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Young massive star clusters: Cosmic rays 
accelerators and γ-ray sources 

γ-ray emission detected in 
coincidence with 12 YMSC!

Young (<10 Myr) massive (>103 M⨀) stellar 
clusters (YMSCs) are cosmic ray factories 

Aharonian et al (2022)

HESS flux map

Spitzer/IRAC+Glimpse

HESS collab (2011)

Yang and Aharonian (2017)

HII column density (Plank FF)

HESS significance contours
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Diffuse γ-ray emission
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The γ-ray emission 
is diffuse and 

extended (1°-3°)!

Emission size  consistent 
with projected dimension 

of wind-blown bubbles

CGPS 21 cm continuum

Detecting and analyzing 
diffuse γ-ray emission is a 

challenging task!
Detection bias for low 

surface brightness sources



Work motivation
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Detection of individual YMSCs is challenging…

Collective emission from YMSCs could be 
detected as a non-resolved contribution to 

diffuse galactic gamma-ray emission!

To estimate this contribution the knowledge of 
YMSCs population is required

Population of YMSCs only know locally…

Simulation of a synthetic population!

Diffuse emission = CRs sea + unresolved sources

Piskunov et al (2018)

Fermi-LAT 



Work objective
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Cosmic rays are accelerated thanks to 
winds from massive stars and supernova 

explosions (Morlino’s talk)

 Gamma-ray emission traces extension of 
wind-blown bubbles

What do we need?

➢ Wind luminosity and mass loss rate 
of stellar winds

➢ Number of supernovae and Wolf-
Rayet stars

➢ Structure of the wind blown bubble

a) Modeling stellar population in a 
YMSC

b) Modeling stellar wind physics:
Use pure empirical approach

Generate galactic population of 
YMSCs:

Use info from local population of YMSCs

1

2

Workflow



Modeling stellar population
and wind physics

(Photo credit: astroanarchy.blogspot.com)



o Stars are spawned by random sampling the
 initial mass function (IMF) (Kroupa 2001)

o Number of stars in a cluster of mass Msc is that

o Two possible cases for maximum stellar mass:
o Constant (150 M⨀)
o Function of the cluster mass (Weidner et al 2010)

o Label WR and supernovae according to cluster age and turn over time 
(Buzzoni et al 2002):
o If 𝑡𝑎𝑔𝑒 > τ𝑡𝑜: Main sequence star

o If τ𝑡𝑜 < 𝑡𝑎𝑔𝑒 < τ𝑡𝑜 + 0,3 Myr and 𝑀⋆ > 25 𝑀⨀: WR star (Celli et al 2023) 

o If 𝑡𝑎𝑔𝑒 > τ𝑡𝑜 + 0,3 Myr: Supernova (removed)

Stellar population in YMSC
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→ OB type stars



Stellar parameters (MLR)
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Stellar parameters calculated using empirical relations
• Mass-luminosity relation (MLR) (Menchiari 2023 for MS stars)
• Mass-radius relation (MRR) (Demicran 1991)
• Mass-temperature relation (MTR) (Boltzmann-law)

MLR (for MS stars)

For WR stars we adopt Schaerer & Maeder (1992): 

NB: for WRs the mass loss is taken into account!



Stellar parameters (MRR-MTR)
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Stellar parameters calculated using empirical relations
• Mass-luminosity relation (MLR) (Menchiari 2023 for MS stars)
• Mass-radius relation (MRR) (Demicran 1991)
• Mass-temperature relation (MTR) (Boltzmann-law)

MTR

MRR



Stellar wind physics
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For main sequence stars:
Mass loss rate ( ሶ𝑀⋆): Nieuwenhuijzen et al. (1990)
Wind speed (𝑣⋆,𝑤): Kudritzki & Puls (2000)

𝑣⋆,𝑤
2

Wind physics modeled using empirical approach

Sun

Sun



Stellar wind physics
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Cluster wind luminosity and mass loss rate 
calculating by summing all 𝐿⋆,𝑤 and ሶ𝑀⋆

For main sequence stars:
Mass loss rate ( ሶ𝑀⋆): Nieuwenhuijzen et al. (1990)
Wind speed (𝑣⋆,𝑤): Kudritzki & Puls (2000)

𝑣⋆,𝑤
2

Wind physics modeled using empirical approach

For WR stars:
Mass loss rate ( ሶ𝑀⋆): Nugis & Lamers (2000)
Wind speed (𝑣⋆,𝑤): 2000 km/s
Assumed solar metallicity

Sun

Sun



Modeling cluster population

(Photo credit: astroanarchy.blogspot.com)



YMSCs distribution function
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Initial cluster mass 
function

Cluster age 
distribution

Cluster spatial 
distribution

Assume factorization!



Generate YMSCs population (I)
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YMSC distribution function:

Cluster IMF (Piskunov et al, 2018) 

 𝑓 𝑀𝑆𝐶 ∝ 𝑀𝑆𝐶
−1.54 [2.5 – 6.3x104] M☉

NB: the maximum cluster mass depends on the gas profile

(Pflamm-Altenburg&Kroupa, 2008)

(Gas distribution by Strong et al, 2000) 

For simplicity we consider it constant



Generate YMSCs population (I)
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YMSC distribution function:

Piskunov et al. (2018)
Cluster age
distribution

≈constant

Cluster formation rate
𝑆𝐹𝑅𝑠𝑐 = 790 M☉ Myr-1 kpc-2 (Bonatto et al 2011)

Cluster IMF (Piskunov et al, 2018) 

 𝑓 𝑀𝑆𝐶 ∝ 𝑀𝑆𝐶
−1.54 [2.5 – 6.3x104] M☉

NB: the maximum cluster mass depends on the gas profile

(Pflamm-Altenburg&Kroupa, 2008)

(Gas distribution by Strong et al, 2000) 

For simplicity we consider it constant



Generate YMSCs population (II)
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YMSC distribution function:

Cluster distribution in galaxy
 Radial position traced by giant molecular clouds

(Hou & Han 2014)

Position in (x,y): random (r, θ) -> associate with structures [see backup slides]
Position in (z): random (z) following gas distribution (Strong et al 2000)



Results

(Photo credit: astroanarchy.blogspot.com)



Synthetic YMSCs spatial distribution 
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Total number of YMSCs: 747
(Age <10 Myr, MSC >103 M☉)

Single realization of the Galactic population Spatial distribution (100 realizations)



Wind blown bubbles
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Single realization of the Galactic population

Bubble radius

Projected 
bubble radius



YMSCs wind properties (I)

20

Mass loss rate Wind luminosity Wind speed

Results shown are for a single galactic realization
No significant difference from changing M⋆,max

(Contribution of WRs here is not considered!)
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Cygnus OB2
(Menchiari 2023)

Cluster 
wind 

luminosity 
vs cluster 

age

Cluster 
wind mass 
loss rate vs 
cluster age

(Point size proportional to number of O-type stars)

YMSCs wind properties (II)

Single realization of the 
Galactic population

WR contribution is not 
considered

Mass loss rate and wind 
luminosity start 

decreasing after 2 Myr

M⋆,max=150M☉ M⋆,max ≠ const
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Effect of WRs and SNe We now fix M⋆,max=150M☉ 

Percent of YMSCs with WRs and 
with at least 1 SN in their life

Ratio between energy injected by 
supernovae and winds

NB: the history of wind is not 
considered! This is a lower limit!!!

We consider 100 different realization of the galactic 
population

Wind luminosity



What about the gamma-ray 
emission?

(Photo credit: astroanarchy.blogspot.com)
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Contribution to diffuse γ-ray emission We consider 100 different realization 
of the galactic population

γ-ray emission depends on many parameters:
➢ Efficiency in accelerating cosmic rays (10% of Lw)
➢ Density of target material (10 cm-3)
➢ Particles confinement within the bubble



Conclusions
(Photo credit: astroanarchy.blogspot.com)

❖ Importance of YMSCs as high energy sources has constantly 
growing in the last decades

❖To estimate their contribution to γ-ray emission, simulation of 
synthetic population is required
❖ We expect 750 YMSCs in the Milky Way 
❖ Maximum stellar mass does not affect wind power and mass loss rate 

of MS stars
❖ Contribution of WRs is important 

❖Contribution to the diffuse emission likely not negligible!
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Future prospects
➢ Evaluate contribution to neutrino flux

➢ Population study cross check with Milky-Way like galaxies

COMING SOON

Workshop on young massive star clusters from different prospective
END SPRING/BEGINNING SUMMER 2024 – Florence/Siena



BACKUP
SLIDES



Synthetic YMSCs spatial distribution 
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Wind blown bubble dimensions

Termination 
shock Bubble radius

Projected 
bubble radius
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We now fix M⋆,max=150M☉ 

We consider 100 different realization of the galactic 
population

Effect of WRs and SNe (II)

Mass loss rate Wind luminosity

Contribution of WR is not negligible!



Cluster population study

Left column: Wind luminosity (top) 
and Mass loss rate (bottom) if 

maximum stellar mass is 150 M☉ 

Right column: Wind luminosity 
(top) and Mass loss rate (bottom) 
if maximum stellar mass depends 

on the cluster mass



WRs vs tage



Density environment close to YMSC
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Effect of WRs and SNe We now fix M⋆,max=150M☉ 

Percent of YMSCs with WRs and 
with at least 1 SN in their life

Number of WRs in clusters and 
number of SNe exploded in the 

clusters

Ratio between energy injected by 
supernovae and winds

NB: the history of wind is not 
considered! This is a lower limit!!!

We consider 100 different realization of the galactic 
population



CR accelerated by YMSC

Morlino et al. (2022): CRs accelerated at the wind TS
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