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ABSTRACT

Context. There is a population of runaway stars that move at extremely high speeds with respect to their surroundings. The fast motion
and the stellar wind of these stars, plus the wind-medium interaction, can lead to particle acceleration and non-thermal radiation.
Aims. We characterise the interaction between the winds of fast runaway stars and their environment, in particular to establish their
potential as cosmic-ray accelerators and non-thermal emitters.
Methods. We model the hydrodynamics of the interaction between the stellar wind and the surrounding material. We self-consistently
calculate the injection and transport of relativistic particles in the bow shock using a multi-zone code, and compute their broadband
emission from radio to γ-rays.
Results. Both the forward and reverse shocks are favourable sites for particle acceleration, although the radiative efficiency of particles
is low and therefore the expected fluxes are in general rather faint.
Conclusions. We show that high-sensitivity observations in the radio band can be used to detect the non-thermal radiation associated
with bow shocks from hyper-velocity and semi-relativistic stars. Hyper-velocity stars are expected to be modest sources of sub-TeV
cosmic rays, accounting perhaps for ∼0.1% of that of galactic cosmic rays.
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1. Introduction

Massive stars have intense ultraviolet (UV) radiation fields that
accelerate the surface material, launching powerful supersonic
winds. These stellar winds interact with the interstellar medium
(ISM), generating two shock fronts: a forward shock (FS) that
propagates through the ISM and a reverse shock (RS) that
propagates through the stellar wind (Weaver et al. 1977). These
shocks are potential sites for non-thermal (NT) phenomena; they
have been detected on a few occasions (Prajapati et al. 2019;
Sánchez-Ayaso et al. 2018) and have been suggested to produce
galactic cosmic rays up to PeV energies (e.g. Aharonian et al.
2019; Morlino et al. 2021).

Stars that have a supersonic velocity with respect to the
local ISM are known as runaway stars. In this scenario, the
interaction region becomes bow-shaped (van Buren & McCray
1988), and thus the whole interaction structure is usually called
a bow shock (BS). The FS compresses and heats up dust and gas
that emit mostly infrared (IR) and optical radiation (Peri et al.
2012; Kobulnicky et al. 2016), but BSs can also accelerate par-
ticles up to relativistic energies via diffusive shock accelera-
tion (DSA). These particles, in turn, can interact with matter
and electromagnetic fields, producing broadband NT radiation
(as predicted by e.g. del Valle & Romero 2012; del Palacio et al.
2018; del Valle & Pohl 2018). Nonetheless, despite the fact
that more than 700 BSs have been catalogued NT emission
has been clearly detected only in one of them, BD+43◦3654
(Benaglia et al. 2010, 2021). We note that radio emission has
also been detected from the BS produced by the high-mass
X-ray binary Vela X-1, but in this case the nature (thermal

or NT) of the emission is still uncertain (van den Eijnden et al.
2022).

Hyper-velocity stars (HVSs) are the subclass of runaway
stars with velocities of hundreds to a few thousands km s−1

(Brown 2015). Recent observational campaigns have catalogued
hundreds of HVSs with the data provided by Gaia, and models
predict an ejection rate for HVSs of 10−4–10−5 yr−1 (Zhang et al.
2013). Massive stars are promissory NT sources given that they
are expected to develop strong BSs. The Hills mechanism (Hills
1988) explains the origin of HVSs via a three-body exchange
between a stellar binary and a supermassive black hole. The
black hole disrupts the binary, ejecting one of its components at
great velocities. The velocity of ejection depends on the super-
massive black hole mass and the total mass and semi-major axis
of the binary. Recently this mechanism gained great support by
the discovery of a ∼1700 km s−1 A-type star ejected from Sgr A∗
(Koposov et al. 2020).

Tutukov & Fedorova (2009) predicted a putative subclass of
HVSs with semi-relativistic velocities, called semi-relativistic
stars (SRSs). Numerical simulations support this prediction
(Loeb & Guillochon 2016), and according to Dremova et al.
(2017) a modified Hills mechanism can explain their origin. This
mechanism consists of the gravitational interaction of two super-
massive black holes that eject stars located in their central clus-
ters. This mechanism predicts velocities of tens of thousands of
km s−1, with the maximum speed of ejection of the SRSs being
determined by the mass of the secondary black hole and the mass
of the ejected star (e.g. Guillochon & Loeb 2015).

In this work, we aim to characterise the NT particle produc-
tion and associated emission spectra of BSs produced by massive
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Table 1. Parameters of the systems modelled.

Scenario

Parameter Symbol B0–0.5–d B1–1–h B1–1–d B1–1–mc B2–60–d

Peculiar velocity V? [km s−1] 500 1000 1000 1000 60 000
Ambient density nISM [cm−3] 10 0.1 10 100 10
Ambient mean molecular weight µISM 1.28 1.28 1.28 2.35 1.28
Ambient temperature TISM [K] 100 100 100 10 100
Spectral type B0 B1 B1 B1 B2
Wind velocity vw [km s−1] 1500 1200 1200 1200 1000
Wind mass-loss rate Ṁw [M� yr−1] 10−8 10−9 10−9 10−9 10−10

Stellar radius R? [R�] 5.5 4.8 4.8 4.8 4
Stellar temperature T? [kK] 29 25 25 25 20
Distance to BS apex R0 [AU] 792 1120 112 26.2 0.54

Notes. The values of vw and Ṁw are taken from Krtička (2014) and Kobulnicky et al. (2019), and R? and T? from Harmanec (1988). We assume
solar abundances.

stars that propagate with extreme velocities. In particular, we
focus on massive HVSs and a putative SRS.

The paper is organised as follows. In Sect. 2, we present a
multi-zone emission model that is suitable for extreme velocity
stars for which the FS is also relevant. We present and discuss
our results in Sect. 3, and finally, we conclude with a summary
of the main findings of our work in Sect. 4.

2. Model

2.1. Scenarios studied

We define the fiducial cases to study keeping a compromise
between the potential detectability of the sources and the fea-
sibility of finding such objects. Regarding the luminosity of a
BS produced by a massive star, the most important parameters
are those associated with the properties of the stellar wind, and
how they relate to the properties of the medium (del Palacio et al.
2018). We focus here particularly on massive stars in the main
sequence, as this is the evolutionary stage in which they spend
most of their life. These stars produce more powerful winds
(and therefore more luminous BSs) for younger spectral types,
although younger and more massive stars are less numerous
(Salpeter 1955). In addition to stellar mass dependence, the ener-
getics and radiation efficiency of the BS can also increase with
the stellar spatial velocity (Martínez et al. 2021).

Observations with the Gaia satellite have detected several
B-type stars with speeds over 100 km s−1, but not a substan-
tial quantity of O-type stars with those velocities (Kreuzer et al.
2020). According to Marchetti et al. (2019), the highest veloc-
ities found in HVSs are of the order of V? ∼ 10 000 km s−1,
although estimations above 1000 km s−1 are unreliable. Putting
everything together, we decided to study putative B0- and B1-
type HVSs with velocities between 500 and 1000 km s−1.

Within the scenarios of interest, we set the most promis-
sory and less common stellar spectral type (B0) for the most
conservative case, that is, a star with the lowest spatial veloc-
ity (500 km s−1) propagating through the Galactic disk (d). For
a B0 star, plausible wind parameters are Ṁw = 10−8 M� yr−1

and vw = 1500 km s−1 (Krtička 2014; Kobulnicky et al. 2019).
In addition, we consider HVSs with V? = 1000 km s−1, Ṁw =
10−9 M� yr−1, and vw = 1200 km s−1 propagating through three
different media: the Galactic disk, the Galactic halo (h), and
a molecular cloud (mc). This is motivated by the different

densities in each of these media, easily reached by the HVSs, and
the expectation that the FS is more luminous in a denser medium
(Martínez et al. 2021). Lastly, we consider a B2 SRS with a spa-
tial velocity of V? = 60 000 km s−1, Ṁw = 10−10 M� yr−1, and
vw = 1000 km s−1, a viable scenario according to Dremova et al.
(2017).

We summarise the characteristics of the selected sce-
narios in Table 1. Henceforth, we refer to the systems
studied as <spectral type> − <velocity of the star
[in units of 103 km s−1]> − <medium of propagation>.
For instance, B1–1–d represents a B1 star propagating at
1000 km s−1 through the Galactic disk.

2.2. Geometry

The BS forms as the result of the collision between the stel-
lar wind and the ISM material. The former can be modelled
as a spherical wind and the latter as a planar wind in the ref-
erence frame of the star. The FS propagates through the ISM
and the RS propagates through the stellar wind, both separated
by a contact discontinuity (CD). The shape of the CD is defined
by the condition that the total momentum flows tangential to the
shocked region, so that the flux of mass through the CD surface
is null (Wilkin 1996; Christie et al. 2016). Each system is then
divided into four regions: free-flowing stellar wind, unshocked
ISM, shocked ISM, and shocked stellar wind, as represented in
Fig. 1.

The DSA mechanism operates in strong and adiabatic
shocks. For massive stars, the RS always fulfils these con-
ditions given that radiative cooling is not efficient there
(del Valle & Romero 2012). The FS, on the other hand, is radia-
tive for typical runaway stars, but for the HVSs and SRSs con-
sidered in this work the FS is strong and adiabatic instead (see
Sect. 2.3). Thus, both the RS and the FS are promissory acceler-
ators of cosmic rays and are included in the model.

The closest position of the CD to the star, known as the stag-
nation point, is located along the axis of symmetry where the
total pressures of the ISM and the stellar wind cancel each other
out. The thermal pressure in both the ISM and the wind is negli-
gible. Thus, the ISM total pressure (PISM) is

PISM = ρISM V2
?, (1)

where ρISM is the density of the ISM. On the other hand, the total
pressure of the stellar wind is given in terms of the mass-loss
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Fig. 1. Sketch of the model considered. The position of the CD is represented by a black solid line, while the orange and blue regions represent the
FS and the RS, respectively. The solid lines with arrows represent different streamlines in each shock, injected in different positions separated by an
angle ∆θ. We also show the orientation of perpendicular and tangential vectors to the shocks in different positions, alongside uw and VISM = −V?,
and the angle α between them. Adapted from del Palacio et al. (2018).

rate, the distance to the star, and the velocity of the wind:

Pw =
Ṁwvw

4πR(θ)2 . (2)

Matching Eqs. (1) and (2), the stagnation point is located at

R0 =

[
Ṁwvw

4πρISMV2
?

]1/2

. (3)

As it will be shown in the forthcoming Sect. 3, in the case of
BSs from HVSs and SRSs, NT processes are relevant even at
distant regions from the apex. Thus, a one-zone model approx-
imation in which the emitter is considered homogeneous is not
appropriate if one aims at more detailed quantitative predictions.
Therefore, we adopt a multi-zone emission model based on the
one developed by del Palacio et al. (2018), with the major dif-
ference being the incorporation of the FS in the model. For this,
we follow an analogous approach as the one used for the RS
in del Palacio et al. (2018) with some small modifications in the
hydrodynamics.

Each shock in the BS is treated as a 2D structure. Neglecting
the width of the shocked gas layers, these are co-spatial with the
CD1. The shape of the CD is calculated using the formulae given
by Wilkin (1996). We assume that the shocked gas flows down-
stream at a fixed angle φ around the symmetry axis, dragging
away NT particles. We model the 2D structure as a sum of 1D
linear emitters embedded in the 3D physical space. For a given
angle φ there are several 1D emitters, each starting at a different
angle θ with respect to the symmetry axis where relativistic par-
ticles are injected, and consisting of multiple cells located along
the path of the 1D emitter on the CD. Particles enter in the BS
and are accelerated in the first cell of each 1D emitter, and then
they move to the following cells up to an angle θmax (Fig. 1).
All the 1D emitters at a certain angle φ are summed up, thereby
obtaining a 1D structure that contains all the relativistic parti-
cles along a shock at that particular angle. Finally, we rotate this

1 Figure 1 shows a shocked gas layer of non-zero width for illustrative
purposes only.

1D structure made of all the 1D emitters with the same φ value
around the symmetry axis to get the full 2D structure of the BS.
At last, we note that in all the scenarios we study, the stellar
velocity is significantly below the speed of light. Therefore, rela-
tivistic effects in the hydrodynamics, as well as in the calculation
of the NT particle distribution at each cell and the radiation they
produce (e.g. Doppler boosting), can be neglected.

2.3. Hydrodynamics

We introduce here the semi-analytical hydrodynamical model
used to characterise the properties of the shocked gas in the BS.
In del Palacio et al. (2018), Rankine-Hugoniot jump conditions
were assumed, which near the apex yields correct values up to
first order. Here, we adopt a more consistent approach that is
suitable to model both the RS and the FS up to distant regions
from the BS apex. Firstly, we assume that the total pressure at R0
is the ambient total pressure. Secondly, we consider Bernoulli’s
equation across the shock:

1
2
v2

u +

(
γad

γad − 1

)
Pth,u(θ)
ρu(θ)

=
1
2
v(θ)2 +

(
γad

γad − 1

)
Pth(θ)
ρ(θ)

, (4)

where we labelled the upstream region with the subscript u.
Given that R0 � R? for the scenarios considered here (Table 1),
we adopt vw = v∞. Then, vu is equal to v∞ in the RS, and equal to
V? in the FS. Moreover, we neglect the thermal pressure in the
upstream region when compared to the ram (kinetic) pressure,
since Pth,u � Pram,u ∝ v2

u. The incoming stellar wind and ISM
impact perpendicularly to the BS apex, where the fluid halts.
Hereafter, we represent quantities at the stagnation point (θ = 0)
with a subscript 0. Using Eq. (4), we determine the density at the
stagnation point as

ρ0 =

(
γad

γad − 1

)
2Pth0

v2
u

= 5
Pth0

v2
u

= 5ρu, (5)

assuming that the fluid behaves like an ideal gas with adiabatic
coefficient γad = 5/3.

We assume that the shocked gas moves parallel to the
CD. In the regions where the shocked fluid is subsonic, the
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flux of momentum that crosses the shock perpendicularly heats
the downstream material, converting the total pressure in the
upstream into thermal pressure in the downstream. We can thus
calculate the total pressure at each point as

P(θ) = Pth(θ) = ρu(θ)vuvu⊥(θ). (6)

On the other hand, if the fluid becomes supersonic at an angle
θc, we consider that only the momentum density component
perpendicular to the BS that crosses the BS also perpendicu-
larly is converted to thermal energy. This two-region approach
requires adopting a soft transition of the thermodynamic quanti-
ties between both regimes. We thus adopt a prescription for the
total pressure for θ > θc of the form

P(θ) = Pth(θ) = ρu(θ)
(

vu

vu⊥(θc)

)
vu⊥(θ)2. (7)

We can then calculate the density using the politropic relation:

ρ(θ) = ρ0

(
P(θ)
P0

)1/γad

. (8)

However, at large values of θ this underestimates the fluid den-
sity, so we impose the condition ρ(θ) ≥ ρmin(θ), where ρmin is
defined as

ρmin(θ) =

ρu FS(
4π

Ω(π−θ) − 1
)
ρu RS,

(9)

with Ω(x) = 2π (1 − cos (x)), which takes into account the frac-
tion of stellar wind accumulated in the RS up to an angle θ. To
derive these expressions we have assumed that the shocked flow
behaves as only one stream line that at each location adapts to
the impact of the incoming upstream material, having homoge-
neous conditions in the direction perpendicular to the CD. This
approximation is valid in the subsonic region, although it weak-
ens in the supersonic region as the shocked flow is not causally
connected along the CD.

The assumption of a laminar flow requires the suppression
of dynamical instabilities, such as Rayleigh-Taylor (triggered
by density differences across the CD) and Kelvin-Helmholtz
instabilities (triggered by tangential velocity differences across
the CD). Such instabilities can arise in stellar BSs, especially
when the ambient medium is dense (e.g. Comeron & Kaper
1998; Meyer et al. 2016), although a high stellar velocity
inhibits their appearance up to θ & 135◦ (Comeron & Kaper
1998; Christie et al. 2016). Neglecting instabilities is fur-
ther justified in the presence of adiabatic shocks (e.g.
Falceta-Gonçalves & Abraham 2012), as it is the case in the con-
text of HVSs and SRSs.

A shock is considered adiabatic when the gas escapes from
the shock region before it cools significantly. This condition can
be expressed as tth/tconv & 1, with

tth(θ) =
kB µu mp T
ζ(θ) ρu λ(T )

, (10)

where the function λ(T ) depends on the temperature of the
shock (Myasnikov et al. 1998), and mp is the proton mass.
For the convection timescale we use the expression given in
del Palacio et al. (2018), tconv = R(θ)/v‖(θ). In Fig. 2 we show the
logarithm of the ratio tth/tconv as a function of the angle θ for the
FSs. This ratio increases with θ up to θ ∼ 45◦ in the HVSs and up
to θ ∼ 70◦ in the SRS as the fluid accelerates. After this, the ratio
slowly decreases as tconv ∝ R(θ) increases. As a result, the FS is
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Fig. 2. Logarithm of the ratio tth/tconv for the different FSs studied
in this work. For reference, we plot a black dotted horizontal line at
zero (where tth = tconv); curves above this line corresponds to adiabatic
shocks.

adiabatic up to θ ∼ 160◦ in the systems B1–1–d and B1–1–mc,
and up to θ ∼ 135◦ in the system B0–05–d (see Fig. 2). More-
over, the FS of the systems B1–1–h and B2–60–d, as well as the
RSs in all cases studied, always fulfil the adiabaticity condition.

Lastly, the magnetic field in the subsonic regime (θ < θc) is
obtained imposing that, at each position, its pressure is a fraction,
ηB, of the thermal pressure of the shocked region:

B(θ) = (ηB 8πPth(θ))1/2 . (11)

In the supersonic regime (θ > θc), we assume that the magnetic
field remains frozen to the plasma, and that it is tangent to the
shock surface. The later assumption is motivated by the fact that
the magnetic field component perpendicular to the shock nor-
mal is amplified by adiabatic compression, and thus in general it
should be the dominant component in both shocks (RS and FS).

We can then obtain the magnetic field as

B(θ) = B(θc)
(
ρ(θ)
ρ(θc)

v(θc)
v(θ)

)1/2

. (12)

In Fig. 3 we show the dependence of the thermodynamic quanti-
ties with θ for both shocks. In the apex the conversion of kinetic
energy to internal energy is maximised as the shock is perpen-
dicular. The tangential velocity increases monotonically with θ,
going from zero in the stagnation point to vt ∼ v∞ in the RS and
vt ∼ V? in the FS. The pressure slowly decays with θ in the FS,
while it drops more abruptly in the RS because PRS ∝ ρw ∝ R−2;
as a consequence, the other quantities that depend on P also
decay gradually. We highlight that the magnetic field decreases
slowly in the FS, which favours synchrotron emission up to large
values of θ. Lastly, we note that this hydrodynamic model yields
densities along the shocks that are slightly higher than the ones
obtained assuming Rankine-Hugoniot jump conditions. The dis-
crepancy is a factor of ∼1.5 for angles θ . 60◦, and a fac-
tor of ∼2 in the distant regions with θ > 60◦ (see Fig. A.1).
The reason for this is that, as explained above, different regions
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∫ θ

0
dl. The sub-index 0 refers to values in the apex. Right panel: same but for the FS.

of the shocked layer affect each other making the local hydrody-
namical conditions depart from the Rankine-Hugoniot ones.

2.4. Non-thermal particles

Relativistic particles can be accelerated via DSA in hyper-
sonic and adiabatic shocks, such as the ones present in the BS
(Sect. 2.3). Additionally, both electrons and protons could be
accelerated via shock drift acceleration (SDA) in the RS, as the
stellar magnetic field lines are expected to be parallel to the
shock surface (Marcowith et al. 2016). Nevertheless, acquiring
relativistic energies through SDA requires multiple interactions
with the shock front, similarly to DSA (Matthews et al. 2020).
Given that both mechanisms lead to the injection of a power-law
distribution of particles and we treat the acceleration details phe-
nomenologically, we refer in what follows only to acceleration
via DSA although SDA might be also involved.

The energy distribution of the injected particles at the ith cell
is assumed to be

Q(E, θi) = Q0E−p exp(−E/Emax), (13)

where Q0 is a normalisation factor, p is the spectral index, and
Emax is the cut-off energy, all dependent on θi.

The normalisation constant Q0 is set by the condition∫
EQ(E, θi) dE = ∆LNT(θi), being ∆LNT(θi) the power available

to accelerate NT particles at each position. That is,

∆LNT(θi) = fNT ∆L⊥(θi) = fNT S E(θi) A⊥(θi), (14)

where S E(θi) is the energy flux per unit volume of the cor-
responding fluid, and A⊥(θi) is the area of the cell sur-
face projected perpendicular to uu. This area is calculated
as A⊥(θi) = R(θi) sin(θi) ∆l(θi) sin (αi) ∆φ, with ∆l(θi) being the
length of the cell and αi the angle between uu and the tan-
gent to the shock, T (Fig. 1). The parameter fNT is defined as

the fraction of the power injected to the BS that goes to NT
particles. We adopt fNT = 0.1 and assume that 95% of this
power goes to protons, while the remaining 5% goes to elec-
trons. Finally, the energy flux per unit volume in the subsonic
regime is S E = 0.5 ρu v

3
u, whereas in the supersonic regime only

the perpendicular velocity component is converted into thermal
energy and therefore S E = 0.5 ρu v

2
u vu⊥. Contrary to what hap-

pens in the RS, the injection of energy in the FS is relevant even
at large values of θ, where the flow is more susceptible to devel-
oping instabilities. That could potentially increase the area of the
shock, thus enhancing the injected power and, consequently, the
emitted luminosity (e.g. de la Cita et al. 2017). Nevertheless, the
variability induced by this effect is not expected to dominate the
average luminosities predicted in our model.

We can determine p in terms of the compression factor ζ as
(e.g. Caprioli & Spitkovsky 2014)

p(θi) =
ζ(θi) + 2
ζ(θi) − 1

, ζ(θi) =

(
γad + 1
γad

)
M(θi)2

M(θi)2 + 2
, (15)

where M is the Mach number. Finally, Emax is obtained by equat-
ing the acceleration and energy loss timescales.

The steady-state particle distribution at the injection cell is

N0(E, θi) ≈ Q(E, θi) ×min(tcell, tcool), (16)

where tcell the cell convection time and tcool the cooling
timescale. In the BS, electrons cool mainly by synchrotron and
inverse Compton (IC) interactions, the latter with both the stel-
lar UV (IC?) and dust IR (ICIR) radiation fields (Martínez et al.
2021). Adiabatic losses can also be relevant, whereas relativistic
Bremsstrahlung losses are negligible. Protons cool by proton-
proton inelastic collisions, a rather minor effect, and adiabatic
losses.

The NT particles are confined within the shock and so they
are dragged by the fluid. This occurs because the particles gyro-
radii, rg(E, θ) ∝ E/B(θ), even for E ∼ Emax are much smaller
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than the shocked layer width (the shock typical scale) H(θ).
The latter is calculated considering mass conservation across the
shock,

H(θ) =

∫ θ

0 ρu(θ′) vu A⊥(θ′) dθ′

2πR(θ) sin (θ) ρ(θ) v‖(θ)
, (17)

yielding a typical value of H(θ) ∼ 0.3R(θ) for θ < π/2
(Christie et al. 2016). If we consider that there is a certain num-
ber of NT particles with energy E in the ith cell, by the time
they reach the (i+1)th cell their energy will be E′ ≤ E, and the
size and convection velocity of the cell will also be different.
Nonetheless, in the steady-state, the flux of particles in the posi-
tion and energy space must be conserved. Considering this, we
obtain the evolution of the particle energy distribution along a
linear emitter2:

N(E′, i + 1) = N(E, i)
|Ė(E, i + 1)|
|Ė(E′, i + 1)|

tcell(i + 1)
tcell(i)

, (18)

with
∣∣∣Ė(E, i)

∣∣∣ = E/tcool(E, i) the cooling rate for particles of
energy E at the position θi and tcell(i) the convection time of
the ith cell. Finally, the energy E′ is given by the condition
tcell =

∫ E′

E Ė(Ẽ, i) dẼ.
We use the formulae given by Khangulyan et al. (2014) to

calculate the isotropic IC cooling timescales, given that the elec-
tron distribution is isotropic at each position and the fluid is
non-relativistic. These expressions take into account the Klein-
Nishina (K-N) cross section for the interaction at high energies.
For the case of the stellar radiation field, we consider the star as
a black body emitter with temperature T? and a dilution factor
of the photon field κ? = [R?/(2R(θ))]2. For the case of the IR
photon field produced by the dust, we assume isotropy within
the NT emitter, and we approximate its spectrum with a Planck
law of temperature TIR = 100 K. The corresponding dilution
factor is κIR(θ) = UIR(θ)/UBB, where UBB is the energy den-
sity of the radiation of a black body with temperature TIR. Since
UIR ≈ LIR/

(
4πR(θ)2c

)
(considering that the dust is concentrated

in a thin shell surrounding the BS) and UBB = 4σT 4
IR/c, we

obtain

κIR =
LIR

16πσT 4
IRR(θ)2

. (19)

3. Results

First, we compute the timescales and particle energy distribu-
tions for the scenarios studied. Then, we use a one-zone model
to estimate the luminosity scaling with the relevant parameters of
the systems. Finally, we present the spectral energy distributions
(SEDs), and discuss the detectability of each system.

The magnetic field in the shocked region can be gener-
ated by adiabatic compression of the ISM (star) magnetic field
in the FS (RS) and/or be amplified by the action of cosmic
rays. Adopting ηB = 0.1 in Eq. (11) yields values of B con-
sistent with a ratio between NT energy density and magnetic
energy density of UNT/UB & 1. Thus, in both shocks the mag-
netic field could be the result of amplification by cosmic rays
(Bell 2004). Alternatively, in the RS the magnetic field could
come from adiabatic compression of the stellar magnetic field.
Under these conditions, and adopting an Alfvén radius rA ∼

2 We note that the inclusion of tcell in this expression is a small correc-
tion to the one used in del Palacio et al. (2018).

Table 2. Power injected in NT particles (electrons and protons) in each
system, assuming fNT = 0.1 and ηB = 1 (see text in Sect. 2.4 for
details).

LNT [erg s−1]

Scenario RS FS Total

B0–05–d 5.3 × 1032 6.9 × 1032 1.2 × 1033

B1–1–h 3.4 × 1031 1.1 × 1032 1.4 × 1032

B1–1–d 3.4 × 1031 1.1 × 1032 1.4 × 1032

B1–1–mc 3.4 × 1031 1.1 × 1032 1.4 × 1032

B2–60–d 2.3 × 1030 5.5 × 1032 5.5 × 1032

R?, the stellar magnetic field in the stellar surface is B? ∼
0.25 B(θ) (R(θ)/R?) (v∞/vrot), with the star rotation speed being
vrot ∼ 0.1 v∞ (del Palacio et al. 2018). We obtain B? ∼ 25 G for
the B0 star, B? ∼ 10 G for the B1 stars, and B? ∼ 3 G for the B2
star. Given that these are plausible values (Parkin et al. 2014),
adopting ηB = 0.1 is a reasonable assumption. Additionally, we
consider an equipartition scenario (ηB = 1) to set an upper limit
to the predicted radio fluxes. At last, given that the majority of
power is injected within θ < 170◦, and that instabilities can be
significant for large values of θ, we fix θmax = 170◦.

3.1. Relativistic particle population

In Table 2 we show the power injected in NT particles (both elec-
trons and protons) for each scenario. This quantity increases with
younger spectral types and the velocity of the star, as expected
from Eq. (14). Considering that there are at most tens of thou-
sands of HVSs in the Milky Way (Marchetti et al. 2019), the
total luminosity injected in NT particles by these sources in the
Galaxy is likely below 1038 erg s−1. Then, HVSs do not signif-
icantly contribute to the Galactic cosmic ray population, which
has a much larger (by a factor of ∼103) contribution from super-
nova remnants.

3.1.1. Forward shock

An example of the timescales considered is shown in Figs. 4
and 5 for the FS of the system B1–1–d. For electrons near the
apex, convection (escape) dominates up to Ee ≤ 4 GeV. In the
range 4 GeV ≤ Ee . 160 GeV, IC losses with the stellar pho-
ton field are dominant, also versus IR IC losses; these interac-
tions occur in the Thomson regime for Ee . 30 GeV, and in
the K-N regime for Ee & 30 GeV. At last, diffusion (escape)
losses dominate above 160 GeV, and electrons reach energies of
Ee,max ∼ 500 GeV. In a scenario with a lower ISM density (sys-
tem B1–1–h), the stagnation point is further from the star, and
so the density of stellar photons in the BS is smaller. As a conse-
quence, IC timescales are larger, and convection losses are dom-
inant up to Ee . 100 GeV, and diffusion losses are dominant in
the range 100 GeV . Ee . 300 GeV ∼ Ee,max. Similarly, R0 also
increases for main-sequence stars with younger spectral types,
as Ṁw and vw increase. Finally, for a SRS (B2–60–d), R0 is sig-
nificantly closer to the star (R0 ≈ 30 R?). Then, IC? interactions
are dominant for 3 GeV ≤ Ee . 600 GeV, and ICIR interac-
tions are dominant in the range 600 GeV . Ee . 2 TeV. Above
Ee ≥ 2 TeV and up to Emax diffusion dominates. Since B(θ) ∝
P(θ) ∝ V2

? � 1000 km s−1, the acceleration of NT particles is
very efficient, yielding maximum energies of Ee,max ∼ 5 TeV for
electrons and Ep,max ∼ 10 TeV for protons.
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Fig. 4. Cooling times for three different positions of electrons for the FS
of the system B1–1–d. The IC cooling timescale of electrons takes into
account both the stellar and dust photon fields.

In distant regions from the apex, the stellar photon field is
more diluted and therefore IC losses are less important. Addi-
tionally, the convection timescale shortens as v‖ increases. As a
consequence, convection losses are completely dominant in the
FS of all systems for angles θ & 100◦. Moreover, particle accel-
eration is less efficient in distant regions since both v⊥ and B
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Fig. 5. Cooling times for protons of the system B1–1–d near the apex.

decrease with θ (Fig. 3). Then, Emax diminishes with θ for both
electrons and protons.

In contrast, protons are convected away from the FS with-
out radiating a significant fraction of their energy. For the HVSs,
close to the apex convection losses are the dominant process for
protons with Ep < 160 GeV. In the case of the SRS (scenario B2–
60–d), convection dominates up to Ep & 1 TeV3. Above the
energies mentioned, and up to Ep,max, diffusion losses are
dominant.

Protons reach their maximum energy at the apex (θ = 0).
We estimate the scaling of Ep,max,0 with the system parameters
by matching tac,0(Ep) = tdiff,0(Ep). Considering diffusion in the
Bohm regime, these timescales are

tac,0(Ep) =
2πc
q

Ep

B0 v⊥0
=

2πc
q

Ep

B0 vu
, (20)

tdiff,0(Ep) =
R2

0

2DB,0
=

3q
2c

R2
0 B0

Ep
, (21)

where c, q, and DB are the speed of light, proton charge, and dif-
fusion coefficient, respectively. Finally, using Eqs. (6) and (11),
we get Emax,p,0 ∝ R0 B0 V0.5

? ∝ Ṁ0.5
w v0.5

w V0.5
? . This maximum

energy is Emax,p ∼ 1 TeV for the HVSs and Emax,p ∼ 10 TeV for
the SRS.

When convection dominates, particles move along the BS
with an energy distribution that keeps the same spectral index
as the injected distribution. On the other hand, when IC in the
Thomson regime or diffusion dominates, the particle energy dis-
tribution is softened. In Fig. 6 we show the particle energy dis-
tribution of electrons and protons in different regions of the RS
and the FS for the system B1–1–d.

3.1.2. Reverse shock

Characteristic timescales near the apex for the RS are similar
to the ones of the FS of the HVSs. Nonetheless, the behaviour
is different for the SRS. Despite the acceleration timescale

3 We note that after convecting away from the BS, protons diffuse
into the surrounding medium and, in dense environments, can produce
significant γ-ray radiation via proton-proton collisions (del Valle et al.
2015).
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Fig. 6. Particle energy distribution for electrons (top panels) and protons (bottom panels). The left panels are for the RS and the right panels are
for the FS. The colour scale represents five different regions of the emitter that correspond to intervals of length ∆θ = θmax/5 = 34◦. The black
dashed line corresponds to the total particle energy distribution.

decreases as the magnetic field is strengthens, the IC cooling
timescale decreases more drastically, yielding maximum elec-
tron energies of Ee,max ∼ 10 GeV in the RS (the RS shock veloc-
ity is much lower than in the FS). Moreover, we highlight that IC
cooling is still relevant up to θ ∼ 160◦ for the RS of this system.

Finally, matching Eqs. (20) and (21) for the RS we find for
protons that Emax,p(0) ∝ R0 B0 V0.5

w ∝ Ṁ0.5
w vw. In this case, the

maximum energy is Emax,p,0 & 1 TeV for the HVSs and Emax,p,0 ∼

200 GeV for the SRS.

3.2. Analytical estimates on emissivity scaling

A one-zone approximation is suitable to obtain order-of-
magnitude estimates of the radiative outputs, with the advantage
that the dependences of the emission with respect to different
system parameters become explicit (e.g. del Palacio et al. 2018).
We therefore apply this formalism to derive the scaling of the BS
luminosity with the relevant system parameters.

We consider that the BS has an effective surface of size Reff =

a R0. This is mostly relevant for the FS, for which a ∼ 5 (as
explained below), whereas for the RS it is a ∼ 1. If trad is the
cooling timescale of the dominant NT mechanism in a certain
energy range, we estimate the NT power emitted in that range

by each shock as

Lrad ∼ LNT

(
tconv

trad

)
∝

 f (a) Ṁw v
2
w

(
tconv
trad

)
RS

ρISM R2
eff

V3
?

(
tconv
trad

)
FS,

(22)

where f (a) is an order unity function that tends to f (a) ≈ 0.6
as a increases. Qualitatively, the ratio tconv/tsyn determines the
NT luminosity emitted in the radio band. On the other hand, γ-
ray emission depends on the ratio tconv/tIC?, as IC process with
the stellar radiation field is the dominant NT process for those
energies. We mote that these timescale-ratio dependences of the
radiation luminosity are strictly valid for a dominant tconv.

The convection (escape) timescale is roughly determined by
the effective radius and the sound speed in the shocked gas:

tconv ∼
Reff

cs
∝


a Ṁ0.5

w v−0.5
w n−0.5

ISM µ
−0.5
ISM V−1

? RS

a Ṁ0.5
w v0.5

w n−0.5
ISM µ

−0.5
ISM V−2

? FS.
(23)

On the other hand, the synchrotron cooling timescale is (e.g.
Blumenthal & Gould 1970)

tsyn ∝ B−2 ∝


(
Ṁw vw R−2

eff

)−1
∝ a2 n−1

ISM µ
−1
ISM V−2

? RS(
ρISM V2

?

)−1
∝ n−1

ISM µ
−1
ISM V−2

? FS.
(24)
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Thus, from Eqs. (22)–(24) we obtain

Lsyn∼LNT

(
tconv

tsyn

)
∝


f (a) a−1 Ṁ1.5

w v1.5
w n0.5

ISM µ
0.5
ISM V? RS

a3 Ṁ1.5
w v1.5

w n0.5
ISM µ

0.5
ISM V? FS.

(25)

Therefore, synchrotron emission depends mostly on the stellar
parameters: massive stars are promissory radio emitters, as they
have fast, powerful winds. To a lesser extent, synchrotron lumi-
nosity increases with the speed of the star and the medium den-
sity. Finally, we note that the FS luminosity has a stronger depen-
dence on the effective radius of the BS than the RS luminosity.
This supports the need to incorporate the factor a when using
one-zone models to estimate the luminosity of BSs in systems
for which the FS contribution can be significant or even domi-
nant. A value of a ∼ 5 yields luminosities that match within a
factor of two or three with those obtained using a more precise
multi-zone model.

The IC? cooling timescale depends on the energy density of
the stellar photon field: t−1

IC? ∝ U? ∝ L?R−2
eff

. Assuming L? ∝
Ṁ0,5

w v0.5
w (Kobulnicky et al. 2017), and using Eqs. (22) and (23),

we estimate

LIC?
∼LNT

(
tconv

tIC?

)
∝


f (a) a−1 Ṁw vw n0.5

ISM µ
0.5
ISM V? RS

a Ṁw vw n0.5
ISM µ

0.5
ISM V? FS.

(26)

As a consequence, high energy emission depends mostly on the
mass-loss rate and the velocities of the star and the wind. Mas-
sive stars moving with high velocities in a dense medium are
the most promising γ-ray sources. However, as shown in the
following section, even for these sources the expected fluxes
are significantly below the sensitivity threshold of current γ-ray
observatories.

3.3. Spectral energy distribution

In Fig. 7 we show the SEDs obtained for all the systems stud-
ied. As expected, the NT spectrum is dominated by synchrotron
emission in the radio band and IC? emission in γ-rays. In the
X-ray band, the IC? component is usually dominant, although a
non-negligible contribution from synchrotron radiation can also
be expected for high magnetic fields, which can even be domi-
nant in SRSs. On the other hand, relativistic Bremsstrahlung and
hadronic NT emission are not relevant.

In all scenarios, the NT radiation of the FS is brighter than
that of the RS. In addition, the system B0–05–d is the most lumi-
nous, in agreement with the discussion in Sect. 3.2, where we
showed that synchrotron emission depends mostly on the stellar
wind parameters. On the other hand, the system B1–1–mc has
the most luminous BS among systems with V? = 1000 km s−1.
Thus, as expected from Sect. 3.2, a denser medium favours NT
emission.

In Table 3 we show the fluxes predicted at ν = 1.4 GHz,
assuming a distance to the star of 1 kpc. We conclude that a sys-
tem with the characteristics of B0–05–d could be detected by
the new generation of radio interferometers, such as the SKA
(Cassano et al. 2018) and the ngVLA (McKinnon et al. 2019), if
it is at a distance <3 kpc. On the other hand, assuming ηB = 1
increases the fluxes by a factor of five, giving room for detection
of sources that are slightly less favourable.

The SRS is the most luminous X-ray source among the sys-
tems considered. Given that electrons are accelerated up to ener-
gies Emax ∼ 10 TeV, the synchrotron spectrum reaches energies
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Fig. 7. SEDs for the systems considering fNT = 0.1 and ηB = 0.1. Solid
lines correspond to the RS, while dashed lines correspond to the FS.

of ε . 1 MeV in the FS. Nevertheless, we predict luminosities
of LX ∼ 1028 erg s−1 between 1 keV and 10 keV, undetectable
by current instruments unless at a highly unlikely short dis-
tance. However, we highlight that by considering ηB = 1 and
that if a 50% of LNT went to electrons, this luminosity could
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Table 3. Energy fluxes predicted at ν = 1.4 GHz assuming a distance of
1 kpc to the stars.

S 1.4 GHz [µJy]

ηB = 0.1 ηB = 1

Scenario RS FS Total RS FS Total

B0–05–d 24.3 317.4 341.7 132.5 1784 1916.5
B1–1–h 0.3 3.0 3.3 1.4 16.6 18.0
B1–1–d 0.9 10.9 11.8 4.6 56.8 61.4
B1–1–mc 1.9 24.0 25.9 10.2 124.6 134.8
B2–60–d 0.3 1.6 1.9 1.4 8.6 10.0

increase by a factor of ∼ 200, making it detectable by Chandra
or future instruments such as Lynx, if the system is at a distance
.1 kpc.

Finally, we note that IC emission reaches energies of ε &
10 TeV in the FS of the system B2–60–d, for which IC with both
the stellar and the IR field occur in the K-N regime. Nonethe-
less, the predicted γ-ray radiation is undetectable with present or
forthcoming instrumentation in all systems. The fluxes predicted
are at least two orders of magnitude below the detection thresh-
old of CTA and Fermi-LAT, even assuming distances of 1 kpc to
the source (Bruel et al. 2018; Maier 2019).

4. Conclusions

We investigated the shocks produced by massive stars that move
with hypersonic or semi-relativistic velocities with respect to
their surrounding medium. We introduced a refined model for
calculating the emission from stellar BSs, especially relevant for
systems moving with very high velocities (V? > 300 km s−1).
Our results show that in these systems both the RS and the FS
are adiabatic and hypersonic, making them promising NT par-
ticle accelerators, potentially contributing with a ∼0.1% com-
ponent to the galactic cosmic rays at energies .1 TeV. Protons
and electrons are accelerated in these systems up to energies
&1 TeV. Nonetheless, the detection of NT emission associated
with these relativistic particles is likely to remain elusive, as the
predicted fluxes are too faint for current observatories. We sug-
gest that, in the near future, the most promising observational
breakthrough could be achieved by the next generation of inter-
ferometers operating at low radio frequencies, which can poten-
tially detect the NT emission produced by BSs of early-type
HVSs. We also note that under rather optimistic conditions for
the production of leptonic radiation (i.e. ηB = 1 and with a ∼5%
of the available energy injected into NT electrons) sources within
1 kpc from Earth might be detectable in X-rays with future
instruments.
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Appendix A: Comparison of the hydrodynamical
model

We compare the values of the pressure, density, and speed of
the shocked fluid obtained with the prescriptions used in this
work (Sect. 2.3) with those obtained by considering Rankine-
Hugoniot jump conditions. We summarise the results in Fig. A.1,
which shows the ratio between these quantities calculated with
each formalism for different angles θ. Both prescriptions yield
very similar speeds for the shocked gas, although the prescrip-
tion used in this work yield greater values for the remain-
ing thermodynamic quantities. The discrepancy on the pressure
increases with the angle θ until θ ∼ 60◦, while the discrepancy
on the density keeps increasing with θ and it reaches a difference
of a factor of two at θ ∼ 140◦.

 1

 2

 0  0.5  1  1.5  2

0 1 2 3 4 5

θ [rad]

∆s/R0

P
ρ
vt

Fig. A.1. Ratio between the values given by the hydrodynamic prescrip-
tion used in this work and the values using Rankine-Hugoniot jump
conditions for strong shocks for the RS. The green, blue, and orange
lines correspond to the pressure, density, and speed of the shocked fluid,
respectively. The black dotted line at unity is marked as a reference.

A102, page 11 of 11


	Introduction
	Model
	Scenarios studied
	Geometry
	Hydrodynamics
	Non-thermal particles

	Results
	Relativistic particle population
	Forward shock
	Reverse shock

	Analytical estimates on emissivity scaling
	Spectral energy distribution

	Conclusions
	References
	Comparison of the hydrodynamical model

