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Outline

* What are we looking for?

* YMSC population model

* Properties of the YMSC population investigated
* Results

Universitit Potsdam 2
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Ft What are we looking for?

* YMSCs are thought to be a good candidate for accelerating cosmic rays
up to PeV energies.

* There are a few known vhe (>1 TeV) fgamma ray emitting YMSCs, but not a
lot is known about this populatlon of sources.

* Questions to answer:
— Can we describe the observational data (HGPS, 1t LHAASO cat)?
— What is the spectrum of accelerated particles?
— What is the efficiency of particle acceleration?
— Which diffusion regime takes place in YMSCs?

Universitiat Potsdam 3
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Westerlund 1 H.E.S.S. Galactic Plane
H.E.S.S. detected by H.E.S.S. Survey (HGPS)
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https://www.mpi-hd.mpg.de/hfm/HESS/hgps/figures/hgps_source_id.pdf
https://arxiv.org/pdf/2207.10921
https://arxiv.org/pdf/2207.10921
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data

g
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8 Comparison
Composite
* Lower limit of 1
! * Upper limit of 5

36
Not firmly identified

5 associated to YMSCs

From HGPS paper
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https://www.mpi-hd.mpg.de/hfm/HESS/hgps/figures/hgps_source_id.pdf
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2, B e LHAASO (Large High Altitude Air Shower
Observatory)

WCDA (1 TeV <E < 25 TeV) Significance Map

LHAASO LHAASO 1¢t
catalogue

15

Significance

Significance
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https://iopscience.iop.org/article/10.3847/1538-4365/acfd29
https://iopscience.iop.org/article/10.3847/1538-4365/acfd29
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Cygnus cocoon detected by LHAASO

2-20 TeV 25-100 TeV >100 TeV .
Comparison

* Lower limit of 1
e upper limit of 12 (WCDA)
e upper limit of 9 (KM2A)

Qalactic latitude (°)

FSaIactic latitude (°)

FSaIactic latitude (°)
Significanct:o

85 80 75 85 80 75
Galactic longitude (°) Galactic longitude (°)

F;alactic latitude (°)

FSaIactic latitude (°)

F;alactic latitude (°)
Sig:ificanut‘:e o

85 80 75 85 80 75 85 80 75
Galactic longitude (°) Galactic longitude (°) Galactic longitude (°)
From LHAASO Cygnus X
Ea Eel’
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https://www.sciencedirect.com/science/article/pii/S209592732300912X
https://www.sciencedirect.com/science/article/pii/S209592732300912X
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YMSC population model

* Physics of the cluster
— Evolution of the radius and velocity of the combined shock of all stars in the cluster
— Maximum energy of accelerated particles

* Distribution of sources and matter
— Where in the Milky way
— Number of expected YMSCs
— Mass and age distribution of clusters
— Mass distribution of stars in individual clusters

Universitat Potsdam 8
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YMSC population model

* The wind of the cluster is modelled like that of a single star but with the
combined mass and wind luminosity of all the stars in the cluster.

* Only the total flux of the cluster is considered and not the individual
sources in the cluster.

* f e p~%e @

Universitat Potsdam
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Number of clusters in the Milky way

* Nog = [, ™ [Imax [5MW (M) v(¢) p(r, 6) 7 dr d6 dt dM

min tmin

* f(M) - mass distribution
* v(t) - formation rate
* p(r,0) - spatial distribution

 f(M) and v(t) are taken from Piskunov et al. (2018) Global survey of star
clusters in the Milky Way

* p(r,0) follows the Steiman-Cameron et al. (2010) distribution

Universitat Potsdam



https://www.aanda.org/articles/aa/pdf/2018/06/aa32337-17.pdf
https://iopscience.iop.org/article/10.1088/0004-637X/722/2/1460/pdf
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Total number of clusters

* Normalise the function to the 2 kpc ring around the Sun.

* Noc = A meaX ftmax fRMWf(M) v(t) p(r,8) r dr d8 dt dM

Mmln m

. 1581= A fj:;g’ Mo (ST 2K £ My v(e) p(r, 6) 7 dr d6 dt dM

* We are interested in clusters with: M > 1000M, and age < 10 Myr

6.3x10*M 10M 15k
*Nsc =4 fio00me do  Jo FADVE) p(r,6) 7 dr d6 dt dM

Ngc ~ 16

sitdt Potsdam
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Properties of the SNR population investigated

e Spectral index, a (3.5 to 4.5)

* Efficiency of gamma-ray production, n-r (0.01% to 10%)

* Fraction of wind luminosity converted into magnetic field, ng (0.01% to
10%)

e Diffusion regime (Bohm, Kraichnan and Kolmogorov)

Universitat Potsdam
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* Taking into account the HGPS
sensitivity

 Shaded region: L = 5x1033 phs™?
(~4%x1071 Tevl cm=2 st at 1 kpc)

Parameters:

Diffusion regime = Bohm

a=4.0
Ner = 1%
ng = 1%

Universitat Potsdam

Y (kpc)

Realisation of a single population

.
10 A
X
5 .
LI °
[ ] o ° .
0 -
o e
)
—5 4 ® all YMSCs
® gk H.ES.S. detectable YMSCs
@ WCDA detectable YMSCs
B KM2A detectable YMSCs
€@ LHAASO detectable YMSCs
—10 A # H.E.S.S. and WCDA detectable YMSCs
V H.E.S.S. and KM2A detectable YMSCs
All instrument detectable YMSCs
X Sun
HPGS sensitivity
T T T T T T T
-20 -15 -10 -5 0 5 10 15
X (kpc)
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and LHAASO
limits
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log(ny)
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% of populations within YMSC limits
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log(ncr)
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limits
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log(ny)
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% of populations within YMSC limits
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log(ncr)
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log(np)
% of populations within YMSC limits

[ ]
a=4.0 a=4.5
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Summary

* Confronted YMSC population model to HGPS, taking into account the
multi-dimensional exposure and also to the 15t LHAASO catalogue.

* Explored a large parameter space but correlations prevent the
identification of an optimal combination.

* The choice of diffusion regime has a large impact.

* A large maximum energy is required to have populations agree with the
observations.

* The expected number of stellar clusters also has a significant bearing on
this result.

Universitiat Potsdam 17
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Backup slides
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Gamma rays from single cluster

: : 2L
* Wind velocity: v, = _[—*
(3850 )i— 1 L2 2o
. . . . _ T =2 _5_ _E —
* Termination shock radius: Rp¢ = o Mzv,,L, 1, ts
| 1 4
. 125 \5 ;3 —z 2
* Forward shock radius: R, = |——)" L, n > ts
1547 w0

* Maximum energy of protons is highly diffusion regime dependant:
Emax(nb» Lw,no, Linj, age, M)
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Ci’lH dG(Ep’ E},)
O(E) = 7 | Fex(Ey) IE dE,
Rp. )
Fep(E,) = 4n r“fer(T, Ep)dr
0
e u R R
_ (Rrs _Vw , a(r,p) = —= TS<1—£>
frs(p) exp [ I o dr ] r < Res "D = D) r
— a1+ﬁ(eaB_a—l) a —a(r =R 2 )
a5 Ry _ Disn(PIR,
kaS(p)mT r 2 Rb ﬂ(p) - l/lzR%S
3n,put " a
fTS(x) ~ nypy €CR3 (x)—s [1 + a, ( p ) ] 6—03(P/Pmax) 4 X = p
4r A, (myc) c? Pmax mpc

o0 a2
A, = J x2S T ( V1+x2— 1) dx e'P [1 +a < . > ] e~ a3(Plpmax)™
pmaX

Xinj
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Maximum energy

1 1 3

. .10 (1&)? M A lw e
Bohm: 10 (0.1) (10‘4M@yr‘1) (1039ergs-1) PeV

e Kraichnan:
1 5 13 3

_2 _2 2
204 (2 (cmes) (i) (i) (22 () " pev
] 0.1 10~4M~ yr—1 1039 erg s—1 20m,, cm™3 3 Myr 2pC
oY Y p y p

* Kolmogorov:
1 3 37 3

— _2 4 _
1.2 nB 2 M 4 Lw 20 Po 5 tage \5 Linj 2 PeV
] 0.1 10~4M -1 1039 -1 20 -3 3M 2
: Oyr ergs my, cm yr 1J
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Westerlund 1

Cygnus
— L,=2x1038erg/s, ng=0.1 —— ECPL model
16-10 4 L, =5x 103%erg/s, ng =0.1 — increased pmax and density adjustments

3 — default parameters

. 10711
a L
|
'_.g 10—11 5 Tu
| w
: 3
g £
< 3 12
s . S 107127
w 10 E 'P )

Wy
10—13
T T T Tr v T T LR RALL ) T MR T 10—13 T — T T T T T L S e A |
10°  107% 1073 1072 1071 10° 10! 102 10-1 10° 10! 102

Energy [TeV] Energy [TeV]
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Westerlund 1

® Hess Data
—— model
Westerlund 1 ® e
10711 ¢
* Rts = 15pc expected ~20-60pc '
* Rb =102pc expected ~60-180 b
£
S
* parameters for plot: S
— alpha=44 Sk
— eta_cr=0.001 .
— nH=7cm"-3
— M =5x10"*Mg yr~1 .
~ L, =10%%rgs™?!
— diffusion regime = Bohm oo ' _ _
- nb=0.1 10° 10t 107

— distance - 3.9 Energy (TeV)
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Distribution of clusters

Properties required:
* Number

* Position

* age

M

L,
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Number of clusters in the Milky way

* Nog = [, ™ [Imax [SMW £ (M) y(t) p(r, 6) v dr d6 dt dM

Mmin “tmin
* f(M) - mass distribution
* v(t) - formation rate
 p(r,0) - spatial distribution




SVers e
N

Mathematisch-Naturwissenschaftliche Fakultit

. i
.

Mass distribution
kM~ GO for My < M < M,

dN
M) =G = koM~®2+D for My < M < My
. x; = 0.39
* x, = 0.54
« M, = 100 Mg

* Mpax = 6.3 X10*Mg and My, = 2.3 M
Mmax
Sy f(MDAM = 1
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Formation rate
Tp—Ts

*v(t) = A+ Bexp (C ) Myr~! kpc™2

p
* Tp = 4.8 Gyr — present time

* A=-0.55
* B=0.57
+C=1
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Age distribution

* Interpolate based on the known clusters within 2 kpc
* Piskunov et al. 2018

500

400

300 .
7
= 7

log(t,yr)

Fig. 1. Distribution of MWSC clusters with age. The total sample is
shown with a background (brown) hatched histogram, clusters within
individual completeness limits are shown with an intermediate (blue)
filled histogram, and those within the general completeness circle are
shown with a foreground (green) back-hatched histogram. The vertical
bars show Poisson errors.
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M_03 for M, < 0.08M

star

dN, s
M) o — 0.08M; ! for 0.08M < M, < 0.05M,
*
0.04M; >3 for M, > 0.5M

A\

M max
[rmax £ (M, )dM,

M*,min

M max
I o M, [ (M, )dM,

M*,min
M, min = 0.08 My M, ax = 150 M

N.M)=M
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