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Exact non-Markovian master equations: a generalized derivation for Gaussian systems
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We derive an exact master equation that captures the dynamics of a quadratic quantum system
linearly coupled to a Gaussian environment of the same statistics: the Gaussian Master Equa-
tion (GME). Unlike previous approaches, our formulation applies universally to both bosonic and
fermionic setups, and remains valid even in the presence of initial system-environment correlations,
allowing for the exact computation of the system’s reduced density matrix across all parameter
regimes. Remarkably, the GME shares the same operatorial structure as the Redfield equation and
depends on a single kernel—a dressed environment correlation function accounting for all virtual
interactions between the system and the environment. This simple structure grants a clear physical
interpretation and makes the GME easy to simulate numerically, as we show by applying it to an
open system based on two fermions coupled via superconductive pairing.

Introduction.—Finding convenient ways to unveil the
dynamics of open quantum systems [I] starting from
an effective microscopic description is arguably one of
the most important problems in contemporary quantum
physics. In the Markovian regime, where a continuous
flow of information from the system to the environment
is assumed, the well-known LGKS theorem [2 B] pro-
vides the general structure of the master equation and
the question of linking it to microscopic parameters has
been thoroughly studied [4H6]. However, such charac-
terization is missing in the non-Markovian regime and a
heterogeneous variety of approaches has been proposed
over the years to still find useful predictions in practi-
cal scenarios [7THI]. Such approaches are mostly designed
with numerics in mind and they smartly bypass the prob-
lem of writing down explicitly the master equation for the
system.

The situation is different if one assumes that the sys-
tem has a quadratic free Hamiltonian while being lin-
early coupled to a Gaussian environment, which is com-
pletely characterized by one- and two-point correlation
functions only [10] [II]. In this case, exact master equa-
tions can be found in the literature [I2HI6], but they
are typically restricted to excitation-preserving interac-
tions (with notable specific exceptions, such as the Hu-
Paz-Zhang equation [I12]). When this is the result of a
rotating-wave approximation, it is however known that
inaccuracies can be found when trying to capture en-
ergy shifts and non-Markovian effects [I7HI9]. A mas-
ter equation that is free of this assumption has been de-
rived in Ref. [16] (generalizing Ref. [12]), but with few
caveats. First, it is only valid for bosonic particles; an
extension to fermionic systems is needed to study, e.g.,
systems with superconducting pairing [20H22] or spin-
fermion Hamiltonians [I9]. Second, it requires system
and environment to be uncorrelated at the initial time,
which may not be experimentally feasible in the strong-
coupling regime [8] 23H25].

In this Letter, we derive a master equation—the Gaus-

sian Master Equation (GME)—that is uniformly valid for
all Gaussian systems, with no need of further assump-
tions beyond Gaussianity. Our approach applies to both
the bosonic and fermionic cases [26], accommodates ar-
bitrary forms of the system-environment coupling, and
remains valid in presence of initial correlations between
the system and the environment. The GME exhibits a
remarkably simple and compact structure, being formally
identical to the Redfield equation [I]. However, its kernel
is not the bare environmental correlation function, but
a dressed one that incorporates additional virtual inter-
actions between the system and the environment. This
formal correspondence has a great impact when trying to
solve the GME in practice. This marks a difference from
other important approaches in which the dependence of
the proposed equation on microscopic parameters is ar-
guably more involved [27H29).

The manuscript is organized as follows. In the first two
sections we discuss two key steps in the derivation of the
GME. The first is the shift of the problem’s complex-
ity from the operator structure to the time-integration
domain, achieved through the Schwinger—Keldysh con-
tour technique [30, BI]. This method, widely used
in many-body physics for nonequilibrium Green’s func-
tions [32], B3] and more recently in stochastic unravel-
ings and master equations [34H37], allows us to include
initial system—environment correlations without signifi-
cantly increasing the complexity of the derivation. The
second step is a recursive application of Wick’s theorem
to the environment and system operators, yielding a se-
ries whose terms share the same superoperatorial struc-
ture and can be resummed into a Redfield-like equation.
We conclude the Letter by putting the GME to the test
and by applying it to a fermionic system with supercon-
ducting pairing, a case that is not addressable by previous
exact master equations. This example aims to show how
the numerical approach to this equation is simple and
accessible to a broad audience. Further clues on possible
strategies to simplify the numerics (e.g., third quantiza-
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tion) are contained in the Supplemental Material [38].

Contour dynamics.—Let us consider a quantum sys-
tem and an environment, both made of noninteracting
particles of the same statistical type (i.e., both bosonic
or both fermionic). The total Hamiltonian H is

H=Hy+V, Hy=Hs+ Hpg. (1)

Here, Hy is the free term, containing an environment
Hamiltonian Hg and a system Hamiltonian Hg. Instead,
V' is the system-environment interaction term, which we
take to be of the general form

V:ZAa®Baa (2)

with A, being a system operator and B, being an envi-
ronment operator. Contrary to common practices, we do
not take A, and B, necessarily Hermitian, even though
they must be defined such that V' is Hermitian. The fol-
lowing calculations can also be immediately generalized
to the case where H contains some explicit time depen-
dence.

Given the initial state of the system-environment com-
pound psg(0), the state at subsequent time ¢t > 0 in
interaction picture writes

OSE (t) = UI (ta O)pSE (O)U} (ta O>7 (3)

where Uy(t,0) = Texp(—i fot V(7)dr) is the time-ordered
evolution operator and V(1) = UJ(r,0)/VUy(r,0), with
Uy being the free propagator defined by Hy. In this pa-
per, we will work in units such that A = kg = 1.

Suppose now that the exponentials are expanded. The
operators that appear are ordered so that, when going
from right to left, the time argument first moves from
t to 0 and then from 0 to ¢. Let us then introduce the
contour Y(t) = v4+(t) ® v—(t) in Fig. |1} where v (t) are,
respectively, the tracks ¢ — 0 and 0 — ¢ (called “back-
ward” and “forward” branches [33]). We can then write
Eq. (3] using a single exponential as follows:

ose(t) = ’]I‘{exp [—i /(t) V(z) dz] pSE(O)}, (4)

where V(z) is defined to be equal to V(7) on both
branches, and T works as the usual ordering operator,
but defined on the contour «(t) (i.e., operators with ar-
gument z that are “later” on v(t), are placed to the left,
see also Refs. [33, B7]).

In case psg(0) is factorized, one can immediately take
the partial trace over the environment in Eq. , using
also the decomposition V(z) = ) Aa(2) ® Ba(z) that
comes from Eq. . Unfortunately, this cannot be done
for a general psgp(0). However, we can make progress if
we assume that pgg(0) is a Gaussian state:
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FIG. 1. Schematic depiction of the contours considered in

this paper. On the left, v (t) goes from ¢ to 0 while y_(t) goes
from 0 to ¢: this is used for factorized initial states. On the
right, v+ (t) is shifted by +i/3/2 and a vertical track is added
that runs from i3/2 to —i/3/2: this is used for the generic
Gaussian initial state in Eq. (5).

where 8 > 0 and HM is a quadratic Hamiltonian in the
system-environment variables. Such initial preparation
can be formulated as an imaginary-time evolution, which
can then be incorporated into Eq. with a modification
of the contour. Specifically, let us shift v (t) by +£i8/2
and add a vertical track running from i8/2 to —i3/2, as
illustrated in Fig. |[Il Moreover, dividle HM = HM + VM
into a free term and an interacting term, and define a
new contour interaction V'(z) which is equal to V' on the
horizontal tracks and to V™ on the vertical one. Then,

one can show that [38]
e_ﬁHéw
6
et S0

osis(t) = T{exp l—z‘ / JRCLE

where this time

V(o) = | Wo(=i5. 2V () Wo(z, —if)
Wo (i, 2)V (2)Wo(z,i5)

z €v-(1),
z e ’Y+(t)7

(7)

and Wy is the contour generalization of the free propa-
gator Uy employing the free contour Hamiltonian Hy(z),
which is equal to Hy on the horizontal tracks and to H}Y
on the vertical one.

Writing V(z) = >, Aa(2)®Ba(2), it is now immediate
to take the partial trace over the environment to write
the system’s state o(t) as

o) =>" (:;!)n

n=0 ~(t)
X T{Al ‘e AnRO}7 (8)

d"z TI‘[T{Bl PN BnQo}]

where we introduced the abbreviations A; = A,, (z;) and
B; = B,,(zi), and the sum symbol superimposed on the
integral is a reminder of the fact that we should also sum
over the « indices. We additionally defined

e~ BHE

Tr [e~PHE]

e‘ﬁHé‘W

Qg = - - -
’ Zo) Tr [e=PHE

) (9)

Rol

where HM = HM + HY. Eq. is true even in the
fermionic case despite the known issues in dealing with
the partial trace in composite fermionic systems, since



exp[—BH{!] is even in the number of fermionic ladder
operators [28]. Note also that Eq. is structurally
identical to what one would obtain by taking the par-
tial trace in Eq. in case of factorized initial state
pse(0) = Rof.

Wick’s theorem.—Since Hp is assumed to be quadratic
and since the B; operators are linear in the environment’s
ladder operators [the transformation in (7)) does not alter
this fact], we can invoke Wick’s theorem [10] 11 33} [39]
40] to decompose the trace in Eq. .

Let ¢ € {—1,1} be a parameter indicating whether we

are dealing with bosons (¢ = 1) or fermions (¢ = —1).
We introduce the symbol T¢: in case ¢ = 1 it is equal to
T, but in case ( = —1 it stands for a “fermionic” ordering

operation, which introduces a (—1) factor every time a
transposition is made to order its arguments. The idea
is that the same number of transpositions is required to
order B; ... B,y and A;... A, Ry, hence we can harm-
lessly make the substitution T — T, in Eq. . We can
then write

TI‘[TQ“{BI e Bgmﬂo}]

1 N(o
= miam Y MNOC0) 0@ - Coem-1)em,  (10)
€G22,
where Gy, is the set of permutations of {1,...,2m},

N (o) is the number of inversions in o, and
Civj = TI'[TC{BlBJQ()}] (11)

is the environment’s correlation function on the con-
tour [38]. Note that Eq. is a straightforward gen-
eralization of Wick’s theorem on the contour, and no
special care is needed, as happens in superoperator for-
mulations [28]. Wick’s theorem also guarantees that
Tr([Te{Bi ... Bom+190}] = 0 if we assume as usual that
Tr[B;] = 0, hence we can restrict to the even case.

When substituting Eq. into Eq. we observe
with a change of variables that every term of the sum
over ¢ contributes in the same way, and that the factor
¢N(@) is canceled by a reordering on the system side [38].
Therefore, we end up with

oy =3 SV, (12)

Mm(t) 5:% d®mg CLQ .. C2m71,2mTC{A1 . AQmRQ}.
v(t)
(13)

Ezact master equation.—In order to derive an exact
master equation for o(¢t) we need two tools. The first
arises because of the need to take the time derivative
of o(t), and is a “fundamental theorem of calculus” for
multidimensional integrals on «(¢). Applying repeatedly

the Leibniz integral rule, one finds [3§]

g n — n—1 — _ +
gy W(t)d z f(z) nL(t? z [f(t ,z) — f(t ,z)](,M)

where 7% is the contour point on the horizontal part of
v+ (t) corresponding to the real time 7, and f is a general
contour function, assuming the relative position of the
arguments of f to be irrelevant upon integration.

Using appropriate changes of variables and the prop-
erties of T¢, it is possible to show that the integrand in
Eq. satisfies this requirement [38]. We can thus ap-
ply Eq. to perform the time derivative of M,,(t),
resulting in

%Mm(t) = 2m?‘[

(1)
X [Al3 TC{AQ . AQmRo}], (15)

2m—1
d ZCLQC;;A N CQm_LQm

where an underlined index 4 indicates that the corre-
sponding quantity is evaluated in ¢ instead of z;.

The second tool we require arises from the need of
expressing Eq. in terms of My (t) with &k < m, in
order to “close” the differential equation. Let us de-
fine the notation [X,Y], == XY — (Y X. Since Hg is
quadratic and A; is linear in the system’s ladder op-
erators, [A;, Aj]¢ is a c-number for any ¢ and j. This
allows us to employ a Wick-like argument to reduce or-
dered products of system operators to a sum of smaller
ordered products [40]. Specifically, consider a product of
the form T¢{A¢A; ... A2, Ro}. In case zg € y_(t), Ao
appears on the left of Ry after the ordering; we can then
(anti)commute it with the A; operators on its left un-
til Ag is placed at the beginning, leaving behind at each
step an ordered product where Ay and A; are replaced
by a scalar contraction proportional to [Ag, A;]c. The
same can be done in case zg € 4 (), but this time we
(anti)commute Ay with other A; operators on its right,
since it is positioned on the right of Ry by the ordering.
The result is [38]

Te{AoA; ... AgpRo} = AgT{A; ... AsmRo}

2m
= T80, Tef{Ar . Aj 1 Ajr .. AgmRo},  (16)

j=1

where /Alo Is a superoperator defined as AOX = AgX on
~v—(t) and as AgX = (X Ag on v4(t), while

zi € - (t)v

wevm, 7

Z‘ e HZ@'-(ZJ' [AZ7A]]C7
2,7
’ 7027‘}-2]’ [Ai7Aj]Ca
with 0., <., being a contour Heaviside step function, that
is equal to 1 if z; precedes z; on the contour and 0 oth-

erwise. Eq. can be applied repeatedly in Eq.



until we exhaust all the A; operators. After a long but
straightforward calculation, one concludes that [38]

m k+1 Qm)” R
’; 2m — 2]{3 1 Sk(t)Mmfk(t% (18>

where S (t) is a superoperator with action

Sk(t)X = dzk_lzcl’gzg’gc&;; N

~(t)
- Dop—29k-1Cok—1,2%[A1, Ap X].  (19)

When used to calculate the time derivative of o(t) [see
Eq. ], we recognize the Cauchy product of two series,
so that [38]

=3 Subalt). (20)
k=1

Eq. can be written in a more illuminating form
if we isolate the operator dependence in Eq. , which
only involves two indices. Specifically, after restoring the
full notation for clarity,

d N
Fo =% [ 400" s (1) 4.0, 20
a,B V7
_ N\ (k)
where G g = >, Gp,q and
Gl =c,, (22a)
G») :}[ Pwg VS 00, (22b)
7(t)

If we decompose () in its branches [38
tain the GME

dfT(tt) - (XXB: L o L 9es . DAs(2)elt), AaD] + Hoe,

(23)

], we finally ob-

Note that the integral over vy_(t) reduces to an integral
over [0,t] in case of factorized initial state. Thus, this
is formally a Redfield equation [II, 8], with an additional
contribution from initial correlations and with the func-
tion G replacing the “bare” correlation C. The physical
meaning of this replacement becomes evident if we realize
that Egs. can be written as follows after summing
over the index k:

gp,q = Cp’q + ‘% d2W ngELQCQ’q. (24)
v(t)

This has the shape of a Dyson equation [33], where C
assumes the role of a “noninteracting” Green’s function
and ¥ assumes the role of a self-energy. The solution
of the Dyson equation G represents a “dressed” corre-
lation function that acts as a memory kernel: G*) can

be thought of as carrying the effect on the dynamics of
o(t) coming from k past interactions between the system
and the environment, and is of order 2k in the coupling.
With this picture in mind, the fact that a truncation
at k = 1 yields the “memoryless” Redfield equation ac-
quires a neat physical interpretation. Note that Eq.
can be solved using well-studied tools from many-body
and condensed matter physics: see, e.g., the recent works
in Refs. [41], 42].

Once G is found, the GME can be solved using
techniques borrowed from the literature on third quanti-
zation [43H45]. Specifically, one can always turn Eq.
into a continuous differential Lyapunov equation for the
covariance matrix associated with the system’s Gaussian
state [10) 11l A5H47]. In the Supplemental Material [3§]
we report how the Lyapunov equation looks like specifi-
cally for Eq. .

Ezample—We conclude by discussing a simple exam-
ple application. Consider as a system the two-mode
fermionic Hamiltonian

Hg = ela]ial + egagag + 5(@{@3 — a1a2>. (25)

We also couple both modes to a reservoir through stan-
dard tunneling:

Hp = Zsrcicr, V= Zgrcr (aJ{ + ag) +H.c. (26)

To keep things simple, we assume Lorentzian spectral
density, zero temperature, large negative chemical po-
tential, and initial decoupling from the system, so that
the “bare” correlation function can be taken as

A
c(t) = %e*)‘ltl, ¥, A >0 (27)

[see [38] for the explicit link between c¢(t) and C].
Because of the fermionic character and the pairing §,
this setup cannot be treated using the existing exact mas-
ter equations mentioned at the beginning of the paper:
however, it is well within the scope of our proposal. From
a physical standpoint, note that Hg can be used as a
toy model for two quantum dots coupled to a p-wave su-
perconductor, which induces the pairing é by proximity
effect [20]. With appropriate extensions, this example
could serve as a starting point for studying, e.g., the ex-
act dynamics of a p-wave Cooper pair splitter [48], 49].
We approach the problem numerically using the follow-
ing steps [38]. First, we expand the Dyson equation
in its real-time components and we solve it iteratively
on a discrete time grid to find G up to a certain order.
As shown in Fig. [2| we find that the convergence rate
depends on «: the stronger the coupling the higher the
order one should stop at to achieve a target accuracy.
After this, we are able to solve the GME with a stan-
dard Runge-Kutta integrator. In Fig.[2] we report the ob-
tained evolution of the dots’ populations (a/a;)(t), after
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FIG. 2. (Top) Correction to the solution of the Dyson equa-

tion at kth order A(k) = max||G**V||, maximized over the
time grid, for several values of the coupling 7. (Bottom) Evo-
lution of the dots’ populations, with e; = 0.5, e2 =1, § = 0.7,
and A = 1.5. The Dyson equation is solved up to the higher
order shown in the top plot.

having initialized the system in the state (|00)+|11))/v/2,
for two different values of v. The competition between
dissipation and pairing causes damped oscillations that
eventually settle on a steady-state value. We also plot the
results predicted by the Redfield equation: as expected,
relevant deviations from the GME are found at strong
coupling.

Conclusions.—We derived the GME, an exact master
equation valid for all Gaussian systems which is remark-
ably compact and numerically efficient. The GME is a
promising tool to study the dynamics of a variety of set-
tings that were precluded to other non-Markovian mas-
ter equations, such as Kitaev chains and superconductive
networks [20]. The application to such models is instru-
mental to understand the role of non-Markovianity in the
noise affecting quantum computing architectures. From a
theoretical point of view, the natural next step is to gen-
eralize the approach to system-environment pairs obey-
ing different statistics, as this would allow to solve the
longstanding problem of finding an exact master equa-
tion for the general spin-boson model [50]. It could
also be possible to extend the analysis to interacting
systems and/or non-Gaussian environments using recur-
sive techniques [51] 52] or self-consistent mean-field ap-
proaches [33], 53].
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Supplemental Material of “Exact non-Markovian master equations:
a generalized derivation for Gaussian systems”

This Supplemental Material provides a more thorough discussion of some of the statements made in the Letter.
The material presented here is not essential in order to grasp the concepts presented there; however, it is included to
aid the interested reader in dwelling into the details.

We start in Sec.[A]with a discussion of the shifted contour, showing how the system state can be conveniently written
even in the presence of initial system-environment correlations. Then, in Sec. [B] we use the quadratic environment
hypothesis and we apply Wick’s theorem to the previously obtained expression. In order to take the time derivative,
in Sec. [C] we proceed by proving a “fundamental theorem of calculus” for multidimensional contour integrals. Then,
in Sec. [D| we use the quadratic system hypothesis to show how ordered products of system operators can be reduced
in terms of smaller products. This result is used in Sec. [E] to close the differential equation for the state, resulting
in the exact master equation presented in the Letter. We also show in Sec. [F] how to write it using physical time
instead of the abstract contour time, and in Sec. [G] we formulate it as a continuous differential Lyapunov equation for
the covariance matrix. Finally, in Sec. [H] we provide additional details on the procedure used to simulate the paired
double-dot example presented in the Letter.

Appendix A: System state on the contour with initial correlations

The first task is to write the system state using the shifted contour ~(t) de-

A 74 (t) picted in Fig. |3 when the initial system-environment state is written as
iB/2 o
0 Ly psw(0) =S —,  Zo=Tre A, (A1)
, 0
—1B/2 >
v-(t) with 8 > 0 and HM = H}M + VM a generic quadratic Hamiltonian. To do that,

we adapt the derivation provided in Ref. [37].

FIG. 3. Schematic depiction of the Let us define the following propagator with arguments on ~y(t):

shifted contour 7(¢).
Texp(—i fzzf H(z)dz) 21 =X 29,

Wi(zo,21) =< ~
(22, 21) T exp zf;; H(z)dz) 21 > 22,

(A2)

where < is the natural ordering relation on ~(¢) with corresponding ordering and anti-ordering operations T and TNT,
and fzzf dz is a line integral over «(¢) starting at z; and ending at z5. Here H(z) is defined to be equal to the physical
Hamiltonian H on both the horizontal tracks, while it coincides with H™ on the vertical one. Unlike the standard
real-time propagator, W (za, z1) is not unitary (unless z; and z5 both lie on the same horizontal track). However, one
can easily show that the following properties still hold [33]:

W(z,z) =1, (A3a)
W(Zg,Zl) = W(Zg,ZQ)W(ZQ,Zl), (A3b)
dW (22, z1) _ —iH (20)W (22,21) 21 = 29, (A30)
dzo ’iW(ZQ, zl)H(zl) 21 7~ 22
We can use W (29, 21) to write the initial system-environment state (Al]) as
e20H™ W (—ibib) W (—ib,0)W(0,ib

Zo Zo Zo

where b := (/2 for brevity. Note also that line integrals on the horizontal sections do not change after a +ib shifting,
hence the propagator U defined using H on the physical time satisfies the property U(ta,t1) = W (tg & ib,t1 + ib).
This allows us to write

psn(t) = U(t,0)psp(0)U(0,) = Z%W(t-ib, bYW (—ib, YWV (0, ib) TV (ib, ¢ + ib) — ZiOW(t—ib,O)W(o,tHb). (A5)
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We can now move to the interaction picture, after introducing a contour propagator Wy(z2, z1) defined as in Eq. (A2))
but with Hy(z) instead of H(z). Obviously, Hy(z) is defined to be equal to Hy on the horizontal tracks and to H;
on the vertical one.

0s5(t) = Us(0, 1) pse(t)Us(t,0) = ZLOWO(fib,t — bYW (t — ib, 0)W (0, ¢ + ib)Wo( + b, ib). (A6)

Here, Uy is the standard propagator defined using Hy on the physical time. The following lemma is needed to proceed.
Lemma A.1. If z0 = z1 and 2o = Z, then
W(ZQ,Zl) = Wo(Zg,f)W[(Zg,Zl;f)Wo(z, Zl), (A7)

where Wi(za,21;Z) is defined as in Eq. (A2)) but with Wy(Z, 2)V (2)Wy(z,Z) instead of H(z). Here V(z) is equal to V
on the horizontal tracks and to VM on the vertical one.

Proof. Tt is sufficient to show that the two sides of Eq. (A7) satisfy the same differential equation. Of course, they
are both equal to the identity in case z; = z5. Moreover,

d
@[WO(Z%?)WI(Z% 21; E)WO(Za Zl)]
) _ _ _ . _ _ _ _ _ A

= —iHy(22)Wo(22,2)Wi(22, 21; Z2)Wo(Z, 21) — iWo(22,Z2)Wo(Z, 22)V (2) Wy (22, Z) Wi (22, 21;2) Wy (Z, 21) (A8)

= —iH (22)[Wo(22,2)Wi(22, 21;2)Wo(Z, 21)],
which should be compared with Eq. (A3d]). O

This lemma allows us to write

Wo(—ib,t — ib)W (t — ib,0) = Wy (t — ib, 0; —ib)Wy(—1b, 0), (A9a)
W(0,t + ib)Wo(t + b, ib) = Wy(0,:b)W; (0, t + ib; ib), (A9b)

which can be used in Eq. (A6) to arrive at

—2bHM

1
— Wy (t — ib, 0; —ib) W (—ib, 0)Wo (0, ib) W (0, ¢ + ib; ib) = W (t — ib, 0; —ib)

Zo 7 Wi (0,t + ib;ib). (A10)

ose(t) =
Since Wi (t — ib,0; —ib) involves a line integral over v_(¢) and W;(0,¢ + ib; ib) involves a line integral over v, (), we
can arrange the entire expression as a single line integral over ~(t) if we include e~ 2bHy" /Zp in the ordered products:

QSE(t)T{eXp [z / OIS " } (Al1)

Zy
where V(z) = Wy(z, 2)VWy(z,%), with Z being +ib when z € vy (¢). This is exactly the content of Egs. (6)-(7) of
the Letter. Since e~20Ho" = ¢=20HE' =26HE' ig factorized, we can immediately perform the partial trace over the
environment once the exponential is expanded, obtaining

ot) = (_ni!)n
n=0

with the notations explained in the Letter. The same formula holds in case the initial system-environment state
is factorized as psg(0) = Rofo, provided the contour v(t) is not vertically shifted. Since the same number of
transpositions is involved in ordering the strings B; ... B, and A; ... A, Ry, we can make the substitution T — T,
where the latter symbol is introduced above Eq. (10) of the Letter. This will be useful in the next section.

In the following we will use the common notation 7+ to indicate a point on the horizontal part of v. () with value
7, independently on the presence or not of the shift 4+ib required to keep correlations into account.

}[ A"z Tr[T{B, . .. BuQo T{A; ... A, Ry}, (A12)
~(t)



Appendix B: Applying Wick’s theorem on the contour

Now we make the assumption of quadratic environment linearly coupled to the system, so that we can invoke Wick’s
theorem. Assuming Tr[B;{y] = 0 for every i, it assumes the form

TI‘[Tc{Bl ce Bgm+1ﬂo}] = O, (Bla)
1 N(o
Tr[Te{Br ... BomQo}] = —o > N0y 0@ - - Co@mot)ozm), (B1b)
€G22y,
where Gy, is the set of permutations of {1,...,2m}, N(o) is the number of inversions in o, and
Ci,j = TI[TC{BZBJQ()}] = ch,i (B2)

is the environment’s “bare” correlation function on the contour. Here by “inversion” we mean the number of pairs
(i,7) such that i < j but (i) > o(j): in this way, ¢V(?) is equal to the sign of ¢ in the fermionic scenario. Using

Egs. (B1) in Eq. m,

Z zm |m|2m > M }[ d"2Co(1).0(2) -+ - Cozm—1).0(2m Tci A1 .- A2m Ro}. (B3)

m:O 0€Gam,
At this point we make the change of variables w; = z,(;) and 3; = a,(;), so that

(oo}

Z 2m |m|2m Z CN o) % d"w CLQ .. -C2m—1,2mT({Ag*1(1) . Aa*1(2m)RO}- (B4)

0 0ESam 'Y(t)

However, one can also easily show the relation
-1
Te{A,-1(1) .- Ag-12myBRo } = (V7 IT{A; ... AspRo}. (B5)

The factor ¢V (@) cancels out the factor ¢N(@) and nothing depends on o anymore. Hence, the sum over o can be
replaced with (2m)! and

2m
po ‘% d"w CLQ e Cgmfl’QmTc{Al e AQmRo}, (BG)
(1)

which is the content of Eqgs. (12)-(13) of the Letter. We rewrite them here for future convenience:

Mm(t), Mm(t) = %( ) an CLQ ... C2m—1,2mTC{A1 . AQmRo}. (B?)
y(t

m=0

Note that this can also be written in a more suggestive exponential form:

1
Q(t) = T( exXp|—= d2Z Cl 2A1A2
' 2 Ly 7

Ro } (BS)

Appendix C: Fundamental theorem of calculus on the contour

In order to find an exact master equation for o(t) we first need to take the time derivative of Eq. (B7). The following
theorem can be used for such purpose.

Theorem C.1. Let f(z) be an operator-valued function defined on [y(t)]™, with n € Ny. Moreover, given a vector
= (21,...,2n) and i,j € {1,...,n} with i < j, define the notation z] = (z;,...,z;). Then,

n

d n _ n—1 n 1 1 n—1
dt/w(wdzf(z)_z " [fwi e ) = fwimh et wi )] (C1)

=1 7(t)
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Proof. We proceed by induction on n. In case n =1,

d

a [t B )
a o de(Z) = */ dr [f(T )—f(TJF)] — f(t )*f(tJr), (02)

at J,

where we used the fact that the vertical track, if present, does not depend on ¢ and can be omitted. Now assume the
statement to be true for n — 1. We can apply the Leibniz integral rule to write

d d
— d"z f(z) = —/ dzn/ d"tw f(w, z,)
dt Jy dt Sy S (©3)
d
:/ A" tw [f(w,t7) = f(w,th)] —|—/ dz, —/ d"'w f(w, 2,).
v(t) v(t) dt Jye)
By the induction hypothesis, we have
d n—1
o | AW (W) = / A" 2y [F YR ) — S Y ), (C4)
(1) k=1 77()
and therefore, if we redefine (y, z,,) — w,
d n—1
[ e [ @ twiwen) =30 [ ar e ke - fk et ()
(1) (1) 1 /()
The result follows by substituting into Eq. (C3)). O
Corollary C.2. Let f(z) be an operator-valued function defined on [y(t)]™, with n € Ny. In case
[t = [ a et (Co)
v(t) v(?)
holds for every k € {1,...,n}, then
d n n—1 — +
S arap@=n | @i w) - 10wl (c7)
7(t) v(t)

Eq. (C7)) is what was stated in Eq. (14) of the Letter. Looking at Eq. (B7]), in our case the function to be considered

is
f(Z) = f(Zl7 “eey ng) = ZCLQ e C2m—1,2mTC{A1 e Ango}, (08)
«
where ) _ is a sum over the interaction indices. We now prove that this function satisfies the condition in Eq. (C6).
To do that, it is useful to introduce the “underline” notation mentioned in the Letter. Specifically, let us write

AF = A, (t5), (C9)

so that an underlined index indicates an evaluation in t*. Even though the two cases with t* lead to the same
real-time operator, it is necessary to distinguish them for ordering purposes. Similarly, we define

Cij = Casa, (5, 2)), Cij = Ca,a, (20, 7). (C10)

In this case, we do not need to distinguish the two cases t* since the the correlation function assumes the same value
in the two scenarios, as one can easily verify from its definition (B2]).
Now, fix k € {1,...,2m} and let w = (w1, ..., Wk—1, Wk41,-- ., Wam). In case k is odd, the left-hand side of Eq. (C6))

writes

}[ AWy ... Crop1Chis1Chi2irs - .cz,n_mm?rg{A1 o Ap g A Ay Ays AszO}. (C11)
~(t) -
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With k£ — 1 transpositions we can bring A% at the beginning of the string of ordered operators, and with subsequent

k — 1 transpositions we can bring Ayy; immediately to the right of Aki. Since 2(k — 1) is even, no additional sign
factor appears, and we have B

# d2m_1W Ck,k+lcl,2 - Ck72,kflck+2,k+3 ce Cgmfl’QmTc{Az:Ak+1A1 cee AkflAk+2 e A2mRO}7 (012)
y(t) B

which is equivalent to the right-hand side of Eq. (C6) after an appropriate change of variables. A similar argument
can be carried out in case k is even. This time, the left-hand side of Eq. (C6) writes

% A" w ... Cro3k—2Ck—1 xChi1 k2 - - ~CQm—1,2mT<{A1 o Ap A1 A Agp A2mR0}~ (C13)
7(®) B

With k —1 transpositions we can again bring Af at the beginning of the string, and then with k — 2 transpositions we

can bring Ai_; immediately to the right of Af. Since in total we performed 2k — 3 transpositions, which is odd, an
additional factor ¢ appears. However, we can also write Cr_1 = (Ck x—1, which absorbs the previous ¢. The result is

AW Cpk-1Crz - Crosb2Chitira - .ch_Lzmqrc{AfAk_lAl o Apa A .. AngO}, (C14)
v(t) N

which is equivalent to the right-hand side of Eq. (C6|) after an appropriate change of variables.
We conclude that Eq. (C7) can be used to evaluate the time derivative of M,,(¢) in Eq. (B7)). Note that

TC{A£A2 . ..Ango} = A\ Te{As ... Ao Ro}, 'H‘C{AIAQ . Ango} = Te{As... Ay Ro} A1, (C15)

where we dropped the * notation once we are outside the ordering operation. Therefore,

dM,, (t .
T() = Qm% ) d2 1Z CL2C3’4 e CQm—1,2m [Al, Tc{Ag e Ango}}, (016)
y(t

which is Eq. (15) of the Letter.

Appendix D: Reduction of ordered products of system operators

At this point we introduce the quadratic system assumption: this will allow us to expand the right-hand side of
Eq. and make My (t),k < m appear, which is what we require to close the differential equation. The main
ingredient is contained in Eq. (16) of the Letter, which is a modified version of a statement that can be found in
Ref. [40]. In this section we provide a detailed proof.

As a preliminary step, we introduce a ¢-graded derivative symbol 0;, which acts as follows on a product of system
operators:

7)

Hj

(X

R R

X X)) =" Xy X, X X (D1)

Hj—1X gt

This can be interpreted as follows: we imagine to bring X, to the beginning of the string of operators introducing
a ¢ factor for each transposition; then we eliminate X, by acting with the derivative on it. The following lemma

clarifies that this derivative commutes with the ordering operation.

Lemma D.1. For any string of system operators X1,..., X, and any j € {1,...,n}, one has
OTeAX1 ... X} =F "Xy X1 X1 ... X ) (D2)

Proof. Let ¢ € &, be the permutation that orders the string X; ... X,,. Such ordering can also be achieved in the
following equivalent way: first, move X; at the beginning with j—1 transpositions; then, order the remaining operators
X1...X;21Xj41 ... Xy, calling ¢ the permutation that does that; finally, bring X; back into position with ¢=!(j) —1
transpositions. This remark allows us to say that

V@) — L eN@ et (), (D3)
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Since Te{X: ... X} = CN(“")XSO(U ... Xy(n), by applying 0; we remove X, appearing at position p, and we introduce
an additional factor (P~!. Using the previous relation, and the fact that the remaining operators are already ordered,

8jT<{X1 X} = CN(@)Cpilti(l) o ti(p—l)ch(p-i-l) oo Xz,a(n)

=GN0y Xy = CTITAX - Xjoa X X}, (bh)
where in the second equality it is understood that X; does not appear in the string X1y ... Xg(n)- O
Now we are ready to prove the main result of this section.
Lemma D.2. Suppose [A;, Aj]¢ is a c-number for every choice of i and j. Then,
2m
Tc{AoAs ... AgmRo} = AgTc{Ar ... AgmRo} — > ¢80, Tef{Ar. .. Aj 1A 41 .. A Ro}, (D5)
j=1
where
dox o {AOX 20 € v_(t), 5, = {ezﬁzj (A, Ajle ziev_(b), (06)
(XAy 20 €ye(t), 7 —0z02,[Ai, Ajle 2 € 74(2).
Proof. By definition of contour ordering, we can always find a permutation ¢ € Sy, and an index k € {0,...,2m}

such that z,1) > ... > zg@m) and Te{A;... Ay Ro} = CN(¢)C2m’kA¢(1) e Ay RoAg ety - - Apamy- Let us
distinguish the two cases zg € 4 (¢).
In case zg € y—(t), we can find an index ¢ € {0,...,k} such that

Te{AoA: ... AspRo} = (VO PMFYIA 0y L Ay AoApgin) - - - Apiy RoApkrt) - - - Apam)- (D7)

Now we use the (anti)commutation relation A;Ag = [A;, Aolc + (ApA; to bring Ay at the beginning of the string of
operators, using the fact that [A;, Ag]¢ is a c-number. Specifically,

Ap) - A Ao = [Ap(), AolcAp) - Apg-1) + A1) - - Ap(a-1) Ao Ap(q)

o (D8)
=D ClApta-iy AdlcApq) -+ Aplgmi-n Ap(g-it1) - Ag(a) + (PAoAg(r) - Ape),
1=0
and therefore
TC{AOAI . AQmRo} = CN(@)szikAoA(p(l) R Ago(k)ROAtp(k+1) S Ago(2m)
q—1
— (NIEMEN " A, Aggi)cAp() -+ Aplgmi-1) Ap(g—it) - Apy RoAp(rn) - - Ap(am)
i=0
N(p) ~2m—k - (Dg)
= AoTc{Ar. .. Ao Ro} — (VO™ 8 (Ao, Apig-inlcBota—i) [Apt) - - Apky RoAp(ht) - - - Apam)]
1=0
q—1
= AoTc{Ar ... AgmBo} — > [A0, Ap(q—)]cOp(q— Tc{ A1 ... Ao Ro}.
1=0

The sum can be extended to all indices, provided we remember to keep a nonzero contribution only from those indices
that are located later than zg on the contour:

2m

T({AOAl - AQmRo} = AOTC{AI . AQmRo} — Z (9Z0_<Zj [Ao, A]ka]Tc{Al e A2mRO}
- (D10)
= AgT¢{A; ... Ao Ro} — Zgﬂ'—lezm [Ag, Aj]cTe{Ar. .. Aj_1Aj 11 ... Ao R},
j=1

where in the second equality we employed Lemma
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A similar calculation can be performed in case zp € 4 (¢). This time, we can find ¢ € {k,...,2m} such that
TC{AoAl - Ango} = CN(W)CQW_k+q+1A¢(1) - A@(k)Rko(k+l) . A¢(q)AOA¢(q+1) cee A@(Qm)' (Dll)

Now we use the relation AgA; = [Ag, Ai]¢ + (A; Ao to bring A at the end of the string of operators:

2m—q
AoApigrn) - Apam) = D A0 Ap(giilcApiarn) -+ Aptari- D Ag(atitn) - Ap(zm) (D12)
=1
+ T A (41 - - Apem) Ao,
so that
Te{AoAr ... Aoy Ro} = (NOI MR TLA 0y Ay RoAphsn) - - - Apzm) Ao
2m—q
+ NIRRT Ay, Aggrnlc Ay - Aptry RoAp(isn) -+ Aptarion) Ap(atit) - Ap(am)
=1
N(@) 2mk S~ (D13)
= (Te{Ar. .. AgmRo} Ao+ (7HC Y Ao, AptralcDotarn [Ap) - Apt RoAp(irn) - Apom)]
=1
2m—q
= CTC{Al . AQmRo}Ao + Z [A(), Aw(q+i)]caw(q+i)TC{A1 . AQmRo}.
=1

Again, we can extend the sum to all indices (provided we keep nonzero contribution only from indices that are earlier
than zp on the contour) and apply Lemma

2m
TC{AOAl Ce AQmRo} = CTC{Al Ce Ango}AO + Z 0z0>-zj- [Ao, AJ]CaJTc{Al . AQmRo}
=t (D14)

2m

= (Te{Ar ... ApmRo} Ao+ Y T 0z [Ao, Al Te{Ar . Aj 1Az . A R}

j=1

Appendix E: Closing the differential equation

In this section we show that if we apply the reduction lemma to Eq. (C16]) we close the differential equation
and we obtain the exact master equation in Eq. (20) of the Letter.
With a direct substitution, we first write

dM,,(t)
dt

= 2m}[ d2m_1Z CLQC374 .. .Cgmfl,gm [AL AQTc{Ad e AQmRo}]
v(t)
—2m Z Cjil # d2m71Z Cl72C3,4 e Cgm_LQmEQJ [Al7 T({Ag e Aj—lAj+1 e Agano}] .
=3 ~(t)

In the first term, we recognize the appearance of M, _1(t) if we isolate the variables zs, ..., zap, [cfT. ] For what
concerns the second term, we can actually show that the sum over j is trivial to perform. Specifically, we now prove
that all terms of such sum are equal to each other. When j is even, the term is

¢t %[ d®"12C12C34...Cim1j .. Com—12mD2j[A1, Te{AsAs... Aj_1Aj11 ... Ao Ro}]
’Y(t) (E2)
- C d2m71Z Cl,ch,j—l ‘e C473 e C2m_172m22,3 [Al7 Tg{AjAj_1A5 e Aj_2A4Aj+1 ‘e AQmRO}],
Y(t)
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where we performed the change of variables j <> 3 and (j — 1) +» 4. Inside the contour ordering, we can now exchange
Ay with A;_1, and then we can move A; to the immediate right of A;_; using j — 4 transpositions. In total, these
are j — 5 transpositions, which is odd. Therefore, using also the fact that C; ;_1Cs,3 = C;j_1,;C3 4, we end up with

‘% d2m_1z Cl’26374 .. ~Cj71,j e Cgmfl,gng’g [AL TC{A4A5 e AjflAjAJLFl e AQm.R()}]7 (E?))
v(t)

which can be expressed without explicit mention to j. A similar manipulation can be performed in case j is odd,
where the term to consider is

Cjil % d2m71Z 61,26374 . ~Cj,j+1 . Cgm_l,gnLEQJ [Al7 Tc{A3A4 . Aj—lAj+1 . AQmRo}]

y(t) (E4)

= ‘#\ d2m_1Z 61726_]‘7]‘_)'_1 . C374 . C2m—1,2m22,3 [Al’ TC{AjAj+1A5 . Aj_1A4Aj+2 . AQmRo}],
v(t)

where we made the change of variables j <+ 3 and (j + 1) <+ 4. As before, with j — 5 transpositions we can put the
system operators back in place (a transposition to exchange A4 and A;4 1, and j — 4 transpositions to move A; to the
immediate left of A;14), but this time j — 5 is even and no additional ¢ factor is generated in the process.

As a consequence of these arguments,

W®) _ o dzaCa[Ar, Ao (0)]
dt () o

(E5)
— 2m(2m — 2) % d2m_1Z Cl7222730374 e C2m—1,2m [Al’ TC{AAL e AQmRO}],

Lemmacan now be applied again to reduce T¢{A4 ... A2mRo}, generating a term containing M,,_»(t) and a term
containing Tc{AG ... As Ro}. The pattern repeats until we exhaust all operators inside the contour ordering. The
result is the one reported in Egs. (18)-(19) of the Letter, repeated here for convenience:

m k+1 Qm)” R

-y C Qm_% o SO Mk (1), (E6)
k=1
where
Sk(t) X *}[ d*712C1 555 3C3454.5 - - - Don—2,26—1Cok—1,2% [AlvAZkX:| (E7)
7(®)

do(t) _ o~ (B dMy(t) s (D)
. mzzl mi2m At nzzl ; (m — k)12m= £SO M1 (1)- (E8)
We recognize here the Cauchy product of two series, in the form
SN Fm k) =Y F(mk)=Y_ Y F(m+kk) (E9)
m=1k=1 k=1m=k k=1m=0
therefore
th oo oo _1)ym+1 0
e s S )Mn(t) = 3 Su(t)elt), (E10)
k=1m=0 ’ k=1

which is the exact master equation reported in Eq. (20) of the Letter.
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Appendix F: From contour time to physical time

If we isolate the operator dependence in Eq. (E7)), the exact master equation (E10) can be written as

= / o 82Gaa(tT ) Aa(0) As(2e(t), F1)

a,B

where we reintroduced the full notation for the sake of clarity and we defined the “dressed” environment correlation
function Gag(z, w) =Y oo, gffg (z,w) by the recursion

G (2 w) = Caplz,w), G (zw)= Y / A%y G (2, 10 S (1 92)Coaas (2, ), (F2)

pr 2 V()

which directly follows from the definition of Si(t) in Eq. (ET).
We now want to show how to recover Eq. (23) of the Letter by moving back to physical time. If we decompose ~(t)
in its branches vy (t),

di)lsft):_gﬁzfy(t)dzgaﬁ(tJr,Z)[Aa(t) - / dzGas (17, 2)[Aa(t), e A5 (2)].  (F3)

ﬁ’H

which is almost the same as Eq. (23) in the Letter. To conclude we only need to show that the second term in Eq.
is equal to the Hermitian conjugate of the first one. To do that, we need some preliminary work.

Since the system-environment interaction V=3 _ A, ® B, is a Hermitian operator, for every index a we can find
a unique index @ such that Al = Az and B], = Bs. Using the definition of interaction picture, one then sees that

Al(z) = Az(2"),  BL(2) = Ba(z"), (F4)

where z* stands for z but flipped on the opposite branch of the contour. This observation allows us to formulate the
following symmetry property of the dressed correlation function.

Lemma F.1. For every indices a,  and for every z,w € (1),
Goplz,w) = Cgag(z*, w*). (F5)

Proof. Tt is sufficient to prove that the property (F5)) is satisfied by all terms ggj;(z, w) of the series, and we can do
that by induction on k. In case k = 1, we can write

Cl5(2,w) = Tr[Te{ Ba(2) By(w)Q}]* = Tr {’JI‘C{BE(w*)Ba(z*)QOH

(F6)
= Cgg(w™, 2") = (Cap(2", w").
A similar property can be proved for the self-energy. In fact, assuming z € v_(t), we have
S5(2w) = 0:0[Aa(2), Ap(w)]E = 022w [Af(w), AL(2)]c = 02 <w[Ag(w"), Aa(2")]c (F7)

= =0 <w[Aa(27), Ag(w)]c = =COzrmw-[Aa(27), Ag(w")lc = (Egp(z", w"),

and a similar calculation can be performed in case z € 4 (t). Therefore, if we assume to property to hold for k — 1
we have

|:g(1;3) Z,W :| = C Z dzyg(k 1)( ’yl)zﬂ1#2(y1’y2)c (y27 )

1,2 (1)

_CZ/ deQaIZH)( 5 Y1) e (Y1,92)C 5 (Y2, w") = Cg(k)( W),

pr a7 ()

(F8)

where in the second equality we performed a change of variables (y1,y2) — (yi,v5) and (u1, u2) — (@iq, Bs), which
is harmless since the contour «(t) contains y* if and only if it contains y, and we are summing over all interaction
indices for p; and ps. O
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We also need the following immediate fact.
Lemma F.2. For every o, 8 and every z € ¥(t), we have Gop(t™,2) = Gap(t™, 2).

Proof. This follows immediately by induction from Eq. with the base case Cog(t™, z) = Cop(t™, z), which can be
easily verified from the definition (B2). O

Using the two previous lemmas, we can now prove the initial claim:

;
—Z/ dzGap(t", 2)[Aa(t), Ap(2)e(t)] =—Z/ o dz G 5(t%, 2) [0t Al (2), AL(D)]

a,B ’Yf(t)

S / dzG, 5t 2) o) A5(=") CZ / A2 G 5 (7, 2)[0(t) A5(2), Aa(D))
a,B v (t)

v+ (t)

Note that when y_(t) is expanded in its horizontal and vertical components,
t b
=3 [ 4 Gu st At Ase0)] 413 [ NGt~ [Aa(0) As(-iNelt)] + e (F10)
8’0 a8 7Y

which reveals that the master equation has the Redfield shape, plus a contribution originated by initial system-
environment correlations.
It is also convenient to express the Dyson equation,

G(t*,2) = C(t+,2) + /( WG ) Bl w2l ) (F11)

in terms of physical times only. Let us focus for simplicity on the case with factorized initial state, so that the vertical
track in the contour can be ignored: similar manipulations are certainly possible in the more general case. For a
general contour function f(z,w) we introduce the notations

f>(T>S) = f(7—+’5_)’ f<(T>S) = f(7_78+)’ fT<7—78) = f(T_,S_), fT(T78) = f(T+73+)a (F12)

which are reminiscent of the standard notations used in many-body theory for the greater, lesser, time-ordered, and
anti-time-ordered Keldysh components [33]. If we expand the contour in its branches, Eq. (F11)) decomposes into the
following pair of physical-time equations:

G>=C>+¢>-xT.cT-g>.x<.c>-gT.v>.cT+g7.xT.c>, (F13a)

where the argument (¢,7) is understood throughout and
¢
(X-Y-2)(t,7) = / @25 X (£, 51)Y (51, 52) Z (52, 7). (F14)
0

We can make some simplifications. First of all, remembering the definition of ¥, we actually realize that 3> =
Y.< =0 and that X7 = —%7. Moreover, thanks to Lemmas and

G 5(t,7) = Gap (1", 77) = Gua(t™, 74) = ¢ [Go5(t7,77)] = ¢|gZ5(t.7)] - (F15)
If we define an “effective conjugate” operation as
[F]aﬁ *C a,B’ (FIG)
we can then write Egs. (F13) as a single equation:

G>=c+¢g>-xt.ct—[g7]c-xt . c”. (F17)
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Using a series representation G~ = >~7 | Gi, this can readily be transformed in the recursion
Gr=C>, Gy =07, 57T (g7 )°-5T-C”, (F18)

Note that in terms of the known standard functions

0ap(T;8) = [Aa(T), Ap(s)lc,  cap(T: ) = Tr[Ba(r)Bp(s)] (F19)
we simply have
255(7', s) =0(s — 1)oap(T,s), (F20a)
Cos(T,8) = cap(T, 5), Cop(T,8) = Ceals, T), (F20b)
025(7', s)=0(r — S)C;B(T, s)+0(s— T)C;B (1,8). (F20c)

Appendix G: Master equation for the covariance matrix

Since the setting we are considering is quadratic in the system variables, we expect to be able to turn the master
equation into an evolution equation for the covariance matrix associated with the system’s state. It is indeed possible
to do so. As a first step, let us revert the interaction picture:

dfT?* ilHs, p(t)] = *Z / o L2 Gen (7 Vo ( OAa(®) A5(2)e(t)Uo(0.1) + He
(G1)

. Z / Az Gas(t*, 2) [ Aas A 0)p(t)] + Hec.

where Ag(z;t) = Wy(t—, 2)AgWo(z,t7). In case z = 7~ lies on the horizontal track, Ag(77;t) = Ag(7 —t). Now,
if we impose Tr[p0O] = Tr [pO], a simple computation reveals that the adjoint master equation for an observable O is
given by
dO(t .
% —i[Hs,0(t)] = — Z/ dz Gap(th, 2)[O(t), Ag)Ag(2;t) + Hee. (G2)
()

It is now convenient to introduce self-adjoint operators {w;} constructed using linear combinations of system ladder
operators, such that

[wi, wilc = Qi;1, QT =QF = —Q, (G3)

with € being a matrix of scalar coefficients. In the bosonic case, we could take position and momentum operators
and Q would be proportional the standard symplectic matrix [I0]. In the fermionic case, we could take Majorana
operators and §2 would be the identity [I1]. We want to write the adjoint master equation corresponding to the
covariance matrix [45]

Iy = Trl(wsw; + Cw;jw;) o] = 2 Tr[w;w;o] — 5, I'T =7* =(T. (G4)

Recall that the operators A, were assumed to be linear in the system ladder operators. This means that
A, = ZAaiwi, Ap(z;t) = ZAgj(z;t)wj (G5)
i J

for appropriate coefficients A and A(z;t). Moreover, since Hg is quadratic in ladder operators, we can always write

Hs =Y hjww;, bl =h=C¢h". (G6)
2%

Therefore, Eq. (G2]) writes

- 'LZ hlJ WiW;, (t)] = ZM” (t)[O(t), wi]wj + H.c., (G?)
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where

M(t) = —/ o dz ATG(tT, 2)A(2;1). (G8)

Let us now write Eq. (G7)) using the observable f‘kq ‘= 2wpwg — Qggl, so that I'y, = Tr [f‘kq o]. With a straightforward
calculation that employs the (anti)commutation relations (G3]), one arrives at the following continuous differential
Lyapunov equation:

% = XTI +TX7 1Y, (G9)
where
X = 2Re[QM] — 2iQh, Y = —Q(M +(MT + M+ ¢M*)Q. (G10)

Appendix H: Details on the example

In this final section we provide additional details on how the numerical computation for the example presented in
the Letter has been carried out. Let us start by considering a generic fermionic quadratic system Hamiltonian:

1 , 1
Hg = Z {Jnmailam + iAnmaILajn - iAfmanam , Ji=J AT =_—A. (H1)

n,m

If we define Majorana operators through

(H2)

Wap—1 = L(GJr + an)7 Wap = —=
V2t

we can also write Hg = ZZ j hijw;w;, where h is a pure imaginary skew-symmetric matrix such that the block

corresponding to the indices (2n — 1,2m — 1), (2n — 1,2m), (2n,2m — 1), (2n,2m) is found to be

2

"I -ReJ,, —ReA,,, ImJ,,, —ImA,,

For the environment, we take a single bath of fermionic oscillators Hg = . grclc, initially kept in its ground state
with negative large chemical potential, so that (c,cl) = 1. For the interaction, V = Y, 7> [grcral + granc]],
where Z is the set of system indices establishing which part of the system is coupled to the bath. Using known results
in multi-linear fermionic algebra [28], this interaction can be put in the following tensor form:

V:B®AT+BT®A, A:Zany B:ZQT‘CTPE7 (H4)

nel r

where Pg = (—1)2r crer is the parity operator of the environment.
With the ordering By = B, By = Bt we immediately obtain

01 —ien(T—5 01 7>\ —A|lT—s
c(ris) = [ o Tlaretrr= = [0 £ e (H5)

in case we assume the environment to have a Lorentzian spectral density. For the system part, we first need to evolve
A; = AT and A, = A in interaction picture. To do that, we use the Bogoliubov transformation that diagonalizes Hg:

ap, = Z {Ankbk + Bnk:b]z:|; Hs = Zwkblbk + Eo. (H6)
= k

The quantities A, B, and wy can be found with a straightforward matrix diagonalization in Nambu space. One can
in fact prove that [54]

{Ajf _ﬁT}:U[Sg _OQ} Ut U:[L;‘L ji}, Q = diag({w)). (7)
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Now, we simply have

= Z [gﬁkeiiwktbk + Xkeiwktbuv Pr = Z Ank, Xk = Z B (H8)

k ne’l ne’l

Therefore, we find with some calculation that
_ PiXG, kaIQ] g () [QOZXZ |<Pk|2} iwk(f—s)}
o(71,8) = e + e . H9
(7,9) zk:{{sﬂkp KXk Xk Prxk (HO)

With this information, the Dyson equation can be solved (assuming the initial state to be factorized, for simplicity).
From a practical standpoint, we fixed a discrete time grid and we approximated the integrals using a double composite
trapezoidal rule.

Once G is found, the Lyapunov equation for the covariance matrix can be approached. First we need to find
the coefficient matrices A and A(z;t). Since in the present case the vertical track is missing, we can just focus on
a coefficient A(7) calculated from the standard interaction-picture operator A, (7). Then, we would simply have
A = A(0) and A(77;t) = A(7 — ). One uses the following basis transformation between Bogoliubov and Majorana
operators:

LT} \[Z[ *k Zgjﬁfk] [wiz;l} (H10)

where ® := A+ B* and ¥ := A — B* [22]. Substituting above, one concludes that

Aq 2n— 1 Z nkX et + @ ksp* MJkt] A272n—1(t) = AT,Zn—l(t)’ (Hll)
k
{ * —iw * iw *
Aq 20 ( 7 Z nEXie T = Wppie kt} Agon(t) = Al 5, (1) (H12)
k

With this knowledge, we can approximate M (t) in Eq. on the time grid using a composite trapezoidal rule.
Finally, we vectorize the Lyapunov equation and we solve it using a standard Runge-Kutta integration routine.

Once I' has been obtained, real-space quantities can be calculated by inverting the transformation to Majorana
operators. For example, the population of the nth mode (which is what we used in the Letter) is found to be
(remember that T' is pure imaginary):

1
(al a,) = 5(1 +iT9n_1.90)- (H13)



	Exact non-Markovian master equations: a generalized derivation for Gaussian systems
	Abstract
	References
	System state on the contour with initial correlations
	Applying Wick's theorem on the contour
	Fundamental theorem of calculus on the contour
	Reduction of ordered products of system operators
	Closing the differential equation
	From contour time to physical time
	Master equation for the covariance matrix
	Details on the example


