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ABSTRACT

The enhanced star-forming activity, typical of starburst galaxies, powers strong galactic winds expanding on kiloparsec (kpc)
scales and characterized by bubble structures. Here we discuss the possibility that particle acceleration may take place at the
termination shock of such winds. We calculate the spectrum of accelerated particles and their maximum energy, which turns
out to range up to a few hundred petaelectronvolt (PeV) for typical values of the parameters. Cosmic rays accelerated at the
termination shock are advected towards the edge of the bubble excavated by the wind and eventually escape into extragalactic
space. We also calculate the flux of gamma-rays and neutrinos produced by hadronic interactions in the bubble, as well as the
diffuse flux resulting from the superposition of the contribution of starburst galaxies on cosmological scales. Finally, we compute

the diffuse flux of cosmic rays from starburst bubbles and compare it with existing data.

Key words: acceleration of particles —neutrinos — cosmic rays — galaxies: starburst—gamma-rays: galaxies.

1 INTRODUCTION

Starburst galaxies (SBGs) are unique astrophysical objects character-
ized by an intense star formation rate (SFR), and a correspondingly
higher rate of supernova (SN) explosions. Since SNe and winds
of young stars are believed to be acceleration sites of cosmic rays
(CRs), SBGs are likely to be powerful CR factories. The star-forming
activity is often located in sub-kpc-sized regions, known as starburst
nuclei (SBNs; Kennicutt 1998), with rather extreme conditions:
high gas density (n > 10? cm™), intense infrared—optical luminosity
(Urap 2 103eVem™), and strong magnetic fields (B > 10? uG)
are inferred in SBNs (Forster Schreiber et al. 2001; Mannucci et al.
2003; Gao & Solomon 2004; Thompson et al. 2006; Papadopoulos
et al. 2011). The level of turbulence is also expected to be very
high because of the repeated SN explosions and stellar winds. This
turbulence is likely to slow down the spatial transport of charged
high-energy (HE) particles, which therefore lose most of their energy
inside SBNs. We refer to this mode of transport as calorimetric,
and its implications have been discussed in detail by Yoast-Hull
et al. (2013), Peretti et al. (2019), and Krumholz et al. (2020).
Multiwavelength observational campaigns from radio to hard X-rays
(see e.g. Carilli 1996; Williams & Bower 2010; Wik et al. 2014), and
especially the spectra inferred from observations in the gamma-ray
range, indicate that the transport of HE particles is strongly regulated
by energy losses (see e.g. Ackermann et al. 2012; Peng et al. 2016;
H. E. S. S. Collaboration et al. 2018; Ajello et al. 2020; Kornecki
et al. 2020, 2022; Werhahn et al. 2021).

* E-mail: peretti@nbi.ku.dk

A peculiar aspect of SBGs is represented by the amount of
target material for nuclear interactions, potentially leading to copious
production of neutrinos and gamma-rays. The contribution of SBGs
to the neutrino flux measured by the IceCube Observatory (IceCube
Collaboration et al. 2013; Abbasi et al. 2021) has been extensively
discussed by many authors (Loeb & Waxman 2006; Tamborra, Ando
& Murase 2014; Bechtol et al. 2017; Sudoh, Totani & Kawanaka
2018; Palladino et al. 2019; Ajello et al. 2020; Peretti et al.
2020; Ambrosone et al. 2021a,b), together with the compatibility
of the predictions with existing constraints imposed by gamma-
ray observations (Ackermann et al. 2012; Lisanti et al. 2016). The
seriousness of these constraints stimulated the search for powerful
hidden CR accelerators in environments highly opaque to gamma-
rays and yet transparent to neutrinos (Capanema, Esmaili & Serpico
2021) like the inner core of active galactic nuclei (AGNs; see e.g.
Murase, Guetta & Ahlers 2016; Murase, Kimura & Mészaros 2020)
or to reconsider the contribution from an extended region around the
Galaxy (see e.g. Taylor, Gabici & Aharonian 2014; Blasi & Amato
2019; Recchia et al. 2021).

Recent anisotropy measurements performed by the Pierre Auger
Observatory (Aab et al. 2018) support the idea that SBGs might
play an important role in the production of ultrahigh-energy cosmic
rays (UHECRs; see also Anchordoqui, Romero & Combi 1999;
Anchordoqui 2018). This piece of information adds to previous
indications of the existence of a CR component with light mass and
possibly of extragalactic origin, in the energy region <EeV (Prosin
et al. 2016; Arteaga-Veldzquez et al. 2017; Aartsen et al. 2019).

Starburst winds have indeed been suggested to accelerate particles
above PeV energies (Dorfi & Breitschwerdt 2012; Bustard, Zweibel
& Cotter 2017) and subsequently produce photons through non-
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thermal processes (Romero, Miiller & Roth 2018; Buckman, Linden
& Thompson 2020; Miiller, Romero & Roth 2020). These phenom-
ena, together with the calorimetric transport of CRs and the intense
photon backgrounds in SBNs, led to the careful investigation of
the emission and absorption of gamma-rays in the central regions of
SBGs, and the correlated neutrino emission (Peretti et al. 2019, 2020).
Despite the potential importance of these astrophysical objects for a
variety of phenomena, the modelling of the processes of acceleration
and interaction of CRs in SBGs remains rather poor and yet it is
crucial if to assess their role as sources of high energy radiation and
CRs in a reliable way.

As stated above, particles are not only accelerated in the nuclei
of SBGs, but also in the (kpc-sized) wind structures expanding from
the SBN region to the circumgalactic medium (CGM). While in our
previous works on SBGs (Peretti et al. 2019, 2020), we focused
our attention on phenomena occurring inside the SBN, here we
discuss the starburst winds as potential additional sites for particle
acceleration and interactions.

Starburst winds are inferred to be powered by the mechanical
energy and heat produced by SNe and young stars possibly combined
with some contribution due to the radiation pressure (see e.g. Zhang
2018). The intense activity heats and pressurizes the interstellar
medium (ISM; see Westmoquette et al. 2009a,b, for detailed ob-
servation of M82) creating a hot cavity and eventually inflating a
powerful thermally driven wind bubble (see Veilleux, Cecil & Bland-
Hawthorn 2005). Starburst winds are characterized by high mass-
loss rate ranging from a few Mg, yr~! for moderate starbursts up to
10? Mg, yr~! in ultraluminous infrared galaxies (ULIRGs; see Cicone
et al. 2014, for details) or starburst coexisting with (or replaced by)
AGNs (see e.g. Lamastra et al. 2016, 2019; Wang & Loeb 2017; Liu
et al. 2018).

Measurements of the wind speed are often based on detection of
spectral lines associated with the warm and cold phases of the ISM
embedded in the wind bubble and indicate velocities of the order of
hundreds of kms~!. On the other hand, theoretical models and X-ray
observations show that the hot phase of the wind has a much higher
velocity of the order of 103 kms™! (see e.g. Strickland & Heckman
2009). These fast outflows easily break out of their galactic discs and
expand into the surrounding galactic haloes (see Chevalier & Clegg
1985, hereafter CC85).

Wind bubbles are characterized by an innermost region of fast
and cool wind powered by a central engine. The fast wind region
extends up to the wind termination shock (also referred to as the
wind shock), where the wind plasma is slowed down and heated up.
A forward shock expands into the CGM, typically with transonic
velocity. Between the two shocks the contact discontinuity separates
the shocked wind from the shocked swept-up halo medium (see e.g.
Koo & McKee 1992a). The starburst activity can last for hundreds of
millions of years (Myr) thus potentially producing an approximately
steady injection of particles during this time (see Di Matteo et al.
2008; McQuinn et al. 2009; Bustard et al. 2017).

Here we investigate the process of diffusive shock acceleration
(DSA) of particles at the wind termination shock of starburst-driven
winds, and estimate the associated production of gamma-rays and
neutrinos produced in the entire bubble excavated by the wind, and
the flux of protons escaping such bubble. We adopt the semi-analytic
approach to CR transport at the termination shock, as developed
by Morlino et al. (2021, hereafter MBPC21) for the case of winds
associated with star clusters. This theoretical approach allows us to
establish a direct connection between the environmental conditions in
the wind and the particle acceleration process, with special attention
for the maximum energy of accelerated particles. Moreover the
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transport of the non-thermal particles in the entire wind bubble
is described rigorously, taking into account diffusion, advection,
adiabatic losses and gains, as well as catastrophic energy losses.
This enables us to calculate the cumulative contribution of starburst
winds to the diffuse gamma-ray and neutrino fluxes exploring the
associated proton flux that we could observe at Earth as CRs above
the knee.

Our investigation shows that (1) protons can be accelerated up
to hundreds of PeV at the starburst wind termination shock; (2)
gamma-rays and neutrinos are produced as secondary products
of pp and py interactions in these systems, possibly leading to
detectable spectral features; (3) the contribution of starbursts to the
diffuse neutrino flux can be dominant without exceeding the diffuse
gamma-ray flux observed by Fermi-Large Area Telescope (LAT);
and (4) accelerated particles escaping starburst systems can provide
a sizeable contribution to the light CR component observed above
the knee.

The structure of this paper is as follows. In Section 2, we provide
a description of the wind bubble. In Section 3, we describe the
modelling of acceleration and transport in the system, and provide
the main details of our semi-analytical approach to CR transport.
In Section 4, we discuss the solution of the transport equation and
the corresponding maximum energy as a function of the relevant
parameters. We also show the associated gamma-ray and neutrino
fluxes and the flux of CR protons escaping the bubble, for some
benchmark cases. In Section 5, we explore the multimessenger
potential of the combined contribution of wind bubbles in the context
of the diffuse fluxes observed at Earth. In Section 6, we summarize
our results and draw our conclusions.

2 EVOLUTION AND PROPERTIES OF THE
WIND BUBBLE

The typical lifetime of a starburst event is of order ~200-300 Myr (Di
Matteo et al. 2008): at formation the structure is fuelled by energy
and mass released by young OB and Wolf-Rayet stars for about
6 Myr. After this initial stage, the first core-collapse SN explosions
are expected to take place. The energy and mass that they release
dominates over the ones due to the young stars activity. In the
minimal assumption of an instantaneous starburst trigger, the activity
would run out in about 40 Myr when 8 M stars end their life (see
also Veilleux et al. 2005). In practice, the actual duration of a
starburst is determined by the star-forming activity, which can last
up to few hundred million years, as mentioned earlier. Such time-
scale is much longer than the typical duration of the processes of
particle acceleration and transport in the bubble produced by the
starburst activity, so that from this point of view, SBGs and their
wind superbubbles can be considered as steady-state systems for HE
particles (see also Zirakashvili & V”olk 2006; Bustard et al. 2017,
for related discussions).

The engine of a starburst-driven galactic wind is the activity of
SNe and massive stars that heat and pressurize the ISM excavating
a hot bubble where temperature and pressure are T ~ 108 K and
P /kg ~ 10" Kcm™ (as also discussed in CC85). Once the starburst
event has started, the bubble expands above and below the galactic
disc due to the pressure unbalance between its interior and the
unshocked host galaxy ISM and eventually reaches the scale height
of the disc, breaking out into the galactic halo. Inside the disc, instead,
the bubble remains confined by the ISM pressure (see Tenorio-
Tagle & Muiioz-Tufién 1997; Cooper et al. 2007). As shown in
recent numerical simulations (Fielding, Quataert & Martizzi 2018;
Schneider et al. 2020), the clustered activity of SNe typical of SBNs is
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strong enough to drive and sustain a powerful galactic outflow. In this
framework, CRs could also contribute as a supplementary ingredient
powering an outflow in very active star-forming galaxies as discussed
by Hanasz et al. (2013). However, their importance in contributing
to the wind launching is highly uncertain due to the possible impact
of the dense and turbulent environment on their transport (see e.g.
Krumholz et al. 2020) and their severe energy losses in the core of
SBGs (see e.g. Peretti et al. 2019; Werhahn et al. 2021; Kornecki
et al. 2022). On the other hand, in the case of a less intense and
spatially extended star formation, typical of the spiral arms of mild
star-forming galaxies, where energy losses are usually negligible, the
additional contribution of CRs (see e.g. Breitschwerdt, McKenzie &
Voelk 1991; Everett et al. 2008; Recchia, Blasi & Morlino 2016;
Pfrommer et al. 2017; Girichidis et al. 2022) and radiation pressure
may be necessary to launch a galactic outflow (see e.g. Zhang 2018).

The dynamics of starburst winds (Strickland & Stevens 2000;
Strickland et al. 2002) is qualitatively similar to that of stellar winds
and winds of star clusters (Castor, McCray & Weaver 1975; Weaver
etal. 1977; Koo & McKee 1992a,b) when the galactic ISM is roughly
homogeneous (Strickland et al. 2002). However, when the medium is
inhomogeneous, as expected in realistic cases (Westmoquette et al.
2009a,b), the hot gas follows the path of least resistance out of
the disc, resulting into a non-homogeneous outflow. Once in the
halo, the hot gas expands freely and the geometry can be reasonably
assumed to be spherical (see Cooper et al. 2007). For our purposes,
the assumption of a spherical geometry is well motivated by the fact
that accelerated particles probe large distances, averaging out any
spatial inhomogeneities.

Radiative losses can affect the wind dynamics and several theo-
retical and numerical works investigated the possible role of such
losses, leading to a wide range of possible scenarios (see Bustard,
Zweibel & D’Onghia 2016; Zhang 2018, and references therein). If
the starburst wind is approximately adiabatic (as shown in numerical
simulations; see e.g. Fielding et al. 2017; Schneider et al. 2020), its
behaviour is in good agreement with the analytic model developed
in CC85, and adopted in this work.

The first stage of the evolution of the wind bubble is characterized
by a free expansion that ends when the mass of the swept-up ambient
medium becomes comparable to the mass injected in the form of
a wind (fre < 1 Myr for an average halo density n, ~ 1073 cm™3).
The wind is supersonic, so that it is preceded by a forward shock,
while a reverse shock is launched towards the interior, the so-called
termination shock. During the free expansion phase, the two shocks
move outwards but staying very close to each other. The shocked
wind and the shocked ISM are separated by a contact discontinuity.
When the accumulated mass eventually becomes larger than the mass
added in the form of a wind, the outflow decelerates appreciably. If
the CGM is assumed to be spatially homogeneous, the radius of the
forward shock changes in time as Rgs oc >, while the termination
shock follows the trend Ry, o *° (see Weaver et al. 1977; Koo &
McKee 1992a). The bubble eventually reaches a pressure-confined
state, typically after a few tens of Myr. This late stage of the evolution
is characterized by a pressure balance between the cool wind ram
pressure and the pressure of the undisturbed halo medium P}, (which,
in turn, is in equilibrium with the pressure of the shocked wind). At
this point, the wind shock is stalled while the contact discontinuity
and the forward shock keep slowly expanding in the CGM. As
detailed in Lochhaas et al. (2018) (see also Strickland & Stevens
2000), the dynamics of the wind bubble depends on the density
profile of the CGM gas.

The structure of the starburst-driven wind bubble can be pictured
as onion like (see top panel of Fig. 1). The SBN, responsible for
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Figure 1. Top panel: structure of the wind bubble. The SBN, from which the
wind is launched, is located in the centre of the galactic disc. The blue (red)
arrow corresponds to the cool (shocked) wind region. The wind shock (Rgh)
separates the two regions. The forward shock (at Rrs) bounds the system
from the undisturbed halo region (credit: 1. Peretti). Bottom panel: wind
profile (thick red) and particle density profile (dot-dot—dashed blue), where
Y is the density or velocity, and Yy is the normalizing density or velocity. The
plot is in arbitrary units for illustrative purposes. The location of the wind
shock is assumed to be at 10 Rspn for illustrative purposes.

launching and powering the outflow, is located at the centre of the
system. The wind speed increases approaching the boundary of the
SBN, where it becomes supersonic and quickly reaches its terminal
velocity (V). At this point the wind velocity remains basically
constant (see CC85 and lower panel of Fig. 1), up to the termination
shock (located at R,), where the wind is slowed down and heated up.
As we discuss below, this configuration is very interesting from the
point of view of particle acceleration, in that the upstream region is
in the direction of the SBN, hence particle escape from the upstream
region is inhibited and becomes possible only through the external
boundary of the wind bubble. The medium in which a galactic wind
bubble expands affects the spatial structure of the bubble. Galactic
haloes are inferred to be characterized by a hot diffuse gas component
where typically n, < 1072ecm™ and 7;, ~ 10°-107 K (Anderson,
Churazov & Bregman 2016; Tumlinson, Peeples & Werk 2017).
Hence, in a starburst CGM the thermal pressure is expected to be
Py/kg < 10° Kem™3 (where kg is the Boltzmann constant).

In evolved wind bubbles, the balance between the thermal pressure
in the halo and the wind ram pressure, p v2, sets the position of the
termination shock:

MV e 1/2 1/2 —1/2
Ry ~ ,/47”3: =6.2M,> V.3 P kpe, (1

where M (M) is the wind mass-loss rate (in units of 1 Mg yr—"),
Voog is the terminal wind speed in units of 108 cms™!, and Py 4 is
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the halo pressure in units of 10* kg cm™ K. These three parameters
characterize the global properties of the system (see also Veilleux
et al. 2005; Strickland & Heckman 2009, for additional details
and connection to the core activity). While the termination shock
is approximately stalled, the forward shock continues to expand as

Res ~ 10 [Exny 5] £ kpe, )

where E4; = [M \/020/2]/1043 ergs~! is the wind power, ny,—3 1s the
halo density in units of 103 cm™3, and #; is the time in units of
10 Myr (see also Koo & McKee 1992a). It follows that the typical
Mach number of the forward shock is of order unity, starting at times
of order ~10 Myr. This is the main reason why efficient particle
acceleration is not expected to take place at the forward shock.

At the termination shock the conditions are more favourable. The
temperature of the plasma at the wind shock sets the local sound
speed. The adiabatic expansion cools the gas as T oc r~*3, so that
assuming a SBN size Rggn ~ 200 pc and Ry, as given by equation (1),
one can expect a temperature 7~ 10° K at the wind shock when the
SBN is as hot as Tsgy ~ 10% K. Therefore, the sound speed of
the free expanding wind at the shock is ¢, &~ 10? Tl/ “kms™'. As a
consequence the Mach number of the plasma at the wind shock is of
order ~10 making it the only plausible site for particle acceleration
in the wind-bubble system.

For the innermost regions of the system (the SBN and the cool
wind) we adopt a smooth parametrization of the model of CC85 for
the velocity profile (see bottom panel Fig. 1). The model describes
a wind where the velocity increases toward the edge of the SBN. At
the SBN boundary the wind becomes supersonic and quickly reaches
Ve, While beyond the termination shock, the gas gets heated and
slowed down. At the termination shock we adopt the jump condition
appropriate for a strong shock so that u; = V, and u, = u /4.
Moreover, for adiabatic expansion, the shocked wind moves with a
velocity that drops with distance as ~r~2, namely u> = constant.
The wind plasma is assumed to be fully ionized, while the density
in the SBN is assumed to be dominated by dense molecular gas.
Hence the particle density in the system (blue dot—dot—dashed curve
in Fig. 1) can be approximated as

PSBN r < Rspn,
)i
p() = Tt Reen <7 < Ra, 3)
)i
4XW Ry, < r < Rys.

For the purpose of estimating the diffusion coefficient for HE parti-
cles in the bubble, we assume that a fraction €g (in MBPC21 we have
used np = €p/2) of the kinetic energy density of the free expanding
wind is converted at any given radius into turbulent magnetic field
energy density. We also assume that at the termination shock the
perpendicular components of the magnetic field are compressed by
a factor of 4, which implies that the strength of the magnetic field
downstream is enhanced by a factor of /11 and remains spatially
constant in the downstream region.
Overall, the strength of the magnetic field can be written as

B(r) = T < Ra, (4)
NITRS 61‘:5:4“‘ r > Ry,

where the radial dependence of the upstream wind profile, v, (r), has
anegligible impact on the magnetic field in the corresponding region.

Assuming that the turbulent field gets organized according to a
power spectrum P(k) oc k=%, the corresponding diffusion coefficient
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due to resonant particle scattering can be estimated as

5—1
, 5
ru(r, P)] ©

where r is the Larmor radius, v the particle velocity, and § = 5/3
(3/2) for Kolmogorov (Kraichnan) turbulence. Bohm diffusion would
correspond to § = 1. The quantity L. denotes the energy containing
scale of the turbulence. For momenta p > p*, where p* is defined
such that r (p*) = L., the diffusion coefficient changes its energy
dependence due to lesser power on larger scales and can be written
as (Subedi et al. 2017; Dundovic et al. 2020)

1
D(r, p) = er(r p)v(p){

1 2
i = 3L || P> p ©)
In this work, we adopt a Kraichnan spectrum of the turbulence, § =
3/2 as the reference scenario, and we assume L. to be comparable
with the size of the SBN, namely L. ~ 10% pc.

3 MODEL

In this section, we provide a detailed description of the theoretical
model. In Section 3.1, we present the solution of the CR transport
equation of particles accelerated at the wind shock of the starburst-
driven wind bubble. Together with the solution we additionally
describe the flux of escaping particles. In Section 3.2, we describe
the calculation of gamma-rays and neutrinos from pp and py
interactions.

3.1 Particle acceleration at the termination shock

Particle acceleration is assumed to take place at the termination
shock. For the sake of simplicity we adopt a spherical symmetry
neglecting the deformation induced by the surrounding medium. The
bubble is assumed to be already evolved through the deceleration
phase, so that the shock location is given by equation (1).

The transport of non-thermal particles in the bubble is determined
by diffusion, adiabatic energy losses and gains, advection with the
wind, and catastrophic energy losses, which are dominated by pp
inelastic collisions in the SBN, for those particles that have high
enough energy to diffuse against the wind and reach the central
region. The transport equation that we solve can be written as
follows:

[rsz(r)] Bai
dr 30p

+ r2Q(r, p)— r*A(r, p)f =0, (7

where f = f(r, p) is the particle distribution function, D(r, p) is the
diffusion coefficient (in general space dependent), vy (7) is the wind
profile, O(r, p) is the injection term, and A(r, p) is the rate of energy
losses.

Assuming that particle injection only takes place at the location of
the termination shock and is limited to a single momentum p;,;, we
can write

0 [, of of
PP {r D(r, p)a—r] —r vw(r)—

nmj l”l

0. py = L0 51y — Ry = S1p — pig] 817 = Ral. 8)
where n) and u; are the density and wind speed immediately upstream
of the shock, and 7;, is the fraction of particles involved in the
acceleration process. We take 7iy; such that the pressure of accelerated
particles is limited to a fraction ~10 per cent of the wind ram pressure
at the shock. Notice that, as long as the shock compression factor

is larger than 2.5 (meaning that the spectrum is harder than p~>),
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the value of pj,; does not play any relevant role in the normalization
of equation (8). The loss term takes into account energy losses for
proton—proton collisions:

A(r, p) = n(r)og(p)v(p), (C)]

where v is the particle speed, n(r) = p(r)/m, is the target density in
the wind, and o, is the cross-section (Kelner, Aharonian & Bugayov
2006). We neglect losses due to py interactions since, as we show
below, the maximum energy that particles reach is barely enough to
exceed the kinematic threshold for this process, using optical (OPT)
and ultraviolet (UV) photons as targets.

Equation (7) is solved by following the technical procedure put
forward in MBPC21 for the case of winds from star clusters. We refer
the reader to that paper for details, while here we only summarize the
main equations that allow us to obtain the solution of the problem by
iterations. We also discuss the differences with respect to MBPC21,
mainly due to the presence of energy losses.

The method starts from determining the solution of the transport
equation upstream and downstream separately and then imposes the
continuity of the solution at the shock location. The solution in the
upstream region reads

fir, p) = fa(p)e” SRsnar vy (r'yp)/Dl(r’,p)! (10

where fq, is the particle distribution function at the shock and V is an
effective velocity felt by particles upstream, due to the combination
of spherical symmetry and energy losses:

Gl(ra P) + Hl(rv P)
r2fitr,p)

The functions G, and H; describe adiabatic energy losses and gains
and catastrophic energy losses, respectively, and are reported in
Appendix B

In the downstream region, the solution is made easier by the fact
that the flow is divergence free (namely ur” is constant) and energy
losses due to pp scatterings are negligible. This simplification allows
us to write

Vi(r, p) = w1 (r) +

an

1 — e p)—a(Resc, p)

Ja(r, p) = fa(p) = e aRecr) (12)
where
_ Rgwuy (1 Ra

and R & Rys is the location where particles escape from the system
and assumed to be equal to the forward shock radius. Integrating the
transport equation in a narrow region around the termination shock
we find an equation for f,(p), after using the solution upstream and
downstream to evaluate the spatial derivatives on the two sides of the
shock:

s

sn L

fan(p) = lngR (ﬂ) oM+ (14)
47t piy 14

Here I'; and I'; describe the departure from the standard solution
p~* that would have been obtained at a plane infinite shock, due to a
variety of factors:

4 dp, GI(Rshs P/) + HI(Rsh’ Pl)
I(p) = s/ R (15)
: pins P’ u1 R? fn(p")
Podp’ us/uy
r = . 16
=5 | = (16)

The function I'; reflects the effects of spherical symmetry and losses
upstream, and is appreciably different from unity at energies close
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to the maximum energy, namely at energies where D,/u; becomes
comparable to Ry, (see also Berezhko & V6lk 1997). For the particles
that are energetic enough to reach the SBN, energy losses in the
dense gas become important both for CR transport (if M is large
enough) and production of secondary radiation (see Bustard et al.
2017; Merten et al. 2018, for related discussions). However, in all
cases that we have studied this phenomenon never leads to observable
consequences.

Notice that equation (14) expresses the solution in a recursive
form, because both G, and H, are function of f. The actual solution
is obtained using an iterative technique as described in MBPC21.

The spectral modification due to the transport in the downstream
region is contained in the function I';, which becomes important
when the diffusion length of particles (Ap ~ D,/u;) becomes
comparable to the size of the shocked-wind region (Rese — Ryp).

The escape flux at the bubble boundary, defined as jes. =
—D 0, f(Res), can be easily derived from equation (12):

. [Ran/ Resc]?
Jese(P) = us fsh([ﬂ%’

an

and the total flux of escaping particles is Jee = 47IR62SC Jesc-

The escape flux modifies the solution at the shock only very mildly
and only for very high particle energies. On the other hand the
spatial extent of the downstream region (shocked wind), which in
turn depends on the age of the bubble, reflects rather strongly on the
gamma-ray and neutrino signal from a SBG.

The assumption of stationarity adopted in the equation requires
that the acceleration process is much faster than the time for
dynamical evolution of the system. This is typically the case, but
as a consistency check, we always verify that the acceleration time
defined as

(18)

3 Pdp’ [ D ’ D ,
tacc(p) = / p [Lp) + M
0

uyp — up r up us

be shorter than the lifetime of the system (see e.g. Blasi 2013).

3.2 Production of secondaries

As discussed in Section 3.1 (see also Appendix A for additional
details), pp and py interactions in the downstream region take place
with typical time-scales larger than Gyr, so that their dynamical
impact on the CR transport can be neglected. However, the luminosity
of the wind bubble can be a sizable fraction of the SBN’s luminosity
due to the large spatial extent of the system (see also Romero et al.
2018; Miiller et al. 2020, for related discussions).

We thus compute the gamma-ray and neutrino emission resulting
from the interaction of CRs with (i) particles in the plasma through pp
interactions and (ii) thermal photons, as produced by stars and dust in
the galaxy and illuminating the wind bubble itself (py interactions).

The calculation of gamma-rays produced through pp interactions
has been performed using the NAIMApackage (Kafexhiu et al.
2014), which implements the procedure described in Kelner et al.
(2006), while the gamma-rays produced through py interactions are
computed following Kelner & Aharonian (2008). The gamma-ray
absorption inside the SBN is taken into account as in Peretti et al.
(2019), where the background photon field is assumed to be constant
in the SBN volume. On the other hand, the size of the system and
the 7~2 dependence of the photon field imply negligible absorption
effects for gamma-rays produced in the wind bubble. Finally, the
gamma-ray absorption on the extragalactic background light (EBL)
on cosmological distances is computed adopting the EBL model of
Franceschini & Rodighiero (2017).
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Table 1. Parameters for the benchmark cases BO and B1. The resulting
maximum energy and monochromatic single flavour neutrino flux at 25 TeV
are reported at the bottom. The latter is computed assuming a fiducial
luminosity distance di, = 3.9 Mpc.

BO Bl
M Mg yr Y 5 10
Voo (103kms_1) 2 3
Py /kg (10* K cm™3) 2.5 8
e (Myr) 250 250
Rqy (kpe) 12.36 11.97
Res/Ran 4 4.6
Emax (PeV) 44 131

I —11 GeV

F, (1071 &%) 1.27 8.9

The single flavour neutrino flux is computed assuming equiparti-
tion among flavours, (ve, v, v;) = (1:1:1), due to flavour oscillations
during propagation to the Earth. The production of neutrinos in pp
interactions is estimated by rescaling the gamma-ray luminosity as
L,(E,) ~ L,(E,)/2, where E,, ~ 2E,. The neutrinos produced in the
py interactions are computed following Kelner & Aharonian (2008).

4 EMISSION FROM INDIVIDUAL STARBURSTS

In this section, we discuss the results of the calculation of the
spectra of accelerated particles and HE gamma-rays and neutrinos
(Section 4.1) for an individual SBG and how the properties of
the bubble and of the accelerated particles change when changing
parameters (Section 4.2).

4.1 Particles and spectra

We discuss two stereotypical models of SBGs so as to illustrate
how the results change by changing the properties of the SBN. The
two benchmark cases are labelled as BO and Bl and correspond
to the parameters’ values reported in Table 1. The BO prototype is
reminiscent of local mild SBGs such as M82 and NGC 253. We
assume the photon field of NGC 253 (Galliano, Dwek & Chanial
2008) as representative of the prototype BO. Observations and
numerical simulations of M82 suggest a terminal (wind) velocity
~2000kms~! (Strickland & Heckman 2009; Melioli, de Gouveia
Dal Pino & Geraissate 2013), with a mass-loss rate up to <3 Mg yr—'.
Similar terminal wind speed but higher mass-loss rate is inferred
for NGC 253 (Strickland et al. 2002; Bolatto et al. 2013). The B1
configuration represents a somewhat more powerful wind that can
be expected in objects for which the nuclear activity and temperature
is higher [such as luminous infrared galaxies (LIRGs)] than what is
inferred for M82 and NGC 253 (see e.g. Bustard et al. 2017). For the
B1 prototype we assume that the photon background is somewhat
larger than BO and for reference we assume the spectral energy
distribution (SED) of NGC 1068 (Galliano et al. 2008).

In Table 1, we also show the maximum energy of accelerated
particles, En.x, and the single flavour neutrino energy flux produced
in the wind bubble at 25 TeV, defined as F,,H, as observed from
a distance of 3.9 Mpc. Both these quantities are outputs of our
calculations. The positions of the termination shock, equation (1),
and of the edge of the bubble, equation (2), for the two prototypes
are calculated fixing the age of the system to 7;,. = 250 Myr and by
assuming a value of the pressure in the external medium, Py/kg.

Results for the cases BO and B1 are reported in Figs 2 and 3,
respectively. The top panels show the particle spectrum at the shock,
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Figure 2. Particle spectrum and high-energy (HE) multimessenger spectra
at Earth assuming d;, = 3.9 Mpc for the benchmark prototype BO. Top panel:
proton spectrum at the shock (thick black line) compared to the solution at
0.75Rgh (red dashed line) and 0.5 Ry, (blue dot—dashed line). The escape flux
is also shown (green dotted line). Bottom panel: gamma-ray and neutrino
flux from the wind (thick red and dot—dashed blue lines) compared to the
emission from the SBN core (green dashed and pink dotted lines). The effect
of EBL absorption is taken into account assuming a distance of 3.9 Mpc. For
comparison, and for a qualitative view of the yy absorption in the source,
the gamma-ray components are shown when the EBL absorption is neglected
(thin lines).

the escaping flux, and the particle spectrum in the cold-wind region
as computed at different radii (0.75Rg, and 0.50Rg,). The vertical
purple line identifies the position of the maximum momentum pp,y
of accelerated particles, defined as the value at which the spectrum
P*f(p) is reduced by e. The bottom panels of the same figure show the
corresponding spectra of gamma-rays and neutrinos resulting from
pp and py interactions computed for the cases of a strong shock (s =
4) and assuming that the source is located at a distance of ~3.9 Mpc
(appropriate for M82). The red thick (thin) solid line shows the
gamma-ray emission from the wind region after (before) correcting
for absorption on the EBL during transport from the source to Earth.
Notice that the same plots report also the contribution of gamma-
rays and neutrinos produced by the interaction of CRs accelerated by
supernova remnants (SNRs) inside the SBN and interacting inside
the nucleus, assuming a source spectrum ~p~+?, as inferred for M82
by Peretti et al. (2019), with a maximum energy <1 PeV. The thick
(thin) line refers to the flux after (before) correction for absorption
en route.

The flux of muon neutrinos from the wind region is shown as a blue
thick dash—dotted line. Such flux is dominated by the contribution of
pion production in pp interactions downstream of the termination
shock. In Fig. 3, due to the larger luminosity of the SBG, the
contribution to the neutrino flux due to photomeson production
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Figure 3. Particle and high-energy (HE) multimessenger spectra for the
benchmark prototype B1. The line style and colours are identical to Fig. 2.
The only difference is that the production of photomeson neutrinos from the
wind bubble (orange dot—dot—dashed curve) becomes relevant at ~10 PeV.

(dash—dot—dotted orange line) becomes visible in the plot. Such flux
is present only in the highest energy region because of the kinematic
threshold of the process of photopion production.

A few comments on the spectrum of accelerated particles (top
panels in Figs 2 and 3) are in order: as it would be the case for
standard DSA, the spectrum of accelerated particles is a power law
when the momentum is much smaller than the maximum one. On the
other hand, as discussed in MBPC21, spherical symmetry induces a
dependence of the spectrum on the diffusion coefficient that is most
marked around pp,,c. This is because particles can feel an effective
plasma velocity that is smaller than v,, when their diffusion length
becomes comparable with Rg,. Particles with high energies can travel
farther away from the shock and feel its curvature in a more prominent
way. The deviation from the standard power law is more visible for
weak energy dependence of the diffusion coefficient. In other words,
the deviation from a power law would start at lower energies for
Kolmogorov diffusion, while it would occur closer to py,, for Bohm
diffusion (see discussion in MBPC21). These subtle effects also
reflect in the spectrum of secondary gamma-rays and neutrinos. The
maximum energy reached by accelerated particles varies between
tens of PeV for the prototype BO to 2100 PeV for B1.

As previously mentioned, here we assumed s = 4, but in Section 6
we discuss the case of softer slopes as might arise due to the motion of
scattering centres in the downstream plasma (see Caprioli, Haggerty
& Blasi 2020, for details).

By looking at the particle spectrum in the inner region, one can
conclude that only particles at the maximum energy can diffuse
efficiently against the wind and populate the inner region of the
system. Nevertheless, it appears clear that, unless an additional
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acceleration mechanism is present in the system, the number of
particles that can successfully diffuse back to the SBN is strongly
suppressed due to the geometry of the system. Indeed, in order to
successfully diffuse upwind towards the SBN, particles need to have
a momentum py, such that the diffusion length becomes larger than
the upstream region, namely D(py)/u; 2 Rg,. Finally, we notice that
the spectrum of the escaping flux, as also discussed in MBPC21,
does not differ strongly from the solution at the shock in terms of
spectral slope and maximum energy.

The gamma-ray emission from the SBG is dominated by the
emission of the SBN for E < TeV. However, depending on the total
power of the system and the conditions of the external medium where
the bubble is expanding into, the emission from the wind region
may become dominant at high enough energy and be identifiable as
an extension of the spectrum up to the energy for which there is a
substantial absorption on the EBL. In the scenario where accelerators
in the SBN cannot exceed ~PeV, all neutrinos with energy >10% TeV
are produced in the wind and the luminosity increases with M since
this parameter directly affects the target density for pp interactions
(see also Table 1). The slope of the neutrino spectra below ~10 TeV
is slightly harder than E~2 due to the energy dependence of the cross-
section for pp inelastic collisions, o p,. Above ~10TeV the spectral
slope gets gradually softer due to the shape of the parent proton
population. The hadronic emission from the wind is dominated by
the pp interaction taking place in the shocked-wind region, whereas
the contribution from the free-wind region might be relevant only
for extreme values of M, or possibly during some early stages of the
bubble evolution. The photomeson contribution is found to be always
subdominant compared to the pp and is irrelevant if E,, < 10? PeV,
because of the kinematic threshold for this channel. Finally, for some
massive winds characterized by M > 10 Mg yr~!, the gamma-ray
emission from the wind might become comparable with the SBN
component even below the TeV range.

4.2 Exploring the parameter space

In the discussion above we identified two main prototypical examples
of SBGs, but clearly the zoo of these astrophysical objects cannot
be reduced to just two cases. Here we provide a brief overview of
what is expected to happen in different realizations of such systems.
We do so by exploring a grid of different configurations of the
main macroscopic wind properties, mass-loss rate (M), and terminal
wind speed (V), and later by focusing on some specific parameter
variations and the associated outcome. The corresponding relevant
quantities are summarized in two pairs of plots (Figs 4 and 5) and
in Table 2. In what follows we focus on the effects of different
conditions on (1) maximum energy and (2) luminosity.

In our parameter investigation we define a range for the mass-loss
rate, 0.1 < M /(Mg yr~!) < 50, and for the terminal wind speed,
0.5 < Voo /(103kms™") < 3. In order to keep track of the temporal
evolution, we additionally select two characteristic times at which we
take a snapshot of the system: Tyge,1 = 100 Myr and Tyge 2 = 250 Myr.
In Figs 4 and 5, we show the results obtained at Ty and Tyee 2,
respectively, under the assumption of Py, /kg = 5 x 10* Kcm™3. The
upper panels illustrate the changes in the maximum energy E,.x and
the lower panels show the single flavour neutrino flux at 25 TeV,
Fvu' In general, it can be observed that the higher the power of the
system (MV2), the higher the maximum energy. In particular, as
discussed in Section 3 (see also MBPC21, for additional details), the
most stringent condition on the maximum energy is typically set by
the transport in the upstream region as D(E') ) = Ry, V... Such a

max
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Figured4. Contour plotsillustrating the parameter space (M, Vi) exploration
based on different realizations of the system at the age Tage,; = 100 Myr.
The associated colour code is shown at the right of each panel. Top panel:
maximum energy normalized to 1 PeV. Bottom panel: single flavour neutrino
flux at 25 TeV.

condition can be re-expressed as
[31(1 8) —1]1/(2 %)
(47tph)(8 n/22-8)]

ED = ppi/2e-oy3/20-5] 9 € (19
which leads to E()) o« MV2 for the assumed Kraichnan-like turbu-
lence. Notice that although the maximum energy in equation (19)
identifies an energy where the flux drops most prominently, as
discussed above, the spherical symmetry of the problem leads to
a gradual spectral steepening at energies below E,. This effect is
embedded in the two functions I'; and I'; described in Section 3. At
odds with the case of the maximum energy, the neutrino luminosity
has a very mild dependence on the terminal wind speed provided
that it is above the threshold to accelerate efficiently >PeV particles,
whereas it has approximately a linear dependence on the mass-loss
rate. The latter scaling is due to the direct connection between M
and the target density.

By comparing the results obtained at T, With those obtained at
Tge2 We observe that the age of the system does not have a dominant
impact on the maximum energy as expected from equation (19): the
acceleration time is much shorter than the dynamical time of these
systems. The slight difference can be understood by the interplay
between the two functions, I'; and I'; regulating the HE cut-off. In
fact, an older system is characterized by a less stringent constraint
produced by I';, while the one set by I'; is practically unmodified.
On the other hand the luminosity is found to increase with time due
to the increase of target material accumulated in the downstream
region.
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Figure 5. Contour plots illustrating the parameter space (M, Vi) exploration
based on different realizations of the system at the age Tyge 2 = 250 Myr. Top
and bottom panels are the same as in Fig. 4.

Table 2. Different scenarios considered. The physical units are the same as
in Table 1. For the case P3 the wind bubble is not pressure confinement and
different equations are used to estimate the bubble properties.

L1 L2 Pl P2 P3 Tl T2
M 20 2 5 5 5 5 5
Voo 3 1 2 2 2 2 2
Pulkg 2.5 25 10 0.5 0.01 25 25
[e 250 250 250 250 250 100 300
Rqh 30 55 6 28 40 12 12
Rps/Rgn 25 5.5 6.7 25 2 22 43
Enmax 225 2 26 59 58 34 44
F, 2.6 0.45 8.7 0.15 006 024 1.5

i

In order to evaluate the impact of changing other relevant param-
eters’ values, we now focus on a set of limited cases listed in Table 2
and discuss quantitatively their numerical outcomes. We first change
the total luminosity of the system: L1 corresponds to a strong wind
as the one that can be found in LIRGs; L2 corresponds to a mild
star-forming source. In line with what we discussed above, these two
situations illustrate that, maintaining the same halo conditions, the
maximum energy increases with the power of the wind. The location
of the wind termination shock and of the forward shock is moved
farther away from the centre when the power is larger. Consequently,
the most powerful sources naturally lead to a larger volume of the
bubble and higher gamma-ray and neutrino luminosity.

In scenarios P1, P2, and P3, the total power is as in B0, but the
surrounding pressure in the halo varies by three orders of magnitude.
This again impacts the location of the termination shock Ry, that in
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turn affects the maximum energy even though this latter quantity
varies only by a factor of ~2. In particular, in agreement with
equation (19), the smaller the halo pressure, the higher the maximum
energy. Although equation (19) is informative on the dependence of
the maximum energy on the CGM pressure, the actual scaling of Ep,
on Py is not straightforward due to the role played by the functions
I') and I'; in shaping the spectrum close to Ey.x, and due to the
transition of the diffusion coefficient to the ~E?* regime, when 1, &
L.. The last effect is in fact occurring at energies close to the actual
E'nax. Scenario P3 corresponds to a relatively extreme situation since
the wind evolves in a very low pressure environment compared to
what might be expected in a starburst halo. Under these conditions,
the system would need ~5 Gyr to reach the pressure-confined state.
Consequently, both the forward and the wind shocks are still in their
expansion phase after 250 Myr. In this case, the wind shock radius
cannot be computed under the pressure-confined assumption, so that
we adopt equation (4.2) of Koo & McKee (1992a). In this scenario
the maximum energy is somewhat close to the scenario labelled as
P2, but the luminosity is smaller due to the lower ram pressure at
the shock that, in turn, results from the larger shock distance from
the centre. Even if the impact on the maximum energy is marginal,
the value of the circumgalactic pressure strongly impacts on the
gamma-ray and neutrino luminosity. This is a direct consequence of
the assumed proportionality between the CR energy density and the
free wind ram pressure that is, in turn, roughly equal to the external
pressure. Comparing cases P1 with P3, where Py, is 10° smaller, the
neutrino luminosity decreases by ~140 times. The proportionality is
not exactly linear because the spatial distribution of both CRs and
gas in the two cases is different.

By comparing scenario L2 with P1 and L1 with P2, one can notice
that sources with similar age and size can strongly differ both in
maximum energy and luminosity. The former result can be easily
understood given the dependence of the maximum energy on the
Vs (see equations 15, 16, and 19). The luminosity, on the other
hand, is set by the combination of the pressure at the shock, which
determines the total number of accelerated particles, and the target
density (which in turn depends on M).

Finally, T1 and T2 correspond to BO at different times #,4., 100 and
300 My, illustrating that the slow evolution in time of the system does
not have a strong impact on the maximum energy. However, sources
become more luminous while ageing, due to the target material that
accumulates and larger volume of the shocked-wind region where
pp interactions are taking place. This supports numerically what
has been discussed above based upon the contour plots parameter
investigation.

5 DIFFUSE FLUXES OF COSMIC RAYS,
GAMMA-RAYS, AND NEUTRINOS

In this section, we illustrate our calculations of the diffuse flux of
gamma-rays, neutrinos, and cosmic rays (CRs) due to the collective
emission of starburst galactic winds distributed in redshift. In
Section 5.1, we evaluate the starburst contribution to the diffuse fluxes
of gamma-rays and neutrinos and compare them to those observed
by Fermi-LAT (Ackermann et al. 2015) and IceCube (Abbasi et al.
2021), respectively. In Section 5.2, we explore the associated flux
of CR protons accelerated at the termination shock and eventually
escaping the bubble.

5.1 Gamma-rays and neutrinos

We work under the assumption that starburst winds are ubiquitous
in SBGs and we count sources following the star formation rate
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function (SFRF) approach previously adopted by Peretti et al. (2020)
and defined for redshift up to z = 4.2 (see also Gruppioni et al. 2015,
for additional details). Differently from the case of SBNs, where,
as discussed by Peretti et al. (2020), the luminosity scales with the
SFR, the dependence of the wind properties on the SFR is highly
non-trivial and difficult to constrain. Therefore, in the following we
rely on the assumption that on average all winds above a given SFR
value, ¥ min, can be described in terms of a single prototype. The
diffuse flux can be computed as

1 42 dVe(2)
Q(E)=— [dQ [ dz — e WED
i(E) 471/ /0 “azde ©

X / dlog ¥ ®ser(¥, 2) [1 + 21> £ (E[1 + 21, ¥),
¥

‘min

(20)

where fi(E, ) is the flux density of the particle specie j =
{y, v}, ®spxr is the SFRE, and dVc = ¢D2(2)/[E(z) Ho] dz dQ
is the comoving volume element per redshift interval dz and solid
angle dQ2. In a spatially flat space—time Dc(z) = Dp(2)/(1 + 2)
and E(z) = /Qm(1 + 2)* + Q4. The quantity 7; is assumed to
vanish in the neutrino case, while in the case of gamma-rays, it
represents the opacity due to the presence of the EBL and cosmic
microwave background (CMB) (Franceschini & Rodighiero 2017).
The contribution of the electromagnetic cascade is computed as
in Peretti et al. (2020) (see also Berezinsky & Kalashev 2016, for
additional details). Finally, v i, represents the minimum SFR that we
adopt as a free parameter considering the value of ¥* ~ 1 Mg yr~!
(Peretti et al. 2020) as a firm lower limit. The assumption of ¥/, as
free parameter is dictated by the poorly constrained ratio between the
mass-loss rate of the wind and the SFR in the SBN, R = M /SFR (see
e.g. Veilleux et al. 2005, for a detailed discussion). In general R < 2
(see also Bustard et al. 2016; Zhang 2018, for detailed discussions),
hence we fix R = 2. Therefore, ¥, increases with the wind mass-
loss rate.

We calculate the diffuse emission from the SBN and from its wind
in two scenarios, which we refer to here as I and II, in which BO and
B1 are respectively used as a prototype (see Table 1). Following our
criterion on R, we adopt a ¥/ i, of 2.5 and 5 Mg, yr~! for cases I and
II, respectively.

In Fig. 6, we show the spectra of diffuse gamma-rays and v,, for
the two scenarios I and II (top and bottom panels, respectively).
In both cases the central SBN provides the main contribution to
the total gamma-ray diffuse flux (dashed violet line and thick red
line, respectively). The latter lies below the diffuse flux measured
by Fermi-LAT and never exceeds the upper limits imposed by the
superposition of point-like sources (e.g. Lisanti et al. 2016). As
described above, the wind region also contributes to the gamma-ray
emission, and the corresponding diffuse flux is shown as an orange
two-dot—dashed line in Fig. 6. The cascade components (three-
dot—dashed brown and dot—-dashed magenta for SBNs and winds,
respectively) are always subdominant and change their relative
contribution depending on the scenario.

The neutrino flux from SBNs (empty green circles) drops consid-
erably above ~50 TeV, as a result of the proton maximum energy at
sources in the SBN being ~1 PeV. The flux of neutrinos produced
in the wind (empty grey triangles) through pp collisions extends to
2300 TeV and dominates the diffuse emission at such energies, at
least at the level of ~107° GeV cm~2 s~! sr~! in the most pessimistic
scenario (case I) (this lower limit corresponds to ~10 per cent of the
IceCube flux of through-going muons reported by Haack & Wiebusch
2017). We finally notice that if star-forming galaxies were dominating
the diffuse gamma-ray flux as suggested by Linden (2017) and Roth
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Figure 6. Multimessenger emission for scenarios I and II (top and bottom
panels, respectively) compared with Fermi-LAT (Ackermann et al. 2015) and
IceCube (Abbasi et al. 2021) data. The colour code is the same for all panels:
total gamma-rays and single flavour neutrinos are shown as thick red lines
and blue filled squares, respectively. Direct gamma-ray component from the
SBN and wind (dashed violet and two-dot—dashed orange, respectively) are
shown separately with their associated cascade spectra (dot—dashed magenta
and three-dot—dashed, respectively). The neutrino components from SBNs
(green empty circles) and from the winds (grey empty triangles) are shown
separately.

et al. (2021), the associated neutrino flux would correspondingly
increase.

5.2 Cosmic rays

Cosmic ray (CR) protons accelerated at the termination shock of
the SBG wind eventually escape the system from the outer edge
of the bubble. Since energy losses do not affect the spectrum of
these particles in a significant way, the escape spectrum is similar
to the spectrum of particles accelerated at the termination shock.
The diffuse flux of protons contributed by SBG winds, calculated
using equation (20) that neglects any propagation effects due to the
intergalactic magnetic fields, is shown in Fig. 7 for the scenarios
I and II introduced earlier. Notice that since the maximum energy
of accelerated particles is <few hundred PeV, below the threshold
for Bethe—Heitler pair production, the transport of these CRs on
cosmological scales is dominated by adiabatic losses alone as due
to the expansion of the Universe. In Fig. 7, the predicted proton
fluxes are compared with data of the all-particle spectrum and on the
light component alone, as collected by IceTop (Aartsen et al. 2019),
Tunka (Epimakhov et al. 2013; Prosin et al. 2016), and KASCADE-
Grande (Arteaga-Veldzquez et al. 2017). This shows that if indeed
particle acceleration at winds termination shock does take place,
so as to contribute to the HE neutrino flux, a sizeable contribution
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Figure7. Diffuse proton flux escaped from the starburst wind and propagated
to the Earth for the prototype cases BO (dot—dot—dashed) and B1 (thick). The
predicted proton flux is compared with data from Tunka (Epimakhov et al.
2013; Prosin et al. 2016), KASCADE—-Grande (Arteaga-Veldzquez et al.
2017), and IceTop (Aartsen et al. 2019).

to the protons CR flux measured at the Earth should be expected.
Notice that here we only estimated the flux of protons from SBGs,
but it is reasonable to expect that heavier nuclei are also accelerated,
if present in the wind. Such nuclei would contribute to the total
CR flux at higher energies. We also observe that our results on the
starburst contribution to the CR spectrum are qualitatively supported
by Zhang, Murase & Mészaros (2020) where, however, different
assumptions were adopted for both the acceleration and transport of
HE particles in galactic winds.

A comment on the spectral shape of CRs from SBGs is in order:
one can see in Fig. 7 that the spectrum expected at the Earth is similar
to that originated at individual wind bubbles, as a consequence of
the fact that adiabatic losses do not change the spectral shape. On
the other hand, such a straightforward connection can be made here
only because of the assumption that all SBGs can be considered
as similar to one of the two prototypical sources adopted here. In
general this is not the case, and one should expect that the higher the
wind luminosity, the higher the maximum energy of the accelerated
particles, but the lower the number of such objects in the Universe.
As a result, qualitatively, one might expect that the diffuse flux of
CR protons (as well as neutrinos) might become steeper at energies
higher than the maximum energy associated with the least luminous
of the winds, as discussed in a generic case by Kachelriel & Semikoz
(2006). We finally observe that, based on our calculations, it is
difficult to accelerate protons above ~10'® eV in the wind of normal
SBGs.

6 DISCUSSION AND CONCLUSION

The theory of particle acceleration at the termination shock of winds
originating in star clusters, as developed by Morlino et al. (2021), has
been adapted here to the description of particle acceleration at the
termination shock of starburst winds. At such shock the wind from
the SBN is slowed down and heated up, so as to reach approximate
pressure balance with the galactic halo in which the wind was
originally expanding. In fact a weak forward shock moves slowly
through the halo medium, but its Mach number is too low to be of
relevance for particle acceleration.

We have assumed a stationary spherical geometry for the wind-
blown bubble. Even though numerical simulations might show a
variety of possible deviations from such an assumption, particle
acceleration and transport are not particularly affected by such
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details. The theoretical approach is used to calculate the spectrum
of accelerated particles and their spatial distribution inside the wind
bubble, as well as their escape flux from the edge of the bubble.
We discussed two prototypical SBG models, assumed to represent,
respectively, a galaxy like M82 or NGC 253 and a LIRG, and for
each the flux of gamma-rays and neutrinos produced due to CR
interactions in the SBN and in the wind bubble has been calculated.
The absorption of the gamma-rays both inside the nucleus and en
route to the Earth has been taken into account.

The maximum energy of accelerated particles at the termination
shock varies between a few tens PeV and 200 PeV for the two
prototypes of SBGs considered here and in a range from a few PeV
up to a few hundred PeV exploring a wider range of parameters.
This implies that the corresponding neutrino flux extends up to 1—
10 PeV, while the neutrino flux from the SBN is expected to extend
up to a few tens of TeV, if CRs are accelerated by SNRs as in the
Milky Way. Given the fact that the termination shock is strong, for
the parameters adopted here, the spectrum of accelerated particles
at E < Epy is close to p~*. Some theoretical arguments can be put
forward, for instance based on a finite velocity of scattering centres
in the downstream region, to argue that slightly steeper spectra are
possible (see e.g. Caprioli et al. 2020).

The diffuse gamma-ray flux due to the superposition of SBGs
is dominated by the contribution of the central SBNs for energies
<1 TeV. This flux does not exceed the upper limits imposed by Fermi-
LAT based on the contribution of point-like sources (e.g. Lisanti et al.
2016). The wind region also contributes to the gamma-ray emission
and such contribution can become comparable with that of the SBNs
for E 2 1 TeV, if the more luminous prototype is adopted in the
calculation of the diffuse flux. The neutrino flux from SBNs drops
considerably above ~50 TeV, as a result of the proton maximum
energy at sources in the SBN. On the contrary, the flux of neutrinos
produced in the wind through pp collisions extends to 2300 TeV and
dominates the diffuse emission at such energies. The diffuse flux in
this energy region is compatible with the IceCube data.

The observational confirmation that particle acceleration at the
termination shock and production of gamma-rays and neutrinos in
the wind bubble do take place can be achieved to some extent
with upcoming observational facilities, as we discuss below. The
study of starburst-driven galactic winds is generally performed via
atomic and molecular line shifts and measurements of the X-ray
luminosity (Veilleux et al. 2005; Strickland & Heckman 2009), but
so far, detection in the gamma-ray domain is rather limited, and
unable to resolve the SBN emission from a possible contribution
from the wind bubble. A gamma-ray survey would be ideal to
probe the model discussed in this work and would provide key
information on its acceleration properties and luminosity. However,
the most useful information would come from direct detection
of the gamma-ray emission from the wind region. In the very
high energy range, the nearest starbursts, M82 and NGC 253,
could already be resolved by current instruments. In fact, a bubble
of size ~50kpc, at a distance of ~3—4 Mpc, corresponds to an
angular size 6 ~ 1°, typically resolved by Imaging Air Cherenkov
Telescopes (IACTs; Aleksic et al. 2016; Park 2016; Zorn 2019).
However, given the total volume integrated luminosity of the order
of L,(10TeV) ~ 10" GeV s~!, expected for these sources, this task
remains challenging.

Next generation IACTs, such as Astrofisica con Specchi a
Tecnologia Replicante Italiana (ASTRI) and Cherenkov Telescope
Array (CTA), with improved angular resolution and sensitivity, will
open promising perspectives for a morphological study of these
sources (Vercellone 2016; Cherenkov Telescope Array Consortium
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et al. 2019). A second method for probing the gamma-ray emission
of the starburst wind consists in a spectral detection of the source at
energy E 2 10TeV. The main reason for that is because gamma-—
gamma absorption on the infrared (IR) is expected to be important
above a few TeV in the SBNs. Differently, the emission from the
wind comes basically unabsorbed. The observation of non-thermal
radio/X-ray emission at large distances from the galactic disc can
also be adopted to trace both the acceleration of primary electrons
and the presence of secondaries produced via pp and py interactions.
A multiwavelength modelling focused on the leptonic emission is left
for future investigation.

The detectability of SBGs as isolated neutrino sources is dis-
favoured for the standard parameters adopted in this work. However,
very young systems or scenarios involving high mass-loss rates,
M 2 10Mg yr~!, can possibly produce fluxes close to the sensitivity
level of km? detectors (Aiello et al. 2019; Aartsen et al. 2021).
Differently from a single isolated source, the combined contribution
of SBGs might provide interesting indications with higher statistical
significance.

Finally, we checked that the flux of CR protons accelerated at the
termination shock and eventually propagating to the Earth is not in
conflict with present day observation of the protons spectrum. In fact
the diffuse flux of CRs from starburst wind bubbles is tantalizingly
close to the observed flux, and limited to energies <a few hundreds
PeV, although it cannot be excluded that ultraluminous SBGs or SBG
with AGN activity may lead to the production of CRs with somewhat
larger energies.

However, the role of SBGs in contributing to the observed CR
flux at ~10'7 eV needs some additional support to be more robust
than an order of magnitude estimation. Finally, in the context of the
model developed in this work, we do not expect regular starbursts to
be able to produce protons at energies larger than a few hundred PeV.
We cannot exclude that higher energies may be reached in galaxies
with starburst activity hosting AGN jets, where particle acceleration
would be regulated by different physical processes.
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APPENDIX A: ESTIMATES OF TIME-SCALES
AND LUMINOSITY OF THE SHOCKED BUBBLE

The order of magnitude of the wind-bubble luminosity can be
estimated in a simplified way from the total power of the system
and the dominant time-scales. The dominant escape time from the
system is the advection that reads

RESC
(v2)

where (vy) ~ up/3 is the average wind speed in the downstream
region and Rgg ; is the forward shock location in units of 10 kpc.

The loss time-scales for pp and py collisions are described by the
following expressions:

~ 10% Rps,uy s Myr, (A1)

Tadv ~

Top = [Eppnaopp ] ~ 4 x 10° 051, Myr, (A2)

Tyy = [&py Mpn 0y 17 2~ 10° Ugpr 5 x> My, (A3)

where we assumed that the target photon field is a Dirac-§ at 1 eV
and where x = Rspn/Rgy, while £, ~ 0.1 and &), ~ 0.2 are the
elasticity factors.

Since 7,4y K Tloss One concludes that the dynamical relevance
of losses is negligible, so that the assumption of negligible energy
losses is fully justified in the shocked wind.

Since the advection dominates, the CR distribution function is
approximately constant in the whole shocked bubble. Assuming now
that the luminosity of accelerated particles is a fraction & ¢ of the total
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wind power E = M u?/2, we can express the gamma-ray luminosity
as

RCSC
(v2)

which converted in units of standard parameters can be rewritten as

~ SR

L, >

Ml

n20ppCEpp, (A4)

LV ~2 X 1040 M1 uig RFS,l ny o ECR.fl erg 571. (AS)

Interestingly, such a value is a fraction 2 10 per cent of the luminosity
of an SBN when a supernova rate of 0.1 yr~! and perfect calorimetric
conditions are assumed. Indeed, under these conditions, the nucleus
luminosity in gamma-rays can be written as

Lspn ~ RenécrEsn ~ 1.6 x 10" Rsn 1 Ecr 1 Esnsi- (A6)

However, differently from the SBN, the gamma-ray luminosity of
the bubble increases with time.

APPENDIX B: ENERGY LOSS FUNCTIONS FOR
ACCELERATED PARTICLES IN SPHERICAL
GEOMETRY

We report here the analytic expressions of the functions included in

the solution presented in Section 3.
The function G;, embedding the adiabatic energy loss/gain, has

the following expression:

1 r
Gitr. Py = §/ dr' G0, p) i, p) s ()], (B1)
0
where § reads

_dlnpif(r, p)

G(r, p) = B2
q(r, p) ol p (B2)
The function H, accounts for pp energy losses and reads
H\(r,p) = / dr'r? fi(r', pyn(r) opp(p) e, (B3)
0

where o, is the pp cross-section (see Kelner et al. 2006).
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