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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 X 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.

I. INTRODUCTION

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 [18].

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 u Hamiltonian
dynamics — adiabatic elimination is performed by means of standard perturbation theory techniques [22 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 [17], [21], systems
with Gaussian dynamics and subject to continuous measurement [14].

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 [15], Kessler has developed a generalization of the Schrieffer-Wolff formalism; in [13], [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 [9] and geometric singular perturbation theory
[11]. 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 [4], [3] and brings forward two novel features. First, unlike in [4],
[3] where the target system was assumed to be static in the ideal case, we here develop formulas for the case where the target
system undergoes non-trivial fast Hamiltonian dynamics, when uncoupled the environment. This appears in all practical
situations where the target system is detuned from the reference frame, e.g—oy a field to be measured in quantum metrology,
or when it 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
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sources [16]. 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. The proposed theory is appl 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 II. ion IIT provides our
main results with the formulas of our adiabatic elimination for the case of many fast dissipative suem weakly coupled
to the target one. Section IV contains the application and comparison to experimental data. We conclude the paper with few
final remarks. Proof and computation details are given in appendix.

II. SETTING
A. 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 .
E = ‘C(p) =1 [Hap] + ZDLu(p)a

n
where each L, is a “decoherence” operator on H, H is a Hermitian “Hamiltonian” operator on H, and D is a superoperator
defined by:

1 1
Dz, (p) = LupL}, = 5L} Lup— 5 pLiLy.

In this paper, we consider the composite Hilbert e H := Ha ® Hp of a target quantum system on Hp and its
environment on H 4. The dynamics on H satisfies a @:ﬁme scale separation:

dp T

o = £alp) +eLini(p) +eLp(p) + (—0)[Hg, pl, (D
where € is a small positive parameter; £L4 and Lp are Lindbladian super-operators acting exclusively on H 4 and Hp
respectively; L;,+ is a Lindbladian superoperator which captures the interaction between H 4 and H p. Here we assume that
this interaction is Hamiltonian and expressed as: @

Lint(p) = —i[A® B' + A' ® B,

where A and B respectively are non-necessarily-Hermitian operators acting on H4 and Hp only. Finally, Hpg 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 H 5 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, H 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 H4 = @), ’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
(1) reads as:

dp k k =
L= (00 +2L000)) +<La(p) + (—i) | Ha, 1] -
k
where L’Ef) acts on Hif) only and where @
L (p) =i [A("” ® Bt + AWt g B, p} :

captures the Hamiltonian interaction between H(f) and H, with A%) non-necessarily-Hermitian operators acting on ’Hff)
only.

For ¢ = 0, the system is uncoupled and the solution trajectories stay separable for all times, namely for p(0) =
(2 p(f)(()) ® 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 ® Hp, the solution of the uncoupled system
) is the unique solution of E(f) (ﬁf?) = 0; and pp(t) satisfies

pp = —i[Hpg, pg] with pp(0) = Tra(po). For ease of presentation, we will also denote ja := &, ﬁff).

€ = 0 converges to &), ﬁff) ® pp(t) where, for each k, ﬁff
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B. 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 #, on which the dynamics have imaginary eigenvalues. It thus follows from Fenichel’s
Invariant Manifold Theorem [11] that, for small enough € > 0, there exists an invariant and attractive manifold M. which
has the same dimension as Mg and whicl@—close to it. Furthermore, by virtue of Carr’s result [9], an approximation of
M, can be computed up to arbitrary pre n. The quantum particularity, as explained in [3], is that such approximation
should retain a physical interpretation by preserving the quantum structure:

« 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 Hp,
and where K(-) is a Kraus map';

o the reduced dynamics on M, are Lindbladian, i.e. g5 = L(ps) for some Lindbladian superoperator L.

In other words, we aim to find a Kraus map p = K(p,) 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)) +eLp(K(ps))
+ (=) [Hp, K(ps)]  =K(Ls(ps)). 3)

We impose that both the Kraus map and the Lindbladian are parameterized as an infinite series:

+o0 foo
K(ps) = Z’Eh Kn(ps),  Ls(ps) == Z’Eh Lsn(ps)-
h=0 h=0

Then, by identifying the terms of the same order of ¢ in the invariance equation (3), we obtain an invariance relation at all
orders h. At zero-order, we have:

L4 (Ko(ps)) + (=i) [, Kolps)] = Ko (Loo(ps)) - @
Similarly, the first-order invariance condition reads as:
La (K1(ps)) + Lint (Ko(ps)) + LB (Ko(ps))
— i [Hp, Ki(p3)] = Ko (£01(p)) + K1 (Loo(p)), ®
whereas the second-order invariance condition reads as:
La (K2(ps)) + Lint (K1(ps))

¥ L5 (Kolps)) — i [ﬁB, /Cz(ps)] @
= Ko (La2(ps)) + K1 (Lo (ps)) + K2 (Laolps)).- ©6)

III. REDUCED-MODEL FORMULAS

The aim of this Section is to provide explicit solutions to the zero-, first-, and second-order invariance equations (4)-(6) for
the case of K -partite systems as introduced in Section II-A, i.e. for model (2). We immediately observe that the zero-order
(4) is naturally solved by setting:

Lso(ps) = —i [ﬂB, ps] o Kolps) = (@ﬁf@) ® ps. @)
k

At first order, let the Kraus map have the following structure inspired by [3]:
K(ps) = Ko(ps) +eKi(ps) =
(I — iM) (54 @ ps) (I + z‘sMT) +0 (), ®)
where M =Y, M®, M® .= F{*) @ Bt + F{* @ B for any k. This would immediately imply that:

Ki(ps) = —iM (pa ® ps) + i (pa ® ps) M. ©)

The following assumption will be instrumental in establishing our main results.
Assumption 1: There exists cgy € R such that:

[ﬁB, Bf] —cpi BT (10)

'A Kraus map takes the form p = KC(ps) := > ¢ My psM, ; for some operators M, in order to express any completely positive superoperator [10],
and with Y, M, ,osMér = I ensuring trace-preservation i.e. Tr (K(ps)) = Tr(ps) = 1.
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Theorem 1: Consider model (2). Let Assumption 1 hold. Then, the first-order invariance equation (5) is satisfied by the Lindbladian
Ls,1(ps) = La(ps) and by a map K1 of the form (9) where, for each k, Fl(k), FQ(k) respectively are the unique solutions of:

£ (F5) + ANRY —icy FMVAY =0, (112)
£ (B ) + AD T t i V6L =0, (11b)

Furthermore, K(ps) = Ko(ps) + eK1(ps) is a CPTP map up to second-order terms.
Proof: see Appendix A. |

Remark 1: The first-order (5) is also satisfied by the Lindbladian L 1(ps) = LB(ps)—i [Hs 1, ps) with Hy 1 := 3", Tr (A(k)ﬁff)) BT+
Tr (A““) Tﬁff)) B, and by a map K; of the form (9) where Fl(k)7 FQ(k) respectively are the unique solutions of:

£ (FOY) +8P(ADHY) — e FPY =0, (122)

£ (FPY) +8M@a®150) + iy FPpP =0, (12b)

@ere, for an operator @ acting on H ", notation S®(Q) denotes Q — Tr(Q)ﬁff). 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- invariance equation hinges upon a
gauge degree of freedom in the selection of the trace of terms Fl(k)ﬁff) and F;k)ﬁf). It appear gauge choices are instrumental for

positivity-preservation in the solution of the second-order invariance equation, as we consider next.

Theorem 2: Consider model (2). Let Assumption 1 hold. Assume furthermore that £, 1 = Lp = 0, with Ky selected according to
Theorem 1. Then, the second-order invariance equation is satisfied by a Lindbladian:

Loa(ps) = z}; g (z§k>) [BB*,,)S] S (zg’“)) [BTB,pS]

+2% (21") D1 (po) + 2% (") D (p.)

+> {-is" [[B.B'] 5] }, (13)

k>k'
with:
, —2% (z5k>zék,) *)
) = L = (AWp)), (14a)
Cpt
A9 =y F(k)ﬁxc)A(k)’r) RO (Fz(k)ﬁff)AU“)) 7 (14b)

@d by a map /C2, obtained from formulas (23)- such that K(ps) = Ko(ps) +ek1(ps) +2K2(ps) is a CPTP map u@ird-order
terms.
Proof: see Appendix B. |
Corollary 1: Under the same assumptions of Theorem 2, if @FT] = cI for some ¢ € C, then the second-order invariance equation
(6) is satisfied by the Lindbladian:

Loo(ps) = ;{ S (z§k> + z;k)) [BTB,pS] (15)

2% () D1 (po) + 2% (£7) D (po) }

IV. APPLICATION
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Fig. 1. Section IV. Shift of the resonator frequency: probe experiment (above left) versus reduced-order model (18) (above right) as a function of
intraresonator photons (IN') and for different pump detunings A.. Parameter values in reduced-order model (18): g = 30kHz, I'_ = 10 MHz, A, ranges
from —20 MHz to 20 MHz, Agk) is uniformly distribuited over k in the range [—100 MHz, 100 MHz], and (IN') = 92 /A2 where @ is in the range from
0 to 10 GHz.
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Microwave superconducting resonators are an important component in various quantum devices, and in particular in the quantum
electrodynamics circuits [5], [19] that are one of the most promising current technologies towards building a quantum computer [1]. Losses
due to imperfections in amorphous materials constitute a dominant loss channel of such resonators [23], [12], 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 [20] in order to activate a parametric interaction between the resonator mode and anot cui
of freedom. Within this framework, the LKB team has performed a pump probe experiment on the microwave resonat@
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 H(k) and H ¢ respectively be the Hilbert space of the k-th TLS=qubit and the resonator, and Hq = &), Hg“) . Respectively denote
with o-Srk) and o the raising and lowering operator on the k-th qubit, and with oM, o-f,k) and o the Pauli operators on the k-th
qubit. Let @ and a' be the annihilation and creation operators in the resonator mode. The experimental setup is modeled by the following
system in Lindblad form:

3ip=—i[H,p] + T ZD w (P), (16)

H = wala+ (veiw’ +v'e _“”“"t) (aT + a)
w(k) X X
+;(—; a'£>+ig0'§.)(affa)).

Here we, w;, and wék> are the frequencies of the resonator, the pump drive, and the k-th qubit respectively, v is t@ength 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.

For each k, let Af;k) = w[(,k) — w, and A. = we — w,. Under the assumption that wgk)7 Wey W > \Agk/)\, |Acl, g, T'—, 'y for any
k, k', we apply the standard rotating-wave approximation (i.e. first-order averaging) with Ho := w,a’a + >k %a’ik) the Hamiltonian
corresponding to the rotating change of frame and H, = H — H| the remaining Hamiltonian. The first-order RWA yields:

%p?{wa - [Hrwa, ;uza} + T_ ZDO_(k) (p?l"wa)7
- -

where H{"® = A.a'a + (va + v*a') + >k ( o™ + ig (0'( Jat — o-ff)a) ) is the Jaynes-Cummings interaction Hamiltonian

plus drive. We next apply a unitary coordinate change p = U pree 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*a’ — va) /A.). This yields:

k k ;
ap = Z{%)( )+ L5 (p )} + (=) [Ac a'a, p] , (17)
k
where
(k) =
k A gv
LY (p) = —i { 5o+ o | +T-D (),
k k k
£ (p) = [oMal — oVa, p].
The term with v := 90 for © € R now expresses an effective, indirect drive on the :[‘LSS. @
System (17) is in the form (2) with £f) = Eg), AP = ia(_k), B:=a, Hp:=A.a'a. The hypothesis of Theorems 1 and 2
are satisfied since Lp = 0 and Assumption 1 holds with cg+ = A.. Let H, be a Hilbert spac se dimension matches the dimension
of the resonator space Hc, and ps the density operator on Hs. By virtue of Theorem 1 and lary 1, the reduced model is given in

Lindbladian form as follows:

%ps =—3 <A6+9226(k)> [aTa, ps} (18)
k
(ZF““) a(ps) + 4° (ZF““)> ps),

5<k>,o( OINNC ))7
P o () L 1 = o ()

A = Tr (—iFl(’“)ﬁg“’af)) ;2 =Ty (z’F;’“)ﬁg)a(f))

and where, for each k, matrices F(k) F(k) satisfy equations (11). The solution of such equations can be computed directly since, on a

wk wik)
qubit space 7—[( , one can always parameterize operators in terms of Pauli matrices. We immediately find: z(k) = ( w- and z(k) = Z( )

where
Wit = — 497’ (&g%@
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(T- +iA)A (T + 2iA.)° +4A2)),
W =32ig*v* + 2i(T_ — iA)ANT, + 4A2)-
(D= = 2i(Ac 4+ Ay)) — 4670 Ac (T — 5% A+
4iA (A? +2AcA, — AY) +4T_(=AZ + AD)),
Z® = (8¢°v° + A2 +4A2)) (8¢°v°(il- + 2A.)+
AZ(D- + Ac) (D= = 2iA.)% +4A7) ).

Coefficients g2 > b 8k g2 >k 'Y, and g E F( ) appearing in our reduced-order model (18) can be visualized for different values
of pump detuning A, and intraresonator photon number (N) = 9?/(x* + AZ). As depicted in Figure 1, we can compare the frequency
shift of the resonator g2 >0 (%) 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. Quantitative agreement between data and our r@ should hence enable to extract characteristics
about the TLS bath, pending other experimental features that will have to be calibrate

V. 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 twofold: the decomposition of the environment into K
separately treated subsystems, and 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 center manifold techniques and 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: the reduced model still evolves according to Lindbladian dynamics and can be mapped to the original
model 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 successfully applied our prop theory
to the model of a microwave superconducting resonator subject to dielectric losses where our reduced-order model shows a ission
spectrum whose shap ches experimental data. Future work will address the necessary conditions to satisty the invariance equation at
orders higher than tu@ne assumption about the commutator between the original Hamiltonian dynamics of the target system and the
interaction terms might also be removed, yielding a full generalization of the proposed theory.

APPENDIX
A. Proof of Theorem 1
Let p [ ! denote R, 4k P A) By plugging (26) and@into the first-order invariance condition (5) and by making use of Assumption

1, condmon (5) reads as:
Z 3 & {(—z‘ﬁﬁf) (Fl(k)ﬁ(:)) —iA® 5P

e FPp) @ Blpo+ @ (192)

(—ic (FQ(%X”) AW 50
+epi BV pY)) @ Bpot (19b)
~+herm.conj. + (ZZB(pS) - 5571(ps)) ®pa=0 (19¢)

Case of Theorem 1. It can be immediately seen from (19) that one can select L, 1 := Lp as long as each round parenthesis (19a),(19b)
is set to zero. Taking the trace on (11a) and (11b) yields:

ept Tt (Fl(k)pff)) —cpt T (F;’”p(j’) - Ty (A"%if)) : (20)

which solves the situation with the announced formulas.
Case of Remark 1. By taking the trace on equations (12), we observe that, for each k:

Tr (FPp) = Tr (F;k)pgp)* =0. Q1)

Then, by taking the partial trace over H4 in (19), we immediately have L 1(ps) = LB(ps) — i[Hs,1, ps] with H, 1 as in Theorem 1.

Now, plugging L1 in (19) yields:
Zﬁg‘cl ® {( i) (F(k) (k)
k

—_is® (Aw)ﬁ(k)) — cpt F"“) (k) ) ® Bl pot (222)
(-l (")
—is® (A(k)TﬁXC)) + oy FD <k>)

herm.conj. } 0

® Bpat (22b)
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In order to solve (22) it is enough to set each round parenthesis of (22a) and (22b) to zero for each kK — see equations (12).
It is immediate to see from (8) that fCo(ps) 4 €K1 (ps) is a completely positive map, as long as one can neglect the terms of order 2.

One concludes that it is also trace-preserving at order ¢ by checking that Tr (K1 (ps)) = 0, thanks to (20) for the case of Theorem 1
and thanks to (21) for the case of Remark 1.

B. Proof of Theorem @

Let p 1 denote R Lk p<A D Let p ) denote pi\) ® 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) ® Hffl) only, possibly leaving the remaining
subsystems identical; superscripts (k,k) or [k, k] are used interchangeably with superscripts (k) and [k] respectively Let S®*)(Q)
denote Q — Tr(Q)p, 5 Let By = B, B, =B, A(k) =AW A(’c> = AW T For any k, k', let {U( }h je{1,2} be a family of

four operators on ’H(k) ® "H(k ) only, which we will define in the following. Define:

M:Z Z FJ'(k)®B.7'

k je{1,2}

(kk) t
N: Z Z BTB ®BBh
kk' hje{1,2} 7

Wék)(t) ::[L(:,)w F1(k>] ®BT 2chTt[L(k) F(k)} © B
m(k)(t) =B, —|—b(k)e_2iCBTtB2

b =

QCBT

Z[LA " F(k)] ~(k) [L Ay F(k)] (23)
w

Let bgk) = b * and b;k> = b Let [,Ef’k/) denote the operator £Ef) + [,Ef/). Let 0nj := h — j. Let f1, f2 > 0 two constants which
we will define in the following. Now define:

— et ® ()t g
alps) == i w® (1) ps 0™ ()" dt
k

)= > [iBip:B]

je{1,2}

/ey
Gl =Tea | [T ST WG @ p )W 1)

k,p

ic§<ps>::/+ ““t( (5 Wi paw )

+ Bl ——Pa®G(ps) + cpi pa @ 8(ps) + pa @ f(ps)
K(ps) == (I —ieM + &’ N) (5 ® ps) (I +ieM" + sQNT)
+ 22K (py). (24)

By collecting powers of € in (24) and carrying out straightforward computations, we obtain the formulation K(ps) = (Ko + eK1 +
2 .
e“K2)(ps) where:

ICO(pS) :ﬁA ® ps: ) (25)
Ki(ps) =—1 Z Z ﬁ[:l] ® Fj(kl)ﬁffl) ® Bjps + herm. conj., (26)
K je{1,2}
L E Q
Ka(ps) =K (ps) + KE(ps) + K2 (p), @1

where:

IC2 Ps) Z Z {ﬁgfk ®U$Z’) (kk)®BTBhps}+herm conj.,
k&’ h,je{1,2}

_[k,k’ k) —(k,k’ k)1
(ps)=>_ >, {p[A Yo BV ) ®BhpsBJ-}
k,k! h,je{1,2}

(’OS):Z Z {P[kk]@)lc(k)(ps)@BhpsB;}@

k h,je{1,2}

+ Z (T Tr[ 34 ( PA)( )] pa ® BjpsB @

Jje{1,2}

+ Z pa ®{ (BTpSB + 8F 2B, BT)
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= insb Bup. B+
h#j

— T T
YA (le psB + f2Bp.B ) : (28)

and where:
(k) T M (o) (2 _ \(k
K (pe)i= [ e SO (SO (F (1. p) 1)) at
0
Foy (. 5a)®) = exp (2icgiong t) S [, B 2P [L), FF]
m

Fnj(pa)®) = Frj(t, pa)®
’ ’ - — i

k,k’
foi= 30T [F G F) 4 50 (FP + D)1 29)
k,k’

where 85,5, denotes the Kronecker delta. For any k, k', let the family of operators {U( ’ }hde{l 2y satisfy the following set of equations:

ﬂff’k/) (U(k k') [)(k K )) L gtk )(2203T S k) 5416 Ky

B]TB N BTB
—APTEN B0R) — 0, vh,je (1,2}, (30a)
Tr {Zicm Onj Ug?;) ﬁ(k k )}
— Tr [A‘“ p*) -i{“”“')] , Vh#£je {12}, (30b)
Tr [U;’“B’? 5k >] _Tr [Ff%i{“””Ff’“'” T - (fﬁll(m)(’“) + g)] : (30¢)
Tr [Ug“”';) 5k )] Ty [F;’“)pff”“”F;’“'” + (fﬁn(m)(’“ + g|b<‘“>\2)] . (30d)

Equations (30) are always solvable, as proved in [3, Lemma 4]. We will then show that our definition of s in (23)-(30) indeed satisfies
the second-order invariance condition (6). We start by observing that, thanks to assumptions £ (-) = 0 and Ls,1 = 0, condition (6) reads
as:

L4 (Ka(p2) + Lint (1 (pe)) — i ([Hp, Ka(p)) -
— Ka([Ha, pi])) = pa® Loalpy). 31)

Then, in order to compute the left-hand side of (31), we observe that the computation of term —i[Hp, K2(ps)] — K2(Ls0(ps)) is
simplified by the following set of properties directly implied by Assumption 1:

[IEIB,B] = —cui B,
[I:IBthB;] = —20n; cpir BaB] Vh,j € {1,2},
(. o] - 10,0 )
= 2icpi0n;Brps B Vh,j € {1,2}, (32)

whereas the computation of term £4(K2(ps)) is simplified by the following Claim.
Claim 1: £ (/Cﬁj;) (ps)) + 2ic s n K (ps) + S® (ﬁhj (ﬁA)“ﬂ) —0.
Proof: Case h = j is proved along the lines of [3, Lemma 1 and Lemma 4]. Case (h,j) = (2,1) is the hermitian conjugate of case
(h,7) = (1,2) which we are now going to prove. Let £¥(-) denote the super-operator L‘,ff)( -) — 2icgild(-). Then, since EEf) is strongly
dissipative on Hj(f), we have that:

lim exp(tL*(1))(X) = lim exp(—i2cpit) exp(tﬁ ())(X) =0, (33)

t—+4o0 t——+o0

for any operator X such that Tr " [X] = 0. First, we formulate K5 as:

— +m
R0 = [ o) @

Ria(t, ﬁA)(k) = exp (t[,ﬁ(.)) (S(k) ( (pA)(k)) )

Second, we observe that:

d
£ (Ruattpa) V) = Frfialtopn)®. 4



We @conclude from (33) and (34) that:

£ (K5 (0)) = [Saatt )]

0

_S(k) (f12(,5A)(k)) .
Furthermore, by considering Lin:(p) = —1i >, Zhe{l’g}[A,(f” ® B}, pl, we have that:

Lint(K1(ps)) Z el ® Z B;thpS ® (fA;kHF}fk )ﬁff’k >) + herm. conj.+
koK j,he{1,2}
+Bip. B (FPp0M Al + AP st FT)
= Z ﬁg‘“’k I'® Z B;thpS ® (7A§.k) WLF}Ek )ﬁff’k >) + herm. conj.+
koK j,he{1,2}

+ BhpsB} ® ( 2icgt Onj F(k) (k K )F(k )t
kK’ k) ~(k,k") (K
,554 ) (ng >p54 )Fj( )1‘)Jr
+ e T () ™), (35)
where, in the last equality, we first made use of formulas (11) and then we used the following formula generalized from [3, Lemma 6]:
k k,k") [ =(k,k’ k') 1 k,k’ k) —(k,k’ k)t
F® 0 >(< VP )+£; )(F,E)p(A ))Fj( )t
= £ (BOFNEOT) =S FusGa)™, Vb, VK (36)
Finally, by making use of definitions (24)-(28), properties (32), simplification (35), and Claim 1, we can compute:

LaKalps)) — i([ﬁB’ K2 (ps)] — KQ(“EI& Ps])) + Lint(K1(ps)) =
— Zﬁ[:,k’l ® Z {B;Bhps ® (ﬁ(:,k (U(k k') (k % ))+

BTB
Kk’ h,je{1,2}

+ 2icgi On; Ugfr’g >ﬁ(f’k ) — A;MTF,Ek >ﬁ(f’k )) + herm. conj.}+
i Ph

+prf]® > {BunBl @ (2051 o5+
h,je{1,2}

+Te [Fs ()] 500) } = €000, @37

Observe that the definition of b;k) in (23) implies that 2cg+ |6hj|b§bk) + Tr[Fnj(pa)™] = 0 whenever h # j. Furthermore, in the last

equality of (35), we observed that Tr[F,Ek)ﬁXC)AEIM f +A§Lk)ﬁ(:>F,§k) T = Te[Fn(pa)®] for any h € {1,2}. The latter two observations
and trace condition (30b) will be instrumental in the derivation of L, 2 in (38). Indeed, by recalling (31), Lindblad £, 2 can be obtained
by taking the partial trace over Ha of £(ps) in expression (37), as follows:

Ls2(ps) = Z {BBTpS Tr (—A(k) TFl(k)ﬁEf)) + herm.conj.+
k

B'Bp, T ( A(k)F(k) (k>) + herm.conj.+
Bip,B T ( (k) 5(k) A(k)T+A(k> (k>F<m)+
Bp,B' T ( AR L AT (k>F(k)T) }+

A(k)t (k>)Tr(F(k) (K’ ))—l—hc—i-

> {BB.

kK
B'Bp, Tr <7A(k),5(f)> Tr (Fék’)ﬁff/)) The. (38)
If we now apply definitions (14) and property (20), the expression of L2 in (38) simplifies to:

Ls2(ps) = Z{ — ZYC) BBfp, — zék) BtBps + herm. conj.+
k

+ (ng) + (zgk) *> BTpsBJr
+ (47 +(4Y) Bo.B 4

+k§:, j (BBTps +psBTB) (z(()k)z(()k)) _ hermeony.

+(B'Bps+ p.BBY) (—247) )

:;{ —i%(zgk)> |:BBT7PS] —i%(zék)) [BTB,pS] +
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+2% (2{") Dgi(pe) + 2R (47) D (pe) |-
—1 Z {5<k’k> (BBTps +psBTB) — herm.conj.}7

k>k'
@nich immediately reads as (13). Now, by first subtracting pa ® Ls2(ps) from E(ps) in expression (37) and then using (30a), we
conclude that:

E(ps) — pa ® Tr [E(ps)] =

_[k,k’ k,k’ k,k') —(k,k
=Y e 3 {BBupe (15 A)
ek h.je{1,2} aon

+ SR (2icpt On; Utk (k K A;k) TF}Ek/)ﬁEf’k/))) + herm. conj.} =0,

BTB

which immediately shows that (31) is satisfied as an identify.
We are now going to prove that C(ps) in our definition (24) is indeed a CPTP mapping. Since terms @

(I —ieM +&>N)(pa ® ps)(I — ieM + &’ N)' + &% (cpipa @ a(ps) + pa @ mathfrakf(ps))

already retain the Kraus map form, what remains to prove is comple@)osmvny of IC
Claim 2: There exists 7 > 0 such that IC (ps) is a completely positive mapping. @
Proof: Consider an Hilbert basis {|n)}1<n<d of Ha ® Hp. Let H be any Hilbert space o dimension. Let:

K- (X) = /OW Lalt (s(Wfﬁ)(t) xXw® T(t))) di-+

m/ept .
+ %%m ® Tra / W) x wR () dt} (40)
0
For each n and v, select any |¢y,) , |1,) € H and define:
d d
Z ®[¢n), [T):=D 1) @), @1
v=1

We are then going to prove that there exists 7 > 0 such that (¥| KC(|®) (®|) |¥) > 0. Standard com@on give:

(UIR(2) (@) 20=" D =z Murr i Zn,

n’ v n,v

where 2zn,, = (¢n|th) and
+o0
_ CBT
Mn/’u’,n,u ::/ m"/vl’/:nvl’(t) - t”/!yl’n‘u( )dt + s Rn,,V,van
0

Rt m = / T tnt i (1) dE
0
Mo () = (V'] €40 (W @) [n) (0| WO T @) 1)
S () = (V| (5a @ Tra [WR ) [0) (nl WP T (0)] ) 1) @2)
Since pa ® Tra [W,Ek)(t)X W,Ek”(t)} is a completely-positive superoperator on X, the d* x d* Hermitian matrix t,s s, ,(t) is

. 2
non-negative, and therefore, for any vector z € C% :

2 R2=0 (43)

— zT-t(t)-z:OVtE{O,i]. (44)
Cpt

Now take a d? vector z such that (43) is satisfied. We then have:
(W[ K(®) (@) |¥) > / 5 S

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

—+oo
/ E Z,:/J,/ mn/,l,/yn,,,(t) Zn/yy/dt =
0

n’ v’ n,v

/ ST s () Ho WP () [0 0] W (0 E (1) 10) 20t =

n’,v' ,n,v
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2

+oo
— [ X Wm0 W) s 4s)
0

n’ v/ n,v

>0

and we thus conclude that 2! Rz = 0 implies 2T Mz > 0. Assume now that zf Rz = 0 and 2 Mz = 0. Inequality (45) then implies that
for any £ > 0
Yo WPTOH() [v) 20, =0

and therefore Mz = 0. Then, by virtue of [3, Lemma 2], we conclude that there exists 7 > 0 such that K- is completely positive.

]
We are now going to prove trace-preservation of K(ps). Since Tr[K1(ps)] = 1 and Tr[K1(ps)] = O for all ps, what remains to prove is
Tr[K2(ps)] = 0 for all p,. First, by a subsequent application of formulas (30b), (36), and (11), we have:

(kk (kk) —(kk) (k,k") 1
ZTr[ +p UBTBT ]_
k,k!

—ZTY[UW kk)+_(kk)Ukk)T]

BtBT
K k!
1 k) — k,k' ’ _ k:,k, k:/
=3 s T [F2< V5D AT A 150K ol >r] _
Kk’ Bt
— ST [ EPAOR] 4 T [ Pl -
2icpt
ke k!
-3 T [71«“2(’“);35;“’“')1«“1“')] iy 0. (46)
Kk’
Secondly, it is straightforward to prove from (30c) and (30d) that >, ,, Tr[U (kBkT )pff w )] and Dk Tr[Ug?j; )p(k K )] are real. Indeed:
= T
> Tr [Uékskr) P4t )] => Tr [—ka)ﬁﬁf)ka” +7Fu(pa)® + 5] +
k,k’ k
Y [ RO RS R R =
k>k/
— S(k k) p (kiR 1
= > T [ U]
kK
= ™
S (U 0] = St [P EY T 4 2 Faa(pa)® + T 00 +
k,k’ k
Y[R RS R0 R =
k>
—ZTF[ (M)Ug?ﬁ”] (47)
kK

Finally, thanks to observations (46), (47) and the definition of fi, f2 in (29), we compute the trace of Ko from (28) as follows:

Tr[Ka(ps)] :Z{Tf [BBT } Tr [ch K UKD | GO Fl(k)ﬁf;c,k/)Fl(k)T] n

BBT BB
k,k’
+Tr [B'Bp| Tr [US 55 + g4 U0+ BV BT +

+Tr[BBp5]Tr[U(kk) (kk')+—(kk)Ugv“’;ﬂ+F(k)_(k,k)F(k’)f]+

+Tr[BTBTpS] Tr[Ugi';f R | G Uk Ty ) (kk)F(kH] }+

fl+2( (k) )
k

Pt > (7D + |b““|)]
k

> —ip®

k

+Tr [BTpSB] Tr

+Tr [Bpqu Tr

+ Tr [BpsB] Tr

T Tr [BTpSBT] Tr

z‘b““)}
2
= 07

for all ps.
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