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We investigate the emergence of cooperative
radiation phenomena in ensembles of two-level
atoms coupled to a lossy resonant cavity be-
yond the Markovian and mean-field approxi-
mations. By deriving a complete analytical so-
lution for the two-emitter case and employing
a numerically exact method for larger ensem-
bles, we characterize the full transition from
Markovian to non-Markovian collective dy-
namics for systems of up to 10? emitters. Our
results reveal three distinct regimes: a Marko-
vian phase exhibiting the standard superra-
diant burst, a non-Markovian phase featur-
ing spontaneous superabsorption of the emit-
ted field, and a critical regime marked by
pulsed collective emission. We show that the
critical spectral width separating these behav-
iors increases monotonically with the number
of emitters, demonstrating that environmental
memory effects can be enhanced by coopera-
tivity. Finally, we find that the superradiant
scaling of the peak intensity progressively de-
grades with increasing system size, approach-
ing a subquadratic law in the limit of a perfect
cavity. In this regime, spontaneous superab-
sorption emerges as a distinct manifestation of
non-Markovian cooperativity.

1 Introduction

Since Dicke’s seminal prediction that an ensemble of
closely spaced atoms can radiate cooperatively with
an intensity far exceeding the sum of their indepen-
dent emissions [1], the phenomenon of superradiance
has stood as a cornerstone example of collective quan-
tum behavior. A hallmark of this cooperative emis-
sion is the appearance of a sharply peaked intensity
burst at a finite delay time, with a maximum that
scales quadratically with the number of atoms [1-9].
This striking prediction has since been confirmed in a
variety of experimental platforms [10-19]. The canon-
ical theoretical description of superradiance, how-
ever, relies on mean-field and Markovian approxima-
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tions. These overlook crucial dynamics that emerge
when the assumption of a memoryless reservoir breaks
down, giving rise to non-Markovian effects in which
information or energy flows back from the environ-
ment to the emitters. Understanding how coopera-
tive emission unfolds in the presence of such memory
effects is thus essential for a complete picture of su-
perradiance.

Broadly, memory effects in these settings can arise
from two distinct physical origins. The first is due
to retardation, where the finite travel time of light
between distant emitters induces memory, even in
environments with a flat spectral density like one-
dimensional waveguides. This leads to phenomena
such as modified decay rates and the formation of
atom-photon bound states [20-24]. The second, and
perhaps more common, origin is the presence of a
structured photonic environment. When emitters
are coupled to systems with a strongly frequency-
dependent spectral density, such as photonic band-
gap materials or resonant cavities, the environmen-
tal memory reshapes the collective emission, leading
to effects ranging from the suppression of decay to
the emergence of novel scaling laws [25-30]. While
much of this work has focused on emission dynam-
ics, the static ground-state properties and phase di-
agram of such systems have also been studied in the
ultrastrong-coupling regime [31]. Notably, a full un-
derstanding of non-Markovian superradiance remains
an open question, since most theoretical treatments
are constrained to specific regimes, such as single ex-
citation states, small ensembles or short times.

In addition, recent work has also turned attention
to the inverse process, dubbed as superabsorption,
in which absorption is collectively enhanced. Be-
sides its conceptual interest as the absorption coun-
terpart of superradiance, it holds promise for quan-
tum technologies such as fast-charging quantum bat-
teries and efficient energy-harvesting devices [32, 33].
While experiments and theoretical proposals have
demonstrated that superabsorption can be engineered
through external control fields [34,35], it remains un-
clear whether such enhancement can emerge sponta-
neously from intrinsic system-reservoir dynamics.

Answering these questions requires obtaining the
exact dynamics of a large number of emitters, a task
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which is notoriously difficult. In this work, we ad-
vance in this direction by providing comprehensive
and nonperturbative solutions to the dynamics of ini-
tially excited two-level atoms coupled to a lossy res-
onant cavity. Specifically, after introducing the phys-
ical model and reviewing the well-known Markovian
results in Section II, we derive in Section III analyt-
ical results for the exact non-Markovian dynamics of
small ensembles, obtaining a complete solution for the
two-body case, N = 2. This constitutes a particu-
larly valuable result given the scarcity of analytical
solutions for genuinely non-Markovian dynamics, es-
pecially beyond the single-emitter case. To deal with
ensembles of increasing size, in Section IV we combine
the pseudomode method with a weak symmetry of the
resulting master equation. Using this technique, we
solve the dynamics of considerably large systems in
a numerically exact way and identify three distinct
dynamical regimes: a Markovian one exhibiting the
familiar superradiant burst; a non-Markovian regime
marked by spontaneous superabsorption following ini-
tial emission; and a critical case characterized by col-
lective pulsed emission. We further investigate how
the peak radiated intensity scales with both the reser-
voir spectral width and the number of emitters, and
show that the maximum reabsorbed intensity mirrors
its emissive counterpart, displaying a superlinear scal-
ing with N induced by collective effects.

Altogether, our work highlights how reservoir mem-
ory fundamentally reshapes collective light—matter
dynamics, uncovering a novel emission—absorption
phenomenology absent from standard Markovian de-
scriptions.

2 Physical Model

As illustrated in Fig. 1, we consider an ensemble of
N two-level independent atoms with free Hamiltonian
Hg =N o™ = g, with J, = 13N o)
inside a resonant QED cavity modeled by the Hamil-
tonian Hp = ), wkaLoL;c7 with wp = |k| and ag the
annihilation operator for a photon with wavevector
k. We write the ground and excited states of the nth
atom as |g),, and |e), respectively. Here, and from
now on, units of A = ¢ = 1 have been taken.

We are interested in the regime where all atoms
are confined in a region much smaller than the wave-
length A\g = 27m/wy of their transition, so that we
can neglect any retardation effect and assume that
all atoms see the same phase for the electromagnetic
cavity field [8,9,36]. In such a case, the interaction
Hamiltonian under the rotating wave approximation
in the interaction picture is given by

Hi(t) = Zg(wk) {J_aLe_iA’“t + H.c.] , (D)
k

where g(wg) is a coupling function assumed to be
real and dependent only on the frequency of the

(e|Hsle) — (g|Hslg) = wo

Figure 1: Visual representation of the physical model. N
identical two-level atoms interact with a resonant QED cavity
mode with losses modeled by the spectral density (3). The
energy gap between the ground state |g) and the excited
state |e) is given by wo (units of i = 1). The atoms are
assumed to be close enough to experience the same phase
of the electromagnetic field, but not so close as to interact
significantly with each other. Orbital shapes are used for
illustrative purposes only.

mode wy, J_ = Zfl\’:l o™ with o™ = 19),, .{e], and
A = w, — wg. This form of the interaction is valid
when the atomic transition frequency wg is much
larger than the collective coupling strength and the
relevant frequency scales of the reservoir, so that the
counter-rotating terms oscillate rapidly and can be
neglected. An important property of this Hamilto-
nian is that it preserves the total number of excita-
tions ), a};ak +7, with . = Zan:I le), . (e] the total
number of excited two-level atoms.

We shall assume that the cavity is initially in the
vacuum state and our focus will be on the behavior
of the radiated intensity

mm<

d d
I(t) = —wo (M) (t) = —wo 2 {2)(8),  (2)
in the continuum limit Y, — limy_,o V/(473) [ dk
(with V' the quantization volume), with a spectral
density J(w) := ﬁ—zlimv_mo g*(w)V given by the
usual Lorentzian function describing decay of the res-
onant cavity mode,

1 YA

T = o

3)
Here 79 and A account for the strength and the fre-
quency width of the coupling with the bosonic reser-
voir, respectively. The limit A — 0 corresponds to
a perfect (lossless) cavity. This form of the spectral
density corresponds to approximating the real, mul-
tipeaked spectral distribution of the cavity around a
single dominant resonance near the atomic frequency
wp. This assumption is appropriate provided that
A/wp is sufficiently small, which ensures a narrow res-
onance that concentrates its contribution within the
positive part of the spectrum and avoids overlapping
with neighboring peaks.
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Figure 2: a) Decay rate and b) radiated intensity for a single
atom, for X below (A = 0.3), equal to, and above (A = 5) the
critical value At = \/5 The value wy = 10% was chosen.
All quantities are in units of vo = 1.

If we consider the weak-coupling limit, we can for-
mulate a Markovian master equation governing the
evolution of the density matrix of the N atoms in the
interaction picture [9,37],

dps(t)
dt

=M J,ps(t)J+—%{J+J*7PS(t)} » (4)

with the Markovian decay rate vy = 277 (wp) =
v8/A. This approximation is expected to be accu-
rate when the bath correlation time is small com-
pared to the relaxation time of the system, which,
for the Lorentzian spectral density (3) is equivalent
to 73/A? < 1, known as the bad cavity limit. If it is
assumed further that the number of atoms N is large
and all atoms are initially excited, the mean-field (or
semiclassical) approximation may be taken [4,5,8,9],
which leads to the following expression for the radi-
ated intensity,

(1) = %MNQ [cosh (”gN(t _ to)ﬂ -

where tg ~ log(N+1)/(N~ar) is the time at which the
maximum emission occurs. This expression possesses
the characteristic features of superradiance: the ra-
diated intensity reaches a maximum proportional to
N? at a finite time tg, in contrast to the exponen-
tial decay law that one would obtain if independent
atoms were considered. However, we are interested
in exploring the radiation process under more general
conditions, namely, without invoking the Markovian
and mean-field approximations.

3 Exact analytical solutions for the dy-
namics of one and two atoms in a reso-
nant QED cavity

The analytical exact solution of the previous model

for N =1 is well-known [9,38], and it can be easily
obtained as a solution of the non-Markovian master

o = —ilHs, pO)l+1()]o-p(t)or —3{oro—, p(1)}].
(6)

where the time-dependent decay rate is given by

278
t) = , 7
() A+ Q coth (—Q1 ) ™)

t
2

with Q1 = /A2 — 242, If A\ < v/279, () becomes a

periodic function with simple poles at t,, = ‘Q%l[wn —

cot_l(ﬁ)], with n = 1,2,... and takes negative val-

ues for t € (¢, %r—l”l), see Fig. 2a). The radiated

intensity may be calculated analytically, yielding

2woy2 0 Q
1(0) = 2820 ot (511 ) s ()
)\ . 2 Qlt
+ Q—lsmh <2)] . (8)

This function is shown in Fig. 2b). The max-
imum radiated emission occurs at time ftp.x =
2 —1 Q1

N tanh <\/m),

with this maximum value

given by

I(tmax) = max I(t)

— 22 tanh™! 231
:wo</\+\/>\2+278>e ' VARG )
2

9)

For A > /27, (8) is a positive function that in-
creases monotonically from I(0) = 0 up to the
maximum value (9), and from that point forward
it decreases monotonically [green line in Fig. 2b)].
On the other hand, if A\ < /27y, (8) becomes a
damped periodic function oscillating between pos-
itive and negative values [blue line in Fig. 2b)],

with positive local maxima located at times ), =

2 -1 [] :
& — )7 + tan — and negative lo-
enlll (wvwﬁﬂ7

cal minima at "

=2 |npm—tan~t [ Al
min 70, | Va2 )|
For those times at which I(t) < 0, the atom is ef-
fectively reabsorbing the previously emitted radiation

back from the field, with the maximum reabsorption
1)

min’

occurring at ¢ where

min

(g ) Bl ()]

(10)

1ty = min 1(¢)

o

From these expressions we can see that as A ap-
proaches the critical value A = \/§’yo from below,
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Figure 3: Canonical decay rates for a) A < Acrie (A = 1/2), b) A = Acrit (A = 0.9024) and ¢) A > Aeris (A = 2.3), and
corresponding radiated intensities d). The value wo = 10 is chosen. At all times, at least one canonical decay rate is negative.
For A < Acrit the radiated intensity also becomes negative during certain time intervals, indicating reabsorption. All quantities

are in units of v = 1.

min, I(t) = I(tfii)n) — 0 and tfii)n — 00, i.e., the re-
absorption decreases and is delayed [orange line in
Fig. 2b)]. Therefore, At separates the regimes with

and without reabsorption.

To the best of our knowledge, a complete analytical
solution has remained elusive for N > 1, and only
partial results are known by restricting the dynamics
to the single-excitation subspace (see e.g. [36,39,40]).
Here, we present a complete analytical solution for
the case N = 2, which will help to illustrate both
the richness of the dynamics and the difficulty of the
general problem.

Since the Hamiltonian (1) is given in terms of col-
lective angular momentum operators, it is convenient
to introduce the Dicke state vectors:

IN) = leye,. .., e),
IN —1) = S|g,e,...,e),
|N_2> =S|g,g,e,...,e),

1) =Slg,...,g.€),
10) =19,9,---,9),

where S is the symmetrization operator, i.e. |m) rep-
resents the symmetric state of m out of N atoms in
the excited state. The J, and J+ operators act on
these as

Telmy = 2 ). ()
J_|m) =+/m(N —m+1)jm —1), (12)
Jilm) =/ (m+ 1)(N —m)|m + 1). (13)

After a lengthy and technically involved analytical
derivation, based on the solution of a coupled set of
integro-differential equations and their careful treat-
ment in the thermodynamic limit of the bath degrees
of freedom, as detailed in Appendix A, we obtain the
exact dynamics of the two atoms, and the master

equation it satisfies in the interaction picture:

dps(t) _ < PoLrpt
dt :m;:f‘m" (t)[meS (t)L;,— §{Lan’ Ps (t)}] ’

(14)
where the jump operators written in terms of Dicke
states are

[1)(2],
0)(1],
10)2]-
The matrix T'y,,,(¢) is real, and its only nonzero en-
tries are Fll(t), F12(t) = Fgl(t), Fzg(t), and F33(t).
The specific expressions for these are found in the Ap-
pendix A [see Eqgs. (A.62)-(A.65)].

From this exact solution, we can calculate the radi-
ation intensity when both atoms are initially excited,
as shown in Fig. 3d). Similar to the case of a sin-
gle atom, for small values of A, the radiated intensity
exhibits a damped oscillatory behavior [purple line
in Fig. 3d)]. Reabsorption of the emitted radiation
in this regime constitutes a memory effect, and is a
hallmark of non-Markovian dynamics [41-45]. Corre-
spondingly, we shall refer to an emission profile in
which reabsorptions are present as non-Markovian.
For large values of A, the intensity displays a single
delayed peak followed by a monotonic decay, resem-
bling the typical superradiant profile. We shall refer
to this behavior as Markovian; however, the form of
the radiated emission profile alone is not sufficient to
guarantee Markovianity without analyzing other dy-
namical properties. Again, as in the single-atom case,
there exists a critical value of A that separates these
two regimes, given by At = sup{\|min; I(¢) < 0}.
However, the behavior at this critical point differs
markedly from that of a single atom: for N = 2,
we observe pulsed emission, characterized by finite
times at which I(¢) = 0 [orange line in Fig. 3d)]. At
these times, the emission process halts and resumes
again until it has decayed completely to the ground
state. In this case, it is found that this critical value
is approximately given by M.t =~ 0.9024vq. In order
to determine this, a simple bisection (Bolzano-like)

(15)

Ly
Lo
Ls
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root-finding procedure was used to locate the value of
A that makes zero the first local minimum of the ra-
diated intensity since, in practice, due to the damped
oscillatory nature of the intensity, examining the first
local minimum is sufficient to determine the sign of
ming I(t).

The eigenvalues 7,,(t) of Iy, (¢) in (14) are the
canonical decay rates [46], given in this case by

m2(t) = % [Fn(t) +Taa(t)
/[0 () = Taa(®)F + 40%(8)|,
(16)
v3(t) = T'33(t). (17)

These are also plotted in Fig. 3a)—c) for the corre-
sponding values of A\. As we can see, in all cases at
least one of the canonical decay rates is negative for
any value of ¢ (we include an analytical proof of this
for A > = in Appendix B). Since a negative canoni-
cal decay rate indicates non-Markovianity, the system
possesses so-called eternal non-Markovianity [46-48].
This is an extreme form of non-Markovian evolution
which has been recently observed in microscopic mod-
els for a qubit system using numerical simulations [49]
at finite temperature, or perturbative approximation
methods [50]. We obtain it here in an exactly solvable
model for a two-qubit system.

In order to compare this exact equation with the
Markovian approximation (4), we may alternatively
rewrite (14) as

dps(t) :Z ’?m(t) [mes(t)LIn — %{Einflma PS(t)H’

dt —
(18)
with
Ly = 0) {1+ [1){2| = 55—, (19)
L, =10)2 = 47T, (20)
Ly = [1)(2) = S5y J T, (21)
Ly =0)(1| = sz d-J- T+, (22)
and now
F1(t) = T1a(t), F2(t) = T's3(t),

Y3(t) = T11(t) — Ti2(t), Ha(t) =T22(t) — T12(?).

(23)

These (non-canonical) decay rates are plotted in
Fig. 4a) for the same values A and 7y, as in Fig. 3a). As
can be seen, the decay rate ¥, (¢) associated with the
jump operator J_ is positive at all times. Therefore,
this term in (18) cannot be responsible for the reab-
sorption observed in the system, contrary to what one
might expect from the N = 1 case. Hence, in the non-
Markovian regime, having N > 1, it is not sufficient

Figure 4: a) Decay rates 4, (t) (non-canonical) for jump op-
erators L, given by powers of J+. We see that 51 remains
positive for all ¢, leading to one-step decays throughout the
Dicke state hierarchy (b), black arrows). The remaining de-
cay rates, associated with higher-order powers of J, can be
positive or negative depending on time, effectively resulting
in lowering (b), solid arrows) and raising (b), dashed arrows)
processes across the Dicke state hierarchy, respectively. The
same value of X as in Fig. 3a) has been taken. All quantities
are in units of o = 1.

to describe the dynamics using a master equation of
the Markovian form (4) with the decay rate vy sim-
ply promoted to a time-dependent one. To correctly
capture the atomic dynamics in the non-Markovian
regime, higher-order powers of J must appear in the
jump operators L; of the master equation.

4 Spontaneous emission of N atoms in
a resonant QED cavity

The exact master equation for N = 2 atoms, strongly
suggests that for an arbitrary number N of atoms,
the dynamics is solution to an equation with the same
form as (14) with L,, the N(N + 1)/2 jump opera-
tors between Dicke states, |i)(j|, with ¢ < j. However,
the process of finding the coefficients Ty, (¢) in the
thermodynamic limit of the bath degrees of freedom
can be tedious as IV increases. Thus, in order to cir-
cumvent this problem and find the exact dynamics
for an arbitrary number of atoms N we shall adopt a
different strategy.

In the regime where the Hamiltonian (1) is valid, i.e.
where all atoms are close enough to see the same phase
for the electromagnetic cavity, there is only one bath
correlation function given by f(t —t') = lﬁe_Mt_t/'
[see (A.5)]. This exponential form, independent of any
distance between atoms, is the same as for the case of
a single atom, and admits a mapping to a different en-
vironmental model where the reservoir is replaced by
a single bosonic mode, called the pseudomode, with
creation operator b and initially in the ground state,
which interacts with the system via some Hamiltonian
Hgp, and is damped by a time independent dissipa-
tor with the form D(-) = b(-)bf — % b'b, -} [38,51-55].
While such a mode is generally a formal mathematical
construction—hence the prefix “pseudo”—in this spe-
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cific setup it can be identified as a physical, isolated
cavity mode subject to mirror leakage, as illustrated
in Fig. 1. More specifically, we obtain the equivalent
master equation for the atoms-pseudomode system in
the interaction picture,

dpililz(t) = —i[Hsp, psp(t)]

+2) |bpsp ()b — % {bTb, psp(t)} ],
(24)

where now
Y0 1
Hgp = — |J_b" 4+ J,b 25
SP \/E [ + ] ( )

is the so-called Tavis-Cummings Hamiltonian [56,57].
In addition, we shall assume that all atoms are ini-
tially in their excited states [(0)) = |e,e,...,e) =
|N). Since (24) preserves the Dicke state subspace,
the mapping reduces the initial infinitely-continuous
dimensional unitary problem into a non-unitary one
with density matrices of length (N + 1)2. This num-
ber may be reduced even further by noticing that
V = (™) ig a weak symmetry of (24) [58-60].
Indeed, due to this symmetry, the subspace spanned
by the set of eigenoperators of the superoperator
S(-) = [ + b'h,-] corresponding to the same eigen-
value is invariant under (24). For our initial condi-
tion S(|N){N| ® |0)(0]) = 0, so the only components
of pgp(t) that may change under (24) satisfy

S(la) Gl @ ) (ml]) = (i +1 = j = m)]i)(G|®[l){m| = 0.

(26)
Hence, if we write M = ¢ + [, and since
i, j, | and m are non-negative, the only
non-zero terms of pgp(t) belong to some

Wiy = span{[i)(j| @ [I)(m[;i+1 = j +m = M},
which forms a (M + 1) x (M +1) block. Additionally,
we observe that for A € Wy, [Hgp, A] € Wy and
D[A] € Wy & Wy—q. Since the initial state is
an element of Wy, it follows that M < N. Thus,
at all times ¢ the solution of (24) may be cast in
block diagonal form pgp(t) = @]\1\/[[:0 pg\g) (t) with
p%) (t) € Wy The number of rows and columns
of the density matrix is consequently reduced to
SV _o(M + 1) = (N 4+ 1)(N + 2)/2, and the
number of non-zero elements is given by at most
S N_o(M +1)2 = (N + 1)(N + 2)(2N + 3)/6.

This technique is benchmarked with the exact so-
lution obtained for N = 2 in appendix C, obtaining
perfect agreement.

We proceed to solve the dynamics by numerically
integrating (24). Let us note that the computational
resources needed to do this grow cubically with the
number of two-level atoms N. This will allow us to
obtain exact results up to systems of 10% atoms, which
is an exceptionally large system for a non-Markovian
exact simulation with the current state of the art [61].

For such system size, most of the studies are based
on approximations, such as mean-field or higher-order
cumulants truncations [62], e.g, setting

(010203) = (0102)(03) + (0103)(02)
+(01)(0203) — 2(01)(02)(O03), (27)

for any three observables O1, Oy and O3 for the atoms
and the pseudomode (and similarly at higher orders).
This can be used to transform the linear master equa-
tion (24) into a system of coupled nonlinear differen-
tial equations for the expectation values, the num-
ber of which does not increase with N. This proce-
dure amounts to discarding higher order correlations
among the different parts of the system. When the
coupling of each individual atom to the mode is scaled
as N~1/2, these correlations decrease with higher N,
so the method becomes exact in the limit N — oo.
However, as we do not employ such a rescaling, the ac-
curacy of this approximation for large IV is not guar-
anteed. For this reason, we proceed with the numeri-
cally exact method.

4.1 Radiation regimes

By fixing the value of 7, we explore different radia-
tion regimes, evaluating numerically the radiated in-
tensity I(t) = —woTr [Ap(t)] for different values of A
and V.

For relatively large values of A, we obtain the usual
Markovian superradiant profile, with a maximum at
a finite time, in contrast to the exponential decay law
characteristic of independent atoms [see Fig. 5a)]. As
can be seen in Fig. 6, as we increase A further, we find
good agreement with the Markovian prediction given
by (4). Note that as A increases, the radiated inten-
sity becomes discontinuous at t = 0, a characteristic
feature of time-independent Markovian dynamics.

On the opposite end, for small values of \ we ob-
serve a non-Markovian intensity profile. This is not
surprising, considering that the extreme case A = 0
corresponds to the Tavis-Cummings model, which is
unitary, as is evident from (24), and consequently has
a quasi-periodic intensity profile.

As the intensity profile varies continuously with A,
one may expect the existence of a critical value At
marking the crossover between the two types of be-
havior described, similar to the cases found in the pre-
vious section for two emitters. This is in fact what is
obtained in Fig. 5a) (red line). At this critical value,
pulsed emission is observed for all N > 1, with emis-
sion peaks occurring at progressively shorter times.
Using the same bisection procedure described for the
two-atom case, we find A.q; as a function of N as
shown in Fig. 5b). We see that A\ starts at v/27q
for a single atom, drops for N = 2, and increases
monotonically from that point forward, at least as
far as the numerical data shows. This implies that
care should be taken when considering experimental
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Figure 5: a) Radiated intensity (N = 50) for A below (A =
1.3), above (A = 5.4) and equal to the critical value At =
2.7089 (left), and b) At as a function of N (right). For
A > At (green line) a single burst is observed. For A <
Acrit (blue line) there are times at which I < 0, indicating
reabsorption of excitations by the atoms. At A = At (red
line) pulsed emission without reabsorptions is observed. The
value of At increases monotonically with NV from N = 2 to
N = 100 (right plot) and appears to follow a v/ N scaling law
for large N. In these figures, the value wo = 10% is taken.
All quantities are in units of o = 1.

setups, e.g., if one is trying to engineer Markovian
emission by tuning the values of A and 7y, paying no
attention to the number of atoms of the cloud. Indeed,
for fixed values of these parameters, the boundary be-
tween the Markovian and non-Markovian regimes de-
pends on the number of atoms, so that increasing N
can place the system in the non-Markovian regime.
This transition can be understood as follows: as ex-
plained later [see Eq. (29)], for a fixed 7 the effective
collective coupling of the emitters to the environment
scales as vV Nvo. Hence, even for fixed environmen-
tal parameters, the weak-coupling condition charac-
teristic of the Markovian regime progressively deteri-
orates as the number of emitters increases. In fact,
the available numerical results for \..; are consistent
with Aei¢ < VN for large N [yellow-dashed line in
Fig. 5b)].

4.2 The maximum of the radiated intensity

Figure 5a) suggests that, for a fixed number of atoms,
the maximum of the radiated intensity increases as
the memory effects grow. This is the behavior ob-
served for a large number of A values, as shown in
Fig. 7a). For a fixed N, the maximum emitted inten-
sity is obtained in the Tavis—Cummings limit (A — 0)
and decreases monotonically as A increases.

This result may seem paradoxical considering the
following: in the Markovian approximation, the max-
imum of the radiated intensity increases quadratically
with the number of atoms NV as N — co. We may ask
if such an asymptotic power law holds in the opposite
end, i.e., in the Tavis-Cummings limit. In order to
answer this, let us consider a set of values for the
number of atoms {N,,} "> and their correspond-

m=1"
ing maximum intensities, {max [I(Ny,)]} "7, given

5 a 4 b
6> 10 ) g X 10 )
—)\ =5
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Figure 6: a) Comparison of the radiated intensity (N = 50)
for increasing values of A with the Markovian result given
by (4) (green line), and b) short time behavior of the same
quantity. For these plots wo = 10%. All quantities are in
units of v = 1.

A and 9. We define the set {ym}"Llnax—l as

m=1

_log{max [I(Ny,41)] / max [I(Ny,)]}
Vi = Tog(Nows1/ Vo) - )

This stands for a local estimation of the exponent
of the maximum radiated intensity through a loga-
rithmic slope. Indeed, it is clear that if an asymp-
totic law of the form max [I(N)] o« N* holds, then
lim,,— 00 ¥m = p. This is calculated for different val-
ues of A [see Fig. 7b)]. As we can see, for large A
we find v — 2, as expected. However, in the Tavis-
Cummings limit we obtain v ~ 1.5. Consequently,
since the maximum radiated intensity grows faster for
larger values of A, one should expect that the mono-
tonically decreasing behavior of max(I) with A shown
in Fig. 7a) will no longer hold when a sufficiently large
N is considered.

However, a more refined analysis raises questions
about this conclusion. In the previous reasoning,
there is the assumption that if the Markovian approx-
imation holds for certain values of the environment
parameters A and 7y and a small number of atoms NV,
then it will hold for any value of N. This is clearly
not the case, since the transition between the Marko-
vian and non-Markovian regimes may depend on N,
as discussed above.

To see analytically why this is the case, let us recall
that the Markovian approximation is expected to hold
when the bath correlation time—which in the present
case is of order A~!—is much shorter than the char-
acteristic relaxation time of the system. One might
then be tempted to identify the latter with 7;41, once
the Markovian approximation is made in (4). How-
ever, to make a meaningful comparison across differ-
ent values of IV, one must also take into account the
scaling of the jump operators. Since the characteris-
tic relaxation timescales of the processes described by
(4) are set by the inverse of the real parts of yprA,,
where {)\n}fszl are the eigenvalues of the generator
D(-) = J_(-)J+ — 2{J+J_, -}, all having negative real
parts [37], an estimate of the average system relax-
ation time 7p within the Markovian approximation is

Accepted in {Yuantum 2026-07-01, click title to verify. Published under CC-BY 4.0. 7



g X100 @)

10° 102
A

Figure 7: a) Maximum of the radiated intensity and b) local
exponent (28) as functions of A\ for different values of N.
The local exponent was calculated with N, in (28) given by
the values in the legend, and N,,+1 given by 45, 65, 85 and
105, respectively. For these plots wo = 103. All quantities
are in units of v = 1.

given by the inverse of the mean relaxation rate:

- 1 22N 22N
T (S ) (D)

_ 22N _ 2

o Te(Jy ) = [Te(J-)]2} N

(29)

Having in mind that vy; = 73/, this is equivalent to
stating that the effective coupling strength of the col-
lective system to the environment scales from g for
a single emitter, to v/N o for N. Consequently, the
condition for the validity of the Markovian approxi-
mation becomes \ > VN Yo. From this, it is clear
that, for fixed environmental parameters, the approx-
imation deteriorates as the number of two-level atoms
increases.

As a result, the quadratic exponent observed in
Fig. 7b) for the largest values of A may reflect the
validity of the Markovian approximation only at rel-
atively small N. To investigate this further, in Fig. 8
we present numerically exact results for the local ex-
ponent defined in (28), considering ensembles of up
to 103 two-level atoms. Indeed, we observe that for
large A, the exponent initially approaches the value
2, but decreases as N is further increased, eventually
approaching the Tavis—Cummings limit of 1.5.

This behavior can be understood as follows. Since
the collective coupling of the atoms to the field in-
creases with N, the characteristic timescale of the
atomic dynamics decreases, so that photon emission
becomes faster as the number of emitters grows. By
contrast, the characteristic timescale over which the
field dissipates these photons is set by the reservoir
correlation time, A™!, and does not depend on N. As
a consequence, for sufficiently large IV, the atomic dy-
namics at short times becomes effectively faster than
the dissipation process, and thus increasingly resem-
bles the dissipation-free Tavis—-Cummings model. Be-
cause the first maximum of the radiated intensity oc-
curs within this short-time window, its scaling behav-
ior approaches the Tavis-Cummings value in the large

-+ Tavis-Cummings
My =1
A =5
/v =10
Ao =30
—0—/\/’70 = 60
-=-Markovian
0 500 1000
N

Figure 8: Local exponent (28) as a function of N for different
values of A\/~p, and N up to 10%. Each data point is placed
above its value of Ny, in (28), with Ny,41 the location of
the next data point. For N,, = 10%, the local exponent is
calculated with N,,11 = 1001. In all cases, for larger values
of )\, the exponent increases close to the Markovian value
of 2, but later decays toward the Tavis-Cummings limiting
value of 1.5. As A is decreased, this decay is observed at
smaller values of N. In this plot wo = 103. All quantities are
in units of o = 1.

N limit.

This is very remarkable as the usual quadratic su-
perradiance scaling cannot be claimed as an asymp-
totic result, for large enough N. That scaling breaks
down to 1.5 unless the environmental correlation
time or the system relaxation time are appropriately
rescaled by a N factor.

4.3 The maximum of the reabsorbed intensity

We may also consider the behavior of the maximum
reabsorbed intensity |min; I(t)| as the values of A or
N are modified. As it is shown in Fig. 9a), we see
that for any value of N, maximum reabsorption de-
creases monotonically with A. This is expected: as
the value of X\ is reduced, the emitted photons remain
longer inside the cavity, increasing the probability of
reabsorption by the atoms. In addition, for a fixed
value of A, a larger number of two-level atoms pro-
duces more reabsorptions.

As we did in the previous section for the maximum
emission, we may ask if the maximum reabsorbed in-
tensity follows a power law in the number of emitters.
In order to study this, we plot in Fig. 9b) the maxi-
mum reabsorbed intensity as a function of the number
of atoms N for different values of \ using a log-log
scale. If a power law holds for large N, the curves
will approach straight lines, with the exponent given
by their slopes. As can be seen, increasing A delays
the convergence to a power-law behavior to larger val-
ues of N. For the largest values of A, the local slopes
of the curves decrease monotonically with N. Never-
theless, in all cases the curves tend toward the Tavis-
Cummings result, which exhibits a slope of 1.5 (the
same scaling found for its maximum emission).

This behavior can be understood along lines simi-
lar to those discussed in the previous section for the
decay of the emission exponent. For times satisfying
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Figure 9: a) Maximum reabsorbed intensity as a function
of X\ for different values of N, and b) as a function of N
for different values of A\. The maximum reabsorbed intensity
decreases monotonically with A down to 0 at A = Acyit, where
it remains for larger values a). As a function of N, we observe
superlinear reabsorption in all cases, approaching the Tavis-
Cummings exponent 1.5 for large N. In these figures wo =
10%. All quantities are in units of o = 1.

At < 1, the dynamics is well approximated by the
Tavis-Cummings model. Since the atomic dynamics
accelerates as N increases, for sufficiently large IV the
first reabsorption peak occurs within this short-time
regime. Consequently, its scaling behavior is well cap-
tured by the corresponding Tavis-Cummings predic-
tion.

In order to compare this scaling behavior with
the case of independent atoms, a segmented line for
|min; I| o< N is included in Fig. 9b). As we can see,
in all cases the slopes are greater than 1, indicating
that the reabsorption displays collective features in
this model. This is similar to the phenomenon of su-
perabsorption [32-35], but with the key distinction
that no external control or driving is required here.
To distinguish this from externally engineered super-
absorption, we refer to it as “spontaneous superab-
sorption”.

5 Conclusions

We have analyzed the exact spontaneous emission of
an ensemble of N identical and non-interacting two-
level atoms coupled to a Lorentzian cavity. We car-
ried out an analytical treatment of the N = 2 case,
deriving the full dynamics and the corresponding ex-
act non-Markovian master equation. This analytical
solution is especially significant given the well-known
difficulty of obtaining closed-form results for non-
Markovian dynamics, a challenge that becomes even
more severe beyond the single-emitter regime. The
exact solution reveals features absent in the single-
emitter scenario, such as pulsed emission and a regime
of eternal non-Markovianity, characterized by the per-
sistent negativity of at least one canonical decay rate.

For larger ensembles, the exact analytical solution
for N = 2 already reveals the general structure of
the non-Markovian master equation for arbitrary N.
However, beyond the two-emitter case, the explicit

analytical evaluation of the decay rates becomes pro-
hibitively involved. To overcome this limitation, we
show that the pseudomode method can be applied,
and that the resulting master equation exhibits a
weak symmetry that allows us to access the collec-
tive emission of large ensembles in a numerically ex-
act manner, without resorting to mean-field or other
approximation methods. Using this approach, we ex-
plored systems containing up to a 103 emitters, an
exceptionally large size for an exact non-Markovian
treatment. Our analysis reveals three qualitatively
distinct regimes of collective radiation governed by
the spectral width A: a Markovian regime with a sin-
gle superradiant burst, a critical regime displaying pe-
riodic pulsed emission, and a non-Markovian regime
dominated by coherent reabsorption of the emitted
field.

The study of the maximum emitted intensity for
the exact dynamics further reveals that the famil-
iar superradiant scaling Inax o< N2 progressively de-
grades with increasing N. As the collective cou-
pling to the cavity field strengthens with the ensem-
ble size, the effective system—bath interaction enters
a regime in which emission becomes increasingly re-
absorptive and the Markovian approximation breaks
down. Consequently, the emission peak may, in some
cases, transition smoothly from the quadratic Dicke
scaling toward a subquadratic law that approaches
the Tavis—-Cummings value in the large N limit. This
behavior demonstrates that the cooperative enhance-
ment of radiation is self-limiting: as the system be-
comes more collective, it also becomes more non-
Markovian, and the emitted energy is partially re-
trieved rather than radiated away.

A particularly remarkable manifestation of this in-
terplay is the occurrence of spontaneous superabsorp-
tion. In the non-Markovian regime, the atomic en-
semble periodically reabsorbs part of the emitted field,
leading to sharp revivals in the intensity, whose max-
imum scales superlinearly with N. This phenomenon
originates from the coherent build-up of atomic ex-
citations mediated by the cavity memory, effectively
generating a collective feedback on the dynamics of
the atoms.

In summary, our results provide an exact character-
ization of collective spontaneous emission bridging the
Markovian and strongly non-Markovian limits. They
show that environmental memory and atomic cooper-
ativity are deeply intertwined, giving rise to qualita-
tively new regimes of radiation such as critical pulsed
emission and spontaneous superabsorption. Beyond
their fundamental significance, these phenomena sug-
gest practical routes for exploiting non-Markovian co-
operativity in engineered quantum systems, enabling
controllable energy recycling, delayed superradiant
pulses, or cavity-based superabsorptive devices.
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A Exact analytical solution for N = 2

We are assuming that the field is initially in the vac-
uum, so we want to solve the dynamics under the
initial state condition

[W(0)) = 14(0))[0),

with |1(0)) an arbitrary initial state of the atoms.
The case of a mixed atomic initial state will follow
from this solution by linearity.

(A1)

A.1 Dynamics of the

composite

system-environment

For the case N = 2 and since the total number of ex-
citations is preserved by (1), the most general atoms-
field state at an arbitrary time can be written in terms
of Dicke states {|0),|1),|2)} in the form

[W(£)) =c0l0)|0) + c10(£)[1)[0) + c— 0] =)|0)
+ 3 con()|0)[1x) + e20()[2)[0)
k

+ Z c1k(t)|1)[1g) + ZC—,k|—>\1k>
k k

+ ) cozn(t)]0)[2%)
3

1
+3 > ok (£)|0) [T 11r),
k!
k£k'

where |—) := %ﬂe,g) —|g,€)), |nk) denotes n pho-
tons in the mode k, and the 1/2 factor in the last
term is introduced for convenience, since the equiva-
lent states |1glp/) and |1g/1g) [and thus corw (t) =
cor'k(t)] appear as different terms in the summa-
tion. We now impose that |¥(¢)) is a solution of the
Schrodinger equation for the Hamiltonian Hy(t) given
in (1), £|¥(t)) = —iH;(t)|¥(t)). Since the states
|0}]0), |—}|0), and |—)|1g) are invariant under this
Hamiltonian, their corresponding coefficients in (A.2)
do not exhibit any time dependence. The dynamics
for the single initial excitation subspace is then given
by components {|1)|0) and |0)|1)} and can be eas-
ily solved. First, a formal integration of the |0)|1x)
coefficients in the Schrodinger equation yields

cok(t) = —i\/ig(wk)/o dt'e 2y (t). (A.3)

Substituting this expression into the differential equa-
tion for the coefficient of |1)|0) leads to

¢
¢ro(t) = —2/ dt' f(t —t")eio(t'), (A.4)
0
where f(t —t') is the bath correlation function
ft—1t) Zg wy)e Bk Et), (A.5)

In the thermodynamic limit (TL), V' — oo, the modes
form a continuum such that wi — w, and we have

Zg W) j( )

where J(w) := ﬁ—;limv_wo g*(w)V is the spectral
density. Since we are considering a Lorentzian spec-
tral density (3), we may easily obtain the thermody-
namic limit of the bath correlation function (A.5),

(A.6)

t o t Zg —iAg (t—t")
oL 1 3kj(w)efiA(t7t’)
Am w?
[e’e} 72 ,
~ / dwj( ) —iA(t—-t") _ ?Oef)\\tft \7

(A7)

where A = w—wyp. In the last step, we have assumed,
as usual, that the Lorentzian is sufficiently narrow
and centered around a frequency wyp large enough to
justify extending the integral over positive frequencies
to the entire real line. After (A.5), the equation (A.4)
becomes

t
é10(t) = —A2 / dt'e ey (1), (A.8)
0

This integro-differential equation can be readily
solved by taking time derivatives (or by using a
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Laplace transform), which allows it to be recast as
the differential equation

¢10(t) + Aé1o(t) + Wgcm(t) =0 (A.9)

subject to the initial condition ¢19(0) = 0. The solu-
tion is straightforward:

(A.10)

v(t) =e T [cosh (?) + %sinh (?)} , (A1)

and 0 = /A2 — 442, This is completely analogous to
the case of a single atom [9, 38].

Therefore, what remains is to solve the dynamics
within the subspace of two initial excitations, which
is where the main difficulty lies. In this case, the
Schrédinger equation leads to the following set of
equations

ico0(t) = V2) glwr)e B en(t), (A.12)
k

ie1p(t) = \/ig(Wk)eiAktCQO(t) + Qg(wk)e_iA’“tcogk(t)

+ \/5 Z g(wk/)e_mk’tc()kkr(t),
K £k
(A.13)
icoon (1) = 2 g(wi)e ek (t), (A.14)
icorr (t) = V2 g(wi )2 ey (t)

+ \/Eg(wk)eiA’“tclk/ (t).
(A.15)

Since we take the field to be initially in the vacuum,
we may integrate the last two equations formally as

t
cozk(t) = *ng(wk)/ dt' e e (1), (A.16)
0

t
conae (1) = ~ivBglon) [ dt'e et
0
t
*l\/ig(Wk)/ dt/eiAktlclk/(t/).
0
(A.17)

Inserting these in the remaining equations we obtain,
after some algebra,

iea0(t) = V3 " gleon)e B e (t), (A.18)
k
ic1 (1) = V2g(wr ) ean () + twy (t)

4 /o avf(t —¥)ewn(t),
(A.19)

where f(t —t') is the bath correlation function (A.7)

and we have defined

wk(t) = 2/0 dt/f(t — t')clk(t/)

—2 | dt'glwp)e X 2(t, 1)), (A.20)
0

with

E(t,) =Y glwp)e epe(t)).

k

(A.21)

The usefulness of this apparently odd disposition of
the terms will become clear in the following. We in-
tegrate (A.19) by means of the Laplace transform £,
obtaining

t
icie(t) = \/ig(wk)/ dt' p(t — t')e > co(t')
’ t
+i/ dt'¢(t — twi(t'). (A.22)
0
Here, ¢(t) = £71 [W}(S)} (t), £71 is the inverse

Laplace transform and F(s) := £[f(¢)](s).
this into (A.18), we get

Inserting

éo0(t) = —2/0 dt' ¢t —t") f(t —t')ea0(t)

A /0 do(t— )3 glon)e 2wy (t).  (A.23)

k

We must now take the thermodynamic limit V —
00, which requires some care. From (A.7), it follows
immediately that

21
F(s) = S[f0](s) ™ 9= (A24)
in this limit. Consequently,
_ o1 1
o) = £ [3 + 4F(5)] ®)
TL. 4—1 s+ A
— < [s(s +A)+ 273] ®)
—e ¥ [cosh (?) + %sinh (%tﬂ ,
(A.25)

with Q = /A2 — 82.

To calculate the thermodynamic limit of Z(¢,t'),
we begin by multiplying both sides of (A.19) by
g(w)e 27 with 7 > t, and summing over k. Mak-
ing use of Egs. (A.20) and (A.21), this leads to

OE(T,t) = —i\/if(r—t)c%(t)—Q/O dt’ f(t—t)=(r,t)

- 2/tdt’f(7 —t"Z2(t,t'). (A.26)

0
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We now take the thermodynamic limit Z(¢,¢") I,

Ern(t,t'). Assuming that this limit can be inter-
changed with time derivatives and integrals, and mak-
ing use of (A.7), the above equation becomes

2
- -0 —A(r—t)
0y=rL(T,t) = —i—=e coolt
=TL(T, 1) /2 20(t)

t
—73/ dt'e == (1, 1)
0

— 2 /0 t dt'e MTE 0 (4, 1). (A27)
If we write
ErL(t, t') = e ME(t, 1), (A.28)
the previous equation simplifies to
0iE(r,t) = 702 Moy (t)
-7 /Ot dt'e M e(r ) + (8, )] (A.29)

Taking here a derivative with respect to 7, we obtain

t
[0, E (7, 1)) = =2 /O e =10 ¢(r ). (A.30)

This is the same integro-differential equation as (A.8)
for quantity 0.£(7,t). Its solution is therefore given
by (A.10),

6T§(T’ t) = 87'5(7-7 O)U(t)

Since we are considering the field is initially in the
vacuum state, ¢1x(0) = 0. It then follows from (A.21)
that Z(¢,0) = 0 and 9;Z(¢,0) = 0 for any quantiza-
tion volume V. In the thermodynamic limit, this im-
plies £(¢,0) = 0 and 9;£(¢,0) = 0. As a consequence,
Eq. (A.31) yields 0,&(T,t) = 0, so that £(¢,¢') = &(t).
We thus arrive at the important result that the two-
time dependence of Z1r, (¢, ') factorizes,

ETL (f, tl) = e_)‘tﬁ(t’)7

where &(t') satisfies (A.29), namely

(A.31)

(A.32)

TR ’Yo At 9.2 ! 1= A(E—t") (gt
£(0) = —i35eMean(r) 203 / dt'e N (1,
(A.33)

with the initial condition £(0) = 0. This equation can
be solved by means of a Laplace transform, yielding

—1—/ dt' ¢t —t')e

'70 g
dtll¢(t/
f

020 (tl), (A34)

and hence

75//)6—/\(15—t”)620 (t”).
(A.35)

ErL(t,t) =

Finally, from (A.32) we obtain the following result,
which plays a central role in solving the two-atom
dynamics:

> glen)e

= Q/Otl at' [f(t' —

t/
TL _ !’ _ _ . / 1"
,yg/ dat’ [e A=A _ =Mt )\t]eAt £(t")
0

=0. (A.36)

_iAkt’wk (t/)

tEE, ) — f(t =t 1))

Returning to the evaluation of (A.23) in the ther-
modynamic limit, Eq. (A.36) leads to a significant
simplification:

t
éao(t) = = / dt' ¢t — t")e ey (¢). (A.37)
0

Differentiating this equation twice with respect to
time and using (A.25), we obtain the differential equa-
tion

€30(1)+3Mé20 (1) + (207 + 393 éa0(t) +2Meao(t) = 0,

(A.38)
subject to the initial conditions
c20(0) = ¢20(0),

é20(0) = 0, (A.39)

¢20(0) = =93 ¢20(0).

This equation can be readily solved using standard
methods, yielding

2
23: ( j;ézzj) 7706%1:

Co0 (t) = C90 (0
i=1 J#Z - %)

- C20 ’

(A.40)
where the last equality holds when the characteristic
polynomial

P(2) = 2% + 3022 + (2A? +390)2 + 205 (A41)

has three distinct roots z;.
except when

This is always the case

A2 = g (2+ \3/3—2\/§+ §/3+2\/§> V2, (A.42)

for which two real roots coincide. We note that ((?)
is a real function and is independent of the initial
conditions.

Moreover, by comparing (A.35) with (A.37), we ob-
tain

ETL(t,t/) _ Leik(tft/)c'm(t,),

V2

which can be explicitly evaluated using (A.40).

(A.43)
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In order to determine the coefficient c1x(t), we sub-
stitute (A.20) into (A.19), obtaining

ie1k(t) = V2g(wp)e ™ e (t)

/dtft ers ()

—21/0 dt' g(wy) e Z(t, ). (A.44)

This equation can be formally integrated using a
Laplace transform, leading to

,iAkt’CQO(t/)

t
c1k(t) = fi\@g(wk)/ dt’'x(t —t')e
0
t t ) .,
—2/ dt'X(t—t’)/ dt" g(wp)e 2 =2 (t 1),
0 0
(A.45)

where x(t) := £71 [ﬁ}?(s)} (t), which in the thermo-

dynamic limit becomes

—e ¥ [cosh (Qt) % sinh (?)] = v(t).

(A.46)

Analogous expressions can be derived for the two-
photon coefficients oo (t) and cogrs (t). However, as
shown in the next section, these quantities are not
required to determine the reduced dynamics of the
two atoms in the thermodynamic limit.

A.2 Atomic reduced dynamics and exact mas-
ter equation

We may now calculate the reduced density matrix of
the two atoms. Taking the partial trace of (A.2) over
the bath degrees of freedom yields

ps(t) = Teg [[U(OXT(D)]] = le20(t)[*[2)(2
+ [lero(®)1? + Ya ()] [LXL] + [e— o[ =X~
+ [1=le0 ()] =lero (8)* = Ya(t) = |e— o[*] [0XO]
+ {e20(t)eio()12X(1] + c20(t)c5|2) (0]
+ eao(t)er o|2)(—] + [er0(t)eh + Y7 ()] [1)X0]
+ c10(t)c” o|1X—| 4 coc” ol0X—] + h.c.},

(A.47)
where
t) = con(t)cix(t) (A.48)
k
Yalt) = 3 Jea(0)?, (4.49)

k

and we have used the condition Tr[pg(t)] = 1 to re-
move the explicit dependence on the two-photon co-
efficients coax(t) and copp (¢).

We now evaluate Yi3(t) in the thermodynamic
limit. From (A.48) and the formal expressions (A.3)
and (A.45), we obtain

1) =2 [[dtent) [t (50— ()

0

+ 2iv2 / dt’c1o(t") / dt"x*(t —t")
0 0

t//
% / dtmf( /’/)E*(tn,tm), (A.50)
0

where we have also made use used (A.5). Taking the
thermodynamic limit V' — oo, and invoking (A.7),
(A.43), and (A.46), this expression becomes

—)’}/O/dt ClO /dt/lvt t” =t —t"\ * (//)

+ve / dt’c10(t) / dt"v(t —t")
0 0

tll
X/ dt///e—Mt —t |e—>\(t —t )é%(t///)-
0
(A.51)

The nested integrals can be simplified by applying a
Laplace transform with respect to the variable ¢:

e[ fydvo(t—v) fy dere =t e A= g )] (s)

= {[u(®)](s) HLle () Hele ™ e50(1)](5)}

! (A.52)

- - [ —A|T—t|
s(s+A) +~¢

E30(1)](5)-

By now taking the inverse Laplace transform, we ob-
tain the identity

t t
/ dt/’U(t _ t/)/ dt//e—MT—t \e—)\(t —t )cso(t/l)
0 0

t

dt'n(t — t)e NI (1), (A.53)
0
where
1 2 At Ot
= -1 _—_— = —e 2 s§i h —_— .
() =< L(wA)wﬂ(” o e (2)

Equation (A.51) can therefore be rewritten as

t t
Yl(t) E) ’yg/ dtlclo(tl)/ dt//e_klt —t"|
0 0

x [u(t = ")e5o (") +n(t — ") e30(t"))-
(A.55)

Defining Y1(t) := ¢10(0)c5,(0)1(t) and using (A.10)
and (A.40), one may equivalently write

—>'yo/dtv / dt"e M ="l

—t")C(") +n(t — ")),

(A.56)
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from which it is clear that I(t) is a real function
independent of the initial conditions. Note that to
evaluate these integrals, the absolute value may be
removed using the standard decomposition

t t t t"”’ t t’
/ dt” / dt’ = / dt” / dt’ + / dt’ / dt”.
0 0 0 0 0 0
(A.57)

The resulting integrals are elementary, involving only
linear combinations of exponential functions. The fi-
nal expressions can therefore be obtained in closed
form, but are not particularly compact and are omit-
ted for brevity.

A similar procedure gives

Ya(t) -5 o, dt [o(t—t")cao(t") +n(t—1t")éa0(t)]

e )5 ) + )5 )
(A.58)

which, upon defining Y5(t) := |ca0(0)|?I2(t), can be

written as

TL t
— vg/odt’[v(t — ¢

t
X/ dt//ei)‘ltlit“‘[’u(t _ t”)C(t//) ot — '
0

)+t —t)C(E)]

)S(t").
(A.59)

Again, I5(¢) is a real function independent of the ini-
tial conditions and can be expressed in closed form
using (A.57).

Thus, after taking the thermodynamic limit, all
time-dependent coefficients appearing in (A.47) are
fully determined by (A.10), (A.40), (A.55), and
(A.58). The reduced dynamics is therefore completely
solved.

To further characterize its structure, it is useful to
derive the master equation governing the dynamics.
Taking the time derivative of (A.47) and expressing
the result in the Dicke basis, one finds by direct sub-
stitution that

d
pS Zrmn mpS(t)LL_% LLLmva(t)}],
m,n=1
(A.60)
with the jump operators
=| (2],
= [0){1], (A.61)
0)2],

and the nonvanishing coefficients I',,, (t) given by

P = gy 2o 0 - RO (A2
Too(t) = 25(3, (A.63)
Da(t {22(: — It )] —258, (A.64)
Pt = ) = g [0 - 0]

(A.65)

All coefficients Ty, (¢) are therefore real and indepen-
dent of the initial conditions, confirming that (A.60)
is indeed the master equation governing the reduced
dynamics.

B Eternal non-Markovianity for N = 2
in the limit A > ~

From Eqs. (A.11), (A.40), (A.54), and (A.59), it can
be easily verified that ((¢), v(t), and I5(¢) can all be
written as linear combinations of exponential func-
tions. The corresponding exponents can be expressed
in terms of wy o := —%(/\ +Q) and z;. To simplify the
notation, let us define

t) =) Cpet =% Cpe™ = (1),

where A is the width of the spectral density (3),
and we have introduced the dimensionless quantities
Un = Up/X and 7 = At > 0. With this notation, the
canonical decay rate y3(t) can be rewritten as

1 [0 ¢(t)
223 0(0) - 10| -

¢3(t) [ o(t)

(B.1)

V3(t) =

NG
(B.2)

By expanding all coefficients and exponents in powers
of the dimensionless parameter vy /A, one obtains

6
— _ 70 —37’

~3(T) = 5 C {1+e7[2r—5+e” (47— 2747)] }

_ S 7o
3)\ +O<>\7) (B.3)

Therefore, taking the limit v9/\ — 0, we find

)\5
G(T) := 'yol/l§n—>0 30 ¥3(T)
—37
= {14 2r—ste (42— 2r + 7))} -

(B.4)
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Figure 10: Comparison of the analytical (lines) and numerical (circles) time evolution of the populations (C.1) for a) A = 0.1,
b) A=1/2,c) A=1and d) A =5, for the case N = 2. The value wy = 10 is chosen. All quantities are in units of 7o = 1.

It is straightforward to verify that G(0) = 0 and

lim, ,o0o G(7) = —1. To analyze the sign of G(7),
let us define H(r) = ¥"G(r). A direct calculation
yields

H(0) = H'(0) = H"(0) = H"(0) = H™)(0) = 0,
(B.5)
and

HWY)(7) = —243¢%"
eT

+ 5 [27 5+ 6de7 (272 + 97 +11)]. (B.6)

Hence, H™(0) = —20/3. Introducing HY) (1) =
e 3THW) (1), we find H™(0) = —20/3, and

d - 4
—HY(7) = —=e 2 (7 + 2
4O = S 1 2)
Gde™
- %(272 +5742)<0. (B.7)

Therefore, H™)(7) is a strictly decreasing function,
and since H™(0) < 0, it follows that H™ (1) < 0.
Consequently, H) (1) = e3” H™ (1) < 0. Successive
integration, together with (B.5), then implies that
H(7) <0 for all 7 > 0, and so

G(r)=e > H(t) <0 Vt>0. (B.8)
It follows from (B.4) that, in the limit vo/A — 0,
the canonical decay rate y3(t) approaches a negative
function that vanishes only at ¢ = 0. Since a neg-
ative canonical decay rate implies non-Markovianity,
the dynamics is non-Markovian for all ¢ > 0 in this
limit—a property known as eternal non-Markovianity.

C Cross-check between the analytical
and pseudomode solutions

In order to further validate the pseudomode treat-
ment employed throughout the manuscript, in this
appendix we explicitly compare the numerical pseu-
domode dynamics with the exact analytical solution
obtained for the case N = 2 in the previous section.

Fig. 10 shows the time evolution of the atomic Dicke
populations

B(1n) = (nlps(t)ln), (©1)
obtained from both approaches ([only two of the three
populations are shown, since the third is determined
from the other two with the condition Tr(pg) = 1].
The solid lines correspond to the analytical solution,
while the circles correspond to the pseudomode sim-
ulation. The curves overlap within numerical pre-
cision over the entire evolution. For the particular
initial condition considered here, namely both atoms
initially prepared in the excited state, the reduced
atomic dynamics remains incoherent, i.e., (m|pg|n) =
0 if m # n throughout the evolution. Consequently,
the reduced density matrix is completely determined
by the state populations alone. Therefore, the agree-
ment observed in the populations implies agreement
of the full reduced atomic density matrix between the
analytical and numerical treatments.

References

[1] R. H. Dicke, Coherence in spontaneous radiation
processes, Phys. Rev. 93, 99 (1954).

[2] G. S. Agarwal, Master-equation approach to
spontaneous emission, Phys. Rev. A 2, 2038
(1970).

[3] N. E. Rehler and J. H. Eberly, Superradiance,
Phys. Rev. A 3, 1735 (1971).

[4] R. Bonifacio, P. Schwendimann, and F. Haake,
Quantum Statistical Theory of Superradiance. I,
Phys. Rev. A 4, 302 (1971).

[5] R. Bonifacio, P. Schwendimann, and F. Haake,

Quantum Statistical Theory of Superradiance. I1,
Phys. Rev. A 4, 854 (1971).

[6] J. H. Eberly, Superradiance revisited, Am. J.
Phys. 40, 1374 (1972).

[7] M. Gross and S. Haroche, Superradiance: An es-
say on the theory of collective spontaneous emis-
sion, Phys. Rep. 93, 301 (1982).

Accepted in {Yuantum 2026-07-01, click title to verify. Published under CC-BY 4.0. 15


https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRevA.2.2038
https://doi.org/10.1103/PhysRevA.3.1735
https://doi.org/10.1103/PhysRevA.4.302
https://doi.org/10.1103/PhysRevA.4.854
https://doi.org/10.1119/1.1986858
https://doi.org/10.1119/1.1986858
https://doi.org/10.1016/0370-1573(82)90102-8

8]

[11]

[15]

[16]

[19]

[20]

L. Mandel and E. Wolf, Optical Coher-
ence and Quantum  Optics (Cambridge
University Press, Cambridge, 1995), DOI:
10.1017/CB0O9781139644105.

H.-P. Breuer and F. Petruccione, The
Theory of Open Quantum Systems (Ox-

ford University Press, Oxford, 2002), DOI:
10.1093/acprof:0s0/9780199213900.001.0001.

N. Skribanowitz, I. P. Herman, J. C.
MacGillivray, and M. S. Feld, Observation
of Dicke Superradiance in Optically Pumped HF
Gas, Phys. Rev. Lett. 30, 309 (1973).

M. Gross, C. Fabre, P. Pillet, and S. Haroche,
Observation of Near-Infrared Dicke Superra-
diance on Cascading Transitions in Atomic
Sodium, Phys. Rev. Lett. 36, 1035 (1976).

D. Pavolini, A. Crubellier, P. Pillet, L. Cabaret,
and S. Liberman, Experimental Evidence for Sub-
radiance, Phys. Rev. Lett. 54, 1917 (1985).

R. G. DeVoe and R. G. Brewer, Observation of
Superradiant and Subradiant Spontaneous Emis-
sion of Two Trapped Ions, Phys. Rev. Lett. 76,
2049 (1996).

M. Scheibner, T. Schmidt, L. Worschech, A.
Forchel, G. Bacher, T. Passow, and D. Hommel,
Superradiance of quantum dots, Nat. Phys. 3, 106
(2007).

J. A. Mlynek, A. A. Abdumalikov, C. Eichler,
and A. Wallraff, Observation of Dicke superradi-
ance for two artificial atoms in a cavity with high
decay rate, Nat. Commun. 5, 5186 (2014).

P. Solano, P. Barberis-Blostein, F. K. Fatemi,
L. A. Orozco, and S. L. Rolston, Super-radiance
reveals infinite-range dipole interactions through

a nanofiber, Nat. Commun. 8, 1857 (2017).

J.-H. Kim, S. Aghaeimeibodi, C. J. K. Richard-
son, R. P. Leavitt, and E. Waks, Super-radiant
emission from quantum dots in a nanophotonic
waveguide, Nano Lett. 18, 4734 (2018).

L. Chen, P. Wang, Z. Meng, L. Huang, H. Cai,
D.-W. Wang, S.-Y. Zhu, and J. Zhang, Ezperi-
mental Observation of One Dimensional Super-
radiance Lattices in Ultracold Atoms, Phys. Rev.
Lett. 120, 193601 (2018).

Z.Yan, J. Ho, Y.-H. Lu, S. J. Masson, A. Asenjo-
Garcia, and D. M. Stamper-Kurn, Superradiant
and Subradiant Cavity Scattering by Atom Ar-
rays, Phys. Rev. Lett. 131, 253603 (2023).

F. Dinc, I. Ercan and A. M. Branczyk, FEzact
Markovian and non-Markovian time dynamics
in waveguide QFED: collective interactions, bound
states in continuum, superradiance and subradi-
ance, Quantum 3, 213 (2019).

21]

[26]

27]

(28]

F. Dinc and A. M. Branczyk, Non-Markovian
super-superradiance in a linear chain of up to 100
qubits, Phys. Rev. Research 1, 032042(R) (2019).

K. Sinha, P. Meystre, E. A. Goldschmidt, F.
K. Fatemi, S. L. Rolston and P. Solano, Non-
Markovian Collective Emission from Macroscop-
ically Separated Emitters, Phys. Rev. Lett. 124,
043603 (2020).

Q-.Y. Qiu, Y. Wu, and X-.Y. Lii, Collective radi-
ance of giant atoms in non-Markovian regime,
Sci. China: Phys. Mech. Astron. 66, 224212
(2023).

R. L. Capurso, G. Calajo, S. Montangero, S.
Pascazio, F. V. Pepe, M. Maffei, G. Mag-
nifico and P. Facchi, Superradiant decay in non-
Markovian Waveguide Quantum FElectrodynam-
ics (2025), arXiv:2511.22332 [quant-ph].

S. John and T. Quang, Collective Switching
and Inversion without Fluctuation of Two-Level
Atoms in Confined Photonic Systems, Phys. Rev.
Lett. 78, 1888 (1997).

N. Vats and S. John, Non-Markovian quantum
fluctuations and superradiance near a photonic
band edge, Phys. Rev. A 58, 4168 (1998).

A. Gonzéalez-Tudela and J. I. Cirac, Markovian
and non-Markovian dynamics of quantum emit-
ters coupled to two-dimensional structured reser-
voirs, Phys. Rev. A 96, 043811 (2017).

A. Gongzéalez-Tudela and J. I. Cirac, Quantum
Emitters in Two-Dimensional Structured Reser-
voirs in the Non-perturbative Regime, Phys. Rev.
Lett. 119, 143602 (2017).

I. Thanopulos, V. Karanikolas, N. Iliopoulos,
and E. Paspalakis, Non-Markovian spontaneous
emission dynamics of a quantum emitter near a
MoS2 nanodisk, Phys. Rev. B 99, 195412 (2019).

S. C. Hou, G. Q. Shuai, X. Y. Zhang, J. Shen,
and X. X. Yi, Influence of initial states on mem-
ory effects: A study of early-time superradiance,
Phys. Rev. A 109, 053708 (2024).

D. De Bernardis, T. Jaako, and P. Rabl, Cavity
quantum electrodynamics in the nonperturbative
regime, Phys. Rev. A 97, 043820 (2018).

J. Q. Quach et al., Superabsorption in an or-
ganic microcavity: Toward a quantum battery,

Sci. Adv. 8, eabk3160 (2022).

S. Kamimura, H. Hakoshima, Y. Matsuzaki,
K. Yoshida and Y. Tokura, Quantum-Enhanced
Heat Engine Based on Superabsorption, Phys.
Rev. Lett. 128, 180602 (2022).

K. D. Higgins, S. C. Benjamin, T. M. Stace, G.
J. Milburn, B. W. Lovett, E. M. Gauger, Super-
absorption of light via quantum engineering, Nat.
Commun. 5, 4705 (2014).

Accepted in {Yuantum 2026-07-01, click title to verify. Published under CC-BY 4.0. 16


https://doi.org/10.1017/CBO9781139644105
https://doi.org/10.1017/CBO9781139644105
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://doi.org/10.1103/PhysRevLett.30.309
https://doi.org/10.1103/PhysRevLett.36.1035
https://doi.org/10.1103/PhysRevLett.54.1917
https://doi.org/10.1103/PhysRevLett.76.2049
https://doi.org/10.1103/PhysRevLett.76.2049
https://doi.org/10.1038/nphys494
https://doi.org/10.1038/ncomms6186
https://doi.org/10.1038/s41467-017-01994-3
https://doi.org/10.1021/acs.nanolett.8b01133
https://doi.org/10.1103/PhysRevLett.120.193601
https://doi.org/10.1103/PhysRevLett.120.193601
https://doi.org/10.1103/PhysRevLett.131.253603
https://doi.org/10.22331/q-2019-12-09-213
https://doi.org/10.1103/PhysRevResearch.1.032042
https://doi.org/10.1103/PhysRevLett.124.043603
https://doi.org/10.1103/PhysRevLett.124.043603
https://doi.org/10.1007/s11433-022-1990-x
https://doi.org/10.48550/arXiv.2511.22332
https://doi.org/10.1103/PhysRevLett.78.1888
https://doi.org/10.1103/PhysRevLett.78.1888
https://doi.org/10.1103/PhysRevA.58.4168
https://doi.org/10.1103/PhysRevA.96.043811
https://doi.org/10.1103/PhysRevLett.119.143602
https://doi.org/10.1103/PhysRevLett.119.143602
https://doi.org/10.1103/PhysRevB.99.195412
https://doi.org/10.1103/PhysRevA.109.053708
https://doi.org/10.1103/PhysRevA.97.043820
https://doi.org/10.1126/sciadv.abk3160
https://doi.org/10.1103/PhysRevLett.128.180602
https://doi.org/10.1103/PhysRevLett.128.180602
https://doi.org/10.1038/ncomms5705
https://doi.org/10.1038/ncomms5705

[35]

[40]

[41]

[47]

D. Yang, S.-h. Oh, J. Han, G. Son, J. Kim, J.
Kim, M. Lee, K. An, Realization of superabsorp-
tion by time reversal of superradiance, Nat. Pho-
tonics 15, 272-276 (2021).

I. Gonzéalez and A. Rivas, Correlated and crit-
ical phenomena in multipartite quantum non-
Markovianity, Phys. Rev. A 111, 1020204 (2025).

A. Rivas and S. F. Huelga, Open Quantum
Systems. An Introduction (Springer, Heidelberg,
2011), DOI: 10.1007/978-3-642-23354-8.

B. M. Garraway, Nonperturbative decay of an
atomic system in a cavity, Phys. Rev. A 55, 2290
(1997).

S. Maniscalco, F. Francica, R. L. Zaffino, N. Lo
Gullo, and F. Plastina, Protecting Entanglement
via the Quantum Zeno Effect, Phys. Rev. Lett.
100, 090503 (2008).

D. Chruscinski, S. Hesabi, and D. Lonigro, On
Markovianity and classicality in multilevel spin-
boson models, Sci. Rep. 13, 1518 (2023).

H.-P. Breuer, E.-M. Laine, and J. Piilo, Mea-
sure for the Degree of Non-Markovian Behavior
of Quantum Processes in Open Systems, Phys.
Rev. Lett. 103, 210401 (2009).

A. Rivas, S. F. Huelga, and M. B. Plenio, En-
tanglement and Non-Markovianity of Quantum
Ewvolutions, Phys. Rev. Lett. 105, 050403 (2010).

A. Rivas, S. F. Huelga, and M. B. Plenio, Quan-
tum non-Markovianity: Characterization, quan-
tification and detection, Rep. Prog. Phys. 77,
094001 (2014).

H.-P. Breuer, E.-M. Laine, J. Piilo, and B. Vac-
chini, Colloguium: Non-Markovian dynamics in
open quantum systems, Rev. Mod. Phys. 88,
021002 (2016).

L. Li, M. J. W. Hall, and H. M. Wiseman, Con-
cepts of quantum non-Markovianity: A hierar-
chy, Phys. Rep. 759, 1 (2018).

M. J. W. Hall, J. D. Cresser, L. Li and E.
Andersson, Canonical form of master equations
and characterization of non-Markovianity, Phys.
Rev. A 89, 042120 (2014).

N. Megier, D. Chruscinski, J. Piilo, and W. T.
Strunz, Eternal non-Markovianity: from random
unitary to Markov chain realisations, Sci. Rep. 7,

6379 (2017).

A. A. Budini and J. P. Garrahan, Solvable class
of non-Markovian quantum multipartite dynam-
ics, Phys. Rev. A 104, 032206 (2021).

G. Amati, Dynamical signatures of non-
Markovianity in a dissipative-driven qubit, Phys.
Rev. A 109, 052433 (2024).

[50]

[51]

[52]

[54]

[58]

[59]

(61]

(62]

B. Gulédcsi and G. Burkard, Signatures of non-
Markovianity of a superconducting qubit, Phys.
Rev. B 107, 174511 (2023).

B. M. Garraway and P. L. Knight, Cavity modi-
fied quantum beats, Phys. Rev. A 54, 3592 (1996).

L. Mazzola, S. Maniscalco, J. Piilo, K.-A. Suomi-
nen, and B. M. Garraway, Sudden death and sud-
den birth of entanglement in common structured
reservoirs, Phys. Rev. A 79, 042302 (2009).

D. Tamascelli, A. Smirne, S. F. Huelga, and
M. B. Plenio, Nonperturbative Treatment of non-
Markovian Dynamics of Open Quantum Systems,
Phys. Rev. Lett. 120, 030402 (2018).

N. Lambert, S. Ahmed, M. Cirio, and F. Nori,
Modelling the ultra-strongly coupled spin-boson
model with unphysical modes, Nat. Commun. 10,
3721 (2019).

G. Pleasance, B. M. Garraway, and F. Petruc-
cione, Generalized theory of pseudomodes for ex-
act descriptions of non-Markovian quantum pro-
cesses, Phys. Rev. Research 2, 043058 (2020).

M. Tavis and F. W. Cummings, Ezact Solu-
tion for an N-Molecule—Radiation-Field Hamil-
tonian, Phys. Rev. 170, 379 (1968).

J. Larson and T. Mavrogordatos, The Jaynes—
Cummings Model and its Descendants, 2nd
ed. (IOP Publishing, Bristol, 2024), DOL:

10.1088/978-0-7503-6452-2.

B. Buca and T. Prosen, A note on symmetry re-
ductions of the Lindblad equation: transport in
constrained open spin chains, New J. Phys. 14,

073007 (2012).

Z.-X. Gong, M. Xu, M. Foss-Feig, J. K. Thomp-
son, A. M. Rey, M. Holland, and A. V. Gorshkov,
Steady-state superradiance with Rydberg polari-
tons (2016), arXiv:1611.00797 [quant-ph].

L. Freter, P. Fowler-Wright, J. Cuerda, B. W.
Lovett, J. Keeling and P. Toérméa, Theory of
dynamical superradiance in organic materials,
Nanophotonics 14, 5323 (2025).

K. Miiller and W. Strunz, Genuine Quantum ef-
fects in Dicke-type Models at large atom numbers,
Phys. Rev. Lett. 135, 123602 (2025).

R. Fazio, J. Keeling, L. Mazza, and M. Schiro,
Many-Body Open Quantum Systems, SciPost
Phys. Lect. Notes 99 (2025).

Accepted in {Yuantum 2026-07-01, click title to verify. Published under CC-BY 4.0. 17


https://doi.org/10.1038/s41566-021-00770-6
https://doi.org/10.1038/s41566-021-00770-6
https://doi.org/10.1103/PhysRevA.111.L020204
https://doi.org/10.1007/978-3-642-23354-8
https://doi.org/10.1103/PhysRevA.55.2290
https://doi.org/10.1103/PhysRevLett.100.090503
https://doi.org/10.1103/PhysRevLett.100.090503
https://doi.org/10.1038/s41598-023-28606-z
https://doi.org/10.1103/PhysRevLett.103.210401
https://doi.org/10.1103/PhysRevLett.103.210401
https://doi.org/10.1103/PhysRevLett.105.050403
https://doi.org/10.1088/0034-4885/77/9/094001
https://doi.org/10.1088/0034-4885/77/9/094001
https://doi.org/10.1103/RevModPhys.88.021002
https://doi.org/10.1103/RevModPhys.88.021002
https://doi.org/10.1016/j.physrep.2018.07.001
https://doi.org/10.1103/PhysRevA.89.042120
https://doi.org/10.1103/PhysRevA.89.042120
https://doi.org/10.1038/s41598-017-06059-5
https://doi.org/10.1038/s41598-017-06059-5
https://doi.org/10.1103/PhysRevA.104.032206
https://doi.org/10.1103/PhysRevA.109.052433
https://doi.org/10.1103/PhysRevA.109.052433
https://doi.org/10.1103/PhysRevB.107.174511
https://doi.org/10.1103/PhysRevB.107.174511
https://doi.org/10.1103/PhysRevA.54.3592
https://doi.org/10.1103/PhysRevA.79.042302
https://doi.org/10.1103/PhysRevLett.120.030402
https://doi.org/10.1038/s41467-019-11656-1
https://doi.org/10.1038/s41467-019-11656-1
https://doi.org/10.1103/PhysRevResearch.2.043058
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1088/978-0-7503-6452-2
https://doi.org/10.1088/978-0-7503-6452-2
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.48550/arXiv.1611.00797
https://doi.org/10.1515/nanoph-2025-0427
https://doi.org/10.1103/42rz-xhxz
https://doi.org/10.21468/SciPostPhysLectNotes.99
https://doi.org/10.21468/SciPostPhysLectNotes.99

	Introduction
	Physical Model
	Exact analytical solutions for the dynamics of one and two atoms in a resonant QED cavity
	Spontaneous emission of N atoms in a resonant QED cavity
	Radiation regimes
	The maximum of the radiated intensity
	The maximum of the reabsorbed intensity

	Conclusions
	Author Contributions
	Acknowledgments
	Exact analytical solution for N=2
	Dynamics of the system-environment composite
	Atomic reduced dynamics and exact master equation

	Eternal non-Markovianity for N=2 in the limit λ ≫ γ₀
	Cross-check between the analytical and pseudomode solutions
	References

