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Abstract

We consider the discrete time dynamics of an ensemble of fermionic quantum walkers
moving on a finite discrete sample, interacting with a reservoir of infinitely many quantum
particles on the one dimensional lattice. The reservoir is given by a fermionic quasifree state,
with free discrete dynamics given by the shift, whereas the free dynamics of the non-interacting
quantum walkers in the sample is defined by means of a unitary matrix. The reservoir and
the sample exchange particles at specific sites by a unitary coupling and we study the discrete
dynamics of the coupled system defined by the iteration of the free discrete dynamics acting on
the unitary coupling, in a variety of situations. In particular, in absence of correlation within
the particules of the reservoir and under natural assumptions on the sample’s dynamics, we
prove that the one- and two-body reduced density matrices of the sample admit large times
limits characterized by the state of the reservoir which are independent of the free dynamics of
the quantum walkers and of the coupling strength. Moreover, the corresponding asymptotic
density profile in the sample is flat and the correlations of number operators have no structure,
a manifestation of thermalization.

1 Introduction

Quantum walks, in their various guises, deterministic or random, are at the crossroad of
quantum physics, quantum computing, non-commutative probabilities and analysis, see e.g.
the reviews [Ke, Ko, V-A, J3, ABJ2]. A quantum walk is essentially a unitary operator on
a Hilbert space with basis elements associated to the vertices of an underlying graph, whose
matrix elements couple nearest neighbours of the graph only. This operator can be viewed as
the one time step unitary discrete time evolution of a quantum particle with spin hopping on
the sites of the underlying graph, its configuration space. One gets a discrete time quantum
dynamical system by iteration of this unitary operator.

Quantum walks have been the object of many works in the recent years, from several per-
spectives. To give a few examples, some papers explore their ability to provide models for
the dynamics of actual quantum systems, and others describe their role in the elaboration
of quantum algorithms. Some works study the relations between quantum walks and classi-
cal random walks, the formers being considered as the quantum counterparts of the latters
[GVWW], while others analyze the spectral and transport properties they possess as discrete
quantum dynamical systems, or their links with CMV matrices related to orthogonal polyno-
mials on the unit circle [HJS, JM, ASW, J2, ABJ, ABJ2]. From the point of view of quantum
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mechanics, all these works consider a single, sometimes fictitious, quantum particle with spin,
or quantum walker, on the configuration space. See however [A et al.] for an analysis of two
coupled quantum walkers.

By contrast, our aim is to study the collective large times dynamical behaviour of an en-
semble of quantum walkers on a graph in the framework of many body quantum statistical
physics, starting with the basic thermalization properties of this ensemble when put in contact
with an infinite reservoir of quantum particles. The dynamics of the full model consisting in the
collection of walkers coupled to the infinite reservoir is discrete in time, and thus characterized
by a one time step unitary operator on the relevant Fock space, in keeping with that of single
quantum walkers. One motivation for this problem stems from the fact that some of the quan-
tum systems approximated successfully by a one body quantum walk are genuinely fermionic
many body quantum systems, [CC]. Another reason to investigate the statistical mechanics
of quantum walks comes from the role models of interacting classical random walks, or exclu-
sion processes, play in non equilibrium statistical mechanics. Hence, with quantum walks, we
are heading towards a quantum version of such models, where interactions between quantum
walkers are replaced by the Pauli exclusion induced by the choice of fermionic statistics.

More precisely, the model we consider has the following features. The configuration space
of the quantum walkers, called sample, is given by a finite one dimensional lattice. The
particles in the sample are not driven by a Hamiltonian, therefore we work within the grand
canonical formalism. The quantum walkers are thus considered as noninteracting fermionic
particles characterized by the one particle one time step unitary dynamics, which defines their
free dynamics. The infinite reservoir of particles consists of fermionic noninteracting quantum
walkers as well on the infinite one dimensional discrete lattice. The one particle free dynamics
in the reservoir is simply given by the shift. The reservoir is initially in a quasi free state
characterized by a positive density operator X, O < 3 < I, defined on the one particle Hilbert
space which describes the correlations within the reservoir. The interaction we choose between
these two species of fermions allows for transformations of particles of one kind into the other,
so that the number of particles within the sample may vary with time. Moreover, the coupling
takes place at specific sites of the sample and of the reservoir. The unitary coupling considered
is the exponential of 7 times a creation operator in the sample times an annihilation operator
in the reservoir plus hermitian conjugate, similar to the dipole interaction between particles in
the rotating wave approximation. The one time step dynamics of the coupled system living on
the tensor product of their respective fermionic Fock spaces is then defined by the composition
of the unitary coupling just described, followed by the one time step decoupled free dynamics
in the sample and in the reservoir. Again, iteration provides us with a discrete time quantum
dynamical system on the Fock space of the coupled system. The thermalization process we are
interested is encoded in the large time behaviour of the reduced density matrix of the fermionic
quantum walkers in the sample, which is the main focus of this work.

A few remarks are in order: while the fermionic nature of the quantum walkers is motivated
by the goals stated above, the choice of fermionic reservoir is largely dictated by the fact that
it makes the mathematics simpler; moreover, for the thermalization process we are interested
in, the reservoir statistics should not matter much for the large time properties of the sample.
Similarly, the coupling between the two fermion species is admittedly hardly physical, and
essentially motivated by the fact that it provides a simple mechanism of exchange of particles
between the sample and the reservoir, suitable for the grand canonical formalism we adopt.



Also, we emphasize that since the system is not described by a Hamiltonian, there is no a priori
notion of thermal Gibbs state. The key observables of the theory are, instead, the number of
particles at the various sites of the sample.

Let us informally describe our main results. After setting the stage in the rest of the present
section, we start the analysis in Section 2 by considering a simple exactly solvable situation in
which the free dynamics of the quantum walkers is given by a shift on the discrete circle, with
arbitrary density operator X in the reservoir. This special case allows for a detailed treatment
which sets some milestones to compare to when more general situations are considered later
on. We compute exactly the one-body and two-body reduced density matrices in the sample as
a function of time in Theorems 2.4 and 2.6 and we deduce that the asymptotic particle density
profile is flat in the sample, with a value given by the particle density the reservoir. Moreover,
the spatial correlations in particle numbers depend on the distance between the particles only,
see Corollary 2.8. Furthermore, we show in Theorem 2.10 that the infinite time limit of the
whole reduced density matrix on the sample exists and is quasifree, with density parametrized
by ¥. When ¥ = o1, the asymptotic state in the sample turns out to be a Gibbs state in the
total number operator, depending on the particle density o only, and neither on the strength
of the coupling, nor on the size of the sample.

This remark makes the transition to Section 3 devoted to the case ¥ = o1, which corre-
sponds to the absence of correlations within the reservoir. This case corresponds to a repeated
interaction dynamics for the particles in the sample and we obtain in particular the time de-
pendence of all p—body reduced density matrices in the sample, Proposition 3.1. Moreover,
when the sample contains initially no particle, we show that the distribution of the number of
particles in the sample is a binomial law, whose time-dependent characteristics we specify, see
Corollary 3.3. Finally, the dynamics of the particle flux observable in and out of the reservoir
and its asymptotic saturation properties are described in Proposition 3.6.

So far, the dynamics in the sample is extremely regular, since it is given by the shift.
In Section 4, we eventually turn to quantum walkers in the sample whose free dynamics is
arbitrary, in contact with a reservoir characterized by a constant density and no correlations,
> = oll. Building up on the previous sections, we determine the explicit time dependence of the
one-body and two-body density matrices in the sample in Theorems 4.2 and 4.7. Moreover we
prove that if the dynamics in the sample is mixing enough, a property expressed as a spectral
hypothesis, the long time limits of the one- and two-body reduced density matrices exist and
coincide with those obtained for the shift in the sample. They are given by o, respectively o2,
times the identity, and are thus completely independent of the sample dynamics and of the
strength of the coupling, see Corollaries 4.4 and 4.9. This final section ends with an application
to coined quantum walks, where it is shown that the spectral assumptions alluded to above
hold true generically.

As a consequence, this result shows that, generically, fermionic quantum walkers in contact
with a reservoir thermalize to the same asymptotic state which only depends on the density
of particles in the reservoir. This is true in particular for random quantum walks of the kind
considered in [JM], which are known to display Anderson localization and to give rise to finite
volume exponential decay estimates of the evolution kernel. Even though these features are
likely to provide some structure in the density profile and correlations, the thermalization
process considered washes out any spatial structure, in keeping with similar properties in the
Hamiltonian framework, see [F'S].
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1.1 Notation

We start by fixing the notation used throughout this paper. Our Hilbert spaces will be complex
and separable, and the scalar product (- |-) is linear is the rightmost variable. We will denote
by H®P, the p-fold tenser product of a Hilbert space H . We denote the antisymmetric tensor
product of a set of ¢ < p vectors, uy,..,uq € H, by

1
U NN ug = ﬁ Z 67ru7r(1)(X)"(g)uﬂ(q)’ (1)

" eS8,

where S is the group of permutations of {1, 2, .., ¢} and ¢, is the signature of the permutation
7. Such vectors are called {elementary vectors}. The p-fold antisymmetric tensor product of
H denoted by H"'?, is defined as the closure of the subspace of H®P generated by ui A .. A uy,
where ug,..,u, € H form an orthonormal set of linearly orthonormal vectors, in which case
ui A .. Ay is of norm one.

The projections P}f ) onto H/\? is given by

Py =;, > eO(m), 2)

" TeSp

where ©, the natural representation of the permutation group S, is given by [D, DFP]

@(F)ul®~-'®up:uﬂ(1)®-“®uﬂ(p). (3)
The antisymmetric Fock space is defined as
dimH
F.(H)y=Cao € H'7, (4)
p=1

where dimH may be infinite, and the vacuum vector is denoted by |2). Finally, recall that
fermionic creation operators c* are defined by their action on any elementary vector ui A.. Aug
of H", and by linearity on F_(H), in the following way. For any ¢ € H, c*(¢) acts as

lur A ANug=@Aur A+ Nug, (5)
so that
ur A Aug = ¢un) -+ ¢ ug) [), (6)
and c(yp) is the adjoint of ¢*(¢), such that c(¢)|S2) = 0. More generally

q
clp)ug A+ Nug = Z(—l)ﬂ_1<cp|uj>u1 A Nuj_g N A= A g, (7)
=1



These operators satisfy the CAR relations

{elp), ()} ={c"(9), " ()} =0, {c(p), " ()} = ()L (8)

In our model, the reservoir Hilbert space is H, = £2(Z) where V;, j € Z, are the canonical
basis vectors. The Hilbert space of the small system, or sample, is Hs = £2({0,1,2,..,d—1}) ~
C?, with ej, j € {0,1,2,..,d — 1} being its canonical basis vectors. We denote by a*, a the
fermionic creation and annihilation operator on F_(Hs) and by A the C* algebra generated
by {a*(¥),a(y) : ¢ € Hs}. On the other hand, b* and b denote the fermionic creation and
annihilation operators on F_(#H,), while B is the C* algebra generated by {b*(¢),b(¢) : ¢ €
‘H,}. Hence, the Fock space of the composite system is given by the tensor product of the
(anti-symmetric) Fock spaces of the two sub-systems, i.e.

F=F_(H)®F_(Hs). (9)

We write af for a”(e;) and bf = b# (), with # = * or nothing. The number operators on
F_(H,) and F_(Hs) are respectively given by

d—1
Nr:bebi:an, and N8:Zafai:z:nf. (10)
i =0

1€Z %

The operator N, is unbounded on F_(H,) with maximal domain

D(N,) = {<I> = (%, 0, ...) € F_(H,) : Zp2||¢p||§%p < oo}, where ¢f € H'P. (11)

p=>0

1.2 The Dynamics

The discrete dynamics of the system is characterized by the one time step unitary operator U
on F = F_(H,) ® F_(Hs) given by
U =UrK, (12)

where the free one time step dynamic Ur on F is given by the tensor product of Uy the free
unitary dynamic on F_(Hs) and U, the free unitary dynamic on F_(H,), i.e.

The one time step free evolution 7, on B is defined as
-(A) = Ur AU, for A € B, (14)

and the one time step free evolution 75 is defined similarly on A using the dynamics U;. The
one time step free evolution is naturally defined by the tensor product 7 ® 75 on the tensor
product of C* algebras B ® A; recall that dimHs < oo.

Further introducing a coupling between the two systems given by a unitary operator K
acting on F, we define the time evolution 71 on B® A at t € Z, as

' A, ® Ay) = U (A, @ A,)U? for A, € Band A, € A, (15)



where, for one time step,
U (A, @ As)U = K* (U AU, @ U AU K. (16)

In this paper, the free dynamics U, is defined as the second quantization of the shift .S on
H,, U. =T(S5), with S is given by
SU; =, (17)

where U; are the canonical basis vectors of £2(Z). On the other hand, we consider the free
dynamics in the sample to be the second quantization of an arbitrary unitary dynamics W on
Hs. More precisely, we consider the dynamics Uy to be given by

Us=T(W), where W :H;— Hs is unitary. (18)

For convenience, we consider H to be supplemented by periodic boundary conditions so that
eq = eg and a’ g = a,#, for all m € N and r € {0,1,...,d — 1}. The coupling between the

r+m
two systems is given by K = Kj, where the unitary operators K;, j € N acting on F are

defined by
K; = Kj(a) = exp[—ia(b; ® a; + b; ® a)], (19)

where o € R plays the role of a coupling constant. The action of K consists in transforming
fermions from the reservoir to fermions from the sample, and vice versa, when they both sit
on the site labelled by zero in their respective Hilbert spaces.

1.3 The initial state

The initial state of the reservoir wy, is a gauge-invariant quasi-free state satisfying all n,m € N,
and all @1, .., O, W1, s U € Hy,

ws (b (@ )07 (¢1)b(1h1)--b(¢0n)) = Gnm det{ (15, Xer) }- (20)

with a self-adjoint density X, O < 3 < T on H,. Our choice of 3 is motivated by requiring
that the state wy has the following properties:

[i] The state wsy, is invariant under the free time evolution of the reservoir 7,, where
Wx, 0 Tr = WeRNg* = Wy. (21)
This implies that [¥,S] = 0, which means that the matrix elements of ¥ can be written as
Yk = ok —7), (22)
for a function o : Z — C. In order for X to be self adjoint, we require that for all k € Z,
o(k) = o (k) (23)

and since 0 < ¥ < 1, we have that ||o]|e < 1 and o € I3(Z).
[#4] For the state wy to have a finite density of particles, we need for all k € Z

wz(n};) = wg(b;;bk) =Y = 0'(0) > 0.
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On the other hand, the initial state of the small system is characterized by a density matrix
p, i.e. a positive trace one operator p : F_(Hs) — F_(Hs) such that the expectation of any
observable A on F_(Hs) is given by

p(A) = trz_(3,)(pA). (24)

Along with p, we will consider also the p-body reduced density matrix , p®) on HAP, the matrix
elements of which are given by

(ej; Ao A ejp|p(p)ek1 A Neg,) = trr m,)(pag,..ap aj,..aj). (25)

More precisely, we will be mainly interested in the behaviour in time of the (reduced) density
matrix on the sample, defined for all t € N by

pt(A) = (wg®p)ori(1® A) for all observables A € A and (26)
p,gp)(A) = (wg®@p®)ort(1® A) for all p—body observables A on H4. (27)

1.4 The Flux

A natural observable in this context is the flux giving the variation in the number of particles
in the reservoir in one time step, that is formally defined as

®,. =U"N,U — N,. (28)

A simple calculation shows that
®, = sin®(a)(1 @ nd — nf ® 1) + isin(a) cos(a) (b @ ag — by ® ag). (29)
which is a bounded operator on F. Taking this as a definition of the flux, we shall consider

its dynamics in certain cases below.

1.5 General properties

We start with a few simple and general properties these operators possess, that will be used
frequently in the following. First, we recall that

Lemma 1.1. The one-body reduced density matriz, p\V, of a full density matriz p on F_(H)
satisfies 0 < pM) <1 as an operator on Hs.

On the other hand, clearly, [U,, N,] = [Us, Ng] = 0, so that [Up, N] = 0. Similarly,
Lemma 1.2. For any 5 € N,
[K;,N] =0, so that [U N]=0. (30)
Also for alll,m e N s.t. | —m & dZ

(K1, K] = [K0, K] = 0 (31)



In other words, the operators U, Ur and K given by (12), (13) and (19) conserve the total
number of particles.

Since we are dealing with fermions, the creation/annihilation operators are bounded so
that we can actually compute K; by the power series of the exponential, using the fact that
n; and n; are projectors:

Lemma 1.3. For any o > 0, the operators given by (19) can be written as
Kj=1+ga(b®aj+b;®a;) + fa(n]®1—1an)? (32)
=1+ ga(b] ® aj +b; ® aj) + fa(n] @ (1 —nj) + (1 —n}) @nj), (33)

where go = isin(a) and f, = cos(a) — 1.

Consequently, using the periodicity in the index j in the sample, explicit computations
yield

Lemma 1.4. For all k,j € {0,..,d — 1} and s € N, the conjugation of the creation and
annihilation operators under the coupling are given by

jrsa(1® ;) Kjisqg = cos(a)1 @ aj + gabj+sa ® (1 — 2n3), (34)
K a(1®a) )Gy o = cos(@)1®a) — gadl, ;@ 1, (35)
J+Sd(]1®a VK tsa = cos(a )]1®a +gab]+sd®]l, (36)

rsa(l @) Kjysq = cos? ()1 ® n; + ga cos(@)(bjtsa @ aj — bl g @ aj)
+ s1n2(a)n§+sd ® 1, (37)

while for all j # k,
K@ al) = (1® al ) Kppsa- (38)

Remark 1.5. Similar statements are true for the conjugation of by by K;, thanks to the
symmetry in a¥ and b# of K;.

2  Shift in the Sample

With these preliminary considerations behind us, we are in a position to address the time
evolution of observables in the sample, assuming to start with, the free dynamics of the sample
is the periodic shift: i.e. the unitary operator W, is given by the shift S, on ¢2({0,1,..,d —1})
defined as

Spej = ej—1, with periodic boundary condition Spyeq = e4—1. (39)

The free dynamics on the sample Uy is thus given by the second quantization of the shift .S,

Us =T(Sp). (40)

Using the Bogoliubov transform, it is easy to see that [D]
Uja #U = a7, it with aj& = a# (41)
Ui U, = b, . (42)



Moreover, the evolution of the coupling operator under the free dynamics defined by (13), is
given for all j € Z by
UpK;jUp = Kj41. (43)

In order to simplify the expressions, we mainly consider times that are integer multiples
of d, the number of sites in the sample, see Remark 2.2 ii), though. This prescription allows
us to take advantage of the spatial periodicity (41) of the creation/annihilation operators. In
what follows, the limits are understood in norm convergence, and we omit symbols ®1 and
1® whenever the meaning is clear.

Theorem 2.1. For all k,j € {0,..,d — 1}, the following is true

m—1m—1

3 (cos()) 2 D=0 (b ()b (5))

r:O s=0

de (

M

ajaj) = cos®™(a)aja; + sin’

3

m—1
—ga cos™(@) D (cos(a))™ " a; @ by(r) + ga cos™ () Y (cos(a))™ b (r) @ af,  (44)
r=0

T

Il
o

where b (y) = b” For all o ¢ {0, 7}, we have

r4yd”
m—1m—1
. md/  * —1)—(r+s) (p* .
W}E%OT (ara;) —n}gr(l)osm 5_0 E_O cos(a (b (r)bj(s)). (45)

Moreover, for all integers p > 2, and all distinct {j1,--- ,jp} and all distinct {ki,--- ,kp},
if o ¢ {0, 7},

: md/ *x % * ) o
n%lﬁlgo T (aklakz Cr A, Qg e aj2a]1)
m—1

= lim sin?(a) Z (cos(a))QP(mfl)f(rﬁsl+---+rp+rp)
m—0o0
r1,,..,rp,51,..,7sp:0

b, (r1)bj, (s1).-0g,, (rp)bj, (sp).  (46)
Proof: To show the first statement, we first note that by (43), we have for all n € N,

U" =(UpKy) - - (UrKo)(Ur Ko)(UrKo) = (UrKo) - - - (Ur Ko) U (U KoUr) Ko
(UpKy) - - Up(UplKoU2) K1 Ko = URK,,_, - - K1 K. (47)

Thus, further making use of (41), (31) and (38) for k # j,
U™aja;U™ = (KiKipq - K e a@ K ey - - - Kera 3
X (KjKjya- - Kjym- 1)da;K tm-1)d - KjpaKG).  (48)
Successive applications of (36), (35), along with the fact that for all k& # j
K (b)) K = b, (49)

give



KiKi g Ky (e 1)a® K mvya- Kirsa K7 = cos™ *gaZCOSm ()b (r), (50)

m—1
KjKj+d...Kj+(m_1)daij+(m_1)d...Kj+dKj = cosm(a)a;-éﬁ + 9a Z cosmflfr(a)bf(r). (51)
r=0

The first statement of the theorem for k # j then follows readily. For j = k we use
U ) U™ = KSKF g Ky (10 (P K m-1ya-- K1 K (52)
- (K]* : "K;Jr(m—l)daj*K;Jr(m—l)d“'K;)(KJ K (m-1)a® Ky m-1)a-- Kj)

to get the required result. The second statement of the theorem is a direct consequence of the
first. Finally, note that for all p > 1,

d
" ag, af, - - azpajp..ajzajl) = (53)
de(azl aZQ) T de(altp_la;;p) md(a’]pajp 1) U de(anGjl) p even
T af ap,) T ey Lk )TNk a, )T ag, ag, ) T (ag,a;,)  podd
where the operators de(ak#a#) with distinct indices are compositions of operators of the form

(50) and (51). Taking the limit m — oo in each of them allows to deduce the last statement
in a similar way as the second one. [ |

Remarks 2.2. i) There is an explicit, though cumbersome, expression also for

md(ak Ay -, Oy - .aj,aj,) for all finite m, as the proof shows.

it) It is posszble also to compute the evolution of observables at time md+r, for any 0 < r < d,
making use of the following, with the convention (41), and Lemma 1.4:

T (aga;) = KoK -+ K7 yag 0540 Ky -+ K1 Ko. (54)

-Ifk+r<dandj+r<d, t"(aga;) = ap,,ajr
-Ifk+r>dand j+r<d, 7"(ajaj) = K:‘n(k)am(k)K* (k) Qgtr, where m(k)=(k+r)—d<r.
- ]fk? +r 2 d andj +7r Z d, T (akaj) = K;@(k) (k)K ( )K (])a (])Km(j)

#

i11) The evolution of observables that contain an odd number of operators aj can also be

obtained, but we will restrict attention to p—body interactions, that are somehow more natural.

In keeping with the previous remark, we focus on initial states p in the sample that are
even, i.e. such that p(a;f1 e afs) =0 for all s odd.

Theorem 2.3. Assume that the initial density matriz on F_(Hs), p°’" is an even state, then,
the reduced density matriz on F_(Hs) at time md, denoted by pSr", is an even state, for all
m > 1.

Proof: The statement is a consequence of Thm 2.1 and of the fact that wy is even, being
quasifree. Indeed, for s odd,

sttt af) = (wn © o) o™t ), (53)
where 7m%( i ﬁ = a;i) is a linear combination of products of an odd number of a* and b*.
The action of wy, ® p’*™ on such products thus yields zero. |
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Let us introduce for all s € Z, the d x d matrix ¢(®) whose entries are

0) = Skraaj = ok — j + sd), (56)
and which will play an important role below.

Theorem 2.4. The one-body reduced density matriz on F_(Hs) at time md is given for any
tatial density matrix on the sample by

P = cos?™(a)pM) + (1 — cos®™(a))o @ + Z (cos® cos?™ ) (o™ 4+ oW (57)

and satisfies the evolution equation

pD(m +1) = cos?(a)pll) + sin(a) B(m) (58)
where .
B(m) =o' +) " cos"(a)(c™ + o) (59)
u=1
For all a ¢ {0, 7},
P = lim B(m) (60)

Remark 2.5. As is true for all one-body reduced density matrices, O < pg}) <
Proof: Taking the expectation of (44) with respect to the quasi- free state wy, yields for
m>1

m—1m—1

" (ara;)) = cos®™(@)aja; +sin®(a) Y Y (cos(a))? Mg (k— 4 (r—s)d). (61)
r=0 s=0

wx (T

In case cos(a) = 0, this yields wx;(7™%(a}a;)) = o(k—j). If cos(ar) # 0, the change of variables
u = s — r show that

m—1m-1 m—1 m—1—u
cos (r+5) k—74+(r—s)d) = cos “(a)o(k — 7 —ud cos ¥ (a
> Jo(k —j+( )d) (@)o(k —j ) ()
r=0 s=0 u=0 r=0
-1 m—1
+ Z cos” “(a)o(k — 7 — ud) Z cos_Qr(a). (62)
u=—(m-—1) r=-u

Inserting this in the expectation, we get in all cases

wg(de(aZaj)) = COS2m(a)CLZCL]’ +(1- Coszm(a))a(k: —7)
m—1
+ Z (cos"(a) — cos®™ () (a(k — j — ud) + o(k — j + ud)). (63)
u=1

This along with definitions (25) and (56) give the first assertion of the theorem. The other two
assertions are straightforward consequences, using that sup,cz ||| < oo for the existence
of the limit. |
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The evolution of the two-body reduced density matrices can also be characterized, as well
as the asymptotic evolution of all p-body matrices:

Theorem 2.6. The two-body reduced density matrix at time md is given for any initial density
matriz on the sample by

P2 = cos?™ () p® + 2sin®(a) cos?™(av) ( O Z cos(a —(rts) 5= 5))731(42)
r,s=0
m—1 m—1
n sin4(a)7>£12)( Z (Cos(a)Z(m—l)—(r+s)0_(r—s) ® Z (COS(Q)Q(m—l)—(r—i-s)U(T—s)),P1(42)’
r,s=0 r,s=0
(64)

where 73( ) 18 the projection of Hs @ Hs into Hs N Hs.
The two—body reduced density matriz satisfies the evolution equation

pP(m+1) = cos?(a)pl?) + sin2(oz)771(42){ cos®(a)(B(m) ® ptD
+ ) @ B(m)) + sin®(a)B(m) ® B(m)}PY. (65)
For all a« ¢ {0,7} and all 1 < p < d, the p-body reduced density matriz acting on H"P is
p® =PP ... )PP, (66)

Remark 2.7. The reduced asymptotic p-body density operator p®) on HLP | such that
pP) = ng) PV ®. o p(l))Pﬁlp) is a quasi-free state with symbol pV) such that ||p®)|| < 1.

Proof: For all k1 # ko and j; # jo, we have
7" af, aj,aj,a5,) = (U (ag, ap, )U™) (U (az,a5,)U™). (67)

Using (50), (51), and taking the expectation with respect to the quasi-free state wy, we get

md( 4m

~—

Wy, (7' azla,:2aj2aj1)) = cos""(av)ag, ay,aj,aj, (68)

—_

3

SR

(]

— cost(a)azlan sin? ()

%
Il
=)

,S

3

+ cos2m(a)a21% sin® () COS(O‘)Q(mil)i(HS)UJ(';cS)

%
Il
=)

S

3

+ COS2m(O£)CLZQ(lj2 sin2 (a) Cos(a)Z(m—l)—(T—I—s)o-](ikf)

ﬁ
Il
=)

S

3

— cos™™ (a)aj, aj, sin®(a) cos(oe)g(m_l)_(”s)ag(';f)

0

<

S

m—1

in4 4(m—1)—(ri+s1+ro+s2) ((r1—s1) (ra—s2)  (r1—s2) (r2—s1)
+ sin (a) Z COS(Oz) (Uj17k1 O o ko Tjiks Tjoska )’

r1,51,72,52=0
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with the definition (56) of o) on H,.
Using the definition (2) of the projection 771(42), one sees that for operators A, B on H;

1
Py (Ae B)PY = PP (Bo AYPY = SC, (69)

where the operator C' on Hs A Hs, is defined through its matrix elements
Chijakiks = Ajiks Biaka — Ajoky Bjiks + Ajaka Bjaky — Ajika Bjaks - (70)

Hence, upon relabelling, the last term of (68) reads

m—1 m—1
sin4(a)73£‘2)( Z cos?M=D=(r+9) ()5 (7=9) Z Cos2(m_1)_(r+s)(a)a(r_s))Pf). (71)
r,s=0 r,s=0

Taking expection with respect to the initial density in the sample, making use of definition
(25), of (69) again for the other sums in (68), eventually yields (64). The evolution equation
(65) is a straightforward consequence of that.

In order to compute the long time limit of the p-body reduced density matrix, we use the
properties of wy; to rewrite (46) in terms of the operators o).

n}l_I)IéOWZ ® p(7"ag, ak, - g, @G, - Gy a5,) (72)
= ( ) )
) . _1)— Tr(1) =51 Tn(p)~Sp
= lim sin®(« E cos(q)ZPm—1)—(ritsittrptsy) E € ey
m—00 (a) (a) T g1k (1) Jpkx(p)
P81y =0 €S,
m—1

i Y ersia) S cos(aypm Dbttty s
Mmoo ™ ( ) ( ) jlakﬂ(l) jpukw(p)
7€Sp T1y3TpsS15--,8p=0

Here we used (60) and the fact that

m

B(m) =sin®*(a) Z cos(a))2m=(r+s) 5 (r=s) (73)

r,s=0

+ cos™ () (0(0) cos™ (o) + Z(U(“) + o) cosmH“(a)) )

u=1

which follows from (61) and (63). |

As a direct application of the previous general results, the following corollary, gives the long
time limit of the expectation of the occupation number and the correlations in the sample.

Corollary 2.8. For all « ¢ {0,7} and all j € {0,..,d — 1}, the asymptotic expectation of the
number operator in the sample at site j, n%, is constant and given by

37

(1) = T w5 @ p(r™(n3)) = 0(0) + Y 2R(or () cos(0) = (eolpDeq).  (74)
u=1
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The asymptotic expectation of correlations at sites j # k € {0,..,d — 1} is given by
(n5n}) pe = lim_ws @ p(7"™(n51)) = (eol pCe0)? — [(eolplex—)I. (75)

Remark 2.9. We also deduce that limg_,o(N®),. /d = o(0), where N® = Z?:o n; is the total
number of particles in the sample. Hence the asymptotic expectation of the particle density
in the sample coincides with o(0), the particle density in the reservoir, in the limit of large
samples.

Quasifree density matrices can be completely described by the set of all reduced p-body
density matrices, see e.g. [DFP]. Hence Theorem 2.6 will allow us to compute explicitly p(oco)

1
in case the initial state in the sample is even. We use the notation 'OL() = pg)( p(%))*1
1

[e.e]

EVEN

Theorem 2.10. Assume that the initial density matriz on F_(Hs), p'", is an even state

and that |cos(a)| < 1. Then pS™ is a gauge invariant quasi-free state given on

Hs DHN2 @ ... & HL by

P = det(1— plt))x (76)
1) 1) 1) 1)
1 ]li";(l) o <]1io;(l) A ]li";(l)> @ - @ det (ﬂi";(l)ﬂ

1)

= det(1 — p{))exp { dl'In L
11—,
Poo

Remarks 2.11. i) The last formula shows that pS2" is a mazximizer of S(p) = —trr_(plnp)
(1)
under the constraint <dI‘ In ( poo(1)>> fized.
1— pso o
ii) The statement requires first O < ,0( ) < I, and is then shown to hold by continuity as well

if poo has non trivial kernel, or equals a projector, see [DFP] for details.
Proof: = We first show that pSJ“" has a block diagonal representation with respect to the
subspaces H"\?, 0 < p < d. Note that for any s > 1,

de(a}zl .ay, @y ..aj.ay,..a;,) = de(azl .ay, aj i )Ty, ay,). (77)

If s even, it is easy to see that
Ny, ) = (78)
(Kll"Kl1+mdallKl*1+md“Kl*1) (Kl2-~Kl2+mdal2Kl2+md--Kll)--~-(Kls~-Kl1+mdalsKl5+md-~Kls)-

Using (51) and (50) along with theorem 2.1 and the fact that wy, is gauge invariant quasi-

free, proves that

even ( md(

Jim ws @ p g,y A, Oy -0, A .01, ) = 0. (79)

For s odd, Theorem 2.3 directly implies (79). Thus, pSl¢™ is completely characterized by its

restrictions to H”\P, which are given by 731(41) ) pgo) X p(()o)P(p ), see Theorem 2.6. From there
on, the explicit form of pS2" follows from [DFP] lemma 3; see also [D]. |

14



3 Repeated Interaction System Case

In the special case ¥ = olly,, with ¢ > 0 more can be deduced, since the function o(k) take
a simpler form with o(k) = 0dp ;. Moreover, since this case corresponds to suppressing all
correlations between the particles of the reservoir, the dynamics experienced by the particles
in the sample corresponds to that of a repeated interaction system; the state of the particle in
the reservoir the sample interacts with is always the same, irrespective of the time step, and
after the interaction, it cannot influence the dynamics of the sample anymore. This defines a
repeated interaction system, see e.g. the review [BJM], that we study in this and the following
sections. In this section we still consider the exactly solvable case where the free dynamics in
the sample is given by the shift S, while in the next section we deal with the general case of
an arbitrary free dynamics in the sample. From a technical perspective, when ¥ = o1y, the
gauge invariant state w := wy1,, satisfies w(b;bk) = 0j,0, which we will use repeatedly.

Specializing to ¥ = o1y, , we can complement the results of theorems 2.4 and 2.6 as follows:

Proposition 3.1. For X = oll, the p-body reduced density matrices at time md take the forms

pP) = Z <Z> (1 — cos®™(a))P~F cos2mk(oz)77£1p) (p(k) Q@oly, ®...Q a]lHS)P(p), (80)
0<k<p

forallp € {1,...,d}, where p is the initial density matriz on the sample.

Proof: We need to compute for {k1 < kg < --- < kp} and {j1 < j2 <...Jp},

(ks Nery N NelpRej Nejy N Nej,) =w(T™ (af,ah, - a},aj, - apag)). (81)
Using (53), (50) and (51) again to express de(a;gla;;Q A aj,aj, ), we can identity the
conditions on the terms in the expanded product that do not vanish after taking expectation
with respect to w: Each creation operator b (r) stemming form aj must be paired with an
annihilation operator b; , (r') stemming a; ,, with ks = jg, and r = 7".

We say that the indices ks and jo can be paired in this case. If ks and jy can be paired
and k; and jz can be paired, then s < § and s’ < &', due to the ordering of the ks’s and
Ji’s. Hence, there is a unique way to pair indices. Moreover, a term involving w pairs of the
previous form yields a factor c% after expectation with respect to w.

Therefore, the contribution from the pairing of indices ks and jy stemming from aj_and

aj,, further taking into account the respective factors (—1)%g, and (—=1)5+1g,, yields a factor

1 — cos?™(a)

(=1)*+* sin?(a) = cos2(a)

o= (=1t (1 — cos?(a))o. (82)

In turn, if {k; < ko < -+ < kp} and {j1 < j2 < ...jp} contain w pairings of indices, i.e.
1<s1<sy<---<sy<pandl1<s) <sh<---<s, <psuch that ky, = jg,w=1,...,u,
the corresponding contribution after expectation with respect to w equals

(71)2521(5‘“—"_5(4)(1 - cos2m(oz))“0“. (83)
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The contribution from the remaining terms that contain ¢* and a’s is simply
2m(p—u) * * *
cos a a e Q. A5, ... 0 a; 84
IO( k5u+1 ksyio ksp s, JS;+2 J5;+1 )a ( )

where 1 < sy41 < Syg2 < - < sp < pand 1 < s) ) <5, < < s; < p are the set
of indices that have no match for pairing, i.e. such that {ks, }o=ut1..p and {jy }o=uyt1..p are
distinct. Note that this contribution is proportional to a matrix element of p(p_“).

Let us compute the following matrix element, where the identity appears w times, and
where p®~%) is viewed as a matrix acting on (the antisymmetric subspace of) HEP—w),

@hAebA-~AqﬂP?ﬂ®ﬂ®~-®ﬂ®d%mPf%ﬁAth~-Aqﬁ: (85)

Ex€xl _
Z T;ﬂﬂ <6k7r(1) ® €k (2) Q- Ckr(p) 1@ 21 p(p U)ejw’(l) ® €inr2) Q- ®ej
' €Sy ’

Enln’ . . (p—u),, :
Z ! 5k”<1)’]ﬁ’(1) T 5kﬂ(u) Wl (u) <ek”(u+1) ® ® ki (p) ‘p Cins (ut1) ® ® ejﬂ’(p)>'
w,m' €Sy

Introducing the permutations § and 6" by 6(w) = s, and 0'(w) = s, so that § o 7(w) = sy(.)
and similarly for primed quantities, the above can be rewritten as

€hom €0’ on’ (p—u)

E 94 ) ; e ®--Re Sy K---®e
=) Forydsl, )" TRomuy st ko) Ko 1P It

w,meGp

L

Sxl (ut1) 7! (p)
(86)

Now, by construction, the summand is possibly non zero only if sy, = s (w)? i.e. only
if m(w) = 7’(w), for 1 < w < u. Hence the summation can be reduced to permutations =
which consist in concatenations of the form 7 = m; x mp, where 77 € &, and 7p € &,_, are
permutations on {1,2,...,u}, respectively on {u +1,u+2,...,p}. Similarly, 7’ = 7} x 7},
with the constraint 7; = 7. Hence, noting that €, xr, = €x€x,, (86) reads

U'(p — u)' 671’[)67'(’D ( 71/,)
cgeg ———— —2L (e, ® - Q eg, |pP~e, R Rej ) =
2 WD,TF/DZEGPH (p—u)! mp(utl) 7D (p) js;rb(w-l) Jsir'D(p)
ul(p —u)! _
cor P e ey A N 00 e, Ney, A Ae) (37)

Using the defintions of 6 and ', one easily sees that egey = (—1)25:1(‘%*5@). Thus, we get
that the matrix elements of pSﬁ) between vectors that contain u pairings of indices, coincide
with the summand in (80) with k£ = p — u. Taking into account all possible pairings yields the

result.

Consequently, the expectation of the number operator and the correlation at any time is
given by the following lemma

Lemma 3.2. For ¥ = oly, and j,r € {0,..,d — 1}, the time evolution of the number nj as
operators on F_(Hs) is given by

w(de+T(n; - {coszm(a)anrr + (1 = cos®*™(a)) o, ifj+r<d-—1 (58)

cos? D g + (1= cosm V(@) if 41> d 1

withk =j+r—d
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Proof: This is a direct consequence of Remark 2.2 and equation (63) along with the fact
that the function o(k) = odg . |

This allows us to compute explicitly the full statistics of the number of particles in the
sample for all times, when the sample is initially in the vacuum state:

Corollary 3.3. If p = |Q)(Q], the probability of finding p particles in the sample at time md,
s given by

P,.(Ns = p) = (i) [(1 = cos?™(a))o]"[1 = (1 — cos®™(a))a] "7, (89)

i.e. the number of particles in the sample at time md is given by a binomial distribution
B(d, (1 — cos®™(a))o).

Proof: Let P on JF_ (Hs) be the projector on the eigenspace associated to the eigenvalue
p of Ny, spanned by {a}, af, - '-azpﬂ}k1<k2<...<kp. Using the identities |Q2)(Q] = H?;éaja; =

H?;é(]l’HS —n3), and aj (13, — nj)ay = ny, we have

Py= > ngend Mg,y (o, —ns). (90)
k1<ko<..<kp

Hence, the probability of finding exactly p particles in the sample at time md, is given by

Pu(Ns=p)= Y. weQ) (de(nil-‘-”Zpﬂﬁ{kl,..,kp}(]ls - "i)))' (91)

k1<ka<..<kp

The evolution of products of number operators is addressed as in the proof of Theorem 2.1:

7 (0, Wig ey (T = n5)) = 77403 ™ (0f Mgy ey 7" (s — n3),  (92)
using (52), (50) and (51). The expectation of such products with respect to w for ¥ = o1y,
shows that all products that involve a single operator b# vanish, and we use Lemma 3.2 for
the other terms. More precisely, the time evolution of correlations for distinct set A, B and all
ie AcH0,..,d—1},j€ BC{0,..,d— 1} is given by
j))) =ILca [0052’”(04)711$ +(1- cost(a))a]

xIjep [ cos™™ (a) (1 — ni)+(1— cos”(a))(1 — )] (93)

w(T™ (Mean Mjep(ly, —n

Combining this with the definition of P,,(Ns = s) gives the result. |

The long time limit of expectations in the sample, for arbitrary initial density matrix, are
given in the next proposition.

Proposition 3.4. For ¥ = oly, and |cos(a)| < 1, the following is true, for any initial
condition p:
i) The asymptotic p-body reduced density matrices are given for all p € {1,...,d} by

pl) = Py, (94)
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i1) The asymptotic reduced density matriz on F_(Hs) is given by
e~ HNs

Poc = Wa (95)

where Ny is the number operator in the sample, and p=In=2 and Z(u) = (1 — o)~

i11) The total number of particles in the sample at time md is given by a binomial distri-
bution B(d, o).

Remark 3.5. It is worth noting that in this special case, the long time limit reduced density
matriz is independent of the coupling parameter a.

Proof: The first statement is a direct consequence of (80). To prove the second statement,

we start by showing that p. is diagonal in the basis {a}, - -aZTQ}ZTE};’ZiiT: For distinct

Ji, -+ Js, s even and all m € N, using (the obvious generalization of) (78), (50), (51), and (20)
with ¥ = olly,,

poo(aﬁaﬁ---ai&) = lim w ®p(de(a#a# a#)) = lim cos™ p(a®a®..a¥) =0. (96)

M—00 J1792° " s P00 J1792°" s

To show that the same is true for s odd, we note that for all j € {0,..,d — 1} and m € N
w(de(a;#)) = cosm(a)w(afﬂkepKz), (97)

where P C {0,..,md — 1}\{j,j + d, .., j + md}, using Lemma 1.4 repeatedly and ¥ = olly,..
Now, for any s odd, it is enough to look at p(oo)(a;fl..a;alr..alrak#),

we® p(de(aj-l..a;alw.alrak#)) =w® p(de(a;fl..a}fralr..alT)de(ak#)). (98)

Since [w ® p(B*A)|* < (w ® p(B*B)(w ® p(A*A)), combining equations (97), (98) and taking

the limit as m — oo implies p, is even. Using the expression of the basis vectors, as in the

proof of Corollary 3.3, completes the proof that py is diagonal. Then, the proof of theorem
2.10 applies with (94) giving the required result.

Finally, the third statement is a direct consequence of Corollary 3.3, since the initial con-

dition plays no role. [ |

3.1 Dynamics of the Flux
The following proposition gives the time evolution of ®,, whose definition (29) we recall
@, = sin*(a)(1® n§ —nf @ 1) + isin(a) cos(a) (b @ ag — by @ ag), (99)
in the context of repeated interactions under consideration.
Proposition 3.6. For ¥ =oly,, and for allt =md+u, m € N, u € {0,...,d — 1} we have
w(r!(®,)) = sin*(a) cos®™ (a)(ns — o). (100)

Moreover for t = md

t—1

> wo(r (1) = (N, = ad)(L = cos?™(a)) = —w(r(N.)) + V. (101)

J=0
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Remarks 3.7. i) In particular, an application of Lemma 3.2 yields for any initial state p

w @ p(tH(®,)) = sin’(a) cos®™(a) (p(ng) — o), which can have either sign. If |cos(a)| < 1,

limtﬁoow( (@T)) — 0, a manifestation of thermalization.
| <

i1) For | cos(a)

md—1
lim w(T(®,)) = (Ns —od), and lim w(r™(Ny)) = od, (102)

m—oo 4 m—00
j=0

showing that, asymptotically, the total number of particles having entered the reservoir equals
the difference of the initial number of particles in the reservoir with its asymptotic value od,
i keeping with the particle density in the reservoir.

Proof: Forallt e N, ¥ = o1y, implies the contribution of the evolution of the cross terms
®,. vanish; moreover the evolution of n{ is simply ny, hence

w(t(®,)) = sin*()w (7! (n§) — ny) = sin’(a) (w(r'(nf)) — o). (103)
Then, fort —1=(m—1)d+u, m e N, u € {0,...,d — 1}, using Lemma 3.2, we compute
t—1
Zw(ﬂ(@r)) = (1 — cos® ™D (a)) (N, — od) + sin’(a) cos? ™ D (a)((n§ + - - +n2) — o(u+ 1)).

§=0
(104)

Specializing to t = md with u = d — 1, we get the first equality of (101). On the other hand,
w(T™(Ny)) = (N, — od)(cos®™(a) — 1) + N, (105)

which gives the second part of (101). |

4  General Dynamics in the Sample

In this section we still work in the framework of repeated interaction systems characterized by
3 = oly,. However, we return to the general case of arbitrary free dynamics on the sample
given by (18), so that Up = I'(S) @ I'(W), see (13), and again K = Kj is given by (19). This
means that the one particle one time step evolution in the sample is determined by the unitary
operator W on Hs.

The main results of this section say that under natural assumptions stating that the one-
body dynamics W is mixing enough, which we express in terms of a spectral hypothesis, the
long time asymptotics of the reduced one- and two-body density matrices in the sample exist
and are independent of the the sample dynamics and of the coupling strength. Moreover, they
are given by ol and o I34p2 respectively.

We start by some basic properties of the free dynamics in the sample I'(WW) = 1 ® I'(W).
In order to simplify the notation, we introduce the vectors and matrix

T
a¥ = <a0 af ail) and a*a’ = (a1a;);reo,1,..d-1}- (106)

Using Bogoliubov transform, one has
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Lemma 4.1. Let (W); . be the matriz representation of the operator W in the canonical basis
{eo, -+ ,eq_1} of Hs. Then, componentwise,

r(W)*al'(W) = Wa, L(W)*a*T(W) = Wa*. (107)
Proof: Using the definition of I'(W) and the linearity of creation operators, we get
d—1
(W) a,I'(W) = a*(W¥ey,) = ija;f, (108)
j=0
using Wey, = Z?;é Wie;. |

We now determine the corresponding one-body density matrix for all times.

Theorem 4.2. Let ¥ = ol and t € N. There exist d x d matrices M, B such that the one-body

reduced density matriz pgl) at time t, with initial condition pV), is given by

t—1

o) =M pOM* + 3" MTBM™ (109)
r=0
Equivalently, for allt € N
P =Mp"M + B, p) = ph). (110)
The matrices M and B are defined as
M=WK, with K =1+ faleo)(eo|, and fo = cos(a)—1, (111)
B=WEW™, with € = osin(a)|eg){eql. (112)

Remarks 4.3. i) K = K* is diagonal. Also, in case p[()l) =0,B= pgl) > 0.

i) The matriz M is of norm one, with singular values {cos?(a),1} = o(K?).

iii) In case W is perturbation of Sy, since o(S,K) = {€*™/ cos(a)/}p=01.. a1, then M has
all its eigenvalue within the unit circle if o ¢ {0, 7} and W — S, is small enough.

) If a € {0, 7}, M is unitary and B = 0.

v) Setting W = S, and t = md, m € N, a straightforward computation shows that we recover
Theorem 2.4 for ¥ = oly,.

Proof: Let us compute the evolution of aja; under Uy = UrpKjy. Using [F(S),af] =0
Lemma 4.1 and Lemma 1.4, we get
Usyara;Uw = KD(W)*agpa,T(W) Ko = > W Wi Kjaras Ko, (113)
r,8
where
afa? if 0 ¢ {r,s}
R (cos(oa)a# - isin(a)b#)as# ifs#0=r
Koalal Ko = "4 4 # .
al (cos(a)af + isin(a)bi) ifr£0=s
cos2(oz)az)§éaaéé + sinQ(a)bZ?EbZ?E + isin(a) cos(oz)(l)Z?Eazfé - b#ao#) ifr=s5=0.
(114)
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Now that we have an expression for Uyj,aja;Uw, let us see how to get hold of an arbitrary
number of evolution steps. Using that for all &k € N, [['(WW), bk#] =0, and Kobk# = bk#KS, k#0,
we compute,

Uf/k[/bek/UW = Kgbz+1bk/+1K0 = bz+1bk/+1, vk, k' €N (115)
Uiyb asUw = b, KoD(W)*a,D(W) Ko = b, Y W EKoa, Ko, (116)

where

# if r#£0
Koa Ko = {“’" ifr# (117)

cos(oz)azjéﬁ +1 sin(a)bz]éé if r =0.

Observe that taking the expectation of Uy aya;Uw with respect to w with 3 = olly;, , makes
the linear contributions in b# vanish and replaces bjbg by o. Further exploiting the relations
above and their adjoints, and the form of w, one sees that those linear terms in b# , when
further evolved up to time ¢t yield a term bfi ; that cannot be paired with another b# of same
index and thus vanishes after expectation with respect to w. Similarly, the arbitrary evolution
of byby still gives rise to o after expectation with respect to w. Thus, it follows by induction
that we can discard the linear terms in bz)éé and replace bjbg by its expectation, the scalar o in
(113) and (114) to get the evolution equation of w(Uitata;Ut,) = w(Uita*a’ Ul,))x;. Using
the definitions (111) and (112) we have obtained

w(UyyapaUy) = Z(W’C)kraﬁas(WlC)js + asinZ(a)WkoVVoTj, (118)

TS

which, since K = K = K*, takes the matrix form writes

w(Uyya*a’ Uy ) = WK a*a? (WK)T + WeWT, (119)
where,
WEWT =BT and WK = M. (120)
As noted above, we can now iterate this relation to get for any ¢t € N
t—1
w(Upta*a' Uly) = (M)'a*a’ (M)* + ) (M)"B” (M)*". (121)
r=0

In turn, we deduce the time evolution of (the transpose of) pgl

), for any ¢t € N, by applying p
to the above identity, which ends the proof. [ |

In order to simplify the notation, let M be the contraction on the space of complex d x d
matrices, defined as

M : My(C) — My(C),  M(A) = MAM"*. (122)

Using this notation, the results of Theorem 4.2, can be rewritten for ¢t € N as

t—1
pgl) — Mi(pW) +ZM7‘(B) and Pz(el+)1 — Mt(pgl)) +B. (123)
r=0
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Corollary 4.4. Assume o(M)NS = 0. Then, for allt € N

p) = M (o™ — (1= M)~L(B)) + (1 — M)~ (B). (124)
Moreover,
Jim 7 = (1 M) B) = o1 129

Note the easily proven

Lemma 4.5. For the contractions M and M we have
cM)NS=0 & oM)NS=0. (126)

Remarks 4.6. i) The asymptotic one-body density matriz pg) = o1 is independent of both «

and the dynamics W, as long as the spectral condition holds.

ii) The spectral assumption does not hold if |cos(a)| = 1, or if W prevents some sites to be
visited.

iii) If W — Sy, is small enough, the corollary holds, when o ¢ {0,m}.

iv) If the spectral assumption doesn’t hold, the limit may exist but it depends on the initial state
in general: Consider W = 1y, so that there is no dynamics in the sample, and o ¢ {0, 7}.
Then M = K has spectrum {1, cos(a)} and B = E. We easily compute

t—1
Z/CTEIC = o (1 — cos®(a))|eo)(eo| — oleo){eo] as t — oco. (127)
r=0

Similarly, limy_,o KtpM Kt = POLp(l)POL, where POL = 1 —|eg){eo|, so that
Tim pV) = oleo)(eo| + Fg-pV Py (128)

Proof: [of Corollary 4.4] First we note that our assumptions implies (1 — M) is invertible
for any ¢t € N, so that

t—1
> M =(1- MDA - M) (129)
r=0

This combined with (123) gives the first assertion. The spectral assumption with a Jordan
form argument allow us to take the limit ¢ — oo to get

o) = (1— M)~ (B). (130)
This identity is equivalent to
Y = MpUM* + B. (131)

Thus proving (125) amounts to proving that
1
1 = MM* + —B. (132)
o

Using the definitions (111), (112) together with the fact that W is unitary, this is equivalent
to proving

1
1=K+ pt (133)

which is easily seen to hold true using the definitions of K and &. [ |
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Let us now turn to the dynamics of the 2-body reduced density matrix for an arbitrary
dynamics in the sample, which contains informations on correlations. The same strategy as
that applied to prove Theorem 4.2 allows to show the following

Theorem 4.7. Let ¥ = o1l and t € N. There exist d x d matrices M,N,B such that p?) the
two-body reduced density matriz at time t, with initial condition p, is determined by

o2 = POME P P POM 2P Y 4+ 2PPB @ (NpUN*) PP, (134)
or equivalently fort > 1 by
p£2) :( 1(42)M®2731(42))tp(()2) (731(42)M*®2rp[(42))t

t—1
+3 2PPMPY) PUB @ (N, NP (POM 2P )Y, (135)
r=0

with pgl) the one-body density matriz, M and B as in Theorem 4.2, and N = WP+, where
Pt =1 —|eg)(eol-

Remark 4.8. Again, setting W = S, and t = md, m € N, we recover Theorem 2.6 for
Y = oly, by explicit computation.

Proof: We first compute
w(Upy a, ay, a5, 05, Uw)) = w((Upy a, ap, Uw ) (Uyyajaj, Uw ), (136)
and discuss the iteration of the dynamics, using ¥ = oll,.. Similarly to (113), we have

(U ag, ak, Uw) (Uiy ajy a5, Uw) = (137)
Z Wk17T1Wk277'2 Wiz, Wi 1 (Kga:1 aig Ko) (Kga82aS1K0)’

71,72

51,52
We note that since r1 = r9 or s; = so yield zero, there are either 0,1 or 2 occurrences of
indices equal to zero. Applying (114) to the above and expanding the products, this yields
terms with four operators a# only, one operator b# and three a™s, or a pair bobo and two a’s.
The factors that are linear in bo# produce no contribution after expectation with respect to
w. By (116) and (115), iterating ¢ times the dynamics on those terms map the operator b#
to bﬁ ; that cannot be paired with other operators created in the bath which all have indices
smaller than ¢. The pair bjbg in the quadratic terms in a® becomes a scalar factor o under
w and the same argument shows that under ¢ iterations of the dynamics, this pair becomes a
factor by_;b;—1 in front of the evolution of the quadratics terms in a”, which yields the same
scalar factor o after applying w. This allows us to simply replace b;jby by the number o, and
to get rid of terms in b# which cannot be paired in the iteration process. Altogether, with
7t denoting the perturbed dynamics, we get with K defined by (111) to take into account the
factors cos(a) stemming from the zero indices,
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W(Tl(azl a}’;2aj2aj1 Z W’Ckl r1 W’Ckz T2 (W,C)]z SQ(WIC)]I 51 1"1 ar2a82a51 (138)

17T
S1752

_ P
+ WiooWis0 g o sin”(a) Wi, o, Wiy 510y, G,
Tl#ozsl?éo
_ N
+ Wi oWiio E o sin” () Wiy vy Wiy sp 05, s,
TQ#Osz?éO
_ N
— Wi oWis0 E o sin” () Wiy 1y Wiy 51y, Osy
7”2;&0,51?50
S vd < 20 T "
— Wi oWii 0 E o sin”() Wi, oy Wiy 550y, G,y -
rl#oasQ?ﬁO

By induction based on the arguments above, Equation (138) holds with 7 (aklakQamah) re-

placed by Tt+1(ak ay,aj,05,) and ay ay,as,as,, vespectively afas, replaced by 7'(ay, ay,as,as, ),

1 7‘2 T17T2
respectively 7¢(a* as) o
Note that o sin?(@)Wy W0 = (WEW*); 4, and with P+ = PL" = PL,
Y. WiaWisaias =Y (WP atas(WPY)j.. (139)

r#£0,57#0 r,s

Hence, with the definitions (25), (1) and (69), the LHS in (138) equals (j; /\jg]p?) k1 A k),
the first sum of the RHS equals

(1 A jal (WK @ WK) o (WK @ WK ky A ks), (140)

and sum of the last four terms equal
20j1 Aol (WEW™) & (WPL) pil) (WP oy A k). (141)
This yields the result for ¢ = 0, and the remark above yields the result for all ¢ € N. [ |

In a similar fashion as for the one-body density matrix, the long time limit of the two-body
density matrix is independent of the details of the dynamics in the sample and of the coupling,
as long as a certain spectral hypothesis ensuring enough mixing is satisfied.

Corollary 4.9. Assume c(M)NS =1{. Then

lim pg ) = PAgll g o1P® = 02]17_[92. (142)

t—o0
Remark 4.10. This result coincides with (94) for p = 2.

Proof: We first show that o212 is a solution of the equation the limiting two-body matrix
must satisfy if it exists. Then show that this solution is unique and finally that the limit exists

under our hypotheses. Equation (134) for ¢t = oo with p&) = olly, yields the relation

p@ = POM PP A POM 2P 4 20P DB @ (NN*) P, (143)
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to be satisfied by pg), assuming its existence. Inserting the Ansatz 02]17_@2, we need to see
that the following holds true

PA1e 1P@ = POME2PP 1 1P M 2P + 373915% ® (NN*)PY. (144)

We make use of the definitions of M = WK, B/o = sin?(a)W|eg)(eo|W*, N = WP+, and of
the property

PP Aw BPPC o DP? = P(Q)%(A ®B+B® A)%(C ®D+DeC)PY, (145)
the RHS of (144) reads
POW @ W{K2 ® K2 + sin(a)(Jeo) (eo] ® P + P+ @ |eg) (o) }W* @ W*PE.  (146)
Now, K2 = cos?(a)|eg){eo| + P+, so that the bracket above equals

{cos™(a)|eo)(eo| @ |eo) {eo| + P+ @ P+ + (leo)(eo| ® P+ + P+ ® |eg)(eq|)} =
{1® 1+ (cos*(a) — 1)|eq) (eo| @ |eo){eol}- (147)

As W is unitary and thanks to the identity which holds for any ¢, € H;

PRIy W] @ o) (P = 0, (148)
we get that (146) equals
POL @ 1+ (cos* () — 1)|[Weo)(Weo| @ [Weg) (Weo}PY) = PP 1w 1P, (149)

which is what we were aiming for.

Now, by our spectral hypothesis on the contraction M, the operator M”"? on H"\? defined
by A — Pﬁlz)M@Pff)APf) M*®2731(42) is such that M”2 — Tl a2 is invertible. This is enough to
get that the solution to equation (143) is unique.

Finally, we prove the existence of the long time limit for p,(fg) given by formula (135). By

our spectral assumption on the contraction M, (731(42)M®2P£12))t — O exponentially fast in t.

Moreover, pgl) is uniformly bounded in ¢ € N, so that a Cauchy sequence argument yields the

existence of lim; ,0152) = pc(,%) = o2 Lyyn2. [ |

4.1 Application to Quantum Walks

We shall consider here perturbed unitary dynamics on the sample given by one of the simplest
instances of quantum walks on the discrete circle, the so-called coined quantum walks. While
we restrict attention to this case, it is very likely that our results also apply to other one
dimensional dynamics considered in [BHJ], [HJS], [ABJ2], under suitable hypotheses.

Let us briefly recall the setup: the Hilbert space of the quantum walker is C2®(?({0, 1,...,n— 1}),
where C? is the spin or coin space and {0, 1, ...,n—1} is the configuration space of the quantum
walker. The canonical basis in C2®12({0, 1,...,n—1}) is denoted by {m®2) }r—t1ef0,1,. -1}
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and we write the orthogonal projectors on the spin states by P. = |7)(7|, 7 € £1. Given a
configuration of unitary matrices C = {Cs}1e(0,1,....n—1} ON C?, the spin or coin matrices, the
one-time step unitary dynamics V(C) on C2® (?({0,1,...,n — 1}) is defined by

VO = > APnC @z + 1)z + P1Ce® |z — 1)}, (150)
z€{0,1,....,n—1}
with periodic boundary conditions in the configuration space: |n) = [0), | — 1) = |n — 1).

This corresponds to first acting on the spin part of the quantum walker sitting at site x with
the spin matrix C, and then shifting by one step to the right or left, depending on the spin
component. We speak of random quantum walks in case the spin matrices {C }re(o,1,....n—1} are
unitary matrix valued random variables, which gives rise to Anderson localization phenomena,
see [JM] and [ASW] for one dimensional results and [J2] for arbitrary dimensions.

To fit in the framework we used so far, we implement the unitary isomorphism C? ®
12({0,1,...,n — 1}) ~12({0,1,...,d — 1}), with d = 2n, using the following map of ordered
canonical bases

{+180), |-180), |+181), |-181),..., |+18n—1), |- 1@n—1)} = {eg,e1,.. ., eq1}. (151)

With C, = <am b x), the matrix representation W of V(C) in that basis reads

Y Oz
0 0 -1 Bn-1
0 0 m &
ag Bo 0 O
W= 0 0 (152)
ar fr Tn—1 On—1
0 0
Yo do 0 0

The unitary matrix W yields the one-body one time step evolution in the sample that appears

in the definitions

M=WK, B=WEW* N=WPL,

where I = 1 — (1 — cos(a))|eo){eo|, P+

contraction M has the form

(153)

= 1 — |eg)(eo|. Using the notation ¢ = cos(«), the

0 0 an—1 Bn1
0 0 m &
CQ ﬁo 0 0
M = U (154)
ar B Tn-1 On—1
0 0
Yo 0o 0 0

Lemma 4.11. Let cos(a) ¢ {1,—1} and assume eq is cyclic for W. Then o(M)N'S = ().
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Remarks 4.12. i) The condition on cos(a) ensures M is not unitary, whereas the cyclicity of
eg ensures there is no invariant subspace on which KC acts like the identity.

it) The latter implies the spectrum of W is simple with eigenvectors all having non zero com-
ponent along eq.

iti) These hypotheses holds if 0 < |azBy|, for all z € {0,...,n — 1}. Such quantum walks are
generic.

Proof: Setting A = 1 — cos(a) ¢ {0,2}, we can write M = W (1 — Aeg)(eo|). Hence M is a
rank one perturbation of W, whose resolvent reads

AW — 2)7W|eo) (eo|
1= Meol (W — 2)~"Weo))

(M—2)"'= (11 + ) (W —2)"" (155)
for all z in the resolvent set of W, p(W), and such that 1 — A(eo|((W — 2) " Wep)) # 0. We
need to show that (M — 2)~! is regular on the unit circle.

Consider first the possibility that z = ¢ € p(W) is a zero of the denominator. For
o(W) = {ei }j=o0,...d—1, with normalized eigenvectors {v;};—o .41, this is equivalent to

d—1
1
— . 2 +
1\ = E% [(vleo)* T—7=ary € R (156)
]:

But the real part of the RHS equals 1/2, which corresponds to A = 2, a forbidden value.
Then, take z in a neighbourhood of e'®o, some eigenvalue of W. By assumption,

P,.
(W—2)l=—=2—+10(1), (157)
(@0 )
with Po; = |v;)(v;|. Similarly, as (eo|Pa,,€0) # 0,
AW = 2)""Wlegh(eo|  AM(Pay, "0 + O(e'0 — 2))|eo) (eol (158)

1— Meol(W — 2)"1Wep)) —Xeo|Pay, eo)e'®o + O(e'o — z)
so that the leading term as z — e'®o of (155) is

<]1+ AP, €0 leg) (e ) P., (eo| Paj, €0) — Pay, leo) (eol P.,
(e (e

7)\<60|P06j0 60>eiaj0 gy z) - <60|P%.0 €0> oy _ Z)’

(159)

where
({€0| Pa, €0) — Payy leo)(eol) Pay, = [{vjole)|* o) (vjo| — [vjo) [(vjo lea) [ (vjo] = 0. (160)

Hence, (M — z)~! is analytic in a neighbourhood of S, which implies that o(M) C D, D the
open unit disk. [ |

In order to make it clear that the periodic boundary conditions used in the definition of the
quantum walk play no role, we note that if we consider the quantum walk (150) with fixed spin

. 01 . .
matrices Cyp = Cp_1 = ( 1 0) at the boundary, one sees that the two dimensional subspace
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span{+1®0), |—1®n—1)} and its orthogonal complement are both invariant under V' (C). Thus,
when restricted to span{|—1®0), |+1®1),|-1®1),...,,[+1®n—2),|-1®n—2),|[+1n—1)},
V(C) defines a quantum walk with boundary conditions at 0 and n—1 which makes the quantum
walker bounce back when it meets the boundary {0} U {n — 1} of the configuration space.
Therefore we can consider the latter quantum walk is supplemented by Dirichlet boundary
conditions. Using now the mapping of canonical basis (with d = 2(n — 1)),

{{-1®0),|+1®1),|-1x®1),...,|—1®n—2),|+1®n—1)} = {eo,€1,...,€4-1}, (161)

the matrix representation W of the unitary operator V(C)|Span{+1®0>7‘_1®n_1>}1_ in the latter
bases reads

0 v 61
1 0 O
0 0 Yn—2 571—2
W= . . (162)
ap B -0 0

Qn—1 5n—2 0

Hence Lemma 4.11 applies to the matrix M = W corresponding this matrix W as well, and
eg is cyclic for W under the generic condition 0 < |ay S|, for all x € {1,...,n — 2}.

Therefore, as a direct corollary, we get thermalization of generic quantum walks with
periodic and Dirichlet boundary conditions:

Corollary 4.13. The one-body and two-body reduced density matrices for fermionic generic
quantum walks tends to olly; and o?lyr2 as time goes to infinity, independently of the details
of the walk. In particular, as time goes to infinity, the density profile in the sample is flat:
(nj) = o and the correlations are constant: (njnj) = o2

The results above hold for any size of the sample given by d, and for any generic quantum
walk, be it random or deterministic. In particular, the random quantum walks considered in
[JM] satisfy the hypotheses of the Corollary and are known to display dynamical localization.
Hence, if we assume there is no particle in the sample initially, the time evolution populates
the sample through the site zero. Corollary 4.13 shows that dynamical localization cannot
prevent the particles from visiting the whole sample when the reservoir keeps interacting with
the sample, and moreover, the thermalization process at work washes out any spatial structure
in the asymptotic repartition of particles in the sample.
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