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Two-Photon Interference of Single Photons from Dissimilar Sources
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Entanglement swapping and heralding are at the heart of many protocols for distributed quantum infor-
mation. For photons, this typically involves Bell-state measurements based on two-photon interference
effects. In this context, hybrid systems that combine high rate, ultrastable, and pure quantum sources with
long-lived quantum memories are particularly interesting. Here, we develop a theoretical description of
pulsed two-photon interference of photons from dissimilar sources to predict the outcomes of second-order
cross-correlation measurements. These are directly related to, and hence used to quantify, photon indis-
tinguishability. We study their dependence on critical system parameters such as quantum state lifetime
and emission frequency, and quantify the impact of time jitter, pure dephasing, and spectral wandering.
We show that for a fixed lifetime of one of the two emitters, for each frequency detuning there is an
optimal lifetime of the second emitter that leads to the highest photon indistinguishability. Expectations
for different hybrid combinations involving III-V semiconductor quantum dots, color centers in diamond,
atom-scale defects in two-dimensional materials and neutral atoms are quantitatively compared for real-
world system parameters. Our work provides a theoretical basis for the treatment of dissimilar emitters
and enables assessment of which imperfections can be tolerated in hybrid photonic quantum networks.
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I. INTRODUCTION

Two-photon interference is a central component of
entanglement swapping protocols and thus an essential
resource for distributed quantum technologies
[1–4]. In the field of quantum communication, key steps
have recently been made toward establishing real-world
quantum links using photons to entangle one or more
atoms in high-performance cavity QED systems [5]. How-
ever, the principle challenges that must be overcome to
extend the length of quantum channels are absorption
in optical fibers, and decoherence in the static quantum
memories that store quantum information during classi-
cal communication, measurement processing, and error
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correction [6]. Long-range networks have been demon-
strated using trusted nodes [7], but different approaches
are needed for unconditionally secure links, necessitating
the development of quantum repeaters [6,8]. The simplest
repeater schemes involve two quantum sources located at
nodes A and B, each emitting single photons that are entan-
gled with one of their internal degrees of freedom [6].
These photons are typically sent to an intermediate cen-
tral node where a Bell-state measurement is performed
to swap entanglement between the communicating parties
[9,10]. The use of quantum memories at the intermediate
nodes allows for variable photon arrival times [11] and,
moreover, it permits measurement-dependent local unitary
operations, and quantum error-correction protocols [12,13]
to be performed.

Key elements that impact upon the efficiencies of such
quantum links are deterministic single-photon sources
operating at high rates, as well as memories with
near-unity photon in- and out-coupling efficiencies and
long coherence times [6]. While spontaneous paramet-
ric down-conversion sources have been the workhorse
for many proof-of-principle measurements in quantum
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optics [14,15], they are based on probabilistic nonlinear
processes and cannot be used to deliver single photons
on demand with high purity and brightness. Amongst
all the deterministic quantum systems studied to date,
trapped atoms [4,5,16] or ions [17,18] have probably made
the most impressive demonstrations. However, solid-state
approaches may provide routes towards integration and
scalability. In this context, paramagnetic defects in dia-
mond [19,20] or two-dimensional (2D) materials [21,22],
semiconductor quantum dots (QDs) [23,24], rare-earth
ions [25], and superconducting qubits [26,27] each have
specific advantages and disadvantages. Unfortunately,
none of these systems presents both ideal source and mem-
ory characteristics, so hybrid schemes that combine the
beneficial properties of different platforms are becoming
increasingly interesting [6,28]. Of all the potential systems,
QDs have proven to be the best emitters, as manifested by
their high brightness, large clock rates approaching 1 GHz
[6], excellent single-photon purity (g(2)(0) ≤ 10−3) and
quantum indistinguishability [29]. Very recently, end-to-
end system efficiencies up to 57% [30] have been demon-
strated using InAs QDs in point-to-point links. Other
features are emission frequency control [31] that allows
matching to other types of emitter and their ability to emit
quantum light in the telecommunication C band, where
absorption in the glass fiber quantum channel is minimal.
However, the Achilles heel of QDs is the comparatively
short coherence times of electron and hole spin qubits (typ-
ically ≤1 μs [32]). In comparison, spin coherence times
for negatively charged silicon-vacancy centers in diamond
can be ≥10 ms [33] and recent advances in the process-
ing of diamond nanophotonic structures have also led to
very impressive, near deterministic spin-photon interfaces
[34]. Proof-of-principle experiments have already demon-
strated the functionality of diamond in repeater architec-
tures [35,36] and protocols exist for photon-based quantum
information processing using diamond [37].

In order to perform high-fidelity entanglement swap-
ping between photons emitted by two different quantum
systems, their wavepackets must be indistinguishable in
their first-order coherence properties as well as in their
spatiotemporal profile, including polarization [38]. Here,
we develop a theoretical model fully derived from elemen-
tary quantum optics to describe two-photon interference
from dissimilar sources and use this model to predict
the results of experiments performed on hybrid quantum
systems. Unlike previous work that uses analytical expres-
sions for spatiotemporal photon shapes [39–41] to model
certain aspects of two-photon interference, our formalism
explicitly takes into account the generation of photons
through laser pulses based on the parameters of the exci-
tation mechanism and the emitters. The sources will be
characterized by system properties such as excitation pulse
width and temporal form, emitter lifetime and frequency,
time jitter arising from cascaded emission processes, pure

dephasing and spectral wandering. It thus generalizes and
extends the formalism presented in Ref. [38] for the case of
two dissimilar photon sources, including the effects of open
environments and a time-resolved analysis. Besides giv-
ing yet unknown insights about the interplay of dissimilar
emitter properties, like the fact that in certain cases mak-
ing emitter parameters more dissimilar from each other
can actually enhance photon indistinguishability, system
analysis of currently used platforms, and calculated bound-
aries for emitter mismatches and deficiencies are presented
in this work. As such, our results serve as a basis to
guide different hybrid quantum repeater implementations
where Bell-state measurements are performed on photons
generated at different locations.

II. QUANTIFICATION OF PHOTON
INDISTINGUISHABILITY

Indistinguishability of single photons is most commonly
investigated via Hong-Ou-Mandel- (HOM) [42,43] type
two-photon interference experiments. Figure 1(a) illus-
trates the typical measurement scenario: two photons prop-
agating in modes a′ and b′, at the input of a 50:50 beam
splitter with a potential relative temporal delay δτ . The
transformed light fields a and b are then recorded by pho-
ton counters that correlate coincidence counts as a function
of the time τ elapsing between a start signal at detector D1
and a subsequent stop signal at D2. Upon forming a tem-
poral average over many input photon pairs, a histogram is
obtained that reflects the number of coincident detections
for each time interval τ . Coincidences near τ = 0 corre-
spond to simultaneously arriving photons at both detectors
and thus label distinguishable photons. In contrast, the
absence of coincidences around τ = 0 is a signature of
HOM coalescence and thus of photon indistinguishability.

In this paper we develop a theoretical model for
pulsed two-photon interference from dissimilar sources
and implement it using the quantum toolbox in PYTHON
[44]. In doing so, we evaluate two-time correlators of the
form 〈A(t)B(t + τ)C(t)〉 using built-in functions based on
an extended form of the quantum regression theorem [45]
as implemented by Fischer et al. [38].

We begin by developing a general expression for the
intensity cross-correlation function measured in a HOM
experiment G(2)

HOM(t, τ). This quantifies correlations of the
fields at the two detectors and corresponds to the joint
probability density of detecting a photon at detector one
at time t and detecting a second photon at detector two at
time t + τ . In the case of perfectly indistinguishable single
photons, G(2)

HOM(t, τ) is zero for any t and τ , since the pho-
tons always exit the beam splitter together at either of its
output ports. In the most general case, the non-normalized
intensity cross-correlation function of two quantized fields
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is given by [46]

G(2)
ab (t, τ) = 〈b̂†(t)â†(t + τ)â(t + τ)b̂(t)〉. (1)

As depicted schematically in Fig. 1(a) we note that â and b̂
in Eq. (1) are the fields at the detectors at the output ports of

the beam splitter. To establish a connection to the underly-
ing system dynamics, we express them in terms of the input
fields â′ and b̂′ via the usual beam splitter unitary trans-
formation [47]. Substituting them, Eq. (1) can be written
in terms of the creation and annihilation operators of the
input field modes:

G(2)
HOM(t, τ) = 1

4
× (〈â′†(t)â′†(t + τ)â′(t + τ)â′(t)〉 + 〈b̂′†(t)b̂′†(t + τ)b̂′(t + τ)b̂′(t)〉 → (i)

+ 〈â′†(t)b̂′†(t + τ)b̂′(t + τ)â′(t)〉 + 〈b̂′†(t)â′†(t + τ)â′(t + τ)b̂′(t)〉 → (ii)

− 〈â′†(t)b̂′†(t + τ)â′(t + τ)b̂′(t)〉 − 〈b̂′†(t)â′†(t + τ)b̂′(t + τ)â′(t)〉 → (iii)

+ 〈â′†(t)â′†(t + τ)â′(t + τ)b̂′(t)〉 − 〈â′†(t)â′†(t + τ)b̂′(t + τ)â′(t)〉
− 〈â′†(t)â′†(t + τ)b̂′(t + τ)b̂′(t)〉 − 〈â′†(t)b̂′†(t + τ)â′(t + τ)â′(t)〉
+ 〈â′†(t)b̂′†(t + τ)b̂′(t + τ)b̂′(t)〉 + 〈b̂′†(t)â′†(t + τ)â′(t + τ)â′(t)〉
− 〈b̂′†(t)â′†(t + τ)b̂′(t + τ)b̂′(t)〉 − 〈b̂′†(t)b̂′†(t + τ)â′(t + τ)â′(t)〉
− 〈b̂′†(t)b̂′†(t + τ)â′(t + τ)b̂′(t)〉 + 〈b̂′†(t)b̂′†(t + τ)b̂′(t + τ)â′(t)〉).

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

(iv)

(2)

By considering the two input fields to be independent (i.e.,
not entangled), 〈â′b̂′〉 = 〈â′〉〈b̂′〉, and noting that [â′, b̂′] =
[â′†, b̂′†] = 0, the expression in Eq. (2) can be grouped
into four different types of terms (i)–(iv) [48]. Terms
(i), (ii), and (iii) correspond to intensity autocorrelations,
intensity two-time correlators and products of field cor-
relators, respectively. Unlike terms (i)–(iii), terms of type
(iv) contain a different number of creation and annihila-
tion operators for each field, such that phase factors do
not cancel. Considering a realistic scenario where aver-
ages are taken over multiple repetitions of an experiment,
the random phases cause these terms to average to zero in
the temporal average [48]. The other terms are nonzero for
general input states. Discarding the phase-dependent terms
(iv) and using the fact that G(1)

x′x′(t, τ)∗ = 〈x̂′†(t + τ)x̂′(t)〉
and Re{z} = 1

2 (z + z∗) for any z ∈ C, Eq. (2) simplifies to
the degree of HOM coherence:

G(2)
HOM(t, τ) = 1

4
×

(
G(2)

a′a′(t, τ)+ G(2)
b′b′(t, τ)

+ 〈n̂a′(t)〉〈n̂b′(t + τ)〉 + 〈n̂b′(t)〉〈n̂a′(t + τ)〉
− 2 Re

{
G(1)

a′a′(t, τ)G
(1)
b′b′(t, τ)∗

})
, (3)

where G(1)
x′x′(t, τ) and G(2)

x′x′(t, τ) are the first- and second-
order autocorrelation functions and n̂x′ is the number
operator of the respective input field x′ ∈ {a′, b′}. The

correlators are given by

G(1)
x′x′(t, τ) = 〈x̂′†(t)x̂′(t + τ)〉, (4)

where

〈n̂x′(t)〉 = 〈x̂′†(t)x̂′(t)〉 (5)

and

G(2)
x′x′(t, τ) = 〈x̂′†(t)x̂′†(t + τ)x̂′(t + τ)x̂′(t)〉. (6)

Equations (3)–(5) provide the general framework we use
to calculate the results of two-photon interference experi-
ments from the first- and second-order correlators, as well
as the intensities of the incident light fields. While the
equations are generally valid for both pulsed and con-
tinuous wave excitation, we focus on the former case
since it is most relevant for a description of deterministic
single-photon generation.

Figure 1(b) schematically illustrates the scenario
described by our simulations. A Gaussian laser pulse of
width τpulse couples the ground state |g〉 and excited state
|e〉 of a two-level quantum system (TLS). We focus on
two-level systems since they are representative of generic
quantum emitters used in quantum networks, represent-
ing two specific quantum states in a more general ladder
decay scenario. However, the formalism presented in this
work also allows the implementation of more complex sys-
tems with multiple eigenstates by using the appropriate
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FIG. 1. (a) Schematic setup of a typical HOM-type experiment
for the investigation of photon indistinguishability with a′ and b′
being the input light fields and a and b the light fields after the
beam splitter. A potential relative delay in photon arrival time is
denoted by δτ , while τ represents the interval between coincident
signals at the different detectors D1 and D2. (b) Excitation of
a two-level system. A Gaussian π pulse of width τpulse brings
the two-level system from its ground state |g〉 to its excited state
|e〉. The laser frequency may be detuned by an amount �. The
spatiotemporal profile of the emitted photon is governed by the
emitter decay rate γ = 1/τlife.

Hamiltonian. Generally, we consider resonant excitation
but allow for laser detuning such that the excitation fre-
quency can be detuned by �. When the system is in its
excited state, it emits a photon by decaying to the ground
state at a rate γ = 1/τlife. For Gaussian excitation pulses
of width FWHM 
 τlife (for details, see Appendix A),
the probability density for emitting a photon decays expo-
nentially with time, which translates into an exponential
photon shape in the space-time domain.

We continue to explore the time dependence of
the degree of HOM coherence. So far, the expression
G(2)

HOM(t, τ) depends on the two different times t and τ .
However, in experiments, one is typically not interested in
the time t at which the first timer is started, but rather in a
histogram for detection time differences τ , where each time
bin implicitly comprises all possible values of t for the first
detection. We obtain the corresponding probability density
function, which we call the time-resolved degree of HOM
coherence, by integrating G(2)

HOM(t, τ), as defined in Eq. (3),
over all possible values of t [48]:

G(2)
HOM(τ ) ≡

∫ ∞

0
dtG(2)

HOM(t, τ). (7)

We now numerically calculate G(2)
HOM(τ ) functions for dif-

ferent system parameters and compare our calculations
with typical experimental findings. In Ref. [49] the HOM
indistinguishability from single photons generated by sin-
gle GaAs QDs with τlife ≈ 200 ps is measured using 16-ps
time bins. Setting a fixed pulse width of τpulse = 5 ps as
used in these experiments, we apply Eq. (7) to extend
the findings to different emitter lifetimes. Figure 2 shows
typical results for various lifetimes τlife of identical emit-
ters. The inset on the figure shows an enlargement of the
gray-shaded region around τ = 0 in the main plot.

The origin of the nonzero correlations even for identi-
cal sources is a finite reexcitation probability during the
excitation pulse [50]. Here, if the driven system emits a
photon while still being addressed by the laser, there is
a finite probability of reexcitation, and the emission of a
second photon during the same excitation cycle. As the
ratio τpulse/τlife decreases, this probability becomes grad-
ually smaller as expected. Figure 2 confirms this behavior.
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FIG. 2. Time-resolved degree of HOM coherence G(2)
HOM(τ ) as

a function of detection time difference τ in SI units. Identical
emitters with lifetime τlife and a fixed pulse width of τpulse = 5
ps are assumed. Values are chosen to facilitate direct comparison
to experimental data from Ref. [49]. The inset depicts the gray-
shaded central region around τ = 0.
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For this reason, in pulsed two-photon interference experi-
ments (for example, using QDs [51], trapped ions [52], or
N-V centers in diamond [53]) typically pulses that are short
compared to the lifetimes of the emitters are used.

For |τ | close to zero there is a rapid reduction of
coincidences since the presence of a photon precludes
the TLS being in the excited state. Thus, reexcitation
is required resulting in a “volcanolike” dip in the time-
resolved degree of HOM coherence. As can be seen in
the inset in Fig. 2, G(2)

HOM(τ ) decreases from its maxi-
mum value at |τ | ≈ 7 ps to reach zero at exactly τ = 0.
Remarkably, the absence of coincidences at τ = 0 is found
for single-photon wavepackets irrespective of their relative
lengths and frequencies [39]. For |τ | � τlife, all corre-
lations vanish since the probability of emitting photons
decreases exponentially within the lifetime of the emitters.
Thus, most of the correlations occur in a central region
of −3τlife < τ < 3τlife. The symmetry of G(2)

HOM(τ ) reflects
the equivalent role of the two detectors.

For our numerical simulations we assume ideal exper-
imental conditions in order to focus exclusively on the
impact of the characteristic properties of the quantum emit-
ters on two-photon interference properties. However, the
finite time resolution in real experiments can obfuscate
some of the features discussed here. For example, as a
consequence of the finite-detector temporal resolution the
value for exactly τ = 0 is rarely measured since G(2)

HOM(τ )

is averaged over a finite interval around the origin. Thus,
the central dip in Fig. 2 may not be observed in experi-
ments. To quantify indistinguishability, it is not necessary
to know the distribution of correlations with respect to τ ,
but only the correlations summed over a specific time bin.
Mathematically, we integrate the time-resolved degree of
HOM coherence over a range of τ [38] and define the
quantity G(2)

HOM(0) to be the pulsewise degree of HOM
coherence, i.e.,

G(2)
HOM(0) ≡

∫ ∞

0

∫ ∞

−∞
dtdτG(2)

HOM(t, τ). (8)

This quantity corresponds to the total probability of hav-
ing detection events at both detectors after exciting the two
emitters with respective single pulses. A minimum value
of 0 thus indicates perfectly indistinguishable single pho-
tons, which always exit on the same output port. A value
of 0.5 is reached for two fully distinguishable single pho-
tons, meaning that the photons exit together in half of the
cases and in the other half of the cases leave at different
output ports (fully classical behavior). Any value smaller
than 0.5 is nonclassical and thus a signature of having at
least partially indistinguishable photons. For independent
input fields, values greater than 0.5 can only be obtained
as a consequence of multiphoton emission.

The complete expression for the the pulsewise degree of
HOM coherence is

G(2)
HOM(0) = 1

4

(∫ ∞

0

∫ ∞

−∞
dtdτ(G(2)

11 (t, τ)+ G(2)
22 (t, τ))

+
∫ ∞

0

∫ ∞

−∞
dtdτ(N1(t)× N2(t + τ)

+ N2(t)× N1(t + τ))

−
∫ ∞

0

∫ ∞

−∞
dtdτ2 Re

{
G(1)

11 (t, τ)
∗ × G(1)

22 (t, τ)
})

.

(9)

Substituting field operators with TLS ladder operators σ̂i
(†)

and the decay rates γi (see Appendix B), photon indistin-
guishability can be expressed in terms of three different
correlators. The subscript i ∈ {1, 2} denotes the respective
emitter:

G(2)
ii (t, τ) = γ 2

i 〈σ̂ †
i (t)σ̂

†
i (t + τ)σ̂i(t + τ)σ̂i(t)〉, (10)

Ni(t) = γi〈σ̂i
†
(t)σ̂i(t)〉, (11)

G(1)
ii (t, τ) = γi〈σ̂ †

i (t)σ̂i(t + τ)〉. (12)

The first line in Eq. (9) is a sum of second-order auto-
correlation functions of the two input fields. This term
reflects single-photon purity and thus accounts for possi-
ble multiphoton emission. The second line depends on the
individual intensities and yields (not including the prefac-
tor of 1/4) a constant value of 2 if Eq. (B1) is satisfied
[38]. This means that two-photon interference properties
are fully governed by the third line, which is a product
of field-correlation functions of the two systems. If first-
order coherence properties are similar in both input fields,
its value becomes larger and in the case of indistinguish-
able photons exactly cancels the second line. Without the
prefactor, this term is often referred to as the visibility V,
such that G(2)

HOM(0) � 1
2 (1 − V).

Using Eq. (9), distinguishability due to different linear
polarization angles can be accounted for by decomposing
the ladder operators into orthogonally polarized compo-
nents expressed by cosine and sine terms [48]. With a
relative angle φ between the polarization directions of the
two photons, Eq. (9) is modified to account for polarization
mismatch via the substitution:

Re
{

G(1)
11 (t, τ)

∗ × G(1)
22 (t, τ)

}

→ cos2 (φ)Re
{

G(1)
11 (t, τ)

∗ × G(1)
22 (t, τ)

}
.

(13)

The cosine factor has no influence for parallel polar-
izations, while it leads to a vanishing interference term
for orthogonal polarizations. Following a procedure fre-
quently applied in experiments, where polarization filters
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and λ/2 plates are included in the HOM setup, we nor-
malize G(2)

HOM(0) using cross-polarization [54]. By con-
sidering the ratio of coincidences observed for parallel
and orthogonal polarizations, a characterization of photon
indistinguishability through the pulsewise degree of HOM
coherence can be maintained independent of incident pho-
ton flux. This approach is also valid if less than one photon
is emitted per pulse on average. Having identical coinci-
dences in both polarization configurations indicates fully
distinguishable photons. Observing fewer coincidences for
parallel polarizations indicates that the photons are at least
partially indistinguishable. The minimum value of zero
uniquely corresponds to fully indistinguishable single pho-
tons. In order to bound the values to an interval [0, ∼0.5]
in accordance to the non-normalized case, we additionally
multiply the correlation ratio with a factor of 1/2. We thus
arrive at the polarization normalization factor Np :

Np = 1
2

(∫ ∞

0

∫ ∞

−∞
dtdτ(G(2)

1 (t, τ)+ G(2)
2 (t, τ))

+
∫ ∞

0

∫ ∞

−∞
dtdτ(N1(t)× N2(t + τ)

+ N2(t)× N1(t + τ))

)

. (14)

In this work, we exclusively use Eq. (14) for normaliza-
tion (for further discussion on alternative normalization
methods see Appendix I). We thus define

g(2)HOM(0) ≡ G(2)
HOM(0)/Np (15)

with G(2)
HOM(0) given by Eq. (9), Np given by Eq. (14),

and the lowercase g indicating that polarization normal-
ization is applied. In most cases considered, normalization
will only have marginal influence on the results and can,
in principle, be omitted. However, there are cases where
an interpretation of G(2)

HOM as photon indistinguishability is
not possible without using appropriate normalization (as
may be the case for strong laser detuning, dephasing, or
transmission losses in experiments).

III. INFLUENCE OF EMITTER PROPERTIES

We continue to apply our methods to the case of
g(2)HOM(0) arising from single photons emitted by two dis-
similar sources with a mutual spectral detuning �ω. An
explicit incorporation of spectral detuning to Eq. (9) can
be found in Appendix E. We treat one of the two emitters
as having a fixed decay rate γ1, while the decay rate of the
other is variable, represented by γ2. By continuously vary-
ing γ2, we tune the ratio γ2/γ1 to explore the influence of
decay-rate mismatches between the emitters, for any given

spectral detuning�ω. The pulse width is fixed with respect
to γ1. It is chosen such that γ1τpulse ≈ 0.026, which yields
a degree of second-order coherence of g(2)(0) ≈ 0.008 for
similar sources. This value is motivated by the typical
pulse duration used for quantum control experiments with
III-V QD emitters. Here, one typically uses a Ti:sapphire
laser delivering τpulse = 10 ps [55] duration pulses to excite
a QD having τlife = 390 ps [56]. Unless stated otherwise,
this pulse width is maintained for all simulation results
presented below.

Figure 3(a) shows a false color image of the result-
ing pulsewise degree of HOM coherence g(2)HOM(0) as a
function of spectral detuning and ratio of the decay rates.
We vary γ2 while keeping γ1 fixed to study the influence
of lifetime and frequency mismatches between the emit-
ters on the indistinguishability. The dashed lines denote
the bounds defined by the natural linewidths of the emit-
ters. The data presented in Fig. 3(a) are characterized by a
region around the origin for which g(2)HOM(0) is minimized.
Three physical phenomena connected to photon indistin-
guishability impact upon g(2)HOM(0) when varying the decay
rate ratio: (i) reexcitation of the driven quantum emitters,
(ii) the spatiotemporal overlap of the resulting photons
on the beam splitter, and (iii) their natural linewidths.
Figure 3(b) shows g(2)HOM(0) as a function of spectral detun-
ing for different fixed ratios γ2/γ1. Moving away from
γ2/γ1 = 1 results in reduced spatiotemporal overlap of the
photons at the beam splitter and thus increases g(2)HOM(0).
The overall minimum value of g(2)HOM(0) = 0.008 is found
for identical emitters. It is nonzero due to the finite reex-
citation probability during the laser pulses [50]. Decreas-
ing γ2 reduces the reexcitation probability, but it also
reduces the spatiotemporal overlap, resulting in a degra-
dation of the overall indistinguishability. For higher γ2,
g(2)HOM(0) becomes less susceptible to spectral detuning as
a result of the increased natural linewidth and, therefore,
increased spectral overlap of the photons. This can be more
clearly seen in Fig. 3(c), where the spectral detuning is
fixed and g(2)HOM(0) is plotted as a function of γ2/γ1. In
the absence of spectral detuning, the optimum decay rate
ratio is 1, indicating identical emitters. In the presence of
finite spectral detuning, however, the minimum value of
g(2)HOM(0) is reached for γ2/γ1 > 1. The positions of the
minima in g(2)HOM(0) are indicated by the dashed red line
in Fig. 3(c). This shows that if the two quantum emitters
are spectrally detuned by�ω, maximum indistinguishabil-
ity is achieved when γ2 > γ1 where the two wavepackets
have an increased spectral overlap. This effect can thus
overcompensate for the detrimental impact of increased
reexcitation probability and reduced spatiotemporal over-
lap. Remarkably, this observation shows that there are
situations where photon indistinguishability is increased
even when emitter parameters are detuned from each
other.
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FIG. 3. Influence of dissimilar decay rates γ2/γ1 and spectral
detuning �ω on photon indistinguishability. Decay rate γ1 of
emitter 1 is kept constant while tuning through the range of γ2 ∈
[0.2, 10]γ1. (a) Pulsewise degree of HOM coherence g(2)HOM(0) as
a function of spectral detuning �ω and decay rate ratio γ2/γ1.
The dashed red and green lines represent the natural linewidths
of emitters 1 and 2, respectively. (b) Horizontal cuts showing
g(2)HOM(0) as a function of�ω for different γ2/γ1. (c) Vertical cuts
showing g(2)HOM(0) as a function of γ2/γ1 for different �ω. The
dashed red line serves as a guide to the eye to track minima of
g(2)HOM(0) for each �ω. The dashed horizontal line indicates the
classical threshold of 0.5.

IV. PROCESSES LIMITING TWO-PHOTON
INTERFERENCE VISIBILITY

The framework we develop thus far for quantifying
photon indistinguishability takes into account intrinsic
mismatches between the two quantum emitters, such as
differences in lifetime and frequency. We continue to also
include extrinsic physical mechanisms that arise due to

fluctuations of the environment of the quantum emit-
ters, the methods used for quantum state preparation of
experimental apparatus.

We begin by exploring mismatches in photon arrival
time at the beam splitter. This can occur, for example,
when the emitters are excited nonresonantly via a higher
energy level and the population of the radiative state
depends on incoherent relaxation processes, causing jitter
in the photon arrival time at the beam splitter [57].

Mathematically, we account for a temporal delay in the
expression for g(2)HOM(0) [Eq. (9)] by replacing the time
variable t for one of the two quantum emitters (here emit-
ter 2) with a shifted variable t − δτ that accounts for the
relative offset. We choose the minus sign by convention,
indicating that positive temporal delays δτ > 0 correspond
to later arrival times of the photon originating from emitter
2. By transforming the time variables we find that the first
four terms in Eq. (9) are not influenced by a temporal delay
(see Appendix F). However, for the final term in Eq. (9) the
four field operators each have different time dependencies
and the temporal delay is included explicitly. This leads to
the replacement:

2 Re
{

G(1)
11 (t, τ)

∗ × G(1)
22 (t, τ)

}
→ (16)

2 Re
{

G(1)
11 (t, τ)

∗ × G(1)
22 (t − δτ , τ)

}
. (17)

Figure 4 compares g(2)HOM(0) as a function of δτ for iden-
tical photon wavepackets and for photons from emitters
that differ in lifetime, frequency, or both. The minimum
of g(2)HOM(0) is always observed for δτ = 0. For emitters
with identical lifetimes and frequencies, introducing a time

g
(2

)
H

O
M
(0

)

FIG. 4. Pulsewise degree of HOM coherence g(2)HOM(0) as a
function of the relative delay in photon arrival time δτ . Positive
values of δτ correspond to later arrival times of the photon from
emitter 2. Instances are shown for identical emitters and for emit-
ters differing in lifetime, frequency or both. The insets on the left
and right illustrate the cases where the shorter or longer photon
is delayed, respectively.
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delay leads to a symmetrical degradation of photon indis-
tinguishability for both positive and negative values of
δτ . This effect can be readily understood as a manifesta-
tion of decreasing spatiotemporal overlap of the photon
wavepackets at the beam splitter as they are shifted with
respect to each other in time. For |δτ | = 1/γ1, g(2)HOM(0)
already > 0.3 and for |δτ | = 3/γ1, with g(2)HOM(0) = 0.48
the classical threshold is almost reached. This is in agree-
ment with the photonic probability density function, which
drops to 1/e of its initial value within the lifetime of the
emitter, suggesting that there is little to no overlap for even
larger temporal mismatches.

For dissimilar decay rates such that γ2/γ1 = 0.5, the
data presented in Fig. 4 reveal an asymmetry that can be
explained by the fact that the photon originating from the
longer-lived emitter is more spread out in the space-time
domain. If the longer photon wavepacket arrives earlier
than the shorter one, spatiotemporal overlap is reduced
more slowly through the temporal delay than in the situ-
ation when the time ordering of the two wavepackets is
interchanged (see inset on Fig. 4). Experimentally, this
means that measuring g(2)HOM(0) versus δτ allows classi-
fication of whether the emitters have equal or different
lifetimes. By examining the width of the dip, a quantita-
tive determination of the individual lifetimes can even be
made. For spectrally detuned photon wavepackets having
equal spatiotemporal forms, Fig. 4 shows that the behavior
of g(2)HOM(0) is qualitatively similar to the case of identical
emitters with an overall reduced indistinguishability. Con-
sidering spectral and lifetime mismatch together leads to
a combination of both individual effects: overall reduced
indistinguishability with an asymmetric HOM dip as a
function of τ .

Decoherence can either be caused by population decay
or pure dephasing. Population decay arising, for example,
by spontaneous emission has the inevitable side effect of
causing coherence decay with half the population decay
rate. Alternatively, a decay of the off-diagonal elements of
the photon density matrix (pure dephasing) leaves the pop-
ulations unaffected. Since pure dephasing [58] has proven
to be a major cause of indistinguishability degradation in
experiments [59], we continue to investigate its impact on
g(2)HOM(0). The pure dephasing rate γdeph can be inferred
from the T1 lifetime and T2 coherence times, which are
the frequently used timescales in the literature to charac-
terize and compare the dynamics of quantum systems [60].
It generally holds that [61]

1
T2

= 1
2T1

+ γdeph, (18)

where γdeph is the pure dephasing rate (�= 1/T2). Since
we consider only spontaneous emission as a mechanism
resulting in population decay, T1 = τlife = 1/γ and we use

g(2)
HOM(0)

g (2)HOM (0) = 0.33
g (2)HOM (0) = 0.25

deph, 1 1( )

de
ph

,2
2

(
)

FIG. 5. Pulsewise degree of HOM coherence g(2)HOM(0) as a
function of individual dephasing rates γdeph,1 and γdeph,2 for emit-
ters with different decay rates γ2 = 2γ1, but equal frequencies
�ω = 0. Note that for contrast enhancement the color bar is
rescaled compared to Fig. 3(a).

Eq. (18) to determine the pure dephasing collapse operator
from the quantities T1 and T2 (see Appendix G).

Considering emitters having decay rates γ2 = 2γ1 and
equal emission frequencies, Fig. 5 shows the pulsewise
degree of HOM coherence g(2)HOM(0) as a function of
their pure dephasing rates γdeph,1 and γdeph,2. Notably, we
find that g(2)HOM(0) depends only on the sum of dephas-
ing rates γdeph,12 = γdeph,1 + γdeph,2 and not explicitly on
their individual values, a result that holds true indepen-
dently of γ2/γ1. To achieve g(2)HOM(0) < 0.25, we must have
γdeph,12 < 1.1γ1 and for g(2)HOM(0) < 0.33 the sum of the
dephasing rates must not exceed 2.3γ1 (see dotted lines on
the figure). Since only relative phase fluctuations between
the photon wavepackets determine the two-photon inter-
ference behavior, it does not matter which emitter is sub-
ject to pure dephasing. In the following, we consider a
model where pure dephasing is only present in emitter 1,
characterized by a rate γdeph,1. The generalization to the
case of dephasing in both emitters thus emerges naturally
by replacing γ1 by γ12.

Figure 6 shows the effect on g(2)HOM(0) of varying the
decay rate ratio and spectral detuning, in the presence of
varying degrees of pure dephasing. Figure 6(a) illustrates
the case for zero spectral detuning �ω = 0, but variable
decay rate ratio γ2/γ1, where γ1 is kept fixed. For similar
sources, g(2)HOM(0) increases from < 0.01 to 0.38 upon tun-
ing the dephasing rate from γdeph,1 = 0 to 3. Generally, the
total increase in g(2)HOM(0) depends on the linewidths of the
emitters. In particular, the data presented in Fig. 6(a) show
that for a larger linewidth of emitter 2, g(2)HOM(0) is less
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FIG. 6. Pure dephasing in one emitter. Shown is the pulsewise
degree of HOM coherence g(2)HOM(0) as a function of dephasing
rate γdeph,1 in emitter 1, for (a) zero spectral detuning �ω =
0, and (b) identical decay rates γ2 = γ1. Minima of g(2)HOM(0)
for each �ω are indicated by a dashed line. The inset shows
the dephasing rate γdeph,1,opt, which yields minimal g(2)HOM(0) for
given �ω.

affected by pure dephasing in emitter 1. For given dephas-
ing rate γdeph,1 > 5.5γ1, a decay rate ratio γ2/γ1 = 10 even
leads to more indistinguishable photons than when having
similar sources. This shows that in the presence of strong
dephasing, the effect of a broader linewidth can overcom-
pensate for both reduced photon overlap and increased
reexcitation. Although pure dephasing leads to a rapid
degradation of indistinguishability, simulations show that
the classical threshold is not entirely exceeded up to values
of γdeph,1 > 50γ1.

Figure 6(b) shows calculations of g(2)HOM(0) as a func-
tion of γdeph,1, assuming two emitters with equal decay
rates γ1 = γ2 ≡ γ , but allowing for finite spectral detun-
ing �ω. For �ω �= 0, minimal g(2)HOM(0) is generally not
reached for γdeph,1 = 0. For each �ω, there is a dephasing
rate γdeph,1,opt that gives the smallest g(2)HOM(0), indicated by
the dashed red line on the figure. The value of γdeph,1,opt is
presented as a function of �ω in the inset in Fig. 6(b). Up
to a spectral detuning that matches the natural linewidth,
the highest photon indistinguishability is achieved in the

absence of pure dephasing, but for spectral detunings
exceeding the natural linewidth, we find an approximately
linear increase in γdeph,1,opt with�ω. Qualitatively, this can
be understood by noting that pure dephasing introduces
random phase shifts to the single-photon wavepackets that
interfere at the beam splitter. In the absence of spectral
detuning, this leads to a steady degradation of indistin-
guishability as the relative phase becomes increasingly
randomized. However, in the presence of spectral detuning
exceeding the natural indeterminacy of the emitters, these
random phase shifts result in an occasional rephasing of
the phase drift that stems from the frequency difference.
In this way, phase randomization can partially counteract
the frequency mismatch. However, this effect is typically
too weak to be observed in experiments. For �ω = 1.5γ
the gain arising from additional dephasing optimally leads
to a reduction of g(2)HOM(0) from 0.35 to 0.34. Comparing
g(2)HOM(0) for larger spectral detunings with and without
dephasing present, there can be improvements in g(2)HOM(0)
of up to 8% when having “optimal” dephasing, but this
only applies to conditions close to the classical threshold
under which one would typically not perform two-photon
interference experiments.

We now explore the impact of spectral wandering on
the HOM interference. Spectral wandering describes the
impact of a noisy environment that randomizes the emis-
sion energy over timescales far larger than the radiative
lifetime. This phenomenon is frequently encountered in
solid-state systems and is, for example, caused by a fluc-
tuating charge environment that gives rise to electric field
noise and, hence, frequency shifts of the quantum emitter
due to the dc Stark effect [62,63]. This results in a proba-
bilistic emission within a range of frequencies around the
center frequency ω0 of the emitter with a spectrum sensi-
tive to the details of the noise spectrum. Each individual
emission occurs with the natural linewidth γ of the emit-
ter, but averaging successive emissions over time leads to
a broadened linewidth [64].

We have seen above that the value of g(2)HOM(0) explic-
itly depends on �ω. To connect spectral wandering in
one or in both emitters to photon indistinguishability, we
average g(2)HOM(0,�ω) over all possible spectral detunings,
weighted by their probability of occurrence, p(�ω):

g(2)HOM(0) =
∫ ∞

−∞
d�ωp(�ω)g(2)HOM(0,�ω). (19)

To evaluate Eq. (19), the probability distribution of
spectral detunings between the two emitters, p(�ω) is
required. This can be found from the distributions of emis-
sion frequencies p(ωi) of the individual emitters through
a variable transformation of the combined probability
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distribution function, i.e.,

p(�ω)=
∫ ∞

−∞

∫ ∞

−∞
dω1dω2δ(�ω− (ω2 −ω1))p(ω1,ω2).

(20)

Here, we assume that the frequency distributions of both
emitters are independent, such that no correlations exist
between frequency fluctuations in the different systems.
This implies that p(ω1,ω2) = p(ω1)× p(ω2), which is
clearly the case for dissimilar sources in separate sam-
ples. In accord with experimental studies of fluctuation
dynamics in III-V QDs, we model the distribution of emis-
sion frequencies in each emitter i ∈ {1, 2} using a Gaussian
distribution [65,66]:

p(ωi) = 1
√

2πσ 2
i

exp
{

− 1
2σ 2

i
(ωi − ω0i)

2
}

. (21)

In this case, the normalized probability distribution func-
tion is fully determined by its center frequency ω0i and
variance σ 2

i . The latter is connected to the FWHM w

via wi =
√

8 ln(2))σ 2
i . In general, the frequency distribu-

tions of the two emitters have different widths and peak
positions. Combining Eqs. (20) and (21) we find the dis-
tribution of spectral detunings as required for Eq. (19) (see
Appendix H for the explicit calculation):

p(�ω) = 1
√

2π(σ 2
1 + σ 2

2 )

exp
{

−1
2
(�ω −�ω0)

2

σ 2
1 + σ 2

2

}

.

(22)

We see that the variances σ 2
i of the individual distributions

add, such that the width of the transformed distribution is

w�ω =
√

w 2
1 + w 2

2 . (23)

The influence of noise is manifested not only in the overall
photon indistinguishability, but also in the distribution of
correlations. For noiseless environments, a quantum beat
signal can be seen in the time-resolved degree of HOM
coherence in the presence of spectral detuning. Theoreti-
cally, such a behavior was predicted by Legero et al. [39]
and has been observed experimentally with photons from
atoms [67], molecules [68], QDs [69], and even for the
case of laser photons interfering with QD photons [70,71].
Figure 7(a) shows how such a quantum beat signal is influ-
enced by gradually adding noise to the environment. The
time-resolved degree of HOM coherence G(2)

HOM(τ ) is pre-
sented as a function of the time difference τ between the
detection events for increasing spectral wandering in emit-
ter 1. We assume a spectral detuning of �ω0 = 20γ , such
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FIG. 7. (a) Degradation of quantum beats due to the fluctu-
ating noise environment of the quantum emitters. The time-
resolved degree of HOM coherence G(2)

HOM(τ ) is shown for
increasing FWHM of the frequency distribution of one emitter.
We assume equal decay rates γ1 = γ2 ≡ γ and a strong spectral
detuning of �ω0 = 20γ . (b) Pulsewise degree of HOM coher-
ence g(2)HOM(0) as a function of the width FWHM of the frequency
distribution of emitter 2 for different spectral detunings�ω0. We
assume emitters with equal decay rates γ and no spectral wan-
dering in emitter 1. The dashed red line serves as a guide to the
eye to indicate respective minima. The inset shows the width
of the frequency distribution yielding minimal g(2)HOM(0), denoted
FWHMopt, as a function of �ω0.

that we are in the regime of fully distinguishable photons
with g(2)HOM(0) ≈ 0.5.

In the absence of noise, we observe a decaying cosinu-
soidal oscillation of the coincidence probability. Increasing
noise in the environment leads to a probabilistic emission
within a broader range of frequencies. Thus, we have to
take a statistical average of G(2)

HOM(τ ) over the possible
spectral detunings. Since the quantum beat frequency is
determined by the absolute value of the spectral detuning,
this corresponds to averaging over quantum beat signals
having different frequencies. This leads to a successive
smoothing of the beats for increased spectral wandering.
As shown in Fig. 7(a), for the FWHM approaching 200γ ,
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the oscillatory behavior vanishes, and besides the volcano-
like dip, the coincidence probability steadily decreases
toward larger |τ |.

We continue to consider two emitters with equal decay
rates γ , whose center frequencies are detuned by �ω0 =
ω02 − ω01. Figure 7(b) shows the pulsewise degree of
HOM coherence g(2)HOM(0) as a function of the FWHM w of
the underlying Gaussian frequency distribution of emitter
2 subjected to a noisy environment. Emitter 1 is consid-
ered to be noise-free and various spectral detunings are
compared (indicated by line color). For �ω0 = 0, spectral
wandering in the range of the natural linewidth leads to a
steady increase of g(2)HOM(0) from 0.008 to 0.07, reaching up
to g(2)HOM(0) = 0.3 for w = 5γ . However, if the emitters are
spectrally detuned, spectral wandering can result in them
occasionally becoming resonant. For a range of widths of
the frequency distribution this leads to an increase in indis-
tinguishability as compared to the case without additional
noise. Although the symmetry in the frequency distri-
bution makes it equally likely for the frequencies to be
further or less detuned, there can be an overall improve-
ment in g(2)HOM(0). This is a result of the highly nonlinear
dependence of g(2)HOM(0) on �ω. In particular, we expect
a strong degradation of g(2)HOM(0) within a range of about
�ω = 0 − 3γ , but comparatively little effect for larger
spectral detunings. If the FWHM is very small compared to
�ω0, the emission energies never become resonant, if the
FWHM is very large, there is a dominant spectral detuning
in the other direction. Thus, for any given �ω0, there is
a particular FWHM that yields a minimal g(2)HOM(0), which
we denote by FWHMopt. The inset in Fig. 7(b) shows the
dependence of FWHMopt on�ω0. Up to spectral detunings
of �ω0 = 0.5γ , where the natural linewidths of the emit-
ters overlap each other’s center frequency, there can be no
improvement to the indistinguishability by adding noise.
However, as the spectral detuning becomes larger, there
is an optimal linewidth that leads to improved indistin-
guishability adhering to an approximately linear behavior.
Although this effect is most likely too small to be explicitly
exploited experimentally, it means that when facing spec-
trally detuned emitters, one can relax concerns about noisy
environments up to a certain extent.

V. ASSESSING HYBRID COMBINATIONS

We now continue to utilize our model to explore hybrid
quantum network architectures, in which different emit-
ter combinations are used to generate indistinguishable
photons. Emitter 1 is chosen to have a lifetime of either
τlife = 250 ps (representative of GaAs QDs produced by
local droplet etching [72–74], or Purcell-enhanced self-
assembled InAs [75–77] QDs) or τlife = 2 ns (representing
quantum emitters arising from, e.g., atomic scale defects
in 2D materials [21] or color centers in diamond [78]). The

emission wavelength of emitter 1 is assumed to be con-
trollable, e.g., via dc Stark effect [79] or strain [80] such
that it can be tuned precisely into resonance with emitter 2.
For excitation, we consider resonant, coherent state prepa-
ration using a laser π pulse having a width of τpulse = 10
ps for each emitter.

Figure 8 shows the calculated value of g(2)HOM(0) as a
function of the lifetime of emitter 2, τlife,2, plotted on a
logarithmic scale. For the case when τlife,1 = 250 ps, we
include small spectral detunings from 0 to 6 GHz that
may be encountered in typical experiments. Lifetimes of
example systems potentially used in quantum networks
are indicated by vertical lines. The plot compares quan-
tum emitters induced in 2D materials via strain or point
defects (WSe2, h-BN), color centers in bulk diamond
(SiV−, SnV−, GeV−), and atomic transitions [Rb(D1),
Rb(D2)]. Figure 8 serves as a reference that provides infor-
mation on which component quantum emitters, a QD, 2D
emitter, or color center could readily be combined within a
hybrid quantum network.

With the QD as emitter 1 (black and blue curves on
Fig. 8) we find that a maximum lifetime of τlife,2 = 4.5 ns
is possible for the second emitter when�ω = 0 in order to
not exceed a value of g(2)HOM(0) = 0.4. Remarkably, we note
that this is approximately 18× larger than the QD lifetime.
In the presence of a spectral detuning of �ω = 4 GHz,
corresponding to the natural linewidth of the QD, the max-
imum tolerable lifetime of emitter 2 needed to still achieve
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FIG. 8. Comparison of different existing material platforms
paired with an emitter with lifetime τlife,1 = 250 ps (black and
blue curves), corresponding to a natural linewidth of �ω = 4
GHz, or τlife,1 = 2 ns (red curve). The pulsewise degree of HOM
coherence g(2)HOM(0) is plotted as a function of the lifetime of the
second emitter τlife,2, in the case of τlife,1 = 250 ps also for vari-
ous spectral detunings (black to light blue curves:�ω = 0, 2, 4, 6
GHz). Vertical lines on the figure denote the lifetimes of different
real quantum emitters serving as potential candidates in quantum
networks: WSe2 [81], h-BN [82], SiV− [83], SnV− single emit-
ters [84] and GeV− in bulk diamonds [85], and the D lines of
Rb-85 85Rb(D1/D2) [86,87].

054005-11



CHRISTIAN DANGEL et al. PHYS. REV. APPLIED 18, 054005 (2022)

g(2)HOM(0) ≤ 0.4 reduces to τlife,2 = 0.9 ns (3.6× the QD
lifetime). When pairing a QD with an emitter of shorter
lifetime than itself, the larger linewidth of the other emitter
would reduce the impact of spectral detuning. But typical
QDs have shorter lifetimes than other potential quantum
emitters, such that their linewidth primarily determines
the susceptibility to spectral detuning. As shown by the
red curve on Fig. 8, taking a 2D material or color cen-
ter as emitter 1, we see that the high-indistinguishability
regime where g(2)HOM(0) < 0.1 extends from τlife,2 ≈ 0.8 to
5.2 ns. The use of these emitter types thus bridges the gap
to hybrid systems involving higher-period vacancy centers
with lower γ .

The most promising combinations are QDs with SiV−

centers in diamond or, in the future, possibly with 2D emit-
ters. Combining QDs with atoms or ions, Purcell enhance-
ment [88] would be necessary to generate indistinguishable
photons.

VI. CONCLUSION

In summary, we derived a general formalism that is
capable of quantitatively characterizing two-photon inter-
ference from dissimilar sources subject to resonant pulsed
quantum state preparation. Our methods are valid for
both time-resolved and pulsewise integrated forms. We
incorporated the key parameters that have an impact on
indistinguishability: emitter decay rate, spectral detuning,
temporal mismatch, pure dephasing and spectral wander-
ing (see Appendix J for summary of full mathematical
incorporation).

Since the formalism is derived from general quantum
optical correlation functions, it is not a priori restricted
to certain types of physical systems, except for the con-
dition that the two input fields are not entangled with
each other. Furthermore, by using the Lindblad master
equation to calculate the time evolution in an open sys-
tem, the model is restricted to Markovian environments,
making it challenging to include phonons and their effect
on nonresonant emission and dephasing. One approach to
account for phonons could be to generalize the model by
replacing the Lindblad equation by a time-convolutionless
master equation [89]. Alternatively, their impact could be
approximated by implementing effective phonon modes
via a Jaynes-Cummings-type Hamiltonian [90]. Further-
more, multilevel systems could be implemented using
the respective Hamiltonians together with additional col-
lapse operators. This would allow for the implementation
of different excitation schemes or the modeling of leak-
age from the computational subspace, and could thus
enable valuable insights into further classes of physical
systems. Concerning the experimental realization of two-
photon interference, our model can provide only a lower
bound for achievable g(2)HOM(0) values, since apart from the

TABLE I. Maximal mismatches tolerated to achieve a pulse-
wise degree of HOM coherence g(2)HOM(0) below a given thresh-
old. For otherwise ideal conditions, the individual influence of
decay rate mismatch γ2/γ1, spectral detuning �ω0, temporal
delay �τ , pure dephasing rate, and spectral wandering in both
emitters is calculated.

g(2)HOM(0) < 0.1 < 0.2 < 0.3

γ2/γ1 2.5 4.2 7.3
|�ω0|(γ ) 0.5 0.8 1.2
|�τ |(1/γ ) 0.3 0.5 1.0
γdeph,12(γ ) 0.2 0.6 1.4
w12(γ ) 1.3 2.7 5.3

limitations listed above, also technical setup deficiencies
are not represented by the model.

Table I compares the individual maximal offsets that
could be tolerated to achieve g(2)HOM(0) below a certain
threshold for decay-rate mismatch γ2/γ1, spectral detun-
ing �ω0, temporal delay �τ , combined pure dephasing
rate in both emitters γdeph,12 = γdeph,1 + γdeph,2, and width
of frequency mismatch distribution for Gaussian spectral
wandering in both emitters w12 = (w 2

1 + w 2
2 )

1/2. We note
that the precise threshold set in any real-world quantum
communication scenario would be defined by the specific
protocol that was being implemented. For each nonideal-
ity, otherwise ideal conditions are considered in order to
isolate the specific impact of each. We particularly note
that spectral detuning and pure dephasing lead to a rapid
degradation of indistinguishability. These are indeed often
the main causes why photon coalescence is not observed
in HOM experiments [59,91]. However, our simulations
show that two different quantum emitters can be expected
to exhibit measurable HOM quantum interference, even
when their intrinsic properties differ. Since there is a direct
relation between HOM visibility and entanglement fidelity
[91], we believe that the framework presented in this work
will be useful to benchmark future hybrid combinations for
quantum networks based on two-photon interference.
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APPENDIX A: GAUSSIAN EXCITATION PULSE

A Gaussian pulse shape implies a time dependence
given by an electric field amplitude of the form

E0(t) = E0(t0)× e−(1/2)[(t−t0)/σpulse]2
, (A1)

where E0(t0) is the maximum field amplitude, occurring at
time t0. The pulse parameter σpulse is connected to the full
width at half maximum of the pulse envelope (FWHM),
which we define as the pulse width τpulse:

τpulse ≡ FWHM = σpulse ×
√

8 ln(2). (A2)

We also fix the pulse area to a value of π , resulting in an
average of one photon emitted per pulse:

∫

�(t)dt = π , (A3)

with the Rabi frequency �(t).

APPENDIX B: SUBSTITUTING FIELD BY TLS
OPERATORS

In the absence of dephasing and for resonant exci-
tation, relation (A3) is approximately equivalent to the
normalization condition [38]

∫

dtγ 〈σ̂ †(t)σ̂ (t)〉 = 1, (B1)

where σ̂ (†) is the TLS annihilation (creation) operator.
Equation (B1) states that if a π pulse is applied, one
photon is emitted on average. We thus identify the inte-
grand γ 〈σ̂ †(t)σ̂ (t)〉 as the probability density of having a
photon emitted at time t. This is the key step for incorpo-
rating the system dynamics into the correlation functions in
Eq. (3). Explicitly, this is done by expressing the input field
operators â′(†) and b̂′(†) through the lowering and raising
operators σ̂ (†)1 and σ̂ (†)2 of TLS 1 and 2, respectively:

â′(†) → √
γ1σ̂

(†)
1 , (B2)

b̂′(†) → √
γ2σ̂

(†)
2 . (B3)

In this way, the excitation of the TLS translates into an
excitation of the field through its decay rate. Performing
these replacements in Eqs. (4)–(6), we arrive at a mod-
ified version of Eq. (3) that exclusively depends on the
dynamics of the emitters. To be consistent with the units of
1/s2, G(2)

HOM(t, τ) now has to be interpreted as a correlation
density for the detection times t and t + τ .

APPENDIX C: MASTER EQUATION IN
LINDBLAD FORM

We calculate the correlators as defined in Eqs. (4)–(6)
by determining the time evolution of the Heisenberg oper-
ators. For the description of time evolution, we choose
the master equation in Lindblad form, since it readily
allows for the inclusion of dissipative, and thus nonunitary
dynamics of the driven two-level systems [92]:

∂

∂t
ρ̂(t) = − i

�
[Ĥ , ρ̂]

+
M∑

μ=1

(

L̂μρ̂(t)L̂†
μ − 1

2
L̂†
μL̂μρ̂(t)− 1

2
ρ̂(t)L̂†

μL̂μ

)

.

(C1)

The first term in Eq. (C1) corresponds to the unitary time
evolution governed by the von Neumann equation and
involves the Hamiltonian Ĥ describing the light-matter
interaction of the driven two-level system. The summa-
tion term, known as the dissipator D(ρ̂), accounts for any
additional dissipative effects due to interactions with the
environment. Each individual term in the sum in D is
defined through its corresponding Lindblad (or collapse)
operator L̂μ that can represent mechanisms such as sponta-
neous emission or pure dephasing. Note that in deriving
Eq. (C1), the so-called Markov approximation is used,
which requires a separation of time scales on which the
environment can store and retransfer information to the
system from time scales inherent to the dynamics of inter-
est. When considering processes involving phonons, such
as, for example, the electron-phonon interaction in semi-
conductors, environment memory times may be on the
same order of magnitude as light-matter interactions [93].
Therefore, an explicit inclusion of phonons within the
framework of Eq. (C1) is generally not possible, and other
approaches have to be employed [93]. However, by using
experimentally determined emitter decay rates, the influ-
ence of phonons on the resonant emission is implicitly
accounted for.

APPENDIX D: SPONTANEOUS EMISSION

Spontaneous emission arises because a two-level emitter
inevitably interacts with vacuum modes of the electro-
magnetic field [94] and causes the excited state to have
a characteristic lifetime τlife, after which it decays to the
ground state by emitting a photon. The finite lifetime of the
excited state also leads to a spectral width of the emission
line, as can be inferred from the energy-time uncertainty
relation

�E ×�t ≥ � ⇔ �ω ≥ γ . (D1)

So the emission line a TLS is not sharply defined, but
indeterminate in a small area around its center. The lower
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bound for this range �ω is given by its decay rate γ =
1/τlife and is called the natural linewidth.

We incorporate different emitter lifetimes into the
description of the system dynamics by finding the cor-
responding collapse operator in the Lindblad equation
[Eq. (C1)]. From the time evolution of a TLS density
matrix under spontaneous emission [45]:

∂

∂t
ρgg(t) = γρee(t), (D2)

∂

∂t
ρge(t) = −γ

2
ρge(t), (D3)

∂

∂t
ρeg(t) = −γ

2
ρeg(t), (D4)

∂

∂t
ρee(t) = −γρee(t), (D5)

which can be written in the more compact form

∂

∂t
ρ̂(t) = γ

(

|g〉〈e|ρ̂(t)|e〉〈g| − 1
2
|e〉〈e|ρ̂(t)− 1

2
ρ̂(t)|e〉〈e|

)

= γ

2
(2σ̂ ρ̂(t)σ̂ † − σ̂ †σ̂ ρ̂(t)− ρ̂(t)σ̂ †σ̂ ), (D6)

we can identify the collapse operator for spontaneous
emission L̂spont [95] by comparing Eq. (D6) to the general
form of the dissipator in the Lindblad equation:

L̂spont = √
γ σ̂ . (D7)

Note that the TLS lowering operator σ̂ = |g〉〈e| = 1
2 (σ̂x +

iσ̂y) can also be expressed in terms of the Pauli operators
σ̂x and σ̂y . Spontaneous emission is explicitly included into
the formalism by inserting the collapse operator (D7) into
the Lindblad equation.

APPENDIX E: SPECTRAL AND LASER
DETUNING IN ROTATING FRAMES

Despite the finite linewidth of the transition, the center
frequency ω0 = (Ee − Eg)/� is well defined through the
energy eigenvalues of the ground and excited state. Two
emitters are considered spectrally detuned if their center
frequencies ω01 and ω02 do not coincide. Photons emit-
ted by dissimilar sources are thus generally subject to a
spectral detuning �ω = ω02 − ω01. Since in real experi-
ments lasers may be slightly detuned from the transitions,
we also account for laser detunings�i = ωLi − ω0i in each
system i (with ωLi the frequency of the excitation laser of
system i).

To include spectral and laser detuning we can explicitly
incorporate the frequency of the emitter and the driving
field into the Hamiltonian, which directly enters in the

Lindblad Eq. (C1). In a semiclassical picture and after per-
forming the rotating-wave approximation a Hamiltonian
describing a driven TLS takes the form [96]:

Ĥi = �ω0iσ̂i
†
σ̂i + ��(t)

2
× (σ̂ieiωLit + σ̂i

†e−iωLit). (E1)

Equation (E1) is defined in the laboratory frame. We can
generally choose arbitrary reference frames for both sys-
tem Hamiltonians. However, if we choose different coordi-
nates to describe the dynamics of system 1 and 2, we have
to transform the correlators (10)–(12) to a joint reference
frame when merging them according to Eq. (9).

A common way to drastically reduce computational
effort is by expressing the dynamics of each emitter in a
respective rotating frame rotating at the laser frequency
ωLi. In this way, all oscillatory time dependence of the
Hamiltonian in Eq. (E1) is absorbed into the states and
the Hamiltonian remains only time-dependent through the
electric field amplitude. From the general rule for unitary
transformations [96]

ˆ̃H = ÛĤ Û† + i�
(
∂

∂t
Û
)

Û† (E2)

|ψ̃〉 = Û |ψ〉 , (E3)

which for transforming the laboratory frame Hamilto-
nian Ĥ into a rotating frame Hamiltonian ˆ̃H requires the
operator

Û = eiωrott|e〉〈e|, (E4)

with ωrot ≡ ωLi, we can infer the rule for transforming field
operators into the rotating frame:

σ̂i(t) → σ̂i(t)e−iωLit, (E5)

σ̂
†
i (t) → σ̂

†
i (t)e

iωLit, (E6)

with Ĥ → Ĥ − ωLiσ̂
†
i σ̂i. (E7)

Using transformations (E5) and (E6) we can infer an
expression for g(2)HOM(0) that allows plugging in all corre-
lators evaluated in their respective rotating frame. In this
way, spectral and laser detuning appear in a τ -dependent
phase factor multiplied to the first-order correlation func-
tions. Since similar phase factors cancel with their complex
conjugate in the other terms, we only have to modify one
term in Eq. (9) to include spectral and laser detuning while
working in rotating frames:

2 Re
{

G(1)
11 (t, τ)

∗ × G(1)
22 (t, τ)

}
→

2 Re
{

G(1)
11 (t, τ)

∗
RF1

× G(1)
22 (t, τ)RF2 × e−i(�ω0+�2−�1)τ

}
.

(E8)
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The index RFi indicates that the correlators are evaluated
in respective reference frames rotating at ωLi. In the case
of resonant excitation the phase factor reduces to e−i�ω0τ ,
and for emitters that differ only in emission frequency we
get a real-valued factor of the form cos (�ω0τ) [48].

Simulations of g(2)HOM(0) for laser detunings up to 100 γ
in one or both emitters have shown that these detunings
have a marginal influence on photon indistinguishability.
Thus, in the following we set �ω2 = �ω1 ≡ 0.

APPENDIX F: TEMPORAL DELAY

For four of the terms in Eq. (9), it can be shown by suit-
able substitutions of the time variables that they are not
affected by a time delay between the photons:

G(2)
11 (t, τ)

δτ−→ G(2)
11 (t, τ),

G(2)
22 (t, τ)

δτ−→ G(2)
22 (t − δτ , τ)

t→t−δτ−−−−→ G(2)
22 (t, τ),

N1(t)× N2(t + τ)
δτ−→ N1(t)× N2(t − δτ + τ)

τ→τ−δτ−−−−−→ N1(t)× N2(t + τ),

N2(t)× N1(t + τ)
δτ−→ N2(t − δτ)× N1(t + τ)

t→t−δτ , τ→τ+δτ−−−−−−−−−−→ N2(t)× N1(t + τ).
(F1)

APPENDIX G: PURE DEPHASING COLLAPSE
OPERATOR

Pure dephasing is accounted for in our formalism by
including the corresponding collapse operator in Eq. (C1).
In the density matrix picture, pure dephasing corresponds
to an approximately exponential decay of the coherences.
This can be understood as a result of a statistical average
of randomly z-rotated states on the Bloch sphere, leading
to a mixed rather than a pure quantum state [97]:

ρ̂S(t) ≈
(

ρ00 e−γdephtρ01
e−γdephtρ10 ρ11

)

= 1 + e−γdepht

2
× ρ̂S(0)+ 1 − e−γdepht

2
× σ̂zρ̂S(0)σ̂z.

(G1)

By considering small time intervals dt, such that e−γdephdt ≈
1 − γ dt, we derive a differential equation for ρ̂(t):

lim
dt→0

ρ̂S(dt)− ρ̂S(0)
dt

= ∂

∂t
ρ̂S(t) = γdeph

2
(−ρ̂S(t)+ σ̂zρ̂S(t)σ̂z). (G2)

Noting that σ̂z = σ̂ †
z and σ̂zσ̂z = 1, Eq. (G2) can be rewrit-

ten as

∂ρ̂S(t)
∂t

= γdeph

2

(

σ̂zρ̂S(t)σ̂ †
z − 1

2
σ̂ †

z σ̂z − 1
2
ρ̂S(t)σ̂ †

z σ̂z

)

.

(G3)

Comparing Eq. (G3) to the dissipator in the Lindblad
equation [Eq. (C1)], we identify the collapse operator for
pure dephasing to be

L̂deph =
√
γdeph

2
σ̂z. (G4)

APPENDIX H: SPECTRAL WANDERING
INTEGRAL

To get the distribution of spectral detunings we insert
Eq. (21) into Eq. (20):

p(�ω) = 1
2πσ1σ2

∫ ∞

−∞

∫ ∞

−∞
dω1dω2δ(ω2 − (�ω + ω1))

× e−(1/2σ 2
1 )(ω1−ω01)

2
e−(1/2σ 2

2 )(ω2−ω02)
2

(H1)

= 1
2πσ1σ2

∫ ∞

−∞
dω1e−(1/2σ 2

1 )(ω1−ω01)
2

× e−(1/2σ 2
2 )(ω1+�ω−ω02)

2
(H2)

= 1
2πσ1σ2

e−(1/2)[(�ω−�ω0)
2/σ 2

2 ]

×
∫ ∞

−∞
dze−(1/2)[(1/σ 2

1 )+(1/σ 2
2 )]z

2−[(�ω−�ω0)/σ
2
2 ]z.

(H3)

In the last step we make the substitution z = ω1 − ω01 and
define �ω0 = ω02 − ω01. The integral in Eq. (H3) can be
solved analytically.

APPENDIX I: NORMALIZATION

Depending on the experimental situation, an appropri-
ately chosen normalization of g(2)HOM(0) may be necessary
to interpret the results. In its most general form in Eq. (3),
the HOM cross-correlation function corresponds to the
joint probability density of having a photon at detector 1 at
time t and a second photon at detector 2 at time t + τ . In its
pulsewise integrated form in Eq. (9), it gives the probabil-
ity of having a photon at detector 1 and a photon at detector
2 at any time after exciting both emitters with a single
pulse each. If only this coincidence probability is of inter-
est, no normalization is required. However, in order to use
G(2)

HOM(0) as a universal measure for photon indistinguisha-
bility, we need to consider the average number of photons
arriving from each emitter. For ideal single-photon emis-
sion from both systems, this mean number is one, making
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normalization redundant. In the general case of finite pulse
widths leading to reexcitation, pulse areas deviating from
π , finite laser detunings, or the presence of pure dephasing,
the situation is different. If, for example, the photon emis-
sion probability is far smaller than one, most of the time no
or at most one photon impinges on the beam splitter. This
leads to a low coincidence probability, even if the photons
are fully distinguishable. Normalizing with the number of
expected photons is required to restore the interpretation as
a measure of indistinguishability.

An elementary condition for a normalization term is that
it yields 1 in the case of unit photon emission probabil-
ities in both systems. Moreover, it must become smaller
if on average less than one photon is emitted in either
system. The most natural way to achieve this is by choos-
ing the term in an analogous way as for the degree of
second-order coherence g(2)(0) [46]. Note that in the HOM

case, we express the correlated fields â and b̂ in terms of
the input fields at the beam splitter â′ and b̂′. Following
this approach we obtain an intensity normalization term
N1, which reads [38]

N1 = 〈â†â〉〈b̂†b̂〉

= 1
2
〈(â′† − b̂′†)(â′ − b̂′)〉1

2
〈(â′† + b̂′†)(â′ + b̂′)〉

= 1
4
(〈n̂a′ 〉 + 〈n̂b′ 〉)2. (I1)

A similar way to normalize is by using the mean intensity
[38]:

N2 = 1
2
(〈n̂a′ 〉2 + 〈n̂b′ 〉2). (I2)

The difference between these approaches is that compared to Eq. (I1), a mixing term 1
2 〈n̂a′ 〉〈n̂b′ 〉 is missing in Eq. (I2).

Both these approaches work well when the mean photon number is reduced in both systems simultaneously. However,
both normalizations break down when one system emits with unit probability, while for the other system 〈n̂〉 
 1. This is
due to the fact that in this case N1 and N2 are lower bounded by 1/4 and 1/2, respectively. Therefore, at some point they
fail to compensate for small coincidence probabilities due to the absence of photons. To overcome these limitations, we
choose cross-polarization normalization as described in the main text.

APPENDIX J: FULL EQUATION OF THE PULSEWISE DEGREE OF HOM COHERENCE

Including all mechanisms mentioned in this work to the pulsewise degree of HOM coherence, we obtain

G(2)
HOM(0) = 1

4

⎛

⎜
⎝

∫ ∞

0

∫ ∞

−∞
dtdτ(G(2)

11 (t, τ)+ G(2)
22 (t, τ)︸ ︷︷ ︸

multiphoton emission

)+
∫ ∞

0

∫ ∞

−∞
dtdτ(N1(t)× N2(t + τ)+ N2(t)× N1(t + τ)

︸ ︷︷ ︸
intensity

)

− cos2 (φ)
︸ ︷︷ ︸
polarization

∫ ∞

0

∫ ∞

−∞
dtdτ 2 Re

⎧
⎨

⎩
G(1)

11 (t, τ)
∗
RF1

× G(1)
22 (t − δτ︸︷︷︸

temporal delay

, τ)RF2 × e−i(�ω+�2−�1)τ
︸ ︷︷ ︸

spectral and laser detuning

⎫
⎬

⎭

⎞

⎟
⎠ .

Several effects enter implicitly through the time evolution
of the Heisenberg operators and have to be incorporated to
the Lindblad equation:

(a) Spontaneous emission → collapse operator
√
γ σ̂ .

(b) Pure dephasing → collapse operator
√
γdeph/2σ̂z.

Other mechanisms have to be added supplementary:

(a) Spectral wandering → mean value
∫ ∞
−∞ d�ωp(�ω)

G(2)
HOM(0,�ω).
(b) Normalization → g(2)HOM(0) ≡ G(2)

HOM(0,φ = 0)/
G(2)

HOM(0,φ = π).

System type as well as parameters of the excitation mecha-
nism enter into the Lindblad equation via the Hamiltonian.
For time-resolved considerations, only integration over τ
has to be omitted.
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