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In recent years, several young massive star clusters (YMSCs) have been associated with extended
𝛾-ray sources, suggesting that some acceleration process, able to accelerate particles at least up to
hundreds of TeV, is at work. The number of YMSCs with associated 𝛾-ray emission is of order
ten, however the number of potential sources is much larger, probably up to several hundreds. It
is plausible that many such objects have not been observed yet due to their low surface brightness.
However, such unresolved sources may contribute to the diffuse Galactic 𝛾-ray background. In
this work, we aim at estimating the total contribution of unresolved YMSCs to the diffuse 𝛾-ray
flux. This is done based on a synthetic population built from observed properties of local (within
2 kpc from the Sun) clusters. We simulate the Galactic population of YMSCs using a Montecarlo
approach. For each cluster, we build the stellar population, in order to estimate the collective wind
luminosity and mass loss rate. The 𝛾-ray emission of each cluster is then computed assuming a
pure hadronic scenario, where protons are accelerated at the collective wind termination shock
of the stellar cluster and subsequently interact with the material embedded inside the wind-blown
bubble. We also consider different scenarios of particle transport inside the bubble, an important
ingredient that determines both the maximum energy and the escape time from the bubble, thus
affecting the final 𝛾-ray spectrum. Our results are then compared with measurements of the diffuse
𝛾-ray flux provided by several experiments, from a few GeV to hundreds of TeV.
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1. Introduction

Stellar clusters are among the most studied celestial objects in the Cosmos and represent the
fundamental building blocks of galaxies. In the last decades, several experiments have detected
diffuse 𝛾-ray emission in coincidence with a dozen Galactic young (<10 Myr) massive (>103 M⊙)
star clusters (YMSCs), among which Cygnus OB2 [1, 6, 7], Westerlund 1 [2, 4], and Westerlund
2 [29]. The detection of 𝛾-ray emission can be easily explained if ∼ 10% of the power supplied
by the strong winds from the massive stars hosted by the clusters is used to accelerate cosmic rays
(CRs) [3].

During the years, several mechanisms of particles acceleration have been proposed [11, 19,
26, 27]. In the case of young compact clusters, the winds of the massive stars may combine to
generate a collective cluster wind. In this scenario, particle acceleration is expected at the collective
cluster wind termination shock (TS) [23]. After acceleration, CRs escape from the TS and start
to propagate within the bubble created by the expanding hot shocked wind material. Here, the
diffusion is suppressed due to the highly turbulent nature of the hot shocked plasma. As a result,
the bulk of the accelerated particles remain confined within the bubble itself. In a pure hadronic
scenario, this produces 𝛾-ray emission with a size comparable to that of the wind blown bubble,
which is consistent with the observed sizes (∼ 1◦−3◦) of the 𝛾-ray radiation detected in coincidence
with stellar clusters.

In general, detecting diffuse emissions in 𝛾-ray astronomy is challenging due to the problematic
background subtraction. Consequently, the detection of YMSCs in 𝛾-ray can suffer from observa-
tional biases. At present, it is reasonable to expect that most of the emission coming from YMSCs
is indirectly observed as a contribution to the large-scale Galactic emission. In this work, we aim
to estimate such a contribution by generating a synthetic galactic population of YMSCs based on
known properties of observed local clusters. For each cluster, we simulate a mock population of
stars whence the parameters of the collective cluster wind are estimated. We compute the CR
content in each cluster using the model provided by [23], and we then calculate the associated 𝛾-ray
emission assuming a pure hadronic nature.

The paper is structured as follows: In §2, we describe the method for the simulation of the
mock star population in each cluster, and the recipes used to model the stellar wind physics. In §3,
we illustrate the approach employed for the simulation of the synthetic YMSC population. In §4,
we summarize the model of CR acceleration at the wind TS developed by [23] and the procedure
used to compute the 𝛾-ray emission. In §5, we compare the diffuse emission from the Galactic
population with available data in the literature, and we then discuss the obtained results. Finally,
we present in §6 the conclusion of the work.

2. Generation of a stellar population inside YMSCs and estimation of the cluster
wind parameters.

For every YMSC, the mock stellar population is built starting from two fundamental parameters:
the cluster age and mass. The process can be summarized in two main steps: first, starting from the
cluster mass, we extract a population of stars by random sampling the initial stellar mass function
(IMF). Afterward, based on the cluster age, we remove all the stars that are expected to have
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exploded as supernovae. In the first step, when sampling the IMF, we consider that the number of
stars in a given cluster is:

𝑁★(𝑀𝑆𝐶) = 𝑀𝑆𝐶

∫ 𝑀★,𝑚𝑎𝑥

𝑀★,𝑚𝑖𝑛
𝑓★(𝑀★)𝑑𝑀★∫ 𝑀★,𝑚𝑎𝑥

𝑀★,𝑚𝑖𝑛
𝑀★ 𝑓★(𝑀★)𝑑𝑀★

(1)

where all quantities with the subscript ★ refers to stellar parameters. 𝑀𝑆𝐶 is the mass of the star
cluster and 𝑓★(𝑀★) is the stellar IMF [20]. The minimum and maximum stellar masses that can
be generated within a cluster are 𝑀★,𝑚𝑖𝑛 = 0.08 M⊙, which is related to the minimum theoretical
mass to support significant nuclear burning [13], and 𝑀★,𝑚𝑎𝑥 = 150 M⊙ that is the maximum
observed stellar mass in clusters [32]. In the second step, we remove all those stars that exploded as
supernova by considering that a star with a given mass 𝑀★ will leave the main sequence (and soon
after explode as a supernova) at a turn-off time (𝑡𝑇𝑂) given by the following relation [10]:

log
(
𝑡𝑇𝑂

1 yr

)
= 0.825 log2

(
𝑀★

120 M⊙

)
+ 6.43 . (2)

All the stars with a turn-off time less than the cluster age are removed from the cluster.

2.1 Modeling stellar winds

We model the physics of stellar winds using a purely empirical approach. The mass loss rate
( ¤𝑀★) for a given star is calculated using the relation provided by [24]:

log
( ¤𝑀★

M⊙yr−1

)
= −14.02 + 1.24 log

(
𝐿★

L⊙

)
+ 0.16 log

(
𝑀★

M⊙

)
+ 0.81

(
𝑅★

R⊙

)
. (3)

The kinetic luminosity of the stellar winds is defined as:

𝐿★,𝑤 =
1
2

¤𝑀★

{
𝐶 (𝑇eff)2

[
2𝐺𝑀★(1 − 𝐿★/𝐿Edd)

𝑅★

]}
(4)

where the term in braces represents the wind speed squared [21], and 𝐿Edd is the Eddinghton lumi-
nosity. The coefficient𝐶 (𝑇eff) depends on the stellar temperature and is obtained from observations
[21]. Both the mass loss rate and the wind luminosity depend on stellar parameters, such as stellar
luminosity (𝐿★), stellar radius (𝑅★), and effective temperature (𝑇eff). We again rely on a purely
empirical approach to estimate the stellar luminosity and radius. As we are considering stars over
a large range of masses, the empirical method is preferred to stellar models as the latter are often
defined on narrow mass intervals.

For what concerns the stellar luminosity, we consider the mass-luminosity relation presented
in [22] (Eq. 3.7). This consists of a smoothed broken power law mixing two different empirical
mass-luminosity relations: the first one provided by [15] and valid between 0.179–31 M⊙, and the
second one provided by [30] valid for very massive stars (𝑀★ > 100 M⊙). To estimate stellar radius,

we use the mass-radius relation presented in [14]: 𝑅★ = 0.85
(
𝑀★

𝑀⊙

)0.67
R⊙. Finally, we calculate

the effective stellar temperature using the Boltzmann law: 𝑇eff =

[
𝐿★

4𝜋𝑅2
★𝜎𝑏

]1/4
, where 𝜎𝑏 is the
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Boltzmann constant.
Once the wind luminosity and mass loss rate of every star are known, the collective cluster

wind luminosity (𝐿𝑤) and mass loss rate ( ¤𝑀) are straightforwardly calculated as 𝐿𝑤 =
∑

𝑖 𝐿★,𝑤,𝑖

and ¤𝑀 =
∑

𝑖
¤𝑀★,𝑖 respectively.

3. Generating synthetic population of Galactic YMSCs

The core ingredient used to simulate the Galactic YMSCs is the cluster distribution function:
𝜉𝑆𝐶 (𝑀, 𝑡, 𝑟, 𝜃) = 𝑑𝑁𝑆𝐶

𝑑𝑀𝑆𝐶𝑑𝑡𝑑𝑟𝑑𝜃
, defined such that the total number of clusters in the Milky Way with

masses ranging in a given interval [𝑀𝑚𝑖𝑛, 𝑀𝑚𝑎𝑥], and age [𝑡𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥] is

𝑁𝑆𝐶 =

∫ 𝑀𝑚𝑎𝑥

𝑀𝑚𝑖𝑛

∫ 𝑡𝑚𝑎𝑥

𝑡𝑚𝑖𝑛

∫ 𝑅𝑀𝑊

0
𝑟𝜉𝑆𝐶 (𝑀𝑆𝐶 , 𝑡, 𝑟)𝑑𝑀𝑆𝐶𝑑𝑡𝑑𝑟𝑑𝜃 , (5)

where 𝑅𝑀𝑊 is the Milky Way radius. As we are interested in young and massive stellar clusters,
we consider 𝑡𝑚𝑖𝑛 = 0, 𝑡𝑚𝑎𝑥 = 10 Myr and 𝑀𝑚𝑖𝑛 = 103 M⊙. The maximum cluster mass is derived
from observations [25], and is 𝑀𝑚𝑎𝑥 = 6.3×104 M⊙. The true form of 𝜉𝑆𝐶 is not known. However,
a reasonable assumption is that the distribution can be factorized in mass, time, and space, so
that 𝜉𝑆𝐶 can be written as 𝜉𝑆𝐶 (𝑀, 𝑡, 𝑟) = 𝑓 (𝑀𝑆𝐶)𝜓(𝑡)𝜌(𝑟, 𝜃), where 𝑓 (𝑀𝑆𝐶), 𝜓(𝑡), and 𝜌(𝑟, 𝜃)
are the cluster initial mass function, the cluster formation rate and the cluster spatial distribution
respectively.

It is possible to infer both the cluster formation rate and cluster mass function from observations.
In this regard, we consider the work carried out by [25], based on a local survey of stellar clusters
(Milky Way Star Cluster Survey). In [25] the cluster initial mass function is modeled as a broken
power law. For clusters with 𝑀𝑆𝐶 > 103 M⊙, the cluster mass function is 𝑓 (𝑀𝑆𝐶) = 1.2𝑀−1.54

𝑆𝐶
.

After correcting for the effect of cluster evolution, the age distribution of stellar clusters is found to
be flat in the last tens of Myrs [25]. This implies a constant cluster formation rate in the last 10 Myr,
so that 𝜓(𝑡) = �̄� = 𝑐𝑜𝑛𝑠𝑡. We calculate the cluster formation rate using the observed star formation
rate inferred from embedded young stellar clusters as measured by [9], which leads to an average
cluster formation rate of �̄� = 1.8 Myr−1 kpc−2 [22].

We model the YMSCs spatial distribution in the Milky Way following the approach presented
in [22]. The method can be summarized into two main steps: first, the galactocentric radial position
and the altitude of stellar clusters are extracted. The galactocentric position is obtained assuming
that young cluster follow the same radial distribution of giant molecular clouds, which is inferred
from the catalog provided by [16]. The altitude position is instead extracted assuming that clusters
follow the same exponential distribution of the observed gas profile. Secondly, based on their radial
and angular position, YMSCs are associated with a specific Galactic structure, i. e. spiral arm,
galactic bar, etc. To this end, we model the Milky Way structure following the work by [16]. The
criteria for the association of each Galactic structure are summarized in [22] (Tab. 3.1).

Inserting all the aforementioned distributions in Eq. 5, we find a total of 747 YMSCs. We find
an average value for the wind luminosity and mass loss rate of 𝐿𝑤 ≈ 3×1036 erg s−1 and ¤𝑀 ≈ 10−6

M⊙ yr−1 respectively.
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4. Cosmic ray acceleration at the collective wind termination shock of YMSCs

When the average distance between stars in a cluster is less than the single stellar winds
termination shocks (TS), the winds from the massive stars combine to create a collective cluster
wind. This scenario is typical of young clusters as a direct consequence of primordial mass
segregation (see [22] and references therein). As the wind material gets shocked and heated,
it adiabatically expands in the interstellar medium (ISM) generating large bubble-like structures
similar to those observed close to single massive stars [28]. A model for particle acceleration in these
systems was presented in [23]. The model can be summarized as follow: particles are accelerated
at the collective cluster wind TS via the diffusive shock acceleration mechanism, and subsequently
escape from the acceleration site experiencing a combination of advection and diffusion in the
hot bubble until the border of the bubble is reached. From there, CRs are free to escape in the
unperturbed ISM.

Given the highly turbulent nature of the hot bubble, particle diffusion is suppressed. As a
result, most of the injected CRs remain confined within the bubble borders, and the majority of the
𝛾-ray emission is produced in this region. The CR distribution in the bubble is [23]:

𝑓 (𝑟, 𝑝) = 𝑓𝑇𝑆 (𝑝)G(𝐷2, 𝑅𝑏) , (6)

where

𝑓𝑇𝑆 (𝑝) = A(𝜖𝐶𝑅, 𝐿𝑤 , ¤𝑀)
(

𝑝

𝑚𝑝𝑐

)−4 [
1 + 𝑎1

(
𝑝

𝑝𝑚𝑎𝑥

)𝑎2 ]
𝑒−𝑎3 (𝑝/𝑝𝑚𝑎𝑥 )𝑎4

. (7)

The parameters 𝑎1, 𝑎2, 𝑎3 and 𝑎4 depend on the spectral behavior of the diffusion coefficient, which
is ultimately related to the type of magnetohydrodynamic turbulence spectrum. In this work, we
will consider two different scenarios of a Kraichnan spectrum and a Bohm-like diffusion. The
coefficients are listed in [22] (Tab. 1.1). The parameter A is a normalization factor which depends
on the cluster wind power, mass loss rate and the efficiency of CR production (𝜖𝐶𝑅 = 0.1) (see [22],
Eq. 1.75). The function G (see [22], Eq. 1.70b and Eqs. 1.71) depends on the diffusion coefficient in
the bubble (𝐷2) and the size of the bubble, which is [28]: 𝑅𝑏 = 0.798𝐿1/5

𝑤 𝜌
−1/5
0 𝑡3/5, where 𝑡 is the

age of the YMSC, and 𝜌0 is the average density close to the YMSC that we assume to be 10𝑚𝑝 cm−3

(𝑚𝑝 is the mass of the proton). When calculating the diffusion coefficient in the system, we assume
for the Kraichnan case that the turbulence is injected at a characteristic length scale of 1 pc. The
parameter 𝑝𝑚𝑎𝑥 is the maximum momentum reachable by particle acceleration, which can be found
by the condition 𝐷1(𝑝𝑚𝑎𝑥)/𝑣𝑤 = 𝑅𝑇𝑆 , where 𝐷1 is the diffusion coefficient in the cold cluster wind,
𝑣𝑤 = (2𝐿𝑤/ ¤𝑀)1/2 is the collective cluster wind speed and 𝑅𝑇𝑆 = 0.791 ¤𝑀1/2𝑣

1/2
𝑤 𝐿

−1/5
𝑤 𝜌

−3/10
0 𝑡2/5

is the size of the TS [28].
The 𝛾-ray flux from a single YMSC is calculated as follows:

𝜙𝛾 (𝐸𝛾) =
𝑐𝑛0

𝑑2

∫ ∫ 𝑅𝑏

𝑅𝑇𝑆

𝑟2 𝑓 (𝑟, 𝐸𝑝)
𝑑𝜎(𝐸𝑝, 𝐸𝛾)

𝑑𝐸𝑝

𝑑𝑟𝑑𝐸𝑝 (8)

where 𝑑𝜎/𝑑𝐸𝑝 is the differential cross section for 𝛾-ray production through hadronic interaction
[18], 𝑑 is the distance from from the Earth of the YMSC and 𝑛0 is the target density. We here
assume two possible values for the target density: 𝑛0 = 10 cm−3 and 𝑛0 = 1 cm−3. Both densities
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are likely overestimated and the obtained 𝛾-ray flux has to be interpreted as an upper limit on the
emission [22].

5. Comparison of the diffuse 𝛾-ray radiation from YMSCs with observations

Based on the information available in five different works in the literature, we select two
regions from which we extract the 𝛾-ray emission from the population of YMSCs. In the first
region (named ROI1), spanning between 100◦ < 𝑙 < 25◦ and −5◦ < 𝑏 < 5◦, the measurement of the
𝛾-ray flux is provided by [17], [8], and [5], based on observations of EGRET, ARGO, and Tibet-AS𝛾
respectively. The emission in the second region (named ROI2), defined between 125◦ < 𝑙 < 15◦

and −5◦ < 𝑏 < 5◦, is provided by [12] and [31], based on LHAASO and Fermi-LAT observations.
We calculate the diffuse 𝛾-ray emission from ROI1 by simply summing up all the fluxes of

the YMSCs whose position falls within the region boundaries. For ROI2, we use a different
approach. After calculating the emission of 𝛾-rays for each YMSC, we assume that the entire flux is
uniformly emitted within a disc equivalent to the size of the projected wind bubble. Subsequently,
we determine the diffuse emission in the area by applying the same masks employed to extract the
LHAASO and Fermi-LAT data [12, 31].

Fig. 1 shows the diffuse 𝛾-ray spectrum in ROI1. The emission at low-energy (𝐸𝛾 < 10 GeV),
in all cases under analysis, is an order of magnitude below the observed flux. On the contrary, for
𝐸𝛾 ≳ 300 GeV the flux for the Bohm case is found to be larger than what measured by ARGO
by a few tens of percent between 0.2 TeV ≲ 𝐸𝛾 ≲ 1 TeV and a factor ∼ 3 at 𝐸𝛾 ≈ 1 − 2 TeV.
For the Kraichnan case, the flux is instead below the observed flux by a factor of ∼ 2 at 0.2 TeV
≲ 𝐸𝛾 ≲ 1 TeV, while at 𝐸𝛾 ≈ 1 − 2 TeV the expected flux matches the observations. This is indeed
an intriguing result, indicating that the non-resolved diffuse emission from YMSCs between a few
hundreds of GeV and a few TeV is likely not negligible and possibly even dominant. Even with a
target density of 1 cm−3, the diffuse emission at 1 TeV in the Bohm case remains non negligible.
Above 100 TeV the emission is only important in the Bohm case, and in the case of very high target
density. When considering 1 cm−3, the flux is a factor of a few below the observed data points.

Fig. 2 shows the diffuse 𝛾-ray spectrum in ROI2. Similarly to ROI1, we found the flux at low
energy (< 10 GeV) to be negligible. The diffuse emission from YMSCs starts to be important above
a few TeVs, consistently with the result in ROI1. We also found the emission in the Bohm scenario
to be relevant in the LHAASO range, also if the considered particle density is 1 cm−3. However,
due to the small area used to extract the 𝛾-ray emission, the spectrum in this energy range is affected
by the statistical fluctuation of the number of stellar clusters with 𝑀𝑆𝐶 > 104 M⊙. In order to
obtain a robust estimate on the contribution in this energy range, an average flux value obtained
from multiple simulations of the Galactic population is required.

In addition to the comparison of the overall emission with 𝛾-ray data, we also investigate the
relative contribution to the diffuse 𝛾-ray emission as a function of the cluster mass. We found that
the emission is dominated by the most massive stellar clusters. This can be also crosschecked by
calculating the differentiated 𝛾-ray luminosity as a function to of cluster mass:

𝑑𝐿𝛾

𝑑𝑀𝑆𝐶

= 𝐿𝛾 (𝑀𝑆𝐶) 𝑓 (𝑀𝑆𝐶) ∝ 𝑀−0.5
𝑆𝐶 𝑛0𝑡 . (9)
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Figure 1: Diffuse 𝛾-ray emission from the synthetic population of YMSCs compared to EGRET, ARGO
and Tibet-AS𝛾 observations in ROI1. Thin and thick lines represent the spectra after considering a target
density of 10 cm−3 and 1 cm−3 respectively. Solid and dot-dashed (light blue) lines are the spectra obtained
in the case of Bohm-like turbulence. Dotted and dashed (green) lines are instead the spectra calculated for
Kraichnan diffusion.

Figure 2: Same as Fig. 1, but for the sky region ROI2.

where 𝑡 is the cluster age. For a given mass interval of cluster masses between 𝑀𝑚𝑖𝑛,𝑆𝐶 and
𝑀𝑚𝑎𝑥,𝑆𝐶 , the 𝛾-ray luminosity is:

𝐿𝛾 ∝
∫ 𝑀𝑚𝑎𝑥,𝑆𝐶

𝑀𝑚𝑖𝑛,𝑆𝐶

𝑀−0.5
𝑆𝐶 ∝ 𝑀0.5

𝑚𝑎𝑥,𝑆𝐶 , (10)

if 𝑀𝑚𝑖𝑛,𝑆𝐶 ≪ 𝑀𝑚𝑎𝑥,𝑆𝐶 .
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6. Conclusions

The advancement of highly sensitive 𝛾-ray telescopes in recent decades has led to the iden-
tification of several massive star clusters as significant sources of 𝛾-ray emission. This discovery
has revealed their role as galactic CR accelerators. Detecting these objects is challenging due to
their characteristic diffuse emission, and a substantial portion of their emitted 𝛾-ray flux is likely
observed as a contribution to the diffuse emission observed along the Galactic plane. In this work,
we estimated this contribution by simulating a synthetic galactic population of YMSCs, starting
from observed properties of local clusters. We model the emission from each synthetic YMSC
considering a pure hadronic scenario and assuming that particle acceleration is achieved at the
collective cluster wind termination shock. We found the diffuse 𝛾-ray emission from the cluster
population in two regions of the Galactic plane to be nonnegligible at a few TeV. The contribution
is particularly relevant if a Bohm-like diffusion coefficient mediates the particle propagation in the
bubble generated by the cluster wind. If diffusion is generated by Kraichnan-like turbulence, the
𝛾-ray emission is relevant only if the target density is relatively high.
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