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Abstract We study the dynamics of a Brownian quantum particle hopping on an infinite
lattice with a spin degree of freedom. This particle is coupled to free boson gases via a
translation-invariant Hamiltonian which is linear in the creation and annihilation operators
of the bosons. We derive the time evolution of the reduced density matrix of the particle in
the van Hove limit in which we also rescale the hopping rate. This corresponds to a situation
in which both the system-bath interactions and the hopping between neighboring sites are
small and they are effective on the same time scale. The reduced evolution is given by a
translation-invariant Lindblad master equation which is derived explicitly.

Keywords Out-of-equilibrium quantum statistical physics - Open quantum systems -
Weak coupling limit - Singular coupling limit - Quantum Brownian motion

1 Introduction

The irreversible dynamics of a quantum system coupled to infinite baths is often described
by determining the time evolution of the reduced density matrix of the system, the latter
being obtained by tracing out the bath degrees of freedom in the system + bath state. Under
certain approximations (including a Born-Markov approximation), this density matrix is the
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solution of a Lindblad master equation [1, 2]. We are aware of three mathematically well-
defined ways to derive such a Lindblad equation starting from the Hamiltonian dynamics
of the system and baths [3-5]: the weak coupling limit, the singular coupling limit, and the
low density limit. The weak coupling limit goes back to [6] and it was put on a rigorous
footing in a series of papers by E.B. Davies [7, 8]. It consists in letting the system-bath
coupling constant A going to zero and rescaling time like t = A~27, with 7 > 0 fixed. This
limit enforces the separation of time scales

ts L IR, tp L IR, (D

where #g (sometimes called the “Heisenberg time”) is the time scale on which the system
evolves in the absence of coupling with the baths, 75 is the correlation time of the baths, and
tg &t is the time scale at which we describe the dynamics, that is, the time scale on which
the system evolves under the coupling with the baths (the “relaxation time” for systems
converging to stationary states). The first time scale separation in (1) allows to perform
the rotating wave approximation. The second time scale separation allows for the Born-
Markov approximation. The singular coupling limit is the limit of delta-correlated baths,
corresponding to

1p L5, tp L IR ()

Such a limit, which is a quantum analog of the white noise limit for classical stochastic
processes, has been analyzed rigorously in [9-11]. It is physically meaningful in the limit
of large bath temperature. Finally, we refer the reader to [12] for a description of the low-
density limit.

The weak coupling, singular coupling, and low-density limits have been applied and de-
fined primarily for confined systems (typically atoms) coupled to free fermion or free boson
baths. There is a compelling reason for this in the case of the weak coupling limit: the
Hamiltonian of a confined system has discrete spectrum, and therefore a well-defined time
scale zg (given by the maximum of the inverse level spacings); in contrast, extended systems
may have continuous spectra, corresponding to arbitrarily slow processes in the uncoupled
system dynamics, thus invalidating (1) (see, however, [13] for a different approach). A phys-
ical example of this is diffusion, where the relevant time scale is set by a spatial scale. In
contrast, the singular coupling limit remains well-defined for extended systems, as one can
guess from inspection of (2) and as we will illustrate in this article. Note that in the physics
literature the dynamics of systems with arbitrarily large ¢¢ are often described by a Bloch-
Redfield master equation with a time-dependent generator which is not of the Lindblad form
(see [14] and references therein). This equation is perturbative in the system-bath coupling
but does not include a rotating wave approximation.

The derivation of the reduced dynamics of extended quantum systems is considerably
more involved. In [15], an extended system is studied in the scaling limit r = A 727, x =
A28, A — 0 (with 7 > 0 and £ € R? fixed) in which both the time ¢ and the position x are
rescaled. The scaling of space is dictated by the scaling of time, since on the microscopic
scale the particle moves a distance of order 272 in a time of order A~2. In this limit, the
resulting equation is a linear Boltzmann equation for the Wigner distribution of the particle.
This framework has been extended to describe decoherence in position space in [16] and an
essentially analogous result, with the weak coupling limit replaced by the low-density limit,
was obtained in [17].

Let us also note that quantum systems coupled to infinite baths have been studied in the
past fifteen year from another perspective. This approach, due to Jaksi¢ and Pillet [18], uses
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operator algebras and spectral analysis to describe the dynamics of the system and bath at
large time and small but finite coupling constant A. For confined systems, we refer the reader
to the lecture notes collected in [19] and the references therein. Extended systems have been
analyzed recently from a similar perspective in [20, 21]. Another branch of activity on open
quantum systems is the derivation of quantum stochastic equations, see for example [35, 36].

In this work, we consider an extended system coupled to bosonic baths. We are interested
in the dynamics of the reduced density matrix of this system at long times and for weak cou-
plings. The system is a quantum particle moving on an infinite lattice Z¢, which has some
internal degrees of freedom acting on a finite-dimensional Hilbert space. In the simplest
case, the Hamiltonian of the particle is the sum of the discrete Laplacian —A on £2(Z¢) and
of a self-adjoint Hamiltonian S describing the internal degrees of freedom. One may also
think of more general Hamiltonians coupling the position and internal degrees of freedom.
The particle interacts with free boson gases via a translation-invariant Hamiltonian, assumed
to be linear in the creation and annihilation operators of the bosons. We consider the follow-
ing scaling limit: (i) the time is rescaled as ¢ = A =27, where A is the particle-boson coupling
constant and t > 0 is fixed, (ii) the particle Hamiltonian is rescaled as Hp = —A2A + S,
(iii) one takes the limit A — 0. This scaling combines the weak coupling and the singular
coupling limits: if the translational degrees of freedom are frozen, it reduces to the weak
coupling limit for the internal state, whereas if one ignores the internal degrees of freedom
it amounts to a singular coupling limit for the motional state, as will be explained below
(see [3, 11]). In the latter case, however, the master equation is trivial. Indeed, by energy
conservation the particle can only absorb or emit bosons with a vanishing frequency in the
limit & — O; since such bosons have also a vanishing momentum and the total momentum
is conserved, one has no momentum transfers between the particle and the baths; thus the
coupling to the baths has no effect on the particle, except possibly for decoherence in the
momentum basis. This is in fact the main reason why we consider a particle with internal
degrees of freedom even though we are primarily concerned with its motion on the lattice.
Note that since the hopping strength is of order A2, we do not need a space rescaling as in
[15-17].

The above model allows for a tractable rigorous analysis in spite of the fact that we deal
with a spatially extended system. Our main result states that, in dimension d > 2, the reduced
density matrix of the particle converges in the aforementioned scaling limit to the solution
of a Lindblad master equation which is determined explicitly. This equation contains the
physics of dissipative extended systems, in particular diffusion (whose analysis is, however,
not treated in this work, we refer the reader to [20, 21] for results in this direction). Its
derivation requires much less mathematical complications than in the works [15-17].

Some related models have been studied in [22-25]. In particular, Vacchini and coworkers
considered in a series of non rigorous works [23, 24] similar models but in a low density
limit; they argue that the evolution of the particle density matrix (that is, not only of the as-
sociated Wigner transform) is governed in this limit by a Lindblad master equation. In [25],
drift and diffusion of an electron moving on a one-dimensional lattice and submitted to a
static electric field have been studied in a model in which the coupling to the bath is simu-
lated by repeated interactions with two level systems. Finally, we point out that our model
can be viewed as a continuous version of a dissipative quantum walk [26].

The paper is organized as follows. We introduce the model in Sect. 2, first at finite volume
for the particle and baths and then by considering the infinite volume limit. Our results are
presented and discussed in Sect. 3, together with two important examples. The last Sect. 4
contains the proofs and some technical results are proven in the Appendix.
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2 The Model
2.1 The Quantum Particle

Our model consists of a quantum particle on the lattice Z¢ coupled to free boson fields. In
this subsection and the three following ones, we describe the model at finite volume.' We
thus restrict the lattice to a finite hypercube with periodic boundary conditions and consider
A =7%/Q2LZ)¢ with 1 < L < 0o, d being the space dimension. We will often identify A
with ]—L, L1 N Z¢ c Z*. The infinite volume limit L — oo will be taken in Sect. 2.5.
The particle has translational degrees of freedom x € A and an internal degree of freedom
s=1,..., N < oo, which may correspond to a spin or to an internal state of an atom or a
molecule. The Hilbert space of the particle, H4 = €*(A) ® CV, has finite dimension |A| x
N, where |A| = (2L)? is the cardinality of A. The particle Hamiltonian H Iﬁ‘ consists of
a hopping term acting on £2(A) plus a term governing the internal dynamics given by a
self-adjoint operator S acting on CV,

Hp =3"Hpy, + S 3)

where we identified S with 1,24 ® S. We have introduced in front of the hopping term
a small parameter A* playing the role of a hopping strength or of an inverse mass; A > 0
will be chosen below to be the particle-boson coupling constant and « is a positive scaling
exponent. Our most interesting result will correspond to « = 2 and d > 2. Note that for
a=ocand A < 1,1.e., A* =0, the translation degrees of freedom can be dropped altogether
and the dynamics takes place on CV. In the simplest setup, Hh‘ép is (up to a minus sign) the
discrete Laplacian on £2(A),

Ha,==-A=— Y (00— 0)E) @l @

X, y€A, [x—y[a=1

where {|x); x € A} is the canonical basis of £2(A), the Dirac notation |x)(y| refers to the
operator ¥ > 1 (y)|x) from £2(A) to £2(A), and |x — y|4 = Zf:] mingez |x; — yi + 2kL],
i.e., we use periodic boundary conditions. In a more elaborate setup, Hh‘gp will be modified
such that the propagation of the particle may couple to the internal state. An Hamiltonian
that accommodates this idea is presented in Sect. 3.3.

An important property of our model is invariance under space translations. These trans-
lations are represented on Hj.} by unitary operators U Iﬁ‘ (x) defined by U ,ﬁ‘ @) ®|d) =
|x +y) ® |¢) for any x, y € A and |¢) € CV. We state some conditions on Hh‘})p, which are
in particular satisfied by the Hamiltonian (4).

(A1) The hopping Hamiltonian Hh/(‘)p has the form

Hiy =Y UR(=0hpUp ()= Y |y = x)(z = x|{ylhnopl2) ®)

xeA x,y,zeA

n the mathematical literature on open quantum systems, it is common to work from the beginning with
baths in the thermodynamical limit; the bath state and dynamics are defined with the help of (a representation
of) an abstract CCR algebra (see e.g. [19]). We shall not use such an approach here and treat together the
infinite lattice limit for the particle and the thermodynamical limit for the bath.
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324 W. De Roeck, D. Spehner

where hyp is a A-independent self-adjoint operator on 22(Z4) @ CN satisfying
(ylhnoplz) =0  whenever |y| > R or |z| > R (6)

for some R < oo. In particular, this implies that Hh‘ép is translation-invariant,

Up(—x)HE

hopU Ax) = Hh’(‘,p for any x € A, and has a finite range independent of A.

One has hyop = (1/2)2‘1‘:1(2|0) (0] — 10)(z] — 12)(0]) ® 1~ in the case of the discrete
Laplacian (4).

By using the Combes-Thomas estimate, which can be applied independently of S since
the latter operator does not act on the translation degrees of freedom, one can show that the
finite range condition (6) implies the propagation bound

” <x|e—irH;,‘ y) H < el g=1x=yla @)

for some positive and A-independent constant . Here and in what follows, ||A| denotes
the operator norm of the operator A (acting either on CV, H4, or another space); in (7), the
quantity inside the norm is a N x N matrix acting on the internal degrees of freedom of the
particle.

2.2 The Bosonic Baths

The particle is coupled to one or several bosonic baths labelled by i € I ({ is a finite set). Let
T be the d-dimensional torus, identified with the hypercube |-, 7]¢. Let A* = (r/L)Z4 N
T9 \ {0} be the dual of the lattice A after having removed the origin .? The frequency v;(q)
of a boson with a (nonzero) quantized momentum g € A* is the value at ¢ of a function
v; 1 q € T? = v;(¢) € R, (dispersion relation of the bath /). We assume that v; is continuous
on T¢, C*® on T¢ \ {0}, and it satisfies

vi(q) >0 forq #0. ()

The Hilbert space of bath i is the symmetric bosonic Fock space built on b; = £2(A*),
Hp, =T(h)=Cabh & (@ b)d - ©
where ®; stands for the symmetrized tensor product (see [27] for details and background).

The full bath space is then given by Hs = & H{;, ;- The boson Hamiltonian Hj, acting
on H4, is

iel

HE =" " vi(g@)a},ai, (10)

iel geA*

where a;’, and g; 4 are the creation and annihilation operators for bosons with momentum g
in the bath i. We recall that a; , and a; , are unbounded operators on H4, acting trivially on
Hg" j with j # i, which satisfy the canonical commutation relations [a; 4, a; q,] =6;,j8q.q4'
and [a,;,,, Clj,q’] =0.

2In our finite-volume setup, bosons with zero quasi-momentum ¢ = 0 do not play any role and should be
removed in order that all expressions in this section be well-defined.
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Derivation of Some Translation-Invariant Lindblad Equations 325

2.3 Coupling Between the Particle and Baths

The particle and baths are coupled via a translation-invariant interaction Hamiltonian acting
on H* =H4 @ Hy,

Z > g0 @W; @€ @ (af, +ai—y) (11

iel geA*

where X is the position operator (acting on £>(A) as a multiplication by x and acting trivially
on CV), W; is an Hermitian N x N-matrix that models the interaction with the internal
degree of freedom, and go;(¢) are momentum-dependent coupling constants. Having in
mind the thermodynamical limit which will be considered below, we assume that go;(q)
are the values at the quantized momenta ¢ € A* of some continuous functions go; : T¢
C. These functions are called the form factors in the sequel. They must satisfy go;(g) =
g0.i(—q), g € T, in order that H* be self-adjoint. Introducing the field operators

nt

o (9) =141 ) " (e(@af, +9(@aiy) (12)

geA*

for ¢ € £>(A*), one may rewrite HZA as

HA=Y"3 "W ® |x) (x| @ 0 (:.1) (13)
iel xeA
where we have set
8xi(q) =€ g0 (q). (14)

Up to the freedom in the form factors go;(g), the choice of the Hamiltonian (11) is
dictated by the requirement that it must be invariant under space translations and lin-
ear in the creation and annihilation operators of the bosons. Space translations are rep-
resented on the bosonic Fock space of the bath i by unitary operators U/ (x) satisfying
UA(—x)a; ,U (x) = €~ a; ,. One easily checks that for any x € Z9,

UMN—x)Hp U (x) =

int

(15)

lﬂ[

with U4 (x) = Up (x) @ @,; U (x). For instance, electrons in solids are coupled to low-
energy acoustic phonons via an Hamiltonian of the form (11), see [28, 29].
The total Hamiltonian of the coupled system, acting on H*, is

Hg = (A" Hip, + ) ® 1y + 14 ® Hg +AHpy, (16)
where we have introduced the dimensionless coupling constant A in front of HZ. Using
v;i(g) > 0 and the finiteness of A, one can apply the Kato-Rellich theorem to conclude that
HA is self-adjoint on the domain of H}'.

2.4 Initial State
We assume that the particle and bosons are in a product state pa ® p# initially, where p#

is the initial density matrix of the particle and pj the initial density matrix of the bosons
(i.e., pf and pj are positive operators on Hp and Hz with trace one). We now specify our
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326 W. De Roeck, D. Spehner

assumptions on the boson initial density matrix p4. To this end, we consider the n-point
correlation functions
t(ppar, al?, --al ) (17)

PBYi g% . insqn

where a stands for a; , or af

(B1) The bath density matrix p} is translation-invariant and stationary with respect to the
free dynamics generated by Hj':

UM pp UL (—x) = e 7118 pfe il = pi (18)

foranyx e A, iel,andt eR.

(B2) pj is quasi-free. That is, the correlation functions (17) exist for any qy, ..., q, € A%,
they vanish if the number of creators is distinct from the number of annihilators® (in
particular, if n is odd) and they satisfy the following Gaussian property (also known
as Wick’s identity): for n even,

n/2
A _# #y _ § : l_[ A #Lm Hom
(pB ll q1 ain»‘/n) - tr 'OB i Gum alam ‘Iam) (19)

parings m of (1,...,n) m=1

The sum in (19) runs over all pairing of (1,...,n), that is, over all sets 7 =
{(t1,01), ..., (tay2, 0n2)} Of n/2 pairs of distinct indices such that 1 =1; <1y <--- <
lnj2, bm < Oy forany m =1,...,n/2, and the union {1, ..., 1,2} U{o1,..., 042} is
equal to{l,...,n}.

(B3) pp = ®l€, pB ; Is a product of quasi-free denstty matrices pB ; on HB ;- In particular,

#)

a4, 0a; qz) vanishes if i # j.

the two-point correlation function tr(p# a 3

Note that, according to assumptions (B1) and (B2), tr(p“ I#L“ a; qz) also vanishes if q; #

q». Assumption (B3) means that the baths are not correlated initially. Assumptions (B1)—
(B3) imply that pj is completely determined by the set {¢*(q); ¢ € A*} of occupation
numbers ¢ (¢) = tr(py a; ,ai 4) € Ry of bosons with momentum ¢ in bath i. In particular,

tr(pf O/ ()P (92))

(&2 @e1(@e2(@) + (1 + (D)1 (@ e2(@)) (20)

|A| geA*

for any ¢y, ¢, € £?(A*). When taking the thermodynamic limit we will need the additional
hypothesis:
(B4) ¢ (q) are the values at the quantized momenta q € A* of some continuous function
& 1 T\ {0} — Ry such that |go;)*¢; € L' (T?).
The prime example of an initial state satisfying (B1)—(B3) is

e Pt}

A A : A )
Pp = Pg. i with Pgi = A 2D
& RO

3This property is sometimes called gauge invariance since it follows from the invariance of the state under
the gauge transformation a; ;, — e‘ea,’,q.
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Derivation of Some Translation-Invariant Lindblad Equations 327

the Gibbs state at inverse temperature 8; > 0. This situation corresponds to a particle coupled
to thermal baths (which may have different temperatures). Then ¢;(g) = (efVi@ — 1)~ is
the Bose-Einstein distribution. If the form factors are such that |gg;|?/v; € L'(T9) then the
last assumption (B4) holds true.

2.5 Thermodynamic Limit

To observe irreversible phenomena, we have to consider the baths at the thermodynamic
limit, that is, send A 7 Z¢ keeping the boson densities fixed. By A 1 Z¢ we mean the limit
L — oo, L being the size of the hypercube A; in this limit the motion of the particle takes
place on the infinite lattice Z¢.

Let Hyop be the bounded self-adjoint operator on Hp = 02(Z) ® CN defined by
(x| hOp|y) — (x|Hpoply) as A / 74 for any x,y € Z?. This Hamiltonian is given for-
mally by Hyop = > ezd Up(=x)hnopUp (x). It describes the hopping of the particle between
the lattice sites in the infinite volume limit. We identify all operators on £2(A) ® CV as
finite-rank operators on EZ(Z") ® CV. By the finite range condition (A1), (x[Hpoply) =0
for |x — y| > 2R and H, hop — Hygp strongly as A 7 Z¢. Since Hh’ép (and thus Hy,) are
bounded, it then follows, e.g. by the Duhamel formula, that

—itHA

e "Hr s 7P strongly as A 7 Z¢ (22)

with Hp = A% Hyop + S.

In what follows, we will denote by B(Hp) (respectively B;(Hp)) the Banach space of
bounded (trace-class) operators on Hp (recall that the norm on 5;(Hp) is the trace norm
[|All; = tr(JA])), and by Sp the convex cone of density matrices on B(Hp) (i.e., positive
operators in B, (Hp) with trace one). We must clearly assume that the finite volume initial
state of the particle converges as L — oo in the trace-norm topology.

(A2) pp — ppin Bi(Hp).
AS7A

It is easy to show from the commutation relations of the aff , 8 that the field operator (12)
evolves under the Hamiltonian (10) as

eitHéx ¢iA ((p)efitl'll‘;} — ¢_A(ei“}i (p). (23)

1

The following space-and-time bath correlation functions

[0yt s) =tw(pg @ (€ g0i) P (e 8y.1)) 24)

will play an important role in what follows. By translation invariance and stationarity of the
bath initial state pj (assumption (B1)), f*(x,y;t,s) = fA(x — y,t — s) only depends on
the position difference x — y and time difference ¢ — s, where, according to (20),

fA(x = — o Z|go’i(q)|2(§iA(q)eiq<xeirw(q) (1+§ (q)) —ig-x —uv,(q)) (25)

qgeA*

By assumption (B4), f;(x, t) converges as A /' Z% to
ddq 2 ig-x Litvi(q) —ig-x ,—itvi(q)
fie= | ngo,i(q)} (G(@e e @ + (14 ¢i(g))e e ™ @)  (26)
uniformly in ¢ (recall that v; is bounded).
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328 W. De Roeck, D. Spehner

2.6 Reduced Density Matrix of the Particle

The reduced density matrix pj (¢) of the particle at time ¢ > 0 is the partial trace over H4 of
the time-evolved density matrix of the total “particle + bosons” system,

A A
pp (1) =trg(e " Mopy @ ppet ). 27

The following proposition states that it is well defined in the thermodynamic limit under the
assumptions described in the preceding subsections.

Proposition 1 Assume that (A1)-(A2) and (B1)—(B4) are satisfied. Then for each t > 0 and
A > 0, the reduced density matrix (27) converges as L — 00,

pr) = Z;(pp) (28)
AS7d

in the trace-norm topology, where Z, , is a completely positive and trace-preserving map
acting on Bi(Hp).

This proposition will be proven in Sect. 4.6.

3 Results and Discussion
3.1 The Scaling Limit

To obtain rigorously a kinetic equation for pp(t) = Z, ; (pp), we perform a van Hove limit
by setting r = A~27 and letting A — 0 while keeping the rescaled time 7 > 0 fixed. In the
interaction picture with respect to the internal Hamiltonian S, the reduced density matrix of
the particle is in the scaling limit

pa(@) = lim  &SZ,,(pp)e S (29)

A—0,t=A"21—>00

(since we never consider objects on the bath space in this limit we write pg(7) instead of
pp.s1(7)). Note that the infinite volume limit (28) has been taken first, before letting A — 0.
Our main result is the existence and characterization of the limit (29). Recall that A appears
both in front of the interaction Hamiltonian H;, and of the hopping term Hj,, in the total
Hamiltonian (16). Hence hopping between the lattice sites goes to zero as A — 0 and the
motion induced by the Hamiltonian Hy, becomes effective only at large times t ~ A7 1.
It is then intuitively clear that for « > 2 the hopping will be absent in our scaling limit,
whereas for &« = 2 both hopping and dissipative effects due to boson absorptions and emis-
sions should be contained in the kinetic equation for pg (7).

Before stating the result, let us introduce some notation. In the following, {A, B} = AB +
B A denotes the anticommutator of two operators A and B on Hp, {|s); s =1,..., N}isthe
orthonormal basis of CV diagonalizing the internal Hamiltonian S, and E; € o (S) are the
eigenvalues of S, thatis, S|s) = E;|s). For any Bohr frequency w € o ([S, -]) = (S) —a (S),
we define the N x N matrix

Wiv= D 8rr, o(sIWils)s)(s| (30)
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Derivation of Some Translation-Invariant Lindblad Equations 329

and the spectrally averaged hopping Hamiltonian

Hipy= > 8p,k, (s Huopls)Is)(s'| 31)
s,8'=1,....N

where 8, is the Kronecker delta symbol (equal to unity if a = b and zero otherwise).
Finally, let us recall that a quantum dynamical semigroup (QDS) on B;(Hp) is a semi-
group (7;).>0 of maps 7; : Bi(Hp) — Bi(Hp) which are completely positive and trace-
preserving, such that 7 € Ry — 7; is x-weakly continuous. Lindblad [1] has derived the
general form of the generators of norm-continuous QDS (see also [2] and an extension to
unbounded generators in [30]).

Theorem 1 Let assumptions (A1)—(A2) and (B1)—(B4) be satisfied and let o > 2. Assume
moreover that the infinite-volume correlation functions f;(x,t) satisfy

N e i
lim — dt sup |fi(x,0)e” " =0. (32)
0

n—oon xeZd iel

Then for any T > 0 and any pp € Sp, the limit (29) exists in the trace-norm topology and is
equal to py(t) = efﬁnpp, where (€75) ;>0 is a norm-continuous quantum dynamical semi-
group on By(Hp). If o = 2 the generator L* of this semigroup is given by

ﬁ”(p):—i[Hﬁop+T,p]+ Z Z( Z ci(y —x, )W, ® [x){x|

weo ([-,S]) iel “x, yezd

¢ (0, w)

IOVV:w ® [y yl— {waW,-m ® L2za), P}) (33)

where
0 .
T == Z Z:\\S{/ dt ﬁ(o, t)eillw} W;w Wi,u) ® 122(Zd) (34)
weo ([.S]) iel 0

and c;(x, w) is the time Fourier transform of f;(x,t),
ci(x, w) = / dr fi(x, e e, (35)
R
If a > 2, L7 is given by the same expression as in (33) but without the term —i[Hﬁop, pl.

To see that £% in (33) has the Lindblad form (and thus that (ef‘:)fzo is a QDS), we first
rewrite

1
£5(p) = ~i[ iy + T p] +2(0) = 2 {2 (D). p} (36)

where the map 2( abbreviates the term involving a sum over x and y in the right-hand side
of (33) and * is its adjoint with respect to the trace, i.e., tr(2A(p) A) = tr(p2A*(A)). We note
that ¢; (x, w) is of positive type in the x-variable (this follows from the fact that f;(x,¢) is a
correlation function, see (24)) and therefore it is the Fourier transform of a positive measure
Ti(dg, ) on T?:

/ da(dq, w)e 9, (37)
T

ci(x,w) = @y
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This shows that 2 has the Kraus form

Ap)= > Y. f G (dg, ©)Viw(@)pViw(@) (38)

weo ([-,S]) i€l

with V; , = (2m)~4?W, ,, ® X, Thus 2 is a completely positive map [31]. Moreover, 2 is
bounded on B, (Hp) because for any p € B(Hp), p >0,

2], =e@@) < Y D O )WLl el (39)

weo ([-,8]) iel

and ¢;(0, w) is finite by the integrability of the correlation function f;(0,¢) (assump-
tion (32)). Since also A*(1) and Hp,p + 7 are bounded operators on Hp, it follows that
L£" is bounded on B, (Hp). This boundedness and the complete positivity of 2 imply that
the operator £° in (36) generates a norm-continuous QDS [1].

Another way of phrasing Theorem 1 is to say that the rescaled density matrix pq(7)
satisfies the Bloch-Boltzmann master equation

= P = £(pu (o)

Note that £7 commutes with i[S, -], a generic fact for generators obtained via a weak cou-
pling limit [3, 7]. The self-adjoint operator 7" in (34) acts trivially on £2(Z¢) and commutes
with §; it represents the energy shifts of the particle due to its coupling with the bosons
(Lamb shifts). In the following Sects. 3.2 and 3.3, we unwrap the form of the generator £*
in two different situations and discuss the physical phenomena described by the correspond-
ing master equation.

The major technical assumption of Theorem 1 is the integrability condition (32) on the
boson correlation functions. This assumption should be compared to the analogous condi-
tion for confined systems [3, 7, 8], i.e., the integrability of the correlation function (26) for
x = 0. An explicit computation and the use of a stationary phase argument performed in the
Appendix yields:

Proposition 2 Let us assume that the form factor go; has a support contained in the open
ball {q € T% |q| < 7}, that |go.;|(q) and ;(q) depend only on the modulus |q| of q, and that
the bosons of bath i have a linear dispersion relation v;(q) = |q| on the support of go.;. Fur-

thermore, let the functions ;.4 (1q1) = 180.i(@)1*¢i(q) and Y _(Iq1) = 180.i(@)I*(1 + &i(q))
belong to C*(10, r]) and

|q|min{d73,%}wi.i(|q|)’ |q|d ZW (|q|) |q|d llp (|Q|) (40)

be integrable on [0, w]. Then assumption (32) on the correlation function f;(x,t) is satisfied
in dimension d > 2.

If the bosons are initially at thermal equilibrium, in such a way that ¢; (g) = (efl?! — 1)~!,
then the assumptions on v; 4 in Proposition 2 are satisfied if go ; (|g]) € C?(10, 7]) and

|m|n{d 4,453 |d 3

—Igo,I, and |g|7?

aa d| . el @1)

lg gl g
are integrable on [0, 7].
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Remark 1 For most natural models, assumption (32) fails in dimension d = 1; see the
Appendix for an explicit computation.

Remark 2 For physical applications it would be of interest to estimate the error terms in
the convergence to the scaling limit, that is, to have an explicit bound on ||pp(A~27) —
e~ *72TIS:1 5 (7)1 Due to the repeated use of the dominated convergence theorem, our proof
of Theorem 1 does not exhibit such a bound. One could in principle obtain the error terms by
assuming some explicit decay of the correlation functions f;(x, t) as in [33] (see Appendix B
in this reference).

Remark 3 The choice of the scaling exponent « in the factor A* in front of the hopping
Hamiltonian Hjg, in (16) is more dictated by mathematical than by physical motivations.
For o > 2 the hopping Hamiltonian H, is absent in the dynamics in the scaling limit and
one has a trivial coupling between the hopping and the internal degrees of freedom in the
Lindbladian £°. For a < 2, as explained in the introduction, the convergence in the weak
coupling limit A — 0 is mathematically more involved. It is not clear whether in this case
one can still distill a limiting Lindblad operator.

As already indicated in the introduction, in the case o = 2 our scaling limit incorporates
both features of the singular and weak coupling limits: the translational degrees of freedom
are treated within the singular coupling limit and the internal degree of freedom is treated
within the weak coupling limit. The fact that the Hamiltonian

H, = 3*Hyop + Hp + A Hin (42)

corresponds in the limit A — O to the singular coupling limit was pointed out by Palmer [11]:
the dynamics generated by (42) at time ¢ can be mapped into the dynamics generated by the
Hamiltonian
H] = Hyop + Hy, + Hp:/ 43)

at the (unrescaled) time v and with an (unrescaled) hopping term Hy,,, where Hy, is a free
boson Hamiltonian as in (10). The new interaction Hamiltonian Hiﬁt/ is not multiplied by
A and is given by the original interaction Hamiltonian H;,, as given by (13), but with a
rescaled form factor g;2, (A2q) instead of g,(g). The two dynamics generated by (42) and
(43) are exactly the same, in the sense that e’ and e™"i coincides up to a conjugation
by the unitary operator transforming the field operator @ (¢) of a boson with wavefunc-
tion ¢ € L>(T?) in the initial problem onto the field operator @ (¢,) of a boson in the new
problem, with @; () = A@(A2g). In the limit A — 0, the rescaled form factor becomes sin-
gular.

Let us mention that a model of a quantum system coupled to a free fermion bath has been
studied in [22] in the singular coupling limit, using the approach of Refs. [7, 8].

3.2 A Jump Process in Momentum Space

Let us choose Hyop, = —A according to (4), « = 2, and assume that all baths are initially
in thermal equilibrium with the same temperature ;Slfl = B~'. We may then just as well
consider only one bath initially in the Gibbs state p = pj'.
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This setup is interesting if one sets out to study diffusion and decoherence of the Brown-
ian particle, see [20]. The resulting master equation can be written as

dpg(T) . / dg
=—i[-A+7T, E ——1lq, W, ®T, W, TS
dr l[ * pSl(T)] +w€0([5,»]) d (2m)4 clg, ) Ty ps(TW, T,
1 *
- E{Wme ® 122(2‘1) ) psl(t)} (44)

where T, = !X is the unitary momentum translation operator on £2(Z) and we have used
the notation ¢; (dg, @) = ¢(q, w) dg with ¢(g, @) the positive distribution which for w # 0 is
given by (see (26), (35), and (37))

eg, @) =27|20@ ] (C(~3(v(—q) — @) + (1 +2@)8 (v(9) + @)).  (45)

Here {(g) = (/" — 1)7! is the Bose-Einstein distribution, and we have assumed that
C;(dq, w) defines a bona fide measure, which requires some mild additional conditions on
v. The first term in the rate (45) corresponds to absorption processes of a boson with mo-
mentum —¢g and frequency v(—q) = w; it is proportional to the mean number ¢(—g) of
bosons with momentum —g. The second term corresponds to spontaneous and stimulated
emission of a boson with momentum ¢ and frequency v(¢) = —w and is proportional to
14 ¢(g) (the term 1 comes from spontaneous emission). The delta distributions in (45) ac-
counts for energy conservation (see Fig. 1). Note that we have the detailed balance condition
g, w) = e PC(—q, —w).

To appreciate Eq. (44), it is worthwhile to see what it implies for the evolution of diag-
onal elements of the density matrix in the eigenbasis of S and the momentum basis for the
translational degrees of freedom. Let us define the momentum density (assuming that the
sum on the right-hand side is absolutely convergent)

pa(ik,s)= Y e x s|pg ()X, 5) (46)

x,x'ezd

with |x,s) = |x) ® |s). Note that Zi\’:lfw dk pg(t; k, s)/(2m)? =1 for any t > 0. For
simplicity, let us assume that the spectrum of S is non-degenerate, i.e., all eigenvalues of S
are simple. Then (44) gives

L pa(Eik ) = ilfqr Ak(y (K 'k, 5) o (s k. s) — y (ko s|K5) o (13 K 5')
(47)
where
y(K,s'|k,s) = @m) %k — K, Ey — E,)|(s'|W[s)|* (48)

In formula (47) one recognizes the structure of a forward Markov generator with (singu-
lar) transition rates y (', s'|k, s), acting on densities of absolutely continuous probability
measures (hence on L'-functions) on T x {1, ..., N}. Therefore, the master equation (44)
describes the stochastic evolution of a particle with momentum k and internal state s, which
may jump from the state (k, s) to (k’, s”) by emitting or absorbing a boson of momentum ¢
and energy v(q), as represented in Fig. 1. According to (45) and (48), only jumps satisfying
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(b)

Fig. 1 The processes contributing to the gain term (first term on the right-hand side of (47)). Emission
corresponds to Eg > E/ and absorption to Eg < E . (a) The particle makes a transition (k, s) — ', s
and emits a boson of momentum ¢ and energy v(g) with k =k’ + ¢ and Eg = v(q) + E. (b) The particle
makes a transition (k, s) — (K, s”) and absorbs a boson of momentum g with k+¢ = k" and Es+v(q) = Ey

energy and momentum conservation v(q) = |Ey — E| and g = sign(Ey — E) (k' — k) are
allowed (here sign is the sign function). Note that, in the limit A — 0, the energy of the
particle coincides with its internal energy E; since the hopping energy was assumed to be
of the order of A* with o > 2. This explains why the detailed balance condition

y(k/,s’|k,s) :eﬁ(E.v*Ex’)y(k,s|k/7s/) (49)

does not involve the kinetic energy but only the internal energy levels E and Ey .

Let us recast the master equation (47) in a more explicit form, making some concrete
choices. We assume that N = 2, label the two spin states as s € {—, +}, and choose the two
internal energies E4 = =+e€/2. Furthermore, we suppose that on {|g| < €}, the form factor
go(q) depends only on |¢| and one has a linear dispersion relation v(g) = |¢|. Then

%psl(f;k,ai)chd | dq( P pa(r K F g F) = Ppa(w:K ) (50)
S4=1(e)

where S?~!(¢) is the hypersphere with radius €, dg is its surface measure, and the prefactor
cis equal to (27)' /| (+|W|=) |0 (lg] = €)[7e/?/(eP< —1).

In the absence of internal Hamiltonian (i.e., for S = 0), energy and momentum conserva-
tion and the fact that v(q) # 0 for ¢ # 0 imply that, up to second order in A, the particle can
only emit or absorb zero-momentum bosons and thus cannot change its momentum. Hence
the coupling with the bath has no effect on the translational degrees of freedom in the scaling
limit (29). This features would not change if we consider baths at different temperatures, or
more complicated hopping Hamiltonians.

Given some mild technical conditions, one can show that a particle described by
the Lindblad equation (44) diffuses in position space: more precisely, one shows that
> ez X P (x| pg()]x) ox T as T — o0, see [20, 21].
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3.3 Ratchet

We now apply our model to ratchets. We refer the reader to the review article [32] for more
details on this subject. For this application, we choose

Hyop = — Z(Ix)(x Ferl @ lso) s |+ 1x +en) (x| ® Is ) (s ). (S

xezd

Here, |s_.) and |s—) are two distinguished eigenstates of S and we singled out a spatial
direction by coupling these states to the motion in the direction of the unit vector e; € Z¢.
We assume that S has four distinct eigenstates labelled by s4, s, s_,, and s satisfying

S|sy) =€lsy), Sls;)=—€ls;), and S|s_.)=S[s)=0. (52)

For simplicity, we choose equal eigenvalues of S corresponding to the states |s_,) and |s._),
so that Hy,p and S commute. We will exploit the fact that we have two reservoirs. Bosons
from the first reservoir couple to the s-variable by

Wizt = [sp) (s [+ Isy) (s |+ Is ) (sp] 4 s ) sy (33)
while bosons of the second reservoir couple as

Wiza = [sp) (s [ [sy) (s [+ [s ) (sp] + 55 ) sy |- (54)

We choose the initial state of the reservoirs to be pp = pfgll) ® p/gi), where pfs’;,) is a Gibbs

(thermal) state at temperature 7; = ,Bi_l. If the two reservoirs have the same temperature,
then the model does not display any current. However, by preparing the reservoirs at dif-
ferent temperatures 7; # T, one breaks the time-reversal symmetry and a current will in
general emerge. To simplify the forthcoming discussion, we choose go; = go» (the form
factors are equal) and

T, =0, T, > 0. (55)

The boson field induces jumps between the internal states |s) as represented in Fig. 2. By us-
ing energy conservation (see (45)), one easily convinces oneself that, with the temperatures
chosen as above, the particle can make a transition from |s._) to |s_,) by emitting a boson
of the first reservoir and absorbing one of the second reservoir, whereas it can not make
the reverse transition from |s_,) to |s.) (there are no boson with frequency € in the first
reservoir at 71 = 0). Since all the jumps between eigenstates of S happen at fixed position,
these transitions do not in themselves induce a current. However, the hopping Hamilto-
nian Hy,, allows for transitions between the states |s_,) and |s.). Hence, a current flows
in the e;-direction. The possibility of extracting work from the system is already visible in
Fig. 2, where one sees that the particle can go from |s._) to |s_, ) via the upper (respectively
lower) level only clockwise (anticlockwise). Once one has this property (which is excluded
in equilibrium), it is clear that one can devise a scheme to convert this “internal current” into
a spatial current.

4 Proofs
4.1 Preliminaries

Our proof of Theorem 1 follows a similar approach as in some previous works of one of
the authors, in particular [20, 34]. The starting point is a Dyson expansion of the propagator
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Fig. 2 Possible jumps between - |st)
internal states of the particle.

Note that the jumps due to the

coupling with the reservoir at T, >0 Ty =0
temperature 7'} = 0 can take

place only from higher to lower

energies, whereas the jumps due
to coupling with the other lse) [s—)

reservoir at positive temperature
can go either way
T = Ty >0

[s4)

Z, .. We consider the situation in which the particle is coupled to a single bath. Therefore,
we do not write the lower index i and the corresponding sums, which do not play any role
and obscure the notation. The proof for several baths, i.e., |I| > 1, is exactly the same. We
also restrict ourselves to the case of a scaling exponent & = 2. The case o > 2 is simpler and
can be treated similarly.

Let us first fix some notation. For products of operators, we use the conventions

—

[T 4i=4... A4, [] 4i=414,... A, (56)
j=1 j=1.
The operators acting on B, (H p) are denoted by calligraphic fonts, e.g. 7 or £, and we use
their (operator) norms

17 (A
I7ll= sup —-—. (57)
AcBiHp) 1Al

We denote by C constants that can depend only on the space dimension d, the inter-
nal space dimension N, the parameter « in the propagation bound (7), and the correlation
function f(x,1?).

4.2 The Dyson Series

Let Z{"A be the propagator for the reduced dynamics of the particle at finite volume, defined
by

2/ (07) = a7 (0 @ pf)e ), ppt € S(HP). (58)

We will show below that the Dyson expansion with respect to the interaction Hamiltonian
(13) of this propagator converges in norm; this expansion reads

DU =t [ i T (Vi e el
n>1 0<t) <---<ty <t (X14.eesXp) €A™
(Vi) @ DL (1), [VA@) @ DL (). pp @ p]]-++]) (59)

where @2 (1) = ¢4 (e g,) is the freely-evolved field operator, see (23), and

VAW =P W @ |x) (x]e 7 (60)
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Forany x € Z¢,t >0, and T € B(H4), let us set

VANOT  ifl=L

A -
I%(x,t,10(T) = [—TVXA(t) ifl=R

(61)
fA(x,t) ifl=L

A _
frenh= [fA(x,z) if1=R

where f4(x, 1) is the correlation function (25), which satisfies f4(x,t) = f4(—x, —t). By
using the quasi-freeness assumption (B2), one gets

Dh=1+) > Z fo AtV (1, x,D) (62)
R} <t ==l =t

n>1 pairings 7 (x,/)e A2 x{

where df stands for dt; - - - dt,,, the second sum runs over all pairings 7 = {(¢1, 0y), ...,
(tn,0u)}of (1,...,2n), and

Vi@ x)=(=2)" T[] 7°G.t;. 0[] £ o = %y to, — i, 1,)  (63)
Jj=1,....2n m=1
if x1,...,x, € A, and an (m,t,x,l) =0 otherwise. We do not write explicitly the depen-

dence of Hy', V2, and Z# on the coupling constant A to simplify notation, but we keep it in
VAA,” and D}, because we will later consider the limit A — 0 of these quantities.

Already at this point, we can establish the norm-convergence of the series (62). Indeed,
N1ZAGx, ¢, D) < |W] and | f4(x,t,1)| < £4(0, 0), thus the nth term in the series (62) has a
norm bounded by

" 2n ((ARMWIID)*24(0,0))"
2| AW 4(0,0 = * 64
QAW G (0.0 |2 (2 ) , o4
where the term between the square brackets [-] is the number of pairings 7 of (1,...,2n).

Hence the Dyson series (62) at finite volume converges in norm. One can prove that its sum
is equal to the propagator in the interaction picture,

D[/})L — eil[H{J‘"]Z;‘A. (65)

We will consider the Dyson series at infinite volume and we simply drop the superscript
Aon Hp,T,V, and f to denote the corresponding objects for A = Z¢. We argue that in the
infinite volume limit A 4 74,

e HR ] _y o=itlHp ], Tx,t,1) = I(x,1,1),

and Vi (z,t,x,0) > Via(m, 1,x,0) (66)
strongly on B (H p). Indeed, recall that given some bounded operators A** on a Hilbert space
such that A4 — 0 and (A4)* — 0 strongly, then ||A4T||; — 0 and ||T A%|, — O for any
T € B, (Hp). The first limit in (66) follows from this property, the inequality ||A4TU ||, <

|AAT ||, for U unitary, and the strong convergence of e"itHE on Hp, see (22). As VXA (1) —>
V. (¢) strongly on Hp (again by (22)), the second limit follows from the same property.
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Fig. 3 (a) Crossed diagram, (a)
(b) ladder diagram

[ 1 [T [ ]

L Il
T T
0 t ta [Z3 7] t 7 ts t
Il I oo Il oo
iy to, toy, to,  tug tog by loy

Since VAA,” (m,t, x,1) is a finite product of the Z-operators and correlation functions f4, the
third limit in (66) then follows from the second one and from the pointwise convergence
fA — f (see Sect. 2.5). This implies that term-by-term, the series D,‘}A converges strongly
to the infinite-volume Dyson expansion '

P.=L L% / PR A G

The convergence of this series has not been addressed yet, so for the moment we consider
it as a formal series. To prove Proposition 1, we will show that this convergence is in some
way uniform in A and apply the dominated convergence theorem. We have made in (67) the
following abbreviations, which will also be in place in the remaining of the paper:

(a) we sumover n =0, 1, ..., where it is understood that the term corresponding to n = 0
is equal to 1;

(b) the sum over z ranges over all pairings of (1,2, ..., 2n);

(c) Z,(t) denotes the simplex {t = (¢1,...,1,) €[0,1]"; 1 <t <---<t,};

(d) the sum over x and [ range over Z*"¢ and {L, R}*", respectively.

4.2.1 Graphical Representation

It is convenient to represent V, , or V{fn by a diagram in which all times t; <1, <--- <1,
are ordered on the real line and pairings are represented by bridges linking two distinct
times. Two examples of diagrams are represented in Fig. 3. Replacing the times by their
indices 1,2, ..., 2n, the diagrams with 2n points are in one-to-one correspondence with the
pairings of (1,2, ...,2n). A diagram containing two pairs (t,0) € 7 and (¢, ¢’) € & such
that t < and ' < o is called a crossing diagram.* A non-crossing diagram will be called
a ladder diagram; it corresponds to the pairing 7w ,a4er = {(1,2), (3,4), ..., 2n — 1,2n)}
respecting the order, see Fig. 3.

The strategy of the proof of Theorem 1 consists in showing that in the scaling limit
A—0,t =121 — o0,

4Traditionally, some of these diagrams are called “nested”, but we call all of them “crossing diagrams” as we
represent them on a single time axis, see Fig. 3.
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(i) all crossing diagrams in the infinite-volume Dyson series (67) converge to zero;
(ii) the ladder diagram in (67) of order 2n converges to the corresponding diagram of the

gt
I"hopleT£% \where £ is the Lindblad generator given in (33).

Dyson expansion of e
4.3 Plan of the Proof
Below, we give the main steps of the proof of Theorem 1.

4.3.1 Topology

We first introduce a notion of convergence that is particularly useful for the problem. Let
(7,), be a family of operators on B;(H p). We associate to 7; a kernel with values in opera-
tors on the vector space B(C") of N x N matrices, defined as follows:

(T g3y (M) = (XI T (M ® |x0) (yol) Iy), M e B(C"). (68)

We write pt-lim, _, , 7,, = 0 whenever

)lul—IB) Z ” (7;))‘0-}’0:&)' ” =0 for any xo, Yo € Zd’

x,yezd

where the norm inside the sum is the matrix norm.

Lemma 1 Let 7, be uniformly bounded operators on B,(Hp). If one has pt-lim, _, 7, =0
then T, — 0 strongly, that is, limy_o | .(T) ||y = O forany T € Bi(Hp).

Proof Note first that for any T € By (Hp),

|tr(TA)| Iyl A
Tli= sup ———< su tr, x|T —_
17l AeB(?I-)tp) Al _Aes(gp)xgd e ([tT1)]) 1Al
<N Y [T (69)
x,yeZd

where the last inequality follows because tr(|M|) < N| M| for any finite matrix M €
B(CY). Let T have finite support in the sense that (x|T|y,) is nonzero only for a fi-
nite number of xg, yo € Z?. Then, by (69), pt-lim,_ 47, = 0 implies ||Z7,(T)|l; — O.
Next, one checks that operators 7 with finite support are dense in B;(Hp). Actually, let
Py=3,c,lx){x| ® 1oy be the finite-rank projector on span{|x); x € A} ® CV, with
A =74/QLZ)" as before. Without loss of generality, we may assume that 7 > 0. If {| i
is an orthonormal basis of H p diagonalizing T and p; > 0 are the eigenvalues of T', then

1PATPs =Tl <Y pi (| Paly)Wil(Pa = D, + [ (Pa = DI w1 )

J

<2 pi|Pa= DIy >0
J

as L — oo by dominated convergence. Hence, for any 7 € B;(Hp) and ¢ > 0, one can
choose a decomposition T = Ty + T such that T; has finite support and ||7}]|; < &. Then
1)1 < 1 7.(Ty) |11 + Ce by the uniform boundedness of (7;);. The claim follows. [
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A consequence of Lemma 1 is that in order to prove the strong convergence of D; -2, ; to
D; in the scaling limit, it is enough to show that

pt-im{D, >, , — D;} =0. (70)
A—0

In fact, one has || D, ;|| = 1 for any ¢ by the following standard argument. One first notes that
the finite volume propagator Z,AA defined in (58) preserves positivity and trace and hence so
does the sum DAX of its Dyson expansion (related to Z{‘A by (65)) as well as its strong limit
D, as A 1 Z¢ (we assume here that Proposition 1 has been already established). Then the
dual of D, ; under the trace, Df,, which acts on B(Hp), preserves positivity and satisfies
Dy, (1) = 1. It follows that || Df, || = 1 (see e.g. [27], Corollary 3.2.6) and thus || D, ;|| = 1.

4.3.2 Assumptions

In the remainder of this paper, we always assume (A1)-(A2) and (B1)—(B4) to be valid
without further mentioning it (note that once the Dyson series for Z;; is accepted as the
basic object of study, one does no need those assumptions anymore). To prove Theorem 1,
we rely on:

(a) The propagation bound (7), but for A = Z?: by (22) and as the right-hand side of (7)
is independent of A, this bound remains valid for A = Z¢ (alternatively, one can check
this directly by the Combes-Thomas estimate, using the fact that Hy, has a finite range).

(b) Assumption (32) on the infinite volume correlation function f(x,¢) or, in most inter-
mediate steps, the weaker requirement that f (x, -) is integrable for any x € Z<.

4.3.3 Step 1

We first prove that the Dyson series D; -2 ;, considered as a series in n, x, and /, converges
absolutely and uniformly in A, in the sense that

?ZZZS“P/M-Z,)@“m»n@zv&’ou.w,yii<oo an

A>0

for any xo, yo € Z¢ (see Proposition 3 below). This bound is the crucial point in the proof,
since it allows us to estimate the perturbation series term by term. It relies heavily on the
assumption (32).

By a similar bound on the finite-volume Dyson series D, ,.» the fact that this series con-
verges term by term as A 1 Z¢, Lemma 1, and (66), we obtain Proposition 1 with

Z,, =e Hrdp, (72)

Here the integrability of f“(x,-) is not needed, the only requirement is its pointwise con-
vergence as A 1 Z¢ (which follows from (B4)).
These results are accomplished in Sects. 4.4 and 4.5.

4.3.4 Step 11

We show that every single crossing diagram vanishes in the scaling limit, in the sense that,
for any n > 1 and xo, yo, x, y € Z9,

lim / At [Vin(@. £, 2, Dxyypiny | =0 whenever & # miagaer. (73)
r—>0 Zon (A 21:) -
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This step is essentially taken over from the original work [7], but we review it in Sect. 4.7.
To feel why this holds true, note that when ¢ = 2727 > 1, the time integration domain of a
crossing diagram of order 2z is much smaller than that of the ladder diagram of the same
order. This is due to the restriction t, <ty <t, associated to the nested pairs (¢, o) and
(t, o), see Fig. 3.

By dominated convergence and (71), this implies that the contribution of crossing dia-
grams in the Dyson series D, -2, ; vanishes in the limit A — 0 in the topology introduced in
Sect. 4.3.1, i.e.,

ZZZ Z / dt” Vx W, L, x, l))m.y():x,y ” )\:)00 74

2
nooxl %Y T#Tadder 20 *TT)

for any xo, yo € Z4.
4.3.5 Step 11l

It remains to evaluate the contribution of ladder diagrams 1 ,q4er- Let us denote by K(z, x, [)
the bounded operators, defined in Proposition 6 below, which yield the limiting QDS
(e’ﬁn)rzo upon summing over 1, x, [, and t:

Zf IC(txl)—e , (75)

W@ T

where the sums and integrals are absolutely convergent in norm. We will show in Sects. 4.8
and 4.9 that

lim 0t Vi (Tragters 125, 1) = / Az Ko(z,x. 1) (76)

2=0J 25, 0-21) Zu(0)

in norm on B(B;(Hp)), which of course implies

/;2" -2 d£ (V)\.,ll (Iladden L, x, D)X(),yo:,x,y g /;2”(‘[) (Icn(r ))XO yoix,y (77)

Dominated convergence allows us to conclude from (71) and (77) that (70) holds true.
4.4 Estimating Each Term of the Dyson Series

Lemma 2 Fix n, x, xg, Yo, and t € Z,(t). Then

|(Vin (. 1. x. D)) | < (Ca)¥et ]‘[ ha(ts, —t, )RY . (x.D)  (78)

X0,Y05%, \|

where

hy, = sup| f(x, -)]e_% (79

xezd

and R™ (x,1) is independent of A and A and such that

X0,Y05X,Y
suplz Z )(rz)w) NNES l)} (80)

>
n20 U

The bound (78) also holds true if one replaces V, by V,f‘ and h, by max,c, | f4(x, ).
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T To T3 T4 Ts
t te t
} 4 6 8 } L
I 0 t1 ts t
A I I s ;
0 t1 t2 t3 ta ts te tr ts t
T1 X Bz T 5 T3 X7 T
1 2 3 4 5 3 L7 X8 | } R
0 ta ts tr t
7 2 Us

Fig. 4 Equivalent representations of an n = 8-points diagram: on the right diagram, the times t; with
lj = L are put on the upper axis and the times #; with [ = R on the lower axis. Here || =5,
(1. J2, j3. Ja, js) = (1,3,4,6,8), and (k1, kp, k3) = (2,5,7)

Proof We first give an explicit formula for V, ,(z,t, x,)(M ® |x9){yo|) in terms of the
operators V, (1), with M € B(CY) and xo, yo € Z¢. For a fixed [ € {L, R}?*", let |I| denotes
the number of indices j such that [; =L, j =1,...,2n. We change the labelling of the
indices and coordinates by defining (see Fig. 4)

Ur<-<ijmp={jefl.....2n} [; = L}
fky <+ <kyopy=1{ke{l,....2n}; L =R}
and
Xo = Xo, X1=Xj, ooy X=Xy
Yo = Yo, Vi =Xkps o e }72;17\” = Xkgy_ypy+
It follows from (61) and (63) that for any matrix M € B(CV),
Vin@, 1,2, (M @ |x0) (o)
=2 (=1 Ve, @) -+ Vi, (6,) M ® |x0) (ol

X V§’1 (tkl) T V,;Zn—\l\ (tkln—\l\) ]_[ f(Xgm = X Loy — L ltm)' (81)

m=1

Note that a similar formula holds at finite volume for an (m,t,x,0).

We must bound the norm of the right-hand side of (81). Let us denote by G(¢; x, y) =
(x|e~"H7|y) the time-dependent Green function associated to the free motion of the particle
at infinite volume. Using (60) and setting ¢;, =, = 0, one gets

(x|V)?m (tjw) e V)El (t]1)|x0>
=G(—tyx. %) [[ WG, —tj, %5 %po1) (82)

and

<y0| Vj] (tkl) e ‘/.\.’Zn—|1| (tkz,,,m)ly>

= [ Gy =t Fom1. 53WG(ty,_y: Foncpy ) (83)
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Thanks to the propagation bound (7), we have

” (V)»,n (la t,x, D)

X0,Y05X,Y ||

1] 2n—|I|

(||W||A)2n 422 e~ =Ful=ly=5an- \1|Il_[e [¥p—%p-1l 1_[ e~ 1¥a=Tg-1l

- X0y —Xum |
< [[hntto, —t,0e 5. (84)

m=1

Next, observe that

7] 2n—|l| n
- - - - 1 -
DN = Fprl Y 150 = Tyl 2~ 3 b, = x| = 150 = Fol. (85)
p=1 q=1 m=1

Actually, (85) is a consequence of the inequality

2n+1
Z |Zm+1 _Zm| zmax{|Zg _ZL|; [ =0, ,2]’1 + 1}
m=0
applied t0 (20, -, 22041) = Ftfs - -+ » X0, 05 - - +» Y2u_ppy) € Z3+D4. Replacing (85) into

(84), one gets the result with

—2n
_ 1y, e F | —lv—3 Livn—vy
RX()._V();x,y()_CaD — (2§ e 2\«\) e =X I=1y=Y2m—puil g 7 1x0=Y0l

zezd

1] 2n—|l|

Lz % _Li5 5
x l_[e 5 |Ep=%p-1l l_[ e~ 29— Tg-1l (86)
p=1 q=1

The proof for the finite lattice is the same, since we only used the propagation estimate. [

4.5 Uniform Convergence of the Dyson Series

Proposition 3 Let xo, yo € Z¢. For fixed A and t, one has

ZZZZ /Z > dr sup |(VP, (.t x, D) . | <o (87)

Aczd

where the supremum is taken over A =1—L, L1 NZ4 for all finite L > 0. Similarly, assume
that the correlation function f(x,t) satisfies (32) and fix T > 0, then,

> Zsup{Z fz L | V(@ t.2.0) s | } < oo. (88)
n T

n x,l x,y

Proof We first show the second claim. The proof of the first one follows similar lines. We
bound (88) with the help of Lemma 2 by

Cy,. vOe Zsup{(cx)z” Z/z - )dg 1_[ hy(ts, — tlm)} (89)
2n T

A>0 m=1
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where Cy; ,, < oo denotes the supremum in (80). The sum over all pairings 7 and the time
integrals are conveniently rewritten with the help of

Lemma 3 For any locally integrable function g :R” — Rand 0 <ty <,

Zf dlig(t‘l’tol;...;tln’tﬂn)
lg<t1 <=y <t

T

=f du1~~-dun/ du'y - dul, g(ur, uys - 5wy, ul).
to<uy<--<up<t U Suﬁnst; m=1,....,n

We leave to the reader the proof of this lemma, which is based on change of variables.
Applying Lemma 3 with g(uy, u'; -+ 5 uy, u,) =[], ha(u,, — u,,) as in (89), bounding

the integrals over the u,, and u), by ||h,|] = (f0°° dt h,(t))" times the volume of the n-
dimensional simplex Z, (A ~27), we conclude that (89) is smaller than

1 n
Cron€’™ D —(Cllhalli T)". (90)

n>0

By Stirling formula n! ~ (2wn)'/?(n/e)" as n — oo, one finds that the convergence of the
series in (90) is ensured by assumption (32), that is, by the condition ||/, ||;/n — 0 as n —
00. Thus the second claim of Proposition 3 is proven.

To show the first claim, we replace /1, by max,c, | f4(x, -)| (see Lemma 2) in (89). Here
we do not need to assume that this function has a finite L'-norm, we bound it by f 440, 0),
see (25). The quantity in (87) is thus smaller than

2 1 (C?A%?sup, £4(0,0)\"
Cxo,yoe““zﬁ( 2A ) < 00. 1)

n>0

Note that sup, £4(0, 0) is finite since f4(0,0) converges as A 1 Z?. This concludes the
proof of Proposition 3. O

4.6 Proof of Proposition 1

One has
(v, = Vi) @ 1. x.D)

Actually, let us set AL = (VxA,n — Vi), t,x,0). It is sufficient to prove that
” (AA)x(),y();x,y (M) ” =< “ (AA)x[),y();XA,y (M) ”1 — 0 for any M e B(CN) (recall that (“AA)X()v,V();)C._V
is a finite matrix), so that the convergence (92) follows directly from the last claim in (66).
By Proposition 3, (92), and dominated convergence, for any fixed A and ¢ we have

| —0 asaA 77 (92)

xo,yo;x.y|

pt-lim{D/, — D, ,} =0. (93)
A 74

Since Z{_‘X preserves the trace and is completely positive, the same holds true for th‘x in (65).
This implies that IID,/} .|l =1 for any A (see the discussion after (70)). Applying Lemma 1,
we deduce from (93) that

D (T) — Dy 1 (T) (94)
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for any T € B,(Hp) with finite support on the lattice Z¢. Hence D, ; can be extended to
a bounded, trace-preserving and completely positive operator on 3;(Hp). From this, we
straightforwardly deduce that, for a convergent sequence p4 — pp in B;(Hp),

leI%ld D, (pp) =Dii(pp). (95)

Since e Hp 1 — e~itlHrel girongly, (95) also holds if we replace DY by 28 =
e itlHE "]Dz/,‘x and D, ; by Z,; which is given by (72). Therefore, the limit in Proposition 1

exists and Z, , is trace-preserving and completely positive on B (Hp). 0
4.7 Crossing Diagrams Vanish in the van Hove Limit

In this subsection and the following ones, the correlation function f(x,t) does not need to
satisfy the assumption (32) and we only require that

”f(x,-)“l:/ dr|f(x,t)| <oo foranyx € Z%. (96)
0
As announced in Step II of the plan of the proof, we show:

Proposition 4 Assume the integrability condition (96). If it is a crossing diagram, i.e., & %
T ladder> then for any fixed n, T, x, [, and xo, yo, X, ¥,

lim dl: ”VA.n (7_77 L, x, on,yo;x,y || =0. (97)

2=0J 75, 0-21)

Proof 1t is a simple adaptation of the arguments used in [36], Sect. 6.3. Let m =
{(t1,01),..., (ty,0,)} be a crossing diagram. This means that one can find two pairs
(ty,04) € and (1, 0,) €  such that ¢, <, (i.e., u <v) and ¢, < 0,. According to
(84), we need to show that

J(m, 7) =x2"/ —0 (98)

Z, (027

dE 1_[ ‘fm (tam - [zm)
) m=1

as A — 0, where we abbreviated f(x,,, — x,,. ts,, — t,,) by fu(t5,, —1,,) (recall that here x
is fixed). One has

ERER | dt,, dig, 32| Fulty, — 1,,)

-2
m#u,v 0=<t,,,, <tg,, <A™"T

dttu dta# dtt,, dtal, )‘4‘fu (la,,, - tt,,_)‘ ‘fv (tov - tlv)

X /
0<t,,, <ty <lo, <2 727,10, <loy,
The product of integrals in the first line is smaller than (sup,, || f;x|l17)" 2. To deal with the

integral in the second line, we first bound the integral over ¢,, by A ol Sfults, —1,,) and
then substitute v = )»ztgu, w= )Lz(tgu —1,),andt’ = l5, — 1., This gives the bound

T v 22
||fV||1/ dv/ dw/ ar’' | £.(t')]. (99)
0 0 22w
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-2
For any (v, w) € [0, ] such that 0 < w < v, f;_zu'j dt'| f,(t")| converges to zero as A — 0
(because || f.|l1 < 00). This integral is also bounded by || f,. |1, therefore (99) converges to
zero by dominated convergence. O

4.8 Contribution of the Ladder Diagrams

In this subsection, we determine the contribution of the ladder diagrams and accomplish
Step III of the proof. We first introduce the following operators on B, (Hp):

Uy (1) = e 1P = 7MW Hhop 5.1 (1) = @IS, (100)

Define the family of operators
A 5 x, 1) = —/ dt f(x" —x,1,1)Up(—)Z(x",0,1') Uy ()T (x,0,1). (101)
0

The integral is convergent by the integrability condition (96). Let

<«

Wian(z, x, D)= 1_[ Us (—2777;) A(xaj, by xaj-1, by DU (A 2T)) (102)

Jj=1,...n

forany 7 = (ty,...,7,) € R}. We have

Proposition 5 Assume the integrability condition (96). For any fixed x, t and t,

lim
r—0

/ dt V). (T 1adders £ X, 1) —f dTtWha(z, x, D) H =0. (103)
Z3n (A "21) Zn(7)
Proof Let us set, for any § > 0,

A28
Ass(x', 15 x,1) :—/ de f(x"—x, 0, ) (=) Z(x", 0, ") U ()Z(x,0,1).  (104)
0

Then

in})AA,(;(x/,l’;x,l) :A(x/,l’;x,l) in norm (105)

and || Ay s (', U x, D) < | f (' —x, )1 [|W]? forany x, x’ € Z¢,and [, I’ € {L, R}. This fol-
lows from the dominated convergence theorem, using (i) the integrability of | f (x’ — x, -)|,
(ii) the norm convergence lim; _,o U, (t) = Uy(t) (which follows directly from the bounded-
ness of Hyp), and (iii) the bounds [|Z(x, 0,0)|| < [|[W] and [|t4, ()|l = 1. Using Z(x,t,]) =
U (—t)Z(x, 0, U, (¢) and setting s; = tp; — tj_1, we rewrite the (infinite volume version
of) (63) as

Vin (Tiadders , X, 1) = (—)»2)n l_[ f o —x2j-1,8), bj—)U (=t )DU(—S5;)
j=1,...n
X L(x2j,0, L))U(s;)L(x2j-1,0, L _DU(t2j-1). (106)
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‘We now perform the variable substitutions 7; = )thzj,l, si=thj—hjforj=1,...,n,to
get

/ dLVLn(lm(ider,L)_f,D—/ dzWn(z, x, D
Z3, (0 727)

Zn (1)
Zn (1) i

l_[ U, (_)\—12).’4)“”“_” (2, bajs X2j-1, lz]l_l)ux()\_jz)
j=l...n

i T; T;
- 1_[ U (—)L—’z)A(xz_,', Lyj; x2j—1, bj— DU, <)L—12> } (107)

j=1,... n

For any 0 <t < 1, < --- < 1,, the integrand inside the curly brackets converges in
norm to zero because of (105). This integrand is bounded by 2(max;_; ., Il f(x2; —
X215 )l W||?)". Hence an application of the dominated convergence theorem yields the
result. O

4.9 Spectral Averaging

To end the proof of Theorem 1, we use some standard techniques of “dynamical spectral
averaging”, originally used in Ref. [8] in the same context.

Lemma 4 Let A and B be bounded operators on a Banach space Y such that (e'8),cr is a
one-parameter group of isometries on ) and the norm limit

t
A= lim ¢! / due™B Ae"B (108)
0

—>00

exists. Let D(-), E(-) be in C'(R, B(Y)) (continuously differentiable B(Y)-valued func-
tions). Then, for any Tt > 0,

(1) lime_g fy dry D(1))e” /DB AeT/DBE (1)) = [ dty D(1))A%E (1))
(2) lim,_ ge~@/OBe/a)B+eAd) — iy, _ et/ (Btedlg=(/OB — etA

Proof To show the claim (1), we put E(t) = 1 (the general result follows by an obvious
extension of the proof). Let us write D'(7) = %D(r), then

/Td.[] D(Tl)e*(TI/E)BAe(fl/S)B
0
T 7]
= / dr (D(O) + / dr, D’(rz))e’(”/S)BAe(”/S)B
0 0
= /rdrl D(0)e~ /OB gem/aB | /rdtz D/(rz)/z dr e~ (1788 g1 /9B
0 0 7]

—>0(1’D(0)+/rd7:2 (r—rz)D/(r2)>A”:/Tdrl D()) A" (109)
E—> 0 0

To get the last line, we used (108) to estimate the integrals over t; for all 7, < 7, together
with the dominated convergence theorem (since D’(-) is norm continuous and €' is an
isometry).
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The claim (2) can be proven from (1) by expanding the two first members as Dyson
series in A (alternatively, see [37], Theorem 5.11, and the review by Dereziriski and Fruboes
in [19] for the same result under weaker conditions). O

Let us now apply Lemma 4 to the case at hand. We choose B =[S, -], ¢ = A? and
Y =B (Hp). Then (e'B), g is a group of isometries on B; (Hp). Since S has a finite number
of eigenvalues, the existence of the norm limit (108) is automatic. Moreover, for any A €
B(B,(Hp)) one has

A= > P,AP, (110)

weo ([S,-])

where P, are the spectral projectors of [, -], i.e.,

Po(T) = Z 8E,—E,.0ls) (' I(sIT1s"), T € Bi(Hp). (111)

s,8'=1,....N

We first prove

Proposition 6 Let us define

Kz, x,0)= l_[ un(_fj)[-A(XZjlej;x2j—1512j71)]uu:(tj) (112)
j=l,...n
g
with Uy (t) = e ol yhere Hﬁop is given by (31). Then for the norm topology on
B(Bi(Hp)),
lim dZWA,n(Ev)_CvD:/ dz Ku(z, x, D). (113)
2=0Jz,(0) Za (1)
Proof An explicit calculation yields
[Hhop. 1 = [Hpgp -] (114)

Choosing A = i[Hyp.-], the claim (2) of Lemma 4 yields
lim 2o (—7/22) U (v/3?) = Ue (D) | = lim 4, (x/32) Uo (= 7/2%) = Us(D) | = 0. (115)
We use the abbreviation A; = A(x2;, lrj; X2j—1, [2j—1). Since Uy(¢) is an isometry, this gives
lim [, (=7/22) Aty (/3%) = Us (=)o (=7/2*) Ajths (/27 )Us(T) | =0. (116)
To prove the proposition, we consider first the cases n = 1 and n = 2 and then conclude by

induction.
For n =1, one has

tim [ dr Wi = tim [ dni (/) Atk (n/52)
—YJo

r—0 Z1(1)
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= lim / dry Uy (— 1) Uo (=11 /27) Al (1 /2% Uy (71)
- 0

= / doy Uy (—1)) Al (7)) (117)
0

where we used (116) in the second equality, relying also on dominated convergence and the
uniform boundedness of the integrand, and claim (1) of Lemma 4 in the third equality (note
that 2, (-) is C1).

For n =2, one has

lim dzWh(z, x, D)
A—0 Z5(7)

T 12
= lim dfz/ dfl U)‘(—Tz/)nz)Azz/[)\(‘Ez/)uz)uk(—fl /Az)Alu,\(tl/)Lz)
0

2=0 Jo

T

1)
= llIT(l) d'L'z U)L (—‘[2/)»2)./421/[)L (‘L’z/)\z)/ d‘L’] Z/{u (—rl)AEZ/{u (Tl)
0 0

rA—

:)l‘ll%/ d'[zZ/[u(—‘[2)2/[0(—Tz/)\.z)AzuO(fz/)\.z)ut(7.’2)
—YJo
%] B
X/ dTluu(—Tl).AiuD(‘L’l)
0

= / Ay Uy (—12) AU (1) / dry Uy (—1) AU (7). (118)
0 0

The second equality is the case n = 1, the third is (116), and the fourth follows from the
claim (1) of Lemma 4.
The case n > 2 follows by a similar induction step. ]

End of the proof of Theorem I Collecting Propositions 4, 5, and 6, we have
;g%; /Z e dt(Vonlm tx,D), = /Z . dr(Ku(z,x,0), oy (119)

for any fixed n, x, [, and x, y, xo, yo. Thanks to the second statement of Proposition 3 and to
the dominated convergence theorem, we obtain in view of (67)

" N h
pt 11m D25 = Z / dt K, (z,x,1) = it Hops ] g i7 Higp 1T A (120)
n(T)

where the last equality comes from a Dyson expansion in powers of A" (the series is con-
vergent in the pt-lim sense by dominated convergence), and

A= 3 (A2 0)] (121)
x,x!\Ll

One concludes by invoking Lemma 1 (see also the discussion after this lemma) that

-] _—it[H, h"p J+tAf

Dyap, — e (N strongly as A — 0. (122)
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But ¢S and e="1#7-] are isometries on B, (Hp). Therefore, in view of (29) and (72),

. ir—2 Ja—ir27[A2 .
psl(t) — }Lgr(l)el)u 7[S, ]e AT “T[A"Hpop+S, ]D)ﬁzz,)t(lop)

= hop®

: i i
—it[H, .- ]+TA (,OP) (123)

in the trace-norm topology, where we have used again Lemma 4 (2).
To establish the agreement with the generator £* given by (33), we check by inspection
that, for any pp € By (Hp),

[A(x.1=Liy.l'= R)[(op)

= > cy—x. )W, ®x){x| pp Wi @ [y)(yl. (124)
weo ([-,S])
[A(x,l=L; y,I'= L)' (pp)
=18,y Tpp+8cy Y c(0.0)W, WS ®Ix)(x| pp (125)
weo ([,S])

and

[ACx, R: y. D] (op) = ([AG, Ls y, B)] (0p))”

* (126)
[AC, sy, R (pp) = ([AGx, Ly, )] (0p)) "
Consequently, we have
. 1
A (pp) =ilT, ppl + A(pp) — E{Q[*(l),pp} (127)
with 2 as defined in (36). a

Acknowledgements D.S. is grateful to A. Joye for stimulating discussions and acknowledges financial
support from the French Agence Nationale de la Recherche, project ANR-09-BLAN-0098-01.

Appendix: Proof of Proposition 2
We show in this Appendix that the main hypothesis (32) of Theorem 1 concerning the decay
of the bath correlation functions f;(x, t) is satisfied under the following conditions:

i) d=2;
(i) the support of go,(q) belongs to the open ball B, = {g € T%; |g| < r} with0 <r <m;
the form factor g¢;(¢) and the momentum occupation numbers ¢; (¢) depend only on
lg| on B,;
(iii) the bosons have a linear dispersion relation: v;(q¢) = |¢| for ¢ € B,;
(iv) the non-negative functions

Vi (lg)) = g0 @ 6@),  vi-(lg) =g @ (1+¢(@) (128)

belong to C2(]0, r]) and the three functions of |g| below are in L' ([0, 7r]):

g™y gl), gl () gl T (). (129)
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For simplicity we omit the index i labelling the baths. Using the notation (128), the
correlation function (26) reads

fO,0) = frl,n+ fo(x,0)
dd
= / Wyl (V4 (1g1)e ™ @ +y_(jg])e T e @), (130)

We first show that under conditions (i)—(iv), there exists a constant C,; > 0 such that for any
neN*,

/dt sup  |fGenle <, ifd >3,
1

xeZd |x|>t/2

~ y (131)
/ dt sup |f(x,n]e” " <Covn ifd=2.
1 xeZd |x|>t/2
Actually, by (130) and (ii)—(iii), f(x,?) can be rewritten as the Fourier transform
1 " d .
fa,)y=——F75 dw|w|71/fsign(w)(|w|)1u (|wx|)e”w (132)
@mi T I 2

where sign(w) = +1 for o > 0 and J,(r) is the Bessel function of order m, J,,(r) =
(r/2)" I (m + %)"(2/\/5)[01 du (1 — u?)"=% cos(ru) (here I' is the Gamma function).
A standard bound, see e.g. [38], yields C = suprzo{ﬁ|Jm (r)|} < o0o. Hence

C " d—1
sup | f(x,1)| < S =) / do 0] T Yign( (1@])- (133)
22t 2 J—r

|x|>t/2

The last integral is convergent thanks to assumption (iv). Then (131) follows from

o0
sup/ dtt_%e_ﬁ <00 ifd >3,
neN* . (]34)
sup — dir T e % <o ifd=2.
neN* nJp
We now show that there exists a constant C > 0 such that
C
max X, )| < —. 135
erd,|x\<t/2|f( )} 12 (133)
Let us set
X
v(g,x,1)=Vv(g) + n (136)

where V is the gradient with respect to ¢. Note that v(q, x, t) is the gradient of the phase
S(g,x,t) =v(q) + q - x/t appearing in the oscillatory integral (130). Assuming |x| < t/2,
one has |v(g, x,t)| > 1/2 (since Vv(q) = q/|q| has norm one), thus this phase has no sta-
tionary points. Noting that e*5@*) = (ir)~!(v/|v|?) - Ve5@*" and integrating twice by

part yields
Vk v Yt
(e () -

| fex,0] < 3 Z/Tl )

k=1
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where 0y is the derivative with respect to the kth component of ¢. Note that the boundary
terms vanish thanks to condition (ii). A simple calculation shows that the integrand in the
right-hand side of (137) is bounded by

cilgl ¥ (lg1) + calgl™ [V (Igl)| + s max [3cdy(lq])] (138)
for some constants cy, ¢, and c3 > 0. The last function is integrable by assumption (iv) and
this proves our claim (135).

Collecting the above results and recalling that | f (x, )| < f(0, 0), we conclude that

1xl

| x 1 1 [
—/ dr sup ‘f(x,t)!e_‘n_‘ < —f(0,0)—i——/ dr sup [ f(x,0)]e”
n Jo n n Ji

xezd x,|x[>1/2
1 (o]
+ —/ dr max | f(x,1)] (139)
n Jq x,|x|<t/2
converges to zero as n — 00. This proves Proposition 2. O

Let us stress that conditions (i)—(iv) are not optimal for the hypothesis (32) to hold. In
particular, the rotation invariance of gy and ¢ in (ii) and the linear dispersion (iii) have been
chosen to simplify the proof and could be omitted at the expense of using the stationary
phase method to evaluate the integral over the manifold v(g) = w in (130), instead of using
(132). In contrast, the first condition d > 2 is crucial: in dimension d = 1, (32) is not ful-
filled. To see this, let us assume that (ii)—(iii) hold and that the baths are initially at thermal
equilibrium, i.e., £ (g) = (ef19' — 1)~'. For d = 1, (130) gives

) eiq(r+)c) + eiq(t—x)

r dq
ﬂLU=/’7ﬂ&@ﬂ (140)
_ T

r lefe — 1]

Itis clear that sup, ., | f (x, )| does not decay to zero at large times ¢. As a result, the integral
in (32) diverges.
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