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Spectral correlations of dynamical resonance fluorescence
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Frequency-filtered photon correlations have been proven to be extremely useful in grasping how the detection

process alters photon statistics. Harnessing the spectral correlations also permits refinement of the emission and
unraveling of previously hidden strong correlations in a plethora of quantum-optical systems under continuous-
wave excitation. In this work, we investigate such correlations for time-dependent excitation and develop a
methodology to compute efficiently time-integrated correlations, which are at the heart of the photon-counting
theory, and subsequently apply it to analyze the photon emission of pulsed systems. By combining this
formalism with the sensor method—which facilitates frequency-resolved correlations—we demonstrate how
spectral filtering enhances single-photon purity and suppresses multiphoton noise in time-bin-encoded quantum
states. Specifically, filtering the central spectral peak of a dynamically driven two-level system boosts temporal
coherence and improves the fidelity of time-bin entanglement preparation, even under conditions favoring
multiphoton emission. These results establish spectral filtering as a critical tool for tailoring photon statistics

in pulsed quantum light sources.
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I. INTRODUCTION

The interaction between two-level quantum systems
(TLSs) and resonant electromagnetic fields is fundamental in
quantum optics, deepening our understanding of light-matter
interactions and developing photonic quantum technologies.
When a resonant field continuously drives a TLS, resonance
fluorescence produces the Mollow triplet [1,2] spectrum at
strong driving. This behavior, observed as a central peak
flanked by symmetric sidebands in the emission spectrum, is
further enriched when examining photon correlations between
these spectral components, revealing that the perfect anti-
bunched nature of the driven TLS extends into a wide range
of photon-pair behaviors that go from antibunching to strong
bunching [3-6]. Such frequency-filtered correlations [7] have
shown promise for single-photon emitters and other quan-
tum technologies, enabling finely tunable photon sources with
high degrees of control over photon statistics [8], as well as
demonstrating entanglement over the symmetric sidebands of
the Mollow triplet spectrum [9].

Recent advancements in the analysis of fluorescence spec-
tra have extended from continuous-wave (CW) to pulsed
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excitation schemes, which have opened new avenues in con-
trolling two-level systems. Under Gaussian pulses, dynamic
resonance fluorescence emerges, exhibiting new emission
patterns with sidebands that depend on pulse intensity and
duration [10]. This prediction was recently experimentally
confirmed in both Semiconductor Quantum Dots (QDs) [11]
and solid-state cavity-QED systems [12]. The dynamic
driving allows for an intricate interplay between photon
statistics, temporal correlations, and spectral behavior. The-
oretical [13] and experimental work [14,15] has demonstrated
that pulsed excitation not only produces coherent single-
photon emission [16] but also leads to exotic photon states and
multiphoton bundles, paving the way for advanced quantum
light sources [17,18].

Despite significant progress in understanding pulsed-
driven two-level systems, the role of frequency-filtered
correlations remains unexplored. Prior studies have shown
that photon statistics can oscillate between bunching and an-
tibunching depending on the pulse area [19,20], yet these
analyses often neglect the impact of frequency filtering
the signal. Recent work by Loépez Carrefio [21] demon-
strated how pulsed excitation enables cascaded single-photon
emission, while Redivo Cardoso et al. [22] explored the
interplay of temporal correlations and decoherences in the
biexciton-exciton cascades. Given the importance of photon
correlations in quantum applications [23], a deeper investi-
gation into frequency-dependent photon correlations in the
time-dependent regime is needed.

In this work, we extend the understanding of time-
dependent photon correlations by exploring frequency-filtered
two-photon correlations in a two-level system driven by
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Gaussian pulses. We show that, under pulsed excitation,
the correlations between photons emitted from different
spectral regions exhibit a rich and controllable structure: Fre-
quency resolution decouples photon statistics from the pulse
area alone, enabling transitions between antibunching and
bunching depending on the selected filter frequencies and
bandwidths. Furthermore, we demonstrate that spectral filter-
ing enables precise control over time-bin purities, suppressing
multiphoton events while enhancing single-photon fidelity. By
filtering the central spectral peak, temporal coherence is en-
hanced, restoring single-photon dominance even under condi-
tions favoring multiphoton emission (e.g., at even pulse areas).
This study builds a versatile framework for tailoring photon
statistics in pulsed systems, directly addressing challenges in
time-bin-encoded quantum state preparation and advancing
applications in quantum communication and computing.

II. PHOTON CORRELATION FUNCTIONS

A. Ordered and symmetric photon correlation functions

Given that in this work we will be dealing with the cal-
culations of photon correlations of different frequency modes
and times, it is necessary to make a clear distinction between
ordered and symmetric photon correlations. In general, the
n-photon correlations are defined as

G a1ty ty) = <T+ []‘[ aZ(rk)}T_ []‘[ akfak/)D,
k=1
(1

k'=1

where T orders the operators from right to left (left to right)
for rising times, and a; can be any annihilation operator we
may consider, corresponding to the same or different modes.
These correlation functions are, by definition, symmetric func-
tions. This means that every exchange of any pair of times
and operators (f; <> #y and a; <> ay) would leave the func-
tions unchanged. For instance, the two-photon autocorrelation
function G2)(#1, 12) is symmetric when we swap #; and 12, i.€.,
G2, 1) = G2, n).

On the other hand, we need to introduce the ordered
correlation functions, where the times f;, follow a strict
ordering that, for convenience, we assume to be as fol-
lows: #y <t <---<t, In such a case, we use the no-
tation GO . (t1,1,....1,). Then, the cross-correlation
gfjj (1, tp) is simply written in terms of the ordered correlation
functions as

G (. 0) = 0(t, — )G (1. 1) + 0t — )G, (6. 1),
(2)
where 6(x) is the Heaviside function, which returns 1 only if
x > 0 and is zero otherwise. For completeness, we also define
the correlation functions in terms of the delays 7, = ;41 —
between successive times and time ¢ (recasting #; as ¢). The
ordered correlation function is then expressed as

G™  (t,1,..

aray--ay
= (a]alt + 1) dat+ T+ FT0)
X - ap(t 4 1)ay (1)), 3)

which is more convenient when it comes to solving the
n-times dynamics through the quantum regression theorem

* T}’l*l)

(QRT) [24,25]. We can, however, naturally connect both
symmetric and ordered correlation functions. Selecting, for
instance, n = 2 gives the following autocorrelation function:

GD(t, 1) = 0(tr — 1)GP(t1, 12 — 1)
+0(h — )G (1, 1 — 1),
whereas the cross-correlations are
gﬁ)(ll, 1) =0(t, — tl)Gﬁ,)(tla f—1)
+0(t — )Gy (. 1 — 1),
where
G2(t, 1) = (a'(t)a a(t + 1)a(1)),
GO(t, 1) = (a (t)b"b(t + T)a(r)),
GOt 1) = (b'(t)a' a(t + T)b(1)).
It is important to understand that Gfb) (t, t)and Géza (t, T) refer
to different processes, as the former considers the photon
emission from mode b preceded by a photon from mode a

(a — b), while the latter accounts for the reversed process
(b — a).

B. Time-integrated correlation functions

With the previous definitions, we now introduce the time-
integrated correlation functions

GM 10, T]

aya;--ay

T T
=/ / G ot ta, o ty)ddly .y, (4)
0 0

where T defines the span of the time bin, that is, from O to 7.
Hereafter, we focus on the N = 2 case, which reads

T T
G210, T] = f / G2 (1 ydndn.  (5)
0 0

In terms of the ordered correlation functions, the integrated
correlation function reads

T T
G2).[0.T] = / / 6ty — )52, (11, 12) dirdt
0 0

T T
+f / 0(11 — )G, (2. 1) dnydry, (6)
0 Jo

which after swapping #; <> 1, in the second integral gives

T T
G2.[0.T] = / / 0ty — 102, (11, 1) dirdlt
0 0

T T
+/ / 0(, —1)G2),, (11, 1) dnydn
o Jo

=GP

ay—ay

[0.T]1+ G

a—d)

[0,T]. )

This makes explicit the two contributions—depending on the
emission order—to the cross-correlations. Changing the vari-
ables from (¢, ;) to (¢, T), we also find

T T—t
G310, T]1= / / GQ) (t,v)drdt. (8)
0 0

This definition differs from the one given by Fischer [19] in
the upper limit of the t integral. Nonetheless, both quantities
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converge when T — oo, or, more realistically, when GP is
integrated over a domain big enough to contain all the relevant
features.

The reason why we chose the definition of Eq. (5) over
Fischer’s [19] is that, in first place, the former is intimately
connected to Mandel’s photon-counting theory [24,26] and
represents the probability of detecting two photons, one in
each mode, when (n > 2)-photon events can be ruled out.
Second, these twofold (or n-fold in general) integrals can be
efficiently computed from the equations of motion that we will
derive in subsequent sections.

We are investigating the time structure of the emission of
(at least) two photons that can be either distinguishable or
indistinguishable in frequency. For such a purpose, we set two
time bins. The time domain is then split into two: 0 < ¢ < 7,
which defines the first bin, and r > T, to which we assigned
the labels Early (E) and Late (L), respectively. If we extend
the description to two modes and thereby two different times
(11, 1), the first associated with mode a, and the second with
b, the resulting space is split into four domains: (EE), if both
photons are detected in the Early bin; (LE), when a is detected
in the Late bin and b in the Early one; (EL), for the reverse
process (a in E and b in L); and (LL), when both photons are
detected in the Late bin. To study these types of correlations,
we require a more general definition of time-integrated cor-
relations than Eq. (5), as the integration domain is not (0, 7).
Rather, we need to define the generalized time-integrated two-
photon correlation function, whose integration windows can
be different: 0 < #; < T and0 < 1, < T’. Without loss of gen-
erality, we assume that T < T’. We then recast T' =T + t;
that is, 7 is the difference between the two integration times.
Then, the correlation function reads

T T+t
G2, [0.T:7] = / / GO, (n.)dndn.  (9)
0 0

which will allow us to extract the correlations from different
time bins (for the details, consult Appendixes B and C).
From the temporal correlations, given by G,(t1, 1), it is
possible to analyze both the temporal spread of detections
and the asymmetry of the emission. This information reveals
details about the order of the photon emission process and
the relevant timescale of the dynamics. However, directly
quantifying the likelihood of emission in a specific scenario,
such as determining the probability of detecting both photons
within region (EE), remains challenging. To address this, in
Appendix C, we derive explicit expressions for calculating
the probabilities of detecting a specific number of photons
within designated time bins. These calculations apply both
to the single-mode case, as in bare resonance fluorescence
(Sec. III), and to the two-mode case, which corresponds to
the scenario of frequency-filtered correlations (Sec. IV). In
addition, we check the results obtained using this method with
Monte Carlo (MC) simulations for both the bare [27] and
filtered [28] emissions. We adapted the procedure outlined in
the previous references to include time-dependent excitation.
However, although MC simulations do provide direct access
to the photon counting statistics, they require many trajec-
tories to reach convergence. Thus, the computation time is
often long compared to the method we present here, which
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FIG. 1. (a) Photon probabilities P, [Eq. (C5)] calculated as a
function of the pulse area ®. Photon probabilities P,,, [Eq. (C2)]
of finding m, n photons in the early (E) and late (L) time bins,
respectively, as a function of the time-bin splitting parameter 7, given
in units of the pulse duration t,, from the bare emission of resonance
fluorescence, for odd (b) and even (c) pulse areas, respectively. The
dashed lines shown for odd pulse areas (b) represent the value of
the parameter 7' where the time-bin one-photon probability is equal,
i.e., Po1 = Py, a condition suitable for time-bin superposition state
preparation. Parameters: &, = 0, t; = 1/10y,, to = 414.

is quantitatively much faster; however, the main drawback
is that one needs to truncate the correlations up to a certain
photon number N. We show a comparison of both methods in
Fig. 8 (Appendix E), which allowed to determine the validity
of the results when the truncation photon number is N = 2. As
for the bare case, the Monte Carlo simulations perfectly agree
with the result obtained using our method displayed in Fig. 1.
Therefore, we do not explicitly show the comparison here.

III. BARE RESONANCE FLUORESCENCE

Resonance fluorescence can be primarily modeled by a
TLS driven by an external electromagnetic field. The dynam-
ics of the interaction in the case of finite driving is given by
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the following rotating frame Hamiltonian:

Ho() = oo Q@) 4

o (1) = 00 0+T(0 +0), (10
where o = |G)(X| represents the lowering TLS operator,
®; = w; — wy is the detuning between the driving frequency
and the transition frequency of the two-level system, and Q(z)
represents a Gaussian pulse envelope of the form

¢) - to)2>
—_, 11
= exp ( 202 (11)

where 1, is the pulse duration, #; is the pulse center, and ®
denotes the pulse area. The dissipative nature of the system
is incorporated through a Lindblad master equation, which
accounts for the spontaneous emission with a decay rate y,,

Q@) =

dp = ilp. Hyl + %".cap, (12)

where the Lindblad super operator is defined as L.p =
2cpc’ — cTep — pcfe. By solving this master equation, we
can calculate correlation functions that will help us clarify the
dynamics of the emission of the system for different time bins.

Using the equations of motion provided in Appendix B
[Eq. (B13)] and one-mode photon probabilities given in Ap-
pendix C [Eq. (C5)], we calculate the probabilities P, of
detecting n photons as a function of the pulse area (®), for
a pulse duration of 7; = 1/10y,. Figure 1(a) illustrates the
behavior for up to four photons over a range of pulse areas
extending to 10sr. The results reveal a clear oscillatory pattern
depending on whether ® is even or odd. Specifically, for even
pulse areas the condition P, > P; holds, indicating dominance
of two-photon emission, while for odd pulse areas single-
photon emission remains the most significant contribution.

Moreover, while the probabilities of three-photon and
four-photon emission are on the order of 10~* and 1077,
respectively, for ® = m, they increase significantly with larger
pulse areas, reaching 1072 and 10~* when ® = 10x. This
highlights the transition from single-photon to multiphoton
emission as the dominant process, in contrast to the behav-
ior of ideal single-photon sources. In particular, already at
® = 3, the likelihood of observing three photons exceeds
that of observing none. This underscores the relevance of
multiphoton contributions in this regime, and suggests that
the use of TLS as a single-photon source can be compromised
beyond the -pulse condition, even if the pulse area remains
odd. Therefore, additional mechanisms are needed to ensure
single-photon behavior at higher pulse areas.

Furthermore, in Figs. 1(b) and 1(c), we analyze the tem-
poral distribution of the emitted photons, for pulse areas (®)
between 7 and 47, by splitting them into Early and Late time
bins, based on the time-bin parameter 7', which is given in
units of the pulse duration 7. This corresponds to evaluating
the likelihood of finding, for example, two photons within
the early time bin (Pyy), depending on the value of 7. For
simplicity in the visualization, we restrict our analysis to com-
binations involving up to two photons, as Fig. 1(a) shows that
these events are the most likely to occur, compared to those
with three and four photons.

At the beginning of Fig. 1(b), all single- and two-photon
events are located within the late time bin, with the prob-

abilities remaining constant until 7 =~ 3t,;. As T increases,
the likelihood of photons being detected in different bins
also increases. For two-photon events, the first equiprobable
condition occurs at T & 4t,, which corresponds to the center
of the pulse, and where the probabilities of detecting both
photons in the late bin (Py,) and one in each bin (P;;) become
equal. This redistribution continues until the second crossing
point, when P} = Py, is reached at around T = 127,. At the
one-photon level, it can be observed that there exists a value
of T where Pjp and Py, are also equiprobable, denoted by
the dashed vertical line (T &~ 11.51,). This condition is ideal
for preparing quantum states expressed as a superposition of
the one-photon components in the Early and Late time bins,

ly*) = Lz(|01) =+ |10)). However, there is still a small two-

photon component, arising from the terms P;; and Py,, which
could act as a source of error when preparing the state |),
reducing its fidelity.

A more intriguing behavior is observed in the temporal
structure for even pulse areas [Fig. 1(c)], where two-photon
processes dominate. Just as for odd pulse areas, all photon
events within the late time bin remain constant until 7 ~ 31y,
with the difference that one- and two-photon probabilities
are much closer. Furthermore, the temporal structure reveals
that the first mixing points for one-photon (Py; = Pjo) and
two-photon (Py; = Py) events occur closer in time compared
to the odd pulse case. Therefore, the temporal structure of the
two-photon emission indicates that it would not be possible to
directly prepare NOON states %(WO) 4 |ON)) using a single

pulse of even pulse area.

IV. FILTERED DYNAMICAL RESONANCE
FLUORESCENCE

To measure photons of different frequencies emitted by the
dynamically driven two-level system, it is necessary to cal-
culate frequency-resolved correlations. This can be achieved
either using the sensor formalism developed by Del Valle
et al. [7] or by applying the cascaded formalism [24,29]. We
will focus on the first approach, which consists of including n
sensors, modeled as external TLS of frequencies w; and decay
rates I'j, within the dynamics, allowing them to interact but
not alter the system dynamics (i.e., vanishing coupling). This
formalism modifies the master equation (12) as follows:

iy Vo - I
& p = ilp, Hy(t) + Hs + Hine] + 756,0 + Ej 7£;,-,0,
(13)

where H, (1) is given by Eq. (10), Hs = Z;’ d)_,'g“; {; represents
the free energy of the sensors, and Hi, = Z;’ e(cﬁ;i + ;J.Tcr)
gives the interaction with the system. Once again, by solving
the master equation (13) in a basis that includes the TLS
and the sensors, ie., |¥V) = |a) ® ]_[']’ [n;) (with @ =G, X,
and n; = 0, 1), it is possible to calculate two-time correlation
functions of the form (A(¢)B(t + t)C(t)) for both the TLS
(o) and sensor operators (), to study the emission properties
with finite driving at particular frequencies.

As a first application of this formalism, we compute the
emission spectrum of the TLS using the two-time first-order
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FIG. 2. (a) Emission spectrum S(@®) [Eq. (14)] in logarithmic
scale of the two-level system as a function of the pulse area (® /).
(b) Frequency-filtered second-order correlation function 85;2; [0;T] as
a function of the sensor frequency @, and pulse area. For this figure,
the frequency of both sensors is taken to be the same, and sensor
bandwidth is set to I' = 2y,.

correlation function:
o0 o0 L
S(&)):.‘R{/ / Gg”(t,r)errdt}, (14)
o Jo

where G\U(7, 7) = (o7 (t + 7)o (¢)) is the first-order correla-
tion function and @ = @ — wy. Equivalently, following the
method from Del Valle et al. [7], the emission spectrum
can also be computed with the use of the sensor method by
using the population of a single sensor in the limit I' — 0.
The results of the emission spectrum as a function of the
pulse area (®) are shown in Fig. 2(a). From it, the domi-
nant central frequency line, as well as the characteristic 2nw
side peaks resulting from the Rabi rotations of dynamically
dressed states [11], are retrieved. Now, when considering the
statistical properties of the emission, with varying frequency
of the emitted photons, the relevant quantity is the time-
integrated, cross-correlated second-order correlation function
between the sensors, defined as

@p0. 1] = [ (GQ¢, o)+ G, v))drdr
gab ’ - (fnadl)(fl’lbdt) )

where n.(t) = (;j(t){c(t)), for ¢ € a, b, represents the mean
number of photodetections as measured by sensor c. As shown
in Fig. 2(b), the emission properties of the two-level system
do not exhibit a simple transition between antibunching and
bunching for odd and even pulse areas once frequency res-
olution is incorporated into the detection scheme. The plot
reveals that, while oscillatory behavior is linked to the pulse
area (®), the system displays contrasting photon correlation
characteristics in specific frequency regions. For instance, at
even values of ®, broad regions exhibit gffb) < 1, indicating
antibunching. Conversely, bunching behavior is observed at
odd pulse areas, particularly in regions away from the central
peak emission.

This feature becomes more evident when calculating
gfb) [0; "] as a function of the sensor frequencies &, and @,
as shown in Fig 3. In this figure, the values for pulse areas
of 3w and 4w were calculated for three different regimes
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FIG. 3. Second-order correlation function gfi) [0; '] of the de-
tected photons for pulse areas of 3 (left panel) and 4 (right panel)
as a function of the sensor frequencies for three bandwidth regimes:
sub-linewidth (I" < y,), linewidth (I" = y,), and broad-linewidth
T > ¥o).

of the sensor bandwidths, depending on the ratio of I'/y,
(Appendix D shows the effect on higher pulse areas).

For the case of 3w, the highest degree of antibunching
arises from filtering the central peak with sub-linewidth res-
olution (I' < y,,). Moreover, correlating the central peak with
any other part of the spectrum preserves a certain degree
of antibunching. However, broad regions of bunching are
also present. For instance, in the case of photon autocorre-
lation, where @, = @;, bunching is observed when filtering
the valleys between the central peak and one of the side
peaks. This remains true when correlating these valleys with
photons from different energies, except when the frequency
matches the central peak. Notably, these features shared some
similarities with the CW case, where this type of strong
bunching has its origin in the two-photon transitions between
dressed-atom manifolds, called leapfrog transitions [3]. The
most significant bunching, however, occurs along the main
antidiagonal, where &, + @, = 0, particularly when filtering
opposite tails of the emission. Interestingly, the bunching
behavior along this antidiagonal does not increase smoothly
from the central peak toward the tails of the emission. Instead,
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it decays as it approaches the side-peak maximum, resulting
in a small degree of antibunching at that point. The depar-
ture from the continuous-wave behavior suggests that the rate
equation model, which successfully describes dressed-state
transitions under steady-state driving, may not straightfor-
wardly extend to the pulsed regime, where dynamic spectral
features and temporal correlations play a more pronounced
role. Furthermore, as the sensor bandwidth increases relative
to the decay rate of the two-level system, the strong bunching
features gradually diminish and become uncorrelated. Only
the valley autocorrelations and cross-correlations between the
emission tails remain noticeable. Once the sensor bandwidth
I" exceeds the system’s decay rate y,, the expected antibunch-
ing behavior of emission under 37 driving is restored.

Now, as identified by Fischer et al. [19], the use of a driving
pulse with a duration shorter than the emission lifetime, with
an even pulse area, leads to the possibility of re-excitation;
i.e., during the system-pulse interaction, the pulse may induce
an initial emission early in the interaction, and with the re-
mainder of the pulse, it can re-excite the system, generating
the emission of additional photons. This leads to a dominant
amount of two-photon emission, resulting in bunched photon
statistics. As illustrated in the right panel of Fig. 3, the most
prominent transitions largely exhibit this behavior, where cor-
relations between the central peak and the rest of the spectrum
remain bunched. This also holds for correlations between
photons emitted from the valley between the central peak
and the side peaks and the rest of the spectrum. Interestingly,
the autocorrelations from these valleys exhibit the highest
degree of bunching, surpassing even that of the central peak.
However, there are some notable regions where antibunching
persists at this pulse area, with the most prominent exam-
ple being the autocorrelations from the side peaks. Another
notable feature is observed at sub-linewidth resolution when
filtering the shoulders of the broad central spectrum, attributed
to the emission of a supernatural linewidth photon within the
pulse excitation. However, the degree of antibunching, in this
case, is smaller than when filtering the side peaks and becomes
unresolvable as the bandwidth increases, giving in the end the
complete bunched nature of the two-photon emission.

We complete our analysis of spectral correlations in pulsed
resonance fluorescence by examining the effect of driving the
two-level system with an off-resonant laser. This configura-
tion enables spectral separation between the laser frequency
and the TLS transition, allowing us to explore how detuning
alters the photon correlation landscape. Specifically, we con-
sider a detuning of @, = 20y, as shown in Fig. 4, where laser
position is indicated by the dashed lines.

The most prominent effect of detuning on the emission
statistics is that antibunching, for both odd and even pulse ar-
eas, now resides over the laser’s central frequency rather than
on the peak corresponding to the TLS transition. Additionally,
the intensity of the TLS transition peak is significantly dimin-
ished. Furthermore, several antibunching regions emerge for
both pulse areas, corresponding to correlations between the
same resolvable peaks or cross-correlations between the TLS
transition frequency and the emergent dynamical side peaks.

When the detuning is moderate, such that the spectral
peaks are not fully separated, overlapping regions lead to a
mixing of photon statistics from adjacent peaks. For example,

" 7 EZO

mio?

207 » -
-40 '
_601—‘:2'},0— l 1—‘:2)/0'

. __|
-60 -40 -20 0 20 40 60-60 -40 -20 0 20 40 60
Wqa W
FIG. 4. Second-order correlation function g(azb) [0;T"] of the de-
tected photons for pulse areas of 37 (left panel) and 47 (right panel)
as a function of the sensor frequencies for off-resonant driving, with

@, = 20y,, highlighted on the spectrum and correlation maps as
dashed lines.

at a pulse area of 3, there is no clearly defined valley between
the laser and TLS peaks, which contrasts with the resonant
case where bunching is prominent in the valley region. As a
result, bunching is diminished under detuning. In contrast, for
a pulse area of 4, three distinct valleys become resolvable
(compared to two in the resonant case), giving rise to ad-
ditional bunching lines in the frequency-resolved correlation
maps.

As a final part of our work, we show how the photon time-
bin probability distributions change for the case of frequency
filtering. This is analogous to what was found in Fig. 1(b) but
with specifically selected frequencies of the TLS dynamical
spectrum. By inspection of Fig. 3, we can choose particular
frequencies where we ensure that we have the desired one-
photon (antibunched) and two-photon (bunched) statistics.
Moreover, we investigate whether by adequately selecting
these frequencies, we can alter the one- and two-photon prob-
abilities shown for bare resonance fluorescence.

For that matter, we applied the two-mode probability equa-
tions given in Appendix C, and used them to compute the
time-bin purities (7,,,), which are defined as the time-bin
probabilities employed in Figs. 1(b) and 1(c), but renormal-
izing them by removing the vacuum contribution,

Pmn
Zm+n>0 Pm"

The resulting behavior of the time-bin purities for a pulse area
of 37 is shown in Fig. 5(b), for bare and filtered emission
of resonance fluorescence, where for the latter the filter was
placed over the central peak (&, ;, = 0) with a bandwidth
I' = 2y, . In the first part of this graph [Fig. 5(a)], we highlight
the differences of the second-order correlation function for
the bare (G'») and filtered (gﬁ)) schemes. For the bare case,
where all photons are collected regardless of their frequency,
the overall intensity is higher because of contributions from
the entire emission spectrum, which results in higher-intensity
correlations. Moreover, there is a clear temporal structure in
the correlation map, which indicates that the emission of the
photons is done into different time windows. This is due to

(16)

Tnn =
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FIG. 5. (a) Two timed second-order correlation functions in the case of bare (left) and filtered central peak (right) emission of a pulse area
® = 37. Parameters: @, = 0, ty = 474, I' = 2y,. (b) Time-bin purities (16) for the bare and filtered emission of a two-level system, related
to the second-order correlation plots given in panel (a). Two-photon filtered purities are magnified by a factor of 10 for comparison.

the nature of the driving on the TLS, where the emission of
the first photon does not constrain that of later photons, which
are emitted randomly over the natural timescale of the TLS
relaxation. In contrast, spectral filtering isolates photons near
the central frequency, reducing the total photon flux. Never-
theless, despite this reduction and that the temporal structure
is now delocalized due to the time uncertainty introduced by
the filters, the correlation map exhibits the enhancement of
simultaneous detections, as seen in the pronounced diagonal
structure of gﬁ)(tl, 1,). This feature reflects the increased
likelihood that photon pairs are emitted at equal times, as a
consequence of the enhanced temporal coherence introduced
by spectral filtering. This property has also been recently
recognized as a signature of stimulated emission of a TLS
driven with nonclassical light [30], and has been identified as
a feature of spontaneous two-photon emission [31].

Figure 5(b) presents the time-bin purities associated with
the bare and filtered photon correlations shown in panel (a).
The reduced photon flux significantly influences the proba-
bility of two-photon events, as reflected in the two-photon
purities now being on the order of 1073. However, since
the filter is applied to the central peak, where the spectral
intensity is at its maximum, using a narrow filter of width 2y,
results in an estimated intensity reduction by approximately
70%. While this reduction affects the overall photon flux, it
can be compensated for by extending the integration time.
Additionally, this approach offers the benefit of potentially
higher fidelity in time-bin entangled state preparation [32], as
it helps suppress higher photon probabilities.

Finally, Fig. 6 illustrates the impact of spectral filtering
on the time-bin purities for an even pulse area of 4. The
upper panel depicts the purities 1o and 7y; (associated with
single-photon events), while the lower panel highlights the
purities 7y, 7711, and 7, (associated with two-photon events).
The effects of applying a narrow spectral filter with I' = 2y,
are compared to the bare resonance fluorescence (dashed
lines). As shown, spectral filtering effectively reverses the
characteristic tendency of even pulse areas, where m, > ;.
By isolating the central spectral peak, the single-photon pu-

rities o and g are significantly enhanced, suppressing the
contributions from two-photon processes. This improvement
is particularly evident at intermediate values of the time-bin
splitting parameter 7, e.g., at the value where the filtered
single-photon time-bin purities are equiprobable (7" &~ 201,),
where the filtering leads to a reduction in myy and mp, by
more than an order of magnitude. Furthermore, the lower
panel reveals that for the filtered case, the two-photon purities
T, i1, and mp, become nearly negligible, reflecting the
diminished likelihood of multiphoton emissions within the
filtered spectral range. This is consistent with the suppression
of sidebands outside the filter’s bandwidth, as shown in the
spectral analysis.

—To —Np1 —T0 —Ti1 —T

m—= Filtered RF
===RBare RF

Purit
(e
e

eiNEEEEEEEEEEEER ExpssnadqsSEEEEEEEEEEEEREEEEEEE
3

= Filtered RF (x10)
0.8¢ ===Bare RF ]

FIG. 6. Time-bin purities for the bare and filtered emission of a
two-level system for a pulse area of ® = 4x. Two-photon filtered
purities are magnified by a factor of 10 for comparison. Parameters:
@ap=0,T =2y,.
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V. CONCLUSION

In this work, we have advanced the understanding of
photon statistics in pulsed quantum light sources by system-
atically exploring spectral correlations in dynamically driven
two-level systems. We have thereby extended the formalism
to compute frequency-resolved photon correlations, mainly
utilized in the continuous-wave regime, to time-dependent
excitation. By calculating time-integrated, frequency-resolved
photon correlations, we demonstrated that spectral filtering is
a fundamental tool to tailor photon emission properties, which
are essentially linked to the behavior of the photon-counting
probabilities.

Our methodology, which combines the sensor formalism
with a quantum regression theorem-based approach, provides
a versatile and accessible platform for analyzing frequency
correlations in pulsed systems. Likewise, this formalism
provides an efficient way of obtaining time-integrated cor-
relations, whose brute-force computation traditionally relies
on iteratively applying the quantum regression theorem to
the required order (N — 1 times for any N-time correla-
tion function) and subsequently integrating over all times.
Unlike prior studies focused on continuous-wave excita-
tion, our results highlight the intricate interplay between
dynamic spectral features and temporal coherence under
pulsed driving. Notably, spectral filtering breaks the direct
dependence of photon statistics on pulse area, allowing tran-
sitions between antibunching and bunching regimes based
on the selection of specific frequency and time windows.
This tunability opens avenues for designing quantum light
sources with on-demand photon statistics, and paves the
way for new protocols based on time-bin and frequency
entanglement.

More specifically, our findings reveal that isolating the
central spectral peak of resonance fluorescence not only en-
hances single-photon purity but also suppresses multiphoton
noise, even under conditions traditionally favoring multi-
photon emission (e.g., at even pulse areas). This provides
a pathway for controlling time-bin-encoded quantum states,
which is critical for applications in quantum communication
and computing.

Overall, in this work we illustrate with the simplest, yet
quintessential, example—the two-level system—the capabil-
ities of the methodology presented here. Beyond the seek of
a better single-photon emission, the underlying correlations
seem to indicate that there is much room left to explore and, as
for the CW case, multiphoton emission might be possible by
exploiting such correlations, such as the emission of N-photon
bundles [33,34]. The type of quantum-optical systems we
can study is, of course, not limited to resonance fluorescence
and the method can be applied, in principle, to any system,
provided that the quantum regression theorem holds. In the
same way, the formalism can be extended to include more
degrees of freedom, such as polarization, corresponding to
different transitions or de-excitation pathways; more than two
time bins, especially useful to study cluster state generation;
more detectors, each of them with different frequencies and
filter widths; and more complex excitation schemes, like us-
ing a train of pulses, or feeding the system with quantum
light [21,35].
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APPENDIX A: QUANTUM REGRESSION THEOREM

To solve the correlations shown before, we need to make
use of the quantum regression theorem. For such a purpose,
we define an observable vector ¢ whose averages, namely, (c),
follow the equation of motion,

d(c(1)) = M(1)(c(n)), (AD)

which can be derived straight from the master equation,
namely, p = Lp (where L represents the Liouvillian super-
operator), by multiplying ¢ and then taking the trace, i.e.,
Trpc = Tr(Lp)c. Then, we define the two-time correlation
vector U(t,t") = (A(#)Z(¢")B(t)). Provided that t' > ¢ and the
elements AZB are all normally ordered operators, then v(z, t')
fulfills
0 o(r, 1) = M@)o, 1). (A2)
This is the essence of the QRT. Alternatively, if we parame-
terize t' =t + 1, the previous equation reads
:0(t, T) =M@ + 7)o, 7). (A3)
In particular, we will consider the correlation vectors of the
type B, (t, 1) = (aiT(t)E(t/)a,-(t)) and, additionally, we will
make use of the matrix C,, that maps the observable vector
¢into a! ¢ a;.

An additional note is that the operator vector ¢ may contain
either a finite or an infinite number of elements. For instance,
in the case of resonance fluorescence, the dynamics are fully
captured by the finite vector ¢ = (1, 0,0", 670)". However,
when an infinite set of operators is required, truncation must
be applied. The number of operators needed to ensure phys-
ically meaningful and fully converged solutions depends on
the specific parameters of the system. Generally, we include
the identity operator as the zeroth element of the operator
vector .
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APPENDIX B: DERIVATION OF THE EQUATIONS
OF MOTION

We start by rewriting the integrals fOT dn fOT dt, as
Joodt [ dt 6(T — 1)0(T — t). Then, the integrated cor-
relation functions in Eq. (6) read now

G2, 10,T] = / / O(T —11)0(T —1)0(t2 — 1)
0 0

% G®

0, (11, 12) diydn. (BI)

Now we derive with respect of 7. We use the Leibniz integral
rule to differentiate under the integral sign and, afterward, the
Leibniz product and the fact that 9;0(T — t;) = 6(T — t;) (for
i = 1, 2), to eventually obtain

I G2),,10,T]

=/ / [6(T —1)0(T — 1)
o Jo

+0(T —1)8(T —0)10(t — 11)G, (11 1) dydty

o0
- / 6T — )01, — TGP, (T. 1) d1y
0 :

T / 6T — )8(T —1)G2 ., (1. T)dry.  (B2)
0

The product of the Heaviside functions in the first integral
is zero, as the inequalities 7 —#, > 0 and 1, — T > 0 are
never fulfilled simultaneously, whereas the second product is
trivially simplified as 6(T — t;). Therefore, it simply yields

o0
o G2, [0.T] = / 6T —1)G2., (1. Tydny. (B3)
0

To solve this integral, we need to define the quantity

Vo (T) = / O(T — 1))V, (11, T)dty, (B4)
0

where we remind that ,, (t,1") = (af(t)E(t’)a,-(t)). It is easy

to see that [V, (T)];, = G?_ [0, T], provided that the ipth

ay—ay
element of ¢ is a;az (where []; denotes the ith element of a
vector). We repeat the same procedure and derive again with
respect of T':

0V, (T) = / 8T — 1), (11, T)
0

+60(T — t))dr v, (11, T)ldt, (BS)

which, after making use of the QRT, leads to

IV (T) = / O(T — 1 )M(T )0, (21, T)dty + g, (T, T).
0
(B6)
The matrix M(T) does not depend on #; and can be taken
outside the integral and, introducing the matrix C,,, we write

U, (T, T) = ((a'{'Eal)(T)) = C,,(¢(T)). Ultimately, we get to
the final expression

3V, (T) = M(T )V, (T) + C,, (&(T)). (B7)

Summarizing, the equations of motion are

dr G2 10, T1 = [V, (T)]iys

37V (T) = M(T )V, (T) + Coy (€(T)), (B8b)
I (&(T)) = M(T)ET)), (B8c)
with the initial conditions Gé%Lag [0,0] = ‘7,,1 (0)=0 and

(¢(0)) = Trp(0)¢ determined by the initial quantum state
0(0). Equivalently, for G [0, T], the equations are

(B8a)

ay—az
ar G2, 10, T1 = [V, ()], (B9a)

3V (T) = M(T )W, (T) + Coy (E(T)),  (B9D)

or(¢(T)) = M(T)(&(T)), (B9¢)
with i; such that [¢];, = aial and initial conditions
G2, 10,0] =V, (0)=0.

Finally, for the symmetric integrated correlation function,
following from Eq. (7), we have

ar G210, T = [V (T)]iy + [V (T,
37V (T) = M(T )V, (T) 4 Co (¢(T)), (B10b)
37V, (T) = M(T )WV, (T) + Cop (€(T)),  (B10c)

O (¢(T)) = M(T)(c(T)). (B10d)

(B10a)

Note that if a; = a, = a, the first equation reduces to
dr G0, T] = 2[V,(T)];, and V,, = V,, = V,. Notice as well
that [Va,-(T)]O = fOT (alTai(tl ))dt;, which is the integrated pop-
ulation of mode ;. Therefore, the normalized integrated
cross-correlation is expressed as

Gigan [0, T

210,71 = ——me T
8aia [V, (T)1o[Vi, (T)]o

Higher correlations can be computed in the same way by
deriving the integrated correlator under the integral sign. For
instance, the n-th order integrated correlator of the a; mode
reads

T T
G 10.7] = / / G (.t -+ db,
0 0

=/oo.../oog(T_tl)...g(T_tn)
0 0

x GOty t)dt -y,

which, after unraveling the equations of motion, leads to the
following set of equations:

(B11)

(B12)

ar G, 10, T] = n[Vig -1 (D], (B13a)
I Viayy-1(T) = M(T W1 (T) + (n = 1)Ca, Vig y2(T),

(B13b)

: (B13c¢)

37 Vg p(T) = M(T)Wa o (T) +2Co Vo (T),  (B13d)

Vi, (T) = M(T)W,, (T) + Cq, (&(T)), (B13e)

3 (&(T)) = M(T)(&(T)), (B13f)

[0, 0] = V,,,+(0) = 0, for
k=1,...,n—1, and where ‘_/}al)k(T) can be defined in a

with the initial conditions G{").
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similar way as Eq. (B4):

V(m)k(T):/ / Q(T_tl)
0 0

X ---0(T — tk)ﬁal»--al (ty,...,.tx, T)dt; - - - dty,
(B14)
where
ﬁal---al(th o, T)
= (Tilal(tr) - al (@)1 &(T) T-lar(t) - - - ar (1))
(B15)

It is worth mentioning that Gg’f?,,m [0,T] = [\7(a1 % (T)]o, mean-
ing that all the integrated correlations, up to n photons, can be
obtained from this set of equations.

Howeyver, if the time domain is not the same for all the
coordinates t,—for example, when we have two different time
bins, Early (E) and Late (L)—the set of equations is not
enough to obtain the correlations of (E, L) or (L, E) time
domains. The extension of the method is straightforward and,
in fact, it is formally equivalent to the quantum regression
theorem.

We rewrite the two-time-integrated correlation function
[Eq. (9)] as

T T+t
G?, .10, T;7] = /O /0 G2 (1, ) dndn,

Z/ / (T —1))(T+1t—1)0( —11)
0 0

% g(2)

o sa, (1, ) dhidty, (B16)

which reduces to G, , [0, T] when t = 0. We now derive

with respect of 7, yielding

3G, 10,T;7]
o0 o0
= [ e —mpr 4w = o )
0 0
x G2, (0, 1) dndn

ay—ax

o0
= / 0T — )G, (1, T + v)dty. (B17)
A 2

Then, in order to compute the previous integral, we need to
define the quantity

o0
ljal(T,r):/ O(T — t1)0,, (11, T + 7)dty, (B18)
0

and it is easy to check that ﬁal (T, t=0)= Val (T). Differen-
tiating with respect of t, and using QRT afterward, eventually
leads to

81—[7“1(T,T):/ Q(T _tl)atﬁal(tlvT—i_T)dtl
0

=/ O(T — 1))M(t + )04, (11, T + 7)d1y
0

=M(T + )0, (T, 7). (B19)

Then, we finally obtain the set of equations

3G, 10, T;7] = [Uy (T, D)y (B20a)
8. U, (T, t) = M(T + )0, (T, ), (B20b)
with initial conditions G, [0,T;t =0] = G{), [0, T]

and U, (T, = 0) =V, (T).
Therefore, we can express the two-photon integrated cor-
relation function for the (E, L) domain as

T poo
// G (. h)dtd
0o Jr
T poo
= f f g, (1, )dnd
0o Jo

T T
- / / G (1. )dndt
0 0

=GP, 10, T;1 — oo] — G2, [0, T, (B21)
which requires to compute the correlators GEI%LHZ [0, T] and

\7“[ (T') first, in the same way one obtains two-time correlations
by solving the one-time observables in the first place and
subsequently using the QRT to propagate the solutions to get
the two-time correlation functions. Of course, the correlations
of the reverse process, that is, a, — a;, are obtained by swap-
ping a; <> a; in the previous equations.

APPENDIX C: PHOTON-COUNTING FORMULA

We investigate the time structure of the emission of (at
least) two photons, which can be either distinguishable or
indistinguishable. For such a purpose, we set two time bins.
The time domain is then split into two: 0 < ¢ < T, that defines
the first bin, and r > T, to which we assigned the labels Early
(E) and Late (L), respectively. If we extend the description to
two sensors and thereby two different times (¢, #,) (the first
associated with mode/detector a, and the second with b), the
resulting space is split into four domains: (I), if both photons
are detected in the Early bin; (II,), when a is detected in the
Late bin and b in the Early one; (II,), for the reverse process (a
in E and b in L); and (IIT), when both photons are detected in
the Late bin. From the correlations in time G, (1, f), we can
observe the spread in time of the detection plus the asymmetry
of the emission. This provides information about the order
of the process and which is its relevant timescale. However,
it is difficult to quantify how likely is the emission to occur
in a particular way. For instance, what is the probability of
detecting both photons in (I)? To answer this question, we
make use of the photon-counting theory [24,26].

The central role is given by the time-integrated intensity
operators

T
m@=&m/<dwmwm (Cla)
0

[o¢]
Qs =t [ (apndn, (1)
T
where &; corresponds to the detector’s efficiency (which, for
the sake of simplicity, we assume to be unity hereafter) and y;
are characteristic emission rates of each mode a;.

033296-10



SPECTRAL CORRELATIONS OF DYNAMICAL RESONANCE ...

PHYSICAL REVIEW RESEARCH 7, 033296 (2025)

For one mode but two time bins, the probability distribution
is computed from the (normal-ordered) correlations of these
operators (: 7’5 Q7 | ) (note that these correlations only con-
verge if the si};nal is finite in time) using the generalized
Mandel’s formula. Hence, the probability of detecting in the
Early bin m and in the Late bin n reads

1
P, = —'< cexp(— Q) QL )

m!n
! (_1)k1+k2 . oMtk ontk .
=m!n!z ki 1k ! R D N (&)
ki,ka

where 2, = Q, g + 2,1 is the total time-integrated intensity
operator, that is,

mzn/ dny (a'a)nn), (©3)
0

from where we recover the expression for the moments:

oo o0
Q)= y;/ dt / dt,G"(t, ... ty)dty - - - dt,
0 0

= y'G™M[0, T — o<, (C4)

from which we can compute the total probabilities, the so-
called Mandel’s formula,

1 n,—Q
P,,=E<:Qae )
1 —1)
_ 1y Y GURI0, T — o0, (C5)
nl 4= k!

which, for practical reasons, we truncate up to N photons,
provided that the probabilities have converged; that is, adding
higher-order correlations does not modify P,y.

For two modes, namely, a and b, and two time
bins, the probability distribution is computed from
the (normal-ordered) correlations of these operators
(- Q) pQ) ) :) (note that these correlations only
converge if the signal is finite in time) using the generalized
Mandel’s formula. Hence, the probability of detecting in the
Early bins m, and m,, in the a and b modes, respectively, and
in the Late bins n, and ny, reads

P MgNgMpny
— 1 . Q Q Qmu Qna me an .
= mg!na!mb!nb!<'6Xp(_ o — Q)L QL 1),
(Co)

where we have defined the total intensity operators 2, =
Que+ Q41 and Qp = Qg + Q5. We can rewrite the pre-
vious expression after unwinding the exponential operator

1 Z
T mgnglmyp'ng)
a-a bbklkzk;lq

. OMatki nat+ks ymy+ks ynp+ks
X('Qa,E QL2 QY )

(-1 )kl +ho+k3+ky

ki ko kz lky!

Pma NaMphyp

(C7)

These expressions hardly ever have an analytical solution
because, in the first place, they require to compute all-order
correlations; second, under continuous excitation, the aver-
age number of detected photons grows ceaselessly. However,

since we are dealing with finite-time excitation, we can as-
sume that the total number of photons obtained during the
whole evolution would not exceed a certain number N in most
of the cases. In other words, we discard events with more
than N photons, as they are highly unlikely to occur, and we
can safely take the limit 7 — oo. Therefore, as a good ap-
proximation, we assume (: QZ%EQZL N~ O0form—+n>N,or
(- Q) ey, 1) ~ 0 form+n+p+g>N.Insuch
cases, we can approximate the probability distribution as a
finite sum of these correlations. For our analysis, truncating
the maximum number of photons up to 2 is enough in most of
the cases. Then, all the probabilities involving more than two
photons, so m +n > 2 or m, + n, + my + np > 2, are zero.
This is what we call the two-photon approximation (2PA),
which is employed to compute the frequency-filtered corre-
lations.

1. One-mode probabilities (two-photon approximation)

The two-photon event probabilities are

Py =3(:g:), (C8a)
P=(: Qe :), (C8b)
Pp=3(:Q ) (C8¢)

and the total two-photon probability is computed using the
law of total probability, that is, adding up all the two-photon
contributions, which yields

Py = Z Pon = Py + P11 + Pz
m+n=2

1
= 5(( : QiE D)+ 2( QuEQarL 1)+ (- QE’L )
1
= —( : QLZI : >
2
which coincides with the usual definition from Mandel’s for-
mula [Eq. (C5)]. On the other hand, the one-photon event

probabilities are
Pio = (QuE) — (g :)— ( QuEQaL:). (Cl0a)
Py = (Qa1) —(: Q2 1) = (: QuEQar 2). (CL0b)

(€9

The total one-photon probability is obtained in the same
way we did for P;:

P =P+ Py = (Q)—(: Q1) (C11)

Finally, the zero-photon probability is naturally computed as
Ph=Pp=1—P —P.

For instance, for the bare emission of resonance fluores-
cence (a = o0), to get the probability distribution, we are
required to compute the following integrated correlations:

T
<mﬁ=%/anm (C12a)
0
<mu=%/ e (1)l = () — (Qos),
T
(C12b)
T T
(:szg_E;)zyg/ f GO(ty, t)dtdt, (C12¢)
0 0
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FIG. 7. Second-order correlation function gfb) [0;T"] of the de-
tected photons for pulse areas of 57 (left panel) and 6 (right panel)
for a sensor frequency bandwidth I' = 2y,,.
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2. Two-mode probabilities (two-photon approximation)

For the two-mode case, the nonvanishing probabilities con-
cerning two-photon events are thus

1
Py = 5( (QlE ), (C13a)
1
Pozoo = 5( : Qi,L :), (C13b)
1 2
Pooao = E( (g ) (C13c¢)
1 2
P0002 = 5( . Qb,L . ), (C13d)
Prioo = (¢ Q4 QL ), (C13e)
Pioio = (- QueS2%E 1), (C131)
Proor = {: QueQpL ), (C13g)
Porio = (: Qa,L2%E 1), (C13h)
Poror = {: Q4L L ), (C13i1)
Poor1 = (- QpepL 2), (C13))
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FIG. 8. Comparison of the frequency-filtered time-bin probabil-
ities (up to two photons) as a function of the bin size 7. The full
counting statistics from the MC simulations are represented by solid
lines, whereas the dashed lines denote the probabilities approximated
using the integrals up to two photons (2PA). The approximation holds
for the narrower filters I' = 2,5 y,, shown in the first and second
rows, respectively. However, it breaks down when the filter width
is further increased (third row), indicating that the higher photon
number contributions are no longer negligible.

while the probabilities of the single-photon events are

Piooo = (Qup) — (0 ) — ( QupQar )

—( QuES%E ) — ( QERL ),  (Clda)
Poioo = (Qar) — (: Q21 ) — (¢ QueQur 2)

— (0 QaL%E ) — (0 QL1 :),  (Cl4b)
Pooto = (Q5) — (- Qg ) — ( QupQE 2

— (0 QaL%E ) — (QWERL ),  (Cldo)
Pooor = (1) — (- Q) — ( QupQr )

—( QL% ) — (QWEQL ),  (Cl4d)

and Py = Poooo = 1= D_, 4ty my20 Emanamm, -
Finally, these correlators can be written in terms of the
integrated correlations shown above:

T
(QaE) = Vi / ng, (t)dt, (Cl5a)
0

(Qq,L) = Vi/ ng,(t1)dty, (C15b)
T
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T T
(: Q4 EQ;E ) = Vi)/j/ / Q[(,iza),(fl, t)dtidt;, (Cl5c)
o Jo
T o0
(2 Qq,EQq, L ) = Vi)/j/ / Qfg,,(tl, n)dtidt, (C15d)
o Jr :
[o¢] o0
(2 Q24,82 1) = J/i)/j/ / G (n, )dndn, (Cl5e)
r Jr :

and the emission rates for the filters (using the sensor method)
have to be y; = y, (I'/2¢)?.

APPENDIX D: SPECTRAL CORRELATIONS FOR HIGHER
PULSE AREAS

To ensure completeness in our study, we analyzed
frequency-filtered second-order correlations at higher pulse
areas (® = 5, 6) for both sub-linewidth (I' = 0.2y, ) and
linewidth (I" = 2y,,) sensor bandwidths. The increased Rabi
rotations manifest in the emission spectrum as new sidebands
emerging symmetrically from the central peak, enabling dis-
tinct photon correlation regimes across different spectral
windows. As shown in Fig. 7, these sidebands introduce
broad regions of antibunching—independent of the pulse
area—primarily observed in the autocorrelation of the out-
ermost side peaks and their cross-correlation with adjacent
sidebands. Conversely, the most pronounced bunching fea-

tures arise from autocorrelations and cross-correlations of the
spectral valleys between the central peak and sidebands. No-
tably, at even pulse areas (e.g., ® = 61), cross-correlations
between sidebands dominate the antibunching behavior even
for broader bandwidths (I" = 2y,,). However, narrower anti-
bunching regions observed in the sub-linewidth regime—such
as correlations between the central peak shoulders and
blue-detuned sidebands—are suppressed when the sensor
bandwidth exceeds the spectral resolution of individual fea-
tures.

APPENDIX E: MONTE CARLO VERSUS TWO-PHOTON
APPROXIMATION

We compare the filtered time-bin counting probabilities
up to two photons obtained from the time-integrated corre-
lations with the exact probabilities extracted from the Monte
Carlo simulations. For narrow filters I' < 5y, the probabil-
ities (shown in Fig. 8) are in good agreement. However, for
wider filters, the results start to differ. The reason is that,
at this point, the contributions from higher photon numbers
are not so strongly suppressed by the filter. Neglecting these
multiphoton contributions drastically affects photon-counting
statistics, overestimating the two-photon probabilities for odd
pulse areas and underestimating one-photon ones for even
pulse areas.
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