Central Limit Theorems
for Open Quantum Random Walks

and Quantum Measurement Records*

S. Attal, N. Guillotin-Plantard, C. Sabot

Abstract

Open Quantum Random Walks, as developed in [2], are a quantum
generalization of Markov chains on finite graphs or on lattices. These
random walks are typically quantum in their behavior, step by step,
but they seem to show up a rather classical asymptotic behavior, as
opposed to the quantum random walks usually considered in Quantum
Information Theory (such as the well-known Hadamard random walk).
Typically, in the case of Open Quantum Random Walks on lattices,
their distribution seems to always converge to a Gaussian distribution
or a mixture of Gaussian distributions. In the case of nearest neigh-
bors homogeneous Open Quantum Random Walks on Z¢ we prove
such a Central Limit Theorem, in the case where only one Gaussian
distribution appears in the limit. Through the quantum trajectory
point of view on quantum master equations, we transform the prob-
lem into studying a certain functional of a Markov chain on Z? times
the Banach space of quantum states. The main difficulty is that we
know nothing about the invariant measures of this Markov chain, even
their existence. Surprisingly enough, we are able to produce a Central
Limit Theorem with explicit drift and explicit covariance matrix. The
interesting point which appears with our construction and result is
that it applies actually to a wider setup: it provides a Central Limit
Theorem for the sequence of recordings of the quantum trajectories
associated to any completely positive map. This is what we show and
develop as an application of our result.

In a second step we are able to extend our Central Limit Theo-
rem to the case of several asymptotic Gaussians, in the case where
the operator coefficients of the quantum walk are block-diagonal in a
common basis.

*Work supported by ANR project “HAM-MARK”, N° ANR-09-BLAN-0098-01
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Quantum Random Walks, such as the Hadamard quantum random walk,
are nowadays a very active subject of investigations, with applications in
Quantum Information Theory in particular (see [6] for a survey). These
quantum random walks are particular discrete-time quantum dynamics on
a state space of the form H ® CZ'. The space CZ* stands for a state space
labelled by a lattice Z¢, while the space H stands for the degrees of freedom
given on each point of the lattice. The quantum evolution concerns pure
states of the system which are of the form

0) =D le) @)
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After one step of the dynamics, this state is transformed into another pure

state,
W) = lel) ®1i) .
i€z
Each of these two states gives rise to a probability distribution on Z?, the
one we would obtain by measuring the position on (o2

Prob({i}) = [l¢il*-

The point is that the probability distribution associated to |¥’) cannot be
deduced from the distribution associated to |¥) by “classical rules”, that is,
there is no classical probabilistic model (such as a Markov transition kernel,
or similar) which gives the distribution of |¥’) in terms of the one of |U).
One needs to know the whole state |¥) in order to compute the distribution
of |[U').

These quantum random walks, have been successful for they give rise to
strange behaviors of the probability distribution as time goes to infinity. In
particular one can prove that they satisfy a rather surprising Central Limit
Theorem whose speed is n, instead of \/n as usually, and the limit distribution
is not Gaussian, but more like functions of the form (see [8])

V1—a?(1l—\z)
7 (1—22) Va2 =22’

where a and )\ are constants.

X —

In the article [2] is introduced a new family of quantum random walks,
called Open Quantum Random Walks. These random walks deal with density
matrices instead of pure states, that is, on a state space HQCZ they consider
density matrices of the form

p=Y melil.
i€zd

To this density matrix is attached a probability distribution, associated to
the values one would obtain by measuring the position:

Prob({i}) = Tr (p;) .

After one step of the dynamics, the density matrix evolves to another state

of the same form
p=>"pi@liil,

i€Zd



with the associated new distribution.

In [2] it is proved that these Open Quantum Random Walks are a non-
commutative extension of all the classical Markov chains, that is, they contain
all the classical Markov chains as particular cases, but they also describe
typically quantum behaviors.

Though, as shown on simulations in the same article, it seems that Open
Quantum Random Walks of infinite lattices such as Z? exhibit a rather clas-
sical behavior in the limit, that is, their limit distribution seems to always
converge to a Gaussian distribution, or to a mixture of Gaussian distributions
(including the case of Dirac masses as particular cases of Gaussian distribu-
tions). While the quantum random walk, step by step, seems to be very
quantum, that is, the distribution at time n 4 1 has nothing to do with the
distribution at time n (at least it cannot be deduced from it without the com-
plete information of the full density matrix), it appears that asymptotically
the quantum random walks becomes more and more classical.

The aim of this article is to prove, under some conditions, a Central
Limit Theorem for these Open Quantum Random Walks and to compute
explicitly the characteristics of the associated Gaussian distribution: drift
and covariance matrix.

This article is structured as follows. In Section 2 we recall a certain
number of notations and concepts which are very common in the context
of Quantum Mechanics: states, density matrices, completely positive maps,
etc. Section 3 is then devoted to presenting the general mathematical struc-
ture of Open Quantum Random Walks and their probability distributions.
We end up this section with a series of examples and numerical simulations
which illustrate our definitions and which will be covered later on by our
Central Limit Theorems. In Section 4 we explain the Quantum Trajectory
approach to Quantum Master Equations. This approach, which is nowadays
very important in the study of Open Quantum Systems, gives a way for
Open Quantum Random Walks to be simulated by means of a particular
Banach space-valued classical Markov process. In the same section we recall
an important ergodic property of quantum trajectories, as proved in [7].

The last sections are the ones where the main theorems are proved. First
of all the main Central Limit Theorem is proved in the context of a single
asymptotic Gaussian distribution. The proof is based on proving a Central
Limit Theorem for a particular martingale associated to the quantum tra-
jectories. This martingale is obtained by the usual method of solving the
Poisson equation, which surprisingly can be implemented explicitly in our
context, even though we do not have any information on the existence of an
invariant measure for the Markov chain associated to quantum trajectories.



Furthermore the parameters of the limit Gaussian distribution are explicitly
obtained.

We then show how our main theorem applies to a wider context: a Central
Limit Theorem for the measurement records of a discrete-time trajectory.

We finally extend the Central Limit Theorem to a context with sev-
eral asymptotic Gaussians, but with block-diagonal coefficients for the Open
Quantum Random Walk. We prove that, in this case, the Open Quantum
Random Walk behaves like a mixture of Open Quantum Random Walks
with single Gaussian, that is, up to conditioning the trajectories at the be-
ginning, we get a behavior of an OQRW with a single asymptotic Gaussian.
We compute several examples which illustrate the different situations of our
theorems, we compute the associated asymptotic parameters.

2 General Notations

We recall here some useful notations and terminologies that shall be used in
this article.

All our Hilbert spaces are on the complex field and are separable (if not
finite dimensional). For all Hilbert space H we denote by B(#) the Banach
space of bounded operators on H equipped with the usual operator-norm
that we denote by ||-|| .. We denote by £;(#) the Banach space of trace-
class operators on H, equipped with the trace-norm |||, .

Let H be a Hilbert space. For any ¢ € H we put |¢) to simply denote
the element ¢ of H (more rigorously, it should be the operator A — A¢ from
C to H). We define

(| + H — C
r — (¢, x).
As a consequence of these definitions, the operator |¢){(¢| is the orthogonal
projector onto C ¢ .

Recall that a density matriz p on some Hilbert space H is a trace-class,
positive operator such that Tr (p) = 1. The convex set of all density matrices
on H will be denoted by £(H). The extreme points of this convex set are
the pure states, that is, the rank one orthogonal projectors:

p =) (¢l
with ¢ € H, ||¢]| = 1. The set of pure states on H will be denoted by S(H).

Let N stand for a finite or a countable set of indices. If {A;; i € N'} is
a family of bounded operators on H such that

dAA =1,

ieEN



where the convergence above is understood for the weak topology, then the
mapping
p Mp) =D AipA;,
ieN

is well-defined, for the series is ||-||,-convergent, and the mapping preserves
the property of being a density matrix. It is a so-called completely positive
map.

Note that such a completely positive map admits an adjoint map M*
acting on the bounded operators on H. More precisely, the mapping

M(X) =D AT X A,
ieN

is a strongly convergent series and satisfies
Tr (M(p) X) = Tr (p M*(X))

for all density matrix p and all bounded operator X.

3 Open Quantum Random Walks

3.1 General Setup

Let us explain here the setup in which we shall be working. It consists in
special cases of Open Quantum Random Walks as described in [2], namely,
the case of nearest neighbors, stationary quantum random walks on Z¢. Our
presentation here is slightly different of the one of [2], for we have adapted
our notations to the simpler context that we are studying here.

On Z* we consider the canonical basis {e1,...,eq} and we put

Cdtj = —€j

for all j = 1,...,d. For each i € Z? we denote by N(i) the set of its 2d
nearest neighbors, that is N(i) = {i+¢;; j=1,...,2d}.

We consider the space K = (CZd, that is, any separable Hilbert space with
an orthonormal basis indexed by Z?. We fix an orthonormal basis of K which
we shall denote by (|i));.z4- Let H be a separable Hilbert space, it stands for
the space of degrees of freedom given at each point of Z?. In the rest of the
article we always assume that H is finite dimensional. Consider the space

H&K.



We are given a family {Ay,..., Asg} of bounded operators on H which
satisfies
2d
d AA =1,
j=1

The idea is that the operator A; stands for the effect of passing from any
point i € Z% to its neighbor i+e;. The constraint above has to be understood
as follows: “the sum of all the effects leaving the site ¢ is 7. It is the same
idea as the one for transition matrices associated to Markov chains: “the
sum of the probabilities leaving a site 7 is 17.

To the family {A;,. .., Asg} is then associated a completely positive map
on H, namely:

2d
Lp) =) AjpA;.
j=1

To the family {Ay, ..., Ay} is also associated a completely positive map on
H ® K as follows. We put

for all i € Z% all j = 1,...,2d. The operator Lz emphasizes the idea that
while one is passing from site |i) to its neighbor |i + ¢;) in I, the effect on
H is the operator A;. It is easy to check that

2d
>N =1,

i€zZd j=1

where the above series is strongly convergent. Hence, there is a natural
completely positive map on H ® K associated to these L!’s, by putting

2d
Mp)=>_> LipLl

iezd j=1

for all density matrix p on H ® IC. Recall that the series above is convergent
in trace-norm.

In the following, we shall be interested in iterations M™ of M applied
to density matrices of H ® K. We shall especially be interested in density
matrices on H ® K with the particular form

p=Spolil, (1)

i€Z4



where each p; is not exactly a density matrix on #H: it is a positive (and
trace-class operator) but its trace is not 1. Indeed the condition that p is a

state aims to
S Tr(p) =1 )
€2
The reason for such a specialization is that any application of M to any
density matrix p on H ® K leads to a state of the form (1). This form (1)
then stays stable under the dynamics. Hence the dynamics only deals with
states of the form (1).

If p is a state on H ® K of the form
p=> pi@li)il,

then a measurement of the “position” in /C, that is, a measurement along the
orthonormal basis (]7));cy, would give the value |i) with probability

p(i) = Tr (p;) -

After applying the completely positive map M, the state of the system H&®
can be easily checked to be

Mip) =" (Z A pice, A;) ® i)l (3)

ieZd 7=1

Hence a measurement of the position in K would give that each site ¢ is
occupied with probability

P(i) = Z Tr (A pie, A7) - (4)

And so on, by repeatedly applying M to the initial state, we obtain a se-
quence of probability measures on Z¢ which, in general, cannot be described
in terms of a classical random walk. Indeed, the probability distribution at
step n 4 1 cannot be deduced from the probability distribution at step n, we

need to know the whole states p§") and not only their traces Tr (pE”)).

3.2 Examples

Let us illustrate the setup above, with some examples.



In the case d = 1, we describe a quantum random walk on Z with the
help of only two bounded operators B and C on H, satisfying

B*B+C*C=1.

The operator B stands for the jumps to the left (it corresponds to the op-
erator A, with the notations of previous subsection) and C stands for the
jumps to the right (it corresponds to the operator A;).

Starting with an initial state p® = py® |0)(0], after one step we have the
state

PV = BpoB* ® |-1)(~1] + CpoC* @ [1)(1].

The probability of presence in |-1) is Tr(BpoB*) and the probability of
presence in [1) is Tr (CpeC*).

After the second step, the state of the system is

p® = B?pB* @ |-2)(-2| + C*poC*" ® 2)(2]+
+ (CBpyB*C* + BCpyC*B*) @ 0)(0] .
The associated probabilities for the presence in |-2), |0), |2) are then
Tr (B%pyB*"), Tr(CBpyB*C* + BCpeC*B*) and Tr(C%pyC?"),

respectively.
One can iterate the above procedure and generate our open quantum
random walk on Z.

As further example, take

0] e

The operators B and C' do satisfty B*B + C*C' = [. Let us consider the
associated open quantum random walk on Z. Starting with the state

1 0
(0) _
= (5 o) @,

we find the following probabilities for the 4 first steps:
|=4) [=3) [=2) [=1) [0) [+1) [+2) [+3) [+4)

n=20 1

_ 1 2

n_l 1 3 3 3 5

n:2 1 § 5 5 11 § 10

n=3 3 % 7 %

n—4 L 10 27 26 17
81 81 &1 81 81



The distribution obviously starts asymmetric, uncentered and rather wild.
The interesting point is that, while keeping its quantum behavior time after
time, simulations show up clearly a tendency to converge to a normal centered
distribution. Figure 1 below shows the distribution obtained at times n = 4,
n =8 and n = 20.

Figure 1: An O.Q.R.W. on Z which gives rise to a centered Gaussian at the
limit, while starting clearly uncentered (at timesn =4, n =8, n =20)

A much more trivial example on Z is obtained by taking

s (0) oo () L))

It is easy to compute the associated quantum trajectories and to show that
they have the behavior of a random walk which goes straight to the right,
with only one possible random jump to the left. This example will illustrate
our Central Limit Theorem for the particular case where the Gaussian is
degenerate.

It is easy to produce Open Quantum Random Walks on Z? by specifying
4 matrices N, W, S, E' on ‘H which satisfy

N*N 4+ W*W + S*S+ E*E = 1. (5)

Then, we ask the random walk to jump from any site to the four nearest
neighbors, following N, W, S or E, respectively.

One can for example combine two 1-dimensional Open Quantum Random
Walks by asking them to act on the different coordinate axis. For example,

take )
11 1 0
(O 1> and S = \/X% <_1 1)
together with

o () 5) i 3 1)

10
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with a? 4+ 3% + % = 1 and for some \ € [0, 1].
One can obtain behaviors with a single Gaussian, as in Figure 2, with
A=3/4, a=1/4, f=1/4.

0005

(LI
=50 .’

Figure 2: An O.Q.R.W. on Z? which ezhibits a single Gaussian asymptoti-
cally (at time n = 50)

The aim of the theorems to come now are to prove such Central Limit
Theorems and to identify the elements of the limiting Gaussian distribution.

4 Quantum Trajectories

4.1 Simulation of O.Q.R.W.

Open Quantum Random Walks have the very nice property to admit a quan-
tum trajectory approach, that is, a classical process simulating the evolution
of the density matrix. This approach to Open Quantum Random Walks is
the one that allows us to prove a central limit theorem. Let us explain here
this approach.

Starting from any initial state p on H ® K we apply the mapping M and
then a measurement of the position in K, following the axioms of Quantum
Mechanics. We end up with a random result for the measurement and a
reduction of the wave-packet gives rise to a random state on H ® K of the
form

pi @ i) (il .
We then apply the procedure again: an action of the mapping M and a
measurement of the position in IC. The following result is proved in [2].

11



Theorem 4.1 By repeatedly applying the completely positive map M and a
measurement of the position on KC, one obtains a sequence of random states
on H ® K. This sequence is an homogenous Markov chain with law being
described as follows. If the state of the chain at time n is W™ = p ® |i){i|,
then at time n + 1 it jumps to one of the values
wmth) = L,Aijj* @lit+e)ite], j=1,...,2d,
26))

with probability

p(j) =Tr (A;p A7) .
This Markov chain (w(”)) is a simulation of the master equation driven by
M, that is,

E [w(nﬂ) |w(n)] - ./\/l(w(")).

Furthermore, if the initial state is a pure state, then w™ stays valued in pure
states and the Markov chain is described as follows. If the state of the chain
at time n is the pure state |p) ® |i), then at time n+ 1 it jumps to one of the
values )

——=Ajlp)®lit+e;), 1€V,

p(Jj)
with probability
: 2
p(7) = 145 [a)I"

In a more usual probabilistic language, this means that we have a Markov
chain (p,,, X, )nen with values in £(H) x Z? which is described as follows:
from any position (p, X') one can only jump to one of the 2d different values

1
(p(J) Y ’
with probability
p(j) =Tr (A;p Aj7) .

What Theorem 4.1 says is that the law of the random variable X,, coincides
with the distribution on Z? of our open quantum random walk at time n,
when starting with the initial state py ® |Xo)(Xo|-.

Theorem 4.1 also says that if the initial condition is in S(H) ® Z¢ then
the Markov chain always stays in S(H) ® Z.

12



4.2 Ergodic Property

We now recall an ergodic theorem for quantum trajectories, as proved in [7],
that we adapt to our context and notations. Recall the completely positive
map on H associated to the operators A, ..., Agy:

2d
Lp)=> AipA;.
=1

Theorem 4.2 If (p,, X,,) is the Markov chain obtained by the quantum tra-
jectory procedure as in Theorem 4.1 then the sequence

1 n
E;Pi

converges almost surely to a random variable 0., which is valued in the set
of invariant states for L.

In particular, if £ admits a unique invariant stalte ps, then the above
Cesaro mean converges almost surely 1o po.

5 The Central Limit Theorem

5.1 The main Theorem

In this section we make the following hypothesis on L :
(H1) : L admits a unique invariant state po.

We start with some notations. We put

2d

m:ZTr(AipooA;‘)ei

i=1

which is an element of R

In the following we shall denote by z - y the usual scalar product on R
We denote by m;, i = 1,...d, the coordinates of m in R?, that is m; = m-e;
fore=1,...,d.

Lemma 5.1 For every | € R?, the equation

(L_E*(L)):ZA:Ai (ei-1) = (m-1)1 (6)

13



admits a solution. The difference between any two solutions of (12) is a
multiple of the identity.

Proof By definition of m we have, for every | € R?

2d

ZTr (Aipoo A7) €; - l=m -1,

=1

r (poo (iA;‘Ai(ei-l)—(m-l)[)> =0.

We have proved that 32, A*A; (e;-1)— (m-1) I belongs to {pse } = But {pse}*
is equal to Ker (I — £)*, by Hypothesis (H1). Furthermore Ker (I — £)* i
equal to the range of I — E* We have proved that ZQd ArA; (e;-l)—(m-1) I
belongs to the range of I — L£*. This gives the announced existence.

If L’ is any other solution of (12) then, putting H = L — L’ gives

H-L£(H)=0.

hence

This is to say that H is an eigenvector of L£* for the eigenvalue 1. By the
hypothesis (H1), the eigenspace of £ for the eigenvalue 1 is of dimension 1.
Hence the eigenspace of L* for the same eigenvalue is also 1-dimensional. As
we have £*(I) = I, this means that all eigenvectors of £L* for the eigenvalue
1 are multiple of the identity. Hence H is a multiple of the identity. O

In the following we shall denote by L; a solution of (12) associated to
[ € R% In the case where | = ¢;, for some i = 1,...,d, we denote L; by L;
simply. In terms of the coordinates (I;) of [, note that we have

d
= ZliLi.
=1

We can now formulate our main Central Limit Theorem.

Theorem 5.2 Consider the stationary open quantum random walk on 7%
associated to the operators {Aq,...,Asq}. We assume that the completely

positive map
2d
-3 A
i=1

admits a unique invariant state poo. Let (pn, Xy)n>o be the quantum trajec-
tory process associated to this open quantum random walk, then
Xn

lim — =m, a.s.
n—oo M

14



and
X,—nm

Vn
converges in law to the Gaussian distribution N'(0,C) in R, with covariance
matriz

Cij = 0ij (Tr (A; poo A7) + Tr (Aiva pso Ay g)) — mimj+
+ (T (As oo A7 L) + T (A; pog A7 L)
— Tr (Aita poo Afy g Lj) — Tr (Ajia poo Afy g Li))
— (m; Tr (poo Lj) +m; Tr (poo Li)) -

Proof Consider the Markov chain (p,, X,)nen, With values in £(H) x Z9,
associated to the quantum trajectories of M. We put N* = N\ {0} and
AX, = X, — X,_1, for all n € N* and we consider the stochastic process
(P, AX,, ) nen= which is also a Markov chain, but with values in E(H) X

{e1,...,eaq}. Its transition probabilities are given by
. A;p A%
Tr (A; pA%) if pf = =L~ ,
Pl(p,ei); (0, ;)] = (Ajp45) i 7 = moapam
0 otherwise,

for alli,7 € {1,...,2d}.

We are given a fixed [ € R? and we wish to write a Central Limit Theorem
for (X, - {)nen. Our first step is to find a solution to the so-called Poisson
equation, that is, we wish to find a function f on E(H) x {e1,..., ez} such
that

(I-P)f(p,x)=x-1—m-1. (7)

Lemma 5.3 A solution of (7) is given by
F(p,2) =T (p L)+ -1, ®)

Proof [of Lemma 5.3]
If we define f by

flp,2) =Tr(pLy) + -1,

15



we get

2d

(L =P)f(px)=Tr(pL) +x-1— (ZTY(AWA:LI)"‘

i=1

2d
+§:n4&pAn@-0

=1

=-m-l+x-1l.

That is, the function f is a solution of the Poisson equation. fof Lemmal]

The second step of the proof consists in carrying the problem of our
central limit theorem to a central limit theorem for a martingale.
With the help of the Poisson equation, we have

Xn-l—n(m-l):Xo-l—i—zn:((Xk—Xk_l)—m)-l

k=1

= Xo -1+ Y (I = P)f(pr, AXy)

k=1
=X, 1+ Z (f(pr, AXy) — Pf(pr—1,AX,_1))
k=2

+ f(p1, AX1) = Pf(pn, AX,) .
We put
My =" flpu AXy) = Pf(pro1, AXp_1) .
k=2

Clearly (M,,),>2 is a centered martingale, with respect to the filtration (F,,),>2,
where F,, = o{(pk, Xx); k < n}. Indeed,

E [AMn ‘ anl] =E [f(pn; AX?’L) ’ (pnflv Aanl)] - Pf(pnfla Aanl) =0

from the definition of P.
We put
R,=Xo-l+ f(p1,AXy) — Pf(pn, AX,,).
We claim that (|R,|)nen+ is bounded. Indeed, by Equations (7) and (8) we

have
Pf(pn, AX,) =Tr(pn Ly) +m -1

16



and |Tr (p, L;)| is bounded independently of n by

lpnlly 1]l = M all -

This means that the term R,, has no contribution to the law of large number
or to the central limit theorem. It is thus sufficient to obtain a law of large
number and a central limit theorem for the martingale (M,,),en+. We recall
the form of the Central Limit Theorem for martingales that we shall use here.

Theorem 5.4 (cf [3], Theorem 3.2 and Corollary 3.1) Let (M,),en be
a centered, square integrable, real martingale for the filtration (Fy,)nen. If,
for all € > 0, we have the following convergences in probability:

1
Jdm S EIAMY Basnseva | Fict] =0 )
and
1
D E[(AM Fi] = (10)

for some o > 0, then M, //n converges in distribution to a N (0,0?) distri-
bution.

As a third step of our proof we shall prove that (M, ),>2 satisfies the
property (9). We have

AM;, = f(pr, AXy) — P f(pr—1, AXj—1)
:Tr(pkLl)—i—AXkl—ml—Tr(pk,l Ll)

In particular AM)}, is bounded independently of k£ for

[AM| < lprlly [1Lalle + IAXKN Ll [l 12T+ TToe-ally [[Lallo
< 2|[Lalloo A+ 121] A flmf121] - (11)

Concerning the law of large number, since M,, has bounded increments it
implies that M,,/n — 0 a.s. by Azuma’s inequality and Borel Cantelli lemma.
This implies the law of large numbers for (X,,) since |R,| is bounded.

Remark now that the condition (9) is then obviously satisfied as 1z s, > /n
vanishes for n large enough.

The fourth step of the proof consists in computing the quantity
E [(AM)? | Fia]

17



in order to verify that Condition (10) is satisfied. We have
AMk =Tr (pk Ll) —Tr (pk,1 Ll) + (AXk — m) -l
so that

(AM;)? = Tr (px Li)* = Tr (pr—1 Lo)®
—2Tr (pk—l Ll) [Tl" (pk Ll) —Tr (pk—l Ll) + (AXk — m) . l]

We denote by T3, T5 and Tj, respectively, the three lines appearing in the
right hand side above. The term E[T; | Fj_;] is equal to

E[Tr (prx L1)* | Fia] — Tr (pi Le)* + Tr (p Li)* — Tr (pre1 Le)?

The term E[Tr (py, L;)? | Fe_1] — Tr (px L;)? is the increment of a martingale
(Y,) and it is bounded independently of k (using the same kind of estimates
as for |R,| above). Hence Y,,/n converges almost surely to 0.

The term Tr (py, L;)?—Tr (pr_1 L;)?, when summed up to n gives Tr (p,, L;)*—
Tr (p1 L;)* and hence converges to 0 when divided by n.

The term E[Ty | Fi_1] clearly vanishes for it makes appearing the condi-
tional expectation of the increment of the martingale (M,,).

We finally compute E[T5 | Fr_1]. We get

E[Ts| Fia] =E [(AXy - 1)? = 2(m - 1)(AXy - 1) + (m - 1)+

= ZTI" (Ai o1 A7) (e - 1)* = 2(m - 1)(ei - )] +
+2) Tr (A pe Af L) (e 1 —m- 1)+ (m-1)?

2d
=1
We put

2d
Ty=> AjAi(ei-l—m-1)* +2A7 Ly Ai (e; -1 —m-1).
=1
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Putting everything together, by the fact that Y, /n converges to 0 and by
the Ergodic Theorem 4.2, we get that

%ZE [(AM)? | Fis]

k=3

converges almost surely to
of = Tr(pse ).

The fifth and last step of the proof consists in rewriting the variance o}
in order to make the covariance matrix C' appearing. We have

2d 2d
Ty=> AfAi(e;-1—m-1)*+2Y AL Ai(e;-1—m-1)
=1

i=1

2d 2d
=3 ArAiei - 1)* = 2(m- 1) AfAi(e; 1) + (m- 1)+
=1 =1

2d
+2) AT L Ai(e; 1) — 2(m - 1)L (Ly) .
=1

Hence, this gives

2d
Tr (poo T1) = D Tr (Ai poo A7) (€5 - 1)* = 2(m - 1)* + (m - 1)*+
=1
2d

+23 e (Ai po A7 Li) (€5 - 1) = 2(m - 1) Tr (L(po) In)
2d 2d

=—(m-1?+ ) Tr(Aipse AD)e: - 1)> +2>  Tr (A poo A7 L) (e; - 1)
=1 i=1

—2(m - 1) Tr (poo L) -
This gives

d d
of == mimylil; + > 12 (Tr (Ai poo A7) + Tr (Aisa poo Af1g)) +

i,j=1 i=1

d
+2 Z lllj (Tl" (Az Poo A:( L]) —Tr (Ai—i-d Poo A;_d LJ))

,j=1

d

1,j=1
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This proves that
d
0'l2 = Z lll] Cij y
ij=1
where the matrix o is the one given in the theorem statement. The central

limit theorem is proved.
O

Note that here appears a key point in our proof: all the quadratic terms
in p, disappear in the limit; this is crucial for otherwise it would have been
impossible to handle them without information on the invariant measure of
the Markov chain (py,).

5.2 The one dimensional case

The one dimensional case is a useful one, we make simpler in this case the
formulas we have obtained above.

In the case where the dimension is d = 1, there are only two jump oper-
ators A; and A,, which satisfy

We have
m = Tr (A peo A7) — Tr (A2 poo 43) .

In dimension 1 there is only one operator L;, the operator L;, which we
denote here by L simply and which is solution of

L—L*(L)=A]A; — AjAs —ml =2ATA; — (1+m)I.

Finally, following the theorem above, we have
m=1—2Tr (A3 poo A})
and
02 = Tr (A1 poc Al + Agpac AS) — m2+
+2Tr [(A1pocA] — A2pscAy) L] — 2m Ty (poo L)

=1—m?=2mTr (poo L) +2Tr [(A1poc Al — Aspsc AS) L]

=1—m?—=2mTr (pocL) +2Tr (pooL) — 4 Tr [(AzpscA}) L]

=1-m*+2(1—m) Tr(psL) — 4 Tr [peo A5 LA

=1—m?+4(Tr (ApeA3) Tr (poo L) — Tr (poc A3LAL)) |
or equivalently

0 =1—m>+4(Tr (pooALA;) — Tr (A1pscAT) Tr (poo L)) -
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5.3 Examples

We shall now explore several examples in order to illustrate our Central Limit
Theorem. Let us first start with two examples on Z. The example

1 11 1 1 0
o-Zlo) o= (40)
that we mentioned earlier falls in the scope of our theorem for it admits a
unique invariant state
1
o = =1 .
Poe =9
In particular we have

m ="Tr (C pe C*) — Tr (B ps B*) = 0.

We recover here that the limit Gaussian distribution is centered, as was
observed in the simulations above.
The operator L, given by Lemma 5.1 is

1 /-5 1
(7 ) e

This gives

Let us compute the case of our trivial example on Z obtained by taking

o (0F) wa on(l ).

In that case the unique invariant state is

(10

We find m = 1 in that case, which is compatible with the behavior we
described for this example.
The operator L in this case is

-2 0
b= (2 %)

This gives 0 = 0. We recover that the asymptotic behavior of this open
quantum random walk is degenerate, with drift 41.
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Let us end up this illustration with the 2-dimensional example mentioned
in Subsection 3.2:

1 /1 1 1 /1 0 1 /0 1 1 (1 0
N‘ﬁ(o 1)’5_5(—1 1)’W_§(0 1)’E_1<0 g)

We find a unique invariant state
1 /17 0
Poo = 55 .
33 \0 16

29 —1
m=|—,— .
1327132

The two solutions of Equation (12) are then

The average is

0 68(16+\/ﬁ) 0 8(16+\/ﬁ)
Ly = 68(16+/14) 8(75634???@) , La= 8(16+/14) 4(75?%92@)
3993 3993 3993 3993

and we find the following covariance matrix

o _ (0675 0.008
— \0.008 0.211) "

approximately .

6 Application to Quantum Measurement Re-
cords

In this section we leave for a while the setup of Open Quantum random Walks
in order to show that our Central Limit Theorem actually applies to a wider
situation: the recording of successive measurements in quantum trajectories.

6.1 Quantum Trajectory Setup

The setup we shall present here is the one of recording quantum trajectories in
discrete time, we actually speak of repeated measurements. This setup of Re-
peated Quantum Measurements, based on the Repeated Quantum Interaction
scheme developed in [1], has been introduced and studied mathematically in
[9] and [10]; it corresponds to actual important physical experiments such
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as the ones performed by S. Haroche’s team on the indirect observation of
photons in a cavity ([4], [5]).

Very quickly resumed, the setup is the following. A quantum system Hg
is performing an interaction with a quantum environment which has the form
of a chain of identical copies of a quantum system /C, that is,

Hep =) K.

neN*

The dynamics in between Hg and Hpg is obtained as follows. The small
system Hg interacts with the first copy K of the chain during an interval
[0, A of time and following some Hamiltonian Hy, on Hg ® K. That is, the
two systems evolve together following the unitary operator

U — e—ithot

After this first interaction, the small system Hg stops interacting with the
first copy and starts an interaction with the second copy which was left un-
changed until then. This second interaction follows the same unitary operator
U. And so on, the small system H, interacts repeatedly with the elements
of the chain one after the other, following the same unitary evolution U.

We are given an orthonormal basis {ey,...,e,} of K. Assume that the
initial state in IC before the interaction is |e;)(e1|, and the initial state of Hg
is p. The whole state after interaction is

Ulp@len{al)U

The quantum channel on H associated to that evolution is then given by
L(p) =Trxc (U (p @ lex){e]) U ZM p M,

where the M;’s are given by M; = U}, the coefficients of the first column of
U seen as a block matrix in the basis {ey,...,e,} of K.

In particular notice that this setup is as general as possible, for any given
quantum channel £(p) = > | M; p M} on H could be obtained this way, by
choosing a unitary U with prescribed first column.

Now performing a measurement of any observable X of K which is diag-
onal with respect to the basis {ej,...,e,} gives rise to n different possible
values, obtained with respective probability

=Tr (M;pM]) .
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The state of the whole system after the corresponding measurement is then
1 *

Regarding only the system Hg, the resulting state is p; = p%_ M;pM;.

Now repeating the procedure, via the repeated interaction scheme, we see
that we obtain a Markov chain (p,, X, )nen, where p,, evolves in the set of
density matrices of Hg and X,, evolves in the set {eq,...,e,}. The law of
the Markov chain is described as follows: if the chain at time n is at (p, X),
then at time n + 1 it jumps to one of the values

1
(_ M’L pM:» ei) ;
bi

1 =1,....,n, with respective probability
pi=Tr (M; p M) .

This is the so-called quantum trajectory associated to the quantum channel

L, as obtained by repeated interaction and repeated measurement scheme.
We are interested in the recording of the different random choices for this

successive measurements. That is, we are looking at the sequence of values

(Xn)nen and we wish to write a Central Limit Theorem for the associated
random walk S, = > X;.

6.2 T.C.L. for Quantum Measurement Recordings

Comparing this setup to the one we have developed for the quantum trajec-
tories associated to Open Quantum Random Walks shows that it is exactly
the same as in Theorem 4.1, for d = n and

Alel,...7An:Mn, and An—l—l:‘-':AQn:O-

In order to apply our previous result, we make the same important assump-
tion here:

(H1) : £ admits a unique invariant state pso.

We put

m =Y Tr(M; pe M;)e; €R"

i=1

The Lemma 5.1 applies.
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Lemma 6.1 For every l € R", the equation

(L —L(L)) = Z MM (e; - 1) — (m - 1)1 (12)

admits a solution. The difference between any two solutions of (12) is a
multiple of the identity.

As in our main theorem, we denote by L; a solution of (12) associated to
[ € R%. In the case where [ = ¢;, for i = 1,...,d, we denote L; by L, simply.

The Central Limit Theorem for measurement records now reads as fol-
lows, as a direct application of Theorem 6.2.

Theorem 6.2 Consider the quantum channel
L(p) = Z M; p M,
i=1

on H, which we assume to admit a unique tnvariant state po. Consider the
quantum random walk (Sy,)neny on Z" associated to the successive measure-
ments associated to the quantum trajectory of L. Let m and the L;’s be given
as described above. Then lim, o, S,/n =m a.s. and

S, —nm
Vn

converges in law to the Gaussian distribution N'(0, C') in R™, with covariance
matriz

Cij = 5@']’ Tr (Mz Poo Mz*) — mimj—l—
+ (Tt (M; poo M Lj) + Tr (M; ps M L))
— (m; Tr (poo Lj) +m; Tr (poo Li)) -

6.3 Examples

One of the simplest interesting example of a quantum trajectory simulating
some quantum channel is the one associated to spontaneous emission. In
that model, the systems Hg and K are both two-level systems, that is, C2.
The Hamiltonian, in the simplest configuration, is

(0 1 00\ /0 0 01
H“’t_z(o 0)®<1 0)‘2(1 0)®<0 0)'
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The associated unitary evolution is

1 0 0 0
[ — il _ 0 cos(h) —sin(h) 0
0 sin(h) cos(h) O
0 0 1

The quantum channel is

L(p) = My p M] + My p M

P N

In what follows we assume that cos?(h) # 1, for otherwise the dynamics is
completely trivial.
This quantum channel has a unique invariant state

(10
Po=1\0 0)"

The quantum trajectories are easy to describe. Given a state

=2 3)

and a position X, the next measurement leads to the state

with

1 a cos(h)z
o+ cos2(h)B \cos(h)z cos®(h) 3
and the position X + e;, with probability a + cos?(h)S3, or to the state
1 0
0 0
and the position X + ey, with probability sin*(h)s.

In the case it reaches the second value above, the quantum trajectory will
not change anymore, that is, the state remains

10
00
with probability 1, giving always a step along e; for the random walk.
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Computing m as described above gives

10 -1 0
m=ey, LIZ(O 0)7 LQ:(O 0)

In the Central Limit Theorem, the covariance matrix is then the null one.
Which is what could be expected, regarding the description we gave for the
quantum trajectories of this quantum channel.

One can also compute the Central Limit Theorem with a less trivial
example. Consider the quantum channel that we have already met

L(p)=BpB*+CpC*,

with ) .
1 1 1 0
s=glon) m o= (4)
We find
1 1 /-5 1 1 /5 -1
m-§<€1—|—62>, L1_6<1 0), L2_6<—1 O)

This gives the covariance matrix

2 (1 -1
¢=3 (—1 1 ) '
7 The Block-Diagonal Case

7.1 The Main Theorem

The Central Limit Theorem proved above does not concern the case where
L admits several invariant states. This is typically the case when the asymp-
totic behavior shows up several Gaussian contributions. The proof we have
obtained above does not adapt to the general case. However, there is one
situation, with several Gaussians which we are able to treat. Let us describe
it now.

Consider the operators Ay, ..., Asy satisfying

2d
S ATA =T,
=1
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as previously. We now assume that there exists a decomposition
H=FEPE®...0EN

of H into orthogonal subspaces such that all the A;’s are block-diagonal with
respect to this decomposition. That is,

Ai(E;) C E;

foralli=1,...,2d,all j =1,..., N. This hypothesis is denoted by (H1’) in
the rest of this section. We denote by P; the orthogonal projector onto Ej;.
Note that the condition above is equivalent to

foralli=1,...,2d,all j=1,..., N. We put
AY) = A,P; = P;A;P; .

In the same way we denote by £U) the completely positive map associated

to the operators (Agj))fil. On each subspace E; we have

ZAij)*Az(j) :ZPjAfAin =P =1Ig,.

i=1 i=1
If p is a density matrix on H we put

PV = PipP;.

Let p be a density matrix and P, the law of the Markov chain (p,, X, )n>0
obtained as previously, by the quantum trajectories associated to the matri-
ces A;, starting with the initial state p. Recall that

n = T A A Xn = Xn i
Pl = T (Apa ) “)

with probability Tr (A4;p,Af).
We put pi) = Tr (Pjpn).
Lemma 7.1 The process (pg))nzo is a martingale for the filtration

fn:U((pk,Xk), kgn) .
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Proof We have
E, [pIh | Fa] = 32T (PAipa )
= Tr (PjAip. A} P;)

= 3" T (AP, P AY)

= Tr (A Aip)))
= Tr (o) = p.

O

Since (pgf )) is non-negative and bounded, it converges a.s. and in L' to a
limit that we denote

p(oi) = limp(j).

n

Remark that Ej 1poo = 1 since Z] 1pn = 1 for all n. As (p¢) is a
martingale we can consider the associated Glrsanov transform (that is, the
h-process). We define ng ) to be the law on the trajectories which is given,
on the length n trajectories by

()
]P,gj) Pn
)

P,

where P, is the law on the trajectories with length n. In other words

(4)

poo
7) -
]P’ ((]j) P,.

Proposition 7.2 Under the law IP’,()j) the sequence

(4)
P X,

Tr (p% )> n>0

has the law of the quantum trajectories associated to the family of operators
(A(J)),-:Lm,gd and starting from the state pgy).

(2

Proof The sequence pd =Tr (Pjpn), n € N, is a function of (p,,). The chain
(pn, X») under PY) is thus a h-process of the initial chain for the harmonic
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function p¥)(p) = Tr (P;p). We thus have that (p,, X,) is a Markov chain
under PY) with transition probabilities:

_ _ AipnAf
{pnﬂ - T ()

Xn+1 =X, te

with probability
p(j)
"(;.r)l Tr (Aipn A7) .

Dn
But we have
(4)
Prnt1 Tr (P]pn-H)
= Tr (AippA) = ————= Tr(Aip,AY)

pg) Tr (Pjpn)

_Te (P ApaAD)

Tr (Pjpn)
| T (AP AP
Tr (Pjpn)

We see that the transition probabilities only depend on the component pg ),

If we consider the sequence

W=
Tr (o)
e have 50) AR
Pnt+1 = Tr (Az(j)ﬁ(nj)AEj)*>
with probability
Tr (AV0 A9
Tr (77)

This exactly means that the sequence (,Bflj), X, )n>0 under PY) has the law of

the quantum trajectories associated to the family (Az(j ))?il. O

We now make the following hypothesis.
(H2) Each of the mappings £) admits a unique invariant state pg).
We then put m@ = (m{, ... ,mg}) where m,(gj) =Tr (Akp(oi)AZ).
(H3) The m\)’s are all different.

Under these hypotheses we have the following result.
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Theorem 7.3 Under the hypotheses (H1’), (H2) and (H3) we have the fol-
lowing properties.

1) Forallj=1,...,N,

P, [P =1] =p’ =1-P, [pQ = 0] ,

[e.e]

that is, the vector p,, = (pgl), o ,p%N)) converges to (0,...,0,1;,0,...,0) with

probability p(()j) (note that p(()J) =1).

2) Conditionally to pgﬂ) =1 (that is, under the measure
P, [-[pY) = 1] =PY)
we have that (ﬁ{,f),Xn) has the law of the quantum trajectories associated to
the family of matrices (Alw)?il. In particular, under this conditional law,
the process A
(Xn — nmU ))
Vn
converges in distribution to the Gaussian distribution N° (0, C'(j)), where C'9)

1s given by the same formula as in Theorem 5.2 but for the family (A(‘j)).

7

Note that the theorem above concretely means that the quantum trajec-
tories in that case are a mixture of Open Quantum Random Walks of the
form of Theorem 5.2. The associated stochastic process can be obtained as
follows: with probability p§-0) the process (X,,) follows the law of the Open

Quantum Random Walks with associated matrices Agj ) and then satisfies the
corresponding Central Limit Theorem with mean m) and covariance matrix
CU).

Proof By proposition 7.2, we know that under IP’E;j ) the sequence ([)flj), Xy)
has the law of the quantum trajectories associated to the family (Al(j )). As
the mapping £ admits a unique invariant state we also know that if we con-
sider N, (7) to be the number of jumps e; made by the quantum trajectory

up to time n, then we have

1 ,
lim — N, (1) = mgj)
n

almost surely for the measure ng ) using the law of large numbers for quantum

measurements of Theorem 6.2. This implies that the measures ]P’E,j ) are all

singular since the m)’s are all different by hypothesis (H3). Indeed, let
1 .
A; = {lim =N,, = mW}.
n
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Then, if j # j/, obviously 4; N Ay = 0 and PY(A4;) = 1, PY)(A4;) = 1.
Consider now the sets
QU — {pg)) > 0}.

Then, if j # j/,
Indeed, otherwise since P§) = i% P,, it would imply that P§(Q; N Q) > 0

and IP’E;j ,)(Qj M) > 0. This is impossible since lP’,(,j ) and Pﬁj/) are singular.

Finally, since Z;VZI pg)) = 1, it implies that P, a.s. one of the pg) is 1 and

the others 0. In particular, it implies that for all j

P,(pY) =0or 1) = 1.

o0

This implies that we have

PO =, |5 = 1]

P
for 0
J

P, [ 192 =1] = — £

Pl

but P [pg) = 1] = p((]j) since (pﬁi)) is a martingale.

The conclusion now is a direct consequence of the Central Limit Theorem
established for the chain (X,,) but now associated to the family (A%)22, using
previous proposition 7.2.

O
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