PHYSICAL REVIEW A 98, 063828 (2018)

Perturbation approach for computing frequency- and time-resolved photon correlation functions
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We propose an alternative formulation of the sensor method presented in Phys. Rev. Lett. 109, 183601 (2012)
for the calculation of frequency-filtered and time-resolved photon correlations. Our approach is based on an
algebraic expansion of the joint steady state of quantum emitter and sensors with respect to the emitter-sensor
coupling parameter €. This allows us to express photon correlations in terms of the open quantum dynamics
of the emitting system only and ensures that computation of correlations are independent on the choice of a
small value of €. Moreover, using time-dependent perturbation theory, we are able to express the frequency- and
time-resolved second-order photon correlation as the addition of three components, each of which gives insight
into the physical processes dominating the correlation at different time scales. We consider a bioinspired vibronic
dimer model to illustrate the agreement between the original formulation and our approach.
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I. INTRODUCTION

Single-photon coincidence measurements have been rec-
ognized as a fundamental theoretical and experimental
methodology to characterize quantum properties both of light
[1-4] as well as those of the emitting source [5—7]. Particular
focus has been placed on investigation of the second-order
photon correlation function as the lowest order of correlations
capable of probing nonclassical phenomena [2]. Formally,
such a normally ordered two-photon correlation function is
defined as [8]

(T_IAT () AT (DI T LA () A (1))
(ATt A1) (AT(12) A1)

with A being the field operator and 7_ and 7, the time-
ordering and antiordering superoperators necessary for a con-
sistent physical description [8]. Here 7_ increases time argu-
ments to the right in products of creation operators, while 7
increases time arguments to the left in products of annihilation
operators.

In the context of photon counting experiments it has also
become clearer that spectral filtering of optical signals—
and its associated trade-off between frequency and time
resolution—opens up the door for the investigation of a va-
riety of phenomena in quantum optics [8—12]. The energy-
time Fourier uncertainty relation imposes a constraint on the
precision with which arrival time and frequency of a photon
can be measured [13,14]. Rather than being a limitation, this
uncertainty has shown to offer a potential for investigations
of quantum phenomena ranging from the identification and
manipulation of a variety of photon correlations [10,15-18]
to the development of protocols for the preparation and read-
out of entangled photons [19,20]. It has also been shown
that frequency- and time-resolved photon correlation mea-
surements can provide deep insights into the dynamics of
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solid-state systems [21] and complex molecular systems
[22-24]. For the latter it is argued that the information
obtained through spectrally resolved correlations is com-
plementary to that obtained by coherent multidimensional
spectroscopy [25]—the ultrafast nonlinear technique capable
of probing of quantum coherence dynamics in a variety of
biomolecular and chemical systems (for a review, see [26]).
Filter-dependent correlation functions are defined in terms
of filtered emission operators Ay (1) = fooo F(tHA@t —t)dt'
and A%(t) = [° F(t)Al(t — 1")d1', with F(1) the one-sided
Fourier transform of the frequency filter function. The filtered
two-time correlation function can be written as g(le) FZ(TI, 1)
and is defined identically to Eq. (1), but with the substitutions
AD(t)) - AP (T) and AD(1) — A(T2) with F;(r) the
time and space filter functions for each detector [8,27-30].
Due to the convoluted definition of Ag/_) , calculating

g;zl) r,(T1, T2) involves computing a four-dimensional integral

with the time ordering applying within this set of integrals,
thereby making such a calculation nontrivial. Higher-order
correlations gg’l) g, (T1...T,) are defined in a similar way,
although their theoretical computation becomes more diffi-
cult. Thus a full theoretical understanding of the effects of
such filters in the photon statistics has only recently been
possible with the development of methods that can overcome
the computational complexity [15,16,31].

In particular, Refs. [15,16] have put forward a general
and powerful theoretical sensor method for calculating these
frequency- and time-resolved correlation functions, which
avoids the need to explicitly compute the multidimensional
integral set. This formalism considers weak quantum coherent
coupling between the quantum emitter and a set of sensors,
each of which is represented as a two-level system. In the limit
of vanishing system-sensor coupling, the sensor population
correlations are shown to quantify the photon correlations of
interest. One of the drawbacks of this approach is the fact that
its more general computation requires solving the quantum
dynamics of the joint emitter-sensors state and therefore the

©2018 American Physical Society
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dimensionality of the Hilbert space in question can become
a problem for quantum systems of large dimension and for
higher-order correlations. This issue of having to consider
the joined system-sensor Hilbert space has been highlighted
and discussed in Ref. [31]. There the authors consider the
specific problem of single-atom fluorescence and develop
an interesting generalization of signal-processing methods
applied to spectral filtering, where filters are treated as black
boxes connected to the output. The analysis leads to formal
expressions for higher-order spectral correlation functions that
are resolved in time and frequency and are defined in the
Hilbert space of the atom only. Within this framework the
evaluation of time-resolved correlations does involve solving
multidimensional integrals, though analytical solutions can be
obtained under certain approximations.

In this paper, we report an alternative formulation of
the sensor method [15,16] that allows us to derive photon
correlations fully in terms of the quantum dynamics of the
emitting system, thereby overcoming the need for solving
the joint emitter-sensors quantum dynamics. By algebraically
expanding the joint system-sensors state with respect to the
weak system-sensor coupling parameter, we derive a hierar-
chy of auxiliary emitter-related matrices that allows efficient
computation of photon correlations of arbitrary order at zero
time delay. The hierarchy gives some insight into the physics
of probing photon correlations with hypothetically weakly
and coherently coupled sensors. Our formalism recovers the
analytical expressions presented in the Supplemental Mate-
rial of Ref. [15] and in Ref. [32] for the one- and two-
photon spectrum, thereby showing full agreement between the
approaches. Furthermore, using time-dependent perturbation
theory, we derive a solution for the second-order photon
correlation that can be expressed as the addition of three
components, each of which provides insight into the physical
processes dominating the emission dynamics at different time
scales. The approach can be straightforwardly generalized to
higher-order photon correlations where only one sensor has a
time delayed detection.

The remaining of the paper is organized as follows.
Section II summarizes the original presentation of the sen-
sor method and motivates the development of an alternative
formulation. Section III presents our algebraic approach to
expand the steady state and derive the photon correlations at
zero-time delay. Section IV explains the derivation of time-
dependent correlation functions for finite detection delays.
Section V illustrates the agreement between our approach and
the original sensor method for a bioinspired vibronic dimer
model, thereby highlighting the advantages filtered photon-
counting statistics could offer for investigation of quantum dy-
namics in complex molecular systems. Section VI concludes.

II. MOTIVATION

As proposed in Ref. [15], the sensor method for calcu-
lating the M -photon correlation function involves simulating
the dynamics of a quantum emitter with Hamiltonian Hj,
weakly coupled to M sensors represented by two-level sys-
tems, labeled with m =1, ..., M, and ground and excited
states |0,,) and |1,,), respectively. Each sensor has an asso-

ciated Hamiltonian H,, = w,, g,Tn G, With annihilation operator
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FIG. 1. (a) Schematic of an experimental setup to measure
frequency-resolved photon correlations similar to the one used in
Ref. [20]. (b) Diagram of the sensor method proposed in Ref. [15]
to compute frequency-filtered correlations. Each sensor, represented
by a two-level system, is quantum mechanically coupled to the
quantum emitter with coupling strength €, with m=1,..., M.
Photon correlations are given by normally ordered sensor operator
correlations in the limit when €y, ..., €y, — 0.

Sm = |0,)(1,,| and transition frequency w,, set to match the
emission frequency to be measured. The interaction Hamilto-
nian between the quantum emitter and the mth sensor is given
by H,m = €n(anm g,L + a,Tn Gm), with the coupling strength ¢,
being small enough to neglect backaction. For generality, we
have considered that the emission operators a; coupled to
each sensor can be different. This is the case whenever local
resolution is achievable in a multipartite quantum emitter or
when emitting transitions can be distinguished via fluores-
cence polarization detection as it happens, for instance, in
single light-harvesting complexes [33]. In such a scenario,
the frequency filters illustrated in the envisioned experimental
setup [see Fig. 1(a)] will also be polarizing filters.

Considering Markovian relaxation channels for both the
emitter and the sensors, the joint emitter-sensors density
matrix 0 satisfies the master equation % 0 = L(p), with the
Liouvillian conveniently split as (A = 1)

M
LP)=Lo(P)+ Y (Lw(p) =i [Hom, P, ()

m=1
with
1
Lo(p) = —i [Ho, P1+ Y 5¥e L (P). 3)
R ,
£m(p) = -1 [Hmv 10] + _Fm‘cgm(p)~ (4)

2

The superoperators on the right-hand side of Eq. (3) have
the Lindblad form, i.e., L., (p) = 2cipcl — cle;p — pele; for
a system jump operator ¢; and a relaxation process at rate y., .
Same holds for £, in Eq. (4) describing the decay of the mth
sensor with jump operator ¢,, at a rate I',,. In the limit of ¢,
satisfying €,, < /I"yo/2 with y, the smallest transition rate
within the emitter dynamics, and sensor populations satisfying
(n,) = (g,i, Gm) < 1, intensity-intensity correlations of the
form (: niny...ny ) are directly related to the Mth-order
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photon correlation functions [15,16]:

81&1:4)FM(C¢)1,T1;---;0)M,TM)
: T)... Tw) :
—  lim (ni(T)...nu(Ty) >’ )
€1, €y —>0 <n1(T1))(nM(TM))
Cni(Ty)...nu(Ty) 2)
€€ M QU
i —— (27-[) S]"]“.]"M(wh Tl9 cee WM, TM)! (6)
ri...I'y
with [8]
Sg{).rM(wl,Tl;.--;wM,TM)
o0 o0
:f dt{f dty (FY(Ty —t)Fi(Ty — 1y ) - ..
—0oQ0 —00
o0 o0
/ dt,’W/ Aty iy (T — t3)F (T — 1534)
—0Q —00
< (T_[a @)y ...alP @]
X Tilal " thyr) - - al (Ba0)). (7)

The filter functions correspond to a Cauchy-Lorentz distribu-
tion, i.e., Fy,,(t) = 0(t)I",, /2 exp[— (T /2 + iwy, )t] with 6(2)
the Heaviside function, and can be realized, for instance,
via a Fabry-Pérot interferometer when the reflection coeffi-
cient tends to unity [13]. The experimental setup we envi-
sion is sketched in Fig. 1(a) and the theoretical calculation
of frequency-filtered photon correlations through the sensor
method is illustrated in Fig. 1(b).

The original presentation of Eq. (5) in Ref. [15] omitted the
normal order. Without the normal order this function yields
unphysical results for a finite delay time. In an Erratum [16]
the authors clarified that normal order is implied through the
proof of Eq. (5), though it turns out to be unnecessary for zero
time delay. Since Eq. (5) is the departing point of our work, we
have carried out a consistency check of its proof as discussed
in Appendix A.

The method as proposed in Ref. [15] is conceptually
clear and mathematically equivalent to the integral form of
correlations. Yet, in practice, its more general computation
involves tackling some numerical challenges. Assuming that
all the sensor couplings are identical, €; = €, the numerical
calculations of photon correlations rely on the choice of a
system-sensor coupling € that is numerically small, but not
so small that adding or subtracting terms of order €2¥ to
or from terms of order €” causes problems within double
precision arithmetic. The procedure then involves checking
convergence and stability of the numerical results for different
values of €. Most importantly, computation of photon correla-
tions at zero-time delay requires numerically finding the zero
eigenvalue of the Liouvillian superoperator associated to the
joint emitter system plus sensors. This means that computing
g(rjrl)FM (w1, T;...;wpy,T) when T — o0 involves calculat-
ing the eigenvector with a zero eigenvalue of a matrix 4"
times larger than that of the quantum emitter alone [17]. Sim-
ilarly, for time-resolved correlations, the calculation involves
time propagation in the joint state space of the system and
sensors. Evidently, as the dimensionality of the system is
larger these numerical challenges become more demanding.

We were therefore motivated to find an approach that
would allow us to avoid the issues above mentioned. In what
follows we show that by expanding algebraically in € one can
propose an approach that eliminates the explicit numerical
dependence on € while at the same time reducing the dimen-
sionality of the Hilbert space needed for computation.

III. FREQUENCY-FILTERED SPECTRUM AND PHOTON
CORRELATIONS AT ZERO DELAY TIME

A. M = 1: Power spectrum

The weak coherent coupling assumption between quantum
emitter and sensors implies that sensors probe the emitter
dynamics without perturbing it. Following this physical ratio-
nale, we would then like to have a formalism that expresses the
frequency-resolved photon correlations in terms of operators
and dynamics defined in the Hilbert space of the system only.

We begin by demonstrating the basics of our derivation by
considering the emitter system coupled to only one sensor. Let
us denote J, the steady state of the joint emitter-plus-sensor
system. From Eq. (6) we can calculate the power spectrum as

Iy I R

T2 (m) = e Tr (1 pgs]- )
Considering the identity operator in the sensor Hilbert space,
ie, I, = Zj,:O,l |j1){(j1], we can write the full steady state
pSX as

Sl(“ll)(wl) =

“—]151/033 51— Z /0 ®|J| | (9)
J1,Ji=0.1

where the matrices ,6;]', = (Jji1l0ss]j;) are therefore only related
to the degrees of freedom of the quantum emitter but are
conditioned on specific sensor states. These matrices can then
be interpreted as ‘“auxiliary conditional states.” Hermitian
conjugates are obtained by swapping the upper and lower in-

dices. Notice that each matrix ,5]]1‘ is thus of order /171, With
this definition the power spectrum given in Eq. (18) becomes

r
SV (@) = 5 162 e [p)]. (10)

We now show that the relevant matrix ; can be computed via
a hierarchy of equations involving auxiliary matrices of lower
order, which carry information on the emission properties
of the steady state probed at the specific sensor frequency
w;. We do this by considering the combined emitter plus
sensor steady-state condition £(0,;) = 0 and the action of the
Liouvillian given in Eq. (2) (M = 1) on every term in Eq. (9):

L33 ® 10)(0]) = Lo(29) @ 10)(0] — i€ (a1 @ [1)(0]

— pga] ® 10)(1]), (11)
L(p? @ [1)(0]) = (Lo — T1/2 — i) (Y @ [1)(0]

—ie(alp? ®10)(0] — plal @ [1)(1]),

(12)

L(p ® 11)(1]) = (Lo — T1)(p; ® [1)(1]) + T15; ® |0)(0]
—ie(alpl ®10)(1] — play ® [1)(0]),

(13)
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and the expression for E(,éé ® 10;)(1;]) is the complex
conjugate of Eq. (12). We can rewrite the sum of these
expressions, in a similar way to Eq. (9), by grouping together
terms related to populations or coherences of the sensor:

L= > Bl @lintil=0, (14a)
J1,J1=0,1
B/ =0, forall ji, ji. (14b)

In this way we can see our problem reduces to solving the set

of coupled equations for p A] ' such that the operators B]]‘ of the
system are null matrices (zero at every element). For instance,
the equation BY = 0 becomes

BY = £o(p) —ie(alp? — plar) + Tipl =0. (15

For an arbitrary value of €, Eq. (15) indicates that depends
on higher-order terms such that the sensors will not be just
probing but affecting the system dynamics, and the set of
coupled equations in Eq. (14b) will not have a simple solution.
However, in the limit of weak coupling where € < 1 and
sensors populations are very small, i.e., (n;) = Tr[ﬁll] <1,
we can neglect terms of the order of €2 in Eq. (15), that is,
we discard the terms I'; !and ||ze(a1,01 — ppair)|l. Likewise,

for the equation of B} = 0 (not shown) we have ||a1 ,01 | <«

| ,68af|| such that terms depending on ,o1 can be neglected.

These approximations, in which the sensor probes the system
at a specific frequency and without affecting its dynamics, can
be generalized to the concept of ignoring down coupling, that
is, the prefactor matrix éj].]‘ for | ji)(ji| has only contributions
from terms that are of lower or the same order on €, i.e., A
with £ 4+ ¢/ < ji + j;. This is equivalent to a formal expan-
sion in € as all the p Ae’ matrices are of order ‘**'. Using these
appr0x1mat10ns we can write out the equations governing the

steady state B ' —0as

Lo(pg) ~ (16a)
Lo(p)) — (T1/2 + iw1)p) —iearpy ~0,  (16b)
Lo(py) — (T1/2 —iw))py +iepdal ~0,  (16¢)
Lo(p}) = T1p) —ie(aipl — pla)) =0.  (16d)

Notice Eq. (16d) has an equality as for that case all terms
are of the same order so none is discarded. We can solve
these equations in a chain from top to bottom, starting with
,68 . Formulating the problem in Liouville space, |ﬁ8)} is the
zero eigenvector of the (square) matrix £, given in Eq. (3)
and therefore it corresponds to the emitter steady state in
the absence of any detector. The remaining equations can be
solved as

AOV iear|pg))

[21) Lo— (T /2 +ioDl’ (172)
: ATV [ A0\

|,0A]1>> — le(al ’2‘;))_ F}l’?ll >)al )’ (17b)

where a; and aI are written in the Liouville space form and 1
is the identity operator in the emitter Hilbert space. We need

not solve for g} as itis equal to ,o1 T Tn the above equatlons ,01

has a prefactor of €; therefore, p; I'has a prefactor of €2. Since
the power spectrum given in Eq. (10) has a prefactor pll /€2,
then it is clear that its dependence on € vanishes algebraically.
The power spectrum is finally given by

1—‘1 X
Sr, (1) = gTr[p}], (18)

where ,511.1‘ A] ! /eJlﬂl Notice that substituting Eq. (17) in
Eq. (18) leads to a semianalytical expression comparable
to that presented in Ref. [32] for the one-photon spectrum,
but here generalized for any open quantum system dynamics
described by a superoperator L. Moreover, the form of the
hierarchy of equations in Eq. (17) gives us some physical
insight on how the coherently coupled sensor probes the emis-
sion properties of the system steady state p by evaluating the

action of the emission operators a; (a;[) on “auxiliary states”
,6(; (,5?), which in turn contain information of the emitting
transitions filtered at frequency w; .

B. M > 2 zero-delay correlations

The normalized second-order (M = 2) photon correlation
at zero delay time can be written as

2
S (01, )

—_—0 19
S (@) S (@) >

gr,p,(wl, wy) =
where Sr,(w;) and Sr,(w;) are the mean count rates for the
two sensors, as given in Eq. (18), and

Iy
Q2 )264
Since time-independent sensor number operators 7; com-
mute, normal order in Eq. (20) is unnecessary. Following the

same procedure as before, we write our steady-state density
matrix, with two sensors included, as

b= Y. AlEelnUle il @D

JisJ2,d15Jy=0,1

SO (@1, w2) = (:nny 3. (20)

where {ji, j{} and {j», j;} are counters over the states of

sensor 1 and sensor 2, respectively. As before, the matrices

ﬁjjl‘ jjf = (j1J210ss1j1 j5) are defined in the Hilbert space of the

quantum emitter alone. With this definition the second-order
photon coincidence becomes

rr .
) 112 x1,1
S, (@1, @2) = )y Tr[5y1], (22)
with the power spectrum given by
S, (1) = —Tr[/S ol St = —Tr[5 ] 23)

where ﬁj‘ jj: = ,5]" jh/ej‘+jl+f2+j2. To compute the matrices

,6?[‘ ]Jz we solve for the steady state L(d;;) =0 with two

sensors and by ignoring down coupling terms, that is, the
matrix prefactor for | j1)(j;| ® | j2)(j;| has only contributions

from terms :Oz satlsfylng the condition £; + £ + €] + £}
i+ i+ + ]2 This means we are neglecting matrices

063828-4



PERTURBATION APPROACH FOR COMPUTING ...

PHYSICAL REVIEW A 98, 063828 (2018)

depending on powers of € higher than those in the matrix
in question. The resultant hierarchy of linearly independent
equations (besides those which are Hermitian conjugates of
others) are then given by

Lo(Bo0) ~ O, (24a)
[Lo—T1/2 —iwi1(Byg) ~ ia1fy.- (24b)
[Lo — T2/2 — iw](Byy) ~ iaafy- (24c)
[Lo = T1(Aio) ~i(ayp — Aroal).  (24d)
[Co = Tal(B01) ~ i(ads — Aotar).  (24e)
[Lo— (T2 +T1)/2 —i(w1 + w2)I(By7)

~ i@ +api), (240)
(Lo — (T2 +T'1)/2 = i(@1 = w2)](A)

~ (@B = Aroa), (24g)
[Lo— (T1/2+T2) — i 1(A0)

~ (@bt +mpiy - Aila). (24h)
[Lo — (T2/2 + 1) — i) (5)7Y)

~i(aipy) — AyVal + axfy ). (24i)
[Lo — (T + T1(5)

= i(mpy) — Alial + arple — Bival). (24

Again, | ,58:8 ) is the vector with zero eigenvalue for L
and corresponds to the emitter steady state in the absence
of coupling to the sensors. The solutions for the remaining
matrices, in analogy to those in Eq. (17), are the following:

i |y

%0,0
171l Lo— (i +T1/2)1° (259
. %0,0
0,0 iax| By’o))
[Ao.1) Lo — (iwy +To/2)1 (2b)
. x1,0 %0,0\\
- i(ap|p — 1P 0)a
|/311:g)) ~ ( 1’ OL,,‘(;»_ 1—‘|1 Jl1,0)) 1) , (25C)
sy i (a2]A00)) = 107 ))ab)
|p0,1 )) Lo—T,l ’ (25d)
L1 Lo— (iw) +iwy +T1/2+ /21"
! EO—(za)l—zw2+F1/2+F2/2)]l
Bl Lo— (o +Th /24Tl g
. 1,0 x0,0\\ T %1,0
% t(ai|p — o ha, +ax|p
|/311:?>> ~ ( 1| 0,1» | 1,1>) 1 2| 1,o>>)’ (25h)

Lo— ({wy+T2/24+T)1

)= [oct)) = A0 )lai + ax| Big)) — [ Ai ))ad)

Lo — (T + 1)1

—_—

|61,

(251)

Our derivation agrees with previous results [32]. Replac-
ing Egs. (25) in Eq. (22) leads to an analytical expression
comparable to that presented in Ref. [32] for the two-photon
spectrum at zero time delay. The hierarchy in Eq. (25) and,
particularl?/, the compact form we obtain for the relevant
matrix ,511 1 in Eq. (251) gives some insight into the physics of
probing the two-photon spectrum via weakly and coherently
coupled sensors. The correlated sensors populations (given by

Tr[ﬁlljll]) evaluate the additive action of the emission operators

. J .. . %x1,1
a; and a, on respective “auxiliary conditional states,” i.e., 0,

for a; and ,5115 for a,. Such auxiliary conditional states contain
information on the correlations between emitting transitions
of the system’s steady state ,58:8, probed at frequencies w;
and w,.

Our proposed formalism allows going beyond the second
order and leads to a compact form of the hierarchy defining the
M -order frequency-resolved correlation at T = 0. It requires
writing out the general steady state for the emitter and M
sensors in the form analogous to Egs. (9) and (21):

Po= 2 PTIRRG @ ® L,
Jisdiseesia s Jp=0,1

(26)

where {j,, j,,} are counters over the state of sensor m and

et . ; s ; .
pjll...j,,,...j,\}:l =(j1--Jm---JulOsslji - Jo - Jjyy). The Mth-
order photon coincidence at zero-delay time is given in terms

of the trace of matrix with j, = j, = 1 for all m,

r r r -
M TS AU VR
S;‘l-.).FM(wly e Wy . a)M) = +Tr[p1] ...... 1111]’

Q2m)M
27
and the power spectrum for each sensor m is given by the trace
of the matrix with j,, = j,, = 1 for m and j, = j; = 0 from
y #m:

Wy Imoprs0.1.0
S, (@n) = 5=Tr[pg170], (28)
7
BileedmedM AT dmedb ) i A e it iy
where 03 i = Piiinein € et The
general equation satisfied by the matrices /3?1‘;”’]];” such that

L(0s5) = 0 becomes
M I o

=1
M .
. _ Kooyt
=1 Z [871am B3 3%, i
m=1
P ACES AR I P
= 85,10), i am]‘ (29)
Here §, , is the Kronecker delta function, equal to zero if u #
v or unity if # = v. The derivation of Eq. (29) is discussed in
Appendix B.
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We conclude this section by highlighting that our approach
to compute multiphoton correlations in the frequency domain
is quite efficient as it depends on the Liouvillian of the emitter
alone L£y. This should provide an important advantage for
quantum emitters of large Hilbert space dimension such as
multichromophoric complexes [34]. Notice also that, while
we have assumed a Lindblad form for £y [see Eq. (4)], the
relation in Eq. (29) does not explicitly depend on this fact.
Hence, if one is able to generalize the proof for the equiv-
alence between the sensor method and the integral methods
beyond the Markovian and quantum regression restriction
presented in the Supplemental Material of [15], our result
in Eq. (29) will apply to open quantum systems undergoing
non-Markovian, nonperturbative dynamics.

IV. FREQUENCY-FILTERED CORRELATIONS
AT FINITE DELAY TIME

In this section we will use time-dependent perturbation the-
ory to construct solutions for the correlation functions at finite
time delay. We focus on the second-order correlation function
at finite delay denoted gl(—zl)l—2 (w1, T, wy, T + 7). In the steady
state pys, the explicit time dependence on T vanishes and
we can simply write gl(}l)rz (w1, wy, 7). In terms of the sensor
operators, this correlation is expressed as

1"1 l"?(wla w3, r)

_ 30
S (1) S (@) ¢

2
g?l)r2 (w1, w2, 7) =

where the numerator is given by

s
(27 )2e*

and the functions in the denominator are given in Eq. (23).
We consider the correlations in Eq. (31) when 7 > 0, meaning
sensor 1 first registers a detection, then sensor 2 does so a time
7 later. Here the normal time ordering is of crucial importance
as the sensor operators do not commute at different times.
Correlations for T < 0 are obtained by exchanging ¢; — &
and ¢»(t) — (7). Expressed in Liouville space, the corre-
lation given in Eq. (31) is written as

§P

Sp (@1, 0, 7) = <§1 §2(T)§2(T) g1y (BD

(sicl@am)ct) = Tricle, 6()c1prs])
= (daalGMsipsmecl). (32

with G(t) = exp(Lt), the time propagator operator for the
joint sensor plus emitter with £ given in Eq. (2). The term

G1Pss gf represents a photon detection on sensor 1 which resets
this sensor to its ground state and leaves the emitter and sensor
2 in a joint “conditional state,” that is,

PO =cihusi = Y. AIE®IR)I@100(01]. (33)

J2:J,=0.1

Notice that 5(0) is not normalized but has a trace equal to
(g1 ¢1). Let us define |,0(r))) G(1)|p(0)) with the initial
condition |5(0))) = 610556 )). In principle, one can perform
this explicit time propagation. Since sensor 1 is now in the
ground state, only the interaction Hamiltonian with sensor

2,H,y=¢€(m 5‘; + azT $2), contributes to the joint dynamics

and the propagation requires one to test for convergence in
€. Alternatively, since we are interested in the regime where
€ is small, we can evaluate such dynamics by using time-
dependent perturbation theory with respect to H,,. We then
proceed to expand |5(7))) as [35]

15N = 1@ + 1PV @) + pP@) +--- . (34

The zeroth-order term corresponds to the dynamics given by
the emitter and sensors Liouvillians without interaction, that
is, [pQ(1)) = Go(®)|p(0)) with Go(r) = exp([Lo+ L1 +
Lo]t) and Ly, Ly, and £, as in Egs. (3) and (4). For the initial
condition considered, the sensor 1 (2) will not contribute to
the dynamics for 7 > 0 (r < 0) and can thus be traced over.
The kth-order solution requires k interactions with H, ,, but
time propagation occurs only in terms of Gy(¢):

PP () = —i / dt HGo(x —Ip* V@), 35
0

with HX,|p) =

o . N oAl
erator in Liouville space. Notice that p(0) contains pl,'jlg,

[H, >, p] denoting a commutator superop-

which has terms of order 2+/2%7  that is, from € up to €*.
This indicates that to compute the second-order correlation
function we need to consider up to second-order perturbation
theory as this will be the first term that, by requiring two
iterations of H,,, will be of the same order €2. Third-order
perturbation will result in terms of the order of € or higher,
which are negligible under the weak-coupling assumption.
The time-resolved photon correlation can thus be written as

(sl p(0)) = Io(x) + Li(z) + L(2),
(36)

(clcl(a(r)g) =

where (1) = (51 621p® (1)) = Tr{c] ©2p® (1)}
The zeroth-order term becomes

Io(v) = (m2lGo(0)p(0)) = e " Tx[py}].  (37)

Here it is relevant to notice that this term contains the same
information as g(z)(O) at zero time delay [see Eqgs. (19) and
(22)], while the exponential time dependence provides no
information about the emitter dynamics as it only relates to
the uncertainty in detection time.

The next term arises from the first-order perturbation the-
ory, in the form

11(T)=—i/ dti{n2|Go(t — 1)H,5G0(t1)p(0)).  (38)
0

We can act the first Gyo(t — #;) to the left, giving ((n2|Go(t —
t1) = {(na] exp[—I'2(t — #1)]. The only elements to the right
which will contribute are ap’o(t1)exp[—(I'2/2 + iw)t]

and ﬁll‘?(tl)a;exp[ (T2/2 —iwpnl, with | 2(0) =

O[t]exp(Lot)|p ,01 12(0))) defined via the evolution of the
emitter alone. As these two terms are complex conjugates, we
can write

I(t) =2¢ Im( f dre D N Ty gy pl (1) )]).
0
(39)

This is essentially a finite-time Laplace transform of a com-
plex number, which is simple enough to perform numerically.
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Here the density matrix ,(311:8 (1) evolves under the action of
Liouvillian L.
Finally, the second-order term, I,(7), reads

h(t)=— / dn, / dty (n21G0(t — 1)
0 0
H5Go(ty — t)H,5Go(t1)|p(0)).  (40)
A1,0

Because we have two applications of H,», both p;j ®
[02)(0>| and :01,1 ® |12)(1,| terms can contribute. However,
since Tr[,alljll] < Tr[,éll,’g], we need only to consider ,611:8 ®
|02)(0,| in our initial condition. Hence, to lowest order in ¢,
we have

T 15
L(t) =—¢€ / de, / dtje 1)
0 0

— <«
X (nalaygdGot — t1)ab 2Go(11)]p(0)) + H.c.

T t
=—2€2Re / dh/2dtle*l"zlff(lfrfl)/2]+iwz(tz*f1)
0

x Tr{ax(ty — 1)y g (t)ab ), 1)
Op and
<— N

O |p)) = pO. We have used the Heisenberg and Schrédinger
pictures such that a,(¢) is the time-dependent operator, prop-
agating under the adjoint of £y. The double integral over the
two-dimensional simplex is numerically more complex, but
can be performed.

Equation (31) for the time-resolved two-photon coinci-
dence becomes

—
with H.c. meaning Hermitian conjugate, O |p)) =

———lo(7) + I1(7) + L(7)].

(42)
Notice that Iy(7), I;(t), and I,(t) will all feature a prefactor
€*. Hence the ¢ dependence in Eq. (42) cancels out alge-
braically, as expected. The time-resolved photon coincidence
can therefore be written as

(2)
Sp (@1, 02,7 > 0) = an )2 7y

S(lefrz(a)l, Wy, T >0)= [Io(‘C) + (v) + L(1)],

rr
2n)?
(43)

with I (1) = e *I;(t) the kth-order term, which requires k
interactions with the coupling Hamiltonian H,,. The final
expression for the second-order correlation at a finite-time
delay reads

Io(r) + I1(x) + I(7)
(A1) {fi2)

Tr[ﬁg 1]] The correlation for

g (@1, @y, T > 0) = .49

x1,0
)=

with (71, Tr[py 9] and (i) =

7 < 0 is obtained by taking 5(0) = ¢ fss g; and doing time-
dependent perturbation theory with respect to H, ;. This re-
sults in making the replacements I', — 'y, w» — wy, ap —
ar, pro(t) — Ay (1), and pyg(n) — foy (1) in Egs. (37),
(39), and (41). At this point it is worth noting that, in general,
the time-resolved correlation function can exhibit time asym-
metry whenever the two frequencies detected are different
from each other (w; # w»), even if a; = a,. This is evident

from the definition of I; in Eq. (39) and the definition of I, in
Eq. (41): both I and I, have exponentials in their integrands
that explicitly depend on w, or w; for positive or negative
times, respectively. Similar arguments apply to the specific
matrix operators involved for the different time regimes.
Time-symmetrical functions are expected when we have iden-
tical system emission operators (a; = a,), identical frequen-
cies (w; = wy), and identical sensor decay rates (I'; = I'y).

Behaviors at short- and large-time delays

We first consider the short-time delay regime. As we
discussed above, [yt ox e 127 for all T > 0, indicating that
its time dependence simply captures the uncertainty in the
detection. When t is smaller than any relevant system time
scales, we have, to lowest order, I;(t) ~ 271 Im(Tr[azﬁllj(i])
and L(t) ~ 12 Re(Tr[azﬁlljga;]). The most interesting in-
formation is thus given by the short-time behavior of I>(7).
Since this function involves a propagation in time after a
first iteration with H, » [see Eq. (40)], its short-time behavior
can have contributions from coherent dynamics within the
excited manifold of the system of interest. In fact, the pro-
portionality of I>(t) to 72 is suggestive that quantum speed-
up processes are being captured by this function [36]. For
7 < 0, the sensor ordering is reversed and we have instead
Ti(v) ~ 2t Im(Tr{a1 By} }) and () ~ zZRe(Tr{alﬁg’lla' 1.

In general, Re(Tr{al,[)gl1 1}) #* Re(Tr{az,olOaz}) and like-

wise Im(Tr{az,él1 é}) # Im(Tr{a, ,65 11}) Hence we will expect

an asymmetry in gr. T, (@1, w2, T) for positive and negative ,
even in the case when a; = a;.

We now investigate I1(7) and L(7) in the regime where t
becomes large relative to the emitter or sensor linewidth time
scales. Let us call 4y, the largest emitter decay rate linked to
the field operator a,. If ysys > I'; and Ty5ys > 1, we can make
the approximation

I(t) ~2e7 17 Im( / dte ™ TN Te[ay b1 (1 )]),
0
(45)

where the integral, now independent of t, can be identified as
the infinite Laplace transform F'(s) of Tr[a, /311:5 (t1)]and s =
/2 +iw,, ie., fl(r) ~ Ze’r”Im{F(Fz/Z +iwy)}; thus
time dependence is only due to uncertainty in the detection
time. Since ;(0) = 0, we expect the full form of I,(t) to
undergo an initial rise, followed by an exponential decay
On the other hand, if yss < I'>, we can approximate ,01 0(t)
as having a single dominant coherent transition frequency
Wsys, that is, ,5115 (1) = exp(+ysyst — iwsyst)ﬁlljé (¢) and slowly
varying. Let us define f; = t — £, so we can write

il(f)
T
—2Im ( / T =D T [, B (¢ _ )])
0
(e(F2+V<ys)7/2i(wsysw2)T —e Tt <11
~ 2Im - Tr|axpy (T)>,
(T2 — )’sys)/2 +i(w — wS}’S) [ b0 ]
(46)
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where, by assumption, the dominant term is the numerator of
the fraction resulting in a damped oscillatory function. The
approximation of a single frequency breaks down when the
sensor linewidth is smaller than the emission spectrum.

We expect 81(“21),1"2 (w1, wp, ) — 1 when It > and
YeysT >>. Since Io(z) and I(z) decay exponentially in this
regime, I>(t) must therefore tend to a constant value. To
see this we rewrite I, in terms of 7} = 7 — (t, +t1)/2 and
fz =1 — 1 as

~ T T—h/2 S
L(t) = 2Re/ dt, / dfle_rztl+"”2’2
0 0

x Tr{ax(B)p10(x — i —B/2)aj). (47

As T — 00, 5118 (7) will approach the functional form of our
Qri%inal steady state for the emitter, and so we can write
Pro(t —11/2—h) — ()lpgy — Apss(t —11/2 = )] We
also expect the trace of the difference term Ap,, to be ex-
ponentially small when t — oo, and the variation in terms of
f1 and %, to be slow enough to neglect. We can therefore take
the integral over 7; and obtain

2(7i)

2
x Tr[ax (i) {50 — Abss(t — B/D))al].  48)

If we take the integral over 7, to infinity (assuming VeysT > 1),

the term dependent on 58’8 will tend to (71)(7i,) and the
remainder term, which is a function of A Pss(t — 12/2), tends
to zero, giving 81(“21),& (w1, wy, T) — 1. Assuming A p,,(¢) does
not have rapidly oscillating components, we expect Eq. (48)
to be a good general approximation for a wide range of 7.

We conclude this section by noting that the second-order
time-dependent perturbation approach described above can
also be used in the calculation of higher-order photon correla-
tions when only one sensor has a time delayed detection, i.e.,
gé%,)...rm.,,rm(wls cees Wy, T, ..., wy). The generalization to
multiple time delays is, however, more elaborate. For instance,
computation of the third-order correlations for different delay
times will require the application of second-order perturbation
theory with respect to the interactions with sensors 2 and
3, H,» and H, 3, respectively, but at different stages in the
dynamics. This will lead to a four-dimensional numerical
integration. In this case one can instead take advantage of the
efficient method to compute the auxiliary matrices defining
the steady state [see Eq. (29)] and propagate in time without
perturbation.

L)~

T
Re/ di(1 — e—Fz(f—fz/Z))e+iw2fz
0

V. COMPARISON OF ORIGINAL
AND PROPOSED METHOD

To compare our approach and the original formulation of
the sensor method, we consider a toy model for a prototype
vibronic dimer as in Refs. [37-39]. We are motivated by
the experimental measurements of room-temperature pho-
tocounting statistics of similar bichromophoric [40,41] and
multichromophoric systems [34], all of which have given ev-
idence of antibunching. In our toy model, each chromophore
has an excited electronic state |k) with energy oy, k =1, 2,

and is locally coupled with strength g to a quantized vibra-
tional mode of frequency w.jp. Interchromophore coupling
is generated by dipole-dipole interaction of strength V. The
electronic Hamiltonian and the bare vibrational Hamilto-
nianread Hy = o1 |1) (1] + 2|2) (2] + V(1) (2] + |2)(1]) and
H, = wvib(df di + d;dz), respectively. Linear coupling of
electronic excited states to their corresponding local vibration
is described via Helvio = 8 )iy, |k)(kI(d] + di), where

dg (dy) creates (annihilates) a phonon of the vibrational mode
of chromophore k. We denote |X;) and |X;) the exciton
eigenstates of H, with corresponding eigenvalues E; and E;
yielding an average energy E = (E; + E,)/2 and a splitting
AE = \/(Aa)* +4V2, with Aa = a; — a, being the posi-
tive difference between the on-site energies. Including the
electronic ground state |G) with energy set to zero, we define
the electronic basis {|G), | X1), | X»)}. Transformation of this
electronic-vibrational Hamiltonian into normal mode coordi-
nates [37,42] shows that only the relative displacement mode,
with creation operator D1 = (d\” — d{")/+/2, couples to the
excitonic system. The effective Hamiltonian for the prototype
dimer takes the form of a generalized quantum Rabi model
[43]:

. AE _ ;
HO=EM+TGz+wVibDD

+ %[005(29)@ —sin(20)6,1(D + D). (49)
Here we have defined the collective electronic opera-
tors M = |X1)(X1| + [ X2)(X2l, 67 = [ Xi)(Xu]| — | X2)(X2l,
and 6, = | X2)(X1| + |X1)(X2], and the mixing angle 6 =
1/2 arctan 2|V |/A«) satisfies 0 < 6 < 7 /4. The vibrational
eigenstates of DD are denoted as |I), which for the purpose
of numerical computation, are set to a maximum number L,
ie.,l=0,1,..., L. Hence the ground electronic-vibrational
eigenstates of Hy are of the form |G, ) = |G) ® |[), while
the excited vibronic eigenstates, labeled |F),), can be writ-
ten as quantum superpositions of states |X;, /) = |X;) ® |I),
ie., |F,) = ZIL:O > i—1.2 Cu(v)|X;, I). We assume each local
electronic state undergoes pure dephasing at a rate y,,; and
associated with jump operator Ay = |k)(k|, while the collec-
tive vibrational mode undergoes thermal emission and ab-
sorption processes with rates 'y, [17(wvip) + 1] and Ty n(wvip ),
respectively. Here n(w) = (e — 1)71 with 8 = 1/KgT the
thermal energy scale. The system is subjected to incoherent
pumping of the highest-energy exciton | X;) state, with tran-
sition operator a;(l = |X1)(G| and rate Py,. Radiative decay
processes from excited vibronic states to the ground are given
at rate y and are described by jump operators of the form
oy = |G, 1)(F,|. The Liouvillian of the emitter system in the
absence of coupling to any sensor is given by [see Eq. (3)]

Lo(p) = =i [Ho. 51+ Y 22L4 ()

k=1,2
r vi +1 A r Vil A
n th[n(wzb) ]ﬁn(p)-i- thn(za) b)EDr(p)
Y 2L L P
A xl A
+ 522D LouD)+ Ly (B). (50)

v=1 [=1
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FIG. 2. Power spectra Sr(w)) in log scale vs w; for our vibronic
dimer as predicted both by the method proposed in this paper and by
the e-dependent sensor method.

The sensors, each with bare Hamiltonian H,, = w,, g,L Cms
are assumed to have identical linewidths I" and are coupled
with equal strength € to bare exciton states through the op-

erator a = oy, + oy, such that H, ,, = €[(ox, + axz)g;ﬁl +
((7;(l + G;Z)gm]. The second term for the Liouvillian super-
operator in Eq. (2) then becomes

M

r
Lip)y=Y (5 Lo, (p) =i [Hy + Heom, ﬁ]>- (51)

m=1

In the right-hand side of Egs. (50) and (51) L£.(0) =
(2cOct — ¢tcO — Ocfe). We consider bioinspired parame-
ters for our toy model [37,44]. The electronic coupling takes
the value V = 92 cm~!, while the on-site energy difference
is Aa = 1042 cm™' [37] such that the average exciton en-
ergy becomes E = 18000 cm™! [44] and the exciton en-
ergy splitting AE = 1058.2 cm™!. The latter is comparable
with wyip, = 1111 em~!. The thermal energy scale KgT =
200 cm~! is on the scale of the coupling strength g =
267.1 cm~! but much smaller than w;,. Hence a maximum
vibrational level of L = 5 yields converged results. For clarity,
in our numerical calculations all wave numbers are multi-
plied by 2mc, where ¢ is the speed of light. The electronic
pure dephasing is y,s = [1 ps]~'. We consider an enhanced
radiative decay rate y = [0.5 ns]~! and a pumping rate Py, =
[0.6 ns]~'. Thermal relaxation is set to I'y, = [4.8 ps]~! and
equal to the sensor linewidth ' = [4.8 ps]~'.

Figure 2 presents the power spectra Sr(w;) for our vi-
bronic dimer as predicted by our approach and by the
original method with different values of € satisfying € <
JTv0/2 ~ 107! cm~!. The highest peak, given at the emis-
sion frequency w; = R3 = 17455 cm™!, captures transitions
from the excited vibronic states with the largest amplitude
on |X;,l) to the ground state with the same vibrational
quanta |G, [). It also includes transitions from excited states
quasilocalized on |Xi,l) — |G,l+ 1). The peak at w; =
R, = 18515 cm™~! accounts for transitions from excited vi-
bronic states quasilocalized on |Xi,l) — |G,1), as well as
transitions from states quasilocalized on | X»,[) — |G,] — 1).
The e-dependent method tends to underestimate the spectrum

(a) _-5.80785

3

R

Il -5.80790

)(Wl

1

-5.80795

T

S

(b)  0.073520
o 0073518}

o 0073516 |
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0.073512
1073 1072

e(cm™1)

FIG. 3. (a) Intensity of power spectrum at a fixed frequency,
Sr(w; = R3) in log-log scale, and (b) zero-delay time second-order
correlation gl(})(R4, R;3) in semilog scale, as functions of €. Both
functions are calculated with the e-dependent method for our vi-
bronic dimer.

as can be seen in Fig. 3(a), with differences of the order of €.
Converged results are obtained for € ~ 10~3 cm ™.

The second-order correlation function at zero delay time
gl(ﬂz)(a)l, ;) is shown in Fig. 4(a). There we have fixed w, =
R3 and scan w; over the domain of frequencies in the power
spectrum. Antibunching is observed for the whole frequency
regime with larger offsets from zero for the frequency pair
(Rs, R3), indicating transitions corresponding to this pair
are weakly correlated. The predictions of the two methods
agree up to differences that scale with € as can be seen in
Fig. 4(b). This figure plots |Ag£2)(0)|, the absolute value of
the difference between the values obtained with our approach
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=
K o2k ]
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< I
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"
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1 »
O——d—————oa———\————w\—’"‘“‘!——"—\————b————-
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

w1 (10%cm™1)

FIG. 4. (a) Second order at zero time delay glﬁz)(wl, R3) vs w;
computed with the proposed method and the e-dependent sensor
method for different values of €. (b) |Ag®(0)|, the absolute differ-
ence value between the predictions of the two methods, vs w; for two
values of €.
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FIG. 5. Frequency- and time-resolved correlation function
gl@(R4, Rz, T) versus t predicted with (a) the proposed method
and (b) the e-dependent method. Inset (i) in panel (a) shows the
short-time behavior of viy(t) as defined in the text. Inset (ii) in (a)
and inset in (b) show the long-time regime of gl(})(wl, wy, T).

[solving Eq. (24)] and the e-dependent method. The latter
tends to overestimate the second-order photon correlations as
can be seen in Fig. 3(b), which plots gl(az)(R4, R3) as a function
of €.

We now turn our attention to the function g}z)(R4, R3,7)
depicted in Figs. 5(a) and 5(b), which show the correlation be-
tween photodetections of the frequency pair (w; = R4, wp =
R3) as a function of the delay time. We compute this time-
resolved correlation in two ways. First, using Eq. (44), we
perform the numerical integration for the contributions Ih(o),
I1(7), and I»(7) and add them together [Fig. 5(a)]. Second,
we use the e-dependent method [Fig. 5(b)]. The agreement
between the predictions of the two methods is evident for both
short-time (main panels) and long-time regimes [inset (ii) in
Fig. 5(a) and inset in Fig. 5(b)].

The figures highlight the asymmetric behavior of
g(rz)(R4, R3, 7) with respect to 7, which appears in the
time scale of the vibronic decoherence in our model (set
mainly by I'y,). The components vii(7) (k =0, 1,2) with
v = [(711)(7i2)] " are also plotted in Fig. 5(a). As predicted,
Io(t) decays exponentially from the initial value set by
gl(})(R4, Rs, 7 =0). I;)(7) is linear in 7 in the short-time
regime and evolves to take negative values [see Fig. 5(a),
inset (i)], reflecting an overdamped oscillation that decays to
zero in the long-time regime, in agreement with the behaviors
discussed in Sec. IV. The negative values of [ (7) are counter-
acted by Io(t) and I>(7) such that a physical g1(~2)(R4, R3,7)
is always obtained. Figure 5 also shows that the short-time
asymmetry in g(rz)(R4, R3, T) can be traced back, as expected,
to I;(7) and L (z), indicating that the correlation function is
capturing coherent processes in this time scale. Depending on

which frequency is probed first, such coherent processes set
a different rate for approaching the uncorrelated steady-state
emission at large times [see inset (ii) in Fig. 5(a)].

In summary, we have shown the method here proposed
is equivalent to the e-dependent sensor method to compute
frequency-filtered correlation functions. In our method the de-
pendence of correlation functions on € vanishes algebraically.
It therefore avoids both the need to test for convergence for
different values of € and the possible numerical instabilities
associated to the smallness of this factor. Identifying a priori
when the original method will lead to instabilities is difficult,
as it is case dependent.

VI. CONCLUSION

We have developed an alternative formulation of the sensor
method for the calculation of M-photon correlations at zero-
time delay as well as for the filtered and time-resolved second-
order photon correlation. Our main results are summarized by
Egs. (27)—(29) and (44). Our approach, being based on pertur-
bation theory, leads to a formalism that redefines the problem
of computing photon correlations in terms of a hierarchy of
auxiliary matrices defined in the Hilbert space of the emitter
only. This hierarchy gives some insight into the physics of
probing photoemission correlations via hypothetically weakly
and coherently coupled sensors. We recover previously re-
ported analytical results for the one- and two-photon spectral
correlations at zero delay time [15-17,32], which highlights
the validity of our approach. Provided that one can relax the
quantum regression assumption that was used in Refs. [15,16]
for proving the equivalence between the sensor and integral
methods for evaluating M -photon correlations, the relations
in Egs. (27)—(29) and (44) apply to a general non-Markovian,
nonperturbative open quantum dynamics of the emitter.

A further advantage of the proposed approach is that the
numerical evaluation of the correlations does not depend
explicitly on the small value of € and then eliminates the
need of evaluating convergence and stability with respect to it.
We note here that it has recently been shown that the results
based on the weakly and coherently coupled sensors in Refs.
[15,16] are mathematically equivalent to considering cas-
caded incoherent coupling, of finite strength, between emitter
and sensors [45,46]. This provides an alternative method to
evaluate photon correlations and implies equivalence with our
approach.

Our proposed derivation of time-resolved correlations is
based on time-dependent perturbation and leads to the ex-

. . ) .
pression of the second-order correlation gr,r, (w1, wr, T) in

Eq. (44) as the sum of three components fo, I 1, and fz, each
of which gives insight into the physical processes dominating
the correlations at different time scales. The trade-off is that
computation of two of these components requires numerical
integration of manageable single and double integrals. The
method can be systematically generalized for higher order
when there is delay in only one of the detectors. Its extension
to multiple time delays is more elaborated. In that case one
can still take the advantage of computing the auxiliary matrix
operators given in Eq. (29) but propagate in time without
perturbation, thereby combining the advantages of both our
approach and the original sensor method.
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To illustrate the agreement between our approach and
the original method, we have compared their predictions
for the frequency-filtered photon statistics of a toy model
that has been inspired in a light-harvesting vibronic dimer.
The focus here has been on highlighting the equivalence
between the predictions of the two approaches rather than a
detailed analysis of the physical insight of the photon corre-
lations for the system under consideration. We would how-
ever like to point out that the results presented here already
suggest that frequency-filtered and time-resolved photon-
counting statistics can provide a powerful approach to probe
coherent contributions to the emission dynamics in complex
molecular systems [34]. An in-depth analysis of frequency-
filtered photon correlations for the prototype system con-
sidered here will be presented in a separate forthcoming
manuscript.
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APPENDIX A: CONSISTENCY CHECK OF THE PROOF
OF THE EQUIVALENCE BETWEEN THE SENSING
AND THE INTEGRAL METHODS

In Ref. [15] and in its Supplemental Material it is shown
that the sensor method to evaluate M -photon correlation func-
tions is identical to the integral method with Lorentzian fre-
quency filter functions for the sensors. Originally, in Ref. [15]
the normal order for sensor intensity correlations given in
Eq. (5) was omitted. This could lead to the confusion that
the normal order for sensor operators was, in general, un-
necessary. In an Erratum [16] the authors have clarified that
their proof assumes normal order all throughout. Since our
proposed approach is equivalent to the sensor method, as
long as the normal order of the sensor operators is taken into
consideration, we have made a consistency check of the proof
presented in the Supplemental Material of Ref. [15].

We begin by considering Eq. (42) in the Supplemental
Material of Ref. [15]:

9z (n1(0)n2(1))

= —T2(n1(0)n2(7)) 4+ 2Relier (n1(0)(s2a" )(T))], (A1)

with n; = ¢le ; the sensor number operator and
(n1(0)ny(t)) = Trlny(t)pssny]. This equation, which does
not consider normal ordering as written, leads to spurious
results such as negative values in g®(w;, w,, 7). To see this,
we write the steady-state density matrix for the joint emitter
and sensors as in Eq. (21) in our manuscript. In this form the
difference between using normally ordered operators and the
number operator is evident:

Ghusi = D AEOIRGBI® 00 (A2)

J2:j3=0,1

S i)l ® (ArE @ 11|

J2,J3=0,1

ﬁssnggl =

+po,2 ® [01)(11]). (A3)

First, notice that while these two expressions are different,
their traces are identical, i.e., Tr[n;psn1] = Tr[na gy Pss gf 1,
which means at ¢ = 0 the normal order for computation of
the second-order photon correlation can be waived. However,
the difference in these expressions does have an impact for

7 # 0. The second expression has the term ,o1 L ® |11) (1]
rather than p, " L ® |01)(01| in the first one; it also contains an

additional term ,00 ® |01) (1], which makes the expression
not Hermitian (the Hermitian conjugate term with |1;)(0;|
vanishes due to the action of n;). The impact of this dif-
ference becomes clear when we consider (n{(0)n,(t)) =
Tr[n,(pssn1)(7)]. This equation indicates the population of
sensor 1 decays exponentially in time with a rate [';. In

terms of derivatives in t this means the ,01 Lz ® |j2)(j5] in
(,ossg, ¢1)(7) will acquire an extra factor of —I"; when com-

pared to those in (g ﬁssgj )(t), which is not included in
Eq. (A1). This then disproves Eq. (A1).

On the other hand, a similar equation for the normally
ordered correlation does hold, that is,

3 (¢! (0n2(1)51(0))
= —Ty(g] (0)na2(r)51(0))
+2Refiez (5] (0)(c2a") (D)1 (0)] + O(€2, €3). (Ad)

The solution of this normally ordered derivative in T can be
found starting from a vector analogous to W/[11, u,v2](7)
given by Eq. (43) in the Supplemental Material of [15] but
that contains the terms in normal order:

[ (sl(s" ) (ma1) ]
(¢! (s3"¢y2a)(T)61)
WL, o) = | (s1(s3"2652a)(0)61)

(1 (c3" 632ata) (r)c)

(AS5)

The time derivatives of the elements in W[11, u,v,](7) are of
the form

3(s! (c3? ¢yraa)(v)g1)

=Tr{(c]" 3 a"a”) () L(c1pus)),  (A6)
where the Liouvillian is defined as in Eq. (2) in this
manuscript. In particular, we are interested in obtaining an
equation when wy = 0 and v, = 1.

Following the formalism either of the Supplemental Ma-
terial of [15] or a time-dependent perturbation approach as
we propose in our manuscript, one can show that, in the limit
(n12)) < 1, the solution for the normally ordered correlation
is formally identical to Eq. (44) in Ref. [15] (Supplemental
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Material):
0, W[11,01](z) =[M — (iwy + [, /2)1]W[11, 01](7)
—ie7T_w[11, 00](7), (A7)

where M is the matrix that rules the dynamical evolution of
the emitter. This means the equations governing the normally
ordered vector W[11, u,v;](t) [Eq. (AS)] are exactly the same
as those presented in the proof given in Ref. [15] (Supplemen-
tal Material), in agreement with the clarification stated in the
Erratum [16].

APPENDIX B: NUMERICAL PROCEDURE TO COMPUTE
ZERO DELAY TIME CORRELATIONS OF ORDER M > 2

Starting with the steady state for the joint emitter and
M sensors written as in Eq. (26), the Mth-order photon
correlation at T = 0 depends on the rescaled matrix pl~! =
(11, ..., Iyl pss|1i, ..., 1y). To find this matrix we solve

L(pss) = 0 which, in analogy to Eq. (14), can be rewritten

as
Lpwy= Y Bl )il
Jusdie it Jy
® Ljm) il -+ ® Ljng) (gl = 0. (B1)

We derive the set of equations satisfying I;’jjl‘]jmjjh"; = 0 with

the approximation of ignoring down coupling as discussed
in the main text. This leads to a hierarchy satisfied by the

matrices ,5""”11,”; Careful inspection of the sets in Egs. (16)

J1:eeJ

and (24) allows one to identify the pattern for such a set.
Letusdefine J = ji+ j{ + -+ ju + Jp, -+ ju + jj the

sum of all matrix indexes. Notice that for J = 0 the solution
is simply given by L (,58:_’_’_’:8 ) ~ 0. In general, the form for the

left-hand side terms for each equation will be given by

M
|:Co = 2 AGn + Jp )T /24 (i = j;)iwm}]ﬁ,’-:jjj:.ﬁl‘}x :
m=1

(B2)

This term is simply down to the evolution under the Liou-
villian of the emitter and the decay and phase evolution of
the sensors. Each matrix with J > 1 is coupled only to ma-
trices with J — 1. Hence the solution of the J = 2M matrix

,,',,',’11 involves only matrices with / = 2M — 1 and so on [cf.
Eq. (24j)]. The total number of tier-below matrices required
equals J and each of these matrices differs only in one index

Jm or j; which will be zero rather than unity. Let us call these

’

. R L . . .
tier-below matrices p,"," ", "". The matrix that differs in the

mth component such that j,, = 1 and ¢,, = 0, with all others
equal, will add a term of the form ia,, ,5;11 Jj’"zé’” - Likewise
if j,, = lbut¢, =0and ¢, = j and ¢, = j, fory # m, we

_ - %]y =0...jy
have a contribution of the form —i ,ojl‘j] i I g, . Therefore,

the right-hand side term, to which Eq. (B2) is approximated
to, will be of the form
M

. ) LT I [ e :.11---Jm(l—a/,’“,l)---]M 1
! § :[‘Sjm,lampjl,,.jm(l—a,m,l)...jM 81105y i am]'

m=1 (B3)

Here §, , is the Kronecker § function, equal to zero if u # v
or unity if u = v.
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