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ABSTRACT
Starburst galaxies generate large-scale winds powered by the activity in the star-
forming regions located in the galactic disks. Fragmentation of the disk produced by
the outbreak of the wind results in the formation of clouds. Bowshocks caused by the
supersonic outflow appear around such clouds. In this paper we discuss the acceleration
of relativistic particles and the production of non-thermal radiation in such scenario.
Cosmic rays accelerated at the bowshocks do not reach the highest energies, although
the high-energy luminosity generated is significant. We show that up to ∼ 10% of the
gamma-ray emission in starbursts might come from these sources outside the galactic
disks. Discrete X-ray sources with a power-law component are also expected.

Key words: acceleration of particles – radiation mechanisms: non-thermal – cosmic
rays – ISM: clouds – galaxies: starburst – shock waves

1 INTRODUCTION

Starburst galaxies have intense episodes of star formation in
their galactic disks. This activity results in the formation of
a galactic wind that breaks out from the disk and expands
into the halo of the galaxy, sweeping gas and forming a hot
region that is usually detected in X-rays. The galactic wind
transports metals created in the disk and injects them into
the halo and the intergalactic medium (for a recent review
see, e.g., Veilleux et al. (2005)). The standard model for
the production of galactic winds was proposed long ago by
Chevalier & Clegg (1985): the combined effect of supernova
explosions and stellar winds creates a very hot bubble in the
star forming region (T ∼ 108 K). The internal pressure of
this gas is so high that it exceeds the gravitational binding
energy and the gas disrupts the disk, expanding adiabati-
cally through the halo and dragging with it fragments of the
cold matter that formed the disk. The wind sweeps the am-
bient gas creating a multi-phased bubble with cold, warm,
and hot components (Strickland et al. 2002).

Because of the existence of multiple shocks, a high-
metallicity environment, and a huge energy budget, star-
bursts are considered as sites of non-thermal particle ac-
celeration and high-energy radiation (Paglione et al. 1996;
Bykov 2001; Romero & Torres 2003; Domingo-Santamaŕıa &
Torres 2005; Rephaeli et al. 2010; Bykov 2014; Peretti et al.
2019). This has been confirmed by the gamma-ray detection
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of nearby starburst galaxies (Acero et al. 2009; Abdo et al.
2010; Ackermann et al. 2012; Ohm 2016).

The indication of a non-zero metallicity content in the
ultra high-energy cosmic ray spectrum also suggests nearby
starbursts as possible sites of cosmic ray acceleration up to
energy of around 1020 eV. This was first proposed by An-
chordoqui et al. (1999) and recently revisited by Anchordo-
qui (2018) and Romero et al. (2018). However, Romero et al.
(2018) have found that the conditions necessary to achieve
energies of ∼ 1020 eV in the hot wind region seem to be un-
physical and at odds with the observational data. Typical
velocities of the galactic winds are of the order of

vw∞ ≈
√

2Ė/Ṁ ∼ 103 km s−1, (1)

where Ė and Ṁ are the total energy released in the star-
burst region and the mass input, respectively. The magnetic
field in the halo of the galaxy NGC 253, a southern well-
known galaxy with star forming activity, has been deter-
mined through radio polarization observations by Heesen
et al. (2009) and is of the order of 5 µG. The average parti-
cle density in the galactic wind bubble of radius Rb ∼ 5 kpc
is nw ∼ 2× 10−3 cm−3 (Strickland et al. 2002). With such
parameters, diffusive shock acceleration yields maximum en-
ergies of ∼ 1016 and ∼ 5× 1017 eV for protons and iron nu-
clei, respectively (see Romero et al. (2018) for a detailed
discussion). Anchordoqui (2018) invokes higher values of the
magnetic field, of ∼ 300µG. With such a value the magnetic
energy density uB = B2/8π is∼ 4× 10−9 erg cm−3. But the
ram pressure of the gas is ug ≈ nw mp v

2
w ∼ 10−11 erg cm−3,
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2 Müller, Romero & Roth

so the magnetization parameter results:

β =
uB

ug
>> 1. (2)

Therefore the medium is mechanically incompressible and
the shock cannot exist under such conditions.

One way around this situation is to invoke magnetic
field amplification in the presence of shocks. This is known to
operate in galactic supernova remnants (Bamba et al. 2003;
Vink & Laming 2003). It has been suggested that the mech-
anism responsible for this amplification is the non-resonant
hybrid (NRH) instability (also known as the Bell instability,
Bell (2004)). In the non-linear regime this effect can produce
an amplification of up to two orders of magnitude of the field
in regions of originally low magnetization (Matthews et al.
2017). If there are high-density regions in the wind, in such
a way that the ram pressure of the gas be several orders of
magnitude larger than the average, then amplification from
the initial few µG field to values close to 1 mG might occur.
A natural site to explore this possibility is in the bowshocks
formed around dense inhomogeneities in the halo.

In this paper we study particle acceleration in the bow-
shocks formed by the galactic wind of a standard starburst
around clouds in the halo. These clouds are fragments of
the disk that are dragged by the outflow. In the next section
we discuss the scenario in more detail. Some preliminary re-
sults were shown by Romero & Müller (2019). Here we shall
show that although ultra high-energies are not reached, these
bowshocks inject a considerable amount of cosmic rays up to
∼ 1017 eV and produce X-ray and γ-emission that could be
detectable. In Section 3 we present the physics of the wind-
cloud interaction and estimate different relevant timescales.
Section 4 is devoted to the estimate of the particle accelera-
tion, different losses, and the resulting particle distributions.
The radiation produced by these non-thermal particles is
computed and shown in Section 5. Section 6 presents a dis-
cussion of our results and their implications. We close with
a summary and some brief conclusions in Section 7.

2 ORIGIN OF THE CLOUDS IN THE HALO
OF STARBURSTS

The development of a galactic wind powered by a central re-
gion with a high star formation rate has been modeled both
analytically and through numerical simulations (Chevalier &
Clegg 1985; Strickland & Stevens 2000; Cooper et al. 2008).
The wind originates through many different hot bubbles in
the central starburst. These bubbles expand and merge lead-
ing to the formation of a large, very hot cavity that disrupts
the disk after ∼ 0.15 Myr (Cooper et al. 2008). The distri-
bution of gas in the disk is not homogeneous, so the disk un-
dergoes fragmentation and clumps are dragged with the out-
flow. The wind quickly reaches velocities of ∼ 103 km s−1,
exerting pressure onto the clouds and fragments, which are
accelerated along the flow lines. Since the velocity of the
flow is highly supersonic, bowshocks are formed around the
different clouds. The overall picture is depicted in Fig. 1.

The 3D simulations by Cooper et al. (2008) show how
as time goes by clouds are ablated by the wind and the
gas forms filamentary-like structures consisting of a stream
of colder material (see their Fig. 13, in particular the right
panel, which corresponds to an evolution of 2 Myr).
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Figure 1. Scheme of starbursts hot wind interacting with several

clouds in the halo (not to scale). Based on Cooper et al. (2008).

The acceleration of a cloud by the wind is, roughly,

aac ≈ ξ
(
nw

nc

)
v2

w

Rc
. (3)

Here ξ ∼ 1 is the dragging coefficient, Rc is the radius
of the cloud, and nc is the density of the cloud. A cloud
of Rc = 5 pc and average density of nc = 100 cm−3, im-
mersed in a wind with vw = 2000 km s−1 and average num-
ber density nw = 10−3 cm−3, would have an acceleration
aac ∼ 10−13 km s−2. Such acceleration indicates that, in
general, clouds will only reach modest velocities during the
existence of the starburst episode (a few Myr).

This estimate does not take into account the details of
the hydrodynamics, the ablation of the cloud, the effects
of shocks, etc. But the result shows that, in general, the
wind will move at highly supersonic velocity with respect to
the cloud and bowshocks will be formed around clouds at
different stages of the evolution of the starburst.

3 CLOUD-WIND INTERACTIONS IN
STARBURSTS

The interaction of a cloud with a hot wind has been in-
vestigated by many authors. Klein et al. (1994) identify
four evolutionary phases in the interaction. First, when the
cloud is reached by the wind, a system of two shocks is
formed: one shock moves through the cloud and the other
propagates backwards through the wind. A bowshock then
appears around the cloud, with a contact discontinuity lo-
cated at a minimum distance (at the bowshock apex) of
x ∼ 0.2Rc (van Dyke & Gordon 1959). The compressed gas
of the wind flows inside this region with a velocity vconv trig-
gering Kelvin-Helmholtz (KH) instabilities. Frontal pressure
on the cloud can result in Rayleigh-Taylor (RT) instabilities.
The impact of the shock on the rear part of the cloud pro-
duces a turbulent rarefaction that forms a tail of gas. In the
last phase the cloud fragments and is destroyed by the insta-
bilities. The different elements described are schematically
represented in Fig. 2.

Different timescales are associated with the cloud-wind
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Figure 2. Schematic diagram of the bowshock around a cloud
immersed in the starbursts hot wind (not to scale).

interaction. The cloud-crushing time is defined as (Klein
et al. 1994):

tcrush ≈
Rc

vsc
≈ Rc

vw

√
nc

nw
, (4)

where vsc is the velocity of the shock-in-the-cloud.
Then, we have the timescales for the KH and RT insta-

bilities, given by:

tKH =
Rc(nc + nw)

(vw − vc)(ncnw)1/2
, (5)

and

tRT =

√
Rc

ac
≈ Rc

vw

√
nc

nw
. (6)

In these expressions we have considered the instability
length as of the order of the radius of the cloud.

Numerical simulations in 2 and 3D clearly show that the
ablation process of the cloud is strongly dependent on the
morphology and density of the cloud, the efficiency of radia-
tive cooling, and the presence of magnetic fields (Xu & Stone
1995; Gregori et al. 2000; Shin et al. 2008; Cooper et al. 2009;
McCourt et al. 2015; Sparre et al. 2019). Fractal clouds dis-
rupt much faster than spherical ones (Cooper et al. 2009).
The presence of a significant magnetic field tends to make
the cloud more resistant and cohesive (McCourt et al. 2015).
Radiative cooling plays also an important role in the survival
of the cloud. An adiabatic cloud inflates as a consequence of
the injection of energy. This increases its radius and aggra-
vates the effects of the different instabilities. In an adiabatic
cloud the material starts to be ablated almost immediately;
instead when all the injected heat is radiated away, the abla-
tion is significantly delayed (Cooper et al. 2009). A radiative
cloud also remains cold, conversely to adiabatic ones which
reach temperatures up to 106 K.

The thermal cooling time for the cloud is:

tΛ =
RΛ

vsc
, (7)

where RΛ is the cooling length given by (McCray & Snow
1979):

RΛ =
1.90× 10−29 µ (vsc/km s−1)3

(n/cm−3) (Λ(T )/erg cm3 s−1)
pc (8)

with T = 18.21µ

(
vsc

km s−1

)2

K. (9)

Here, µ is 0.6 if the material is ionized or 1.3 if it is neutral,
and Λ(T ) [erg cm3 s−1] is the cooling function (Wolfire et al.
2003; Raymond et al. 1976; Myasnikov et al. 1998):

Λ(T ) =


4× 10−29T 0.8 if 55 K ≤ T < 104 K
7× 10−27T if 104 K ≤ T < 105 K
7× 10−19T−0.6 if 105 K ≤ T < 4× 107 K
3× 10−27T 0.5 if T ≥ 4× 107 K

(10)

The relation between vw, vsw and vsc is given by (see,
e.g., Tenorio-Tagle 1981):

vsc = −4

3

1

1 +
√
nc/nw

vw, (11)

vsw =
4

3

1

1 +
√
nw/nc

vw. (12)

In these expressions we adopt a polytropic index γgas = 5/3
for monatomic gases.

Since the density contrast between wind and cloud is
of several orders of magnitude, the shock in the wind will
be fast and adiabatic, and a suitable site for diffusive shock
acceleration (DSA) of charged particles. Whether the shock
in the cloud is capable of such acceleration will depend on
the radiative cooling: strong radiative cooling significantly
increases the entropy of the gas and destroys the inhomo-
geneities in the magnetic field that scatter the particles
across the shock.

In order to make quantitative estimates, we will cal-
culate two different models. Model M1 consists of a small
cloud of spherical shape with radius Rc = 5 pc and density
nc = 102 cm−3. Model M2 is made up of a larger cloud with
Rc = 100 pc and average density nc = 10 cm−3. These den-
sities are typical of the disk of an average starburst. We have
chosen these values since they match those adopted in the
simulations by Cooper et al. (2009) (M1) and Sparre et al.
(2019) (M2)1. They are typical of a small and a large cloud
produced in the disk fragmentation. In both cases the wind
velocity is taken as vw = 1000 km s−1 and its number den-
sity nw = 10−2 cm−3, according to the mentioned simula-
tions. Regarding the magnetization, the field is fixed in such
a way that the magnetization parameter is β = 0.9, both

1 Both works cited are 3D HD sets of simulations of clouds being

ablated by winds in a starburst context. The Sparre et al. (2019)’s
set is a state-of-the-art research that includes comparisons with

previous simulations, including those of Cooper et al. (2009). The

findings of this earlier work are confirmed by the newer, higher
resolution, simulations. Hence it is appropriate to adopt both sets

to characterize the HD of our two fiducial cloud models.

MNRAS 000, 1–8 (2019)
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Table 1. Parameters of the models. The magnetization β = 0.9

and the wind velocity vw = 1000 km s−1 are the same in both

cases.

Model Rc nw nc vsw vsc

[pc] [cm−3] [cm−3] [km s−1] [km s−1]

M1 5 0.01 100 1320 4.2
M2 100 0.01 10 1292 13.2

Table 2. Dynamical timescales calculated according to the for-

mulas given in the text.

Model tcrush tKH tRT tΛsc tΛsw

[Myr] [Myr] [Myr] [Myr] [Myr]

M1 0.37 0.49 0.37 1.15 × 10−3 64.78

M2 2.39 3.09 2.39 1.46 × 10−5 60.53

in the shocked cloud and in the shocked wind, as expected
if some efficient magnetic amplification mechanism operates
through instabilities in the shocked gas. This avoids the kind
of problems presented by the treatment performed by An-
chordoqui (2018) (because we have β < 1), but still allows
for significant magnetic field amplification from the value of
a few µG expected in the unshocked hot wind. We summa-
rize the parameters of the models in Table 1.

The small shock velocities in the cloud clearly indicate
that the shocks are radiative and inefficient for particle ac-
celeration. DSA only can occur in the reverse shocks in the
wind. The magnetic field in the acceleration region is:

uB = 0.9ug

B2
sw

8π
= 0.9

3

2
Pram = 0.9

9

8
nwmp v

2
sw

Bsw =

√
81

10
π nwmp vsw. (13)

This yields a magnetic field of Bsw ∼ 86µG for M1 and
Bsw ∼ 84µG for M2.

In what follows we investigate the acceleration and ra-
diation of particles in the reverse shock in the galactic wind
around the clouds characterized by models M1 and M2. The
different dynamical timescales are presented in Table 2. It
can be seen that the shocks in the cloud are fully radiative
and that the dynamical lifetime of the cloud is set by the
cloud-crushing time for both models.

4 PARTICLE ACCELERATION, LOSSES, AND
DIFFUSION

Charged particles can be accelerated in the reverse shock in
the wind by DSA. This kind of situation has been studied by
several authors, although never in the present context (see,
e.g., Araudo et al. 2009, 2010; del Valle & Romero 2012; del
Valle et al. 2018; del Valle & Pohl 2018; del Palacio et al.
2018).

The acceleration region has a size x (see Fig. 1). The
Hillas criterion imposes an absolute upper limit to the energy

that particles can achieve:

Emax = 1015Z

(
x

pc

)(
B

µG

)
eV, (14)

where Z is the atomic charge number. We obtain the follow-
ing results for protons and iron nuclei in the models consid-
ered here (Table 1):

Model M1:

Ep
max = 8.6× 1016 eV protons (15)

EFe
max = 2.2× 1018 eV iron nuclei (16)

Model M2:

Ep
max = 1.7× 1018 eV protons (17)

EFe
max = 4.4× 1019 eV iron nuclei (18)

Radiative and spatial losses will further restrict the
maximum energy of the particles. Protons, in this scenario,
will be affected by convection from the acceleration region by
the wind. The timescale of this process is tconv ≈ 4Rc/vsw.
Then,

tM1
conv ∼ 4.7× 1011 s ∼ 1.5× 10−2 Myr (19)

tM2
conv ∼ 9.5× 1012 s ∼ 0.30 Myr (20)

Diffusion of protons both upstream and downstream can
also be important. For the acceleration the Bohm diffusion
is a good approximation. The diffusion timescale in Bohm’s
regimen is:

tdiff,Bohm ∼ 1013

(
Rc

pc

)2(
B

µG

)(
E

GeV

)−1

s. (21)

Then,

tM1
diff,Bohm ∼ 6.8× 102

(
E

GeV

)−1

Myr (22)

tM2
diff,Bohm ∼ 2.7× 105

(
E

GeV

)−1

Myr (23)

The acceleration rate by DSA in the test particle limit
is given by:

dE

dt
=

3

20
e cZ

(
D

DB

)−1 (vsw

c

)2

B, (24)

where D is the diffusion coefficient in the shocked wind re-
gion in Bohm units: DB = c rL/3. The acceleration timescale
is (Romero et al. 2018):

tacc ≈ 2.1 Z−1

(
D

DB

)
×
( vsw

1000 km s−1

)−2
(
B

µG

)−1(
E

GeV

)
yr.

(25)

With the assumed amplified magnetic field of 86µG for M1
and 84µG for M2 this becomes:

tM1
acc ≈ 2.46× 10−8 Z−1

(
E

GeV

)
Myr (26)

tM2
acc ≈ 2.52× 10−8 Z−1

(
E

GeV

)
Myr. (27)

Radiative losses for protons are negligible during the
acceleration, so their maximum energy will be determined

MNRAS 000, 1–8 (2019)



High-energy processes in starburst-driven winds 5

by the removal of particles caused by diffusion (see Fig. 3).
Then, matching Eqs. (26) and (27) with Eqs. (22) and (23),
we find:

Model M1:

Ep
max = 1.7× 1014 eV protons (28)

EFe
max = 4.3× 1015 eV iron nuclei (29)

Model M2:

Ep
max = 3.3× 1015 eV protons (30)

EFe
max = 8.6× 1016 eV iron nuclei (31)

These values are much more modest than the maximum ones
allowed by Hillas criterion (Eqs.(15) – (18)). They show that
ultra-high energy cosmic rays cannot be produced in the
scenario discussed here.

The radiative losses for electrons include synchrotron
radiation, relativistic Bremsstrahlung, and inverse Comp-
ton scattering of CMB and IR photons. In the case of the
IR emission, we assume its luminosity has a typical value of
1010.5 L� and it is produced by a blackbody whose temper-
ature is 40 K. The energy density of the IR radiation field
decreases with the square of the distance from the galac-
tic plane (Lacki & Thompson 2013). Since larger clouds
are expected to exist closer to the disk, we adopt a dis-
tance of 500 pc for M2 and 1 kpc for M1. Expressions for
the calculation of these losses in the present setting are
given by Romero et al. (2018). The maximum energy for
electrons will be defined in M1 by the synchrotron emis-
sion (see Fig. 4, left panel). The cooling timescales for syn-
chrotron and IC with the IR photons are similar for M2
(see Fig. 4, right panel), thus the maximum energy is given
by t−1

acc ≈ t−1
synchr + t−1

IC ≈ 2 t−1
synchr. Then, the values obtained

are Ee
max = 6.7× 1012 eV for M1 and Ee

max = 4.9× 1012 eV
for M2.

5 RADIATION

In order to estimate the radiation from the particles accel-
erated in the bowshock, we first calculate the distribution in
energy of both electrons and protons solving the transport
equation:

∂Ne,p(E, t)

∂t
+
∂[b(E)Ne,p(E, t)]

∂E
+
Ne,p(E, t)

tesc
= Q(E). (32)

Here Q(E) is the injection term (a power law with in-
dex close to −2), b(E) = Ė represents the sum of
all the different radiative losses, and tesc is the escape
time, which is contributed by the convection and dif-
fusion timescales defined before. The kinetic power of
the adiabatic shock is Lkin ≈ (1/2)nw mp v

3
sw Ashock, where

Ashock is the surface area of the shock (Lehnert et al.
1999). We assume that the curvature of the bowshock
is negligible along a quarter of the surface area of the
sphere of radius Rc + x centered in the cloud, therefore
Ashock = 2π (Rc + x)2. We get LM1

kin ∼ 4.83× 1037 erg s−1

for model M1 and LM2
kin ∼ 1.55× 1040 erg s−1 for model M2.

We compute two cases: one where 10% of this power goes to
relativistic particles and is equally distributed among pro-
tons and electrons (Lp/Le = 1). The other case is where
the power goes more efficiently to protons, with a ratio of

proton to electron power of 100 (Lp/Le = 100). The result-
ing spectral energy distributions (SED) are shown in Figs. 5
and 6. We also include the thermal Bremsstrahlung from the
shocked wind material at the bowshock. The IC upscatter-
ing of this radiation field is not calculated because its energy
density is much smaller than the energy density of the IR
or CMB photons. The thermal radiation from the cloud is
neglected considering that the initial temperature is at most
of 104 K (Marcolini et al. 2005) and the shock propagating
through the cloud is too slow to heat it up.

We find that in the case of equal share of energy be-
tween electrons and protons, IC dominates at high energies.
If hadrons are favored, as in Galactic cosmic rays, then the
pp → pp + π0 channel produces the bulk of high-energy ra-
diation. For small clouds, the absolute maximum of the lu-
minosity predicted by model M1 is ∼ 7× 1034 erg s−1 and
it is reached at optical wavelengths, whereas the maximum
in the γ-ray band has a value of ∼ 1034 erg s−1. On the
other hand, Fig. 6 shows that big clouds produce higher lu-
minosities. The maximum value, ∼ 1037 erg s−1 is achieved
between radio and optical wavelengths, as well as in hard
X-rays and soft γ-rays. We will discuss the detection possi-
bilities in the following section.

6 DISCUSSION

The luminosities caused by a single M1-like event are too
low to be detected by current instrumental facilities, even for
NCG 253 or M82, the nearest starburst galaxies. Although
clumps inside superwinds have been observed and cloud-
wind interaction models explain successfully the measured
soft X-rays, as well as the optical emission and absorption
lines, the total number of clouds inside superwinds is not
well known. The velocities inferred from optical and ultra-
violet lines cannot be associated to single clouds. Further-
more, the simulations indicate that multiple small embedded
clouds are expected, but the constraints imposed by cell res-
olution problems do not allow to obtain reliable estimates
of the number of objects (Suchkov et al. 1994; Strickland
& Stevens 2000; Cooper et al. 2009). The interaction of the
denser material that forms the clouds with the more diffuse
hot wind gas of the starburst is thought to give rise to O iv
emission and absorption in the far ultraviolet (FUV). The
O iv absorption lines are then a good tracer of the embedded
clouds. Marcolini et al. (2005) developed a series of simula-
tions and concluded that to achieve the observational O iv
absorption densities, ∼ 10 − 30 clouds with radii between
15 and 45 pc in the line of sight are needed. If we assume
a typical superwind bubble radius of 5 kpc and clouds ho-
mogeneously distributed, we can roughly estimate that at
least 9 clouds per kpc3 should exist. This means, altogether,
∼ 5000 clouds. As a consequence, it would be possible to
detect the integrated luminosity produced by a cluster of
∼ 100 M1 clouds (Rc = 5 pc) at soft X-ray energies. We
also calculate the SED for a cloud under the conditions of
Marcolini et al. (2005) T1HP model2. A bunch of 10 of these

2 We do not include those plots here because the shape of the

SED is quite similar to that of our model M2, just with the lumi-

nosities 2 orders of magnitude smaller.

MNRAS 000, 1–8 (2019)



6 Müller, Romero & Roth

105

107

109

1011

1013

1015

1017

1019

109 1010 1011 1012 1013 1014 1015 1016 1017

Ti
m

e 
[s

]

Energy [eV]

tacc
tpp

tdiff
tconv

τ

105

107

109

1011

1013

1015

1017

1019

109 1010 1011 1012 1013 1014 1015 1016 1017

Ti
m

e 
[s

]

Energy [eV]

tacc
tpp

tdiff
tconv

τ

Figure 3. Acceleration and cooling timescales for the protons in both models. On the left we show the case of the small cloud M1, and

on the right the results for the massive M2 cloud. τ is the dominant dynamical timescale of the systems.
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Figure 4. Acceleration and cooling timescales for the electrons in both models. On the left we show the case of the small cloud M1, and
on the right the results for the massive M2 cloud. τ is the dominant dynamical timescale of the systems.
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Figure 5. Spectral energy distribution for the model M1. The left panel shows the SED obtained with equipartition of energy between
accelerated electrons and protons (Lp/Le = 1). The right panel shows the SED assuming 100 times the energy in electrons to accelerated

protons (Lp/Le = 100).
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Figure 6. Spectral energy distribution for the model M2. The left panel shows the SED obtained with equipartition of energy between

accelerated electrons and protons (Lp/Le = 1). The right panel shows the SED assuming 100 times the energy in electrons to accelerated
protons (Lp/Le = 100). The solid lines represent the sensitivity curves of Chandra, XMM-Newton and NuStar for an object at the

distance of NGC 253 or M82.

15-pc clouds could also produce detectable soft X-ray radi-
ation. Regions with multiple small clouds could be created
by the fragmentation of larger clouds.

On the other hand, it is not expected to have many
M2-like events. As we mentioned in the previous section,
the SED for model M2 reaches its maximum at γ-ray ener-
gies. The typical γ-luminosities for nearby starbursts vary
from 6× 1039 to 1.5× 1040 erg s−1 (Ackermann et al. 2012;
Acero et al. 2015) and the current resolution of the γ-ray
observatories makes it impossible to distinguish the radia-
tion from a single M2 cloud from the total γ-emission. One
of these events could contribute up to ∼ 1% to the total
observed γ-radiation. In the same way, if we assume that we
have 5000 M1 events, the contribution of the sum of all these
events is less than ∼ 1% to the total luminosity of a star-
burst galaxy. Assuming 5000 clouds of 15-pc radius (Mar-
colini et al. (2005) model), the γ-ray flux could increase up
to ∼ 10%. Resolving a single M2-like event will be possible
in the future using the forthcoming CTA observatory by an
observation of more than 50 hours in the case of nearby star-
burst galaxies (for the sensitivity of CTA see Hassan et al.
(2017)).

The soft X-ray radiation produced in the M2 scenario
with electron-proton equipartition is large enough to be de-
tected by XMM-Newton and Chandra (see Fig. 6, left panel)
in a galaxy at the distance of NGC 253 or M82 (∼ 3 Mpc, see
Dalcanton et al. 2009). If the acceleration of hadrons were
preferred, the bowshock thermal Bremsstrahlung could also
allow the detection with these satellites. Some of the point-
like sources already observed in NGC 253 (Strickland et al.
2002; Bauer et al. 2008; Wik et al. 2014) could actually be
associated with the radiation from bowshocks around large
clouds or cluster of smaller clouds. Other candidates are X-
ray binaries expelled from the galactic disk. The spectra
provided in our work, which are quite different from those
of accreting binaries either in the low-hard or the high-soft
states, can be used as templates to investigate the nature
of individual sources in nearby starbursts such as NGC253
and M82.

The diffuse X-ray halo emission of NGC 253 can be well
fitted by two thermal plasma models or a thermal plasma

plus a power law. This ambiguity has been discussed by sev-
eral authors (see for e.g, Strickland et al. 2002; Bauer et al.
2008, and references therein), but not solved yet. Our pre-
dictions show that small unresolved clouds could contribute
to the non-thermal component of this diffuse emission.

7 SUMMARY AND CONCLUSIONS

In this work we have analyzed the acceleration of particles at
bowshocks generated around clouds embedded in the hot su-
perwind of starburst galaxies. During recent years starbursts
were pointed out as good candidates for sources of ultra
high-energy cosmic rays, on the grounds of their astrophysi-
cal conditions. Starburst episodes release not only abundant
nuclei heavier than protons, but also a great amount of en-
ergy into the galactic halo. Some of these particles can be-
come relativistic in large scale shocks. This is supported by
the observed high-energy emission associated with nearby
galaxies.

We presented the results of two models, whose parame-
ters were chosen to agree with previous simulations (Cooper
et al. 2009; Sparre et al. 2019). We assumed local mag-
netic field amplification and diffusive shock acceleration in
bowshocks embedded in the superwind. Although the set
of parameters adopted in our individual models are on the
extremes of the full range of physical possibilities, namely
small and large clouds, we have sensibly extrapolated the
results towards the effects of several large clouds, which are
expected to dominate the non-thermal emission.

We found that the losses suffered by the relativistic
hadrons are dominated by non-radiative processes. Since
superwinds seem not to be too dense, those particle could
propagate and be reaccelerated in other sites, reaching even
higher energies. This possibility will be explored in a future
work.

On the other hand, the high-energy electrons cool down
locally due to synchrotron and IC scattering with the IR
photon field originated in the starburst region. If the energy
injected into hadrons does not exceed excessively the energy
that goes to electrons, the radiation produced by a bowshock
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around a large cloud could be detected at X-ray energies
by XMM-Newton or Chandra satellites. This astrophysical
situation could actually correspond to some of the point-like
X-ray sources observed in NGC 253 and M 82.

The γ-emission caused by a single large cloud might be
detected by CTA in the future, according to our calcula-
tions. In the case of small clouds, we conclude that their ra-
diation can only contribute to the diffuse X-ray emission ob-
served in the superwind. Nevertheless, the number of small
clouds is expected to be quite large and multiple simulta-
neous events are expected from the fragmentation of bigger
clouds. Therefore clumps of tens or hundreds of clouds with
radii of 5− 15 pc could be detected in the X-ray band above
the diffuse background.
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Domingo-Santamaŕıa E., Torres D. F., 2005, A&A, 444, 403

Gregori G., Miniati F., Ryu D., Jones T. W., 2000, ApJ, 543, 775
Hassan T., et al., 2017, Astroparticle Physics, 93, 76

Heesen V., Krause M., Beck R., Dettmar R.-J., 2009, A&A, 506,

1123
Klein R. I., McKee C. F., Colella P., 1994, ApJ, 420, 213

Lacki B. C., Thompson T. A., 2013, ApJ, 762, 29

Lehnert M. D., Heckman T. M., Weaver K. A., 1999, ApJ, 523,
575

Marcolini A., Strickland D. K., D’Ercole A., Heckman T. M.,

Hoopes C. G., 2005, MNRAS, 362, 626
Matthews J. H., Bell A. R., Blundell K. M., Araudo A. T., 2017,

MNRAS, 469, 1849
McCourt M., O’Leary R. M., Madigan A.-M., Quataert E., 2015,

MNRAS, 449, 2

McCray R., Snow Jr. T. P., 1979, ARA&A, 17, 213
Myasnikov A. V., Zhekov S. A., Belov N. A., 1998, MNRAS, 298,

1021

Ohm S., 2016, Comptes Rendus Physique, 17, 585
Paglione T. A. D., Marscher A. P., Jackson J. M., Bertsch D. L.,

1996, ApJ, 460, 295

Peretti E., Blasi P., Aharonian F., Morlino G., 2019, MNRAS,
487, 168

Raymond J. C., Cox D. P., Smith B. W., 1976, ApJ, 204, 290

Rephaeli Y., Arieli Y., Persic M., 2010, MNRAS, 401, 473
Romero G. E., Müller A. L., 2019, Gamma Rays from Large-Scale

Outflows in Starburst Galaxies (arXiv:1912.07969)

Romero G. E., Torres D. F., 2003, ApJ, 586, L33
Romero G. E., Müller A. L., Roth M., 2018, A&A, 616, A57

Shin M.-S., Stone J. M., Snyder G. F., 2008, ApJ, 680, 336
Sparre M., Pfrommer C., Vogelsberger M., 2019, MNRAS, 482,

5401

Strickland D. K., Stevens I. R., 2000, MNRAS, 314, 511
Strickland D. K., Heckman T. M., Weaver K. A., Hoopes C. G.,

Dahlem M., 2002, ApJ, 568, 689

Suchkov A. A., Balsara D. S., Heckman T. M., Leitherer C., 1994,
ApJ, 430, 511

Tenorio-Tagle G., 1981, A&A, 94, 338

Veilleux S., Cecil G., Bland-Hawthorn J., 2005, ARA&A, 43, 769
Vink J., Laming J. M., 2003, ApJ, 584, 758

Wik D. R., et al., 2014, ApJ, 797, 79

Wolfire M. G., McKee C. F., Hollenbach D., Tielens A. G. G. M.,
2003, ApJ, 587, 278

Xu J., Stone J. M., 1995, ApJ, 454, 172
del Palacio S., Bosch-Ramon V., Müller A. L., Romero G. E.,

2018, A&A, 617, A13

del Valle M. V., Pohl M., 2018, ApJ, 864, 19
del Valle M. V., Romero G. E., 2012, A&A, 543, A56

del Valle M. V., Müller A. L., Romero G. E., 2018, MNRAS, 475,

4298
van Dyke M. D., Gordon H. D., 1959, Technical report, Supersonic

Flow past a Family of Blunt Axisymmetric Bodies. NASA

Ames Research Center

This paper has been typeset from a TEX/LATEX file prepared by
the author.

MNRAS 000, 1–8 (2019)

http://dx.doi.org/10.1088/2041-8205/709/2/L152
http://adsabs.harvard.edu/abs/2010ApJ...709L.152A
http://dx.doi.org/10.1126/science.1178826
http://adsabs.harvard.edu/abs/2009Sci...326.1080A
http://dx.doi.org/10.1088/0067-0049/218/2/23
http://adsabs.harvard.edu/abs/2015ApJS..218...23A
http://dx.doi.org/10.1088/0004-637X/755/2/164
http://adsabs.harvard.edu/abs/2012ApJ...755..164A
http://dx.doi.org/10.1103/PhysRevD.97.063010
http://adsabs.harvard.edu/abs/2018PhRvD..97f3010A
http://dx.doi.org/10.1103/PhysRevD.60.103001
http://dx.doi.org/10.1103/PhysRevD.60.103001
http://adsabs.harvard.edu/abs/1999PhRvD..60j3001A
http://dx.doi.org/10.1051/0004-6361/200811519
http://dx.doi.org/10.1051/0004-6361/201014660
http://dx.doi.org/10.1086/374687
http://adsabs.harvard.edu/abs/2003ApJ...589..827B
http://adsabs.harvard.edu/abs/2003ApJ...589..827B
http://dx.doi.org/10.1051/0004-6361:20078935
https://ui.adsabs.harvard.edu/abs/2008A%26A...489.1029B
http://dx.doi.org/10.1111/j.1365-2966.2004.08097.x
http://adsabs.harvard.edu/abs/2004MNRAS.353..550B
http://adsabs.harvard.edu/abs/2001SSRv...99..317B
http://dx.doi.org/10.1007/s00159-014-0077-8
http://adsabs.harvard.edu/abs/2014A%26ARv..22...77B
http://dx.doi.org/10.1038/317044a0
http://adsabs.harvard.edu/abs/1985Natur.317...44C
http://dx.doi.org/10.1086/524918
http://adsabs.harvard.edu/abs/2008ApJ...674..157C
http://dx.doi.org/10.1088/0004-637X/703/1/330
http://adsabs.harvard.edu/abs/2009ApJ...703..330C
http://dx.doi.org/10.1088/0067-0049/183/1/67
https://ui.adsabs.harvard.edu/abs/2009ApJS..183...67D
http://dx.doi.org/10.1051/0004-6361:20053613
http://adsabs.harvard.edu/abs/2005A%26A...444..403D
http://dx.doi.org/10.1086/317130
http://adsabs.harvard.edu/abs/2000ApJ...543..775G
http://dx.doi.org/10.1016/j.astropartphys.2017.05.001
https://ui.adsabs.harvard.edu/abs/2017APh....93...76H
http://dx.doi.org/10.1051/0004-6361/200911698
http://adsabs.harvard.edu/abs/2009A%26A...506.1123H
http://adsabs.harvard.edu/abs/2009A%26A...506.1123H
http://dx.doi.org/10.1086/173554
http://adsabs.harvard.edu/abs/1994ApJ...420..213K
http://dx.doi.org/10.1088/0004-637X/762/1/29
http://adsabs.harvard.edu/abs/2013ApJ...762...29L
http://dx.doi.org/10.1086/307762
https://ui.adsabs.harvard.edu/abs/1999ApJ...523..575L
https://ui.adsabs.harvard.edu/abs/1999ApJ...523..575L
http://dx.doi.org/10.1111/j.1365-2966.2005.09343.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362..626M
http://dx.doi.org/10.1093/mnras/stx905
http://adsabs.harvard.edu/abs/2017MNRAS.469.1849M
http://dx.doi.org/10.1093/mnras/stv355
http://adsabs.harvard.edu/abs/2015MNRAS.449....2M
http://dx.doi.org/10.1146/annurev.aa.17.090179.001241
http://adsabs.harvard.edu/abs/1979ARA%26A..17..213M
http://dx.doi.org/10.1046/j.1365-8711.1998.01666.x
http://adsabs.harvard.edu/abs/1998MNRAS.298.1021M
http://adsabs.harvard.edu/abs/1998MNRAS.298.1021M
http://dx.doi.org/10.1016/j.crhy.2016.04.003
http://adsabs.harvard.edu/abs/2016CRPhy..17..585O
http://dx.doi.org/10.1086/176969
http://adsabs.harvard.edu/abs/1996ApJ...460..295P
http://dx.doi.org/10.1093/mnras/stz1161
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487..168P
http://dx.doi.org/10.1086/154170
http://adsabs.harvard.edu/abs/1976ApJ...204..290R
http://dx.doi.org/10.1111/j.1365-2966.2009.15661.x
http://adsabs.harvard.edu/abs/2010MNRAS.401..473R
http://arxiv.org/abs/1912.07969
http://dx.doi.org/10.1086/374654
http://adsabs.harvard.edu/abs/2003ApJ...586L..33R
http://dx.doi.org/10.1051/0004-6361/201832666
http://adsabs.harvard.edu/abs/2018A%26A...616A..57R
http://dx.doi.org/10.1086/587775
http://adsabs.harvard.edu/abs/2008ApJ...680..336S
http://dx.doi.org/10.1093/mnras/sty3063
http://adsabs.harvard.edu/abs/2019MNRAS.482.5401S
http://adsabs.harvard.edu/abs/2019MNRAS.482.5401S
http://dx.doi.org/10.1046/j.1365-8711.2000.03391.x
http://adsabs.harvard.edu/abs/2000MNRAS.314..511S
http://dx.doi.org/10.1086/338889
http://adsabs.harvard.edu/abs/2002ApJ...568..689S
http://dx.doi.org/10.1086/174427
https://ui.adsabs.harvard.edu/abs/1994ApJ...430..511S
http://adsabs.harvard.edu/abs/1981A%26A....94..338T
http://dx.doi.org/10.1146/annurev.astro.43.072103.150610
http://adsabs.harvard.edu/abs/2005ARA%26A..43..769V
http://dx.doi.org/10.1086/345832
http://adsabs.harvard.edu/abs/2003ApJ...584..758V
http://dx.doi.org/10.1088/0004-637X/797/2/79
https://ui.adsabs.harvard.edu/abs/2014ApJ...797...79W
http://dx.doi.org/10.1086/368016
http://adsabs.harvard.edu/abs/2003ApJ...587..278W
http://dx.doi.org/10.1086/176475
http://adsabs.harvard.edu/abs/1995ApJ...454..172X
http://dx.doi.org/10.1051/0004-6361/201833321
http://adsabs.harvard.edu/abs/2018A%26A...617A..13D
http://dx.doi.org/10.3847/1538-4357/aad333
http://adsabs.harvard.edu/abs/2018ApJ...864...19D
http://dx.doi.org/10.1051/0004-6361/201218937
http://adsabs.harvard.edu/abs/2012A%26A...543A..56D
http://dx.doi.org/10.1093/mnras/stx2984
http://adsabs.harvard.edu/abs/2018MNRAS.475.4298D
http://adsabs.harvard.edu/abs/2018MNRAS.475.4298D

	1 Introduction
	2 Origin of the clouds in the halo of starbursts
	3 Cloud-wind interactions in starbursts
	4 Particle acceleration, losses, and diffusion
	5 Radiation
	6 Discussion
	7 Summary and conclusions

