2
2
(pss
1 , p2 ) = ( ∆c2 , ∆c2 ), corresponds directly to the stationary
state ρss , see Fig. 3.1 (c-d).
Let us note that although long-time dynamics is classical, the
underlying system in general features quantum effects which
are present at shorter t < τ 00 times, cf. Eq. (3.2).

Classical trajectories. Let us note that the classical dynamics of
probabilities given in (3.14) can be viewed as generated by the
classical stochastic generator Leff := [L]P ,
d
dt

p1 (t)
p2 (t)





= Leff 

p1 (t) 
p2 (t)

!


=

−λ2 
∆c2

−cmax
2
cmax
2

−cmin
2
cmin
2





  p1 (t)  . (3.15)
p2 (t)

(3.14)
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The stochastic trajectories generated by Leff consist of transie1 , ρ
e2 .
tions between two metastable phases ρ
Note that the dynamics in Eq. (3.15) satisfies the detailed balance condition due to the space of effective configurations cone1 and ρ
e2 . Therefore, the desisting only of two macrostates, ρ
composition of the stationary state ρss between the metastable
phases is determined by the ratio of the off-diagonal terms,
max
−cmin
2 /c2 , which is independent from λ2 . Dynamics of classical trajectories generated by Leff can be characterised by the
mean time a metastable phase survive in a (so called mean exit
time), which is given by the inverse of the related diagonal en−1 = τ (cmax )−1 for ρ̃ and proportional to τ.
try, e.g. (−cmax
1
2 λ2 )
2
Therefore, the average ratio of time a trajectory spends in each
max
of the phases is given by the ratio −cmin
2 /c2 , and thus corresponds to the decomposition of the stationary states between
two phases, confirming that classical dynamics of Leff is ergodic.
The long-time dynamics obeys details balance, although we
consider general, including non-equilibrium and driven, Markovian quantum dynamics, see Eq. (3.2).
Finally, let us note the similarity of trajectories of Leff to the
long-time equilibrium dynamics of a particle in a double well
potential. This model, although simple, captures dynamics of
classical equilibrium systems close to a first-order phase transition featuring two stable phases, such as a ferromagnet at low
temperatures, see Sec. 3.1.1. The potential of a particle represents the Landau free-energy functional of the equilibrium system, while the spacial coordinates correspond to configurations
of the system. The long-lasting states/probability distributions
are represented by two states initially equilibrated within each
well (t  τ 00 ). Thermal fluctuations allow for particle movement between the wells, but at much longer time scales inversely proportional to the barrier height (t ∼ τ), which asymptotically (t  τ) leads the system to the final equilibrium state.
The division of the equilibrium probability between the two
wells depends on the difference of the free energies of the wells,
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but not on the barrier height (proportional to τ).
In the next subsection we argue that classical trajectories of
Leff can be viewed as coarse-graining in time of quantum trajectories over intervals longer than the initial relaxation time τ 00 .
3.3.2.1

Metastability as intermittence of quantum trajectories

In the discussion so far we considered the dynamics of the system state described by a density matrix ρ(t), which represents
the average state of the system obtained at time t in a given
experimental realisation of the dynamics (3.2). Let us consider
additional continuous monitoring of the environment state in a
given experimental realisation of system dynamics. Results of
such a continuous measurement up to time t, can be used to
reconstruct a conditional state of the system at all times t 0 6 t,
and thus unravel the system dynamics into quantum trajectories [30, 33], see also in the input-output formalism used in
Chapter 2.
A quantum trajectory of time t is a record of a system state
at all times t 0 6 t, which state is conditioned on the continuous measurement results. Consider Example I of 3-level system
above with an experimental realisation as follows: the levels
|0i, |1i, |2i, are electronic levels of an atom interacting with surrounding it electromagnetic vacuum and driven by Rabi laser.
The interaction with the vacuum leads to photon emissions
√
described by the action of the jump, J = κ |0ih1|. Emitted
photons can be further detected. Based on the measurement
record of photon emission times up to time t, the conditional
pure state |ψ(t 0 )i of the system can be reconstructed for all
times t 0 6 t, thus yielding a quantum trajectory. In this case,
the density matrix ρ(t) is simply the conditional system state
|ψ(t)ihψ(t)| averaged over all possible photon emission records.
Metastability and intermittence. We now discuss how metastability with two phases can manifest itself in intermittence of
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quantum trajectories, and thus can be observed also in individual realisations of the experiment.
Consider a state evolving into just one of the metastable phases,
e1 , ρ
e2 , e.g. the pure states |1i or |2i for the 3-level system. Furρ
thermore let us consider an integrated record Λ(t) of a continuous measurement, e.g. total number of photons emitted
up to time t by the system. For time t much longer then the
initial system relaxation time, t  τ 00 , the main contribution
to the integrated observable Λ(t) comes from the period after the initial relaxation, when, on average, the system state
e1,2 ). Since the instant rate µ at which
is metastable (ρ(t) ≈ ρ
Λ(t) is accumulated depends only on the system state, and
thus corresponds to the mean of a system observable, e.g. µ =
Tr(J† J ρ) = Tr(|1ih1| ρ), the value taken by Λ(t) will be on averRt
age determined by hΛ(t)i = 0 dt 0 µ(t 0 ) ≈ t µ1,2 , where µ1,2 is
e1,2 . Furthermore, the variance
the rate for the metastable phase ρ
of Λ(t) will necessary scale linearly, as any correlations in dynamics inside a metastable phase support, must decay at most
at the timescale τ 00 corresponding to the faster eigenmodes Rk ,
k > m = 2. If we now consider the activity k(t) = Λ(t)/t of
trajectories, we have that its fluctuations ∆2 k(t) ∝ t−1 around
its mean, µ1,2 , will be small if the metastable regime is long
enough. In this case, trajectories/measurement records can be
classified as "active" and "inactive" (µ1 6= µ2 ). So far we have
considered initial states evolving into just one of two metastable
phases, but for a general initial state the system evolves into a
mixture of two metastable phases, ρ(t) ≈ p1 ρ̃1 + p2 ρ̃2 , and it
follows that emission records are a mixture of active and inactive records with probabilities p1 and p2 , since the statistics
of activity is determined mostly by the contribution from the
metastable regime.
Consider now coarse graining in time of measurement records,
where a record is divided into time bins of a size tbin and photon emissions are replaced by the activity in individual time
bins. From the previous paragraph it follows that, the coarsegrained record consist of active and inactive time-bins with
activity k ≈ µ1,2 , when tbin is long enough. Furthermore, the
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periods of active and inactive dynamics (so called dynamical
phases [34, 36, 172]) correspond directly to the two metastable
e1 , ρ
e2 .
phases of the system, ρ
Coarse-grained measurement records and effective trajectories. We
now argue that the coarse-grained trajectories are directly related to classical trajectories of Leff in Eq. (3.15).
Classical trajectories of Leff are ergodic, with the ratio of the
average time spent in metastable phases given by stationary
ss
probabilities, pss
1 /p2 . We now argue that this also true for active
and inactive periods in continuous measurement records. Since
for times t  τ the system state is stationary, the asymptotic
activity is given by the stationary rate, hkiss := limt→∞ hk(t)i =
µss with fluctuations disappearing as t−1 (see also CLT for continuous measurements [37, 39]). Therefore, the ratio of times
spent in active (k ≈ µ1 ) and inactive (k ≈ µ2 ) periods, must
ss
be given approximately by the stationary probabilities, pss
1 /p2 ,
ss
so that hkiss ≈ pss
1 µ1 + p2 µ2 = µss . This implies that measurement records are ergodic with probability 1. In particular, for
coarse graining of a single measurement record, a histogram of
time-bin activities must be bimodal [36, 172], with probabilities
of two modes corresponding to the stationary probabilities pss
1
ss
and p2 .
Moreover, the average time of active dynamics (or inactive dyss
namics rescaled by the ratio pss
1 /p2 ) in coarse-grained records
is necessary not longer than O(τ), as τ is the longest timescale
of the system dynamics. It also cannot be shorter, as otherwise
e1 ,
the mean activity hk(t)i for the initial states evolving into ρ
e2 , would not be given by µ1,2 , but values in between. Conseρ
quently, the coarse-grained measurement records and classical
trajectories of Leff are equivalent (with probability 1).
One can further ask about equivalence of quantum trajectories to the classical dynamics Leff , i.e., whether time-coarse
Rt+tbin 0
grained conditional system state, t−1
dt |ψ(t 0 )ihψ(t 0 )|,
bin t
corresponds to two metastable states for tbin chosen as above.
Let us note that this would imply ergodicity of quantum tra-
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jectories, i.e., time-averaged state of the system approaching
Rt
the stationary state, limt→∞ t−1 0 dt 0 |ψ(t 0 )ihψ(t 0 )| = ρss . Conversely, if quantum trajectories were ergodic, as the supports of
metastable phases are approximately disjoint (see Appendix C.1),
quantum trajectories would be ergodic also inside the phases
for long enough metastable regime τ 00  t  τ. It is not generally known, however, whether quantum trajectories are ergodic
for open Markovian dynamics featuring a unique stationary
state.
Beyond activity. The relation of effective dynamics to coarsegraining of measurement records can be extended to the case
when metastable phases do not differ in activity, µ1 = µ2 = µss ,
and there is no apparent intermittency in the records. In that
case one needs to consider fluctuations of the integrated observable instead of its activity and double coarse-graining of
records. For first coarse-graining we choose δt = n−1 tbin 
τ 00 and look at fluctuations, Λ(2) (t + kδt) := (δt)−1 [Λ(t + (k +
1)δt) − Λ(t + kδt) − δt µss ]2 , 0 6 k 6 n − 1. In the second
coarse graining we consider time-average of fluctuations over
P
(2)
2 (2)
tbin , Λ(2) (t) := n−1 n−1
k=0 Λ (t + kδt). Note that ∆ Λ (t) ∝
n−1 , as the correlations of fluctuations inside metastable phases
decay at times t ∼ τ 00 . Hence, for a long enough metastable
regime, one observes "intermittency" between small and large
fluctuations in measurement records. Using analogous arguments as for activity k(t), we obtain that the ratio of average
ss
lengths of those periods is again determined by pss
1 /p2 and the
average length corresponds to the longest timescale τ.

3.3.3

Biased QJMC - how to investigate metastability without diagonalising master operator

We now show how to use dynamical large-deviation approach [166]
to identify dynamically the metastable phases by biasing ensembles of quantum trajectories [34]. These methods can be implemented numerically by generalising classical path sampling
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[202] and/or cloning techniques [203]. In particular, for manybody systems where direct diagonalisation of the master operator L is not feasible, this provides a computational scheme to
unfold the classical metastable manifold structure.
We discuss here biasing towards the number of jumps J1 in
a quantum trajectory, e.g. the number of photon emissions in
3-level system. First, let us recall that cumulants of total number of jumps J1 that happened up to time t, Λ(t), are given
by the derivatives of the cumulant generating function (CGF)
Θt (s) [34],
Θt (s) = log Tr(etWs ρin ),
Ws ρ =

Lρ + (e−s − 1) J1 ρJ†1 ,

(3.16)
(3.17)

see also Sec. 2.1.2. The asymptotic linear limits of Λ(t) cumulants are given by respective derivatives of
θ(s) =

lim t−1 Θ(s, t).

t→∞

(3.18)

Let us note that, although Ws is not a master operator for s 6= 0,
in particular it is not trace-preserving, the related evolution preserves positivity of ρ. This can be easily seen from the fact
that trajectories of Ws can be sampled analogously as quantum
trajectories of L in quantum jump Monte Carlo (QJMC) simulations [204], but with probability of the jump J1 rescaled by
e−s , so that s > 0 decreases the activity of trajectories, while
s < 0 enhances it. As ρs (t)/Tr(ρs (t)), where ρs (t) = etWs ρin , is
the average of conditional system state |ψs (t)ihψs (t)| over all
such trajectories, it must be positive. The limiting state ρs =
limt→∞ ρs (t)/Tr(ρs (t)) obtained in biased QJMC is the eigenmatrix of Ws corresponding to its maximum eigenvalue is exactly
θ(s) = Tr(Ws ρs ).

(3.19)

State ρs as metastable phase. Here we consider the parameter s
to be small, and we treat Ws − L = (e−s − 1) J1 ρJ†1 as a perturbation (for classical Markovian systems see Chapter 5.2 in [53]).
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Since the first two eigenmodes of L are not degenerate (λ2 < 0),
for the perturbation small in comparison with −λ2 we have
that [167]
λ1 (s) = θ(s) = −s̃ Tr(J†1 J1 ρss ) + O(s̃2 ),

(3.20)

λ2 (s) = λ2 − s̃ Tr(L2 J1 R2 J†1 ) + O(s̃2 ),

(3.21)

where s̃ = (1 − e−s ), with the corresponding eigenmodes simply given by ρs = ρss + O(s) and R2 + O(s). In particular, we recover the asymptotic activity, limt→∞ hΛ(t)i/t = µss = Tr(J†1 J1 ρss ).
When the perturbation is larger, (−λ2 )  s̃κ1  (−Re λ3 ),
where κ1 = kJ1 (·)J†1 k, in order to find the asymptotic CGF, θ(s),
and the corresponding eigenmatrix ρs , we need to consider almost degenerate perturbation theory of the first two modes [167],

[Ws ]P = 

−s̃ Tr(J†1 J1 ρss )
−s̃ Tr(L2 J1 ρss J†1 )



−s̃ Tr(J†1 J1 R2 )
λ2 − s̃ Tr(L2 J1 R2 J†1 )

 , (3.22)

which in the basis of metastable phases gives, cf. Eqs. (3.11) and
(3.12),

[Ws ]P = Leff − s̃ 

e1 J1 ρ
e1 J†1 )
Tr(P
e2 J1 ρ
e1 J†1 )
Tr(P

e1 J1 ρ
e2 J†1 )
Tr(P
e2 J1 ρ
e2 J†1 )
Tr(P


.

(3.23)

When s̃ is big enough, Leff is just a perturbation of the second matrix. Furthermore, as we show in Appendix D.2, the
e1 J1 ρ
e1 J1 ρ
e2 J†1 ) and Tr(P
e2 J†1 ) are of the oroff-diagonal terms Tr(P
der O(max(λ2 t, k[etL ]I−P k)1/2 × κ1 ), and thus the last matrix is
diagonal up to those corrections. Therefore, up to corrections
given by Leff and the off-diagonal terms,
θ(s) ≈ max((e−s − 1)µ1 , (e−s − 1)µ2 )

ek (3.24)
and ρs ≈ ρ

for k ∈ {1, 2} such that µk is chosen in θ(s). We see that indeed
s > 0 biases the system dynamics towards less active trajectories with respect to jumps J1 , while s < 0 otherwise, and the
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average state ρs obtained asymptotically corresponds to a respective metastable phase.
Timescales in biased dynamics. For Ws with s chosen so that
(−λ2 )  s̃κ1  (−Re λ3 ) the initial relaxation timescale equals
τ 00 for unbiased dynamics, W0 = L (cf. Appendix C.2.2). This
is followed by a metastable regime, τ 00  t  s̃−1 κ−1
1 , due to a
persisting separation in spectrum of Ws , and the asymptotic
state ρs is achieved for times t  s̃−1 κ−1
1 , cf. (3.23). To circumvent those timescales and achieve ρs in simulations, one
should bias ensembles of quantum trajectories instead of biasing jumps probabilities, which can be implemented numerically
by generalising classical path sampling [202] and/or cloning
techniques [203].

3.4

higher dimensional metastable manifolds and
their effective dynamics

In the previous section we exploited the fact that for m = 2
the convex set of the coefficients, which represent the MM, is
one-dimensional and thus a simplex with two eMSs. For m > 2,
however, the set of possible coefficients can have more than
m extreme points. For classical dynamics it has been proven,
that this set is well approximated by a (m − 1)-dimensional simplex [51], see Sec. 3.1.2. The simplex vertices correspond to m
approximately disjoint eMSs and its barycentric coordinates to
the probabilities of a metastable state decomposed as a mixture
of the eMSs, cf. Fig. 3.1 (d).
For quantum dynamics and m > 3, we expect the structure
of the MM to be richer than just a simplex. As we describe below, the MM can in general include decoherent free subspaces
(DFSs) [40–43] and noiseless subsystems (NSSs) [44–46], which
are protected from dissipation during the metastable regime.
We consider two classes of systems for which the master
operator L has a small gap: (A) finite systems where the gap
closes at some limiting values of the parameters in L (such as
Ω2 → 0 in Example I above, and Ω1,2 → 0 in Example II below);
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(B) scalable systems consisting of N subsystems where the gap
may close only in the thermodynamic limit of N → ∞ (such
as the dissipative Ising chain with transverse field in Refs. [36]
and [172]).

3.4.1

Metastability in class A systems

We first discuss metastability in dynamics of a finite open quantum system for which the gap closes at some value of parameters in the master equation, L = L0 , see Eq. (3.2). The stationary state ρss is no longer unique and has a general structure
of Eq. (3.3). Using perturbation theory of linear operators [167],
we show that there is a separation in the L spectrum for dynamics which are close to the degenerate case of L0 . We further derive the metastable time regime during which the system state has approximately the structure given in Eq. (3.3) and
the long-time effective dynamics, which is trace-preserving and
approximately completely positive.
Example II: Collective dissipation and a metastable DFS. Consider
a two-qubit system with Hamiltonian H = Ω1 σx1 + Ω2 σx2 , and a
√
√
+
collective jump operator J = γ1 n1 σ−
2 + γ2 (1 − n1 )σ2 . When
Ω1,2  γ1,2 there is a small gap and the four leading eigenvalues of L detach from the rest, Fig. 3.2 (a). This is related to
the fact that any superposition of |01i and |10i is annihilated by
jump J. Fig. 3.2 (b) maps out the MM by randomly sampling all
(pure) initial states ρin from H and obtaining their corresponding metastable state via Eq. (3.8): the MM is an affinely transformed Bloch ball corresponding to a DFS of a qubit within the
metastable regime τ 00  t  τ 0 . It important to note: (i) this
coherent structure is not the consequence of a symmetry, as for
γ1 6= γ2 the system dynamics neither has a U(2) nor an updown nor a permutation symmetry, cf. [205]; (ii) the smallest m
for which we can obtain a DFS in class A systems is m = 4, as
in this case.
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Figure 3.2: Example of a coherent metastable manifold: (a) Spectrum
of L for Example II (γ1 = 4γ2 , Ω1 = 2Ω2 = γ2 /50). The
first four eigenvalues (m = 4) split from the rest (shaded).
(b) Dots representing the metastable states reached from
random initial pure states map out an affinely transformed Bloch ball (shaded) and the MM is a qubit, see (3.8).
The large dot (green) is ρss ; curves indicate paths in the
MM taken by the states evolving from the extreme eigenvectors of L2 (red and blue), L3 and L4 (purple) towards
ρss . (c) Time evolution in the MM (affinely transformed to
a Bloch ball): the MM contracts towards a one-dimensional
simplex before relaxing eventually to ρss , due to the splitting of between the first two eigenvalues and the next two,
see (a). (d) Normalised auto-correlation C(t) for σz1 − σz2
(green/solid). Same for the case with an extra perturbing
Hamiltonian ∆H = Ωσx1 ⊗ σx2 that induces a rotation in the
MM, manifesting in oscillations of C(t) during the metastable regime (black/dashed). This realises in a metastable
system the proposal of [57, 58] for implementing unitary
gates. This figure originally appeared in [196].

3.4.1.1

Spectrum of perturbed generator

Consider the dynamics L(x) with the Hamiltonian H(x) and
jumps operators Jj (x), see Eq. (3.2). Let the Hamiltonian H(x) =
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(1)

H + x H(1) and the jumps operators Jj (x) = Jj + x Jj be linear
perturbations of the Hamiltonian and jump operators of the
degenerate dynamics L0 , where H(1) is Hermitian and x is a dimensionless scale parameter. Results of this section can be easily generalised to the case of analytic perturbation H(x), Jj (x).
The perturbed generator L(x) is then given by
L(x) = L0 + x L(1) + x2 L(2) , where

X  (1) † 1 † (1)
(1)
(1)
J J , ρ + h.c.
L ρ = −i[H , ρ] +
Jj ρJj −
2 j j
j

X  (1) (1) † 1 (1) † (1)
(2)
L ρ =
Jj ρJj −
J Jj , ρ
,
(3.25)
2 j
j

where we fix x so that max(kL(1) k, kL(2) k) = O(τ−1
0 ), where τ0
is the relaxation time in L0 dynamics (see Eqs. (3.27) and (3.28)
for precise definition).
From the perturbation theory of linear operators [167] it is
known that the perturbation of L0 changes its eigenvalues continuously with respect to x. Therefore, when λ is an eigenvalue
of L0 with algebraic multiplicity m, for x small enough, m
eigenvalues of L(x) cluster around the unperturbed value λ,
and we refer to these eigenvalues as λ-group. Consider L0 with
m-fold degeneracy of the stationary state manifold (SSM), cf.
Eq. (3.3), and assume that Im λk = 0 for k = 1, .., m, so that
there are no unitary rotations in the stationary state manifold.
For x small enough, the 0-group clusters around 0 and the separation to the (m + 1)-th eigenvalue is maintained, see Fig. 3.2 (a).
Moreover, as both L0 and L(x) are completely positive tracepreserving (CPTP) generators and there are no Jordan blocks in
0-eigenspace of L0 , we show below that
λk (x) =

(1)
(2)
x λk + x2 λk + o

 

2
(1)
(2)
x kL k + kL k ,

k = 1, ...m,
(3.26)

(1)

(2)

where Re λk = 0 and Re λk 6 0, so that the spectrum structure of a positive trace-preserving generator is reproduced in
(1)
the second order. Eq. (3.26) follows from two facts: λk being
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an eigenvalue of [L(1) ]P(x) that is a unitary generator on the SSM,
(2)
and λk being an eigenvalue of a CPTP generator on the SSM.
Derivation. Although the eigenvalues of L(x) may not be analytic in x and projections on eigenmatrices may feature algebraic poles, projections onto subspace spanned by λ-groups
are analytic [167]. In particular, the P(x) projection on the lowlying modes is analytic and it follows that restriction of L(x) to
this subspace is analytic as well. In particular due to no-Jordan
blocks in 0-eigenspace of L0 , we have that [167]


P(x) = P0 + x −SL(1) P0 − P0 L(1) S + O(x2 )

[L(x)]P(x)

(3.27)

=: P0 + x P(1) + O(x2 ),

= x [L(1) ]P0 + x2 [L(2) ]P0 − P0 L(1) SL(1) P0 +
(3.28)

−SL(1) [L(1) ]P0 − [L(1) ]P0 L(1) S + O(x3 (kL(1) k + kL(2) k))
e (1) + x2 L
e (2) + O(x3 (kL(1) k + kL(2) k)),
=: x L

where S is the reduced resolvent of L0 at 0, i.e., S L0 = L0 S =
I − P0 and S P0 = P0 S = 0. Note that the resolvent S is related to
the relaxation time as kSk = O(τ0 ), as for diagonalisable L0 we
P
have S(·) = k>m λ−1
k Rk Tr(Lk ·). In Eqs. (3.27) and (3.28) for convenience wedefine the scale
 x of the perturbation in Eq. (3.25)
(1)
(2)
so that max kL k, kL k = kSk−1 .
e (1) is
First-order perturbation. As we show in Appendix C.2.1, L
a CPTP generator on the SSM of L0 , and thus its eigenvalues have
non-positive real parts. But L(−x) is a CPTP generator as well
e (1) is of the opposite sign. Hence,
and its first-order correction L
e (1) eigenvalues must be imaginary, which will correspond to
L
coherent dynamics in the MM during the metastable regime.
In [57, 58] it was shown that the first order indeed yields unitary
dynamics and the corresponding Hamiltonian was derived, see
also Fig. 3.2 (d).
e (1) partially lifts deSecond-order perturbation. The generator L
generacy of the first m eigenvalues of L0 and the higher-order
corrections should be considered separately for each eigenspace
e (1) (cf. reduction process in [167]). Since the unitary generaof L
e (1) features only trivial Jordan blocks, for the eigenspace
tor L
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(1)

Pl related to its λl
Eq. (3.28))
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eigenvalue, l = 1, ..., m 00 , we obtain (cf.



e (2) Pl + O(x2 ),
e (2) S
el − S
el L
Pl (x) = Pl + x −Pl L(1) S − SL(1) Pl − Pl L
h
i
(1)
e (2)
[L(x)]
= x λ Pl (x) + x2 L
+ O(x3 ),
Pl (x)

l

Pl

e (1) at λ(1) restricted to P0 , i.e.,
el is the resolvent of L
where S
l
(1)
(1) e
(1)
(1)
e
e
el =
e
el Pl = Pl S
Sl (L − λl ) = (L − λl ) Sl = P0 − Pl and S
03 . From (3.30), the restriction of the second-order correction
e (2) to λ(1) eigenspace, [L
e (2) ]P , further lifts degeneracy in 0L
l
l
eigenspace of L0 . Therefore, the second-order corrections in 0(1)
(2)
group eigenvalues are simply given by x λl + x2 λl,j + o(x2 ),
(2)
e (2) ]P , l = 1, ..., m 00 . In order
where {λ }j are eigenvalues of [L
l,j

l

(2)
to argue Re λl,j 6
e (2) ]P = [L(2) ]P
[L
0
0

0 and thus prove (3.26), we use the fact that
− P0 L(1) SL(1) P0 is a CPTP generator on the
SSM of L0 (see Appendix C.2.1) and
m 00 h
i
X
e (2)
L
l=1

Pl

Zt
= lim t
t→∞

−1
0

du e−uL

e (1)

h
i
e (2)
L

P0

euL

e (1)

.

(3.31)

The generator in (3.31) corresponds to first-order perturbation
theory for weak dissipation, where the fast unitary evolution
e (1) erases all the contributions of the slow dissipation
given by L
e (2) ]P that would create any coherence with respect to the
[xL
0
e (1) , see also dynamics in the metastable regime
Hamiltonian of L
below, see also Fig. 3.2 (d).
e (2) ]P are non–
Finally, note that when the eigenvalues of [L
l
degenerate, the corresponding eigenvalues in 0-group of L(x)
are analytic, and projections on the corresponding eigenmatrices are analytic as well.

(1)

3 Note that the first-order terms in Pl (x) – the projection on the λl group – correspond to the first-order perturbation of all the low-lying
modes given by P(1) , and to the first-order perturbation of Pl inside P0
e (1) + x[L
e (2) ]P , respectively. Thus, as Pm 00 Pl = P0 , we recover
due to L
l=1
0
Pm 00
3
l=1 [L(x)]Pl (x) = [L(x)]P(x) up to O(x ).

(3.29)
(3.30)
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3.4.1.2

Initial dynamics and metastable regime

We now discuss how the perturbations in Eq. (3.25) change the
system dynamics. We derive the metastable regime when the
system dynamics appears stationary as a consequence of the
separation in the L(x) spectrum discussed above. As in Eq. (3.6)
we consider separately the low-lying modes with the projection
P(x) and the rest of modes
etL(x) = [etL(x) ]P(x) + [etL(x) ]I−P(x) .

(3.32)

Initial relaxation timescale τ 00 (x). The metastable regime begins
when the contribution from the fast decaying modes of the
eigenvalues λm+1 (x), λm+2 (x), ..., λd2 (x), given by [etL(x) ]I−P(x)
in (3.32), becomes negligible. When λm+1 of L0 is non-degenerate,
the perturbed eigenvalue λm+1 (x) is analytic in x,
λm+1 (x) = λm+1 + x Tr(Lm+1 L(1) Rm+1 ) + O(x2 ∆m+1 )
where ∆k = max(kL(2) k, kL(1) k2 kSk k) with Sk being the reduced
resolvent of L0 at λk , cf. Eq. (3.28). When the system space dimension d is not too large, this implies that initial relaxation
timescale τ 00 (x) is also analytic in x, τ 00 (x) ≈ λm+1 (x)−1 ≈ τ0 −
x Tr(Lm+1 L(1) Rm+1 ) + O(x2 ∆m+1 ). In fact, it can be shown in
general that the choice
τ 00 (x) = τ0 ,

(3.33)

leads to corrections O(x) + tO(x2 kL(1) k) in the metastable regime
(see Appendix C.2.2 and corrections in Eq. (3.34)), thanks to
[etL(x) ]I−P(x) being analytic in x, which is a consequence of both
etL(x) and I − P(x) being analytic in x, cf. Eqs. (3.25) and (3.27).
Unitary dynamics and final relaxation timescale τ 0 (x). The metastable manifold given by projection P(x) is mapped by the dynamics [etL(x) ]P(x) into itself. By definition, the longer timescale
τ 0 (x) of the metastable regime bounds from above time t when
the system dynamics leaves the MM approximately invariant.
As the first-order correction to the low-lying eigenvalues of
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L(x), (3.26), corresponds to the unitary dynamics with generae (1) , the timescale τ 0 (s) is necessary related to higher-order
tor L
corrections in x. In Appendix C.2.3 we show that


e (1)
e (1)
P0 + x −SL(1) etxL P0 − etxL P0 L(1) S + O(x2 ) +


Zt
h
i
e (1) e (2)
e (1)
e (1)
−1
−uxL
uxL
2 txL
t
du e
L
e
+
+ tx e

[etL(x) ]P(x) = etxL

e (1)

0
2

P0

+ t O(x kL k) + t O(x kL k ).
3

e (2)

4

e (2) 2

(3.34)

where the corrections to the invariance of the MM are given by
the second and third line representing the contribution from
the dissipative dynamics in the interaction picture (see also
Eq. (3.31)), whereas the first line describes unitary dynamics in
the MM (cf. Eq. (3.27)). Thus, the metastable regime is limited
to times t for which all the terms in the second and third line
e (2) k,
of (3.34) are small. As the second line is bounded by tx2 kL
this is satisfied for times t  τ 0 (x), where
τ 0 (x) =



e (2)
x−2 + O(x−1 ) L

> x−2 O(τ0 ) + O(x−1 τ0 ),

−1

(3.35)

e (2) k 6 kL(2) k +
We used Taylor expansion in the first line and kL
kL(1) k2 kSk, cf. Eq. (3.28), together with the definition of the
scale x, max(kL(1) k, kL(2) k) = kSk−1 = O(τ0 )−1 , to conclude
e (2) k 6 O(τ0 )−1 .
that kL
In order to find the timescale of approaching the stationary
state ρss at times t  τ(x), we need to consider effective dynamics Leff (x) := [L(x)]P(x) in the MM, see below.
No Jordan blocks in the metastable regime. Let us note that no
matter whether there are Jordan blocks in the low-lying spectrum of L(x), they do not contribute in the metastable regime, cf.
Eqs. (3.34), which motivates our assumption on the low-lying
spectrum in the metastability theory for a general open dynamics as in Eq. (3.2).
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Metastable manifold

We now consider projection of a system state during the metastable regime, τ 00 (x)  t  τ 0 (x), onto the MM of low-lying
modes, ρMS (t) = P(x)ρ(t). From (3.34) we find
ρMS (t) = e

e (1)
txL



e (1)
e (1)
(1) txL
txL
(1)
+ x −SL e
P0 − e
P0 L S + O(x2 )

P0 ρin

where the imaginary parts of the m low-lying eigenvalues appear in the (non-negligible) first order by means of the unitary
e (1) within the MM, compare Eqs. (3.27) and (3.34).
dynamics xL
Therefore, as O(x kSkkL(1) k) = O(x), we have that metastable
states are approximately given by a general structure of a manifold of stationary states of open quantum Markovian dynamics [199],
0

ρMS (t) = 0H0 ⊕

m
M
l=1

el ⊗ Ul (ωl ) + O(x),
pl ρ

(3.37)

L
with H being the orthogonal sum H = H0 ⊕ l Hl ⊗ Kl , where
el are fixed states on Hl (cf. eMS in
H0 is the decay subspace, ρ
classical dynamics and the case of m = 2), ωl are arbitrary
states on Kl (representing a DFS/NSS), and pl are probabilities.
Time dependence ρMS (t) during the metastable regime is due
to the unitary dynamics Ul inside a DFS/NSS of Kl , given by
e (1)
Ul := 1Kl etxL 1Kl , see Fig. 3.2 (b,d), and there is no dynamics
for classical case of dim(Kl ) = 1.
Furthermore, let us note the correction in (3.37) is of the same
order as the dissipative corrections to invariance of the MM, for
times t = O(x(kL(1) k+kL(2) k)−1 = O(x−1 τ0 ) within the metastable regime τ 00 (x)  t  τ 0 (x), see Eq. (3.34).
Coefficients of the MM. Note when dim(Kl ) = 1, the l-th block
is a disjoint eMS. It is known for classical systems the MM is
always approximately a simplex of m disjoint eMSs [51] with
probabilities corresponding classical degrees of freedom. In quantum open systems this is the case for m = 2, where there are
e1,2 , with metastable states being mixtures of them.
two eMSs, ρ

(3.36),
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For class A systems we have that, when dim(Kl ) > 1, ωl inside
a DFS/NSS respresents quantum degrees of freedom (ωl ), which do
not appear in the case of classical dynamics [51]. This is the case
in Example II where the MM is a qubit. In general the number
of blocks in Eq. (3.37) is m 0 6 m, with equality occurring only
when there are no DFS or NSS. As we show below the (m − 1)
0 ) that determine ρ
coefficients (c20 , . . . , cm
MS , see Eq. (3.8), correspond approximately to an affine transformation of the m entries
P 0
of pl ωl (l = 1, . . . , m 0 ) in Eq. (3.37), where m
l=1 pl = 1. Therefore, the MM approximately represents the degrees of freedom
of the classical-quantum space in Eq. (3.37).
Consider the generic case of degeneracy of the first m eigenvalues of L0 being lifted in the second-order perturbation theory. In this case the projections on the individual eigenmatrices
of L0 are analytic and in the 0-th order simply given by proe (2) ]P eigenspaces, l = 1, .., m 00 , where Pl is a
jections on the [L
l
(1)
e
projection on an L eigenspace. As for a left eigenmatrix Ll,j
e (2) ]P corresponding to an eigenvalue λ(2) , we have that the
of [L
l
l,j
left L(x) eigenmatrix Ll,j (x) ∝ Ll,j Pl,j (x) is analytic in x. When
it is further normalised in the spectral norm, or rescaled by the
difference of its extreme eigenvalues, thanks to Hermitian per0 (x) = Tr(L (x)ρ )
turbation theory for Ll,j (x), the coefficient cl,j
l,j
in
can be expressed as a series in x (see Appendix C.2.4 for details).
Therefore, for x small enough, the set of coefficients representing the MM is well approximated by the image of an affine
transformation of the (m − 1) degrees of freedom describing the
Pm 0
SSM of L0 , i.e., the entries of pl ωl , l = 1, ...m 0 with
l=1 pl = 1,
see Fig. 3.2 (b). This affine transformation is determined by the
invertible linear transformation from the basis of the SSM of the
entries in pl ωl , l = 1, ...m 0 , to the right eigenmatrices, {Rl,j }j , of
e (2) ]P , for l = 1, ..., m 00 , see Fig. 3.2 (b-c).
[L
l
3.4.1.4

Effective dynamics in metastable manifolds

During the metastable regime the dynamics is approximated
e (1) , see
by unitary transformation of the MM with generator L
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Eq. (3.36). For times following the metastable regime, τ 0 (x) .
t  x−1 τ 0 (x) = x−3 O(τ0 ), we show in Appendix C.2.5 that
effective dynamics in the MM is dissipative and characterised
by a CPTP generator on the SSM of L0 ,
e
e (1) + x2 [L
e (2) ]P ,
L(x)
:= xL
0

(3.38)

as follows


e
e
e
e (1) etL(x)
e (1) S +
[etL(x) ]P(x) = etL(x) P0 + x −SL
P0 − etL(x) P0 L
+ O(x2 ) + t O(x3 τ−1
0 ),

(3.39)

e
e (1) k), see
see Fig. 3.2 (c). Note that kLeff (x) − L(x)k
= O(x2 kL
Eq. (3.28), which may seem puzzling when there is non-trivial
e (1) 6= 0. It folcoherent dynamics during metastable regime, L
lows, however, from Eqs. (3.29-3.30) that this order of the difference is due to first-order corrections outside P0 to the eigenspaces
e (1) , represented by the projections {Pl (x)}m 00 , not the differof L
l=1
e
ence between the eigenvalues of Leff (x) and L(x),
which is of
2
(1)
(2)
a higher order o(x (kL k + kL k)), cf. Eq. (3.26). Therefore,
e (1) k) of corrections above, does not determine
the order O(x2 kL
e
the postmetastable regime when L(x)
is a valid approximation
for long-time dynamics4 (for details see derivation in Appendix
e
C.2.5). Dynamics generated in the SSM by L(x)
was previously
discussed in [206] for the case of a Hamiltonian perturbation
e (1) = 0, cf. Eq. (3.25).
and L
e
Let us comment on the relation between L(x)
above and the
interaction picture appearing in (3.31) and (3.34). Again, the difference in eigenvalues of those two generators is of the higher
e
order o(x2 (kL(1) k + kL(2) k)), so that L(x)
can be replaced by
P
00
m
e (1) +
e (2)
L
l=1 [L ]Pl in Eq. (3.39).
Finally, note that from the fact that L(x) is trace-preserving,
it follows that it features the left eigenmatrix 1H corresponding to 0-eigenvalue, which, by construction, also holds true for
4 When corrections in the eigenvalues are considered with respect to the anP 00 (1)
e
alytic operator Leff (x) − L(x),
they contribute as Leff (x) − x m
l=1 λl Pl (x),
−1
3
(1)
(2)
3
which is of the order O(x (kL k + kL k)) = O(x τ0 ), see Eq. (3.30),
which determines the bound where Eq. (3.39) is valid.
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Leff (x) = [L(x)]P(x) . Therefore, together with (3.39) it implies
that long-time effective dynamics in the MM is trace-preserving
and approximately completely-positive. This is a consequence
of the effective motion preserving the structure of Eq. (3.37).
Note that decoupling of (slower) classical dynamics from (faster)
quantum evolution in the MM requires further separation in
low-lying eigenvalues of L(x). This is illustrated in Fig. 3.2 (c)
for Example II.
Stationary state. We note that a stationary state of the dynamics perturbed away from the degeneracy has been studied
in [199]. In the case when the degeneracy of the stationary state
is lifted in the second order of the perturbation theory, we have
that (cf. Eq. (3.29))


e (2) ρss − S
e (3) ρss + O(x2 ),
e1 L
e1,1 L
ρss (x) = ρss + x − S L(1) ρss − S
1
Tr ρss (x) = 1 + O(x2 ),
where ρss is the unique stationary state of the generator in
(1)
Eq. (3.31), so that the corresponding eigenvalues λ1 = 0 and
(2)
λ1,1 = 0. The linear corrections in ρss (x) depend on the way
the degeneracy in 0-eigenvalue of L0 is lifted, and the three
terms represent following contributions. The first term is due
to the first-order perturbation of low-lying modes given by P(1)
in (3.27). The second one is a result of the first-order perturbae (1) by x[L
e (2) ]P , cf. L(x)
e
tion of 0-eigenspace of L
above, where
0
(1)
(1)
e
e
S1 denotes the reduced resolvent of L at λ1 = 0 inside P0 .
Finally, the third term is a linear correction to the 0-eigenmatrix
e (2) ]P perturbed by the third-order correction in [L(x)]P (x)
of [L
1
1
(see Eq. (C.16)), where P1 is the projection on the 0-eigenspace
e (1) and S
e (2) ]P at λ(2) = 0 ree1,1 denotes the resolvent of [L
of L
1
1,1
stricted to P1 . Therefore, considering analogously the first and
e
third correction for the stationary state of L(x),
one obtains
ρss (x) up to O(x2 ). The normalisation of ρss (x) follows directly
from orthonormality of right and left eigenmatrices of the generator in Eq. (3.31), and L1,1 = 1H .

(3.40)
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Timescale τ(x). Let us recall that negative real parts of the
low-lying spectrum are recovered in the second order of perturbation theory, cf. Eq. (3.26), and are given by the generator
Pm 00 e (2)
l=1 [L ]Pl , see Eqs. (3.31,3.34,3.39). Therefore, when the degeneracy of the stationary state is lifted in the second order, the
timescale τ(x) can be approximated by
e ,
τ(x) = x−2 S

(3.41)

P 00 e (2)
e = Pm 00 S
e
where S̃ is the resolvent for m
[
L
]
at
0,
i.e.,
S
P
l=1
l=1 l,0
l
e (2) ]P at 0.
with Sl,0 being the resolvent for [L
l
Metastability and oscillations in system measurements. For systems in class A, in the metastable regime, τ 00 (x)  t  τ 0 (x),
metastable states appear stationary or perhaps rotate within the
MM which is then solely a consequence of coherent motion in
a DFS/NSS where the matrices ωl of Eq. (3.37) evolve unitarily in time, see also [57, 58]. In the latter case oscillations of
correlations in a system observable, C(t) in (3.10), can occur
during the metastable regime. Furthermore, in the case of no
oscillations in the metastable regime, those can be induced by
additionally perturbing the MM with a scale y, cf. (3.25), such
that 1  y  x2 so that the almost degenerate perturbation theory applies to the perturbed low-lying modes, see Fig. 3.2 (d).
Hence, (approximately) unitary gates can be applied to the
quantum degrees of freedom in the MM, thus making it useful for quantum computation, analogously to degenerate SSMs
in proposals of [57, 58]. For times after the metastable regime,
when t & τ 0 (x), evolution follows approximately CPTP dynamics towards ρss (x) and the correlations decay as a sum of exponential contributions, see Fig. 3.2 (d).

3.4.2

Metastability in class B systems

So far we have discussed metastability in systems of a finite
size that can feature degenerate stationary manifold for some
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parameter values in the master equation, L = L0 . Now we
will focus on scalable systems of size N in which the gap may
close only in the thermodynamic limit N → ∞, i.e., due to the
structures of interactions in the system and the dissipation, the
system evolution is irreducible and features a unique stationary
state for any finite N. In this chapter we refer to those dynamics
as class B.
The choice to limit ourselves to class B systems is motivated
by a question important for classical and quantum Statistical
Physics, mainly, what is the structure of metastable states emerging due to collective effects. In classical systems, collective metastable behaviour typically occurs in two distinct situations. The
first one is in the dynamics near a usually first-order static
phase transition, where metastable dynamics is intimately related to the existence of static phases in the thermodynamic
limit, although the transition is avoided either through finite
size or due to other kind of fluctuations [197]. The second one
is in glass forming systems [54] where metastable behaviour
is not obviously related to any static features (see e.g. [55] for
various viewpoints). The results by B. Gaveau and L. S. Schulman [47, 48, 51, 201] show that for classical systems whose dynamics can be described by a stochastic master equation, the
structure of metastable states is analogous to that of a firstorder phase transition, i.e., metastable states are probabilistic
mixtures of approximately disjoint metastable phases, see Sec. 3.1.2.
Conjecture for class B systems. For the case of m = 2 lowlying modes, also in open quantum systems with dynamics
governed by a master equation (3.2), both the metastable manifold and the long-time dynamics are necessary classical, see
results in Sec. 3.3 and [36, 172]. On the other hand, from perturbative calculations for finite open quantum systems of class
A in Sec. 3.4.1, we know that the manifold of metastable states
must in general include disjoint states, noiseless subsystems
and decoherence-free subspaces, cf. Eq. (3.37). Therefore, for
class B we conjecture that the coefficients representing the MM
approach degrees of freedom of a classical-quantum space as in
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Eq. (3.37), as the separation in the spectrum becomes more and
more pronounced when N → ∞. Note that when the dimensionality of the MM does not change with N, the convergence
is well defined. In particular, when a first-order transition occurs in the thermodynamic limit, we expect its structure to be
resembled by the metastable manifold of a finite-size system,
for dynamics close in parameters to those at which the transition is present. We note, however, that the general structure of
first-order phase transition in open quantum systems described
by (3.2) is not known [207–209]. Our general conjecture is based
on the necessary condition that the low-lying spectrum of L features only trivial Jordan blocks or they do not significantly contribute in the metastable regime, so that Eq. (3.7) holds true
with appropriately redefined corrections5 .
Note that a conjecture of the ρMS structure being approximately that of stationary states, cf. Eq. (3.37) with disjoint subspaces Hl ⊗ Kl and protected subsystems Kl , is a stronger claim.
Proof of both conjectures for class B appear challenging at this
moment, as we explain below.
Note that the convex analysis tools used in the classical proof
of [48, 51] (see also Sec. 3.1.2) cannot be used for the quantum
case as they rely on the finite number d of system configurations. Note, however, that by using any tools of convex analysis for the MM represented by the set of coefficients (c2 , . . . , cm ),
and exploiting (approximate) positivity of the metastable states,
one could at most prove the structure of fixed points of positive
(cf. completely positive) maps, which is richer than Eq. (3.3), see
e.g. [210]. For example, for the degeneracy m = 3 of the manifold of fixed points there can exist non-commuting metastable
states represented by 2 × 2 real Hermitian matrices [210], in
contrast to m > 4 required for a smallest DFS/NSS of a qubit, cf.
Fig. 3.2 (a-b). In order to exploit complete positivity one would
need to work with the dynamics extended to etL ⊗ IB(H) , which
has m × d2 low-lying eigenvalues and thus the simplicity of the
geometric representation of the MM is lost.
5 Non-trivial Jordan blocks would lead to an unbounded norm of ρ(t) when
gap → 0 in the thermodynamic limit [158].
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For the latter conjecture determining also the structure of the
el in (3.37), the difficulty lies in
extreme metastable states, cf. ρ
the fact that the existing proofs of the SSM structure [158, 199]
rely on the property that left eigenmatrices corresponding to
strictly zero eigenvalue of a CPTP generator L0 (or the eigenvalue 1 of a CPTP quantum channel) form a von-Neumann algebra and thus stationary states are of the form given in Eq. (3.3).
We cannot rely on the algebra structure of metastable states as
for states e.g. with approximately the block structure, this structure will not be preserved with the same approximation for
products of them.This corresponds to the corrections to complete positivity of the dynamics (of the same order as the corrections to the stationarity, cf. Eq. (3.7) being progressively accumulated with each multiplication of the eigenmatrices (cf. the
proof of the SSM structure in [158]). It is likely one could use a
proof such as in [211] deriving Eq. (3.7) by exploiting properties
of a projection P0 on the SSM, without its multiple applications,
so that corrections do not accumulate. Finally, note that such
a proof would not exploit the existence of the thermodynamic
limit and the quantum-classical structure of Eq. (3.37) would be
valid for any open quantum system with the separation in the
master operator spectrum being pronounced enough.
Quantum degrees of freedom in the thermodynamic limit and selfcorrecting topological memories. One can ask whether the quantum structures could occur only due to collective effects in a
quantum open systems without underlying symmetry protecting part of the Hilbert space from noise also at a finite size [205].
Is the manifold always classical [36, 172]? To argue the converse,
let us recall topological quantum memories, such as Kitaev’s
code [212], in which a ground state of the system Hamiltonian
is degenerate due to topological properties of the system, (for
Kitaev’s code on a torus, it corresponds to two qubits). In the
presence of dissipation, however, the system of a finite size
features only single stationary state, but error-correction techniques can be employed to eliminate local errors occurring with
frequency under certain threshold (< 11% for Kitaev’s code) so
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that the quantum state stored in the ground space of the Hamiltonian is protected. In it is possible to achieve a self-correcting
code in 4 dimensions, where the errors are suppressed exponentially in the system size by the Hamiltonian itself, thus providing an example of quantum degrees of freedom featuring in
a first-order phase transition appearing only in the thermodynamic limit.
Glassy quantum memories. Metastable behaviour is most prominent in glasses where relaxation times diverge as temperature
going to zero, which is widely exploited in glass products made
of fastly cooled liquid. There is no obvious transition, however,
in the equilibrium state of those systems [54]. For various models both the dimensionality of the metastable manifold (e.g.
longest-lived states in the hierarchy ∼ N) and the relaxation
time (∼ log(N)) grows with the system size N [213]. Therefore,
it is promising to investigate quantum analogues of glassy models, such as East model or FA model, where not only classical
degrees of freedom [35, 193], but also quantum coherences can
be long-lived [214]. Finding even richer than classical collective
dynamics and possibly glassy DFSs/NSSs would pave a way for
a new class of quantum memories.

3.5

summary and outlook

In this chapter we established basics of the metastability theory for Markovian open quantum systems [196] by generalising
methods for classical stochastic dynamics [48, 51]. We showed
how to construct a low-dimensional description of the metastable manifold by exploiting the separation in the spectrum
of the Markovian generator. We further argued how the experimentally observable two-step decay of time correlation functions of system observables corresponds to effective long-time
dynamics within the MM. For the case of two low-lying eigenvalues we derived the classical structure of the MM consisting of
two approximately disjoint metastable phases, where the effective long-time dynamics corresponds to intermittent dynamics
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of quantum trajectories. For general case, based on perturbative
calculations for systems with degenerate stationary state, we argued that the MM includes disjoint states, noiseless subsystems,
and decoherence-free subspaces and formulated a general conjecture.
Let us briefly propose how using the low–dimensional representation of metastable states for a given system dynamics, in
Eq. (3.8), the structure of MM can be unfolded for a given model.
Those methods will be extended in future work.
Classical MMs. The classical structure of the MM corresponds
to the set of coefficients being approximately a simplex. Therefore, for given dynamics, one could construct a simplex inside
the MM that gives the maximum volume and check whether
the MM is well approximated as probabilistic mixtures of its
vortices. Such a simplex could be constructed from a subset of
the coefficients corresponding to the initial states chosen as extreme eigenvectors of the low-lying left eigenmatrices, L2 ,...,Lm .
Furthermore, as the effective dynamics maps the MM into itself,
for a classical MM, the effective generator Leff will correspond
to classical stochastic transitions between m metastable phases
represented by the simplex vertices, which can be understood
as coarse-graning in time of continuous measurement records,
exactly as in the case of m = 2 in Sec. 3.3.
Coherences in the MM. As discussed in Sec. 3.4.1, perturbing a
stationary state manifold that features a DFS or a NSS, may result in coherent oscillations with frequency of the lower order in
the perturbation, than the destructive decay of coherences. This
corresponds to rotations within the MM during the metastable
regime. Therefore, by considering time-averaging of metastable
states over the metastable regime, such oscillating coherences
can be approximately discarded, which in general reduces the
MM solely to classical degrees of freedom that could be further
analysed by the former method. For a general case of Markovian dynamics displaying metastability which is not classical,
one could consider introducing a random Hamiltonian perturbation in order to mix the low-lying eigenmodes and possibly
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induce coherent oscillations.
Metastability in non-Markovian dynamics. We have considered
the Lindblad generator with a separation in the spectrum which
leads to a metastable regime in the system dynamics. It should
be possible to extend our approach to the case of non-Markovian
dynamics. In particular, one can formulate non-Markovian evolution in terms of a the time-dependent master equation L(t), cf.
Eq. (3.2), where the system Hamiltonian and the rates of jumps
in the master equation are time-dependent (and not necessarily
positive at all times).
In the non-Markovian case, despite the non-positive rates, the
system evolution T t from an initial state to the state at any time
t is completely positive (in the Markovian case T t = etL ). For
a given time t one can consider the spectrum of T t in order to
identify how many modes contribute to the system state for any
initial state, in particular, whether the system state can be described by the reduced number of degrees of freedom m < d2 ,
in analogy with how we define the metastable manifold. We expect that with appropriate conditions on the time-dependence
of the master equation, L(t), a metastable regime could thus
be determined. There is an important difference to the Markovian case, as non-Markovian evolution after such a metastable
regime could take place outside the metastable manifold, for
example when some of the lost coherences are recovered (due
to information backflow from the environment).
Interestingly, in [215], metastability for one specific model
has been derived from the full Hamiltonian dynamics of the
system and an environment.
Metastability in closed systems. A significant challenge is to extend the ideas presented here to study metastability in closed
quantum systems. By this we understand conditions under which
dynamics of a subsystem in a closed quantum system is metastable. Possible directions here include considering: quantum
analogues of classical chaotic systems whose dynamics can be
described effectively by a master operator, and quantum sys-
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tems with almost degenerate gaps, e.g. due to a perturbation.
Results on metastability in closed systems would be relevant to
the fundamental problems of thermalisation [185] and manybody localisation [188].
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Part III
APPENDIX

A
APPENDIX TO CHAPTER 1

In this appendix we provide a proof for the iterative alternating
algorithm introduced in Sec. 1.2, and derivation of the bounds
for quantum parameter estimation in the presence of correlated
Gaussian dephasing, see Sec. 1.3.

a.1

proof of the convergence of iterative alternating algorithm
(max)

We assume Fφ

(n)

to be finite, so the increasing sequence fφ :=

(n)

Fφ (ρφ ) is bounded from above and therefore converges to a
limit f∗φ .
Proof. First, we prove that if the algorithm gets stuck, i.e.,
Fφ (ρ, Dρφ ) = Fφ (ρ 0 , Dρφ ), where ρ 0 = |ψihψ| is chosen as the
pure state corresponding to the maximum eigenvalue of Gφ (Dρφ ),
it follows that ρ is the optimal initial preparation achieving
(max)
the maximum quantum Fisher information, Fφ (ρφ ) = Fφ
.
Note that we have F(ρ, Dρφ ) = F(ρ 0 , Dρφ ) imposes ρ = ρ 0 ,

when the maximal eigenvalue eigenspace of Λ† G(Dρφ ) is nondegenerate. For now we assume that the choice of ρ is unique
at all the steps of the algorithm (see discussion after the proof).
Using this fact we prove now that ρ corresponds to the maxi-
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(max)

mum, i.e., Fφ (ρφ ) = Fφ
Eq. (1.23) it follows that
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. From the definition of Fφ (ρ, X) in


Fφ ρ + δρ, Dρφ + δX =


2 

†
†
= −Tr (ρ + δρ) Λφ Dρφ + δX
+ 2 Tr (ρ + δρ) (∂φ Λφ ) Dρφ + δX
 



= −Tr (ρ + δρ) Λ†φ Dρφ + 2 Tr (ρ + δρ) (∂φ Λφ )† Dρφ +






− Tr (ρ + δρ) Λ†φ (δX)2 +
− Tr (ρ + δρ) Λ†φ Dρφ , δX




†
†
+2 Tr ρ (∂φ Λφ ) (δX) + 2 Tr δρ (∂φ Λφ ) (δX)



  
= Fφ ρ + δρ, Dρφ + O δX2 , δXδρ k∂φ Λφ k + kΛ†φ Dρφ k ,


  
†
2
< Fφ (ρ, Dρφ ) + O δX , δXδρ k∂φ Λφ k + kΛφ Dρφ k , ,
where the inequality follows from ρ being the optimal initial
state for X = Dρφ . Since Fφ (ρ, X) is concave w.r.t. to the convex set (ρ, X), the above inequality implies that Fφ (ρ, Dρφ ) is
(max)

the global maximum Fφ
. Note that for this argument it is
enough that that there exists an open convex neighbourhood
around (ρ, Dρφ ), note necessary that the considered set of initial states and the observables are convex.
Secondly, consider the case when the algorithm gets stuck,
(n)
(n)
i.e., fφ = Fφ (ρ(n) , Dρ(n) ) = Fφ (ρ(n+1) , Dρ(n) ). We have fφ =
φ

φ

(n+1)
Fφ (ρ(n+1) , Dρ(n+1) ) = fφ
and we have arrived
φ
mum FQ , thus ending the proof for this case.
(n)

at the maxi(n+1)

Consider the opposite case in which fφ < fφ
for all
(n)
(n+1)
n = 1, 2, ... (which requires Fφ (ρ , Dρ(n) ) 6= Fφ (ρ
, Dρ(n) )).
φ

φ

We assume that the dimension of the system Hilbert H space is
finite from now on. As ρ(n) belong to the set of density matrices,
which is compact for a system of a finite dimension, one can
∗
choose a convergent subsequence {ρ(nm ) }∞
m=1 ; let ρ denote the
limit of this subsequence. We further assume that Dρφ is continuous w.r.t. ρ, then, together with the continuity of Fφ (ρ, X) w.r.t.
(ρ, X), it implies F(ρ∗ , Dρ∗φ ) = limm→∞ F(ρ(nm ) , Dρ(nm ) )φ ) = f∗φ .
The eigenvector ρ 0∗ corresponding to the maximum eigenvalue
of Gφ (Dρ∗φ ) is the limit of the shifted subsequence {ρ(nm +1) }m∈N
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and thus ρ 0∗ = ρ∗ . Therefore, if Gφ (Dρ∗φ ) has a unique state corresponding to the maximal eigenvalue, we obtain f∗φ = Fφ (ρ∗ , Dρ∗φ ) =
(max)

Fφ
according to the first part of the proof.
Therefore, we have proved the convergence to the maximum,
(max)
i.e., f∗φ = Fφ
, as long as, at each step the choice of ρ(n) is
unique (see the discussion below).
The above proof is based on the Chapter 10.3 in [216], where
a proof of convergence is presented for an alternating algorithm
in the case of supu1 ∈A1 supu2 ∈A2 f(u1 , u2 ), where f is a strictly
concave real-valued function and Ak is a compact and convex
subset of Rnk , k = 1, 2. In our case the function Fφ (ρ, X) is linear w.r.t. ρ and strictly concave w.r.t. X.
Unique choices in the algorithm. As stated above, the unique
choice of ρ(n) at each step is crucial, as we show below it is related to unique choice of Dρ(n−1) in the preceding step. For simφ

plicity we consider here the case of phase encoding commuting
with noise, so that Λφ (ρ) = e−iφH Λ(ρ)eiφH = Λ(e−iφH ρeiφH ),
or unitary dynamics.
Dρφ is uniquely defined only when Λ(ρ) has a maximum posP 0
sible rank, which we argue as follows. Let ρφ = dj=1 λj |λj (φ)ihλj (φ)|,
0
where d 0 is the rank of ρφ and {|λj (φ)i}dj=1 are its orthonormal
vectors corresponding to non-zero eigenvalues. The definition
of the SLD implies the following form of Dρφ ,

Dρφ


d0 
X
λj − λk
hλj (φ)|iH|λk (φ)i − 2 PV ⊥ iHPV + 2 PV iHPV ⊥ + DA
=
2
ρφ ,
λj + λk
j,k=1

(A.1)
0

where V ⊥ is the orthogonal complement of V = span({|λj (φ)i}dj=1 ),
PV , PV ⊥ are the orthogonal projections on V and V ⊥ respectively
⊥
⊥
and DA
ρφ : V → V represents the part of Dρφ which can be defined arbitrarily. It follows Dρφ is only uniquely defined when
V = H.

A.1 iterative algorithm convergence

If Dρφ is not uniquely defined, we set DA
ρφ = 0 in the algorithm. In the case of a unitary channel Λ, the state Λ(|ψihψ|)
has rank equal to 1. Nevertheless, we observed numerically
that as long as the initial state |ψ0 i in the first step in the algorithm, leads to Λ(|ψ0 ihψ0 |) having non-zero expansion coefficients in the eigenbasis of H, the algorithm converges to the

maximum value F(max) = 4 sup|ψi hψ|H2 |ψi − hψ|H|ψi2 . This
condition is related to the fact that when ρ(n) is block-diagonal
in the eigenbasis of H, it is preserved by Λ. Thus Dρ(n) is also
φ

block-diagonal according to Eq. (A.1) and, moreover, this is preserved at all the following steps of the algorithm. Assuming the
non-degeneracy of the maximal eigenvalue of Gφ (Dρ(n) ), ρ(n+1)
φ

is only supported on one of the blocks. Therefore, Dρ(n+1) is
φ

not uniquely defined and, from this point on, the algorithm
is effectively restricted to the subspace of H corresponding to
this block. Therefore, in such a case the algorithm will fail to
provide the maximum quantum Fisher information F(max) , unless that maximum corresponds to the state which is supported
only on this block.
Therefore, we make the following
Proposition. If at each step of the algorithm ρ(n) is irreducible
w.r.t. the direct sums of the eigenspaces of H, the algorithm will
converge to the maximum value F(max) .
By saying that ρ is irreducible w.r.t. the direct sums of the
eigenspaces of H, we understand the following: if for a subspace V ⊂ H we have both ρV ⊂ V and HV ⊂ V, then either
V = {0} or V = H.
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a.2

a.2.1

derivations for the bound on phase estimation
precision in the presence of correlated gaussian dephasing
Reduction from multi-parameter to single-parameter Bayesian
estimation

We are interested in Bayesian estimation a random phase ϕΣ =
PN
e j , where the random phases {ϕ
e 1 , ..., ϕ
e N } have a multij=1 γj ϕ
dimensional Gaussian distribution with a covariance matrix Σ
and the same means equal φ, i.e.,
e 1 , .., ϕ
e N) =
gφ ( ϕ

√
1 PN
−1
2π det Σ e− 2 j,k=1 (ϕe j −φ)(Σ )jk (ϕe k −φ) ,

whereas the coefficients in the phase ϕΣ are given as γj =
PN
−1 )
jk
k=1 (Σ
PN
,
−1 )
(Σ
jk
j,k=1

j = 1, ..., N. It follows that the distribution of ϕΣ is
P
−1
N
2
−1
Gaussian with the variance equal ∆Σ =
and
j,k=1 (Σ )jk
the mean equal φ; we denote this one-dimensional distribution
by gφ0 (ϕΣ ).
We cannot observe a ϕΣ value directly, but only via a result
x of a POVM measurement {Πx }x . In a single realisation of an experiment the probability of obtaining a result x ∈ X depends on
PN
PN
all the random phases, pϕe 1 ,...,ϕe N (x) = Tr(Πx e−i j=1 ϕe j Hj ρ ei j=1 ϕe j Hj ).
The probability of obtaining a result x conditioned on the value
R
e 1 , ...., ϕ
e N ) pϕe 1 ,...,ϕe N /gφ0 (ϕΣ ) =: pϕ0 Σ (x), where
of ϕΣ is Mϕ gφ (ϕ
Σ
PN
e 1 , ..., ϕ
e N } ∈ RN :
e j = ϕΣ }. Therefore,
the set MϕΣ = {{ϕ
j=1 γj ϕ
the optimal Bayesian estimator of ϕΣ is, see Sec. 1.1.2.4,
R
ϕ̂Σ (x) :=

0
0
R dϕΣ gφ (ϕΣ ) pϕΣ (x) ϕΣ
R
0
0
R dϕΣ gφ (ϕΣ ) pϕΣ (x)

R

e j (x) :=
where ϕ

R
RN

=

N
X

e j (x),
γj ϕ

j=1

e 1 ...dϕ
e N gφ ( ϕ
e 1 ,....,ϕ
e N ) pϕ
ej
dϕ
e 1 ,....,ϕ
e N (x) ϕ
e 1 ...dϕ
e N gφ ( ϕ
e 1 ,....,ϕ
e N ) pϕ
dϕ
e ,....,ϕ
e (x)

RN

(A.2)

1

is the best

N

e j with respect to the
Bayesian estimator of a random phase ϕ
e 1 , .., ϕ
e N ).
multi-dimensional distribution gφ (ϕ
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Bayesian estimator as optimal local estimator

P
e j (x), which is
Let us prove that the choice of φ̂(x) = N
j=1 γj ϕ
the best Bayesian estimator for ϕΣ is optimal for local estimation up to a linear transformation guaranteeing local unbiasedness.
Signal. If in Bayesian estimation of ϕΣ we assume the mean
e 1 ,..., ϕ
e N , see Eq. (1.16), it folφ = φ0 in the distribution of ϕ
lows Eφ0 φ̂ = φ0 . Furthermore, as a consequence of Gaussian
distribution of random phases we have
∂φ |φ=φ0 Eφ φ̂ =

X


Tr Πx ∂φ |φ=φ0 Λφ (ρ) φ̂(x),

Zx
∂φ |φ=φ0 Λφ (ρ) =

e 1 ...dϕ
e N ∂φ |φ=φ0 gφ (ϕ
e 1 , ..., ϕ
e N ) ρϕe 1 ,...,ϕe N
dϕ
Z
2 −1
e 1 ...dϕ
e N gφ 0 ( ϕ
e 1 , ..., ϕ
e N)
= (∆Σ )
dϕ
RN


N
X
e j − φ0  .
γj ϕ
× ρϕe 1 ,...,ϕe N 
RN

j=1

Moreover, from the definition of φ̂ as the Bayesian estimator of
P
e j we obtain
the phase ϕΣ = N
j=1 γj ϕ
Z
RN



N
X
e j − φ0 
e 1 ...dϕ
e N gφ 0 ( ϕ
e 1 , ..., ϕ
e N ) × Tr(Πx ρϕe 1 ,...,ϕe N ) 
γj ϕ
dϕ
j=1

= (φ̂(x) − φ0 ) Tr(Πx Λφ0 (ρ)),
which leads to
Tr(∂φ Λφ (ρ) Πx )|φ=φ0 = Tr(Πx Λφ0 (ρ)) (∆2Σ )−1 (φ̂(x) − φ0 ).
Thus, as

P

x Tr

∂φ |φ=φ0 Eφ φ̂ =

(A.3)


Πx ∂φ |φ=φ0 Λφ (ρ) = ∂φ |φ=φ0 1 = 0, we arrive at
X


Tr Πx ∂φ |φ=φ0 Λφ (ρ) (φ̂(x) − φ0 )

x

= (∆2Σ )−1

X
x

(A.4)


Tr Πx Λφ0 (ρ) (φ̂(x) − φ0 )2 = (∆2Σ )−1 ∆2φ0 φ̂.
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Noise. From Eq. (A.3) it also follows that
Tr(∂φ |φ=φ0 Λφ (ρ) Πx )
φ̂(x) − φ0 = ∆2Σ
= ∂φ |φ=φ0 log(Tr(Πx Λφ (ρ))),
Tr(Πx Λφ0 (ρ))
X
∆2φ0 φ̂ =
Tr(Πx Λφ0 (ρ)) (φ̂(x) − φ0 )2 = (∆2Σ )2 Fφ0 ,
(A.5)
x

where in the last line we used a definition of the Fisher information Fφ0 , see Eq. (1.6).
Signal-to-Noise Ratio. From Eqs. (A.4) and (A.5) it simply follows that the SNR of φ̂ is equal to the Fisher information Fφ0
and thus φ̂ is optimal estimator up to a linear transformation
guaranteeing local unbiasedness around φ = φ0 .

a.2.3

Phase encoding

Below we prove that the phase ϕΣ is encoded in the system
state with the the very Hamiltonian encoding the phase φ being
estimated locally.
In a single realisation of estimation experiment, we perform a
P
P
e j Hj
e j Hj
−i j=1 ϕ
i j=1 ϕ
=e
ρ
e
,
POVM measurement {Πx }x on a system state ρϕ
e 1 ,...,ϕ
eN
and the probability of obtaining a result x equals pϕe 1 ,...,ϕe N (x) =
Tr(ρϕ1 ,...,ϕN Πx ). The probability of obtaining a result x condition
R
e 1 , ...., ϕ
e N ) pϕe 1 ,...,ϕe N ,
on a value of the phase ϕΣ is pϕ0 Σ (x) = Mϕ gφ (ϕ
Σ
P
N
e 1 , ..., ϕ
e N } ∈ RN :
e j = ϕΣ }, and
where the set MϕΣ = {{ϕ
j=1 γj ϕ
thus corresponds to a mixed quantum state
Z
ρϕ0 Σ

=

(gφ0 (ϕΣ ))−1

MϕΣ

e 1 , ...., ϕ
e N ) ρϕe 1 ,...,ϕe N .
gφ ( ϕ



P
Below we show that ∂ϕΣ ρϕ0 Σ = −i H, ρϕ0 Σ , where H = N
j=1 Hj
is the Hamiltonian encoding the phase φ estimated locally.
We know that the Fisher information of measuring {Πx }x on
ρϕ0 Σ is not smaller than the QFI related to unitary encoding with
Hamiltonian on the state ρ00 = eiϕΣ H ρϕ0 Σ eiϕΣ H , which does not
depend on the value of ϕΣ and we can choose ϕΣ = φ. Fur-
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thermore, as the quantum Fisher information is convex w.r.t.
density matrices, we have
Z
Fφ (ρφ0 )

6

(gφ0 (φ))−1

M0

g0 (ϕ1 , ...., ϕN ) Fφ (ρϕ1 +φ,...,ϕN +φ )

= Fφ (Uφ ρU†φ ),
as we have Fφ (ρϕ1 +φ,...,ϕN +φ ) = Fφ (Uφ ρU†φ ).
Proof. As

PN

= 1, we obtain

j=1 γj


ρϕ0

=

(gφ0 (ϕΣ ))−1 



N
X

γj 

j=1

=

N
X

gφ0 (ϕΣ )−1

j=1

Z
MϕΣ

e 1 , ..., ϕ
e N ) ρϕe 1 ,...,ϕe N
gφ ( ϕ

Z
γj

RN−1

e 1 ...dϕ
e j−1 dϕ
e j+1 ...dϕ
eN
dϕ


−1
e 1 , ..., ϕ
e j−1 , γ−1
× g φ ϕ
j ϕΣ − γj

N
X

=

N
X
j=1

Z

γj

e k, ϕ
e j+1 , ..., ϕ
e N
γk ϕ

k=1,k6=j

−1 PN
e k ,ϕ
e j+1 ,...,ϕ
eN
e j−1 ,γ−1
1 ,...,ϕ
k=1,k6=j γk ϕ
j ϕΣ −γj

× ρϕe
gφ0 (ϕΣ )



RN−1

,

and

e 1 ...dϕ
e j−1 dϕ
e j+1 ...dϕ
eN
dϕ


−1
e 1 , ..., ϕ
e j−1 , γ−1
× g φ ϕ
j ϕΣ − γj

N
X
k=1,k6=j


e k, ϕ
e j+1 , ..., ϕ
e N .
γk ϕ
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Therefore,
∂ϕΣ gφ0 (ϕΣ )

=

N
X

Z
γj

j=1

RN−1

e 1 ...dϕ
e j−1 dϕ
e j+1 ...dϕ
eN
dϕ


−1
e 1 , ..., ϕ
e j−1 , γ−1
× g φ ϕ
j ϕΣ − γj



× (−γ−1
j )
= −

N
X

j=1 MϕΣ

= −
MϕΣ

Z
= −

MϕΣ


e k, ϕ
e j+1 , ..., ϕ
e N
γk ϕ

k=1,k6=j


−1
e k − φ) + (Σ−1 )jj γ−1
(Σ−1 )jk (ϕ
j ϕΣ − γj

N
X
k=1,k6=j

k=1,k6=j

N Z
X

Z

N
X

N
X
e 1 , ..., ϕ
e N)
e k − φ) (Σ−1 )jk
gφ ( ϕ
(ϕ
k=1

N
X
e 1 , ..., ϕ
e N)
e k − φ) γk (∆2Σ )−1
gφ ( ϕ
(ϕ
k=1

e 1 , ..., ϕ
e N ) (ϕΣ − φ) (∆2Σ )−1
gφ ( ϕ

= −(∆2Σ )−1 (ϕΣ − φ) gφ0 (ϕΣ ).


e k − φ
γk ϕ
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Hence,
∂ϕΣ ρϕ0 Σ

=

(gφ0 (ϕΣ ))−1

N
X

Z
γj

j=1

RN−1

e 1 ...dϕ
e j−1 dϕ
e j+1 ...dϕ
eN
dϕ


−1
e 1 , ..., ϕ
e j−1 , γ−1
× g φ ϕ
j ϕΣ − γj


×

N
X


e k, ϕ
e j+1 , ..., ϕ
e N
γk ϕ

k=1,k6=j

−iγ−1
−1 PN
j Hj , ρϕ
e 1 ,...,ϕ
e j−1 ,γ−1
e k ,ϕ
e j+1 ,...,ϕ
eN
k=1,k6=j γk ϕ
j ϕΣ −γj

+(gφ0 (ϕΣ ))−1

N
X

Z
γj

j=1

RN−1

e 1 ...dϕ
e j−1 dϕ
e j+1 ...dϕ
eN
dϕ


−1
e 1 , ..., ϕ
e j−1 , γ−1
× g φ ϕ
j ϕΣ − γj



×(−γ−1
j )



N
X

N
X


e k, ϕ
e j+1 , ..., ϕ
e N
γk ϕ

k=1,k6=j


−1
e k − φ) + (Σ−1 )jj γ−1
(Σ−1 )jk (ϕ
j ϕΣ − γj

k=1,k6=j

× ρϕe ,...,ϕe ,γ−1 ϕ −γ−1 PN
e k ,ϕ
e j+1 ,...,ϕ
eN
1
j−1 j
Σ
k=1,k6=j γk ϕ
j
−ρϕ0 Σ (gφ0 (ϕΣ ))−1 ∂ϕΣ gφ0 (ϕΣ )


= −i H, ρϕ0 Σ − ρϕ0 Σ (∆2Σ )−1 (ϕΣ − φ) + ρϕ0 Σ (∆2Σ )−1 (ϕ − φ)


= −i H, ρϕ0 Σ .

N
X
k=1,k6=j



e k − φ 
γk ϕ
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APPENDIX TO CHAPTER 2

b.1

fidelity and qfi

In this Appendix we prove Eqs. (2.12) and (2.24). We have:
∂g1 ∂g2 loghψg1 |ψg2 i|g1 =g2 =g =

hψg0 |ψg0 i hψg0 |ψg ihψg |ψg0 i
−
hψg |ψg i
hψg |ψg i2

= hψg0 |ψg0 i − hψg |ψg0 i

2

where |ψg0 i := ∂g1 |ψg1 i|g1 =g and we have used the normalisation of the state, hψg |ψg i = 1.
On the other hand, for a family of pure states ρg = |ψg ihψg |
the symmetric logarithmic derivative is Dg = 2(|ψg ihψg0 | + |ψg0 ihψg |).
Therefore
F(|ψg i) = Tr(ρg D2g )

= 4(hψg0 |ψg0 i + hψg0 |ψg ihψg |ψg0 i
+hψg0 |ψg i2 + hψg |ψg0 i2 )

= 4(hψg0 |ψg0 i − |hψg0 |ψg i|2 )

= 4 ∂g1 ∂g2 log |hψg1 |ψg2 i|g1 =g2 =g ,

where we used hψg0 |ψg i = −hψg |ψg0 i resulting from differentiating hψg |ψg i = 1.
b.2

time dependence of qfi

In this section we first discuss the general dependence of the
QFI of the MPS |Ψ(t)i on time t. This will enable us to prove
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the asymptotic linear behaviour of the QFI for dynamics with a
unique stationary state, see Eq. (2.26). Using the general time
dependence of the QFI, we then prove the existence of a quadratic
scaling regime of the QFI for dynamics near a first-order DPT, cf.
Eq. (2.28).

b.2.1

General time dependence of QFI

In order to express the QFI of the MPS |Ψ(t)i, we use Eqs. (2.12)
and (2.24),
F(|Ψg (t)i) = 4 ∂g1 ∂g2 log Tr {etLg1 ,g2 |χihχ|}g1 =g2 =g ,
and obtain
Zt
F(|Ψg (t)i) = − 4 Tr
Z t
+ 4 Tr
0

0

2
0

0

dt ∂g1 Lg1 ,g ρg (t )
0

0

dt ∂g1 ∂g2 Lg1 ,g2 ρg (t )
Zt

+ 8 Re Tr
0

dt 0

Z t−t 0
0

(B.1)

+
g1 =g


+
g1 =g2 =g

dt 00 ∂g1 Lg1 ,g e

t 00 Lg

!
∂g2 Lg,g2 ρg (t 0 )

,
g1 =g2 =g

where ρg (t) := etLg |χihχ|, |χi is an initial pure state of the system, Lg is the Master operator, see Eq. (2.12), and Lg1 ,g2 is the
modified Master operator, see Eq. (2.25). Eq. (B.1) above results
from the following calculations. Firstly (cf. Dyson-Philips expansion),


tLg1 ,g2
∂g1 ∂g2 log Tr e
|χihχ|


= − ∂g1 Tr etLg1 ,g |χihχ|

g1 =g2 =g
2

g1 =g

=



+ ∂g1 ∂g2 Tr etLg1 ,g2 |χihχ|

g1 =g2 =g

.
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Secondly,


∂g1 Tr etLg1 ,g |χihχ|
=
g1 =g
Z t

t 0 Lg1 ,g
0 (t−t 0 )Lg1 ,g
= Tr
dt e
∂g1 Lg1 ,g e
|χihχ|
0

Z t
= Tr
0

g1 =g

dt 0 ∂g1 Lg1 ,g ρg (t 0 )


,
g1 =g

where the third line results from the operator etLg being tracepreserving. Similarly, the second and third line in Eq. (B.1) correspond to ∂g1 ∂g2 Tr {etLg1 ,g2 |χihχ|}g1 =g2 =g .
Note that Lg is a linear operator on the space of matrices acting on the system Hilbert space H. For clarity of further presentation, we assume that Lg can be diagonalised with right and
2
2
left eigenmatrices {Rk }dk=1 , {Lk }dk=1 , ordered s.t. the corresponding eigenvalues 0 = λ1 > Re λ2 > Re λ3 > ... > Re λd2 and
normalised Tr (Lj Rk ) = δjk , j, k = 1, ..., d2 , where d = H and
we have explicitly assumed one stationary state R1 = ρss and
from trace-preservation it follows L1 = 1H . For convenience,
apart from the standard matrix notation, the eigenmatrices will
2
2
be also denoted as vectors {||Rk ii}dk=1 , {hhLk ||}dk=1 in the space of
matrices, with the scalar product hhL||Rii := Tr (L R). Note the
contrast to vectors (pure states) |χi in H. One can now simply
P 2
write Lg = 0 ||ρss iihh1H || + dk=2 λk ||Rk iihhLk ||. The discussion below will be similar for a general Jordan decomposition of Lg .
As Eq. (B.1) involves integrals of etLg , we need to consider
the 0-eigenspace of Lg , i.e. the stationary state ρss , separately
from the rest of eigenmatrices whose eigenvalues differ from 0.
We introduce the projection on the stationary state ρss , Pss =
P d2
||ρss iihh1H ||, and its complement I − Pss :=
k=2 ||Rk iihhLk || and
denote the restriction of an operator X to this complement by
[X]I−Pss := (I − Pss )X(I − Pss ).
We now express the finite time behaviour of QFI using derivatives of the modified Master operator and the diagonal decom-
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position of the original Master operator Lg . From Eq. (B.1) it
follows
F(|Ψg (t)i) =
−4 t Tr (∂g1 Lg1 ,g ρss ) + Tr

∂g1 Lg1 ,g

t Tr (∂g1 ∂g2 Lg1 ,g2 ρss ) + Tr

+4



etLg − I
Lg

∂g1 ∂g2 Lg1 ,g2

!



|χihχ|

I−Pss



2

g1 =g

etLg − I
Lg

!!


I−Pss

|χihχ|
g1 =g2 =g

2

+4 t |Tr (∂g1 Lg1 ,g ρss )|
2

"
+8 Re Tr (∂g1 Lg1 ,g ρss ) Tr
"
+8 Re Tr

−8 Re Tr

+8 Re Tr

∂g1 Lg1 ,g

∂g2 Lg,g2
− I − tLg
L2g

etLg

h
i
∂g1 Lg1 ,g L−1
g

I−Pss

∂g1 Lg1 ,g



etLg
Lg

Z t
0

etLg − I − tLg
L2g

!
|χihχ|

I−Pss

#
I−Pss



−t 0 Lg

g1 =g2 =g

etLg

−I

!



Lg
∂g2 Lg,g2 e

I−Pss
t 0 Lg

|χihχ|
g1 =g2 =g

!


I−Pss

P 2
where I = dk=1 ||Rk iihhLk || is an identity operator on the space
of matrices on H and one can show that
 tLg Z t

e
0 −t 0 Lg
t 0 Lg
dt e
∂g2 Lg,g2 e
=
Lg
0
I−Pss
2

= t

d
X
etλk
k=2

λk
2

+

d
X
j6=k,j,k>1

g1 =g2 =g

!
∂g2 Lg,g2 ρss

∂g2 Lg,g2
dt 0 e

#

hhLk ||∂g2 Lg,g2 ||Rk ii ||Rk iihhLk ||
etλj − etλk
hhLk ||∂g2 Lg,g2 ||Rj ii ||Rk iihhLj ||.
λk (λj − λk )

The first line and the second line in Eq. (B.2) correspond to
the first and the second line in Eq. (B.1), respectively. All other
terms in Eq. (B.2) correspond to the third line in Eq. (B.1). We
see that the quadratic contribution t2 |Tr (∂g1 Lg1 ,g ρss )|2 cancels
out and for one stationary state there is no explicit quadratic
behaviour. Eq. (B.2) will be further used for investigating the

|χihχ|

(B.2)
,
g1 =g2 =g
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asymptotic and the quadratic time regime of QFI in the next
subsections.
We note that as an alternative route, one can use the eigendecomposition of the modified Master operator Lg1 ,g2 defined in
Eq. (2.25),
2

e

tLg1 ,g2

d
X

=

etλk (g1 ,g2 ) ||Rk (g1 , g2 )iihhLk (g1 , g2 )||.

(B.3)

k=1

From Eqs. (2.12) and (2.24), we obtain for a single stationary
state
F(|Ψg (t)i) =


2

−4 t2 |∂g1 λ1 (g1 , g)|2 + 2 t Re ∂g1 λ1 (g1 , g)

d
X

etλk ∂g2 ck (g, g2 )+

k=1



d2

+

X

et(λk +λj ) ∂g1 cj (g1 , g) ∂g2 ck (g, g2 )

j,k=1

+

g1 =g2 =g


+4 t2 |∂g1 λ1 (g1 , g)|2 + t ∂g1 ∂g2 λ1 (g1 , g2 ) +

d2
X

etλk ∂g1 ∂g2 ck (g1 , g2 )+

k=1
d2

+2 t Re

X
k=1


etλk ∂g1 ck (g1 , g) ∂g2 λk (g, g2 )

(B.4)
g1 =g2 =g

where ck (g1 , g2 ) = T r (Lk (g1 , g2 ) |χihχ|) × Tr(Rk (g1 , g2 )) and ck =
ck (g, g), λk = λk (g, g), k = 1, ..., d2 . The first line corresponds to
the first line of Eq. (B.2) and the second to the rest of terms
in Eq. (B.2). We see again that quadratic terms t2 |∂g1 λ1 (g1 , g)|2
cancel out and there is no explicit quadratic behaviour. In derivation of Eq. (B.4) we have used the fact that, for a single stationary state, c1 (g, g) = 1 and ck (g, g) = 0, k = 2, ...d2 , which follows from the orthogonality and normalisation of the Lg eigenbasis, hhLi ||Rj ii = δi,j , and as L1 = 1H we have Tr (Rk ) = δ1,k .
We note that in general the eigenvalues λk (g1 , g2 ) and the
related coefficients ck (g1 , g2 ) may not be analytic in g1 or g2 ,
even when Lg1 ,g2 is analytic (which we always assume). There
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are analytic for example in the case when the corresponding
eigenvalue λk of Lg is non-degenerate [167]. In general case,
however, all non-analyticities must cancel out, as etLg1 ,g2 is an
analytic function of analytic Lg1 ,g2 .
b.2.2

Asymptotic QFI for a unique stationary state

When the stationary state is unique, the second eigenvalue of
the Master operator Lg is different from 0, λ2 6= 0. As we have


limt→∞ etLg I−Pss = 0, from Eq. (B.2) we obtain an asymptotic
linear behaviour of the QFI,
lim t−1 F(|Ψg (t)i) = 4 Tr (∂g1 ∂g2 Lg1 ,g2 ρss ) +


h
i
−1
−8 Re Tr ∂g1 Lg1 ,g Lg
∂g2 Lg,g2 ρss

(B.5)

t→∞

I−Pss

=: f1,g

g1 =g2 =g

and the limit is independent from the initial state. The result (B.5)
was also obtained using different methods in [38, 39]. We see
that Eq. (B.5) can diverge at a first-order DPT when λ2 → 0


−1
for g → gc , as L−1
g I−Pss has then a diverging eigenvalue λ2 .
Analogously we can obtain constant terms in the asymptotic
QFI:

lim F(|Ψg (t)i) − tf1,g
t→∞

2
i
h
−1
= −4 Tr ∂g1 Lg1 ,g Lg
|χihχ|
I−Pss
g1 =g


h
i
−1
−4 Tr ∂g1 ∂g2 Lg1 ,g2 Lg
|χihχ|
I−Pss
g1 =g2 =g


h
i
−2
−8 Re Tr (∂g1 Lg1 ,g ρss ) Tr ∂g2 Lg,g2 Lg
|χihχ|
I−Pss
g1 =g2 =g


h
i
−8 Re Tr ∂g1 Lg1 ,g L−2
∂g2 Lg,g2 ρss
g
I−Pss
g1 =g2 =g


h
i
h
i
−1
−1
+8 Re Tr ∂g1 Lg1 ,g Lg
∂g2 Lg,g2 Lg
|χihχ|
(B.6).

f0,g :=

I−Pss

I−Pss

We see that the asymptotic constant f0,g depends on the initial system state |χi and may diverge at a first-order DPT when

g1 =g2 =g
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λ2 → 0.
The asymptotic linear behaviour of the QFI can be also obtained from Eq. (B.4) as
f1,g = 4 ∂g1 ∂g2 λ1 (g1 , g2 ) g =g =g ,
1
2


2
f0,g = ∂g1 ∂g2 c1 (g1 , g2 ) − |∂g1 c1 (g1 , g)|

g1 =g2 =g

(B.7)
. (B.8)

cf. Eq. (2.26). Note that the eigenvalue λ1 (g1 , g2 ) of Lg1 ,g2 with
maximal real part, and the corresponding c1 (g1 , g2 ), are analytic functions for small enough g1 and g2 as λ1 (g, g) = 0 is a
non-degenerate eigenvalue of Lg [167]. By comparing Eqs. (B.5)
and (B.7), we see that when the gap closes at gc , λ2 = 0, the maximal eigenvalue of Lg1 ,g2 can be non-analytic at g1 = g2 = gc ,
which we discuss in detail at the end of the next subsection.

b.2.3

Quadratic time-regime of QFI

In this subsection we describe the quadratic regime in the QFI
scaling with time, which can be present for systems at and near
a first-order DPT.
Quadratic behaviour near a DPT. For a system near a DPT the
gap is much smaller than the gap associated with the rest of the
spectrum. For simplicity we consider only one low-lying eigenvalue, i.e. (−Reλ2 )  (−Reλ3 ), but the discussion is similar for
the general case of several low-lying eigenvalues. Note that the
eigenvalues of Lg come in conjugate pairs as Lg preserves the
Hermiticity of a matrix ρ, and thus (−Reλ2 )  (−Reλ3 ) implies
λ2 ∈ R.
The separation in the eigenvalues introduces the intermediate time regime (−Reλ3 )−1 = τ 0  t  τ = (−λ2 )−1 . In this
regime we expect the second eigenmatrix R2 of Lg to be almost
stationary and determine, with the stationary state ρss , dominant terms in the QFI in Eq. (B.2), whereas other eigenmatrices
not to play any significant role. We introduce the projection
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P :=||ρss iihh1H ||+||R2 iihhL2 || on the subspace spanned by the ρss
and ρ2 . We also introduce the projection on their complement
P 2
I − P = dk=3 ||Rk iihhLk || and denote by [X]I−P = (I − P)X(I − P)
the restriction of an operator X to this complement.
The general behaviour of the QFI in Eq. (B.2) simplifies to
F(|Ψg (t)i) =


i
h
−1
−4 t Tr (∂g1 Lg1 ,g P |χihχ|) − Tr ∂g1 Lg1 ,g Lg
|χihχ|
I−P


h
i
−1
+4 t Tr (∂g1 ∂g2 Lg1 ,g2 P |χihχ|) − Tr ∂g1 ∂g2 Lg1 ,g2 Lg

2
g1 =g

I−P


|χihχ|
g1 =g2 =g

+4 t Re Tr (∂g1 Lg1 ,g P ∂g2 Lg,g2 P |χihχ|)g1 =g2 =g
#
!
"
I + tLg
|χihχ|
−8 Re Tr ∂g1 Lg1 ,g P ∂g2 Lg,g2
L2g
I−P
g =g =g
"
#
! 1 2
I + tLg
−8 Re Tr ∂g1 Lg1 ,g
∂g2 Lg,g2 P |χihχ|
L2g
I−P
g1 =g2 =g


i
i
h
h
−1
−1
|χihχ|
∂g2 Lg,g2 Lg
+8 Re Tr ∂g1 Lg1 ,g Lg
I−P
I−P
g1 =g2 =g


+ t2 O(λ2 t) O c2 (c2 + 1) C21
h 

i
2
(c
)
+ t O(λ2 t) O c2 C1 C2 + O 2 C3 +



 λ 
h
i
2
2
2
tLg
+ O c2 C 1 C 2 O
+ O (1 + c2 ) C1 C2 e
I−P
λ3


h
i
+ O(λ2 t) O(c2 C21 C22 ) + O (1 + c2 ) C21 C22 etLg
I−P

 

i
h
λ2
+ O(c2 C21 C22 ) O
+ O C2 C3 etLg
I−P
λ3


d2
tλ
tλ
X
j
k
e −e
+ O C1
||Rk iihhLk || ∂g2 Lg,g2 ||Rj iihhLj || 
,
λk (λj − λk )
2

j6=k,j,k>2

g2 =g

where corrections in the approximation are given by c2 = k ||R2 iihhL2 || k,


C1 = k∂g1 |g1 =g Lg1 ,g k, C2 = L−1
g I−P , C3 = k∂g1 ∂g2 |g1 =g2 =g Lg1 ,g2 k.
The above-introduced norm kXk is an operator norm for X acting on matrices ρ on the system Hilbert space H, induced by
p
the trace-norm of the matrices, kρk := Tr{ ρ† ρ}, i.e., kXk :=
supρ kXρk / kρk. We note that the estimate of the approxima-

(B.9)
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tion error in Eq. (B.9) is very rough and implies strong conditions on the Master dynamics near a DPT, i.e. when the corrections are negligible. For a given model one should check the
approximation by comparing to the exact results of Eq. (B.2).
Assuming that the corrections in Eq. (B.9) are negligible, there
are quadratic, linear and constant terms in Eq. (B.9). In particular, the quadratic terms in Eq. (B.9) correspond to Eq. (2.28).
Let us note that using Eq. (B.4) does not provide clear results for the regime τ 0  t  τ. From comparing Eq. (B.7)
to Eq. (B.5), we see that when the gap λ2 → 0, many terms in
Eq. (B.4) diverge. Thus, in order to simplify (B.4) when (−λ2 ) 
(−Reλ3 ) one needs to go back to the operators ∂g1 Lg1 ,g |g1 =g and
∂g1 ∂g2 Lg1 ,g2 |g1 =g2 =g and to Eqs. (B.2) and (B.9).
Quadratic behaviour at a first-order DPT. At a first-order DPT we
have λ2 = 0 and the considered time-regime is infinitely long,
τ = ∞. Moreover, in the limit of long time t all the corrections
in Eq. (B.9) are 0. Therefore, Eq. (B.9) gives asymptotic quadratic
behaviour of the QFI, see also Eq. (2.28) in the main text,
lim t−2 F(|Ψg (t)i) = − 4 |Tr (∂g1 Lg1 ,g P0 |χihχ|)|2g1 =g +

t→∞

(B.10)

+ 4 Re Tr (∂g1 Lg1 ,g P0 ∂g2 Lg,g2 P0 |χihχ|)g1 =g2 =g =: f2,g ,
where P0 is projection on the stationary manifold of Lg consiting of two disjoint stationary states [199]. This formula can
be further simplified this structure, see Appendix B.3.2 and
Eq. (B.19).
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The linear and constant terms in the asymptotic behaviour of
QFI are given by
f1,g :=

lim t

t→∞

−1



2
F(|Ψg (t)i) − t f2,g

= 4 Tr (∂g1 ∂g2 Lg1 ,g2 P0 |χihχ|)g1 =g2 =g


h
i
−1
−8 Re Tr ∂g1 Lg1 ,g Lg
∂g2 Lg,g2 P0 |χihχ|
I−P0
g =g =g

 1 2
h
i
−8 Re Tr ∂g1 Lg1 ,g P0 ∂g2 Lg,g2 L−1
|χihχ|
g
I−P0
g1 =g2 =g


h
i
−1
+8 Re Tr (∂g1 Lg1 ,g P0 |χihχ|) Tr ∂g2 Lg,g2 Lg
|χihχ| (B.11)
I−P0

g1 =g2 =g

and
f0,g



2
:= lim F(|Ψg (t)i) − t f2,g − tf1,g
t→∞
2

h
i
−1
|χihχ|
= −4 Tr ∂g1 Lg1 ,g Lg
I−P0
g1 =g


h
i
−1
|χihχ|
−4Tr ∂g1 ∂g2 Lg1 ,g2 Lg
I−P0
g1 =g2 =g


h
i
−2
−8 Re Tr ∂g1 Lg1 ,g P0 ∂g2 Lg,g2 Lg
|χihχ|
I−P0
g =g =g

1 2
h
i
−8 Re Tr ∂g1 Lg1 ,g L−2
∂g2 Lg,g2 P0 |χihχ|
g
I−P0


i
h
i
h
−1
−1
|χihχ|
∂g2 Lg,g2 Lg
+8 Re Tr ∂g1 Lg1 ,g Lg
I−P0

I−P0

Let us note that linear and constant terms in the asymptotic behaviour QFI depend not only on the asymptotic state P0 (|χihχ|),
but also on the initial state, which corresponds to the contributions from decaying eigenmodes of Lg . For detailed discussion of dependence on initial state and its coherences see Appendix B.3.2.

(B.12).

g1 =g2 =g
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The asymptotic quadratic behaviour of the QFI can be also
obtained from Eq. (B.4) as
F(|Ψg (t)i) ≈ 4 t2 c1 c2 ∂g1 λ1 (g1 , g) − ∂g1 λ2 (g1 , g)

2
g1 =g

+ 4 t (c1 ∂g1 ∂g2 λ1 (g1 , g2 ) + c2 ∂g1 ∂g2 λ2 (g1 , g2 ))g1 =g2 =g
+ 8 t Re (c2 ∂g1 c1 (g1 , g) − c1 ∂g1 c2 (g1 , g))
× (∂g2 λ1 (g, g2 ) − ∂g2 λ2 (g, g2 ))g1 =g2 =g
+ 4 ∂g1 ∂g2 (c1 (g1 , g2 ) + c2 (g1 , g2 ))g1 =g2 =g
− 4 ∂g1 c1 (g1 , g) + ∂g1 c2 (g1 , g)

2
,
g1 =g

(B.13)

where λ1 (g1 , g2 ), λ2 (g1 , g2 ) are first two eigenvalues of the modified master operator Lg1 ,g2 with the largest real part and L1 (g1 , g2 ),
L2 (g1 , g2 ), R1 (g1 , g2 ), R2 (g1 , g2 ) are the corresponding left and
right eigenmatrices, and c1,2 (g1 , g2 ) := Tr(L1,2 (g1 , g2 ) |χihχ|) ×
Tr(R1,2 (g1 , g2 )) with c1,2 := c1,2 (g, g).
We note that the 0-eigenspace of Lg is two-fold degenerate,
λ1 (g, g) = λ2 (g, g). When this degeneracy is lifted in the first
order of perturbation theory (i.e. by P0 ∂g1 |g1 =g Lg1 ,g P0 or equivalently the Hermitian conjugate P0 ∂g2 |g2 =g Lg,g2 P0 ) λ1,2 (g1 , g2 )
and also c1,2 (g1 , g2 ) are analytic in g1 or g2 [167]. In the next
section we show that this is indeed the case, and moreover
P0 ∂g1 |g1 =g Lg1 ,g P0 is diagonal in the basis of the disjoint statione1 and ρ
e2 , which further gives c1,2 = p1,2 with p1,2
ary states ρ
e1 + p2 ρ
e2 .
being the asymptotic probabilities, limt→∞ ρ(t) = p1 ρ
Higher-fold degeneracy of stationary state. In general, the degeneracy of 0-eigenspace of Lg can be higher than two-fold. This
may correspond not only to more disjoint stationary states, but
also to some of initial coherences being preserved asymptotically within decoherence free subspaces (DFSs) or noiseless subsystems (NSSs), see Sec. 3.1.3 for derivation of general structure
of stationary state manifold (SSM). The asymptotic behaviour
of the QFI is in general quadratic and again given by Eqs.(B.10B.12) with P0 being the projection on the SSM. Due to the structure of the SSM, cf. Eq. 3.3, the QFI behaviour can further understood in terms of unitary rotations, see Appendix D.3. More-
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over, for Lg with a separation in its spectrum, −Re λm  −Re λm+1 ,
we have that Eqs. (B.10-B.12) hold in the time regime (−Re λm+1 )−1 
t  (−Re λm )−1 , with P0 replaced by projection P on m lowlying eigenmodes and with appropriate corrections, cf. Eq. (B.9).

b.3

stochastic generator of parameter encoding

In this section we focus on the generator of the parameter encoding Gg (t), see Eq. (2.29). We study its average and variance,
see B.3.1 and their asymptotic behaviour B.3.2. Furthermore,
in B.3.3 we show how for a generator being a continuous measurement to find the corresponding parameter dependence of
system-output dynamics.

b.3.1

Average and variance of the stochastic generator

Here we discuss the average and variance of the stochastic integral Gg (t) defined in Eqs. (2.47) and (2.48).
We have that, cf. Eq. (2.31),
Zt

hGg (t)i = hΨg (t)| Gg (t) |Ψg (t)i = duhΨg (u)| dGu,g |Ψg (u)i
0


Zt


X
i
0
J†j,g Jj,g
− (J†j,g ) 0 Jj,g  |Ψg (u)i
=
du hΨg (u)| Hg0 −
2
0
j
Zt
=
du Tr(Mg ρg (t)),
0

where the second line follows from the fact that dAj,t and dA†j,t
act in the interval (t, t + dt], see Eqs. (2.47) and (2.46), at which
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the output of the state |Ψg (t)i is still in vacuum. Futhermore,
this also simplifies the second moment of Gg (t):
Zt Zt

hGg (t) i =
hΨg (u)| dGu,g Ug (t, u)Ug (t, v)† dGv,g |Ψg (v)i
0 0
Zt Zt
=
hΨg (u)| dGu,g Ug (t, u)Ug (t, v)† dGv,g |Ψg (v)i
0 0
Zt Zt


† 0
=
hΨg (u)| Mg du − i(Jj,g ) dAj,u Ug (t, u)Ug (t, v)†
0 0


†
0
× Mg dv + iJj,g dAj,v |Ψg (v)i
Zt
Zu 
= du dv hΨg (u)| Mg Ug (u, v) Mg |Ψg (v)i +
0
0

+hΨg (v)| Mg Ug (u, v)† Mg |Ψg (u)i
Zt
Zu 
0
+ du
i hΨg (u)| Mg Ug (u, v) Jj,g
dA†j,v |Ψg (v)i +
2

0

Zt
+
0

0

−i hΨg (v)| (J†j,g ) 0 dAj,v Ug (u, v)† Mg |Ψg (u)i
0
du hΨg (u)|(J†j,g ) 0 Jj,g
|Ψg (u)i,



(B.14)

where in the last equality we again used the fact that when u >
v, Ug (u, v) acts on the output on times (v, u] and thus dAj,u acts
within times (u, u + du] when the output is in vacuum and thus
Rt Ru
the contributions 0 0 hΨg (u)| (J†j,g ) 0 dAj,u Ug (u, v)dGv,g |Ψg (v)i =
Rt Ru
0 dA† M |Ψ (u)i = 0. Note
0 and 0 0 hΨg (v)| dGv,g Ug (u, v)† Jj,g
g g
j,u
that the last term above corresponds to the second line in Eq. (B.1),
while the other two terms correspond to the third line of Eq. (B.1),
as tracing out the output initially in vacuum, we obtain
Zt

Zu



hGg (t) i = 2 Re du dv Tr Mg e(u−v)Lg Mg (evLg ρin )
0
0
Zt
Zu 


0
0
+2 Re du
Tr Mg e(u−v)Lg i Jj,g
(evLg ρin )J†j,g − J†j,g Jj,g
(evLg ρin )
0
0
Zt


† 0 0
uLg
+ du Tr (Jj,g ) Jj,g e
ρin ,
(B.15)
2

0

0 dA† =
where ρin = |χihχ| in the second line we used Ug (u, v) Jj,g
j,v
†
†
† 0
0
0
Ug (u, v + dv) dUg,v Jj,g dAj,v = Ug (u, v + dv)(Jj,g dAj,v − Jj,g Jj,g dv),
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from Eq. (2.46) and the quantum Ito rule (see e.g. [30, 39]).
Variance of the generator as integral of correlations. Note that the
first line of (B.14) expresses ∆2 Gg (t) as a double integral of
the correlations between the system-output observable dGt,g ,
similarly as in the case of a closed system with Hamiltonian
depending linearly on Ω, HΩ = H0 + ΩH1 , cf. Eq. (2.42),
Zt

Zt

hψΩ (t)|GΩ (t) |ψΩ (t)i = du dv hψΩ (u)| H1 e−i(u−v)HΩ H1 |ψΩ (v)i
0
0
Zt
Zu
= 2 Re du dv hψΩ (u)| H1 e−i(u−v)HΩ H1 |ψΩ (v)i.
2

0

0

Note that the above formula does not simply represent, however,
a measurement of H1 on the system at successive times v and u
and then double integral of such a auto-correlation function, unless H1 commutes with the evolution, i.e. HΩ . Both in the closed
case of GΩ (t) [105] and the open case of Gg (t) of (2.48), however, the correlations decay analogously as the auto-correlations
of a measurement performed on the system, cf. Eq. (B.15). This
decay is due to information being spread over the whole system (closed case) or also leaking to the environment (open case
described by noisy stochastic evolution Ug (t, 0)).
Consider the special case of parameter estimation, when the
parameter g is encoded by an integrated continuous measurement, and the fidelity plays a role of a characteristic function
for that continuous measurement. The variance is a double integral of the correlations in that continuous measurement outcomes [217], which in turn correspond to the correlations of a
POVM measurement on the system. For system dynamics close
to a first-order DPT, there is a metastable regime where the
correlations in system measurements display a plateau before
eventual exponential decay to 0, which is exactly the reason
for the variance of the integrated continuous measurement to
grow quadratically in time during the metastable regime, see
Sec. 3.3.2.
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Fidelity vs. characteristic function of the generator. When the
generator is independent from the encoded parameter value,
Gg (t) ≡ G(t), it follows directly from (2.29) that the fidelity
is the characteristic function of the generator, hΨg 0 (t)|Ψg (t)i =
0
hΨ(t)|ei(g −g)G(t) |Ψ(t)i. This is exactly the case for the phase encoded on the output J1,φ = e−iφ J1 , or the parameter being the
amplitude of the homodyne current, see Eqs. (B.24) and (B.23),
as we show in the next Sec. B.3.3. Here we show why for other
cases, including the case of coupling constants in closed system
dynamics, Hg = H0 + gH1 , Jj = 0, considered in full counting
statistics [180], the fidelity does not simply correspond to the
characteristic function of the distribution of the generator Gg (t)
measured on |Ψg (t)i when higher than second derivatives are
considered.
Consider the system-output MPS, |Ψg (t)i = Ug (t, 0) |χi ⊗ |vaci,
expressed using the stochastic evolution Ug (t, 0), cf. Eqs. (2.45)
and (2.46). First let us consider g being a coupling constant, so
that dGt,g = dGt = H1 dt is parameter independent and we
have (cf. Dyson expansion)
(i)k ∂kg Ug (t, 0) =
Z t Z tk Z t2
= k!
...
Ug (t, tk )dGtk Ug (tk , tk−1 )dGtk−1 ...Ug (t2 , t1 )dGt1 U(t1 , 0)
0 0
0
Zt
Z tk
Z t2
= k! dtk
dtk−1 ...
dt1 Ug (t, tk )H1 Ug (tk , tk−1 )H1 ...Ug (t2 , t1 )H1 U(t1 , 0).
0

0

0
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Note that in all evolution operators Ug (tj−1 , tj ) we have tj−1 >
tj . Now, in analogy to the parameter encoded on the output, let
us consider the n-th derivative of hΨg+ ∆g (t)|Ψg− ∆g (t)i,
2

∂n∆g hΨg+ ∆g (t)|Ψg− ∆g (t)i
2

=
=

1
2n
in

2

2

∆g =0

n
X
k=0

(−1)k hχ| ⊗ hvac| ∂gn−k U†g (t, 0)∂kg Ug (t, 0) |χi ⊗ |vaci

n
X

k!(n − k)!
2n
k=0
Zt
Z tk+1
Z tn−1
Zt
Z tk
Z t2
dtk+1
dtk+2 ...
dtn dtk
dtk−1 ...
dt1
0

0

0
0
0
0
†
†
†
hχ| ⊗ hvac| Ug (tn , 0)H1 Ug (tn−1 , tn )H1 ...Ug (tk+1 , tk+2 )H1 U†g (t, tk+1 )

× Ug (t, tk )H1 Ug (tk , tk−1 )H1 ...Ug (t2 , t1 )H1 U(t1 , 0) |χi ⊗ |vaci.

As for t > t 0 we have U†g (t, t 0 )Ug (t, t 0 ) = 1, we can formally
consider U†g (t, t 0 ) = Ug (t 0 , t) in analogy to closed case. As in
general H1 does not commute with U(tj+1 , tj ), we can classify all
the terms above considering possible patterns of signs in time
differences (tn − tn−1 , ..., t2 − t1 ) appearing in U(tk , tk − 1) between H1 for n > 1 (first and the last operator have fixed signs,
+ and − respectively). The patterns are of the following form:
(i) for 0 < k < n we have (−...−
| {z }), where the middle
| {z } ± +...+
n−k−1

k−1

sign of tk+1 − tk can vary as it corresponds to composition of
two stochastic unitaries, U†g (t, tk+1 )Ug (t, tk ) = U(tk+1 , tk ); (ii)
(−...−
| {z }) for k = 0 and (+...+
| {z }) for k = n. Note that we have
n−1

n−1

time-ordering in the patterns so that all (+) appear before (−).
On the other hand considering n − th moment of Gg (t) we
obtain
hΨg (t)|Gg (t)k |Ψg (t)i =
Zt Zt Zt
=
... hχ| ⊗ hvac| U†g (tn , 0) dGt1 ,g U†g (t, tn )
0 0

0

×Ug (t, tn−1 )dGtn−1 ,g U†g (t, tn−1 )...Ug (t, t1 )dGt1 ,g U(t1 , 0) |χi ⊗ |vaci.
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Note that as the limits in integrals are independent, we obtaine all possible patterns of the signs of time differences in
U†g (t, tk+1 )Ug (t, tk ) = U(tk+1 , tk ), e.g. for n = 3 corresponding
to the 3-rd moment, there exists a pattern (+ −), which cannot
appear in time-ordered derivatives of the fidelity (see above).
This is the reason why also for methods in closed system dynamics [179] and for full counting statistics [180], where derivatives of the fidelity are effectively accessed, in general only the
first and the second cumulant of an integrated system observable can be recovered, with higher derivatives corresponding to
time-ordered moment-like expressions.
Note that for a general parameter g, dGt,g is parameter dependent. Hence, when the n-th derivative of hΨg1 (t)|Ψg2 (t)i is
considered for n > 1, there are additional contributions featuring ∂kg dGt,g , which lead to even further difference from the n-th
moment of Gg (t).
In contrast, for g encoded in the system-output MPS simply
as a phase of output observable we have that the encoding commutes with dynamics, i.e. encoding can be done as a modification of the Hamiltonian and jumps operators which leads to
a modified MPS |Ψg (t)i, or as a phase encoded on the already
existing MPS, |Ψg (t)i = e−igG(t) |Ψ(t)i. This leads to the fidelity
directly corresponding to a characteristic function.
Therefore, we explained why the fidelity is not simply related
to a characteristic function of Gg (t) for a general parameter
g in
R
dynamics. We have instead hΨg1 (t)|Ψg2 (t)i = hΨg (t)|Te
b.3.2

−i

g2
g1
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dg 0 Gg 0 (t)

Asymptotic average and variance

Here we derive the asymptotic expressions for the variance of
Gg (t) given in Eq. (2.34) corresponding to Eq. (2.28) at a firstorder DPT when the gap closes, λ2 → 0 leading to two-fold
degeneracy of the 0-eigenvalue of Lg . For higher-order degeneracy see Appendix D.3.
For two-fold degeneracy of the 0-eigenvalue of Lg , there are
e1 , ρ
e2 supported on orthogonal subspaces
two stationary states ρ

|Ψg (t)i.
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H1 , H2 . The projection on the stationary manifold is given by
P
ek (·)) where the positive left eigenmatrices
ek Tr(P
P0 (·) = k=1,2 ρ
ek > 1H , k = 1, 2,
corresponding to 0-eigenspace of Lg fulfil P
k
ek ρ
el ) = δk,l for 1 6 k, l 6 2. We further
(see e.g. [158]), so that Tr(P
ek = 1H , k = 1, 2, when the system space H = H1 ⊕ H2 ,
have P
k
in which case the subspaces H1 and H2 are invariant under
action of Hg and Lj,g , j = 1, ..., k, and there exist a stationary
state of full rank, pe
ρ1 + (1 − p)e
ρ2 with 0 < p < 1.
As the master operator Lg generates trace-preserving dyname1 + P
e2 = 1H . Moreover, multiplying this equalics, we have P
e1 ]1
ity by positive 1H2 from both sides, we conclude [P
=
H2
e1 1H = 0 due to P
e2 > 1H and analogously [P
e2 ]1
1H 2 P
= 0.
H1
2
2
Therefore, for an initial state |χ1,2 i in the subspace H1,2 , we
have that the asymptotic state is within the same subspace,
e1,2 . Now we show that initial coherence belimt→∞ ρ(t) = ρ
tween H1 and H2 does not contribute asymptotically to the
(1,2)
leading linear term in the average of Gg (t), cf. (2.33). For |Ψg (t)i
being the MPS corresponding to the initial system state |χ1,2 i we
have
(1)

(2)

(1)

(2)

lim t−1 hΨg (t)|Gg (t)|Ψg (t)i = i lim t−1 ∂g 0 hΨg (t)|Ψg 0 (t)ig 0 =g =
t→∞

 t→∞
tLg 0 ,g
−1
= i lim t ∂g 0 Tr e
|χ2 ihχ1 | 0
t→∞
g =g

= i∂g 0 Tr Lg 0 ,g P0 |χ2 ihχ1 | g 0 =g = 0,
(B.16)
where we used P0 |χ2 ihχ1 | = 0 which
h we
i argue as follows. As
e
e
, also the Schur
positivity of P1 implies positivity of P1
1H1 ⊕H2

complement w.r.t. H1 -block must be positive,
h i
e1
P

1H2

h i−1
h
i
e
e
e
e
e
− (1H2 P1 1H1 ) P1
(1H1 P1 1H2 ) = − P1 1H1 P1
1H1

h
i
e1 1H P
e1
But we also have P
1

1H2

1H2

> 0.

e1 is block> 0 and hence P

e1 = P
e1 1H = 0. Analogously,
diagonal w.r.t. H1 and H2 , and 1H2 P
2
e
e
1H1 P2 = P2 1H1 = 0.
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For the second moment of Gg (t) (cf. Eq. (2.28)) we similarly
have no asymptotic contribution from the initial coherence between H1 and H2 ,
(1)

(2)

(1)

(2)

lim t−2 hΨg (t)|G2g (t)|Ψg (t)i = lim t−2 ∂g1 ∂g2 hΨg1 (t)|Ψg2 (t)ig1 =g2 =g

t→∞

t→∞

= ∂g1 ∂g2 Re Tr (Lg1 ,g P0 Lg,g2 P0 |χ2 ihχ1 |)g1 =g2 =g = 0.

(B.17)

The general behaviour of the variance with leading quadratic
e1 and ρ
e2 , cf. Eq. (2.34),
term given by rates corresponding to ρ
can be argued as follows. Note that from Eq. (2.28) and P0 (·) =
P
ek (·)) we can write
ek Tr(P
k=1,2 ρ
2

∆ Gg (t) = t

2

h

− (p1 µ1 + p2 µ2 )2 +


R
e1 LR ρ
e
e
e
−i p1 µ1 Tr(P
)
+
p
µ
Tr(
P
L
ρ
)
+
2 2
2 g 2
g 1
i

e R e2 )
e2 LR ρ
+ O(t),
−i p1 µ2 Tr(P
g e1 ) + p2 µ1 Tr(P1 Lg ρ

e1,2 ρin ) are the asymptotic probabilities bewhere p1,2 = Tr(P
e1 and ρ
e2 , µ1,2 := iTr(LLg ρ
e1,2 ) are the
tween two stationary states ρ
†
R
e1,2 , and Lg := ∂g 0 Lg,g 0 |g 0 =g = ∂g 0 Lg 0 ,g g 0 =g =: (LLg )†
rates for ρ
are the first-order deformations of the master operator Lg . Note
that in general LRg connects the subspaces H1 and H2 , where the
e1 and ρ
e2 are supported, especially when Lg 0
stationary states ρ
features a unique stationary state at g 0 6= g. Yet, on average the
e1 LR ρ
e R e1 ). This is due
connection is 0, i.e. Tr(P
g e2 ) = 0 = Tr(P2 Lg ρ
(1)
(1)
to the fact that for the MPS |Ψg (t)i and the system state ρg (t)
corresponding to the initial state |χ1 i inside H1 we have
(1)
−1
e2 LR ρ
e2 ⊗ 1output |Ψ(1)
Tr(P
∂g 0 hΨg 0 (t)|P
g (t)ig 0 =g
g e1 ) = lim t
t→∞
q
q
(1)
(1)
e2 ρ(1)
6 lim t−2 hΨg (t)|Gg (t)2 |Ψg (t)i Tr(P
2 g (t))
t→∞
q
q
e2 ρ
e1 ) = 0,
e1 )g =g =g Tr(P
6 ∂g1 ∂g2 Re Tr (Lg1 ,g P0 Lg,g2 ρ
1
2

where the first inequality is the Schwarz inequality and the sece2 6 P
e2 due to 0 6 P
e2 6 1H .
ond inequality simply follows from P
2

(B.18)
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e1 + P
e2 = 1H , we also have T r(P
e1 LR ρ
Moreover, since P
g e1 ) =
R
R
e2 L ρ
e1 ) = iµ1 and T r(P
T r(Lg ρ
g e2 ) = iµ2 . Thus, we arrive at
∆2 Gg (t) = t2 p1 p2 (µ1 − µ2 )2 + O(t),

(B.19)

as in Eq. (2.34). The above argument can be generalised to the
case of Lg with a unique stationary state, but with small gap,
i.e. 0 > λ2  Re(λ3 ), see derivation in D.1.
Note that the result in Eq. (B.19) can be also obtained when
the eigendecomposition of Lg,g 0 is considered explicitly, see (B.3).
Due to a diagonal first-order perturbation, P0 ∂g 0 |g 0 =g Lg,g 0 P0 in
Lg,g 0 , for the first moment of Gg (t), we have


(1)
(2)
lim t−1 hΨg (t)|Gg (t)|Ψg (t)i = i lim t−1 ∂g 0 Tr etLg 0 ,g |χ2 ihχ1 | 0 =
t→∞
t→∞
g =g

0
0
= i p1 ∂g 0 λ1 (g , g) + p2 ∂g 0 λ2 (g , g) g 0 =g ,
and thus we conclude µ1,2 = i∂g 0 λ1,2 (g 0 , g)|g 0 =g . Finally, the
quadratic terms of the variance are simply given by the difference of the first derivatives of the leading Lg1 ,g2 eigenvalues,
2
t2 p1 p2 ∂g 0 λ1 (g 0 , g) − ∂g 0 λ2 (g 0 , g) g 0 =g (cf. Eq. (B.13))), which gives
the result in (B.19). This approach cannot be used, however, to
argue the quadratic regime in the variance, when λ2 < 0, see
Sec. B.2.3.
For Gg (t) corresponding to a continuous measurements, such
as photon counting or homodyne current, it can be analogously
argued for higher cumulants that the leading terms do not depend on initial coherences between H1 and H2 , but only on the
e1 + p2 ρ
e2 and the correprobabilities in the asymptotic state, p1 ρ
sponding rates, µ1 and µ2 .
Sub-leading terms in asymptotic statistics. Let us now focus on
sub-leading linear and constant terms in the asymptotic behaviour of the variance ∆G2g (t) which depend not only at the
asymptotic state, but also initial state, see Eqs. (B.11) and (B.12).
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Let us first consider constant terms in the average hGg (t)i, for
an initial state ρin . We have

lim hGg (t)i − t(p1 µ1 + p2 µ2 ) =
t→∞
 Z t

Z t

0
t 0 Lg
0
= i lim Tr
dt ∂g 0 Lg 0 ,g e
ρin − Tr
dt ∂g 0 Lg 0 ,g P0 ρin
=
t→∞
0
0
g 0 =g


h
i
−1
= −i Tr ∂g 0 Lg 0 ,g Lg
ρin
.
(B.20)
I−P0

g 0 =g

Therefore, all the other decaying modes give a constant contributions, as after their decay there do not contribute to the
dynamics. In particular, the initial coherence between the subspaces H1 and H2 asymptotically contributes only to the constant in the average hGg (t)i. When there is no decay subspace
H0 , we can separate the contribution from all coherences be(1)
(2)
(12)
tween H1 and H2 , as the structure of Lg = Lg ⊕ Lg ⊕ Lg ⊕
(21)
Lg separates into blocks (as we have H = H(1) ⊕ H(2) , Jj =
(1)
(2)
Jj ⊕ Jj ) and the coherences undergo generalised dephasing [199].
For discussion of sub-leading terms in the variance ∆2 Gg (t),
let us assume that Lg dynamics features no decay subspace
H0 . First, consider an initial system state ρin initially supported
within only one of the subspaces H1 or H2 , so that it evolves
into one of the stationary states, ρ1 , ρ2 , respectively. Note that
(1)
(2)
dynamics is reduced to Lg , Lg , respectively. Therefore, the
variance scales linearly, as in the case of dynamics with a single stationary state, see Eq. (2.27), but with I − Pss replaced
by IH1,2 − Pss (1,2) , and the constant terms given as in (B.6), cf.
Eqs. (B.11) and (B.12). Secondly, for an initial state being a mixture of states supported in H1 and H2 , ρin = p1 ρin (1) + p2 ρin (2) ,
e1 +
so that it evolves into a mixture of the stationary states, p1 ρ
e2 , we have that the distribution of Gg (t) is just a mixture of
p2 ρ
the distributions for ρin (1) and ρin (2) . We have
∆2 Gg (t) = p1 ∆2ρ

Gg (t) + p2 ∆2ρ

(2) Gg (t) +
in

2
+ p1 p2 hGg (t)iρin (1) − hGg (t)iρin (2) .
in

(1)
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The variances for ρin (1) and ρin (2) with probabilities p1 , p2 gives
linear (see the first two lines of (B.11)) and constant contribution and the difference in averages asymptotically leads to
quadratic terms as in Eq. (2.34) and additional linear (last two
lines of (B.11)) and constant terms (see the first line of (B.12))
when the asymptotic constants in the Gg (t) average are different, cf. Eq. (B.20). When there are initial coherences in ρin be(coh)
(12)
(21)
(coh)
tween H1 and H2 , ρin = ρin + ρin with Tr(ρin ) = 0, as a
consequence of interference we have an additional contribution
to the linear terms of the variance given by


h
i
(12)
−1
2 p2 (µ2 − µ1 ) Re Tr iLg,g 0 Lg
ρ
I−P0 in
g 0 =g


h
i
(21)
−1
+ 2 p1 (µ1 − µ2 ) Re Tr iLg,g 0 Lg
ρin
I−P0

g 0 =g

This additional linear contribution disappears when
(∂g 0 |g 0 =g Lg,g 0 1H1 )1H2 = 0 = (∂g 0 |g 0 =g Lg,g 0 1H2 )1H1 ,
see e.g. in the case of photon counting, see Sec. 2.2.4. The constant contributions due to coherences in order to disappear require also that ∂g1 ∂g2 |g1 =g2 =g Lg1 ,g2 is block-diagonal, cf. (B.12).
Higher-fold degeneracy of stationary manifold. We have shown
that quadratic scaling of ∆2 Gg (t) for dynamics featuring two
stationary states, Eq. (2.34), is a consequence of bimodal statistics of the observable Gg (t). In the case of a higher than twofold degeneracy of the 0-eigenvalue of Lg , the stationary state
might have preserved coherences, see Sec. 3.1.3, but the variance scaling is at most quadratic with time, cf. Eq. (2.28). When
there are no coherences preserved, and the stationary manie1 ,..., ρ
em , supfold is classical composed of m stationary states, ρ
ported on orthogonal subspaces, H1 ⊕ H2 ⊕ ... ⊕ Hm ⊂ H, the
Gg (t) statistics can be understood as featuring m modes with
the leading orders in the average and variance determined by
P
el and difthe asymptotic probabilities, limt→∞ ρ(t) = m
l=1 pl ρ
ferent rates of m stationary states (due to a first order DPT).
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In general, however, the leading quadratic term may crucially
depend on initial system coherences that do not decay and
quadratically scaling precision may be achieved even when there
is no first-order DPT and measurements are performed on the
system only, cf. Sec. 2.4.3, which is due to change of g inducing
a unitary dynamics of coherences. See Appendix D.3 for further
discussion.
Reverse engineering of dynamics for a given stochastic generator

b.3.3

Here we present how the parameter dependence of the Hamiltonian and jump operators in the master equation, see Eq. (2.1),
can be found for a given stochastic generator. We consider an
example of a parameter g encoded either as the amplitude or
the phase in homodyne current.
Let us first consider the stochastic equation for the homodyne
current on quanta emitted due to a jump J1 (see e.g. [30, 39]),
Zt = e−iφ A1,t + eiφ A†1,t ,
(out)

dZt,g



= e−iφ dA1,t + eiφ dA†1,t + e−iφ J1,g,t + eiφ J†1,g,t dt
(out)

(B.21)
(B.22),

where Zt,g = Ug (t, 0)† Zt Ug (t, 0) and J1,g,t = Ug (t, 0)† J1,g Ug (t, 0)
is the Heisenberg picture. As in the Heisenberg picture we have
Rt
that Ug (t, 0)† Gg (t) Ug (t, 0) = 0 Ug (u, 0)† dGu,g Ug (u, 0), by com(out)
paring to the increment in Eq. (2.47), Ug (t, 0)dZt,g Ug (t, 0)† =
dGt,g , we obtain
0
eiφ = iJ1,g
,


i † 0
J1,g J1,g − (J†1,g ) 0 J1,g
2

1  iφ †
e J1,g + e−iφ J1,g ,
= Hg0 +
2

e−iφ J1,g + eiφ J†1,g = Hg0 +
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which further leads to

g  iφ †
e J1 + e−iφ J1 ,
2
= J1 − igeiφ

Hg = H0 +

(B.23)

J1,g

(B.24)

Lg,g 0 ρ = L0 ρ − i(g − g 0 )(eiφ ρJ†1 + e−iφ J1 ρ) −

(g − g 0 )2
ρ,
2

Mg = eiφ J†1 + e−iφ J1 ,

(B.25)
(B.26)

and we see that the chosen parameter encoding corresponds
to g encoded as the amplitude of the homodyne current. On the
other hand, for the choice of the parameter encoded as the angle
of the homodyne current, g = φ, the generator depends on the
parameter value, and we arrive at
Hφ
J1,φ


i  iφ †
−iφ
e J1 − e J1 ,
= H0 − φ +
2
= J1 − ieiφ

Lφ,φ 0 ρ = L0 ρ − (eiφ − e

iφ 0

)ρJ†1

−(1 − cos(φ − φ 0 ))ρ,
Mφ = eiφ J†1 + e−iφ J1 .

+ (e−iφ − e

(B.27)
(B.28)
−iφ 0

)J1 ρ +
(B.29)
(B.30)

Note that the first two derivatives of Lφ,φ 0 in both cases of the
amplitude g and the angle φ are exactly the same, leading to
the same QFI for estimation of those parameters. The higher
order derivatives, however, disappear for the amplitude, but
are non-zero for the angle.
Similarly, consider counting measurement associated with quanta
(out)
emitted as a result of jump J1 . We have dΛt,φ = dΛt + J†1,φ,t dA1,t +
J1,φ,t dA†1,t + J†1,φ,t J1,φ,t dt. Note that we can shift Λt,φ by Λt which
≡ 0 on the considered MPS states, as they feature the output initially in vacuum. After a short calculation, we arrive at J1,φ =
e−iφ J1 and the rest of jumps and the Hamiltonian independent
from φ, exactly as discussed in Sec. 2.2.4.
Let us note that in all three cases Lg = L0 , which is a consequence of the fact that the parameter g is encoded on the output.
The transformation in Eqs. (B.24, B.23) and (B.28, B.27) are examples of a non-unique representation of L, see also Chapter 7.
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in [158].
Purifications and QFI. Different representations of Lg correspond, via the MPSs |Ψg (t)i, to different purifications of the system state ρg (t). In [15, 68] it was demonstrated how the quantum Fisher information of the system state ρg (t) can be obtained as a minimum QFI over all possible purifications of ρg (t).
Note that in the case when the generator is encoded on the
output, one can choose the Hamiltonian and jump operators at
g = 0, which leads to no dependence on the parameter g and
thus QFI being exactly 0, reflecting the fact that the system state
ρg (t) = ρ(t) is independent from the value of g.

190

C
APPENDIX TO CHAPTER 3

c.1

metastability in bimodal case

Below we prove that in the bimodal case m = 2, the extreme
metastable states are approximately disjoint. We show that by
constructing a division of the system Hilbert space, H = H1 ⊕
H2 , so that each of the two eMSis approximately
supported

e1,2 > 1 − O(C), where
within the respective subspace, Tr 1H1,2 ρ
C are the corrections to the stationarity in the metastable regime,
cf. Eq. (3.8).
Proof. The stationary state ρss is a mixture of the two eMS,
min
ss
max
e1 + pss
e2 , with pss
ρss = pss
1 ρ
2 ρ
1 = −c2 /∆c2 and p2 = c2 /∆c2 .
We define the orthogonal subspaces

e1 |ψk i > pss ,
H1 = span |ψk i, k = 1, .., D : hψk |P
1

ss
e2 |ψk i > p ,
H2 = span |ψk i, k = 1, .., D : hψk |P
2

(C.1)
(C.2)

where {|ψk i}D
k=1 is the orthonormal eigenbasis of L2 and also of
e
e
e1 , cf. (3.12).
P1 and P2 = 1 − P
Let |ψ1 i and |ψ2 i denote the eigenvectors of L2 corresponding
and cmin
and let ρ1 (t), ρ2 (t) be
to the extreme eigenvalues cmax
2
2
the system state initially in |ψ1 i, |ψ2 i, respectively. From the
orthogonality of the L eigenmodes (also in the case of Jordan
blocks in I − P), it follows that


tλ2
e
Tr P1 ρ2 (t) = pss
),
1 (1 − e


e2 ρ1 (t) = pss (1 − etλ2 ).
Tr P
2
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(C.3)
(C.4)
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From positivity of the state ρ1 (t) and the fact that 1H1 is diagoe1 , we also have
nal in the eigenbasis of P





e
e
Tr P1 ρ2 (t) > Tr 1H1 P1 ρ2 (t) > pss
1 Tr 1H1 ρ2 (t)

(C.5)

where we used the definition of H1 . Together with Eq. (C.3) it
follows that


e2 6 Tr 1H1 ρ2 (t) + O(C) 6 (1 − etλ2 ) + O(C) = O(C),
Tr 1H1 ρ
(C.6)
where C are the corrections to the stationarity in the metastable

e1 < O(C), which ends
regime, cf. Eq. (3). Analogously, Tr 1H2 ρ
the proof. Let us note that this argument is analogous to the
case of m = 2 in classical systems [48].

c.2

c.2.1

metastability of perturbed dynamics with degenerate stationary manifold
Complete positivity of dynamics projected on SSM

e (2) ]P and L
e (1) , Eq. (3.28), generate CPTP
Here we prove that [L
0
dynamics on the SSM given by P0 .
We will use Theorem 3.17 from [218] on convergence of oneparameter semigroups, whose statement we recall here for the
special case of finite dimensional spaces. Let Z(x), Z be generators of one-parameter semigroups T t (x) := etZ(x) , T t := etZ on
a Banach space B, and assume that for each Y in a spanning
set of B there exist Y(x) ∈ B such that limx→0 Y(x) = Y and
limx→0 Z(x)(Y(x)) = Z(Y). Then for all T the limit limx→0 supt6T kT t (x)(Y) −
T t (Y)k = 0, where k·k is the norm in B.
e (2) ]P . To prove the CPTP property consider |ψi =
Proof for [L
0
P
D
D
√1
|e
i
⊗
|e
i i ∈ H ⊗ H, where {|ei i}i=1 is an orthonormal
i=1 i
D
basis of the system space H. We choose Y = (P0 ⊗ I) (|ψihψ|) ∈
e (2) ]P ⊗ I so that Mt := T t (Y) is the
B(H ⊗ H) and Z = [L
0
e (2)
L
Choi matrix for e
P0 . By choosing appropriate CPTP gener-
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ators Z(x) and matrices Yx we will show that Mt is a limit of
Choi matrices of quantum channels. Thus for all t, Mt is positive and Tr1 (Mt ) = D1 IH , where Tr1 denotes the partial trace
e (2) genover the first subsystem in H ⊗ H, and consequently L
erates CPTP dynamics on the SSM given by P0 . To prove this, we
choose Z(x) = x−2 (L(x) − x[L(1) ]P0 ) ⊗ I, which is a CPTP generator on H ⊗ H as [L(1) ]P0 is a generator of unitary quantum
(1)
2 (2)
(1)
dynamics.
By

 defining Y(x) = Y + xY + x Y , where Y  =
− SL(1) ⊗ I Y and Y (2) = SL(1) SL(1) ⊗ I Y − SL(2) ⊗ I Y
e (1) = 0,
are the first and second order perturbation of Y when L
cf. (3.27), we arrive at the conditions of the theorem 3.17 in [218]
with the norm k·k being the trace norm. We note that the genere (2) ]P was previously discussed in [206] for
ator property of [L
0
e (1) = 0
the special case of the Hamiltonian perturbation and L
(see Eq. (3.25)).
e (1) . Similarly, to prove that L
e (1) = [L(1) ]P generProof for L
0
ates CPTP dynamics on the SSM given by P0 , we need to choose
e (1) ⊗ I. By considering Z(x) =
Y = (P0 ⊗ I) (|ψihψ|) and Z = L


x−1 L(x) ⊗ I and Y(x) = Y − x SL(1) ⊗ I Y we arrive at the
e (1) was
conditions of the theorem 3.17 in [218]. We note that L
proven to be a unitary generator in [57, 58].
Initial relaxation timescale

c.2.2

Here we prove the initial relaxation timescale τ"(x) of the metastable regime follows Eq. (3.33).
Proof. Consider the Dyson-Philips expansion for etL(x) , see
also Lemma 7.1 in [158],
Zt
e

tL(x)

=e

tL0

du e(t−u)L0 δL(x) euL(x) ,

+

(C.7)

0

where δL(x) := L(x) − L0 = s L(1) + x2 L(2) is considered as a
perturbation of L0 , cf. Eq. (3.25). As both L(x) and L0 are CPTP
generators, and kTk = 1 for T positive and trace-preserving [219],
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we have ketL(x) k = ketL0 k = 1. Using the expression (3.27) for
P(x), we obtain
[etL(x) ]I−P(x) = (I − P0 ) etL0 (I − P0 )
h
i
+ x −(I − P0 ) etL0 P(1) − P(1) etL0 (I − P0 ) + O(x2 )
Zt
+ (I − P0 ) du e(t−u)L0 δL(x) euL(x) (I − P0 ) + t O(x2 kL(1) k).
0

In the second line we used the multiplicativity of the norm,
and kP(x) − P0 k= O(x). In the third line we bound the integral in Eq. (C.7) by t kδL(x)k 6 t (xkL(1) k + x2 kL(2) k) and
together with kP(x) − P0 k= O(x) we arrive at the correction
t O(x2 kL(1) k).
We now use the following definition of the relaxation time
τ0 of dynamics L0 , as the shortest timescale such that for any
initial state ρin , the system state relaxes to the stationary state
as ketL0 ρin − P0 ρin k 6 2e−t/τ0 , which implies ketL0 (I − P)k 6
4e−t/τ0 due to multiplicativity of the norm. From Eq. (C.8) we
get
k[etL(x) ]I−P(x) k 6 k[etL0 ]I−P0 k + 2 x k[etL0 ]I−P0 k kSk kL(1) k + O(x2 )
Zt
+ 2 du k[e(t−u)L0 ]I−P0 k kδL(x)k + t O(x2 kL(1) k)
0

6 4e

−t/τ0

(1 + 2 x) + 8x τ0 kL(1) k + O(x2 ) + t O(x2 kL(1) k)

6 4e−t/τ0 (1 + 2 x) + O(x) + t O(x2 kL(1) k).

Note that the correction t O(x2 kL(1) k) for times t  τ 0 (x) is
of the same order as the leading corrections to the invariance
of the MM, cf. Eq. (3.34), and hence does not determine the
timescale τ 00 (x) of the initial relaxation. Therefore, for times
τ0  t  τ 0 (x), the contribution from the fast decaying modes
is a sum of terms of the order O(x) and of the same order as the
corrections to the invariance of the MM. Similar results would
Rτ
be obtained for τ0 defined so that 0 0 dt ketL0 ρsup − P0 ρsup k =
R∞
supρin 12 0 dt ketL0 ρin − P0 ρin k, where ρsup is ρin that gives the
supremum.

(C.9)

(C.8)
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Note that iteration of Eq. (C.7) for euL(x) leads to DysonPhilips series in x. This series is analytic, due to L(x) being analytic, cf. Eq. (3.25). As I − P(x) is also analytic in x, Eq. (C.8) corresponds to the analytic series in x, which we exploit to show
that the initial relaxation timescale for L(x) can be chosen as
τ 00 (x) = τ0 .

c.2.3

Effective long-time dynamics timescale

Here we derive Eq. (3.34) which shows the dissipative corrections to the dynamics inside the MM, [etL(x) ]P(x) , and thus determines the longer timescale τ 0 (x) of the metastable regime, see
Eq. (3.35).
Derivation. The derivation below is analogous to the results
of the appendix in [58]. For times t  τ 0 (x) the unitary cone (1) = tx[L(1) ]P , cannot be netribution to the dynamics, txL
0
glected (see also [57]). In order to derive the perturbation series
in x for [etL(x) ]P(x) , we consider the Dyson-Philips expansion
e
e (1) is treated as a perfor [L(x)]P(x) with δL(x)
:= [L(x)]P(x) − xL
turbation,
[etL(x) ]P(x) = P(x) et[L(x)]P(x) P(x)


Zt
e (1)
e (1) e
u[L(x)]P(x)
txL
(t−u)xL
P(x),
= P(x) e
+ du e
δL(x) e

(C.10).

0

Using P(x) = P0 + xP(1) + O(x2 ), see Eq. (3.27), and ex[L(x)]P(x) P(x) =
P(x) euL(x) P(x) we obtain


e (1)
e (1)
e (1)
[etL(x) ]P(x) = P0 etxL P0 + x P(1) etxL P0 + P0 etxL P(1) + O(x2 ) +
Zt
e (1) e
e (2) k), (C.11)
P(x) euL(x) P0 + t O(x3 kL
+ P0 du e(t−u)xL δL(x)
0

where the higher-order corrections are explained below. First,
e (1) and L(x) are CPTP generators, we have ketxLe (1) k =
as both xL
ketL(x) k = 1 and kP0 k = 1 [219]. The first line in Eq. (C.11) corree (1)
sponds to P(x) etxL P(x) and the higher-order corrections are

C.2 metastability in class a systems

196

of the order kP(x) − P0 − xP(1) k kP(x)k + x2 kP(1) k2 = O(x2 ) due
to the norm k·k being submultiplicative. Furthermore, the corrections in the second line, which corresponds to the integral
term in (C.10), are of the order
Zt

du e(t−u)xL

e (1)

0

e
δL(x)
euL(x) kP(x)kkP(x) − P0 k 6

e
6 kP(x)kkP(x) − P0 k × t kδL(x)k


2 e (2)
3 e (3)
e (2) k),
= O(x) × t x kL k + O(x kL k) = t O(x3 kL
e (3) is the third order correction in [L(x)]P(x) , see (C.15),
where L
e
e (2) + O(x3 kL
e (3) k)). Furthermore, it also
and we used δL(x)
= x2 L
follows that
Zt

e (1) e
du e(t−u)xL δL(x)
P(x) euL(x) P0 =
0
Zt
e (1) e (2)
2
e (3) k),
= x P0 du e(t−u)xL L
P(x) euL(x) P0 + t O(x3 kL

P0

0

and further
x P0

Zt

2

du e(t−u)xL



e (2) P(x) euL(x) P0 =
L

du e(t−u)xL

e (2) P0 euxL
P0 L

e (1)

0

Zt
= x2
0

e (1)

e (1)

e (2) k) + t2 O(x4 kL
e (2) k2 ),
P0 + t O(x3 kL

where we have used Eq. (C.10), with corrections being the integral and the unitary evolution outside the SSM given by P0 . Fie (2) k = O(kL(2) k + kL(1) k2 kSk) = O(kL(1) k +
nally, we note that kL
e (3) k = O(kL(1) k kL(2) k kSk +
kL(2) k), cf. Eq. (3.28), and similarly kL
kL(1) k3 kSk2 ) = O(kL(1) k + kL(2) k), cf. Eq. (C.15)), which completes the proof of Eq. (3.34).

c.2.4

Coefficients of the metastable manifold

Consider the generic case of degeneracy of the first m eigenvalues of L0 being lifted in the second-order perturbation theory.
In this case the projections on the individual eigenmatrices of
L0 are analytic and in the 0-th order simply given by projec-
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e (2) ]P , l = 1, .., m 00 , where Pl is a
tions on the eigenbases of [L
l
(1)
e
projection on the eigenspace of L . Therefore we have
Ll,j (x) ∝ Ll,j Pl,j (x)


e (3) S
e (2) S
el − Ll,j L
el,j + O(x2 ),
= Ll,j + x − Ll,j L(1) S − Ll,j L
l

(C.12)

e (2) ]P with eigenvalue λ(2) ,
where Ll,j is a left eigenmatrix of [L
l
l,j
e
Pl,j is the corresponding projection, Sl is the reduced resolvent
e (1) at λ(1) restricted to P0 , S
el,j is the reduced resolvent for
for L
l
e (2) ]P at λ(2) restricted to Pl , and L
e (3) is the third-order cor[L
l
l,j
l
(1)

rection in [L(x)]Pl (x) − xλl Pl (x) (see (C.16)), cf. the reduction
process in [167] and Eq. (3.29). Note that since the projection
Pl,j (x) is of rank 1, the eigenmatrix Ll,j can be replaced by any
matrix L such that L Pl,j (x) 6= 0.
Let us assume Ll,j is Hermitian (see Eq.(3.8) and paragraph
afterwords on how to choose Hermitian basis from the eigenmatrices), so that the coefficient cl,j = Tr(Ll,j ρin ) is real.
Consider rescaling the coefficient cl,j (x) = Tr(Ll,j (x)ρin ) by
the spectral norm of the left eigenmatrix Ll,j (x), which is defined as kLl,j (x)k∞ := max|ψi∈H,hψ|ψi=1 |hψ|Ll,j (x)|ψi|. The spectral norm corresponds to the maximal absolute value of the
Ll,j (x) eigenvalues and we also have kLl,j (x)k∞ = maxρin |cl,j (x)|.
From the Hermitian perturbation theory for Ll,j (x), the eigenvalues of Ll,j (x) are analytic for x small enough [167], but kLl,j (x)k∞
does not have to be differentiable at x = 0, which happens only
min
when the extreme eigenvalues of Ll,j obey |cmax
l,j | = |cl,j |. Nevertheless, for a given sign of x, kLl,j (x)k∞ is analytic for x small
enough. Therefore, we arrive at
cl,j (x) =

Tr(Ll,j (x)ρin )
ex,(1)
= cl,j (1 − x cl,j ) +
kLl,j (x)k∞
h
 i
e (3) S
e (2) S
el,j − Ll,j L
el − Ll,j L(1) S ρin + O(x2 ),
− x Tr Ll,j L
l
ex,(1)

where we assumed kLl,j k∞ = 1 and cl,j
related to the firstmax
order correction in cmin
l,j (x) or cl,j (x), with its sign depending
on the sign of x. Therefore, for x small enough the set of coefficients representing the MM is simply an affine transformation

(C.13)
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of the degrees of freedom of the SSM of L0 as given in Eq. (3.37)
of the main text.
Consider an alternative case in which the coefficient cl,j (s) is
rescaled by the difference of the extreme eigenvalues of Ll,j (x),
min
∆cl,j (x) := cmax
l,j (x) − cl,j (x). This is convenient as the range
of all coefficients determining the MM is of the same length 1,
which is also the case for probabilities in a simplex or a Bloch
ball, see Fig. 3.2 (b,d). in the main text. Again, from the Hermitian perturbation theory for Ll,j (x) it follows that ∆cl,j (x) is
analytic in x for x small enough and
cl,j (x) =

Tr(Ll,j (x)ρin )
(1)
= cl,j (1 − x (∆cl,j )−1 ) +
∆cl,j (x)
 i
h
e (2) S
e (3) S
el − Ll,j L(1) S ρin + O(x2 ),
el,j − Ll,j L
− x Tr Ll,j L
l

(C.14)

(1)

where we assumed ∆cl,j (0) = 1 and ∆cl,j is the difference bemin
tween first-order corrections in cmax
l,j (x) and cl,j (x).

c.2.5

Effective long-time dynamics

Below we obtain Eq. (3.39) which demonstrates how the effective long times dynamics is approximately CPTP and given by
e
e (1) + [L
e (2) ]P , cf. Appendix C.2.1.
the generator L(x)
=L
0
Derivation. From Eq. (3.28) we write Leff (x) = [L(x)]P(x) =:
e
L(x)
+ ∆L(x), with ∆L(x) regarded as a perturbation whose
e (1) k), while in the case
size is in general k∆L(x)k = O(x2 kL
e (1) = 0 we have k∆L(x)k = O(x3 (kL(1) k + kL(2) k)), see
when L
the third-order correction for [L(x)]P(x) in Eq. (C.15) below. The
Dyson-Philips expansion for Leff (x) with ∆L(x) as the perturbation is
[e

tL(x)

]P(x) = P(x) e

e
tL(x)

P(x) + P(x)

Zt

du e(t−u)L(x) ∆L(x) P(x) euL(x) P(x),
e

0
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where we used euLeff (x) P(x) = P(x) euL(x) P(x). We further have


e
e
e
e (1) etL(x)
e (1) S + O(x2 ) +
[etL(x) ]P(x) = P0 etL(x) P0 + x −SL
P0 − etL(x) P0 L
Zt
e
+ P0 du e(t−u)L(x) P0 ∆L(x) P0 euL(x) P0 +
0

e (1) k + x4 (kL(1) k + kL(2) k)),
+ t O(x3 kL
e
e
e
Note that ketL(x) k = ketL(x) P + (I − P)k 6 3 since L(x)
is a
CPTP generator on P0 . Due to submultiplicativity of the norm,
e
the second order corrections to P(x) etL(x) P(x) in the first line
are O(x2 (kL(1) k kSk)2 ) = O(x2 ). In the second and the third line
corresponding to the integral, the corrections are bounded by
e (1) k + x4 (kL(1) k + kL(2) k)).
t O(x kL(1) k kSk k∆L(x)k) = t O(x3 kL
e (1) k + x3 (kL(1) k + kL(2) k)), from
Although, k∆L(x)k = O(x2 kL
Eq. (3.28) we obtain k[∆L(x)]P0 k = O(x3 (kL(1) k + kL(2) k)) =
O(x3 τ−1
0 ) which implies that the leading correction in the second line of the equation above is O(x3 τ−1
0 ). Note that this reduction to the higher order is a consequence of the fact that
e (1) + xL
e (2) and L
e (1) + x[L
e (2) ]P differ in the norm of the order
L
0
e (1) k) due to the first-order corrections in the L
e (1) eigenO(xkL
projections, cf. Eq. (3.29), but not in the eigenvalues that differ
in o(x2 (kL(1) k + kL(2) k)), cf. Eq. (3.26).

c.2.6

Higher-order corrections

e (1) + x2 L
e (2) + x3 L
e (3) + O(x4 (kL(1) k +
We have that [L(x)]P(x) = xL
e (1) and L
e (2) are given in Eq. (3.28) and the
kL(2) k)), where L
third-order correction is [167]
e (3) =
L

− P0 L(1) P0 L(2) S − P0 L(2) P0 L(1) S − P0 L(1) SL(2) P0 +
− P0 L(2) SL(1) P0 − SL(1) P0 L(2) P0 − SL(2) P0 L(1) P0 +
+ P0 L(1) P0 L(1) SL(1) S + P0 L(1) SL(1) P0 L(1) S + P0 L(1) SL(1) SL(1) P0 +
+ SL(1) P0 L(1) P0 L(1) S + SL(1) P0 L(1) SL(1) P0 + SL(1) SL(1) P0 L(1) P0 +
− P0 L(1) P0 L(1) P0 L(1) S2 − P0 L(1) P0 L(1) S2 L(1) P0 +
− P0 L(1) S2 L(1) P0 L(1) P0 − S2 L(1) P0 L(1) P0 L(1) P0 .

(C.15)
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Due to reduction process for [L(x)]P(x) we further obtain that
(1)
e (2) ]P + x3 L
e (3) + O(x4 ), where Pl (x)
[L(x)]Pl (x) = xλl Pl (x) + x2 [L
l
l
(1)
(1)
is a projection on the λl -group with λl being an eigenvalue
e (1) , see Eq. (3.29) and
of L
e (3) = [L
e (3) ]P + λ(1) Pl L(1) S2 L(1) Pl +
L
l
l
l
(2)
e
e (2) Pl +
− Pl L Pl L(1) S − SL(1) Pl L
e (2) Pl L
e (2) Pl ,
e (2) S
e (2) Pl − Pl L
e (2) Pl L
e (2) S
el − S
el L
el L
− Pl L
for l = 1, ..., m 00 .

(C.16)

D
APPENDIX

In this appendix we merge results of Chapters 2 and 3, in order
to provide proofs that precision of quantum parameter estimation can be enhanced when the system dynamics is metastable.
In particular, we consider two metastable phases which differ
in activity, so that the system is close to a first-order DPT, see
Sec. D.1. Furthermore, we also consider quantum parameter estimation using quantum systems with dynamics close to higher
than two-fold degeneracy of the stationary state, see Sec. 3.4.1,
and show how the unitary dynamics during the metastable
regime is related to the quadratic enhancement in the parameter estimation precision, see Sec. D.3.

d.1

metastability as a resource in enhanced parameter estimation

Consider a master equation Lg , see Eq. (3.2), in which the Hamiltonian Hg and jump operators Jj,g depend on a parameter g.
Furthermore, let us assume that the stationary state dynamics is unique, but the gap of Lg is small, i.e., there is a separation between the second and the third eigenvalues of Lg ,
0 < −λ2  −Re λ3 . This leads to metastability in the system dynamics with metastable states being mixtures of two metastable
e1 , ρ
e2 in the metastable regime (−Re λ3 )−1 = τ 00  t 
phases ρ
τ = (−λ2 )−1 , see Sec. 3.3.
We are interested in estimating a value of the parameter g
using the joint system-output MPS at time t, |Ψg (t)i, precision
of which is quantified by the QFI, cf. Eq. (2.12), see Chapter 2.
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Here we provide a proof that during the metastable regime,
the QFI can grow quadratically with time with a multiplicative
constant determined by the two metastable phases, as in (2.35)
and (2.15). Furthermore, we show that the asymptotic linear
behaviour of the QFI, a consequence of the stationary state being
unique, is also determined by the metastable phases and the
final relaxation time, as given in (2.36) and in (2.19).
Quadratic scaling of QFI. First, let us recall that the QFI is proportional to the variance of the generator Gg (t) that encoded
the parameter g in the joint system-output MPS |ψg (t)i, cf. Eqs. (2.29)
and (2.30-2.10). Before considering the variance, let us show
how the average of the generator Gg (t) in the metastable regime
can be approximated by the rate of the corresponding to two
e1 , ρ
e2 , see Eq. (3.11). We have, cf. (2.25),
metastable phases ρ
(1)

(2)

t−1 hΨg (t)|Gg (t)|Ψg (t)i = i t−1 ∂g 0 hΨg (t)|Ψg 0 (t)ig 0 =g =



= i Tr ∂g 0 Lg 0 ,g P ρin g 0 =g +
= i t−1 Tr ∂g 0 etLg 0 ,g ρin 0
g =g

etλ2


−1
Tr ∂g 0 Lg 0 ,g R2 g 0 =g Tr (L2 ρin ) +
t
!

 tLg
e
−I
= p 1 µ1 + p2 µ2 +
ρin
+ i Tr ∂g 0 Lg 0 ,g
tLg
I−P
0
g =g
!
 tLg


e
−I
∂g 0 Lg 0 ,g kg 0 =g
+ O λ2 ∂g 0 Lg 0 ,g kg 0 =g + O
,
tLg
I−P
+i

where P is the projection on the two metastable phases, P (·) =
P
ek (·)), so that P ρin = p1 ρ
ek Tr(P
e1 + p2 ρ
e2 , see Eq. (3.12), µ1 ,
k=1,2 ρ
µ2 are the rates of the metastable phases, ρin = |χihχ| is a pure
initial state of the system, and R2 , L2 are the right, left eigenmatrices of Lg corresponding to λ2 eigenvalue. The first correction
in (D.1) is due to corrections to the stationarity during the metastable regime, and the second correction is the contribution before the metastable regime from faster decaying modes. Note
that the latter correction is negligible only when the metastable


regime is long enough (cf. corrections etLg I−P to the sta

tionarity in Eq. (3.8)), so that (tLg )−1 I−P is negligible. From
Eq. (D.1) system states leading to the extremal averages of Gg (t)

(D.1)
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in the metastable regime correspond to metastable phases, see
Sec. 2.3.3.
In the case of the variance of the generator Gg (t) encoding g
in |Ψg (t)i, ∆2 Gg (t) := hG2g (t)i − hG2g (t)i, the quadratic terms are
given by, cf. (B.9) for corrections,
h

2

i
∆G2g (t) = t2 − Tr LLg P ρin
+ Re Tr LLg P LRg P ρin + O(t)
h


= t2 − (p1 µ1 + p2 µ2 )2 − i p1 µ1 Tr(P1 LRg ρ1 ) + p2 µ2 Tr(P2 LRg ρ2 ) +

i
R
R
−i p1 µ2 Tr(P2 Lg ρ1 ) + p2 µ1 Tr(P1 Lg ρ2 )
+ O(t),
(D.2)
†
where LRg := ∂g 0 Lg,g 0 |g 0 =g = ∂g 0 Lg 0 ,g g 0 =g =: (LLg )† are the firstorder deformations of the master operator Lg . We now show
e1 LR ρ
e R e1 ) are of the order of
that the cross terms Tr(P
g e2 ), Tr(P2 Lg ρ
a square root of corrections to the stationarity during the metastable regime, O(max(λ2 t, k[etLg ]I−P k)1/2 kLRg k). Thus the cross
terms can be neglected when the separation in the spectrum
of Lg , −λ2  −Re λ3 , is pronounced enough. Moreover, since
e1 + P
e2 = 1H , we also have
P
R
e1 LR ρ
e1 ) + O(max(λ2 t, k[etLg ]I−P k)1/2 kLRg k)
−i T r(P
g e1 ) = −i T r(Lg ρ

= µ1 + O(max(λ2 t, k[etLg ]I−P k)1/2 kLRg k),

tLg
e2 LR ρ
−i T r(P
]I−P k)1/2 kLRg k),
g e2 ) = µ2 + O(max(λ2 t, k[e

leading to the quadratic behaviour of ∆2 Gg (t) and hence the QFI
in the metastable regime given by the rates of the metastable
phases,
∆2 Gg (t) = t2 p1 p2 (µ1 − µ2 )2 + O(t) + O(max(λ2 t, k[etLg ]I−P k)1/2 kLRg k).
(1)

(1)

Proof. Consider the MPS |Ψg (t)i and the system state ρg (t)
corresponding to the initial state |vmax i being the eigenvector of
L2 corresponding to the maximal eigenvalue cmax
2 , so that dur(1)
e1 + O(tλ2 ) + O(k[etLg ]I−P k),
ing the metastable regime, ρg (t) = ρ
cf. (3.8) and (3.11). For time t well within the metastable regime,

(D.3)
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(1)

(1)

so that the leading terms in hΨg (t)|Gg (t)2 |Ψg (t)i are quadratic,
cf. (B.9), we have
(1)
−1
e2 LR ρ(1)
e2 ⊗ 1output |Ψ(1)
Tr(P
∂g 0 hΨg 0 (t)|P
g (t)ig 0 =g
g g (t)) = t
q
q
(1)
(1)
e2 ρ(1)
6 t−2 hΨg (t)|Gg (t)2 |Ψg (t)i Tr(P
2 g (t))
q
q

6 ∂g1 ∂g2 Re Tr LLg PLRg ρ1 + O(C(t)) O(tλ2 ) + O(k[etLg ]I−P k)
q
R
= O(kLg k) O(tλ2 ) + O(k[etLg ]I−P k) = O(max(λ2 t, k[etLg ]I−P k)1/2 kLRg k),

where the first inequality is the Schwarz inequality and the sece2 6 1H and thus
ond inequality simply follows from 0 6 P
e2 6 P
e2 , cf. (3.12).
P
2
Furthermore the asymptotic linear scaling of the variance
∆G2g (t) and hence the QFI, cf. Eq. (2.27), is also influenced by
the presence of metastability as we have
lim t

t→∞

−1

∆G2g (t)

 h


i
LR
= Tr Lg ρss − 2 Re Tr LLg L−1
g

I−Pss

LRg ρss



where I − Pss is the projection on the complement of the stationary state ρss , and LLR
g := ∂g1 ∂g2 Lg1 ,g2 |g1 =g2 =g . Note that the
leading contribution is due to the low-lying second mode, so
that we have (cf. Eqs. (2.36) and (2.19))

 

lim t−1 ∆G2g (t) ≈ −2 τ Re Tr LLg R2 Tr L2 LRg ρss

t→∞

ss
2
≈ −2 τ pss
1 p2 (µ1 − µ2 ) ,

(D.4)

where τ = (−λ2 )−1 is the correlation time/metastable regime
e
e2 )/∆c2 , L2 =
length, pss
ρ1 − ρ
1,2 = Tr(P1,2 ρss ) and we used R2 = (e
ss
max
min
max
ss
min
e
e
c2 P1 + c2 P2 , c2 /∆c2 = p2 , c2 /∆c2 = −p1 , cf. (3.11), (3.12),
e1 LR ρ
e R e1 ) due to
and neglected the cross terms Tr(P
g e2 ), Tr(P2 Lg ρ
the proof above. For discussion of relation between Eqs. (D.3)
and (D.4) see Sec. 2.3.3.
Eqs. (D.1) and (D.3) show that the statistics of Gg (t) is bimodal
and therefore the QFI in the metastable regime grows quadrati-

,
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cally with time t with constant determined by the rates of two
metastable phases. Moreover, from Eq. (D.4) enhancement in
the asymptotic linear scaling of the QFI is also determined by
the rates of the metastable phases and the length τ of the metastable regime. As the enhancement depends on the rates given
by the expected value of the system observable Mg , (2.37), in
the two metastable phases, this gives a method to determine
whether a given open quantum system dynamics is useful for
estimation of a given parameter g.
Finally, note that the quadratic scaling of the QFI in time during the metastable regime is a consequence of a macroscopic
phase encoded in the system-output MPS during the metastable
√
√
regime, e.g. for a initial state |χi = p1 |vmax i + p2 |vmin i evolve1 + p2 ρ
e2 and the
ing into a mixture of metastable phases, p1 ρ
√
√
(1)
(2)
(t)i + p2 |Ψg (t)i, as foljoint MPS given by |Ψg (t)i = p1 |Ψ
Rg
−i

g

dg 00 G

(t)

g 00
lows. We have that |Ψg 0 (t)i = Te g 0
|Ψg (t)i = |Ψg (t)i −
0
0
2
i(g − g) Gg (t)|Ψg (t)i + O((g − g) ) and thus the macroscopic
(1,2)
(1,2)
phase for hΨg (t)|Gg (t)|Ψg (t)i ≈ tµ1,2 and the off-diagonal
terms do not contribute, analogously as in the proof of (D.3)
above.When measurement is performed only on the system,
this relative macroscopic phase is lost and there is no quadratic
enhancement in precision, which corresponds to the fact that
e1 + p2 ρ
e2 in the
system state is approximately stationary, p1 ρ
metastable regime, cf. Eq. (D.8).

d.2

metastable phases in biased qjmc

When we are interested in the cumulants of an integrated continuous measurement, such as photon counting or an integrated
homodyne current, those can be encoded in a cumulant generating function (CGF) or the logarithm of a characteristic function.
Interestingly, both of those can be obtained by deformation of a
master operator, cf. the superoperator Ws in Eq. (3.17) for counting CGF and Eqs. (2.21) and (B.25) for the generators leading to
respective characteristic functions.
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As exploited in the Chapter 2, the characteristic function of
a continuous measurement is identical to the fidelity between
joint system-output MPSs with different values of a parameter
encoded using exactly that continuous measurement as a generator of encoding and the corresponding modified master operator is given by for counting by Lφ,φ 0 in (2.21) and for homodyne
current by Lg 0 ,g in (B.25), where the difference between parameter values is the argument of the characteristic function. Therefore, we have that Ws = Lφ,φ 0 for ∆φ = φ 0 − φ = is, and there
is analogous relation for a homodyne current, see CGF in [164].
In particular, for homodyne current in quanta associated with
jump J1 , it follows that
∂s |s=0 Ws ρ = −i∂φ 0 |φ 0 =φ Lφ,φ 0 ρ = J1 ρ J†1 .

(D.5)

Therefore, from the results of the previous Sec. D.1, we obe1 J1 ρ
e2 J1 ρ
e2 J†1 ) and Tr(P
e1 J†1 ) are of the order are
tain that Tr(P
of the order of a square root of corrections to the stationarity
during the metastable regime, O(max(λ2 t, k[etL ]I−P k)1/2 × κ1 ),
cf. the proof of Eq. (D.3), where κ1 := kJ1 (·) J†1 k. This leads
e1 or ρ
e2 to be approximately
to one of the metastable phases ρ
(up to O(max(λ2 t, k[etL ]I−P k)1/2 × κ1 )) the Ws eigenmatrix ρs
corresponding to the maximal eigenvalue θ(s) for (−λ2 ) 
(1 − e−s )κ1  (−Re λ3 ), with the choice of the metastable phase
depends on sign of the parameter s, see Sec. 3.3.3. Analogous
results hold for any other integrated continuous measurement,
e.g. an integrated homodyne current.

d.3

metastability in perturbed degenerate ssm and
enhanced parameter estimation

In this appendix we establish connection between the unitary
rotation in a perturbed SSM during the metastable regime, cf.
the first-order correction [L(1) ]P0 in Eq. (3.28), and quadratic
scaling of the QFI in the parameter estimation using joint systemoutput MPS.
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Consider dynamics Lg close to L0 which features degenerate
stationary manifold, as given in Eq. (3.3). Let us assume that
L0 features a state of full rank, i.e., there is no decay subspace
Lm 0
el ⊗ ωl . In this case for no rotation in
H0 , and ρss =
l=1 pl ρ
the SSM, it can be shown that the Hamiltonian and jump operators are of the form preserving the block structure of (3.3), i.e.,
P 0
Pm 0
H= m
l=1 Hl ⊗ 1Kl and Jj =
l=1 Jj,l ⊗ 1Kl . This case has been
assumed in [206], where for Lg given by Hg = H + gH(1) + O(g2 )
(1)
and Jj,g = Jj,0 + gJj + O(g2 ), the Hamiltonian governing the
e (1) =
unitary dynamics during the metastable regime, i.e., gL
e (1) , (·)], has been derived as
g[L(1) ]P0 = −ig[H
0

e (1) =
H

m
X
l=1





X
i
(1)
(1)
el ⊗ 1Kl 
Jj Jj − (Jj )† Jj  ρ
1Hl ⊗ TrHl H(1) +
2


j

m0

=:

X
l=1

(1)

e ,
1Hl ⊗ H
l

e (1)
which preserves the block diagonal structure. Moreover, as H
is derived simply as [206]

 
1  (1)
(1) †
(1)
(1)
Jj Jj + (Jj ) Jj (·) P0
i P0 −iH (·) + Jj (·)Jj −
2
= i P0 ∂g 0 Lg 0 ,g

g 0 =g=0

P0 ,

where Lg 0 ,g is the deformation master operator yielding fidelity
of MPSs corresponding to system-output dynamics at the parameter value g and g 0 , as hΨg (t)|Ψg 0 (t)i = T r(etLg 0 ,g ρin ), cf. (2.25),
we have the following relation to the observable Mg (2.37), determining quadratic enhancement in the QFI,
0

e (1)

H

=

m
X
l=1


el ⊗ 1Kl .
1Hl ⊗ TrHl Mg ρ

(D.7)

Let us recall here Mg for generic types of parameters, see Sec. 2.4.1.
For g = Ω being a coupling constant in the system Hamiltonian,
i.e., HΩ = H0 + ΩH1 , we simply have MΩ = H1 . On the other
√
hand, for a classical parameter g = κj with Jj,κj = κj Jj , there

(D.6)
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is no enhancement possible, exactly like in the m = 2 phases
e (1) = 0.
case, since Mg = 0 and thus H

d.3.1

Estimation using system only

For DFSs and NSSs, given by Kl with dim(Kl ) > 1, l = 1, ..., m 0 ,
we have that perturbation of g away from 0 introduces nontrivial unitary dynamics, so that in the metastable regime, cf.
Pm 0
e (1)
e (1)
el ⊗ e−igtHl ωl eigtHl +
Eq. (3.36), we have ρg (t) =
l=1 pl ρ
O(g) + O(k[etLg ]I−P(g) k), where P(g) is the projection of lowlying modes of Lg corresponding to the lifted degeneracy of
the SSM in L0 . Consider estimation of a value of the parameter
g during the metastable regime by performing measurement
on the system. We will have that for g ≈ 0 the corresponding
QFI,
0

F(ρg (t)) = t2

m
X
l=1




pl Fl (ωl ) + t O(1) + O(g) + O tk[etLg ]I−P(g) k ,
(D.8)

e (1) on ωl as
where Fl (ωl ) is the QFI for phase encoded by H
l
e (1)

e (1)

e−iφHl ωl eiφHl , and the leading linear corrections are due to
first-order corrections to the metastable manifold, cf. Eq. (3.36).
Note that we have quadratic scaling of the QFI with time t for a
measurement performed solely on the system, cf. the symmetric logarithmic derivative in (2.11), which is due to coherence
preserved during the metastable regime inside a DFS/NSS represented by ωl . In particular, when an initial system state evolves
into pure ωl , we further have that the QFI is simply given by the
e (1) . The quadratic enhancement in the
variance Fl (ωl ) = 4 ∆2ωl H
l
scaling of the QFI is absent for classical phases where dim(Kl ) =
1, since those are not affected by the unitary dynamics during
metastable regime as the Hamiltonian introduces only a global
e (1) = 1H × Tr(Mg ρ
el ) on ρ
el since H
el ). Similarly,
phase t Tr(Mg ρ
l
l
when an initial system state evolves into ωl being a mixture of
e (1) eigenstates there is no quadratic enhancement. As we show
H
l
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below, in these two cases it is necessary to consider measuring
also the output in order to retrieve the enhancement in precision, cf. the case of two phases in Sec. 2.4.3.
At times t > τ 0 (g) the effective dissipative dynamics Leff
begins in the MM leading to exponential decay of coherences,
so that at t > τ(g) the unique stationary state ρss (g) of Lg is
achieved by the system, see Eqs. (3.36) and (3.39). In particular,
the asymptotic QFI is independent of time t, F(ρss (g)). Therefore, for total time T for estimation of the parameter g it is optimal to perform n = T/t experiments, where t 6 τ 0 (g), which
leads to the total QFI
0

m
X
T
0
e (1) ,
F(ρg (t)) ≈ 4 T τ (g)
pl ∆2ωl H
l
t

(D.9)

l=1

where we assumed pure ωl , l = 1, ...m 0 , and we have τ(g 0 ) ∝
g−2 , cf. Sec. C.2.3. See also the discussion in Sec. 2.4.3. When
g = 0, the optimal choice of time is t = T , since the quadratic
scaling of the QFI is present for all times.
In the case when dynamics governed by Lg features a DFS/NSS
also at g 6= 0, the measurements using solely the system can
achieve the quadratic scaling of the estimation precision, for
all times t, if and only if, varying of g introduces unitary dynamics within that DFS/NSS in the first-order, cf. (D.6). See also
Example II in Sec. 2.4.2.
Let us finally note that the enhanced scaling in (D.8) can be
present even if there is no DPT present in the dynamics, e.g
when there is only a single DFS present (m 0 = 1) and thus after
t  τ0 there are no jumps taking place, or for all NSSs, Kl , the
associated dissipative dynamics in Hl is identical.
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Estimation using both system and output

In contrast, for a pure initial state ρin of the system and the
optimal estimation scheme using the joint system-output MPS,
|Ψg (t)i, we have in the metastable regime (see Appendix B.2.3)
"
F(|Ψg (t)i) = 4 t2 Re ∂g1 ∂g2 Tr (Lg1 ,g P(g) Lg,g2 P(g) ρin )g1 =g2 =g +
− ∂g1 Tr (Lg1 ,g P(g) ρin )g1 =g

2

#
+ O(t)

"
= 4 t2 Re ∂g1 ∂g2 Tr (Lg1 ,g P0 Lg,g2 P0 ρin )g1 =g2 =0 +
− ∂g Tr Lg,0 P0 ρin

2


g=0

#
+

+ O(t) + t2 O g k∂g |g=0 Lg,0 k
!


× k∂g1 |g=0 Lg,0 k + k∂g1 ∂g2 |g1 =g2 =0 Lg1 ,g2 k + k∂2g |g=0 Lg,0
,
where we used expansion of P(g) from (3.27). Note that the
quadratic scaling of F(|Ψg (t)i) at g = 0 holds also asymptote (1) := i P0 ∂g Lg,0
ically when time t → ∞. Since H
P0 , we
g=0

further obtain that the leading quadratic terms in the QFI are
e (1) in the metastable
simply proportional to the variance of H
state P0 ρin ,
"

F(|Ψg (t)i) ≈ 4 t2





e (1) (P0 ρin ) H
e (1) − Tr H
e (1) P0 ρin
Re Tr H

2

#

e (1)
= 4 t2 ∆2P0 ρin H
" m0
#
m0
X
X
e (1) +
= 4 t2
pl ∆2ωl H
pl pl 0 (µl − µl 0 )2 , (D.11)
l
l=1

l6=l 0 =1

e (1) ωl ) = Tr(Mg ρ
el ⊗ ωl ), cf. (D.7). We know
where µl = Tr(H
l
that due to the system-output MPS being pure, the QFI is given
by the variance of the stochastic generator Gg (t), see Sec. 2.3.3
in the MPS |Ψg (t)i. We see that in the case of the perturbed

(D.10)
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degenerate dynamics L0 we further have that leading terms in
the QFI simplify to the variance of the observable observable
e (1) in the metastable state P0 ρin .
H
Firstly, let us note when all phases are classical, dimKl = 1 ∀l
so that m 0 = m, we obtain from Eq. (D.11) that the quadratic
scaling QFI is a consequence of the Gg (t) distribution being
a mixture of m distributions corresponding to the stationary
el ). See the
states {e
ρ l }m
l=1 which differ in the rates µl = Tr(Mg ρ
bimodal case of m = 2 in Sec. 2.3.3. The enhancement is absent when measurements are performed only on the system,
cf. (D.8), as the information about the parameter g value is
not stored in coherences, but in the joint system-outputMPS.
This encoding uses resources that can be quantified as the average of Gg (t), which grows linearly with time t, hGg (t)i =
Pm
l=1 pl µl + O(1). Again, there is a quadratic behaviour of the
QFI with time, due to correlations in the MPS that are preserved
in the metastable regime (t  τ 00 (g), cf. Eq.(3.33)). Moreover,
el ) is the macroscopic phase encoded on the MPS
note that t Tr(Mg ρ
for the state initially inside Hl , and thus the quadratic scaling is
again a consequence of a difference in the macroscopic phases,
see Sec. 2.3.3.
Secondly, when the state ωl inside a DFS/NSS is mixed, the
output provides additional information about g value, as it pue (1) . Moreover, the
rifies the system state and Fl (ωl ) 6 4 ∆2ωl H
l
el ) can be reglobal phases of ωl given by tµl = tTr(Mg ωl ⊗ ρ
solved as well. This corresponds to the second term in (D.11).

d.3.3

Estimation using output only

When at g 6= 0, the degeneracy of stationary state is lifted and
the asymptotic scaling of the QFI is necessary linear, cf. (2.27),
lim t−1 F(|Ψg (t)i) = 4 Tr {∂g1 ∂g2 Lg1 ,g2 ρss (g)}
h
i
−8 Re Tr ∂g1 Lg1 ,g L−1
∂g2 Lg,g2 ρss (g)
g

t→∞

I−Pss (g)

,
g1 =g2 =g
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where Pss (g)(·) = ρss (g) Tr(·) is the projection on the stationary
state ρss (g) and we assumed that Lg features no Jordan blocks.
In particular, the leading terms are due to the low-lying eigenmodes of Lg given by the projection P(g), and thus we can
replace [L−1
g ]I−Pss (g) by the resolvent of the effective dynamics
operator Leff (g) = [Lg ]P(g) . We have that the eigenvalues of
Leff (g) are given, up to the second order in g, by the eigene
e
e (2) ]P , where Pr are the
e (1) , (·)] + Pm 00 [L
values of L(g)
= −i[H
r=1

r

e (1) , (·)], see Eq. (3.31). The
projections on the eigenspaces of −i[H
stationary state ρss belongs to P1 corresponding to 0 eigenvalue,
up to linear corrections in g. Thus, when the degeneracy of the
stationary state is lifted in the second-order of peturbation theory, we have


e
e −1
e (1) L(g)
H

lim t−1 F(|Ψg (t)i) ≈ −8 Re Tr

t→∞


h
i
−2
e (2) ]−1
e (1) [L
= −g 8 Re Tr H
P1

P1 −Pss


P −Pss

0


e (1)
ρss H
,

!


e (1)
ρss H
,
(D.12)

e (1) also bewhere in the second line we used the fact that ρss H
longs to P1 . Note that the asymptotic linear scaling can be understood in terms of the decay of the long-lived correlations
e
e
e
e
e (1) etL(g)
e (1) )) −
in the effective dynamics L(g),
i.e., Re Tr (H
(ρss H
e (1) ρss )|2 , see also Sec. 2.3.3.
|Tr (H
Note that as coherences w.r.t. tHf are absent in ρss , the enhancement in precision requires measuring the output. Actually, the measurement can be performed on the output only [37],
as quantum trajectories become uncorrelated at the timescale
τ(g) ∝ g−2 , when the system state reaches the stationary state,
see Sec. C.2.5, and the information leaks from DFSs/NSSs to the
output. Therefore, this can be viewed as an alternative method
of extracting the quadratic scaling of the QFI, instead of exploiting the unitary dynamics induced inside DFSs/NSSs, cf. Sec. D.3.1.
Note, however, that such measurements on the output only necessary last at least t  τ(g) > τ 0 (g), in contrast to the optimal
system measurements of the length t  τ 00 (g).

D.3 enhanced estimation in perturbed degenerate ssm

d.3.4

Enhanced estimation and metastability in general open quantum system

Finally, let us note that when the MM of a general open system can be approximated by the structure of a SSM with the
same number m of degrees of freedom (cf. Eq. (3.3) and see
the second conjecture in Sec. 3.4.1), the quadratic enhancement
in the scaling of the QFI in the metastable regime can be explained analogously to the degenerate case above. The presence
of coherences during metastable regime will lead to quadratic
enhancement in precision also for measurements on the system only, cf. Eq. (D.8), whereas metastability of classical phases
differing in rates, cf. (D.10), will lead to the quadratic enhancement requiring a measurement both of the system and the output. This will be analogous to the case of m = 2 when the structure of the metastable manifold (see 3.3) is known and simpifies
the quadratic behaviour of the QFI, see Appendix D.1.
For general metastable dynamics with a unique stationary
state, the asymptotic linear scaling can also be enhanced, see
Eq. (2.27). Moreover, this enhancement can be obtained by measuring the output only, since the correlation length τ of the
system dynamics is finite [37].
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