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Abstract—We developed the hypothesis that the 22Ne overabundance in cosmic rays (CRs) is generated in
massive star clusters which contain populations of Wolf—Rayet stars. Winds of Wolf—Rayet stars are consid-
ered to have high content of 22Ne. We present a model of cosmic ray enrichment with 22Ne in young massive
star clusters, adding isotopic yields from supernovae and considering the acceleration efficiency during the
lifetime of the stars. The impact of the parameters (the initial mass function in the cluster, rotation velocity,
black hole cut-off mass) is discussed. The luminosity of the sources is found to be sufficient to provide the
observed CR flux. The local source hypothesis is investigated.
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INTRODUCTION

The observations of chemical and isotopic compo-
sition of cosmic rays in the wide range of energies
[1—5] contain the information about the properties of
CR sources. It is established that isotopic abundances
of most of the chemical elements in solar wind and
low-energy CRs are the same. However, several
anomalies take place, from which the most important
one is the difference in 2?Ne/?**Ne ratio in cosmic rays
and solar wind. Well-known sources of 2?Ne-enriched
matter are winds of carbon sequence of Wolf—Rayet
(WR) stars [6]. Significant part of galactic Wolf—
Rayet stars are members of young massive star clusters
[7, 8]. In this paper we provide the results of modeling
of the 2?Ne-enriched CR acceleration in young mas-
sive compact clusters and OB-associations. We
assume that particle acceleration takes place in the sys-
tems of colliding shock flows from winds of massive
stars and supernovae. Calculation of isotopic compo-
sition of accelerated CRs was based on the stellar
nucleosynthesis models of Frascati group [9]. Our
model has the following parameters:

* the rotation velocity of the stars in the cluster—0,
150 km s~', 300 km s~ ';

* the initial mass function power-law index—1.8—
2.6;

* black hole cut-off mass Mpy-—the initial star
mass, above which the star collapses directly to the

black hole at the end of'its life without driving a super-
nova.

This paper is focused on clarifications to the main
model and modeling the local source of the neon iso-
topic anomaly. For the detailed description of the
model see recent works by the authors [10—12].

MATERIAL DISTRIBUTION IN A CLUSTER

A typical massive star loses its mass mainly on three
evolutionary stages: main sequence, red supergiant
(RSG) and Wolf—Rayet. The duration of these stages
depends on the initial mass of the star and its rotation.
The material, ejected on different stages of stellar evo-
lution, can be accelerated with different efficiency.
This is due to different velocities of their stellar wind
shocks: main sequence and Wolf—Rayet stars have fast
stellar winds with velocities about 1000—3000 km s~',
while red supergiants have enormous mass losses, but
relatively small wind velocities (10—100 km s~'). That
is why the RSG material probably cannot be acceler-
ated on its own shock.

To estimate the distribution of OB/WR/RSG
material in a compact cluster and OB-association, the
magnetohydrodynamic (MHD) modeling with the
code PLUTO was performed (see [13] for details). The
distribution of massive stars in a cluster model was made
on the basis of actual stellar content of massive cluster
Westerlund 1 (with age of ~5 Ma)—40 O-stars, 15 WR-
stars, 3 RSG and 2 YSG (yellow supergiant) stars.
Wolf—Rayet stars’ and other stars’ material was
labeled, which allowed us to follow the propagation
and accumulation of the material of each type of stars.
The compact cluster with 1 pc radius and the associa-
tion with 15 pc radius were modeled to see if there is a
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Fig. 1. Section of MHD model of a compact cluster with 1 pc radius (left panel) and OB-association with 15 pc radius (right
panel). Red is for WR-star material, blue is for O/RSG/YSG-star material, and colors in between correspond to their mixture.

Labels: 1—O/RSG/YSG, 100—WR.

difference in WR stars’ material accumulation for
these cases. The results of the modeling are shown in
Fig. 1. The material distribution is shown with colors:
red is for Wolf—Rayet material (labeled here with
number “100”) and blue is for other stars’ material
(labeled here with number “1”’). The mixed material is
colored according to the colorbar.

The analysis of MHD modeling leads to the follow-
ing results. For compact clusters/OB-associations the
volume fraction of WR material is 78%/69%, corre-
spondingly, and mass ratio of WR to O material is
~5.37/~4.5 (while the primarily ejected mass ratio

My / M, = 4.5). This means that compact clusters
accumulate about 1.2 times more WR material, than
extended ones. The volume fraction of RSG + YSG
material is ~5%, while the mass fraction of RSG +
YSG is 290% in both types of clusters. In other words,
at the RSG/YSG stages the star ejects a huge amount
of mass, which is concentrated in a small spatial region
(~5% of the cluster volume), therefore, not being
accelerated efficiently. Nevertheless, when superno-
vae start exploding, their shockwaves are powerful
enough to sweep and accelerate all material they meet.
That is why we add the accelerated CRs from RSG
stage to the calculation after the beginning of SN
explosions. It makes some difference for cosmic ray
neon isotopic ratio, because during several million
years after WR appearance, but before the start of SN
explosions, ’Ne/*’Ne ratio in accelerated CRs
remains very high. When supernovae start exploding,
their ejecta “spoils” 2?Ne/*'Ne ratio (see Fig. 2). The
material of RSG stars is also 2Ne-poor.
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THE RESULTS AND ENERGY BALANCE

With the help of stellar nucleosynthesis models’
interpolations, for all parameters the mean neon iso-
topic ratios in CRs, accelerated by the moment ¢ of a
clusters’ life, were obtained (see left panel of the
Fig. 2). To get the mean *2Ne/?*°Ne ratio in Galactic
CRs, we needed to average the isotopic ratio in CRs,
accelerated in one cluster, over the age of CRs in the
Galaxy, which is about 15 Ma. To do so, we modeled
the distribution of the galactic clusters with random
ages and averaged ?*Ne/?*’Ne in CRs from these clus-
ters (see right panel of the Fig. 2).

Let us calculate the energetics of the CRs, acceler-
ated in our sources. Taking into account the estimates
of the mechanical luminosity of all Galactic massive

stars given in [14] (~1.1X 10" erg s7!); the minimum
fraction of CRs, which should be accelerated in clus-
ters according to our model (=43%); the efficiency of

particle acceleration on shocks (~10%); and energetic
contribution of supernovae in clusters (£,;nq+sn/ Ewing =
2.4), we obtain the full power of Galactic CRs in our

model ~4 x10% erg s~!. From the observations it is

estimated as (6—8) X 10* erg s~!, which is 1.5—2 times
higher than we got in the model. This can be for several
reasons: the galactic winds power [14] and 2?Ne
enrichment of WR winds [9] can be underestimated;
also, the efficiency of CR acceleration in colliding
shock flows in compact clusters and OB-associations
may be higher than 10% [15].
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Fig. 2. Left panel: The (22Ne/20Ne) ratio in the CRs, accelerated in one star cluster from its birth to the current age with respect
to different rotation velocities of the stars and initial mass functions (higher 22Ne/ZONe ratio corresponds to the flatter IMF).
Here, Mgy = 25 M,,. Right panel: mean ratio 22N(:/ZONG: in Galactic CRs, averaged over the CR age.

LOCAL SOURCE MODEL

Theoretically, the neon isotopic anomaly may be
not the all-Galactic, but the local effect due to the
contribution of one or several local sources. The most
well-studied nearby clusters are OB associations Sco-
Cen (on distance 140 pc), Orion OBI1 (370 pc), Vela
OB2 (411 pc) and compact clusters Orion Nebula
Cluster (400 pc), Westerhout 40 (440 pc).

Let the power in CRs from local sources be I,

the mean distance to them ~250 pc. Loz = 0.1 from
the full mechanical luminosity L. The energy spec-
trum of low-energy particle acceleration on multiple

shocks follows the power law: f(p) < p™*, where p is

the particle momentum, o = 4—5. For the estimate we
take o0 = 4.2. Then

Eppas
dlL

= | 2L jE «
Ler T

Pmax

[ 4m’ 1 ()T (p)ap,

Pmin

(1

where dL/dE is CR power per unit of energy, 7(p) is
the particles’ kinetic energy. The highest 2*Ne enrich-
ment takes place before the start of SN explosions (see
Fig. 2), so we take the energy range of accelerated CRs

spectrum from E,;, = 10° eV to E = 10" eV. We
take the CR diffusion coefficient from GALPROP
modeling given in [16]. For the model, which includes
reacceleration of low-energy CRs in the interstellar

medium, it equals D = 4 x 10> cm? s~! for 100 MeV
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particles. dL/dE can be found, using the solution of
the stationary diffusion equation:

dNg _LdL/dEL

- ] (2)
dE  E, 4nDr 4n

where dN®/dE is the flux of the Galactic CRs in the
Solar system, r is the mean distance to the source

(250 pc), v is the particle velocity, E;, ~ 100 MeV. Star
clusters should provide at least 43% of the observed
low-energy CR flux, then, from Egs. (1), (2) the
needed mechanical luminosity of nearby sources can

be estimated. It equals L =1.9 x 10% erg s . Accord-
ing to the global study of star clusters in our Galaxy
(MWSC) with instruments PPMXL and 2MASS [17],
in 500 pc radius there are about 86 star clusters of dif-
ferent ages. In the Alma/Gaia-DR2 catalogue of mas-
sive OB-stars [18] there is data about 1337 OB-stars in
the same radius. As the kinetic power of such stars can

be up to 10% erg s~!, the full mechanical luminosity of

38 _ . . .
1.9x10™ erg s~! for massive stars in nearby associa-
tions and clusters seems realistic.

If one looked for the only source of neon anomaly,
the most suitable would be Sco-Cen association,
which contains ~150 B-stars, and ~13 O-stars were its
members in the past. Its age (~10 Ma) and distance to
it (~140 pc) give an estimate for its needed kinetic

power as ~6.5x 10 erg s~
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CONCLUSIONS

We performed modeling of the CR enrichment
with 22Ne in compact star clusters and OB-associa-
tions. We have shown that in compact clusters the
Wolf-Rayet material can be accumulated, which leads
to its more efficient acceleration. It is found that the
neon isotopic anomaly can theoretically have sources,
distributed across Galaxy, as well as several local
sources.

FUNDING

Neon isotopic analysis by M.K. was funded from the
baseline project 0040-2019-0025 of the loffe Institute.
Hydrodynamic modeling by A. B. and D.B. was supported
by the Russian Science Foundation, grant no. 21-72-20020.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

OPEN ACCESS

This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made. The images
or other third party material in this article are included in the
article’s Creative Commons license, unless indicated other-
wise in a credit line to the material. If material is not included
in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Binns, W.R., Wiedenbeck, M.E., Arnould, M., et al.,
Astrophys. J., 2005, vol. 634, p. 351.
https://doi.org/10.1086/496959

2. Panov, A.D., Atkin, E.V., Bulatov, V.L., et al., Bull.
Russ. Acad. Sci.: Phys., 2019, vol. 83, p. 980.
https://doi.org/10.3103/S1062873819080318

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

KALYASHOVA et al.

Glushkov, A.V., Pravdin, M.I., and Sabourov, A.V.,
Bull. Russ. Acad. Sci.: Phys., 2019, vol. 83, p. 1005.
https://doi.org/10.3103/S106287381908015X

Bogomolov, E.A. and Vasilyev, G.1., Bull. Russ. Acad.
Sci.: Phys., 2019, vol. 83, p. 967.
https://doi.org/10.3103/S1062873819080070

. Turundaevskiy, A.N., Vasiliev, O.A., Karmanov, D.E.,

etal., Bull. Russ. Acad. Sci.: Phys., 2021, vol. 85, p. 353.
https://doi.org/10.3103/S1062873821040377

. Casse M., and Paul J. A., Astrophys. J., 1982, vol. 258,

p- 860.
https://doi.org/10.1086,/160132

. Rate, G., Crowther, P.A., and Parker, R.J., Mon. Not.

R. Astron. Soc., 2020, vol. 495, no. 1, p. 1209.
https://doi.org/10.1093/mnras/staal290

. Maiz Apelléniz, J., Sota, A., Morrell, N.I., et al., arXiv:

1306.6417, 2013.

. Limongi, M. and Chieffi, A., Astrophys. J., 2018,

vol. 237, no. 1, p. 13.
https://doi.org/10.3847/1538-4365/aacb24

Bykov, A.M., Marcowith, A., Amato, E., et al., Space
Sci. Rev., 2020, vol. 216, no. 3, p. 42.
https://doi.org/10.1007 /s11214-020-00663-0

Kalyashova, M.E., Bykov, A.M., and Osipov, S.M.,
Bull. Russ. Acad. Sci.: Phys., 2021, vol. 85, p. 357.
https://doi.org/10.3103/S1062873821040146

Kalyashova, M.E. and Bykov, A.M., J. Phys.: Conf.
Ser., 2021, vol. 2103, no. 1, p. 012008.
https://doi.org/10.1088,/1742-6596,/2103/1/012008

Badmaev, D.V., Bykov, A.M., and Kalyashova, M.E.,
Mon. Not. R. Astron. Soc., 2021, vol. 517, no. 2, p. 2818.
https://doi.org/10.1093/mnras/stac2738

Seo, J., Kang, H., and Ryu, D., J. Korean Astron. Soc.,
2018, vol. 51, p. 37.
https://doi.org/10.5303/JKAS.2018.51.2.37

Bykov, A.M., Space Sci. Rev., 2001, vol. 99, p. 317.
https://doi.org/10.1023/A:1013817721725

Cummings, A.C., Stone, E.C., Heikkila, B.C., et al.,
Astrophys. J., 2016, vol. 831, no. 1, p. 18.
https://doi.org/10.3847/0004-637X/831/1/18

Kharchenko, N.V., Piskunov, A.E., Schilbach, E.,
et al., Astron. Astrophys., 2013, vol. 558, p. A53.
https://doi.org/10.1051,/0004-6361,/201322302

Pantaleoni Gonzélez, M., Maiz Apellaniz, J., Barba, R.H.,
and Reed, B.C., Mon. Not. R. Astron. Soc., 2021,
vol. 504, no. 2, p. 2968.
https://doi.org/10.1093/mnras/stab688

Vol. 87 No.7 2023



	INTRODUCTION
	MATERIAL DISTRIBUTION IN A CLUSTER
	THE RESULTS AND ENERGY BALANCE
	LOCAL SOURCE MODEL
	CONCLUSIONS
	REFERENCES

		2023-11-03T11:17:31+0300
	Preflight Ticket Signature




