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Résumé

De nombreux phénomenes de physique quantique ne peuvent étre compris que par l’analyse
des systemes ouverts. Un appareil de mesure, par exemple, est un systéme macroscopique en
contact avec un systéme quantique. Ainsi, tout modele d’expérience doit prendre en compte
les dynamiques propres aux systemes ouverts. Ces dynamiques peuvent étre complexes
Iinteraction du systéme avec son environnement peut modifier ses propriétés, 'interaction
peu créer des effets de mémoire dans I’évolution du systeme, ...

Ces dynamiques sont particulierement importante dans 1’étude des expériences d’optique
quantique. Nous sommes aujourd’hui capable de manipuler individuellement des particules.
Pour cela la compréhension et le controle de 'influence de ’environnement est crucial.

Dans cette these nous étudions d’'un point de vue théorique quelques procédures com-
munément utilisées en optique quantique. Avant la présentation de nos résultats, nous in-
troduisons et motivons l'utilisation de la description markovienne des systéemes quantiques
ouverts. Nous présentons a la fois les équations maitresses et le calcul stochastique quantique.
Nous introduisons ensuite la notion de trajectoire quantique pour la description des mesures
indirectes continues. C’est dans ce contexte que 'on présente les résultats obtenus au cours
de cette these.

Dans un premier temps, nous étudions la convergence des mesures non destructives. Nous
montrons qu’elles reproduisent la réduction du paquet d’onde du systeme mesuré. Nous mon-
trons que cette convergence est exponentielle avec un taux fixé. Nous bornons le temps moyen
de convergence. Dans ce cadre, en utilisant les techniques de changement de mesure par mar-
tingale, nous obtenons la limite continue des trajectoires quantiques discretes.

Dans un second temps, nous étudions I'influence de ’enregistrement des résultats de mesure
sur la préparation d’état par ingénierie de réservoir. Nous montrons que ’enregistrement des
résultats de mesure n’a pas d’influence sur la convergence proprement dite. Cependant, nous
trouvons que l’enregistrement des résultats de mesure modifie le comportement du systeme
avant la convergence. Nous retrouvons une convergence exponentielle avec un taux équivalent
au taux sans enregistrement. Mais nous trouvons aussi un nouveau taux de convergence
correspondant & une stabilité asymptotique. Ce dernier taux est interprété comme une mesure
non destructive ajoutée. Ainsi I’état du systeéme ne converge qu’aprés un temps aléatoire. A
partir de ce temps la convergence peut étre bien plus rapide. Nous obtenons aussi une borne
sur le temps moyen de convergence.

Mots-clefs : Systemes ouverts, Calcul Stochastique Quantique, Trajectoires quantiques, Me-
sure non destructives, Ingénierie de réservoir.






Abstract

Many quantum physics phenomena can only be understood in the context of open system
analysis. For example a measurement apparatus is a macroscopic system in contact with a
quantum system. Therefore any experiment model needs to take into account open system
behaviors. These behaviors can be complex: the interaction of the system with its environ-
ment might modify its properties, the interaction may induce memory effects in the system
evolution, ...

These dynamics are particularly important when studying quantum optics experiments.
We are now able to manipulate individual particles. Understanding and controlling the envi-
ronment influence is therefore crucial.

In this thesis we investigate at a theoretical level some commonly used quantum optics
procedures. Before the presentation of our results, we introduce and motivate the Markovian
approach to open quantum systems. We present both the usual master equation and quantum
stochastic calculus. We then introduce the notion of quantum trajectory for the description
of continuous indirect measurements. It is in this context that we present the results obtained
during this thesis.

First, we study the convergence of non demolition measurements. We show that they
reproduce the system wave function collapse. We show that this convergence is exponential
with a fixed rate. We bound the mean convergence time. In this context, we obtain the
continuous time limit of discrete quantum trajectories using martingale change of measure
techniques.

Second, we investigate the influence of measurement outcome recording on state prepara-
tion using reservoir engineering techniques. We show that measurement outcome recording
does not influence the convergence itself. Nevertheless, we find that measurement outcome
recording modifies the system behavior before the convergence. We recover an exponential
convergence with a rate equivalent to the rate without measurement outcome recording. But
we also find a new convergence rate corresponding to an asymptotic stability. This last rate
is interpreted as an added non demolition measurement. Hence, the system state converges
only after a random time. At this time the convergence can be much faster. We also find a
bound on the mean convergence time.

Keywords: Open systems, Quantum Stochastic Calculus, Quantum trajectories, Non de-
molition measurement, Reservoir engineering.
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1. Introduction

In 1947, in a celebrated experiment, W. E. Lamb and R. C. Rutherford measured a splitting
of the hydrogen emission—adsorption rays where the Dirac equation predicted the presence of
only one ray [70]. Later the same year this lifting of the hydrogen energy spectrum degeneracy
was explained by H. A. Bethe [31]. He showed that it was a consequence of the interaction
of the atom with the electromagnetic field. This effect was thereafter named the Lamb shift.

This well known result is an example of the importance of open systems in quantum physics.
Actually, since doing an experiment imply performing a measurement, it includes the inter-
action of a macroscopic apparatus with the system under study. It is intrinsically an open
system situation. Any system in an actual experiment is open.

This is particularly true in quantum optics. We have reach the point where individual
particles can be experimentally manipulated on the quantum level. The 2012 Nobel price was
awarded to S. Haroche and D. J. Wineland for such achievements. One of the goals of these
experiments is the preparation of systems in true quantum states. Hence, states including
entanglement or superposition of energy states, the so called Schrodinger cat states. The
environment has a tendency to destroy such states and unfortunately modeling its influence
is not always straightforward.

Consider for example the question of thermalization of an atom in interaction with a heat
bath. Its interaction with the electromagnetic field yields a splitting of the atom energy
levels, the Lamb shift. Should we expect a thermalization corresponding to the isolated
energy spectrum or to the one induced by the Lamb shift?

Also, the system evolution arising from its interaction with the environment includes, in
general, memory effects [36]. Thus, from the knowledge of the system state at present time
only, we cannot predict the system state at any future time.

In some physically motivated limits this memory effect can be neglected. Under these
approximations, the system evolution can be considered Markovian.

Markovian models are also pertinent to describe quantum optics experiments where systems
are manipulated through their repeated interaction with auxiliary systems (light pulses, atoms
...) [63].

In this thesis report we introduce the different Markovian descriptions of open quantum
systems developed since the seventies. Particularly we present quantum stochastic processes
and the theory of continuous indirect measurements, quantum trajectories. We then focus
on the results obtained during this thesis on the longtime behavior of two specific indirect
measurement setups.

Markovian approximation for open systems To the author knowledge, the first complete
justification of a Markovian approximation was made by E. B. Davies in the seventies [46]. He
proved that when the evolution induced by the system—environment interaction takes much
more time than the evolution due to both the system and the environment being taken isolated
one from the other, the system evolution is effectively described by a Markovian evolution.
This limit is the weak coupling limit. It is valid when the interaction energy is much smaller

11



1. Introduction

than all energy scales of both the system and the environment being taken isolated one from
the other. It is also called the rotating wave Born—-Markov approximation.

This result leads to answer our previous question about which energy spectrum should
be considered for the thermalization of an atom, the isolated one or the Lamb shifted one.
As we will see in section 2.3.2, in the weak coupling limit and under some convergence
conditions [45,55,91], the atom thermalizes according to its isolated energy spectrum.

In the eighties, a quantum version of classical stochastic equations was developed, especially
by R. L. Hudson and K. R. Parthasarathy [64]. This Quantum Stochastic calculus was and
still is a tool frequently used to model quantum optics experiments [57]. We will see in
chapter 3 that they can be considered as Markovian limits keeping some information on the
environment through some quantum noises. These noises are the quantum equivalent of the
classical white noise and Poisson processes. From the nineties up to nowadays different limits
leading to quantum stochastic evolution for open systems have been found. Let us cite the
work of J. Derezinski and W. de Roeck on the weak coupling [48] and the work of S. Attal
and Y. Pautrat on the repeated interaction continuous limit [6].

One of the most interesting corollary to the description of open evolutions through quan-
tum stochastic processes is the derivation of stochastic differential equations modeling the
continuous indirect measurement of systems. These stochastic differential equations are
called quantum trajectories stochastic differential equations and where first derived from
quantum stochastic differential equations by V. P. Belavkin in the late eighties and early
nineties [26-28]. At the same time, physicists proposed similar stochastic differential equa-
tions either as a mean of master equation simulation (J. Dalibard et al. [44]) or as a description
of continuous indirect monitoring of quantum optics systems (H. Carmichael [40]). Of course
previous attempts to model continuous measurements had been made. We can cite for exam-
ple the instrument formalism approach of E. B. Davies [46] and the work of A. Barchielli et
al. [14]. Quantum trajectories are an ideal tool to describe typical quantum optics measure-
ments such as interferometry or photon counting [102].

During this thesis we particularly studied two indirect measurement setups: non demolition
measurements and state preparation through reservoir engineering.

Non demolition measurements and wave function collapse Based on a work by M. Bauer
and D. Bernard [21] inspired by S. Haroche’s group experiment [61] we studied the conver-
gence of non demolition measurements [35,43]. Non demolition measurements are indirect
measurement that leave invariant a given set of system states called the pointer states. The
pointer states are generally the system energy eigenstates. By indirect we mean the system
is not directly connected to a macroscopic apparatus. An intermediate system, a probe, in-
teracts with the system and is then measured by a macroscopic apparatus. The name non
demolition may have two meanings in the literature: either it means that the measurement
procedure cannot demolish the measured states, or it means that the system is not destroyed
through the measurement process since it is not connected to a macroscopic apparatus di-
rectly. We are concern with the first definition. It is sometimes called the standard non
demolition condition. One expects that such measurements will push the system to one of
the pointer states with a distribution of the pointer states given by von Neumann projection
postulate. Hence one expects to reproduce wave function collapse on the system even if the
projective measurement was made only on the probe.

We recall the reader that von Neumann projection postulate states that a quantum system

12



in state |¢) is, after a measurement of a non degenerate observable A =3 (. (a)ala){al,

in a state |a) with probability |{a|¢)|?. a takes value in the spectrum of A. The projection of
|¢) onto |a) is also called wave function collapse.

In [21] M. Bauer and D. Bernard showed that a repeated non demolition measurements leads
to a wave function collapse. They also showed that the convergence is exponential with an
explicit rate. In [20] with M. Bauer and D. Bernard we extended this result to any type of non
demolition measurement. In particular we allowed the use of different probing methods with
any procedure for the choice among the probing methods. Hence we allowed for a possibly
highly non Markovian procedure of measurement. We proved collapse in this context and
showed that the use of different probing methods can lead to an increased convergence rate
toward the collapse. We showed that even if one starts the computation with an estimated
state different from the physical one, one obtain the same limit pointer state. Hence we proved
estimation stability. We also studied degenerate measurements. All these results are presented
in section 4.3. We added a result on the mean time in which the convergence happen. This
result is not contained in the article. The main mathematical tools used to obtain these results
where bounded martingale convergence and martingale change of measure. To our knowledge
it is the first time such a complete study of wave function collapse through repeated indirect
measurement was made.

In the same article [20] we introduced a derivation of a diffusive continuous time limit
of repeated non demolition measurements. By continuous limit we mean that we search
for a continuous time process describing the limit where an increasing number of indirect
measurements are performed in a fixed time. The limit stochastic equation we obtained is
a diffusive quantum trajectory stochastic differential equation with an added non demolition
property. We proved collapse and exponential convergence for these non demolition diffusive
quantum trajectories.

Following this work in [24] with M. Bauer and D. Bernard we derived the continuous
time limit of general repeated non demolition measurements. We obtained general quantum
trajectory stochastic differential equations with an added non demolition property. This work
can be seen as a complementary approach to the continuous time approximation of repeated
indirect measurement made by C. Pellegrini [84-86]. In our derivation we used martingale
change of measure techniques and obtain the continuous limit of the measurement outcomes.
The two approaches to the continuous limit are presented in section 5.2.2.

We completed this work on non demolition measurements in [29] with C. Pellegrini. Starting
from a continuous time quantum trajectory stochastic differential equation we found the
sufficient and necessary conditions for it to correspond to a non demolition measurement.
We proved these conditions are equivalent to the pointer probabilities being martingales.
Finally using martingale convergence and change of measure techniques we showed collapse,
exponential convergence with explicit rate and estimation stability. Part of these results
where already known. But to our knowledge the exponential convergence and the stability of
the estimated state are new results. This work is presented in section 5.4. We added a result
on the mean time of convergence which is not included in the article cited.

Reservoir engineering and state preparation In late nineties and early two thousands, the
idea of engineering the interaction of a system with its environment to drive it autonomously
to a desired pure state emerged [41,47,71,87,88,99]. Some experimental realizations of this
idea have been made since [19,68,72,77,90]. In [33,96,97] F. Ticozzi et al. gave necessary
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1. Introduction

and sufficient conditions on the mean Markovian evolution of a system such that it is driven
to a specific subspace of the whole state space. If this subspace is of dimension 1, the system
converges to a specific pure state.

In a work still in preparation with B. Cloez, C. Pellegrini and F. Ticozzi we investigate
such reservoir engineering but when the engineered environment is measured. Some results
where obtained on this subject in [94] by F. Ticozzi et al.. In our work we show, in any
case, that the convergence in mean is equivalent to the almost sure convergence of the state.
We find two different convergence rates. One is equivalent to the average convergence rate
and one is greater. This increased convergence rate is interpreted as the consequence of an
added non demolition measurement. We obtain also a bound on the mean convergence time.
This allows us to interpret of mean convergence rate as an actual convergence rate whereas
the increase obtained when measurements are recorded corresponds to an asymptotic stability
rate. Hence the first characterizes the time after which the state converges, whereas the second
characterizes the speed at which it converges when the convergence happen. To our knowledge
the convergence for any type of measurement and the characterization of the convergence are
both new results.

These early results are presented for the discrete time setup in section 4.4 and for the
continuous time setup in 5.5.

Structure The thesis report is structured as follow. In a first chapter we present the gen-
eral description of open quantum systems. We introduce the different models: Spin—boson,
repeated interactions, Caldeira-Leggett and path integral approaches. We focus on the evo-
lution of the system once the environment has been traced out. We call this evolution the
reduced system evolution. We introduce completely positive trace preserving maps. For the
Spin—Boson model we motivate the necessity of an infinite dimensional continuous energy
spectrum environment. We highlight the complexity of the evolution induced by the memory
of the environment. We present the general expression of Markovian reduced system evo-
lution. Thus we define completely positive trace preserving semi—groups. We discuss both
the long time behavior of completely positive trace preserving semi—groups and of repeated
action of completely positive trace preserving maps for the repeated interactions model. We
finish the chapter by a presentation of the main limits leading to Markovian reduced system
evolution.

In the second chapter, we introduce quantum stochastic calculus. We start by a pre-
sentation of the quantum noises and the unitary evolutions allowed by quantum stochastic
differential equations. Then we present the dilation of completely positive trace preserving
semi—groups through quantum stochastic unitary evolution. We also present two limits lead-
ing to quantum stochastic evolutions, the weak coupling limit and the continuous limit of
repeated interactions. We conclude this chapter with the presentation of the path integral
formalism equivalent to the quantum stochastic evolution. We use this path integral for-
malism to find the classical limit of quantum stochastic evolutions. We recover the usual
Langevin equations.

In a third chapter we present results on repeated indirect measurements, also called dis-
crete quantum trajectories. After a presentation of the setup, we introduce the results of B.
Kiimmerer and H. Maassen on the long time behavior of general discrete quantum trajecto-
ries. Namely we present the ergodic theorem for discrete trajectories they obtained [69] and
explain how they showed that in the long time limit, in general, a system following a quantum
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trajectory tends to purify [75]. We conclude this chapter by the presentation of our results
on non demolition measurements and reservoir engineering in discrete time.

In a fourth and last chapter we present continuous time quantum trajectories. After a
general definition we present the different derivations we know of these equations. We present
a physical phenomenological approach, the continuous limit of repeated interactions, quantum
filtering and finally the unraveling of master equations. Then we present the general long
time behavior of such trajectories. First we present the continuous time ergodic theorem of
B. Kiimmerer and H. Maassen [69]. Then we present the purification along the trajectory
showed by A. Barchielli and A. M. Paganoni [17]. In the two last sections of this chapter we
present our results on non demolition measurements and reservoir engineering in continuous
time.
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2. Open system Markovian description

2.1. Open systems

A system is considered open when it is in interaction with an environment. Namely one
does not consider only an atom but this atom and its interaction with the environment.
Thus the total system we consider is intrinsically bipartite. The first part is the system, the
second is the environment. The two parts have, of course, different roles. The environment is

4

Figure 2.1.: Open system situation.

formally all the world outside the system. Hence it is considered way larger that the system.
For example, the system can be a single particle when the environment is composed of a
macroscopic number of particles.

Let us recall the basic mathematical formalism of quantum mechanic we will use through
this thesis. Once this fixed the relative size criteria between the system and the environment
will be much clearer.

Hilbert spaces and states A quantum system is described by a Hilbert space H. The
state of the system is a positive semi definite trace class (hence bounded) operator from the
Hilbert space to itself. Its trace is equal to one. So the set of system states is S(H) = {p €
B(H) s.t. p > 0,tr[p] = 1} . We prefer this description to the pure state one where the system
state is given by a normalized element of H. Indeed the former allow for the description of
pure states when the latter is not suited for the description of statistical mixture of pure
states. Since we are concerned with open systems, we often encounter mixed states and
therefore prefer using density matrices p as states.

1. Actually this definition is not really suitable for the description of macroscopic systems at strictly positive
temperature. One should instead define the state as a positive linear form on an operator algebra. Nevertheless
in this thesis we will assume any state can be described by a density matrix p.
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2. Open system Markovian description

In the traditional formulation of quantum mechanics, physical quantities are represented by
selfadjoint operators acting on the Hilbert space. They are not necessarily bounded. These
operators are called observables. When performing the measurement of a given observable O
on the system, the outcome o(w) obtained is a random variable. Let us equip the spectrum
of O, spec(O), with a o-algebra F. The distribution of o(w) is given by P(o(w) € A) =
tr[Pap] for any measurable subset A of spec(O). P4 is the projector onto the eigensubspace
corresponding to the eigenvalues in A. If O has discrete non degenerate spectrum, P(o(w) =
o) = tr[Pyp] with P,y = |0'){(d'| where |0o') € H and |||0')| = 1. After a measurement where
we learned that the outcome is in A, the system state is projected to i f[‘}é’f ;‘]. Hence it is a
random variable distributed according to IP. This is the von Neumann projection postulate.
The mapping between the observable and the state on one side and the probability space on
the other side, is made, in the most general case, thanks to the spectral theorem (see section
5.2.3).

In an open quantum system context we consider two such quantum systems, the actual
system and the environment. Let us write their Hilbert spaces Hgys. and Heny. respectively.
The difference between the system and the environment lies in the relative size of Hepy, with
respect to Hgys.. It is often assumed that the system Hilbert space is a finite dimensional one,
in other words Hgys. = Cdsys~,dsys, < 00, whereas the environment Hilbert space has infinite
dimension. It attempts to translate the macroscopic size of the environment. Actually these
conditions are neither sufficient nor the most general.

In many cases the system can be a simple particle, then its Hilbert space is L? (Rd; C*), the
space of square integrable functions from R to C*. It is infinite dimensional. Nevertheless in
this thesis we limit ourselves to finite dimensional system Hilbert spaces Hgys. = Csys. They
are good representations of the systems we are interested in. For a particle or a field, one
can often cut off the higher energy level states. Note that the space of operators on Hsys, is
then the space of dsys. X dsys. complex matrices. Thus all the operators on Hgys. are bounded.
Their adjoint with respect to the canonical scalar product over C%s are their Hermitian
conjugated X* = XT. We alert the reader whenever the system Hilbert space is not C%vs..

On the environment side, the condition of an infinite dimensional Hilbert space is not
sufficient. A single particle is not really a good model for a whole environment, yet its
Hilbert space is infinite dimensional. We need to furthermore assume that the environment
is macroscopic, thus we do not bound the possible number of particles. For simplicity we
assume the environment has a simple structure. Therefore the environment is assumed to be
a field of free bosons. The Hilbert space is then a symmetric Fock space over the one particle
space I'(L2(R%; CF)). The one particle states take value in C¥ the possibility of k£ > 1 allows
for the introduction of spin degrees of freedom. Note that we do not treat cases with fermions
in the environment.

Finally the Hilbert space we consider for the description of an open quantum system through
out this thesis is

Htot. = Hsys. & Henv. = Cdsys' ® F<L2(Rd§ Ck)) (2'1)

It is the Hilbert space of the celebrated spin—-boson model. The dimension d refers to the
dimension of space. Thus we should fix it to 3 since we consider we are in a non relativistic
situation, but we keep for now this freedom since we will encounter symmetric Fock spaces
with d = 1. We will also encounter environments which are not Fock spaces. We will describe
these later.
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2.1. Open systems

In full generality, the set of states we are concerned with is S(Hiot.). Nevertheless we often
are interested only with the system state evolution. Thus from the total state pior. € S(Hiot. ),
we defined a system state, the reduced state, by taking a partial trace over the environment
Hilbert space.

pSyS- = tI"7"[env. [ptOt-]' (22)

The total system piot. is thus sometimes referred to as the extended state.

Note that if piot. = p®penv., then psys. = p. We always assume the initial total state has such
factorization property. Namely, the system and the environment are initially independent.
They are disentangled and statistically uncorrelated.

Evolution and Poincaré recurrence theorem The reversible evolution of a state between two
times is given by a unitary operator U. The state after the evolution is UpU*. In continuous
time, the state at any time ¢ is given by a group of unitaries U;. We have p(t) = U;pU;*. The
group generator is the Hamiltonian H, the total energy observable?: U, =—"*H  We usually
write this Hamiltonian in three parts

H = Hsys. ® leny. + Isys. ® Heny. + Hint.. (23)

The first two terms correspond to the free evolution of respectively the system and the en-
vironment. The term free refers to the evolution when the system and the environment do
not interact. Hgys is the energy observable of the system alone and Heyy. is the one of the
environment. We usually have Heypy, = f dpw(p)a;ap with ap and a; the annihilation and
creation operators acting on the bosonic Fock space. They satisfy the canonical commutation
relations (CCR)

lap, agy] = d(p — P').- (2.4)

Note that we dropped the spin degrees of freedom. For the sake of simplicity for now let us
assume k = 1. We will specify later when k > 1. w(p) is the dispersion relation giving the
energy given the impulsion of a particle.

The interaction Hamiltonian Hjy¢, is an operator acting on Hgys, @ Heny.. It assures that the
evolution does not reduce trivially to a free one. Note that we do not allow time dependent
Hamiltonian. Formally this would mean that there is an additional classical environment,
namely the experimenter adjusting a parameter, which is not described by the present Hamil-
tonian. This is a generalization beyond the scope of this thesis.

From now on whenever the definition is clear we will not adopt a different notations for X
acting on Heys. and X = X ® Leyy. acting on Hior,. Similarly ¥V = Iys ® Y for YV acting on
Henv.. Hence for example, Hgys. = Hgys. @ Leny..

The reduced state evolution is given by a time dependent map ®; such that

Psys. (t) = ¢t<PsyS.) = e, [Utpsys. ® penv.Ut*] (2-5)

with psys. the initial system state.
Often we expect the system state will relax to a stationary state. This adds a new constrain
on the spectrum of H, the energy observable of the total system (system-+environment). Its

2. Through out the text we set i = ¢ = 1. At one point we introduce back h. We alert the reader at the
time.
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2. Open system Markovian description

spectrum should at least have a continuous part. If not the total state is quasi periodic and
therfore there is good chance that the reduced system state is also periodic. It is a consequence
of Poincaré recurrence theorem [32].

Assume H has a discrete spectrum spec(H ) = {Ey, }nen with eigenvectors {|n) }nen C Hiot.-
Let p = >_,, 1 cax|n) (k| be the initial state of the total system. We note the Frobenius norm
| X% = tr[X*X]. We have explicitly

1ptot. (t) = prot |l = 2 (1 — cos(wnit))[cnr | (2.6)
k,n

with w,r = Ey — E,. Since ||p]|r < 1 for any state p, the sum converges. Hence for any
€ > 0, it exists a time ng such that 2% > (1 — cos(wWnrt))|enk|? + Y n<ng Dksme (L —
cos(wnit))|cnk|? < €/2. Hence

N0
(e, (1) = pron B <2 3 (1= cos(wnst)leni + /2. (27)
kn=1

We have a finite number of different w,,;, involved in the remaining sum. Thus using Dirichlet’s
theorem on diophantine approximations, it exists Ty < oo such that |1 — cos(wniT0)| < €/2
for any n, k < ng. Since tr[p2, ] < 1, we finally have

| ptot.(To) — ptot.”%? <e (2.8)

Thus whatever is the initial total state, we will get back as close as we want to it in a finite
time. Thus any total initial state is quasi periodic.

When spec(H ) has at least a continuous part we can no longer apply Dirichlet’s theorem,
thus we are not sure we will have quasi periodicity for any initial state. In this case the
recurrence time Ty can be infinite. One can understand this saying the recurrence time is
of the order of the inverse of the minimal spacing between two energy levels. Hence if this
spacing goes to zero the recurrence time explodes towards infinity.

Let us remark that if both Hgys and Hepny. have discrete spectrum, then there is a good
chance that H has a discrete one too. To try to avoid this and for simplicity we assume Heyy.
spectrum is the real line: spec(Heny.) = R. Note that since Hgys. is finite dimensional, there
is no chance Hgys has continuous spectrum.

2.1.1. System evolution and completely positive maps

We can say a little more on the reduced evolution (®;)cr,. It is actually a family of
completely positive (CP) trace preserving (TP) map.

Complete positivity is a stronger property than only positivity. Positivity means that the
image of any positive operator through the map ®; is positive. Complete positivity impose
that any extended version of ®; to a larger finite dimensional Hilbert space is still positive.
Namely, for any k& > 0, ®; ® I is positive with I; the identity on the k x k complex matrix
space. Counter intuitively, positivity does not imply complete positivity.

Let T : B(C?) — B(C?), T(X) = Itr[X] — X. This map is positive. Let us now consider
its extension to B(C? ® C?). Let P_ be the projector on |—) = %HO ® 1) = |1 ®0)) where
{|0),]1)} is an orthonormal basis of C2. Then

(~IT® Io(P-)=) = (~|(5 s~ P-)=) = —5 < 0. (29)

20



2.1. Open systems

Hence T'® I5 is not positive, therefore T' is not completely positive.

It is clear why we expect quantum evolution to be completely positive and not only positive.
A system can be in contact with any other system of arbitrary size. Their joint state can be
entangled. But if the evolution only acts on the initial system and not on the second one, the
joint state obtained should still be positive. If it is not the case, we could have measurement
on the resulting joint state with outcomes of negative probability. To assure that the operator
obtained after the evolution is actually a state we must also have tr[®;(p)] = tr[p] = 1. Hence
the evolution completely positive map must be also trace preserving (TP).

CPTP maps have nice properties [103]. For instance they always accept at least one in-
variant state pinv., P¢(pPinv.) = Pinv.. For a general family of CPTP maps {®;}, piny. might
depend on t. We also have that ® : B(Hsys.) = B(Hsys.) is a CP map if and only if we can
find a family of operators {Mj}lgjgdgys C B(Hsys.) such that

psys Z M]psys (210)

It is the Kraus (or Stinespring) decomposition of CP maps. If moreover ® is TP, ) M7 M; =
Isys.-

Let us now show that the map corresponding to the reduced evolution of the system state
up to time t is always a CPTP map. Actually we prove that the dual of the map is a CP
unital map. The dual ®; of ®; is the map such that for any system state psys. and any
X € B(Hsys.), tr[®F(X)psys.] = tr[X P4 (psys.)]. It is unital if ®F (Isys) = Isys.. It is clear that
this is equivalent to ®; being TP. Let peny. : B(Hiot.) = B(Hsys.) be the positive map such
that for any X € B(Hiot.), penv.(X) = trenv.[X (Isys. ® penv.)]. Hence it maps the operators
on the total Hilbert space to “reduced” operators on the system Hilbert space. Then for any

X € B(Hsys.),
¥ (X) = penv. (U XUy). (2.11)

We decompose U; on an orthonormal basis of B(Hsys.), {Bj}lﬁjédgys.: U= 32 B @ Uj(t)
with {U;(t)} a family of operators on Hepy.. It follows that

Z Peny.( Ux(t)) B; X By. (2.12)

The matrix P(t) = (penv.(U;(t)"Uk(t)))1<jk<az,, is positive semi definite. Thus it can be
diagonalized. Let the unitary u(t) be such that P(t) = u*(¢)D(t)u(t) with D(t) a non negative
diagonal matrix. Let M;(t) = \/D;(t) > p wjk()(t) Bk, then

Z M;(t)X M (t). (2.13)

Moreover since U Uy = Iiot., Pf (Lsys.) = Lsys.-
Finally the reduced system evolution is given at each time by a time dependent CPTP map

psys.( ) (I)t psys ZM psys ( ) (214)

Note that we never used the specific properties of the environment. Actually any reduced
evolution starting from a bipartite system leads to a CPTP map for the reduced system

21



2. Open system Markovian description

evolution as soon as the states of the two parts are independent. Namely, as soon as the joint
initial state can be factorized into a direct product of states of each part.

Conversely using Stinespring representation of CP unital maps, one can show that for any
CPTP map ®, there exists a Hilbert space C¥, a unitary operator U acting on C%vs ® cd
and a state p’ on C% such that

(I)(IOSyS) = tr(Cd’ [U(psys. ® p,)U*] (215)

Hence a CPTP map can always be thought as the reduced evolution of a larger system unitary
evolution [103]. This is called the CPTP map dilation.

2.1.2. Repeated interactions

Besides the Spin—Boson model another open system model has recently gained attention
from theoretical physicists and mathematicians [6,20, 21, 24,33, 37, 86], the repeated interac-
tion model. It does not really correspond to a natural physical situation, but it has a true
experimental relevance [62,63,101]. In this model, the environment is not a free boson field
but is composed of infinitely many auxiliary systems (or probes) whose Hilbert spaces are
finite dimensional.

Environment

//’//\
o> o> o> O>—>8> >_0> (¢

Sys.

Figure 2.2.: Schematic of a repeated interaction setup.

The setup goes has follows. A set of identical auxiliary systems (probes) described by copies
of a finite dimensional Hilbert space Hprohe = Crobe are prepared in the same state Pprobe-
Thus the total Hilbert space is

o0
Hsys. & ® Hprobe (216)
n=1
and the initial state is
prot. = Psys. @ Q) penv. (2.17)
n

The evolution is given by repeated interactions of the system with the probes. First the
system interacts with the first probe for a given time. Then the interaction stops and the
system interacts with the second probe during the same time. The interaction sequence is
then repeated.

Let U be the unitary interaction operator between the system and one probe. Let U, be
the corresponding interaction between the system and the n'® probe. Namely it acts non
trivially only on Hgys and the nth copy of Hprobe- We have the recurrence equation

Prot. (1 4 1) = Uny1ptor.(n) Uy 4 1. (2.18)
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2.1. Open systems

Hence at time n the total state is

prot. (1) = (UnUn_1... UaU1 (psgs. @ Q) penv )UTUs ... Uy 1U7%) @ (X) peny. (2.19)
k=1 k>n

Up until now we did not assume anything on what happens to the probes after they have
interacted with the system. We will see that we can either assume they still exist or they
can be measured. The former leads, in the continuous time limit, to a quantum stochastic
evolution of the system state. In the latter case, the system state evolution is described by a
stochastic process called quantum trajectory. For now we will look at what happens when we
forget about the probes after their interaction with the system. Namely when we trace out
their degrees of freedom.

Since the probes are all initially independent and the interaction happens each time between
the system and only one probe, the recurrence equation for the system reduced state evolution
can be simplified to

Psys. (7’L + 1) = trprobe[Upsys.(n) & pprobeU*] = q)(psys. (’I’L)) (220)

Hence the evolution corresponds to the repeated action of the CPTP map .

peys. (1) = B (g ). (2.21)

We can then learn a lot on the long time limit of pgys.(n) from the properties of CPTP
maps. First the spectral radius of a CPTP map is 1, thus its eigenvalues are all on the
complex unit disc. Second, let us assume & is irreducible, namely if there is no Hermitian
projector P ¢ {0, Iy } such that the subset of state S(PHgys.) is stable under ®. We can
apply Perron-Frobenius theorem for CP maps [54]. Thus, ® accept a unique positive definite
invariant state piny. > 0. Still it is not necessarily the only eigenvector with unit norm
eigenvalue, we can have eigenvectors pper. such that ®(pper.) = eiepper,, 6 € R. Hence it can
exist periodic states.

If ® has no periodic state and a unique invariant state then lim,, psys.(n) = piny. for any
initial system state. The only & eigenvalue with unit norm is 1. Thus the convergence is
exponential. Let A\; = max{|A|, X € spec(®) \ {1}} < 1. Then for any € > 0,

psys.(n) = Pinv. + O(()\l + E)n) (222)

Hence as long as A1 + € < 1, we have exponential convergence. This is always allowed since
e = (1 — A\1)/2 is suitable.

Of course @ is not always irreducible. Particularly, for non demolition measurements and
reservoir engineering, ® will be reducible.

2.1.3. Caldeira—Leggett model

In this subsection let us just cite a celebrated model for the treatment of open quantum
systems, the Caldeira—Leggett model [38]. It was introduced by O. Caldeira and A. Leggett
as a quantum Brownian particle model. Using a high temperature and weak coupling limit,
they obtained stochastic differential equations equivalent to the classical damped Langevin
equations. Though this limit has important issues. If they are not corrected they can lead to
negative probabilities [53].
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2. Open system Markovian description

The idea of Caldeira—Leggett model is to let a particle we are interested in interact with
infinitely many independent harmonic oscillators. The Hamiltonian is

2
p
H(x’p,%ﬁ) :m + V(Jj)
—I-Z urt + —mpwig?
- 2m, 2 wan
2.23
N (2.23)
n manQn

where x,p are the system particle position and impulsion operators respectively. {g,, 7}
are position and impulsion operators of the environment harmonic oscillators. The first line
corresponds to the free evolution of the system, the second line to the one of the environment.
The third line is the interaction Hamiltonian. We note

h
B=Y #p In (2.24)

MpWn

the environment field entering in the interaction. Remark that the interaction is assumed
linear in the environment degrees of freedom. The last term is a counter term compensating
some renormalization appearing in the high temperature—weak coupling limit. The interaction
Hamiltonian can be generalized by replacing x by any function of = or of p.

Note that if we assume that the environment spectrum is actually continuous and that the
potential is confining enough such that the isolated system spectrum is discrete, we fall back
to the spin—boson model but with an infinite dimensional system Hilbert space.

This model was used, for example, by O. Caldeira and A. Leggett to study the effect of
dissipation on tunneling. They did a semi-classical analysis of the path integral corresponding
to the thermal equilibrium state of the total system+environment [39].

We refer the interested reader to the book Theory of Open Quantum Systems by H.P. Breuer
and F. Petruccione [36] for a more general discussion of this model. The book Quantum
Dissipative Systems by U. Weiss [100] maybe a good choice for a comprehensive review on
such approach to open quantum systems.

2.1.4. Path integral approach

A widely used computational tool of quantum physics is the celebrated Feynman path
integral. In the context of open systems two special applications of path integral may be
distinguished.

First, there is the equivalent to the reduced evolution, the Feynman—Vernon influence
functional. One assumes that the environment is composed of harmonic oscillators and that
the initial environment state is a Gaussian stationary state of the environment free evolution.
Then one expresses the evolution of the system in terms of a path integral and traces over
the environment degrees of freedom. Hence starting from the Hamiltonian we have given for
Caldeira-Leggett model, the path integral giving the probability to measure a particle in z
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2.1. Open systems

after a time ¢t knowing it started at position z; is

x4 (t)=xy )
Pt(xf’ xz) = / ’Z)[mi]QZ(SO[$+]_SO[$*])_F[z+7I7} (225)
x4 (0)=x;
where
‘1
Sol] = / Smi(s)? — V(a(s))ds. (2.26)
0

If B =0 for any n then I' = 0 and we recover the path integral of the isolated system. One
could wonder if we should have a non null counter term still present. Actually since B = 0
implies that the counter term is null. We truly recover the free system evolution.

If B # 0, then the influence functional

e flera] (2.27)

is not null. The expression of I'[z4,z_]| only depends on the two time correlation func-

tion of B(t) = eftHenv. Be=itHenv.. G(t — 5) = tr[B(t)B(s)penv.]- Note that G(t —s) =
tr[B(s)B(t)penv.]- We have

Neg,z_] = /0 ds /OS duzy(s)G(s —u)r+(u) + z_(s)G(s — u)r_(u)

—24(s)G(s —u)r_(u) —z_(s)G(s — u)xy(u).

(2.28)

In this case we cannot reduce the number of path involved in the integral. We have a forward
path z and a backward one x_. The forward one corresponds to the path integral description
of the unitary forward evolution U; when z_ corresponds to U;. Once the environment path
are integrated they are correlated with one another.

If one perform a classical limit on this path integral, namely setting z+ = z. + hq and
taking the limit 7 to 0, one recover the classical Martin—Siggia—Rose path integral for diffusive
stochastic processes [76].

Second, if one is interested in questions like transport through random media, one would
like to keep the information on the evolution of the environment. Then one cannot use the
influence functional since the environment degrees of freedom cannot be traced out.

The path integral used to compute the different correlation functions between the different
observables of the total system+environment are computed using a full path integral. Let
Olz,q] = #1(t1) - Zr(tx) be the observable whose expectation is to be computed. The
operators Z;(t;) are either position operators on the system or the environment. The time
parameter ¢; indicate that the measurement of such observable is performed at this time. We
assume j > k < t; < ty. We could have choose the inverse time ordering. Then the path
integral used to compute the average of Olz] is

<0[$]>—/D[:vi,pi;qi,7ri] Ha:+,j(tj) exp [i(Sola4, p+] — So[z—,p-])

+ i(Senv. [quv 7T+] - Senv.[qfa 7[-*])
+ i(Sint. [74, 4] — Sine.[1—, ¢-]]

X pSyS-(x-i- (O)v Z— (0))penv- (Q-i- (0)7 q— (0))
(2.29)
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2. Open system Markovian description

If the inverse time ordering is chosen, the + index of x4 ;(¢;) is changed to —. The different
parts of the action are the following.

) s 2
Sile.pl = [ o)its) - By - V(alo)ds (2.30)
is the free system action.
o) T (S 2
Senv.[g,7] =) /O T (8)dn(s) — 2(mz - %mnwzqn(s)st (2.31)

is the free environment action.

Rn

Sint.[7,q] = — /000 z(s)B(s) — x(s)? ds (2.32)

2mpw?

is the interaction action. The second term under the integral is the counter term. The two last
terms peys. (T4, 2—) and peny.(¢+,¢—) fix the initial conditions on the paths from the initial
states. If they are thermal states they can be expressed through an imaginary time path
integral.

The environment part can be changed to an harmonic field depending on the context. Note
that the forward and backward paths are not correlated.

Starting from this path integral a common improvement is made using Keldysh formalism.
Using an adapted change of variables and the symmetries in the two times correlation func-
tions without interaction, one can simplify diagrammatic expansion based computations. We
refer the interested reader to [66] for a presentation of this formalism.

In chapter 3 we will give the path integral formulation for quantum stochastic differential
equations and recover through this formalism their classical limit.

2.2. Markovian evolution

2.2.1. Memory issue

Let us turn back to the system reduced evolution psys (t) = P¢(psys.). Let us introduce a
typical open system Hamiltonian. We assume the interaction is linear in the field operators
of the environment. We have

H = N Hyys @ Iony. + Lsys. @ Heny. + M(D* ® a(g) + D ® a*(g)) (2.33)

where a(g) = [z §(k)apdk with g is the complex conjugate of g. The scaling in A we introduce
here is, for now, purely practical.

We say the interaction Hamiltonian is dipolar like: Hiy = A(D* ® a(g) + D ® a*(g)).
The Hamiltonian describing the interaction of a spin with the electromagnetic field has such
expression.

Let Uey.(t) = e"#Hev and V;, = U,

v () U Vi is a time dependent unitary operator.

From now on the total state evolution is given by piot. (t) = Vipror. Vi*. Any system observable
X expectation at time ¢ is given by tr[X piot. (t)]. Whereas any environment observable Y
expectation is then given by tr[Y (t)psot (t)] with Y (t) = Uk, (1)Y Ueny.(1).
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2.2. Markovian evolution

We are only interested in the evolution of the system. So we look at the evolution of the
reduced system state.

D, <psys.) = treny. [‘/t(psys. X penv.)v;:*]- (234)

Let us also assume that peny. is a Gaussian stationary state of the evolution given by the
group of unitaries (e~“env-), Then tr{a(g)peny.] = 0. We note

G(t — s) = tr[e!tSHenv. g*(g) et Henv g () o] (2.35)

and Go(t — s) = [pa dpe’*=*1%(P)|g(p)|? the two time environment correlation functions. We
have G(t —s) = [pa dpe'(t=9)2®)p(p)|g(p)|> with n(p) the density of particle with impulsion

P
Expanding ®; in Dyson series up to A% terms, we obtain

t
Psys. (t) — Psys. = _iA2/ [Hsys.apsys.]ds
0

t s
mpe /0 ds /0 du{G(s = u) (DD puys. + poye. DD = Dpeys D* = D' peys D)
+ h.c.
+ Go(s —u) (psyS,D*D — DpSyS,D*> + h.c.}

(2.36)

4+,

The terms in A?" missing are not necessarily of order lower than O(A\?) as we will soon see.
Already we learn a lot from this first A\? term. We see that the memory effect due to the
bath and given by G(t — s) and Go(t — s) implies a complex time dependency of the dynamic.
It involves a double integration of the two times correlation functions. Higher power of A
terms involve even more complex integrals. This complexity is a signature of the memory
of previous effect of the system on the environment. One can rely on Nakajima-Zwanzing
projection technique [36] to try to simplify the problem, but in general it is not much more
simpler than the total system+environment evolution.

In this thesis we are interested in cases where the complexity implied by the memory
actually disappear. The memory effect becomes negligible, namely G(t — s) ~ §(t — s). The
reduced system evolution becomes Markovian. The system state at time ¢ only depends on
the state at a previous time s and not on the whole history from 0 to t. We have pgys.(t) =
D;_s(psys.(s)) for any ¢t > s.

In next subsection we unravel the differential equation the system state must satisfy if we
assume the evolution is Markovian. We study its properties. Afterwards we present some
physically meaningful limits leading to Markovian reduced system evolution.

2.2.2. The master equation and relaxation to equilibrium

We already saw that every CPTP map can be decomposed in terms of Kraus operators.
Namely ® is a CPTP map if and only if ®(psys) = >°; Mjpsys M with {M;} a family of
operators on the system Hilbert space such that Zj M;Mj = Iys..

Similarly if the reduced evolution in continuous time is Markovian, then it is given by a
continuous semi-group of CPTP maps whose generator £ has a characteristic expression.
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2. Open system Markovian description

Namely if for any ¢ > s and any psys., Pe(psys.) = Pr—s(Ps(psys.)) then

Dy (psys.) = etﬁpsys. (2.37)

with

. * 1
E(psys.) = _Z[Ha psys.] + ZLjpsys.Lj - i{LijapSyS.} (238)
J

where {L;} is a family of operators on the system, H is an Hermitian system operator and
{A, B} = AB + BA. This expression can be separated into two parts. The unitary like part
—i[H, psys.| would correspond to a unitary evolution of the system if the second part is null.
The second part, > i Lipsys. L — %{L;Lj, Psys. }» is some times called the dissipative part. It
is responsible for the non reversible evolution. Note that this decomposition is not unique. If
we change

L; — Lj + cjlsys. (2.39)

H—H+ %Z@Lj — ;L) (2.40)
J
L is not modified. Similarly let u be a unitary matrix then the modification L;j — >, ujr Ly
does not modify £. Hence we have different L;’s and H giving the same semi-group generator.
In particular, we can always choose the L; and H such that all the L;’s have null trace.
The operator L is called a Lindblad operator or Lindbladian. It is named after one of the
researchers who established the general form of CP map semi—group generators [42,59,73]. A
derivation of the expression of £ starting from the semi—group property can be found in [36].
Note that actually the characterization of CP map semi—groups through the expression
of their generator is not restricted to trace preserving maps. In general a semi—group of
maps acting on the space of operators acting on the system Hilbert space, ®, = ew/*, is a
semi—group of CP maps if and only if it exists a CP map ¥U* and a system operator K such
that

LX) =KX + XK + ¥*(X) (2.41)

If moreover K* 4+ K + U*(Iy) = 0, the maps are unital. Namely ®}*(Isys) = Isys. for any
t. We say the semi—group et is unital. Therefore the dual maps ®," are trace preserving.
Note that the expression we gave above for £ imply directly the trace conservation. We
have tr[£(Xgys.)] = 0 for any system operator Xgys. We say the CP semi-group e'* is trace
preserving if every map e*£ is trace preserving.

In the physics literature the reduced system evolution differential equation

dpsys. (t)/dt = E(Psys.) (2.42)

is often called the master equation in reference to its classical counter part.

From the study of ® we can study £ spectrum and therefore the large time behavior of
e“:psys_. First since e** is trace preserving, the spectrum of £ is in the non positive real part
half plane of the complex plane. £ has at least one eigenvector pi,,. with eigenvalue 0.

If e'£ is irreducible then e'“ is irreducible for any ¢ [103]. So we say the semigroup is
irreducible. If e** is irreducible, it accepts a unique positive definite invariant state piyy. > 0
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2.3. Reduced Markovian approximations

such that £(piny.) = 0. Moreover for CPTP semi—groups, irreduciblity implies that the unique
invariant state is attractive [103]. Thus for any initial system state lim; oo ewpsys. = Pinv. -
The convergence is exponential with a rate depending on the spectrum of £ [65]. Let —agy =
max{Re(a)/a € spec(L) \ {0}} < 0. Then for any € > 0,

e poys. = piny. + O(e™ (@07, (2.43)

Irreduciblity criteria

We recall that e'* is irreducible if and only if there is no projector P ¢ {0, Iyys.} such
that S(PHsys.) is stable under e!. Namely if there is no P ¢ {0, Isys.} such that pgys €
S(PHgys.) = € psys. € S(PHsys.)-

For a general CP semi-group, if ¥ is irreducible then e~ is irreducible [65]. In particular
if it does not exists an Hermitian projector P ¢ {0, Iy } such that (Isys — P)L; P = 0 for
any j then e** is CPTP semi-group is irreducible.

A sufficient criteria leading to the non existence of such projector is the following (see [91]
and references therein, particularly [45,55]). Let linspan{L;} be the space of complex linear
combinations (i.e. the linear span) of the operators L;. If linspan{L;} is Hermitian, namely
X € linspan{L;} = X* € linspan{L;}, and if the only system operators commuting with
all the L;’s are multiples of the identity (i.e. {L;}’ = Clgs.), then it does not exists an
Hermitian projector P ¢ {0, Isys } such that (Igs — P)L;jP = 0 for any j. Hence etf is an
irreducible CPTP semigroup and its unique invariant state is attractive. This criteria was
originally developed to give a condition under which the invariant state is attractive. But as
we saw irreducibility implies attractiveness fro CPTP semi—groups.

We see that if we can prove that a system evolution is given by a CPTP semi—group, then
the study of relaxation towards a stationary state is simpler. As for repeated interactions it
will not be the case for non demolition measurements and reservoir engineering.

El

2.3. Reduced Markovian approximations

Let us now motivate the Markovian description of open quantum systems with the presenta-
tion of some physical limits leading to memoryless reduced dynamics. Hence we present some
limits where G(t) — 0(t) and Go(t) — d(¢). For a more comprehensive presentation of Marko-
vian limit of the reduced evolution, we refer the reader to the review of H. Sophn [92]. The
only limit not contained in this review is the continuous time limit of repeated interactions.

2.3.1. Singular limit

Let us first introduce the singular limit. It is a good first example of Markovian limit. The
derivation of this limit is due to P. F. Palmer [81].
For this limit, let us keep the scaling in Hio, we introduced in last section.

Htot. = )\2Hsys. + Henv. + A(D X a*(g) + D* ® a(g))' (244)

We are interested in the limit A — 0. In this limit, the system energy becomes much smaller
than all environment energy scales. The scaling of the interaction implies that the typical
relaxation rate is of the same order as the system energy scale. Hence the typical system
evolution time is of the same order as the relaxation time due to the environment. The typical
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2. Open system Markovian description

environment evolution time is much smaller. Hence we expect that the intrinsic environment
evolution will drive it. Thus it should rapidly forgot the effect of the interaction with the
system.

The typical system evolution time is modified from ¢ to tA~2. We are interested in the
system evolution so we scale time such that the new time is coherent with the system typical
evolution time. This time scale as the inverse of the energy, thus as A™2. Hence the new time
scale tpewA ™2 = tinit. is convenient. Under this new time scale, the Hamiltonian becomes

Htot. = Hsys. + >\_2Henv. + )‘_I(D* ® a’(g) + D ® Cb*(g)). (245)

This Hamiltonian scaling is more common in the literature on singular coupling than the
previous one. It is actually in this scaling that singular coupling is meant. At first glance it
could be interpreted as a strong coupling limit. But as we saw it is more a weak coupling limit
where the system energy is also considered small. Hence the environment should drive the
evolution at short times. This is what is meant by the scaling of the environment Hamiltonian.

Computing the two time correlation functions with this scaling we obtain a scaling A"2G/(sA~?)
and A72Go(sA72). If we assume that G and G are integrable over R, then

lim A2G(|s|]A72) = Cd(s) (2.46)
A—0
lim A™2Go(|s|A72) = ¢d(s) (2.47)
A—=0

with C' =2 [[° G(s)ds and ¢ = 2 [;° Go(s)ds. In the new time scale and in the limit A — 0,
the memory effect disappear.

It remains to show this limit consequence on the reduced evolution. We need an additional
slightly more constraining assumption on the two time correlation functions. We assume it
exists € > 0 such that s°G(s) and s°Gy(s) are integrable. Let

Dy (psys.) = DD*psys. + psys.D*D - l)psys.lyi< - D*psys.D (2~48)
* 1 *
E*(psys.) = Dpsys. D™ — i{D D?Psys.} (2.49)
* 1 *
['Jr(Psys.) = D psys. D — i{DD ’psys.}- (2.50)

Remark that Di(psys.) + D1 (Psys.)* = 2(L- (Psys.>) + Ly (PsyS-) and Dy (PsyS-> - D (PsyS-)* =
[(DD* - D*D), psys.]~

Let ®; = treny.[Vipsys. Vi*] with V; = A2 Henv. g=itHior. o study the Dyson expansion
of ®;. First let us remark that all odd orders in the field operators a(g),a*(g) vanish since
tr[H?f{l a*(f;)penv.] = 0 where § =  or nothing. Similarly if we do not have the same
number of a* and a operators, the term vanishes. For the non vanishing even orders, let us
consider terms where Hgys. is not present. We use Wick’s theorem to decompose the multitime
correlation function into a sum of product of two time correlation functions. We encounter

two types of terms. First we have terms which we call standard pairing terms. For the 2nth
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2.3. Reduced Markovian approximations

order in the expansion the standard pairing term is

2n

(_1)n/ [T (2.51)
0<t;1 <...<togn<t k=1

{A—QG((tgj —ty_1)A"H)D, (2.52)
+ A2G((t2j — t2j—1)A %) D] (2.53)
— (AT2G((tag — t2j-1)A ") + A72G((tzj — t2j-1)A72))2L - (2.54)
+ (AT2G((tg) — t2j—1)A %) = A72G((t2) — t2j—1)>\_2))adD*D}(Psys.) (2.55)

where adX(PSyS) = [X, pSyS.] and D} (Psys.) =D (psys.)*-

They correspond, in the sum over the pairing in the Wick theorem, to pairing of nearest
neighbors. One can picture it as cases where only two succeeding interactions are correlated.
Let C' = y+ih and ¢ = o+ ihg with (), h(g) reals. From the convergence of A"2G gy (|s|A™?)
to a Dirac delta, these standard pairing terms become in the limit

n

t .
—{ —iadHuen + (7 +90)L- 9L H(pays) (2.56)
with Hyen. = (h + ho) D*D — h DD* the change in the system Hamiltonian due to the inter-
action with the bath.

The other type of terms involves pairing such that at least two two time correlation functions
have non neighboring times. Hence we have terms involving integrals such as

/ dtldtgdtgdt4)\_4G(0)((t1 - tg))\_Q)G(O)((tQ - t4))\_2). (2.57)
0<t1<to<tz<ts<t

Since we assumed that it exists € > 0 such that s°G(s) is integrable, this integral converges to
0 when X goes to 0. One can interpret this cancellation saying that two interactions between
the system and the environment become uncorrelated if they are not following one another.
The environment is not perturbed enough for a new interaction with the system to happen
before it has relaxed from its last one.

Putting together all the pairing terms, only the standard pairing terms contribute in the
limit. If we reintroduce the terms with Hgys , then

dpsys. (t)/dt = ‘C(psys. () (2.58)

with the Lindbladian

E(Psys.) = _i[Hsys. + Hyen., Psys.] + (v +70)L- (Psys.) +9L4 (psys.)- (2.59)

One can check that £ has actually the suitable expression for a Lindbladian generating a
CPTP semi-group. Therefore the reduced system evolution is given by the CPTP semi-
group ®; = e'~.

In next section we present the more known weak coupling limit.
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2. Open system Markovian description

2.3.2. Weak coupling limit

The limit we present now has become a standard example of a situation where Markovian
limit is relevant. It is also know as the rotating wave Born—-Markov approximation.

This limit was first shown by E.B. Davies [46]. Actually the singular coupling limit was
obtained as a modification of the weak coupling limit proof. Complete derivations of the
rotating wave Born—Markov approximation can be found in [36,57].

Contrary to the previous limit, here, no scaling is made on the system Hamiltonian. The
only assumption is that the interaction with the environment is weak and that the environment
behave well. Namely, the two time correlation functions of the environment must decay rapidly
enough as the time interval grows. Hence, the memory of the environment should be short
enough. This translates into the same assumption as before for the two time correlation
functions. We assume it exists € > 0 such that

/ G(0)(s) < oo and / G(0)(8)s® < oo. (2.60)
0 0

Born-Markov approximation

The total Hamiltonian is scaled as follows

Hiot. = Hsys. + Heny. + )\(D* by a(g) +D® a*(g)). (261)

We wish to study the limit A — 0. Hence the limit where both the typical system and
environment evolution time are much shorter than the system relaxation time due to the
interaction with the environment. Hence, as before, we wish to study the long time behavior
of the system. Thus we scale the time such that tA~2 is the initial time and ¢ is the time scale
one which we wish to study the system evolution. The scaling of the Hamiltonian under this
new time scale is

Hiot, = N\ ?Hyys, + N 2 Hopy, + X" Higg. . (2.62)

As before we wish to compute the limit of ®;(psys.) = tr[Vipsys. ® penv.Vy] but this time
with V; = UAT? (Hsys.+ Henv.) g =it Hror. . Hence we subtract the free evolution of both the system
and the environment. We have

dVi/dt = —iA " (D(EA72) @ a* (™ e g) + D*(tA2) @ ae™ Tt g)) Wy (2.63)

with D(tA72) = etA " *Heys. De=itA"*Hsys. and hepy. is the one particle environment Hamiltonian.
Hence (heny.g)(k) = w(k)g(k). We want to get rid of the D(¢) time dependency. We thus
decompose them on the system Hamiltonian eigenbasis. Let (Pg) be projectors on the system
energy eigenspaces. Namely, Hgys = Y EPpg. Let us define

D,= Y  PgDPg. (2.64)
E,E';E—FE'=w

Thus D(tA™2) = Y e ™D, and D*(tA~2) = ¢ "D, The sum on w runs over
the set of all energy differences: spec(Hgys.) — spec(Hsys.). Then

v, /dt = il Z(DUJ ® a*(eit)\72(hen\h_w)g) + Dj} ® a(eitkiQ(henV‘_w)g))V}/. (2.65)
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2.3. Reduced Markovian approximations

In the Dyson expansion of ®; as before all odd terms cancel and all even terms with a non
standard (non near neighbor time) pairing vanish in the limit. The standard pairing terms
involve now integrals over time of the two time correlation functions with different system
frequencies w added. Let

le,wg (psys.) = le Dz&psys. + psys.Dz;szl - Dwgpsys.Dzl - D:;Q/)sys.Do.u (266)
Dy w2 (psyS-) = DWQpSyS-Dz;l - Psys.Dzsz- (2.67)

The second non vanishing term of the Dyson expansion of ®; is,

t S
=30 [ s [au{er e N G s N D) (268)
0 0

wi,w2
+ hec. (2.69)
— eIy RN R Gy (s — A ) Dy (270)
+ h.c.}(psys,) (2.71)

Let 2 [7° e G gy (s)ds = ~(0)(w) + ih)(w) with ) (w) and h(p)(w) reals. In addition to
the singular coupling limit besides the convergence of )\_26_”5|)‘72“G(0)(|s])\_2) to (v()(w) +
ihoy(w))d(s), the phase emisA2(@1—w2) get the limit to 0 whenever w; # wsy. This phase
comes from the subtraction of the free system evolution. Since its typical time scale is much
shorter, the rapid system evolution imposes that the transition happen only between energy
eigenstates of the system.

In the limit A — 0 this second non vanishing term is equal to

tL(psys.) (2.72)
with
»C(psys.) = _Z[Hren.7psys.] + Z(’Y(w) + VO(W))[prSyS-Dw - §{Dwa7 Psys.}] (273)
* 1 *
+ ’Y(W)[DwPSyS-Dw - §{Dwa, Psys.}] (2.74)

where Hyen. = > (h(w) + ho(w))D}D,, — h(w)D,D} is the modification of the unitary part
of the system evolution due to the interaction with the environment. For an environment
corresponding to the electromagnetic field in its vacuum state (h(w) = 0) this modification
corresponds to the Lamb shift. Remark that this Hamiltonian commutes with the system free
Hamiltonian.

[Hren.,Hsys.] = 0. (275)

We can infer that in the limit A — 0, ®¢(psys.) = etﬁpsys,. Since £ has the expression
of a Lindbladian generating a CPTP semi—group we further more know that ®, is a CPTP
semi—group. Note that the limit gives a specific expression for the Lindbladian. The part
corresponding to the dissipation and the part corresponding to a unitary evolution are fixed
by the limit.
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2. Open system Markovian description

The reduced system state evolution is given by

dpsys.(t)/dt = L(psys.(t)). (2.76)

From the limit we just obtained we can recover Fermi’s Golden rule. Let pgs = |E)(E].

Then transition rate from |E) to |E') with B/ — F = w is (E'|[L(psys)E’) = (y(w) +

Yo (W) (E'|DE)|> 4+ ~(w)|(E|DE")|?. Assuming D is Hermitian, set p(w) = 2v(w) +yo(w), we
have

(E'|L(psys ) E) = p(w)(E'|DE)[?. (2.77)

The density of states is contained in p(w).

Thermal relaxation

A nice property of the weak coupling is that it shows that, in this approximation, the
system tends to thermalize. If the environment is initially in a thermal equilibrium at inverse
temperature (3, the system Gibbs state at same inverse temperature,

efﬁHsys.

rm. — ; 2.78
Ptherm. tI‘[e_ﬂHSyS'] ( )

is a stationary state of ®;.
Let us show that L(ptherm.) = 0. Assume that the environment is initially at thermal
equilibrium. Following KMS condition, we have

G(s) = G(s+1iB) + Go(s +iB). (2.79)

Thus v(w)e? = v(w)4+7o(w). From the definition of pherm. We have piherm. Do = €% Dy, prherm. -
Moreover piherm, commutes with Hyen, and D} D, for each w. Commuting piherm. with D, in
Dy, pinerm. D), and D} ptherm. Dy, We obtain

* 1 *
ﬁ(ptherm.) =0+ Z(’Y(w) + ’YO(WD[DWprtherm. - i{Dwaa ptherm.} (280)
* 1 *
+ ’Y(w)[Dwaptherm. - i{Dwaa ptherm.}] (281)
= 0. (2.82)

Hence piherm. is an invariant state of ®;. Moreover since D}, and D,, both appear in the sum
whenever 8 > 0, linspan{D,,, D} is Hermitian. We only need to check that {D}, D,} =
Clgys. to assure that pgperm. is the unique invariant state and that lim; ®¢(psys.) = Peherm. for
any initial state pgys..

Multitime correlations

As pointed out by R. Diimcke [51], the convergence of ®; is not enough to truly have a
Markovian evolution. If we turn to Heisenberg picture, we have ®;(A) = e’*" A in the weak
coupling limit, with £* the dual of £ and A a system operator. The dynamic should be
considered Markovian only if tr[V;* AViVBV;peny.] converges to et=5)L" AesL” B For weak
coupling, the proof of this convergence is a simple extension of the proof of the convergence
of q)t'
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2.3. Reduced Markovian approximations

2.3.3. Repeated interactions continuous limit

As explained earlier another good open system model is the repeated interaction one. By
construction, in discrete time, it is Markovian. Knowing the system state at time k, the
system state state at time n > k is simply psys (n) = " (psys. (k)).

As pointed out by S. Attal and Y. Pautrat [6], this model should also be a good discrete time
approximation of continuous time Markovian open system evolutions. They actually showed
that, in the continuous time limit, with an adapted scaling, the repeated interaction model
(without tracing out the probes degree of freedom) leads to a quantum stochastic evolution.
We will discuss this limit in next chapter. For now let us sketch how the continuous time
limit of the reduced system dynamic should lead to a CPTP semi—group evolution.

Assume the interaction happen during a time 1/n. Actually this 1/n is simply a scaling of
the interaction time. It is an adimensional quantity. The time factor needed to obtain the
actual time is included in the definition of the operators involved in the Hamiltonian. Hence
the eigenvalues of each part of the Hamiltonian are also adimensional. In this whole thesis
we will often consider such adimensional time.

For the interaction to remain relevant at any scale, assume also that the Hamiltonian scales
as

Htot. = Hsys. + Hprobe + \/ﬁHint,- (283)

Hence the interaction unitary is U = exp[—z‘(%Hsys. + %Hprobe + ﬁHint.)]. Our time scale is

here arbitrary. Assume moreover that the probe state and the interaction Hamiltonian are
such that (U|Hiy U) = 0. Then we can expand & is series of 1/y/n. We have

1
(I)(Psys.) = Psys. T ;ﬁ(PsyS-) +o(1/n) (2.84)
with

. 1. .
E(psys.) = _1[Hsys.’psys.] + Z Ljpsys,L; - E{LijHpsys.} (285)
J

where L;j = (j|Hint. V).
At time t, the system has interacted with [tn] probes where [tn] the integer part of tn.
Hence we can define

1
&, = ol = (I, + ~L+o(1 Jn))lnl (2.86)

In the limit n — 0o we thus have ®, = e'£.
We will encounter again this limit two times in the rest of the text. Thus we do not extend

the interpretation of this limit here.

2.3.4. Low density limit

Before we turn to the presentation of quantum noises and quantum stochastic differential
equations, let us cite a last Markovian limit, the low density limit obtained by R. Diimcke [52].
We consider a gas of particles interacting through collisions with the system. Hence the
interaction is a scattering one: Hiy, = D ® (a*(g)a(f) + a*(f)a(g)) with D* = D. The
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2. Open system Markovian description

environment is assumed to be in thermal equilibrium at inverse temperature 5 and chemical
potential 1. Low density means the fugacity e = e should vanish. Hence the limit is
obtained as € — 0 with a time scale te 2.

We refer the interested reader to the original article or to the short presentation with the

full expression of the generator made in [36].

We just motivated the Markovian description of the reduced dynamic of the system. But,
as we will see, one may be interested in keeping some information about the evolution of the
environment, say to compute the statistic of some measurement on it. In the next chapter
we present quantum stochastic differential equations as a tool for the description of the
evolution of Markovian open quantum systems. The quantum noises we introduce hold some
information on the environment.
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3. Markovian environment description —
Quantum noises

Stochastic calculus is a common tool of classical statistical physics. One approximates an
environment through some noises which obey some constraints enforced to assure it models
the right environment.

A famous example is the damped Langevin dynamic

B(t) = —ya(t) — V(@ (t) + v29/5n(t). (3.1)

V is a potential and 7 a white noise: (n(t)) = 0, (n(s)n(t)) = d(s —t) with (-) the expecta-
tion.The environment is modeled by the noise 1 and « is the damping due to the environment.
The factor y/27v/3 before 7 is fixed by the fluctuation dissipation relation.

This equation can be viewed as a shorthand notation for a system of stochastic differential
equations(SDE)

dx(t) = p(t)dt (3.2)
dp(t) = —p(t)dt — V'(x(t))dt + \/2v/BdB, (3-3)

with B; a Wiener process (Brownian motion). Note that we adopt Itd convention for SDE.
Hence computation of SDE for C? functions of p(t) and z(t) can be made using the rule
dBydBg = dtds.

One can generalize such equations by introducing Poisson processes Ny which are at each
time Poisson random variables of parameter At with A a parameter called the intensity.

We would like to find an equivalent stochastic formulation of open systems in the quantum
world. Thus we need some noises that do not always commute. This is the purpose of
Quantum Stochastic Differential Equations(QSDE).

In this chapter we introduce QSDE’s and quantum noises. Their complete mathematical
formulation is due to R. L. Hudson and K. R. Parthasarathy [64].

The chapter is structured as follow. In first section we present the Fock space on which the
quantum noises are defined. We present the quantum noises themselves and their It rules.
We give the general expression of QSDE for unitary evolutions. In a second subsection we
present two physical limits leading to quantum stochastic(QS) dynamics: the weak coupling
and the continuous limit of repeated interactions. In a third and last section we present the
equivalent formulation of QSDE in terms of path integral and derive their classical limit in
this context.

3.1. Quantum noises

We will only deal with bosonic noises. The Fock state on which we define the quantum
noises is therefore the symmetric Fock space of particles evolving on a one dimensional positive
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3. Markovian environment description — Quantum noises

half line.
P(IA(R,)). (3.4)

We sometimes call this space or its tensorial combination with the system Hilbert space, the
quantum stochastic space. Not surprisingly, R, corresponds to the time set. We do not
describe the particle states in energy representation but in time representation. So the one
particle states are functions of time an not energy.

In some cases we need to extend the time parameter set to the whole real line. Hence the
quantum stochastic space is T'(L?(R)). On this space, in the time representation, the environ-
ment one particle Hamiltonian is no longer the multiplication by the energy operator but the
generator of a time shift group: heny. = i%. This extension of the quantum stochastic space
and the explicit representation of the environment one particle Hamiltonian is useful mainly
in derivations of stochastic evolutions from Hamiltonian ones. The initial non stochastic evo-
lution is described by a strongly continuous group. As pointed out in [9,60], this description
is not possible if the time set is only the positive real half line. Since we need to describe both
the initial and the quantum stochastic evolution on the same space, we need to extend the
quantum stochastic space time set to the whole real line. The weak coupling limit we present
in section 3.2.2 is an example where such an extension is needed. This extension is, on the
contrary, not needed for the stochastic limit of repeated interactions since in this model, the
initial evolution is not given by a strongly continuous group.

In any case, the quantum stochastic evolution obtained can be restricted to a quantum
stochastic space involving only the positive half real line: T'(L?(R,)). The limit operators
obtained act trivially on T'(L?(R_ \ {0})). This factorization of the space will soon be ex-
plained.

In this space we define some useful vectors, the exponential vectors. Let f € L?(R,), then
the exponential vector of f is

o0 1 .
le(f)) =1 61291 ﬁf® : (3.5)

Each part of the direct sum corresponds to a state of n similar particles. Note that these
vectors are not normalized. Their normalized version |c(f)) = e~z /12 le(f)) are the coherent
states of the field. The vacuum of the field is |0) = |e(0)) =1 0.

The set of finite complex linear combinations of exponential vectors is dense in I'(L?(R.))
[3,9]. All the operators we will be interested in can be define only through their action on
exponential vectors.

The canonical creation annihilation operators on this space are a*(f) and a(g) with f,g
elements of L?(Ry) and [a(g),a*(f)] = (g, f) where

(0. ) = /0 9 f(s)ds. (3.6)
We have

a(g)le(f)) = (g, Fle(f))- (3.7)

The creation operator is the dual of a(g). Hence (e(f)|a*(g) = (e(f)|{f,9)-
These operators are more often written a(f) = [~ f(t)adt with aie(f)) = f(t)|e(f)).
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3.1. Quantum noises

From these operators we can define the two first quantum noises.
t
A= a(lpy) = / 0uds (3.9)
0

t
AF = a* (L) = /0 o’ ds. (3.9)

They are the quantum equivalent of Brownian motion. We will soon see more clearly why.
For now let us just say that since aj creates a particle at time ¢, A} creates a particle who
lives up until time ¢. Let |¥) € T'(L?(R,)). We can also see the noise A; as A;|¥) # 0 if
there is at least one particle in the environment who survived at least a non vanishing time
between time 0 and t.

Another quantum noise, is somehow the counter part of the Poisson process.

t
At:/ atasds. (3.10)
0

Hence (e(g)|Ace(f)) = (g, 1[0,t[f>e<9’f>. This noise is a particle number operator. It counts
the number of particles in the field up to time t.

The noises A, A}, A; have a nice time increment independence property. First, their dif-
ferent time increments commute one with the other. We have [Z; — Zs,Y;] = 0 with Z and
Y any linear combination of noises and ¢, s two times. Second, I'(L?(R,)) can be factorized
such that we can isolate on which part the increments act non trivially. We have a mapping

D(L*(R4)) = T(L*([0, s[) ® D(L*([s, ¢[)) @ T(L?([t, 00])). (3.11)

With the following exponential states factorization. Let fi,; be the restriction of f to [s,?[.
Then

le(f)) = le(flo,s0))s5,0 @ [e(fis,))t,s @ |e(fit,00])) 00rt (3.12)

with the subscript ¢, s indicating that this vector is an element of T'(L?([s, t[)).

The corresponding mapping of Ay — As = a(1[s) and all the other noise operator same
time increments, act non trivially only on T'(L?([s,t[)). They act as the identity on the other
parts of I'(L2(R,)).

Hence for any exponential vector |e(g)) and any Hermitian noise operator Z;, we have for
any s <t

(e(g)e™F M E=Ee(g)) = o(e(gjo,s)e™ 7 e(gjo,s))s.0

) 3.13
X [s,oo[<e(goo,s)|€Mt(Zt_ZS)€( ( :

g[s,oo[)>00,3'
Particularly if the environment is in a coherent state |¢(g)) and we note ¢x (\) the character-
istic function (c(g)|exp[iAX]c(g)), we have

022,207, (Ass M) = (c(g)|ePeZeFiMlZi=Za) (g
= 02.(As)0z,~7.(M\).

Hence the increments are independent. This is especially true when the environment is in its
vacuum state.

(3.14)
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3. Markovian environment description — Quantum noises

Let us turn to the definition of quantum stochastic processes using their integral formu-
lation. We note dX; the infinitesimal increment Xy 4 — X;. Let (Hy), (Gy), (F;) and E; be
adapted process, meaning Hy, Gy, F; and E; act non trivially only on the T'(L?([0, ¢[)) part of
the quantum stochastic space. They can also act non trivially on any other Hilbert space.
Particularly they can act non trivially on Hgys.. Let the process X; be

t
X; = / Hyds + FydAs + Gsd A% + HdAs. (3.15)
0
Then for any f,g € L*(R.),

(e(f)|Xie(g)) = /O ((e(f)|Hse(g)) + (e(f)|Fse(g))g(s)

+ (e(N)IGse(9)) f(s) + (e(f) | Hse(g)) f(s)g(s))ds.

We have defined X; through its quantum stochastic integral ! . This result is due to R. Hudson
and K.R. Parthasarathy [64].

As in the classical case, some It6 rules make computations of product of such quantum
stochastic processes easier. The following table gives the value of dX;dY; depending on X,
and Y;.

(3.16)

dX\dY; | dA, dA; dA, dt
dA, 0 dt dA,
dA; 0 0 0
dA, 0 dAr dA
dt 0 0 0

o O O O

Reading this table, the non commutation of the noises at same times is clear. Using this table,
we can compute the differential equation for any product of two quantum stochastic processes.
Let X; and Y; be two quantum stochastic processes, then d(X;Y;) = dX; Vi + X; dY; +dX,dY;.

We have now the definition and the computation rules needed to study quantum stochastic
processes.

We focus on two processes which have an interesting classical interpretation. Let us assume
the environment is in its vacuum state |0).

First let us define By = A; + Af. The operators B; are all Hermitian operators and
the different time increments of (B;) commute one with another at different times. Thus
through spectral theorem there is an isomorphism mapping ((B¢):er, ,|0)) to a process W;
on a probability space (€2, F, ) such that E,(f(W})) = (0] f(B;)|0) for any bounded function
f . E, is the expectation with respect to p. Furthermore, using commutation relations we
obtain that

(0] MBe=Ba)gy = gz X (=), (3.17)

Hence the characteristic function of B; match the characteristic function of a Brownian mo-
tion. As we already explained, the increments (By, — By, _,)t,>t,_, are independent when the
environment is in its vacuum state. Hence the probabilistic counter part of (B;) through the

1. We do not discuss here the complete conditions on the adapted process and especially existence and
uniqueness of X;. In general, whenever it is needed existence and uniqueness are assumed. We refer the
interested reader to [64] for the complete definition of quantum stochastic integrals.
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3.1. Quantum noises

isomorphism should be a Wiener process. The only remaining property we would need to
check is that (B;) is almost surely continuous. It is actually the case. Thus (B;) has a clear
interpretation as a classical Brownian motion (or Wiener process) using the isomorphism.
One can further characterize B; as a multiplication operator by a Brownian motion. This
interpretation and its proof are due to S. Attal [3].

Second, let us define N; = Ay + A, + Af +¢. We have cth2 = dN; and

<0|67,)\(Nt*Ns)0> — e(tfs)(ev\fl). (318)

Hence, following the same arguments as for (By), (N;) can be interpreted as a classical Poisson
process with unit intensity. As for (B;), one can characterize N; as a multiplication operator
by a Poisson process. Again this interpretation and its proof are due to S. Attal [3].

One need to be careful. We can interpret independently (B;) and (IV;) as classical processes
but we cannot interpret both of them as classical processes together. This limitation is a
consequence of the non commutation of N; and B;. They cannot be mapped together to a
probability space.

It is also important to assume the environment is in its vacuum state. If for example it is
in a coherent state |c(g)), the mean of (B;) and the intensity of (/V;) are modified.

The interpretations as classical process will turn useful when we will study continuous
measurements.

Unitary evolution

Since these quantum noises are meant to describe environment and the evolution of open
system keeping the information on the environment, we would like to be able to describe
reversible, hence unitary, evolution with them.

The general form of a unitary evolution for a system interacting with an environment
described by quantum noises was found by R. L. Hudson and K. R. Parathasarathy [64, 82].
Let U; be a family of operators on the quantum stochastic space Hsys. ® I'(L?(R.)), solution
of the QSDE

AU, = —i(H — %L*L)Utdt + L'WUdA; — LUWA] + (Iys, — W)UpdAy (3.19)

UO = Isys. & IF (320)

with H, L and W operators on the system Hilbert space where H* = H, and W*W = WW* =
Isys.. Then (Uy) is a family of unitary operators. Since Hgys. is finite dimensional, the solution
of this QSDE always exists and is unique [82].

We will not take into account unitary evolutions involving A; noises. Hence we set W = Igys .
Then one can see U, as the family of unitary operators whose time dependent Hamiltonian is

Hi.(t) =H®Ir +i(L* @ a; — L ® a}). (3.21)

We would have Uy = Toe~i Jo Hrot()ds with 72 a time ordering such that 7= f(s)g(t) = f(s)g(t)
if s >t and 7= f(s)g(t) = g(t)g(s) otherwise.

One can remark that U; acts non trivially only on Heys @ I'(L?([0,¢[)). Hence (U;) is an

adapted process. Furthermore, U; s = UU} acts non trivially only on Heys. ® T(L?([s,t]))
since it is equal to

t .
Ups = Lyys. + / —i(H — %L*L)deu + L*UyodA, — LU, (dA”. (3.22)
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3. Markovian environment description — Quantum noises

Hence it is the sum of operators acting non trivially only on Hgys, ® T'(L?([s, t[)).
The unitary evolution of the system operators under U, is j(X) = U XUy,

dji(X) = 5 (L7 (X))dt — jo([L7, X])dAs + jie([L, X])dAf (3.23)
with
LX) = i[H, X] + L' XL — %{L*L, X} (3.24)
the dual of the Lindbladian we encountered in last chapter.

Assume the environment is in its vacuum state |0), then the reduced system dynamic is
given by

dX(t) = L(X)(t)dt. (3.25)
Hence by duality, the system state evolves as

dpsys. () = L(p(1))dt. (3.26)

We recover the Markovian reduced dynamics we encountered in last chapter. Hence such
quantum stochastic dynamics should be good candidates for the description of extended
Markovian evolutions of open quantum systems. They are the quantum counter part of the
Langevin dynamics. Thus unitary QSDE are some times called quantum Langevin equations.

Let us point the interested reader to references [5,57] for a more thorough definition and
presentation of quantum stochastic calculus. The second one may be more suitable for physi-
cists.

In next section we motivate the use of QSDE for the description of Markovian open quantum
systems with two example of physical limits leading to quantum stochastic evolutions.

3.2. Open systems extended Markovian limits

3.2.1. Master equation dilation

In last section, we saw that the reduced dynamic implied by a quantum stochastic (QS)
extended one is Markovian. Thus one can expect that any reduced dynamic can be dilated
to a unitary QS one. This is the dilation of CP unital semi-groups.

Let us consider the CP unital semi-group e**” with

1
LX) =—i[H X]+> LiXL; - 1Ly Ly X} (3.27)
J

Let j;(X) be the unitary QS dynamic generated by U, solution of
(dUt)Ut = —l(H — 5 Z Lij)dt + Z LjodAj(t) — LjdAj (t) + (I — Wj)d/\j(t) (3.28)
J J

Up=1 (3.29)

with {A4;(¢)}, {A;(t)} independent quantum noises. By independent we mean they are defined
2

on a tensor product of Fock spaces ®§lszyi I'(L2(Ry)) = T(L2(Ry; Cdgys-)) with each A;(t) or

A;(t) acting non trivially only on the j*" copy. Then (0]j;(X)0) = e!*" X.
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3.2. Open systems extended Markovian limits
Hence for any CP identity preserving semi-group e’ we can build a QS unitary evolution
such that the corresponding reduced evolution match the semi-group. This dilation is not
unique. Beside the obvious non uniqueness arising from the non uniqueness of the expression
of the Lindbladian we already encountered, we can chose any unitaries {IW;} for the dilation.
Hence we can freely add or suppress A; noises from the dilation. The choice of dilation must
then be supported by other physical arguments.
In next two subsections we present two limits were the dilation is fixed. No ad—hoc physical
assumptions are needed.

3.2.2. Weak coupling

The extended weak coupling limit was obtained, in the form we present here, by Y. Derezin-
ski and W. de Roeck [48]. A first, less complete limit, was obtained before by L. Accardi et
al. [1]. In [22] M. Bauer and D. Bernard investigated the weak coupling limit for an harmonic
oscillator in interaction with a bath of independent harmonic oscillators.

This limit is the extended counter part to the reduced weak coupling limit we derived in sec-
tion 2.3.2. This time we have a limit for the family of unitaries V; = e!(Hsys. +Henv.JIA™? o —itA™* Hior.
and not only the reduced dynamic ®;.

We recall that

(AVi) V= =i Y (Do @ a* (A Lelhem- =0 g) o DY @ q(ATteilhene =2 g))ge - (3.30)

w

We assume the environment is in its vacuum state |0). This is not a limitation since for any
state, one can always find a representation in which the state is a pure one.

From the dilation of the reduced evolution an the fact that the interaction Hamiltonian is
dipolar like, we expect the limit QS evolution unitary U; to be the solution of

(dU)U;F = —i(Hyen, — % 3" 70(w) D Du)dt — iDyeud AL (t) — iDfEsd Au(t) (3.31)

with |c,|* = 70(w). We have as many noises as the number of transition frequencies w. Hence
the space on which the noises are defined is

R T(L*(Ry)) = D(L2(R; CH)) (3.32)

with k& the number of frequencies w. Each I'(L?(R,)) can be called a channel. It has not the
same meaning as channels in the context of quantum information.

The operator A} (t) creates a particle in the channel corresponding to w up to time ¢. Hence
the action of dAY (t) corresponds to the emission of a w energy quantum in the environment
during a time dt. After this time the energy quantum should be reabsorbed by the system.
Hence when integrated over time it will create quanta of energy w in the environment up
to the interaction time. The statistic of this emission depends on the interaction with the
system and the system state. Each channel keeps track of the emission and adsorption of
specific energy quanta by the system into and from the environment.

The solution of (3.31) corresponds to the weak coupling limit of V; obtained in [48]. The
only additional assumption to the ones made for the reduced weak coupling limit is that g
needs to be integrable. It is not an important constrain and it is usually the case in physics.
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3. Markovian environment description — Quantum noises

One may just need to add suitable cutoffs in energy to g. If one consider an environment living
in a one dimensional physical space, then ¢, = v/2mg(w). If the environment lives in a higher
dimensional physical space, irrelevant degrees of freedom must be kept. Then the notation
cwdAf(t) is not clear. The noises should be defined as the infinitesimal time increment
of aw(l[o,t[\/ﬂ w(P)) with gu(p) = [ dwd(w(p) — w)g(p). If the dispersion relation w(p)
depends only on the norm of p, then g,(p) depends only on the orientation of p, hence on
p/IIpll

Let us present the simple case of a two level system in interaction with an environment
living in a one dimensional physical space. Hence the total Hilbert space is

Hior. = C? @ T(LA(R)). (3.33)

The QS Hilbert space will be the same. Particularly, as we indicated earlier, we extend the
usual one from L*(Ry) to L?*(R). The extension is easily made setting: Ay; = a(1sy) for
any s < t € R. The limit QS unitary evolution will act non trivially only on T'(L?(R.)).

Contrary to [48] we work in time representation. The time dependent Hamiltonian defining
Vi is

Htot.(t) =0_® a*()\_lei(henv._w)tA72g) + oL ® a(A—le’l’(henw_w)tAi?g) (334)

. 01
Wlth0+:U*_:<0 0

First we define an isometry Jy : L?(R) — L%*(R)

) the usual spin % raising operator.

(Jag)(s) = Ae™g(s)?). (3.35)
We have
(J39)(s) = ALe X P g(sA72) (3.36)

and JYJy = Jy\Jy = I;2. J) adapts the time scale of the QS environment to match the
initial environment one. J§ does the opposite. In the general case J} also split the initial
environment to match the many Fock spaces of the QS one. The only two properties needed
for the mapping Jy between the QS one particle space and the initial one particle space are

J)\J:\k == IL2(R‘1) (337)
;\11}1}) J;:J)\ - ILQ(]R;(C’“)‘ (338)

Let us study the limit of the function in the creation operator of the interaction under such
mapping between the Fock spaces. We have

(JEAT ilhene =N g) (5) = A2 (DA g (5 — 1)AT2). (3.39)
since g is integrable, for any L?(R) function f,
o0 t ) B - ti
lim [ /0 ds(J3 A~ Leilhen.~)3X2 ) (VT () = amg(w) /O T(s)ds. (3.40)

We used g(w) = [ %eiws g(s). This could seem contradictory with the definition of G (s) but

we actually have (e*"env- g)(s) = g(s—t). From the representation of heyy. as the multiplication
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3.2. Open systems extended Markovian limits

by w, the change frorn energy representation to time representation for the interaction function
g is therefore g(s f ~wsg(w). Therefore g(w f ds_giws ). Computing explicitly

(g, ehenv. g) we recover Go( ).
We now introduce the exponential (or second quantized) version of Jy.

L(IN)le(f)) = le(Inf))- (3.41)
Moreover I'(Jy)* = I'(J3). Thus I'(J{)['(Jy) = T'(J\)I'(J3) = Ir. We have

[(JX)a(g)T(Jx) = a(JXg)- (3.42)
Then from convergence (3.40), we have for any exponential vector |e(f)),

t

lim ; dsT(J)a(Aelhene AN D () e(£)) = V2rg(w)a(la)le(f))- (3.43)

Hence F(Jj{)a()\*lei(h°nv-+‘“)3/\_29)F(J>\) converges strongly to v/2mg(w)A;. This convergence
is a consequence of the convergence of Jyg to a Dirac delta. Hence the initially spread in
time interaction, becomes localized in time. Equivalently the interaction localized in energy
becomes spread on all environment energy levels.

The strong convergence of I'(J3)V;iI'(Jy) to Uy solution of

1
(dU) U} = —i(Hyen. — 5’70(00)0+U—)dt — V21 g(w)ordAy —iv2ng(w)o_dA; (3.44)

follows from the convergence we just showed and the insertion of the identity I'(Jy)I'(J3)
between each af in the Dyson expansion of T'(J})V;T'(Jy).

Note that we do not have convergence of V; but of the image of V; through I'(Jy). Actually
it corresponds to pushing V; to the right space. T'(J)) maps states from the QS space to
the initial space. Hence I'(J5)V;I'(Jy) is a realization of V; on the QS space. The condition
JrJy = Ip2 is therefore important. We do not want to lose information on the states by
pushing them to the QS space. Hence .J) should be surjective and therfore J§ should be
injective. Several QS states can correspond to the same initial space state but any initial
space state should correspond to a unique QS state. Thus, in the general case, the fact that
JyJx # Ip2 for all A and is equal only in the limit is not limiting. The QS space holds many
more states than the one we can construct from the initial space through I'(J5).

Thanks to this extended limit we keep the information on the exchange of energy between
the system and the environment. The noises A, (t) correspond to limits of environment
operators. Using quantum filtering (section 5.2.3) one shoud be able to describe continuous
measurements of the energy exchange. This is possible if we interpret A, (t) as the particle
counting operator up to time t in the channel w.

3.2.3. Repeated interactions continuous limit

In [6], S. Attal and Y. Pautrat showed the strong convergence of the repeated interaction
unitary evolution we presented in section 2.1.2 to a unitary evolution solution of a QSDE.

In this case the limit is not a limit from non Markovian to Markovian evolution. It is a
limit from discrete time evolution to continuous time evolution. Hence the discrete version
can be though as a discrete approximation of the continuous time Markovian evolution. Or,
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3. Markovian environment description — Quantum noises

the continuous limit can be seen as the approximation of the discrete evolution. We shall
encounter a similar limit when we will deal with continuous indirect measurement situations.

Let us present a simpler version of S. Attal and Y. Pautrat general result. We recall that
in a repeated interaction situation, the environment Hilbert space is an infinite product of
identical finite dimensional Hilbert spaces. Here we consider only two dimensional Hilbert
spaces for the environment.

Hior, = C @ (R) C2. (3.45)
N

The initial state is a tensor product of the initial system state and the identical probe pure
states |0).

Prot. = Psys. ® (X 10)(0]. (3.46)
N

The unitary evolution is a product of unitary operators acting non trivially only on the system
Hilbert space and one part of the environment. Let Uy act non trivially only on the system
Hilbert space and the k™ part of the environment. Thus Uj, = Zj:0717273 u; @ ®Z;% L®o;®
X pon [2 With o the usual Pauli matrices

01 0 —1 1 0
00—12,01—(1 O),O’Q—(i 0 >,03—<0 _1> (3.47)

in the basis (|1),]0)). The evolution up to time n is given by
V(TL) = UnUn_l N U2U1. (3.48)

We assume, without loss of generality, that each interaction happens during a time 1/n.
Hence during a interval of time equal to 1, n interactions are realized. At time ¢, [nt] full
interactions are realized. We wish to take the limit n — oco. Hence to have more and more
interactions in a fixed time. As for the reduced evolution, the limit is well defined and not
trivial only for a well chosen interaction scaling. We assume the unitary interaction U, is
1 1 N
ﬁHsys_ + %(L Qopp— L' @0_4)] (3.49)
with L an operator on the system Hilbert space and o4 j,— % (01,xti09)). The index k indicates
that the operator acts non trivially only on the k' part of the environment.

A trivial continuous time version of V' (k) is given by V(t) = V([nt]). But before we take
the limit n — oo we need to represent the discrete evolution in a quantum stochastic space.

Let the quantum stochastic space be C%s @ I'(L?(R4)). Let us slice I'(L?(Ry)) in time
intervals of size 1/n. We write I'y, = I'(L?([k/n, (k+1)/n[)). We have I'(L?(R4)) = Qyen L
We define

Uk = exp[—i

10}k = [e(0))

Dk =08 VL jm k1) /m)k DO
I>1 (3.50)

an(k) = ax(Vnlpm o1y /n) P (k)
ay (k) = Pyl (k)ai (VL g, (k1) /) -
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3.2. Open systems extended Markovian limits

The index k everywhere indicates that it is an object on the k™ part of the environment. For
the operator ax(n) it means it acts trivially on all the other parts of the environment. pY (k)
is the projector onto the subspace of 0 or 1 particle of the k" part of the Fock space. Hence

P (k)e() = le(f))<k @ (10)k + fa(k)|1)i) @ le(f))>x (3.51)

where f,(k ffkkﬂ)/n s)ds and |e(f)) <y is the limitation of |e(f)) to @1 7. |e(g))>k

is defined 1dent1cally. We furthermore define the projector P, = [], Pﬂ(k‘). It associates to
le(f)) a state which can be uniquely identified with a vector of @y C?.

P,le(f ® 0)% + fu ()] 1) (3.52)

We just mapped the ground state of each two level probe in the environment to the ground
state of a part of the quantum stochastic space. Similarly we mapped the excited state to a
one particle state. The projection allows us to restrict the states of the quantum stochastic
space to states we can uniquely identify to vectorss of the original environment.

With these definitions we have

an(k)10) = 0
an(k) |1 = [0}
a5 () |0% = 1) (3.53)

an(F)[1)x =0

where [0) = @), [0)%. The operators act trivially on all states |1);,|0); with j # k. Hence we
have a realization of the operators o4 j in the quantum stochastic space. a, (k) corresponds
to o_ and aj, (k) to o4 k.

We are now equipped to present the convergence of the operators. First let us remark that
P, and all P,y(k) converge strongly to the identity. They are self dual, Pl](k’) = Pﬁ](k) and

(e(9)|Pule(f)) and (e(g)|Pa'(k)e(f)) converge to (e(g)[e(f)) for any L*(Ry) g and f. The
convergence of the operator P%] is crucial to obtain the convergence of the evolution. At one

point we need to map all the states of the quantum stochastic space to states of the initial
environment. But this projection should disappear in the limit. If not we would not have
convergence of V(0) = I for example.

Let us define the approximations of A; and Aj.

(3.54)

3\
M|

k=0

[n)—
ak(t \F Z (3.55)

These approximations converge strongly to respectively A; and Aj.
We sketch the proof for a,(t), the proof for a; (¢) is equivalent. For any |e(f)), we have

[ (an(t) = Ag)le(f )] < H/ F&)(e(fIN\ns — le(f)))ds]|
0 il (3.56)

1 / " F) () puyds]

t

47



3. Markovian environment description — Quantum noises

with [e(f))\k = [e(f)) <k @ [0)r @ |e(f))>k-

We have
[nt] [nt]
1] SN mmdsl < [ 1 )asler)] (3:57)
< (Lot o ) dse V1 (3.58)
< %||f||e%\\fll2‘ (3:50)

And we also have

II/ F(&) (e Nms) — le(f)))ds| </ [F (e )\ ms) — le(f)) I ds. (3.60)
0 0

For any s, |[le(f))\[ns] — l€(f)))|l converges to 0 when n — oo and it is bounded for any n by

2[lleC/NII

Thus using dominated convergence theorem,

lim | (an(t) — Ag)le(£))]| = 0. (3.61)

n—oo

Hence a,(t) converges strongly to A;.
Let us now develop the representation of V(n+1) — V(n) on the quantum stochastic space
in series of 1/y/n terms.

(V(n+1) =V(n)V:(n) =
, i, 11 . . (3.62)
—i(Heys. = 5L Lpgl(k))E + %(L ® at (k) — L* @ an(k)) + o(1/n)
with P! (k) the projector on the vacuum state of I'y. We have lim,, o HB?] (k)—Irle(f))]| = 0.

Thus P,?}(k:) converges strongly to the identity.
Set now U; the unique solution of

(dU)U; = —i(Hyys — %L*L)dt + LdA} — L*dA,
Up = I.

(3.63)

We can infer that V([nt]) converges strongly to U; when n goes to infinity. S. Attal and Y.
Pautrat proved this convergence in [6]. Actually to complete the mapping from the initial
environment to the quantum stochastic space we should have mapped the operators %(Ig}k +
o3 k) too. Doing it explicitly is not really interesting here. Just note that they are mapped
to the process A;. Hence A; counts the number of probes in the excited state up to time ¢.
If we summarize, we started from repeated interactions of a system with two levels probes.
We mapped the probes states to linear combinations of vacuum and one particle states of a
quantum stochastic space I'(L?(Ry)). We identically mapped the operators o, ;. In the limit
we obtain that the raising operators on the probes o j become dAjf similarly, o_ ; becomes
dA;. Hence the quantum noises keep track of transitions between the energy level in the
probes. The tensor product of states of two level probes become multiple bosonic particle
states. The presence of one particle corresponds to the excitation of the probes. One can
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3.3. Corresponding path integral description and classical limit

understand the presence of more than one particle as the excitation of many probes regrouped
in a small time interval. If the time interval is small enough the states with more than one
particle become irrelevant since the norm of [f11 ¢y a) ® (g1} ¢4qs)) s of order dt?.

Of course the results of [6] are much more general than what we presented here. They allow
for probes with Cderobe 2 < dprobe < 00 Hilbert spaces. In this case the quantum stochastic
space becomes I'(L?(R;C")) with k = dprone — 1. Hence each noise A;(t) corresponds to a
lowering of the probe state from the excited state j to the ground state. The operators A; ;(t)
perform transitions from the state ¢ to state j. When j = i these operators count the number
of probes in the excited state j. The authors also prove the convergence of Hamiltonian
including scattering interaction like D ® (8;j+1 + 0j4+1,i)1<i,j<dprope With D = D*. In this case
the limit stochastic unitary evolution involves processes Aj;ji1(t). When both dipolar like
and scattering interactions are present in the Hamiltonian, the unitary stochastic evolution
has an unexpected expression. To illustrate it, the corresponding Lindbladian can be

L(psys.) = 77’[Ka psys.] + Wpsys,W - §{W VVv psys.} (364)

with
K = Hyys. + L*D2(sin(D) — D)L (3.65)
W =D —I)L. (3.66)

Hence the limit evolution is not intuitively the direct limit of the initial one. These type of
processes should be more thoroughly investigated.

3.3. Corresponding path integral description and classical limit

In this section we formulate QSDE in terms of path integrals. It makes the link with the
usual path integral formulation and allows us to compute the classical limit of QSDE.

Since we use path integral formalism we do not seek the most failproof demonstrations.
Hence all the result of this section must be though as inferred and not actually proved in the
mathematical sense.

3.3.1. Path integral for an environment in its vacuum state

We limit ourselves to the case of one particle in interaction with a bath. We can of course
generalize the following derivation to more complex cases, but for now let Hgys = L?(R).
H and L are then functions of P and X the canonical impulsion and position operators.
We want to compute multi—time correlations of observable functions of X through a path
integral formalism. For the sake of simplicity we start with two time correlations. We want
to compute

E(B(s)C(t)) = tr[US BUU; CUspiot.] (3.67)

with B and C' functions of X. ps. is the initial state of the total system+environment. Recall
that U; is the solution of

(dU)UF = —i(H — %L*L)dt + L*dA, — LdA;

(3.68)
UO = Isys.-
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3. Markovian environment description — Quantum noises

In this section we assume the environment is in its vacuum state. We have pyor. = psys. ©|0) (0.
We want to find a formulation like the following for E(...):

E(B(s)C(t)) = (3.69)

/ s dpsdf B (5)Ca(t)pays (24 0), 2 (0) vl (3.70)
@4 (00)=z—(00)

with f a square integrable function of Ry, Bi(s) = (z+(s)|Blz+(s)) and psys.(z,2') =
(z|psys.|z’). G is some action to be defined. We will refer to the function f as a “path”
on the environment. The indexes + correspond to different time ordering. If both indexes
are + (resp. —) then the correlation computed is E(B(s)C(t)) (resp. E(C(t)B(s)) if s > ¢
and E(C(t)B(s)) (resp. E(B(s)C(t))) if s < t. If the index for B is 4+ (resp. —) and the one
of C'is — (resp. +) then the correlation computed is E(C(t)B(s)) (resp. E(B(s)C(t))).

The full derivation of the path integral is presented in Appendix B.1. Here we just give the
action obtained and a sketch of the main steps of the proof.

The action Gz, p+, f] we obtain is:

iG[$i7pia f] = _|f|2 + iS[ZE+,p+, f] - ’L.S[l‘,,p,, f] (371)
Stosopenf] = [ ds (o (o) (s) ~ Halo) + 5L°La(o) (372)
+iL4(s)f(s)). (3.73)

O+(s) = (p+(s)|0|xL(s))/(p+(s)|x+(s)) for any operator O acting on H. If we make a
classical analogy, —|f|? stands for the “law” of the noises, (3.72) corresponds to the predictable
part of the evolution and (3.73) corresponds to the noisy part of the evolution.

This simple formula can, of course, be generalized to any multi time correlation

E(Bn(tn) e B1 (tl)Cl(Sl) e Ck(sk)) (374)

with an ordering ¢, > t,—1 > ... >t >0 and s > sp_1 > ... > s1 > 0.

The proof leading to ¢G is based on two important properties that allows us to then use
the usual path integral derivation proof. First we use the factorization in time property of
['(L?(Ry)) we saw in section 3.1. We can cut it in different time part. We have L2(R,) =
L([0,¢[) @ L?([¢, oo[) which imply D(L*(R+)) = T(L*([0, ¢[)) ® D(L3([t, o0[)). Ay acts only on
the first half of this decomposition. Since U; depends only on noise operators Ag, A} with
s < t, it also only acts on the first half of the decomposition. Idem, U; ; = U;U; only acts on
a I'(L?([s,t]) part of T'(L?(R,)). Hence when we perform a trace over the environment we
can decompose it on each time part.

E(B(s)C(t)) = trsys. [Ctr(s ool [Ut,strio,s[[Uspior. U BU ] (3.75)

Second, the exponential vectors of the environment can be decomposed in the same way.
We write |e(f))ts the limitation of |e(f)) to this ['(L?([s,t[) part (i.e. |e(f)) = |e(f))to ®
le(f))oo,t). The environment vacuum state is |0) (0];,0®]0)(0|oc¢. Since, Uy acts as the identity
on |0)(0|,+ we can put each part of the environment initial state in the corresponding trace.

E(B(5)C(t)) = trays. [Ctr[s oo [Ut,str0,s[[Uspsys. @ [0)(0

s,OU:] ® |0> <0|0075BU;:5H (3-76)
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3.3. Corresponding path integral description and classical limit

We can express the trace over the environment degrees of freedom as an integral over square
integrable functions using the exponential vectors.

troms [ ] = / eV (e(F)]... le(f)) (3.77)
L2(Ry)

with the measure over the function f such that [ df e * = 1. We use again the decomposition

of exponential vectors and it remains to compute the path integral formalism for Ut{ s =
t.s(e(f)|U,s]e(0))s,s. Indeed we have
E(B(s)C(t)) = / dfe P tryy [CUL UL opoys ULy BUY] (3.78)

The rest of the demonstration is a usual path integral one. As indicated earlier the full
derivation can be found in Appendix B.1.

Characteristic functional We can resume any multi time correlation function E(...) into
one characteristic functional. Let G[\4] be

G(0s) = [ drsdpsdf o (24(0), 2 (0)3(z (%) ~ - (o)) exp [iGlo .

(3.79)
+ [ dsay ()M (s) + x_(s)A_(s)} .
) ) ) )

Then E(X(t,).. X ()X (%) X () = sy - st o - s 90,

Example We illustrate this path integral formalism with a simple example. Let Hgys =
P?/2m + V(X) and L = aX + BP. If L is a usual annihilation operator, o = V5 and

B = 14/ QE}M. We assume V(X) is polynomial. We write the differential equations for

Xy =UXU; and Py = U PU;. The computation using Ito rules leads to

dX, = P,/mdt — yX,dt + AW} (3.80)
dP, = —V'(X,)dt — yPdt — dW (3.81)

with dW}' = iudA; — indA; and v = Im(af). Each one of the W/} can be individually
interpreted as a Brownian motion times |u| but they do not commute unless o = ¢, ¢ € R.
So we cannot replace both with a combination of two independent Brownian motions.

In order to find the corresponding path integral formalism, we start from the unitary
description given at the beginning of this section with the operators H and L we just defined.
We turn to the path integral formulation of this simple one particle case. We find the action
directly from the expressions of H and L:

2

Slz,p, f1 = /OOO ds (p(s)jj(s) _pls)”

o~V (@(s) + %law(S) + Bp(s)° (3.82)

Filaw(s) + Bp(s)) T (s) ). (3.83)

We got rid of a a8 constant which is included in the normalization of the path integral.
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3. Markovian environment description — Quantum noises

Remark that if one integrates over f, one recover Feynman—Vernon influence functional. If
we compare with usual path integral including the environment the term i/2|ax(s) + Bp(s)|?
is unexpected. In the derivation it is directly linked to the presence of noises instead of the
usual full interaction. The noise creates additional terms of order dt in the slicing of the
evolution.

3.3.2. Out of vacuum environments
Environment state characterization

If the environment is not initially in its vacuum state, from different limits [4,22], we can
infer the It6 rules between dA; and dA; are

dAtdA: = 557tntdt, dA:dAs = 537t(nt + 1)dt

The other multiplications of infinitesimal increments are still zero. n; characterizes the state
of the environment. In order to find the corresponding path integral, we want to find a
positive semi definite hermitian operator pep,. on the environment such that tr[pen, dA7dAg] =
557tntdt.

Let penv. o €N with A : Ry — Ry and A(\) = [ dsA(s)atas. Hence it is a de-
formed version of A;. Suppose tr[peny.] = 1. We would like to use the commutation rela-
tions between A:, Af and A(—\) to compute the corresponding n;. We have [dA;, dAY] =
ds¢dt, [A(—N),dA;] = A(t)dA;. From usual relations on exponential of operators, it follows
AN dAr = e 2D dAFeM=N | Thus we have

e MOtr[(dAFdA, + 85 1dE) penn.] = tr[dAFdAgpens). (3.84)
Solving this equation for n(t,s)dt = tr[dAfdAspens.], we obtain n(t,s) = (X — 1)715, ,dt.

Hence n; = (e — 1)1, If we choose A(t) such that n; is the one expected, we find a state
fulfilling our expectations. We can even compute its normalization.

breMN] = / dfe= 1P (0]ea() A=Y ga” (D) 0) (3.85)

We use once again usual properties on commutations of operator exponentials and the fact
that A(—X)|0) = 0.

tr[erN] = /dfe_(f’(l_e_k)f) = det(1 —e )7L, (3.86)

Hence peny. = det(n + 1)_161\(1“(#1)). If ny = g is constant, pepy. = eln(%mm/(no +1).
Note that actually e*(=*) is not necessarily a trace class operator. Hence det(1 — e™*) is not
necessarily well defined. If we wanted to assure that pe,y. is trace class we should have used the
right representation for the environment (GNS construction, Araki-Woods representation).

Thermal path integral

Now we want to get the path integral formalism of our QSDE when the initial environment
state is a populated state: por. = Psys. @ Penv.s Penv. = det(l — e’\)eA(’\). The demonstration
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3.3. Corresponding path integral description and classical limit

follows the same path as earlier, but this time we need two more “paths” on the environment
taking into account the fact that the environment state is no longer a coherent one.

E(B(s)C(t)) = / dfdgae Pl Fl0 P (o) BUL CULole(9+) (3.87)
Psys.(€(g+)|penv.le(g-)) <6(9—)\U§‘,o|6(f)>] - (3.88)
Hence we expect we will find a path integral like
E(B(s)C(t)) =
/ dfdgsdzydps B (s)O4 (1) pys. (24 (0), z_ (0))e'Clos il o] (3.89)
x4 (00)=2— (00)

As in the previous section we will not give here a full demonstration but only point out the
important changes from the vacuum one. The elements missing here are given in Appendix
B.2. The action we obtain for the populated case is

iG=—1f=lg+l? = lg-P + (9. ¢" Ag-) + (f,94) + (9, f) (3.90)
+iS[z4,p4; fo94] — iS[z—,p—; f, 9] (3.91)
with
Steupi fugl = [ ds (a(e)pls) = H(s)+i/20°L() (3.92)
FiL(s)f(s) — iL*(s)g(s)). (3.93)

Note that contrary to usual Keldysh formalism, the influence of the initial environment state
appear directly in the action through the term including A. We do not have an integral in
imaginary time to thermalize the initial state for example. The influence of the state on the
“measure” over the environment path is explicit in the action.

The demonstration follows the same path as the one for the vacuum case. The only change
is that here we do not have |0)(0| as an environment state. Instead we have

Penv. = /dgie_|9+|2_9+|2pem.(g+,g)\e(g+)><e(g)|
with
pens(949-) = det(1 — ) (0]e" )M e (9 o).
Baker—Campbell-Hausdorff formula leads to
pen. (94, 9-) = det(1 — e)eloxe"0-), (3.94)

Including this in the full demonstration leads to the result.
As in the vacuum case, any correlation function can be computed with the following char-
acteristic functional. Let G[\4] be

Glhy] = (3.95)
[ dsdpsdfdgspep 2::(0), 2080+ (00) ~ -(20)) (3.96)
exp |iGlos, pas f,g2] + [57 dsws(s)hs(s) + 2 (- (5)]. (3.97)
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3. Markovian environment description — Quantum noises

Then
E(X (tn)... X(t)X (1)) ... X(t,) = (3.98)
) § 5 5
Pt BN () oy o] B9

3.3.3. Classical limit

An interesting result we can obtain from this path integral formalism is the classical limit
of QSDE’s. We have little hope to find a limit when n; = 0 since then the environment is
in its vacuum state (i.e. is at zero temperature) and the classical world is a strictly positive
temperature world. Hence we limit our selves to ny # 0.

Usually one computes the classical limit A — 0 from the influence functional. In other
words the limit is taken once the environment degrees of freedom have been traced out. We
want to keep the noise induced by the environment in our classical limit. First we need to
reintroduce the # factors in the action G. We can directly introduce 1/% in the formal solution
of Ut75.

U, = Ee—i%Hsys,—%(L@)A;—L*@At)'
The 1/ Vh in front of L corresponds to the standard expression of as. It is the inverse
Fourier transform of a family of standard harmonic oscillator creation annihilation operators
a, = \/%—E(Wf + \/%ﬁ) with Z,p canonical position and impulsion operators. Hence A,

includes already a factor 1/v/h. Thus it remains only a factor 1/v/% in front of L.

We compute the usual classical limit i — 0 (see Appendix B.3 for the proof) with the
addition that, following the thermal example e *(*) = 1 — hA(s) 4+ o(h) with X = A/ fixed.
We apply the result to our example L = aX + SP. We obtain the action

iGe [z, p,q,m5m,n2] = (3.100)
- [T o o (3.101)
+i [ dsn(s) (#(5) s} /m -+ a(s) — LB () + Re(B)ms) (3.102)

0
=i [ dsa(s) (30) + VV @(s) £ 10(s) + Im(a)m(5) ~ Reloms) (3103

with v = Im(@p). If we integrate now over the noises 1; we recover Martin—Siggia—Rose path
integral. The corresponding Langevin equation system is

(s) = p(s)/m —~yx(s) + Im(B)m(s) — Re(B)na(s) (3.104)
p(s) = =V (x(s)) — yp(s) — Im(e)m(s) + Re(a)nz(s). (3.105)
The noises 71 and 72 are independent white noises with correlation (n;(s)n;(t)) = (s —
t)6; j2A(s)"'. If X correspond to a thermal case were A(s) = BE(s), the correlation is

(ni(s)n;(t)) = o(s — t)5i’j%. Hence we recovered the usual classical stochastic equations

for Markovian diffusive open systems.
If L is not linear in X and P some normal order issues can arise. Although if L is only a
function of X or of P but not both it is always possible to derive the classical limit.
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3.3. Corresponding path integral description and classical limit

Now let us compare with the quantum stochastic differential equations for the observables
X and P. A simple computation leads to

dX; = P;/mdt — yXdt — iBdA; + iBd A} (3.106)
dP; = —=V'(Xy)dt — yPydt + iad Ay — iad A} . (3.107)

It is the same expression as in the vacuum case. The only population dependency is in the
noises It6 laws. We change the noise setting Q; = A; + Ay and P, = —i(A; — A}). Remark
that [Qg, Ps] = 2imin(t, s), dQ? = dP? = (2n; + 1)dt and dQ;dP; = —dP,dQ; = idt. With

these noises we have

dX; = Pt/mdt — v Xudt + Im(ﬁ)d@t — Re(ﬁ)dPt (3108)
dPt = —V,(Xt)dt — ’)/Ptdt — Im(a)th — Re(a)dPt. (3109)

These equations do look like the classical ones we obtained. Moreover if we take the classical
limit for 2n; + 1 we also obtain 2n; + 1 = )‘; + 1+ O(h). Hence it must be possible to take
the classical limit directly from these stochastic equations. Indeed if we include back the A
factor in the previous equations we have the same equations but with dQ; = vA(dA; + dA})
and dP; = —i/ﬁ(dAt — dAf). Thus in the limit & — 0: dQ.dP, = dP,dQ; = 0 and dQ% =
dP? = 2X\(t)~1dt which corresponds to the classical limit we just found.

This result can be though as a consistency with classical stochastic equation test.

In this chapter we saw that we can describe, in some limits, open quantum systems using
quantum stochastic evolutions. From now on we will use either this formalism or the repeated
interaction one, without continuous limit, to describe open system settings. The benefit of
keeping some information on the environment through the noises will appear clearly when we
will deal with the description of the system evolution when continuous measurements on the
environment are performed.

95






4. Repeated indirect measurements

As first explained in section 2.1.2, a common technique of system manipulation in quantum
optics consists in sending prepared probes towards the system being studied [63]. Once the
probes have interacted with the main system they can be measured. Actually this technique
is a cornerstone of 2012 Nobel prize awarded to S. Haroche [62] and D. J. Wineland [101]. In
this chapter we discuss such repeated indirect measurement procedures.

It is the first time we introduce quantum trajectories. Here this term has no relation with
the paths of Feynman path integral. The trajectory is the evolution of the system with respect
to the probe measurement results.

The chapter is structured as follows. In a first section we present the general setup of dis-
crete quantum trajectories. The system state evolution is a stochastic process which depends
on the indirect measurements outcomes. We identify the mean evolution with the repeated ac-
tion of a CP map onto the system state. In the second section we present some general asymp-
totic properties of quantum trajectories obtained by B Kiimmerer and H. Maassen [69, 75].
First we present the ergodic behavior of the trajectories. The Cesaro mean of trajectories
converges with probability one towards one of the invariant states of the CP map correspond-
ing to the indirect measurement. Then we discuss the purification of the state along the
trajectory. If the state is initially mixed, it will, in general, purify along the trajectory. In
the long time, the state becomes pure. The third section is devoted to the study of the con-
vergence of discrete trajectories corresponding to non demolition measurements. These are
used to perform high precision measurement of a system through the knowledge obtained by
the indirect measurements. We explain how these specific indirect measurements reproduce
von Neumann projection postulate on the system while we used it only to project the states
of the probes. We also give the exponential rate of convergence toward the projection. When
different methods of indirect measurement are used during one measurement, we show this
rate can be improved. These are results from [20,21]. The last section deals with attractive
subspaces. Based on results concerning the convergence of the system state toward a subspace
of the complete system Hilbert space under the repeated action of a CP map [33], we show
the convergence property is kept when taking the measurement outcomes into account. The
system behavior is nevertheless a bit different. We find two different convergence rates. One
corresponds to the mean evolution and another is similar to the action of a non demolition
measurement and corresponds to an asymptotic stability rate. We then identify two phases
during the evolution. During a random time the state does not show sign of convergence and
can even stay far from the limit subspace. After this time, the state converges rapidly toward
the limit subspace. The duration of the first phase seem to depends only on the mean con-
vergence rate whereas the speed of convergence after this time seem to depend on asymptotic
stability rate.

4.1. Discrete time quantum trajectories

In this section we present the general setup of repeated indirect measurements.
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4. Repeated indirect measurements

4.1.1. Indirect measurement

Let us first review one step of the repeated indirect measurement process. We consider a
system described by a finite dimensional Hilbert space Hgys. and an auxiliary system or probe
whose Hilbert space Hprobe is also finite dimensional. The term probe is here meaningful
since we use the auxiliary systems to actually probe the main one. We assume the probe is
prepared in a pure state |¥). We could generalize by taking a mixed state as probe state,
but for the sake of simplicity we limit here ourselves to a pure state. It is actually the most
relevant situation in quantum optics experiments. We address this potential generalization
when needed. In quantum optics, the systems and probes we are talking about can be either
atoms, pulses of light, artificial quantum dots (Josephson junctions for example) or photon
fields in cavities. For the latter the original infinite dimensional Hilbert space is reduced to
a finite dimensional one by assumption since the highest numbers of photon states are often
negligible.

An indirect measurement corresponds to a cycle of a unitary interaction between the system
and the probe and a measurement on the probe. The interaction entangles the system and
the probe and the measurement result determines the resulting evolution of the system. We
assume the probe measurement is non degenerate. Let U be the interaction and {j} the set
of probe measurement outcomes. In Serge Haroche’s group experiment [61] the interaction
would be similar to U = e'2A"®%3 with f the photon number operator and o3 the operator
differentiating between the two states for the atoms (i.e. the third Pauli matrix!). |¥) is
the initial state the atoms would be prepared in. Hence a superposition of their ground and
excited states. The outcomes {j} would be either e or g depending on whether the atom is
measured in its excited or ground state respectively. The excited and ground states depend
of course on the axis along which they are measured.

If the system state before a cycle is p, the system state after one indirect measurement is

/ Mij;

p = MM, ) M; = (j|UY) (4.1)
J

with outcome j obtained with probability tr[M M, p]. The M;’s are operators acting on the
system Hilbert space. They are complex sums of the Uj; blocs of U in the probe basis {|j)}:
M; = 3, Usilil ).

The system update rule is obtained from Born rule. One can remark that any measurement
on the system is compatible with the measurement on the probe. It means that we can
simultaneously measure the probe and any observable on the system. Therefore, for any
system observable we can define a joint probability of its measurement and the measurement
on the probe. Let X be a system observable. From Born’s rule the joint distribution of its
outcomes and the probe measurement outcomes are

p(x,j) = tr[Pr @ PU(p @ [0)(P))U" Py @ Pj] (4.2)

We can use the definition of conditional probability to obtained the distribution of X outcomes
with respect to the probe measurement outcome j.

= SO B _ [ W]

= = tr _—
trllsys. ® PU(p @ [W)(¥[)U* Lys. © P xtr[M;MjP]

1. The Pauli matrices are: o1 = < 0 1 ),02: ( (z) _OZ ) and03=< L0 >

1 0 0 -1
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4.1. Discrete time quantum trajectories

Since this is true for any system observable X, Born’s rule implies that after the probe
measurement the system state is given by the update rule we gave. So we did not use
the projection postulate. This is possible because we do not keep track of the probe state
after the measurement. In most experiment the probe is destroyed or discarded after its
measurement [11].

The measurement we just described is usually called positive operator valued measurement
(POVM). It means that the outcome distribution is given by a family of CP maps, here p —
M;pM ;‘. If we had not assumed the initial state of the probe was pure, instead of having maps
with a single M; we would have had a more complex CP maps. Let pprobe = D, PalVa)(¥al
be the initial probe state. Let ®;(p) = >_,paMy jpM, ; with My ; = 37, U;i(i|¥,). The
update rule in this case is p’ = ®;(p)/tr[®;(p)] with j obtained with probability tr[®;(p)].
The measurement is still a POVM but this time with the outcome distribution given by the
CP maps ®;. The general description of operator valued measurements is made through
the instrument formalism [11]. POVM’s include projective measurements. In this case the
operators M; are just projectors.

Before we start to introduce the repetition of such indirect measurement, let us check a few
properties on a unique cycle. First an outcome j with tr[M ;Mj p] = 0 has a null probability
to be picked. Hence p’ is almost surely always well defined. Then, since >, M M; = Iy,
> tr[M;M;p] = 1 and (tr[M;M;p]) is a well defined probability distribution for the out-
comes. We also have tr[p/] = tr[p] = 1 hence a state is always mapped onto a state, whatever
is the outcome. Therefore, after an indirect measurement, we almost surely stay in the set of
system states.

When looking at the average update of p, we find it corresponds to the action of a CP map
® such that ®(p) = > ; M;jpM;. Since ) ; MFM; = Iy, ® is trace preserving. Thus this
average evolution matches the criteria for a good deterministic quantum evolution given in
section 2.1.1.

We can also see this indirect measurement as an unraveling of a CP map. Given a CP
map and a Kraus decomposition of it, we can interpret the CP map as the average action of
an indirect measurement whose outcomes would have been the index of the Kraus operators.
For this reason, in general, we call the M;’s Kraus operators. This idea of unraveling will be
more significant when we will deal with continuous quantum trajectories.

4.1.2. Repeated indirect measurements

Discrete quantum trajectories correspond to the repetition of the process just described.
An experimenter repeatedly indirectly measures the system. The global process is presented
in figure 4.1. If the system state is p(n) at time n, then at time n + 1,

Mjn+1p(n)Mjn+1 (44)
te[M} M, ., p(n)]

In+1

p(n+1) =

with the probability of jn41 = j equal to tr[M;M;p(n)]. The state at time n depends on
all n previous measurements: p(n) = p(n;ji,...,Jn). Hence the system state evolution is
a stochastic process depending on the measurements outcomes. A measurement realization
or record is an infinite sequence of outcomes w = ji,...,7n,.... The probability space is
then Q = {(j1,...,Jn,-..) s.t. Vk,ji € {j}}. The probability measure P with which these
outcomes are picked is defined according to quantum physics laws by P({w s.t. wg = jiVk <
n}) = tr[M; ... M7 M;j, ... Mj p(0)]. Particularly it depends on the initial system state p(0).
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4. Repeated indirect measurements

Probes
///\ Measure
o> e > e D> o> —> e > —>C e > 0101001110109

Sys.

Figure 4.1.: Schematics of the repeated indirect measurements setup. A sequence of probes
prepared in a given state is sent to interact with the system. The probes are then
measured. The system state is updated with respect to the probe measurement
outcomes.

One first important remark is that p(n) is a Markov process since the expectation of
any function of p(n + 1) with respect to the whole history (p(k))o<k<n can be reduced to
the expectation with respect to the last known system state: E(f(p(n + 1))|(p(k))o<k<n) =
E(f(p(n+1))|p(n)) where E is the expectation under the measure P.

Second, the average evolution of the system corresponds to a repeated action of the CP
map &.

E(p(n)) = @"(p(0)). (4.5)

Equivalence between continuous monitoring and complete final measurement

Now let us reintroduce the interpretation of the auxiliary systems as an environment we
used in the sections about repeated interaction (2.1.2 and 2.3.3). If we consider the Hilbert
space of all the probes at once we have Hprobes = Hprobe @ Hprobe @ - - - @ Hprobe @ . .. Hence
we have an infinite dimensional Hilbert space. We consider it as our environment. Its initial
state is simply |¢) = [U) @ V) @ ... @ |[¥) ®...

The projector corresponding to the measurement on the n*® probe we have to use in Born’s
rule is

n—1 00
Pj(n) = [sys. 029 ®Iprobe ® ’J><]‘ ® ® Ipmbe‘ (46)
k=1 k=n+1

The interaction between the system and the n'® probe is

n—1 00
Un = Z Uji ® ® Iprobe & |]><Z| ® Iprobe~ (47)

k=n+1

The projector P](n) commutes with any operator which acts as the identity on the n*® probe
Hilbert space. Hence [Uy, Pj(")] = [Pi(k), P](n)] = 0 for any j,7 and any different k£ and n. This
is this commutation property that allows us to only use Born’s rule and not the projection
postulate.

Using the commutation we can use Born’s rule in two ways that correspond to two different
measurement picture. Either, as we have already done, Born’s rule is used considering the
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4.2. Asymptotic behavior

probability of each probe outcome is computed just after the system—probe interaction. Then,
formally the probability of one indirect measurement realization is

tef- - PO P VU PO (p @ (o) (o) UTPSY - U P DU P ] (48)

In—1

This probability distribution is equal to the one when we consider a measurement on the
probes only after all the interactions. This joint measurement is allowed by the commutation
between the different projectors on different probes. The equality is allowed because an
interaction of the system with a probe acts trivially on any other probe. It is the meaning of
the commutation [Uy, Pj(n)] = 0 for k£ # n. Using commutation relations we have

n n—1 1 * p(1 * n—1)rrx p(n
o] Pj(n)U"Pj(nfl U,y - .pj(l)Ul(p® |1b0) (Yol )UY Pj(l> ... Un_lpj(n urp™ ..

— n= Jn
- 1 (4.9)
[P gnres ** UnUn—1 - U(p @ [tho) (o )UT - - Uy \Up -+ P i
with
G k
JP'"7jTL7jn717---7jl = H R7(k) (410)
k=1

Hence it is equivalent to measure the probes along the time or all at once at the end. We
will encounter a similar equivalence in chapter 5. We will show that in the context of contin-
uous quantum trajectories, the usual two time measurement is equivalent to the continuous
measurement of the environment.

Before we move to the general asymptotic behavior of discrete quantum trajectories let us
just highlight that the setup we presented here, even if very general, does not cover all the
quantum optics experiments we referred to. Here we lack the possibility to change the probe,
the interaction and the measurement on the probes with respect to time and the previous
measurement outcomes. It does not include feedback control for example. We will introduce
this freedom in section 4.3 for the specific case of non demolition measurements.

4.2. Asymptotic behavior

4.2.1. Ergodicity

A question often asked, mainly when discrete quantum trajectories are used in numerical
simulation, is the equivalence between ensemble average and time average for the system
state. Do we have

1 n
. 1 0
nl;n;o E(p(n)) equals nlggo - ,;1 p(k)? (4.11)

The second limit is the limit of the Cesaro mean of the quantum trajectory. We will see in
next section on non demolition measurements that the answer to this question can also have
implications on the characterization of some state convergence. But let us first detail the
answer. It was given by B. Kiimmerer and H. Maassen in [69] for any quantum trajectory
either in discrete time or continuous time. Here we extract the results for discrete time
trajectories.
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4. Repeated indirect measurements

Let us first remark that the limit of the mean evolution lim, E(p(n)) = lim, ®"(p(0)) is
not always well defined. If ® is irreducible it is since it admits a unique invariant state. But
if @ is reducible there is no guaranty the limit exists. ® can have several invariant states. A
CP map corresponding to a unitary evolution, ®(p) = UpU* is a good example where this
limit does not always exists.

Every projector onto an eigenstate of U is an invariant state of ®. But if we start in a
state which is not a linear combination of these projectors, the mean state will not converge
in general. We are in a finite dimensional Hilbert space so, as we discussed in chapter 2.1,
the evolution given by repeated actions of @ is quasi periodic. Let p be the initial system
state. Assume p is not an invariant state of ®. For any € > 0 there is a divergent sequence of
times (ny) such that ||p(ng) — p|| < € for any k. But for the same € it exists another divergent
sequence of times (n},) such that ||p(n}) —UpU*|| < e. The state will be as close as we want to
p an infinite number of times. And it will be as close as we want to UpU* an infinite number
of times. Since by assumption |p — UpU*|| > 0, this is incompatible with a convergence of
®"(p) as n tends to infinity.

Fortunately, even if the mean state E(p(n)) does not converge, we will find a convergence
of the Cesaro mean of (p(n)) towards one of the invariant states of ®.

We define a projector onto the set of these invariant states.

P (p) = lim — Z dF(p (4.12)

This projector is well defined since ® always accept at least one invariant state piy,.. The
invariant states are the eigenstates of ® with eigenvalue 1. All other eigenvalues have a norm
smaller or equal to 1 and are different from 1. Using the Jordan decomposition on the matrix
representation of ® and the expression of geometric sums ij A= (A= ANFD /(1 = \) for
A # 1, one directly finds the convergence towards the projector Py [103].

Of course if ® admits only one invariant state piny., we have Pg(p) = piny. for any system
state p.

Let (p(n)) be a quantum trajectory as we defined in previous section. Hence it is a real-
ization of a system state evolution under an indirect measurement process. The evolution
depends on the measurement outcomes. In [69] the authors showed that almost surely

tim 3" p(k) = p(o0) (113)
k=1

with p(c0) one of the invariant states of ®. Moreover the expectation of p(o0) is equal to the
projection of the initial state onto the set of invariant states.

E(p(c0)) = Pa(p(0))- (4.14)

Hence even if we do not have a unique invariant state for @, the system state Cesaro mean
converges to an invariant state depending on the outcomes.

The two main elements of the demonstration are based on martingale convergence theorems
[80]. Let us write the system state evolution according to the Doob decomposition.

& Jk M;k
0)+ > ®(p(k— 1)) — p(k — 1) + Z i pMJ p(i ~ - ®(p(k —1)). (4.15)
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4.2. Asymptotic behavior

The first sum over k is a predictable process and the second one is a martingale with respect
Mjy p(k—1) M},
to the measurement outcomes. Let M, =) m —®(p(k—1)),

E(Mn|j17"~7jn—1) :Mn—l- (416)

Since E((AM,,)?|41, 2, - - -, jn_1) is almost surely bounded, we have
1 .
Z;E |.]1 ]25"'7]7171) < o0 (417)
n=1

almost surely. Thus the law of large numbers for martingales apply and lim, M, /n = 0
almost surely. Then, since p(n) and p(0) are bounded, we obtain

n—1
tim =3 B(p(k)) — (k) =0 (118)
k=0

almost surely. Hence, the Cesaro mean of the predictable drift process converges to 0.

The other convergent martingale used corresponds to the evolution of the projected state
Pg(p(n)). From the definition of Py applied to the Doob decomposition of p(n) we see that
no drift part remains in the evolution of Py(p(n)). Hence Pg(p(n)) is a martingale. If there
is a unique invariant state then this martingale is trivially a constant. The system states are
bounded, so in any case, this martingale is bounded. Thus it converges almost surely. Since
the expectation of a martingale is conserved we have E(Pg(p(n))) = Po(p(0)). The last step
of the proof consists in showing that lim,, 2 >~} | p(k) — Py(p(k)) = 0. We refer to the article
for this part.

As a corollary of this result we find a law of large numbers for the counting processes of
the measurement outcomes.

Let Nj(n) be the number of times j was obtained as an outcome up to time n. The Doob
decomposition of N;(n) is

= tr[M; Mjp(k)] + Nj(n) = > te[MFM;p(k)]. (4.19)
k=1 k=1

Nj(n) — >"p— tr[M;M;p(k)] is a martingale and as before the law of large numbers for
martingales apply. Thus lim,, (N;(n)—>27_, tr[M; M;p(k)]) = 0. From the ergodic property
of p(n) we know that

lim % S ta[MM; p(k)] = M M; p(o0)] (4.20)
k=1

almost surely. It follows directly that
lim Nj(n)/n = tr[M; M;p(co)] (4.21)

n—oo
almost surely. In the long time limit the frequencies of the outcomes correspond to the
frequencies expected when the system is in one of the invariant states of ®. If there is a
unique invariant state the frequencies will correspond to it. We will use this property to prove

an exponential convergence of the system state in the case of non demolition measurements
in section 4.3.
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4. Repeated indirect measurements

4.2.2. State purification

One interesting property of quantum trajectories is that in general they preserve pure
states. Of course this is not true when the system is subject to an additional dissipation or
the probe state is a mixed one. In these cases the state might get mixed. But here we do not
take into account these possibilities.

If we look at our state update rule applied to a pure system state, the purity conservation
is obvious. Let the system pure state be |¢). After an indirect measurement it becomes

M,
¢) = HMj;zi\ with probability || M;|¢)|?. (4.22)

Hence the state stays pure.

In [75] H. Maassen and B. Kiimmerer proved that not only the purity is conserved, but
mixed states tend to purify along the trajectory. Of course this is not always true. If all the
Kraus operators are proportional to unitary operators (M; = \/)TjUj), then the state after
the measurement is unitarily equivalent to the state before. So the eigenvalues of p’ are the
same as the ones of p. Hence pure states stay pure and mixed states stay mixed.

The result obtained in the cited article, is the following. Either a quantum trajectory
purifies with probability one, or it exists a, at least two dimensional, subspace of Hsys. on which
the action of any M ]*M j corresponds to a multiplication by a positive scalar: PM j’-"M iP=M\P
with P the projection on the subspace. Equivalently, either p(n) purifies when n goes to
infinity with probability one or it exists a mixed state p such that for any j, it exists a
unitary operator U; such that p' = U;pU -

The demonstration of [75] is based on an inequality obtained by M. Nielsen in [79]. For
any natural integer m,

Ztr[M;Mjp]tr K%) ] > tr[p™]. (4.23)

It follows that the processes (tr[p(n)™]) are submartingales. They are bounded and thus
converge almost surely. The value of tr[p™] for m > 1 characterizes if p is pure or not. We
have tr[p™] = 1 for m > 1 if and only if p is pure (i.e. is a rank one projector). So either
tr[p(n)™] converges almost surely to one and the state purifies, or there is a possibility it
converges to a value strictly smaller than one.

If the second possibility hold, the authors of [75] showed that with a non null probability
(p(n)) will be infinitely many times as close as we want from a mixed state pacc.. This state
is such that for any j, either tr[M;M;pacc] = 0 and we have PM;M;P = 0 with P the
projection on the support of pgec.. Or tr[(phe.)™] = tr[pl.] for any m > 0 which shows
unitary equivalence between pl .. and pacc.. This is actually equivalent to PM FM;P = AP
with P the projector onto the support of pac.. Note that there is no reason for p,.. to
be supported on PHys. Hence the action of the measurement on p;.. is not necessarily
equivalent to a unitary one.

In next section we illustrate these result for a specific class of discrete quantum trajectories,
non demolition measurements. The system state evolution under non demolition measure-
ments is nevertheless not a direct consequence of the results we just presented.
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4.3. Non demolition indirect measurements and wave function collapse

4.3. Non demolition indirect measurements and wave function
collapse

In this section, we review results on discrete quantum trajectories obtain first in [21] by M.
Bauer and D. Bernard and then generalized in [20]. They, in part, correspond to discrete time
version of the results on wave function collapse for continuous time quantum trajectories [2,98].
In next chapter we will deal with these continuous time trajectories adding to the cited articles
results of [20,29].

This work was inspired by a photon number measurement experiment performed by S.
Haroche’s group [61]. In this experiment they were able to measure the number of photons
inside a super conducting cavity without destroying them. In most cases measuring photons
means converting them into an electric signal and therefore destroying them. In this exper-
iment, using a repeated quantum non demolition measurement strategy they were able to
obtain an electromagnetic field in a fixed photon number Fock state.

The idea of non demolition (QND) measurements was formulated in 1980 by V. B. Bra-
ginsky et al. [35]. Non demolition means that a set of states, the pointer states, are invariant
under the measurement procedure. If the system is in one of this pointer states, no future
measurement will get it out of it. In S. Haroche’s group experiment these states would
be the fixed photon number Fock states. Non demolition measurements can sometimes be
called weak measurements when they also aim at the smallest perturbation of the system by
the measurement. The down side being that only partial information is obtained with one
measurement.

In Serge Haroche’s group experiment, a sequence of two level atoms were sent through
the cavity. Their orientation was then measured along a varying axis. Hence it is a typical
quantum trajectory implementation. The interaction between the atoms and the photon
field was tuned such that the fixed photon number Fock states were invariant under the
measurement. After a large number of such indirect measurements, the photon field state was
found to be one of the fixed photon number Fock states. The distribution of the limit states
corresponded to what is expected by von Neumann projection postulate. Hence the indirect
measurement was equivalent to a direct projective measurement of the photon number. But
this time the photons where still inside the cavity and not destroyed by the measurement.

In this section we show why repeated QND measurements lead to a wave function collapse
following the von Neumann postulate.

The following results may look like a specific case of the previous ergodic and purification
results, but they concern actually specific situations where stronger results can be obtained.
We are here interested in the convergence of the state it self not of its Cesaro mean. This
is allowed by the introduction of the pointer states. Their definition is directly inspired by
the previously cited experiments. Certainly, the pointer probabilities martingales g, (n) =
(a]p(n)a) we will introduce correspond to the diagonal elements of Pg(p(n)) in the pointer
basis. But their introduction allows us to unravel a non degeneracy criteria which leads to
the wave function collapse. Finally the exponential convergence of the state we find is not
contained in previous results. Even if we use the ergodic theorem in one of the proofs.

The section is structured as follow. In the first subsection, we present a simpler version
of our results. We obtain the collapse through a martingale convergence theorem. We show
that the convergence is exponential with a rate given by a relative entropy between different
distributions of the measurement outcomes. This first part corresponds mainly to [21]. In the
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4. Repeated indirect measurements

second subsection we generalize these results to cases where the indirect measurement method
can be changed at anytime keeping the non demolition property. We link the wave function
collapse with a martingale change of measure. We show how the freedom in the choice of
probes allow us to tune the convergence rate. Finally, we analyze degenerate measurements
and compare non degeneracy criteria with the purification criteria we gave in previous section.

4.3.1. Introduction to non demolition measurements

The first and only requirement of non demolition measurement is the stability of the pointer
basis under the measurement process. It exists an orthonormal basis P of Hgys. such that for
any measurement outcome j and any vector |a) € P,

Mij;

m = |a){a|. (4.24)

p=la)(al =

This is the non demolition condition for P. Once we are in one of the pointer states we almost
surely stay in this pointer state as would be expected for a measurement process. It does
not modify the system state if it is already in one of the state we want to measure. The non
demolition condition is fulfilled if and only if all the Kraus operators M;’s are diagonal in the
basis P. Obviously it is fulfilled if the unitary interaction between the system and the probe,
U is bloc diagonal in the basis P.

i & M; =3, m(jlo)a)(al
non demolition for P { cU=Y_laleU@) (4.25)

With this condition any state diagonal in the pointer basis is stationary under the average
evolution. If p =3~ qala){(al, ®(p) = >_; MjpM; = p.

In the rest of this section we will not make a difference between the set of index of the
pointer states and the set of pointer states. We have an obvious bijection between the two
sets and the meaning of P is never ambiguous.

Wave function collapse

We turn to the evolution taking into account the measurement outcomes {ji,...,jn, ..}
The study of the diagonal elements of p(n) in P will lead us to almost all the results we
expect. We define ¢,(n) = (a|p(n)|a). These processes correspond to the evolution of the
probabilities to find the pointers « as the result of a direct measurement of P. If at time n we
stop our indirect measurement and perform a direct von Neumann measurement of PP on the
system, we obtain « as a result with probability ¢, (n). These ¢,(«) are almost surely positive
and bounded by 1. Their sum is equal to 1. Hence (go(n))acp is a probability distribution
over P.

Since the Kraus operators are all diagonal in P, the evolution (¢,(n)) does not depend on

the off diagonal elements. ¢, (n) update rule knowing {j1,...,j,} is
p(jle) : " .
da(n +1) = ga(n) = with probability » ¢,(8)p(j|8), (4.26)
2 pep ¢ (B)p(j15) ﬁ%;

where p(j|a) = |m(j|a)|?. This is a direct consequence of the definition of the process (p(n))
and the diagonal property of the Kraus operators. The update rule corresponds to a Bayesian
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4.3. Non demolition indirect measurements and wave function collapse

update. ¢,(n) is the initial distribution, p(j|«) is the probability of the outcome j knowing
the system is in the state o and > 5 qs(n)p(j|B) is the probability to obtain the outcome j
when the pointers are distributed by (g(n)). Hence we are reduced to a classical random
variable convergence problem.

From the update rule we immediately find that the ¢, (n)’s are martingales. The expectation
of go(n + 1) knowing the first n outcomes {ji,...,7n} is equal to g, (n).

E(Qa(n + 1)’{717 e 7]TL}) = ZQa(n)p(j‘a) = Qn(a)' (4'27)

The probabilities of the pointers are conserved in mean. Using bounded martingale conver-
gence theorem [80], we immediately find that all the g,(n) converge almost surely when n
tends to infinity. We write g, (00) this limit. Of course g, (c0) is a random variable. The char-
acterization of this random variable depends on the degeneracy status of our non demolition
measurement.

Assume that for two different pointers there is always one outcome which has a different
probability either if the system is in one or the other pointer state. Formally

Va, € P,a# 3,35 s.t. p(jla) # p(j|B). (4.28)

We call this condition the non degeneracy condition. In [21] M. Bauer and D. Bernard showed
that this non degeneracy condition implies that g,(c0) is a random variable which is either 0
or 1 almost surely. Moreover only one g,(c0) can be equal to 1 the others are 0. We call T
the pointer corresponding to gy (oo) = 1. It is a random variable on the set of pointer states.
The probability of T being equal to a specific pointer « is equal to the initial probability
70(0) = (a|p(0)]c) of this pointer.

The proof is the following. From the expression of the update rule, it is shown in [20], that
(ga(00))aep must be such that

qa(00)qp(20) (p(jler) — p(j|B)) = 0. (4.29)

for any j and any a and . Hence, either ¢, (00)gs(00) = 0 or p(j|a) = p(j|B). Since the latter
is false for at least one outcome, we have that g, (00)gg(c0) = 0 for any two different pointers.
Hence, only one limit pointer probability can be strictly positive. Since ) P gs(00) = 1, this
limit pointer probability must be 1. From the conservation of the expectation of martingales,
we have E(gq(00)) = ¢o(0). Hence go(00) = 1 with probability g, (0).

The translation of this pointer distribution convergence to the convergence of the system
state is straightforward. We have p(-) = |a)(a| if and only if g,(-) = 1 with the dot equal to
any n or co. We can summarize the results obtained so far: If the non demolition and non
degeneracy conditions are fulfilled,

lim_p(n) = X) (Y], (Y = ) = ga(0). (4.30)

n—oo

Hence in the limit, the system state is projected onto one of the pointer states with a proba-
bility corresponding to the von Neumann projection postulate applied to the initial state.
Exponential convergence

We end this subsection with the derivation of the exponential rate of convergence towards
the collapse. We will generalize our setup and give a better understanding of this exponential
convergence in next subsection.
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The following elements of proof are different than what was done in [20]. They correspond
more to [21]. Let us study the limit of In(g,(n))/n. From now on we assume p(j|a) > 0 for
any outcome and any pointer to avoid infinities.

First off, we have an equivalence between the limit of In(g.(n))/n and In(ga(n)/qr(n))/n
since gy (n) converges almost surely to 1. Let us give an explicit expression of In(g,(n)/qy(n))
that we deduce from the update rule of g, (n).

n(ga(n)/qr(n)) = In(ga(0)/qx (0)) + Z In(p(jler) /p(3]T)) Nj(n) (4.31)

with Nj(n) the number of time the outcome j was obtained up to time n. In section 4.2.1
we saw that lim, N;(n)/n = tr[M; M;p(c0)] with p(co) = lim, LS o p(k). Of course here
p(o0) is known. We have p(oo) = |Y)(Y|. Thus lim, N;j(n)/n = p(j|T). We immediately
obtain

lim I (ga () /e (1)) /. = —S(¥|a) (4.32)
with

S(Tla) =Y p(i17) (p(j|T) /p(jla)) (4.33)

J

the relative entropy of the distribution of the outcomes knowing the limit pointer with respect
to the same distribution knowing the pointer we are interested in. This relative entropy is
always strictly positive unless the two distributions are equal. Hence it is strictly positive
when the two pointers are different. But if « =T, S(T|a) = 0.

Going back to the probability of «,

Qa(n) _ 6—nS(T|o¢)+o(n), a 7& T. (434)

Hence the system state converges exponentially to |T)(Y| with a rate given by the relative
entropy S(Y|a). Let Smin(7y) be the minimum of these rates when the limit state is ~:
Smin(Y) = ming2, S(v|a). Then using Cauchy—Schwarz inequality for semi definite matrices,
almost surely,

() = [) (T fmae = €7 Smin(X)/240(m), (4.35)

The norm ||.X ||max is equal to the maximum of the norm of the elements of X.

4.3.2. Non demolition measurement and martingale change of measure
Generalized non demolition measurements

In S. Haroche’s group experiments [61,83], they tried to optimize the rate of convergence.
They used different axes for the atom measurements. They even tried to choose the probe
measurement with respect to previous measurement outcomes [83]. In this section we intro-
duce the possibility of such a change of indirect measurement method depending on the whole
history of the measurement. This subsection refers to results obtained in [20].

We assume we have a finite number of different methods of indirect measurements available.
A measurement method is a set of Kraus operators {M, ;|7 € {j}} with o fixed. For any o we
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4.3. Non demolition indirect measurements and wave function collapse

have > ;M5 ;Mo j = 1I. The index o correspond to the measurement method. The different
methods can differ either by the initial probe state, the system—probe interaction or the
measurement performed on the probe. In the case where the same measurement method is
used every time, o takes only one value and then can be forgotten. Each method of indirect
measurement is a well define indirect measurement on its own.

Since we can use any of the indirect measurement methods, they a priori all need to fulfill
the non demolition condition. Actually this time we are not sure we will be using all the
methods. So we have only an implication.

Vi, 0, M, ; = Z m(jlo, a)|a) (| = non demolition condition for P. (4.36)
a€P

Of course this is true if for all methods the system—probe interaction is bloc diagonal in the
basis P. From now on we assume this non demolition condition is fulfilled.

We need to implement the way we choose the measurement method at each time. Remem-
ber that the way we choose it can depend on the whole history of the measurement. Hence at
time n the measurement method is chosen with the distribution ¢y (0|o1, j1,- -, 0n—1, jn—1)-
Hence for any n > 0, for any finite sequence (o1, j1,...,0n-1,Jn—1), for any o we have
cn(0lo1,j1, .- s0n—1,Jn—1) > 0 and Y _cu(o|o1,J1,--.,0n-1,4n—1) = 1. The distribution of
the measurement method can depend both on time and the history of the measurement.

The update rule for g,(n + 1) knowing o1, j1, .. ., On, jn iS nOW

p(ilo, @)
> as(n)p(jlo, B)

da(n+1) = qu(n) with probability ¢,41(0|...) Z qp(n)p(jlo, B) (4.37)
B

with p(jlo,a) = |m(jlo,a)>. A straightforward computation confirms that g,(n) is still a
martingale. It is still bounded, thus as before it converges almost surely to g, (o).

The non degeneracy condition is here a bit trickier that when we only used one method.
To find the most general one, let us step back a little. Let us define a family of probability
measure (P,). Each measure is indexed by a pointer state. The measures P, are probability
measures on the set of measurement realizations Q = {01, j1,...,0n,jn, ...} Po corresponds
to the probability measure if the system state was initially in the pointer state . We have
an explicit expression for each of these measures.

Po(01,71, -+ 0n,Jn) = c1(01)p(jilo1, @) ... cn(onlo1, ji, .-y 0n—1, Jn—1)P(Jn|on, @). (4.38)

The probability measure when the initial system state is general is simply a weighted sum of
these measures.

P =3 aul0) P (4.39)

Thus we have absolute continuity of all the P, such that ¢,(0) # 0 with respect to P:
P(A) =0=P,(A) =0.

As shown in [20], g4 (00)/¢a(0) is actually the Radon-Nikodym derivative of P, with respect
to P. Hence for any integrable random variable X,

Qa(O)Ea(X) = ]E(Qa(oo)X)' (4'40)
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4. Repeated indirect measurements

This definition of g4(c0) allows us to find an equivalence between the wave function collapse
and the mutual singularity of the measures P,,.

The mutual singularity of the measures means it exists a partition {Q4}qcp of our mea-
surement realization space €2 such that Pg(2y) = dq 5 with ¢ the Kronecker delta.

Let us illustrate this property with the case where only one method is used. We can define
parts of : Q, = {w € Qs.t. lim, N;j(n)/n = p(jla)}. The part corresponding to « is
the set of all realizations whose outcome frequencies are p(jla). Let © be the part of Q
not covered by the union of these ,: QO=0Q \ Ua€q. Let us redefine Qy as Qp = {w €
Q s.t. lim, Nj(n)/n = p(j|0)} UQ. Let us assume the measurement is non degenerate, then
UaQa = Q and Q, N Qg = 0 for o # B, so Pg(Q) = do3. We have explicitly build a
partition of 2 such that P, (€2g) = 04,5. Hence the measures P, are all mutually singular.
This construction is possible if and only if the measurement is non degenerate. If not there
is at least two different pointers corresponding to a same €2 part.

In general we have the following equivalence

P,’s are mutually singular < It exists a partition (€4) of Q s.t. go(c0) = 1q, (4.41)

where 1g, (w) is equal to 1 if w € ©, and to 0 otherwise. Hence either g,(c0) = 0 or 1. But
only one g,(0c0) can be equal to 1 for each realization. We note T the corresponding pointer.
Since gy (-) = 1 imply p(-) = |T)(Y]|, we have p(co) = |T)(Y|. We can write explicitly

p(00) (@) = [T(@){T(w)] = Y a){alla, (@). (4.42)

«

From the martingale property of g,(n) we also have P(a = T) = E(1q,) = ¢u(0).

As before we have an almost sure collapse of the wave function onto one of the pointer with
a distribution of the limit pointer given by the von Neumann postulate applied to the initial
state.

Let us give the equivalence proof. Assume the P, are all mutually singular. Then it exists
a partition (£2,) of Q such that P,(£23) = d43. Since gg(00)/qp(0) is the Radon-Nikodym
derivative of Pg with respect to P, we have E(gg(c0)la,) = ¢3(0)Es(lq,) = ¢3(0)da g. More-
over gg(o0)lg, > 0 so, gz(0o)ln, = q3(00)da,p almost surely. Then summing over 5 on both
sides, we obtain ¢, (c0) = 1q,. For the converse, assume it exists a partition (£2,) of Q such
that g (c0) = 1g,. Then ¢o(0)Ea(lo,) = ¢a(0)Pa(2s) = E(lg,la,) = E(ga(00))da,s. Since
E(ga(00)) = qa(0), we obtain P, (23) = dq,s-

A general condition to assure mutual singularity is given in [20]. Essentially, the experi-
menter must, for any two different pointers, use infinitely many times a method which ful-
fill the previous non demolition condition for these two pointers. For example if 4 point-
ers are involved, if the experimenter use alternatively every time two methods such that
p(410,0) = p(4]0,2) for any j and p(0|0, 1) # p(0|0, 3) for the first and p(0|1,0) # p(0|1,2) and
p(j]1,1) = p(j|1,3) for any j, for the second, the state will collapse even if the first method
does not fulfill non demolition condition for 0 and 2 and the second method does not for 1
and 3.

We can also apply this condition of mutual singularity to direct projective measurements.
The probability space is, in this case, the set of eigenvalues of an observable, hence P di-
rectly. The pointers are the corresponding eigenvectors. Each part of the probability space
corresponds to the singlet Q, = {a} and the measure with respect to the pointers are
Po({8}) = 6a,3. There is no actual martingale since the measurement process is assumed
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4.3. Non demolition indirect measurements and wave function collapse

instantaneous. We only have the Radon-Nikodym derivatives of P, with respect to P which
are 1 {a}/ 7o (0). We only have a two step process for the probabilities of the pointers. Before
the measurement ¢, (0) and after it g, (after) = 1;,y.

Estimated state stability

From this mutual singularity condition, we can see that we only need the measurement
outcomes to know in which state the system collapse. We do not need to compute the
updated state. Each realization belong only in one of the parts ), and since we have a
bijection between these parts and the pointer states, the realization will correspond to one
and only one part and thus to one and only one limit pointer state. Thus when we use only
one method, looking only at the limit of the outcome frequencies N;(n)/n is sufficient to know
the limit pointer.

With no surprise we can thus show that if we start the computation of the state evolution
with a estimated state which is not the physical initial state we will nevertheless find the right
pointer state on which the system has collapsed. Assume we start with an estimated state
p(0) such that ¢,(0) > 0 whenever ¢,(0) > 0. For example p(0) = I/dim(Hsys.) is a good
estimate. We update this state using the same formula as for the physical state. Knowing
the n first methods and outcomes,

) iy Pllo.0)
ol 1) = 4t s mpGilo, B)

The distribution of the method and outcome is still the physical one. For example, the
probability to have j,+1 = j knowing all measurement results up to time n and all method
choices up to time n +11is 35 qg(n)p(jlon+1, ). Hence go(n) is not a martingale under the
measure P so its convergence is not guarantied.

Instead we can define a new probability measure, an estimated probability measure P =
>_5s(0)Ps. It is the measure as if the estimated state was the physical state. Under this

(4.43)

measure {o(n) is a martingale. Repeating our previous discussion we have o (00) = 1, P
almost surely. But we want an almost sure collapse under P, the physical measure not under
P. Conveniently, the definition of our estimated state guaranties we have absolute continuity
of P with respect to P, hence P(A) = 1 = P(A) = 1. So P almost sure convergence implies
P almost sure convergence. Since the definition of the sets ), depends only on the measures
P, we have

lim §o(n) = lim g, (n) = 1q, (4.44)
P almost surely. Hence

lim p(n) = lién p(n) = |T)(Y] (4.45)

n

P almost surely.

Exponential rate improvement

Another interesting property is that imposing the limit pointer state of the system is equiv-
alent to project initially the system in this pointer state. Formally we have for any measurable
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subset A of €,
P(A|T = a) = P, (A4). (4.46)

This follows directly from the expression of P and the conditional probability and from the
mutual singularity of the P,’s. It allows us to study any process under the law conditioned
on the limit state and then go back to the law P. We use this to compute the convergence
rate of the system state.

We cannot use an ergodic argument as before since the result does not hold a priori when
we change the method at each time. Instead we will use the usual law of large numbers under
each measure P,,.

Assume the way we chose the measurement method only depends on the preceding method
used and measurement outcome obtained. Especially it does not depend on time. We have

Cn—l—l(o‘olyjlu v 70n7jn) = C(0|ON7jn)' (447)

Under each measure P,, the process corresponding to the couple measurement method and
outcome, ((0n, jn))nen is @ Markov chain with kernel

Ka(d, j'lo, j) = p(jlo, a)e(old’, 5'). (4.48)

Note that ((on,7n)) is not a Markov chain under P since the distribution of (041, Jn+1)
depends not only on (0, j,) but also on (g,(«)). The expression of the kernel invites us to
define a reduced kernel only for the measurement method process.

Ky (d'o) =Y p(j'lo', @)c(o]d’, 1. (4.49)
j/

If the Markov chain corresponding to this kernel is irreducible and a periodic, it admits only
one invariant distribution of the methods p%¢%(0). It follows that K, (o', ;'|o,j) has also a
unique invariant distribution which is

red

1a(0,§) = e (0)p(jlo; @). (4.50)
Hence the law of large numbers for Markov chains implies

red
«

im N, j(n)/n = pi*(o)p(jlo, ), P, almost surely, (4.51)

with Nj,(n) the number of time o was used and j obtained as an outcome up to time n.
Since under P,, T = « almost surely, or equivalently T = « on §),, we can replace a by T in
the limit. Hence for any pointer «,

lim N, ;(n)/n = (5% (0)p(jlo, T), P, almost surely. (4.52)

Since P = )" _ ¢a(0)1a and > ¢o(0) =1 we immediately conclude

lim N, j(n)/n = 5% (0)p(jlo, T), P almost surely. (4.53)

Hence we have a law of large numbers were the limit frequencies of the methods and outcomes
depend on the limit pointer state as in the one method case.
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4.3. Non demolition indirect measurements and wave function collapse

Following the same path as before we obtain again an exponential convergence rate for

Qt;v(n)~
qa(n) _ efng(’f\oz)+o(n). (4.54)

The new rate corresponds to a mean of the one method rates corresponding to each method
used. The distribution of the methods is given by the invariant distribution of the reduced
chain K14,

S(T|a) = ZMT So(T|a), (4.55)

So(T]er) = Zp jlo, T)In(p(jlo, T)/p(jlo, @)). (4.56)

This freedom in the rate of convergence introduced by the choice of measurement method
allows for some tuning of the convergence rate. For instance, the mean convergence rate
will always be greater or equal to the minimum of the convergence rate corresponding to the
different methods taken alone. Let Syin(v) = mingy S(v|a) and Sin,o(7) = ming£y So(7v]c).
We have

Smin(fY) > min Smin,o(f)’)- (457)

Let us give an example of such rate improvement. A four dimensional system is subject to a
non degenerate, non demolition measurement. The pointers are indexed 0 to 3. At each step
we choose independently with an equiprobability between two measurement methods a and
b. They both have two possible outcomes 0 or 1. It is typically the setup of Serge Haroche’s
group experiment where they used 4 methods with two possible outcomes. The distribution
of the outcomes given the pointers are

p(jlo, @) pointers
outcomes | 0 1 2 3
0 3/4 [ 1/3 | 2/3 | 1/4
method a 1 1/4 | 2/3 | 1/3 | 3/4
0 1/3[1/4]2/3[3/4
method b 1 2/3 | 3/4|1/3 | 1/4

and c(a) = c(b) = 1/2.
We Compute Smin,a(’}/)? Smin,b(’Y) and §rrlin('y):

y [0 |1 ]2 |3
Smina(y) | 0.016 | 0.017 | 0.016 | 0.017
Smins(7) | 0.017 | 0.017 | 0.016 | 0.017
Smin(y) | 012 | 0.12 | 0.12 | 0.28

The minimal mean rate is almost always ten times greater than each of the minimal rates
corresponding to the two methods. From this data we are tempted to say that the state will
take almost 10 times less time to converge. We can make this statement more accurate by
studying mean convergence times.
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4. Repeated indirect measurements

Let us define a stopping time for the first time we have a much greater probability to end
up in the state Y instead of the state a:

7(a|T) = inf{n > 0 such that g,(n)/qr(n) < €}. (4.58)

At time 7(a|Y), the probability to project onto « is at most equal to € times the probability
to project onto Y. Hence, if € is small enough, we have a much greater chance to project
onto T than onto a. Thus we call this stopping time a convergence time. It is the first time
the probability to project onto a will be negligible. The notation 7 is sometimes used as a
shorthand for 7(«a|Y).

When we choose the methods independently with the same distribution at each time (i.e.
cn(o]...) = ¢(0)), we can compute the mean of this convergence time conditioned on the
limit pointer state through Wald’s identity. Under the law conditioned on the limit pointer
state, the methods and measurement outcomes are i.i.d. random variables with Py ((op,, jn) =
(0,7)) = c(0)p(jlo, Y). In this context In(gn(n)/qr(n)) is a sum of i.i.d. random variables.

n

In(ga(n)/gx(n)) = n(4a(0) /q7(0)) + Y n(p(jklor, @) /p(jk|ox, T))- (4.59)
k=1

Using Markov’s inequality we show the expectation of 7 under Py is finite 2. Thus we can
use Wald’s equation. It gives us

_ In(ga(0)/41(0)) — Ex(In(ga(7)/qr(7)))
Ev(r) = St . (4.60)

Of course this is well defined only when o« # Y. When a = T we set it formally to oo since
we have go(n)/qr(n) =1 at any time.

This result may appear unnatural at first sight. Usually using Doob’s optional stopping
theorem, one can show that since Ev(7) < 00, Ex(¢a(7)/qr(7)) = ¢a(0)/gr(0). In our
situation the almost sure upper bound € on ¢, (7)/gy(7) contradicts this last equality. But it
is not the condition E(7) < oo that fails. It is the condition that it exists a C' > 0 such that

go(n+1) _ qa(n) ga(n)
Ex < gr(n+1)  qr(n) qr(n)
be as large as possible.

is finite but can

‘jl,...,jn) < C on the event n < 7. For n < 7,

r(jla)
p(j17)
In(ga(n)/qr(n)) possible. Hence Yn(qa(n)/ gr(n)) —In(ga(n — 1)/qr(n — 1)) > Aninl(aly)

almost surely for any time n. Since In(go (7 —1)/gy(7 —1)) > €, we have the following almost
sure bounds In(e) + Apinl(a|Y) < In(ga(7)/qr (7)) < In(e). We obtain

In(¢r(0)/4(0)) —Ine) _ Err(r(a]T)) < (g1 (0)/4a(0)) — n(€) — Aminl(a7)
S(T|a) - - S(Y|a)

Let Aminl(e|y) = min; ln[ > —oo. It is the minimal (negative) increment of

(4.61)

The introduction of Apyinl(|y) allows us to deal with cases where In(qq(7)/gr (7)) overshoots
In(e). Then the maximal value of the overshoot is Apinl(c|Y).

We see that the greater the convergence rate is, the shorter the mean convergence time
is. The simulations of figure 4.2 using our previous example show this influence. When the
convergence rate increases we expect that the convergence will happen sooner.

2. See proof in Appendix A.1.
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(a) One measurement type (b) Two measurement types

0.8 N 0.8

0.6 1 0.6}

0.4¢ B 0.4H

0.2H N 0.2

0.0 0.0
0 50 100 150 200 0 50 100 150 200

Figure 4.2.: Simulations of the pointer probability evolution for one realization of the exam-
ple in the text. On the left (a) only the measurement method a is used. On
the right (b) both methods are used. They are picked up at each time indepen-
dently with equiprobability. The colored curves correspond to different pointers
(red=0,blue=1,green=2,yellow=3). The black line in both graphs corresponds to
the maximum over « of the mean convergence time lower bound corresponding
to the limit pointer of the realization: max,3E3(7(«|3)), when € = 0.01. It cor-
responds to the first time 3 has at least 100 more chance to be the limit pointer
than any other pointer. We explicitly see that we can expect a larger number of
realizations leading to an earlier collapse when using two measurement methods.
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Actually, in next section we will see that the rate and the mean time of convergence
correspond, in an other context, to two different characterizations of the convergence. While
the mean convergence time indicates when we can expect the state to converge, the rate
corresponds to how sharply, or how fast, it will converge once it starts converging. This is
enlightening when looking at the graphs of figure 4.2. In the QND case the two improvements
of the measurement seem to happen together when the rate increase. We have both a sharper
and an earlier convergence.

To conclude our discussion on the convergence rate, let us recall that since we have an
exponential convergence for the pointer probabilities, we have an exponential convergence for
the state

Hp(n) - ‘T> <T‘Hmax = ¢ Smin(T)/2+0(n) (4.62)

4.3.3. A note on degenerate measurements

Up to now we assumed the non demolition measurement was non degenerate. Of course
measurements are not always non degenerate and several pointers might share the same value
for the physical quantity we are interested in. In this subsection we discuss the possibility of
degenerate non demolition measurements when only one measurement method is used. The
generalization to different methods is straight forward and does not lead to radically different
results.

Let us recall that the almost sure convergence of ¢, (n) does not depend on the degeneracy
status of the measurement. The degeneracy will only change the limit value g, (00) which
may no longer be 0 or 1.

In order to have degeneracy we need two different pointers such that p(jla) = p(j|3) for
any outcome j. We define sectors which are sets of pointers sharing the same conditional
outcome distribution. The sector in which « belong is denoted P,. We have an equivalence
relation between the pointers of a same sector.

a=p <« Vj,p(j|B) =p(jle) < B € Pa. (4.63)

P, is the equivalence class of a. We can define the probabilities of theses sectors.

p.(n) = Y qp(n). (4.64)

BEPa

The update rule for ¢p,(n) is actually the same as for g, (n).

pla) with probability Y _ gp, (n)p(j| ). (4.65)

qgp,(n+1)=gqp,(n) Zpﬁ ar, (n)p(j|B) Py

Between the sectors, the non degeneracy criteria is fulfilled. For two different sectors P,
Pg, it exists a j such that p(jla) # p(j|F). If it was not the case, we would have P, = Pg.
Therefore we have almost surely

lim gp, (n) = laepy (4.66)

with Py one of the sectors. As before the probability for the limit sector to be P, is ¢p, (0).
Hence we recover, in the long time limit, the same behavior as for an initial degenerate
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von Neumann projective measurement. This is true at least for the probabilities of the
sectors. But as showed in [20], it is also true for the probabilities of the pointers. We have
Qa(oo) = Q(x(o)/qpa (O) if P, = Py and Qa(oo) = 0 else.

The convergence of the state is on the contrary not always obtained. We are in a typical
situation where the state will not purify in the long time limit. Let us decompose the eigen-
values of the M;’s in their modulus and argument: m(jla) = ¢?Ul®),/p(jla). The Kraus
operators M; can be written as a weighted sum of unitaries.

Uj(a) = Y ’U7|3)() (4.67)

BEPa

M= /p(il)Uj(). (4.68)
Pa

We recover here the action of the measurement as equivalent to a unitary action when the
system state is supported on a subspace of the system Hilbert space. If gg(n) = 0 for any

B & Pa, then p(n+1) = Uy, (@)p(n)Uj, ., ()"
Let us define a unitary operator process

U'(n) = e i P02 5) (5. (4.69)
B

The limit of the system state is obtained when the rotation induced by this unitary evolution
U’(n) is compensated. This is necessary since, contrary to the projective measurement, the
measurement is not instantaneous.

liTILn U'(n)*p(n)U’(n) = p(c0). (4.70)

The limit state is the initial state projected on the system Hilbert space subspace correspond-
ing to the limit sector. Let Po =3 5cp_ |8)(B|-

_ Prp(0)Py
tr[Prp(0)]

Of course this limit state can be a mixed state. That contradicts the almost sure purification
as expected.

For the estimated state we also have a convergence towards the same sector. But the limit
state is the estimated initial one projected onto the limit sector.

_ Prp(0) Py
tr[Prp(0)]

p(0) (4.71)

1i7rln U'(n)*p(n)U’ (n) (4.72)

almost surely.

4.4. Invariant subspace stabilization

One of the current aim of quantum optics experiments is not to measure a set of pointer
state but the preparation of specific pure system states, a Bell state for example. Maybe
the most common technique used for state preparation is feedback control. The system state
is continuously, or repeatedly indirectly measured and given the result a feedback action
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is performed on the system, driving it to the desired state [102]. Serge Haroche’s group
experiment [89] is a good example of such a setup in the discrete time case. In the late nineties
and early two thousands the idea of engineering the coupling of the system to its environment
such that it is autonomously driven to the desired state emerged [41,47,71,87,88,99]. This
reservoir engineering can also be implemented by specific types of feedback. It is the case
for example of the Markovian feedback unitary control models [74,95]. The feedback is
minimal since only the last measurement result is used to determine the feedback action. Some
experiments have already implemented this idea of reservoir engineering [19, 68, 72,77,90].

In this section we study discrete time quantum trajectories driving the system state toward
an invariant subspace of the system Hilbert space. In the case where this subspace is one
dimensional, it corresponds to a pure state preparation. If the evolution given the state is
supported on the subspace is unitary then the limit subspace is a decoherence free subspace.

This section presents preliminary results of an article in preparation in collaboration with
B. Cloez, C. Pellegrini and F. Ticozzi. This work was inspired by [94].

First we define precisely what we mean by invariant subspace and “driven towards”. Then
we recall the results of [33] on the invariance and global asymptotic convergence of the system
state when the evolution is given by the repeated action of a CP map corresponding to the
average evolution of an indirect measurement procedure. From these results we show that the
convergence still holds when the measurements are taken into account. Moreover, recording
the measurement results leads to a greater exponential convergence rate compared to the one
obtained for the average evolution. Hence the convergence towards the invariant subspace is
characterized by two time scales. We conclude with a discussion about these time scales.

4.4.1. Invariant and globally asymptotically stable subspaces

Recall that Hgys. is our finite dimensional system Hilbert space. We define an orthogonal
decomposition of Hgys.. We define Hg and Hg two Hilbert spaces such that Heys = Hs @ Hr
is an orthogonal decomposition of Hgys.. Hg is the Hilbert space towards which we want the
state to converge. We can decompose any linear operator X on Hsgys. in four blocs:

[ Xs|Xp
e o

Xg is a linear operator on Hg, Xg a linear operator on Hp, Xp a linear operator from Hp
to Hg and X¢ a linear operator from Hg to Hpg.
Let Zg(Hsys.) be the set of states such that pr =0, so pp = 0 too.

0
Let also Zr(Hsys.) be the set of states such that pg =0, so pp = 0 too.
pETp(Hes) — p={ 2 Y ). (4.75)
e 0 pr

We say that Hg is an almost surely invariant subspace of the indirect measurement process
if almost surely,

p(0) = < pséo) 8 ) implies p(n) = ( psé”) 8 ) (4.76)
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for any time n > 0. Hence, if we started with a state in Zg(Hsys.), the state will stay in
Is (Hsys.)-

For example, take a Hgys = C? system. We define Hg = linspan({|0)}) and Hp =
linspan({|1)}). Hs almost surely invariant means that if our initial state is the ground state,
then with probability one, at any later time the system state is the ground state.

Equivalently we say Hg is an invariant subspace in mean if the average system state stays
in Zg(Hsys.) for any time n > 0. In other words:

) = (757 ) ) impties o) = (=5 D) (4.77)

for anytime n > 0. We will see later that the almost sure invariance and invariance in mean
are in fact equivalent.

We say that Hg is an almost surely globally asymptotically stable (GAS) subspace if with
probability one, for any initial system state p(0),

lim Hp(n) - ( psé”) 8 )H =0. (4.78)

n—oo

Hence, in the long time limit the system state is in Zg(Hsys.). In our C? example it means
that for any initial state, the system converges with probability one towards its ground state.

As before we also say that Hg is GAS in mean if the convergence property is fulfilled by
the state average evolution whatever is the initial state p(0):

lim HE(p(n)) - ( Eps(n)) 8 )H =0. (4.79)

n—o0 0

If Hg is simply a one dimensional space corresponding to an entangled state, we just define
the invariance of this state with probability one or in mean and the convergence towards this
state with probability one or in mean.

The question we might ask is whether the conditions are the same if we want these properties
in mean or almost surely. In next subsection we show that they are effectively the same.

4.4.2. Invariance and asymptotic stability in mean

In [33] necessary and sufficient conditions were found such that a subspace Hg is invariant
and GAS in mean when the system undergoes repeated indirect measurements. Here we recall
the results we are interested in that can be found in this article.

Let us recall that the mean evolution of the state is given by the repeated action of a trace
preserving CP map. Let us write p(n) = E(p(n)). For any time n we have

p(n+1) = O(p(n)) with ®(p) = > _ M;pM7, > MM, = 1. (4.80)
J J

Invariance

A simple computation of ®(p) leads to the equivalence

Hg is invariant in mean if and only if M; o = 0 Vj. (4.81)

79



4. Repeated indirect measurements

_ ( Mjs Mjp
Hence M; = < 0 Mg
Zj M;M; = I, we have Zj M pMjs = 0, Zj MJ*SMS = 'IHS and'zj M;Pijp +
M pMjr = Iy As we could have expected, Hg is invariant in mean if and only if no
transition form states of Hg to states of Hg is induced by the measurement process. This is
actually a well known condition in the study of reducible CP maps.
Using this decomposition we can define two new CP maps which will be useful afterwards.
First ®g(ps) = Z]. Mj75p5Mj’S is a trace preserving CP map on the states of Hg, S(Hg). If
p is in Zg(H), we have

). If moreover we consider the trace preserving condition

D(p) = ( ‘I’S[()Ps) 8 > (4.82)

with tr[®g(pg)] = tr[ps] = 1. Hence ®g corresponds to the effective evolution when p is in
IS(Hsys.)-

Then we define (I)R(pR) = Zj Mj,RpRM;’]{ Since Zj M;‘iPMJ}P + M;RMLR = I’HR7
tr[®r(pr)] = trlpr] — tr[3_; M7 pM; ppr] < tr[pg]. Hence ®p is trace non increasing. It
corresponds to the evolution of the R bloc of the system state. We have

0= (7 i) ) (1.8

with tr[®r(pr)] < tr[pr]. The next state R bloc only depends on the previous one and not
on the other blocs of the state. This property is in fact a manifestation of the invariance in
mean of Hp under the dual map ®*. Let X be a linear operator on Hsys. such that Xg = 0,
Xp=0and Xg =0, then

ro=w (5 5 )= (0wt ) 434

Asymptotic stability

Let us now turn to the conditions under which Hg is GAS in mean. Hence when the
mean effect of the measurement is to drive the state into Zg(Hsys.). It is obvious that Hg is
GAS when ®p is strictly trace decreasing. Let \g be the largest eigenvalue of ) M ]’-‘7 rM; R
Since Hp is finite dimensional and ®p is strictly trace decreasing, we have A\g < 1 and
tr[®r(pr)] < Aotr[pr| for any pr. Thus tr[pr(n)] < Ajtr[pr(0)] and tr[pr(n)] converges to
0 when n tends to infinity. Thanks to Cauchy—Schwarz inequality on positive semi definite
matrices it implies p(n) converges to the subset Zg(Hsys.) in the long time limit. Moreover
we can characterize the convergence as exponential with a rate /)¢ for the pp(n) bloc and
Ao for the pr(n) bloc.

Actually it is not the only case where Hg is GAS. In [33] the authors proved using La Salle’s
invariance principle that Hg is GAS if and only if there is no invariant subspace included in
the kernel of Zj M7 pMjp. If such a subspace existed the system could be stuck in it.
Let us make this necessary and sufficient condition more explicit. Let Hg, be a subspace of
> y M ;‘, pM; p kernel. We write Hpg, its orthogonal complement in Hr. We can decompose the
operators M; r and M; p with respect to the direct sum decomposition H = Hg B Hpr, DHR,-
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4.4. Invariant subspace stabilization

We have
Mg, MR )
M:p = J,41 J,1110 4.85
o (%ml%m (4.85)
Mjp=( Mjp 0). (4.86)

Then Hg is invariant if and only if we cannot find any Hg, such that Vj, M;r,, = 0.

This criteria is interesting since we can know if Hg is GAS directly from the shape of the
Kraus operators M;. But the exponential convergence can be a bit trickier to find since we
can have tr[>_; M} M; rpr] = 1. May be the most simple example of such situation is when
we have a C? system with two measurement outcomes j = 0, 1 such that

010 1 00
Mo=|0o0 1 |,m=]000]. (4.87)
0 00 0 00
1 00 00
In the long time limit the state will be p(cc) = | 0 0 0 |. If pp = < 01 ), then
0 00

tr[®g(pr)] = tr[pgr] = 1. Actually in this example we have ®2(p(0)) = p(co) but it never-
theless shows that our previous approach cannot be generalized. We will come back on this
issue later.

4.4.3. Almost sure invariance and asymptotic stability

Let us now turn to the equivalence between the almost sure and in mean invariance and
asymptotic stability. We show that the invariance and GAS of Hg do not depend on the
tracking of the outcomes.

Let Pg and Pgr be the projectors onto respectively Hg and Hp.

[ Is 0 (0 0
= (50 ) = (1), (.58

First remark that p € Zg(Hsys.) is equivalent to tr[Pgrp] = 0 or tr[Pgp] = 1. We define
V(p) = tr[pPg].

p € ZLs(Hsys.) <= V(p) =0. (4.89)
The function V' is strictly positive outside of Zg(Hsys.) and null on Zg(Hsys.). Thus V is a

good Lyapunov candidate function for our convergence problem. Since V(®(p)) — V(p) <0,
it is a good Lyapunov function for the mean evolution.

Invariance

Suppose Hg is invariant in mean. From the result of the previous subsection we have that if
initially the state is in Zg(Hsys.), then p(n) is in this same set of states. Hence if V' (p(0)) = 0,
we have for any time n > 0, V(p(n)) = 0. Since Hsgys. is finite dimensional and V' linear, for
any time n E(V(p(n))) = 0. Moreover we have V(p) > 0 for any state, thus if p(0) € Zg(H),
almost surely for any time n V(p(n)) = 0. Hence p(n) € Zs(H) almost surely which proves
the almost sure invariance of Hg. The converse implication is trivial.

‘Hs invariant in mean < Hg almost surely invariant. (4.90)
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4. Repeated indirect measurements

Global asymptotic stability

We now discuss the global asymptotic stability of Hg. We first show the GAS of Hg in L'
norm and then turn to the almost sure GAS.

Suppose Hg is GAS in mean. Then lim,,_, V(p(n)) = 0. Once again we equivalently have
lim,, oo E(V(p(n))) = 0. Since V(p) > 0 we immediately have the L' norm convergence of
V(p(n)) towards 0.

For the almost sure convergence we use the supermartingale convergence theorem [80)].
We have E(V(p(n + 1)|j1,-..,Jn) = tr[Pr(pr(n))]. Recall that ®p is trace non increas-
ing, hence tr[®r(pr(n))] < V(pr(n)) and (V(p(n)))nen is a supermartingale. Moreover
V(p(n)) is bounded, so from the supermartingale convergence theorem, we have that Vo, =
lim, 00 V(p(n)) exists almost surely. Since V(p(n)) converges in L! to zero, using the exis-
tence of an almost sure convergent sub sequence and the uniqueness of the limit, we obtain
Voo = 0. Hence Hg is almost surely GAS. Using dominated convergence, the converse is once
again trivial and we finally have.

Hs GAS in mean < Hg almost surely GAS. (4.91)

From this equivalence between the properties in mean and almost surely one could think
that taking into account the measurement outcomes instead of averaging them would not
change much the behavior of the system state. But as we will see in next section, taking into
account the measurement outcome recording can lead to a peculiar evolution.

4.4.4. Exponential convergence
Mean rate

We can prove that the mean convergence is exponential with a rate corresponding to the
spectral radius of ®i. To show this, we need to modify our Lyapunov candidate function.
One can remark that any function Vi (p) = tr[Kp| with K a positive semi definite operator
with Hp as its support is suitable (Hg is its kernel). We have

pE€ZIs(H) < Vik(p)=0. (4.92)

For simplicity we write K either for the positive semi definite operator on Hgys. or the positive
definite operator on Hp. Let A\g be ®p spectral radius. Our idea is to find K such that
Vi(@(p)) < AoV (p)-

If & is irreducible the existence of such K follows directly from Perron—Frobenius theorem
for irreducible positive maps [54]. If ®p is irreducible, it exists a unique definite positive K
such that ®%(K) = AK. Hence Vg (®r(p)) = MoVk(p).

If ®p is reducible it exists a positive semi definite operator K’ on Hp such that &%, (K’) =
MoK’ but K’ can have a non trivial kernel on Hg. So Vi is not always a good Lyapunov
candidate function. Helpfully, following the demonstration of the existence of K’ in [54], we
can always find a K corresponding to a convergence rate as close as we want from Ag.

Ve > 0,3K. € B(Hr),Kc > 0 s.t. Dp(K.) < (Ao + €) K. (4.93)

Let ®, = ®r + n¥ with n > 0 and ¥ an irreducible CP map. &, is an irreducible CP
map and its spectral radius A, converges continuously to the one of ®r (i.e. Ag) when 7
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4.4. Invariant subspace stabilization

goes continuously to 0. Hence for any € > 0 we can find a 1. > 0 such that A\, < Ao +e.
Then it exists a Kc > 0 such that &} (K¢) = A Ke < (Ao + €)Kc. It follows ®H(K,) <
(Mo + ) Ke —neU*(K.) < (Ao + €) K, which is what we wanted. Of course we need \g + € < 1.
It is always possible to find such a e. For example € = (1 — A\g)/2 match the requirements.
Finally whatever is the reducibility status of ®g, for any strictly positive € it always exists
a K > 0 such that Vi (®(p)) = tr[®*(K)p] = tr[®}(K)pr] < (Ao + €)Vk(p).
Hence in any case we have that for all € > 0, it exists K > 0 on Hp such that

Vi (p(n)) < (Ao +€)" Vi (p(0)). (4.94)

This inequality implies that Vi (p(n)) = O((Ao+¢€)™) with O the usual asymptotic comparison
when n goes to infinity.

We translate this exponential convergence to an exponential convergence of pr(n) norm at
the end of this section.

Almost sure rate

Let us first find back the equivalent of the mean convergence rate when measurement
outcomes are recorded.
The process (Vi (pn)(Ao + €)~")nen is a positive supermartingale.

E(Vi(p(n+1)(Xo+€) " i, jn) = (4.95)
Vie(@(p(n))) (Mo + €)1 < Vic(p(n)) (Mo + €)™ (4.96)

Hence Vi (p(n))(Ao + €)™ converges almost surely by Doob supermartingale convergence
theorem. Thus Vi (p(n)) = O((Ag+€)™) with O an almost sure asymptotic comparison when
n tends to infinity.

We recovered the mean convergence rate in an almost sure sense. This bound may seem
the best we can find but actually, in some cases, we can obtain a higher convergence rate.

Rate improvement

From now on we fix ¢ and the corresponding K. Accordingly we redefine Ay as \g =
spectral radius(®r) + €. Hence @5 (K) < AoK.

In this section we use the knowledge we have on the convergence rate in the non demolition
case to try to improve the convergence rate toward Hg. As in the QND case, our aim is to
find a bound for In(Vk(p(n)))/n when n goes to infinity.

To avoid infinities, let us assume M:M; and M ]’-‘7 rM; g are definite positive for any j and
Vi (p(n)) > 0 almost surely at any time n. Hence the limit is reached only in infinite time.
Thus at any time In(Vi(p(n))) is well defined. These assumptions are the equivalent of the
one we made in the non demolition case for the derivation of the convergence rate.

We define two new processes pg(n) = ps(n)/tr[ps(n)] which is well defined at least after a
fixed bounded time ng and px (n) = K'/2pg(n)K'/? /tr[K pg(n)] which is always well defined
since we assumed Vi (p(n)) > 0 almost surely. (ps(n))nen and (px(n))nen are processes of
states on respectively Hg and Hr. We also define new operators M; g = K1/2Mj7RK_1/2
and the corresponding P (px) = > ; M; kpr M ]* x- These definitions may seem artificial
but they lead to great improvements in the notations. We have a simpler bound for ®7:
D% (Ir) < Aolr. K is replaced by Ip for @i and pg is normalized so Vi (®r(p))/Vk(p) =
tr[®x (Pr)] < Ao
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4. Repeated indirect measurements

We write In(Vg(p(n))) as a sum of a predictable process and a martingale using Doob
decomposition,

n—1
In(Vic (p(n))) = n(Vie (p(0))) + 3 3 tx[MM; p(k)] In

(tr[M;KMj,Kﬁm)J
k=0 7

M Myp(k) ) +Mm)
(4.97)

with M(n) a martingale. Using martingale law of large numbers, under the assumptions
we gave at the beginning of this section we have lim, oo M(n)/n = 0. We also have
tr[M; Mjp(n)] = tr[ M7 g M; sps(n)] + O(y/Vi(p(n))) as n tends to infinity.

Since Vi (p(n)) is almost surely bounded and Vi (p(n)) = O(A), D peo v/ Vi (p(k)) < o0
almost surely. Thus we have,

_Ix- T A N A
(Vicptm)/m= 5, 33 o M oo ()1 (tr[M;ijﬁsﬁs(k)]% (1) (4.98)

almost surely as n tends to infinity.

This rate seems to have an expression equivalent to the relative entropy we obtained in the
previous section for the non demolition measurement. But this time (tr[M} ;- M; kpr(K)]);
is not a probability distribution since we have > tr[M} ;. M; k px (k)] < 1. Actually here the
rate can never be equal to zero. It will always be strictly negative.

We have tr[M;¢M;sps] > 0 for any j and >, tr[M;¢M;sps] = 1. So using Jensen
inequality and the concavity of In, we obtain

(M M ]
tr[M? gM; sps]1 J: : < In(tr[®g(p < lIn(XAp). 4.99
32l My “<tr[M;SMj,S,sS] < n(tr(@x(5x))) < (o) (499)
For any px and any pg.
Hence
lim sup In(Vg (p(n)))/n < In(Ao). (4.100)

n

Thus Vi (p(n)) < )\geo(”). We seem to have used a complicated derivation for a weaker version
of the bound we already had. As a matter of fact, as announced earlier, in some cases we can

) te[M* o Mj k¢ pc] . .
find a better bound for ., tr[M7 ¢ M; sps]In (MJ\&%) We write this bound In(\;).
The improvement origin can be understood as the presence of a non demolition measurement
between Hg and Hp added to the convergence towards Hg. For example let us take a C?

system with two measurement outcomes possible j = +. Let the Kraus operators be
141
My = {)5 2. (4.101)
2

Then M ; kM k and M f,sngS are just positive numbers. The rate A\; is equal to Ay and is
Al =X = %
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4.4. Invariant subspace stabilization

Now assume just after each of these measurement we perform a non demolition measurement
with outcomes 7' = 0,1 and Kraus operators

<0 2
My = \65 .| and My = A (4.102)
Vi 0 7

We have four outcomes possibles j € {(+,0), (+,1),(—,0),(—,1)}. The corresponding Kraus
operators are

14 1 141
Mys = ( 5 ) and My s = ( T ) (4109)
2v2 2V2

We have \g = 1/2 and A\ ~ 0.47 < )\g. Here the improvement is not great but it can be
increased. We are left with two different rates. We need to understand their meanings better.

Mean convergence time

The difference between the mean rate \g and the almost sure rate Ay is best understood
when studying the mean convergence time.
Let us define a stopping time

7e = inf{n > 0 s.t. Vk(p(n)) <e€}. (4.104)

It corresponds to the first time Vi (p(n)) will be smaller or equal to e. Following the similar
discussion we had in the non demolition case, we expect that if € is small enough, Vi (p(n))
will stay “close” to zero afterwards. With this limit in mind we nevertheless call 7. the
convergence time and E(7) the mean convergence time.

Remark that € here is different from the € used to approach the spectral radius of ®g.

) te[ M o Mj i
Let € be such that In(€e’) = In(e) + min; , 5, In W

smaller than e. This is assured by the boundness and positive definiteness of the operators
MrM; and Mj M. In(€) — In(e) is the minimal (negative) increment of In(Vk(p(n)))
possible between two times. For any time n, In(Vk (p(n+1))) — In(Vk (p(n))) > In(¢’) — In(e)
almost surely.

We define the stopped supermartingale (In(Vik (p(7e An)))) where k A n = min(k,n).

E(In(Vk (p(7e An)))) =

. € is strictly positive and

TeAn—1 CIME M o h f 110
(Vi (p(0) +E [ > Y te[M;M;p(k)] In (t [trfﬁwif(’gi )]) (4.105)
k=0 g

As before we can use Jensen’s inequality to bound each term of the sum over time.

(st

Ztr[M;‘Mjp

J tr[M; M;p(k)] ) < In(Xo), Vk. (4.106)

We cannot find a better bound since we need a bound at any time and the In(\;) bound is
valid only in the large n limit. We have

E(In(Vic(p(re An)))) < n(Vig(p(0))) + In(Ao)E(r A n). (4.107)
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1.0

40 50

Figure 4.3.: Simulation of the evolution of V,, for a 2 level system with A\g = A\ = %. The blue
curve corresponds to the mean evolution (V7,(p(n))) and the grey lines to ten
different realizations of the evolution when taking into account the measurement

results (Vi,(p(n))).

Since for n < 7, In(Vx(p(n))) > In(e) we have 0 > In(Vk (p(7e An)) > In(€') for any time
n. Thus In(Vk (p(7e A n))) is almost surely bounded and thus converge almost surely and in
L'. Using Markov’s inequality, one can show E(7;) is finite 3. The sequence 7 An is monotone
in n so limy, E(7e A n) = E(7) using Lebesgue’s monotone convergence theorem.

Taking the limit n to infinity in our last inequality, we have

E(n(Vic(p(72)))) < I(0)E(r0) + In(Vic (0(0))). (4.108)
Recall that In(Vk (p(7e))) > In(€¢’) almost surely. Since In(Ag) < 0, we have

In(e") — In(Vi (p(0)))

E(re) < (o)

(4.109)

Of course this is valid only for € < Vi (p(0)). For € > Vi (p(0)), 7¢ is trivially 0 almost surely.

As in the non demolition case the introduction of ¢ allowed us to deal with cases where
Vi (p(7e)) overshoots e.

We remark that the mean convergence time depends on Ay and not A\;. Looking at figures
4.3 and 4.4, we can see that when taking into account the measurement results, for some
realizations the time after which the state converges is much shorter. For some other they
stay chaotic and then converge rapidly. They can even get close to being completely supported
in Hr (Vk(p) = 1). Recall that the result for A; is true only in large time, when n > 1,
whereas Ag is a bound in mean for any time. Hence A; is more an asymptotic stability rate,
when )\g is characteristic of the time it takes to converge. The improvement of A; is in the
convergence speed when the convergence happen but it can happen after a long time. The
distribution of this time depends on Ag. The smaller is Ay the more chance the convergence
will happen after short time.

3. The proof is given in Appendix A.2.
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1.0

40 50

Figure 4.4.: Simulation of the evolution of Vi, for a 2 level system with \g = % and A\ =
21/40. The blue curve corresponds to the mean evolution (Vi,(p(n))) and the
grey lines to ten different realizations of the evolution when taking into account
the measurement results (V7,(p(n))).

This observation is similar to the behavior of the zero temperature case of [23]. In this arti-
cle, the authors showed that a two level system connected to a thermal bath and continuously
monitored by a diffusive non demolition measurement will, when the non demolition mea-
surement have a large convergence rate, jump from one energy state to the other with time
between the jumps distributed exponentially with a parameter depending on the temperature.

Here we have the same behavior, but once the state reaches the equivalent of the ground
state (Hg) it stays in it.

In next chapter we will discuss the same type of processes for continuous quantum trajec-
tories. The influence of the added non demolition measurement on the convergence rate will
be much clearer.

Exponential convergence for the state

As conclusion for this section, we translate the convergence rate for Vi (p(n)) to a conver-
gence rate for our system state. For now we only have a convergence rate for Vi (p(n)). The
generalization to the state is quite straightforward.

We have an exponential convergence rate for our Lyapunov candidate function Vi (p(n)) <
A7 e, We need to get back to a characterization of the exponential convergence for the
state. Since K is definite positive, its smallest eigenvalue k¢ is such that K > kolp with
ko > 0. Hence tr[pr(n)] < ,}0/\?60(”) = \7e®™. Using the Cauchy-Schwarz inequality for
semi definite positive matrix,

PR (n)|lmax < ATe™ (4.110)
and [|pp()max < AZ €™, (4.111)

Hence, all the matrix blocs different from pg(n) converge almost surely to zero. The conver-
gence is exponential with a rate A; for pr(n) and A}/2 for pp(n).
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5. Continuous indirect measurements

Continuous time quantum trajectories are meant to describe the evolution of a quantum
system undergoing some continuous indirect measurements. As in the discrete case, one
consider the system and its environment. By their interaction they become entangled. One
then measures the environment and tries to evaluate the influence of this measurement on the
system state. Contrary to discrete quantum trajectories, the environment in not considered to
be a sequence of probes but is a large other system continuously in interaction with the system.
Thus it is not a priori renewed between each indirect measurement. Moreover the environment
is continuously monitored. Thus at every time a measurement is beeing performed not only
at discrete fixed times. Hence the measurement outcomes are described by classical stochastic

Measurement
apparatus

Sys.

Env.

Figure 5.1.: Principle of continous indirect measurement.

processes defined in continuous time. Thus the system evolution is described by a continuous
time stochastic process.

Maybe the first attempts at describing continuous time measurements were made, using
the instrument formalism, by E. B. Davies for the counting case [45,46] and A. Barchielli, L.
Lanz and G. M. Prosperi for the diffusive case [14,15]. A. Barchielli and G. Lupieri made the
connections with quantum stochastic calculus in [7,16].

Not long after this first approach, V. P. Belavkin formulated and used quantum filtering
theory to derive quantum trajectories SDE from quantum stochastic differential equations
(QSDE) [26-28]. Sometimes, quantum trajectories SDEs are called Belavkin’s equations.
Referring to the technique used in the derivation, they are also called quantum filters.

The link between the two approaches was made by A. Barchielli and V. P. Belavkin in [10].
They derived both counting and diffusive SDE’s found by V. P. Belavkin using instrument
formalism. They also give the connection with parallel works of N. Gisin and L. Diosi.
In [12], A. Barchielli and M. Gregoratti also showed the equivalence of quantum filtering and
instrument formalism derivations starting from a quantum stochastic evolution.
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These two authors postulated stochastic generalizations of the Schrédinger equation repro-
ducing wave function collapse [49,58]. Quantum trajectories equations, in their pure state
formalization, are therefore sometimes called stochastic Schrédinger equations. In section 5.4,
we will see that these postulated stochastic differential equations (SDE) are merely special
case of indirect measurements. This was first noticed in [10].

Independently, J. Dalibard et al. proposed a similar stochastic Schrodinger equation with
jumps as a mean of master equations simulation [44]. Their idea was to consider that the
master equation corresponds to the mean evolution of a system undergoing successive indirect
“gedanken” measurements at random times. Their work has been an important contribution
to numerical computation of master equations. Although, they only considered these mea-
surements as merely computational tools and did not linked them to actual time continuous
measurements. Their idea was further pursed through the study of what may now be called
master equation unraveling [8,10,13]. The link with Davies’ instrument formalism was done
by A. Barchielli [8]. H. Carmichael used a similar approach. He added physical motivations
justifying the distribution of the measurement outcomes [40].

In 2010, C. Pellegrini proved what can be seen as a consistency between discrete and
continuous quantum trajectories. The latter can be found as a continuous time approximation
of the former [84-86].

Beside this work on the physical situations where quantum trajectories are applicable, a lot
of work has been done on the properties of these quantum trajectories SDE. They are now a
widely used tool in quantum optics [36,102].

Note that here we refer only to Markovian quantum trajectories. Non Markovian physical
extensions deal with a classical source of memory (i.e. feedback) which is a subject beyond
the scope of this thesis. The interpretation of non Markovian versions of quantum trajectories
as the evolution of a continuously monitored system interacting in a non Markovian manner
with its environment is yet not clear [18,56,93].

The main purpose of this chapter is to present results obtained during this thesis on the
long time behavior of continuous quantum trajectories in two situations. Either the quantum
trajectory reproduces effectively a direct projective measurement of the system through the
measurement of its environment. Or the quantum trajectory drives the system state towards
a subspace of the state space. For example, towards one specific pure state. In both cases
we prove convergence, compute an exponential rate of convergence and bound the mean
convergence time. Before the discussion of these results, we give a general presentation of
quantum trajectories.

The chapter is structured as follows. In a first section we define the stochastic differential
equations (SDE) corresponding to quantum trajectories and fix our notations. In a second
section we review the different derivations of quantum trajectories from physical situations.
For instance we will not present the postulated equation of N. Gisin [58] and L. Diosi [49] as
they are specific cases of the SDEs obtained by other means. In a third section we discuss
general long time behavior of quantum trajectories. We have the same ergodic and purification
properties as in the discrete case. In a fourth section we present the convergence results for
non demolition quantum trajectories. We recover results equivalent as the ones obtained in
the discrete case. In the long time limit the system wave function collapse with a distribution
of the limit state given by von Neumann projection postulate. The convergence is exponential.
We give its rate and bound the mean convergence time. In a fifth and last section we present
results on globally attractive subspaces. As in the discrete case, we show that a convergence
in mean is equivalent to a convergence when measurement outcomes are recorded. We show
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that the asymptotic exponential convergence rate can be increased by the measurements and
we compute a bound on the mean convergence time. We conclude by a discussion on the
different significations of the rates in mean and when measurement outcomes are recorded.

5.1. Continuous time quantum trajectories

Let us consider a finite dimensional system. Hence its Hilbert space is Hgys, = Cys with
dsys. < 00. We recall that the set of system state is S(Hsys.) = {p € B(Hsys.) s.t. p > 0,tr[p] =
1}. Let us define useful functions on S(Hsys.)-

E(p) = _Z[Ha p] + ZLijj - i{Lijap} (51)
=1

Dj(p) = Ljp + pLj — tr[(L; + L})p] p, j=1...,p—1 (5.2)

Ji(p) = LjpLj, vi(p) = tx[J;(p)], Jj=p,..,m (5.3)

The system Hamiltonian H and the L;’s are operators on Hgys.. Since we are in finite
dimension they are automatically bounded. In the rest of the text we may omit the lower
bound 1 and upper bound n for the sums over j but they are always assumed. This lighten
the notations.

Let (Q, F, (F:),P) be a filtered probability space with usual conditions. Let (W;(t)), j <p
be p — 1 independent Wiener processes and let (Nj(dw,dt)), j > p ben—p-+ 1 indepen-
dent adapted Poisson point processes of intensity dzdt; they are independent of the Wiener
processes. We assume (F;) is the natural filtration of the processes W, N and we assume
Foo =V, Ft =F.

If the system undergo Markovian continuous indirect measurement, then its evolution is
given by a SDE on (2, F, (F3),P) of the following form.

dp(t) =L(p(t))dt
+> " Dj(p(t)dW;(t)
i<p (5.4)

oy ( Ji(p(t) p(t)) [AN; () — v;(p(t)) ]

2\ 1 (o(1))

with the initial system state p(0) fixed. The increments dN;(t) are for now shorthand no-
tations for the increments of fg Jr Lo<a<y, (p)Nj(dz, ds). This shorthand notation being un-
derstood we have the definition of the quantum trajectory SDE. Once this definition is set
we have that the processes N;(t) = [J [o 10<x<vj(p(s))]\7j (dx,ds) are counting processes with
stochastic intensities (v;(p(t))). Hence, we have E(dN;(t)|F:) = vj(p(t))dt with E the expec-
tation under P [29,86]. This construction of the couting processes (NN;(t)) is not the only
one possible. One can also build, using Girsanov transformation, a probability measure un-
der which initially Poisson processes with unit intensities become counting processes with
stochastic intensities (v;(p(t)). We will use this technique when we will present quantum
filtering in section 5.2.3 and master equation unraveling in section 5.2.4.

The solutions (p(t)) of this type of SDE are called quantum trajectories. And the SDE
itself is the quantum trajectory SDE. The existence and uniqueness of the solution for these
SDE in the set of state were proven in [11,13,84-86].
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5. Continuous indirect measurements

Quantum trajectory SDE’s are non linear SDE’s. As we will see in the different derivations
and particularly in section 5.2.4 on master equation unraveling, the non linearity is not an
ad—hoc assumption. It is the result of the system state normalization. Hence it is the result
of the conditioning on the measurement outcomes. The underlying quantum theory on which
quantum trajectories are based is not modified from the standard one, it stays linear.

The equation (5.4) contains three parts. Each corresponds to different contributions to the
system state evolution. On the first line appear the usual Lindblad operator. When we look
at the average evolution implied by the SDE we recover a master equation with Lindbladian
L. This is not a surprise since averaging over the measurements should be equivalent to
a trace over the environment degrees of freedom. As expected we recover a usual reduced
Markovian evolution.

dE(p(t)) = L(E(p(t)))dt. (5-5)

The second line corresponds to the effect of measurements whose outcomes are continuous
signals, namely currents. The third line corresponds to the effect of measurements whose
outcome signals are discontinuous, namely particle counting.

For discontinuous signal measurements it is not hard to see that the actual outcome mea-
sured is N;(t) for each j. When an additional +1 count is recorded at time t a POVM is
performed on the system with the corresponding operator L;. The probability to have such
POVM performed on the system between time t and ¢ + dt is v;(p(t))dt. Our first derivation
of quantum trajectories will be based on this interpretation.

For the continuous signal measurements, it is not that obvious. From the different deriva-
tions we will perform we know that actually the outcome recorded is

i) = Wylt)+ [ ul(ty + Lo(e)lds (5.6)

The instantaneous mean current is then E(dY;(¢)|Ft)/dt = tr[(L; + L})p(t)].

The trajectories involving only continuous signals are often call diffusive and the one in-
volving only discontinuous signal are called jump trajectories. We also talk about diffusive
part and jump part of a quantum trajectory SDE when referring to the continuous and dis-
continuous part respectively.

The processes (N;(t)) and (Y;(t)) are what an experimenter as access to. In the section
on non demolition we will use this to compute the evolution of an estimation of the system
state.

One can generalize (5.4) by introducing time dependent random coefficients [13]. Here we
will not explore this possibility. So, when we will present quantum filtering theory in section
5.2.3, we will not discuss heterodyne detection schemes. The derivation is a straight forward
generalization of the homodyne case that we treat. Identically here we did not take into
account a possible faulty detection or the presence of an additional unmeasured environment.
Actually the results on non demolition and subspace stabilization still hold in the presence
of an additional unmeasured environment, has long has this environment fulfills the non
demolition or invariance conditions respectively. In the rest of the text we warn the reader
whenever the results might not hold with an additional unmeasured environment.
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5.2. Physical models of continuous indirect measurement

5.2.1. Phenomenological approach

Let us start with an enlightening phenomenological derivation. We follow the idea of
J. Dalibard et al. [44] to introduce jump quantum trajectories. From these we obtain the
diffusive one. The interested reader will find a similar derivation in [102]. H. Carmicheal
also investigated this approach to continuous measurement [40]. A more rigorous treatment
of this approach is made in [10]. It is actually in this last article that the limit form a jump
trajectory to a diffusive one is performed.

An experimenter counts the number of photon emitted by a system. Whenever a photon is
emitted it is detected by some macroscopic apparatus. There is no faulty measurement. At
each time the result on the detector is either 0 (no detection) or 1 (detection). If at a given
time the system state is p, then after a measurement the system state is either

MopM;
tr[Mg Mop]

My pM7

—————— if a photon is detected, 5.7
MM P (5.7)

if no photon is detected, or

with M, the Kraus operators corresponding to each outcome. The probability to detect
a photon is p(1) = tr[M;Mp]. The conservation of the trace for the mean state evolution
imposes Mg Mo+ MM = Iys.. If p' is the state after a measurement, then p’ = %(
MipM;
€) + tr[Ml*Mip]
Hence p’ is a random variable.

€ where € is a random variable equal to 1 with probability p(1) and 0 otherwise.

Assume we know from the interaction between the system and the field that if a photon is
detected, the system state becomes #*L*p]. The operator L corresponds to the energy level
jump the system undergoes when a photon is emitted. For example L o« o_ for a two level
atom . The probability of a photon detection during an infinitesimal time dt is tr[L* Lp]dt.
This jump probability corresponds to M; := Lv/dt. The conservation of the trace imposes
that My is such that MjMy + L*Ldt = I . Using the shorthand dt? = 0 to obtain a
development up to order dt, one finds that My := Isys —i(H —i/2L*L)dt, with H Hermitian,
fits.

Let N(t) be the process counting the number of photons detected. At time ¢, dN(t) = e,
p = p(t) and p’ = p(t + dt). Using the definition of p(t + dt), we get

p(t+dt) =

(p(t) — i[H, p(t))dt — 1/2{L*L, p(t)}dt)
1 — tr[L*Lp(t)]dt

Lp(t)L* (5.8)

x (1 —dN(t)) + mdN(t).

Following Ito rules we have dtdN(t) = 0. Thus

dp(t) =L(p(t))dt

Lp(t)L* (5.9)
———— — p(t dN(t) — tr[L*Lp(t)]dt
+(ariss = o) (av () - iz Lotolar)
1. In this case o_ is the usual lowering operator o_ = ( (1J 8 ) or o_ = %(01 — i02) in terms of Pauli

matrices.
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5. Continuous indirect measurements

with
£(p) = —ilH. p) + LoL* ~ L{L°L,p}. (5.10)

This is our quantum trajectory SDE with one discontinuous signal measurement. We infer
this equation should describe photon counting measurement.

This counting equation is well suited for spontaneous emission experiments. In an inter-
ferometry experiment, the system is stimulated by an external strong coherent field. The
photon emission is not spontaneous anymore but driven by the external field. The measure-
ment result on the system is given by the perturbation of the external field induced by the
presence of the system. In optics, a canonical situation of interferometry is the homodyne
detection scheme (figure 5.2) . A laser beam is split. One part of the beam interacts with
the system, the other evolves freely. The two parts are then compared. Information on the
system is given by the phase difference of the two halves of the laser light beam. In these
experiments one detects not single photons but a continuous current [102]. So we expect to
find a diffusive quantum trajectory SDE in this case.

| Laser } \

(N

Detector
_/
Sys

Figure 5.2.: Schematics of a typical homodyne measurement. A local oscillator (laser) is
added to stimulate photo emission by the system. The phase difference between
the free field (upper arm) and the field perturbed by the system (lower arm) is
then evaluated by the detector.

The passage from a counting quantum trajectory to a diffusive one has been done by A.
Barchielli and V. P. Belavkin in [10]. We present here a derivation inspired by this work. The
laser electromagnetic field state |a) is assumed highly coherent and powerful. We can treat it
classically. The presence of this new field o = |a|e? induce a rotation of the system in time.
The system is driven by the field. This translates to a modification of the operators describing
the evolution. The Hamiltonian in the Lindbladian is changed in H — H +i(aL* —aL) and
the L operator modeling the creation of a photon is modified in L' = L — a.

The Hamiltonian modification can be motivated by a simple model. Let the system be a two
level one. The usual Jaynes—Cummings interaction Hamiltonian between the coherent laser
field and the atom is Hyy. = —i(0- ® a* — 04 ® a) with a*, a the usual creation, annihilation
operators of the laser field. Remark that we implicitly rescaled time such that no constant
appear in the interaction Hamiltonian. Since we consider the laser field to be classical we can
directly replace a by ae™ ™0l with H = %woag in our time scale. We can get rid of the time
t dependency by going into the rotating wave frame. We infer that the Hamiltonian in the
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5.2. Physical models of continuous indirect measurement

Lindbadian must be modified accordingly. The interaction between the laser coherent light
and the background electromagnetic field leads to the shift L — L — «. The justification of
such modification is similar using the dipolar interaction Hamiltonian between the background
electromagnetic field and the laser field. The justification for these modifications will be much
stronger and clearer in subsection 5.2.3 dedicated to quantum filtering.

The previously found jump equation is now:

dp(t) =L (p(t))dt

<Lp<t>L* — lal(e?Lp(t) + e Pp(t) L") + |al?p(t) (t))
te[L*Lo(t)] — ala[(e7L + e 0L )p(t)] + |’

X (AN®(t) — tr[L*Lp(t)] — |eftr[(e®L + e P L*)p(t)] + |o|?)dt).

The superscript o on dN®(t) reminds of the counting process intensity dependency on the
classical field. The introduction of the classical field only affects the unitary part of the mean
evolution.

dE(p(t)) = L (E(p(t)))dt

5.11
= ~ilH +i(oL* L), E(p(t)] + LE(p(t)L" — 3 {L°L E(p())} o4y
We are interested in the limit where the photons cannot be distinguished individually. Namely
when the laser total energy sent per second is large compared with the typical energy of the
system. This assumption is far from being restrictive. For example a common red laser
pointer, namely a 3mW power 635nm wave length laser, emits about 10'6 photons per second
when the typical energy of the system corresponds approximately to the energy of one photon.
Hence we can take the limit |a| — oo with no guilt. One gets, for the jump part of the
equation,

lim |
|| =00

(Lp(t)L* — lal(e?Lp(t) + e Pp(t)L*) + |a?p(t) m)
te[L*Lo(t)] — ala[(e?L + e L7 )p(t)] + |af?

— e Lp(t) — e p(t)L" + trf(e L + e L) p(t)] (1)

The increased intensity of the counting process make it converge to a continuous process. Let
We(t) be such that dW*(t) = ‘%'(dNa(t) — (tr[L*Lp(t)] — |aftr[(e L4+ e 0 L*) p(t)] + |a|?)dt).
Has discussed in [10], in the limit || — oo, we have dW(t)dW“(s) — ds.dt. Thus the
process W?(t) converges in distribution to a Wiener process W (t). And in this limit, the

SDE satisfied by the system state is

dp(t) =L(p(t))dt (5.12)
+ (Lp(t) + p(t)L* = te[(L + L) p(t)]p(1))dW (¢) (5.13)

The phase e’ has been absorbed in the definition of L. We obtained the diffusive quantum
trajectory SDE as a limit of the photon counting one when a powerful driving field is added.

It is interesting to see how the measurement signal N (t) is modified in this limit. With the
introduction of the field, the measurement outcome is inside W(t). If we want to “extract”
it we can define

Y (t) = W) + /0 Q(tr[L*Lp(s)] + |altr[(L + L*)p(s)])ds. (5.14)
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5. Continuous indirect measurements

We added back the non diverging parts of the counting process intensity. Taking the limit
|a| — oo we obtain as expected a measurement outcome process

Y(t) = W(t) —I-/O tr[(L + L*)p(s)]ds. (5.15)

It is the increased intensity of the jump process which leads to the apparition of a continuous
signal.

The diffusive quantum trajectory SDE can also be directly derived with well chosen M)
and M;. The suitable choice is not really physically meaningful for now. It makes sense in
the light of repeated indirect measurement continuous limit subsection results. Therefore we
do not try to give physical arguments for the choice of My and M.

As before we consider that an experimenter continuously measures the environment of a
system. At each time he can obtain two different outcomes, 0 or 1. Now we suppose that

over an infinitesimal time dt the measurement effect is given by Kraus operators Mélt and
M{" defined by

1 1.,

Mt = ﬁ(fsys, +VdtL — dLL) (5.16)
1 1

Mt = — —VdtL — ~dtL*L) (5.17)

\/i( Sys. 2

This choice fulfills the trace conservation condition Mgt" Mg + M M = I. Of course
the notation v/ dt is a liberty we take.
From these definitions and the convention dt'*¢ = dN(t)dt = 0 for any e > 0 we obtain

pldt) + Vdit(Lp(t) + p(t)L*) + L(p(t))dt
1+ Vditr[(L + L*)p(t)]
p(dt) — Vdi(Lp(t) + p(t)L*) + L(p(t))dt
1 — ivdttr[(L + L*)p(t)]

plt +dt) = (1 - dN(t)) (5.18)

AN (t) (5.19)

with E[dN (t)|p(t)] = 2(1 — Vdttr[(L + L*)p(t)]). From this expression we get

dp(t) =L(p(t))dt (5.20)
+ D(p(t))Vdt(1 — Vdttx[(L + L*)p(t)] — 2dN(t)) (5.21)
with D(p) = Lp+ pL* —tr[(L+ L*)p]p. If we define dW(t) = v/dt(1 —iv/dttr[(L — L*)p(t)] —

2dN(t)), then we get E[dW(t)|p(t)] = 0 and dI/th(t)2 = dt thus we can infer that W (t) =
fot dW4(t) is a Wiener process. We recover the diffusive quantum trajectory SDE

dp(t) = L{p(t))dt + D(p(t))dW (). (5.22)
This phenomenological approach motivates the use of quantum trajectories to describe

continuous indirect measurement. In next subsections we present more rigorous approach for
the physical justification of continuous time quantum trajectories.
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5.2. Physical models of continuous indirect measurement

5.2.2. Repeated indirect measurement continuous approximation

In a series of articles [84-86] C. Pellegrini, showed that continuous time quantum trajectories
can be seen as continuous time approximations of discrete quantum trajectories. With M.
Bauer and D. Bernard we proved an equivalent result in the non demolition case using a
different method [20,24]. The idea of discrete time indirect measurement was also the starting
point in A. Barchielli, L. Lanz and G. M. Prosperi article [14].

We recall the basic definition of discrete quantum trajectories. A system repeatedly inter-
acts with probes. After each interaction the probe that just interacted is measured. Recording
these measurement outcomes implies the system state evolution is a Markov chain (p(n)) de-
fined as follow. Knowing all first n outcomes,

M;p(n)M;

P ) = A M ()]

with probability tr[M} M;p(n)]. (5.23)

The operators M; are Kraus operators acting on the system. They are defined by M; =
(jlUW) with |¥) the initial state of the probe, U the interaction and |j) the probe state
corresponding to the outcome j.

The continuous approximation is obtained when a large number of indirect measurements
are performed in a finite fixed time. We have a time ¢ fixed and n measurements performed
during this time interval. We assume, without loss of generality that the time interval is 1.
Hence, each measurement happens during a time 1/n. Since the measurement on the probe
after the interaction is assumed to be instantaneous, 1/n is the interaction time. We take
the continuous limit by sending n to infinity. Of course as the interaction time decreases,
the interaction strength must increase. If not the effect of the interaction becomes irrelevant.
So, as in the repeated interaction continuous limit, let us take a Hamiltonian for the unitary
interaction with the following n scaling.

Hior. = Hsys. @ Iprobe + Isys. ® Hprobe + \/ﬁHint.- (524)
The interaction unitary operator is
(n) _ ;!
U™ = exp(—i—Hiot.) (5.25)
n

\}ﬁHint.])~ (5.26)

The subscript (n) is a reminder of the n dependency of this operator. The scaling of the Kraus

)

-1
= eXp(*'Lt[ﬁ(Hsys. & Iprobe + Isys. ® Hprobe) +

operators M ](n follows from the unitary operator scaling. The purpose of the continuous time

limit is to make sense of the limit n — oo for the discrete process (p{™(t)) defined by
P(t) = p((nt]) (5.27)

where [nt] is the integer part of nt. If t = k/n then p(™(t) = p(k). Thus p(™(t) is a process
in continuous time which is equal to the discrete time process for any time k/n with k£ an
integer which can be greater than n. Note that we use the convention that whenever p(-) as
an explicitly integer argument, it corresponds to the discrete time process. If the argument is
not explicitly integer, it corresponds to a continuous time process. Hence here p([nt]) is the
discrete time quantum trajectory at time [nt].
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5. Continuous indirect measurements

The only other assumption we will need is that (V|Hiy U) = 0 with |¥) the initial probe
state. This assumption is needed to avoid infinities. During the derivation, this quantity
appears as a mean Hamiltonian acting on the system added to Hgys.. But it is scaled as \/n
so it explode in the limit n — oo. Making sure it is null assures the unitary part of the limit
evolution does not include an exploding rotation of the system state. In the non demolition
case, this assumption is only needed for the convergence of the process p(™ (t) not for the

diagonal elements q&n) (t). This is due to the bloc diagonal property of Hiy. in the pointer
basis.

Before we present the general result, let us present the method, restricted to non demolition
measurements, we formulated with M. Bauer and D. Bernard [20,24]. The key tool is martin-
gale change of measure. On this aspect it makes the connection with the quantum filtering
approach on next subsection. The convergence of (p(™(t)) and the measurement outcome
processes are obtained using the convergence of finite dimension distributions.

Non demolition continuous limit

We recall that in the non demolition case we have a specific system Hilbert space or-
thonormal basis P in which U™ is bloc diagonal. Hence Hyys = 3. acp Eala)(a| and
Hine. = >, |a)(a| ® Hing. (o). The operators Hiy (o) are hermitian operators on the probe
Hilbert space.

The technique we used in [20,24], goes as follow. From the measurement outcome counting
processes we define processes which will have a continuous limit. We recall that the measures
P&n) are the measures on the outcome space when the system is initially in the pointer state
«. Under each law P((ln) we use the i.i.d. properties of the outcome counting processes N;(n)
to compute their limit finite dimensional characteristic functions. Using the expression of the

&n) we obtain

measure for any initial system state P(") as a weighted sum of the measures P
the limit finite dimensional characteristic functions under the measure P(™.

On the continuous side, we define a standard filtered probability space (€2, F, (F;), v) which
support standard independent Wiener and Poisson processes. Using a push forward measure
and martingale change of measure we build a family of measure (p,) such that, under them,
the Wiener and Poisson processes finite dimensional characteristic functions are equal to the
continuous limit of the discrete time ones under each P&n). We write the martingale performing
this change of measure (My(t)). Using these martingales we define a new one M(t). This
martingale is a weighted sum of the previous ones. The change of measure implied by this
martingale leads to a new measure . Under this measure the Wiener and Poisson processes
finite dimensional characteristic functions are equal to the continuous limit of the discrete
time ones under P,

Thus we constructed a probability space and processes such that their finite dimensional
distributions are equal to the continuous limit of the outcome process ones. Here it is only in
this sense we consider the continuous time limit. This is a weaker convergence than the usual
weak convergence. The interested reader can find an extensive discussion of the meaning of
this convergence and a comparison with weak convergence in Appendix B of [20].

Once the outcome processes convergence to continuous time processes is obtained, we re-
cover more readable SDE for those using Girsanov theorem. The continuous time limit of
the system state process should then formally be obtained through the limit of its finite di-
mensional characteristic functions and its identification to an equivalent finite dimensional
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5.2. Physical models of continuous indirect measurement

characteristic function on the continuous time side. Though, we do not do it explicitly. From
the expression of the natural limit of the Doob—Meyer decomposition of the system state
process, the result we would obtain is obvious. And we infer this is the actual limit. In [20]
the interested reader can find a proof of the convergence for the pointer probabilities g, (t)
using Mellin transforms.

Let us now explain in details the continuous time limit.

First we find the continuous time limit of the outcome processes N;(n). These processes
count the number of times the outcome j is obtained up to time n. If the initial system state
is one of the pointer states «, then the N;(n)’s are just sum of i.i.d. random variables. Their

(n)

joint characteristic function at time n under the measure Py

E™ (e Zp (jla)er)™. (5.28)

is then

Note that the measures themselves depend on n. This is why we are not able to use standard
central limit theorems for the continuous limit derivation.

Let us define processes from the counting processes N;j(n). Let us organize the outcomes
such that for j =1,...,p—1, (¥|j) # 0 and for j = p,..., (¥|j) = 0. Hence for j > p we have
a null probability to obtain the outcome j in absence of interaction. Let po(j) = [(¥|5)|? be
the probability to obtain the outcome j in absence of interaction. Then we define

v (1) = jﬁqunﬂ) ~ poj)nt) (5.29)
NI (t) = Nj(nt)). (5.30)

The outcome probabilities can be expanded in series of \F powers.

k) = o) (1 + Z=rila) + L0(3l0) + of 1), j<p (63
M (jla) = ~0(j1a) +ol), izp 63

From the identity ij(")(ﬂa) = 1, we have >, po(j)r(jla) = 0 and >, po(4)9(jla) +
> j>p0(jla) = 0. The different constants introduced are defined from the probe state, the
interaction Hamiltonian and the measurement outcomes.

oo (G Hin (@)®) _
o) =2t () J=v (5.3
0(jler) = |(j] Hint. () W) ?, j>p. (5.34)

We recall that Hiy (o) is the « bloc of Hiye.. We do not give the expression of the ¥(j|a)’s
From now on they disappear from our notations. One just need to care about their relation

with the 6(j|a) we just gave. Namely 3. po(4)J(jle) + 325, 0(j[a) = 0.
Using these expansions, a straightforward computation leads to the limit

lim B (¢Zser O 5, M 0y (5.35)
eXp Zpo ]|Ol Z )\ Uz]>\ + Ze ]|Oé ] - 1))] (536)
ji<p 1,j<p Jjzp
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with oj; = 0;;p0(j) — po(i)po(j). Note that ) .oj; = 0. Since the processes N, (j) have

independent increments under each IP’&”)

, the generalization of this formula to any finite di-
mensional characteristic function of the processes Yj(n) (t) and N ](n) (t) under P is direct.

Let us now build a filtered probability space supporting continuous time process with same
finite dimensional characteristic functions. Let (Q, F, (F;),v) be a filtered probability space.
Let (W;(t)), j = 1,...,p — 1 be independent Wiener processes and (N;(t)), j = p,... be
independent Poisson point process with unit intensity under v. The Poisson and Wiener
processes are also independent. We assume the filtration (F;) is the natural filtration of the
processes W, N. Let u° be the image measure of v under the map z(j) — +/po(j)(z(j) —
VPo(d) s Vpo(i)x(i)1j<p + 2(j)1j>p. Hence under pu°, the processes (W;(t)) are centered
Gaussian processes with covariance E,o(W;(t)W;(s)) = min(s,t)oj;. The processes (N;(t))
are still Poisson point processes with unit intensity.

Let us define a family of non negative martingales M, (t) with respect to u° and the filtration

(Ft)e<r-
M,(0) =1 (5.37)
dMa(t) = Ma(t) | D r(ila)dWj(t) + Y (0(jla) — DAN;(t) - dt] | . (5.38)
J<p Jjzp
Using Radon-Nikodym change of measure we can define a family of measures (p,) defined
on Fr by
dptar = Ma(T)dp. (5.30)

In the rest of the text we may omit the index T'. But the definition is still limited to Fr with
a T as large as we want. Note that it means the convergence is true only up to a arbitrary
large finite time T'.

Using Girsanov theorem we deduce that under pu, the processes NN;(t) are Poisson point
processes with intensity 6(j|a) and the processes (W;(t)) Gaussian processes with independent
increments such that

Ep (W;(t)) = > ajir(ila) = tpo(5)r(jla) (5.40)
Cov.,, (W;(t), Wi(s)) = min(s, t)oji. (5.41)
In the first line we used »; po(j)r(jla) = 0. We have the characteristic function

B, (eXien MWs 0+ 555, 2 Ni(0))

explt(Y po(i)rile) + 5 37 Aehs + 32 0(Gla)(e — 1))

Jj<p 4,J<p Jj>p

(5.42)

Once again, since the processes (W;(t)) and (N;(t)) have independent increments the gen-
eralization to any finite dimensional characteristic function is straightforward. Hence in the
meaning we gave earlier the processes (Yj(n) (t)) and (N. ](n)(t)) under P{” converge respectively
to the processes (W;(t)) and (IV;(t)) under jq.

Note that, since » ;i = > ; po(J)r(jla) = 0, we have 3, W;(t) = 0 at least in distribution
under each p,. This is a reminder that the measurement outcomes are not independent since
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5.2. Physical models of continuous indirect measurement

at least one must be obtained for each indirect measurement. Hence we defined one too
many measurement outcome process. Also if the initial probe state is exactly one of the
outcome eigenvectors, we only have Poisson processes as outcome continuous time processes.
Namely, if |¥) = |1) then p = 2, only the counting processes remain relevant since we
have 05 = o1 = po(j)r(jla) = po( )r(lla) = 0, thus Wi(t) = 0 at least in distribution
under each p,. Actually Wi(t) = 0 po almost surely, thus u, almost surely since the map
f(x) defining the push forward measure is identically 0. Hence for any element A of F,
po(A) = v(f~1(A)) = v(2)1loea = loea.

Let us define a new measure 1 = 35 qs(0)pa. We recall that ¢ (0) is the initial “prob-
ability” of the pointer state a, ¢o(0) = (a|p(0)a). Since the convergence of the processes
is true for each p, it will also be for p starting from the initial discrete time measure
P — Yoa qa(O)IF’gn). We need to unravel a clearer expression for the law of the processes
under this new measure.

Let us define a new martingale M(t) = > 5q3(0)Mp(t). From the definition of ug, we
obtain that M (t) is the Radon-Nikodym derivative of p with respect to u°.

d
B — M), t<T (5.43)
dp’ | 7,
We remark that, since M (t) = 0 implies M, (t) = 0 for any pointers such that ¢,(0) # 0, the
corresponding measures i, are all absolutely continuous with respect to u. Since M (t) is p
almost surely strictly positive, using the chain rule, we obtain

Mq(T)

Ho = 3T du (5.44)

for any « such that g,(0) # 0.
This martingale change of measure remind us of the one we used in the non demolition
discrete study. So let us define a process

QQ(t) = Qa(o) (5'45)

This process is a ¢ martingale with E,(¢a(t)) = ¢ (0). In terms of these martingales the SDE
verified by M (t) is

dM VDD as@)r(iB) W) + Y (O as(1)0(18) — D[AN;(t) — dt] | . (5.46)

Jj<p B jzp B

Hence Girsanov theorem tells us that under p,
¢
X0 = W) = [ Fastsmlir 1) (5.47)
B

is a centered Gaussian process with covariance E(X;(¢)X;(s)) = min(s,t)oj;. Under the same
measure, the processes N;(t) are counting processes and

- /0 S 4s(5)0018)ds (5.48)
B
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5. Continuous indirect measurements

is a martingale. Thus N;(¢) are counting processes with stochastic intensity )5 qs(t)0(j|5).

From their similar status of Radon-Nikodym derivative the question naturally arising is:
can we show that the processes ¢, (t) are the continuous limit of the processes qé") (t). Let us
use the “naive scaling” approach used in [24]. We assume the state processes defined from
the outcome processes should well behave under the limit as long as the limit obtained is
coherent with the initial discrete process. We recall that if one seek rigor, we refer to the
computations of the Mellin transforms done in [20].

Let us consider the Doob—Meyer decomposition of the evolution of one density matrix
element in the basis P.

P+ 1/n)— pag (t) =

Zm(”) (jla)ym™ (518) — 1

(5.49)
(M) (31 Ve () (713
+ (n) t m (j|a)m (418) AN;([nt]) — () (1)) (4
paﬂ()zjzzvq@(t)p(”)(jv)[ ([nt]) Zy:q7 (&)™ (1))
with M](n) =, m™(jla)|a)(a|. The expansion in 1//n gives
Pt +1/m) = pl) (1) =
P (1) X (=i(Ea — Bg) + > 1(f1a)I(]5) - §<|z<j|a>|2+|c<j|ﬁ>\2>1/n
+p§2(t)2(l’(jla)+l’(jlﬁ)—Zr(jlv)qgn)(t))[ —1/ano r(jl7)a{ (®)]
J<p bl
oy ( 1(|)I(F1B) ) )~ 1/n
i 2\ S wegm ) 2
+o(1/n)
(5.50)

with Eq|a) = Hgys |a), 1(j|la) = —i(j|Hint. (o) V) and I'(j|a) = 1(j]er) /(j|¥) for j < p. Remark
that 7(i|a) = 2Re(!'(j|v)). Hence, considering the limit of 1/n to be an infinitesimal time
increment dt, the natural limit of this discrete difference equation is the differential equation

Aoy (t) =0 (£) x (=i Bo — Bg) + > 1(3])I(7]5) - %ul(ﬂa)r? + [e(j18)[*)dt
J
+ b0 3 Gle) +TGIF) = 3G )Y, 0) = de 3 li)rGas o)

J<p v

+p&oﬁ>(t)2< <r(>z<r> > avO dtzqv 0]
a0 1)

Jjzp

/\
~
\_/
/\

(5.51)
Let us define operators L; = <j]Hmt W) and L} = L;/(j|¥) for j < p. We also define a new

process X;O) fo > Do(J (]\v)q,y (s)ds. XJ(O) (t) has the same finite dimensional
distribution under IF’( ) s X;(t) under p. Similarly N. fo)(t) under PO has the same finite
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5.2. Physical models of continuous indirect measurement

dimensional distribution as N;(t) under . Then using our newly defined operators L, L;-, we

expect p(© under P(9) to have the same finite dimensional distribution as p(t), the solution
of the following SDE, under u.

dp(t) =L(p(t >>dt
+ SOyl + p(t) L — trl(L + L)p(8)]o(0)d X (1)
= (5.52)
Lip(t)L} )
+ ; (tﬂlgyj)p(t)] - P(ﬂ) [dN;(t) — tr[L5 L;p(t)]dt)

where .
L(p) = —ilH.p] + ) LipL; — 5{L;L;. p} (5.53)
j

is the usual Lindbladian. Of course we assume identical initial values p(®)(0) = p(0).
We can deduce the expression of the limit SDE for the diagonal elements of p(®)(¢) in the
basis P. These pointer probabilities are solution of the following SDE

dg (t) = (£) Y (r(jla) — Zq )r(j18))dx O 1)

Jj<p

O OGle) —dty ¢ 1)6(518)].
! ”é a0 ()6015) Zq o

(5.54)

We can compare this expression with the SDE of ¢, (t) obtained using the usual It6 formula.

dga(t) =ga(t) > (r(jle) — Zcm )r(j18))dX; (t)

= (ﬂa) (5.55)
el 2 (zﬂ B O0GTE) 1) )=t 2 e ORGP

(0)

Hence we infer that the g5 under P(O) has the same finite dimensional distribution as g (t)
under z. Thus we infer that the finite dimensional distribution of (p(™(t)) converges to the
one of (p(t)).

The SDE defining p(¢) has not exactly the same expression as usual quantum trajectories.
The processes X(t) are not Wiener processes under p. But a simple computation shows that
the processes X ( ) can be expressed in terms of p — 1 1ndependent Brownian motions B;(t)

under p: X;(t) = >, v/po(4)(i,; — /Po(J)\/Poli . Then the quantum trajectory SDE

becomes

+ > (Lip(t) + p(t) Ly* = tr[(L; + Li*)p(t)]p(t))dB; (1)
i<p (5.56)

Lip(t)L *
+ g (tr[lJL;‘L]p(jt)] - P(ﬂ) [dN;(t) — tr[Lijp(t)]dt]
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5. Continuous indirect measurements

where the L; are redefined by L; = pg(j)% for j < p. We used ; po(j)L}; = 0.

We recovered the usual quantum trajectory SDE. Each outcome j with po(j) # 0 leads to
a diffusive part. The outcomes j such that pg(j) = 0 lead to the counting processes. This is
not a surprise since we expect to frequently measure outcomes which had originally a strictly
positive probability to be measured, and to measure just few times outcomes which had a
null probability to be measured without interaction with the system.

General continuous limit

In [84-86], C. Pellegrini proved a more general and stronger result. For instance, he did not
assume that the initial discrete quantum trajectory corresponds to a non demolition indirect
measurement. We briefly sketch the method he used in [86]. Note that the existence and
uniqueness in distribution of the solution of the quantum trajectory SDE is needed to obtain
the convergence. This result is also proven in [86].

The derivation technique is based on the convergence of Markov generators. We recall that
(p"™(t)) is a continuous time step process version of the discrete quantum trajectory (p(n)).
We have p™(t) = p(k) for k/n < t < (k+ 1)/n. We define the following operator acting
on C? function f of operators acting on the system Hilbert space. The index ¢ means f has
compact support. We define

M*
= HZ ( (u}\f]) - f(p)> tr[ M7 M;p). (5.57)

This operator associates to f the increment of the predictable process > p_; E(f(p(k))|p(k —
1) — fp(k — 1)) = >3, 24, f(p(k — 1)). The operator A, is called the Markov generator
of the Markov chain (p(k)) (or of the process (p(™(t)).

Equivalently, we can compute the generator of the continuous time quantum trajectory for
any C? function f on the set of operators acting on the system.

Af(p) = Tim E(f(p(®))lp) — f(p)

£-50 t (5:58)

The operator A is a generalization of the dual of the more known Fokker-Planck operator for
Markov diffusive processes. It also describes Markov processes including jumps. Using [to
formula it is easy to compute the generator corresponding to a given SDE. For example, for
the quantum trajectory SDE, we have

Af(p) =Dpf(L(p))

D2 D , D
+j§<:p 5 (Di(p), Dj(p)) (5.59)

+ ) [f(ps) = F(p) = Dpf (p)lvi (p)

Jjzp
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where p; = ;{j gﬁ ; D, and D% are shorthand notations for
2dimd,,
D)= Y Xty (5.60)
—1 Pk
2 dind. oy
DY) = 3 Xz onl) (5.61)

where X,Y are operators on the system Hilbert space and X} are the real and imaginary
parts of their elements of matrix. The first line of (5.59) corresponds to the mean evolution
which is given by the Lindbladian £. The second line corresponds to the continuous (diffusive)
outcome processes. Considering only these two lines we are in presence of the usual dual of
a Fokker-Planck operator. The third and last line corresponds to the discontinuous (jump)
outcome processes.

A rapid computation using Taylor expansion shows that lim, A, f(p) = Af(p) on the set
of states. The convergence is uniform on S(Hsys.) since this set is compact and the functions
f are C?. Note that if |¥) = |1) then p = 2 and D;(p) = 0 for any p. Thus, in the continuous
limit, we will not have any continuous (diffusive) outcome process.

The continuous time process p(t) is actually the unique solution (in distribution) such that

Fp(t)) — F(p(0)) - /0 Af(p(s))ds (5.62)

is a martingale with respect to its natural filtration F{ = o(p(s),s < t). Hence any process
such that the last expression is a martingale has the same distribution as p(t). We say (p(t))
is the solution of the martingale problem (A, p(0)). Note that we expressed the solution of
the martingale problem in terms of process and not measure. We found a process solving the
martingale problem on an already defined probability space.

We reduced the characterization of the distribution of p(¢) to the expression of its generator.
Hence it will be the object we will be mostly interested in. We expect that computing the limit
of A,, when n — oo, will lead to A and that it will imply that p(™)(¢) converges in distribution
(i.e. weakly) to p(t). Instead of computing the limit of all finite dimensional distributions,
we will formally need to compute only the limit of A,, and not the whole history of the state.

One down side compared to the martingale change of measure of the QND case is that we
do not obtain explicitly the limit distribution of the measurement processes. Moreover we
lose the explanation of the change of measurement distribution through a martingale change
of measure induced by the interaction with the system.

A theorem of Ethier and Kurtz cited and adapted to quantum trajectories in [86] (Theorem
5) gives us the conditions under which the weak convergence is obtained from the generator
convergence. We do not state the full theorem here and refer the interested reader to the cited
article. Let us just indicate that in addition to the quantum trajectories properties we already
gave (mainly uniqueness of the solution of the martingale problem (A, p(0)) in distribution),
the family of processes (p(™ (t)) need to be tight (equivalently the family of measures implied
by these processes) and we need that for any increasing sequence of times (¢;)1<g<m such
that t,, <t < t+ s, for any family of C? functions (0k)1<k<m and for any C? function f,

t+s

lim E ((f<p<"><t+ s)) = F(p™M (1) — Af<p<"><u>>du> 11 9k<p<"><tk>>> =0. (5.63)
k=1

t
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The convergence of the expectation assure finite dimensional distribution convergence up to a
finite, arbitrary large time T". The tightness condition assure that the convergence is actually
weak.

The tightness condition on the family of processes (p(™ (t))nen guaranties that they are
mostly concentrated on a same compact subset of probability space. More precisely, (p(”) (1))
is a thigh family of processes if the family of corresponding measure (ji,)nen is such that for
any € > 0 it exists a compact subset K. of the probability space such that for all p,

pn(Ke) > 1 —e (5.64)

If the tightness criteria is not fulfilled, the processes could escape indefinitely to a previously
unexplored part of the probability space.

A good example of a non tight family of measures is a family of Gaussian probability
measures on the real line. Let (v,) be this family of measures. Their means are E,, (X) = n.
Their variances are E,, ((X —n)?) = 1. Assume it exists a compact subset of R such that

vn(K) > % for any n. From Heine-Borel theorem, K is bounded. Let zy = max(K). For n

large enough we have v, (K) < \/%)\(K)e_%(zo_”)z < 3 with A the Lebesgue’s measure on

R. This contradicts v,(K) > % for any n. Thus the family (v,) is not tight. We see that
(vp) is not tight because when n — oo, the pointwise limit of the density corresponding to
vy, vanishes. Hence as n increase, the random variable X will always be concentrated farther
towards infinity.

The tightness of (p(™(t)) is proved in [86]. We do not reproduce the proof here. The
convergence of the expectation is, as expected, a direct consequence of A, convergence to A
and the fact that f(p(™ (t+s))— f(p™(£)) — X j_; LA, f(p™(t)) is a martingale with respect
to the natural filtration of (p(™(t)). We refer the interested reader to the cited article for the
complete proof.

We have weak convergence of general discrete quantum trajectories to general continuous
quantum trajectories. The discussion of the extension of this result to mixed and random
i.i.d. initial probe states is made in [78].

In order to better understand the meaning of this limit and in particular to obtain the distri-
bution of the measurement outcome processes, one may like to actually extend the technique
used in the QND case. This might be possible considering the process (tr[M} M;,p(n—1)])n
as a martingale with respect to a measure with equiprobability for the outcomes j. Then
one could see the actual distribution of the measurements as a martingale change of measure
using tr[M} M;, p(n—1)]. If we find a continuous limit for the initially equiprobable law and
for the probability outcome martingale we might be able to find the continuous limit using
Girsanov theorem. The introduction of a ad—hoc i.i.d. distribution for the outcomes should
allow avoiding the difficulty introduced by the state dependency of the counting processes
intensities.

In the next subsection we turn to a derivation of quantum trajectories directly from contin-
uous time Markovian open system dynamics. We recall that in section 3.2.3, we saw that the
limit of repeated interactions (without measurement) leads to quantum stochastic differential
equation (QSDE). Hence a natural question would be, can we derive continuous quantum
trajectories directly from the QSDE 7 Is the result coherent with the one we just obtained 7
One of the purpose of next subsection is to answer these questions.
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5.2. Physical models of continuous indirect measurement

5.2.3. Quantum filtering

As we saw in chapter 3 in some limits, the extended evolution of an open system is described
through quantum stochastic (QS) processes. Compared to the reduced Markovian limit,
the noises of the QS evolution hold some information on the environment. This will allow
us to describe continuous monitoring of these environment. We expect to derive quantum
trajectories SDE for the system state when the QS noises are measured and taken into account.

This derivation is here obtained using quantum filtering techniques. V.P. Belavkin was the
first to define and use quantum filtering to obtain quantum trajectories SDE [26-28]. As far
as the author knows, it was the first derivation of quantum trajectories with no added hypoth-
esis on the behavior of the system under measurement. Only the QS unitary evolution and
the projection postulate where used. Since then this derivation has been mostly applied to
quantum optics situations, namely interferometry and photo counting measurements. Quan-
tum filtering is not the only method one can use to derive quantum trajectories from QSDE’s.
Alternative derivations can be found in [9,12,25,102].

In this subsection we present a sketch of derivation inspired by the more recent work of L.
Bouten et al. [34]. We begin with an application of quantum filtering to one simple indirect
measurement. We then generalize this approach to measurements on quantum noises. We
give elements of proof for the derivation of the quantum trajectory SDE, first for a simple
interferometry measurement and then for a spontaneous photon emission. The generalization
by combination of these cases is straightforward.

Note that we will not discuss the general meaning and purpose of quantum filtering theory.
We just use the technique to derive quantum trajectories.

Discrete introduction to quantum filtering

Let us first consider a more simple situation. We apply the ideas of quantum filtering to a
simple discrete indirect measurement.

The setup is the following. A finite dimensional Hilbert space probe in a definite pure state
interacts with a system and is then measured. The probe plays the role of the environment.
The total Hilbert space we are interested in is a tensor product of the system Hilbert space
and the environment Hilbert space.

Htot. = Hsys. ® Hprobe (565)

The system and the probe are entangled through a unitary operator U acting on the total
Hilbert space Hior.. Starting with a disentangled state p = psys. @ pprobe, the state becomes
UpU* after the interaction.

Let O be the observable one measures on the environment (i.e O = Iy ® O). Its spectrum
is spec(0). O can be written as a weighted sum of projectors O = ZOESpeC(O) oP,. The
projectors only act on the environment part of the Hilbert space: P, = Iy ® F,. After a
measurement of O, if the result of the measurement is o, the total state is

P,UpU*P,

tr[P,UpU*| (5.66)

The probability of this event is p(o) = tr[P,UpU*].

This measurement is described by the probability space (spec(O), Fo,p) with Fo the small-
est o—algebra making any singlet {0} measurable.
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5. Continuous indirect measurements

We can compute the expectation of any observable conditioned on the measurement. The
expectation of any operator Y acting on the total Hilbert space is tr[Y P,UpU* P,]/p(0). Then
the expectation of Y conditioned on the measurement of O is the random variable

> e[V PUpU* Py) /p(0) X 1{py(w) (5.67)

where w € spec(O) and E,(1,) = p(0). We would like to be able to interpret this conditioning
as an actual conditional expectation as defined in the context of probability theory. First we
need to have some sort of equivalence between the quantum physics objects we use and the
probability theory ones.

For now we drop the interaction U and just try to describe a measurement. Let P be the
probability measure defined by P(A) = > 4 p(o) for any A € Fo. We have P(A) = tr[Pap]
with P4 = > 4 P,. The triplet (spec(O), Fo,P) defines a probability space. It is the same
as before but with a new measure P. Let L*>(spec(O), F,P) be the algebra of bounded P
measurable complex functions of spec(O). Hence L*(spec(O), F,P) is the set of all complex
linear combinations of singlet indicator functions 1,y : spec(O) — {0,1}. Let O be the set of
all complex linear combination of projectors (1%),espec(0)- There is obviously a *-isomorphism
t between O and L*(spec(O), F,P). Just replace the projectors by the indicator functions
in the expression of the operator and conversely. Moreover E(X) = tr[Xp| for any element
X of O or equivalently L>(spec(O), F,P). We have a *-isomorphism between the two spaces
we want to use.

Using spectral theorem we can build such *-isomorphism for any commutative von Neumann
algebra (i.e. a weakly closed commutative sub algebra of the bounded operators acting on the
total Hilbert space) and any well defined state. For any commutative von Neumann algebra
O, any well defined state p, it exists a probability space (2, F,P) and a *-isomorphism ¢
between O and L*(Q2, F,P) such that for any element O of O, p(O) = tr[Op] = E(.(O))
(see [34] Theorem 3.3). So, since they are equivalent through the *-isomorphism, from now
on we do not distinguish the notations between the probability and the operator contexts.
Actually through is this mapping we interpret some quantum noises as classical processes as
we explained in section 3.1.

We want to compute the expectation of some operator conditioned on the measurement
outcome. This quantity is obviously a random variable. A probability theory tool which would
correspond to such random variable is a conditional expectation. Let us give an example of
conditional expectation we would like to use expressed in operator terms.

Eo(Y]0)= Y t[YP.pPs)/p(o) x P.. (5.68)
oespec(0)

This definition is a quite straightforward application of the postulates of quantum mechanics.
We actually defined an observable with eigenvalues corresponding to some operator Y expec-
tation with respect to a state depending on the measurement outcome. Alas it is actually well
defined only for Y commuting with every element of O. Hence for Y in O’ the commutant of
0.

Let us show that with this limitation, it is actually a conditional expectation. We need to
show that for any K in O (K =), k(0o)P,) and any Y in O, E¢(Eq(Y|O)K) = Eo(YK) =
Eo(KY'). The last equality is easy to prove from the commutation of Y with K. The proof
of the first equality needs more attention. From the definition of the conditional expectation,
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the decomposition of K in a sum of the projectors P, and the commutation of Y with any
projector P,, we have

Eo(Bo(Y]0) K Ztr Y Popl/p(0) x tr[k(0) Pop]. (5.69)

Since p(0) = tr[P,p], we obtain

Eo(Eo(Y|O)K Ztr [Yk(o = Eo(Y K). (5.70)

This achieves the proof that Ey(:|O) is a conditional expectation defined for elements of O'.
For Y not commuting with every element in O, the last equality is not true. We are stuck with
asum y_ tr[P,Y k(o) P,p] which cannot be simplified in general. This limitation comes down
to fundamental quantum mechanics. If we have two non commuting observables A and B,
they cannot be measured simultaneously because the order in which we need to compute the
probabilities is indefinite. Either p(a,b) = tr[P,Pyp] or p(a, b) = tr[P,P,p] with a, b eigenvalues
of A and B respectively. Hence we cannot define a probability space corresponding to such
measurement unless [P,, P,] = 0 for any a,b. It is actually a manifestation of Heisenberg
uncertainty principle. We cannot exactly know the value of two non commuting observables
at the same time.

Let us stress that the conditional expectation is only well defined for operator of the form
Y = ZOESpeC(O) X,® P, with X, operators on the system Hilbert space. This is not surprising.
These type of observables can actually be mapped to random variables defined on spec(O)
and taking value in the space of system operators. we have

W(Y) = Z X, 1, (5.71)

o€spec(0)

Hence as we would have expected, following [34], the definition of the conditional expec-
tation can be extended to any commuting von Neumann algebra, its commutant and any
physical state. One just need to go back and forth between the operators and the proba-
bility space using the *-isomorphism ¢. The definition of the conditional expectation in the
probability space is then translated in the operator space. The elements of the commutant
of the von Neumann algebra which are not themselves in the von Neumann algebra are then
mapped to random variables which take value in the set of system operators.

We are interested in indirect measurements. Thus let us introduce back an interaction
taking place before the measurement. Hence we have two probability measures.

Po(A) =tr[Pap] (5.72)
P(A) =tr[PAUpU™]. (5.73)
Under P, we have
E(Y[0)= > u[YRUpU*P,)/pu(o) x P, (5.74)
o€spec(0)

with py (0) = P({o}).
We would like to find a non negative random variable allowing us to pass from Py to P.
Hence we would like to find a Radon—-Nikodym derivative of P with respect to Pg. Let us
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formulate this in operator terms. Assume it exists an operator V in O’ such that, for any
operator Y in O/, E[Y] = Eo(V*YV). Remark that Eo(V*V) = E(Iir.) = P(spec(O)) = 1.
The existence of such V' will allow us to find the law of the random variables of @' under P
knowing their law under Py. In particular for any Y € O, following the rules for conditional
expectations,

E(Y) = Eo(V*VY) (5.75)
= Eo(Eo(V*V|0)Y). (5.76)

Therefore if such V' exits, P is absolutely continuous with respect to Py and Eo(V*V1]0O) is
the Radon-Nikodym derivative, restricted to O of P with respect to Py. Finding this V is a
key point of the derivation of quantum trajectories.

We finish this discrete measurement introduction by showing the following Bayes’ rule
equivalent. It will turn useful for the derivation of quantum trajectories. For any Y € O, we
have

E(Y]0) = W (5.77)

P almost surely.
First let us show that for any K in O and any Y in O,

Eo(Eo(V'YV|O)K) = Eo(Eo(V*VIO)E(Y|O)K) (5.78)
The left hand side is obviously equal to E[Y K]. The right hand side is equal to
Eo(Eo(V*VE(Y K|0)|0)) (5.79)

where we used that K is in O as well as E(YK|O). Since V commutes with any element of
O, we have

Eo(Eq(V*VE(YK|0)|0)) = Eo(V'E(Y K|O)V). (5.80)
Then, since Eo(V*YV|O) — Eo(V*V]0)E(Y|O) is an element of O, we have
Eo((Eq(V*YV]0) — Eo(V*VIO)E(Y]0))?) =0 (5.81)
Thus
Eo(V*YV|0) = Eo(V*V|O)E(Y|O) (5.82)
Py almost surely and therefore P almost surely.
Finally Eo(V*V|O) is P almost surely strictly greater than zero. So, we can divide both
sides of the inequality by Eo(V*V|O) and we obtain the expected result.

The benefit of this Bayes’ rule formula is that we extracted the interaction from the defi-
nition of the measure. The price is that we need to find a suitable V.
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QSDE and continuous measurement

Before we derive the quantum trajectories let us review some useful properties of QSDE’s.
We either recall some results of chapter 3 or show properties based on results of this chapter.
The evolution unitary operator process is the solution of the following QSDE

Up=1
1 (5.83)
dU; = —Z(H — ZiL*L)Utdt + L*U,dA; — LUtdA;:k
The evolution of a system operator X; = U XU" is given by
dX; = L(X); + [L*, X];dA, — [L, X],dAT. (5.84)

We do not take into account the possible presence of A; noises in the QSDE. The generalization
to the presence of several noises is straight forward, thus we simplify the explanations by
considering only one noise and thus one operator L.

We have the It6 computation rules

dX,dY; | dA, dA, dA; di

dh, | dA, 0 dA: 0
dA, |dA, 0 dt 0
dAr | o 0 0 0

dt 0O 0 0 0

A continuous measurement up to time ¢ corresponds to a measurement of an observable Z;
which is a Hermitian linear combination of A;, A;, A} and ¢. As the time of the measurement
is increasing, so is t in the index of Z;. Thus along a continuous time measurement we do
not have a commutative algebra generated by only one operators but a commutative algebra
Z; generated by a family of operator (Zs)s<¢. Thankfully the family is commutative. We have
[Zy, Zs] = 0 for any time s,t. If Yy € Z; then [Ys, Z;] = 0 for any ¢. Thus the commutative
algebra increases when a new member is added to the generating family. The family of
commutative algebras (Z;); has a filtration behavior. For any time s < t, Z; C Z;.

We would now like to map these algebras to a probability space. As we explained in chapter
3, when the environment is in its vacuum state, By = A; + A} and N; = Ay + Ay + A} +t
can be mapped to, respectively, a Brownian motion and a Poisson process with unit intensity
on definite probability spaces. Since [Ny, B;] # 0, only one of the two mapping can be made
at once. Note that since N; and B; are unbounded, the spectral theorem we stated earlier
in this subsection can not be applied directly to the corresponding commutative algebra B,
and N;. Nevertheless, since N; and B; are Hermitian we can still define a *-isomorphism
between the commutative algebra and a probability space [34]. Moreover, in the case of
quantum noise, we already explained in chapter 3, that S. Attal proved that both B; and
Ny can be interpreted as multiplication operators by respectively a Brownian motion and a
Poisson process of unit intensity [3]. Hence through the mapping to the probability space, we
can set Z = Zo, = \/, Z; and we have that (Z;); is actually a filtration.

It remains only to check that we can define a probability measure P; for evolved observables
U ZU;. Hence a measure after the interaction. From the quantum physics rules, the expec-
tation of any operator Y in Z; after time ¢ should be Eo(U;'Y U;). But we can have aY acting
trivially on T'(L?([s, 00[)) with s < t. Hence a Y corresponding to a measurement only up to
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5. Continuous indirect measurements

time s only. Thankfully, since U;Y Us = U;"Y Uy, its expectation is still the one given. So even
if we stopped the measurement at time s, we can compute the expectation using U;. This is
actually necessary for the definition of the measure P;. This one of the difficulty encountered
when one tries to derive non Markovian quantum trajectories using quantum filtering.

Assume it exists a QS process V; in Z] such that for any Y € Z], Eo(U;YU;) = Eo(V;*YV,).
Let Y be Z; measurable. Then Eo(U;YU,) = Eo(Eo(V*Vi|2,)Y). Assume Eo(V;*V;|Z,) is a
(Z;) martingale under Py defined at least up to a finite fixed time 7" as large as we want. Then
P; is defined as the measure whose Radon—Nykodim derivative with respect to Py restricted
to Z¢ is Eo(V;*V;|2;). The expectation of any Y € Z] under P, is given from its definition on
Z; through

W) , (5.85)

EY) =K ( Eo(V; Vi 21)

In the two following subsections we use these techniques to study two measurement situa-
tion. First an interferometry and then a photon counting.

Homodyne measurement scheme

In a coherent interferometry (Homodyne) measurement, the phase shift between two parts
of a laser beam is measured. The laser frequency is tuned with the system energy level
difference. Omne of the parts evolves freely when the other one interact with the system
before the measurement. This measurement corresponds to a continuous measurement of a
quadrature of the field. Namely of linear combinations of the position operator, A} + A;, and
the impulsion operator —i(A; — Ay) of the boson field of the coherent laser light.

We restrict our selves to the continuous measurement of By = A; + A;. The generalization
is straightforward. Similarly we suppose the field is in its ground state |e(0)) = |0). It seems
to be in complete contradiction with the presence of an intense laser. Actually, the state
of the laser field is assumed to be coherent. If we limit our selves to measurement up to
time ¢ the state is [aljg ) = e~ @Atad (). Fortunately, a simple modification of the unitary
evolution brings us back to a vacuum initial laser field. It would be sufficient to redefine U,
as Up = Upe= @441 and we would have U (|¢) ® |a)) = Uf(|¢) ®0)) on Heys. @ T(L2([0,¢]))
with |¢) the initial system state. For now we assume that U; already takes into account this
modification. Thus we consider the bosonic field in its ground state. Hence the total initial
state is

pror.(0) = p(0) ® 0)/(0]. (5.86)

Let us look at the measurement outcome process. We already know that under Py, B; is
a Wiener process. Let us investigate its distribution under Py = Eo(V;:Vp|Br)Py. Hence we
need to find a suitable process V;.

Let V; be the solution of

1
AV, = —i(H — iz L' L)Vydt — LVi(dA] + dA). (5.87)

We have Ey((U; — Vi*)(Uy — V;)) = 0 thus this choice is a good one.
For any system operator X, let
_ Eo(V X VilB:)

"X) = B vviB) (555
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5.2. Physical models of continuous indirect measurement

We have
dEo (Vi X Vi|By) =Eo(V*Vi|By)m (L7 (X))dt — Eo(V*V|By)m (L™ X + X L)dBy. (5.89)
Particularly
dEo (Vi Ve|Br) = —Eo(Vi"Vi|By)me (L™ + L)dBy. (5.90)

Thus Eo(V/*V;|B;) is a (B;) exponential martingale under [P},.
Hence using Girsanov theorem we find that under Pp, W; = B; + fé ms(L* + L)ds is a
Wiener process. Hence the measurement process B; under Pr is such that

t
Bi=W, - / wo(L* 4+ L)ds (5.91)
0

with W; a Wiener process.
We turn to the computation of the quantum trajectory itself. The expectation of any
system observable conditioned on the measurement of B; is given by

Eo (V' XVi|Bt)

E(X|B;) = 5.92
t( | t) EO(‘/t*‘/t-’Bt) ( )
= m(X) (5.93)
under P;.
Using It6 rules we easily compute
dmy(X) = m(L*(X))dt — (m(L* X + X L) — m(X)me(L* + L))dW, (5.94)

with m(X) = Eo[X] and W; the previously defined Wiener process under P;.

Let us now come back to the state. Let p(t) be the process of system state such that
tr[X p(t)] = E¢(X|B;) for any operator X acting on the system Hilbert space. The distribution
of tr[X p(t)] is equal to the distribution of 7;(X'). Thus the SDE giving the distribution of
gives the distribution of tr[X p(t)]. We just have to replace m:(X) in the previous equation by
tr[X p(t)]. The SDE defining the distribution of p(t) under P; is then

dp(t) = L(p(t))dt — (Lp(t) + p(t)L* — tr[(L + L*)p(t)]p(t))dW;. (5.95)

Note that if we had used Uf* instead of U; we would have find the same stochastic equation
with just a different Hamiltonian. We have dUp = —i(H —i3(L*L+|a|? —2aL*)Udt+ (L* —
@)UfdA;— (L —a)UfdA;. Thus a suitable Vi is the solution of dV;* = —i(H —i L*L+|a/? —
2aL*)VEdt + (L — o)V (dAF + dA;). Repeating the same procedure with these operators,
we obtain the same equation with a new Hamiltonian H — H + i(aL* — aL). The outcome
process depends also on . We have

dBY = dW, — (7?(L + L*) — (@ + ))dt. (5.96)

Hence the drift is shifted by the non vacuum coherent state.

This derivation can also be done when L depends on time. For example for an heterodyne
measurement. But has announced at the beginning of the chapter we do not present in details
such time dependency.
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Photon counting

We now deal with the case where photons are individually counted. As we already saw, in
the limit of a large number of photons detected per second we recover a diffusive quantum
trajectory. Here we assume we can distinguish every photon individually. The term photon
can of course be changed to any bosonic particle. The measured observable is the particle
number operator A;.

As before we assume the environment bosonic field is in its vacuum state. It will be easier
to work not with A; but with a unitarily equivalent observable Ny = A+ A+ Aj +t = R AR}
with R, = e*~4i. In chapter 3 we saw that N; = A, + Af + A; +1 has the the distribution of a
classical Poisson process with unit intensity. We even saw that actually /V; is a multiplication
operator by a Poisson process. Let Z; and N; be respectively the commutative algebras
generated by the Ag’s and the Ny’s up to time ¢. Let us remark that Ny = R/Z;Rf. The
law P; is defined through E;(Y) = Eo(U;YU;) for any Y € Z;. Since we will work with N,
and not Z;, let us preferably define P} through E}(Y') = Eo(U;R;Y'RU,) for any Y' € Nj.
From the unitary equivalence between the two algebra, we have E;(Y) = Ej(R;Y R}) for any
operator Y in Z;. Thus any random variable Y has the same law under P; as R;Y R} under
P,. Hence A; has the same law under P; as N; under P,. Hence we can do all the study with
N; under the law P} instead of A; under P;.

First let us give the QSDE for U/ = R,U;,.

dU{ = —i(H — i/2(L*L + Iys — 2L0))Uydt + (L — Lsyys.)U[dA} — (L* — Iyys )U;dA;  (5.97)

Up = I. A suitable V} is the solution of

dV} = —i(H —i/2(L*L — Iy ))V{dt + (L — Isys.)V{ dN, (5.98)
For any system operator X let
Eo(V{* XV/|N})
(X)) = t =t . 5.99
t( ) EO(‘/t/ ‘/t/|'/\/’t) ( )

Then
dEo(V{" X V{|Ny) = Eo(V/"V/INY) [Wé(ﬁ*(X))dt + (mi(L* X L) — m(X))[dN; — dt]|.  (5.100)
Particularly
dEo(V{"V/INy) = Eo(V{" Vi ING) (i (L L) — 1)[dN; — dt]. (5.101)
Thus Eo(V/*V;|MV;) is a (NV;) exponential martingale under Py,.
Hence using Girsanov theorem once again, we have that

t
N, — / 7 (L*L)ds (5.102)
0

is a (M) martingale under P7.. Thus under P;, N; is a counting process with stochastic
intensity m,(L*L).
We turn now to the evolution of the expectation of any system observable conditioned on
the measurement outcomes. Hence to 7;(X). Using It6 rules we find it is the solution of
i (L*X L) ,

drl(X) = m(L5(X))dt + <7M - MX)) (dN, — m(L*L)dt) (5.103)
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5.2. Physical models of continuous indirect measurement

with 7((X) = E{(X).We have m,(L*L) = tr[L*Lp(t)]. Thus the equation for the system state
is,

do(t) = £(p(1)) + (tfg’% - p<t>) (AN, — te[L* Lo(t)]db). (5.104)

We have recovered the jump quantum trajectory.

Note that the martingale change of measure we used here is not guarantied to work when
we consider not N; but A;. The latter can be seen as a counting process with zero intensity
when the environment is in the vacuum. Then the event A; > 0 as zero probability 0 under
Py whereas it would have a strictly positive probability under the probability measure after
the interaction P;. So P; is not absolutely continuous with respect to Py, thus we should not
be able to find a martingale to pass from Py to P;. If the environment is not in a vacuum state
but in a coherent state with parameter « this is not an issue. Under the induced probability
measure P,, A; is a Poisson process with intensity |a|?. And we have absolute continuity of
P; with respect to P,. The impossibility to obtain a positive intensity starting with a null
one is a limit of the approach through martingale change of measure. But as we saw we can
always find a way around this problem. Here we used N; instead of A;.

Both the results we just obtained can be combined adding more noises in the QSDE. Then
the general form of quantum trajectories SDE is recovered. One can also check that using
quantum filtering on the QSDE corresponding to the repeated interactions continuous limit
leads to the quantum trajectory SDE we found in last subsection.

For the present derivation, we assumed the environment was in a pure state. This is not
a limitation since we can always find a representation in which the environment state is a
pure one. Though, the identification of the observables corresponding to the actual physical
measurement might be harder. The only true limitation is that the unitary evolution must
correspond to a Markovian reduced one. The derivation and interpretation of non Marko-
vian quantum trajectories describing continuous measurements of a system whose reduced
evolution would be non Markovian is still an open question [18,56,93].

Continuous and two time measurements

Before we end this subsection let us stress the importance of the fact that U;Z,U; =
U:Z,Us for s < t. Usually in quantum mechanics, the joint distribution of two measure-
ments with observable A and B at two different times, respectively s and ¢, is given by
G(Aa, AB) = tr[U;eMAUUe*BBU, p]. The sometime used expression tr[eraVs AU AU BUs ]
has no clear physical meaning. But in the Markovian context these two quantities are ac-
tually equal. Let A be the measurement of Z at time ¢ and B the measurement of Z at
time u. Their joint characteristic distribution is then G(\y, \s) = tr[U;eMZ U Uz e %5 Ugyp).
Now since U Z;Us = U} ZsUy and [Zy, Zs) = 0, we have G(A\, \s) = tr[eAtU?ZtUHAsUsTZsUSp].
Moreover, since tr[erV ZeVi=AUZ:Us ) — tr[Uf M= Zs U, p] = By(eMZt=%5)), the statistics of
the two times measurement is given by the statistics of the continuous measurement outcome
process increment between the two times.

This is interesting for particle counting measurements. A; count the number of particles
detected up to time ¢. Formally A, is the measurement of the total number of particles.
Before any interaction happen we have Ao, = 0 since the environment is considered in its
ground state. Let us consider a two time measurement of Ao,. At time ¢ we measure U; Ao Uy
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and at time s, U;AUs. Now, from the factorization property of A, and the fact that the
interaction up to time ¢ only acts on Hsys ® I'(L?([0,¢])), we have U AooUs = U AtU;. Thus
tr[U; eMeeUUre MoU,p] = Ey(eMA=A)) which is the characteristic function of the incre-
ment of the measurement outcome process (IV;) between time s and ¢. Thus the continuous
measurement is equivalent to a two time measurement. As pointed out by D. Bernard and B.
Doyon in [30] it should be in this continuous measurement context that quantum fluctuation
relations should be envisioned. In experiments we cannot measure the entire environment at
once. Experimenters use continuous measurement of currents.

5.2.4. Unraveling of master equation

Quantum trajectory SDE’s can be also be obtained through the unraveling of master equa-
tions [8,13,17]. The unraveling of the master equation consists in finding a classical stochastic
process preserving the purity of the states such that the mean evolution of this state corre-
sponds to a given master equation. The idea is to say that the master equation found by other
means is actually the mean evolution of a natural indirect measurement on the environment.
The link between this approach and the dilation of the master equation is clear. On one side
we try to find a measurement which would lead in average to the master equation. On the
other side we try to find an environment which, once traced out, would lead to the master
equation. Using quantum filtering we should be able to go from this environment to the
unraveling [13].

This approach can be understood as a more rigorous generalization of the phenomenological
approach we presented at the beginning of this section.

In this subsection we just present the unraveling of the master equation, without involving
instrument formalism. We neither do the unraveling in the most general context where the
operators L; and H only have to be bounded adapted processes with respect to the natural
filtration of the system state process. This generality is actually the strength of this approach.
Here we only consider operators which are independent of time and of the system state.

The linear process

First let us recall the expression of the master equation.

dp(t) = L(p(t))dt

= (=ilH. o)) + Y Lip(0)L; - SALIL;, (1))t (5.105)

Suppose the initial state is pure, p(0) = |¢(0))(¢(0)]. We want to find a process |p(t))
on Hgys. such that p(t) = E(|¢(t))(é(t)|). Suppose only two operators L; are involved in
the Lindbladian £, j € {1,2}. Suppose we expect one continuous in time measurement
outcome (a current) and one discrete (a counting). Thus let us define a filtered probability
space (2, F,(F:),Q) supporting one Wiener process (W (t)) and one Poisson process with
unit intensity (N (t)). These two processes are independent. Let (F;) be their joint natural
filtration. We define a process

d|o(t)) = K|¢(1)) + D1|o(t))dW () + D2|p(t))[dN (t) — dt]. (5.106)
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with K, Dy, D some linear operators on Hgys.. It is the most general linear SDE with time
independent coefficients. If one computes the expectation of j(t) = Eq(|4(t))(¢(t)|), one gets

dp(t)/dt = Kp(t) + p(t)K* + D1p(t) D} + Dap(t) Ds. (5.107)

Since the right hand side must be equal to £(5(t)), we shall choose

1

K =—i(H - zé(L’{Ll + L5Ly — 1))

Dy = Ly (5.108)

Dy =Ly — 1.
For any 2 x 2 unitary matrix w, D1 = u11L1 + u12La, Do = us1L1 + ugaLo — 1 are suitable
D; operators. But let us stick with our initial definition.

We have a process with values in Hgys, such that the average evolution of the corresponding

density matrix is given by the master equation. Still there is an issue. The norm of |¢(t)) is
not almost surely conserved in time. Thankfully, a change of measure will allow us to define a

non linear SDE such that the normalized state stay pure and its average leads to the master
equation.

The non linear SDE
Let o(t) = |¢(t))(¢(t)|. The trace of o(t) is the solution of the SDE
dtr(o(t)) = tr[(L1 + L7)o(t)]dW (t) + tr[(Ls L2 — 1)o(t)][dN(t) — dt] (5.109)

Let p(t) = o(t)/tr[o(t)] with p(t) = p a fixed state whenever tr[o(t)] = 0. Then tr[o(t)] is the
solution of a Doleans-Dade SDE

dtr[o(t)] = tr[o(t)]dZ(t) (5.110)
with
dZ(t) = tr[(L1 + L7)p(t)]dW (t) + (tr[(L5L2p(t)] — 1)[dN(t) — dt]. (5.111)

Z(t) is a F; local martingale under Q. The operators L; and Lo are bounded and p(t) is
Q almost surely bounded too. Thus, up to a time T arbitrary large, tr[o(¢)] is a martin-
gale. Therefore we can define P the measure such that its Radon-Nikodym derivative with
respect to Q limited to Fr is tr[o(T")]. Using Girsanov theorem, we find that under P,
Xy = W — f(f tr[(Ly + L7)p(s)]ds is a Wiener process and N; is a counting process with
intensity tr[L3Lap(t)].

Let us explicitly write the expectation of o(¢) under Q.

Bo(o(t) = [ o(t)@)R(de). (5.112)
This expectation is equal to the expectation of p(¢) under P. p(t) is the solution of the SDE
dp(t) =L(p(t))dt

+ (Lap(t) + p(t) L7 — tr[(L1 + L7)p(t)]p(t))d X (t)

< Lop(t)L5

(5.113)
b p<t>) (AN (£) — te{L3Lap(t))de].
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Note that tr[o(t)] is almost surely never equal to 0 under P. Thus p(t) is almost always the
normalized state. We have recovered the quantum trajectory SDE since under P, X (¢) is a
Wiener process and N (t) has intensity tr[L3Lap(t)].

The differential equation for Ep(p(t)) is the master equation and tr[p(t)] = 1 P almost
surely at any time. Moreover, as we will see in next section, if the initial state is a pure one,
then p(t) corresponds also to a pure state P almost surely.

Note that we can relax the assumption of an initial pure system state to any system mixed
state. Then ¢(0) is a convex linear combination of rank one projectors. And following the
same steps we obtain the same quantum trajectory SDE whatever is the initial system state.

The liberty in the choice of Dy and Dy shows that there is not a unique unraveling for a
given master equation. This is coherent with the fact that there is not a unique dilation. This
is actually a result of the non unicity of the form of the Lindbladian we discussed in section
2.2. But moreover, once the dilation is done, we can perform different measurements on the
environment obtained. Hence we could have chosen only continuous in time measurement.
We would have obtained a purely diffusive quantum trajectory. Equivalently we could have
chosen a purely jump type quantum trajectory. Thus the suitable unraveling depends on
the context. Either one tries to find the best match to an actual continuous measurement
experiment or one search for the best quantum trajectory suited for a numerical simulation
of the master equation.

We chose to organize the presentation of the quantum trajectory derivations with the
underlying physical microscopic model in mind. Other point of views are adopted in the
literature [8,11].

5.3. Asymptotic behavior

We have covered all known derivations of quantum trajectories as a mean to model con-
tinuous indirect measurements. Now we study the behavior of these quantum trajectories.
We will recover the different results we obtained for discrete time quantum trajectories in the
continuous case.

5.3.1. Ergodicity

Continuous quantum trajectories are an important tool for numerical simulations of master
equations [44]. As we will see in next section they preserve the purity of states. In the context
of numerical simulations, dealing with pure states is much more efficient than dealing with
density matrices. For a system of dimension d, one needs to compute d coordinates for a
pure state where as, for a density matrix, one need to compute d?> matrix elements. The
complexity of the algorithm is thus reduced using pure states. The algorithm of computation
for the reduced Markovian evolution goes as follows. One simulates not the evolution given
by the master equation, but a quantum trajectory unraveling the reduced evolution. One
then average over a lot of realizations of such quantum trajectories. Usually since we have
the choice in the unraveling, one prefers to use jump quantum trajectories. They are much
simpler to compute. This is this idea that lead J. Dalibard et al. to the introduction of
quantum trajectories [44].

These numerical simulations raise one question. Do we need to simulate several realizations
of quantum trajectories or can we just average a single one over time? Hence we are faced
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with a question on the equality between the ensemble average and the time average. Do we
have

: 1t
tlg& E(p(t)) = tliglo i/, p(s)ds? (5.114)

We face the same question as in the discrete case. We will answer it not only for jump quantum
trajectories but for any continuous time quantum trajectory. Indeed this question is not only
interesting for numerical situations but also to understand asymptotic behavior of quantum
systems subject to indirect measurements. For example, as in the discrete case, we will use the
ergodic properties of quantum trajectories to find an exponential rate of convergence toward
a collapse of the wave function in the context of non demolition measurements.

The results of this section where obtained by B. Kiimmerer and H. Maassen in [69].

Again, the first remark we need to make is that lim; E(p(¢)) is not always well defined. For
example if all the L; operators of the Lindbladian are proportional to the identity, we are left
with a unitary evolution and E(p(t)) has a limit if and only if p(0) is an eigenvector of the
Hamiltonian. Hence when E(p(t)) is a constant. As in the discrete case we avoid this issue
since the ergodic mean of the trajectory will converge with probability one towards one of the
invariant states of the mean evolution.

lim ! p(s)ds = p(o0) (5.115)

almost surely with £(p(c0)) = 0. Moreover

E(p(c0)) = Py (p(0)) (5.116)

with Pg the projector on the invariant states of the semigroup ®; corresponding to the average
evolution.

. 1 ! sL
Py (p) = tlgIoloZ ; e*~pds. (5.117)
The proof of this convergence is once again obtained through the convergence of two specific
martingales. First if we apply Pp to the integral expression for the trajectory, we remark that
the predictable part disappears.

Py ( /0 tE(p(s))ds) = 0. (5.118)

One can either compute L [ dv [} dse“L(p(s)) = [5 dsi(e"s — I)p(s) and take the limit
u — oo. It is 0 since e“~ preserves the set of states. Or one can express Pp as a sum of
non Hermitian projectors onto the invariant states of e'*. We have Py = >, |px) (M| with
|Lpx) =0 and (L*My| = 0 [103]. |px) is the vector representation of the invariant state p. k
runs from 1 to the number of linearly independent invariant states. The cancellation is then
obvious.

Since its predictable part is null, Pg(p(t)) is a martingale. It is bounded, so it converges
almost surely. Actually its limit is p(co). It remains to prove that %fg p(s) — Py(p(s))ds
converges almost surely to 0. It is a consequence of the second martingale convergence. It is

actually a law of large numbers for a specific martingale.
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The martingale part of the integral expression for the trajectory is
Z/ D;(p(s))dW;( —l—Z/ < p(s)) [dN;(s) —vj(p(s))ds]. (5.119)
J<p jzp

Let us write this martingale M; and its quadratic variation [M],,

t—Z/ Dj( ds—l—Z/ ( ZZ: p(s))2de(s). (5.120)

J<p Jjzp

All the integrands in this integral expression of [M]; are almost surely bounded and the
intensity of the IV;(t)’s are also almost surely bounded. Hence, we have

& 1
/ tr [thE([M]t)] < 0. (5.121)
1
Thus the martingale law of large numbers [67] implies
lim M/t =0 (5.122)
almost surely.
Since p(t) and p(O) are bounded we have lim; fo ))ds = 0. This result is sufficient
to prove lim; 1 fo (p(s))ds = 0. For the detaﬂs we refer the reader to [69]. This

conclude the proof of B Kummerer and H. Maassen ergodic theorem for continuous quantum
trajectories.

Using this result we can prove a law of large numbers on the measurement record processes.
Let us recall that the continuous measurement record processes are

Y;(t) = W;(t) —I-/O tr[(L; + L})p(s)]ds. (5.123)

The discontinuous ones are just the counting processes N;(t). From the Brownian law of large
numbers, we have lim; Wj(t)/t = 0. From the ergodic theorem we just presented, we have
limg L [ tr[(L; + L¥)p(s)]ds = tr[(L; + L¥)p(00)]. Thus

11?1% /0 Y;(s)ds = tr[(L; + L7)p(c0)]. (5.124)

Hence, the limit of the time average drift of the continuous measurement record corresponds
to the one expected with a system in an invariant state of ®;.

Has stated before, the intensities of the processes N;(t) are almost surely bounded. It
follows that the related compensated Poisson process, which is a martingale, obey to the
martingale law of large numbers. So 1 (Nj(t) — fg vj (p(s))ds) converges almost surely to 0.
Thus

li{an(t)/t = v;(p(00)). (5.125)

Hence, the limit jump frequencies correspond to the one expected with a system in an invariant
state of ®;.

We will use these laws of large numbers to find the exponential rate of convergence of the
system state in the context of non demolition measurements.
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5.3.2. State purification

As announced in previous subsections a useful property of quantum trajectories is that they
preserve almost surely the purity of the system state. Of course if an additional dissipation
process takes place, this is no longer true. We concentrate on quantum trajectories which
conserve the purity, hence when no part of the environment is left unmeasured.

Maybe the most simple way to see that pure states stay pure almost surely along the
trajectory is that we can actually write a stochastic differential equation (SDE) for the pure
state |¢;) corresponding to the density matrix p(t) = |¢¢)(¢¢|. Then we recover the usual
quantum trajectory SDE when we compute d(|¢;){¢;|) using It6 rules.

A better proof of purity conservation was obtained by A. Barchielli and A. M. Paganoni
in [17]. A good indicator of purity is the linear entropy: G(p) = tr[p({ — p)]. It is positive
and bounded from above by 1. It is equal to 0 if and only if p corresponds to a pure state.

G(p) =0 < 3F|¢) s.t. p=[¢)(¢l. (5.126)

The conservation of purity follows directly from the expression of the mean evolution of

G (p(t)), E(G(p(1))).
BG(0) = GO) = [ Blylo(s)ds (5.127)
with
y(p) =D tr [(Va(L; + L = trl(L; + Lo vp) | (5.128)
J<p
| L:L 2
+ ) wvip)tr [(\/ﬁ <vj(p) - I) \/ﬁ> ] . (5.129)

Jj>p

Since y(p) is a sum of two positive terms, y(p(s)) is almost surely positive. Hence E(G(p(t))) <
G(0). Actually using the conditional expectation with respect to Fs, we have E(G(p(t))|Fs) <
G(p(s)). If the state is pure at time s, we have G(p(s)) = 0. Thus E(G(p(¢))) < 0. But
remember that G(p) is always non negative, so G(p(s)) = 0 = E(G(p(t))|Fs) = 0. It follows
that for any ¢t > s, G(p(s)) = 0= G(p(t)) = 0 almost surely. Hence once the state is pure it
stays pure.

As in the discrete case, we do not only have conservation of the purity but also a tendency
to purify mixed states along the quantum trajectory.

The inequality E(G(p(t))|Fs) < G(p(s)) informs us that G(p(t)) is actually a supermartin-
gale. It is bounded thus it converges. Now the question is whether or not G(p(t)) converges
to 0. In [17] the authors gave a sufficient criteria for the almost sure purification, hence for
the almost sure convergence to zero of the linear entropy.

If it does not exists a, at least, two dimensional projector P and scalars r; and ¢; such that

Vj < p, P(Lj + L5)P = ;P and Vj > p, PL;L;P = §;P, (5.130)

then any initial state tends to purify along the trajectory when ¢ goes to infinity. In other
words, if no such projector exists, then lim; G(p(t)) = 0 almost surely.

The proof is based on the convergence to zero of E(y(p(t))). Remember that E(G(p(t))) =
G(p(0))— fg E(y(p(s)))ds. Since G(p(t)) converges almost surely and is bounded, the integral
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5. Continuous indirect measurements

over s in last expression converges too. So lim; E(y(p(t))) = 0. Since y(p) > 0 for any state,
this last convergence means that y(p(t)) converges in L' norm to 0. But y(p) = 0 if and only
if

VA(L; + L —tx[(Ly + L)pl)y/p =0, ¥j < p (5.131)
andﬁ(L;Lj—I)\/ﬁ:O Vji>p (5.132)
v;(p) T '

This is possible only if it exists a projector P and reals r;,0; such that

P(L;+ L5)P =1;P,¥j <p (5.133)
and PLL;P = 0,P, Yj > p. (5.134)

If the condition on the projectors is true, this is true only for rank one projectors. Hence
y(p) = 0 only for pure states p. Thus we have a convergence in L' norm towards pure states.
We would like an almost sure convergence.

Since y(p(t)) converges to zero in L! norm, it exits a divergent subsequence of times (t,)
such that y(p(t,)) converges almost surely to 0. In [17], the authors show an implication
between the almost sure convergence of y(p(t,)) to zero and the almost sure converge of
G(p(tyn)) to zero. For the details we refer the reader to this article. From this almost sure
convergence and the unicity of the limit we obtain lim; G(p(t)) = 0 almost surely.

In next section on non demolition measurements we will discuss a typical case where the
condition on the non existence of a two dimensional projectors is violated. The non purity in
the limit is then obvious.

5.4. Non demolition indirect measurements and wave function
collapse

In this section and the following section we translate the results of sections 4.3 and 4.4.
In this first one we discuss continuous quantum trajectories corresponding to non demolition
measurements. As explain in the section on discrete time non demolition measurements, their
aim is to measure a system with minimal perturbation. Avoiding the direct measurement of
the system can also protect its integrity. A good example of this protection is of course
the photon number measurement performed by S. Haroche’s group [61]. As in the discrete
case we will give the conditions under which the quantum trajectory equation respects the
preservation of the pointer states. It is not a surprise that this condition imposes that H
and all the L; operators need to be diagonal in the same basis. Under a non degeneracy
condition, we show that the state converges almost surely to one of the pointer states with
a distribution of the limit pointer states equal to the one expected for a direct measurement
of the pointers. We, once again, reproduce in the long time limit the behavior corresponding
to a projective von Neumann measurement. This result is not completely new. Actually,
the stochastic Shrodinger equation emerged in attempts to find a stochastic equation leading
to wave function collapse [49,58]. In [2,98], wave function collapse for different quantum
diffusive trajectories was shown.

During this thesis, in [20] with M. Bauer and D. Bernard and then using similar techniques
in [29] with C. Pellegrini we generalized these results to any kind of quantum trajectories.
The fact that these same evolution equations arise as a special case of quantum trajectories
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5.4. Non demolition indirect measurements and wave function collapse

shows that they indeed explain wave function collapse. But we still need to postulate Born’s
rule. It is applied to the environment in the derivation of quantum trajectories. We recall
that in the discrete indirect measurement setting, we saw in chapter 4 that only Born’s rule
is necessary to obtain the state update knowing the result of the indirect measurement. The
same is true for our derivations of continuous quantum trajectories. Hence the collapse we
obtain is a direct consequence of Born’s rule, not von Neumann postulate.

In these articles we also showed that the convergence is exponential and gave the explicit
rate of convergence. We showed stability of the estimated state. If one starts the computation
of the state evolution with a state different from the physical state and use the actual outcomes
to update it, the estimated state will collapse on the same state as the physical one almost
surely. In this section we present these new results.

Even if this might seem redundant with the discrete case, the continuous case applies to
different physical situations and is often used as an approximation of repeated indirect mea-
surements when the computation of the unitary U becomes too difficult. Hence knowing the
non degeneracy criteria and the convergence rate for continuous non demolition measurement
is of interest. We should stress that we do not aim at the same kind of generality as in the
discrete case. For example we do not discuss the introduction of a feedback. Hence we do
not treat the continuous approximation of a non i.i.d. choice of measurement methods. This
would need a general description of non Markovian quantum trajectory. A lot of work is done
nowadays on this subject [18,56,93] but the question is beyond the subject of this thesis.

As in the discrete case, even if this results may seem redundant with the results of previous
section, they concern actually a much more specific physically interesting case for which much
stronger results can be obtained. Once again we will introduce the concept of pointer states
which are directly related to experiments. Moreover the exponential convergence and the
stability of the estimated state are both new results.

The section is structured as follow. In a first subsection we give a necessary and sufficient
condition for a quantum trajectory SDE to be non demolition. We also prove that this is
equivalent to the pointer probability processes being martingales. In a second subsection
we present the non degeneracy condition and show the collapse. In a third subsection we
prove the exponential collapse and give the expression of the rate. In a fourth subsection we
evaluate the mean convergence time. In a fifth section we discuss the possibility of a collapse
in a finite time. Finally in a last subsection we show the stability of the estimated state.

5.4.1. Non demolition condition

A quantum trajectory SDE corresponds to a non demolition measurement if and only if
it preserves a set of states, the pointer states P. This set forms an orthonormal basis of
Hsys.. The stability means that if at time s the system state is one of the pointers, then,
with probability one, it will be in this pointer state at any later time. This non demolition
condition is fulfilled if and only if the Hamiltonian H and all the operators L; are diagonal
in the basis of the pointers.

Va € PVt > s,p(s) = |a)(a| = p(t) = |a){al as.
(5.135)
H =3 ep E(@)|a){al, Vi, Lj = 3 _qep Lile)|a){al.

If the former is true, then the invariance of the pointer state is also true in mean: E(p(t)) =
|ar) (| which implies £(|a)(a|) = 0. From this equality looking at the different matrix elements
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5. Continuous indirect measurements

of L(]ar)(a|) we obtain that H and the L; are diagonal in P.

If the latter is true, then the pointers are invariant under the mean (linear) evolution. Thus
if at time s p(s) = |a)(al, at any later time ¢, E(1 —tr[p(t)|a)(|]|Fs) = 0 almost surely. Since
1 —tr[p(t)|a){a|] > 0, it means tr[p(t)|a){a|] = 1 almost surely. Hence p(t) = |a)(«| almost
surely.

The fact that the pointer states are eigenvectors of H restrict the possibility of non de-
molition measurements to the measurement of effective energy state. It is the duty of the
experimenter to built a context in which the states he wants to measure are eigenstates of the
effective Hamiltonian. This effective Hamiltonian is usually different from the free one since
the presence of an environment often modifies the effective unitary evolution (Lamb shift for
example).

The non demolition condition is also equivalent to the processes g, (t) = tr[p(t)|a){c|] being
martingales.

Assume our quantum trajectory SDE fulfills the non demolition condition for P. Then
the pointers are invariant states of the average evolution: L(]o)(e|) = 0. The rank one
projector corresponding to the pointer state is also invariant under the dual average evolution:
L*(|a)(r|) = 0. Thus the drift part of the SDE for g,(¢) is null and ¢, (t) is a martingale.

The converse is based on the same argument. Since ¢, () is a martingale, the drift part of
its SDE must be null for any state. Hence £*(|a)(a|) = 0. It follows that H and all the L;
must be diagonal. So the quantum trajectory SDE is non demolition for P.

As one can guess this martingale property will turn useful when showing wave function
collapse and studying the mean convergence time.

Now that we know that g, (t) is a martingale, let us define new quantities which simplify
its study.

r(jle) = 1(jla) +1(jle), Vi < p (5.136)
0(jla) = li(jle)[?, Vi > p. (5.137)

Then ¢,(t) SDE is

a(®) = 00(®) | (k) = Gy + 3 (Gl 1) o) - (o)

i<p j=p

(5.138)

with (f(4))e = >_pep as(t) f(j]8). These r(jla) and 6(j|a) are the eigenvalues of respectively
the operators L;j + L% and LjL;. Hence (r(j)): = tr[(L; + L})p(t)] and (0(5){:= tr[L;L;p(t)].
We have obtained a SDE similar to the one we found when computing the continuous limit
of the discrete time equivalents of g, ().

5.4.2. Wave function collapse

Since the (g4 (t)) are bounded martingales, they converge almost surely. We have a non
degenerate measurement when one and only one ¢,(00) is equal to one and the others are
null.

Let us assume that for any couple of different pointer «, 5, there is at least one j such that

r(jla) # r(j18) it j <p
0(jla) # 0(j18) if j > p. (5.139)
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5.4. Non demolition indirect measurements and wave function collapse

This is our non degeneracy condition. If this condition is fulfilled, then the system state
converges with probability one towards one of the pointer states, and the distribution of this
limit state correspond to that of the projection postulate.

If the non degeneracy condition is fulfilled,

limy_, o0 p(t) = |T)(Y| almost surely,
P(T = ) = a(0). (5:140)
T is a random variable on the set of pointer states. This result was obtained in [20] for
diffusive trajectories and extended to any trajectory in [29]. It corresponds to a generalization
of previous results [2,98].

The convergence of the state is once again obtained through the convergence of the pointer
state probabilities ¢, (¢). These probabilities converge almost surely and are bounded. From
Lebesgue convergence theorem, we have that E(g,(t)?) converges. Hence using Ito-Levy
isometry, we have

limg E(go (£)?(r(j| o

)Y = 0.5 <p
limy E(ga(t)2(6(j] (5.141)

= (0(5))1)*) = 0,5 = p.

~— —

We have a L' convergence to zero of the quantities inside the expectations since they are
positive. Using the almost sure convergence of an extracted subsequence and basic algebra
operations we obtain

qa(00)qg(00)(r(jle) — (j]8)) = 0,5 <p
Ga(00)qs(00) (0(jla) — 0(j18)) = 0,5 > p. (5.142)

The non degeneracy condition implies g4 (00)gg(c0) = 0 hence only one g, (00) can be strictly
greater than zero. Since the sum of these probabilities is one, we have

da(00) = 1y—q. (5.143)

Moreover ¢, (t) is a martingale, so E(1y—,) = ¢a(0). Since ¢o(-) =1 <= p(-) = |a){a| we
obtain the expected result.

This convergence is not a completely new result. In next section we present new results on
the convergence rate towards the limit pointer state.

5.4.3. Exponential convergence rate

As in the discrete case we can find an exponential convergence rate towards the limit
pointer state T. We even have an explicit expression for the convergence rate. The results of
this section for diffusive quantum trajectories were proven in [20]. The generalization to any
quantum trajectory was made in [29]. The discussion of the mean convergence time is new.

The exponential convergence is found through the study of lim; o In(gn(t))/t. Of course
for this quantity to be well defined we need g, (t) to be strictly positive. So for now we assume
that for any j and any «, 6(jja) > 0. This guaranties that ¢, (t) > 0 almost surely for any
time ¢. One can check by studying the formal solution of ¢, (t) as a Doleans-Dade exponential
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5. Continuous indirect measurements

martingale:

da (t) = Qa(o)

<o |3 [ 0l) — )i -3 [ ¢Gl) - ()

J<p

<TIII (1+ (5 )>11)ANj<s>>xexp[ [ t1e) - 0as].

j=>p s<t

(5.144)

AN;j(s) is equal to 1 at each time where a jump j occurs and is equal to zero otherwise. With

our strict positive assumption on the 6(j|a)’s, we never have <09((]g|)03)t = 0 hence we can write

da(t) as an exponential of a supermartingale.

do (t) = Gu (0)

1 t
ex le) = (r(4))s)dW;(s) — (r(jla) = (r(4))s)*ds
o Z:p/ v 2/0 ’ ’ (5.145)

<3 [ n (GG

Jjzp

) dN;(s) - / (0(j]0) — (0(7))s)ds

From this last expression of g, (t) we can infer what will be our convergence rate. Let us
define a rate

o=t (- 1]

J<p Jjzp

07
0|y

) 4 1) . (5.146)

We have o(y|a) > 0 with equality if and only if o =~
In [20] and [29] we showed that

o (t) _ efta(T|a)+0(t) (5.147)

almost surely.

Here we do not use the same derivation of the rate. We prefer using the ergodic property
of quantum trajectory already discussed instead. We will use the derivation of [29] for the
study of the mean convergence time.

First let us remark that lim; o In(ga(t))/t = lims—o0 In(ga(t)/qr(t))/t since lim; gy (¢) is 1
almost surely. From the expression (5.145) of ¢ (t) we immediately find that

9o (t)/q1(t) = 4a(0)/qr (0) exp[—to(Y|a)]

5.148
xexp | Y (r(jle) = r(j11))X +Zln< ) M; (1) (5.148)
J<p Jjzp
with
X55(0) = Wit) = v + [ (i) (5.149)
M;(t) = N;(t) — t0(5]7). (5.150)

126



5.4. Non demolition indirect measurements and wave function collapse

From the ergodic properties of N;(t), W;(t) and p(t) we obtain

Jim X;x(1)/t =0

lim M, y(t)/t=0 (5.151)
Jim My (t)/t =
almost surely.
It follows directly that
Jim In(ga(0))/¢ = Jim Wn(ga(t)/qv())/t = ~o(X]a) (5.152)
almost surely. Hence we have the the result we expected.
Let us define opmin(y) = ming., o(y]a). Using Cauchy Schwarz inequality we have
p(t) = [Tl = e~ ominlT)FeD) (5.153)

almost surely.

The exponential convergence rate we just obtained is an asymptotic one. As in the discrete
case we can expect an early chaotic behavior. Hence, once again, we would like to interpret
this exponential convergence in terms of mean convergence time.

5.4.4. Mean convergence time

As for the discrete case, let us define a convergence stopping time 7(«|T).
T(a|T) = inf{t > 0 s.t. qa(t)/qr(t) < €}. (5.154)

Since the convergence rate o(Y|a) is valid only in asymptotic time, we cannot evaluate the
mean of 7(«|T) directly under P. In the discrete case the mean convergence time depended
directly on the limit state. The mean was evaluated under the probability measure conditioned
on the limit pointer state. We need to build such conditioned probability measure in the
continuous case for the evaluation of the mean convergence time.

The following martingale change of measure is the key point of [29] and was inspired by
the similar technique used in [20].

The pointers probabilities are positive bounded martingales. So, using martingale change
of measure we can define a family of probability measures

¢ _ qy(t)(w)
dP” (w) = WdP(W)’t >0 (5.155)
Oy
for all v € P such that g,(0) # 0. Since ¢y(t) = E(g,(00)|F:), we can extend these measures
to unique measures P, such that

0P, (w) = D) (5.156)
¢,(0)

Using Girsanov transformation we obtain that under P, the X;,(t) and M;,(t) are F;
martingales. The effect of this change of measure is to change the drift in the continuous
measurement processes Y;(t) from fg(ﬂj))sds to tr(j|y) and the intensity of the discrete
measurement processes N;(t) from (6(j)): to 0(j|v). Hence the measurement processes under
P, have laws corresponding to a system state in the pointer state -.
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Let us remark that

dPw)= > qp(0)dP(w|T = B) (5.157)
Be€P,q3(0)>0

since P(Y = f8) = ¢3(0). Multiplying by q{;w((o(f)) on the left and the right, we see that it implies

dP(w) = dP(w|Y = 7). (5.158)
Hence the family of measures we just defined are the measures conditioned on the limit pointer
state.
These measure being defined, we turn to the computation of the mean convergence time.
Let us first remark that (In(ga(t)/g,(t)) —In(ga(0)/g,(0))) given from expression (5.148) is
a Levy process? under P,. We can prove, using Markov inequality, that the expectation of
7(a|Y) under Py is finite3. Under these conditions we have (see [50] p.380)

Ey(In(¢a(7)/q7(7))) = =0 (T[)E(T). (5.159)

This equality is a continuous time equivalent of Wald’s equality.

Now we need to bound <ln [Z;E:%D If the quantum trajectory was a purely diffusive one,

we would be almost sure that € was reached, so we would have the equality In [?;—E:ﬂ = In(e).
The possible introduction of jumps breaks this equality. But the discontinuities due to the
jumps are bounded so we are able to find the desired bound. Let us define Apiyl(a|Y) =
min(0, min; In(6(j|a)/6(j]Y))) > —oo. Let us adopt the notation limy_,o f(t — h) = f(t—).
This is always well defined for cadlag processes like (p(t)). We have almost surely for any

time ¢, In [qa(t)} —In [qa(t_)} > Aminl(a|T). Since In [M] > In(e) for an time ¢t < 7, we

qr(t) qr(t—) qr(t—)
have the almost sure bounds In(e) > In [3;8} > In(e) + Aminl(a|T).
Hence
In(¢a(0)/4r(0)) —In(e) In(¢a(0)/gx(0)) — In(e) — Aminl(a|T)

< Er((alY)) < (5.160)

o(Yl|a) o(T|a)
The mean convergence time is smaller when the convergence rate increases. Thus we can
expect more realizations leading to an early collapse. Of course the smaller the € the greater
is the mean convergence time. We recover exactly the same behavior as in the discrete case.
We do not repeat here the same discussion.

Up until now we have never included the possibility of the equivalent of a i.i.d. choice of
probe. Actually, as shown in [20] for diffusive processes and in [78] the introduction of a i.i.d
choice of probe increases the number of measurement processes. One measurement process
corresponds to one probing method and one related measurement outcome. The effect on the
convergence rate is the same as in the discrete case, thus we do not repeat the discussion.

The discussion on the non degenerate cases is also equivalent to the discrete time one. Let
us just remark that the non degeneracy condition that there exist two different pointers «
and (8 such that for any j either r(j|a) = r(j|8) or 0(j]a) = 0(j|B) depending on the value
of j corresponds to cases where the almost sure purification criteria for the trajectory is not
matched. Hence we can have lim; G(p(t)) > 0. In the non demolition case, any initial state
pla){al 4+ (1 —p)|B){(B],0 < p < 1 is invariant along the trajectory and thus it stays mixed in
the long time limit.

2. Its increments are independent, stationary, and it is right continuous.
3. See proof in Appendix A.3.

128



5.4. Non demolition indirect measurements and wave function collapse

5.4.5. Collapse stopping time

In this subsection we discuss the cases where at least one 6(j|a) is null. In this case all
our previous discussion fail since infinities arise in the logarithms. This indicates that the
collapse can happen in a finite time. Here we make explicit the distribution of this collapse

time.
Let us define two family of stopping times.
T; = min{t € Ry s.t. N;(t) >0},5>p (5.161)
T = min{Tj s.t. 6(jla) =0} (5.162)

The first family corresponds to the first time jumps j are recorded. The second corresponds
to the first times the corresponding ¢, (t) will be equal to 0. Of course they stay almost surely
equal to 0 after this time. We have

Py (T, > t) =1 — e N1t (5.163)

with A(a[T) = 325 5t g(jla)=00(J|T). Hence, under the measure conditioned on the limit
pointer, the times at which the other pointers become null are distributed exponentially with
a parameter A(«a|Y). If ever A(«|Y) = 0, then T, = co Py almost surely.

Under the unconditioned measure P, we have

P(To > t)=1- ) qg(0)e MO, (5.164)
BEP
Let us remark that
P(Ty = 00) > P(Y = ) (5.165)

thus, it can take an infinite time for ¢, () to reach zero even if it is not the limit pointer.

5.4.6. Estimated state stability

We finish this section with a discussion on the stability of state estimates. Remember
that in the discrete case we used the measures P, to find that the estimated state reaches
the same limit state as the physical state. Here we do not have access to such P, defined
without reference to any initial state besides the pointer states. Our P, are defined relatively
to the physical initial state. If the continuous quantum trajectory is not the continuous
approximation of a discrete quantum trajectory, we do not have such initial state independent
measures. We use the exponential convergence rate we found earlier to prove the stability of
the estimated state.

Let us recall that the measurement processes are

Y;(t) = W;(t) + /Ot tr[(L; + L7)p(s)]ds (5.166)
N;(#) (5.167)

The evolution of the state p(t) given these processes is
dp(t) = L(p(t))dt + Y D;(p(t))[dY;(t) — tr[(L; + L})p(t)]dt] (5.168)

Jilp®) _ .
" J; <Uj(p(t)) p<t)> [AN;(t) = v; (p(t))dt]. (5.169)
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If we start with a estimated state p(0), we will update it according to the SDE

4p(t) = LGOI+ D (pO)NaYy(0) = (1 + L)p(e]dd (5.170)
* Z < 2 E f’(t)) [dN;(t) — v;(p(t))dt]. (5.171)

As shown in [29], we have

x exp | —o(a|Y) t—|—Z (Jlo) = r(4|IT)X —|—Zln<
J<p Jjzp

> M;v(t)

(5.172)

This is well defined as soon as g4 (0) > 0 = G,(0) > 0.
Hence, as before, from exponential convergence, we have that for any o # Y, ¢, (t) converges
almost surely to 0.

Ga () = gr(t)e o (Tlortolt), (5.173)

Only one pointer, T, is such that ¢y (co) can be greater than zero. From the conservation of
the trace of p(t), we have ) cp ga(00) = 1. Thus §y(co) = 1 almost surely and
lim p(t) = lim p(t) = [T)(Y| (5.174)
t—o0

t—o00

almost surely. We have proved the stability of the estimate.

5.5. Invariant subspace stabilization

As presented in section 4.4, in the late nineties and early two thousands the idea of engi-
neering the coupling of the system to its environment such that it is autonomously driven to
a desired state emerged [41,47,71,87,88,99]. Some experimenters have already implemented
this idea of reservoir engineering [19,68,72,77,90]. Actually reservoir engineering is mostly
formulated and applied in a continuous time context. So in this section we study continu-
ous time quantum trajectories driving the system state toward an invariant subspace of the
system Hilbert space. Once again, the results will be equivalent to the ones obtained for
discrete quantum trajectories but they apply in a different context. We recall that in the case
where this subspace is one dimensional, it corresponds to a pure state preparation. If the
evolution given the state is supported on the subspace is unitary then the limit subspace is a
decoherence free subspace.

This section presents preliminary results of an article in preparation in collaboration with
B. Cloez, C. Pellegrini and F. Ticozzi. This work was inspired by [94]

The section is structured as follows. First we recall and adapt the definitions of invariant
subspace and “driven towards”. Then we recall the results of [96,97] on the invariance and
global asymptotic convergence of a system state undergoing an evolution given by a CP semi—
group. From these results we show that the convergence still holds when measurements on the
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environment are performed. We obtain a bound on the exponential convergence rate which
is always greater or equal to the one obtained for the CP semi—group. The convergence is
characterized by two time scales. We conclude with a discussion about these time scales.

5.5.1. Invariant and globally asymptotically stable subspaces

Recall that Hgys. is our finite dimensional system Hilbert space. We define Hg and Hg two
Hilbert spaces such that Hgys. = Hs @ Hp is an orthogonal decomposition of Hgys.. Hg is the
Hilbert space where we want the state to converge. We can decompose any linear operator
X on Hsys. in four blocs:

_( Xs | Xp
X = ( % > (5.175)

Xg is a linear operator on Hg, Xg a linear operator on Hr, Xp a linear operator from Hpg
to Hg and X a linear operator from Hg to Hpg.
Let Zg(Hsys.) be the set of states such that pr = 0, so pp = 0 too.

0

Let also Zr(Hsys.) be the set of states such that pg =0, so pp = 0 too.

0 0
pE€IrHsys) < p= ( 0 on ) (5.177)

We say that Hg is an almost surely invariant subspace of the quantum trajectory process
if almost surely,

(0) = < pséo) 8 ) implies p(f) — ( pso(t) 8 ) (5.178)

for any time ¢t > 0. Hence, if we started with a state in Zg(Hsys.), the state will stay in

ZS (Hsys. ) .
Equivalently we say Hg is an invariant subspace in mean if the average system state stays
in Zg(Hsys.) for any time ¢ > 0. In other words:

p(0) = ( pséo) 8 > implies E(p(t)) = ( E(pg(t)) 8 ) (5.179)

for any time t > 0. We will see later that, as in the discrete case, the almost sure invariance
and invariance in mean are equivalent.

We say that Hg is an almost surely globally asymptotically stable (GAS) subspace if with
probability one, for any initial system state p(0),

lim Hp(t) - < pso(t) 8 >H — 0. (5.180)

t—o00

Hence, in the long time limit the system state is in Zg(Hsys.).
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5. Continuous indirect measurements

As before we also say that Hg is GAS in mean if the convergence property is fulfilled by
the state average evolution whatever is the initial state p(0):

lim HE(p(t)) _ < E(pg(t)) 8 >H 0. (5.181)

t—o00

If Hg is simply a one dimensional space corresponding to an entangled state, we have just
defined the invariance of this state with probability one and in mean. And the convergence
towards this state with probability one and in mean.

As in the discrete case, in next subsection, we show that the conditions under which the
above properties are true in mean and almost surely are actually the same.

5.5.2. Invariance and asymptotic stability in mean

In [96,97] necessary and sufficient conditions where found such that a subspace Hg is
invariant and GAS in mean when the system evolution is given by a CP semi—group. Here
we recall these results.

Let us write p(t) = ®;(p(0)) = e'*p(0) with £ a Lindblad operator such that for any p,
tr[L(p)] = 0. p(t) is equal to the average evolution when measurements are performed on the
environment: p(t) = E(p(t)).

Explicitly we recall we have

L(p) = —ilH, pl + D LipL; — {LjL;. p}- (5.182)
j

Invariance

In [96,97] the authors showed, using the semi—group structure of ®;, that

1
Hg is invariant in mean <= L;o =0Vj and iHp — 3 ZL;,SLJ,P =0. (5.183)
J

As we could have expected, Hg is invariant in mean if and only if no transition form states
of Hg to states of Hp is induced by the environment and the Hamiltonian. This is actually
a well known condition in the study of reducible CP semi-groups.

Using this decomposition we define two new CP semi—groups which will be useful after-
wards. First ®g4(pg) = et“spg is a trace preserving CP semi-group acting on the states of
S(Hs). The Lindbladian Lg is

Ls(ps) = —ilHs,ps] + > _ LjspsLis — o 1LisLis, pst- (5.184)
j

If p is in Zg(Hsys), we have

By(p) = ( (I)S’tépS) 8 > (5.185)

with tr[®g(ps)] = tr[ps] = 1. Hence ®g; corresponds to the effective evolution when p is in
IS(/Hsys.)-
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5.5. Invariant subspace stabilization

Then we define ®r+(pr) = e!“rpp. The generator Lp is

ER(pR) = —’L[HR, pR] + Z Lj,RpRLLR — §{Lj7PLj7p + Lj,RLj,R7 pR}. (5.186)
J

Thus tr[Cr(pr)] = —tr[>2; L] pLjppr| < 0. Hence ®p; is trace non increasing. It corre-
sponds to the evolution of the R bloc of the system state. We have

Dy(p) = < : (I)R,t*(PR) ) (5.187)

with tr[®r (pr)] < trlpr].

Asymptotic stability

Let us now turn to the conditions under which Hg is GAS in mean. Hence when the mean
effect of the measurement is to drive the state into Zg(Hsys.). It is obvious that Hg is GAS
when ®p; is strictly trace decreasing. Hence when ) j L}" pLj p is positive definite. Let ag
be the smallest eigenvalue of ;L% pL; p. Since Hp is finite dimensional and }_, L7 pL; p is
positive definite, we have ag > 0 and tr[Lr(pr)] < —aotr[pr] for any pr. Thus tr[pp(t)] <
e~ “r[pr(0)] and tr[pg(t)] converges to 0 when ¢ tends to infinity. Thanks to Cauchy Schwarz
inequality on positive semi definite matrices it implies p(t) converges to the subset Zg(Hsys.)
in the long time limit. Moreover we can characterize the convergence as exponential with a
rate ap/2 for the pp(t) bloc and «ag for the pg(t) bloc.

As in the discrete case, it is not the only case where Hg is GAS. In [96,97] the authors
proved using La Salle’s invariance principle that Hg is GAS if and only if there is no invariant
subspace included in the kernel of > j L;-: pLjp. If such a subspace existed the system could
be stuck in it. Given its importance, let us make this necessary and sufficient condition more
explicit again. Let Hp, be a subspace of Zj L;‘-’ pLj p kernel. We write Hp, its orthogonal
complement in Hg. We can decompose the operators L; g and L; p with respect to the direct
sum decomposition H = Hg @ Hr, ® Hg,. We have

Hp, H: )
Hip = ! o1 5.188
f < Hpg,, Hg, ( )
Lir, Ligr
L: R= < 7,1 J:£t10 ) 5.189
g Ljroey  LjRo ( )
Lip=(Ljp 0). (5.190)

Then Hg is invariant if and only if we cannot find any Hg, such that Vj, L;g,, = 0 and
. 1
—’LHROl — 3 Zj L;RmLﬁRl =0.
As in the discrete case we can check the convergence to Zg(Hsys.) directly from the shape
of the operators L; and H. But once again, the exponential convergence is not obvious since
we can have tr[} ;L pLj ppr] = 0.

5.5.3. Almost sure invariance and asymptotic stability

Let us now turn to the equivalence between the almost sure and in mean invariance and
asymptotic stability. We show that the invariance and GAS of Hg do not depend on the
measurements preformed on the environment.

133



5. Continuous indirect measurements

Let Pg and Pgr be the projectors onto respectively Hg and Hpg.

(Is 0 (0 0
r= (50 ) = (1) (5.101)

We still have that p € Zg(Hsys.) is equivalent to tr[Prp] = 0 or tr[Psp] = 1. We define
V(p) = tr[pPr].

p € Ts(Hays) < Vip) =0. (5.192)

The function V' is strictly positive outside of Zg(Hsys.) and null on Zg(Hsys.). Thus V is a
good Lyapunov candidate function for our convergence problem. Since dV (p(t))/dt <0, it is
a good Lyapunov function for the mean evolution.

Invariance

Suppose Hg is invariant in mean. From the result of the previous subsection we have that if
initially the state is in Zg(Hsys.), then p(t) is in this same set of states. Hence if V(p(0)) = 0,
we have for any time ¢ > 0, V(p(t)) = 0. Since Hgys. is finite dimensional and V' linear, for
any time ¢, E(V(p(t))) = 0. Moreover we have V(p) > 0 for any state, thus if p(0) € Zg(H),
almost surely for any time t V(p(t)) = 0. Hence p(t) € Zg(#H) almost surely which proves the
almost sure invariance of Hg. The converse implication is trivial.

Hg invariant in mean < Hg almost surely invariant. (5.193)

Global asymptotic stability

We now discuss the global asymptotic stability of Hg. As for the discrete case, we first
show the GAS of Hg in L! norm and then turn to the almost sure GAS.

Suppose Hg is GAS in mean. Then lim; o, V(p(t)) = 0. Once again we equivalently have
limy 00 E(V(p(t))) = 0. Since V(p) > 0 we immediately have the L' norm convergence of
V(p(t)) towards 0.

For the almost sure convergence we use the supermartingale convergence theorem [80]. We
then follow the same path as in the discrete case. Using dominated convergence theorem, the
converse is trivial and we finally have,

Hs GAS in mean < Hg almost surely GAS. (5.194)

As for the discrete case, in next section we show that even if we have this equivalence, the
measurements on the environment can greatly alter the behavior of the system state. This
time the interpretation in terms of an added non demolition will be more evident.

5.5.4. Exponential convergence

Mean rate

As in the discrete case, we need a new Lyapunov candidate function. As before any Vi (p) =
tr[K p] with K a positive semi definite operator with Hp as its support is a suitable Lyapunov
candidate function (Hg is the kernel of K). We have

peTs(H) < Vi(p) =0. (5.195)
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5.5. Invariant subspace stabilization

We write K either for the positive semi definite operator on Hgys. or the positive definite
operator on Hp.

Let —ap = max{Re(a)/a € spec(L)}. Then the spectral radius of ®p, is e~*" for any
t>0.

If @, is irreducible the existence of a K such that Vi (®:(p)) < e~V (p) follows directly
from Perron Frobenius theorem for irreducible positive maps [54].

If ®g; is reducible we can, once again, follow a demonstration of the existence of a semi
definite eigenoperator K’ of L}, with eigenvalue equal to —cap. We can always find a K
corresponding to a convergence rate as close as we want from «y.

Ve > 0,3K, € B(Hg), K. > 0s.t. Lr(K) < — (g — €) K. (5.196)

We reproduce here the proof for convenience. It is slightly different but follows the same idea
as in the discrete case.

Let £, = Lr +n¥ with 7 > 0 and ¥ an irreducible CP map. efn is a semi-group of
irreducible CP maps. The spectrum of £, converges continuously to the one of L when
n goes continuously to 0. Let —a, = max{Re(\)/\ € spec(L,)}. For any € > 0 we can
find a pe > 0 such that a,, > ag —e. We apply Perron-Frobenius theorem for irreducible
CP maps. It exists a K. > 0 such that L) (K¢) = —ay Ke < —(ap — €)K.. It follows
Lip(Ke) < —(ao — €)Ke — n¥*(K,). Since U* is a CP map, ¥*(K,) > 0 and we have
LH(Ke) < —(ap — €) K¢ which is what we wanted. Of course we need ag — e > 0. It is always
possible to find such a e. For example € = ap/2 match the requirements.

Finally which ever is the reducibility status of ®r;, for any strictly positive € it always
exists a K > 0 such that Vi (P¢(p)) = tr[®] (K)p| = tr[®% ,(K)pr] < e~ (@0=Ity ().

Hence in any case, for all € > 0 it exists K such that

Vi (p(t) < e @07V (p(0)). (5.197)

It implies that Vi (5(t)) = O(e™(®0=9%) with O the usual asymptotic comparison when t goes
to infinity.

We translate this exponential convergence to an exponential convergence of pr(t) norm at
the end of this section.

Almost sure rate

First we recover the mean rate. Again we remark that the process (Vi (p(t))e(®0~9%),cg,
is a positive supermartingale. For any ¢ > s,

E(Vi (p(1)e ™V Fy) = Vie(®1-5p(5))el ™ < Vic(p(s))el*0 7", (5.198)

Hence Vi (p(t))el® =9 converges almost surely by Doob supermartingale convergence theo-
rem. Thus Vi (p(t)) = O(e=(®0~9%) with O an almost sure asymptotic comparison when ¢
tends to infinity.

We recovered the mean convergence rate but in the almost sure sense.
As in the discrete case we now improve this convergence rate.
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5. Continuous indirect measurements

Rate improvement

From now on we fix € and the corresponding K. Accordingly we redefine ag as —ag =
max{Re(\)/\ € spec(Lg)} + €. Hence L;(K) < —apK.

Once again we search for an upper bound for In(Vi (p(t)))/t when ¢ goes to infinity.

To avoid infinities, let us assume L;Lj and L; rLjr are definite positive for any j and
Vi (p(t)) > 0 almost surely at any time ¢. Hence the limit is reached only in infinite time.
Thus at any time In(Vx(p(t))) is well defined. These assumptions are the equivalent of the
ones we made in the non demolition case for the derivation of the convergence rate.

We define two new processes ps(t) = ps(t)/tr[ps(t)] which is well defined at least after a
fixed bounded time to and pg(t) = K'/2pp(t)KY?/tr[K pgr(t)] which is always well defined
since we assumed Vi (p(t)) > 0 almost surely. (ps(t))icr, and (px(t))icr, are processes of
states on respectively Hg and Hg. We also define new operators L; i = K1/2Lj7RK*1/2 and
the corresponding Lx(pr) = K%ER(KfépKKfé)K%. So we have L,(Ir) < —oplr and
tr[Lr (PK)] < —ao.

We write In(Vik (p(t)) as a sum of a predictable process and a martingale using Doob—Meyer
decomposition,

n(Vic(p(£))) = In(Vic (p(0))) + /O trlC (P (5))]ds
—Z/ (tel(Zs i + L )prc(s)] — trl(Ly + LY)p(s)])* ds

. (L3 e Ly (5] (LS s Lk c(5)]
*Z/ b Laels (ll G L) ]“‘ S0 )ds
+ M(t)

(5.199)

with M(t) a martingale. Using martingale law of large numbers, under the assumptions we
gave at the beginning of this section, we once again have lim;_,o, M(t)/t = 0. We also have

tr[(Lj+Lj)p(t)] = tr[(Ljs+L] g)ps()]+0(V/ Vi (p(t))) and tr[L7 Ljp(t)] = tr[L] g Ljsps(t)]+
O(\/Vk(p(t))) as t tends to infinity.

Since Vi (p(t)) is bounded and Vi (p(t)) = O(e=20t), [ \/V} ))dt < oo almost surely.
Thus we have,

In(Vi(p(t)) /1 < —a
3t [l Lo (s + L ps(s)) s

tr[L] i Ljk Prc ()] tr[L] g Lk Px (5)]
+ ]ZI:) / tr ]SLJ SPS( )] (l tr[L LJ] SPS( )] ] — tl"[L;isij,SpS(S)] ) ds
+0(1)

(5.200)

almost surely as t tends to infinity.
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5.5. Invariant subspace stabilization

We have recovered (painfully) our previous rate cg. But we also have two more negative
terms. Under some conditions similar to the QND measurements non degeneracy ones we
obtain an improved rate.

For each j, let us define two intervals of R, R /g = [min spec(Lij/5+L;R/S), max spec(L; g/s+
L;’R/S)] and two intervals of Ry, ©; p/g = [min spec(L;’R/SLJ,R/S),maxspec(L;f,R/SLj7R/S)].
These intervals are such that

tr[(Lj x/s + L ic/s)Px/s] € Rirys (5.201)
tr[L i sLjr/sPK/s] € Ojrys (5.202)

for any states pr/g. Let us define

1 0, 0,
a(r,0) = = (rjr —1is)? —0;s <ln [ J’R} +1-— J’R) (5.203)
2 4 0j,s 0j,s
i>p
and
a1 = min {a(r, 0)/(Tj,R/Sa ej,R/S) S Rj,R/S & @j,R/S}‘ (5.204)

aq is always positive or null. And if for at least one j, d(R; r,R;j.s) # 0 or d(©; r,©;.s) # 0
with d(z,y) = | —y| the usual distance on R, then o; > 0. Thus we can have an improvement
of the convergence rate ag. We have

limtsup In(Vi(p(t))/t < —(a0 + a1). (5.205)

The criteria for a; > 0 is equivalent to the non degeneracy one we introduced for QND
measurements. If the system is a two level one. Then the L; g/ 5 are just elements of C and
the criteria for ay > 0 is that it exists j such that r; r # r; 5 or 0; r # 0; ¢ depending on the
value of j. It corresponds exactly to the non degeneracy condition for a QND measurement
discriminating between Hg and Hg. «1 is the rate we obtained in the QND case. Hence, the
convergence rate improvement can be understood as an added non demolition measurement
effect.

Mean convergence time

As in the discrete case we study the meaning of the two convergence rates through mean
convergence times.

Let us define a stopping time

Te = inf{t > 0 s.t. Vk(p(t)) < €} (5.206)

It corresponds to the first time Vi (p(t)) will be smaller or equal to e. We call 7. the conver-
gence time and E(7.) the mean convergence time.
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5. Continuous indirect measurements

Let us define a stopped time 7. A t. As in the discrete case from (5.199) we have
E(In(Vie(p(1e A 1)))) < In(Vie (p(0))) — coB(7e A T)

- oE > /0 T (Ol + L) p() — (L + L)p(s)]) ds
AT o (1 tr[L} j Lj kPrc (S)] B tr[L} Ly k pK (s)] <
+E ]gp/() tl‘[LjL]p( )] (1 tr[L;‘»Ljp(S)] tr[L;ijp(S)] )d

(5.207)

This time we do not have a better upper bound than 0 for the second and third line since the
bound «; is true only for large times. We have

E(In(Vk (p(1e A1) < —aoE(7e At) 4+ In(VE (p(0))). (5.208)
(

A
We need a lower bound on E(In(Vx (p(7eAt))). We have a bound on the maximal discontinuity
In(

of our trajectory. Let In(e’) = In(e) 4+ min; 5, ,(0,1n [M ). In(¢’) — In(e) is the
(

tr[L% L p]

minimal (negative) value of In(Vx (p(t))) — In(Vk (p(t—))) for Jany time ¢. Since In(Vg (p(7e A
t—))) > € almost surely, we have In(Vk (p(7e At))) > In(¢'). Hence 0 > In(Vi(p(7e A 1)) >
In(€’), so In(Vi (p(7 A t))) is almost surely bounded. It converges almost surely and in L!
when ¢ goes to infinity. Then lim; E(In(Vi (p(7e At)))) = E(In(Vi (p(7e)))). Moreover 7. At is
monotone in ¢ and the expectation of its point wise limit 7, is finite. Taking the limit ¢ to

infinity on both sides of (5.208) gives us
E(ln(Vi (p(7)))) < —aoE(7e) + In(Vi (p(0))). (5.209)

Since In(Vik (p(7e))) > In(¢’) almost surely, we have

ely)

The mean convergence time depends on o and not «q. Looking at figures 5.3 and 5.4, we
see that when measurements are performed with a non degeneracy like condition (a7 > 0),
for some realizations the time after which the state converges is much shorter. For some other
they stay chaotic and then converge rapidly. They can even get close to being completely
supported in Hg (V(p) = 1). These observations are equivalent to the ones made in the
discrete case. Hence we can interpret ag and «; in the same manner. «a; + g is more an
asymptotic convergence (or stability) rate, when ag is characteristic of the time it takes to
converge. The improvement of ag + 7 is in the convergence speed when the convergence
happen but it can happen after a long time. The distribution of this time depends on «y.
The smaller is ag the more chance the convergence will happen after short time.

The simulation presented corresponds exactly to the zero temperature case of [23]. In this
article, M. Bauer and D. Bernard showed that a two level system connected to a thermal
bath and continuously monitored by a diffusive non demolition measurement will, when the
non demolition measurement has a large convergence rate, jump from one energy state to the
other with time between the jumps distributed exponentially with a parameter depending on
the temperature. Hence we find a similar behavior here but with a null temperature and for
a general GAS subspace.

4. See proof in Appendix A.4.
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1.0

0.8

0.6

Figure 5.3.: Simulation of the evolution of V;, for a diffusive quantum trajectory of a 2 level
system with ag = 1 and a3 = 0. The blue curve corresponds to the mean evo-
lution (V7,(p(t))) and the grey lines to ten different realizations of the evolution
when taking into account the measurement results (V7,(p(%))).

1.0

0.8

06}

Figure 5.4.: Simulation of the evolution of V;, for a diffusive quantum trajectory of a 2 level
system with ag = 1 and a1 = 1. The blue curve corresponds to the mean evo-
lution (Vi,(p(t))) and the grey lines to ten different realizations of the evolution
when taking into account the measurement results (V7,(p(%))).
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Exponential convergence for the state

In conclusion of this section, we translate the convergence rate for Vi (p(t)) to a convergence
rate for the system state.

Since K is definite positive, its smallest eigenvalue kg is such that K > kolr with kg > 0.
Hence tr[pgr(t)] < k—loe_(aﬁo‘l)t“(t) = e~ (aotan)t+o(t) - Uging the Cauchy-Schwarz inequality
for semi definite positive matrix,

PR (t) [max < e~ (@0 tan)ttelt) (5.211)
and [|pp(t) [ max < e~ (@02l (5.212)

Hence, all the matrix blocs different from pg(t) converge almost surely to zero. The conver-
gence is exponential with a rate ag + ay for pr(t) and (ap + a1)/2 for pp(t).
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6. Conclusion

In this thesis, after a general presentation and a discussion of the motivations of the formal-
ism we used, we investigated the large time behavior of systems undergoing indirect measure-
ments. The preliminary presentation included particularly a derivation of the path integral
formalization of quantum stochastic processes. We then studied non demolition measure-
ments and stabilization through reservoir engineering. In both cases we found new results
implied by the measurement recording.

For quantum non demolition measurements, indirect measurement recording leads to the
collapse of the wave function whereas the mean evolution would have lead only to decoherence.
Moreover we showed that the convergence rate is exponential with a fixed rate. This rate
allowed us to bound the mean time of convergence towards the collapse.

For discrete time quantum trajectories we did this analysis for the most general non de-
molition measurement possible. Hence we allowed for a change of probing method at each
time with an arbitrary method choice procedure. This generality was made possible by the
introduction of martingale change of measure techniques. Since the pointer probabilities were
bounded martingales, we pictured the measurement as a change of measure implied by these
martingales. This change of measure allowed us to study the quantum trajectories under
laws conditioned on the limit state. Under these laws the measurement outcome processes
become much more simple to study. For instance, if only one probing method is used, the
measurement outcomes become i.i.d. random variables.

We used this i.i.d. property to derive the continuous limit of non demolition quantum
trajectories. We again used martingale change of measure in the process and in particular
Girsanov’s theorem.

Inspired by these results we adapted the martingale techniques to continuous time non
demolition trajectories. Through martingale change of measure we showed that the measure-
ment outcome processes conditioned on the limit pointer state are Levy processes. It is thanks
to this property that we have been able to compute the bounds on the mean convergence time.

Concerning reservoir engineering, from the results of convergence of the system state for the
mean evolution, we showed an equivalence with convergence when measurement outcomes are
recorded. We found two convergence rates. The first one corresponds to the mean evolution
convergence rate whereas the second one corresponds to an asymptotic stability rate. This
last rate is interpreted as the consequence of an added non demolition measurement. It leads
to a peculiar evolution of the system state. When it becomes large enough, two phases appear
in the behavior of the system state. First during a random time the evolution does not show
any convergence towards the limit state. The state can even come close to have almost no
support on the limit Hilbert subspace. This random time distribution seems to depend only
on the mean convergence rate. Just after this first phase, the system state converges rapidly
towards the limit state and stays in this state afterwards. Hence the convergence is rapid but
can happen after a long time.

To conclude this thesis let us mention some future directions of research around the subjects
we presented that might be interesting.
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6. Conclusion

— Minimal feedback in the repeated indirect measurements scheme. As we presented in this
thesis, repeated indirect measurement continuous time limit leads to the usual quantum
trajectories (section 5.2.2). For discrete non demolition quantum trajectories we saw
that conditioning the next indirect measurement on the result of the last one could
lead to an increased wave function collapse convergence rate. The dependency on the
last predecessor can be seen as a minimal feedback. The next action on the system is
partly determined by the previous measurement. Hence it is a feedback without state
estimation. Besides the consequence of such dependency on the convergence rate in
the non demolition case, it could lead to more general results on convergence towards
specific states. Hence it could be useful to derive the continuous time approximation
of such minimal feedback repeated indirect measurements. We started to work on this
subject with C. Pellegrini.

— Error due to the continuous time approzimation. As explained in last paragraph, con-
tinuous time approximation of repeated indirect measurement leads to continuous time
quantum trajectories. In order to use this approximation for the estimation of the system
state, one need to estimate the error it induces. The idea is to compare the error due
to the discretization of a quantum trajectory with the one due to a discretization of the
interaction between the system and the probe used for indirect measurement. Estimating
these errors could lead to better system state estimations. With C. Pellegrini, we plan
to investigate this subject.

— QSDE path integral applications. The path integral formulation for QSDE we derived
connect QSDE with a widely used tool in condensed matter. Hence it would be interest-
ing to adapt condensed matter related techniques to study these equations. For example,
these techniques should be useful for the study of systems including non integrable in-
teractions or disorder. A related subject of interest is the competition between tunneling
and dissipation for transport across potential barriers. This question has already been
studied by Caldeira and Leggett [39] and others after them using their model. But the
introduction of QSDE formalism may lead to a general Arrhenius like law. This idea was
first formulated by D. Bernard.

— FEaxtended limits for scattering interactions. As we saw in section 3.2.3, scattering like
interactions between the system and the reservoir lead in the quantum stochastic limit
to unusual Lindbladian expressions. These limits have not been completely investigated
for now. In particular the quantum stochastic limits for out of vacuum reservoirs have
not been all fully studied. Yet this type of interaction, including number like operators
(afaj) on the environment in the interaction Hamiltonian, appear in interesting physics
(Kondo model, Coulomb Blockade ...). Thus one should be interested in studying the
extended limit for such interactions. This limits obtained, the study of their behavior
under continuous measurement through quantum filtering could lead to new results in
quantum transport.

Let us conclude with a remark on the Markovian approximations we used through out this
report. They imply that the interaction between the system and its environment is extremely
localized in time. To be more precise, as we can infer from the repeated interactions model, it
is as if at each time a new environment interacts with the system. Some physical phenomena
cannot, at least up to now, be understood under such approximation. The coherence between
the system and the environment is at the heart of the phenomenon. As we explained in last
paragraph, their might still be problems which can be mapped to Markovian evolution in some
limits. But in general, as pointed out by D. Bernard and B. Doyon [30], in order to match the
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experiments, one would like to describe continuous measurement when the interaction between
the environment and the system is non Markovian. One expect it would lead to some non
Markovian quantum trajectories [18,56,93]. Yet, the interpretation of these non Markovian
quantum trajectories as the result of continuous measurements of some open system with non
Markovian system—environment interaction is not established. Even the possibility of such
interpretation is not assured. Hence up to now only continuous measurement of Markovian
open systems model are really understood. Non Markovian behavior can only come from the
action of the experimenter. For example through the choice of probes in the discrete non
demolition setup. Hence the question of whether it is possible to define quantum trajectories
modeling intrinsically non Markovian open quantum systems is also of interest.
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A. Mean convergence time proofs

A.1. QND finite mean convergence time

Our aim is to prove that E.(7(a|y)) = > ,,Py(7 > n) < oco. First let us remark that
Py (7 > n) > Py(¢a(n)/gy(n) > €). Hence, if we prove Y P,(ga(n)/gy(n) > €) < oo we
prove that the mean convergence time is finite. We actually prove by Markov inequality that
P+ (ga(n)/qy(n) > €) is bounded by the nth term of a geometric suite whose ratio is smaller

than 1. We have Py (gq(n)/gy(n <y /2 q " with p < 1.

Let us remark that P (qa (n) ~ €) L E ). By Markov inequality we have

ga(n) 1 ga(n)
P, (\/ ) = ﬁ) : fE ( %(n)) | (&1)

Since the outcomes jj, are i.i.d. random variables under P,, the expectation on the right hand
side is easily computed.

) [200) AR
Ev( )— 2 0) ;Mﬂﬂ( : > - (A.2)

¢y (n) Pl

Since, from the non degeneracy condition, there is at least two outcomes j and j' such that
pUle) 4 p('le)
(i) 7 p(')°

the strict concavity of x — /x, gives

1

p=S st (2 <1 (A3)
Thus we have
a(0) 1
S O (a4

Hence E,(7) is finite.

Since 1S(v]a) > 1 — p and In(ga(0)/g,(0)) — In(e) — Apin(a]y) < 2 - ((0)), at least for e

small enough, the bound we find in the text is better than the one we just found.

A.2. Asymptotic subspace finite mean converge time

As for the QND case, we want to show E(7.) = > P(7c > n) < co. We will bound this
sum by the following: E(7.) <> P(Vk(p(n)) > ¢).
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A. Mean convergence time proofs

Recall we have E(Vk(p(n))) < Vi (p(0))A§ with A9 < 1. Using Markov inequality, we have

Vi (p(0))

P(Vi(p(n)) = €) < Ap- (A.5)

The convergence of ) P(Vi(p(n)) > €) follows directly from that of > Af.

From this convergence we immediately have the bound E(7¢) < Wﬁ' Since for a €

small enough, In(Vk (p(0)))/€") < Vi (p(0))/e and 1 — XAy < In(Ag), this is a worse bound than
the one of the text. At least when e is small enough.

A.3. Continuous QND finite mean convergence time

We want to prove E. (7 (a|7))
First let us show that E(7 fo (T > t)dt when lim, t]P’(T >t) =0.

We have E(7.) = lim, fo S]P’ (te = 8)ds. P(tr = s) = —4P(r. > 5). The equality E(r.) =
fo (e > t)dt follows then directly from integration by part formula.

Here we use Markov inequality to bound PV(qa,Eg > ¢€). Let us first remark that this

probability is an upper bound on P(r > ¢). Then Pw(gjg; >e) =Py g‘;gg > €/2). From

a(t) €2 <L qa(t)
\/ G <7 ow) (4.6)

The processes X ~(t) and N;(t) are independent Brownian motions and Poisson processes

qagt; , we can

Markov inequality,

with intensity 6(j|v) respectlvely under P,. Using expression (5.148) for

compute explicitly E.( Z:Eg ).

gy (t
0 | tf1 go N\
o —- a)—r
=0 P |73 J;p (r(jla) = (i) +y>zp9 () ( G 1)
Let us write
I I oGla) .\
, B . . ) jla
o' (Yle) = sz g(?“(]la) —r(jlv)* + szZPQ(Jl’Y) ( 8 1) : (A.8)
We have
P (r > 1) < f(;:((oo))ew’ﬁlal (A.9)
Thus
E,(r(apy)) < /2@ 1 (A.10)

e0,(0) (3]’
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A.4. Continuous asymptotic subspace finite mean convergence time

The rate involved in the bound is smaller than U(*y]oz) and for a ¢ small enough we have

In(ga(0)/qy(0)) —In(e) = Aminl(]y) < 1/qa(0)/(€eg,(0)). Hence the bound of the text is better,
at least for a small enough e.

A.4. Continuous asymptotic subspace finite mean convergence
time
We want to prove E(7) < oc.
As in the discrete case we bound P(7. > t) by an exponentially decreasing quantity using
Markov inequality.

P(re > t) < IP’(VK( ( )) > €). By Markov inequality P(Vic(p(t)) > ¢) < Yl g—aot,
From E(7) fo (1 > t), it follows

E(r.) < YE(0) (A.11)
EQY

Again, this bound is worse than the text one when € is small enough.
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B. Path integral derivations

B.1. Derivation of the path integral for an environment in its
vacuum

As explained in the text, the derivation of the path integral can be reduced to finding a
path integral for Ut’js = t7s<e(f)|Ut{S\0>t7s. Indeed,

E(B(s)C(t)) = / dfe VW tegy [CUL UL ypsys. ULy BUL
If we insert the closure relation for the system at well chosen places, we obtain

E(B(s)C(t)) = / dfe 1P? / da pdzedroda),
B(zp)Tsi(zp, x5 [)C(xc)Tor(xc, xo; f)

p(xo, 26)Tso0(xh, x5; f)

with transition amplitudes T} s(xf, zo; f) = (a:f|UtJj8]w0) and p(zo, z() = (xo|p|zf)-
Our last task is to compute the path integral formulation of T} s(x ¢, zo; f). First, using the
definition of A, we find that Ut{ s is the solution of the differential equation

dU{,/dt = —i(H —i/2L*L)U}/, — LUJ f(t), UL, = Lyys..

Using this expression, we can derive a path integral using standard techniques. It leads us to
the following expression.

=(t)==s i J¢ dup(u)i(u) — H (w)+i/2L7 L(w)+iL(w) f(u)
Toalapoonif) = [ dadpel i '

z(s)=xzo

Inserting this expression in E(...), we straight forwardly obtain the expression expected.

The generalization to multi time correlation functions and more general time ordering, is
straight forward too. It is sufficient to add a time slicing for each time an observable is
inserted. One can also extend the time over which the path integral is defined by inserting
Uso,s on the left just before B and UZ, ; on the right after Ug,. Using the cyclic property of
the trace and the unitarity of Uy, one immediately find that these insertions do not modify
the result for the correlation. This property is useful if one wants to compute correlation
functions with a characteristic functional.

B.2. Path integral derivation for n; # 0

As in the previous proof we divide the environment exponential states in different time
parts and include closure relations on the system wherever needed and obtain the following
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B. Path integral derivations

expression:

E(B(s)C(t)) = /dfdgidedxcdxod:Ug
eI P=lg= P =g+ P +(f1(t,00(94)+(9- 11,000 f)
B(x)Tis(x, 205 f,9+)C(x0) Tso(zc, xo; f,9+)
Psys. (20, T0) penv. (94 9-)Tr0(xB, 703 f, 9-),

with ﬂ,s(xf7$0; fa g) = <xf|Ut]:gg‘$0>a Ut]:gg = t,s<e(f)‘Ut,s|e(g)>t,s and penv.(g—i—vg_) given in
the text. It remains to compute T; s(xf, zo; f, g) in order to conclude. Ut]j ¥ is the solution of
the differential equation

dU{# jdt = [~i(H — i/2L*L) — Lf(s) + L*g(s)|U/Y and UL9 = Iy, i),

This expression does not seem to correspond to the QSDE of U . Though if we look at the
formal solution of this equation, we have

t . * * [t
Uy, = Toelt milldu=LdAL+L" [{dA.

whatever is the value of n;. Hence, the solution does not depend on the state of the environ-
ment. Uy, is an operator on Hys,. ®T(L?(R,)). It is defined independently of the environment

state. Thus the differential equation for Ut]j 29 should only depend on f and g and not on n;.
This explains the expression for the differential equation of Ut’f 9.

As earlier, given the expression of Utg,’sf we use standard path integral derivation techniques
and obtain

Tt,s(xfaxo; f7 g) =
[ ddpes i [ au(ipt) 5o +i/28 10
xdp exp |1 ulx(u)p(u) — H(u) +1 U
z(s)=xo s (Bl)
FiL(w)f(u) = 1L (w)g(u) — if (w)g(w) )|
Inserting this expression in E(...) we get
E(B(s)C(t)) =
/ e (o0 dfdg+dzsdps (B.2)
B (5)C (£)pay (2 (0), 2 (0))eiClo=nsifaz]

with G given in the text.

B.3. Classical limit derivation

The first step in our demonstration is a change of variable on the paths xy,pL. We
consider that the forward (z4,py) and backward (x_,p_) differ only because of quantum
non commutativity behavior. Hence their difference must be of the order of the quantum
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B.3. Classical limit derivation

effects. More precisely their difference must be of order h. Hence we make the change of
variables : x4+ = x £ hq, p+ = p=£ hwr. We can then write a development of the action iG in h:

iG = [~ ds(15G)P + 19+ () +lg-(9)  g(s)e g (5

0
+ 7()9+(5) + 5-(5)f(5)) (B.3)
e . 0H ) 0OH
w20 [ ds(w(i(s) = G ) — alhle) + G)) (B.4)
- /OO dle*L(:p,p; s) (B.5)
0 h
- [ as(EE () — ) + L) (o) () (B0)
Vi [ as(Grats) + G (1) + 1) (B.7)
~ Vi [ ds(Grate) + om0 +77) (B3)
+O(h)
Let us simplify the notations introducing:
> . OH ) OH
st = [ as(mat) = 6 = ali) + G(5) (B9)
D(s) = (giq(s) + gﬁw(s)) (B.10)
L(s) = L(z,p; 5) (B.11)

At first glance on the dependency on h of the different parts of iG, we need to get rid of lines
(B.5) and (B.6) which would lead to infinities as i goes to 0. We suppress these infinities
through an integration over specific linear combinations of f and g..

Let he = f — g+. Then (B.3) becomes

[T as( R + G = R () + 7)1 g ()

and (B.6) becomes

[e.9]

1 _ .
——= [ ds(L(wps)he(s) + Liw,pi s)h=(s) ).
Vh Jo
We do not take into account the change in the measure of the path integration since it is a
simple multiplication by a constant. After integration over hy and h_ we obtain for (B.3)

- [ s -0,

Remark that g = hy — h_ + gy. This point is important in the computation. After
integration, (B.6) disappears and two new terms appear. The first one depends only on L(s)
and D(s):
1 /> —
+h/ ds(L(s) — hD(s))(L(s) + hD(s)).
0
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B. Path integral derivations

The second one depends on D(s) and g4:
+2\/ﬁ/ dsgr(s)(1 — e M) D(s).
0

Hence we obtain

iG=— /OOO ds|gy (s)]2(1 — e ) (B.12)
+ 2159, (B.13)
1 [ . S
- /0 ds(L Lz, p, s) — L(s)L(s)) (B.14)
+ /0 ds (E(S)D(s) - E(S)L(s)) (B.15)
+2vh /0 ds (ﬁ(s)g+(s) —ﬁ(s)D(s)) (B.16)
+2vh /0 h dsgr(s)(1 — e M) D(s) (B.17)
+ O(h). (B.18)

The next step would be to take the limit A~ — 0 but it remains an exploding term in this
limit. Thus we need to check under which conditions L*L(z,p;s) — L(s)L(s) = 0. Of course
this is true if [L*, L] = 0, hence if L = F(X) or L = F(P) with F any complex function of
reals. It is also true if L = aX + BP. In this case L*L(z,p;s) = |ax(s) + Bp(s)|? + ihap
and L(s)L(s) = |axz(s) + Bp(s)|?>. Hence L*L(x,p;s) — L(s)L(s) = ihaB. This additional
constant add the same exact weigh to any path. It could have been suppressed in the initial
definition of the path integral. Thus we can get rid of it. So from now on let us assume
L*L(x,p;s) — L(s)L(s) = 0.

We are now equipped to take the limit iz — 0. First let us make a simple change of variables
on g4 such that all & dependency remains in front of g4 (s)[2(1 — e *®)): g(s) = Vhg(s).
Remember that A is such that e *(*) = 1 — A(s) + o(h). Hence (1 —e ) /h = A(s) + O(h).
It follows we have |g(s)[2(1 — e ) /h = |g(s)|*A(s) + O(h) and g(s)(1 — e ) D(s) = O(h).

We obtain the action

G, = im G = /0 ~ dslg(s)[2A(s) (B.19)

1S9 - s(L(s s) — L(s)D(s .
+2i89 + /0 ds(L(s)D(s) ~ L(s)D(s)) (B.20)
+2 /0 ds(D(s)g(s) - D(s)y(s)). (B.21)

We know modify this expression to match the classical MSR action one.

Gy = (B.22)
- [T o + o (B.23)
— 92 /000 dsq(s)(p(s) + 88[;(5) + v2(8) + Lp(s)m(s) — Rx(s)ng(s)) (B.24)
2 [T dsm(9)(a() ~ 0 =6~ LM + RoIm(s) (B2
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with
(o) = (L) 5 (5) (B.26)
1(s) = (5 (9) (B.27)
Ry(s) = Re( () (.25)
This MSR action correspond to the Langevin equations
5) = S(5) +95(5) — Byls)a(s) + () (B.29)
5(5) = =22 () = 10(9) + Ra(oma(s) ~ L(hmi (o). (B.30)

n1 and 7 are two independent white noises whose correlation function is (n;(s)n;(t)) = 0; ;0(t—

$)2A(t) 7L
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Abstract

We analyze general enough models of repeated indirect measurements in which a quantum
system interacts repeatedly with randomly chosen probes on which Von Neumann direct
measurements are performed. We prove, under suitable hypotheses, that the system state
probability distribution converges after a large number of repeated indirect measurements,
in a way compatible with quantum wave function collapse. Similarly a modified version of
the system density matrix converges. We show that the convergence is exponential with a
rate given by some relevant mean relative entropies. We also prove that, under appropriate
rescaling of the system and probe interactions, the state probability distribution and the
system density matrix are solutions of stochastic differential equations modeling continuous-
time quantum measurements. We analyze the large time convergence of these continuous-time
processes and prove convergence.

C.1. Introduction

Repeated indirect quantum measurements aim at getting (partial) information on quan-
tum systems with minimal impact on it. A possibility consists in repeating non-demolition
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measurements (QND). At each step, one lets the quantum system under study interact with
another quantum system, called the probe, and performs a Von Neumann measurement [4]
on this probe. Information on the quantum system is gained through intrication between
the probe and the quantum system. If one is aiming at progressively measuring a quantum
observable, one has to make sure that a system prepared in one eigenstate of this observable
remains in it after a cycle of intrication and direct measurement on the probe, and that the
set of stable states, called pointer states, forms an orthonormal basis of the system Hilbert
space. The experiment of ref. [2], in which repeated QND measurements is used to fix and
measure the number of photons in a cavity without destroying them, illustrates this strategy.

Repeated indirect measurements were studied in ref. [1]. There, the discussion was lim-
ited to QND measurements consisting of identical probes, interactions and measurements
on the probe, and assuming a non-degeneracy condition. In the present article, we extend
these results to cases where different indirect measurements (probes, interactions and direct
measurements on probes) are used. We also study the degenerate case.

Let Q,(-) be the pointer state distribution after the n*" indirect measurement, that is Q,, ()
is the probability to find the system in the state a after n steps (« labels the pointer states),
Y0 @n(a) = 1. As explain in section C.3, each cycle of indirect measurement updates the
distribution through Bayes’ law. The analysis of the distribution is reformulated as a problem
in classical probability theory (with no quantum interference).

We shall prove that this sequence of distributions converges at large n, that is after a large
— strictly speaking, infinite — number of QND measurements. If a non-degeneracy assumption
is verified, the limit distribution is Q(«) = v o for some random limit pointer state Y. This
reflects the collapse of the system wave function. The convergence is exponential,

Qn(a) ~ const. exp(—nS(Y|a)), for large n,a # T,

with rate given by an appropriate relative entropy S(Y|a) defined in eq.(C.9). In probabilistic
terms, the limit Q)(«) possesses a natural interpretation as a Radon-Nikodym derivative and,
Qn(a) = E(Q(a)|Fy) is a closed martingale with respect to an appropriate filtration, see
section C.5. As a consequence, we show that the expectations conditioned on the limit
pointer state are identical to expectations starting from this same pointer state. That is:
Evx(-) =E(-|A) where A is the tail o-algebra, the smallest one making the limit distribution
measurable. See below for a precise definition of E( ).

Convergence of Q,, () is also studied when the non-degeneracy hypothesis is not fulfilled. In
this degenerate case, the limit pointer state distribution vanishes outside a random finite set of
pointer states. The quantum system density matrix, when properly modified, also converges
in the limit of infinite number of QND measurements. The limit density matrix then coincides
with that predicted for degenerate Von Neumann measurements [4], see section C.5.

Of course repeated indirect measurements have already been studied in the physics litera-
ture, mostly through time continuous measurement formalisms — as far as we know, little was
done on the discrete setting as we do in the present paper. E. B. Davies [6] probably made
the first rigorous approach to time continuous quantum measurement. This was later studied
by N. Gisin [7] and L. Diosi [8] using the non linear Schrodinger equation. Simultaneously,
A. Barchielli and V. P. Belavkin derived the equations governing continuous measurements
in terms of instruments [9]. They derived jump equations which, when properly rescaled,
are equivalent to diffusive equations for continuous measurements. Another approach uses
quantum stochastic differential equations and quantum filtering theory to obtain the so-called
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Belavkin equations [10-14] and [15]. More recently, C. Pellegrini derived Belavkin equations
for continuous time measurements [20-22] using discrete repeated indirect measurement mod-
els. The problem of convergence of quantum density matrix has also been analyzed within
the time continuous measurement framework. In refs. [16,17], V. P. Belavkin showed the
convergence of mixed states toward pure states. A derivation of wave function collapse from
the non-linear stochastic Schrédinger equation has been presented in refs. [18,19]. It makes
use of martingale theory as we do in the present paper.

In the following we also connect our discrete model to the time continuous measurement
formalism. Taking the time continuous limit requires rescaling appropriately the interaction
between the quantum system under study and the probes. In that sense, the time continuous
model we consider is close to that of ref. [21] but our proofs are different and slightly more
general. Our derivation is based on the convergence of some discrete counting processes
— related to the number of occurrences of outputs in the successive indirect measurements
— toward a time continuous Gaussian process. Under appropriate hypotheses, spelled out
in section C.6, the pointer state distribution satisfies a random diffusive stochastic equation
driven by Gaussian processes. Suppose that at each step the probe system is randomly selected
(independently of the past history and with time independent probability, for simplicity)
among a finite set O whose elements are indexed by o € O and that the output measurements
on the probe can take finite number of values indexed by i € spec(o). Then, the pointer state
probabilities Q¢(«) are time continuous martingales (with respect to an appropriate filtration)
whose evolutions are governed by the non linear stochastic equations:

dQi(@) = Qi(a) Y (T (i) = (T(i))¢)d Xy (0, 1)
(0,1)

where X;(0,7) are some centered Gaussian processes, I'®)(i|a) are coding for the probabil-
ity of output probe measurement ¢ within the probe system o conditional on the quantum
system be prepared in the state a and (I'9)(i)); = 3 T (i|a)Qs(). The pointer state
distribution again converges as a finite-dimensionnal bounded vector martingale. Under non-
degeneracy assumptions, the limit distribution is again Q(«) = év  and the convergence is
still exponential with a rate given by the scaling limit of the mean relative entropy.

These results extend to the system density matrix. In the time continuous scaling limit,
the system density matrix is a solution of a diffusive Belavkin equation (C.23), as expected.
Although not a martingale, properly modified, it converges to the density matrix predicted
by Von Neumann measurement theory.

The article is organized as follow : In section C.2 we define the repeated QND measurement
process we study. In section C.3 we establish the link with a classical random process in
which the pointer state distribution is repeatedly updated through Bayes’ law. In section C.4
we prove the convergence of the pointer state distribution under some assumptions and we
determine the convergence rate in general cases. In section C.5 we extend these results to
the degenerate case. Finally in section C.6 we study the time continuous scaling limit of our
model. Some technical details appearing along the article are postponed to appendices.

C.2. QND measurements as stochastic processes

The aim of this section is to describe the relation between repeated non-demolition measure-
ments, positive operator valued measurements (POVM’s) and classical stochastic processes.
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C.2.1. Repeated indirect quantum measurements

Let us consider a quantum system with initial density matrix p. Repeated non-demolition
measurements aim at getting indirectly information on the system (without demolishing it as
a projective quantum measurement a la Von Neumann or a direct connection to a macroscopic
apparatus might do).

To gain information, we let the system interact with another quantum system called the
probe, and then perform a Von Neumann measurement on the probe. Assume the probe is
initially in the pure state |¥)(¥|. Let U be the unitary operator, acting on the tensor product
Hilbert space Hgys. @ Hprobe, coding for the interaction between the system and the probe.
After interaction, the system and the probe are entangled. Their joint state is

Ulpo ® |)(|)UT

A perfect non-degenerate projective measurement is then performed on the probe. That is,
one is measuring an observable with a non-degenerate spectrum i € Z. Let {|i)} be the
corresponding eigenbasis of Hprohe. If the output of the probe measurement is i, the system
state is projected into
1
/(- . .
i) = —— (i|U|0)p(P|UT|i
90 = o GV (e U
because the probe and the system have been entangled. This projection occurs with proba-
bility
(i) = Te[(|U ) p{|UT]3)).
We do not have to worry about cases where 7(i) = 0, because these cases, almost surely,
never happen.

The process of “interaction plus probe measurement” is an example of a positive operator
valued measurement (POVM). Let us define operators M;, acting on the system Hilbert space,
by

M; = (i|U|P).

They satisfy >, M;Mi = Iys. as a consequence of the unitarity of U. After measurement
with output i, the system density matrix p/(i) can be written as

J(i) = —— My p M]
m(i) " v’
with 7(:) = Tr[M; pM;']. This characterizes a POVM.

Let us now assume that we repeat the process of “interaction plus probe measurement”
ad libitum. As we shall see below, even for purely practical reasons, it is useful to keep the
freedom of changing some or all features of the process. For instance, the experimenter might
tune (or let fluctuate randomly, or tune but leaving a certain amount of randomness or ...) the
initial state |¥) of the probe at each step. Or he/she might tune (or let fluctuate randomly,
or ...) the interaction operator U at each step, for instance by playing on the time lapse that
the probe spends close enough to the system to interact significantly with it. He/She might
even tune (or ...) the type of probe (in particular the dimension of its Hilbert space) at each
step. Finally, he/she might tune (or ...) the non-degenerate probe measurement (equivalently
the Hprobe basis made of its eigenvectors {|i)}).
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We let |U,,), Uy, Z,, denote the initial state, interaction operator and set of possible out-
comes of the n*® step. Setting pg := p, p1 := p’ and so on, we get a random recursion equation,
namely that for ¢ € Z,,:

1 (n) ()
n — 3 1 n— 1 N
P @) M, pp—1 M; (C.1)

with probability 7, (i) = ’H[Mi(n)pn_lMi(n)T] where Mi(n) = (i|Upn|¥y,) (note that the meaning
of the expectation itself, i.e. the Hilbert space with respect to which it is taken, might depend
on n, however we may arrange to choose the Z,,’s so that i determines (i| completely).

It is worth noticing that, under such an evolution, a pure state remains a pure state, that

is: [6n) = M™|gu_1) /M |1} with probability (¢n_1|M™ DL|¢,_1). This case is
included in that of density matrices.

Let us now specialize this scheme in such a way that it preserves a preferred basis of the
system Hilbert space. That is, we assume there exists a fixed basis {|a)} of Hsys. such that
all interactions can be decomposed as

Up =Y _la)(a| @ Un(a) (C.2)

where the U, («)’s are unitary operators on Hprobe, - The states |a) are called pointer states.
The density matrices |a){a| with |a) a pointer state are fixed points of the recursion relation
(C.1).

The pointer states have to be eigenstates of the system Hamiltonian H for these indirect
measurements to be quantum non-demolition (QND) measurements, since there is a waiting
time between two successive indirect measurements during which the quantum system evolves
freely. That is, H, = ), Fol|a){a| where E, is the energy of the pointer state ) for the free
system.

After each indirect measurement one gains information on the system state. Repeating the
process (infinitely) many times amounts (as we shall explain) to perform a measurement of a
system observable whose eigenstates are the pointer states. This observable commutes with
the system free evolution. A system in one of the pointer states remains unchanged by the
successive indirect measurements.

It has been shown in ref. [1] that a system subject to repeated QND measurements as
described above converges toward one of the pointer states. This convergence was only proved
in the case where the probes, interactions and observables on the probes are all the same. A
non-degeneracy hypothesis was also used. One of the present article aim is to generalize the
convergence statements without those assumptions.

A word on terminology: we are going to name partial measurement one iteration of “inter-
action plus probe measurement” and complete measurement an infinite sequence of successive
partial measurements.

C.2.2. A toy model

We shall illustrate this framework and our results with a simple toy model inspired by
experiments done on quantum electrodynamics in cavities [2]. The present work is actually
inspired by these experiments. There, the system is a monochromatic photon field and the
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probes are modeled by two level systems. The observable we aim at measuring is the photon
number. This is a non-demolishing measurement.
The system-probe interaction is well described by the unitary operator

U = exp[~i(eAtp @ Ty + 7p @ 03)]

where p is the photon number operator, ¢ the energy of a photon and At the interaction
duration.

This interaction amounts to the rotation of the two level system effective spin half if the
cavity happened to be in a photon number operator eigenstate. The probes are assumed to
be initially in a state |¥) = e~%93|+;) where |[4;) is an eigenvector of o1 corresponding to
the eigenvalue +1. The probe observables, which are measured after the interaction between
the system and the probe has taken place, are Oy = e~ 073541073 Their eigenvectors are
) = e~ k).

The resulting POVM operators for the process of “interaction plus probe measurement”
only depend on the difference between the two angles 6 and 6’. They are Mifal with

M:?:fal :<i2|ei0/03e—i(eAtﬁ®]I2+%ﬁ®a'3)e—i@a’g|+1>

:efieAtﬁ<:t2|ei(9’70)0371%ﬁ®03H_l>

Using the identity e=%73 = cos(#)ly — isin(f)os and o3|+1) = |—1), one gets
/ 1 : ST s ™
0—6 —i(eAtptZ A . .
M{ :ﬁe (eAtp 4)[(305(9—9'—1—Zp):tsm(@—@'—i—zp)]

One may verify that Mi_alTMf__el + MO A%=% — 1. Remark that if Ip),p € N is a fixed
photon number state, then |{p|M|p)| is identical to |(p + 4k|M|p + 4k)|, with k € N. This
property leads to degeneracies in iterative QND measurement methods. Two states |p) and

|p+4k) can not be distinguished by this method. These degeneracies are discussed in section
C.5.1.

C.3. Measurement apparatus and Bayes’ law

The aim of this section is to reformulate (part of) of the iterative QND measurement
method in terms of classical probability theory. We are interested in the eigenstate probability
distribution gy (), with

qn(c) := (alpn|a),
and its evolution during the iterative procedure. At each step, the system density matrix is

updated via the relation (C.1), and as a consequence of the factorization property (C.2), this
distribution is updated through the random recursion relation:

M (i)
5 n1(8) [ MO (i[B)]2

an(®) = qn-1() >

with probability >4 ¢n—1(B)|M™(i|8)|?. We have defined M ™ (i|a) := (i|Uy,(a)|¥,).
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Since |[M ™) (i|a)|? is the probability to get a probe measurement result i conditioned on
the system state being |a), we introduce a (hopefully) suggestive notation
palila) == |M"™(i]a)|®
We have 37, pn(ila) = 1 since >, M (i|a)fM ™ (ija) = I. The recursion relation on the
distribution reads
pn(i|a)
gn() = qn—1(c - C.3
ne) = ol B IB) (C3)

with probability 7,(i) = > 5¢n—1(8)pn(i|3). This update rule corresponds to Bayes’ law.
The study of the eigenstate distribution convergence is thus a question of classical probability
theory.

Let us now put on stage the classical probability theory framework we shall be using.

We imagine building a measurement apparatus which performs a sequence of partial mea-
surements. As we have stressed above, we allow for a protocol where the characteristics of
partial measurements may vary at each step. However, we shall assume that these charac-
teristics are chosen within some finite set O called the set of measurement methods. In a
quantum setting, one measurement method o is a triplet (probe state |¥), interaction U,
probe eigen-basis {|i)} of direct measurement). Each measurement method o € O defines a
set, called the spectrum of o and denoted by spec(o), of possible outcomes. For each o we
have a family of probability measures p°(-|a) on spec(o) indexed by o € S, where S is the
index set of pointer states.

As time goes by, the experimenter records the sequence 01,141, 09,19, -- where o7 is the
first measurement method, i; the outcome of the first partial measurement, performed using
method o1, and so on. So it is natural to take as the space of events the space €2 of infinite
sequences (01,141, 02,192, - - - ) where each o, belongs to O and each i,, to spec(o,). To be even
more formal, set £ := U,cp{o} X spec(o), so that E is the set of couples (0,7) with o € O
and i € spec(o). Then Q := EN".

For a finite sequence (01,%1,02," - ,in,0nt1) € E™ X O, By, i 09, in,ons: 15 defined as the
subset of ) made of all those w’s whose first 2n + 1 components are 01,%1,02, - ,in, Ont1-
We define By, i, 0o, ,on,i, analogously. We let F, be the o-algebra generated by all the
By, iy,00, sinsoni1- Note that Fo is the o-algebra generated by all the B, , i.e. Fo codes
for the first measurement method choice. For convenience we define F_1 = {(),Q2}. Then
F:= (F_1, Fo,F1,- ) is an increasing sequence of o-algebras. We take F to be the smallest
o-algebra on  containing all the F,,, making (2, F,F) a filtered measurable space. We could
define another filtration by taking F,, to be the o-algebra generated by all the By, i) o5, on,in-
While this may seem superficially a more natural choice of filtration, we shall see below that
F is slightly more convenient. There is a natural collection of measurable functions on (£2, F),
namely the projections : for w = (01,41,02, * ,0pn,in, -+ ) we set Op(w) = 0y, In(wW) = in.
These can be used to define counting functions that play an important role in the following.
We set €,(0,%) := 10,—=0,1,—i and Np(0,%) := > 1. <, €m(0,7) (with the usual empty sum
convention Ny(o,1) :=0). o

The first task is to put a probability measure on ). The next one will be to define a
sequence of random variables on € solving the recursion relation (C.3).

If the measurement methods are given, the distributions of partial measurements are de-
scribed by the p°(:|a). So what remains to be discussed is how the measurement meth-
ods are chosen, and we put the condition that this does not involve precognition. We
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suppose that a collection of non-negative numbers d_; = 1, dg(01) (for all o; € O), ---,

dn(01,11,02, + ,in,0nt1) (for all o1 € O, i1 € spec(o1), -+, ony1 € O) is given in such a way
that
Z dn(Ol,il, 02, - 72.117 On+1) = dn—l(olaila 02, 7in—17 On)- (04)
on+1€0

It is not difficult to produce such a collection. For instance if ¢y(-) is a probability measure
on O and for each n > 1 ¢,(-|o,%) is a probability measure on O indexed by (o0,7) € E then

dn(01,41,02, -+ ,in, 0nt1) = co(01)c1(02|01,41) - - - en(On+1|on, in)

does the job. We call this special choice the Markovian feedback protocol. Some special cases
are of interest. If we assume that for n > 1 ¢,(:|o,i) = ¢,(-) does not depend on o,i, we
arrive at something we call the random protocol. On the other hand, if by is an element of
O and by, n > 1 a family of maps from E to O, then taking cy(-) := 0.3, and, for n > 1,
cn(-l0,7) = d.p,(0) We arrive at the description of an experimenter deciding of the next
measurement method by taking into account the previous measure outcome.

Given a collection of such non negative numbers d,, (01,41, ,in,0n+1), and using the
Kolmogorov extension theorem, it is easy to see that there is a unique probability measure
P, on (€2, F) such that

PQ(BO1,Z'1,02,"- ,in,0n+1) = p”(ir|a) - - - p (inla)dn(01, 41,02, ,in, Ong1).

Indeed, we see that the mandatory consistency condition is fulfilled : if the left-hand side
is summed over o, (using (C.4)) and then over i, the formula for Py (Bo, i;,00, in_1,0n) 1S
recovered, which is needed since By, i1 05, i_1,0, 18 the disjoint union of the By, 31,00, in,0n11
over the possible 0,41 and i,. The normalization condition P,(€2) = 1 and the positivity
condition are obvious.

Note that in general, conditional on the sequence of measurement methods o1, -+ ,0,, one
has Py (i1, ,inlo1, -+ ,0n) # p®(i1]|a) - - - p°(in|a). This is due to the feedback. For the
cases when the d,,’s do not depend on the outcomes, in particular for the independent random
protocol, equality is recovered.

We define also,

P=)" q(a)P,. (C.5)

We use E, and E to denote expectations with respect to P, and P respectively.
A simple computation shows that, for each «, the conditional probability

dn(OhIl) 027 T )Inu On+1)

Pa(on-l—l :0n+1‘01711,..- ,Onajn) = d _1(01 11,00,--- , I,_1,0 )

whenever the denominator in nonzero. The same formula holds for P. The right-hand side
is simply ¢, (0p41|On, ) for the Markovian feedback protocol. So indeed, the functions
d_1,dgy,d1,- -+ embody the probabilistic description of the choice of measurement methods.

These definitions may seem arbitrary at that point, but now we can make contact with
the initial problem. Define a sequence of random variables @, («) by the initial condition
Qo(a) = go(a) and the recursion relation

C Qua(@)p© (L))
Ol = = s (B ()
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To show that the recursion relation (C.3) is verified, we need to show that the transition
probabilities are correct. A simple way to do that is to solve this random recursion relation.

For w € By, iy ,00, in,ons1 ONE checks that

0w e 90()p? (ia]a) - pn (infa)
ol > pes 90(B)p° (i1]B) - - - p°n (in| B) (C.6)

whenever P(Bo, 4,00, jin,ons1) 7 0- Note that this condition ensures that the denominator of
Qn (o, w) is nonzero. We observe that whenever defined, @, (o,w) > 0 and ), Qn(a,w) = 1.
If P(Bo,,i1,00, sinsons1) = 0 the value of @Qp(a,w) is mostly immaterial from a probabilistic
viewpoint, because in any case the full sequence @, («,w) is well-defined on a set Q of P-
measure 1 (note that the collection of all By, i, oy, in,0ns: 1S countable, so the collection of
those with P-measure 0 is countable as well, or empty).

Since there is no dependence on 0,41 on the right-hand side we observe that for w € Q,
and conditional on F,,_1,

_ Qn—1(a)p® (in|)
O] = S G 1 (B (inlB)

with probability

Z P(Bol,i1,02,”' 7in70n+1) _ P(B01,i17027'“ 7in) _ Z Q 1(5)])0” (2 |B)
= = n— n .

oni1€0 P(BOhihOzf",infl,On) P(Bolyil,o%“'yinflyon) 3es

So the recursion relation (C.3) is recovered with the identifications g,(a) — @Qn(a) and
pn, — p°*. To summarize, we have accomplished our goal : find a probability space on which
(C.3) has a solution, which we have even written explicitly.

In the following sections we study the convergence of Q,(.) and its dependence with respect
to the initial pointer state distribution. On our way, we shall understand the probabilistic
meaning of the recursion relation (C.3).

C.4. Convergence

In [1] the convergence of ¢,(.) has been shown under the hypothesis that only one partial
measurement method o is used. The properties of the limit were elucidated under the further
assumption that for every couple of pointer states (a, ) there exists at least one partial
measurement result 7 such that p°(ila) # p°(i|3). This last assumption can be understood as
a non-degeneracy hypothesis because two different pointer states a, 5 do not induce identical
partial measurement results distribution p°(i|a). Our aim is to generalize the convergence of
Qr(.) while weakening the hypotheses made in [1]. We discuss the convergence when different
partial measurement methods are used. We focus on the influence of this extension on the
rate of convergence. The degenerate case will be studied in section C.5.1. In the case of one
measurement method, a convergence result similar to that of [1] has been obtained by H.
Amini, P. Rouchon and M. Mirrahimi through sub-martingale convergence in [3].
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C.4.1. Convergence with different partial measurement methods

The extension of the convergence result of [1] to cases with different measurement methods
is straightforward. From the fact that, conditional on F;,_1,

o Qn—l (a)pon (zn ’a)
Onle) = S s (B inlB)

with probability > ses Qn—1(8)p°(in|B), the average of Q,(«), again conditioned on F,,_1,

Z Qn(a) Z Qn—l(ﬁ)pon (Zn‘ﬁ) = Qn—l(a)~

in €SPECcon BES

So @Qn—1(«) is conserved in average. Though the computation involved to prove it is essentially
the same, a mathematically cleaner statement is that

E(Qn(a)’fn—l) = Qn—l(a)7
i.e. each @Q,(«) is an F-martingale.

In fact, @,(a) has a deeper probabilistic meaning, which makes the martingale property
obvious.

For a while, forget the previous definition of @, (a). Observe that, under the assumption
that go(a) > 0 for every o € S, any set of P-measure 0 has also P,-measure 0. Then the
Radon-Nikodym theorem states that for each o € S, there is a P-integrable non-negative
random variable Q(«) on (£, F) such that

for every P,-integrable random variable X on (2, ). The random variable Q(«) is a Radon-
Nikodym derivative of go(a)P, with respect to P. It is obvious that two Radon-Nikodym
derivatives can differ only on a set of P-measure 0: in that sense the Radon-Nikodym derivative
is unique if it exists. We have also that, P-almost surely, ) Q(a) = 1, so that, P-almost
surely, each @Q(a) < 1. This existence theorem is a bit abstract but if one replaces F by F,
one can get a concrete formula. The same argument ensures the existence of a P-integrable
non-negative random variable @, (a) on (2, F,) such that go(a)E.(X) = E(Qn(a)X) for
every P,-integrable random variable X on (2, F,). As F, is finite, it suffices to let X run

over the indicator functions for the By, i, 05, in,0ns - Lhis implies that

]P)a(Bol 11,02, 4in,0 1)
Qn(a,w) = qo(a 111,02, 5n,0n4
n( ’ ) ( ) P(Bol,il,oz,“'yin70"+1)

for every w € By, i1 00, inons: (SUuch that the denominator is nonzero, else the value of
Qn(,w) is immaterial). Explicitly one finds

_qo(a)p® (ir]a) - - - p° (in| )
Onloe) = = (B ]B) -~ 9 (inlP)

on B01 181,02, 4in,0n41"
This is exactly our previous definition of @, («), which is probabilistically a Radon-Nikodym
derivative. This makes the martingale property obvious without any computation, just by
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the definition and general properties of conditional expectations. In fact, @, («) is a closed
martingale:

@n(a) = E(Q(a)|Fn).

As @, () is also bounded, the martingale convergence theorem [5] ensures that @, (o) — Q(«)
P-almost surely and in L' (2, F,P). Since by assumption S is a finite set, all @, ()’s converge
simultaneously P-almost surely.

Let us now observe that the following two statements are equivalent:

— the measures P, are all mutually singular,

— there is a collection (€, )aes of disjoint measurable subsets of 2 such that, P-almost
surely 1o, = Q(«).

The proof is simple. The statement that the measures P, are all mutually singular is
equivalent to the existence of a collection (€24 )qes of disjoint measurable subsets of €2 such that
P5(24) = 6q, for all a, 5 € S. From the defining property of Radon-Nikodym derivatives,
10,Q(a) is also a Radon-Nikodym derivative of go(a)P, with respect to P, and E(Q(a)1q,) =
qo()da,s which by positivity implies that, for a # B, Q(a)lg, = 0 except maybe on a
set of P-measure 0. Hence P-almost surely 1o, Q(5) = Q(8)dq,5. Summing over 3 gives
1o, = Q(a) P-almost surely. The converse is also true: if there is a collection (£24)aes of
disjoint measurable subsets of 2 such that P-almost surely 1o, = Q(«), then the measures
P, are all mutually singular and concentrated on the €, ’s.

A striking consequence is that, if the measures P, are all mutually singular, for each w in
a set of P-measure 1, @, (a) converges to either 0 or 1, and it converges to 1 with probability
P(Q0) = a0(0).

Hence when the measures P, are all mutually singular there is a full experimental equiva-
lence between an infinite sequence of partial measurements and a direct projective measurement
on the system. We further study this equivalence in section C.4.2.

We shall now give a criterion, that the experimenter may enforce on the protocol, ensuring
that the measures P, are all mutually singular. This involves a non-degeneracy hypothesis,
similar but weaker than that made in [1].

We say that o € O is recurrent in w € Q if O,(w) = o for infinitely many n’s. Our
(sufficient) criterion for all the measures P, to be mutually singular is:

There is a subset Og of O such that

— Each o € Qg is recurrent with probability 1 under each P,

—Forevery o, 5 € S, a # [ there is some 0 € O, and i € spec(o) such that p°(i|a) # p°(i|5).

This condition says that with probability one, infinitely many partial measurements that
distinguish between any two states of the system will occur.

Consider the event A, made of the w’s such that Q),(a) converges for each a and o is
recurrent. Note that by our assumptions P(A,) = 1. We show that for any i € spec(0)

Q) Y~ QM (ily) = Qa)p’(ila)
v

on A,. There are two cases to consider. Either (O, (w), In(w)) = (o,7) for infinitely many
n’s: then the announced relation follows by taking the limit of the basic recursion relation
along a subsequence. Or (O (w), In(w)) = (0,1) for only finitely many n’s: then, as shown in
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Appendix C.A, 37 Q(v)p°(i[y) = 0 so that in particular Q(a)p°(ile) = 0 and the announced
relation still holds.
This implies that

Va,B €S, Q(a)Q(B)(p°(ila) — p°(i|8)) = 0 on A, for every i € spec(o). (C.7)

Then, by (C.7), Vo, € S, a # ( one has Q(a)Q(8) = 0 on Ap, := Nyco, Ao, which has
P-measure 1. As the sum of the Q(«)’s is 1, this means that on Ap, one has Q(a) = dq v
where Y(w) is some w-dependent element of S. So there is a family of disjoint subsets Q4 of
Ap, such that Uy has P-measure 1, and Q(«) = 1q, except maybe on a set of P-measure
0.

We shall give two examples.

For the first one, the task to ensure that enough measurement methods o are recurrent is
left to the experimenter.

The second example is the Markovian feedback protocol. For this protocol, under P,,
the process (0p,in) is Markovian with transition kernel K, ,(0,4;0',i') = p® (i'|a)cn (0|0, ),
with initial distribution p°(ila)co(o). Recurrence questions are well under control at least
when the kernels do not depend on n. So we assume that ¢, (0'|o,i) = ¢(d']o,i) is time
independent ® and set K (0,i; 0 ,i') = p” (i|a)e(0 |0, 7). The product structure of K, leads to
introduce the reduced transition kernel K¢ (o;0') := Y iespec(o) P°(ila)e(0’|o, ). One can rely
on classical Markov chain computations to make sure that the measures P, are all mutually
singular. Assuming that the reduced Markov chain K¢ is irreducible and aperiodic, it
admits a unique invariant probability pged on O, which is strictly positive. Then all partial
measurement methods with p/?(0) > 0 will be recurrent on a set of P,-measure 1. Moreover
the full Markov chain has a unique invariant probability piq(0,7) = p°(i|a)ul¢?(0). Then the

strong law of large numbers for Markov chains states that N, (o,4), the number of occurrence
of (0,4) up to the n'" experiment, satisfies

Np(0,1) ~ npq(o,i) for large n
on a set of P,-measure 1. This ergodicity result will be put in use in section C.4.3.

To summarize, we have proved that if there are enough P, recurrent partial measurement
methods then the measures P, are all mutually singular, so that there is a full experimental
equivalence between an infinite sequence of partial measurements and a direct projective
measurement on the system.

C.4.2. Conditioning or projecting

In the previous section we pointed out the connection between complete measurements and
direct projective measurements. This holds whenever the measures P, are mutually singular.

Under this hypothesis, we show in this section that we can solve the random recursion
relation (C.3) on a space where the final pointer state is determined before the measurement
process starts: for the class of experiments we are dealing with, it is consistent to assess that
the total measurement outcome can be decided in advance and by a classical probabilistic
choice.

5. Were ¢,, periodic in n we could look at a Markov chain with a larger state space to reduce to that case.
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We assume that the measures P, are mutually singular, and, as usual, that all go(«) are
> 0. To avoid clumsy statements, we remove from () the (P-negligible) set of events for
which either @,(«) is not defined for all n’s, or Q,(«) does not converge to 0 or 1. So
we assume that the sets 2, form a partition of {2, and the random variable T defined by
limy, 00 Qn(a,w) = 1yeq, = da,1(w) is defined everywhere on 2. We let A be the smallest
o-algebra making any (), measurable. We claim that if X € L'(Q, F,P) is any integrable
random variable,

E(X|A) = Ex(X).

This can be rephrased as : conditioning P on the limit of @, («) being 1 leads to P,. This is
essentially obvious from the Radon-Nikodym viewpoint and the fact that the measures P, are
mutually singular. But a direct computation is easy. The fact that S is finite (countable would
do the job as well) has two consequences. First, any A-measurable random variable Y can be
written as a linear combination Y = 3" s ¥%alq,. Second, to test that E(X[A) =Y it suffices
to check that E(X1q,) = E(Y1q,) for every a. Now, by definition, E(X1gq,) = qo(a)Eq(X),
whereas E(Y1q,) = qo(@)ya, so, if E(X|A) =Y, yo = Eo(X), ie. ¥V =3 sEa(X)1lg, =
Ev(X). Hence E(X|A) = Ex(X) as announced.

This proves the equivalence between projecting first on a given state o and conditioning
on the limit state being a.

C.4.3. Convergence rates and trial distribution independence

Experimentally, the initial distribution go(-) may not be known. One would then use the
sequence of partial measurements to gain information and reconstruct it from these measure-
ments. This may be done using Bayes’ law starting from a trial distribution ¢o(-) (supposed
to be nowhere vanishing) and recursively improving it using the relation

~ — A « pO" (in|04)
@) = @) g B o (i B)

if the outcome is i, which happens with probability > 5 an—1(B)p°" (in|B). The difference
with eq.(C.3) is that the recursion involves () and not ¢,(-). However, the probability
is the one given by the ¢, (-). If the initial trial distribution Go(-) coincides with the initial
system distribution go(+), then §,(-) = ¢, (:) for all n. Both §,(-) and g,(-) are realization
dependent. We shall define the random process Q,(-) as Q,(-) in (C.6) but with a different
initial distribution

P (ia]@) - - - p°r (in|)
>3 Go(B)pr (1] B) - - por (in| B)

The probability law still depends on the true initial distribution. Notice that Qn() is not
an F-martingale under this law, contrary to @,(-). As we shall show, they nevertheless have
identical limit, that is: lim,_ . Qn(a) exists and is equal to 1q, with P-probability 1.

Moreover, if a time independent Markovian feedback protocol is used, the convergence of
the state probability distribution is exponential. Its convergence rate is the mean relative
entropy of the partial measurement result distribution conditioned on the system be in the
state T with respect to the one conditioned on the system be in the state . This means that
for n large enough,

Qn(a) = dO(a)

Qn(a) ~ e SN for o £ T (C.8)
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with

red (o po(i’/@)
S(ela) = Youio) 3 il |20 (©9)
o€ i€spec(o)
Here, all the p°(i|a) are assumed to be strictly positive, thus any (o, 7) with o € O is recurrent.
In the case of time independent random protocols, the rate is the same with /fed( ) replaced
by ¢(-) the distribution of measurement methods. This coincides with the result of [1] if O
contains only one partial measurement method.

The independence of the limiting distribution with respect to the initial trial distribution is
obtained whenever one starts with a trial distribution such that §o(«) > 0 wherever go(a) > 0.
This happens for example if we start with gp(«) > 0 for any a € S.

To see this, we analyse the behavior of Qn under the probability measure P .= Y aes do(a)Pq,
which can be seen as a trial probability measure on ) as it corresponds to a system initialy
in the trial state. Under I@), Qn(a) is a martingale, so by the above arguments, it converges
P almost surely to 1g.. As by hypothesis o(e) > 0 whenever go(a) > 0 (which can be
rephrased as: P is absolutely continuous with respect to IP’) a subset of 2 of P probability 1
has also P probability 1. So lim, . Qn(a) = 1q, = lim, 00 Qn () with P probability 1

What is less direct is the determination of the convergence rate. This requires controlling
the behavior of the counting processes N,(0,7). As recalled at the end of section C.4.1,
Nyn(0,i)/n — palo0,i) on a set® of Py-measure 1. We want to infer that P-almost surely,

lim Ny (o,i)/n = uy(o,1).

n—oo

To prove it, we set L(0,1) := {limn%oo Np(o,i)/n = py(o,7)} and write
= 2 w(@PE0DI%) = 3 ()

where we used
P(L(0,1)|20) = P( li_)m Np(0,1)/n = pa(0,1)|Q0)
=Py li_}rn Np(o,i)/n = palo,i)) = 1.

Observe now that Qn(a) can be expressed as a function of the counting processes:

R o do() H(o,i)eEpo(“a)Nn(o’i)
! Z@ qo(B) H(o,i)GE pe(i| B)Nn (o)
Under the hypothesis that all p°(i|a)’s are $0, we have that Q,(a) > 0 for every n, and the

logarithm of the ratio between Qn(a) and Qn(ﬁ) is well defined. Using the previous result,
we have

im ! @nlB) | _ 0,7)In p°(ilf)
e !an] (Z et [pomoa)}

04)EE

= 2 i) (n G |+ [ )

(0,i)EE

6. For the record, the set {N,(o0,i)/n — pa(0,i)} is measurable, as it can be written
Niens Ungen Nusng {w € @ [Nn(0,4w) /1 — pa(o, 1) < 1/m}.
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Then, for a large enough n,

Qn(a)
with S(Y|a) the mean relative entropy, S(T|a) = 3 .o #i4(0)S°(Y|a) where

Qn(B) _ ,—nS(T|8) nS(TIa)

S°(Yla) = > p*(l7)(Infp’(il )] — nfp’(ia)))

i€spec(o)

The relative entropy is always non negative, subsequently, the mean relative entropy is non
negative too. Moreover, the mean relative entropy is null if and only if T = 3 (all relative
entropies null).

Using this property and Zﬁ Qn(ﬂ) =1, we obtain for a # Y,

) - Qn(ﬁ) nS(T|a —nS(T
Qula) ™ =30 St o (Tl (1 4§ nS0019))
Zﬂ:@n(oo 5;(

Then, to leading exponential order
Qn(a) ~ e—ng(T\a)
Hence, for n large enough, we proved that

A {1 ifa="7"T

@n(a) ~ —nS(Y|a)

const.e else

The limit distribution does not depend on the trial initial distribution but only on the complete
measurement realization. The probability to have Quo(®) = a5 equals go(y). With time
independent Markovian feedback protocol, the convergence is exponential with a leading rate

S(T|a).

C.4.4. Convergence rate tuning

Most of the time, when performing a measurement, one prefers it to take as little time as
possible. The use of different partial measurement methods allows us to tune the convergence
rate. Let us take an example. Suppose we want to discriminate between three possible pointer
states of a system, and suppose that the partial measurement methods give only True/False
as possible outputs. We denote T, F' the partial measurement results and 1,2, 3 the pointer
states. Each partial measurement method can be tuned to maximize, up to a measurement
error £ < 1, the probability of one of its outcome knowing the system is in one of the three
pointer states. We shall show that this is not enough to maximize all convergence rates for
arbitrary limit pointer state. It is the use of different measurement methods picked randomly
that allows us to overcome this convergence rate problem.

Let us consider for instance two measurement methods. The first one, denoted a, has
conditioned probabilities

p*(T|1) =&,p*(T|2) = q,p*(T)|3) =1—¢
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with ¢ = O(1). The second one, denoted b, is obtained by switching the probability condi-
tioned on 1 and 2, that is

P(TI) = ¢,p°(T|2) = &,p"(T|3) =1 — ¢

Let us now look at the convergence rate conditioned on the limit pointer state to be 1. These
are coded in the relative entropies. If only the measurement method «a is used, one has:

— &

S°(12) = £ In [2] +(1=¢)ln [1 ] ~ —Infl = ¢ = O(1)

— &

S°(1)3) = ¢ In [1;] +(1—&)n [1 ] ~—lnfd > 1

The convergence of ,,(3) toward 0 is quick but the one of Q,,(2) is rather slow. If measure-
ment method b is used the interesting relative entropies are now

S(1]2) = ¢In E} +(1-¢)ln E : Z] ~ —In[e]

Sb(1]3) :qln[ ] —l—(l—q)ln[ q} ~ —Inle]

1—¢
All the convergences rates are then high if the limit pointer state is 1. But if the limit pointer
state is not 1 but 2 then, using only the measurement method b, the relative entropy S°(2|1)
is

—€

—4q

SP(2[1) = cIn m +(1—&)n E ] ~ —Infg] = O(1)

and the convergence rate toward 2 is slow.
Now, if at each time one of the two measurement methods is used with equal probability
%. The convergence rate for any 4, j with ¢ # j is

S015) = 5(S*(ilj) + 5(l7) ~ ~ Inle] > 1

As a consequence, the convergence rate is always high, whichever the limit pointer state is.
In the toy model, if the first partial measurement method correspond to 6 — ¢’ = %, then

S5(0|3) ~ 0.116

This is the slowest of all convergence rates. If the partial measurement method with 6 —6" = %

6
is introduced and the partial measurement methods are chosen with equal probabilities each
time, then

S(0]3) ~1.18

and the slowest of all convergence rates is
S(1]3) ~ 1.10

If only the § measure is used and the limit pointer state is 0, then a theoretical 99% confidence
level is reached after about 50 measures. With the use of the two different partial measurement
methods the same confidence level for the same limit state is reached in 5 measures. The
same number of measurements is needed if the limit pointer state is 1,2 or 3.
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C.5. Degeneracy and limit quantum state

Often the quantity we measure is a property common to several pointer states. In the quan-
tum case, this corresponds to a degenerate projective Von Neumann measurement. There,
at least two different eigenstates share the same eigenvalue. For our measurement process,
degeneracies happen when several distributions p°(:|-) are equal for different pointer states,
so that some states cannot be distinguished. For example, in our toy model, whatever 6 — 6’
is, we have pe_e/(i]p) = p‘g_e/(i|p + 4k) with k an integer. The pointer state with p photons
cannot be distinguished from the one with p + 4k photons.

In this section we study the system state evolution when degenerate repeated partial mea-
surements are performed. In a first part we show the convergence of the system pointer state
distribution. In a second part we focus on the quantum case and the influence of phases
introduced between degenerate states by the repeated partial measurement process.

We shall partition the set of configurations into sectors. Let us define an equivalence
relation among pointers by identifying two pointers whose partial measurement distributions
are identical. That is: two pointers o and (8 are said to be equivalent (denoted o ~ f3) if, for
any partial measurement method o and result 4,

p°(ila) = p°(il B).
By definition the sector « is the equivalence class of a. In the toy model the sectors are the
sets p = {p + 4k, k € N} with p=10,1,2,3.
C.5.1. State distribution convergence

We first look at the convergence of the pointer state distribution @y, (-) in case of degeneracy.
The system distributions @ (+) induce probability distributions @, () on sectors by

Qn(g) = Z Qn(o‘/)-

a'ca

Since sectors form a partition of the set of pointer states, we have > @Qn(a) = 1. The initial
probability of a sector is go(@) = Y ,/cq 90(a’). The recursion relation (C.3) can obviously be
lifted to a recursion relation for the sector distributions,

ot 1™ (iale)
Qrale) = nla) =70 B ul)’

It is identical in structure to eq.(C.3) but with the bonus that it now is non degenerate. Lets
assume that for two different sectors, it exists at least one P-recurrent partial measurement
method distinguishing between the two sectors: if a # 3, it exists 0 € O, and i € spec(o)
such that p°(i|a)) # p°(i|5). Thus we can use the non-degenerate case results but applied to
the sector distribution. Hence, Q,(-) almost surely converge and

Q (@) = 5Q,I

with T the realization dependent limit sector. The probability that the limit sector be 7 is
equal to go(7y)-
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From the martingale property, the state distribution converge (not only the sector distri-
bution), and the point which remains to be discussed is what is this limit. Thanks to the
relation go(a’) Qn(@) = qo(a) Qn(a’) valid for any n if @ ~ o, we shall show that this limit is

0 ifagY

Qo) = { 10(0)/D(T) ifaeT (C10)

with Y the limit sector.
Indeed, the state distribution satisfies the recursion relation (C.3). Thus, if (ix)k=0,-. n—1
are the n first partial measurements results, one has

Qu(e) _ TIj_y p™(ixla)
qo(a’)  >590(B) [Tizy P (ik] B)
for any o in the sector a. The right hand side only depends on the sector a, and thus

Qn(@) _ Qn(a)
qo(a) qo(a’)

if o’ € . From this equality, it follows that

Since, Q(@) = a1, we have Q(a) =0if a ¢ Yand 1 =, Q) = 2(2)((2)) Go(X), for any
a € Y. Hence, N

foraeX

qo()

e qo(Y)’

The probability of convergence to a sector as well as the limit state distribution (C.10)

coincide, in quantum mechanics, with what would have been predicted by Von Neumann

rules for degenerate projective measurements. The approach we have been following so far,

based on tools from classical probability theory, gives no information on the convergence of the

density matrix off-diagonal elements. It is the next section’s purpose to discuss the evolution
of the density matrix p, and not only the evolution of the probabilities @, (a) = (a|pp|a).

C.5.2. Density matrix convergence

We are now interested in the convergence of the system density matrix. In the basis of
pointer states we may write:

pn = Anla, B)|a) (8]
a,B

with A, (o, @) = Qn(a). It evolves according to the recursion relation (C.1). The processes
Ay (a, ), are not martingales, and their convergence can not be obtain through the martingale
convergence theorem. Actually, they do not always converge. To obtain convergence a unitary
evolution process has to be subtracted.

For each POVM, a phase between the pointer states is introduced by the operators Mi(o).
Even inside a sector this phase can be nonzero. This possibility comes from the degeneracy
criteria we unraveled previously. Two pointer states, o, 8 can have a nonzero limit probability
if they are in the same sector : o ~ (. This criterion implies a norm equality |M©) (i|a)| =
|M©)(i|3)| for any 4 in the spectrum of any partial measurement, but not a full equality. So
M©)(i|a) and M) (i|B) can differ by a phase. The density matrix converges either if this
phase can be set to zero or if we absorb it through a transformation of the evolution.
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C.5. Degeneracy and limit quantum state

Let us write the operators M(°)(i|a) in a phase times norm form
MO (i|a) = o AL (Ea+6() (i]a)) o (ila)

The specific form of the phase is inspired by the Hamiltonian H(© = Yoa(El + HZ()O) +

Héo))]a><a|. This is the most general Hamiltonian if one want U to fulfill the non demolition
condition (C.2). In the above formula, At is the interaction time between the probe and the
system.
Let us define a unitary operator process, diagonal in the pointer state basis,
0, = 37 e M T 06 0 (00N o) ) o

«

and the unitary equivalent conjugate density matrix process

o = Ul paU, (C.11)

The diagonal elements of p,, in the basis {|a)}, are not affected by this transformation. Their
limits stay the same. Thus if a or 8 are not in the limit sector Y, according to the Cauchy-
Schwartz theorem, Ay (e, ) = 0. We are then interested in the limit of the elements A, (c, 5)
with o, 8 € Y. N

If 5 € a, then go(a)An(e, B) = ao(a, B)@Qn(). Repeating the discussion made in the
section C.5.1, we get

. f ao(e, B)/3p(X) if e, BeET
Aoo(awB) - { 0 else

Hence, p, has an almost sure limit which coincides with the result of a Von Neumann
measurement: po, is equal to py projected on the system subspace corresponding to the
sector Y.

lim 7y = —— Py poP (C.12)
im p, = ——— .
n—o0 Pn QO(I) rpotx
where Py := 3y [7)(7] is the projector on the subspace corresponding to the sector 1.

In some cases the unitary operator process can be reduced to a deterministic one. For
example if 0 (i|a) = 6°)(i|3) for every (0,i) € E and every a ~ f3, then we can chose
U, = e s This is the case in the toy model, from the periodicity of trigonometric
functions, in a given sector all phases introduced by partial measurements are equal. If the
limit sector is p = {p + 4k, k € N}, then the photon field limit state will be

- s 4k 4k
lim emAtppn e—znAtp _ Z GO(p+ P+ ) |p + 4k}> <p+ 4]{?I|

e k' €N Q(p)

One other example corresponds to the case where the phases 8(°)(i|a) do not depend on (o, 7)
but depend on a. Then one can define Hepy = Hy + >, 0(o)|a) (| and U, = e~indtHeyy.,

In most of the cases the unitary evolution U, is a stochastic process and then in the limit
n — 0o, it remains a stochastic rotation inside the limit sector. When [7” is deterministic,
the remaining rotation is deterministic too.
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C. Article: Repeated quantum non-demolition measurements: convergence and continuous-time limit

C.6. Continuous diffusive limit

We shall now prove the convergence of the discrete processes we consider toward processes
driven by time continuous Belavkin diffusive equations. Our proof, different from that used
in [21], allows us to derive the continuous measurement diffusive equation not only for the
quantum repeated indirect measurement process but also for the macroscopic Bayesian ap-
paratus we defined. The quantum case is a peculiar realization of it.

The time continuous equation is found as a scaling limit of the discrete evolution when
n goes to infinity with ¢ = nd fixed (6 = At). We first study the pointer state distribution
scaling limit, Q¢(«) := lims_0 QJ¢/5)(v). The evolution equation for Q¢(«) is given in eq.(C.15)
below. We then look at the time continuous limit of the density matrix evolution and get
the Belavkin diffusive equation eq.(C.23). In the quantum case, the continuous limit requires
rescaling appropriately the system-probe interaction Hamiltonian as

1
V4

We present in some details the case with a unique partial measurement method. The results
are then easily extended to cases with different measurement methods.

H=H,®l,+1,®H,+—=H; (C.13)

C.6.1. Continuous time limit of the pointer state distribution

We are here interested in the state distribution continuous time limit. The results presented
in this section apply to the general Bayesian recursion relation (C.3) — which in particular
includes the case of repeated QND measurements. To begin with, we assume that there is
only one partial measurement method ”. Henceforth we suppress o from all the notations and
let Z stand for the index set of outcomes. Note that the two filtrations F,, and F,, coincide
and carry the information on the first n partial measurements.

We assume that the conditional probabilities p(i|«) depend on a further small parameter
0, and are of the form

plila) = po(i)(1 + V6 Ts(il)) (C.14)

with po(i) > 0 for all ¢’s and that I'(i|e) := limgs_,o+ I's(é|a) exists. Then ) . po(z) = 1, so
that the po(i)’s specify a probability measure, and for every §, > . po(i)I's(ijo) = 0. The
important point is that po(7) is independent of a.

These hypothesis are of course satisfied in the quantum case with QND interaction Hamilto-
nian Hy =) |a)(a|® H, and rescaling Hy — %H[. Then po(i) = |{i|¥)|? is the probability

measure in absence of interaction, and

I'(ile) := 2 Im(W)

We assume that (i|¥) £ 0 for all i.

We first need to make precise the sense in which a limit on @, () is to be taken.

For a fixed w €  the limit lims—,0 Qs /5](61) is not expected to exist®. But there is some
hope that, properly defined, a limit for the law of the process Q[ /5}(04), t € RT exists. We

7. This condition will be relaxed in section C.6.1.
8. Think of the simple random walk: the convergence to Brownian motion is not sample by sample because

Son Sn
o has no reason to be close to T
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C.6. Continuous diffusive limit

shall prove in Appendix C.B that this is the case, specifying a bit the kind of convergence
that is involved. Under the limiting law, the process Q¢(-) satisfies the stochastic equation

dQi(a) = Qi(a) > (T(iler) — (Ti)s) dXy(i) (C.15)

i
where

(Li)e = Z Q:(B)L(i]B).
B

Here Xy(i), with >, X;(i) = 0, are continuous martingales with quadratic covariation

dX(i)dX(j) = dt (65 po(i) — po(i)po(j)). (C.16)

We shall show that a vector solving this equation is a bounded martingale, to which the
martingale convergence theorem can be applied with results similar to those in the discrete
case:

{0 ifagX
Qool@) = { w(0)/Dla) faeX

with T the limit sector. However, the sector definition is not the same as in the discrete case.
In time continuous, o and 3 are in the same sector if and only if I'(i|a) = T'(¢|3) for all partial
measurement result ¢. The probability for the system to be in the sector o in the limit ¢ goes
to infinity is go(a) = > ,cq 90(a).

The convergence is still exponential

Qi(a) =exp(—t/1rq), HfadgX

with characteristic convergence time 7,4,
. , W2
2/Tya = ) po(i)(L(ila) — I(il)) (C.17)
i

This coincides with the convergence rate we would have found by taking the relative entropy
S(v|a) scaling limit. However, it is somewhat difficult to decipher that it originates from a
relative entropy by only knowing its expression in the continuous-time limit.

Preparation

We work with the model (2, F,P).

Our derivation is based on the use of the counting processes N, (7). Recall that Ny(i) =0
and that N, (i) = Y <, <, €m(i) for n > 1, where €,(i) := 1;,—; is 1 if the n'! partial
measurement outcome is i and 0 otherwise.

We start by listing some properties of these counting processes and their relationship to
the solution of (C.3). Then we shall formulate and prove the analogous statements for the
continuous time limit.

It is obvious that the filtration Fy, Fi,--- is the natural filtration of the vector counting
processes Np.

Also recall that the random recursion relation (C.3) can be solved in terms of the counting
processes as

I1; p(ia)
Zﬁ q(B) Hip(iIB)N"(i) '

Qn (a) =40 (a)
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C. Article: Repeated quantum non-demolition measurements: convergence and continuous-time limit

A trivial but crucial observation is that under each P,, N, is the sum of independent
identically distributed (i.i.d) random vectors.
As a first consequence, a simple computation leads to

E (ezle 3 M@ (N ()= Ny (i))) _

k ny—mnp—1
> a@]] (Z eAlu)p(iya)) (C.18)

=

for £ > 1, arbitrary non-decreasing sequences of integers 0 = ng < n; < --- < ng of length
k, and arbitrary (complex) N\(i)’s. A second consequence is that under P, each N, (i) is
a sub-martingale and N, (i) = (N,(i) — np(ila)) + np(i|a) is its Doob decomposition as a
martingale plus a predictable (in that case deterministic) increasing process. Moreover, if
n > 1, and if X is an F,,_; measurable random variable, we compute

E(Xe, (i) = ZQO Eo(Xen(i))
_ Zqoa JEo(X)p(ila) = Y E(XQu-1(a))p(ila).

For the last equality we used the @’s characterization as Radon-Nikodym derivatives. This
proves that E(e, ()| Fn-1) = >, @n-1(a)p(i|a) = my,(i). Hence, setting

n
= 2 (i),
m=1
an increasing predictable process, we find that X, (i) := N, (i) — A, (i) is an F,-martingale
under P, so each N, (i) is again a sub-martingale with Doob decomposition
Nn(l) = Xn(z) + An(’L) (C'lg)

under P.
Finally, by some simple algebra we may rephrase the random recursion relation satisfied
by the QQ’s as a stochastic difference equation

On(@) = Qur(@) = Qur(@) S 21 x4y — x,(3)). (C.20)

7Tn1

Derivation of the pointer state distribution evolution

Equation (C.20) admits eq.(C.15) as a naive continuous time limit when ¢, the scaling
parameter, goes to 0. To put the validity of this formal approach on a firmer ground,
one needs to prove the existence of a continuous time limit. This is a classical topic, but
the presence of the scaling parameter § in various places prevents us from applying standard
theorems straightforwardly. So we rely on a down-to-earth approach, which is rather technical.
For this reason we relegated the argument to appendix C.B. This is where the interested reader
should look for some background, precise definitions, etc. We give here a brief summary:

— By an appropriate interpolation procedure, one defines a 0-dependent push-forward fi4(0)
of each P, and p(d) of P in Co(R*,R7), the space of continuous functions from R* to R’
vanishing at 0.
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C.6. Continuous diffusive limit

— We are not able to prove the convergence in law of the pi,(8) or of x(§) when § — 0.

— However, the finite dimensional distributions of the joint processes N, (i) and Q,(«) un-
der each P, (where o stands either for an element of S or for nothing) admit, after appropriate
time dependent centering and scaling, continuous time limits which are the joint finite dimen-
sional distributions, under a probability measure o on Co(R*,R’), for processes W;(i), to
be thought of as

61_i>1£1+ V(N 5(1) — po(i)t/d),
and Q¢(), to be thought of as lims_,o+ Q4 /5(cv).

— The process W, is the canonical coordinate process on C'(RT, RY), and its natural filtration
G; is to be thought of as the continuous time limit of the natural filtration for N,, i.e. as the
information collected by indirect measurements up to time t.

— The identity p = )", go(a)pq holds. The Radon-Nikodym derivative of p(«) with respect
to p on G, is My(«v)/ My where

My(a) = e TEIWi ()= 5 3 po@T (ile)? M, = Z do() My ()

For each a, Mt_l(a) is a Gi-martingale under u,, and Mt_1 is a Gi-martingale under .

~ For each T > 0, under the measure M 'dy (which coincides with My (a)du, for every
«), the process (Wt>te[0,T] is a continuous time-homogeneous centered Gaussian process with
covariance min(t, s) (6;,; po(i) —po(i)po(j) ). Thus, by Girsanov’s theorem, under each o, Wy is
a continuous time-homogeneous Gaussian process with independent increments, characterized

by
Erfe(Wi(@)) = tpo(i)I'(ila)
Covhe(Wy(i), Ws(4)) = min(t,s) (85 po(i) — po(i)po(3))-
— There is an explicit formula for the Q4’s in terms of the W;’s, namely:

M () e2i D(ila) Wi (i) —§ 32, po ()T (i)

Qi) = a0(e) == = () T 8
M Zﬁ CIO(ﬁ)eZi D(ilB)YWe (i) —5 32, po ()T (i 8)?

We are now in position to check that all the properties established in the discrete setting,
as listed in section C.6.1, have a direct naive counterpart in the continuous time setting.

The construction of the filtration G; as the natural filtration for the canonical process was
already explained. We have also already mentioned that there is an explicit formula for
the @¢’s. The counterpart of (C.18), the Laplace transform of the counting processes joint
distributions is given for the canonical process in eq.(C.29), Appendix C.B.

The counterpart of the counting process Doob decomposition under Py, is W (i) = (We (i) —
tpo(1)I(ile)) + tpo (1)L (i]er) under pq.

To get the counterpart of the counting process Doob-Meyer decomposition under P, i.e. the
Doob-Meyer decomposition of Wi (i) under u, we use Girsanov’s theorem. As recalled above,
for every T' > 0 (Wy(i))scjo,) is @ continuous martingale under M, Ydu. From

Mo/ M = 3 ao() M ST G) () = 3 Qi) S Pl )
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C. Article: Repeated quantum non-demolition measurements: convergence and continuous-time limit

we infer that the increasing process

Ag( / ds Z Qs(a (i)
is the compensator of W (i), i.e.

is a G; martingale under u, with quadratic variation given by (C.16). It is easily seen that
Ay(i), Xy (1) are the obvious continuous time limits of Ay, (), X, ().
It remains to write down the stochastic evolution equations for the (J¢’s. By It6’s formula

for a ratio, we find
dQi(a) (th(a) B th> (1 th>
Qt<06> Mt(a) Mt '
leading immediately to (C.15) which we reproduce for convenience:

dQi(a) = Qu(@) Y (T(ila) — (L)) dXu(i)

)

where (I';); == > 5 Q:(B)I'(i|3). Note again that this equation is also the naive continuous
time limit of the discrete equation (C.20).

To summarize, one makes no mistakes if one works naively and forgets about the lengthy
rigorous construction of the continuous time limit. This gives us confidence in what follows to
proceed straightforwardly in the derivation of continuous time equations in more complicated
situations.

Convergence of the continuous time evolution

We now prove the convergence of Q(«) when ¢ goes to infinity. Its almost sure convergence
is a direct consequence of its martingale property. We need to prove that the final distribution
is

ifagX

0
Qoole) = { 0(0)/@la) HacT (C.21)

and that the convergence is exponential with the characteristic time 7y.
First we prove that the limit of the sector distribution Q¢(a) := " ¢, Qi(a) is

QOO<@> = Oa,x
The equation of evolution for the sector distribution is
dQs(e) = Y dQu() = Qu(e) Y (T(ilar) — (T's)s)dXe(i)
a'ea 7

In the limit ¢ — oo, we have Qoo(a)(T'(i|a) — (I'i)oo) = 0 for all 4, p-almost surely. Then
either Quo(a) = 0 or I'(i ila) =3, Qoo(B)I(i8). Since I'(i|ar) # I'(i|B) if a # B, the solution

to the limit equation is Qoo () = dar.
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C.6. Continuous diffusive limit

Second we show that (Z')) qo(a’)

On( w0 if o/, o are in the same sector. As in the discrete case,
this relation implies eq.(C.21). We compute:

Qu(e) ,Qu(e) _ d@Qu(a)  dQi(a) | dQu(e)), th( ) dQ:(c)
Qi(a’) Qt(a) Qi(a’)  Qile) " Qu(@) Qi(a’) Qi(@)

Since, dc(i t((aoﬁl)) = dgt((g)) for o and o' in the same sector, we obtain d%tt((g)) =0if o, o € .

For all time ¢,
Qi(a') _ qo(a’)
Qi) qo(e)
which achieves the proof for the limit pointer state distribution.

Finally we prove the exponential convergence. The tools we use are the convergence of
the pointer state distribution and the It6 calculus. From the distribution convergence, we
have (I';); ~ I'(i|Y) for ¢ large enough. The evolution equation (C.15) for a ¢ T becomes
dQi(a) ~ Q) >, (T'(i]er) = T'(4|T))dX¢(i). This equation is a well known stochastic expo-
nential equation. Thus, at large time ¢, with good approximation

!/

fa~a«o

Qi(a) ~ const. e~ & SiPo()TEl0) =TI +5, Xe(i)(N(i]a) ~TGIT))

for « ¢ Y. Keeping only the leading term in the exponential we obtain the exponential
decrease, Q;(«) ~ exp(—t/Tvq), with 7y, given in eq.(C.17).

Different partial measurement methods

The previous results can easily be extended to cases where different measurement methods
are randomly used. Since proofs are similar to those of previous sections, here we only present
a general outline of the approach. We limit ourselves to a time and realization independent
partial measurement method distribution. In this case dy (01,41, - ,in, Ont1) = Hzg c(ok)
with ) c(o) = 1.

To stay in the scope of the diffusive limit we assume that for any o, (i|¥(©)) £ 0.

Following previous sections, we define linear interpolations Wt(é) (0,1) of the counting pro-
cesses which naively read

V6(Nyys(0,7) = c(0)pg(i)t/d)

See Appendix C.C for precise definitions. As shown in this appendix, all finite dimensional
distribution functions of Wt(é)(o, i) under (a push-forward of) P, (resp. P) have a finite limit
as & — 0 which coincide with those of continuous random processes, denoted W (o, %), under

appropriate measures denoted p, (resp. ). Under po, Wi(o,1) is a Gaussian process with

Bl (Wi(o,i) = te(o) pg(i) T (ifa)
Covi® (Wi(o,1), Ws(d,j)) = min(t, s) (e(0)p§(1)3(0,0),(or.5) — c(0)P§ (D)) (1))

GH |0 ()
(@[ T@)

The measure p is the sum = > qgo(a)pa. The Radon-Nikodym derivative of u(o) with
respect to p is My(a)/ My where My = qo(a)My(cr) with

with pg(i) = |(i|¥(?))|? and T°)(i|a) = 2Im (

My(a) = e (0,)ER L) (i)W (0,i) =5 35 iye i (0)Pg (T (i]c)?
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C. Article: Repeated quantum non-demolition measurements: convergence and continuous-time limit
As in the section C.6.1 we define
t
Xi(o,1) = Wi(o,1) — / ZQs(a)c(o)pg(i)F(o)(i\a)ds
0 (0%

The X;(o,7) are martingales under p. From this definition we obtain straightforwardly

dQu(a) = Qu(a) Y (TO(ilar) = (T(0))1)d Xy (0, 7)

(00)€EE
with (D)), = 3, T (i|a)Q4 () and

dX1(0,1)dX (0, §) = dt(c(0)p§()8(0,i) (or.5) — c(0)D§(0)c(0")pg (5))

The limit of Q¢(«) is the same but the sectors are now the sets of basis states such that
I (i|a’) = I'©(i|a) for all partial measurement methods and all partial measurement results.
The convergence toward the limit distribution is exponential

Qua) = exp [~ 5 37 o)) ila) ~TOGIT))?

(oi)EE

The approximation hold if ¢ is large enough. The convergence is exponential with a charac-
teristic time

== Y c(0)pi ()T (ifa) — TO(i[T))?

.
Yo (oieE

We find a convergence rate which is a mean convergence rate as in the discrete case. The
same result is found by taking the scaling limit of the discrete case mean relative entropy.

C.6.2. Density matrix evolution

We are now interested in the density matrix evolution.
As in section C.5.2, the density matrix at time n can be decomposed in the basis of pointer
states:

a,B

The same decomposition applies to the time continuous density matrix we will define. The
recurrence relation (C.1) translates for A, (a, ) in

_ Ana(a, HYM) (i |a) MO (i) 8)”

An(a7 /8> Z’Y gn—1 (7)]70" (Zn h/)

Where M©) (ila) = (i|U©) (a)|¥®)). For a = S, this reproduces the pointer state distribution
recurrence relation (C.3), as expected.

We first limit ourselves to the case where only one partial measurement method is used and
we omit the index o. The results will then be generalized to different partial measurement
methods. We used a few hypotheses to get the continuous-time limit:
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C.6. Continuous diffusive limit

— The first two assumptions are related to the development in v/8 of the conditional prob-
abilities p(i|a). As stated before, the interaction Hamiltonian must be rescaled Hy — %H I

and for any partial measurement result 4, (¢|¥) # 0. Then
p(ila) = po(i)(1 + Vé Ts(il))

with po(i) = |{i|¢)|?. The assumption (i|¥) # 0 leads to the diffusive limit. If this condition
is not fulfilled for every 7, then a jump-diffusion limit is found as shown in [23].

— A third assumption is needed to obtain a convergence of the evolution of the phases
between different pointer states. The interaction Hamiltonian expectation must be zero :

(W[H W) =0

Under these assumptions, we show in Appendix C.D that the time continuous evolution
derived from the discrete time case is

ellaB)t—i 32, (c(ile)—c(il B)*) Wi (i)

At(a76) = A()(Oé,,@) (022)

e, B) == —i(Ea — Ep) — % Z:po(i)(IC(iIOé)l2 +[e(i]B)[* = e(il)? — e(il 5)*?)

If we set o = 8 we recover the result on the pointer state distribution.
A simple computation using It6 rules shows that this process is solution of a Belavkin
diffusive equation:

dpy = L(pt) =i Y _(Cipr — piCJ — pyTr[(Ci — CT)pi))d X4 (i) (C.23)
with the Lindbladian

L(p) = =ilHssp + 3~ mo0)(CopC] — 51C1Cip)

and Cj := Y, c(ila)|a) (a] = S

As shown in [20], this equation corresponds to the time continuous limit of repeated POVM
processes (C.1) even if the non destruction assumption (C.2) is not fulfilled.

In the next section we study the long time behavior of such evolution in the non destructive

case.

Long time convergence of the density matrix

The pointer state distribution convergence indicates that, in the long time limit, the system
is in a subspace of basis Y. This information only tells us what is the limit of the elements
A¢(a, B) when « or 8 are not in the limit sector Y. From the Cauchy-Schwarz theorem,
limy 00 Q1(a) Q¢ () = 0 implies limy_, o Ai(cr, 5) = 0. For the elements A;(c, 8) with «, 8 €
Y, the limit ¢ — oo is yet unknown.
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C. Article: Repeated quantum non-demolition measurements: convergence and continuous-time limit

We decompose the operators C; in a sum of two hermitian operators
Ci = R; +1iS;

with R; = Y, Re(c(ila)) |a) (| and S; = 3=, 3T (i]a)|a) (|-

As in the discrete time case, the density matrix evolution has to be modified by a unitary
process in order to get convergence when t goes to infinity. Let U, be the unitary diagonal
operator defined via

il = —i(H, — 3 po(i)[Ri(Ss — 205:)0) - %R?])dt i3 RidXili)

)

and let p; be the modified density matrix
ﬁt = ﬁjptﬁt
As we show below it has an almost sure limit

tllglo Pt = qo(lT)PTpO Py (C.24)

where Py := >y |7)(y| is the projector on the subspace corresponding to the sector Y.

Therefore, po, is equivalent to the density matrix we would have found if an initial Von

Neumann measurement had been performed on the system. The unitary operator U, only
induces a rotation inside the limit subspace.

Recall that we only need to prove the convergence of the p; matrix elements corresponding

to two pointer states in the same sector. From the Belavkin equation (C.23) and using It
rules, we find the evolution equation for p;:

0= 3 ml)(Si7iSi = 5SS ph ) — i (i} — 2 TS X0

Thus, the time evolution of matrix elements gt(oz, B) of py with 8 and « in the same sector
is,

dAi(a, B) = Ay(e, ) Y (T(ila) — (T'(8))0)d X (i)

i
Noticing that Qt(oa)dgt(a, B) = gt(a, B)dQ:(«) and repeating the discussion of section C.6.1,
we get

q0(X)

~ Aolef) it o and geX
0 else

This proves the limit (C.24).

Extension to different partial measurement methods

We can extend our results to cases where different partial measurement methods are used.
Once again we limit ourselves to time independent random protocols. The density matrix
evolution is modified as follows:

dpr = L(pr)dt+ Y Dozy(pr) dXi(0,4)
(08)€EE
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C.6. Continuous diffusive limit

with T |
Diosiy(p1) = =i(C{p = O = py T[C pr = py 1))

(o) _ (ilH|w,)
where C; = W

and

) o/ o Io) T 1 P T °
L(pt) = —i[Hs, pt] + Z c(o0) po() (C’l( )ptoi( " 5{CZ( ) Ci( ),Pt})
(o0)EE

As before ¢(0) is the probability of using measurement method o. The limit density matrix
can be analyzed as above: we obtain identical convergence statements once the density matrix
has been rotated using an appropriate unitary Uy.

Acknowledgements: This work was in part supported by ANR contract ANR-2010-
BLANC-0414. T.B. thanks Clement Pellegrini for helpful discussions on the continuous time
limit.
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C.A. Details for mutual singularity

We prove that if o is recurrent but (o0,4) is not then > . Q(v)p°(ily) = 0.
Observe that under P, we have the Markov property

Ea(11,=i|Fa-1) = p°" (ile) (C.25)

It says that, under P,, O,, = o the next measurement outcome is ¢ € spec(o) with probability
p°(i|a) independently of what happened before.

Now assume that under P, measurement method o is recurrent with probability 1. Take
0<Ty <Th <--- <Tp--- to be the times when the measurement method is 0. We show,
using the strong Markov property, that Ir,, I, - are independent identically distributed
random variables with distribution p°(:|«). This is quite natural: the functions d, help
choosing the measurement method, but they do not influence the measurement result.

Indeed, note first that the above statement is trivial when there is only one measurement
method, because then there is no need to invoke stopping times and the strong Markov
property. In the general case, note the slight mismatch with usual notations: {7} < n} is
in fact F,_1 measurable, so it is natural to write F7,_1 for the algebra associated to the
stopping time Tj. Then write

Ea(]-Ileh "'11Tk=ik|~’er—1) = 11T1=i1 . 'HA[Tk,1=ikf1E0t(H41Tk=ik‘}-Tk—l)

- 11T1:i1 o 'HZITk_IZikflpo(ikJa)
One can go on to condition with respect to F7, 1, --- until one finds the plain expectation
Ea(L1p =iy -+ Lig =iy) = P°(ia]a) - - - p° (i |cv).

As a consequence, for any « such that o is recurrent under P:

— either p°(ila) > 0 and with P,-probability 1 the outcome i appears infinitely many times
in the sequence Iy, I, -, i.e. (0,1) is recurrent with probability 1,

—or p°(iJa) = 0 and i never appears in the sequence I, I, -, i.e. (0,4) never appears.

Now assume that o is recurrent under all P,’s. The above implies immediately that the
probability under P that (o0,4) is non-recurrent (this event is denoted by A(o,i)) is given by
2y potify)=0 90(7)-

If p°(i|8) = 0 then Q(B) = Q(ﬁ)lA(o’i) because by the recursion relation Q,(8) = 0

whenever (o0,4) has shown up before time n. So
E(Q(B)) 90(5)

E Apay) = =
(Q(ﬁ)’ (O,Z)) E( A(D’”) Z’y,p“(i|'y):0q0(7)

which implies that

E( > QMlApy) =1

7,p°(i|7)=0

Hence, conditional on fl(oﬂ-), the Q(«)’s for which p°(ilar) > 0 have to vanish. Equivalently,
Q(7)p°(ily) = 0 for each v and 3. Q(7)p°(i[y) = 0, which was to be proved.
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C.B. Proof of existence of a continuous time limit

We first put the notion of continuous time limit in context.
Let V be the vector space Co(RT, R?) of continuous functions f. from R* to R such that

fo = 0 € R, For each § > 0, and each w € Q we define a function Wt(d)(i) on RT by
linear interpolation of Wt((s) (1) := \/S(Nt/(;(i) —po(i)t/d) if t/6 is an integer. Explicitly, for
t € [dn,d(n+1)]

W (i) = V6 ((n+ 1= t/8)Nu(i) + (/6 — n) Nuy1 (i) — po(i)t /) .

For every w € € the function Wt(é)(i) is continuous for t € RT. So we have a map
W© . Q — V. But, as already pointed out before, there is no hope that, for a fixed w € €,
Wt(é) (i) has a limit when 6 — 0%. The only clear fact is that for a fixed ¢, the central limit

theorem ensures that the distribution of Wt(é) (7) under each P, has a Gaussian limit when
§ — 01, Note that this observation fixes the scaling v/ as the only one possible.

But if we are interested in convergence as a process, a deeper approach is needed. If we
endow V with the topology of uniform convergence on compact sets 7 (V) and with the
corresponding Borel o-algebra B(V), we can show that the map W©® is measurable from
(Q,F) to (V,B(V)). This is not difficult, because by a classical result, B(V') is the smallest
o-algebra on V' containing the family of sets

BY .= {f e Co(RT,RY),a < (i)}

indexed by t €]0,+o0[, i € I and a € R. It is plain that the inverse image of B%“% under
W is in F,, whenever n > ¢ /0. As the filtration on € is exactly the one making the N,, F-
measurable, the appropriate filtration on C'(R, R! ) should be the natural one, the smallest
making the canonical process adapted . We denote it by G;.

Then any probability measure on (€, F) induces via W) a probability measure on (V, B(V)).
Note that, via (C.14), the measures we defined previously on (€2) depend on d, and to be ex-
plicit we write P, E©) etc. to stress this fact. Let po(d) be the image measure of IP’gS)
pushed forward by W) on (V,B(V)). As (V,T(V)) is a so-called Polish space, there is a
nice notion of convergence for measures on it, called “weak convergence” of measures, and we
could ask if the p4(0)’s converge weakly to some probability measure on (V,B(V)) (and then,
so would () = >, qo(®)pa(6)). Note that despite its name, weak convergence is strong
enough to ensure the convergence of the expectations of rather general functionals, so we
could hope to control the @)’s continuous time limit as well, because they are nice functionals
of the counting process.

It is usually in this context that continuous time limits have a meaning. In this setting,
there are a number of theorems, called functional central limit theorems, or Donsker invari-
ance principles, that express the continuous time limit of random walks (with independent
increments) in terms of Brownian motions in fine details. Alas, though under each P, N, (i)
is a random walk with independent increments, the theorems we are aware do not apply im-
mediately. The problem is that the § dependence is not only in W, but also in the P,’s. This
problems would show up even more dramatically to deal with the )’s convergence and there
relationships with W. While we think these are purely technical details in our case, we shall

9. Of course, as long as § > 0, W; looks a bit forward in the future, as it involves N, 11 for ¢t € [dn,d(n+1)],
but for continuous process this does not matter.
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not try to deal with them: we shall instead rely on a weaker and slightly less natural notion of
continuous time limit that will suffice for our purposes. To say things in more mathematical
terms: we shall content ourselves with proving that the joint finite dimensional distributions
of W’s and )’s converge to joint finite dimensional distributions of continuous processes we
can identify explicitly, but we do not embark on the more technical task of proving tightness.

We now turn to our explicit approach of the continuous time limit.
From the characteristic function (C.18) we obtain easily that

lim EO®) (62511 SN OWD @) -w (¢>)>

6—0t

<Z go(a)eSiz () i (i)po(i)F(ﬂa)) x
e Sho (=tm) (S po(D M () = (X po ()M (D)?) (C.26)

for k > 1, arbitrary non-decreasing sequences 0 = tg < t; < --- < t; of length k and arbitrary
(complex) \;(7)’s.

By a standard theorem on characteristic functions, we have thus proved that the Wt(a) (7)
finite marginals (under each IF’Q) and under P(®) have a limit for 6 — 01. This is much
weaker than what weak convergence of measures would ensure. It is enough to ensure that
the limit marginals satisfy the Kolmogorov consistency criterion, but it does not guarantee
that it is possible to concentrate the corresponding process on Co(R™, R! ). However in the
case at hand, we can bypass this problem because of the simple form of the result, which is
Gaussian for each a.

Let v be the Wiener measure of a standard Brownian motion on Co(R™,R?). The linear
map from R’ to itself defined by

y(i) = Vo@D = V(D) > VilDa(i)

induces a map from Co(R*,RY) to itself. Let u° be the image measure of v under this map.
It is easily seen that under this law, the canonical process W on Cp(R™, R') satisfies

]EMO (eZﬁll Zi )‘l(i)(Wtz (i)_th—l(i))> —
o3 i (t—tim1) (X po (D)X ()2 = (3, po () Au(9)?) (C.27)

for k > 1, arbitrary non-decreasing sequences 0 = tg < t; < --- < t; of length k and arbitrary
(complex) \;(7)’s.
As a consequence, It6’s formula holds with

AW, ()dW,(§) = dt (6i; po(i) — po(i)po(4))-

Our aim is to use Girsanov’s theorem to deform the measure and go from the right-hand
side in (C.27) to the right-hand in (C.26). If the process U; with values in R! is adapted and
satisfies some further technical integrability conditions,

MU = elo ZiUs@dWs()=3 Jg (i po(DUs () = (5, po()Us(9))*)ds
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C.B. Proof of existence of a continuous time limit

is a martingale. Moreover, by It6’s formula, dMY = MY 3. U,(i)dWs(i). Then, by Girsanov’s
theorem for any T > 0, under the measure du¥ = MYdu® on Cy([0,T],RY), the process
Wi (i fo — > p0(3)Us(4))ds, t € [0,T], has the same law as W;(i), ¢ € [0,T7,
under du .

Note that for t < T, MV is a Radon-Nikodym derivative.

L du
o - [8f] -+ ()
t duo : t

In general this construction cannot work for infinite 7', because ug and ;° become singular.
However, T plays only a dummy role : for 77 < T, d,ug and dug, coincide on Gpr. So it is
only a slight abuse, which lightens notations a bit, to write duY for dug and

du? du
MU = || =E*
F= (%], -2 (sls).

For the special choice U(i) := I'(i]ar), using >, po(¢)I'(i|a) = 0, we compute
My(a) := e2i D) Wi (i)— 5 32, o ()T (i)

which is certainly a martingale, and we obtain for every 7' a measure du, on Co([0,T], RY)
such that

[Fha (ez{;l > A6 (We, ()= Wey,_ (i)))
et (t—ti=1) 3 M (@Dpo (DT (i) o 3 31y (=t 1) (3 o (DA (D)2 —(32; po ()N (8))?) (C.28)

for £ > 1, arbitrary non-decreasing sequences 0 =ty < t; < -+ <t < T of length k£ and
arbitrary (complex) Ai(i)’s.

Finally, setting M, := Y, go(a)My(a) (trivially a martingale again) and dy := Mydp® we
obtain for every T a measure du on Co([0,T],RY) such that

EH (62521 2o @)Wy (i)—th,l(i))>

(Z qo(a Zz 1(t=t—1) > )\z()Po(i)F(ﬂa)) %
ez L (=t (s po(DA()2 = (3, po (DA (4))?) (C.29)

for £ > 1, arbitrary non-decreasing sequences 0 = tg < t; < -+ < tp < T of length &
and arbitrary (complex) X\;(7)’s. So we have found the continuous time limit of the counting
process as the canonical process on C([0,T],R’) with the measure p.

It remains to deal with the continuous time limit of the @Q,’s.

We note that by the chain rule % = [d‘fi—(j‘)} = [E# <d‘;—(:‘) t) is the Radon-Nikodym
t

derivative of () with respect to . So with some memory of what happened in the discrete

case, it is natural to define Q;(«) := qo(a)MtT(f‘).

Using the explicit formula for the @),,’s in terms of the counting processes, we define an)
by an interpolation procedure:

I, p(i‘a)Wt(‘”(z‘)/x/5+po(i)t/5

(@) = go()
t 2.5 90(5) [T, p(i|B)W:" @/ +po(it/s”
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so that if /0 = n, an integer, di)(a) = Qn(a). Note that in this formula the p(i|3)’s depend
implicitly on ¢ via (C.14).

One can prove that the joint finite dimensional distributions of the processes (Wt(é), E(s))
under P have limits when § — 07 and that these limit are nothing but the joint finite
dimensional distributions of the processes (Wy, Q¢) under u. In this precise sense, the @Q,,’s
continuous time limit is deciphered.

This result is really no big surprise, but to prove it we have to rely on an ad hoc trick
and an explicit elementary but tedious computation. The details are neither illuminating nor
elegant so we omit them.

When ¢ is small enough, all non-empty sets in F,, have strictly positive measure, so that if
go(c) > 0 the same is true for Q,(c) for all n’s. As furthermore ) Qn(c) = 1 for all n, all
the information on the @,’s (joint) laws is embodied in the joint laws of ratios of @,’s.

As these ratios have a simple product structure in terms of the counting processes, the
explicit computation of

k
B [ o S M@ (N ()= Ny, ( )H (in o )m (,8)
1o \@nl B)
for k > 1, arbitrary non-decreasing sequences of integers 0 = ng < ny < --- < ny of length k,
and arbitrary (complex) A;(7)’s and n;(«, 8)’s is in some sense a special case of (C.18).
The same remark applies to computations involving ratios of @¢’s.
This allows to compute explicitly that

k () (a,B)
lim B [ (S DO 0-W2,0) 1T <Qtl (a)> _

50+ =1 a,8 Qg?) (5)
oL ezle 2 @ (Wey () =Wy, (2)) ﬁH <Qtz @ > ) (C.30)
I=1 o8 Qtl B)

for k > 1, arbitrary non-decreasing sequences 0 = tg < t; < --- <t} of length k, and arbitrary
(complex) \;(2)’s and n;(c, 8)’s.

As such a mixture of Laplace and Mellin transforms characterizes the distributions com-
pletely, this concludes the existence of a natural continuous time limit.

C.C. Details on the continuous time limit with different partial
measurement methods

We use the linear interpolation of appendix C.B on Wt(é) (0,7) == \/S(Nt/(;(o, i)—c(o)pg(i)t/d)
if t/9 is an integer. Explicitly for ¢ € [on,d(n + 1)],

Wi (0,0) = VB (n+ 1= 1/0)Na(0,) + (£/0 = n)Nus1(0,) = c(0)p(0)t/6) .
We remind that £ = (J,cp{0} ® spec(o) is the set of all possible measurement methods

and outcomes. We expect the limit time continuous process to live on the vector space of
continuous function from Rt to RE.
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C.D. Derivation of the density matrix evolution

Compare to previous sections, the main changes are in the correlation functions calculations.
Thanks to the measurement method distribution time and realization independency, we find:

E (ezé;l ¥ (00ye 1 M (0:8) (N (0,8) =Ny (o,,-))> _

ny—mnp—1

k

dw@ ]| Do eMoVe(o)p(ila) (C.31)

=1 \(o04)EE

for k > 1, arbitrary non-decreasing sequences of integers 0 = ng < n; < --- < ny of length £,
and arbitrary (complex) A;(o,1)’s.
As a consequence, in the limit § — 0T,

lim E®) <ezf=1 S (oen MO WL (00)-Wi <o,z'>>>

§—07t
(Z qo(@)e=imr (1=t nz(o%Ewz)c(o)pS(z’>r<°>(ia)>
e2 Zl:l(tl_tl—l)(Z(o,i)eE C(O)pg(i)/\l(O7i)2_(2(o,i)eE c(0)p§()Xi(0,9))?) (0‘32)

for k > 1, arbitrary non-decreasing sequences 0 = tg < t; < --- <t of length k and arbitrary
(complex) \;(0,7)’s and with I'©)(i|a) = 2Im <W) Then each Wt(5)(0,z‘) under ;{9
converges toward a process W (o,4) under p.

The demonstration is then as in previous section except for notational differences which
keep track of the o-dependency of Wi(0,4). As in the previous section, the measure p°
defined as the push-forward measure of v on R¥ under the linear map

y(0,i) = \/c(0)pg (i) (2(0,7) — \/e(o)pf()) Y +/e(0)pg (j) (0", )
(o J)EE
The martingale M, is defined by
— Z qo(a)ezw,i)@ L) (i)W (0,i) =5 3 iy em ()P ()T (i] )2

The measure 1 is defined via Girsanov’s transformation: E#(-) = E° (M,-).

C.D. Derivation of the density matrix evolution

Let us derive the density matrix continuous time limit. Recall that at time n its elements
are functions of the counting processes

Ao(a, ) T, (M (i) M (] )*)Nn (@
> q0(7) T p(ily)Ne (@

from this expression we define time continuous processes

An(o, ) =

Ao(a, B) T1;(M (i) M (] B)*) YWeD @)V o)
> @0(7) Hip(ﬂ’y)wt(é)( i)/V/6+po(i) %

6)(a7/8) =
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equal to A, (a, ) if /0 = n is an integer. The M (i|a)’s depend explicitly on ¢ via
i B
M(ila) = (ile” T )

We rewrite the products over the partial measurement results as exponentials of sums

Ao(ar, B)eS MMM I8)* /o () (W (i) /V/E+poli) )

A (e ) 0
> qo () eXs () /po(@) (Wy (i)/V5+po(i) §)

A detailed analysis of the limit 6 — 0% would require to perform the same study as in section
C.B. However, at this stage we are confident enough to state that we can safely shortcut
a few steps and use directly that Wt((s) (7) converge. Using (¥|H;|¥) = 0, and the identity

>, po(i) LY — 57y (i) (il )2, we obtain

tim 5 In(M i10) M (115" /(i) (W, (5)/ V5 + pof) )

= U, B)t — i 32 (clila) — (il B)) Wi (i)

where the limit as to be understood as the limit of any finite dimensional correlation functions.
Therefore

%irr(l) Agd)(a,ﬁ) = A, B)

with A;(«, 8) defined in (C.22). It is then a simple matter, using It6 rules for W, (i), to derive
the Belavkin equation (C.23) for the density matrix p, = 3_, 5 Ai(e, B)|a)(B].
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Abstract

We describe a measurement device principle based on discrete iterations of Bayesian updating
of system state probability distributions. Although purely classical by nature, these measure-
ments are accompanied with a progressive collapse of the system state probability distribution
during each complete system measurement. This measurement scheme finds applications in
analysing repeated non-demolition indirect quantum measurements. We also analyse the
continuous time limit of these processes, either in the Brownian diffusive limit or in the Pois-
sonian jumpy limit. In the quantum mechanical framework, this continuous time limit leads
to Belavkin equations which describe quantum systems under continuous measurements.

D.1. Introduction

Informal and formal similarities between Bayesian inference [1] and quantum mechanics
have been noted quite some time ago, see e.g. [2]. Bayesian inference may be seen as a way
to update trial probability distributions by taking into account the partial information one
has gained on the system under study. Indirect quantum measurement consists in obtaining
partial information on a quantum system by letting it interact with another quantum system,
called a probe, and performing a direct Von Neumann measurement on this probe. Iterating
the process of system-probe interaction and probe measurement increases the information on
the system because of system-probe entanglements.
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This has been experimentally implemented in electrodynamics in cavities [3], but also in
superconductor circuits [4]. As shown by these experiments, repeating a large number of
times (formally, infinitely many times) indirect non-demolition measurements [5] reproduces
macroscopic direct measurements with collapse of the system quantum wave function. Each
collapse is stochastic and progressive, becoming sharper and sharper as the number of indirect
measurements increases.

Controlling quantum systems [7] by repeating measurements is, in some way, as old as
quantum mechanics, but it has recently been further developed aiming at quantum state
manipulations and quantum information processing [8]. At a theoretical level, the concept of
quantum trajectories [9,10] emerges from the need to describe quantum jumps and randomness
inherent to repeated measurements. In parallel, studies of open quantum systems [11] led to
the theory of quantum feedback [12] and quantum continual measurements [13]. Belavkin
equations [14] are stochastic non-linear generalizations of the Schrédinger equation adapted
to quantum systems under continual measurements.

Contact between experiments of the type described in ref. [3] and classical stochastic pro-
cesses was made in ref. [6], showing in particular that the approach to the collapse is controlled
by a relevant relative entropy. The aim of this note is to follow and complement the study of
ref. [6], by, in some way, reversing the logic. We start by forgetting quantum mechanics for a
while and we study a random process obtained by discretely and randomly updating a system
state probability distribution using Bayes’ rules. Iterated stochastic measurements refer to
this random recursive updating. We describe why and how this leads to a stochastic mea-
surement principle allowing to measure the initial system state probability distribution but
which implements a random collapse of the system state distribution at each individual com-
plete system measurement. The initial system state distribution is nevertheless reconstructed
by repeating the complete system measurements. We point out a connection between De
Fenetti’s theorem on exchangeable random variables, see e.g. ref. [15], and iterated stochastic
measurements. We also show that these discrete measurement devices admit continuous for-
mulations with continual updating. There are two limits: a Brownian diffusive limit in which
the random data used to update the system state distribution are coded into Brownian mo-
tions, this case was studied in ref. [16], and a Poissonian jumpy limit in which these random
data are coded in point processes. The construction of the continuous time process relies on
deforming an a priori probability measure on the updating data. The key tool is Girsanov’s
theorem. Then we transport these results, in an almost automatic way, to quantum mechan-
ics, and we show that quantum mechanical systems under repeated non-demolition indirect
measurements admit a continuous time limit described by Belavkin equations (D.18,D.19).
This completes results proved in ref. [17] and makes contact with those described in ref. [18].

D.2. lterated indirect stochastic measurements

Let S be the system under study and A be a chosen countable set of system states a € A
that we shall call pointer states®. The model apparatus is going to measure the probability
distribution Qo(«v), with > Qo(a) = 1, for the system S to be in one of the pointer state.

The model apparatus is made of an infinite series of indirect partial measurements. Let
I denote the set of possible results of one partial measurements, which we assume to be

5. According to the quantum terminology, but the concept of states is here more general as it simply refers
to a complete list of labels characterizing the system behavior.
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finite or countable. For each system complete measurement, the output datum is thus an
infinite sequence of data (i1,72,---), i € I, associated to the series of successive partial
measurements. The output data are random. The probability distribution Qo(«) is to be
reconstructed from the sequences (i1, i, ).

To be concrete one may keep in mind that the indirect partial measurements arise from
direct measurements on probes which have been coupled to the system. The model apparatus
is then made of an infinite set of in-going probes — which, for simplicity, are supposed to be
all identical — passing through the system S and interacting with it one after the other.
Measurements are done on the out-going probes.

Specifications of the model apparatus depend on the chosen set of pointer states. One of its
manufacturing characteristics is a collection of probability distributions p(i|a), Y. p(ila) = 1,
for the output partial measurement to be i € I conditioned on the system S be in the state
«a € A. For simplicity, we shall assume a non-degeneracy hypothesis which amounts to suppose
that all probability distributions p(-|a) are distinct, i.e. for any pair of distinct pointer states
a and [ there exists i € I such that p(ila) # p(i|5).

D.2.1. Discrete time description

In the model apparatus, a complete measurement is made of an infinite series of partial
measurements such that each output of these partial measurements provides a gain of infor-
mation on the system. Our first aim is to decipher which informations one is gaining from the
n'® first partial measurements. This will allow us to spell out the way the model apparatus
is working as a measurement device.

e Series of partial measurements and specification of the model apparatus. Suppose that
the first partial measurement gives result i1 € I. Bayes’ law then tells us that the probability
for the system S to be in the state « conditioned on the first measurement be i3 is Q1 («li1) =
Qo()p(ir|a)/mo(i1), with mo(i) = >, Qo(a)p(ila), if Qo(c) is the initial probability for
the system S to be in the state « (this probability is yet unknown but shall be recovered
from the series of partial measurements making a complete measurement). Let us now ask
ourselves what is the probability to get io as second output partial measurement? By the
law of conditioned probabilities, m1(i2|i1) = >, p(i1,i2]c) Qo(r)/mo(i1) with p(iq,ia]c) the
probability to measure i; and io on the two first partial measurements conditioned on the
system to be in the state a. At this point we need to make an assumption: we assume that
the output partial measurements are independent and identically distributed (i.i.d.) provided
that the system S is in one of the pointer state o € A. This translates into the relation

p(i1,iz|a) = pliz|a) p(i1|a),

which implies that m;(ia]i1) = > p(iz|a) Q1(a|i1). That is the probability m;(iz|ii) is iden-
tical to the probability to get io as output partial measurement assuming that the system
distribution is Q1 («aliy).

Hence, as a defining characteristic property of our model apparatus, we assume that the
output of the n'® partial measurements is independent of those of the (n — 1)-first outputs
provided the system § is in one of the pointer state a € A, that is:

n

p(ilv'” 7in—17in‘a) :p(2n|04)p(217 7in—1|a) - Hp(zk’a)v Vo (Dl)
k=1
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This specifies our model apparatus. This specification is clearly attached to the chosen set of
pointer states.

Conversely, the pointer states associated to this device are those system states for which
the values of the output partial measurements are independent, i.e. conditioned on the
system to be in a pointer state, the output variables i1, i9, - - - are independent and identically
distributed. If the system is initially in a pointer state «, that is its probability distribution
is peaked, Qo(-) = 0..q, the occurrence frequency v(i) of the value ¢ in the output sequence
(i1,12,---) is p(ila). As we shall see later, one may then identify the pointer states as the
system states for which independent infinite series of partial measurements (i.e. independent
complete measurements) provide identical occurrence frequencies v(-), and this gives a way
to calibrate the device and to determine the conditioned probabilities p(-|«).

If the system is not in a pointer state, its initial distribution Qo(«) — to be determined
— is un-peaked. Let @, («li1,- -+ ,i,) be the probability for the system to be in the state «
conditioned on the n-first output partial measurements be i1,4s,- - ,4,. From our hypothesis
(D.1), the probability to get i as the n*® output conditioned on the (n — l)th first outputs be

(/i17 o 7/in—1) is

M1 (ilin, - vin1) = Y p(ila) Quor(alir, - in 1), (D.2)
«
By Bayes’ law, the probability for the system to be in the state « conditioned on the n-first
measurements be iq, 19, - , %, is then recursively computed by
(Zn|a) anl(aﬁly T ainfl)

Qu(alit, - in) =2 : (D.3)

7Tn,1(’L.n|Z'1, e 72.?171)

where m,_; is the probability to get i, as the n'™™ output. To simplify notations we de-
note Qn(ali1, - ,in) by Qn(a) and m,—1(i|i1, - ,in—1) by m—1(2). Eq.(D.3) can be solved
explicitely:

[1; p(ila)N
225 Qo(B) T1; p(i]B)Nn®”

with N, (i) the number of times the value i appears in the n'" first outputs.

Let us point out an interesting reformulation of the above conditions on the outputs of the
model apparatus. A sequence (i1,i9,---) of random variables is called exchangeable if the
distribution of (i1,ia,- -+ ,ip) is the same as the distribution of (is,, %0y, ,is,) for each n
and each permutation o of [1,2,--- n]. A remarkable theorem due to De Finetti (see e.g.
ref. [15] or the last two items of ref. [19]) asserts that an infinite sequence (i1, 2, -+ ) of random
variables is exchangeable if and only if there is a random variable A such that, conditionally
on A, (i1,i9,---) is a sequence of independent identically distributed random variables. In
our construction, the values taken by A are nothing but the pointer states and the measure
on A is QQg. So the hypotheses on the model apparatus can be rephrased as the fact that the
order of partial measurements is immaterial.

Qn(@) = Qo(a) (D.4)

More concretely, let €2 be the data set of all complete measurements. This is made of all infi-
nite series w := (41,142, - ), i € I, of output partial measurements. We may endow € with the
filtration F,, of o-algebras generated by the sets B, ... 5, := {w = (i1, -+ ,in, anything else) €
Q},i.e. F, codes for the knowledge of the n'" first partial measurements. This filtered space is
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equipped with a probability measure recursively defined by P[i,, = i|F,—1] = m,—1(¢). Notice
that, given Qo(«), this probability measure decomposes as a sum

P=> Qola)Ps

where P, will be the probability measure induced on {2 if the system happened to be initially in
the pointer state a, i.e. if Qo(-) is peaked at a. Under P, the partial outputs are independent

random variables so that .

Po[Biy - jin] = Hp(ik\a)-
k=1
Let us then quote properties of the random probability distribution @, (-), which will be
keys for specifying the model measurement device:

(i) Peaked distributions are stable under the recursion relation (D.3). That is, if Qo(-) = ..o
then Qn(-) = d..o for any n.

(ii) Given Qo(-) generic, the random variables @y, (c) converge as n goes to infinity almost
surely and in L.'. The limiting distribution Q. (-) is peaked at a random target pointer state.
That is:

Qoo() = 057

with target pointer state v, depending on the event w. The probability for the target to be
a given pointer state « is the initial probability distribution:

P['Yw = a] = QO(O‘)'

(iii) The asymptotic occurrence frequencies v(i) := lim, N, (¢)/n, with N, (i) the number
of times the value i appears in the n'! first outputs, are those of the target pointer state.
That is:

lim Ny (i)/n = p(ifw).

n—o0

(iv) The convergence is exponentially fast:

Qn(a) = exp(—nS(7w|oz)), o 7é Vs
for n large enough, with S(7,|a) the relative entropy of p(:|y,,) relative to p(-|a).

These facts have been proved in ref. [6]. They are based on the fact that the ran-
dom variables @, () are bounded P-martingales with respect to the filtration F,. That
is E[Qn(a)|Fn-1] = Qn-1(a). A classical theorem of probability theory [19] says that a
bounded martingale converges almost surely and in L', so that Qs (a) := lim, Q,(a) exists
and Qn(a) = E[Qow()|Fn]. More general results, involving for instance extra randomness
on the partial measurements or relaxing the non-degeneracy hypothesis on the conditioned
probability p(-|«), have been obtained in ref. [16].

e How to read-off a complete measurement and consequences. Let us summarize how the
model apparatus is (concretely) working and how data are analysed, see Fig.D.1. For a
given system measurement, the data is an infinite sequence w = (i1,42,---) of output par-
tial measurements. From its asymptotic behaviour, the apparatus computes the asymptotic
frequencies v(i) of occurrences of the values ¢ in the sequence w, and it compares it to one
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®:= Probes S = System S—_— Reader:

Probe Measurements | ————=— |

S

Figure D.1.: A schematic view of iterated stochastic measurements: probes are send one after
the other to interact with the system for a while. After the interaction, a mea-
surement is performed on each probe. The information gained is summarized in
the occurrence frequencies, which allow to identify the limiting state.

of the apparatus data-base distributions p(i|a). By the non-degeneracy hypothesis and the
above convergence theorem [6], each of the asymptotic frequencies coincide with one of the
data-base distributions, so that the comparison identifies uniquely the target pointer state
and that identified state is by definition the result of a complete system measurement. Since
by the above theorem the distribution of the target pointer states is the initial distribution
Qo(+), the histogram of repeated independent complete system measurements yields the initial
distribution.

Notice that by the end of a complete measurement the system state distribution has col-
lapsed into one of the pointer states. The need for an infinite series of partial measurement
reflects the need for a macroscopic apparatus to implement the collapse. If the system mea-
surement is stopped after a finite number of partial measurements the collapse is only partial,
i.e. the probability distribution @,(-) is still smeared around the target pointer state. The
target pointer state may nevertheless be identified with high fidelity if the differences be-
tween the data-base probability distributions p(:|a) are bigger than the fluctuations of the
frequencies vy, (-) which generically scale like n=1/2.

D.2.2. Continuous time limit

We now describe continuous time limits of the previous model apparatus in which the
partial measurements are done continuously in time. There are different continuous time
limits, depending on the behaviour of the data-base conditioned probability distributions
p(+|a): a Brownian diffusive limit, a Poissonian jumpy limit, or a mixture of them.

These limits may be understood by looking at properties of the counting process N, (i) :=
> 5 L= which is the number of times the value ¢ appears in the n'™ first partial measure-
ments. Recall that 7, 1(i) = E[l;,,—;|Fn_1] is the probability to get i as the m' partial
output conditioned on the (m — 1)*™ first partial outputs. We may tautologically decompose
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Nap(i) = Xn(i) + An(i),  with Ap( Z T (i (D.5)

where this equation serves as the definition of X, (i), i.e. X,(i) := N,(i) — A,(i), with
> Xn(i) = 0 as both N, (i) and A, (i) add up to n. Then by construction E[X,,(7)|F,—1] =
Xn—1(7), so that the processes X, (i) are P-martingales with respect to the filtration F,.
Equation (D.5) is the so-called Doob decomposition of N, (i) as the processes A,(i) are
predictable, i.e. A, (i) is F,—i-mesurable, see ref. [19]. The martingale property in particular
implies that E[X,,(i)] = 0.

Recall now the recursion relation (D.3) that we may rewrite as

Qul@) = Qui(0) = Quor(a Zp '“. i — Tt (3)

7Tn1

which holds true because ), p(i|a) = 1. By construction I;,—; — m,—1(2) = Xy (1) — Xpn—1(4),
so that

(AQ)n(a) = Qn1( Pl X ) (i). (D.6)
Tn— 1
with (AQ)n(@) = Qn(a) — Qp_1(a) and (AX)n(Z) = X,(i) — Xp—1(2). We thus have
rewritten the recursion relation (D.3) as a discrete non-linear difference equation for the
probability distribution @, (-) driven by discrete differences of the martingales X,,(i). This
will be the starting point of the continuous time limits.

Before going on let us point out a geometrical interpretation of @, («) which will be useful
later. On the set of complete measurements, we have defined a global measure P and a series
of measures P, associated to each of the pointer states with P =" Qo(a)Pq. It is a simple
matter to check that P, is non singular with respect to P, so that there exists a Radon-
Nikodym derivative of P, with respect to P, see ref. [19]. This derivative is Qoo()/Qo(c).
More concretely, for any J,,-measurable integrable function X,

QO(a) Ea[X] = E[Qn(a) X]a

with Qn (@) = E[Qs(a)|Fy], as may be checked directly.
We may tautologically refine this geometrical construction. Let us start from an arbitrary

probability measure P? on Q, and let us set 3;, ... ;, := P°[B;, ... ;,], assuming that none of
these probabilities vanish. Let Z,, and Z,(«) be F,,-measurable functions defined by
Zp(o)(i1, -+ yip) == 3“71 in Hp ila), Zn:= ZQ()(C)()Zn a
(0%

so that Qn(a)/Qo(a) = Z,(a)/Z,. Tt is easy to check that each Z,(«) is a P’-martingale,
E°[Z,(a)|Fno1] = Zn_1(a). As it is clear from their definition, the Z,(a)’s are the Radon-
Nikodym derivative of the measures P,’s with respect to P on F;,-measurable functions, that
is
E.[X] = E°[Z,(a) X],

for any F,-measurable function X. Of course, Z, is the Radon-Nikodym derivatives of P with
respect to PV, i.e. E[X] = E°[Z, X] for any F,-measurable function X. Choosing adequately
PV helps taking the continuous time limit, a fact that we shall illustrate below.
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Brownian diffusive limit

The Brownian diffusive limit occurs when the conditioned probability p(-|a) depends on an
extra small parameter § such that

pliler) =550 po(i) (1+ V6T (ila) +---),

with all po(i)’s non vanishing and a-independent. Since ), po(i) = 1, the po(-)’s define
an o-independent probability measure on I. Note that >, po(i)I'(ila) = 0 for all « since
>;p(ila) = 1 for all 6. By the non-degeneracy assumption, the functions I'(-|o) on I are all
different.

The continuous time limit is then obtained by performing the scaling limit § — 0, n — oo
with ¢ :=n/d fixed.

To understand the scaling limit of the counting processes N, (i), let us look at its behaviour
under Py, i.e. for a system in the pointer state o with initial distribution Qo(-) = d..o. Then
by hypothesis the output partial measurements are random independent variables, so that
Np(i) = > p_; L, = is the sum of n independent identically distributed (i.i.d.) variables e (i)
with value 1 (if the output of &*" partial measurement is i) with probability p(i|a) and zero
(if the output of k" partial measurement is different from 4) with complementary probability.
By the law of large numbers, the N, (i)’s at large n become Gaussian processes with mean
np(ila) and covariance min(n,m) (p(i|a)d;; — p(ila)p(jle)). Under these hypotheses, the
probability 7, 1(7) for the m'™ output partial measurement to be i is p(ila) for all m, so
that A, (i) = np(ilo). Hence, under P, and for such peaked initial distribution, the law of
the processes X, (i) at large n is that of Gaussian processes with zero mean and covariance

EalXo()) X ()] = min(n,m) (p(ila)di; — p(ila)p(jla)), for Qo() = ba.

After appropriate rescaling, this clearly admits a finite limit as § — 0 which is a-independent.
Hence under this hypothesis, X, (i) admits a continuous time limit X;(7), formally to be
thought of as limg_, \/gX[t /5)(4). However, the previous equation is not enough to describe
this limit under the law P and some care has to be taken, see ref. [16].

So, let us define the scaling diffusive limit of the state distribution and the Doob martingales:

Qi(0) := lim Q) (@), Xi(d) = lim Vo X(y5(9),

and of the counting processes,
We(7) := lim V5(Njyys)(i) = po(i)t/5).

These equalities have to be thought in law, but we shall still denote by P = )" Qo(a)P,
the probability measure for the continuous time processes. By construction, X;(i) are P-
martingales.

The discrete difference equation (D.6) naively translates into the non-linear stochastic equa-
tion for Q¢(a). Recall that in the diffusive limit, p(i|a) =~ po(i)[1 + VS T'(i|a) +---] as § goes
to zero, so that m,—1(i) =~ po(i)[1 + V& (T(i))¢ + - - -] with (T'(i))¢ := 3., T'(i|a) Qi(e). In the
continuous time limit, eq.(D.6) then becomes:

dQi(a) = Qi(a) Y (T(ila) — (T(i)):)dX(i) (D.7)

7
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with Ito’s convention. We used ), X;(7) = 0 and ), po(i)I'(i|or) = 0 to take this limit. Re-
mark that this equation preserves the normalisation condition ) Q:(«) = 1. This equation
is that which governs the evolution of the system probability distribution under continuous
Bayes’ updating in the diffusive limit. The random fields X;(i) code for the information of
the continuous time series of partial measurements. Not all of these fields are independent
since ), X¢(i) = 0. As we shall see, the main feature of the Brownian diffusive limit is that
the X;(i)’s are Gaussian processes with zero mean and covariance

E[X:(i)Xs(5)] = min(t, s) (po(i)diz; — po(i)po(d)), (D.8)

Alternatively, the fields X;(i) are zero mean Gaussian martingales with quadratic variation

dX(1)dXt(5) = (po(i)di;; — po(i)po(4)) dt,

which is of course compatible with the relation ), X;(i) = 0. Actually the proofs of equation
(D.7) and of the correctness of (D.8) are a bit tricky, see [16] for details. We shall here present
an alternative less rigorous but quicker and simpler argument.

Let us now argue for eq.(D.8). Recall the Doob decomposition of the counting process
Nyp(i) = Xpn(3) + An(i). Its naive scaling limit reads

t
Wili) = X4(0) + [ dspo(0) 00,
0
whose infinitesimal differential form is
dWi(i) = dX(i) + po(i) (L'(i))¢ dt (D.9)

Contrary to the X;(7)’s, the Wy (i)’s are not P-martingales but they are globally defined and
independent of the initial distribution Qo(-) because they are defined as limit of the counting
process. We however know that, under P,, the W;(i)’s are Gaussian processes with mean and
covariance

Eo[Wi(i)] = tpo(i)I'(i]a),
Cova[Wi(i)Ws(j)] = min(t,s) (po(i)di; — po(i)po(5))-

We now would like to use this information to read off properties of the martingales X;(7)’s. The
key point consists in using Girsanov’s theorem [19]. Recall that Qs () may be thought as the
Radon-Nikodym derivative of P, with respect to P and that Q¢(a) = E[Qoo()|F]. Assume
for a while that the X;(i)’s are Gaussian processes under P with zero mean and quadratic
variation G(7,j)dt := (dX(i),dX:(j)) to be determined. Girsanov’s theorem tells us that
modifying the measure P by multiplication by the martingale Q;(«) adds a supplementary
drift in the stochastic differential equation (D.9), given by the logarithmic derivative of the
martingales. In the present case, using eq.(D.7) Girsanov’s theorem implies that

dWi(i) = dX,(i) + po(i) (C())e dt + Y G(i, 5)(T(jler) — (T(5))e)dt,
J

with Xt(i)’s Gaussian processes under P, with zero mean and identical quadratic variation
G(i,7)dt. Comparing now with the known properties of Wy(i) under P,, spelled out above,
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we deduce that G(i,j) = (po(i)di; — po(i)po(j)), as claimed ®, so that the previous equation
reduces to R
AW (i) = dX(i) + po(i)T'(i]e)dt,

under P,, as required. This ends our argument for equations (D.7,D.8).

A way to rigorously construct processes with all the above properties is to deform a suitable
a priori measure P?. Details have been given in ref. [16]. In this note, we shall illustrate this
strategy in the Poissonian case.

Eq.(D.7) may actually be integrated explicitly, see ref. [16]. Furthermore, as bounded
martingales the Q;(a)’s again converge almost surely and in L!. Under the non-degeneracy
assumption that all I'(-|a) are different, the limit distribution is peaked, Qo () = 0.;1,,, at a
random target pointer state. The convergence is still exponential.

Poissonian jumpy limit

The Poissonian limit occurs when the conditioned probabilities p(iJa) vanish as a small
parameter § vanishes. Not all p(i|a)’s may vanish simultaneously as they sum up to 1. So let
us single out one value i* for which p(i|a) goes to 1 as § — 0 for all a and assume that all
other p(i|a) vanish in this limit:

p(i*la) ~50 1, plila) =50 d0(ila) for i # i, Va.

By consistency p(i*|a) = 1 — (3, .+ 0(i]e)) + o(5) and all f(i|e) are positive and assumed
to be non-vanishing. In the limit § — 0, the output of the partial measurements is most
frequently i* with sporadic jumps to another value 4 different from * 7.

The continuous time limit is obtained by performing the scaling limit § — 0, n — oo with
t =n/d fixed.

To understand the continuous time limit of the counting processes N, (i), let us again look
at its behaviour under P,. As before, the output partial measurements are then random
independent variables, so that N, (i) = >, I;,—; is the sum of n independent identically
distributed variables €k (i) with value 1 with probability p(i|a) and zero with complementary
probability. Let us first consider i # i* and compute log Eq[e*M )] = nlog[(1 — p(i|a) +
e*p(i|a)]. In the scaling limit with n = ¢/§ and p(i|a) ~ 0 0(i|) we get

lim log B [e*M/81D)] = t0(i|a) (e* — 1), i #i*.
6—0

Similar computations, based on the general formula

ng—np—1
E, [eZi T zz(z‘)(an@)—an_l(i))} -1I (Z ezz(zop(m)) 7

=1

for k > 1, arbitrary non-decreasing sequences of integers 0 = ng < n; < --- < ng of length
k, and arbitrary (complex) z;(7)’s, show that, in the limit 6 — 0, the P,-distributions of the
counting processes NJ; /4] (i), © # i*, converge to those of independent Poisson point processes

6. This expression for the quadratic variation of the X;(¢)’s is compatible with the relation >, X¢(i) = 0,
since ). G(i,5) = 0 as it should.

7. We may generalize this by assuming that more than one conditioned probabilities remain finite as ¢ goes
to zero. In these cases, the continuous time limit will be a mixture between the Brownian and Poissonian
limits.
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with intensities 0(i|a) dt. Note that this statement is true under P, but not under P. However,
we can compute their P-generating functions using the decomposition of the measure P =
Yo Qo(a)P,. For instance

Efe*Me/a ] MZQO N

The properties of N, (7*) and their limits are reconstructed using the sum rule, ), N, (i) =
n. In particular, for small 6, Nj/5(i*) ~¢/é up to order 1 random corrections.
So, let us define the scaling Poisson limits of the state distribution and of the Doob mar-
tingales X,,(4)’s,
Qi(a) = lim Qg (@), Yi(i) := lim Xpy5(0)

and of the jump counting processes

Ne(i) = lim Niy(2),  for i # 47,

and My (i*) := lims_o (Njt/5(i*) — t/6). Again, these equalities have to be thought in law,
but we still denote by P = )" Qo(c)P, the probability measure for the time continuous
processes. By construction, the martingales Y;(7) sum up to zero, ), Y;(¢) = 0, and have zero
mean, E[Y;(i)] = 0. Similarly, M(i*) + >, Ni(i) = 0.

Again, the naive scaling limit of the difference equation (D.6) yields a stochastic equation
for the system state distribution. In the Poissonian limit, one has p(i|a) ~ 060(ila) + - -+ for
i # i as 6 — 0, so that m,_1(i) ~ 6 (0(9))¢ + --- with (6(3)); == >, 0(i|a)Q¢(cx), for i # i,
whereas both p(i*|«) and 7,—1(i*) approach 1 as § goes to zero. The continuous time limit
of eq.(D.6) is then

0(i|e) _
dQu(a) = Qi) Y (W»t - 1) dY; (i), (D.10)
i
where we used dY;(i*) = —>_, ,;« dYi(i) to deal with the term associated to ¢* in eq.(D.6).

As we shall show just below, the Y;(i)’s are related to the counting processes by
AN (i) = dYi(i) + (0(i))e dt, @ #i", (D.11)

We shall furthermore argue that the processes dNy(i), i # i*, are point processes with in-
tensities (6(i)); dt. This intensity is sample dependent — a point that we shall explain —, but
predictable. Equations (D.10,D.11) are those which governs the evolution of the system prob-
ability distribution under continuous Bayes’ updating in the Poissonian limit. The random
counting processes N¢(i) code for the informations on the continuous time series of partial
measurements.

Let us now argue for eq. (D 11). Consider again the Doob decomposition N, (i) = X, (i) +
An(i). Because 7y /5)(7) = 0 (0(i)); for small 6, its naive scaling reads

Nili) = i)+ [ ds (O i

Its infinitesimal version is eq.(D.11), as announced. Since p(i*|a) ~ 1 — do(i*|a) with
('*\a) = Z#Z 0(i|), the counting function N, (i*) slightly deviates from n, and M;(i*) =

Yi(i*) — [ ds (o)), with (0(i%))s = 3, o(i*]0)Qu(a).
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By the martingale property, E[dY;(i)|F:] = 0 so that
EldNy(0)|Fe] = (0())e dt, i # 1"

That is the number of jumps in the direction 7 in the time interval [t,¢ + dt) depends on
the past of the process and is equal to (A(4)); dt in mean. We may go a little further and
compute the generating function of those jumps. Indeed, since the conditional measure E[-|F;]
decomposes as a sum, E[-|F] = )", Q:()E,[-|F], and since under E,[-|F;] the dN.(i)’s are
Poisson point processes with intensity 6(i|a)dt, we have

log E[e* Nt @| )] = dt (0(i)) (€% — 1), (D.12)

with (6(2)): = >, Qi()0(ila). That is, under P, the dN¢(i)’s are point processes with
intensities (0(7)).dt, as announced. As above, a similar computation shows that the dN¢(7)’s,
for fixed t, are independent variables for ¢ # j under P, but not under P. An alternative
description of this limit is given in ref. [17], see also the forthcoming ref. [21].

Up to now, our arguments have been only in law. A rigourous construction® of processes,
living on a well-defined probability space, and having all the required properties, is to deform
a suitable a priori measure P, The hint that this is possible is the formula for Q;(a) obtained
by taking the continuous time limit of eq.(D.4). There are some cancellations of powers of §
between numerator and denominator yielding

Qo) = Qo(@) 2, with 7= " @u(8)29),
B
where
Zy(a) = [ 0(i|or) (@) =1 OCe) =), (D.13)
i

One recognizes Z;(«) as the standard exponential Poisson martingale. So, let us start from
an a priori probability measure PV accommodating for independent Poisson processes Ny (i),
i # i*, of intensity dt. Define P, := Z;(a)P? on F;. Then, under P,, the Ny(i)’s are
independent Poisson processes with intensity 6(i|a)dt. Defining

Pi= (> Qola)Zi(a)) P,

it is plain that the Q(«)’s are P-martingales and the N¢(7)’s have the law we were after.
For instance, since Qo) = Qo(a) Zy(v)/Zy, we have E[-|F] = >, Qi(a)Eq[-|F:] so that
ANy := Nypar(i) — Ne(7) is at most 1 and P[dN. (i) = 1|Fz] = dt(0(0)):.

D.3. Iterated indirect quantum measurements

Although purely probabilistic — involving classical probability only — the previous descrip-
tion of iterated stochastic measurements finds applications in the quantum world, in partic-
ular in the framework of repeated indirect non-demolition measurements [5]. Recall that an

8. Which is an alternative to ref. [17] in that case.
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indirect quantum measurement consists in letting a quantum system interact with another
quantum system, called the probe, and implementing a direct Von Neumann measurement
on the probe. One then gains information on the system because the probe and the system
have been entangled. Repeating the cycle of entanglement and measurement progressively
increases the information on the system as in the model apparatus we described above.

Let S be the quantum system and H, be its Hilbert space of states. Pick a basis of states
{|a)} in Hs, which are going to play the role of pointer states. Let P be the probe and
H,, be its Hilbert space. We assume that the probe-system interaction preserves the pointer
states: a system initially prepared in one of the pointer state remains in this state after having
interacted with the probes. This requires a peculiar form for the unitary operator U of the
probe-system interaction:

U=>la)a|®Ua, (D.14)

with U, an unitary operators on H,. Alternatively, Ula) ® |v) = |a) @ Uy |v) for any |v) € H,,
a property coding for the fact that the pointer states |a) are preserved by this interaction.

We imagine sending identical copies of the probe, denoted Py, Ps, - - -, one after the other
through the system and measuring an observable on each probe after the interaction. We
assume that the in-going probes have all been prepared in the same state [¢)) € H,, and
that the observables measured in the out-going channel are all identical with non-degenerate
spectrum I. Let {|i)} € Hp, i € I, be the basis of eigenstates of the measured observable.
We denote by i; the output of the measurement on the k™ out-going probe. In analogy
with previous section, we call the cycle entanglement and measurement on a probe a partial
measurement. The results of repetitions of theses cycles of partial measurements are random
sequences (i1,%2,---), i € I. As before, such infinite series of partial measurements will
be called a complete measurement. The unitary operator U codes for the probability of
measuring a given value ¢ on the out-going probe. Suppose that the in-going probe has been
prepared in the state |¢)) and the system S in the state |«). After interaction, the system-
probe state is |a) ® U,|t) and the probability to measure the value i of the probe observable
is

plile) = [(ilUal9))|?,

by the rule of quantum mechanics. So |(i|U,|1)|? is the probability to measure i in the out-
going channel conditioned on the system state be |). The analogy with the previous section
should start to become clear.

D.3.1. Discrete time description

Let p be the system density matrix. The system state probability distribution is Q(«) =
(alpla). The aim of this section is to describe how the system state distribution and the
density matrix evolve when the cycles of entanglement and measurement are repeated, and
to make explicit contact with previous sections.

Assume that the system is initially prepared in a density matrix state pg, and let us look
at what happens during a cycle of entanglement and interaction. Recall that the probe is
assumed to be prepared in the density matrix state 1) (¢)|. After interaction, the joint system-
probe density matrix is Upg @ |¢)(1)|UT. The observable, with spectrum I, is then measured
on the probe. If ¢; is the output value of this measurement, the joint system-probe state is
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projected into p; ® |i1)(i1] with

1
— . Fls
1= e (U1 o (01U i)
This occurs with probability mo(i1) = Tr( (i1|U[¢) po (¥|UT]i1) ). Using the assumed property
of U, eq.(D.14), this can rewritten as

mo(d) := Tr((i[U¢) po ($|UT]i) ) Zp (ila) Qo(a

How this cycle is to be repeated is clear. Let p,_1 be the system density matrix after the
n — 1 first partial measurements — this density matrix depends on the random values of these
measurements, so that p,—1 = pp—1(i1, - ,in—1), but we simplify the notation by not writing
explicitly the values of the measurements. We let the system interact with the n*® probe and
do a measurement on this probe. If i, is the output value of this n*® partial measurement,
the system state is projected into

pn = (in|U0) pn1 (|UT]in), (D.15)

TTn—1 (Zn)

where again we simplified the notation by not writing the values of the partial measurements
— pn, should have been written as py,(in|i1, -+ ,i,—1) and similarly for m,_;. This projection
occurs with probability 7,—1(i,), with

Tn1(i) i= Tr((U ) po (U]} ) Zp i) Qn-1(a).

The diagonal matrix elements of the density matrix are the probabilities for the system be in
a pointer state, that is @, (a) = (a|pp|a). From eq.(D.15) we read that

Plinl) Qn-1(c)

Tn—1 (Zn)

Qn(a) =

The two above equations exactly coincide with egs.(D.2,D.3) defining iterated stochastic
measurements. So everything we wrote in the previous sections applies. In particular the
collapse of the system probability distribution is a discrete implementation of the wave func-
tion collapse in Von Neumann measurement. The quantum system observable measured by
the iteration of cycles of entanglement and indirect measurement is that with eigenstate basis
{]a)}. The collapse happens only for an infinite sequence of partial measurement reflecting
the fact that the iterated stochastic measurement apparatus is macroscopic only if an infinite
sequence of partial measurements is implemented, see ref. [6].

D.3.2. Continuous time limit

The aim of this section is to take the continuous time limit of the discrete recurrence equa-
tion (D.15) for the quantum density matrix using the results of the previous section. Doing
this we will make contact with the so-called Belavkin equations [14], describing continuous
time measurements in quantum mechanics and which are non-linear stochastic Schrodinger
equations [20].
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The small parameter J is the time duration of the system-probe interaction, so that the
unitary operator is U = exp(—16H) with H the system-probe hamiltonian?. As is well known,
the dynamics of a quantum system under continuous measurements is frozen by continuous
wave packet reductions, a fact named the quantum Zeno effect. To avoid it, we have to rescale
the system-probe interaction at the same time we decrease the interaction time duration. So
we assume the following form of the hamiltonian H,

1
H:Hs®1+1®Hp+%H1, (D.16)
where Hj is the system hamiltonian, H), the probe hamiltonian and H; the interaction hamil-
tonian.
For the pointer state to be stable under the action of U = e " eq.(D.14), we should
assume that H, is diagonal in the pointer basis, Hy = ) |o) Eq (| for some energies Eq, —
this is linked to the non-demolition character of the measurement — and that

H; =) |a)(e| ® Hq,

with H, acting on H, but a dependent. The conditioned probabilities p(ila) are then
p(iler) = [(ilyy) — 2V/3 (i| Halt)) + - -+ |,

so that the Brownian diffusive case corresponds (i|t)) # 0 and the Poissonian jumpy case to
(il) =o.

In both cases, the continuous time limit is then obtained by performing the scaling limit
0 — 0, n — oo with ¢ :=n/d fixed as above.

It is useful to recast the quantum recursion relation (D.15) into a difference equation. This
simplifies matter when taking the continuous time limit. Let us write p, = >, pn(in) i, =i
with p,(in) defined in eq.(D.15). Recall that E[l; —;|Fn,—1] = mp—1(i) and write I; —; =
(I;, = — mn—1(7)) + mp—1(2). This leads to the Doob decomposition of the difference p,, — pn—1
as,

Pn = Pr—1 = (Dp)n—1+ (Ap)n, (D.17)

with (Dp)n—1 := E[pp|Fn-1]—pn—1, which is F,,_j-measurable, and (Ap),, := p,—E[pp|Fn-1],
which satisfies E[(Ap),|Fn—1] = 0. Explicitely,

(Dp)n1 = D> WU pnr ($|UT]i) = pu_1,

7

3 (i[U]¢) pn-1 (|UT]3)

anl(i)

(Ap)n = (Xn(z) - anl(i))v

i

where we used I;, —; — mp—1(7) = X,,(i) — X,,—1(7), as in previous section. In the continuous
time limit, the first term (Dp),—1 is going to converge towards the drift term and the second
one (Ap), to the noisy source of the stochastic differential equation.

9. We use the notation ¢, without a dot, to code for the square root of —1.
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Brownian diffusive limit

The Brownian diffusive limit occurs when (i1)) # 0 for all . Then p(ila) ~ po(i)(1 +
VT (ila) + ) for 6 small with,
(LAY

i) = |(i])|? ila) = 2Im
po() ’<W>|a I'(ila) =21 ( (i|)

This is the situation we encountered in the previous section on the classical diffusive limit, so
that we can borrow all results obtained there.

It is then a simple matter to naively take the continuous time limit of the difference equa-
tions (D.17). This limit exists only if (1)|Hr|1) = 0, which is equivalent to

(Y|Hu ) = 0 for all «,

a criteria which we assume to hold true. Recall that this scaling limit consists in § — 0
with t = nd fixed. Let us first expand the term (Dp),_1 in power of v/§. The term of
order v/§ vanishes due to the condition (¢)|H;|¢)) = 0, and for the term of order § we get:
(Dp)it/s) =50 La(pt)d, with Linbladian

Ld(pt) == Sapt +Zp0 Ci pt CT - *{C Czapt})
where we defined the operators C;’s acting on Hs by C; := —z<i|<ﬁ$;ﬁ >, or equivalently

_ZZ| |H |¢ ‘7

using the decomposition of H; on pointer states. Remark that ), po(¢)C; = 0 thanks to
the assumed condition (1|Hy|t) = 0. Similarly, expanding the term (Ap),, using m,—1(i) =~
po(2)[1 4+ 0Tr[(C; + C})pt] -], we get lims0(Ap) /5 = 225 Dj(pr) dXe(j), with

Di(p1) = Cipy + pCl — pTe[(C) + C])pul.

Note that computing these limits only uses the decomposition (D.16) of the hamiltonian H
and not the existence of a preferred pointer state basis '°. Gathering shows that the Brownian
limit of the difference equation (D.15) is

dpy = La(p) dt + > Dj(pr) dX(j) (D.18)
J
where the X;(j)’s are the Gaussian centred processes, with quadratic variation

dX¢(1)dX¢(j) = (po(2)dis; — po(i)po(4)) dt,

defined in eq.(D.8) and in the discussion around this equation. This is an example of the
diffusive Belavkin equation [14,18]. It is important to recall that >, po(i)C; = 0 since without
this condition, but with ), X;(i) = 0 as we do have, eq.(D.18) would not be positivity
preserving [18]. Contact with previous sections can be made explicit by recalling that the state
probability distribution is Q:(«) = (&|p¢|e) and by noticing that Tr[(C; + C;)pt] = (['(2));.
We only took a naive limit of the difference equation (D.15), to mathematically prove the
diffusive Belavkin equation for the system density matrix in the scaling limit would require
more delicate arguments.

10. The existence of the pointer state basis was however used in determining the statistical properties of the
fields X (7).
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Poissonian jumpy limit

The Poissonian limit occurs when (i|1)) = 0. This cannot happen for all 7 as {|¢) } forms an
orthonormal basis of H,, and |¢) is non zero. So, we assume, for simplicity, that one element
of this basis is |¢), say |i*) = |¢), and all others are orthogonal to [¢), i.e. (i|y)) = 0 for all
i # 1*. Then, po(i*|a) ~5_0 1 and po(i|a) ~5_0 d 0(i|a), for i # i*, with

0(ilor) = |(il Halv)]*.

This is the situation we encountered in the previous section on the classical Poisson jumpy
limit, so that we can borrow all results obtained there.

As in the diffusive case, it is a simple matter to naively take the continuous time limit of
the difference equation (D.17). This only uses the decomposition the hamiltonian H but the
limit exists only if (¢0|Hr|)) = 0, and we assume this to be true. Expanding the first term
(Dp)n_1 to second order in v/§, we get (Dp)j/5) ~25—0 Lp(pt)d, with Linbladian

1
Ly(pe) = —t[Ha, pil + ) (Dipr D = S{DIDi pi}).
i

where we defined the operators D; := —u (i|Hy|y)) acting on Hs, that is
Dy = =1 3 o) il Hal)al.

To compute the limit of the second term (Ap),, we notice that, to leading order in 0,
Uy p(|U|i) ~ (SDZ'pD;.r and 7,1 (7) ~ 5Tr[DiptDN fori # i*, and we get lims 0(Ap)1/) =
40 Dilpr) dYi(i), with

. D; py DI
Dz(pt) = Lo ZT — Pty
Tr[DipeD;]
where the last term —p; comes from using d¥;(i*) = — >, ,;« d¥3(i) when computing the con-

tribution of the i*-term in (Ap),, as in previous section. Gathering shows that the Poissonian
limit of the difference equation (D.15) is

dps = Lp(pr) dt + Z Di(pr) dYi(i) (D.19)
e

where the Y;(j)’s are the Poisson-like compensated martingales defined in eq.(D.11) above.
That is,
AN (i) = dYi(i) + Te[Dip D] dt, i # i,

where dNy(i)’s are the point processes with intensities (6(i)); dt defined in previous section,
see e.g. eq.(D.12,D.13). Note that, using the decomposition of the interaction hamiltonian
H; on the pointer state basis, Hy =) |a)(a| ® H,, we have

[Dipe D] 29 ilor) Qe(r) = (6(2))e,

so that the previous equation indeed coincides with eq.(D.11). Equation (D.19) is an example
of a jumpy Belavkin equation [14]. Let us finally point out that the stochastic processes
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(D.18,D.19) are not the most general one because we assumed that they preserve the pointer
state basis ! so that the operator Hy, C; or D; are diagonal in the pointer basis. This is of
course related to the non-demolition property. Eqgs.(D.18,D.19) are also peculiar examples of
more general class of models for continuous quantum measurements whose long time behavior
leads to purification of mixed states, see e.g. [18,22].

Acknowledgements: This work was in part supported by ANR contract ANR-2010-BLANC-
0414.01 and ANR-2010-BLANC-0414.02.

11. We made this assumption when computing the probability distributions of the processes X(z) and Y;(4)
but not when formally taking the continuous time limit of the discrete eq.(D.15).
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Abstract

A quantum system S undergoing continuous time measurement is usually described by a
jump-diffusion stochastic differential equation. Such an equation is called a stochastic master
equation and its solution is called a quantum trajectory. This solution describes actually the
evolution of the state of S. In the context of Quantum Non Demolition measurement, we
investigate the large time behavior of this solution. It is rigorously shown that, for large time,
this solution behaves as if a direct Von Neumann measurement has been performed at time
0. In particular the solution converges to a random pure state which is related to the wave
packet reduction postulate. Using theory of Girsanov transformation, we determine precisely
the exponential rate of convergence towards this random state. The important problem of
state estimation (used in experiment) is also investigated.

Introduction

In quantum optics, indirect measurements are often used [28,29]. Usually a system is
probed by light beams (direct photodetection, homodyne and heterodyne detection schemes)
or conversely, atoms probe a photon field trapped in a cavity. Such experiments are promising

1. tristan.benoist@ens.fr
2. clement.pellegrini@math.univ-toulouse.fr
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towards the manipulation of quantum states [3,4,29,32,37,39]. They are designed to extract
information from a quantum system on site and without destroying it. The idea is to avoid
direct interaction of the quantum system with a macroscopic apparatus (photo detector,
screen ...). Instead the physical setup is the following: a quantum system S (from which we
want to extract information) is put in interaction with an auxiliary quantum system E. After
interaction, a measurement on £ is performed. Due to the entanglement between S and &,
the result of the measurement holds some information on S. Conditionally to this result one
can compute the evolution of S.

One of the best example of such setups is Serge Haroche’s group experiment at LKB [27].
They have successfully implemented a scheme of repeated interactions and measurements
which allows to measure the number of photons in a cavity (without destroying the photons).
The principle consist in putting the system S (the cavity photon field) in contact with a
sequence of auxiliary systems (Rydberg atoms) & which interact one after the other with
S. After each interaction a measurement on the atom &, which has just finish to interact
is performed. Such a procedure, called repeated quantum indirect measurements, allows to
monitor the system S and to have an estimation of the number of photons inside the cavity.

A particular feature in the Serge Haroche’s group experiment is that only Quantum Non
Demolition (QND) measurement are performed. Such a scheme is at the cornerstone of the
mathematical study of the long time behavior of S. In [13,14], the authors show that the state
of the system & converges when the number of interactions tends to infinity. More precisely
they show a convergence which is compatible with the wave function collapse postulate.
In particular it is shown that the state of & behaves in infinite time as if a direct Von
Neumann measurement on S would have been performed at time 0. Essentially these results
concern discrete time model where the time of interaction 7 between S and a piece & is fixed.
They apply to general nondemolition measurement scheme of which Serge Haroche’s group
experiment is an example (see [22] and references therein).

When the time of interaction goes to zero, this yields to continuous time models. In [5]
it has been shown that quantum repeated interactions model are a powerful approximation
of the so called Quantum Langevin equation. In [33-35], it is shown that the continuous
time approximation (7 goes to zero) of repeated quantum indirect measurements lead to
jump-diffusion stochastic differential equations (see also [15]). Such equations are namely the
equations which describe the evolution of a quantum system undergoing indirect continuous
measurements [7—12, 18,19, 25,39]. They are called stochastic master equations and their
solutions quantum trajectories.

In this article, we focus on the stochastic master equations describing general continuous
time quantum nondemolition measurement. Our main purpose is to describe the long time
behavior of the state of S when the time ¢ goes to infinity. In particular if (p(¢))? describes
the stochastic evolution of S undergoing indirect QND measurement, we show that (p(t))
converges to a pure state |Y)(Y|. This convergence is obtained by studying in detail the
quantities (gq(t)) defined by

Ga(t) = Trlp(t)|a)(all,a € P,t >0

where P is a preferred basis of the Hilbert space describing S. In particular the quantity g, (t)
gives the probability for S to be in the state |«) if a direct measurement on S would have

3. The process (p(t)) is actually the quantum trajectory describing the evolution of the state of S which
undergoes indirect continuous measurement
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ben performed at time ¢. The elements |a) are often called pointer states. We show that T
is a random variable on the set of pointer states. By studying the distribution of T we are
able to connect the convergence towards |Y)(Y| with the wave function collapse postulate at
time 0. From this convergence we study the behavior of the system conditioned on the limit
state YT being . This conditioning corresponds to a particular martingale change of measure.
Using a standard Girsanov transformation, we show rigorously that the convergence towards
|T)(Y| is exponentially fast and we give its explicit rate. The problem of estimation is also
investigated when we are in the situation where the initial state p(0) is unknown. In this
context, we only have access to the result of the measurements. Since p(0) is assumed to be
unknown, this is not sufficient for describing totally (p(¢)). In particular we are only able to
describe the evolution of an estimate state of (p(t)) denoted by (5(¢)). We show that this
estimation is efficient since (p(t)) converges in long time to the same limit |Y)(Y|. Such a
property often refers to the notion of stability of quantum filter [1,2,32,36,38].

The article is structured as follows. In Section 1, we introduce the stochastic models
describing the generic stochastic master equations. Next we present the particular case of
nondemolition stochastic master equations. This allows us to define the processes (¢o(t)). We
then study the properties of these processes and show that they are bounded martingales.
Section 2 is devoted to the main convergence theorem. From the martingale and boundedness
property of (gq(t)), we conclude that these processes converge almost surely. This allows us
to present the main convergence result and to define precisely the random variable Y. Next,
using appropriate Girsanov change of measure, we show that this convergence is exponentially
fast. Finally we investigate the problem of estimation.

E.1. Non destructive quantum trajectories

E.1.1. System state evolution

This section is devoted to present the continuous time stochastic processes which describe
quantum trajectories. As announced these stochastic processes are solutions of particular
type of jump-diffusion stochastic differential equations.

Before presenting the SDEs, let us introduce some notations. The quantum system is
represented by a finite dimensional Hilbert space denoted by H. We denote the set of density
matrices by S(H) = {p € B(H),p > 0,Tr[p] = 1}. A density matrix represents a general
system mixed state. A system in a pure state |¢) € H corresponds to a special case where the
density matrix is the projector onto |¢). In this situation the corresponding density matrix
is pjgy = |#)(¢[- In the rest of the article, if not specified, the term state refers to a density
matrix.

Let us consider a family C;,7 = 0,...,n of operators in B(H) and let H € B(H) such that
H = H* i.e. H is a Hermitian operator. On S(#), we introduce the following functions:

i 1
L(p) = —i[H,p] + (QPCF —5(CiCip+pCf Cz))
=0

Ji(p):Cl-pCi*, iIO,...,TL (El)
vi(p) = Tr[Ji(p)], i=0,...,n
Hi(p) = Cip + pC7 — Tx[(Ci + Cf)plp, i =0,...,n,
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for all states p € S(H).

Let (2, F,(F),P) be a filtered probability space with usual conditions. Let (Wj(t)),j =
0,...,p be standard independent Wiener processes and let (N;(dz,dt)),j =p+1,...,n be
independent adapted Poisson point processes of intensity dxzdt; the N;’s are independent of
the Wiener processes. We assume that (F;) is the natural filtration of the processes W, N
and we assume also that Fo, = \/ Fi = F.

t>0
On (2, F, (F),P), we consider the following SDE

+Z/O H;(p(s—))dW;(s) (E.2)

£y (B o)) o N ) ],

where py € S(H).

Definition 1. The equation (E.2) is called a stochastic master equation and its solution is
called a quantum trajectory.

Equation (E.2) is a "generic”  SDE describing the evolution of a system undergoing con-
tinuous indirect measurements. Results of existence and uniqueness of the solution of (E.2)
can be found in [8,12,33-35].

In Eq. (E.2), the operator L is a usual Lindblad operator [26,30]. These operators appear in
the definition of the master equation in the Markovian approach of Open Quantum Systems.

From Eq. (E.2), one can introduce the measurement record counting processes:

t
t) = /0 /R]-0<a:<vi(p(s—))Ni(d.’L', dS),i =p+1,...,n

These processes are counting processes with stochastic intensity given by

t

/0 vi(p(s—))ds,i=p+1,...,n
In particular, for any i € {p + 1,...,n}, the process ( N fo vi(p(s—))ds) is a (F;) mar-
tingale under the probability P.

During an experiment, these processes would correspond to the counting measurement
records an experimenter would obtain. For example Nl(t) could correspond to the total
number of photons arrived on a detector up to time ¢. In section E.2.3 we discuss in more
details what would be the equivalent for a continuous measurement record.

In terms of Nj(t), Eq. (E.2) can be written as

dplt) = L(p(t—))dt+Zﬂxp(t—))dm@)

# > (L)

i=p+1

- p(t—>) (ARi(t) — vilplt—))de). (£:3)

Z

4. One can generalize these equations by introducing time dependent and random coefficients [12]
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In the next section we introduce a nondemolition condition on this evolution and study the
large time behaviour of (p(t)).

E.1.2. Non demolition condition

A measurement process is called nondemolition if one can find a basis P of H such that
any element of P is unmodified by the measurement process. If, at a given time, a system is
in one of the basis states, it will remain in it at any future time with probability one.

Definition 2. Let P be a basis of H. A measurement process fulfills a nondemolition condition
for P if any state of P is stable under the measurement process: for any |a) € P if at time
s, p(s) = |a)(a| then for any time t > s, p(t) = p(s), almost surely.

The stable states |a)(al|,a € P, are called pointer states.

We assume from now on that H and the C;’s are diagonal in the basis P. The main
result we prove in this section is the equivalence between this diagonal assumption and a
nondemolition condition for P.

The diagonal assumption can be expressed as follows. There exist e(a) € R, c(ila) € C
such that

H=7) ea)a)al

acP

Ci =Y c(ila)a)(al ,i=0,...,

acP

S

Attached to these decompositions we introduce the following quantities which will be used
further

r(ila) = c(ila) + c(ila), 1 =0,...,n,
0(ila) = |e(ila)|?, i =0,...,n.

Here Z is z complex conjugate. In the basis P, we denote a matrix A = (Aag)a,s-

Our study of (p(t)) is mainly based on the study of the diagonal elements of (p(t)) in the
basis P. If a direct measurement identifying all the pointer states would have been performed
at time ¢ = 0, then the system after this measurement would have been in the pointer
state |a)(a| with probability paa(0) = Tr[p(0)|a)(al]. If the same direct measurement is
performed at time ¢ > 0 the probability to obtain the same system pointer state is poqa(t) =
Tr[p(t)|a){a|]. So, the evolution of the diagonal elements of (p(t)) in P gives us information
on the distribution of such direct measurement outcomes.

In the sequel, for all @ € P, we use the notations

Ga(t) = paa(t) = Tr[p(t)]a){al], t = 0. (E4)

As a preliminary, let us prove that the (¢n(t)), @ € P are (F;) martingales solutions of
Dade-Doleans type of SDEs.
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Theorem 1. On (Q,F, (F:),P), the stochastic processes (qq(t)), o € P satisfy the following
system of stochastic differential equations

dqa(t) = qa(t—) [Z (r(ila) = (ri(t=)))dWi(t)

1=0
Py <<gi((ila>)> _1> (amvi(t) - <9,~(t—)>dt)], aeP, (E5)

i=p+1

where (ri(t)) = Zr(ih)qw( ) and Z@ i|v)gy(t), for all t > 0.

.
In particular, the stochastic processes (qa(t)) a € P are (F) martingales. As solution of

Dade-Doleans type of SDEs, they can be expressed in the following form

P ¢ t
, 1 , 2
qawzqamxemj§j<é(mmw—vmkwwwx@—ngvum»—m@—»>w>]
i=0
n . t
< 11 Q+<“W°QAMw)xm4/wmm@@>mw]
i=p+1s< 0; 8— 0
I 2
) X exp o) — (ri(s—)))dWi(s) — 2/0 (r(ile) — (ri(s—))) ds
0Ga) N s — [ (0ila) — (6:(s—
+ ln dN;(s) (0(i]er) — (0;(s—)))ds (E.6)
iepr1 \J0 (03 (s—)) 0
_In the case where O(ila) = 0, for some ¢ = p+ 1,...,n, if a jump of the corresponding
N; occurs at some time ¢, one can see that ¢, (t) vanishes (go(u) = 0, for all u > t). In this
situation in order to give a sense to the second expression one can consider that In(0) = —oo

and exp(—oo) = 0. Nevertheless the second expression will be used only when 6(i|a)) > 0 for
all € P and for all i = p+1,...,n. Let us stress that in this situation, if ¢, (0) # 0, we have
da(t) > 0, for all ¢ > 0. Although, in section E.2.2, we discuss some interesting properties of
(ga(t)) when 6(i|a) = 0 for some i.

Proof. In order to obtain the expression (E.5), we have to compute dpaqa(t) by using (E.3).
To this end we have to plug the diagonal condition into the expression of L, H;, J; and v;.
This way we can compute the following expression.

= Z |C(i’a)|2f)aaa t=p+1,...,n
a€P

(Ji(p))ag = pap % c(ila)c(i|p), i=p+1,...,n

(Hi(p))ap = pass | clila) + cGIB) — S (elily) + cipys |+ i=0,cp (BT
yEP

(L(p))aﬂ = Pap X <_i(6a - 66) + Z C(Z Oé)C(Z /8) -
1=0

1, . .
5 (leCile)” + |C(Z!ﬂ)|2> :
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From now on we only need the expression of the diagonal elements o = ( in the pointer
basis. In other words the stochastic differential equations for (g (¢)) do not depend on the
off diagonal elements of the system state. This way remarking also that (L(p))ae = 0 for any
a € P, it is easy to derive Equation (E.5).

The second part follows from the fact that the processes (W;(t)) and (NV, fo vi(p ds)
are (F;) martingales. This way the stochastic processes (g, (t)) are local martlngales but since
they are bounded they are true martingales. The solution (E.6) is the usual expression of the
solution of a Dade-Doleans SDE. O

We are now equipped to prove the equivalence between the diagonal assumption and the
nondemolition condition.

Theorem 2. The quantum stochastic master equation (E.3) fulfills a nondemolition condition
for P if and only if H and all the operators C; are diagonal in the basis P.

Proof. Let us first prove that the diagonal condition imply the nondemolition condition. We
need to prove that if at time s, p(s) = |a)(a/, then at any time ¢ > s, p(t) = |a){a| almost
surely. Since p(t) is a Markovian process, we can, without loss of generality, set s = 0.

Put p(0) = |o) (e for some o € P. We have gg(0) = 0 for any  # «, 8 € P and Tr[p(t)] =1
for any time ¢. Then, looking at (E.6), we have gg(t) = 0 and ¢, (t) = 1 for all ¢ > 0 almost
surely. It implies

p(t) = |a)(al, ¥Vt >0, a.s.

We now prove that the nondemolition condition implies the diagonal assumption. If at
time s, p(s) = |a)(al, then for any time ¢ > s, p(t) = |a) (|, almost surely. The expectation
of p(t) conditioned on p(s) = |a)(a| with o € P is:

E[o(t)|(s) = o) (al] — pl(s) = [ /  L{p(u—))du p(s) =

+E Zp:/t —))dWi(u)| p

=0
n

ve| / (W_pm_)) (AN:(u) — vi(p(u=))du) | p(s) = |a) ol

Since (W;(t)) and (N;(t fo v;(p(u—))du) are martingales,

E{pu)\p(s) - ra><a@ ~pls) = / "E[L(p()|p(s) = o) ol du.
At this stage, since p(u) = p(s) for all u > s almost surely, we get
0 =E[o(t)|p(s) = laal] - p(s)
=L(p(s))(t — 8),Vt > s a.s.
Let 8 € P,B # . The condition L(|a)(a|)gs = 0 implies (C;)ga = 0 for all i = 0,...,n

Using this result, the condition L(]a)(a|)ge = 0 implies Hg, = 0. Hence, H and all the C;’s
must be diagonal in the basis P. O
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In the next section we use the martingale property of (g, (t)) to study its long time behavior.
Before let us prove that this martingale property is equivalent to the nondemolition condition.

Proposition 1. The processes (quo(t)) are (Fi) martingales if and only if (E.3) fulfills a
nondemolition condition for P.

Proof. We already proved that the nondemolition condition implies the martingale property
of (ga(t)). Let us prove the converse.

We suppose that for any a € P, the process (pan(t)) is a martingale. This assumption is
true only if the drift part of (E.3) for paq(t) is null whatever is the initial state. Hence, for
any arbitrary p € S(H), we must have L(p)aa = 0. Take p = [B)(B] with o 7 3. As seen
earlier, the condition L(p)aq = 0, implies that the C;’s must be diagonal in the basis P. Now
put |+ 8) = %(|a> +|8)). Take p = |a + B)(a + B|. The condition L(p)aa = 0 implies
H.3 — Hgo = 0. Put |a+if) = %(\a) +1|5)). Take p = |a+ i8){a + if]|. The condition
L(p)aa = 0 implies Hyg + Hgq = 0. We can thus conclude that H must also be diagonal in
the basis P.

As proved earlier this diagonal property is equivalent to the nondemolition condition. [

The next section is devoted to the large time behavior of (g, (t)) and to interpretations of
the obtained convergence in terms of wave function collapse.

E.2. Convergence and wave function collapse

E.2.1. Wave function collapse

In this section we show the almost sure convergence of the processes (g4 (t)) when t goes to
infinity. Under some non degeneracy conditions, we can identify the limit random variables
(ga(00)). More precisely, in this context we show that g, (00) is equal to 1 for a pointer T € P
and O for the others. The pointer state T is a random variable and we find its distribution.
We next show that this imply that (p(t)) converges almost surely to one of the pointer states
|a) (cr|. In particular, we show that the probability for the limit pointer state to be |a)(«] is
40(0) = paa(0). This is what is predicted by the von Neumann projection postulate if a direct
measurement would have been performed at time 0. Thinking of the limit state in terms of
random variable, in the limit ¢ — oo, the system state is a random variable with the same
law as the one predicted by von Neumann projection postulate for a direct measurement at
time O.

In the following subsections we present some useful properties implied by this convergence.

Let us express our non degeneracy condition
Assumption (ND): For any (a, 8) with « # /3 there exists ¢ € {0,1,...,n} such that

— either r(ia) # r(i|B) if i < p

— or (i) # 0(i|B) if i > p.

Theorem 3. Under Assumption (ND), there exist random variables qo(c0), « € P which take
values in {0,1} such that

tle @a(t) = qa(o0), Ya € P, (E.8)

almost surely and in L' norm. Moreover, we have Elq,(o0)|F:] = qa(t), for all « € P and
for allt > 0.
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The random variables qo(00), a € P, satisfy

P(ga(o0) =1) = qo(a),Va € P, (E.9)
ga(00)gs(00) = 0, Va # 8, a.s. (E.10)

As a consequence there exists a random variable T with values in P such that
P(Y = a) = ¢.(0), Ya € P

and such that
Jim p(t) = [T)(Y], as.

Proof. Let a € P be fixed. The almost sure convergence of (g, (t)) follows from the fact
that (qa(t)) are bounded (F;) martingales. More precisely, the family (g, (¢)) is uniformly
integrable. Therefore there exists g, (00) such that lim; oo ¢o(t) = go(00), almost surely and
in L' norm and we have E[g,(00)|F;] = qa(t), for all t > 0. It remains to show that these
random variables take values in {0, 1}. To this end, for « being fixed, using It6-Lévy isometry,
we have for all t > 0

Elga (t)?] = El[ga(t), ga(t)]],
where [gq(t), g (t)] corresponds to the stochastic bracket of (¢, (t)). We then have

p t

Elga(t)?] = Z/o E[Qa(s)Q(r(z’]a)_<ri(8)>)2] ds
1=0
el (06 Y o] s
+H.Z+1/o E[qa(s) <<0i<s>> 1) (Ol >>]d (E11)

Since the processes (g4 (t)) converge almost surely and are bounded, using Lebesgue dominated
convergence Theorem, we have that the quantity E[g,(t)?] converges when ¢ goes to infinity.
This implies that

/OOOIE [qa(s)2(r(i|a) - <rl(s)>)2] ds < o0, 1=0,...,p,

00 ila 2
/0 E [qa(s)Q <<99(z(’5))> — 1> (91(3))] ds < oo,i=p+1,...,n. (E.12)

Again by the dominated convergence Theorem, the quantities

E [qa(t)Q(r(ﬂa) — (n(t)))Q] ,1=0,...,p,

E <W—qa(t))2(0i(t»] Li=p+1,...n (E.13)

converge when ¢ goes to infinity. Then from (E.12) it follows that necessarily
tligloE[qa(t)Q(T(ﬂa) —(ri(®)))’] = 0,i=0,...,p (E.14)
lim E [qa(t)Q <<99(Z(|g)> - 1)2 (Oi(t)>] — 0, i=p+1,....n. (E.15)
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The above L? convergences imply the almost sure convergences up to an extraction. More
precisely, there exist subsequences (%) such that for all i = 0,...,n,lim, . t!, = co and such
that almost surely

Tim_ ga(#)2(r(ila) — (B2 = 0, i=0....p (E.16)
, 2
nlg]go ga(th)? ((Zféf% — 1) 0:(th)) = 0,i=p+1,...,n. (E.17)

Since the processes (gq(t)) converge almost surely, by uniqueness of the almost sure limits
and using the boundedness of (6;(t)), we can conclude that almost surely, for all a € P

tggloqa(t)z(r(ila)— (ri(®)))*> = 0,i=0...,p (E.18)
tli%loqa(t)%e(ua) — ;N = 0,i=p+1,...,n (E.19)

Then it follows that, almost surely, for all a € P
a(00)(r(ila) — (ri(c0))) = 0, i=0...,p (E.20)
Ga(0) (0(i]a) — (0;(c0))) = 0i=p+1,...,n. (E.21)
This way, almost surely, for all a #
Ga(00) (r(z’\a) — <rl(oo)>) = qg(oo)(r(iw) — (n(oo))) =0,71=0...,p (E.22)
1a(50) (6(il0) — (8:(00))) = g3(00)(8(iI8) — (Bi(00))) = 0i = p+L,...,m. (E:23)
It follows that, almost surely, for all a #
qa(00)qp(00)(r(ilar) —r(i[8)) = 0,1=0...,p (E.24)
da(00)gp(o0)(0(ila) — 0(i|B)) = 0, i=p+1,...,n. (E.25)

Finally using Assumption (ND) one can conclude that

da(00)gp(00) =0, Yo # [ a.s.

This way, there exists a set ' such that P(Q’) = 1 and such that for all w € Q' there exists
a unique Y € P such that ¢y(oco)(w) # 0 and for all B # T,gg(o0)(w) = 0. Moreover,
since Tr[p(t)] = 1, we have that > p ga(o0)(w) = 1. Therefore gy(oc)(w) = 1. Then we
have proved that for all a,q,(o0) € {0,1}. Using now the martingale property, we have
E[ga(00)] = qa(0), which implies that P(gq(00) = 1) = g (0) and the first part of the theorem
is proved.

For the second part, let us come back to the definition of Y. This defines a random variable
taking values in the set of pointer states P (for w € 2\ €, we can put T(w) = v, where
1 ¢ P, this will appear with probability 0). It is then clear that

P(Y = a) = P(ga(o0) = 1) = ¢a(0), Yo € P.

One can note in particular that g, (c0) = Wy—,. Now, we are in the position to conclude the
proof. Indeed, since gy (o0) = 1, we get

Jim Te[p(6) (0] =1, as.
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Now let w € @ and let p be a limit of a convergent subsequence (p(t,)(w)), we have that
Tr[u|Y (w))(Y(w)|] = 1 which implies that p = | (w))(Y (w)|. Therefore all convergent subse-
quences of (p(t)(w)) converge to | T(w))(Y(w)| which implies

lim p(t) = |T)(Y], as.

t—o0

O

This result is crucial in the following. In particular it will allow us to use a Girsanov
transformation ”in infinite time horizon”.

E.2.2. Exponential rate of convergence

In this section, we study the convergence speed of the processes (g4 (t)). In particular, we
shall show an exponential convergence. To this end, we study the following quantities

lim > In (qa(t)> ,a,y€P.

t—oo t q,y(t)
Since (g¢()) can vanish in the case where 6(i|a) = 0 for some i, this quantity can be finite or
infinite. Furthermore, we limit our study to pointer states «,y € P such that ¢,(0) # 0 and
¢v(0) # 0. Remark, if ¢3(0) = 0 for some pointer state 3 we have gg(t) = 0 for any time t.

First, let us start by studying the case where g, (t) > 0 and ¢, (t) > 0, for all t > 0, almost

surely. As already discussed this is ensured when for any i € {p +1,...,n}, 0(i|la) > 0 and
6(ily) > 0. In this case, using (E.5), we have almost surely, for all ¢ > 0,

ga(t) _ 4a(0)

0 (t)  44(0) XeXp[Z</ (i) = r(il))dWi(s)

7

5 [ ot = rsts=? = ) = (5] ds>

+ zn: (/Ot In (Z(ém) AN(s) —/Ot (i) —e(z‘w))ds”. (E.26)

This can be rewritten as

[\]

Ga(t) _ 4a(0) xeXp[Z( /0 <r<z~|a>—r<z'w>>dxz<s>—§ /0 (r(ﬂa)—r(im)zds)

Qv (t) qu(O) =0

T 2 </ < Z"fy‘DdMQ(s)—/ot (0(i]a) — 0(il7)) — In <Zg"‘;‘§>e(im)ds>], (E.27)

0(ily)ds = Ni(t) — 0(i|y)t, i=p—+1,...,n (E.28)
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for all t > 0. Now we shall see that these processes are martingales under a suitable change
of measure. To this end we consider the family of probability measures (@fy) defined by

HHW)
dQ, (w) = dP(w), t >0,
qW(O)
for all v € P such that ¢,(0) # 0.

This family of probability measure is consistent. Moreover, since E[g,(00)|F;] = ¢4(t), for
all ¢ > 0, any element of this family can be extended to a unique probability measure Q. on

Foo = F. In particular, we have

_ G (00)(w) AP

and in terms of filtration we get the following Radon Nykodim formula

dQ (w g (t)  dQ(w)
E [ ']—"] 20 - ) t>0. (E.30)

This way we can consider the quantity hnélo % In (Zag;> under Q,. We shall need the fol-
lowing lemma which relies on Girsanov transformati?)n.

Lemma 1. Let v € P such that ¢4(0) # 0. Under Q,, the processes (X;(t)),j =0,...,p
and (M](t)),j =p+1,...,n are (F;) martingales. More precisely (X;-Y(t)),j =0,...,p are
standard Q- Brownian motions and (N;(t)),j =p+1,...,n are usual Poisson processes with
deterministic intensities 0(i|7).

The following theorem expresses the exponential convergence speed towards Y.
Theorem 4. Assume Assumption (ND) is satisfied. Assume that a,y € P are such that

4a(0) # 0, ¢4(0) # 0, and such that 0(ila)) > 0, O(ily) > 0 for alli =p+1,...,n. Then, we
have

i (23) = =3 L =i+ 5 ot [1- G058+ (GE)].

=0 i=p+1

(E.31)

Q, almost surely.
More generally, in terms of the random variable T, we have

i 1n 4a(t) _ ! p r(i|a)—r(z 2 ; 1 _H(i]a) n blile)
f () = =3 )P 32 06t 1 g+ (G )|

i=p+1

P almost surely.
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Proof. From (E.26), we have

ln qa(t) _ 111 QQ(O)
0 <qv<t>) ! <qw<0>)
p X7
(0o — i) 22— Lr(ita) v
=0
M’Y
+ Z In ( ) ()

> 24 0tk ~ ot +1n (G Y o)

(E.33)

<~

Now from Lemma 1, we know that under QQ,, the processes (X] (t)) are standard Brownian

motions and (N;(t)) are a usual Poisson processes of intensities 6(i|y). This way, using law
of large number for Brownian motion and Poisson processes, we get

tra () = - g =i 32 oo - e (657)]

i=0 i=p+1
(E.34)
Q, almost surely.
Now let us remark that
dPw)= > g (0)dPw|T(w) =")
7y s.t. g4(0)>0
which yields
dQ, () = dB(w|T(w) = 7).
As a consequence
1 (qa(t) 1, s = 0(i|a) 0(ila)
lim -1 =—= —r(|T 0|Y) |1 — 1
Jim 5 in (200 3 (o) —rGro)+ 3 o) 1~ gy +1n (s )|
(E.35)
P almost surely and the result follows. O

From the above Theorem since gy (00) = 1, P almost surely, we get the following asymptotic
expansion. For all a € P such that ¢,(0) # 0

. . n : (ila) (i)
qa(t) — €_t|:% f:o(r(z‘a)_r(”T))Q_ i=p+1 Q(Z‘T) [1—2(1“) +1n(g(i|T))]] X (1 + 0(1)), (E36)

P almost surely. From the inequality In(z) < x — 1, we see that the rate

;Zpg i) — r(i|7))? Z 8(i|7) [ ((||T)) +1n (g((;';))ﬂ >0, as.  (E37)

i=p+1

More precisely each term of the sums is nonnegative. Now from Assumption (ND), the
quantity (E.37) is equal to zero if and only if @« = Y. This underlines the exponential rate
convergence towards T .
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Remark. Let us assume the interaction of our measurement apparatus with the system in-
volves only one hermitian operator C; = C. In other words n = 0. Let us also assume we can
choose either to have a continuous process as our measurement record or a counting process.
In other words, either the quantum stochastic master equation is

dp(t) = L(p(t))dt + (Cp(t) +p(t)C* = Tr[(C + C*)p(t)]p(t))th (E.38)
dp(t) = L(p(t—))dt + <% - p(t—)> [dN(t) — TE[C*Cp(t—)|dt].  (E.39)

In the diffusive case (E.38), the convergence rate (E.37) is equal to (c(a) — ¢(Y))2. In the
counting case (E.39) it is equal to —c(T)?[In(c(a)?/c(T)?) +1—c(a)?/c(T)?]. A simple study
shows that

(c(a) = ¢(X)* < —e(T)?*[In(c(a)?/e(T)?) +1 = e(a)?/e(T)?).

So the choice of a counting process may lead to a higher convergence rate. But it comes at a
price. Suppose C has two different eigenvalues of equal norm: c(a) # c(B), |c(a)| = |e(B)].
The non degeneracy assumption (ND) is not fulfilled for the jump equation (E.39) whereas it
is fulfilled for the diffusive equation (E.38).

We now study the situation where it exists ¢ € {p + 1,...,n} and o € P, such that
O(ilar) = 0. In this case we shall study the following stopping times

T, = min{t e Ry s.t. Ni(t) >0},i=p+1,...,n (E.40)
T(o) = min{7; s.t. 0(ila) =0}, € P. (E.41)

Assume that ¢,(0) # 0, we have ¢o(T(a)) = 0 and ¢, (t) > 0, for all ¢t < T(«) as well as
qa(t) =0, for all t > T'(a). This way, if T'(«) < oo, the process (gq(t)) converges to zero in
finite time.

We have the following proposition which describes the distribution of T'(«), v € P.

Proposition 2. Let o € P such that there exists i € {p + 1,...,n} such that 0(i|a)) = 0.
Then,
B(T() < f]X =) = 1 — e Nl

where A(aly) = Z 0(il7y).
i, s.t. 0(ila)=0
Finally, we have

P(T(a) <t)=1-Y_ qs(0)e A",
BeP

Proof. Remember that, under Q,, (N;(t)) are usual Poisson processes of intensities 0(i|y).
So, under Q,, the law of T; is exponential with parameter equal to 6(i|y), that is,

QT <t)=1—e Mt izpi1.. n

Under Q,, T'(«v) is thus the minimum of a finite set of random variables obeying exponential
laws. Since we have assumed that the Poisson point processes N;(.,.) are independent, under
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Q. the processes (]\Afl(t)) are also independent as well as the stopping times 7;. From the
properties of exponential law, we have

Qy(T(a) < t) =1 — e M,
Since P =3 5. q3(0)Qp, we have
P(T(a) <t)=1-)_ qz(0)e NP,
BeP

which concludes the proof. O

Let us note that taking ¢ goes to infinity we get

P(T(a)=00)= > qs(0) > ¢a(0) = P(ga(o0) = 1).
B, s.t.\(a,8)=0

In the next section, we address the problem of convergence when one does not have access
to the process (p(t)) but only to the measurement records.

E.2.3. Stability

Usually, in experiments the initial state py of the system # is unknown (this is sometimes
that we want to estimate). This way we cannot have access to the quantum trajectory (p(t)).
Nevertheless we have still access to the results given by the measurement apparatus. These
results are directly connected to the quantum trajectory (E.2). In terms of processes, the
results of the measurement are described by output processes in the following way. The
observed processes are given by

dy;(t) = dW;(t) + Tr[(C; + Cf )p(t—)]dt,i =0,...,p
for the diffusive part of the evolution and by
dN;(t),i=p+1,...,n

for the counting processes. The quantities y;(t) and N;(t) are the measurements recorded by
the apparatus. In an homodyne or heterodyne detection scheme, y;(t) would represent the
detected photo current integrated up to time ¢ whereas, in a direct photodetection scheme,

N;(t) would be the number of photons detected up to time ¢ [19,39]. The quantum trajectory
can be expressed as follows

p(t) = Lip(t=))dt + Y Hi(p(t=))(dyi(t) — Tr[(C; + CF )p(t—)]dt)
=0

+ Y (W - p(t—)) (dNi(t) = vi(p(t=))dt), (E.42)

i=p+1 Ul(p(t

p(0) = po. (E43)
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In the case where we do not know the initial state pg, we can estimate the quantum trajec-
tory (p(t)) by using an estimate quantum trajectory (p(t)) satisfying the following stochastic
differential equation

plt) = dt+ZH ) (dyi(t) — Tr[(C; + CF)p(t—)]dt)

y Z( B —ﬁ<t—>> (ANi(t) = v (B(t=) ). (E.44)

i=p+1
p(0) = po, (E.45)

where fg is an arbitrary state. Let us stress that (y;(¢)),i = 0,...,p and (N;(t)),i = p +
1,...,n are the output processes attached to the true quantum trajectory (p(t)). This way,
if po = po we get (p(t)) = (p(t)). In particular the estimate quantum trajectory (p(t)) is
governed by the measurement record as if it was the true quantum trajectory. This can allow
to simulate an estimation of the true quantum trajectory. Such an estimate is often called a
quantum filter. An important question is to know if the estimate become closer and closer to
the true quantum trajectory when t goes to infinity. In particular does the distance between
the estimate and the true quantum trajectory converges to zero? Such a property is related to
the so called stability of quantum filter. For general schemes of indirect measurement, partial
results in this direction has been developed in [2] (it is shown that the fidelity between (p(t))
and (p(t)) increases at least in average when ¢ increases).

Here, in the context of QND we show that the estimate quantum trajectory converges to
the same state than the one of the true quantum trajectory. We shall show namely that
(p(t)) converges to | T) (Y| when ¢ goes to infinity. This is achieved by a direct analysis of the
quantities

Ga(t) = Tr[p(t)|a)(al],

for all @ € P and for all ¢ > 0. The processes (G, (t)) repesent actually the estimate of the
true (qqo(t)).

From Equation (E.44), we can see that the processes (G, (t)) are solutions of

(v(ile) = ate=) ) (aWilt) + ({rt=)) = (at-))) )

* i <<g;(it|f))> —1> (dNi(t)— <§i(t—)>dt>]. (E.46)

1=p+1

dqoz(t) = ~o¢(t_)[

p
=0

Let us treat the case where 6(i|a) # 0, for all « € P and for alli = p+1,...,n. Eq. (E.46)
are still Dade-Doleans exponential and the solution of (E.46) are given by
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- ;/Ot (r(ila) — <7Zi(5—)>)2d8)
+Zz:;1 (/Ot 1n< gffs'f >> dNi(s) - /Ot (6ile) - <9~Z(s)>>)d3>], (A7)

for all o« € P and for all ¢t > 0.

Let us stress that, in general, these processes are no more (F;) martingales. We cannot
then conclude to their convergence by using martingale convergence results. Nevertheless the
quantity ¢;(«)/G () takes exactly the same form than the one of the true quantum trajectory.
More precisely, assume that ¢,(0) # 0, after computations we get that

P

Qolt) _ 4al0) [Z ( | i) = ri)x? ) = 5 [ rtle) —r(zm)?ds)

o0 00 2

+ Zn: (/Ot In <ZE§||C;‘§> dM] (s) - /Ot (0(i]a) — 0(il)) — In (ggﬁ?) e(ih))ds)], (E.48)

i=p+1

for all ,y € P, where the processes (X (¢)),i =0,...,p and (M](t)),i =p+1,...,n have
been defined in (E.28). Now we would like to consider the limit of this quantity under Q,.
To this end, we first need to consider a y such that ¢,(0) # 0. In this case, if §o(0) # 0, we
get

L (@ IS e NS 0G|, (8]
i (32) = =3 g =i+ 32 o 1=+ (G5 )|

i=0 i=p+1
(E.49)
Q, almost surely. As a consequence, we get again
1 (Ga(t) 1, . a2 | o= 0(i|a) 0(i|a)
lim -1 =—= —r(i|T O(|IY) |1 — 1
im0 (E25) =~ o) —rtim) + 2 00 [+ )|
(E.50)
P almost surely. This yields that P almost surely
da(t) = (ir(t)et[% {olr(ile)=r () =TIy 6GIT) 136315 “n(g(ih))]*o(l)} , (E.51)

Now we consider Q" with P(2”) = 1 and such that (E.51) is fulfilled for all w € Q". Let
w € Q" be fixed. For any « such that a # Y(w), under Assumption (ND) there exists ¢ such
that either r(ila) # r(i|Y(w)) or 6(ila) # 6(i|YT(w)). Hence, since 0 < gy(t) < 1, we can
conclude that

lim g, (t)(w) = 0.

t—o00
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Now, since Y G, (t) = 1 still holds, we deduce that
Jim Gy (o) (1) (@) = 1.

Note that the result (E.50) requires only that ¢, (0) # 0 as soon as ¢o(0) # 0. Then, we
can express the following result.

Proposition 3. Assume that 0(ila) > 0, for all « € P and for alli=p+1,...,n. Assume
Assumption (ND) is satisfied. Assume that Go(0) # 0 for any a € P such that q,(0) # 0.
Let (Ga(t)) be the stochastic processes defined by (E.AT) with §o(0) # 0. We have

Jim g (t) = 1,
Jim ga(t)lrza = 0, (E.52)

P almost surely. Moreover, the convergence is exponentially fast, that is

p

i (35) = =3 2oy 35 om 1= i o (5615)]

i=0 i=p+1

(E.53)

P almost surely.
Finally
lim 4(t) = [T)(T],

t—o00

P almost surely.

In particular, it appears clearly that

Jim p(t) = lim p(t) = |T)(Y|
which shows the stability of the estimation and the convergence rate is the same.

Remark that if ¢,(0) = 0, then the conditions of our proposition impose ¢,(0) = 0. Oth-
erwise the estimation would be irrelevant. In the case g,(0) = 0, this does not necessarily
impose that G,(0) = 0. In the case §,(0) # 0, we still have that lim; o Go(t) = 0, almost
surely (exponentially fast). In particular, in experiment a safe choice is to choose 5(0) such
that G, (0) # 0, for all a € P.

In the situation where it exists i € {p + 1,...,n}, such that 6(ila) = 0, it is interesting
to note that when a ¢, (t) vanishes, the same happens for the estimate ¢, (¢). This follows

from the fact that we have access to the jumping times of the processes N;(.) through the
measurement records.
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