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Why star clusters?

a - % Star clusters/associations/forming regions
-p 4 Bubble are detected_ In gamma rays up to the
t LV hlghest €Nergles [see Luigi+Lars+Rui-Zhi’s Talks]

& TS

.. Py N * %Gamma-ra%{sl prove the presence of high
| K* _. o energy particles £ o n,,,.Fex

»

o X Collective or single winds of stars are
A .

o _ powerful enough to accelerate particles that

_HIl region emit then gamma-rays g (1.5,

e.g. Bykov et al. 2020, Morlino et al. 2021, Vieu et al. 2022, Gabici et al. 2023,
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How many star clusters?
In the Fermi-LAT sky only a handful

Why no star clusters?

Unid

O Too few?

BIN
SNR

O Too faint?

PSR+MSP+PWN

O Too extended?

O Confused for/obscured by other sources?

Fermi-4FGL [DR3]
500 MeV-1 TeV
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Star clusters
In the Milky Way Where to look?
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Star clusters
In the Milky Way Where to look?
SCs from Gaia-DR3 Age < 30 Myr

Cantat-Gaudin 2022
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Stahler & Palla 2005
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In the Milky Way Where to look? SRS v
SCs embedded in HIl regions Age < 3 Myr S o . Sree

Anderson et al. 2013 B T s e

plate 3 Negative optical photograph of three HII regions in the Gem OB association. The

recions span a total distance of 9 pc.
(=

Galactic Latitude {(deg.

180 60 0 300 240
Galactic Longitude {deg.)

Plate 4 Expanded near-infrared (.J, F, and &) image of Gem OB1. The bright nebula in the
center lies between the left and center HII regions of Plate 3, and is invisible optically.




Peron et al. 2024, ApJL, 972, 2, L22

Are there

Star clusters

Matching with gamma-ray sources ?

How many SCs are hidden within unidentified sources?

NGC 3603
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Peron et al. 2024, ApJL, 972, 2, L22

Star clusters

Matching with gamma-ray sources
The match is defined on a geometrical basis:

match if their distance < R* NGC 3603
. -0°10! ------
R of the HIl region |y L
R of the SCs (50% of stars)
R of the termination shock 20
R of the bubble
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Star clusters

Matching significance

i. Calculate the number of matches
with SC catalogs;

ii. Calculate the number and
distribution of matches with 1000
randomly generated catalogs;

lil. Evaluate matching significance as:

[
Y — N, ;}’fzea%ch <N o match >
(N Slatch)

Peron et al. 2024, ApJL, 972, 2, L22



Star clusters

Matching significance

i. Calculate the number of matches
with SC catalogs;

ii. Calculate the number and
distribution of matches with 1000
randomly generated catalogs;

lll. Evaluate matching significance as:

[
Y — N, ;aeac;ch <N o match >
(N Slatch)

Fermi-UNID vs. Wise-Ry;
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Fermi-UNID vs. Gaia-Rsc
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Peron et al. 2024, ApJL, 972, 2, L22

Star clusters Matching with gamma-ray sources

& WISE
real Ssim Gaia/R
mach — < Npmaren > = | K Very good correspondence between WISE
o(Nsim ) - GaialRs and Fermi-LAT sources
8 -
6-
AN
..
4 - - .
2 . ...... ... ...... |
e T e
D1 aiiiveeeesnsasnnnsnnnnes :'...".‘ ....... ®
[ . g
Fermi-LAT HESS LHAASO-WCDA LHAASO-KM2A

GeV TeV TeV PeV '
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Peron et al. 2024, ApJL, 972, 2, L22

Star clusters Matching with gamma-ray sources

121 @ @ WISE
L real sim Gaia/R
. v _ Dmatch — < Noaren > e | ¥ Very good correspondence between WISE
o(Nsim ) @ Gaia/Rs and Fermi-LAT sources
8 -
.. X The significance decreases for Gaia SCs:
N 6 maybe due to larger areas or larger ages”?
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Star Clusters Matching with gamma-ray sources

X Very good correspondence between WISE
and Fermi-LAT sources

X The significance decreases for Gaia SCs:
maybe due to larger areas or to larger ages?

12 - —— Age<3 Myr [WISE]
—— Age < 30 Myr
10 - —— 30 Myr<Age<100 Myr
—f— 100 Myr<Age<1000 Myr
8 - Age > 1000 Myr
6 -
N
4
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01 &
2 ! =
Fermi-IAT HESS WCDA KM2A
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Peron et al. 2024, ApJL, 972, 2, L22

Star Clusters Matching with gamma-ray sources

121 @ @ WISE
real sim Gaia/R
0l LY = Nmarch = < Nyaren > win. | X Very good correspondence between WISE
o(Nsim ) -@- Gaia/Rs and Fermi-LAT sources

X The significance decreases for Gaia SCs:
maybe due to larger areas?

N % No convincing matching with VHE sources
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Peron et al. 2024, ApJL, 972, 2, L22

Star clusters

Matching with gamma-ray sources
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Peron et al. 2024, ApJL, 972, 2, L22

Star clusters from Gaia

where are they?
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Star clusters from Gaia
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where are they?

NGC 3603 ~ see also Yang&Aharonian 2026 , Saha et al. 2020

Peron et al. 2024, ApJL, 972, 2, L22
+ Peron et al., in prep.
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Star clusters from Gaia

where are they?
Unid Fermi source + HIl gas

NGC 3603 ~ see also Yang&Aharonian 2026 , Saha et al. 2020
0.480 —
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Danks 1/Danks 2 ~ see also Liu+2024

—0.518

60

Peron et al. 2024, ApJL, 972, 2, L22

No HIl gas

+ Peron et al., in prep.

No unid source
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Peron et al. 2024, ApJL, 972, 2, L22

Star clusters from WISE
Matching with Fermi-LAT (50 MeV — 1 TeV)

Log(L/(erg/s))
32 35 37 39 41 : o
: 2
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Matching significance and number of matching
sources increase with luminosity and radius
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Star clusters seen by Fermi-LAT

NGe 6611 /M 16 250 NGC 3603 ~ see also Yang&Aharonian 2026 , Saha et al. 2020
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Peron et al. Nature Astronomy 2024

Star CIUSterS from WISE X Evidence of gamma-ray excess in 3 HIl regions

XSC of Age ~ 1 Myr —> No Supernovae

In the Vela Molecular cloud Ridge
Star forming complex at ~1-2 kpc ¥ Embedded in dense medium ~ 1000 cm ™

MAP: Fermi-LAT TS map >1 GeV
Contour}s: WISE -

RCW36

WISE HIl redidns )

Formi-LAT (>1 GeV).

- Spitzer (8 micron‘)

34 68 102 136 171 205 238 273 307 AT .
credit:giadaperon
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Star CIUSterS from WISE X Evidence of gamma-ray excess in 3 HIl regions

XSC of Age ~ 1 Myr —> No Supernovae

In the Vela Molecular cloud Ridge
Star forming complex at ~1-2 kpc ¥ Embedded in dense medium ~ 1000 cm ™

MAP: Fermi-LAT TS map >1 GeV
ContOU(_s: WISE

RCW 32

O RCW 36
RCW 38

107" -

E%x flux (MeV cm™2 s™)
)
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Kep=0.01
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Star clusters from WISE

Hadronic or leptonic?
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Peron et al. Nature Astronomy 2024

Star clusters

Acceleration efficiency 7 =

We derive Lp from L}, assuming full confinement in a pion-decay scenario
Loplmeasured] < < Loplreal]
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Maurin et al. 2016

HII Region

n,B,dB, v

Star clusters

Acceleration efficiency 75 = —

Interstellar
Bubble

A fraction, &, of L, goes to blown the bubble of radius R

oL, \ 1

R ~ RHH — 55

Weaver et al. 1977

n

Peron et al. Nature Astronomy 2024
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Maurin et al. 2016

HII Region

Star clusters

Acceleration efficiency 75 = —

n,B,dB, v

Interstellar
Bubble

A fraction, &, of L, goes to blown the bubble of radius R

fLW 13 1041-i — £=0.001 £=0.007 M ~ 10_4M®yr_1
R~ Ryy=|—— |3 f i
n v ~ 1000 km s

Weaver et al. 1977 - -

. R~Ry;~R,

13 1039 - ; : :

. 5 Canto’ et al. 2000 [Simulations]

TR (RS URSURSRRRN b M.= 1074 Mo xrolv.=.3000.kmis

1038 3
Peron et al. Nature Astronomy 2024
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Peron et al. Nature Astronomy 2024

Star clusters

Acceleration efficiency Leglmeasured] < < Leglreal]

<n>~0.5% < <nlreal]

Source Age N Efficiency
[Myr] [1E3 cm-3] [%]
¢k 0.0005 x 10*'erg s~
RCW 32 2 1.9 0.85 €, = tcf — 0 %1 ~ 1% < < €W[real]
b 7% 10*%rg s
RCW 36 1.1 2.6 0.79

From isotopic ratio:
RCW 38 0.5 2.1 4E-03 e X 4+(l—c

winds“*winds winds

winds
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‘Conclusions

X We detected GeV gamma-ray emission in correspondence of several embedded star clusters;

X We showed that the coincidence is statistically significant and is interpreted as a consequence of the enhanced
target around these regions and their compactness; Conversely, no significant emission with Gaia SCs.

X Embedded clusters are young therefore they are not influenced by SN explosions -> their power should arise
from the winds;

X The derived efficiency suggests that a small part of galactic cosmic rays could be contributed by stellar
winds

| X The real efficiency is larger than what we measured as it should account also for escaped particles;

X More observations will come to help constraining these values and to shed light on Star Clusters As Cosmic
ray Accelerators.
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Star clusters

Acceleration efficiency 7 =\

We derive L from L, assuming full confinement in a pion-decay scenario

| | dN R? L.
=P Are particle confined? Lo = |dE E — = | dE E g(F) <L,6=—My
dE E 2
From gamma-ray observations ’ M ~ 1()_4M®yr_1
~ [ %rt2 ~ %012 y ~ 1000 km s~!
o=20.3 RNRHHNR},
Dy(E, = 1GeV) < 1.7 x 10°° cm?*s™! m)> Diffusion is suppressed but not enough to

retain particles

e ~ 1.6 X 10Ms <1~ 1.6 x 10'%(n/1000 cm ™)' s
Loplmeasured] < < L-plreal]

.



