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How to explain the origin of Galactic CRs
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How to explain the origin of Galactic CRs
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The most popular scenario: DSA@SNR shocks

* Why supernova remnant are so popular?

1. Enough power to sustain the CR flux (~10% of kinetic energy)

2. Spatial distribution of SNRs compatible with CR distribution (inferred from diffuse gamma-ra
emission)

3. Enough sources to explain anisotropy

4. Observations show the presence of non thermal particles

5. A well developed theory for particle acceleration (DSA)

+ However
No evidence of acceleration beyond ~ 100 TeV even in very young SNRs

From theory only very powerful and rare SNRs can reach PeV (see %
Anomalous CR composition cannot be easily explained (see k by, Be,
Spectral anomalies (p, He, CNO have different slopes) Uk by : { WUy P

ele ab/.t.‘i) ey,-//e)
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YSCs detected in gamma-rays

Recently several massive star clusters have been associated with gamma-ray sources

L/
logM/Msn  1¢/pc  D/kpc  age/Myr 1038 erg s

Abramowski A., et al., 2012,
Westerlund 1 4.6 + 0.045 15 4 4-6 10 A&A. 537 All4

% Yang, de Ona Wilhelmi,
Westerlund 2 4560035 154" 2804 L5=25 2 Koo oo

Ackermann M ., et al. 2011,
Cyg. OB2 4.740.3 5.2 1.4 3-6 2 e

Saha, L. et al 2020, ApJ, 897,
131

Albert A., et al., 2020,

Reference

NGC 3603 4.1 £0.10 4] 6.9 2-3 ?

BDS 2003 4.39 0.2 4 1 2 A Xiv0012.15275
W40 2:5 0.44 0.44 =5 ? Sun, X -N. et al. 2020, A&A 639
RSGC 1 4.48 =5 6.6 10-14 ? Sun et al. 2020, MNRAS 494
MC 20 ~3 lezs 38=5:1 3-8 ~4 Sun et al. 2021, A&A 659
NGC 6618 58 0 == ? Liu et al. 2022, MNRAS 513
30 Dor (LMC) 4.8-5.7 multiple 50 J: 5 H.E.S.S. Collaboration et al.,
NGC 2070/RCM 136 4.34-5 sub-clusters 5 : 2015, Science, 347,406
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YSCs detected in gamma-rays

Cygnus Cocoon FermiLAT - Ackermann et al. (2011)
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YSCs detected in gamma-rays

[Aharonian, Yang & Wilhelmi, Nat. Astr. (2019)]

Some clusters show similar spectra and radial profile
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YSCs detected in gamma-rays

[Aharonian, Yang & Wilhelmi, Nat. Astr. (2019)]

Some clusters show similar spectra and radial profile
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Energetics: stellar winds vs. SNe

Salpeter (1955) initial mass function of stars: f(M) = — = x M2
M,
Power injected by SNe  Pqgy. :EOSIerg)[ f(M)dM
8M
Mmax %
Power injected by winds Py;,q = { EMW(M ) v, (M)? 7. (MIf(M) dM
Mmin

= 2.5\/ 2GyM/R for line-driven winds;

M from analytical (approximated) models [Nieuwenhuijzen & de Jager(1990)]

* Puing ~0.1=0.5 Uncertainty mainly due
PsNe to mass loss rate

- Not accounting for WR stars

- Not accounting for failed supernovae ~10% of the total [Adams et al. (2017, MNRAS 469)]
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https://ui.adsabs.harvard.edu/abs/2017MNRAS.469.1445A/abstract
https://ui.adsabs.harvard.edu/abs/1990A&A...231..134N/abstract

Stellar winds vs. SNRs

SNR
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Stellar winds vs. SNRs

Cassé & Paul (1980, 1982) — Cesarsky & Montmerle (1983)
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Stellar winds vs. SNRs

Cassé & Paul (1980, 1982) — Cesarsky & Montmerle (1983)
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Stellar winds vs. SNRs

Cassé & Paul (1980, 1982) — Cesarsky & Montmerle (1983)
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Magnetic field amplification

X, (0.1 pe)
0

+ MHD amplification

o

Wind-wind interaction results into MHD turbulence
(Inside the SC core ~100 uG may be reached)

.,
OO0 DO ODO O
TTE @

T OO OO

M (T—
—_N =N =N Q«‘-'D

N od b AA

If we assume that a fraction 5 of kinetic energy is
converted into magnetic field at the termination shock

X, (0.1 po)

3
SB> 1 : 7 1 Vi 0 ; L Badmaev et al. (2022)
——4xr?y, = —ny Mv2 = 6BRR) ~ 4 G< B) ( .
41 e ) s b e 0.05 10—4M/yr 2500km/s
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Magnetic field amplification

X, (0. pe)

* MHD amplification s

Wind-wind interaction results into MHD turbulence
(Inside the SC core ~100 uG may be reached)

T

o N O—N =N =N 0P
N 00D D00 00O O
2 N Nee ohd hAA D

If we assume that a fraction 5 of kinetic energy is

converted into magnetic field at the termination shock

5 10 15 20

0
X, (0.1 po)

SB> 1 : 1 Vi 0 L Badmaev et al. (2022)
—4nr2vw=5nBMvv% == 5B(Rs)z4,uG< I ) ( ) ( Y >

A 0.05 10~4Mg/yr 2500 km/s

* CR self-amplification

In the linear regime:

=)
Fok) = Zeorln o 5CR;7—1/2 ~ 0.06 SCR < I ) Self-amplification may be

YN e R o B 005

relevant al low energies
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Maximum energy: first order estimate

Hillas criterium

SNR = o U T e

self-amplification limited
WTS ~1 space
_6 ~ ~ 6 ~
(single star) = =l ! MHD turbulence 10 limited 10
WTS > 10 space
-4 ~106 o
(massive cluster) - s uo MHD turbulence 10 limited - 1

For.massive star.cluster (= 107 M) PeVienergies can: be reached
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Cluster compactness

[Gupta, Nath, Sharma & Eichler, MNRAS 2020]

A WTS is generated if the cluster is compact enough, such that R .. < R
Density (my cm'3)
R | I e

107 10 107! 10" 10! 10°

Compact star cluster Loosely bound star cluster

y (pc)
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Cluster compactness

[Gupta, Nath, Sharma & Eichler, MNRAS 2020]

A WTS is generated if the cluster is compact enough, such that R < R,

cluster

Density (mj; cm™) =
HEHEHHHH HEHHHE i HH
e — 102 10" 10

Acceleration b Istar cluster
collective WTS

— _ i _

Acceleration may be due to
-> single stars WTS
-> wind-wind collisions

y (pc)
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Young vs. old clusters

" St T T T T T 11T | §
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https://arxiv.org/abs/astro-ph/0202419v2

Particle acceleration at the wind T'S

GM, Blasi, Peretti & Cristofari (2019)

B

[ Time-stationary transport equation in spherical geometry: %

o[, f F | diriul pof
ar[ D(rp)—]—ruoo —+—— 3ap+rQ(rp)

® Injection only at the termination shock: Q(f, p) &« 8(p — pyyy) 6(r — R)
o =v. _Jorr<R-

>
® Wind velocity profile: u(r)=14{ = <ﬁ> for R <1 R .

0 fory > R, ;

® Boundary conditions:
1. No net flux at the cluster center: r’[DO. f— uf],_ g =0

2. Matching the Galactic distribution: f(r — oo,p) = fgal(p)

G. Morlino, HONEST Nov. 2022



Particle acceleration at the wind T'S

GM, Blasi, Peretti & Cristofari (2019)

i

[ Time-stationary transport equation in spherical geometry: %

0 ) if f d[ru]p of ’)
ar[ D(f’]?)—] —ru(r) r ~ 3ap+” Q(r,p) =

@ Arbitrary diffusion coefficient: D(r,p)

Shocked stellar wind

\ Termination
shock u
. A ’

Uy
RO

Wind-wind collision and non-stationarity can produce high level of HD turbulence

Assuming that a fraction 75 2 1 % of kinetic oB
wind energy is converted into magnetic energy 4z

(B = R
The type of turbulent cascade KolC Fendn OB

can result into different Dy %rL(éB)U2 iz

diffusion coefficients P. . (E)="=r (0B
ohm g

1 :
—Anriy,, = > ng Mv: = S6B(R) 2 uG

L. ~pc is the injection
scale of turbulence
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Maximum energy: a more detailed analysis

GM, Blasi, Peretti & Cristofari (2019)

Solution of diffusive shock acceleration in spherical geometry

£ - “\
G = Hinj T ( P > T p=Ta(p)

v
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Maximum energy: a more de

tailled analvsis

GM, Blasi, Peretti & Cristofari (2019)

Solution of diffusive shock acceleration in spherical geometry

Standard power-law
for plane shocks

3u,

So=
uy — up

t""

-

f(p) =

- 4

S 3
4z Pin;

S

Hinj T

P

(

P nj

> ]efl(p) 2

-

= Y

v
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Maximum energy: a more detailed analysis

GM, Blasi, Peretti & Cristofari (2019)

Solution of diffusive shock acceleration in spherical geometry

r 2 _; et “ Ty
Standard power-law Mnj™1 ( p
for plane shock WP =8
or plane shocks 7T Pinj \ Pinj
3u, ~ =
e
diceh

Maximum energy due to confinement in the upstream:
the effective plasma speed decreased reducing the energy gain
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Maximum energy: a more detailed analysis

GM, Blasi, Peretti & Cristofari (2019)

Solution of diffusive shock acceleration in spherical geometry

s - )
Maximum energy due
Standard power-law Tnj™ [ p 4“““ s
Js(p) ={s—— to escaping from
for plane shocks 47 P \ Pinj
! the downstream
3u ~ - s
1 |
E— ~ &
Ujgz=ll) : é

Maximum energy due to confinement in the upstream:
the effective plasma speed decreased reducing the energy gain
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Maximum energy: a more de

tailled analvsis

GM, Blasi, Peretti & Cristo

ri (2019)

Solution of diffusive shock acceleration in spherical geometry

Standard power-law
for plane shocks

The diffusion coefficient has a strong impact on the

r"""
f(p) =

-

- 4

Hinj T

S 3
4z Pin;

(

P nj

4 Maximum energy due
ﬂ" =" to escaping from

the downstream

Maximum energy due to confinement in the upstream:
the effective plasma speed decreased reducing the energy gain

cutoff shape and effective maximum energy

Typical values for
massive stellar
clusters

4

f

W= M, V-
v, = 3000 km/s
LCR - 0.1 LW

L;/]B - 0.01

- ps f(p) at the termination shock ! ;

—--.~.
~
L]

-y
-y
-

0.100
0.010 Bl
----- Kraichnan
0.001F ====- - Kolmogorov
10—4 et ot ol e Vil L ) s i) | e
0.1 1 10 100:27-1000 = 210"
p [TeV/c]
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Maximum energy: a more detailed analysis

GM, Blasi, Peretti & Cristofari (2019)

Solution of diffusive shock acceleration in spherical geometry

. - ;
=S Maximum energy due
Standard power-law Tnj™ [ p ﬂ“" s
Js(p) ={s—— to escaping from
for plane shocks 47 P \ Ping
the downstream
" e
3u,
So=
Wi =)

Maximum energy due to confinement in the upstream:
the effective plasma speed decreased reducing the energy gain

- ps f(p) at the termination shock P

The diffusion coefficient has a strong impact on the

-y
-y
-

cutoff shape and effective maximum energy e -
: 3 0.100 :
, M=10"*M_yr! <
Typical values for v kQB/] < 0010 Bohm
: v, = mij/S g :
massive stellar ol = SECEEE Kraichnan
clusters Le = UL GO =t - Kolmogorov
: ﬂB — 001 5
' X 10 100 1000 10°

' PeV energies can be reached in very powerful
\Ls’rellar clusters if the diffusion is close to Bohm |
- - G. Morlino, HONEST Nov. 2022
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T'he case of Cygnus Cocoon

- Blue: 500um emission: gpld dust

Assumed properties
7i Wind luminosity =~ 2 x 10°%ergs™!
»x‘ Fjecta mass M ~ 10_4M® yr!; A
wind speed v,, ~ 2300 kms™!

w— Forward shock (Rss =R, ~ 86 pc)
== « Termination shock (Rys ~ 13 pc)

Cluster age =~ 3 Myr

~x« Average ISM density =~ 10cm™ ff

w Forward shock (Rgs = Ry ~ 86 pc)
Termination shock (Rys ~ 13 pc)
» Cyg OB2 stars (Wright et al, 2015)

Estimated size of the bubble ~ 90 pc

88 86 84 82 80 78 76 74 72
GLON [°]

Termination shock radius ~ 13 pc
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T'he case of Cygnus Cocoon

[S: Menchiari et al. in ?réparatibn]

Model Kolmogorov Kraichnan Bohm
| 1.3x10% erg-s: 2xlerezsy]
20 uG 5uG

0.7% 13%
4.23 4.27
4 PeV (5 Pel.

Wind luminosity 5x10%9 erg s-1
Magnetic field & 35uG
Acc. efficiency 0.4%

Slope 4.17
AR =y

Unrealistically high *
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T e \ ‘
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) \ {
s i v f f AN
™ 10_12‘ 3E - v N
) - K41 (L,=15%x10erg/s) \ \ Y
A} \
== K41 (L,=5.5%10*erg/s) \ -+ Kraichnan {L,=1 5x10%%erg/s) \ \ —-. 8ohm (L,=15x10ergls. =0 1) .\
== K41 (L,=15x10%erg/s, Ne=09) - = Kraichnan {L,=5 5x103%erg/s) 1 \ == Bohm (L,=5 5x10%%erg/s. N =01) \. \
38 \ \ \ - \ \ \
---= K41 (L,=5.5x10*erg/s), ns=0.9 ‘ \‘ \‘ Kraichnan Best fit (L,=1 28x10*%erg/s) ‘ \ ; = Bohm Best fit (L,=2x10*erg/s. nNe = 0.0024) \ \
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T'he case of Cygnus Cocoon

¢  ARGO J2031+4157, 2014
107194 - # 4FGL data (>1GeV), 2018
—A ey $ HAWC, 2021
—h— ’
e _‘__X'T\ I LHAASO, 2021
— NS> 4 Aharonian et al. (2019)
—4 - &\‘
* '\ M
10-11 \. "4
\L‘
\ \\ 1.
: A\
K h \
raichnan case Y
10-12 N *
\ \
. \
— . Kraichnan (L,=1.5x10*%erg/s) '\ \\
| == Kraichnan (L,=5.5x1038erg/s) \ \_oon
Kraichnan Best fit (L, =1.28x103*°erg/s) \ \ }
Best fit model 10 error ! \ U,
10 B¥3++——V—4--~———— A
10-3 1072 10°1 10° 10! 102 103

E[TeV]

[

<

[S. Menchiari et al. in preparation]

Some caveats:

< Different analysis of Fermi-LAT data
gives different results

< In comparing different experiments we
need to correctly account for the different
extraction area

’_*1* LHAASO data-point is not used for the

fit because the extraction area is not
specified
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fu(fqdl= O)IfTS

CR radial profile

[S. Menchiari et al. in preparation]

The harder is the diffusion coefficient the flatter is the CR distribution

Kraichnan Bohm

KO'mOgOrOV Kraichnan Bohm
— E,=10 GeV — =10 GeV — E,=1.0 GeV
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CR radial profile

[S. Menchiari et al. in preparation]

The line-of-sight integrated gamma-ray emission

8
¥ ¢
— 107 0 . ¢ ; .
| -
Kraichnan » * * m GeV (Fermi-LAT)
| .
" o m Fermi-LAT rescaled
()]
case 3 )
. o ¢ * TeV (HAWC)
& 10%
3
¥ L,/Qging (>10 GeV), Aharonian et al, 2019 4  L/Qging (10.0<E<316.0 GeV)
# Aharonian et al, 2019 (rescaled) ¢ Ly/Qging (1.0<E<251.0 TeV)
® L,/Qging (>1 TeV), HAWC, 2021
103 , ' . : . .
0 10 20 30 40 50

Projected radii [pc]

+ Not compatible with 1/ r? inferred from FermiL AT data

* Compatible with HAWC data in TeV
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Radial profile: advection vs. diffusion

What should be the CR spatial profile in stellar clusters?
1. Pure diffusion model from a stationary central source

e e_zlr_;to(l fOI'7"<4Dt

\/7_t r 4

fCR = Q(E)

2. Transport in a wind-blown bubble from a stationary central source

R? R
Diffusion time: ;5 ~ Advectiontiines 1., o —

4D(E) i

‘ (tdlff(E ) > 1y

In the Fermi-LAT energy range |
we do expect a flat CR proﬁle /

Upper limit on the diffusion coefficient
can be estimated from gamma-ray luminosity

pp obs
L= Corpita i ubble Yhubhle = L)

for Cygnus cocoon = D 5 100 D,
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Conclusions

* Young stellar clusters are promising gamma ray sources
# YSC can significantly contribute to Galactic CRs

+ Maximum energies can reach ~PeV (but strong dependence on
diffusion = Multi-wavelength fit required to better constrain B)

# Super-bubbles (= older SCs with stellar winds+ SNRs) may be the
major contributors of Galactic CRs (but theoretical models still
incomplete)

“ Next generation JACT will probably detect many new stellar clusters
(~several tens) (but extended sources with low surface brightness)
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Possible role of YSC 1n the Galactic Center

[H.E.S.S. coll., Abramowski et al. Nat. 531 (2016)]

The Galactic Centre has been recognised as a PeVatron
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Fellenberg et al. (2022) and Poumard T. (2008)]
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https://ui.adsabs.harvard.edu/abs/2022ApJ...932L...6V/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...932L...6V/abstract
https://ui.adsabs.harvard.edu/abs/2008JPhCS.131a2009P/abstract
https://ui.adsabs.harvard.edu/abs/2016Natur.531..476H/abstract

(as and photons distribution

Photon background is dominated by
IR radiation Star-light form Cyg. OB2

Gas distribution from CO map is negligible
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Particle acceleration in super-bubbles: intermittency

Vieu et al. (2022): consider acceleration at WTS + SNR forward shock + turbulent
acceleration

CR Spectrum
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/ Energetically Superbubble may produce the bulk of CRs
k The spectrum is not universal -> strong intermittency
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