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Abstract

We provide model reduction formulas for open quantum systems consisting of a target component which weakly
interacts with a strongly dissipative environment. The time-scale separation between the uncoupled dynamics and the
interaction allows to employ tools from center manifold theory and geometric singular perturbation theory to eliminate
the variables associated to the environment (adiabatic elimination) with high-order accuracy. An important specificity
is to preserve the quantum structure: reduced dynamics in (positive) Lindblad form and coordinate mappings in
Kraus form. We provide formulas of the reduced dynamics. The main contributions of this paper are (i) to show
how the decomposition of the environment into K components enables its efficient treatment, avoiding the quantum
curse of dimension; and (ii) to extend the results to the case where the target component is subject to Hamiltonian
evolution at the fast time-scale. We apply our theory to a microwave superconducting quantum resonator subject
to material losses, and we show that our reduced-order model can explain the transmission spectrum observed in a
recent pump probe experiment.

Introduction

[ Y

The evolution of a quantum system interacting with an environment is rigorously described by a Schrédinger equation
on the joint Hilbert space. However, the complexity of the environment hampers the study of the system as a whole
and one often resorts to the Born-Markov approximation to obtain a Lindblad master equation [7] describing the target
system alone, and the environment’s effect summarized by dissipation or “decoherence” operators. Similarly, when a
quantum system consists of several interacting components, e.g. a main computing subsystem coupled to an ancillary
subsystem expressing a measurement device, one often seeks to analyze a dynamical equation for the main subsystem
alone, approximately including the effect of the ancillary subsystem. In this perspective, model reduction methods come
to aid to the physicists interested in gaining better physical insights, in running simplified numerical simulations, and
in designing the dynamics of a target subsystem by smartly engineering its interaction with other subsystems, as in the
case of reservoir engineering [19].

A classical approach to model reduction for quantum systems makes use of the time-scale separation between a slow
subsystem of interest and the fast auxiliary subsystems coupled to it, and eliminates the fast variables in a procedure
denominated as adiabatic elimination. In closed quantum systems — where the evolution stays unitary under Hamiltonian
dynamics — adiabatic elimination is performed by means of standard perturbation theory techniques [23]. In contrast,
the treatment of open quantum systems — including decoherence under Lindbladian dynamics — is more involved. In the
literature, adiabatic elimination in the latter case has been addressed for specific examples separately: lambda systems
up to second-order [8], a specific atom-optics example [2], systems where excited states decay toward n ground states
[18] 22], systems with Gaussian dynamics and subject to continuous measurement [15].

However, general approaches to adiabatic elimination of Lindblad systems — and maintaining the positivity-preserving
quantum structure, beyond a standard linear systems treatment via singular perturbation theory — have attracted much
less attention. In [I6], Kessler has developed a generalization of the Schrieffer-Wolff formalism; in [T4} [6], the authors
address quantum stochastic differential equations in the limit where the speed of the fast system goes to infinity. A
geometric approach to adiabatic elimination has been introduced by [4, [3], where the authors explore an asymptotic
expansion of the reduced dynamics by a careful application of center manifold techniques [10] and geometric singular
perturbation theory [12]. In order to succesfully retain the physical interpretation, the reduced dynamics is expressed
by Lindblad equations and is mapped to the original dynamics via a trace-preserving completely-positive (CPTP) map,
also called Krauss map.

The present work builds upon the geometric approach of [4l 3] and brings forward two novel features. First, unlike
in [4, B] where the target system was assumed to be static in the ideal case, we here develop formulas for the case
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where the target system undergoes non-trivial fast Hamiltonian dynamics, when uncoupled from the environment. This
appears in all practical situations where the target system is detuned from the reference frame, e.g. when the target
system undergoes (in this paper constant) drives to implement quantum operations. Second, we consider environments
that consist not of a single bulk system, but which can be decomposed into a not-necessarily-finite number of fast
dissipative subsystems. Such situations often appear in practice when the target quantum system is corrupted by various
imperfection sources [I7]. We show how to take advantage of this decomposition towards more efficient model reduction
computations. Indeed, the first-order approximation amounts to the sum of the contributions of each fast dissipative
subsystem, and the same result holds for the second-order approximation under specific commutation properties of the
operators involved in the computation. This is a substantial gain because the difficult operations involve inversion of
the Lindbladian superoperator precisely over the environment dimension. The proposed theory is applied to a model of
a microwave superconducting resonator subject to dielectric losses due to a bath of many two-level-systems. We show
how a reduced model resulting from our theory allows to explain the non-trivial transmission spectrum observed in a
pump probe experiment.

The outline of the paper is as follows. Setting and main assumptions are introduced in Section[2l Section Blprovides
our main results with the formulas of our adiabatic elimination for the case of many fast dissipative subsystems weakly
coupled to the target one. Section [] contains the application and comparison to experimental data. We conclude the
paper with few final remarks. Proof and computation details are given in appendix.

2 Setting

2.1 K-partite systems with non-trivial zero-order dynamics

Open quantum systems are typically described by differential equations evolving on the manifold M of density operators
p, namely the set of all linear Hermitian nonnegative operators from a Hilbert space H to itself, whose trace equals one.
The evolution of an open quantum system is then described by the Lindblad master equation [7]:
dp .
= =Llp) =i [H.p + > Dr,(p),
"
where each L, is a “decoherence” operator on H, H is a Hermitian “Hamiltonian” operator on H, and D is a superop-
erator defined by:
1 1
Dy, (p) = L.pL}, — §LLLM/) -3
In this paper, we consider the composite Hilbert space H := H4 ® Hp of a target quantum system on Hp and its
environment on H 4. The dynamics on H satisfies a time scale separation:

pLiL,.

d -

= = Lalp) + Lint(p) + L (p) + (1) H, . 1)
where € is a small positive parameter; £4 and Lp are Lindbladian super-operators acting exclusively on H4 and Hp
respectively; L;,: is a Lindbladian superoperator which captures the interaction between H 4 and Hp. Here we assume
that this interaction is Hamiltonian and expressed as:

Lint(p) == —i [A® Bf + Af ® B, p] ,

where A and B respectively are non-necessarily-Hermitian operators acting on H4 and Hp only. The resonant in-
teraction from of L;,; models a wide range of applications; general interactions will be addressed by future works.
Finally, Hp is a Hamiltonian operator on H g, thus expressing fast unitary dynamics on the target system; its presence
is the first novelty in our paper. For a set of interesting situations, the dynamics of typical quantum systems can be
expressed in a rotating frame where the term Hp would vanish. However, several reasons can justify to keep this term.
For instance, in many significant situations the vanishing of Hp is not rigorous and involves an additional treatment
of appearing fast time-varying parameters in the equation via averaging theory; or, Hp can be a term of particular
interest like a field to be measured with the quantum device or an actuation towards applying some operation on the
target system.

As a second novelty, we consider a generalized setting where H = @), ’Hff) is composed of a non-necessarily-finite

number of Hilbert spaces ’Hff). Each subsystem on ’Hff) is strictly dissipative and interacts with Hp only. Then, system
() reads as:

- 2 (£00) +2£00)) +<L(p) + (=i) [ Hs, o) B

where Eff) acts on Hff) only and where

)

wnt

() =—i[a® @ B+ AT @ B, o],



captures the Hamiltonian interaction between ’Hff) and H g, with A% non-necessarily-Hermitian operators acting on
Hff) only. The interaction is here restricted to the case of the same operator B for each subsystem k. While the general
case will be the subject of future research, having the same operator B for each interaction still models a wide range
of applications.

For ¢ = 0, the system is uncoupled and the solution trajectories stay separable for all times, namely for p(0) =
(e pff) (0) ® pp(0) we have p(t) = @, pff) (t) ® pp(t) for all times, with each factor in the product following its
independent dynamics. To apply adiabatic elimination, we assume that each part of the environment is highly dissipative
and relaxes fast to a unique steady state, i.e.: for any initial state py on H 4 ® H g, the solution of the uncoupled system
€ = 0 converges to @), ﬁff) ® pp(t) where, for each k, ﬁff) is the unique solution of Eff) (ﬁff)) = 0; and pp(t) satisfies

pp = —i[Hp, pp] with pp(0) = Tra(po). For ease of presentation, we will also denote pa := @), ﬁff).

2.2 Asymptotic expansion

Both in the bi-partite and the K-partite case, for the uncoupled system ¢ = 0, there exists an asymptotically stable
center manifold M, of same dimension as Hp, on which the dynamics have imaginary eigenvalues. It thus follows
from Fenichel’s Invariant Manifold Theorem [I2] that, for small enough € > 0, there exists an invariant and attractive
manifold M. which has the same dimension as M and which is e—close to it. Furthermore, by virtue of linearity
and Carr’s result [10], M. is a vector subspace and its approximation can be computed up to arbitrary precision.
The quantum particularity, as explained in [3], is that such approximation should retain a physical interpretation by
preserving the quantum structure: (i) the mapping from the reduced space to the complete space is a mapping between
density operators, and M. can be parameterized by M. := {p € H : p=K(ps), ps € Hs} for some Hilbert space H
that has same dimension as Hpg, and where K(+) is a Kraus malﬂ; (ii) the reduced dynamics on M. are Lindbladian,
ie. ps = Ls(ps) for some Lindbladian superoperator L.

In other words, we aim to find a Kraus map p = K(ps) and a Lindbladian £, such that the following invariance
equation is satisfied for all £ small enough and for all p;:

La(K(ps)) + eLint(K(ps)) + LB (K(ps))
+ (—i)[Hp, K(ps)] = K(Ls(ps)). (3)

By virtue of Carr’s result [10], we first parameterize both the Kraus map and the Lindbladian as infinite series:

+oo +oo
K(ps) = Z‘Eh Kn(ps), Ls(ps) = ZE}L Es,h(ps); (4)
h=0 h=0

then, by identifying the terms of the same order of ¢ in the invariance equation (Bl), we obtain an invariance relation at
all orders h. At zero-order, we have:

L4 (Ko(ps)) + (=i) [Ha, Kolps)| = Ko (Loo(ps)) (5)
Similarly, the first-order invariance condition reads as:
La(Ki(ps)) + Lint (Ko(ps)) + L (Ko(ps))
— i [A, Ka(p2)] = Ko (Lea(p) +Ka (Lao(p), (6)

whereas the second-order invariance condition reads as:
La (K2(ps)) + Lint (K1(ps))
+ L5 (Ko(ps)) — i [Hp, Ka(ps)]
= Ko (Ls,2(ps)) + K1 (Ls,1(ps)) + Ko (Ls,0(ps)) - (M

For more details about the asymptotic expansion approach to adiabatic elimination, we refer the reader to [3] [4].

3 Reduced-model formulas
The aim of this Section is to provide explicit solutions to the zero-, first-, and second-order invariance equations (&l)- ()

for the case of K-partite systems as introduced in Section [ZT] i.e. for model ([2). We immediately observe that the
zero-order (B is naturally solved by setting:

Lso(ps) == —i [ﬁB, ps} , Kolps) = (@ PSP) ® ps. (8)
k

LA Kraus map takes the form p = K(ps) := >, My ps MZ for some operators My in order to express any completely positive superoperator
, and wi 0 Ps = I ensuring trace-preservation i.e. Tr s)) = Tr(ps) = 1.
d with 3, My ps M =1 ing t tion i.e. Tr(K(p Tr(ps) = 1



At first order, let the Kraus map have the following structure inspired by [3]:
K(ps) = Ko(ps) +eK1(ps) ==
(I —icM) (A @ ps) (I T z'sMT) +0(), (9)
where M := 3", M® M) = Fl(k) ® Bt + FQ(k) ® B for any k. This would immediately imply that:
K1(ps) = —iM (5a ® ps) +i (pa ® ps) M. (10)
The following assumption will be instrumental in establishing our main results.
Assumption 1 There exists cgi € R such that:

[fIB7BT} = cp BT (11)

Theorem 1 Consider model (3). Let Assumption [ hold. Then, the first-order invariance equation (@) is satisfied by the

Lindbladian Ls1(ps) = Le(ps) and by a map K1 of the form {I0) where, for each k, Fl(k)7F2(k) respectively are the unique
solutions of:

£ (FPpP) + AN —icp FMEY =0, (12a)
£ (B5) + AW150) +ic BV 0. (12b)

Furthermore, K(ps) = Ko(ps) + eK1(ps) is a CPTP map up to second-order terms.

Proof 1 see Appendiz[A]l

Remark 1 The first-order (@) is also satisfied by the Lindbladian Ls1(ps) = LB (ps)—i [Hs,1, ps] with Hy 1 =%, Tr (A(k)ﬁff)) BT+
Tr (A(’“) Jfﬁ(f)) B, and by a map K1 of the form ({I0) where Fl(k), FQ(k) respectively are the unique solutions of:

£ (FP60) + 8™ (AaMpD) —icp FM5L =0, (13a)
£ (PP + DA D) + iy BV =0, (13)

where, for an operator Q acting on ’H(:), notation S(k)(Q) denotes Q — Tr(Q)ﬁ(:). Furthermore, K(ps) = Ko(ps) +eK1(ps) is a
CPTP map up to second-order terms. The possibility of having alternative solutions to the first-order invariance equation hinges
upon having cgy # 0, by means of which a gauge degree of freedom in the selection of the trace of terms Fl(k)ﬁff) and F;k)ﬁff)
can be tuned so as to cancel out H 1, as in Theorem[l It appears that gauge choices are instrumental for positivity-preservation
in the solution of the second-order invariance equation, as we consider nezt.

Theorem 2 Consider model ([3). Let Assumption[dl hold. Assume furthermore that Ls1 = Lp = 0, with K1 selected according
to Theorem[dl Then, the second-order invariance equation is satisfied by a Lindbladian:

Los(ps) = Zk: i (zg’“)) [BBtps] i (zg’“) [BTB,pS]

+2% (=) Dpi (p.) + 2% (") Da(p.)

ex (- (o] o

k>k!
with:
, —2R (zék)zék/) *)
gk — N 7/ , zék) =Tr (A(k)ﬁ(Ak)) , (15a)
Cpt
A 2 e (P00 A0 o i (B A0, (15b)

and by a map Ko, obtained from formulas (Z2)-(29), such that K(ps) = Ko(ps) + eKi(ps) + €*Ka(ps) is a CPTP map up to
third-order terms.

Proof 2 see Appendiz[A.3
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Figure 1: Section @l Shift of the resonator frequency: probe experiment (above left) versus reduced-order model (7))
(above right) as a function of intraresonator photons (IN) and for different pump detunings A.. Parameter values

in reduced-order model (IT): g = 30kHz, ' = 10MHz, A, ranges from —20MHz to 20 MHz, A,(Jk) is uniformly
distribuited over k in the range [—~100 MHz, 100 MHz], and (N) = 9?/A2 where ¥ is in the range from 0 to 10 GHz.

4 Application

Microwave superconducting resonators are an important component in various quantum devices, and in particular in the quantum
electrodynamics circuits [l 20] that are one of the most promising current technologies towards building a quantum computer
[I]. Losses due to imperfections in amorphous materials constitute a dominant loss channel of such resonators [24] [13], and
can be represented by a bath of two-level systems (TLSs). In many practical cases, strong microwave tones are applied with
significant frequency detuning with respect to the resonance frequency [21] in order to activate a parametric interaction between
the resonator mode and another circuit degree of freedom. Within this framework, the LKB team has performed a pump probe
experiment [9] on a microwave resonator: a strong “pump” drive, at a frequency far detuned from the resonator, is applied to
essentially scramble the quantum behavior (“saturate”) of the TLS bath, whereas a weak probe tone, assumed not to disturb the
bath behavior, is used to retrieve the transmission spectrum of the resonator. The latter allows to extract induced detuning and
damping rate.

Let Hg) and Hc respectively be the Hilbert space of the k-th TLS=qubit and the resonator, and Hq = &), ’ch). Respectively

denote with aik) and a(_k) the raising and lowering operator on the k-th qubit, and with ag(ck), az(,k), and agk) the Pauli operators
on the k-th qubit. Let a and a’ be the annihilation and creation operators in the resonator mode. The experimental setup is

modeled by the following system in Lindblad form:

b = —AHF+T- Y D _w(p),
[
H = w.ala+ (vemt + v*efi“’Tt) (aJr + a)

(k)
w .
+ Ek (—; agk) —l—zgag(ck) (aJr — a)) .
(k)

Here we, wy, and wy ~ are the frequencies of the resonator, the pump drive, and the k-th qubit respectively, v is the amplitude
of the pump, g is the coupling strength between the resonator and each qubit, and I'_ is the dissipation rate associated to o
on each qubit. The goal would be to obtain a reduced order model for (16) which matches the transmission spectrum of this
experiment, as in Figure [

For each k, let Agk) = w(gk) — wy and A. = w. — w,. Under the assumption that w(gk), We,y Wy > |Agk/)|7 |Acl, g, T'—, 'y for
any k, k', we apply the standard rotating-wave approximation (i.e. first-order averaging) with Hy = w. afa + > %agk) the
Hamiltonian corresponding to the rotating change of frame and H; = H — Hj the remaining Hamiltonian. The first-order RWA
yields:

Lot = i [H, g7+ T 30D (1),
- U
t .t AP wy (k) _t (k) . L . .
where H{"* = A.a'a+ (va +v*a') + Zk (%az +ig (o’_ a' —o} a) ) is the Jaynes-Cummings interaction Hamiltonian

plus drive. We next apply a unitary coordinate change p = U p1e U' on the resonator state, to center it around its well-known
steady state under off-resonant drive, namely by a complex field amplitude displacement U := exp ((v*aT — va) / AC). This
yields:

=2 {Lg)(r)) + 9552(0)} + (=) [Ac a'a, p] : (16)

where:

(k) (AL w9t _w
Ly (p) = —i — 7= JrA—Gx )y P

+T-D_w (p),

E(k)

int

(p) = [0'(_k)aJr — af)a, p} .

The term with v := ¥ for ¥ € R now expresses an effective, indirect drive on the TLSs.
System ([I6) is in the form (@) with [,Ef) = [,g), AP = ia(f)7 B :=a, Hp := A.a'a. The hypothesis of Theorems
[ and 2] are satisfied since L = 0 and Assumption [l holds with cg+ = A.. Despite the fact that the microwave resonator in



consideration is an infinite-dimensional system and our theory is fully developed for finite-dimensional ones, we still hope to get
useful insights by applying our theory to this setup. We will later explain how infinite dimensionality affects our results. For
now, let Hs be a Hilbert space whose dimension matches the dimension of the resonator space H¢, and ps the density operator
on Hs. By virtue of Theorem [2] the reduced model is given in Lindbladian form as follows:

%ps = <Ac + g2 25(k)> [a*a, ps] (17)
k
+g° <Z Fff)> Dalps) +9° <Z Ff,’?) Dyt (ps),
k k

509 25 (o9 429,
Ffﬁ) =2R (zik)) , Fl(,k) =2R (zék)) ,

zik) =Tr (fiFl(k)ﬁgc)af)) , zék) =Tr (iFQ(k)ﬁg)a(,k))

and where, for each k, matrices Fl(k)7 FQ(k) satisfy equations (IZ). The solution of such equations can be computed directly since,

(k)
on a qubit space Hg)7 one can always parameterize operators in terms of Pauli matrices. We immediately find: zik) = VZV(lk) and
(k)
zék) = V;(Zk) where

Wl(k) =— 4g2v2 (8ig2v2+
(T— +iA)A (D= + 2iAc)? +4A2) ),
Wi =32ig*v* + 2i(P_ — iA)AL(D2 + 4A2).
(D= = 2i(Ac 4+ Ag)) — 4g°0* Ac (T2 — 5% Ao+
4N (A2 + 200y — AY) +4T_ (A2 + AD)),
7% = (8g%0° + AZ(L? +4A7)) (8¢°v° (il - + 2A.)+
AZGT - + Ao) (D= — 2iA.)% +4A2) ).

Coefficients g2 3", 6, ¢ >, '™ and ¢2 > Ffﬁ) appearing in our reduced-order model (7)) can be visualized for different
values of pump detuning A. and intraresonator photon number (N) = ©%/(xk* + AZ). As depicted in Figure [l we can compare
the frequency shift of the resonator g2 >k 5%*) with experimental findings from the pump probe experiment. We find that, by
properly calibrating the values of g and by selecting a proper density function of the TLSs, we are able to match the resonance
shift in the trasmission spectrum observed in the pump probe experiment. However, we have observed that for large drive gains
¥ the second-order dissipation gives g° >k Ffﬁ) > ¢° > '™ which would imply that we constantly keep adding energy and
the resonator state drifts off to infinity. Our finite-dimensional treatment can obviously not be trusted in this case. Anyway,
quantitative agreement between data and our model should hence enable to extract characteristics about the TLS bath, pending
other experimental features that will have to be calibrated.

5 Conclusions

We have studied adiabiatic elimination for open quantum systems in Lindblad form composed by a target subsystem weakly
interacting with K strongly dissipative subsystems. The key novel features of our approach are: (i) the decomposition of the
environment into K separately treated subsystems; (ii) the presence of fast Hamiltonian dynamics on the target system. The time-
scale separation between the uncoupled dynamics and the interaction allows model reduction via geometric singular perturbation
theory. We have provided formulas for the first- and second-order expansion and shown that the asymptotic expansion of the
center manifold retains a physical interpretation: (i) the reduced model evolves according to Lindbladian dynamics; (ii) reduced
and original model are related via Kraus map. Each strongly dissipative subsystem contributes linearly to the reduced model at
first-order, and does the same at second-order if a specific commutation property about the interaction terms holds. We have
applied our proposed theory to the model of a microwave superconducting resonator subject to dielectric losses where the shape
of the trasmission spectrum of our reduced-order model matches experimental data. Future work will address: (i) the necessary
conditions to satisfy the invariance equation at orders higher than two; (ii) a thorough study of the infinite-dimensional case; (iii)
a full generalization of the proposed theory by removing the assumption about the commutator between the original Hamiltonian
dynamics of the target and the interaction terms.

A  Proofs of Theorems

A.1 Proof of Theorem [1

Let ﬁyf] denote @)/, ﬁff)A By plugging (8) and ({0 into the first-order invariance condition (6] and by making use of Assumption
[ condition (@) reads as:

>l e
k

(—icd (FVAY) —ia®5Y — e FV5L) @ Blps



+ (=it (FPP) = ia® 1P + ey B ) @ Bp,
+ herm.conj.} + (EB(ps) — Es,1(ps)> ®pa=0 (18)

It can be proved along the lines [3, Lemma 4] that equations (Al together with trace condition (I9) (or (20)) are always solvable
for F® FM.

Case of Theorem [l Tt can be immediately seen from (A.J)) that one can select £ 1 := L as long as the two round parenthesis
in [(A])) are set to zero. Taking the trace on ([[Zal) and (I2L) yields:

ept Tr (FOpL) = e T (F,;%gp)* = —iTr (AW), (19)

which solves the situation with the announced formulas.
Case of Remark[ll By taking the trace on equations (I3), we observe that, for each k:

Tr (Ff’“) p(A’“)) —Tr (Fé“ pﬁ?)* —0. (20)

Then, by taking the partial trace over H 4 in (A]), we immediately have L 1(ps) = L5(ps) —i[Hs,1, ps| with H, 1 as in Theorem
[ Now, plugging L1 in (AJ]) yields:

_ Zp[k]
{(iﬁip (Ff'“)ﬁ(f)) 1St (A<k>p§f>> ¥ oepr F<k>ﬁ<k>) ® Bip,
n (iﬁff) (F§’“>p§f)) +4iS®) (Awnﬁ(:)) —er, B (k)) ® Bps
+ herm.conj.} =0 (21)

In order to solve (2]]) it is enough to zero the two round parenthesis of () for each k — see equations (I3)).

It is immediate to see from (@) that Ko(ps) + eK1(ps) is a completely positive map, as long as one can neglect the terms of
order £%. One concludes that it is also trace-preserving at order ¢ by checking that Tr (K1(ps)) = 0, thanks to () for the case
of Theorem [I and thanks to (20) for the case of Remark [Tl

A.2 Proof of Theorem

We prove Theorem [2]in five steps:

we define the mapping I up to third-order terms and, by collecting powers of £, we obtain the formulations of Ko, K1, KCo;
we decompose Kz in three terms and show that they satisfy the second-order invariance condition ([);

by taking the partial trace w.r.t. Ha on (), we compute L 2;

we show that mapping K, according to our definition, is a completely positive mapping;

ARl S e

finally, we show trace-preservation of K by proving Tr[K2(ps)] = 0 for all ps.

Let ﬁ[f’k,] denote ®k,,#k & pA . Let p ) denote p(A ) ®p(k ). We use the following notation for operators: if the superscript

of an operator respectively is (k) or (k, k'), then it respectively applies to Hff) or Hff) <§Z>7-t£;c ) only, possibly leaving the remaining
subsystems identical; superscripts (k, k) or [k, k] are used interchangeably with superscripts (k) and [k] respectively Let S k/)(Q)
denote Q — Tr(Q)ﬁ(:’k ). Let By := B, B, .= B, Agk) = A(k)7Aék) = A®T, For any k, k', let {U( ’ }h,je{l 2} be a family

of four operators on ”Hff) ® ”Hffl) only, which we will define in the following. Define:

M=> 5 F"eB

k je{1,2}

o (kK" T
NS Ul e BB,
k,k! h,je{1,2} J

W (t) =L, FF @ Bt + st (L), FV @ B
m(k)(t) =B + b(k)e—2icBTtB2

b = — Tr | [Law, FV15% [La,, FOIT| (22)

o

2031L

Let bgk) = ™ * and bék) = ™) Let Eff’k,) denote the operator Eff) + Effl). Let 6nj := h —j. Let fi, fo > 0 two constants
which we will define in the following. Now define:

TCest) k) (i
a() =Y [ ) (1) po 0™ () dt
k 0
)= > fiBpsB]

je{1,2}

G(ps) =="Tra / W/CBTZW““ 8)(pa® ps) W ()1 dt

k,p



K9G = [ A0 (S WO © p WP o))

k,p

Cpt
+

L5a®G(ps) + cpi pa @ g(ps) + pa @ f(ps)
K(ps) == (I —ieM +*N) (54 ® ps) (I +ieM' + sQNT)
+e2KS (ps). (23)

By collecting powers of ¢ in (23]) and carrying out straightforward computations, we obtain the formulation C(ps) = (Ko +eK1+
2
€“K2)(ps) where:

’CO (ps) :ﬁA ® Psy s (24)
s) =—1 Z Z ﬁf I Fj(k )ﬁff ) ® B;ps + herm. conj., (25)
K je{1,2}
_ L E Q
Ka(ps) =K3 (ps) + K5 (ps) + K3 (ps), (26)
where:
ICz (ps) Z Z {p[k kl]®Ukk) (kk)®BTBhps}+herm. conj.,
k,k' h,je{1,2}
’ ’ N T
:Z Z {ﬁyf’k] ® F;Ek)ﬁff’k )Fj(k ) ® BhpsB}}
k,k' h,je{1,2}
=3 { > (" erde)eBuw.B])
h,j€{1,2}
+ Z (7' Tr []:JJ PA) } pa ®BszBJT')}
Jje{1,2}
_ ™ k
= > ity Brp. B+
h#j
+pa® (le*psB + ngpsB*) , (27)
and where:

+o00o
K o= [ eSO (s9 (Fy .50 ®)) at
0
fhj(t,ﬁA)(k) = exp (2icgi O, t) Z [Lff)u’ F}E ] 55 [Lfflz, F(lC )]
m

Fnj(pa)™ := Fij(t, p4) ")
’ ’ . _ T
=Y T[RRI b (F + S0 2)]

k,k’
foom 1 [P0 R) 4 (5104 T)] *
k,k’

where 8,5 denotes the Kronecker delta. For any k, k', let the family of operators {U;’Z)}hyje{l’g} satisfy the following set of
j°h

equations:

LXc,k/) (U(k D) _(k k )) + S(k,k’) (QiCBT On,j U(k D) _(k O

BiB 1B
— AP TR pﬂf””) =0, Vh,je{1,2}, (29a)
Tr |:2iCBT Shj Ugig) " )}
=T [A(,’“ ) pﬁka”] . Vh#je{1,2}, (29D)
Tr [Ugjg’: )k )} — Ty [Ff’“)pf””Ff’“'” + S (%J?‘u(ﬁA)(‘“) + g)] : (29¢)
Tr [U}B’i]’;) 5k )} —Tr [F(k) AR JURLNE N (erQ(pA)(’“) g|b<’“>|2)] . (29d)

Equations (29) are always solvable, as proved in [3 Lemma 4|. We will then show that our definition of K2 in (22)-(29) indeed
satisfies the second-order invariance condition (7). We start by observing that, thanks to assumptions Lg(-) = 0 and Ls1 = 0,
condition (7)) reads as:

La(Ka2(ps)) + Lint (Ki(ps)) — i([ﬁ& K2(ps)]

— K2([Hp, ps])) = A ® Laa(ps). (30)



Then, in order to compute the left-hand side of (B0), we observe that the computation of term —i[Hg, K2(ps)] — K2(Ls,0(ps)) is
simplified by the following set of properties directly implied by Assumption [Tk

[ﬁIB,B] — —cp B,
[ﬁIB,Bth.] — —284; cp BrB! Vh,j € {1,2},
—i ([ﬁB BhpsBj.] ~ B, [fIB, ps] Bj.) -
= 2icpi 0 BrpsB] Vh,j € {1,2}, (31)
whereas the computation of term L4 (K2(ps)) is simplified by the following Claim.

Claim 1 E(k) (IC (ps)) + 2icB¢5th€§f;)(ps) + 8™ (]:'hj(ﬁA)(k)) =0.

Proof 3 Case h = j is proved along the lines of [3, Lemma 1 and Lemma 4J. Case (h,j) = (2,1) is the hermitian conjugate of
case (h,7) = (1,2) which we are now going to prove. Let L*(-) denote the super-operator E(f)(«) — 2icgi Id(+). Then, since Eff)

is strongly dissipative on 7—{ , we have that:
lim exp(tL¥(-))(X) = lim exp(—i2cpit)exp(t LE())(X) =0, (32)
t——+oo t——+o0

for any operator X such that TrH(k) [X] = 0. First, we formulate IC§2 as:

— +00
K8 (p.) = / fua(t, )™ dt

fualt,p) ) = exp (1£50)) (S© (Fra(pa)®) )

Second, we observe that:

d
ct (ﬁlg(t, m)(’“)) —Sa(t, o). (33)

We then conclude from (33) and (33) that:

U —s® (ﬁlQ(ﬁA)(k)) .

0

£ (R (p)) = [Raat. )™
Furthermore, by considering Lint(p) = —1>_,, Zhe{lﬂ}[AElk)T ® BZ, pl, we have that:

Lint(Kalpe)) =Y @ > BlBupo@ (AP TN 50T 4 herm. conj.
kK’ j,he{1,2}

+Bup.B] o (F ) AT+ AR R,

:Z pf’kl] ® Z B;Bhps ® ( A; k”F k) k k )) + herm. conj.
K,k j.he{1,2}

+BhpsBJT® (—Q’iCBT 6hj ,Ek) (kk)l’—'(k)Jr
7‘655,1@/) (F;Ek)ﬁ(f’k/)Fj(k )T)
+ b i () ). (34)

where, in the last equality, we first made use of formulas ([I2]) and then we used the following formula generalized from [3] Lemma
6]:

F(k)ﬂkk) ( (kk)F(k)T) +£(M ) (F(m (kk)) F(k”
= ['Ef’k ) (Figk)ﬁff’k )Fj(k )T) - Sk,kf ﬁhj(ﬁA)(k)7 Vh,j, Vk, k. (35)
Finally, by making use of definitions (23)-(21), properties (3], simplification ([34]), and Claim [l we can compute:

La(Ka(ps)) —i([Hp, K2(ps)] — Ka([Hp, ps])) + Lint(K1(ps)) =
=Y e S {BlBupo (c8 WED )

BBy,
k,k’/ h,j€{1,2} J
+ 2icgt Onj ;k;) 5k A;k)TF,Ek/)ﬁEf’k/)) + herm. conj.}
+ Zp[k] ® 0y {BhpsB ® (QCBT [6ns (05" 7'y
h,je{1,2}

+Tr [Fus(p)®] 20) } = €o0). (36)



Observe that the definition of b(k) in ([22) implies that 2cg+ |5h3|b (k) 4 Tr[Fn;j(54)*] = 0 whenever h # j. Furthermore, in the

last equality of ([34)), we observed that Tr[F(k) (k)A(k)T + A(k) (k)F(k)T] = Tr[}"hh(p,q)(k)] for any h € {1,2}. The latter two
observations and trace condition (29B) will be 1nstrumental in the derivation of L, 2 in (317). Indeed, by recalling (30), Lindblad
Ls,2 can be obtained by taking the partial trace over Ha of £(ps) in expression (BEI) as follows:

Ls2(ps) = Z {BBprs Tr <7A(k) TFl(k)ﬁEf)> + herm.conj.+
k

BJprs A(k)FQ(k)ﬁEf)> + herm.conj.+

Bp, B! Tr (B A + a0 10 p 1) 1

™ (
BipoB Tx (F{M o) AW T AW, T 4
(
(—a® 1) 1 (FM547) + heet

3 {BBprs Tr

k#k!
B'Bp, ( Ak (k)) (Fue ) (K )) 1 he. (37)
If we now apply definitions (I3 and property (I9), the expression of L2 in ([B7) simplifies to:

Ls2(ps) = Z{ — ng) BBTps — zék) BTBpS + herm. conj.+
k

+ (42 + V") BlpB+
+ (7 + (477 BpoBT b+

+k§;, i <BBTPS +psBJfB> (Z(()k)*z(()k/)> — herm.conj.

+ (BTBPS +psBBT> (—Zék)z(gk,)*) }
- zk:{ g (zg'@) [BBT,pS] g (zg’“) [BTB,ps] +

+2% () Dyt (00) + 2% () Do) |-

—1 Z {6(k’k/) (BBTps +psBTB> - herm.conj.},
k>k'

which immediately reads as ([[d]). Now, by first subtracting pa ® Ls,2(ps) from £(ps) in expression ([B6) and then using ([29al), we
conclude that:

E(ps) — pa @ Tr[E(ps)] =
=X AMe 3 {BBuo (0 @) )
k,k

h,j€{1,2}

SO (i 8y U0 _ 4B EHD p0 ))) + herm. conj.} -0,
j-h

which immediately shows that (B0) is satisfied as an identify.
We are now going to prove that IC(ps) in our definition (23) is indeed a CPTP mapping. Since terms

(I —ieM +&*N)(pa ® ps)(I —ieM +&*N)" + &2 (cp1pa @ 8(ps) + pa @ f(ps))
already retain the Kraus map form, what remains to prove is complete positivity of ICQQ (ps)-
Claim 2 There exists T > 0 such that ICQQ (ps) is a completely positive mapping.

Proof 4 Consider an Hilbert basis {|n)}1<n<a of Ha ® Hp. Let H be any Hilbert space of finite dimension. Let:

Kr(X) = /;oo LAl (S(W;“(t) XwW® T(t))) dt

m/c gt
I TCLT pa®Tra / Tw® ) x wh ) dt} (39)
0
For each n and v, select any |¢n) , |¢b.) € H and define:
d d
) =D ) ®[¢n), %)= 1) @ [¢hv), (40)
n=1 v=1

We are then going to prove that there exists 7 > 0 such that (U|/C(|®) (®]) [¥) > 0. Standard computations give:

(WIR(®) (@) [W) > 0=">" 200 Myt m Zn,

n’ v n,v

where zn,u = (Gnl|thy) and

M - e d - CBt R
n'winw = mn’,V’,n,V(t) - tn/,v/,n,u( ) t+7 = n! v n,v
0



w/c
Rn/,l/,n,u ;:/ tn/,z/,n,u(t) dt
0

mn,’ul’n’y(t) — <V/‘ etLA(-) (W‘Ek)(t) ‘n/> <n| W‘Ek)T(t)) |V>

turrnw(8) 1= (V] (5 @ Tea (WP @) )l WP T0)] ) 1) (41)

Since pa @ Tra [W‘Ek)(t)XW;Ek) T(t)] is a completely-positive superoperator on X, the d* x d*> Hermitian matriz v,/ , (1) is

non-negative, and therefore, for any vector z € c?
ZTRz=0 (42)

— zT«t(t)oz:OVtE{O,i]. (43)
Cpt

Now take a d* vector z such that (Z2) is satisfied. We then have:

+oo
(| K(|®) <<1>|)|x11>20:/ S w M (8) 2,
0

n’ v’ n,v

Since the propagator ¢"“4) is a completely-positive mapping of the form e*A0)(X) = 3", Hy (t)XH(t)g for some operators
Hy(t), we then have [3, Lemma 1]:

—+oo
/ Z Zn’ v My R nu( )Zn’ u/dt

n’,v' ,n,v

+oo
/ Z 2w (V[ HoWP @) [n') (| WD T @0 B () |v) 2,0t =
2
—+oo
= (| W T HL () [v) 20| dt (44)

0 n/unu

v

> 0,
and we thus conclude that z' Rz = 0 implies 2T Mz > 0. Assume now that z' Rz = 0 and 2t Mz = 0. Inequality (Z4) then implies
that for any t >0

Yo WP OH ) [v) 20, =0

n’ v n,v

and therefore Mz = 0. Then, by virtue of [3, Lemma 2], we conclude that there exists T > 0 such that K+ is completely positive.

We are now going to prove trace-preservation of C(p,). Since Tr[Ki(ps)] = 1 and Tr[K1(ps)] = 0 for all ps, what remains to prove
is Tr[K2(ps)] = 0 for all ps. First, by a subsequent application of formulas (290), (B8], and ([I2)), we have:

ZTY[ (kk) (kk)+—(kk)U(kk)T] _

Bt BT
k,k’
_ (K k) (kk) —(kk) (kk') 1
=X T [U +p Upipi ] =
k,k’
-3 T [F{F0H) AT 4 a® 1500 1]
22031»
k,k’
’ ’ 1 < _
=> T [*Fék)ﬁ(f’k 'F* )] +5—Tr [5kk/]:21(ﬁA)(k)] =
Py 2icpt
=3 Tr [fFQ(k)ﬁ(Ak’k,)Fl(k/)] i S 0. (45)
k,k’

Secondly, it is straightforward to prove from ([29d) and [@23d) that >, ./ Tr[U];kéﬁ )l ok )] and >k Tr[U](;Tg) 5k )] are real.
Indeed:

kk _(k k o — k ™
S U ] = S RO 2o - ]

k,k!

3[R R B ] =

k>E'

kk') g (kK
=S [ U (46)
k,k’
(k,k") —(k,k _(k k k T (k

PR [ ZTr[— POFS T — 7 Faa(pa)® = T b ]
k,k’

k) —(k,k’ k' k') _(k,k’ k
£ RO B R =

k>k'



_ZTr[ (kk)U](BkT]l;)T] (47)

k,k’

Finally, thanks to observations (48), ([{1) and the definition of fi, f2 in ([28), we compute the trace of K2 from (27) as follows:

Te[KCa(ps)] = {Tr[BTBhpS]Tr[U(kk)p(kk)+ kk)U(kk)T+Fk) kk)Fk)T]}
ek

+Tr[ ]Tr

fi+ Z ( (k) )
2t Zk: (77 + 2 |b(k)|2)}
> —ib™®

k

4 Tr [BpsB*] Tr

+ Tr [BpsB] Tr + Tr [prsBJr] Tr

Zib(’“)}

k
:O7

for all ps. We bring to the attention of the reader that the gauge choices in K2 have been carefully designed so as to yield crucial
quantum properties:

e 7 is selected according to Claim [2 to yield complete positivity of Ko;

e the trace of operators U(k ) U(k”;) are selected according to ([29h) to yield cancellation of the BBp, and B'BTp, terms

and their hermitian conJugates in the invariance equation, thus ensuring the Lindblad form of L; 2;

o constants b'®) are selected according to ([22) to yield cancellation of the Bp: B and B ps BT terms in the invariance equation,
thus ensuring the Lindblad form of L o;

e the definition of fi, f2 and the trace of operators U}(;Tg ), Ug;’: ) are selected according to (@8) and ([29d)-29d)) respectively

in order to cancel out the positive terms in the trace of Kz corresponding to quadratic terms, as shown in (1), thus
ensuring trace-preservation of .
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