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In this paper, we consider the statistics of repeated measurements on the output of a
quantum Markov chain. We establish a large deviations result analogous to Sanov’s
theorem for the multi-site empirical measure associated to finite sequences of consec-
utive outcomes of a classical stochastic process. Our result relies on the construction
of an extended quantum transition operator (which keeps track of previous outcomes)
in terms of which we compute moment generating functions, and whose spectral
radius is related to the large deviations rate function. As a corollary to this, we obtain
a central limit theorem for the empirical measure. Such higher level statistics may be
used to uncover critical behaviour such as dynamical phase transitions, which are not
captured by lower level statistics such as the sample mean. As a step in this direction,
we give an example of a finite system whose level-1 (empirical mean) rate function
is independent of a model parameter while the level-2 (empirical measure) rate is
not. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907995]

. INTRODUCTION

Quantum Markov processes are effective mathematical models for describing a wide class of
open quantum dynamics where the environment interacts weakly with the system.'= In the discrete
time version, a quantum Markov chain consists of a system which interacts successively with identi-
cally prepared ancillas (input), via a fixed unitary transformation, cf. Figure 1. After the interaction,
the ancillas (output) are in a finitely correlated state* which carries information about the dynamics.
Such information can be extracted by performing successive measurements on the outgoing an-
cillas. Similar models are used in continuous time in the input-output formalism of quantum optics,'
where output measurements (e.g., photon counting or homodyne) are used to monitor and control
the system.’ Interest in such systems has grown with recent experimental progress in quantum
optics and open quantum many-body systems,® in particular from the point of view of dynamical
phase transitions'*'® and system identification.'®->

Dynamical phase transitions in open quantum systems are visible through spectral properties of
the generator of the dynamics,'? and through the thermodynamics of jump trajectories;?!* the large
deviations approach to quantum phase transitions exploits both these features to uncover dynam-
ical phases.'®? In non-equilibrium statistical mechanics, a dynamical phase transition is typically
accompanied by the non-analyticity of the large deviations rate function of certain statistics.?%?’

The Sanov theorem for classical Markov chains®®? establishes a large deviation principle
(LDP) for the empirical measure (the proportion of states visited by the chain) and the pair empir-
ical measure (the frequencies with which jumps between different states occur) (see Fig. 2(c)); this
can be used, for example, to characterise phase transitions in the Curie-Weiss-Potts model.?
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FIG. 1. A quantum Markov chain consists of a system C¢ interacting successively with a sequence of identically prepared
input ancillas with space C¥ via the unitary operator U. Performing a measurement of a single-site operator X on each of the
output sites results in a sequence of measurement outcomes iy, i2, . .., i-

In this work, we establish a LDP for the empirical measure associated to counts of sequences
of successive outcomes in the output of a quantum Markov chain, which we refer to as level-2 LDP,
or Sanov theorem. This extends previous work on the level-1 LDP which deals with the empirical
average of subsequent measurements of identical observables of the output.’* Sanov theorems for
quantum systems have also been considered in the context of quantum hypothesis testing.3!=3*

To establish the LDP for the multi-site statistics in the Sanov theorem, we express the asso-
ciated sequence of moment generating functions in terms of an extended transition operator, con-
structed from the original quantum Markov chain transition operator (analogous to the method
in Ref. 30). The LDP is then obtained via the Gértner-Ellis theorem; the corresponding LD rate
function is obtained in terms of the spectral radius of a perturbation of this new transition operator,
where primitivity of the original transition operator ensures that this rate function is analytic. Our
result is also closely related to that of Ogata,>> which establishes the level-1 LDP for general
multi-site observables on quantum spin chains. By the contraction principle of large deviations,
one can use our level-2 LDP for the empirical measure to infer the level-1 LDP for a special
case of mutually commuting multi-site observables. The results of Refs. 30 and 35 apply to gen-
eral translation-invariant finitely correlated states corresponding to a (faithful) stationary state for
the quantum system; our results (see Sec. II B below) concern quantum Markov chains with no
assumption of stationarity, which is obtained in the limit of infinitely many auxiliary systems.

On the other hand, the techniques used by Ogata for proving the convergence of the logarithmic
moment generating function, could alternatively be used to obtain our present result. In particular,
our transfer operator is closely related to the infinite-dimensional Ruelle transfer operator defined
in Ref. 35. However, in this paper, we present a simple, intuitive, and self-contained proof which
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FIG. 2. Typical large deviations rate functions. (a) rate function /(z) on the interval [0, 1] associated to the sample mean of
a fair coin toss, with minimum of I indicated at z = 1/2; (b) example of a non-convex rate function (blue) and its convex
envelope (red) obtained from the Girtner-Ellis theorem; (c) sample trajectory X,, with events associated to different statistics,
e.g., visits to state 2, jumps from O to 1, which are used to compute the empirical measures.
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provides an easily computable rate function in terms of the spectrum of a finite dimensional trans-
fer operator. This contributes towards a better understanding of the concept of dynamical phase
transitions and the properties of the output measurement process in general.

In general, the existence of a LDP for a stochastic process does not imply that the process also
satisfies a central limit theorem (CLT). However, in certain cases,>® the proof of the LDP may be
extended to produce a central limit theorem; as a corollary to our main result, we thus state a central
limit theorem for the empirical measures.

The paper is organised as follows: in Sec. II, we introduce the background to our result. We
briefly review the theory of large deviations in Sec. II A, we introduce quantum Markov chains in
Sec. II B, and consider measurements on the output of a quantum Markov chain in Sec. II C. In
Sec. III, we state our main result, Theorem 3, and Corollary 1 (preceded by definitions and results
directly related to our main result). To illustrate our result we discuss two examples in Sec. IV.

Il. BACKGROUND

In this section, we present a brief review of the basic concepts of large deviations needed in this
paper, and introduce the set-up of quantum Markov chains. For good introductions to the theory and
applications of large deviations, we refer to the monographs.?-28:2%-37

A. Large deviations

Let ¥}, Y5,. .. be a sequence of independent and identically distributed (i.i.d.) R¢-valued random
variables defined on a probability space (€, %,P). The Law of Large Numbers (LLN) states that if
the mean vector y := E(Y;) exists, then the average

1 n
Xn = ;zl:Yl
i=

converges to y almost surely as n — co. The CLT characterises the speed of convergence, and
shows that the fluctuations around the mean decrease as n~'/2, and are asymptotically normally
distributed,

V(X = y) = N(O,v).

Here, £ denotes the convergence in law (distribution) and N(0,v) is the multivariate normal distri-
bution with mean zero and covariance matrix v. As the distribution of X, concentrates around y,
one would like to know how the probability of staying away from y decreases with n. Such large
deviations have exponentially small probabilities, i.e.,

P(1Xn — yl = a) ~ exp(-nl(a)) ey

in a sense which will be made precise below. The concentration of the empirical average X,, is an
example of level-1 large deviations.

In another example, suppose V1,15, .. are i.i.d. random variables with values in {1,...,d} and
common probability distribution p; = P(Y = i). The empirical measure P, is defined as the random
probability distribution given by the frequencies with which the different values in {1,...,d} occur

(where the indicator function is defined by 1;(Y) = 1if Y = i, and 0 otherwise),
. 1 v
P,(i) = — (Y)).
w(D) =~ D11 ©)
j=1
Again, by the LLN, we have I@n(i) — p;, and the fluctuations around the mean can be described by

the CLT. The large deviations are characterised by the following result known as the Sanov theorem.
If R is a measurable subset of the simplex of probability distributions, and p ¢ R, then

P(P, € R) ~ exp (—n inf I(q|p)) ,
g€R
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where the rate function /(g|p) is the relative entropy

d
Iqlp) = )" gilog(ai/pi).

i=1
We summarise Eq. (1) by saying that “a large deviation event will happen in the least unlikely of all
the unlikely ways.”?8

We can now describe a more general set-up of large deviations theory, and formulate

one of the key mathematical tools used later in our paper. A sequence {u, : n € N} of proba-
bility distributions on R is said to satisfy a LDP if there exists a lower semicontinuous function
I1:R? > [0, 0], called a rate function, such that for all measurable subsets B C R4

26,28,29,37

— inf I(x) < liminf 1 log u,(B)

xeB0
< lim sup % log u,(B) < — inf I(x).
n—o0 xeB

Here, B® and B denote the interior and closure of B, respectively; if the infimums on these
sets coincide, the LDP may be expressed in the intuitive form used in Eq. (1) above, u,(B) ~
exp (—ninfycp I(x)). We refer to a LDP for the empirical mean as a “level-1 LDP,” while a LDP
for the empirical measure may be referred to as a “level-2 LDP”; we note that, by the contraction
principle, a level-2 LDP always implies the existence of a level-1 LDP.

In our results, we will employ a theorem due to Girtner®® and Ellis,* which provides a suffi-
cient condition for obtaining a LDP; we state it here with stronger assumptions, equivalent to the
result in Ref. 38.

Theorem 1. Let {T}, : n € N} be the moment generating function associated to

IL(2) :/ ey, (x), teRY
Rd
where (-, -) denotes the standard Euclidean inner product. Suppose the limit
F(t) = lim L logT,(7) 3)

is finite for all € R? and F : R? — R is a differentiable function. Then, {u, : n € N} satisfies a
LDP with rate function / given by the Legendre-Fenchel transform of F,
I(x) = sup {(t,x) - F(1)} . “4)

teRd

The Girtner-Ellis theorem implies that the rate function /() in (1) is given by the Legendre
transform of I'(¢) = E(e’Y), and can also be employed for proving the Sanov theorem, where u,, is
the distribution of the empirical measure P, seen as a vector in R

The Sanov Theorem can be extended***? to empirical measures associated to an irreducible®’
Markov chain {X, : n € N} over a discrete state space {1,...,d} with transition matrix IT. For
instance, the empirical measure P((i) := 7:1 1,(X;) keeps track of the empirical frequencies asso-
ciated to each state which by ergodicity converge to the stationary distribution of the chain. This
empirical measure satisfies a LDP on R?, where the rate function is given by the Legendre transform
of the function A — log r(I1;). Here, r(-) denotes the spectral radius; the matrix IT is a certain
analytic perturbation of I1. Similarly, the pair-empirical measure

n—1
PO, 1) = > Lu(Xp, X ),
j=1

which encodes additional information about how the chain jumps from one state to another, also
satisfies a LDP. These empirical measures of different orders are illustrated in Fig. 2(c) on a sample
trajectory of a Markov chain with four states. We note that this approach used to establish LDPs for
the empirical measures associated to Markov chains bears similarities to the proof of the main result
of this paper which deals with the output process of a quantum Markov chains.
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B. Quantum Markov chains

A quantum Markov chain® consists of a system, or “memory” with Hilbert space C¢ which
interacts successively (moving from right to left) with a chain of identically prepared ancillas, or
“noise units” C*, via a unitary U : C¢ ® C* — C? ® C¥, cf. Figure 1. Physically, this may be seen as
a discrete-time model for the evolution of an open quantum system coupled to the environment in
the Markov approximation, as shown in Refs. 44 and 45.

We assume that the initial state of the noise units (or input) is a fixed vector | y) € C¥, such that
the output state is determined by the isometry

v.c? - e ck,

k
Vilw) = UGy e lx) = > Vilv) e, )

i=1
where {|1),...,|k)} are the vectors of an orthonormal basis in C¥. The operators V; are the
Kraus operators associated to the quantum Markov chain, and satisfy the normalisation condition
Zf.‘zl V:V; = 1. If the system starts in the state |y), we can apply (5) successively to express the joint
state of 7 output units and the system as a matrix product state*%+/

k
Wy = > Vi Vil ling i) ©)

seemin=1

reflecting the inherent Markovian character of the dynamics. By tracing over the noise units, we find
that the reduced system dynamics is given by the semigroup

" : My — M, neN,

where

T.:pr ) VipV7 =Tk (U p® |x)XxIU")
i=1
is a trace preserving completely positive map describing the system’s transition operator. For later
purposes, we note that the corresponding map in the Heisenberg representation is given by Ref. 48,
T:M; — My,
k
T:Aw V*AV,.
i=1
Now, suppose that after the interaction we perform a projective measurement on each of the output
noise units, with respect to the basis {|1),...,|k)}. If X denotes the outcome of the measurement
of the ith unit, then the joint probability distribution of the measurement process is

plit,. . sin) =P(XW =iy, X =0,) = Vi, - Vi )l 7)

This process is not necessarily stationary but becomes so in the large n limit if T satisfies a certain
ergodic property discussed in Sec. III below.

C. Empirical measures associated to the measurement process

Our main goal is to establish a large deviation principle for the empirical measure associated to
chains of subsequent outcomes occurring in the measurement trajectory. For each m € N, we define

the m-site empirical measure PE,'") over {1,...,k}" by
1 n-m+l1
B, i) = — D0 X O, X ED), (8)
1=1

In the case m = 1, this keeps track of the frequencies of the different outcomes in a measurement
trajectory, and the associated single-site, level-1 LDP has been established in Ref. 30. A similar
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result holds in continuous time, for total counts statistics when a counting measurement is per-
formed on the output, and this plays a key role in the theory of dynamical phase transitions.'>>
The existence of a level-1 LDP for multi-site expectation values has been obtained in Ref. 35 in
the context of finitely correlated states on spin chains. For m = 2, the two-site empirical measure
captures the statistics of pairs of subsequent outcomes. As we will show in Sec. IV, the multi-site
(m > 1), level-2 LD rate functions capture more information about the measurement process than
the total counts, and therefore could be the basis of a more in-depth understanding of the theory of
dynamical phase transitions.

The main tool in establishing the LDP will be the Gértner-Ellis theorem 1. For this, we need to
compute the moment generating function

() = E (exp((n — m + 1(B".1))) . 9)
where t € R*™ and (-,-) is the usual scalar product in RE™
<p;m)at> = Z til,...,im@;m)(il" . Jm)
ileim

We will show that the moment generating function can be expressed in terms of a certain extended
transition operator which acts on the system but also takes into account the results of m — 1 mea-
surement outcomes. For this, we consider the space

k= Mye ()",

seen as a block diagonal algebra with k(m — 1) blocks isomorphic to M,;. We will represent an
elementY € Z)Z“k by the diagonal elements [Y]; | € My, whereiy,. .. im-1 € {1,...,k}.

be-lm—

Lemma l. LetT,,, : DZ”]‘ - Z);"’k be the completely positive map defined as

k

TNy iy = 25 € Vil Ty Vi (10)

-1
im=1

Then, the moment generating function (9) can be expressed as

k
FS,m)(l‘) = (y| Z [th’l;lmﬂ (M(m))]il’...!im_lllﬁ),
ifeenlimo1=1
where
[M(m)]il,.--,i = =Vie Ve ViV

In particular, M™ is an eigenvector of Ty, ,,, with eigenvalue 1.

Proof. We denote by X the {1,...,k}"-valued random variable which represents the out-
comes on m subsequent sites, that is, for a sequence of outcomes i = (iy,. . .,i,,) we have

[X(l’m) _ i] [X(l) =i, X(l+m—1) — im] )

The moment generating function is defined by the expression

n-m+1
@ =Elep| Yon ) L(xt™)
j =1
k
= > exp Z Z it Omiramen |B (XD =i X =)
i1yeennin=1

k n— m+l
Z eXP( Z ti,,‘.‘,iHm_l)P(X(l)=il,...,X(n)=in).

nin=1
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Using (7) to express the probabilities we obtain

k n—-m+l
T = > WV ViVi, Vil exp( > zi,,.‘.,i,m_.) : (1
ilyeemin=1 1=1
Finally, a short computation shows that l"flm) can be expressed as
k
(m) _ n-m+1 (m)
o=wl ), AT (M)
Iyeenlp—1=
where
[M(’")]‘ =V VWV
Iyeenslpp—1 1 m-1 ‘'m
The eigenvector property
Tom(M™) = M
follows directly from the definition of 7; ,,, and the normalisation }; V;V; = 1. O

lll. MAIN RESULT

In this section, we recall notions of irreducibility and primitivity (Definition 1), and state ex-
isting results (Theorem 2 and Lemma 2) concerning irreducible maps. We then state and prove our
main result, the Sanov theorem for the empirical measure (8) in Theorem 3. We note that the follow-
ing results are all in the context of positive maps on finite-dimensional C*-algebras. In our theorem,
we are considering positive linear maps on algebras with a block form @j Mg;, where each My, is
an algebra of d; X d; matrices with complex entries; algebras of this form are a particular class of
C*-algebras.*

Definition 1 (Ref. 50). Let A be a finite-dimensional C*-algebra and let R be a positive linear
map on A.

(1) Risirreducible if there exists n € N such that (Id + R)" is strictly positive, i.e. (Id + R)"(A) >
0 for all positive operators A, and
(i) R is primitive if there exists an n € N, such that R" is strictly positive.

Primitivity is a stronger requirement than irreducibility. The following theorem (see Refs. 50-52)
collects the essential properties of irreducible (primitive) quantum transition operators needed in this

paper.

Theorem 2 (Quantum Perron-Frobenius (Refs. 50-52)). Let ‘A be a finite-dimensional C*-
algebra and let R be a positive linear map on A. Denote by r(R) := max; |\;| the spectral radius
of R, where {A,...,A,2} are the (complex) eigenvalues of R arranged in decreasing order of
magnitude. Then,

(i) r(R)is an eigenvalue of R, and it has a positive eigenvector;
(i) if additionally, R is unit preserving then r(R) = 1 with eigenvector 1;
(iii)  if additionally, R is irreducible then r(R) is a nondegenerate eigenvalue for R and R., and
both corresponding eigenvectors are strictly positive;
(iv) if additionally, R is primitive then |A;| < r(R) for all eigenvalues other than r(R).

As a corollary, if the Markov transition operator 7 is irreducible then it has a unique full
rank stationary state (i.e., T.(pss) = pss), and if T is also primitive then any state converges to the
stationary state in the long run (mixing or ergodicity property),

r}i_{I‘)lo(T*)n(p) = Pss»
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or in the Heisenberg picture

lim T"(A) = tr[Apg]1.

For reader’s convenience, we state here a lemma®® which will be used in the proof of the main
theorem.

Lemma 2 (Ref. 30). Let A be a finite-dimensional C*-algebra, let R be a positive linear map on
A, and suppose that R has a strictly positive eigenvector. Then, for any state ¢ : A — C and any
positive X € A

lim % log ¢ (R"(X)) = logr(R).
n—oo
We now state and prove our main result.

Theorem 3 (Multi-site Sanov theorem for quantum Markov chains). Consider a quantum
Markov chain on M; whose transition operator 7 is primitive. Then, the m-site empirical measure
(8) satisfies a large deviations’ principle on R*”. The rate function is the Legendre transform of
log r(T;.,.), where (T, ,,) is the spectral radius of a certain restriction 7}, of the extended transition
operator defined in (10).

Proof. By the Gértner-Ellis Theorem 1, it suffices to show that the limit
FU(r) = lim Llog I (r) (12)

exists for all + and F™ is a differentiable function. As it is defined, 7, ,, may not satisfy the
conditions of Lemma 2, but we will show that (12) holds the same when T; ,, is replaced by a certain
restriction Tt,m which does satisfy the conditions.

1. Invariance. Let B,, be the (non-unital) subalgebra of Z);"’k given by

k
B, = @ OQiteosipgMaQiy,...ipn_1
i

R
where Q is the projection onto the support of M ) We will show that B,, is invariant under Tt m,

i.e.,

[Tl’m(Y)]i],...,im_l € Qil,.‘.im,lMinl,‘.‘,im,]

forevery Y € B,,. For this it suffices to show that

A [Y],-z’m,imVil(u) =0

i
for all u € ker [M(’")]i1 iy OF equivalently (since ker(A*A) = ker(A)) all u € ker(V; - Vi)).
Now T

m-1"

Y], . .in() =0 forallv € ker(V;,, - - Vi,)

and we either have u € ker(V;,) or V; (u) € ker(V;, - --V;,), proving that T; ,,, leaves $,, invariant.
Let us denote by 7, ,, the restriction of T; ,, to B,. Then, since M™ € B,,, the moment
generating function can be expressed as

k

o=@l Y, [Tt ()], .

ST
5ol —1=1

2. Primitivity. Since T,,m > cTo,m for some positive constant c, it suffices to show that there
exists n € N such that, for any X € B,

Tor’lm(X) >c'lg
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for some ¢’ > 0. We can assume that n > m, in which case

75X, .
k

- Z ‘/i*.'"/i:[X]inJrl’---viern—l‘/i".“‘/il

ims o iman-1=1
k
= * DEEEEY * * ... * % . DY . . .. .
- ‘/il ‘/imfl : ‘/im ‘/inX‘/ln ‘/lm ‘/lm—l ‘/ll’
im,-.in=1

where X is the sum of the blocks of X given by

k
X = Z (X1ip iy
ieeipgog=]

The remaining sum can be written in terms of the original transition operator T associated to the
quantum Markov chain; recall that for Y € My

k
(V)= ) VYV,
i=1

from which we obtain the expression

[T(;jm(x)]i],...,im = Vl’; R VA _lTn_mH(X)Vim—l Ce Vi1~

Im

Since the original Markov chain is assumed to be primitive, there exists r € N such that 7"(X) > c1
for some ¢ > 0. Therefore, withn >r + m -1,

o . .
[TO,m(X)] $oeebt > CVi s %m71%m71 e Vl.1
’

2 Qi i
’
=cC [18][1’.'_!,',"71.

Using the invariance and primitivity property, we can apply Lemma 2, to find that the limiting
moment generating function is given by

F™(t) = lim L1ogT"(t) = r(T; ).

Moreover, since T,,m is an analytic perturbation in ¢ of To,m, the spectral radius 7 — r(T,,m) is a

smooth function,>? so the large deviation principle follows from the Girtner-Ellis theorem.
O

As a corollary to our main result, we establish a central limit theorem for each of the empirical
measures.

Corollary 1. Let {]@’E,m) } be the sequence of distributions of the empirical measure of length m

defined in Eq. (8). Then, {I@’S,m) } satisfies the central limit theorem: that is (cf. Eq. (2)), as n — oo,
Vi (B — pm) 25 N0, V),

where D denotes convergence in distribution. Here, p and V™ are the mean and variance with
respective components

dlog r(T,,m)
ot;

m _
1

’ Vi(,;,) _ o log r(T,,m)

, 1<i,j<k™
=0 > 6t,~6tj

t=0

Proof. Our main result relied on the convergence of the logarithmic moment generating func-
tions < logT’ U)(t) in Bq. (12) to F™)(¢). For the purpose of establishing a LDP, it was sufficient to
consider only real values for the parameter . However, the same analytic perturbation arguments
can be used to prove that locally in complex neighbourhood of ¢ = 0, the Eq. (12) holds and the
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limiting function F")(z) is analytic in that region. The central limit theorem for {I@’;m)} is then a
consequence of the main result of Ref. 36. O

We note that since the sequence {]13’51'")} is effectively a sequence of probability distributions

on the probability simplex of dimension k”* — 1, the variance V™ is degenerate in that at least
one of its eigenvalues vanishes, corresponding to the degree of freedom in R*¥" orthogonal to the
probability simplex.

We end this section with a brief note on what happens when the transition operator is not irre-
ducible. The Girtner-Ellis theorem relies on differentiability of the logarithmic moment generating
function F(¢) defined in Eq. (3) (an hypothesis which may be weakened to smoothness of F(¢) in a
neighbourhood of the origin). We use irreducibility to ensure that the spectral radius, and therefore
the logarithmic moment generating function, is a differentiable function.

If F(¢) is not differentiable at ¢ = 0, the first moments obtained as d,F(¢) at t = 0 are not well
defined, corresponding to a breaking down of a law of large numbers. On the level of the transition
operator, this corresponds to the dynamics breaking up into two disjoint parts, each with its own
logarithmic moment generating function. In this case, a LDP may still hold, but with a non-convex
rate function. The rate function obtained from the Girtner-Ellis theorem is a Legendre transform,
and is the convex envelope of the actual rate function. This non-convexity of the large deviations
rate function is associated to dynamical phase transitions in statistical mechanics’®?” and more
recently in open quantum systems. 1623

IV. EXAMPLES

Here, we describe two examples illustrating the mathematical results. The first example is
a quantum Markov chain where the large deviations rate functions associated to single-site and
two-site empirical measures reflect dependence on some physical parameter. In the second example,
the single-site empirical measure rate function (and therefore the empirical mean rate function)
shows no dependence on a model parameter, but the two-site empirical measure rate function does.
This example shows that, in order to uncover dynamical phase transitions through non-analyticities
in a large deviations rate function, it may be necessary to consider multi-site, level-2 statistics.

A. Example 1

Consider the two-dimensional quantum Markov chain with transition operator 7" acting on a
density matrix p € M, as

T(p) = VopVy + VipVy, (13)

where the Kraus operators are given by

0 ¢ e 0
Vo= , Vi= ,
0 € o 0

where € = V1 — 6% with 0 < 6 < 1. Defining |u) = 6|0) + €|1) and |d) = €]0) + 6|1), the Kraus
operators can be expressed as Vj = |u)(1], Vi = |d){0]|; the parameter & interpolates between a trivial
process at 6 = 0, where the Kraus operators project onto the eigenstates of o, and the cyclic
process with V5 = |0)(1]| = V[" at 6 = 1. The eigenvalues of T are plotted in Fig. 3, showing that the
set of eigenvalues reduces to {0, 1} atd = 0and {-1,0, 1} até = 1.

Considering the single-site and two-site statistics in the context of our Sanov theorem, Fig. 3
shows the probabilities py and p; ; to obtain X ) = k and (X", X+D) = (i, j), respectively, along
the output trajectory in the stationary regime. By Theorem 3, the empirical measures associated to
these jump statistics satisfy the level-2 LDP for § > 0, with rate function computed in Eq. (4) as
the Legendre-Fenchel transformation of the spectral radius of (7} ,,) of the associated transition
operator. The first moment of the m-site empirical measure is computed as the derivative 0,7 (T;.,,)
evaluated at t = 0; Fig. 3 shows the derivatives of the spectral radii d,7(T;.;) and 8,r(T; ). In
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FIG. 3. (a) Eigenvalues A of T (top), statistics of trajectories (bottom): while the probabilities py. are equal and constant, the
pair probabilities p; ; vary with &, which is reflected in the jump trajectories (see inset); (b) derivatives of single-site and
two-site Sanov theorem spectral radii as functions of ¢ and particular one-dimensional parametrisations of the LD parameter;
for the single-site LD parameter we take the vector (—,7) € R?, while for the two-site LD parameter we take the vector
(t,~t,~t,t) e R* Note the discontinuity in 8,7(T},1) at & = 0 where the LDP no longer holds.

this case, both the single-site and two-site spectral radii (and therefore the rate functions) show a
dependence on ¢, although the first moment 9,r(7;.1)|;=0 is constant.

B. Example 2

We now consider a quantum Markov chain which also satisfies Theorem 3, but where the
single-site statistics are independent of the physical parameter of the model. Let p € M, be a density
matrix and define the transition operator 7' as in Eq. (13), but where the Kraus operators are now

defined as
Vi = 1 1 0 Vi = 1 [cosw isinw
" V2 lisinw cosw)” T V2\ 0 1)

where 0 < w < 2 (these dynamics may be obtained from a particular choice of parameters in a
Heisenberg XYZ interaction between each noise atom and the system).

Considering how the stationary states change with w (see Fig. 4) we note that for w =0, T
becomes the identity map with full degeneracy of the eigenvalue 1. For w < 1, perturbation of
the degenerate eigenvalue 1 shows that the eigenvalues split into A; = 1, A ~ 1 — w?/2, and a pair
of complex conjugate eigenvalues A3 ~ 1 +iw, Ay ~ As. For 0 < w < 7, the stationary state p is
unique and a multiple of the identity, pgs = %1. At the point w = 7, the Kraus operators are unitarily
equivalent and stationary states are of the form p|0){(0] + (1 — p)|1){1| withO < p < 1.

As in the previous example, we consider the jump probabilities px and p; ; in the stationary
regime (see Fig. 4). For 0 < w < m, the probabilities py,k = 0, 1 are independent of w with

P = Tr(VepaV;) = 4Tr (V) = 4

and similarly we obtain
poo =1 (1 —sin’wcosw) = py 1,
po1 = 1 (1 +sin*wcosw) = pio;
as shown in Fig. 4 this dependence on w is reflected in the output trajectories, with increased
intermittency when pg 1 > po.o-

By Theorem 3, the empirical measure associated to the single-site and two-site statistics on the
output of this quantum Markov chain satisfies the level-2 LDP, with rate functions obtained from the

corresponding spectral radii 7(7;,,,,). As shown in Fig. 4, the two-site spectral radius (7, ,) depends
on w, while r(T, ;) is constant, as we will now show.
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FIG. 4. (a) Eigenvalues A of T (top), statistics of trajectories (bottom) and jump trajectories (inset); (b) derivatives of
single-site and two-site Sanov theorem spectral radii as functions of 6 and the LD parameter with parametrisation as in
Fig. 3.

Lemma 3. For the quantum Markov chain defined by T, the large deviations rate function
associated to the single-site empirical measure (and therefore also the sample mean) of the output
process is independent of w, for 0 < w < 7.

Proof. At the point w = m/2, the trajectories of the output process are equivalent to those of a
classical process of i.i.d. fair coin tosses; this becomes evident by expressing the Kraus operators as

Vo= [u)(Ol,  |u) = 35 (10) +i[1)),
Vi=ld)1l, |d) = 5 (il0) + 1)),
which always project onto the states |u) and |d) with equal probability. The large deviations rate
function I associated to the sample mean of i.i.d. fair coin tosses is*®
I(x) =log2 —xlogx — (1 —x)log(l —x), O0<x<1.
By Theorem 3, the spectral r(7; ;) is related to the rate function I by a Legendre transformation,

logr(T;,1)= sup {xt—1I(x)}

O<x<l1

=t-log2(1+e™)

andsor(T,,;) = 5 (' +1).
For w # m/2, itis easy to check that A, = % (e" + 1) remains an eigenvalue of 7, ; with eigenma-
trix

1 1+ cosw isinw
pss+_()"t_1) .. 5
2 —isinw 1-cosw

where pq; is the stationary state %1. Since A, is independent of w and A, — 1 as t — 0 we conclude
that the moments ;'\ ;=0 are independent of w. |

This example illustrates that the level-2 LD rate functions obtained from Theorem 3 are useful
in uncovering dynamical behaviour of a system which is not immediately obtained from the level-1
LD picture.

V. DISCUSSION

We have shown that a large deviations principle holds for the empirical measure associated
to an arbitrary number of subsequent outcomes obtained by measuring the output of a primitive
quantum Markov chain. This extends the single-site large deviation result for the total counts of
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outcomes obtained in Ref. 30, which is the basis of the thermodynamics theory of quantum trajec-
tories, and the theory of dynamical phase transitions.'>!® Although our result can be also be derived
using the mathematical techniques developed in a general setting by Ogata,* we provide elemen-
tary proof which takes advantage of the special “classical” set-up characterised by commuting
mutually projections. This allowed us to express the rate function in terms of spectral properties of
a finite dimensional transition operator. We presented an example in which the single-site, level-2
LD rates are constant with respect to a system parameter, while the two-site theory captures this
dependence. This suggests that a continuous-time version of our result would be relevant for a better
understanding of dynamical phase transitions. Another direction in which the work can be extended
is towards a Donsker-Varadhan LD theory for the empirical process of infinite trajectories.

Additionally, we showed that the empirical measure satisfies the central limit theorem, extend-
ing the result from Ref. 19 which dealt with total counts statistics. The result, and its extensions
to more general collective variables of the output are directly relevant for the statistical theory of
system identification of open systems.?’

ACKNOWLEDGMENTS

The authors would like to thank Juan Garrahan and Igor Lesanovsky for fruitful discussions.
This work was supported by the EPSRC Grant No. EP/L50502X/1 and Grant No. EP/J009776/1.
We also thank the anonymous referee for useful suggestions and for pointing the connection with
the results of Ref. 35.

' C. W. Gardiner and P. Zoller, Quantum Noise, Springer Series in Synergetics, 3rd ed. (Springer, Berlin, Heidelberg, New
York, 2004).

2 H.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems (Oxford University Press, Oxford, New York, 2002).

3 B. Kiimmerer, Coherent Evolution in Noisy Environments, Lecture Notes in Physics Vol. 611 (Springer, Berlin, Heidelberg,
2002), Chap. 4, pp. 139-198.

4 M. Fannes, B. Nachtergaele, and R. F. Werner, Commun. Math. Phys. 144, 443 (1992).

5 H. M. Wiseman and G. J. Milburn, Quantum Measurement and Control (Cambridge University Press, 2009).

6G. Konya, D. Nagy, G. Szirmai, and P. Domokos, Phys. Rev. A 86, 013641 (2012).

7S. Diehl, A. Tomadin, A. Micheli, R. Fazio, and P. Zoller, Phys. Rev. Lett. 105, 1 (2010).

8 C. Ates, B. Olmos, J. P. Garrahan, and 1. Lesanovsky, Phys. Rev. A 85, 043620 (2012).

9 B. Olmos, 1. Lesanovsky, and J. P. Garrahan, Phys. Rev. Lett. 109, 020403 (2012).

10 K. Netony and F. Redig, J. Stat. Phys. 117, 521 (2004).

' D. Andrieux, Physics 3, 34 (2010).

12y p Garrahan, A. D. Armour, and I. Lesanovsky, Phys. Rev. E 84, 21115 (2011).

13T, E. Lee, H. Hiffner, and M. C. Cross, Phys. Rev. Lett. 108, 23602 (2012).

14 M. Foss-Feig, K. Hazzard, J. Bollinger, and A. Rey, Phys. Rev. A 87, 042101 (2013).

I5E. M. Kessler, G. Giedke, A. Imamoglu, S. F. Yelin, M. D. Lukin, and J. I. Cirac, Phys. Rev. A 86, 012116 (2012).

16, Lesanovsky, M. van Horssen, M. Guta, and J. P. Garrahan, Phys. Rev. Lett. 110, 150401 (2013).

17 N. Malossi, M. M. Valado, S. Scotto, P. Huillery, P. Pillet, D. Ciampini, E. Arimondo, and O. Morsch, Phys. Rev. Lett. 113,
023006 (2014).

18 C. Carr, R. Ritter, C. G. Wade, C. S. Adams, and K. J. Weatherill, Phys. Rev. Lett. 111, 113901 (2013).

19 M. Guta, Phys. Rev. A 83, 062324 (2011).

20 M. Guta and J. Kiukas, “Equivalence Classes and Local Asymptotic Normality in System Identification for Quantum Markov
Chains,” Commun. Math. Phys. (published online) (2014).

2L, Benson, G. Raithel, and H. Walther, Phys. Rev. Lett. 72, 3506 (1994).

225 D. Cresser and S. Pickles, Quantum Semiclassical Opt.: J. Eur. Opt. Soc., Part B 8, 73 (1996).

23 3. P. Garrahan and L. Lesanovsky, Phys. Rev. Lett. 104, 160601 (2010).

Ag. Genway, J. P. Garrahan, I. Lesanovsky, and A. D. Armour, Phys. Rev. E 85, 051122 (2012).

25 M. van Horssen, “Large deviations and dynamical phase transitions for quantum Markov processes.” Ph.D. thesis (The
University of Nottingham, 2014).

26 R. S. Ellis, Scand. Actuarial J. 1995, 97.

27 H. Touchette, Phys. Rep. 478, 1 (2009).

28 F. den Hollander, Large Deviations, Fields Institute Monographs (American Mathematical Society, Providence, Rhode
Island, 2000).

29 A. Dembo and O. Zeitouni, Large Deviations Techniques and Applications, Stochastic Modelling and Applied Probability
Vol. 38 (Springer, Berlin, Heidelberg, 2010).

30 F. Hiai, M. Mosonyi, and T. Ogawa, J. Math. Phys. 48, 123301 (2007).

3L Bjelakovi¢, J.-d. Deuschel, T. Kriiger, R. Seiler, R. Siegmund-Schultze, and A. Szkola, Commun. Math. Phys. 260, 659
(2005).

32 F. Hiai, M. Mosonyi, and T. Ogawa, J. Math. Phys. 49, 032112 (2008).


http://dx.doi.org/10.1007/BF02099178
http://dx.doi.org/10.1103/PhysRevA.86.013641
http://dx.doi.org/10.1103/PhysRevLett.105.015702
http://dx.doi.org/10.1103/PhysRevA.85.043620
http://dx.doi.org/10.1103/PhysRevLett.109.020403
http://dx.doi.org/10.1007/s10955-004-3452-4
http://dx.doi.org/10.1103/Physics.3.34
http://dx.doi.org/10.1103/PhysRevE.84.021115
http://dx.doi.org/10.1103/PhysRevLett.108.023602
http://dx.doi.org/10.1103/PhysRevA.87.042101
http://dx.doi.org/10.1103/PhysRevA.86.012116
http://dx.doi.org/10.1103/PhysRevLett.110.150401
http://dx.doi.org/10.1103/PhysRevLett.113.023006
http://dx.doi.org/10.1103/PhysRevLett.111.113901
http://dx.doi.org/10.1103/PhysRevA.83.062324
http://dx.doi.org/10.1007/s00220-014-2253-0
http://dx.doi.org/10.1103/PhysRevLett.72.3506
http://dx.doi.org/10.1088/1355-5111/8/1/008
http://dx.doi.org/10.1103/PhysRevLett.104.160601
http://dx.doi.org/10.1103/PhysRevE.85.051122
http://dx.doi.org/10.1080/03461238.1995.10413952
http://dx.doi.org/10.1016/j.physrep.2009.05.002
http://dx.doi.org/10.1063/1.2812417
http://dx.doi.org/10.1007/s00220-005-1426-2
http://dx.doi.org/10.1063/1.2872276

022109-14 M. van Horssen and M. Guta J. Math. Phys. 56, 022109 (2015)

B Bjelakovic, J.-D. Deuschel, T. Kriiger, R. Seiler, R. Siegmund-Schultze, and A. Szkola, Commun. Math. Phys. 279, 559
(2008).

3V, Jaksié, Y. Ogata, C.-A. Pillet, and R. Seiringer, Rev. Math. Phys. 24, 1230002 (2012).

3y, Ogata, Commun. Math. Phys. 296, 35 (2010).

36 W. Bryc, Stat. Probab. Lett. 18, 253 (1993).

37 S. Varadhan, Large Deviations and Applications, Regional Conference Series in Applied Mathematics (STAM, Philadelpia,
1984).

38 J. Girtner, Theory Probab. Its Appl. 22, 24 (1977).

3 R. S. Ellis, Ann. Probab. 12, 1 (1984).

401, Sanov, Mat. Sb. 42, 11 (1957).

41'H. D. Miller, Ann. Math. Stat. 32, 1260 (1961).

42 M. D. Donsker and S. R. S. Varadhan, Commun. Pure Appl. Math. 29, 389 (1976).

43 A Markov chain with transition matrix IT is called irreducible if for all 1 < i,j < d there is an integer n such that
n"@, j) > 0.

44 A. Buchleitner and K. Hornberger, Coherent Evolution in Noisy Environments, Lecture Notes in Physics, edited by A.
Buchleitner and K. Hornberger (Springer-Verlag, Berlin, Heidelberg, New York, 2002).

45'S. Attal and Y. Pautrat, Ann. Henri Poincaré 7, 59 (2006).

46, Schon, E. Solano, F. Verstraete, J. I. Cirac, and M. M. Wolf, Phys. Rev. Lett. 95, 1 (2005).

47 C. Schon, K. Hammerer, M. Wolf, J. Cirac, and E. Solano, Phys. Rev. A 75, 032311 (2007).

48 In the language of finitely correlated states,” the site algebra A is identified with the noise algebra M, while the system
algebra B is given by M 4; the completely positive map E : A ® B — B is given by E(X) = V*XV corresponding to
the Heisenberg picture dynamics. The restricted transition operator T'(B) = Eq,(B) = E(1# ® B) has a stationary state
Psss 1. Ti(Pss) = Psse

49 J. Dixmier, “von Neumann algebras,” in North Holland Mathematical Library (North-Holland Publishing Co., Amsterdam,
1981), Vol. 27.

50D, E. Evans and R. Hgegh-Krohn, J. London Math. Soc. s2-17, 345 (1978).

SIM. Sanz, D. Perez-Garcia, M. M. Wolf, and J. 1. Cirac, IEEE Trans. Inf. Theory 56, 4668 (2010).

SZR Fagnola and R. Pellicer, Commun. Stochastic Anal. 3, 407 (2009).

33 T. Kato, Perturbation Theory for Linear Operators, 2nd ed. (Springer-Verlag, Berlin, Heidelberg, New York, 1976).


http://dx.doi.org/10.1007/s00220-008-0440-6
http://dx.doi.org/10.1142/S0129055X12300026
http://dx.doi.org/10.1007/s00220-010-0986-y
http://dx.doi.org/10.1016/0167-7152(93)90012-8
http://dx.doi.org/10.1137/1122003
http://dx.doi.org/10.1214/aop/1176993370
http://dx.doi.org/10.1214/aoms/1177704865
http://dx.doi.org/10.1002/cpa.3160290405
http://dx.doi.org/10.1007/s00023-005-0242-8
http://dx.doi.org/10.1103/PhysRevLett.95.110503
http://dx.doi.org/10.1103/PhysRevA.75.032311
http://dx.doi.org/10.1112/jlms/s2-17.2.345
http://dx.doi.org/10.1109/TIT.2010.2054552

