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Perturbation Analysis of Quantum Reset Models

Géraldine Haack* & Alain Joye |

Abstract

This paper is devoted to the analysis of Lindblad operators describing the effective
dynamics of tri-partite quantum systems derived from repeated-collision models, known
as Quantum Reset Models. We consider a chain of three independent subsystems,
coupled by an Hamiltonian term. The two subsystems at each end of the chain are
driven, independently from each other, by a reset Lindbladian, while the center system
is driven by an Hamiltonian. Under generic assumptions on the coupling term, we prove
the existence of a unique steady state for the perturbed reset Lindbladian, analytic in
the coupling constant. We further analyze the large times dynamics of the corresponding
CPTP Markov semigroup that describes the approach to the steady state. We illustrate
these results with concrete exemples corresponding to realistic open quantum systems.
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1 Introduction

A major challenge when investigating small quantum systems is to assess their dynam-
ics in out-of-equilibrium situations, i.e. when those systems are interacting with envi-
ronments. An Hamiltonian approach using perturbation theory is probably the most
standard way to derive an effective evolution equation for the reduced quantum system
that takes a Lindblad form (CPTP map for the density operator) [13]. This deriva-
tion is possible under several approximations, the Born-Markov assumptions, valid for
memoryless environments and sufficiently weak system-bath couplings [5,24], see the
review [11] for an account of mathematical results on such derivations and references. In
this context, reset models, known for describing stochastic processes [6,10,12,15,21,23],
have been extended to the quantum regime as a way to provide a valid Markovian
approximation to assess complex dynamics of open quantum systems. Well-known ex-
amples are quantum reset models (QRM for short in the following), derived from a
repeated-collision approach to describe dissipation of a quantum system coupled to
a thermal bath [3,18,25,27]. Assuming that the bath is a collection of qubits in a
thermal state, a linear map describing the effective evolution of the reduced quantum
system is obtained by tracing out the bath degrees of freedom after a global unitary
evolution of the system-bath. Such models often appear under the name repeated inter-
action quantum systems in the mathematical physics literature, and many aspects of the
Markovian dynamics they give rise to have been analysed rigorously in various settings
or regimes [1,7-9,14,17]. On the physics side, QRM have been successfully exploited
to investigate thermodynamical properties of these systems [2,20] and to demonstrate
steady-state bipartite and multipartite entanglement [4,28,29]. In this paper, we do not
to discuss the validity of QRM, but instead consider them as established models whose
properties we examine in some perturbative regime.

Quantum reset models, thanks to their structural simplicity, raise the question to
which extent the general properties of the dynamics they generate can be analyzed
mathematically. A first step in that direction is performed in the recent work [22]
where a single system driven by a Lindbladian subject to a reset process is considered.
The spectral properties of the total Lindbladian perturbed by the reset processes are
established, under the assumption that the unperturbed Lindbadian possesses a unique
stationary state. In the present paper, we consider QRM describing the dynamics of
more complex structures that are therefore intrinsically degenerate and not amenable
to the cases dealt with above. We show that those degenerate QRM nevertheless allow
for a complete mathematical treatment revealing a rich structure.

More precisely, we consider a tripartite structure, A—C — B, where A and B are the
two quantum systems subject to reset processes, and C'is a central system with its own
free evolution. The three subsystems are weakly interacting through an Hamiltonian.
This model is for instance suitable to describe a chain of small quantum systems, with



each end coupled to its own reservoir. We first prove that QRM are always characterised
by Lindblad generators, the dissipators of which we make explicit. Then we analyse
the spectral properties of the resulting Lindbladians and the dynamics of the tri-partite
system they generate, under generic hypotheses on the coupling term. We conduct this
analysis first in absence of interaction between the A — C' — B parts of the Hilbert
space they are defined on, which gives rise to an uncoupled Lindbladian displaying
large degeneracies, i.e. a large subspace of invariant states. Then, we introduce a
generic interaction between these different parts and perform a perturbative analysis
in the coupling constant. We prove uniqueness of an invariant steady state under
the coupled dynamics, analytic in the coupling constant, and provide a description
of the converging power series of this non-equilibrium steady state that develops in
the small system. Building up on our spectral analysis, we elucidate the long time
properties of the dynamics of the tri-partite system and its approach to the steady
state. Finally, we focus on the case where the uncoupled system has no Hamiltonian
drive and we describe in particular the emergence of a natural classical Markov process
in the description of the large time behaviour of the coupled system. The paper closes
with the study of two examples illustrating the key features of this analysis: the systems
A and B are two qubits while the central system C is of arbitrary dimension N and
the uncoupled dynamics has no Hamiltonian drive. For a rather general choice of QRM
coupled dynamics, we compute the leading order of the steady state for N arbitrary
and, for N = 2 — when C is another qubit — we determine the steady state up to order
three in the coupling constant as well as the associated classical Markov process.

2 Mathematical framework

2.1 Simple Hilbert space setup

As a warmup, we consider a single quantum system of finite dimension characterized
by its Hamiltonian H defined on its Hilbert space H which is coupled to M reservoirs.
QRMs assume the state of the quantum system to be reset to a given state 7; with
probablity ~; dt within each time interval dt. The QRM-type evolution equation is
given by:

M

pt) = —ilH, p] + Y ml(mtr(p) = p). (2.1)
=1

The operator p is the reduced density operator of the system defined on H, and y;
characterizes the coupling rate to the reservoir I, [ =1,..., M.

For the sake of comparison with our main concern —tri-partite systems— and to set
the notation, we discuss the dynamics of QRM defined in this simple setup. We provide
a full description of its generic features, under the following assumptions.

Gen:
Let ‘H be a Hilbert space, with dimH = N < co. The dissipative part of the generator
is characterised by

e {71}1<i<m a collection of density matrices on H, i.e. 7, € B(H), with 7, > 0 and
tr(n) =1, foralllel,..., M,

e v, >0,l€el,...,M, the collection of associated non-zero rates for the coupling
to the M baths.



The Hamiltonian part of the generator, H = H* € B(H), is generic in the spectral sense

e o(H) ={ey,eq,...,en}, consists of simple eigenvalues with associated normalised
eigenvectors denoted by {¢;}i<j<n, i.e. Hp; =e;p;, j € {1,--- N},
e The differences (Bohr frequencies) {e; — ey} are all distinct.
The generator of QRM is thus the (super-)operator £ € B(B(H)) defined by

M

L(p) = —i[H,pl + > wlntr(p) - p), (2.2)
=1

where p here is arbitrary in B(#), such that the dynamics of the QRM reads
p(t) = L(p(t)), te (0,00), p(0)=po€ B(H). (23)

In case p € DM(H), the set of density matrices DM(H) = {p € B(H)|p > 0,tr(p) =
1}, the trace factor in (2.2) disappears. Indeed, we will see below in a more general
framework that the operator £ enjoys further symmetries, being a Lindblad operator,
see Proposition 3.2; in particular if pg € DM(H), p(t) € DM(H), for all t € [0, 00).
However, we perform the full spectral analysis of £ as an operator on B(H) and,
accordingly, solve the equation (2.3) without resorting to these symmetries.

We first combine the density matrices 7; with corresponding rates ~; into a single
density matrix T" with corresponding rate I': Setting

M
1
I' = E v >0, T= T E w1 € DM(H), (2.4)
=1

we get that (2.2) writes
L(p) = —ilH, p) + T(Ttx(p) — p). (2.5)

In the sequel, we denote the matrix elements of any A € B(#) in the basis {¢; }1<j<n
by Ajr = (p;|Apr), and the operator |p)(¥| € B(H), for ¢, € H, is defined by
[0 (@l = o(Wln).-

Lemma 2.1 Under our assumptions Gen, the operator L : B(H) — B(H) defined by
(2.5) is diagonalisable with spectrum given by

o(£) = {0, =T} U {—i(e; —ex) = I'}jzn}- (2.6)

All eigenvalues are simple, except —I' which has multiplicity N — 1.
Moreover, the solution to (2.3) reads

1 1

p(t) = e tEIH,1HT) (po — tr(po)F(i[H, 14+ F)_ (T)) + tr(po)F(i[H, 14 F)_ (7). (2.7)

FExpressed in the eigenbasis of H, this means that, with Aj, = i(e; —ey) + T,
T,
pik(t) = e‘“‘f’“poﬂC + tr(po)F)\ik(l —e k), forall 1<k <N. (2.8)
ik

Remark 2.2 i) In the limit t — oo the steady state is independent of the initial condi-
tion and reads

pSS = lim p(t) =T(i[H, ] +T) " (T) (2.9)

t—o00

it) In particular, for po € DM(H), all populations decay to T;; at the same exponential
rate without oscillations p;;(t) = e~ " po,; + T} (1—e).

4



Proof.  We first deal with the dynamical aspects and note that £(-) = —(i[H, ] +
) +TTtr(-) , with tr 7 = 1 implies trL(p) = 0 for any p € B(H), so that the
trace is conserved by (2.3). Hence, considering the jk matrix element of the differential
equation (2.3) we get

Pik = —AjkpPjk + FTjktI‘(po) where Ajj #0, (2.10)

which yields (2.8). The basis independent formulation (2.7) follows by the decomposi-
tion p =3, r<n Pikl9;) (k| and the observation

ilH, |p3)(erl] + Tlwi)(erl) = Ajkle) (el (2.11)
which yields (i[H, ] + ) (7)., = Tje/Aj-

On the spectral side, the observation above immediately yields L(|¢;){(px]) =
—Ajklej)(pk| for j # k, showing {—A\;i};=r are simple eigenvalues by our generic-
ity assumption. To compute the other nonzero eigenvalues of £, we note that if p is an
eigenvector of £ associated with an eigenvalue A, then Atrp = 0. Hence A # 0 implies
trp = 0. Thus, considering the N — 1 dimensional subspace of diagonal traceless matri-
ces in the eigenbasis of H, {p = > ;< n 7jlei) (@il | 2o1<j<n7j = 0}, and making use
of the identity L£(|¢;){¢;|) = T(T — |p;){p;]), for any j, we see that it coincides with
Ker (£+TT). Finally, the one-dimensional kernel of £ is spanned by I' (i[H, -] —|—I‘)71(T):
the inverse is well defined thanks to (2.11), it has matrix elements I'T}j /)i, and trace
one. Thus

LT (i[H,]+T)""

1

(7)) =-T(i[H,]+T-)((i[H-]+T) (T)+TT=0. (212)

O

2.2 Tri-partite Hilbert spaces

We define here the tri-partite systems whose dynamical properties are studied in this
paper.

Consider H = Ha ® He ® Hp, where Hy are Hilbert spaces, with dimensions noted
ny < oo, where # € {A,B,C}. Let 74 € DM(H,), 78 € DM(Hy) be two density
matrices on their respective Hilbert space and v4,vp > 0 two positive rates. Consider
three Hamiltonians Ha, Hg, Hco on their respective Hilbert space that further satisfy

[Ha,74] =0, and [Hp,75]=0, (2.13)

while H¢ is arbitrary at this point. In applications, the reset state 74 will typically be
defined as a Gibbs state at some inverse temperature Sx associated to Hy; i.e. T4 =
e P#H# |7, which satisfies (2.13), where Zy is the corresponding partition function.
In Sec.3, we perform the analysis of the uncoupled case (system A — C — B is non-
interacting), and in Sec.4, we make use of analytic perturbation theory to treat the case
where a weak interaction is added to the system A — C' — B.

3 The non-interacting tripartite QRM

We define the uncoupled QRM by the generator

L(p)=—iHa®Ic®@1Ip+14® Hc @l +14 @ Ic ® Hp, p] (3.1)
+ya(Ta ®tra(p) — p) +v6(tre(p) ® 7B — p),



where Iy denotes the identity operator on Hx and try denotes the operator on the
tensor product of Hilbert spaces with indices different from #, obtained by taking the
partial trace over Hx. For later purposes, tryu denotes the operator on the Hilbert
space with index different from # and #’ obtained by taking the partial trace over
Hy ® Haur . For example,

tra:BHAQHc@HE) = B(He @ HE), trap:B(HAQHc @ HEB) = B(He) (3.2)

will be viewed as linear maps. We shall abuse notations and write Hy for the Hamil-
tonian both on Hy and H, the context making it clear what we mean. Also, we shall
denote the non-Hamiltonian part of the generator by

D(p) = va(ta @ tra(p) — p) +vB(tra(p) ® 78 — p), (3.3)

so that L(p) = —i[Ha + Hc + Hp, p| + D(p).

Remark 3.1 If ng = 1, Hp ~ C and the last tensor product is trivial. Hence the
QRM reduces to L(p) = —i[Ha + He, p] + va(ta ® tra(p) — p) on Ha @ He, while
keeping v > 0.

Let us start by a structural result showing that the QRM at time ¢, e**(pg), with
po a state, is a CPTP map, by proving that its generator takes the form of a Lindblad
operator. More precisely, one needs to show that the non-Hamiltonian part of their
generator (3.1) takes the form of a dissipator, i.e.

2

J

ZAijj—E{AjAj,p}:Zf{[Ajp,Aj]ﬂAj,ij]}, for A; € B(H). (3.4)
J

Given (3.1), it is enough to consider 74 ® tra(p) — p defined on H = Hy @ He.

Proposition 3.2 Let 74 = ), t|or) (k| be the spectral decomposition of T, where
{¢K}r is a complete orthonormal basis of Ha. Then

* 1 *
Ta@tralp) —p = (AjrpAf; — ATk Ak oY), where Aju = \/tjle;)(pr| @ o
.k
(3.5)

Remark 3.3 i) This result applies to the non-Hamiltonian part of the generator of
QRM defined on a simple Hilbert space as well, by considering Ho = C, in which case
tr4 reduces to the scalar valued trace.

ii) The operators Aji, can be replaced by +/T;|¢;)(Yr| @ Io, where {¢i}r is any or-
thonormal basis of H o without altering the result.

Proof. One computes AJ; Aji = t;]pr) (x| ® e so that -, A% Az =1 on H, using
>_;tj =1=tr(ra). Hence the anticommutator term yields p. Finally,

> AjrpAsy, = Z tj (les)erl @ Ic) p(len)(pjl © 1) (3.6)

ik

J.k
=S " tile el © 3 (terl ® 1e)p(lpn) © Ie) = 74 ® tra(p).
J k



3.1 Spectrum of the uncoupled QRM

We proceed by analysing the spectrum of the uncoupled QRM L (3.1) in the tri-partite
case, making use of the fact that, by construction, the Hamiltonian part of the decou-
pled QRM commutes with the dissipator as we quickly check:

[Ha,-Jo(ta®@tra()(p) = [Ha,Ta @ tra(p)] = [Ha, Ta]l @ tra(p) =0, (3.7)
since 74 and H 4 commute, while
(Ta®tra())o[Ha, |(p) = Ta @ (tra(Hap) —tra(pHa)) =0, (3.8)

using tra(-) = Zj<ap3-4| ®I - |<p34> ® I with {@f}lgjgn,q an orthonormal basis of
eigenvectors of H 4. Now, replacing Ha by Hp (or He for that matter) yields

[Hp, | o (ta®tra())(p) =74 ® [Hp,tra(p)], and (3.9)
(Ta®tra()) o [Hp, |(p) =74 ® (tra(Hpp) — tra(pHp)) = T4 ® [Hp, tra(p)];

since Hp commutes with (gpj‘\ ® I and |<p34> ® I. Altogether, the dissipator and the
Hamiltonian parts of £ admit a common basis of eigenvectors that we now determine.

Let us start with the dissipator and its spectral properties.

Proposition 3.4 The dissipator, as an operator on B(H), admit the following spectral
decomposition

o(va(ta @ tra() = 1) +p(tre() ® 78 — 1)) = {0, —ya, =78, —(va + 7B)}

Ya(ta®@tra() =) +yp(trp(-) ® 75 —I) = 0Q0 — 7aQa — v8QB — (va + 7B)QaB;
where the spectral projectors Qu, # € {0, A, B, AB} are given by
Qo(p) =Ta@trap(p) ® 7B, Qap(p) =p—tre(p) ® T8 — T4 D tra(p) + 74 @ trap(p) ® 75,
Qalp) = (tre(p) —Ta @ trap(p)) ® 78, QB(p) =74 @ (tra(p) — trap(p) ® 75).

Moreover, the different spectral subspaces in B(H) are

Ran Qo = span{7a ® pc ® B} peeB(Ho); s.t. dim(Qg) = nd
Ran Qa = span{pac ® 78 | tra(pac) = 0} p,ceB(ranHo) s.t. dim(Qa) = (n2A — 1)n%
Ran Qp = span{7a ® pcB | trB(pcB) = 0} popeB(Heomn); s.t. dim(Qp) = (nf — 1)ng,

Ran Qap = span{tra(p) = 0,trg(p) = 0} ,c5(n), s.t. dim(Qag) = (n} — 1)(ng — 1)ng.

Remark 3.5 i) In case y4 = g, there are only three distinct eigenvalues and the
corresponding spectral projector is Q4 + Qp.

i) Being spectral projectors, the Qu’s, # € {0, A, B, AB} satisfy Qo+Qa+Qp+Qap =
[ and QuQu = 0y 4 Qy

i1i) The dimensions referred to correspond to complex dimensions for B(H).

i) The result essentially follows from the observation that T4 @ tra(:) and trg() @ T
are commuting projectors.

Proof. We start with point iv) of Remark 3.5. For any p in B(H),

(Ta®tra()otrpg(-) @ 1B)(p) =74 Rtrap(p) ® T8 = (trp(-) ® T o TA @ tra(+))(p)
(3.10)

while 74 @ tra(-) o 74 @ tra(-) = 74 ® tra(+), and similarly for trp(-) ® 75. Hence the
dissipator is a linear combination of two commuting projectors to which we can apply
the next Lemma.



Lemma 3.6 Let P,Q € B(H) such that P?> = P,Q* = Q, and [P,Q] = 0. Then, for
any a, B € C, the identity

aP+BQ=01I-P)I-Q)+aP(l-Q)+pBQUI-P)+(a+p)PQ, (3.11)

provides the spectral decomposition of aP + pQ, so that o(aP + Q) = {0,a, 5, +
B}, with respective spectral projectors (I — P)(I — @), P(I— Q),Q(I — P), PQ, and no
etgennilpotent.

The proof of the Lemma is immediate, and in case some eigenvalues coincide, the
corresponding spectral projector is simply the sum of the individual projectors.

The identifications P = 1 — 74 @ tra(:), @ = I —trg(-) ® 78, @« = —ya4, B =
—~p yield the announced spectral decomposition of the dissipator, together with the
explicit spectral projectors. A direct verification then gives the corresponding spectral
subspaces. O

The eigenvectors of the Hamiltonian part of £ are readily computed. For # €
{A, B,C}, let {@f}lgg‘gn# be an orthonormal basis of H of eigenvectors of Hy, with

associated eigenvalues ej#, 1 < j < ng. The eigenvalues need not to be distinct at that

point. We denote by Pj#k € B(Hy), j,k € {1,--- ,nu}, the operators Pj#k = |<p;#><g0k#|
that yield a basis of eigenvectors of the Hamiltonian part of (3.1) of B(H)):
_ZI:HA"’_HC"_HByPJI?k@PJC/‘,k/ ®PJ‘B;’k.N:| (312)
A A c c B B\ pA c B
= —i(e; —ep, +ej —ep +ejn —epn )Py @ Pii o @ Pigy .
It remains to take into account the role of the trace in the spectral subspaces of
the dissipator to get the sought for common basis of eigenvectors of (3.3). To do so,

we introduce the ny — 1 dimensional basis of diagonal (w.r.t. to the eigenbasis of Hx)
traceless matrices

AT = oW T = 1ol )Tl =12,y — 1, (3.13)
such that [Hy, Af] = 0. Together with 74, the Af’s form a basis of diagonal matrices.

Proposition 3.4 then provides the full spectral analysis of the uncoupled QRM .

Proposition 3.7 The vectors listed below form a basis of B(H) consisting in eigenvec-
tors associated with the mentioned eigenvalue of the uncoupled QRM



L()= —i[HA + He + HB,-] + D(-) defined on H =Hs @ He @ Hp by (3.1):

TAR® Pﬁk, ®RTB —i(ef, —€f),
1 < j/7k/ < nc
A;‘ ® Pﬁ,k, ®RTp < —Y4 — i(ejg —e$),
1§j§nA_]-7 1§j/,k/§nc

A A A
Pj7k®Pﬁk, ®@Tp < —va —i(ej — e —l—eg —ef),

1<j#k<na 1<j.k <nc
TA® Pﬁk, ® Aﬁ, “ —yp — z'(e]q —ef),
]-Sj//énB_]-? 1§j/7k/§nc
TA® Pﬁk, ® PJ%,C,, “ —vB — i(ejC, —e$ + efu —eb),
1<j"#K <npg, 1<j kK <nc
A C e C
A] ® Pj',k/ ® Aﬁ/ < —(’YA +'}/B) — Z(ej/ — ek/),
1<j<na—1,1<j"<np-1,1<j K <nc
A C e C
Aj ® Pj',k/ ® PjBi/,k‘” < _('YA + ")/B) — Z(ej/ — ek/ + eﬁ/ — 65/),
1<j<na—1,1<7"#k <np, 1<k <nc
A c A A, ,C_C
Pj,k’ ® Pj/,k/ ® Aﬁ/ < 7('714 +"YB) — Z(Ej — ek + ej/ — ek,/),
lgj#kgn/h 1§j//7én3_13 1§jl7kl§nc
Pj‘f‘k X P]g,k/ ® P]%7k// < 7(’}/‘4 + ’}/B) — 1(634 — 6;? + e]c/' — ekc/ + 6‘5/ — 65/),
1<j#k<na 1<j"#K <np, 1<j K <nc
Remark 3.8 0) The Hamiltonians Hy € B(H4) are arbitrary at that point.
1) The uncoupled reset model Lindbladian L is thus diagonalisable, with eigenvalues
located on the (generically) four vertical lines Rz = 0, Rz = —ya4, Rz = —yp, Rz =

—(ya +vB) in the complex plane, symmetrically with respect to the real axis.
it) In particular, the kernel of L is degenerate, since dimKer L(-) > n¢.

The spectral projectors of £ can be constructed explicitely, making use of the next
Lemma:

Lemma 3.9 Consider a Hilbert space H and T € B(H) a density matriz. Let {p;i<j<n
be an orthonormal basis of eigenvectors of T for H. Consider the basis of B(H) given
by

Pir = lpi)(ekl, 1< #k<n, Aj= o) el —lpjr){pjril, 1<j<n—1, and .

‘ (3.14)
Set o; =71 ler)(pkl, 1 < j < n. Then the operators on B(H) defined by
Qjk() = Ptr(Pj,-), 1< j#k<n,
Q;(1) =Atr(o;(- —7tr(+)), 1 <j<n-—1, and Qo(-) = 1tr(l-) (3.15)

yield a complete set of rank one projectors onto the span of the corresponding basis
vectors of (8.14) so that the composition of any two of them equals zero.

Remark 3.10 The spectral projectors of L corresponding to Proposition 3.7 are then
given by the appropriate tensor products of projectors (3.15).



The solution to p = L(p), p(0) = po follows immediately by expanding py along
those eigenvectors. In particular, one gets for this uncoupled QRM model

p(t) = a4 @ (e Wttty 5(po)) @ 7p + O(e7tmintranehy - ¢ > (3.16)

where e~!He Ity , p(po) satisfies the Hamiltonian evolution equation po = —i[H¢, pc),

pc(0) =trap(po) on He, as expected in this uncoupled context.

4 The weakly-interacting tripartite QRM

We consider now the coupled QRM defined by the Lindblad generator on B(H), with
H=HaQ@Hc®Hp,

Ly(p) = L(p) —ig[H, p] = Lo(p) + gL1(p) (4.1)

where H = H* € B(H) is a Hamiltonian that effectively couples the different Hilbert
spaces Hu, while g € R is a coupling constant. We focus on the determination of the
kernel of L4, as g — 0, which describes the asymptotic state of the system driven by
Ly, under generic hypotheses. Then we turn to the consequences for the dynamics
generated by L.

4.1 Leading order analytic perturbation theory
When g = 0, Proposition 3.7 shows that

Ker £y O span{7a ® |gojc><gojc| ® TB}lgjgnc’ (4.2)
whatever the properties of the Hamiltonian He. In case the Hamiltonian H¢ is trivial,

He=0 = KerLyg= span{TA ® pc® TB} (4.3)

pc€B(Hc)

has dimension n%, and the corresponding spectral projector coincides with @, the spec-
tral projector on Ker D, see Proposition 3.4. We shall consider below both cases, which
give rise to different results. In order to avoid accidental degeneracies when Ho # 0,
we will assume H¢ satisfies the spectral hypothesis

Spec(H¢):
The spectrum of Ho € B(H¢) is simple and the Bohr frequencies {ejC — e}k are
distinct.
Under this assumption, we have
Ker Ly = span{TA ® pc ® 1B, s.t. [pe,He] = 0}, (4.4)

which is of dimension n¢o. The corresponding spectral projector acts as follows

Qo(p) = 74 ® Diags(tras(p)) ® 78, (4.5)

where the projector Diag. : B(H¢) — B(Hc) defined by

Diage (1) = > [e§)ef] - |5 ] (4.6)
j=1
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extracts the diagonal part of pc within the normalised eigenbasis of Ho. Observe that
Offdiag~ : B(Hc) — B(He), extracting the offdiagonal part of po within the same
basis, yields the complementary projector

Offdiag, = I — Diag,. (4.7)

We also note, for later reference, that Qy on B(H) is trace preserving, so that Ran (I —
Qo) C {p|trp =0}

Analytic perturbation theory, see e.g. Chapter II §2 [16], allows us to compute the
splitting of the degenerate eigenvalue zero of Ly by the perturbation g£;. Recall here
that £, being a Lindblad operator (Proposition 3.2), the following structural constraints
hold:

0Oeo(Ly) =0(Ly) C{z€CRz<0}, VgeR. (4.8)
Moreover, the eigenvalue 0 is semisimple, that is there is no eigennilpotent (Jordan
block) corresponding to that eigenvalue in the spectral decomposition of £,. The same
is actually true for all eigenvalues sitting on the imaginary axis.

Let {A;(g)}1<j<m be the set of eigenvalues of £, that stem from the eigenvalue 0 of
Lo, with m = nZ, if Ho = 0 or m = n¢ if He # 0. They form the so-called A—group
for A = 0, and for g € C\ {0} with |g| is small enough, {\;(g)}i<j<m are analytic
functions of a (fractional) power of g that tend to zero as g — 0. These eigenvalues
may be permanently degenerate. For the structural reasons recalled above, one of these
eigenvalues, denoted by Ag(g), is identically equal to zero, Ag(g) = 0, Vg € C\ 0, and in
case \o(g) is degenerate, it is semisimple.

We show that under generic hypotheses, Ag(g) = 0 is a simple eigenvalue, see The-
orem 4.3, and we determine the corresponding eigenvector pp(g), normalized to be a
state, i.e. po(g) > 0 and trpo(g) = 1.

Let us denote by Qo(g) the analytic spectral projector of £, corresponding to the
set of eigenvalues in the 0-group . It writes

-1
T %m

Qol9) /F (L, — =)'z = Qo + 901 + gQs + O(gP), (4.9)

for |g| is small, where T’y is a circle of small radius centered at the origin. Also, since 0
is a semisimple eigenvalue of Ly,

Q1= —QoL1So — SoL1Qo = QoQ1(I — Qo) + (I — Qo)Q1Qo, (4.10)

where Sy is the reduced resolvent of Ly at 0, satisfying SoQ¢ = Q0Sp = 0 and SoLy =
LoSy =1 — Qp. In other words, Sy = Egl(]l — Qo), that we shall sometimes abusively
write Sy = Ly, with the understanding that it acts on (I — Q¢)B(#). The analytic
reduced operator in the corresponding subspace which describes the splitting reads
Qo(9)LyQo(9) = (Qo + 9Q1 + 9°Q2 + O(g%)) (Lo + 9L£1)(Qo + 9Q1 + §°Q2 + O(g%))
= 9QoL1Qo + ¢*(Q1LoQ1 + Q1L1Q0 + QoL1Q1) + O(g%), (4.11)

where we used LoQo = QoLy = 0.

Lemma 4.1 Under assumption Spec(H¢c) when Heo # 0, we have

0 if He#0

QoL1Qo(p) = {—iTA @ [H  traplp) @15 if Ho=0

(4.12)
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where
—_—T

H i=trap(ry’@Ic@ry*Hr)? ®lc @ /%) (4.13)
=trap(H7a ®lc ®@18) =trap(ta ®lc @ 78 H) € B(Hc).
Explicitly, with 7 =2, ., tf|<pf><g0;#|,

H = > 2 (eflolce @) H (I¢]) @1c @ [of)). (4.14)

1<j<ny
1<k<np

As a consequence, when H¢ # 0 the splitting is generically described by the order g2
correction, while in case Ho = 0, the non-zero first order correction imposes that the
elements of the kernel of Qp(g) commute with " which, generically, decreases the
degeneracy from n% to ne. In both cases, the eigenvalue zero of QgL Q) is semisimple.

Proof. We first compute for any pc € B(H¢), using (4.13),
trap([H,7a ® po ®7p]) = [H ', po. (4.15)

One gets the explicit expression for " by expressing the partial trace within the
eigenbases of 7. Therefore

QoL1Qo(p) = —iTa® (trap([H, 74 @trap(p) @78]) @78 = —iTa @ [H  ,trap(p) @ 15.
The fact that He # 0 implies QoL1Qo — 0 then follows from (4.16)
QoL1Qo(p) = —iTa ® Diage (trap([H,7a ® Diage (trap(p)) ® 78])) ® 75, (4.17)
and the identity
Diag (trap ([H, 74 ® Diage(pc) ® 75])) = Diago[H 7, Diage(pe)] = 0. (4.18)

O
Let us investigate the next order correction in order to analyse the splitting from
the eigenvalue zero. Following [16] we consider the analytic matrix

_ éQo(g)ﬁng(g))

= QoL1Qo + 9(Q1LoQ1 + Q1L1Qo + QoL1Q1) + O(g?)
= Lo+ gL1 + O(g%), (4.19)

where we observe with (4.10) that
L1 =—-QoL150L1Qo — SoL1Q0L1Qo — QuL1QoL1 So. (4.20)

Let QO be the elgenprOJector onto Ker EO Then the spectrum of Qoﬁl Qo describes the

splitting to order g2, see [16], Thm 5.11: for )\( ) e J(QO 1Q0) of multiplicity m( )

()

there exist exactly m;’ eigenvalue of £, of the form

2i(g) = A + 0(g%). (4.21)

Notice that QuL1Qy is viewed as an operator on QoB(H) here.
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We observe that @0 = QOQO = Qoéo, hence
QoL1Qo = —Qo(QoL150L1Q0)Qo = *éoﬁlﬁalﬁlém (4.22)

since £1Qo = (I — Qo)L1Qo- .
In order to proceed, we shall also assume in the sequel that the operator H ap-
pearing in Lemma 4.1 has generic spectral properties.

Spec(H'): B

The spectrum of H e B(Hc) is simple and the corresponding Bohr frequencies are
. . a7 T

distinct. We denote the normalised eigenvectors and eigenvalues of H = by ¢} and e7,

1<j<nc.

Under Spec(H '), we get from (4.5) and Lemma 4.1

N {TA ® Diagetrap(p) @ 75 ifHo #0 (4.23)

Qo(p) = T4 @ Diag trap(p) ® 75 it Ho =0,

where Diag_ is the projector that extracts the diagonal part of the matrices expressed
in the orthonormal eigenbasis {7 }. Therefore

@021@0 =TA® DiagtrAB([H, ﬁal([H, TA K DiagtrAB(~) ®TBD}) X 7B, (424)

where Diag stands here for Diag,, (resp. Diag,) if Ho # 0 (resp. Ho = 0). Equivalently,
QoL1Qyg is fully characterised by the following linear map. Set

&() = tran([H, L5 (.7  Diag(-) & 73])]) : BHc) — B(He) 1 {pe |trpo — 0.

(4.25)
Note that ® is well defined and takes the form ®(p) = trap([H, M(p)]), for M(p) €
B(H), hence tr ®(p) = tr([H,M(p)]) = 0, for any p. Then, the restriction of ® to
Diag B(H¢), which has dimension n¢, satisfies

®p = Diag ® |piag B(1c) and QuL1Qo(-) =Ta®®p(-) @ T o trap(-). (4.26)
We shall abuse notations in the sequel and simply write
QoL1Qo(") =Ta® Tp() @ 7B, (4.27)
identifying operators defined on QoB(H) and Diag B(H¢). Hence
7(QuL1Qo) = o(Pp). (4.28)

Note that dim Ker ®p > 1, since Ran ®p C Diag B(Hc) N {pc | trpc = 0}, a subspace
of dimension nc — 1, in keeping with the fact that Ker £, is never trivial. Hence, for
the zero eigenvalue of £, to be non-degenerate at second order perturbation in g, we
assume the coupling satisfies the assumption.

Coup:
The linear map

®p(-) = Diagtrap([H, Ly ([H, 74 ®Diag ( -)®7g])]) defined on Diag B(H¢), (4.29)

where Diag stands here Diag. (resp. Diag,) if Hc # 0 (resp. He = 0), is such that
dim Ker &p = 1.
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Remark 4.2 Assumption Coup is equivalent to the statement

CI)BI exists on the n. — 1 dimension subspace Diag B(H¢)N{pc | trpc = 0} = Ran ®p.

Indeed, both statements entail dim Ker ®p = 1, and the corresponding spectral pro-
jector onto Ker ®p, say Iy, is such that Ran®p = (I — IIp)Ran ®p, and KerPp N
Ran (I)D = {O}

As a consequence,

Theorem 4.3 Consider the coupled QRM Ly(p) defined on B(Ha @ He @ Hg) by

Ly(p)=—i[Ha+Ho+ Hp+ gH, p] +va(ra @ tra(p) — p) +v8(tre(p) @ 78 — p)
(4.30)

and assume Spec(He) if Ho # 0 or Spec(H ") if Ho = 0. Then for g € C\{o03, lgl
small enough, dimKer L, =1 if Coup holds.

Remark 4.4 Under assumption Spec(HT), the non-zero eigenvalues of ENO are all

simple, of the form X\jx = —i(e] — ef.) with associated eigenvector T4 ® |7 ){pf| © T,

j # k, and corresponding eigenprojector
Qi (p) = Ta @ [05) (k| ® T8 tr(1a @ |0}) (0| @ TB p). (4.31)

The next order correction, given by the eigenvalue of the operator —@Ajk/ilﬁglﬁl@kjk,
reads

A = tr{La @ i) (]| © 1) [H, £5 ([H, 74 © |97}kl @ m5])] }- (4.32)

4.2 Dynamics

We push here the spectral analysis a bit further in order to get sufficient information to
analyse the behaviour of the dynamics of the coupled QRM L,(-), as g — 0. We first
discuss the richer case Ho = 0 and then describe the modifications required for the case
He #0.

Let Qo(g) be the spectral projector of £, given by (4.9), and Qp (9) = I — Qo(g).
We have accordingly

0 L
e'r = Qo (g) + €5 Qi (g), (4.33)

where L) = Qo(9)L4Qo(9), and L = Qi (9)LyQq (9). Since the spectrum of L is a
positive distance away from the imaginary axis, uniformly in g small enough, functional
calculus yields the existence of I' > 0, independent of g, such that

e'fs = €9 Qo(g) + O(e™T), (4.34)
where O is uniform in g, since Qo(g) is analytic in g. Now, by (4.19)
LY = gLy = g(Lo+ gL1 + O(g%)), (4.35)
where, for Ho = 0 under assumption Spec(FT)7

Lo = O@o + Z )\ijVAjk, where \jp = —i(e] — eg), (4.36)
J#k

with simple non zero eigenvalues, see Remark 4.4. In case Hco # 0 under hypothesis
Spec(Hc), Lo = 0 by Lemma 4.1, so that (4.36) holds with Qo = Qo and Q,,, = 0.
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Since L) = O(g) (and even L) = O(g?) in case Hc # 0), the long time behaviour of

et*s is controlled by the first term in (4.34) when g is small. This requires addressing

the behaviour of the non self-adjoint spectral projectors associated to eigenvalues of L,
that vanish as g goes to zero.

Proposition 4.5 Assuming Ho = 0, Spec(H ) and Coup, there exists 90 > 0 such
that for all |g| < go, L4 admits analytic spectral projector QO( ) and QAJ,C( ) and
analytic simple eigenvalues \;i(g) such that

L) = gQo(9)L,Q0(9) + > Njk(9)Qn,. (g (4.37)
Jj#k

Here Qo(g) = Qo + O(g), Q.. (9) = Qx,, +Olg) and Aji(g) = —ig(e] — ef) + g?A}}) +
O(g?), see (4.52).

Assuming He # 0, Spec(H¢e) and Coup, the same statement holds with Qvo(g) =
Qo+ O(g) and Qy,,(9) =0, A\jr(g) =0 in (4.87).

Moreover, assuming Coup and Spec(FT), (respectively Spec(H¢) ), if Ho = 0,
(respectively He # 0), we have dim Ker Qg (g)Zg@o (g9) =1 and the corresponding spec-
tral projector @g(g) is analytic for |g| < go, and satisfies

Q5 (9)Lq = L£,Q5(9) = 0. (4.38)
Here _ o o
Qo(9)L4Q0(9) = 9Q0L1Qo + O(g*) = g7a ® ®p @ 73 + O(g°) (4.39)
and @g(g) = @g + O(g) where @g is the projector on Ker @021(:?0,

Remark 4.6 The spectral constraints on Lindblad operators imply,
Ro(QoL1Qo) \ {0} <0, and RA) <o. (4.40)

We give conditions ensuring %;\E}c) < 0 in case the model has no leading order Hamil-
tonian drive, Ly = D, that we analyse in more details in Section 6.

Proof. We consider Hc = 0 only, the other case being similar. Thanks to (4.35) and
(4.36), perturbation theory applies to E and yields the analytic projectors Qo(g) and
Qx,,(g9) converging to Qo and QA . respectively, and the analytlc Slmple elgenvalues

Ajk(g), such that (4.37) holds. Expanding the first term using QoLo = LoQo = 0, one
gets thanks to (4.26)

Q0(9)L4Q0(9) = 9Q0L1Qo + O(4>) = gTa @ ®p @75 + O(¢%).  (4.41)

Assumption Coup implies that @0/31@0 has one dimensional kernel, with associated
spectral projector we write QO Hence, perturbatlon theory agam ensures the existence
of an analytic one dimensional spectral projector Q5 (g) of Qo(g ) gQO( ) corresponding

to the simple zero eigenvalue of Q0£1 QO at g = 0. Necessarily, QO (g) coincides with the
spectral projector onto the nontrivial kernel of £, for all g small enough, which proves
(4.38). O

Let us turn to the dynamical implications.
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Corollary 4.7 Under the hypotheses for Ho = 0 above, the following holds for g real
small enough:

etlo = 9" (QuLrQo+O) G (g) + Z e @Q,  (g) + O(e™T). (4.42)
7k
Further assuming Hlan;,ék{%S\g?} < 0, there exists 6 > 0 such that for all t > 0,

efs = QS (g) + O(e99Y), (4.43)

where the constant in the O is uniform int > 0 and g small.
Setting n = minj¢k{|§R/\ﬁ)|} > 0, we have

efs = ! QEQQ, 4 O(e719") + O(g) + O(g™h)
= 74 ® e ®PDiag trap ® T4 + O(e 9°7) + O(g) + O(gt) (4.44)

where the constants in all O are uniform int >0, g small.
Under the hypotheses for Ho # 0 above, for g real small enough,

e'fn = QBTG (g) + O(e™T), (4.45)
and there exists 6 > 0 such that for allt >0,
e'fo = QS (g) + O™, (4.46)
where the constant in the O is uniform int > 0 and g small. Moreover,

e'fr = WA, 1+ 0(e™T) + 0(g) + O(g"1)
=74 ® ' P Diagetrap © 74+ O(c™") + 0(g) + O(g°)  (4.47)

where the constants in all O are uniform int > 0, g small.

Remark 4.8 () The identical statements (4.43) and (4.46) show that 1/g* is the time
scale of the approach to the asymptotic state, as expected. B
i) The full evolution can be approzimated by the restriction of e!9°TA®P®7s o Ran Q,
(provided n is larger than the absolute value of the real part of the eigenvalues of
TAQ®Pp ®7p in case Ho =0).

it) In case Lo = D, we provide in Section 6 an interpretation of the approximate evolu-
tion et9°TARPDOTE g ¢ classical continuous time Markov process.

ii1) Set F' = max{|RA\| A € o(®Pp)}. When He = 0, the leading term is meaningful if
F <n, and for times which satisfy 1/g%> <t < —L=|1n(g)|/g?, as g — 0, for any ¢ > 0.

e+F
When He # 0, the same is true, without constraint on F.

Proof. Again we prove the statements for Ho = 0 only, the other case being similar.
The first two statements follow from functional calcul, and Proposition 4.5, taking into
account the analyticity of the spectral data involved. To get the last statement, we
observe that since the CPTP map etfs has a norm which is uniformly bounded in ¢ > 0
and g small enough, the norm of

! (@EQ+OW) Gy (g) = etho — 3 MG, (g) + O(e M) (4.48)
ik
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is bounded above by a constant C' > 0 which uniform in ¢ > 0 and g small enough.
Thus, by Duhamel formula

eT(A+B) _ oTA 4 /T e (A+B) go(r—T)A g (4.49)
0

applied to 4 = QoL1Qo subject to (4.40), B = O(g), T = g°t we get
etg2(©ogléo+0(g))éo(g) — etggéozléoéo(g) + O(g?’t). (450)
Moreover, n = min#k{m;\ﬁ) |} > 0 immediately implies upon expanding @0(9),

etls — etQQQO»ZléOQVO + (f)(e—tgzn) + O(g) + (’)(g?’t)7 (451)

where the constants in all O are uniform in ¢ > 0 and g small. Finally,
QoL1Qo =74 ® Pp ® T allows us to express the exponential in terms of that of &p.
O

5 Construction of the asymptotic state

We now turn to the determination of the state po(g) € Ker £, where L, = Lo + gL €
B(B(H)) given by a power series in g

polg) = po+ gp1 + gp2 + -+, (5.1)

where tr(pg) = 1 and tr(p;) = 0, Vj > 0. Expanding Lo(po(g)) + 9L1(po(g)) = 0, and
equating like powers of g we get

Lo(po) =

Lo(p1)
Lo(p2)

0
0

+ +

0
L1(po)
L1(p1)

Lo(p;) + L1(pj-1) =0 Vj=1 (5.2)

The way to solve this set of equations, in principle, is as follows. Note that the spectral
decomposition of Ly yields

Ker £ = RanQp and Ran £y = Ker Q. (5.3)

The first equation is solved by picking a trace one element Ry in Ker Lo = Qo(B(H)),
described in Proposition 3.7. The addition of any traceless vector ro € Ker L yields an
equally good solution for py := Ry+7¢ at that order. The next equation amounts to solve
Lo(R1) = —L1(Ro+1g) for Ry, a traceless matrix. This requires £1(Rop+19) € Ran Lg.
Since Ran Ly = Ker Qq, this is equivalent to QoL1Qoro = —QoL1 Ry, which determines
ro = Qoro up to the addition of an element of Ker QoL1Qo (QoL1Qo viewed as an
operator on Qo(B(H))). Let us assume for the discussion here that QoL1Qo # 0, i.e.
He = 0. This yields Ry = —£51(£1(R0 + r0)). Again, the addition of any traceless
vector 1 = Qor1 € Ker Ly to that Ry yields an equally good solution p; := Ry + r1 to
that equation. The next order requires £, (r; — £y (L£1(Ro +10))) € Ran Lo, which is
equivalent to QoL1Qor1 = QoL Eglﬁl(Ro +70). This equation will then determine rg
completely, under generic hypotheses, as we shall see. Then we proceed by induction.
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The case He # 0 is slightly different, see Lemma 4.1, but is approached in the same
spirit. We start by working out the first few steps and then give the general statements
about this construction in Theorem 5.2 for Ho = 0 and Theorem 5.4 for Hg # 0.

Again, the inverse of £ on its range is the reduced resolvent Sy = L HI - Qo) =
Ly 1|(H7QO)B(7-L)- To express Sp, it is enough to consider the spectral decomposition
Lo =D hs0 MQr, where A\p # 0 and Q. are the spectral projectors corresponding to
Proposition 3.7, while Ay = 0 corresponds to the projector Q.

51 He=0

We consider here that Ho = 0 and work under the spectral assumption Spec(ﬁT)
on the self-adjoint operator defined by (4.13). We first work out the orders ¢g° and g*
terms, i.e. pg and p;, and then state an abstract result on the full perturbation series
in Theorem 5.2.

The first equation yields Ry = 74 ® pc ® 7 where pc is a state. We choose

poc = %Ha and rg =14 ® rg)) ® Tp with any traceless r(C?) can be added to that choice

so that

(0)

pozTA®P(,9 9=

1
® 7B, with p5’ = —Ic + ré?). (5.4)
ne
Then we compute QoL1(Ro + 70):

Qo(—i[H, Ry +1o)) = —ira @ [H ,pV) @75 = —ima @ [H v 075.  (5.5)

0 0
(C) ())

The condition to solve the equation for R; requires r,’ = Diag (r,"), where

Diag, (-) extracts the diagonal part of r(C? ) in the normalised eigenbasis of H'. Thanks
to our assumption, we set

Ry =Ly ((H,Ro+ro]) =i Y A ' Qu([H, Ro + o)), (5.6)
k>0

which is traceless, since Ry = (I — Qo)R1, and self-adjoint if rg) ) is. Next we look for
Rs, which requires Qo(L1(R1 +71)) =0, where 11 = Qo(r1) =74 ® rg) ® TB:

Qo([H,{L5 (i[H, 74 ® Diag, (03)) @ 7)) + Ta @78 @ mp}]) =0.  (5.7)
This is equivalent to the equation on B(H¢)
itrap([H, Lo ([H, 74 ® DiagT(pg))) ®78])]) + [FT,T(CU] =0, (5.8)
where we note that DiagT(r(C} )) is arbitrary. Our hypotheses on H  imply that

Ker [FT7 ] = {Pc | pc = Diag7p0}7 (59)
Ran[H', ] = {pc | pc = Offdiag,pc}. (5.10)

Now, assumption Coup on H ensures (5.8) determines DiagTr(C?) and OffdiagTr(Cl):
Separating the diagonal from the offdiagonal parts, we have for the former

®p(p)) =0, (5.11)
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which determines p(cg) =1Ic/nc + DiagTrg)) = Diag, (p((?)) fully since dimKer ®p =1,

and thus R; as well. The offdiagonal part yields
OffdiagTrg) =—i[H", ]! (OﬁdiathrAB([H, Lo ([H, 74 ® p(g) ® 78))] ))
= —i[H ", |7 (Otidiag, 2(p)) ) (5.12)

which fixes Oﬂ’diagTr(c} ) and leaves DiagTr(C1 ) open for now.

At this point, the formula which defines R, makes sense,

Ry =Ly ([H, Ry +m1]) =Y _ A\, Qu([H, Ry + 1)), (5.13)
k>0

where Rs depends parametrically on DiagTr(c1 ). At order two, the contribution is Ry+12,

where ro = Qo(r2) = T4 ® 7“(02) ® Tp is arbitrary. The term DiagTr(C}) is determined by

the requirement that Qo (L1 (R2 + 72)) = 0 necessary to solve for Rj, i.e.
trap((HALG G[H, Ry + 74 @18 @ 7)) + T4 @18 @ 75Y)) (5.14)
= trap([H, L5 GlH, Ry +Ta @1y @ mp]) + [H 1] = 0.

Splitting this equation into its diagonal and offdiagonal parts, we get, making use of
(4.29),

Diag, trap([H, Ly (i[H, Ry + T4 ® OﬁdiagTrg) ®78])] + @D(DiagTrg)) =0, (5.15)
Offdiag, trap([H, Lo (i[H, Ry + T4 @ 78 @ mp))] + [H,r] = 0. (5.16)

Using assumption Coup under the form: ®p is invertible on the subspace Ran &p =
Diag, B(Hc) N {pc|trpc = 0}, the first equation determines

Diag,r")) = —®7! (Diag, trap([H, L5 (i[H, Ry + 74 ® Offdiag, 7 @ 75])]),  (5.17)

so that rg ) is determined and therefore the second equation yields

Offdiag,r® = —i[H", ]~ (OffdiathrAB([H, LoV ([H, Ry +7a@rd) ®TB])])). (5.18)
Consequently, we can set

Rs; = Zﬁal([H7 Ry + 7“2]) = (H — Q())R3. (519)

At this point, pg = Ro + 1o, p1 = Ry + 71 are known, as well as Ry, OffdiagTr(c?) and

Rs.

Remark 5.1 The fact that pg)) € Ker ®p implies trpg)) # 0, so the assumption that
pc is a state in the initial step amounts to set a normalisation.

Let us formulate a general result that summarises the foregoing and guarantees the
process can be pursued:

Theorem 5.2 Consider the QRM Lindbladian Ly (4.30) with Hc = 0 under the as-

sumptions Spec(ﬁT) and Coup. Then there exists go > 0 such that po(g), the unique
invariant state of L4, admits a convergent expansion

po(9) = po+gpr+9°pa+ -+, (5.20)
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for all g € C with |g| < go. We have,

P0=TaA® P(c(‘)) ® T, where pg]) € Ker®p (5.21)

see (4.29) and (5.4), and

pi=Rj+714® ’I"g) ® TB (5.22)
for all j > 1. Moreover, there exists a linear map R : B(H) — B(H) N {pc | trpc = 0}
such that p;j = R(p;—1), where

Ry =Ly ([H, pj-1)), (5.23)
Offdiag,r¥) = —i[H ", ]~ (OffdiathrAB ([H, £5 ([H, p;1))] )), (5.24)

Diag,r¥) = —® ! (Diag, trag([H, Ly (i[H, R; + 7a ® Offdiag,r¥ @ 75))])). (5.25)
Consequently, for |g| < go,
po(g9) = (I—gR)™ (o). (5.26)

Remark 5.3 0) Replacing R; and OffdiagTrg) by their expression into (5.25) shows
DiagTrg) is linear in p;_1 as well an yields the map R.
i) Eq. (5.26) is equivalent to

N my—1 N
po<g>=z< Me 3~ (19N)+> (90, (5.27)

i\ L-9m = — gk

where pk, My, N and my are the eigenvalues, eigenprojectors, eigennilpotents and al-
gebraic multiplicities appearing in the spectral decomposition of R = Zé\;l i My, + Ny
Hence the radius of convergence is go = 1/ maxi<p<n(|pl)-

ii) In case o(R) NREL = 0, the steady state po(g) is well defined for all g € R%..

iit) The iteration terminates if and only if R has a zero eigenvalue and py belongs to
the corresponding eigenspace; see Section 8 for examples.

i) The restriction of the invariant state to He is given by trap(po(g)) = p(co) +
21 gjrg)'

v) We provide necessary and sufficient conditions in Proposition 6.1 for Coup to be
satisfied in case Lo =D and Ho = 0.

Proof. Recall that dimKer £, =1 is proven in Theorem 4.3.
We solve the higher orders equations for p; = R; + r; of (5.2) with

Rj = (I-Qo)Rj, r; = Qorj = T4 ®18 @75, (5.28)

for all j by induction. Let j > 2 and assume Ry, rj are given traceless matrices satisfying
(5.28) for 1 <k < j—1 as well as

Rj = Zﬁal([H, Rj,1 + rj,l]), TA X OﬁdiagTrg) ® 7 and Rj+1 = Zﬁal([H, Rj + Tj]).
(5.29)

This is the situation we arrived at for j = 2. Consider Qo(L£1(Rj+1 + 7j+1)) = 0, a
necessary condition to compute R; o, which yields

trap ([H,Ly GlH,R; + ma @ @ 7)) + [H 78] = 0. (5.30)
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Splitting the equation into its diagonal and offdiagonal parts gives
Diag, trap ([H, Ly (i[H, R; + 74 © Offdiag, 7Y @ 75]) + ®p(Diag,rd) =0, (5.31)
Offdiag, trap ([H, £y (i[H, R; + T4 v @ 75]) + [H ,vd™™] = 0. (5.32)
The first equation determines
Diag,r) = —&3! (Diag, trap([H, L5 (i[H, R; + 74 ® Offdiag, ) @ 75))])), (5.33)

so that rg) is fully determined and therefore the second equation yields

Offdiag,ri+Y = —i[H ", ]~ (OffdiathrAB ([H, L3 ([H, R; + 74 @1 @ 75])] )).

(5.34)
Consequently we can define
Rjio= iﬁal([H, Rjiq+ Tj+1]), (5.35)
where DiagTrg'H) remains free, while r; is determined. This finishes the proof of the
induction. a
52 Hc+#0

We consider here He # 0 and the necessary modifications to compute the series (5.1)
due to the identities

Qo(:) =74 @ Diag(trap(+)) ® 78 and QoL1Qo = 0. (5.36)
The first equation in (5.2) yields po = Qopo = Ta ®p(69) ®Tp, where pg)) € DiagoB(Hce)
is free. The condition to solve the second equation is Qo L1(po) = QoL1Qo(po) = 0 which
is trivially satisfied. Thus, writing p; = Ry + 71 with Ry = (I — Qo)p1 and r1 = Qop1,
we can solve partially the equation setting

Ry =—Ly Li(po). (5.37)

The next equation Lo(p2) = —L1(p1) requires QoL1(R1) + QoL1(r1) = 0. Thanks to
r1 = Qor1 and the identity (5.36), this equation reduces to

QoL1Ly " L1Qo(po) = 0, (5.38)
where we used the expression for Ry and pg = Qgpo. Thanks to assumption Coup for
He # 0, this determines pg = 74 ® Diagcpg)) ® 75 since (5.38) is equivalent to

p(oo) € Ker ®p, where dimKer®p = 1. (5.39)
a

Thus R; is now determined, while the traceless part 71 = 74 ® Diagcrc) ® T 1s not.
With the familiar decomposition py = Rs + ro with respect to the projector Qg, we set

Ry = *Eo_lﬁl(Rl -+ Tl) (540)

and turn to the equation for p3 = Rz + r3: Lo(ps) = Lo(R3) = —L1(p2). It requires
QoL1(R2 + 123) = QoL1(R2) = 0, where we used (5.36) and ro = Qor2. With (5.40),
this is equivalent to

QoL1Ly ' L1Qo(r1) = —QoL1Ly L1(Ry) = —74 ® Diagotrap(Li1Ly L1(Ry)) ® 7B,
(5.41)
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where trﬁlﬁglﬁl(Rl) = 0, since £1(-) = —i[H,-]. Thanks to Coup, we can thus
determine r; = 74 ® Diagcrg) ® T uniquely in terms of ®p

O (DiagctrAB{ [H, £y ([H, Ry]] }). (5.42)

In turn Ry is fully determined while ro = 74 ® Diagcr(g ) ® T remains to be computed,
and
R3 = 7£61£1(R2 + 7‘2). (543)

From there on we can iterate the process to get the equivalent of Theorem 5.2 in the
case Ho # 0. The proof being similar and simpler, we omit it.

Theorem 5.4 Consider the QRM Lindbladian L, (4.30) with Hc # 0 under the as-
sumptions Spec(ﬁT) and Coup. Then there exists go > 0 such that po(g), the unique
invariant state of Ly, admits a convergent expansion

po(9) = po+gp+9g’pa+---, (5.44)
for all g € C with |g| < go. We have,

Po=TA® pg)) ® T, where p(g) € Ker®p (5.45)
see (4.29) and (5.39), and p; = Rj+TA®Tg)®TB forallj > 1, with rg) = Diagc(rg)),
Moreover, there exists a linear map R : B(H) — B(H) N {pc |trpc = 0} such that
pj = R(pj-1), where

Rj = iLly ' ([H, pj-1)), (5.46)
r9 = &' (Diagetrap([H, £y ([H. R;])])
= i®},' (Diagetran([H, Lo (IH, Lo ((H, o)D) (5.47)

Consequently, for |g| < go,

po(g) = (I—gR) ™ (po). (5.48)

Remark 5.5 0) Remarks i), i, i) below Theorem 5.2 remain in force here.
i) The map R can be expressed as

R; = *Eglﬁl(ﬂj—l)v (5.49)
rd) = 0 (trap{QuLi Ly L1(R))}) = D5 (trap{QoL1 Ly  L1L5 L1(pi—1)})
so that

Pj = ( - Ealﬁl() +74® (I)Bl (trAB{Qoﬁlﬁalﬁlﬁalﬁl(.)}) ® TB)(ijl)- (550)

6 No leading order Hamiltonian drive

We consider here the case where H4 = Hp = Hc = 0 on their respective spaces, so that
Lo =D with 74 and 75 arbitrary, while £; = —i[H, -] with H arbitrary as well. This
allows us to keep things relatively simple, while retaining a certain level of generality,
since the dimensions of the different Hilbert spaces are arbitrary as well.

Let us consider the hypothesis Coup in this simplified setup, assuming Spec(ﬁT)
holds. Recall that {47} }1<j<n. denotes the normalized eigenbasis of H " with respect
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to which the projectors Diag, and Offdiag, are defined, and set P} = |¢])(¢]|. Given
the definition (4.29) of ®p, we need to compute for all j,k € {1,...,n¢c}

(®p)ji = tr{(Ila ® P] @ Ip)([H, Ly ([H,7a ® P{ ® 75]) }. (6.1)

Thanks to Proposition 3.4, we can express Cal = D~! in a compact way. Let pp € B(H)
such that trap(po) = 0, so that Qo(po) = 0. Thus

1 -1 A - B .
Dt = + —74 @ tr + —tr RT 6.2
(Po) Py {Po A A(po) " B(Po0) ® 7B (6.2)

Therefore, introducing

H™ = tra(Hta®@Ie ®1p)) =tra((ta ®lc @ 1p)H) € B(Hc @ Hp), (6.3)

T

H'® = trB(H(HA ® I ®TB)) = tI“B((I[A ® Io ®TB)H) S B(HA ®Hc) (6.4)

and making use of tryp[H, 74 ® P] ® 7] = 0, a straightforward computation yields

1

[H, Ly ([H,ma © P{ @ m5])] =

- DA 1y gy o B o)) - 2204

,HTB,T ® Pl ® 1]
va+7B va+ 7B [ A®Fl@ms]

Then we note using the cyclicity of the trace that
tr{(Ia®P] @ 1) ([H, [H,74 ® P{ @ 78]])} (6.6)
= 2((5jktl'(H(’7'A ® P]z & TB)H) - tI‘((HA & PJT ®HB)H(TA X Plz ® TB)H))
where the operator in the first trace reads

(ry?* @ Pl @ myf)H)" (ry* © P} @ 7 )H > 0, (6.7)

while the second trace yields the jj element of its partial tr 45. Hence,

tI‘{(HA®P]T ®HB)([H,[H,TA®P]§®TBH)} (68)

5 —trap(H(TAa ® Pl @ 78)H);; <0 lfj#k'
ZliktrAB(H(TAQ@Pg@TB)H)” >0 ifj=k

Similar considerations can be made for the traces of the other two operators in (6.5):
tr{(]IA ® PJT ® ]IB)([H, [HTB,TA ® P];r] ® TB])} = tr{(]IA ® P].T)([ﬁTB7 [FTB,TA ® P]z]])}
=2(0tr(H " (ra@ PLYH ") —tr((la ® PTYH " (ta@ PL)H ™))

_ 2{ —tea(H P (ra @ POH ), <0 i 4k

3 _ rITE 6.9
Dok tra(H (ra®@PH ")y >0 ifj=k (6.9)

and
tr{(Ia ® P} @ Ip)([H,7a® [H ", P{ @ 75]])} = te{(P] @ Ip)([H ", [H ", Pf @ 78]])}
=2(0tr(H ™ (Pf @ mp)H ™) — tr(P] @ Ia)H (P @ 75)H "))

_2{ —trp(H N (Pf@rp)H *);; <0 ifj#k

T =7 oo . 6.10
> ik trB(H “(Preorp)H ")u>0 ifj=k (6.10)
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Defining for 1 < k < ne the non negative operator h(k) € B(H¢) by

2
h(k) =———tr H(ta® Pl @ T3)H 6.11
() =2 twan(H(ra & Ff © 7)) (6.1

2 T —=T 2 =T —=T
20408 TP @) B + DB A G T (s PO,
A-I-’YB A+7B

we eventually obtain

(®p)jk

{ —h(k);; >0 ifj#k (6.12)

Jrzl;ék (k)” 0 ifj=k

where ®p is viewed as a matrix on C"¢, and any dia;gonal matrix r = Y ¢, Py €
Diag, B(Hc¢) is viewed as a vector (r1 ro - rnc) of C"e.

We provide a necessary and sufficient condition on the coupling Hamiltonian H in
terms of the diagonal matrix elements of h(k), 1 < k < n¢ for assumption Coup to
hold, i.e. that ®p restricted to diagonal traceless matrices is invertible.

Proposition 6.1 Assume Lo = D, L1 = —i[H,-] and consider the non negative op-
erators {h(k)}1<p<ne defined by (6.11). Assumption Coup holds if and only if there
exists j € {1,...,nc} such that hj;(k) >0 for all1 <k # j < nc.

Remark 6.2 i) Since h(k) is a sum of non negative operators, it is sufficient to check
the condition on any of its constituants.

it) Explicit computations show that for dim He = 2, assumption Coup holds as soon
as ®p # 0, while for dimHeo = 3 it is true if h(j)hs(k) > 0 for some 1 < j #k <3,
r# . s # k and (r,s) # (k. J).

Proof. Within the framework introduced above we identify ®p with its matrix
(®p)jx- We need to show it admits zero as a simple eigenvalue, which amounts to
showing that Rank ®p = ng — 1.

We use the short hand notations hj(k) = h(k);; > 0 for j # k and h;(j) =
>k h(d) = 0 to express the matrix elements of —®p. The proof follows once we
establish the following Lemma

Lemma 6.3 Consider h € M, (R) given by

5, 29~

—h2 2 —h2(n hi(k) >0 for j £k

h= f ; , where { EJ)):Z (J)ZO (6.13)
—hn(1) —hu(2) -+ hup(n)

Then, Rank h =n—1 if and only if 31 <j <n such that h;(k) >0,V 1<k#j<n.

Remark 6.4 It is possible that Rank h = n — 1 and one diagonal element h;(j) = 0,
i which case he; = 0, where e; is the jth canonical basis vector of C™.
We can associate to by a stochastic matriz p the elements of which are

he(d) (a
Pk = {2hj<j> it hy @ >0 (6.14)

5jk if hj(j) =0

such that x € C™ satisfies hx = 0 iff pty = y, where y = Diag(h)z € C", if hg(k) > 0
for all k. Hence, if Rank h = n — 1, the components of x can all be chosen to be non
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negative, by Perron Frobenius theorem.

However p is not necessarily irreducible as one sees from the ezampleh = [ -1 1 -1

with o(y) = {0,1,2} that admits the non strictly positive eigenvector (0 1 l)T in its
kernel

Proof. We know 0 € o(h) and by Jacobi’s formula,

d i .
e det(h — 2)|.=o = tr com’(h) = Zldet b, (6.15)
j=

where com(A) is the comatrix of A and fljk is obtained by deleting the j* row and k™"
column of A. In our case

M) e mmG=1) —hGED) e )
b= | Pt b =) =i+ —hj-1(n) (6.16)
T —hia (D) —hj1(G—1)  hja(i+1) —hji1(n)
—h, (1) —hn(j —1) —hn(j+1) hin(n)
is real valued so that a(ﬁjj) = J(ﬁjj). Moreover, by definition, for all k # j
hak) = S (k) = 3 huh), (6.17)
I£k 1k
1#3
so that by Gershgorin Theorem
a(b;) | {26C||z—hk(k)| gZhl(k)} =G (6.18)
ktj Lk ey

17

where the circle Gy, centered at hy (k) of radius > 1xx hy(k) intersects the imaginary axis
1%

if and only if h;(k) = 0, in which case the intersection reduces to the origin. Since the
determinant of f;; is the product of its complex conjugate eigenvalues, (6.18) yields

deth;; > 0, with equality iff 3 k # j s.t. hj(k) = 0. (6.19)
Therefore
> deth;; >0, with equality iff V 1 < j <n, 3k #jst. h(k)=0. (6.20)
j=1
O
This ends the proof of the Proposition. O

6.1 Emergence of a classical Markov process

Coming back to Corollary 4.7, we know that for times s.t. 1/g? <t < Flﬂ|1n(g)|/g27
t(D(-)—ig[H,]

the evolution semigroup e ) can be approximated by

RERLE Diag, B(H¢c) — Diag . B(Hc). (6.21)
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In the case at hand, ®p is expressed in the orthonormal basis {|¢7)(¢]|}1<j<nc as the
matrix (6.12) denoted by b in Lemma 6.3. The negative of the transpose b7 of b is thus
a transition rate matrix or Q-matriz, associated to a classical continuous time Markov
chain with finitely many states, see [19]. Therefore we can associate to our quantum
problem p = D(p) — ig[H, p] a classical continuous time Markov chain (X;);>¢ on the
state space {|¢])(¢]|}1<j<nc identified with {1,2,...,n} with n = nc, as follows.

Let us recall the general framework. The Markov process (X;):>o is characterised
by the probability to find the process in state j at time ¢ > 0, given the process at time
0 is in state 4, is denoted by

pz](t) = ]P(Xt = ]|X0 = Z)a Z,j S {1727 oo 7”}' (622)

These transition probabilities P(t) = (ps;(t))1<i,j<n are solutions to the matrix form
forward and backward equations

P'(t)=Pt)Q, P0)=1 < Pt =Q"P'@1), PO0) =1, (6.23)

where Q@ = (¢ij)1<ij<n is a transition rate matrix such that ¢; < 0, ¢;; > 0 and
Z?Zl ¢i; = 0. Hence, with the identification @ = —hT we get the following interpreta-
tion

Theorem 6.5 Consider Ly(-) = D(-) — ig[H,-| under assumptions Spec(H ) and
Coup. Then, the operator ets’ o arising in the approzimation of e€*“s provided in

(4.44), describes a (rescaled) continuous time Markov process (Xy)i>0 on the state space
{“P;‘M‘Pﬂhg]‘gnc ={1,...,n} such that for all 7 > 0,

P(X, = j|Xo = i) = tra{le] ) (¢] " (I]) (] D} (6.24)
Remark 6.6 Therefore, for any s > 0, the transpose of e5®P is a stochastic matriz.

Finally, let us address the computation of the order g2 corrections (4.32) of the
simple eigenvalues \;,(g) of L4(-) = D(-) — ig[H, | given by

A = 6 (L @ i) (]| @ 1s) [H, £ (1H, 7a @ |07 (k] @ 7)) }. (6.25)

We prove in Appendix that

Proposition 6.7 Consider L,(-) = D(-) — ig[H, -] under assumptions Spec(H ") and
Coup. Then, the eigenvalues \ji(g) of Ly, see Proposition 4.5, satisfy

2 2
Ya+7AYB + VB~ T
RAi(g) < —g* TR o — ef)? + O(g) (6.26)

Remark 6.8 Actually, we show that §R5\S€) is upper bounded by a sum of non positive
explicit contributions. Hence one can decrease the contributions stemming from these
eigenvalues in the approximations of the dynamics shown in Corollary 4.7 by assuming
the coupling Hamiltonian H makes the lower bounds of Lemma 9.1 below large enough.

7 Example on C? @ CV @ C?

We present here an example where the two parts of the Hilbert space on which the
dissipator acts non trivially are both C2 = H 4 = H g, while the central part Ho = CV,
with IV arbitrary. The orthonormal bases of H4, Hp and H¢ are denoted respectively
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by {lg),1e)}, {1 1), | 1)} and {;};7,. The reset states associated with rates v4,vs > 0
are

Ta =talg)(gl + (1 —ta)le)(el, 75 =t D[+ A —tp) (T, (7.1)
where 0 < t4,tp < 1. We consider again a case without leading order Hamiltonian
drive, that is Hy = Hp = H¢o = 0, while the order ¢ Hamiltonian reads

H=H,®lp+14s® Hg, where (7.2)

N N
Ho =" a9 ¢;)(g® @i +ale @ ;) e @ @il + > aklg ® g1){e ® gx| + hec.

j=1 k=1
N N
Hz =Y 00,0 (00 L1+ 6P ]0;0 Digs@ 1 [+ Brlon® D{gr® 1| +hc.

In other words,
Heo = |g)(g] @ HY + |e)(e] @ HL + |g)(e] @ 1) (@a] + |€) (9] @ [®a) (1] (7.3)
Hy= |V @ HY 110 10 B + 1101 ©len) (@] + | 1 | @ |@s)(en] (7.4)

with H#) = E;V 1 5#)|<p]><apj| # € {g,e}, D, Zivzl ok, and similarly for Hag,

introducing Hy" = 337, 07" 1ip;) (5] # € {11}, and @5 = Y30, Brpr
With these definitions we compute

H =t HY +(1—tA)H® +t5HY + (1 —tp)H

=

=" (taal? + (1~ ta)al? + 156 + (1 — )0V ;) s, (7.5)

vj=¢; and e] = (tAag-g) +(1—ta) 5 ) +tpb; W4 +(1 tB)bg-T)). (7.6)
We can choose the real parameters a§ ), ;e) bgi b(T)

Spec H ' holds for any choice of 0 < ta,tp < 1.

so that the generic assumption

7.1 Leading order term

The next step consists in determining the diagonal elements of the nonnegative operators

h(k) defined in (6.11), 1 < k < N; more precisely h;(k) := (p;|h(k)p;), for j # k. We
first compute

FTA :Hﬁ—l—(tAH(gg)—l—(l—tA)Hée))(@]IB (77)

H™ = Hy+14@ (tgHY + (1 — tp)H"). (7.8)

Since we do not need the elements (i |h(k)pr), we do not make explicit their con-

tribution, that we generically denote below by ¢;(k)Py, where ¢;(k) > 0, i = 1,2,3,4.
With this convention, we get for the different elements h(k) is made of

trap(H(ta @ Pf @ 7g)H) = c1(k)Py + (1 — ta)lar*|@1) (1] + 01| Pa) (o
+(1 —t8)IBkl*len) (on| + Ok ntB|Ps) (Ps]
tra(H " (ta®@ PLH™”)) = ca(k)Pr+ (1= ta)lol?[1) (01| + 6k.1ta|®a) (D0
trg(H " (P{@7p)H ")) = cs(k)Pe+ (1= t)Bl*lon) (on| + Ok ntp|®s)(Dsl.
(7.9)
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Eventually,

2
h(k) = {(1 — ta)lew*yle1) (@1] + 01t 47| Pa) (Pl (7.10)
YAYB

0k tE7a106) (Ds] + (1 = t)|BePralon) o | + calk)Pe

The offdiagonal elements h;(k), j # k, of the matrix —®p immediately follow: let

Sk:’}/B(].*tA”akF, Uk:’YBtA‘akF, for 2§k‘§N
T = va(1 —tB)|Bkl?, Vie = vat|Bil?, for 1<j<N-1 (7.11)

Therefore the matrix form (8.17) of the operator ®p reads

y—
YAYB
hl(].) ~752 *Sg *54 e *SN—l *SN - Vl
~U, ha(2) 0 0 ... 0 V4
—Us 0 h3(3) 0 ... 0 ~Vs
X . . . )
: : . ) 0 :
—Un_1 0 0 ... 0 hya(N-1) =—Vy
~Un-Ty, -To T3 —T5 --- —Tn_1 hy(N)
(7.12)

where the diagonal elements h;(j) = Tj + S;, 0 < j < N, hy(1) = Z;\;Q Uj +Tn and
hv(N) =337, V; + S

Note that a; #0 < S; # 0 and U; # 0, while 8; # 0 < T # 0 and V; # 0. Hence,
looking at the first row of (7.12), one sees that Coup holds for this model when

o0z ...an_1 #0 and |G|+ Jan|? #0, (7.13)

or, looking at the last row, when

ﬁ263 .. -BN—l # 0 and |/81|2 + |aN|2 7& 0. (714)

In either cases, this validates the conclusions of Theorem 5.2 on the invariant state and
the way to compute it. From now on, we assume that either (7.13) or (7.14) holds.

The leading term of the invariant state is determined by the one dimensional kernel
of ®p which turns out to be computable explicitly. We have, noting that S; +71; > 0
for2<j<N-1,

1 N-1 V;5,
o x1:SN+Zj;2 Sg‘gff +W
Ker®p=C| . |, where qan=0Uy+3>5" g5 +T (7.15)
. _ Ujzi+Vzn . _
TN Tj= Tsar 0 2Sis N

The corresponding faithful leading order of the invariant state of the QRM thus reads

N N
1
Po= 7TA® > wilei) el © 78, where Z =" . (7.16)
= k=1
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Actually, the following more explicit expressions are true. With
N—1
vavsla; By

y(N) = , 7.17
M= 2 Tt + 0~ a1l (747
we can write
T = (1 — tA)laNP’YB + y(N)tB(l — tA) + tB|51|2’yA (7.18)
oy = talan*ve + y(N)ta(l —tg) + (1 = t5)|B1*7a (7.19)
zj = talan|*vs +tp|Bi*va +y(N)tats (7.20)

vavs(lanPtats — DIB;* + |1 ts(2ta — 1)|a;[*)
(1 =ta)ysloy|* + (1 — tp)yalB;l?

+

b

for2<j < N.
Note in particular the generic nontrivial dependence on j of the populations of (the
reduced) leading order pg of the invariant state. Further remarks are in order:

e For non zero coefficients a; and 3;, x; is independent of 2 < j < N — 1 if

(ZtB — 1)tA

2t4 — 1)t
(G2 b L7 DN N L0 ) L2 SV (7.21)
(1—tg)

(1 —ta)

e In case we consider thermal states for 74 on C?, # € {A, B}, such that ty =

m, with excitation energy Ex > 0. We get that tx — 1 when Sy —
00, while tx — 1/2 when B4 — 0, which shows that at high temperature, the
populations tend to be constant.

8 Example on C?® C? ® C?

With the previous example considering Ho € CV, we could derive the exact expressions
of the map ®p and of the leading order solution. However, going to first order correction
and beyond requires considerable effort and would not be enlightening for the reader.
This motivates this second example, where we restrict Ho to be in C? and consider an
interaction Hamiltonian H that is appropriate to describe effective physical systems.
The goal of this section is twofold. First, we derive explicitely higher order corrections
illustrating the theorems of Sec. 5, showing that we can capture the main features of
the dynamics with relatively little effort as compared to the complexity of the system.
Second, we make a clear connection between a tri-partite quantum reset model and
models suitable to describe realistic physical systems.

8.1 Model

Explicitly, we consider here a chain of three qubits characterized by their bare energies
ea,ep,ec entering Hy. They are interacting through H. The two Hamiltonians are
given by

Hy
H

eAlN(1 @I @I+ 14 Rec|1)(1]| @15+ 14 @Ic®@ep|1)(1], (8.1)
U([11)ac(11] @15 +14 @ (|11)cp(11])
+(Ja|01>AC<10‘ RIp+14® J5‘01>CB<10| + hC) . (82)

29



Without loss of generality, we assume the interaction strengths U, J,, Jg to be real.
This model could be effective for instance for three qubits subject to nearest-neighbour
interactions: a Coulomb interaction (set by U) whenever two adjacent qubits are occu-
pied and to a flip-flop interaction term of the form |01)(10| + h.c. (set by Ja, Jg with
Jo # J3). In the ordered computational basis of the three qubits

{1000, 1001), 1010, |011), |100), |101), [110), [111)}, (8.3)

the total Hamiltonian Hy,; = Hg + gH reads

Htot = (84)
0 0 0 0 0 0 0 0
0 ep gJs 0 0 0 0 0
0 gJs ec 0 gJa 0 0 0
0 O 0 ep+ec+gU O gJa 0 0
0 0 gJ, 0 €A 0 0 0
0 O 0 gJa 0 eaten g9J3 0
0 0 0 0 0 gJ3 es+ec+gU 0
0 0 0 0 0 0 0 ea+tep+ec+29U

This model corresponds exactly to the previous example with N = 2 and setting:

o = By =0 = o = = b — 1) =y = g (55)
o =09 Z U, ay = Ju, B = Jp, (56)

The ground state for the three qubits is now simply given by |000) and corresponds to
|g ® p2® 1) in the previous example with N = 2. For clarity, we provide the expression
of Hiot in the form introduced in (7.2)

Ho =Ule®p1){e® 1|+ Jalg ® p1)(e @ 2| +h.c. (8.7)
Hg =Ulp1 @) (p1 @ + Jplp2® L) (p1® T | + hec.

The two ends (A and B) of the 3-qubit chain are weakly coupled to their own thermal
baths at inverse temperatures 4 and Sp with coupling strengths v4 and g respec-
tively. Dissipation takes place following QRM . The reset states are assumed to be
thermal states defined by the Maxwell-Boltzmann distribution with their respective
inverse temperature Sx = 1/T% (kg =1 in the following) in the basis {|0), |1)}:

1 1 0 oty 0
T#_Z:#(O e—ﬂ#E# )_( O 17t# )7 #E{A)B}' (88)

Note that since the ground state |0) in the C' part of the Hilbert space corresponds to
| 1), the substitution tg — (1 — tp) is in order to use the results of Section 7.

Let us remark that this model for a tri-partite open quantum system differs from
previous works on reset models in the context of quantum thermodynamics, studiying in
particular quantum absorption refrigerators and entanglement engines, Refs. [4,26,28].
These models consist of a chain of 2, 3 or N qubits, each of them being coupled to
its own thermal bath. Dissipation due to the presence of environments is captured
through QRM . In Ref. [26], the steady-state solution for 3 qubits with three different
environments is derived analytically, whereas the case of two qubits is fully solved in
Ref. [4]. In contrast, in this work, we derive the steady-state solution considering an
arbitrary system C only coupled to the two ends A and B of the chain, as long as Hgo
satisfies generic assumptions.
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8.2 Generic assumptions

We first check the assumptions for Ho and H. The condition Spec(H¢), is trivially
satisfied in this case as the spectrum o(H¢) = {0, ec} is simple with ec # 0. We can

then verify Spec(H ) with
FT:tI‘AB(HTA@]Ic(X)TB)ZU(Q—tA—tB)|1><1|, (89)

as defined by Eq. (4.13). The spectrum o(HT) = {0,U(2 — ta — t5)} with associated
eigenvectors {|0),|1)} is simple whenever U # 0 and t4 + tp # 2 where t4,tp stand
for the ground state populations of the reset states 74,75. The identity t4 + tp = 2
is only satisfied for zero temperature reservoirs, t4 = tp = 1. Hence we stay in the
generic case, ta4,tp < 1. The condition U # 0 also tells us that a flip-flop interaction
Hamiltonian of the form (]01)(10| 4 h.c.) is not sufficient to ensure the required non-
degeneracy conditions in the O-subspace of L£y. We easily verify that the kernel of Lg
has dimension n% =4 if Ho =0 and ng =2 if Hg # 0.

In the following, we will restrict the derivation of the steady-state solution up to the
second order correction assuming no drive, i.e. Hy = Hg = Ho = 0. Let us note that
in two dimensions, there is no loss of generality to consider the reset states 74 and 75
defined as thermal states with respect to H4 and Hp.

8.3 Leading order solution, no drive

Under Spec(H7) and Lemma 4.1, the first-order-correction projector QoL1Qq in the 0-
eigenvalue subspace is fully characterized by the map ® acting onto H¢, see Eq. (4.25)
and Theorem 4.3

@) i= tran ([H, L5 (.72 © Diag(-) ® 75))]) : B(He) = B(He) N {pe |trpc = 0},

(8.10)
In contrast to the previous example, we can compute explicitely here the map ® and
not only ®p. To this end, we consider pc to be initially in an arbitrary diagonal state
(with respect to the eigenbasis of H )

rd 0
pC:< S ) (8.11)
Defining the linear form on C?

X(re,re) = =re(JE( = tp)ya + Jo(1 = ta)ys) + ro(Jitpya + Jitays),  (8.12)

we find the matrix ®(pc) € B(Hc) to be given by (with respect to the eigenbasis of
H)

2 X(rd,rg) 0 )
L0 = cnC . 8.13
o) = o ( 0 —X(r,r0) R
Note that ®(p¢) is diagonal, so that for this example we have ®(-) = ®p(-). In particular
’yAtBJ2+’YBtAJ2 0
Ker®p(-) =C b « 8.14
ot =c (P (=t 4w -tz ) O

is one dimensional, so that Assumption Coup is satisfied. Then Ker & provides the
leading order steady-state solution pg = 74 ® P(c(')) ® T with

vateJ5+vptaJl 0
0) YaJ3+vBJ2
Pc’ = 0 ya(l—tp)Ji+vp(1—ta)J2 (8'15)
’YAJZ}"F'YBJ(%
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Interestingly, the zeroth order solution is the exact solution in the equilibrium situ-
ation, i.e. when 74 = 75 = 7, the state pg = 7 ® 7 ® 7 satisfies for any g € R (or C)
L4(po) =0, an instance of Remark ii) 5.3.

Remark 8.1 In this example, the matric ®p can also be derived directly from the
previous example with N = 2, starting from the positive operator h(k):

2

h(k) =
() YAYB

(lowl(1 = ta)yI 1L + B 22741000
Fears10)(0] + (1= tp)val)(1] ) + ca(k)P(K) . (8.16)

In the basis {]0)(0], |1)(1]}, given (8.5), the substitution tg — 1 —tp, and according to
(7.12), the matriz ®p reads

_ 201 _ 201 _ 2 g2
oy 2 < Yad5(1 —tg) +yBJ5(1 —ta) —valstn 'YBJatA>’ (8.17)

T yavs \ a3l —tp) —ypJ2(1 —ta)  vyatitp +ypJ3ta
whose kernel in this same basis is generated by the two-dimensional vector
Ker ®p = C(vaJjts + vpJota, vaJj(1 —tg) + v Jo(1 —ta))" . (8.18)

Let us note that ®p, when written as a superoperator acting onto diagonal matrices,
takes a diagonal form, see Eq. (8.13).

8.4 Underlying Markov process

We have enough information here to determine the natural two-state classical continuous
Markov process associated to the model, according to Theorem 6.5. The state space is
denoted by {0, 1} = {|0)(0], |1)(1]}, and by (6.24) we need to compute e*®? to determine
the transition probabilities of the process

P(Xs = j|Xo = k) = tr{|k) (k|e**2 () (J])} = ("7 )y, 0<j k<1 (8.19)

The spectral decomposition of ®p in the matrix form (8.17) is easily obtained. Intro-
ducing
oy =vadjte +yBJota, o =vaJ5(1 —tp) +yBJi(1—ta), (8.20)

we have

o(®p) ={0, —2(¢4 +¢-)/(vav8)} = {0, =2(yaJ} + v8J2)/(vavB)}: (8.21)

with eigenvector associated to the non zero eigenvalue proportional to ( 1 fl)T. Hence,
-2 + o
T S TRNTeY (822)
YAYB

with spectral projectors

E)]

Y-+t

D),

QO: ) Q+: .
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2s(p4to-)

Therefore, with § = ,
YAYB

s®p _ 3 _ pr+e o pp—epy
e = ¢ +Qo=—— s ) 8.24
Ort o=, (s@ —e o p_+e 3<p+) (8.24)

In turn this eventually yields the sought for transition probabilities

+e Sy _+ef

P(X,=0[Xo=0)= 2T P= px, = 1|X, = 1) = Z=T¢ #*

P+ ot Pt Pt

_(1—¢e* 1—e %

P— Tt ot Y-+ o4
The appearance of a classical Markov process on the eigenstates of the driving Hamil-
tonian within the derivation of Lindblad generators for open quantum systems is well
known. By contrast, the state space of the Markov process into play in teh present
context is determined by the eigenstates of H ", that takes into account the effects of
the reset matrices.

P(X, =1|Xo =0) = (8.25)

8.5 Higer-order corrections, no drive

We now illustrate Theorem 5.2 by deriving the converging expansion of the unique
invariant state of £,

po(9) =po+gp1+g°pa—+... with, pg=74® p(co) ® 7B, (8.26)
and
pj:Rj+TA®Tg)®TB Vji>1. (8.27)
We recall the definitions for convenience
R; = iLly ([H,pj-1)),
Offdiag, r¥) = —i[H ", (Offdiag, trap ([H, £5 ([H, p;1])]) )
DiagTrg) = —&,' (Diag, trap([H, Ly (i[H, Rj + 74 ® OffdiagTrg) ® 75))])) -

For the first-order correction, we start computing Ry = iLy*([H, 74 ® p(cg) ® 75]) which
can be expressed with F; = i(|01)(10| — |10)(01]) (acting on Hs ® Hc or He @ Hp
depending on the context) as
UA'_tB)JaJB
Ry = A B)als (g Jora @ F
1 ’YAJng’YBJﬁ ( gL TR+ JaTa ® )
(tA*tB)JaJﬁ( . .
A TB)0B (g4(101) (10] — [10)(01 Ja 01)(10] — [10)01])).
VATE + 52 5 1(|01)(10[ — [10)(01]) ® 75 + JaTa @ i(|01)(10] — [10)(01])
(8.28)

We first note that since ® = ®p, the expression for Oﬂ?diagT?“(C1 ) reduces to zero:

OffdiagTrg) = —i[H, ]! (OffdiagTCI)(p(C?))> =0. (8.29)

Then, it remains to determine DiagTrg ) to get the first order correction in g. Thanks

to (8.29) and using (8.28) for Ry, we compute

Diag, 7)) = —&3,! (Diag, trap([H, L5 (i[H, R1])])) = 0. (8.30)
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Hence, the first order correction is simply given by R;, p1 = R; and we obtain

po(9) = Ta ® p) ® 75 + gR1 + O(g?). (8.31)

We proceed with the second-order correction and compute Ry = il 1([H , Rl]).
The matrix Ry is rather complex and we provide the expressions for its diagonal and
off-diagonal elements separately. Its 8 diagonal elements in the ordered basis (8.3) are
proportional to by

. Jod
Diag(Rz) = - <tAtB(’YA —vB), —ta(teya +v8(1 —tB)),
YAYB

taya(l —tp) —tpyp(l —ta),(1 —tp)(taya —vB(1 —ta)),
te(yBta +74(1 —ta)),vata(l —tp) —vatp(l —ta),

(1—=ta)(vBte +7a(l —tB)), (1 —ta)(1 —tp)(vB —7a) ) - (8.32)

For its off-diagonal elements, we introduce F = |01)(10| 4 [10)(01| and the coefficient
matrices

(" 0 . [ 0
FA—(OA ’YAJF'YB/(ltA)) ; FB—((f vB+7A/(1tB)>' (8.33)

The matrix Ry can then be written in a compact form

2JoJg(ta —tB) (. 1
Ry = —{Dla Ry) + ———— 8.34
? J3va+ 2B B+ &30

X (—_JQU(l — tA)TAFA ® Fy + 7JﬁU(1 —t5)

F: T
2vp 274 2 @788

- %(ng — J3t3)[001)(100] + %(Jo%(l —ta) = J3(1 - tB))\110><011|)} .

For Offdiagrg), we find that it is equal to 0. This leads us to:

. X® 0
Dlagrg)=< 0 _X(Q)) (8.35)

x® _ 2iJ2J5(ta —tp) 236
- 2 A2 2 2 ( . )
Yave(va +v8)(J3va + J3vB)

X {(WA +7v8)(J374(2va — vB) — J2vB(27B — 74))
+U((1—ta)ya(ys + (1 —ta)ya) — (1 —tB)yp(va — (1 - tB)’YB))} :
The solution up to the second-order correction is then given by
po(9) =74 ® (0 +4*r&)) @ 75 + g Ri + g*Ra + O(g°) (8.37)

We note that coulomb-interaction term like in U starts playing a role when considering
the second-order correction.
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9 Appendix

We provide here the proof of Proposition 6.7.
Proof. By computations similar to those performed in the determination of ®p, we
have with P, = 7 ) (PFls

_ . 1 .
[H, Ly ([H,7a ® P, @ 75])] = i tm [H,[H, 74 ® P, ® 78] (9.1)
YB/VA —TB Y4/B —7a
- —“[H,[H ", 7A@ PL|®@75] - —""[H,7Aa®[H *,P,®T
7A+WB[ [ A ® Pji] @ 7] 'YA+’YB[ A® [ 7k @ TB]]

YA+ yavB 7k
YavB(vA + VB)

(eJT- —ep)[H, ma® Pl ® TB].

The last term in (9.1) yields the following contribution to 5\;?, using cyclicity of the

g7 T — T T
trace and H @] = el 7,

2 2
_Yat A + 5 (el —ef)? < 0. (9.2)
YavB(vA +7VB)

J

Then, using cyclicity of the trace and P, Pj, = Py, we have

tr(la ® Py; @ Ip[H, [H, 74 ® Pj, @ 7B]]) = —2tr(la ® Pg; @ [pH74 ® P}, @ TpH)
+tr(H(ta @ Pj; @ Tp)H) + tr(H (14 @ Py, @ 75)H)

=tr(H(tA ® Pj; @ Tp)H) + tr(H (14 ® Ppj, @ 7)H) — 2(trap(H (T4 ® Pj), @ 75)H)) jik-
(9.3)

Here Ajj, denotes the jk of the matrix A € B(H¢) with respect to the basis {7 }. Note
that the operators in the full traces are non negative, whereas the last term is a priori
complex valued.

Similarly,

tr(la ® P{; @ Ip[H, 74 ® [H ", P}, ® 78]]) = (9.4)
trac(H (P @ mp)H ™) + trac(H (Pl @ mp)H ") = 2(trg(H " Pl @ T5H ")) ji,

and the analogous formula holds for the term involving H . These expressions allow
us to bound below their real part by a non negative quantity, as the next lemma shows.

Lemma 9.1 Under the hypotheses above, we compute
Rur{ (s © P, ©Tp) [H, [H,74 @ P}, @ 75]] }
> tr{(]lA ® (e — PJ;) @ Ip)H(ta @ P]; @ T5) H(Ix ® (Ic — PJ;) ® HB)}
+ same with &k < j. (9.5)
?Rtr{ﬂA ® P} @ I[H,7a® [H ", P} ® TB]]}
> tr{((lo = P) @ 1p)H ™ (P @ o) H " ((Ic - P) ©15) }
+ same with k < j. (9.6)
mtr{h ® Pl @lIp)[H,[H™®, 74 ® Pj] ® 75] }
> tr{(Ls @ (lo = P[))H ™ (ra @ PR ™ (La @ (Ic — P})) }
+ same with k ¢ j. (9.7)
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Remark 9.2 Since

(Ia® (Ic = Pj;) @ Ip)H(ta ® Pj; @ T5) H(I4 ® (Ic — PJ;) ® Ip) = (9.8)
(r/* ® P @ 7)) H(ly ® (Ic — P};) ©15))*
x (x> ® P @/ H(Ia ® (Ic — P};) ® 1))

is a non negative operator, we get from (9.1), (9.2) and the Lemma that

2 2
5 TYAYVB T VB, o+ 2
AL < T4 T eT)2 < 0, 9.9

ik = yayB(ya +78) (€5 k) ©.9)
which proves Proposition 6.7.

Proof. We prove the first inequality, the others are similar. Let G = H (Ti/ ’® Ic®

Té/2), so that the real part we need to consider reads, see (9.3),

r(G(La® PL®lR)G*) +tr(G(ILa® PL ©lp)G*) —2tr(1a® P, ®15)G(1a® PL®15)G").

(9.10)
Spelling out the traces we get
T * T T 2
tr(GIa@ P, @lp)G*) = > > et @e @ ol |G o @] @ )| (9.11)
n,m,r,s 1
tr((la @ Pj, @ Ip)G(Ia ® Pp; @ I5)G*) (9.12)
= Y (P el @eP|Gel @ 0F ® pE)efh ® ] ® PEIG o ® 0] ® pP),

n,m,r,s

and we observe that the complex conjugate of (9.12) is obtained by exchanging j and
k. Hence we can express the real part of (9.10) as

3 et el ® 0P I1G 0l © oF @ B + (0 ® ] ® ¢B|G vt ® of ® ¥E)|?

— {0 ® r ® PP |G ® 9F ® PR )i ® ¢] ® PR |G it ® ¢ ® pl)
— (e @ 0T @ PP |G el ® T ® P2 )it ® vf ® B |G it ® ¢}, ® pF)
+ {0 ® 0f ® 0P |G 0f ® 0] @ BN + (07 ® 0] ® PP |G v ® F ® 1)

T T 2 T T 2

+ ) D et ee] @pPIG ot @ o] @ pB) + (0 ® o] ® 0P |G vt @ pf @ pB)|°.
n,m,r,slg{j,k}

(9.13)

With a = (0 ® 0] @ 0Z|G it © ©] @ pB) and b= (v @ o} @ V|G vt ® o} @ VB),
we rewrite the first four terms of the summand as

la|? + [b]2 — ba — ab = < (Z) ‘ (11 _11) <Z) > >0, (9.14)

. 1 -1 .. .
since (_1 1 ) > 0. The remaining terms can reorganised as follows,

3 et ool ©ePlGet @i @B+ Y (v @ o] ® PIG v ® 9] @ pB)|*
n,m,r,s 1¢{5,k}

= 3 St @ el ® oPlGyut @ ¢l ® ¢B)|?

n,m,r,s l#£j

_ tr{(]l ~ 14 ® P, ®1)G(I4 ® P, ®15)G*(I-14 ® P} ® HB)}, (9.15)
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and similarly for the terms with second index equal to k, which yields the result. O
And the proof of Proposition 6.7 is finished.
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