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quantum systems
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Markovian (memoryless) system-bath interactions play a fundamental role across physics, chemistry,
and biological systems. Typically, such memoryless behavior arises from the bath’s properties. Here,
we reveal a distinct mechanism: when a system interacts with both a Markovian and a non-Markovian
bath, losses induced by the former suppress memory effects from the latter, making the interaction
appear more Markovian. This effect leads to a direct interplay between independent baths, where
Markovianity becomes “contagious,” transferring between them via their common system. To
describe this phenomenon, we introduce a Bloch-Redfield-inspired approach that accurately
captures how alossy system, governed by a Lindblad master equation, interacts with anon-Markovian
bath. Beyond offering new insights into dissipative dynamics, this framework provides a
computationally efficient alternative for modeling complex system-bath interactions across a broad

range of scientific disciplines.

No physical system is ever fully isolated from its environment, and the
possibility of exchanging energy or particles with the baths/reservoirs in the
environment induces dissipation. This is a fundamental aspect of open
quantum systems', ubiquitous in nature and technology. System-bath
interactions are typically classified as either Markovian (memoryless) or
non-Markovian. Markovianity, which refers to the evolution of a system
that depends only on its present state, holds great importance not only for
characterizing many processes but also as an efficient approximation that
reduces conceptual and computational complexity'”. In open quantum
systems, the bath autocorrelation function C(f) describes the memory the
bath retains at time 7 + £ > 7 of its interaction with the system at time 7'
Therefore, a bath is considered Markovian when C(f) decays to zero faster
than any other timescale of the problem, a property determined by the
internal structure and dynamics of the bath.

When a system interacts simultaneously with Markovian and non-
Markovian baths, its dynamics are affected by the interplay between the two.
For example, it was shown that the non-Markovian bath governs the
dynamics at early times, while the Markovian bath dominates at later times".
More generally, when two independent baths interact with the system
through coupling operators that do not commute with each other or with
the system Hamiltonian, they cannot be described by a single effective bath
whose effect is merely the sum of the individual effects of both of them’™".
Accounting for their nonadditive effect usually requires computationally
demanding approaches such as tensor network methods’ or approximate
methods such as the reaction coordinate framework'®'" or the polaron
transformation'’.

In this article, we demonstrate that the interplay between a Markovian
and a non-Markovian bath, both coupled to the same system (as sketched in
Fig. 1), can induce a distinct type of memoryless interaction. Specifically,
dissipation from the Markovian bath causes the system to lose memory of
the non-Markovian bath faster than predicted by the bath’s properties alone,
effectively rendering the originally non-Markovian interaction memoryless.
This implies that, in some sense, Markovianity is “contagious” and can be
transferred from one bath to another through the system with which they
both interact. We capture this effect using a master equation derived
within the interaction picture of the effective non-Hermitian (NH)
Hamiltonian"’, which describes the coherent part of the system dynamics
due to the memoryless bath. This framework accounts for the decay of
coherence in the system over time, causing the system’s eigenstates to
“forget” the correlation function of the originally non-Markovian bath. As a
result, the system no longer samples the bath with unlimited frequency
resolution, averaging out fine details in a way that gives rise to an emergent
Markovian interaction. Our memoryless master equation thus incorporates
both baths and naturally accounts for their nonadditivity, providing a
computationally efficient alternative to existing methods, with broad
applicability in quantum mechanics, including optics', acoustics', quan-
tum thermodynamics'*"*, and chemistry"™".

Results and Discussion

In this section, we first introduce the Bloch-Redfield for lossy systems (BR
LS) approach, which yields a memoryless master equation that captures the
effects of both Markovian and non-Markovian baths, including their
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Fig. 1 | System coupled to Markovian and non-Markovian baths. a, b Two
equivalent descriptions of a lossy system coupled to a non-Markovian bath with
strength g;. In a, losses are modeled through coupling g;, to a Markovian bath, while
in (b) they are represented explicitly by the decay rate y. In the latter case, the loss is
an intrinsic property of the system, highlighted by the yellow background, and
consequently the coupling to the non-Markovian bath (green arrow) is dressed by
the interaction with the Markovian bath (yellow arrow). ¢ Spectral densities of a non-
Markovian bath (in black) and a Markovian bath (in grey) and an example of a
transition spectrum between two lossy states (T;_¢(«w) in red).

nonadditivity. We then benchmark BR LS against numerically exact
simulations, demonstrating its higher accuracy compared to the standard
Bloch-Redfield (BR) equation and confirming the effective memoryless
behavior it assigns to the non-Markovian bath. Next, we quantify non-
Markovianity using the trace distance method, showing that increasing
system losses enhances the Markovian character of the dynamics and
clarifying the distinct physical origin of this effect. Finally, we show that a
transition-dependent effective spectral density for the non-Markovian bath
emerges naturally within the BR LS framework, providing further insight
into how the Markovian bath influences the non-Markovian one and sug-
gesting a way to incorporate this influence within the standard BR
formalism.

The BR LS approach: a memoryless master equation capturing
baths’ nonadditivity

We consider a quantum system coupled to two independent bosonic baths,
one non-Markovian and the other Markovian, with the coupling strengths
g»and g, as shown in Fig. la. This setup is described by the Hamiltonian:

Hyyy = H,+H, + Hy + 8,V U, + g, V'.Uy, 1

where H_, H,, H,, are the system and the two baths Hamiltonians; V', V',
are the system operators that couple to each bath and obey either
[V, V%0 or [H, V' ]#05 and U, = [ dw\/],(w)/gi(b, + by,)
and Uy = [ dw,/Ty(w)/ gu (b, +'",) are the bath operators which

couple them to the system, where b, ¥, (b],b't,) are the bosonic anni-
hilation (creation) operators of the baths, and J,(w), J;; (w) are their spectral
densities, related to their autocorrelation functions (at zero temperature) by
Cy(t) = [ dw](w)e " and Cy(t) = [, dw],(w)e ™. We treat the
situation where J,(w) is structured and sharp in energy, while J, (w) is
unstructured and even constant, as is exemplified in Fig. 1c. The width of the

system-bath arrows in Fig. 1a, b indicates the Markovian (non-Markovian)
character of the interaction, representing the associated broad (sharp) energy
spectrum.

First, we use the memoryless character of the Markovian bath &', whose
C,, (1) decays on a timescale much shorter than both the system dynamics
and the interaction with the non-Markovian bath. The clear separation of
timescales justifies treating the Markovian bath’s influence locally on the
system using a Lindblad master equation with operators acting directly on
the system degrees of freedom"*. This results in the master equation (% = 1
here and later)

dp: STE [ 7 T 7
TH, = - I[Hs + Hh +gbV:Ub7ps+h] + E yA’LA/[P5+b]
. - ©)
= —i(Hpyyy — P H )+ D yuAp AT
—

associated with the setup of a lossy system interacting with a non-Markovian
bath presented in Fig. 1b using the total loss rate y. Here, p;_, is the density
matrix that includes the degrees of freedom of the system and the non-
Markovian bath. The system’s interaction with the Markovian bath is
encoded by the Lindblad superoperators: Ly[p] = ApA™t — %{A/ TA, p},
where A’ are the jump operators associated with the loss rates y,, and
originating from V', and J;,(w)". In the second line, we have rewritten the
equation in terms of the effective non-Hermitian Hamiltonian
H=H,+H,+g V.U, with H =H 1>, y,ATA", which
describes the coherent part of the dynamics, including the dissipation to
the Markovian bath due to the anticommutator in L [p]. The remaining
term describes the incoherent reappearance of this population after the
dissipation-induced “quantum jumps”. The NH character of 7, implies
that the system’s energy levels acquire a finite linewidth. In the following, we
demonstrate that this broadening plays a key role in accounting for the effect
of the memoryless bath when evaluating the system’s interaction with the
non-Markovian one.

To treat the non-Markovian bath, we draw inspiration from BR
theory™*, originally designed for the perturbative and Markovian regime of
system-bath interactions and yielding the Lindblad description under a
secular approximation'. We extend this framework by replacing the Her-
mitian Hamiltonian H, with the non-Hermitian Hamiltonian ,, which
more accurately captures the system dynamics under the influence of the
Markovian bath. This substitution effectively incorporates the influence of
the Lindblad superoperators through the finite coherence lifetime and
energy-level broadening encoded in 7. As a result, these features enter
naturally into the interaction with the non-Markovian bath and, as we will
see below, allow the extended framework to capture the Markovianity of
dynamics that would otherwise appear non-Markovian in standard BR
theory. To achieve this, we describe the system density matrix py(f) using the
eigenstates of 7{, and its Hermitian conjugate 7{,. These eigenstates,
denoted as |i) for ’Hs and []'*) for 7:ls , where the notation | ...), (... | rather
than |...), (...| is used to describe the right and left eigenstates of NH
Hamilt(%nianszs, are associated with the complex eigenvalues w; — i % and
w; + i 3, respectively. The real part w;; encodes the states’ energy, while the
imaginary part I';; encodes their loss rate, also associated with their
linewidths™. The Markovian assumption is then applied while accounting
for the decay of the states’ norm and coherence by working in a frame that
captures both these losses and the dynamics arising from the interaction
with the non-Markovian bath. Consequently, this extended BR for lossy
systems (BR LS) yields a memoryless master equation for py(t) from the
interaction between the lossy system (incorporating the influence of the
Markovian bath) and the non-Markovian bath. The full derivation of the BR
LS approach is given in Supplementary Note 1, and its benchmarking is
discussed below.
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The resulting BR LS master equation, including the effects of both
baths, reads as

dps(t) e 7
g = PO yalile

+ 3 Ryeala)(clp,(01d")(b"],

a,b,cd

3)

where the Lindblad superoperators are also present in order to accurately
describe the Markovian bath effect. The first term describes the system’s
internal dynamics, the second term encodes the dissipation induced by the
memoryless bath, and the third term presents the influence of the non-
Markovian bath dressed by the former dissipation and given by the BR LS
tensor,

uhcd - 6bd E chq aq qc + 6ac Z chq qu th

- (cha + chb) Vuc th’

where \7,-]- = (i|\75|j), \7 = (i* |V [j*), and F

efi(wqfwl)r

4)

isq fgo dTCb(T)efi(r:ﬁ'I})r
is the one—sided Fourier transform of Cy(t) evaluated at the
—w, + aar . Importantly, Eq. (4) has the

same computational complexrty as the standard BR under a secular
approximation, substituting complex frequency @;, rather than a real one
wj—w, and it reproduces the standard BR tensor when neglecting the losses
I, I In addition, similar to BR, it preserves the trace of the density matrix
(see Supplementary Note 4). While the BR approach is accurate when Cy(7)
decays rapidly, as it happens for Markovian baths, BR LS only requires the
rapid decay of C,(t)e *Ta*T7, Yet, BR LS captures different features from
those obtained when retaining the full time dependence of the integral limits
I 8 in the BR tensor. While such a time-dependent BR approach would
capture the imperfect frequency resolution over short time scales, BR LS
instead takes into account the system’s finite linewidths and nonadditive
effects. Thus, it sheds light on the interplay between the two baths in
inducing memoryless dynamics, showing that when the Markovian bath
causes sufficiently fast loss of coherence in the system, the influence of a
nominally non-Markovian bath can be described by a Markovian term
using Rapea.

complex frequency @;,, =

The BRLS approach introduced above is relevant for any system fea-
turing losses and weakly interacting with an external bath, independently
from the Markovian bath responsible for its losses. It obtains accurate results
also when the quantum jump terms associated with the Markovian bath are
relevant for the dynamics, as happens, e.g., when they describe dephasing
instead of decay (see Supplementary Note 7). However, BR LS is not valid
when the losses are larger than the system’s energies and the Lindblad
formalism may introduce artificial pumping of the ground state”. More-
over, similar to BR¥, it can violate positivity when the weak-coupling
assumption for the interaction with the non-Markovian bath breaks down.

BR LS performance in reproducing the numerically exact
dynamics

We apply the BRLS for a cavity-quantum electrodynamical (QED) setup in
which quantum emitters are strongly coupled to a cavity light mode. These
setups, which attract great attention and offer the manipulation of quantum
properties of both light and matter” ™, can often be described in terms of
two different baths. The first, electromagnetic, one induces decay of the
cavity mode due to absorption and radiation losses, as well as spontaneous
emission of the emitters. It often has a broad spectrum and is therefore
Markovian'. The second bath describes phonon-exciton interactions and
can be highly structured and therefore non-Markovian. Specifically, several
types of emitters used in cavity QED setups, such as molecular J- and
H-aggregates™™” or quantum dots™*’, can be described as two-level emitters
coupled to structured phononic baths. Then, the effective NH system

Hamiltonian for an ensemble of N emitters, including the coherent parts of
the Lindblad operators y.Lj;_, and y,L;,_; , is given by the NH Tavis-
Cummings (TC) model™:

N
H, = a.a wo’af S (a'd_+d.a)|. 5)
ety

Here, a (a") and ¢/_ (¢’ ') are the annihilation (creation) operators for the
cavity mode and the j-th emitter, respectively, and the coupling strength
between the cavity mode and each emitteris g, /+/N. The energies in Eq. (5 )
are complex due to the couphng to the Markovian bath, denoted by o, =
w, — 3y, and ®, = w, — 3 y,, where the loss of the cavity mode y. can be
very large, particularly for metallic nanocavities or nanoresonators, which
can achieve the strong-coupling regime in the emitter-cavity interaction*"*.
Furthermore, each emitter is coupled to a drfferent non-Markovian
phononic bath through the coupling operator V = oJ ol .

In the following, we study the population transfer between the eigen-
states of H, given in Eq. (5), which vanishes in the absence of the phononic
baths (i, for g, = 0 and J,(w) = 0), thereby isolating the dynamics they
induce (see Supplementary Fig. S1 and Supplementary Note 3). This iso-
lation relies on the decay-only structure of the Markovian bath in this
example; however, the BR LS approach remains applicable even when the
Mark0v1an bath induces dephasing (see Supplementary Note 7). When
o> > ey y‘ and w, = w,, H, has two hybrid light- -matter eigenstates, known
as polarltons, with complex energies w,+g, — F where T, = % ;y‘ is
their loss rate. The lower-energy state is typically ca]led the lower polariton
(LP), while the higher-energy state is known as the upper polariton (UP).
The other states arising when N > 2 are pure excitonic states with the
complex energy @,, usually termed as dark states (DS)*.

As a test case, we consider a single emitter (N = 1 in Eq. (5)) with an, in
principle, non-Markovian phononic bath whose spectral density is plotted
in black in Fig. 1c and given by

22 KWWy,
Jp(w) = O(w) —=> ; 6)
h s (
where ©(w) is the Heaviside function that is zero for w < 0, w, =02 eV, k=5

meV and g, = 0.03 eV. No thermal population of the bath is considered. This
test case can be solved by the numerically exact discretization method
(detailed in the supplemental material of ref. 27), which directly discretizes
the bath and treats the complete lossy system coupled to non-Markovian
bath setup. We use it to benchmark BR LS and analyze the Markovian
character of the dynamics. In Fig. 2, we compare the population of the LP
calculated by the BR LS and the numerically exact approaches as a function
of the Rabi splitting wyp — wy p = 2¢,. and the time ¢, where the initial state is
the UP, y.=0.1 eV, y, = 0.1 meV and w, = w,. In addition, we present in
Fig. 2¢ the population transfer obtained by the standard BR method that
treats the phononic bath independently from the system losses*. The
absolute differences between BR LS and BR and the exact results are
presented in Supplementary Fig. S3. As BR is incapable of treating non-
Markovian baths and does not account for the interplay between the two
baths, the results that it yields (Fig. 2c) significantly differ from the exact
results (Fig. 2a). However, the BR LS (Fig. 2b) obtains much better
agreement, particularly for times longer than the lifetime of the states, ie.,
t>1, = £ = 13 fs, verifying the memory loss of the interaction with the

non-Markovian bath due to the system loss as assumed within the BRLS. In
Supplementary Fig. S4, we show that similar agreement is obtained for all
elements of the system density matrix, not just the populations.
Furthermore, we show in Supplementary Fig. S5 that BR LS also provides
good agreement with the exact results when the Markovian bath induces
pure dephasing instead of decay, ie., is described by a Lindblad
superoperator given by y_L,_,1,. These checks confirm the generality of
BR LS.
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Fig. 2 | Bath-driven population transfer obtained by different approaches. The
population of the lower polariton (LP) of Eq. (5) (N = 1) obtained by a the
numerically exact calculation, b the introduced Bloch-Redfield for lossy systems (BR
LS), and c the standard Bloch-Redfield (BR), when only the upper polariton (UP) is
populated at t = 0. g, represents half the energy difference between the UP and LP.
The spectral density of the phononic bath driving the population transfer is plotted
in black in Fig. 1(c).

Measuring the non-Markovianity as a function of the system
losses using the trace distance method

To highlight that the introduction of losses into the system increases the
Markovianity of its dynamics, which can then be described by the mem-
oryless BR LS approach, we use the trace distance method”, designed for
measuring the non-Markovianity in open quantum systems, to analyze the
test case studied in Fig. 2. In this approach, the non-Markovianity is com-
puted by

NM =3 ID(p'(t). p5'(tc) = D (83 (5D ()
J

Here, D(p(t), p5'(t)) is the trace distance between two density matrices of
the system, p7'(t), p'(t), associated with different initial states and yielding
the maximal sum in Eq. (7), where the index j sums over all the time intervals
(t;» t¢;) for which the trace distance increases. We treat the non-Markovian
bath using the numerically exact discretization method, and similar to
ref. 47, identify the optimal pair of p?(£), p¥'(t) by sampling 500 pairs of
initial states of the form (C,a" + y/1 — C%e!%5., )|0), where the coefficient
C, varies from 0 to 1 and the phase ¢ from 0 to 27. This yields the optimal
pair: pi*(0) = |+)(+], p5'(0) = |=){—|, where | £) = %(@_ +ia%)[0). In
Fig. 3, we plot the computed non-Markovianity, describing the backflow of
information from the non-Markovian bath into the system, as a function of
Yo Where g, = 0.1 eV (such that the UP-LP transition is resonant with
the peak of the phononic spectral density) and the other parameters are the
same as for Fig. 2. As can be seen, the non-Markovianity drops when
the system loss, reflecting the coupling with the Markovian bath,
increases. This confirms the transfer of Markovianity between the baths.

In addition, to emphasize the distinct mechanism for Markovianity,
which arises from the short lifetime of the system rather than from the rapid
decay of the bath autocorrelation function, we plot in the inset of Fig. 3 the
value of NM calculated by Eq. (7), but restricted to time intervals (t;;, t;)
satisfying t; ;> 2/y. = 7,. While at low loss, this quantity increases with y, (due
to the inclusion of more intervals), the trend reverses for y. > x =5 meV, i.e.,
when the system decays faster than the bath’s autocorrelation function. In
this regime, the Markovianity of the dynamics is governed not by the bath’s
memory time but by the system’s inability to retain coherence long enough
to resolve temporal features of the bath autocorrelation function. As a result,
the non-Markovianity approaches zero, indicating that the dynamics
become effectively Markovian for times longer than the system lifetime,
even though the bath itself is non-Markovian. This observation aligns with
the agreement between BR LS and the exact results shown in Fig. 2.

10! |

NM

10° ¢

0.00 0.05 0.10

Ye (V)

Fig. 3 | Non-Markovianity measured by the trace distance method. The solid black
line presents the non-Markovianity (NM) during the whole time evolution, while the
orange one, plotted in the inset, takes into account just the dynamics occurring after

the system’s lifetime 2 ~ 7.
Ve P

0.15 0.20

Transition-dependent effective spectral density for the non-
Markovian bath

The numerically exact results shown in Fig. 2a present bath-driven popu-
lation transfer over a larger range of Rabi splittings than would be expected
from inspecting the bandwidth of the bath spectral density J,(w) presented
in Fig. 1c. We use the BR LS approach to show that this broadening stems
from the broad linewidth of the energy-dependent transition spectrum,
given by T;_, ¢(w) = %Wfi)% for each transition between two
lossy states i — f, and exemplified in red in Fig. 1c for I; = Iy = I}, and
w; — wr=0.25 eV. The standard BR approach misses this effect (Fig. 2c),
evaluating the transfer rate Kyp_,; p only through the spectral density at the
energy difference between the states associated with the maximum of
Tup_1p(w) (e.g., at the vertical dashed blue line in Fig. 1(c)). Then,
K8 o = 211,28, )| Viyp_1p** where Vip_1p = (LP|V[UP). In
contrast, BR LS captures the broadening of the states (Fig. 2b), and for each
transition i — f naturally yields an effective spectral density that can be
written as

I = = [ dul @, (a ®)

such that KBRS, =278 .(2¢,)|Vyp_1pl* (see Supplementary
Note 2). ]fﬁ,ﬁLP(deC) is a convolution of J,(w) with Typ_;p(w), high-
lighting the role of the system in mediating the transfer of Markovianity
between the two baths. We emphasize that Eq. (8) describes effective
spectral densities for the system’s interaction with the non-Markovian bath,
which are different for each system transition i — f, in contrast to the case of
hierarchical environments*~" where the baths directly interact with each
other, and their combined effect can be described by a single spectral density
including solely their properties.

Finally, we analyze whether the BR LS can be reproduced with the
standard BR by replacing the spectral density J,(w) with a suitably broa-
dened effective density as given by Eq. (8). To do so, we consider the
structured spectral density Jo(w), plotted in black in Fig. 4, which has been
taken from ref. 51 and scaled down by two orders of magnitude to ensure
weak coupling between nuclear and electronic degrees of freedom, as
appropriate for J-aggregates”. Moreover, we consider N = 30 emitters in the
system described by Eq. (5), such that the system has dark states in addition
to upper and lower polaritons. The other parameters are the same as for the
test case above. Three transitions can occur in this setup: UP — LP,
UP — DS, and DS — LP. Since Typ_.ps = Tps_.Lp» the last two transitions
correspond to the same effective spectral density, J< (w), plotted in orange
in Fig. 4. However, the transition UP — LP that features a broader Typ_1p
corresponds to another and broader effective spectral density, J$t(w),
plotted in light blue in Fig. 4. As can be seen, both J Tff(w) and ];ff(w) are
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Fig. 4 | Structured and effective smooth spectral densities. The original spectral

density Jo(w) models the vibrational structure of a J-aggregated dye (black), while the
effective spectral densities, defined in Eq. (8), correspond to the transitions from the
upper polariton (UP) to dark states (DS) and from the DS to the lower polariton (LP)
(]fff(w)), and from the UP to the LP (];“(w)). The dotted green lines indicate the
energies of these transitions when g, = 0.2 eV.

much smoother than Jo(w), again indicating that a non-Markovian bath can
become Markovian when acting on a lossy system.

Figure 5 presents the population of the UP, DS and LP obtained by BR
using Jo(w), ]iff(w) and ];H(w) and by BRLS for g,.= 0.2 eV, when the UP is
initially populated. Due to the complexity of the system, its exact solution is
untractable. The vertical lines in Fig. 4 present the energy differences
between the states, i.e., wyp — Wps = Wps — Wrp = goc aNd Wyp — Wrp = 28,
Since the spectral densities are larger for the UP — DS transition than for the
UP — LP one, and due to the presence of many dark states, the dynamics in
Fig. 5 is dominated by the UP — DS transition, followed by the DS — LP
transition. Therefore, the results obtained by BR+J ﬁﬁ (w), associated with
these transitions, are in excellent agreement with the BR LS results. This
confirms that we can extract a linewidth-dependent effective spectral den-
sity from the BR LS approach to describe the system’s interaction with the
non-Markovian bath. However, the results obtained by BR+J' ;‘T (w) as well
as by BR + Jo(w), which underestimates the spectral density at w = g,
present a smaller population transfer to the dark states and therefore to the
lower polariton as well. Note that the slight difference in the population of
the lower polariton between BR LS and BR+ Jf(w) originates from the
contribution of the UP — LP transition, underestimated by J¢(w) since
J(2g,.) <Js(2g,.). Moreover, the oscillations appearing in Fig. 5c are
caused by the bath-induced Lamb shift of the system’s energy levels™.

Conclusions

We have demonstrated that the interaction between a system and two
independent baths, one Markovian and one non-Markovian, can result in
memoryless dynamics, driven by the interplay between the baths. Further-
more, the interaction with the non-Markovian bath itself becomes mem-
oryless, as dissipation induced by the system’s interaction with the Markovian
bath modifies its influence. To capture this phenomenon, we introduced the
BR LS approach, extending traditional Bloch-Redfield theory to account for
Markovian dynamics due to system losses rather than bath properties. By
effectively averaging over the non-Markovian bath’s spectral density, our
approach can be viewed as a coarse-graining of system-bath interactions™
that emerges naturally from intrinsic system dissipation. This method pro-
vides an efficient way to compute the dynamics of lossy systems weakly
coupled to a non-Markovian bath, particularly in regimes where standard
approaches fail and more computationally intensive methods™ ™ are typically
required. Given the prevalence of lossy systems in various fields, including
optics™, acoustics”, quantum thermodynamics'®", and chemistry'**', our
findings enhance both the understanding of system-bath interactions and the
computational efficiency of modeling complex systems, opening up new
possibilities for studying open quantum systems in these domains.

BRAJSE (W)
...... BR LS
1 1
)
~0.001 !
aW) f ‘: .................................................
0.000 £ J\./ | . . .
0 25 50 75 100 125 150
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Fig. 5 | Analyzing the use of effective spectral densities. Populations of a the upper
polariton (UP), b dark states (DS), and ¢ the lower polariton (LP) are shown as a
function of time, obtained using the standard Bloch-Redfield (BR) with the original
and effective spectral densities, and using the Bloch-Redfield for lossy systems (BR
LS) approach. Here, 30 two-level emitters, interacting with the vibrational bath
shown in black in Fig. 4, are strongly coupled to a lossy cavity (g, = 0.2 eV).
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