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Abstract Non-thermal particles and high-energy radiation can play a role in the
dynamical processes in star-forming regions and provide an important piece of the
multiwavelength observational picture of their structure and components. Power-
ful stellar winds and supernovae in compact clusters of massive stars and OB
associations are known to be favourable sites of high-energy particle accelera-
tion and sources of non-thermal radiation and neutrinos. Namely, young massive
stellar clusters are likely sources of the PeV (petaelectronvolt) regime cosmic
rays (CRs). They can also be responsible for the cosmic ray composition, e.g.,
22Ne/*"Ne anomalous isotopic ratio in CRs. Efficient particle acceleration can be
accompanied by super-adiabatic amplification of the fluctuating magnetic fields in
the systems converting a part of kinetic power of the winds and supernovae into
the magnetic energy through the CR-driven instabilities. The escape and CR prop-
agation in the vicinity of the sources are affected by the non-linear CR feedback.
These effects are expected to be important in starburst galaxies, which produce
high-energy neutrinos and gamma-rays. We give a brief review of the theoreti-
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cal models and observational data on high-energy particle acceleration and their
radiation in star-forming regions with young stellar population.
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1 Introduction

Star formation is the key phenomenon in the galactic environment connecting to-
gether all of the important constituents from molecular gas to magnetic fields and
cosmic rays in a close relationship. Multiwavelength observations of star-forming
regions both in the Milky Way and in starburst galaxies revealed broadband non-
thermal radiation from radio to gamma rays, indicating the presence of relativistic
particles and their interactions with matter, radiation and magnetic fields (see e.g.
Condon 1992, Acero et al. 2009, Ackermann et al. 2012, H.E.S.S. Collaboration
et al. 2018d). Cosmic rays (CRs) are expected to be efficiently produced by strong
fast winds of young massive stars and core-collapse supernovae in star-forming
regions (SFRs) (see e.g. Bykov 2014, Lingenfelter 2018, Tatischeff and Gabici
2018).

Low-energy CRs accelerated in these sources can penetrate deep into molecu-
lar clouds providing ionization and heating (see for details Padovani et al. 2020).
Self-regulated propagation of CRs escaping from the sources may form CR halos
or drive the winds in the vicinity of star-forming regions (see e.g. Ipavich 1975,
Breitschwerdt et al. 1991, Ruszkowski et al. 2017, Farber et al. 2018, Owen et al.
2019). The CR pressure gradients around the compact clusters or groups of young
massive stars with ages of about 5-10 Myrs can affect then the star formation in
50-100 pc vicinity of the CR source. The analysis by Berlanas et al. (2018) of
the ages of OB stars in Cygnus X, derived from isochrones, revealed a spatial
clustering of the groups of different ages: young (0-5 Myr), intermediate (5—10
Myr), and old (> 10 Myr). It may suggest that the massive star formation has
proceeded in the Cygnus region. However, the distances derived with Gaia DR2
(Berlanas et al. 2019) indicated that Cygnus OB2 group is farther away than previ-
ously estimated and it may be spatially more separated from the foreground group
in the line of sight. Current models are zooming into the star-forming galaxies
with high-resolution cosmological simulations accounting for mechanical, radia-
tive, magnetic and cosmic-ray feedback from massive stars (see e.g. Krumholz
and Federrath 2019, Hopkins et al. 2019, Holguin et al. 2019, Owen et al. 2019).

Radiation produced by the accelerated particles in star-forming regions pro-
vides important information on the distribution of matter and magnetic fields. At
the same time, the increasing sensitivity of high-energy neutrino telescopes and
upcoming gamma-ray facilities is opening a new window on the processes of cos-
mic ray interactions in star-forming galaxies (Loeb and Waxman 2006, Ahlers and
Halzen 2014, Waxman 2017, Aartsen et al. 2019). We review below some recent
observations of star-forming regions and the future observational perspective as
well as specific physical mechanisms of particle acceleration in these objects.

The plan of the paper is as follows. In § 2, we give an overview of the sources of
high-energy particles and radiation in star-forming regions and starburst galaxies.
Particle acceleration in OB associations and compact clusters of young massive



stars can be the reason of high-energy radiation from these objects. The high and
ultra-high energy CRs accelerated in the starburst galaxies are considered as the
important sources of the energetic neutrinos observed by the IceCube Observa-
tory. In § 3, we present time-dependent models of relativistic particle acceleration
and CR spectra formation by large-scale magnetohydrodynamic (MHD) plasma
motions with multiple shocks produced by fast winds of massive stars and su-
pernovae in SFRs. Accelerated cosmic rays escaping the accelerators may carry
away a substantial fraction of the mechanical power luminosity. Therefore, the
non-linear effects of CR-induced turbulence may affect the CR propagation near
the sources. The non-linear CR propagation models are discussed in § 4. Young
massive star clusters may significantly contribute into the observed spectrum of
galactic CRs above PeV energy regime and can be responsible for some observed
composition anomalies. We discuss in § 5 the enhanced ratio of ?Ne/?°Ne iso-
topes which is observed in low-energy CRs and the expected anisotropy of 100
PeV protons accelerated in compact clusters of young massive stars. The obser-
vational perspective of multiwavelength observations of the star-forming regions
and starburst galaxies is discussed in § 6.

2 Overview of the sources of high-energy particles and radiation associated
with star-forming regions

Clustered star formation as a result of the evolution of massive molecular clouds
has profound effect on the evolution of the interstellar medium (e.g. Mac Low
and McCray 1988, Heiles 1990, Cox 2005) and turbulent magnetic fields (e.g.
Haverkorn et al. 2008, Seta and Beck 2019) as well as on the production and
evolution of high-energy cosmic rays (e.g. Bykov 2014, Lingenfelter 2018).

Oey (2007) used a definition of a superbubble (SB) which was introduced by
You-Hua Chu in the 1980s as a shell structure originating from multiple stars,
rather than a definition related to the system size. This is certainly well-motivated
given the vast differences in the shell sizes (e.g. Oey and Clarke 1997). On the
other hand in the context of CR acceleration sources we have to distinguish the
superbubbles produced by OB associations from the compact young massive star
clusters (YMSCs) where the winds of early-type stars are collected in a very com-
pact core of a pc size.

2.1 Cosmic rays and gamma-ray emission in OB associations

Most massive stars in Milky Way-like galaxies formed in loose OB associations
(see below and e.g. Kruijssen 2012, Ward et al. 2019). Supernovae and powerful
stellar winds in OB associations are the likely sources of CRs (e.g., Cesarsky
and Montmerle 1983, Bykov 2001, 2014, Parizot et al. 2004, Binns et al. 2005,
Grenier et al. 2015, Lingenfelter 2018, Bykov et al. 2018, Aharonian et al. 2019,
Lingenfelter 2019).

An excess of hard-spectrum TeV gamma-ray emission was revealed by the
atmospheric Cherenkov telescope HEGRA (Aharonian et al. 2002) from the field
located in the direction of the Cygnus OB2. An explanation proposed for this
excess was that the observed gamma-ray emission could be connected with TeV



particles, accelerated on multiple shocks from SNe and massive stars” winds in the
Cyg OB2 association, which is considered to be one of the richest OB associations
in our Galaxy, containing hundreds of massive stars.

Cygnus OB2 is embedded within the wider region of star formation, Cygnus
X, which is one of the brightest sources at radio wavelengths. The region is ~ 200
pc size and is ~ 1.4 kpc far away from the solar system. In the recent Fermi Large
Area Telescope survey of the star-forming region Cygnus X, an extended gamma-
ray source was discovered, now known as the Cygnus cocoon. Ackermann et al.
(2011) associated the source with a superbubble filled with accelerated particles.
The hard emission from the source extends to a ~ 50 pc wide region and has a
flux of (5.84:0.9) x 1078 phcm™2 s~! in the 1 — 100 GeV range. At the estimated
distance of the spatially coincident superbubble Cyg OB2 this corresponds to a
gamma-ray luminosity Ly = (9£2) x 10°* erg s~!, which is less than 1 % of the
total kinetic power of Cyg OB2 massive stars’ winds.

There is evidence that Cygnus OB2 was formed out of a giant molecular com-
plex — the progenitor of the present-day Cygnus X. Based on red supergiants
observations in near infrared, Comerén et al. (2016) investigated that the star for-
mation in the Cygnus OB2/Cygnus X region started at least 20 Myrs ago, which
is well before the last star-forming burst that caused, ~ 3 Myrs ago, the appear-
ance of the compact group of early-type stars, now determining the behavior of
the OB association. The mechanical power from SN explosions depends on the
age of an OB association. Martin et al. (2010) reproduced stellar population of
Cyg OB2 and gave an estimate of its kinetic luminosity over the 3 Myr of its life:
~4x108ergs!.

More recently, Katsuta et al. (2017) reported about a study of extended gamma-
ray emission from the star-forming region G25.0+0.0 detected by Fermi-LAT, the
possible second case of a gamma-ray detection from a SFR. The hard GeV emis-
sion from the G25 region is estimated to have about 10 times larger gamma-ray
luminosity than the Cygnus cocoon, which means that the efficiencies of particle
acceleration in this source should also be much higher. A problem is that at the es-
timated distance of about 8 kpcs G25.040.0 is in a highly obscured region, which
makes comprehensive studies of its stellar content very difficult.

The spectra of extended gamma-ray emission of both the Cygnus cocoon and
G25.04+0.0 SFR in the GeV range are best described with a power law with the
same photon index of ~ 2.1.

OB associations can be formed on timescales 2> 10 Myr with the numerous
assembled SNe (e.g. Efremov and Elmegreen 1998, Kawamura et al. 2009, Long-
more et al. 2014, Kruijssen et al. 2019, Chevance et al. 2020). The energy and mo-
mentum injection from stellar groups and subgroups within the association were
studied in the framework of population synthesis with stellar evolution models
(Voss et al. 2009, 2010). They emphasized that the presence of groups/subgroups
of different ages makes it possible to keep at relatively high level the stellar wind
contribution into the mechanical luminosity of the system over ~ 10 Myr time
intervals. The emergence of a superbubble with an internal structure consisting
of shells and filaments was demonstrated by Krause et al. (2013, 2014). They
followed the evolutionary tracks of three massive stars produced by Meynet and
Maeder (2005) and used 3D-hydrodynamical simulations with account of radiative
cooling and photo-electric heating of the optically thin gas. In the hydrodynami-



cal model the energy injected into the superbubble by supernovae has completely
dissipated in ~ 1 Myr time interval. The feedback of magnetic fields, possibly
amplified in superbubbles by turbulent dynamo and CR-driven instabilities, still
needs to be studied, as well as the effect of CRs, which are likely evacuating away
a fraction of the released mechanical luminosity, on the superbubble dynamics.

Massive stars and supernovae, which form superbubbles in galaxies, produce
unstable isotopes such as ®*Fe and 26Al, which are gamma-ray line emitters at
the characteristic energies of 1.173, 1.332, and 1.809 MeV. The sensitivity of the
gamma-ray spectrometer SPI INTEGRAL has allowed the significant detection
of the combined two lines of ®“Fe: the morphology of the emission suggests that
its origin is likely diffuse, rather than resulting from the combination of a few
point sources (Wang et al. 2019). The 1.809 MeV line from the decay of 26 Al was
detected from the Cygnus region centered on the position of the Cyg OB2, while
for the ®°Fe lines from the same region only an upper limit was derived (Martin
et al. 2009). The width of the detected 2 Al line implies turbulent velocities below
200 km s~! for the line emitting material.

On a smaller scale, 3D-hydrodynamical simulations were performed for a
compact colliding-wind binary systems (see e.g. Pittard and Parkin 2010). These
systems are known to be sources of non-thermal radiation (see e.g. De Becker
and Raucq 2013, Romero 2019). Different aspects of diffusive shock accelera-
tion of relativistic particles in colliding winds of massive stars were discussed in
(Grimaldo et al. 2019, Pittard et al. 2019) while the acceleration of very high en-
ergy CRs by a supernova shock colliding with a fast wind produced by a massive
star, or a compact cluster, was studied by Bykov et al. (2015).

Recently High Altitude Water Cherenkov Observatory (HAWC) collaboration
presented preliminary results of TeV gamma-ray emission from the Cygnus co-
coon (Hona et al. 2019). They reported the existence of a significant TeV counter-
part of the cocoon region, described by a power law spectrum with index ~ 2.6.
At GeV energies they obtained a harder spectrum, with an index of ~ 2.1, which
well agrees with the findings of earlier spectral studies of the Cygnus cocoon in
the GeV range. These authors suggested a hadronic origin of the observed ra-
diation which points to CR acceleration in the Cygnus cocoon to, at least, few
hundred TeV. From an energy budget calculation, the CR acceleration efficiency
in the Cygnus OB2 is found to be of ~ 0.1%.

Deeper studies of the Cygnus OB2 are expected in the near future. Nuclear in-
teractions of CRs accelerated in Cygnus cocoon may lead to high-energy neutrino
production in Cygnus X. Yoast-Hull et al. (2017) calculated that this neutrino flux
can be large enough to be observable with the IceCube Observatory. Apart from
HAWC recent study, sensitive and high-resolution observations are planned with
Cherenkov Telescope Array in the energy band from tens of GeV to hundreds of
TeV. At the lower energies it is expected that the next generation MeV-GeV instru-
ments (Greiner et al. 2012, de Angelis et al. 2018) will provide a comprehensive
view of Cygnus OB2 and Cygnus X.



2.2 Massive star clusters as sources of cosmic rays and gamma-ray emission
2.2.1 CR acceleration in young massive star clusters

Similar to superbubbles, young massive star clusters contain large populations of
massive stars and hence a high SN explosion rate. In galaxies like the Milky Way,
the total cluster mass can reach 10°M,, (e.g. Adamo et al. 2015, Reina-Campos
and Kruijssen 2017), but, unlike OB associations, all the stars are concentrated in
~ 1 pc radius with the star density in a cluster > 10°M, pc~3, thus, YMSCs rep-
resent prominent and uniquely compact sites of massive star formation. YMSCs
in the Galaxy are observed in almost all energy bands. Some of them are found
very close to the solar system (Kuhn et al. 2010, Getman et al. 2018).

Spectroscopic data show that O-, B- and Wolf-Rayet stars have powerful winds,
with velocities of (1 —3) x 10° km s~!. The total kinetic power of OB winds in a
cluster is typically ~ 5 x 103 erg s~!. Colliding shocks from massive star winds
can be the site of effective particle acceleration up to TeV energies. Moreover,
strong cluster winds can be formed in active star formation regions like YMSCs
(see Chevalier and Clegg 1985 for the modeling of starburst galaxies and nuclei).

Supernovae in massive star clusters are likely to be powerful CR accelerators:
acceleration efficiency and maximum energy are expected to be enhanced with re-
spect to the standard values derived for SN remnant shocks, thanks to the fact that
here the SN blast wave may interact with fast OB star winds. Indeed it was shown
by Bykov (2001) that multiple shocks can accelerate CRs with efficiencies up to
30 %. Particle acceleration in SN shocks colliding with a fast wind was studied
quantitatively by Bykov (2014), Bykov et al. (2015) with the help of non-linear
modeling. That calculation showed that the energies of protons, accelerated in a
system of SN-wind shocks, can reach hundreds of PeV, which far exceeds the
expected maximum energy of Fermi acceleration in an isolated supernova rem-
nant (SNR). The particle spectrum in such a system may be very hard, which can
increase the efficiency of high-energy neutrino production and contribute to the
neutrino events detected by the IceCube Observatory.

Thus, YMSCs are potential sources of galactic CRs at all energies, except for
UHECRs (particles with energies in excess of 10'8 eV) which are considered to
be of extragalactic origin. There are a number of OB associations and clusters of
massive stars of ages in the range of a few millions of years in the vicinity of the
solar system (see e.g. Alves and Bouy 2012, Bouy and Alves 2015, Herczeg and
Hillenbrand 2015): their contribution can affect both the spectrum and composi-
tion of CRs observed at the Earth.

The distribution of massive star formation over YMSCs and OB associations is
set by the ‘cluster formation efficiency’ I, which is defined as the fraction of stars
that form in bound clusters and varies strongly with the host galaxy properties (see
e.g. Kruijssen 2012, Adamo and Bastian 2018, and references therein). Galaxies
with higher gas pressures (manifesting itself in terms of a higher star formation
rate surface density) have larger I". Moreover, the cluster formation efficiency
can vary by up to a factor of 3—4 within an individual galaxy, depending on its
radial gas surface density profile. Therefore, YMSCs are important sources of
CRs in starburst galaxies, where I ~ 50% can be reached. Such starburst galaxies



have been predicted to be important sources of high-energy neutrinos (Loeb and
Waxman 2006, Tamborra et al. 2014).

2.2.2 Gamma rays from massive star clusters

Gamma-ray emission from YMSC:s is considered to be the result of cluster kinetic
energy conversion to CRs. Diffuse GeV gamma-ray emission has been detected by
Fermi-LAT from the compact clusters NGC3603, Westerlund 2, along with Cyg-
nus OB2, while the H.E.S.S. Collaboration discovered TeV gamma-ray emission
near one of the most massive star clusters in the Galaxy — Westerlund 1. On the
basis of Fermi-LAT and H.E.S.S. data Aharonian et al. (2019), Yang et al. (2019)
investigated the spectral and spatial distribution of CRs in the vicinity of Wester-
Iund 1, Westerlund 2 and Cygnus OB2, very powerful clusters with luminosities
above 108 erg s~!. Aharonian et al. (2019) reported that in these clusters the CR
density declines as !, which indicates that relativistic particles are continuously
injected into the interstellar medium (ISM) during a long (> 10° yr) period of
time. The authors pointed out that this is an argument in favour of CR acceleration
by stellar winds of massive stars, because maintaining the observed continuous
particle acceleration by SNRs would require a very high rate of SNe in a cluster
(~ 1 SN per 10? yr), which is not very realistic.

Notice, however, that the earlier census of a possible GeV emission from an-
other sample of YMSCs did not lead to any significant gamma-ray signal (Maurin
et al. 2016). In that paper the authors analysed the Fermi telescope observations
of YMSCs associated with the Rosette and Orion Nebulae (of luminosities be-
low 10%7 erg s_l), NGC2175, NGC2467 and some others. The conclusion is that
less than 10% of the stellar wind luminosity is supplied to the relativistic parti-
cles in these objects. Some clusters even show acceleration efficiency of less than
1%. The Cherenkov Telescope Array may be able to clarify the situation and to
constrain the capability of a given YMSC to be a site of gamma-ray emission.

2.3 High-energy phenomena in the Galactic Center and the Central Molecular
Zone

The Central Molecular Zone (CMZ) of the Milky Way is the region surrounding
the Galactic Centre (GC), extending a few x 100 pc away from Sgr A*. The CMZ
is an extreme environment (Morris and Serabyn 1996), exhibiting e.g. gas pres-
sures, densities, velocity dispersions, temperatures, cosmic ray ionisation rates,
and magnetic field strengths that are factors of several to orders of magnitude
higher than in the galactic disc (e.g. Crocker et al. 2010, Ao et al. 2013, Gins-
burg et al. 2016, Henshaw et al. 2016, Krieger et al. 2017, Kauffmann et al. 2017,
Yusef-Zadeh and Wardle 2019). These conditions are similar to those seen in vig-
orously star-forming galaxies at high redshift (Kruijssen and Longmore 2013).
The CMZ hosts 90 percent of the dense molecular gas in the Milky Way, but con-
tributes only a few percent of the galactic star formation rate (e.g. Longmore et al.
2013, Barnes et al. 2017). The star formation history of the central 150 pc of the
Milky Way is likely not quasi-continuous but has a number of intense star forma-
tion periods with the latest one at about several tens of millions of years ago (see
e.g. Nogueras-Lara et al. 2019).



Importantly in the context of this review, the CMZ is extremely bright in
gamma rays (e.g. Aharonian et al. 2006, Su et al. 2010, Longmore and Kruijssen
2018). Analysing 10 years of H.E.S.S. data obtained with arcminute angular res-
olution from the region surrounding the GC, H.E.S.S. Collaboration et al. (2016)
found the presence of the extended very high energy gamma-ray emission imply-
ing the CR profile which is peaked towards the GC and compatible with an R~
law. This can be expected from a stationary point-like source at the GC inject-
ing accelerated CRs. The authors concluded that the apparent lack of the spectral
cut-off in the H.E.S.S. data likely indicates the acceleration of the PeV protons
within the central 10 pc of the Milky Way. A scenario of PeV CRs acceleration
in the vicinity of massive black hole in the GC was discussed by Aharonian and
Neronov (2005) (see also Guo et al. 2017).

Another possible class of the sources of CRs with energies above PeV can
be associated with YMSCs like Arches and Quintuplet (Bykov 2014). Together
with the Young Nuclear Cluster of age 6+2 Myr, very close to Sgr A* (Lu 2018),
these three young massive star clusters have masses of about 10* M, and reside
within ~ 30 pc from the GC in projection (although the Arches and Quintuplet are
likely displaced along the line of sight, such that their total galactocentric radius
is ~ 60 pc, see Stolte et al. 2014 and Kruijssen et al. 2015). The Young Nuclear
Cluster contains more than 100 hot stars including 23 WR-type stars. The sce-
nario that high-energy CR acceleration takes place in the YMSCs located near the
GC is further supported by recent detection of gamma-ray emission from YM-
SCs Westerlund 1 and 2 (Aharonian et al. 2019). Recently, H.E.S.S. Collaboration
et al. (2018a) tested the various contributions to the total gamma-ray emission de-
tected by H.E.S.S. They showed that the emission correlated with the dense gas
phases covers the full extent of the CMZ. They suggested that it is a single diffuse
component and its flux is about half of the total diffuse emission flux from the
region.

Explanations for the high-energy CRs and gamma-ray emission in the GC and
CMZ are varied (e.g. Su et al. 2010, Hooper and Linden 2011, Abazajian et al.
2014) and range from supernovae (e.g. Jouvin et al. 2017) to activity from Sgr A*
(e.g. Chernyakova et al. 2011), pulsars (e.g. Brandt and Kocsis 2015, Bartels et al.
2016), and dark matter annihilation (e.g. Hooper and Goodenough 2011). Distin-
guishing between these scenarios requires detailed, 7-dimensional maps (position,
velocity, and time) of the molecular gas distribution, as well as sites of massive
star formation and supernovae (Longmore and Kruijssen 2018). Only with a de-
tailed model for the energy injection from astrophysical sources it is possible to
model how each of the above mechanisms manifests itself in observable tracers
(e.g. Crocker 2012). Major recent efforts have made important steps in mapping
the CMZ’s structure (e.g. Molinari et al. 2011, Kruijssen et al. 2015, Henshaw
et al. 2016), mass flows (e.g. Sormani et al. 2018, Sormani and Barnes 2019),
energy cycle and balance (e.g. Crocker 2012, Kruijssen et al. 2014) and star for-
mation history (e.g. Barnes et al. 2017, Krumholz et al. 2017), but this remains an
area of active research. We refer the reader to Longmore and Kruijssen (2018) for
further details.



2.4 High-energy phenomena in starburst galaxies

The most significant point in the Northern hemisphere from the IceCube scanning
of the sky is coincident with the Seyfert II galaxy NGC 1068 (IceCube Collab-
oration et al. 2019). Superwinds of starburst galaxies were suggested as possible
sites of high-energy CRs acceleration. Ultra-high-energy cosmic rays (UHECR)
acceleration up to 10'! GeV by superwinds of starburst galaxies was discussed
by Anchordoqui (2018), while more conservative maximum energies (10’ GeV
for protons) were obtained in the model by Romero and Miiller (2019). The latter
are consistent with the CR energies accelerated in YMSCs (Bykov 2014), which
are expected to be numerous in the starburst galaxies. Gutiérrez et al. (2020) dis-
cussed a possible role of a massive black hole with a relatively low accretion rate
as UHECR accelerator in the nucleus of starburst galaxy NGC 253. The origin
of UHECR is possibly associated with the relativistic shocks in the outflows of
compact objects (see e.g. Lemoine 2018) rather than with the superwinds of the
starburst galaxies, while further studies are needed. We discuss in brief in §3.1 re-
sults of modeling of high-energy CR acceleration by supernovae exploding in the
vicinity of a fast wind. The spectrum of CR protons accelerated at the colliding
shock flows produced by a supernova shock at the free expansion stage and a fast
wind may extend to 100 PeV in the starburst galaxy environment with high mag-
netic field. This spectrum has a specific shape with an upturn at TeV-PeV regime
as it is shown in Fig. 2. This increases the energetic efficiency of the production
of the high-energy neutrinos in such systems.

Recently, Ammazzalorso et al. (2020) performed the studies of cross-correlation
between gamma rays and the mass distribution probed by weak gravitational lens-
ing. They detected the cross-correlation signal with hard energy spectrum of best-
fit spectral index a = 1.81:“8:%91. We assume that a population of star-forming
galaxies where CR acceleration is dominated by supernovae in clusters of young
massive stars may provide hard enough spectra of gamma-ray radiation and thus
may help to understand the obtained results.

The isotropy and flavor content of the IceCube detected neutrinos, and the
coincidence, within current uncertainties, of the 50 TeV to 2 PeV flux and the
spectrum with the Waxman-Bahcall bound, suggest a cosmological origin of the
neutrinos, related to the sources of UHECR with energies > 10'® GeV. The most
natural explanation of the UHECR and neutrino signals is that both are produced
by the same population of cosmological sources, producing CRs (likely protons)
at a similar rate, E2dn /dE EO, over the [106 GeV,10!! GeV] energy range, and
residing in “calorimetric” environments, like galaxies with high star formation
rate, in which E/Z < 100 PeV CRs lose much of their energy to pion production
(see discussion in Waxman 2017).

In the recent work, Peretti et al. (2020) argued that starburst galaxies nuclei
can account for the diffuse neutrino flux above 200 TeV, while producing < 40%
of the extragalactic diffuse gamma-ray background. They find that the neutrino
flux below 200 TeV from the starburst population is expected to be lower than the
observed one.

A tenfold increase in the effective mass of the IceCube detector at = 100 TeV
is required in order to significantly improve the accuracy of current measurements,
to enable the detection of a few bright nearby starburst “calorimeters”, and to open
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the possibility of identifying the CR sources embedded within the calorimeters, by
associating neutrinos with photons accompanying transient events responsible for
their generation. Source identification and a large neutrino sample may enable one
to use astrophysical neutrinos to constrain new physics models.

3 Models of particle acceleration by large-scale magnetohydrodynamic
turbulence with multiple shocks in star-forming regions

A kinetic energy release from the fast winds of young massive stars and multiple
supernovae within the bubble created by a stellar association or compact stellar
cluster may exceed 10°® erg s~!. The kinetic energy is released in the form of the
supersonic and the super-Alfvénic flows accompanied by shocks. The strong pri-
mary shocks interacting with density inhomogeneities of different scales produce
multiple weak secondary shocks and large-scale flows and the broad spectra of
magnetohydrodynamic fluctuations with frozen-in magnetic fields. Vortex electric
fields induced by the large-scale motions of highly conductive plasma result in the
non-equilibrium distribution of the charged nuclei producing high-energy tails.
Because of the presence of multiple strong shocks, particle distribution is highly
intermittent. Statistical description of the intermittent systems is a challenging
problem. The intermittent character of the system with the multiple shocks can
be accounted by the kinetic equation approach with an appropriate averaging over
the multiple characteristic scales (Bykov and Toptygin 1993).

The distribution function N(r,p,t) of non-thermal nuclei averaged over an
ensemble of turbulent motions and shocks satisfies the kinetic equation

ON 0 aN_ 1 0 » ON ., o
W‘E"“ﬁar G1LN+—8— Da—p—kALN—&—ZBLPN—&-F](p). (1)

The source term Fj(p) is determined by injection of the nuclei of a type j. The
integro-differential operators L and P are given by
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The kinetic coefficients satisfy the renormalization equations:
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Here G1 = (1/1y,+ G2). The kinetic coefficients G1,x,D,A and G2 are de-
termined by the statistical moments of MHD turbulence and in particular by the
correlation tensor of bulk velocities of plasma < uy(',r') -ug(z,r) >. It is con-
venient to express the kinetic coefficients through the Fourier components of the
correlation tensor introducing its transverse 7 (k, @) and the longitudinal S(k, ®)
components (see e.g. Monin and Yaglom 1971) as well as the cross correlations
between velocity jumps on shock fronts and rarefaction motions in between given
by ¢ (k,®) and fi(k, ®). We assume here the presence of a broad range of magnetic
fluctuations with the spectrum dB,% /dk o< kY, where the index 1 < v < 2 where
the energy containing (maximum) scale .o is the same as the energy contain-
ing scale of the kinetic energy of plasma motions initiated by the fast winds and
shocks. Apart from the locally anisotropic Kolmogorov-type cascading also the
CR-driven instabilities may be important in some appropriate scales for building
the MHD fluctuation spectra. It is also important to have in mind that the Landau
damping of compressible modes in the hot gas may affect the spectral properties
of MHD turbulence in superbubble. With available computer capabilities it is not
easy to model the properties of MHD turbulence because of the very broad dy-
namic range which spans of about ten decades from tens of parsecs down to the
particle gyroradii scales. Therefore, we are using here some parametrizations as-
suming a simplified picture of the magnetic turbulence which certainly requires
dedicated studies.

In this context we call turbulent motions the long-wavelength if their wave-
lengths are much larger than the gyroradii of CRs. The long-wavelength super-
sonic and super-Alfvénic turbulence between the shocks is characterized by the
mean square velocity amplitude u, = V< u? > and the correlation length leory.
There are two different regimes of CR transport and acceleration in such systems.
These depend on the relation of the characteristic correlation time of the strong
long-wavelength turbulence Teorr ~ leorr/ux and the CR diffusion time over the
turbulence correlation length Tgir(p) ~ I2,,,/k(p). If the CR diffusion over the
correlation length is slow and the ratio 1 (p) = Teorr/ Tairr(p) is large then the CR
transport is determined mainly by the turbulent advection. This regime is typical
for CRs with low energies if their gyroradii are in resonance with the magnetic
fluctuations. While in the case of the large diffusion coefficients n(p) <1.

We define the momentum p, which approximate (not exactly) the transition
between the regimes by equation from 7)(p,) = 1. Then using the expression for
the mean free path of CRs due to scattering by the resonant magnetic fluctuations
(of scales comparable to the CR gyroradius Ry (p)) given by Toptygin (1985)

R 2—v
A(p) = G(V) “leorr - { 7(17)} 3)
one can get
< [Ra(]*
()~ - [ B2 @

This results in a strong dependence of the transition momentum p, on the large-
scale turbulent velocity amplitude u, as py o< ui/ CY forv >3 /2. From the defi-
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nition of p, one can get the following estimation for v = 1.7

leorr Uy 333 (5)
10uG| |10pc 1,000km s—!

One should note here that the Fermi-type CR acceleration mechanism de-
scribed above directly used the kinetic energy of large-scale plasma motions as
the source of free energy for the accelerated CRs (see for a review Lemoine 2019).
The resonant magnetic fluctuations providing CR scattering needed for the mech-
anism to operate have scales much shorter and the energy densities much smaller
than the energy containing long-wavelength motions produced by the fast stellar
winds and supernovae shocks.

The test particle calculations of the kinetic equations in the low-energy regime
p < px by Bykov and Fleishman (1992) provided a very hard spectrum of accel-
erated particles which would absorb a substantial fraction of the available kinetic
energy after a few acceleration times. Therefore, the account for the backreaction
of the accelerated particles on the turbulence is necessary to model the particle
spectrum. A model, where the kinetic equations described above were supplied
with the energy conservation equation for the total system including the shock
turbulence and the accelerated CR particles, demonstrated a temporal evolution
of initially narrow particle spectrum around the initial momentum pg to a hard
and then softer spectrum in the energy interval py < p < p, (Bykov 2001, 2014)
illustrated in the left panel of Fig. 1.

CR particles at high energies p > p, have cA(p) > uilmatheorr Which imply
that the characteristic diffusion scales of CRs accelerated at shock are larger than
the mean distances between the shocks. Therefore, the high-energy CRs are rather
homogeneously distributed within the system contrary to the highly intemittent
distribution of CRs with p < p, described by Eq.(1) as discussed above.

The distribution function of the high-energy CRs of p > p, can be obtained
from the Fokker-Planck type equation which contains only the terms dominating
in Eq.(1) in the high-energy regime:

& ~0.5GeV [

ON 8K )8N_1z9 ) ON ©)
ot drg P p drg  p? app ap’
where the parallel spatial diffusion coefficient k(p) = vA(p)/3. The momentum
diffision coefficient is determined by

2

D(p) = %/dt’dr/ <V-u(',r)-V-u(t,r) > G({,r;t,r). (7

Here G(t',r/;t,r) is the Green function described the diffusion propagation of GRs
in space with the diffusion coefficient x(p). CR acceleration described by Eq.(7)
corresponds to Fermi acceleration by the large-scale motions of plasma with the
wavelengths larger than the CR mean free paths A (p) (Bykov and Toptygin 1993,
2001). In the systems where the root mean square (r.m.s.) amplitude of the large-
scale MHD motions u, is supersonic and super-Alfvénic this non-resonant CR
acceleration should be dominating over the stochastic acceleration by the reso-
nant MHD modes. The stochastic resonant acceleration of CRs (see e.g. Tverskoi
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1968, Schlickeiser 2002, Tolksdorf et al. 2019) is important in the systems with
the subsonic turbulence.

One should have in mind that the Eq.(6) can be used to describe the CR dis-
tribution asymptotically in the high-energy regime and the matching its solutions
with the low-energy solutions of Eq.(1) needs some care. The CR disribution func-
tion above p, satisfying the Eq.(6) and the condition of CR escape in the system
boundary is

N(p) =Ao(p/p.) V2K, (1), (8)

where the modified Bessel function (Macdonald function) K,(Y) has the argu-
ment ¥ = (p/p.)> VA and the index a = (v +1)/|4 —2v| (for v # 2). Here
A =K -, /u,L, where L is the characteristic size of the system and the numerical
factor K depends on the shape of the superbubble and the boundary conditions
for the CR distribution function there. Realistic boundary conditions should be
determined by the energy dependent escape of the accelerated CRs through the
supershell surrounding the superbubble which require a dedicated study of its ion-
ization state and MHD turbulence growth and damping there. Namely, the flux of
escaping CRs which depends on the CR acceleration efficiency and the scale size
of accelerator may be high enough at some evolution stages to produce CR-driven
turbulence providing the effects of CR self-confinement. Such the effect was dis-
cussed recently in the case of supernova remnants (see e.g. Amato and Blasi 2018,
Brahimi et al. 2020).
The cut-off momentum obeys the relation

pe o< p.- AV ©)
based on the Macdonald function behaviour when p > p,. Therefore,

Pe o palL/leorr) /7Y, (10)

This indicates rather a strong dependence p. on L if the spectral indexes of MHD
turbulence are 5/3 < v < 2 (i.e. the Kolmogorov-type or steeper).

The asymptotics of the Macdonald function at the large arguments Y >> 1 is
K,(Y) = /37 exp(=Y). Therefore, for the large momenta of CRs p > p. the
spectrum Eq.(8) has exponential asymptotics

N(p) = (p/pc) > *exp[—(p/pc)* ], (11)

The results discussed above are valid for MHD turbulence of index v < 2. Note
that MHD turbulence with v = 2 can be realized in some interval of wavenumbers
in the systems with multiple weak shocks which can be the secondary shocks pro-
duced by interactions of the primary strong supernova shocks propagating through
inhomogeneous matter in a superbubble (Bykov and Toptygin 1987). The mean
free paths of CRs with gyroradii exceeding the mean distance between the weak
shocks are energy independent.
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Fig. 1 The model spectra of CR ions accelerated by shock ensemble and large-scale MHD
plasma motions in the systems with multiple winds of young massive stars and supernovae.
Left panel shows temporal evolution of CR spectrum from the injection momentum pg in the
advection dominated regime where 7(p) > 1 limited by the CR momentum p,. The dashed
curve is the CR spectrum after 4 acceleration times while the dot dashed and the solid curves are
respectively after 6 and 10 acceleration times.The acceleration time is about 3x 10° years in this
case (see Bykov 2014). Right panel illustrates the asymptotic CR spectra at the high-energy end
n(p) < 1. The spectral index of MHD turbulence inside the system was fixed at v = 1.7. The
curves are given for the different ratios of /oo /L with parameter A =2 (dashed line), 3 (solid
line) and 5 (dotted line).

It follows from the Eq.(5) that the CR spectrum in superbubble given by the
solid curve in the left panel of Fig. 1 may extend to GeV regime for magnetic
fields B > 10 uG inside the the accelerator and high enough plasma bulk veloc-
ities > 1,000 km s~! which may occur either at the early stages of a relatively
compact cluster of young massive stars with fast winds or at some stages dom-
inated by multiple rather frequent supernovae. Strong shock waves produced by
supernovae propagating through the hot gas may substantially amplify turbulent
magnetic fields inside the superbubble over a time scale ~ 10 million years. CR-
driven instabilities can transfer up to 10% of the shock ram pressure into the fluc-
tuating magnetic fields (e.g. Bykov 2014). This allows us to expect the magnetic
turbulence of r.m.s. amplitudes up to about 50 G at some evolutionary stages of
the superbubbles. This may be the case in the Cygnus Cocoon (Ackermann et al.
2011) which was discussed above. In the YMSCs like Westerlund 1 and 2 the
values of the r.m.s. magnetic fields can be substantially higher.

The CR spectra shown in Fig. 1 can explain both Fermi data (Ackermann
et al. 2011) (solid curve at the left panel) and the HAWC measurement (Hona
et al. 2019) (right panel) in the scenario with efficient CR acceleration. In the case
of not efficient enough superbubbles only the rather steep spectra illustrated in the
right panel of Fig. 1 are expected. The winds of massive stars and supernovae in
the nearby region of star formation has produced a low-density ionized gas cav-
ern of about 200 pc size called the Orion-Eridanus superbubble. Detailed study of
the superbubble revealed the presence of a hot gas with a range of temperatures
above 10° K with a pressure in excess of the local surroundings and the magnetic
fields up to 15 4G (Joubaud et al. 2019). Analysis of gamma-ray observations
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of the Orion-Eridanus superbubble with the Fermi observatory (cf Joubaud et al.
2020) found that the gas gamma-ray emissivity spectrum there is consistent with
the average spectrum that was measured in the local interstellar medium in a con-
trast to that in the Cygnus cocoon. In the context of the CR acceleration model
discussed above the strong dependence of the characteristic momentum p, on u,
for the magnetic fluctuation spectra of indexes v > 5/3 may imply that the r.m.s.
velocity there is u, < 500 km s~!. This is not the only possible reason, still lack of
any information on the magnetic turbulence in superbubbles forced us to rely on
rather simple approximations which in some cases are justified by the direct mea-
surements of the magnetic turbulence in the solar wind (see e.g. Kulsrud 2005,
Bruno and Carbone 2016).

3.1 Cosmic Ray Pevatrons from supernovae in compact star clusters

The CR acceleration mechanism of the Fermi type in superbubbles discussed
above used the mechanical energy supplied by the fast winds of massive stars
and the ejecta of supernovae over a few million years. With the conversion effi-
ciency about 10% or slightly higher a superbubble can transfer about 10°% ergs
to the CRs. It can produce the time evolving CR ion spectra up to characteristic
momentum p. which scales with the ratio of the system size to the turbulence
correlation length according to Eq. 10. This can provide multi TeV ions under a
wide range of parameters, but to reach the ion energies above PeV the turbulence
spectral index v — 2 is required. The spectral index v close to 2 within some
dynamic range of wavenumbers is expected in the models of turbulence which is
dominated by multiple weak shocks (Bykov and Toptygin 1987).

However, CR ion can be accelerated above PeV energies by supernovae ex-
ploding in YMSCs like Westerlund 1 (Bykov 2014, Bykov et al. 2015). In Fig. 2
we illustrate a spectrum of CR ions accelerated at the colliding shock flows pro-
duced by high velocity supernova shock at the free expansion stage colliding with
a fast wind of either another massive star in the YMSC or the collective wind of
the compact cluster. The shock collision stage typically lasts less than a thousand
years (depending on the size of the compact cluster) which is very short compar-
ing to the acceleration time of CRs in the extended superbubble discussed above.
However, the maximum energies of CRs accelerated by a supernova exploding in
YMSC under favorable conditions can be well above PeV.

Currently operating Cherenkov telescopes H.E.S.S,. MAGIC, VERITAS pro-
vide spectral measurements of gamma-ray sources up to 100 TeV. H.E.S.S. obser-
vations detected high energy emission possibly associated with some clusters of
young massive stars, namely Westerlund 1 and 2, C1*1806-20 (H.E.S.S. Collab-
oration et al. 2018b,c). LHAASO (Large High Altitude Air Shower Observatory)
(Bai et al. 2019) has a performance designed for sensitive observations of gamma-
rays up to PeV energies thus opening a good perspective for studies of the galactic
Pevatrons.

We discussed above the CR spectra inside the accelerators. The Fermi-type
acceleration mechanism requires that accelerated particles are confined within the
acceleration site. This means that the spectra of CRs which escaped the accelerator
differ from CR spectra inside. If the CR accelerator is highly efficient the electric
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Fig. 2 A model of instant spectrum of CR ions accelerated by a supernova shock of speed about
10,000 km s~! colliding with a fast wind of a young massive star or the collective wind of

YMSC. Here, f(p) = p>N(p), where N(p) is particle distribution function in the phase space
defined earlier. The acceleration time is about 400 years in this case (see Bykov et al. 2015).
The dotted line shows the CR spectrum produced by an isolated supernovae expanding in a
homogeneous ISM. The dashed curve illustrated the contribution of the CR accelerated at the
stage of colliding flows - supernova ’ shock colliding with the fast wind of a speed of ~ 3,000

km s~!, and the solid curve shows the total spectrum just at the maximal acceleration phase
which lasts a few hundred years only.

current of the escaping CRs may drive instabilities which amplify magnetic turbu-
lence in the ambient ISM. Therefore, the non-linear effects of CRs backreaction
may control the CR propagation in the vicinity of the sources (see e.g. Ptuskin
et al. 2008, Malkov et al. 2013, Bykov et al. 2013, Brahimi et al. 2020). We shall
discuss these effects below.

4 Cosmic ray propagation near their sources
4.1 Supernova remnants and superbubbles
We discussed above particle acceleration mechanisms in star-forming regions with

multiple winds from the massive early-type stars and core-collapsed supernovae.
Isolated supernova remnants were for a long time considered as possible sources
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of CRs (Baade and Zwicky 1934, Ginzburg and Syrovatskii 1964, Axford 1981,
Berezinskii et al. 1990, Drury et al. 2001, Bykov et al. 2018). CR are acceler-
ated there likely by diffusive shock acceleration (DSA), see Axford et al. (1977),
Krymskii (1977), Bell (1978b,a), Blandford and Ostriker (1978), Marcowith et al.
(2016). The particles, at least in the adiabatic phases of blast evolution, are in-
jected from the heated shocked gas by thermal leakage (Gieseler et al. 2000).
High-energy CRs tend to cover large distances ahead of the shock being respon-
sible for magnetic field amplification (Bell 1978a, Blandford and Eichler 1987,
Blandford and Funk 2007, Bell 2004, Schure et al. 2012).

Different scenarios of CR escape from SNR have been discussed. First, parti-
cles of high enough energy can escape by the ”geometrical” losses, as their mean
free path tends to exceed the SNR radius (e.g. Berezhko et al. 1994), these parti-
cles have a decreasing probability to come back to the shock front (see e.g. Drury
2011). Bell et al. (2013) argued that the current carried by the highest energy CR
is the main free energy source available for magnetic field amplification at the
shock front. The maximum CR energy in this scenario is fixed by the minimum
amount of charge by unit of area of the SNR forward shock (see also Zirakashvili
and Ptuskin (2008)). In all cases, the highest energy CRs very likely escape first.
Then, as these particles carry a large amount of pressure, even if they start to free
stream in the ISM, they still carry enough free energy to amplify other magnetic
perturbations around the CR source leading to production of the time and energy-
dependent CR halos (Ptuskin et al. 2008). The issue now is to evaluate the typical
time of existence and the extent of these transient structures.

One way to investigate this problem is to decouple the acceleration and escape
problems (which is an approximation, see Telezhinsky et al. (2012)), by consid-
ering each young SNR to be surrounded by a CR cloud composed of particles
escaped from the shock (Malkov et al. 2013). These authors demonstrate that the
escape can be treated in 1D at a good approximation level: CRs escaping from
the cloud follow the local background magnetic field lines up to a distance where
the field line wandering tends to dominate the CR transport which hence becomes
3D (Nava and Gabici 2013). Now the way CRs propagate around a SNR depends
strongly on the properties of the ambient ISM gas. The ISM has an impact on CR
losses and magnetic perturbations propagation and damping. A series of works
has successively investigated the propagation in hot ionized ISM (D’ Angelo et al.
2016, Nava et al. 2019), warm ISM phases (Nava et al. 2016, D’ Angelo et al.
2016), and atomic and molecular phases of ISM (Brahimi et al. 2020). In ion-
ized media the main damping processes for perturbations with wavelength in res-
onance with CR gyromotion are the linear and non-linear Landau damping and
the effect of CR self-generated perturbations interaction with background turbu-
lence (Farmer and Goldreich 2004), sometimes referred as the turbulent damping
(Lazarian 2016), whereas ion-neutral collisions dominate in partially ionized me-
dia (Xu et al. 2016) at least for large enough wavenumbers (Brahimi et al. 2020).
Particle propagation is investigated by solving a system of two coupled equations
for the CR pressure Pcr(E) and the self-generated wave magnetic energy I(k)
(Nava et al. 2016):

dz 9z

OPcr |, PR 0 (DaPCR>

3 +Va Ep (12)
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Fig. 3 Time evolution at different distances from the CR cloud of the ratio of the self-generated
CR diffusion coefficient D to the standard background CR diffusion coefficient Dy for particles
with a kinetic energy of 1 TeV in the case of a SNR propagating in the WIM phase. The figure
shows the escaping radius and the time 7, after which the CR pressure in the cloud as decreased
by a factor 2. From Nava et al. (2016).
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In this study particles generate resonant perturbations at wavenumber k = 1/rg,
where r, is the CR gyroradius through a resonant streaming instability with a
growth rate Igrowih o dPcr/dz. The ISM phase-dependent damping rate is I. Q
is the background turbulence injection rate. Finally, the CR diffusion coefficient
is D ~ vry/I(k), v is the particle speed. The background galactic magnetic field
is supposed to lie in the z- direction. The second left-hand side terms in Egs. 12,
13 describe the streaming of CRs at the local Alfvén speed. CRs are injected by
evaluating the cloud size aes at which half of the initial CR pressure is escaped.
Among all possible solutions for a.sc Nava et al. (2016) selected the one which
corresponds to the radius of the SNR dynamics imposed by the local ISM (Tru-
elove and McKee 1999, Cioffi et al. 1988). We illustrate in Fig. 3 the time evo-
lution of the diffusion coefficient D induced by the self-generated turbulence in
the case the SNR propagates in the warm ionized phase (WIM) of the ISM (Nava
et al. 2016). We can see the important confinement effect due to the self-generated
turbulence at distances < 50 pc around the CR cloud for timescales to about 5
kyrs. Once the time and energy-dependent diffusion coefficient D is calculated,
it is easy to deduce the grammage of the particles due to their self-confinement
(D’ Angelo et al. 2016, Nava et al. 2019, Brahimi et al. 2020) and the gamma-ray
emission expected from CR halos (D’ Angelo et al. 2018).

The extended galactic superbubbles are surrounded by supershells and may inter-
act with the progenitor molecular clouds. The ionisation state and the heating of
the gas in the supershells may change over the lifetime of the supebubble since the
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lifetime of the most powerful ionizing stars is shorter than the SB lifetime. This
may regulate the regimes of the CR escape and the CR halo formation.

We here give rough estimates of the diffusion coefficient parallel to the back-
ground magnetic field in the SB and YMSC cases. We use a procedure similar
as the one adopted in Commergon et al. (2019) to evaluate the diffusion coeffi-
cient of GeV CRs produced by self-generated turbulence around SNR in atomic
and molecular phases. We consider a CR source which releases a CR pressure
Fcr;s = fFcrp, £ (> 1) times larger than the background CR pressure at a given
energy E over a typical scale corresponding to a fraction g (< 1) of source size L.
Hereafter we fix Pcrp = 1 eV/ cm?’. The level of resonant self-generated turbu-
lence I(k) is fixed by balancing the wave growth rate due to the resonant stream-
ing instability I, and a specific phase-dependent damping rate I . If Vj is the local
Alfvén speed and Wg is the ambient magnetic energy density we find

_ VAPéR
C2LWR

1(k)

(14)

where Plg = (Pcr,s — Pcryp)/gLs. Using the quasi-linear theory of CR transport
(Schlickeiser 2002) we deduce the CR mean free path along the background mag-
netic field lines

8 ( Welg
CR"a
In number this gives:
g
A/H ~ 30 pC X m Fd,yr_lL&PC ng&c TeV - (16)

The gas density n, is in cm ™3 units, the CR kinetic energy E in TeV units and all
scales are in parsec units. The damping rate I3 is yr~! units. The final result is not
dependent on the background magnetic field strength. The solutions depend on the
dominant damping process. In SBs we consider CRs are injected in the shell of
cold gas surrounding these structures. In YMSCs CRs are preferentially injected
in HII regions. We discuss below the expressions for I in each of these media

— Superbubbles: CRs released from SBs encounter first HI shells. There two
types of damping may be relevant 1) ion-neutral collisions 2) turbulent damp-
ing due to the interaction of self-generated turbulence with large-scale in-
jected turbulence. Ion-neutral damping is the fastest process in the cold neutral
medium' (Brahimi et al. 2020) with I3(E = 1 TeV) ~ 10~% yr~!. This value
will be retained in the supershell.

— Young massive stellar clusters: CRs released from YMSC:s first encounter HII
regions of dense molecular gas ionized by the U.V. radiation from young mas-
sive stars. The main damping process in HII regions is the turbulent damping
(Farmer and Goldreich 2004, Lazarian 2016). We consider the following pa-
rameters: ny = 1000 cm ™3, the magnetic field B= 10 G and gas temperature
T ~ 10* K (Maurin et al. 2016). HII regions show irregular structures in op-
tical images (Miville-Deschenes et al. 1995) possibly connected to turbulent

I especially if the injection scale of the turbulence is large as it is the case here with L ~ Lg ~
100 pc, see table 1.
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motions. The numerical modeling of this turbulence finds rms speed v; of the
turbulent velocity of the order ~ 10 km s~!, slightly supersonic (Medina et al.
2014). Owing to the previous choice of parameters we deduce that HII regions
are rather super-Alfvénic with an Alfvénic Mach number M, = v¢/va ~ 10.
The injection scale of the turbulence is assumed to be of the order of the
size of HII regions, L ~ 10 pc, this scale is much larger the TeV CR Lar-
mor radius, hence the damping rate is I3 = (vA/L)Msﬂ(rg/L)l/z. We find
LE=1TeV)~2x103 yr !,
— In both cases non-linear Landau damping which has a rate (Nava et al. 2019)

s TklI(k)
I ~5.5><105r1( ,
NP Y EtevBiouc

is found smaller than the other damping rates as soon as /(k) < 0.1, which has
to be the case because all the calculation derived above has been performed in
the quasi-linear limit. The ambient temperature T is calculated in Kelvin units.

In Table 1 we report the values of Ay for different gas parameters at 1 TeV. In the
table we also derive the ratio r; = A /A, of the parallel mean free path of CR in
the self-generated turbulence to the mean free path of CR deduced from the sec-
ondary to primary elemental abundances obtained from direct observations. As a
reference we take A, ~ 10 pc x E%eSV.

In the SB case because of the low damping rate, we find A ~ 1 pc x g/(f—1).
Using a conservative value g = 1 and f = 10 (Bykov and Fleishman 1992) we find
that CR mean free path in the supershell drops below Ay and the shell size (taken
here as ~ 0.1Ls ~ 10 pc). In this framework, CRs are expected to be well confined
in HI shells surrounding CR active SBs over timescales of the order of 1 Myrs.
However, the mean free path is very sensitive to f, a small CR pressure contrast
(f = 1) produces a large mean free path.

In the YMSC case, because of the interaction with background turbulence the
damping of self-generated perturbations is slightly more severe in HII regions.
We consider a typical source size of 1 pc. At last we find A ~2 pcxg/(f —1).
Using g =1 and f ~ 300 (cite) we find again a mean free path smaller than the
typical size of the HII region.

In both cases using Eq. 14 we had a consistency check that I(k) < 1, so the quasi-
linear theory framework used to obtain these results is valid.

In summary, due to large overpressure and modest damping rates the regions sur-
rounding SBs and YMSCs may harbor a halo of freshly injected CRs confined in
these structures over a typical timescale of ¢4 ~ 3L§h el /HII / (7L||c). This timescale

is however rather short (in the range 10* — 10° yrs) because the size of HI shells
and HII regions is about 10 pc. The longest diffusion times are found in the case
of large HII regions and may reach 1 Myrs if the CR pressure contrast is large
enough. Any assessment of these crude estimates require more refine modeling
based on solving Eqs 12 and 13.
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Source type | ngec | Lspe f g AH, pc ra
SBs 10 100 | 10 |1 0.1 0.01
YMSCs 1000 1 300 [ 1] 6107 ] 61077

Table 1 CR parallel mean paths at 1 TeV in SBs and YMSC environments. Values of the pa-
rameters are deduced from Bykov and Fleishman (1992).

4.2 Cosmic ray propagation in atomic and molecular interstellar medium

These particular media of the ISM are not — a priori — expected to much confine
CRs above 100 MeV because of the effect ion-neutral collisions in damping mag-
netohydrodynamic waves which support the spatial transport of CRs (Cesarsky
and Volk 1978). However, close to a CR source if the CR overpressure is high
enough or the CR current is strong enough CRs can trigger instabilities over times
short enough to compensate over the ion-neutral damping time. This is especially
true at CR energies beyond a few 100 GeV-1 TeV as in these energy regimes the
MHD waves in resonance with the particles have a pulsation low enough to be
in the coupled regime where ions and neutrals move together (Xu et al. 2016,
Brahimi et al. 2020).

Xu et al. (2016) considered only the effect of background MHD turbulence in-
jected at scales larger than the typical size of the phase under question. The CR
mean free path is found to be strongly reduced in the range 1-100 TeV in molec-
ular clouds because of both gyro-resonant and transit-time damping interactions
with MHD waves.

Brahimi et al. (2020) using the CR cloud model (see previous section) considered
the case of self-generated turbulence composed of resonant modes only produced
by the resonant instability. There the CR overpressure imposed by the presence of
a nearby SNR is large enough to compensate over the ion-neutral damping effect.
This overpressure is even larger in these type of phases because the CR cloud is
less extended with respect to more dilute phases. Hence, even if the escape time
is shorter (typically a fraction to a few kyrs), the timescale on which the diffusion
coefficient reduces by an order of magnitude can still be substantial (typically 10-
100 kyrs).

Inoue (2019) proposed an alternative mechanism for TeV CR confinement. In the
configuration of a SNR in interaction with a molecular cloud the current produced
by escaping CRs which penetrate into the cloud is found to be strong enough
to trigger the non-resonant streaming instability. This effect can induce a spectral
modification by magnetic field amplification of CR and gamma-ray spectra around
molecular clouds.

5 The specific features of cosmic rays accelerated in young massive stellar
clusters

Young massive star clusters may contribute into the observed spectrum and com-
position of the galactic cosmic rays both at low and high energies. We discuss be-
low the expected ratio of 2?Ne/?°Ne in CRs accelerated in YMSCs to understand
the well-known neon isotopic composition anomaly in CRs. We also examine the
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constraints from the measured CR anisotropy on the scenario of CRs accelerated
well above PeV by supernovae in YMSCs.

5.1 Massive star clusters as possible sources of >Ne-enriched cosmic rays
5.1.1 Composition anomalies of cosmic rays

The elemental and isotopic abundances in different astrophysical environments
are the important pieces of information, which can clarify high-energy processes
in space. Solar isotopic abundances are well-known from the investigation of C1
carbonaceous chondrite meteoritic abundances (Lodders 2003). Chemical com-
position of the galactic cosmic rays has been studied in a number of experi-
ments: IMP-7 (Garcia-Munoz et al. 1979), ISEE-3 (Wiedenbeck and Greiner
1981), Voyager (Lukasiak et al. 1994), ACE-CRIS (Binns et al. 2005) and oth-
ers. It was shown that the isotopic abundances of cosmic rays are mostly similar
with the solar system values. Nonetheless, there are several differences: 2¢/l6Q,
22Ne/>Ne, 8Fe/5°Fe. ACE-CRIS measurements have resulted in a comprehen-
sive review, where this deviation was quantitatively studied: it was shown that in
CRs 2Ne/*"Ne=0.387 4 0.027, while in the solar system 22Ne/**Ne=0.07. It cor-
responds the 5.340.3 2?Ne overabundance. The *Ne/?’Ne ratio was measured in
energy range 84 <E/M< 273 MeV/nucleon (Binns et al. 2005). Finding a reason
of this overabundance is a long-standing issue, which is called the neon problem.

5.1.2 Cosmic ray neon isotopic problem

The discovery of the neon problem was followed with the number of suggested
solutions (e.g., Woosley and Weaver (1981), Reeves (1978), Olive and Schramm
(1982)). Basically, there is only one astrophysical object, which can produce sig-
nificantly more 2*Ne than 2°Ne — the carbon (WC) sequence of Wolf-Rayet stars.
That was originally suggested by Casse and Paul (1982). Carbon stage is usu-
ally one of the latest, pre-supernova stages in star evolution. During WC stage
almost all 14N converts to >’Ne through the chain of reactions "*N(«, y) '8 F(e*v)
80(a, y) 2Ne. The authors estimated that >*Ne/?*’Ne isotopic ratio in the wind of
WC star is 120 times as high as solar, so their contribution to the CR production
can be 2% to satisfy the measured value.

It is obvious that to solve the neon problem, the source of a part of CRs should
be connected with WR stars. But the main question is how and where CRs from
WR winds are accelerated to high energies. Several suggestions were proposed so
far. Higdon and Lingenfelter (2003) suggested that 2’Ne-enriched CRs are origi-
nated and accelerated in galactic superbubbles by shockwaves from stellar winds
themselves and supernovae, which explode at the end of O- and B-stars life. In the
superbubble paradigm, there is good agreement with the observational data, if 20
% of galactic CRs are of superbubble origin.

Prantzos (2012) argued with this point of view and suggested another mecha-
nism of acceleration of 22Ne-rich CRs. According to him, when the forward shock
of a supernova runs through its own pre-supernova wind, it accelerates, among
other matter, the material from WR winds.
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It is probable that in the measured energy range CRs rich with >Ne can origi-
nate in WR winds in YMSCs. The modeling of particle acceleration on collective
wind termination shock and SNe shocks for bound and loose clusters was per-
formed by Gupta et al. (2020). At the same time, in the observed energy band
cosmic rays can be accelerated only on multiple shocks from massive stars in the
cluster. Calculations and estimates provided below show that suggested sources
can produce the observed Ne isotopic ratio and CR flux near Earth.

5.1.3 Modeling of **Ne/*°Ne in cosmic rays from YMSCs

The modeling of stellar nucleosynthesis is currently well-developed, but still re-
quires high computational capacities. The most advanced models so far were intro-
duced by Geneva (Ekstrom et al. 2012, Georgy et al. 2012) and Frascati (Limongi
and Chieffi 2018) scientific groups. Their results include >’Ne and 2°Ne yields and
mass loss rates for different star initial masses as a function of time. Integrated
with initial mass function (IMF) from 15 M, to 120 M, these yields provide the
desired neon isotopic ratio in the YMSC.

There is a rationale to examine the dependence of the **Ne/>°Ne ratio from
the parameters, such as IMF power law index ¥ (there is evidence that in some
YMSC:s it can be significantly different from Salpeter’s value — see, e.g., Hosek
et al. (2019), Lim et al. (2013)) and the velocity of rotation (it can influence dra-
matically the evolution of the star). The results of the calculations are presented in
Fig. 4, Fig. 5.

Inspection of Fig.4, Fig.5 shows that 2*Ne/?°Ne ratio increases visibly after
~ 3 Myr, when the most massive stars become WRs. The flattening of IMF leads
to increase in the fraction of massive stars and, as a result, to growth of 22Ne/*Ne
ratio. The rotation also affects the neon isotopic ratio: it allows less massive stars
(~ 30M) to become WR stars with the total increase in 2>Ne/?°Ne.

It is seen from Figs. 4, 5 that depending on parameters and the cluster age,
the 2*Ne/?°Ne ratio can be both well above and below the observed value. Spin
rates of the massive O- and WR stars in the Galaxy are found to be ~ 100 km s~!
for single stars and ~ 200 — 400 km s~ for binaries (Penny 1996, Howarth et al.
1997, Shara et al. 2017). This results in higher amount of *’Ne generating in a
cluster according to model predictions. We assume then that massive star winds in
YMSC:s should contribute 30 — 50% of galactic CRs in 100 MeV-1 GeV energy
band.

Seo et al. (2018) provided estimates of total luminosity of all massive stars
stellar winds in the Galaxy: L,, =~ 1.1 x 10" erg s~!, based on the average super-
nova explosion rate in the Galaxy. From the estimation of the typical YMSC mass
and the number of clusters in our Galaxy, it follows that the fraction of all massive
stars that are members of YMSCs is & = 0.09. Then the total wind luminosity of
the massive clusters members in the Galaxy is P.; ~ 10*" erg s~ 1.

The fraction of wind energy, which is converted to the galactic cosmic rays
acceleration, can reach n = 0.3, according to Bykov (2001). The most common

value is 7 = 0.1. The estimation of the CR flux near Earth is based on 1, cluster
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Fig. 4 22Ne/*°Ne isotopic ratio produced by YMSC as a function of cluster age based on
models of Geneva group. The velocity of rotation in rotating models is v = 0.4v.,;, where
Verit = \/2GM /3R (G is the gravitational constant, M is the star mass, R is the star polar ra-
dius) (Ekstrom et al. 2012)
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Fig. 5 22Ne/?°Ne isotopic ratio produced by YMSC as a function of cluster age based on models
of Frascati group

wind luminosity, diffusion coefficient in the Galaxy, average distance to a cluster
and gives differential flux at GeV energies J/E? = 7-10? [GeV m?srs| L.

The observed flux of cosmic ray protons at Earth is J, /E? ~2-10% [GeV m? srs] .

It corresponds well with the suggestion that massive stars winds in YMSCs are the
sources of 30 —50% of GeV cosmic rays.

5.2 Anisotropy of PeV regime cosmic rays from YMSCs

Colliding shock flows from supernovae with velocities of 10* km s~! in YMSCs
allow proton acceleration up to hundreds of PeV, and heavy ions up to even higher
energies (see Sect. 2.2.1). The validity of YMSCs as sources of 100 PeV regime
CRs can be examined by modeling the observed characteristics of CRs arriving

1
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to the solar system: fluxes and anisotropies. It is very important how particles
propagate through the Galaxy from YMSCs to Earth and how they behave in the
galactic magnetic field (GMF). Such modeling was performed by Bykov et al.
(2019).

The galactic magnetic field has complex structure, including regular and stochas-
tic components. The modeling of the GMF is mainly based on observations of
pulsars rotation measures (RMs) and dispersion measures (DMs). The most re-
cent investigation of the spectrum and magnitude of stochastic part of the GMF
belongs to Han (2017), while regular GMF was reproduced with accuracy in the
latest models of Pshirkov et al. (2011), Jansson and Farrar (2012).

Bykov et al. (2019) provided calculation of the diffusion coefficient in the
GMF and, using Monte Carlo technique, finds anisotropies and fluxes of CR pro-
tons from the YMSCs. The results of the modeling are shown in Figs. 6,7.

The observed dipole anisotropy for 100 PeV CRs is < 0.01 and the model
anisotropy of particles from YMSCs is |A| ~ 0.03, which means that 1/3 of PeV
CRs can originate in young massive star clusters. The other 2/3 is the isotropic
flux of extragalactic origin. Modeling also shows (Fig. 7) that the observed flux of
100 PeV CRs at Earth can be achieved even for very small acceleration efficiency
x = 0.015%. Thus, YMSCs are the very probable galactic sources of cosmic rays
with energies of hundreds of PeV.

6 The observational perspective

The new perspective of high spatial resolution observations of star-forming re-
gions in the Local Universe will be opened with the infrared James Webb Space
Telescope (JWST), expected to launch in 2021. JWST scientific aims include re-
vealing key issues of star formation as well as deep investigations of young stellar
clusters and massive star populations.

Observational study of non-thermal processes discussed previously in this work
is an important part in scientific programs of recent and planned X-ray and gamma-



26

Fig. 7 Flux at Earth assuming
the efficiency of converting of
the SN energy to the kinetic en-
ergy of 100 PeV protons is y =
0.015%. The pale blue band cor-
responds to the observed 10!7 eV
CR flux near Earth.
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ray observatories. In the Sect.6.1 we give a brief review of X-ray observational
prospects of star-forming regions.

Gamma-ray line spectroscopy is potentially very informative concerning the
stellar nucleosynthesis processes and requires sensitive observations at MeV ener-
gies. Currently available observations at energies above 0.3 MeV obtained with the
Gamma Ray Observatory and the International Gamma-Ray Astrophysics Labo-
ratory INTEGRAL) provided maps of the Milky Way made with 511 keV anni-
hilation line and 2° Al decay line (Siegert 2019). The planning future projects like
eASTROGAM (see e.g. de Angelis et al. 2018) are aiming to increase the sensitiv-
ity in the MeV band by one or two orders of magnitude comparing to COMPTEL
GRO and therefore will provide a new look into the star-forming sites in the Galac-
tic Center, Cygnus X and the others. An overview of gamma-ray observations in
the starburst regions was given by Ohm (2016). In the Sect. 6.2 we take a deeper
look on Cherenkov Telescope Array (CTA), one of the nearest and the most am-
bitious projects, which will provide broad opportunities for studying non-thermal
radiation from SFRs.

6.1 X-ray facilities

Up to date, X-ray investigations of the SFRs, including revealing relativistic parti-
cle acceleration mechanisms, detecting non-thermal X-ray emission and revising
current models of superbubbles, were provided by Chandra, XMM-Newton and
Suzaku observatories. In the nearest future more advanced instruments are about
to come.

Kavanagh (2020) reviewed the future prospects of the X-ray observations of
SFRs, in particular superbubbles and massive clusters, discussed above. In the
nearest future two new X-ray observatories will provide new data: Spectrum Roent-
gen Gamma (SRG) (Pavlinsky et al. 2015, Predehl et al. 2016), launched in 2019
and The X-Ray Imaging Spectroscopy Mission (XRISM) (Tashiro et al. 2018),
which launch is planned in 2022. The X-ray telescopes eROSITA and ART-XC
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aboard the SRG observatory are expected to provide detailed observations of LMC
and superbubbles therein and also allow thorough spectral studies of large Galactic
superbubbles. The XRISM observatory has two instruments onboard: soft X-ray
spectrometer Resolve and soft X-ray imager Xtend, and shows the great perspec-
tive in high resolution X-ray spectrometry (see Kavanagh 2020, and the references
therein).

New generation X-ray instruments are projected to launch in the next decades.
Among them Athena observatory (Nandra et al. 2013), planned to launch in 2031.
The spectral and spatial resolution of its instruments are expected to be the qual-
itative leap in the development of X-ray facilities, enabling observing the X-ray
faint superbubbles. Another proposed mission Lynx (Gaskin et al. 2018) with an
estimated launch in 2038, can become the most powerful X-ray observatory with
order-of-magnitude advances in capability over Chandra and Athena would pro-
vide unique information on the non-thermal components in SFRs.

6.2 The Cherenkov Telescope Array

Unveiling the physics of star-forming regions in terms of the interplay between
cosmic ray production and star formation is one of the Key Science Projects
(KSPs) of the upcoming Cherenkov Telescope Array (CTA). CTA is the largest ar-
ray of Imaging Cherenkov Telescopes ever conceived (see CTA consortium (2019)
for detailed information): it will be made of more than 100 Cherenkov telescopes
of three different sizes, located in two different sites. The two sites, one in the
northern hemisphere, on the island of La Palma, and one in the southern hemi-
sphere, near Paranal, in Chile, are meant to guarantee full sky coverage, while
the very large number of telescopes and the different telescope sizes are aimed at
obtaining unprecedented sensitivity and an excellent energy and spatial resolution
over a very wide range of photon energies. CTA will observe gamma-ray photons
with energies between 20 GeV and 300 TeV, and over most of this energy interval,
its sensitivity will be one order of magnitude better than existing facilities, which
promises to increase by a factor of several the number of detected very high-
energy gamma-ray sources. Such a jump in sensitivity will be paralleled by an
analogous improvement in terms of spatial and spectral resolution. CTA angular
and energy resolution will be better than 0.05° and better than 1%, respectively.
Excellent spatial identification and spectral characterisation are essential for the
science performance of the instrument, which, for the first time at these energies,
will be affected by source confusion.

These qualities are also essential to make progress on the main subject of this
article, namely assessing the non-thermal aspects of star formation. The topic has
several aspects of the outmost scientific relevance and this is why it has been
chosen as one of CTA KSPs: about 700 hours of observing time are expected
to be devoted to SFRs, with the purpose of learning about the mutual feedback
between cosmic ray acceleration and star formation. A number of questions are
expected to be answered by CTA observations, as we discuss below.
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6.2.1 Unveiling the nature of the main sources of CRs in the Galaxy

As mentioned earlier, in the past few years the suspicion has been growing in the
CR community, that SNRs might not be the main sources of these particles in the
Galaxy. Doubts about the long-standing paradigm that associates CRs of galac-
tic origin to shock acceleration in the supernova blast wave mainly come from
the difficulty at explaining energies as high as the CR knee, ~ 1 PeV, as a result
of this process. In order to reach very high energies in shock acceleration, effi-
cient magnetic field amplification is needed (e.g. Blasi 2013, Amato 2014). The
most efficient mechanism to this purpose is commonly accepted to be generation
of turbulence via the non-resonant streaming instability induced by the particles
escaping the system (Bell 2004). The resulting level of field amplification and,
as a consequence, the resulting maximum achievable energy, depends on the ef-
ficiency of particle acceleration and on the particle spectrum (Schure and Bell
2013). Recent evidence suggests that the latter must be steep: this inference comes
both from gamma-ray observations of SNRs and from models of CR propagation
through the Galaxy, supplied with the findings by AMS-02 (Aguilar et al. 2016,
2018) about the slope of the diffusion coefficient (see e.g. Amato and Blasi (2018)
for a review). Putting together all the pieces of our current knowledge about shock
acceleration and magnetic field amplification PeV energies only seem achievable
in rare explosions with an extraordinary energy release (e.g. Cardillo et al. (2015)).

Parallel to the difficulties faced by isolated SNRs to act as PeVatrons, evidence
is growing in favour of star-forming regions as powerful CR sources. First of all,
the class of SNRs that might be able to reach PeV energies, if any, consists of rem-
nants of very energetic type II explosions, expanding in the wind of the progenitor
star (Cardillo et al. 2015), mostly located in SFRs. In addition, as amply discussed
in the previous sections, the winds of young massive stars are themselves gaining
credit as important sources of CRs and the colliding shock waves found in SFRs
might be what is needed to enhance the efficiency of the acceleration process and
increase the maximum achievable energy.

We earlier discussed (§ 2) how gamma-ray observations of three prominent
SFRs have shown emission profiles that are consistent with ongoing particle ac-
celeration. These are the OB association Cygnus OB2 (§ 2.1), the massive star
cluster Wdl1 (§ 2.2.2) and the Central Molecular Zone (CMZ) towards the Galactic
Center (§ 2.3). Each of these regions contains a noticeable amount of mechanical
energy available for conversion into particle acceleration, between few and several
percent of the total energy released in the Galaxy by SN explosions. In addition,
in all three cases, the detected gamma-ray spectrum is o< E~23, fully consistent
with what we expect for CR injection in the ISM based on the CR spectrum de-
tected at the Earth and the most updated modeling of CR propagation through the
Galaxy. Finally, and maybe most importantly, no high-energy cut-off has so far
been detected up to 100 TeV, suggesting the presence of PeV protons.

In ~ 2 yrs of observations, CTA will be able to fully constrain the high-energy
spectrum of Cygnus OB2, providing an energy dependent morphology, and allow-
ing us to disentangle the contribution of individual sources and determine the max-
imum particle energy in most of the individual objects (CTA consortium 2019).
The same is true for Wdl and for the CMZ.
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6.2.2 Non-linearities in CR transport and CR feedback on star formation

CTA will start operations at a time when recent and upcoming major facilities are
expected to provide us with very high quality data at radio, millimeter and sub-
millimeter wavelengths: while ALMA, APEX, IRAM will measure the ionization
of molecular clouds due to CRs, SKA (and its pathfinders, such as ASKAP, before
it) will provide the most detailed survey ever of the 3-dimensional distribution of
HI and CO in SFRs. This information will be used to deconvolve gamma-ray data
and obtain direct information on the distribution of CRs.

Especially interesting to this purpose is the case of Westerlund 1: within the
first year of observation with CTA, we expect to be able to gather a much better
insight in the physics of this object, constraining the acceleration and propagation
of cosmic rays within the cluster and its surroundings, by high resolution spectro-
morphological analysis of gamma-ray emission throughout an extended range of
energies. In fact, the emissions detected by Fermi and H.E.S.S. show only partial
overlap in space. Ohm et al. (2013) suggest complex transport processes at work
and the possible existence of multiple contributing sources of different nature, in-
cluding SNRs, stellar winds and Pulsar Wind Nebulae (PWNe). The presence in
the region of bubbles of HI gas, that partly overlap with the TeV emission detected
by H.E.S.S., provides a unique opportunity to study in detail CR propagation in
the close vicinity of their acceleration sites. In particular this seems the ideal place
where to test the effects of self-generated waves on CR transport. Indeed, a much
reduced diffusion coefficient has been implied for the region based on available
gamma-ray data. The suppression appears to be even larger (a factor ~ 1000) than
that deduced for the so-called TeV halos (Abeysekara et al. 2017) detected around
old Pulsar Wind Nebulae (a factor ~ 100). The study of this region with CTA has
the potential to provide, for the first time, direct evidence of non-linear CR trans-
port, lending support to a framework that changes CR propagation not only in the
vicinity of their sources, but also on much larger scales, from propagation through
the Galaxy (Blasi et al. 2012), to escape from the Galaxy (Blasi and Amato 2019)
and spreading into the Intergalactic medium (Blasi et al. 2015).

A region of the Galaxy that is not part of the CTA KSP on SFRs, but will
however be studied in great detail is the Central Molecular Zone. This region is
a bright gamma-ray source (see § 2.3) and contains a large amount of molecular
gas in addition to several potential CR sources, including SGR A* and the winds
of young massive stars and SNRs in the Arches cluster. As mentioned above, also
here current instruments detect a E~2 spectrum with no hint of a high-energy
cut-off, at least up to 20 TeV. CTA will provide spatially resolved maps of the
region, allowing us to distinguish between emission associated to diffuse cosmic
rays and specific features. In addition, spectro-morphological analysis of CTA data
will provide information on the maximum energy produced by specific sources
(stellar winds, SNRs, PWNe and SGR A East) and on the processes governing CR
transport in the region: in particular this is the ideal place for the study of advection
with the galactic wind and CR penetration in dense clouds. The latter phenomenon
is especially important for its back reaction on star formation (Grenier et al. 2015).
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6.3 How CRs impact the overall properties of SFRs at all scales

One final, extremely relevant question concerning the interplay between star for-
mation and energetic particles is whether there are scaling relations that can be
used to extrapolate what we learn locally from detailed observations of nearby
systems, to much larger scales, those of star-forming galaxies, starburst galaxies
and ULIRGs. CTA is expected to devote ~ 500 h of observing time to address this
question.

Outside of the Milky Way, the only star-forming galaxy for which CTA will be
able to resolve the high-energy source population is the LMC. This will be the sub-
ject of a long exposure which will also provide us with data on two star-forming
regions outside our Galaxy: 30 Doradus, the most active star-forming region in
the local group of galaxies, and the star cluster R136, hosting an exceptionally
large number of massive O-type stars and Wolf-Rayet stars. The only other nor-
mal (from the point of view of star formation) galaxy with an expected TeV flux
above CTA sensitivity is Andromeda, the nearest spiral galaxy, with a well-known
star formation rate. The GeV spectrum of Andromeda is flatter than for the Milky
Way (Abdo et al. 2010b) and this might be a result of different dominant sources
of cosmic rays or different transport. A long exposure with CTA should enable us
to distinguish between large scale diffuse emission and emission associated with
individual sources, providing us with essential clues on the properties of particle
transport.

Moving towards higher star formation rates, CTA will observe the two star-
burst galaxies NGC253 and M82, potentially resolving their core. GeV and TeV
emission has been observed from both galaxies by Fermi (Abdo et al. 2010a) and
VERITAS (VERITAS Collaboration et al. 2009) respectively. In these galaxies,
powerful winds, possibly driven by CRs themselves, are found to be the main
responsible for particle transport at low energies, whereas transport could be pre-
dominantly diffusive for particles with energies above several tens of TeV: this
could produce a spectral break detectable by CTA. Additional spectral features
could be produced by individual sources. The combination of high spatial and
spectral resolution could allow us to distinguish between the diffuse starburst
emission and the contribution of individual sources, such as PWNe, which are
particularly abundant in starburst galaxies (Mannheim et al. 2012, Ohm and Hin-
ton 2013).

Finally, CTA should observe, with a deep exposure, the ULIRG Arp220, where
massive stars are continuously born and SN explode at a rate of 2 per year, as com-
pared with the rate of ~ 1 per century in the Milky Way. This would be the first
TeV detection of a galaxy with a star formation rate as high as a few hundreds
M, /yr and would put a data-point of fundamental importance on the plot repre-
senting the relation between gamma-ray emission and star formation rate.

7 Summary

Non-thermal radiation, magnetic fields and cosmic rays can play an essential role
in the star formation processes providing an important feedback in the galactic
environment. Being a product of complicated plasma processes during a gravita-
tional energy release in both protostellar objects and collapse of young massive
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stars, cosmic rays, their hard radiation and fluctuating magnetic fields provide gas
ionization and redistribute the released energy on large scales in the star-forming
sites.

Theoretical models and some gamma-ray observations discussed above give
evidences for the young massive star clusters (e.g. Westerlund 1, 2, C1¥1806-20,
RSGC 1,2,3 etc) to be efficient CR sources contributing to galactic CRs up to >,
100 PeV energy regime.

The specific features of cosmic rays accelerated in young massive star clusters
can help in understanding the long-standing questions on the sources of cosmic
rays above PeV energies as well as the composition anomalies like the observed
22Ne/*Ne isotopic ratio. The compact clusters of young massive stars can ac-
celerate CRs with high efficiency with a quasi-stationary CR distribution around
cluster over millions of years interrupted by relatively short periods of supernova
explosions when the highest energy CRs can be accelerated.

Given the high fluxes of CRs from the clustered massive stars and supernovae,
they may escape from their accelerators producing the regions of enhanced CR-
driven turbulence in the vicinity of the sources. This effect may suppress the dif-
fusion around the sources and build CR halos.

While some aspects of CR origin and magnetic turbulence characteristics re-
main uncertain, non-thermal radiation and neutrinos produced in the star-forming
regions can provide unique information also about the matter distribution in these
regions. There are very bright prospects for studies of the non-thermal phenom-
ena in star-forming regions with future multi-messenger observations from radio
to gamma-ray energies, gravitational wave and neutrino observatories and we dis-
cussed above some of the relevant issues.
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