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ABSTRACT

Context. Runaway massive stars are O- and B-type stars with high spatial velocities with respect to the interstellar medium. These
stars can produce bowshocks in the surrounding gas. Bowshocks develop as arc-shaped structures, with bows pointing to the same
direction as the stellar velocity, while the star moves supersonically through the interstellar gas. The piled-up shocked matter emits
thermal radiation and a population of locally accelerated relativistic particles is expected to produce non-thermal emission over a wide
range of energies.

Aims. We aim to model the non-thermal radiation produced in these sources.

Methods. Under some assumptions, we computed the non-thermal emission produced by the relativistic particles and the thermal
radiation caused by free-free interactions, for O4I and O9I stars. We applied our model to £ Oph (HD 149757), an intensively studied
massive star seen from the northern hemisphere. This star has spectral type 09.5V and is a well-known runaway.

Results. Spectral energy distributions of massive runaways are predicted for the whole electromagnetic spectrum.

Conclusions. We conclude that the non-thermal radiation might be detectable at various energy bands for relatively nearby runaway
stars, especially at high-energy gamma rays. Inverse Compton scattering with photons from the heated dust gives the most important

contribution to the high-energy spectrum. This emission approaches Fermi sensitivities in the case of ¢ Oph.

Key words. stars: early-type — gamma rays: general — radiation mechanisms: non-thermal — stars: individual: { Ophiuchi —

ISM: jets and outflows

1. Introduction

Runaway stars have high peculiar velocities, vx ~ 30 kms™!
(e.g. Gies & Bolton 1986; Tetzlaff et al. 2011). These stars
move supersonically through the interstellar medium (ISM) and
are ejected from their birth associations by gravitational kicks
(e.g. Fujii & Zwartz 2011). Runaway stars with strong winds
— spectral types OB and Wolf-Rayet (WR) — can produce stel-
lar bowshocks when interacting with the surrounding gas (e.g.
Van Buren et al. 1995). Bowshocks develop as arc-shaped struc-
tures, with bows pointing ahead of the stars (in the same direc-
tion as the stellar velocity).

There are several cataloged objects of this type (e.g.
Van Buren et al. 1995; Noriega-Crespo et al. 1997; Kobulnicky
et al. 2009; Gvaramadze et al. 2011; Peri et al. 2011). Not all
runaway stars produce a bowshock. Van Buren et al. (1995) con-
cluded that only 30% of the cataloged runaway stars present
bowshock-like structures. More recently, Peri et al. (2011) found
out that only ~10% of early-type runaway stars develop an ob-
servable bowshock in the infrared (IR). Some physical situations
exist in which a bowshock does not form. If the star is moving in
a low-density, hot plasma then it might be moving subsonically
and a shock will not occur. Also, a bowshock might not form if
the star has a weak wind or if it has a high space velocity (see
Comer6n & Kaper 1998; Huthoft & Kaper 2002).
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Bowshocks occur around many classes of astrophysical
sources: pulsars, cataclysmic variables, colliding wind binaries,
cometary H II regions, and even in groups and clusters of galax-
ies. A lot of work has been done on bowshock modeling (e.g.
Van Buren & McCray 1988; Van Buren et al. 1990; Bandiera
1993; Van Buren 1993; Brighenti & Dércole 1995; Wilkin 1996;
Comerdn 1997; Chen & Huang 1997; Comer6n & Kaper 1998;
Wilkin 2000; Wareing et al. 2007). Related physical problems
such as solving the astrophysical blunt-body problem are treated
in e.g. Canté & Raga (1998) and more recently in Schulreich &
Breitschwerdt (2011); the physics of mixing layers is discussed
in e.g. Baranov et al. (1976), Cant6 & Raga (1991) and Raga
et al. (1995).

The supersonic stellar wind sweeps the ISM material and
piles it up in the bowshock. The stellar and shock-excited radi-
ation heats this swept-up material. The dust, in turn, re-radiates
the energy as mid-to-far IR flux (Van Buren & McCray 1988).

Relativistic particles can be accelerated at strong shocks
producing non-thermal emission (Drury 1983). Benaglia et al.
(2010) have reported non-thermal radio emission from the bow-
shock of the runaway star BD +43°3654. This emission is
thought to be synchrotron radiation generated by the interaction
of relativistic electrons with the magnetic field of the source.

In this work we present a model for the radiative non-thermal
emission that takes place in the bowshocks of runaway stars. We
compute the emission produced by the relativistic particles ac-
celerated at the shock, and the thermal emission caused by free-
free mechanism (Bremsstrahlung). Finally, we apply this model
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to the well-known stellar bowshock from the 09.5V star ¢ Oph.
The bowshock shape is also computed, following the analytical
method developed by Wilkin (2000).

Our paper is organized as follows. In the next section we
present the radiative model developed to compute the non-
thermal emission and the absorption that can take place in these
types of sources. We also present a brief discussion on particle
acceleration in shocks. In Sect. 3 we apply the model to a par-
ticular source, the bowshock from ¢ Oph. We present the best-fit
shell shape and the computed spectral energy distribution (SED).
Finally, in Sect. 4 we discuss the detectability of the non-thermal
radiation and offer our conclusions.

2. Radiative model

Bowshocks from runaway stars produce thermal emission by ra-
diative heating of the swept-up dust by the stellar radiation field.
The infrared signal of the heated dusty bowshock is strongest
in the far infrared (e.g. Van Buren & McCray 1988; Kobulnicky
et al. 2009). The dust temperature can be understood in terms of
dust models. For a typical bowshock of a runaway star, a fraction
~1072 of the star bolometric luminosity is emitted in the infrared.
In this paper we do not calculate this radiation, and leave it for a
future work (del Valle et al., in prep.).

The shocked ISM can also produce thermal emission through
free-free interactions (Bremsstrahlung). This emission peaks at
energies ~1 eV; we calculate it in Sect. 2.5.2.

The interactions of locally accelerated relativistic particles
with the matter, radiation and magnetic fields in the system pro-
duce non-thermal radiation. We calculate this emission below.

2.1. Shocks and particle acceleration

Shocks transfer kinetic energy to non-thermal particles through
particle acceleration. The acceleration mechanism is diffusive
shock acceleration, the so-called Fermi I mechanism (e.g. Bell
1978). In this mechanism particles are accelerated by successive
bouncing across the shock, gaining energy in each cross. The
particle deflection is mediated by magnetic field irregularities.
These irregularities are expected from turbulent and magnetic
instabilities. For the mechanism to operate is necessary that the
particles in the shocked medium (downstream) can effectively
diffuse and reach the shock.

The particle energy gain in each cycle (upstream-
downstream-upstream) is AE/E o (vs/c), where vy is the
shock velocity; and after k cycles the particle energy is E =

k . o .
E; (1 + %) , where Ej is the initial energy. The time that a par-
ticle requires to accelerate up to an energy E is given by

ey

face =N+

eBc

Here, B is the magnetic field in the acceleration region, and 7 is
the acceleration efficiency (Drury 1983):

1 rgc (v 2
~—=(2); 2
™ 10D (c) )
D is the diffusion coefficient, and r, = E/(eB) is the particle
gyroradius. In the Bohm limit Dg = rec/3. Fast shocks are

more efficient accelerators than slow shocks. The resulting spec-
trum of injected particles by this mechanism is a power-law, i.e.
Q(E) oc E™* (e.g. Protheroe 1999), with a ~ 2-2.2.

The collision of the supersonic stellar wind with the ISM
around a runaway star results in a system of two shocks (see
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Fig. 1. Scheme of the system of shocks (not to scale). The acceleration
region is indicated by dots.

Fig. 1). In the steady state, mass and momentum are conserved
and a flow is established between the two shocks that carries
away the mass and momentum deposited by the colliding fluids.
In the reference frame of the star, the ISM can be considered
as an incoming wind of parallel streamlines and the stellar wind
as a radial outflow (e.g. Wilkin 1996). One of the shocks is a
forward shock that propagates in the same direction as the stellar
wind with velocity vg ~ V,; and the other is a reverse shock that
propagates in the opposite direction with v, ~ Vw. The stellar
wind can be considered as a continuous power source, therefore
both shocks reach a steady state. If radiative losses are inefficient
within the shock discontinuity, the shock is adiabatic; otherwise,
the shock is radiative.

The stellar wind is divergent because its ram pressure de-
creases with distance, while the ram pressure of the ISM is con-
stant. The point where the ram pressure of the wind and the ISM
balance, i.e. py V&, = pan, is called the standoff point, where
pw = M, /4nR>V,,. This point of the shell defines the standoff
radius Ry:

M.V,
Ry = =
4mp, V3,

The physical conditions in bowshocks from runaway stars pro-
duce an adiabatic and fast reverse shock at the shocked stel-
lar wind; and the forward shock is radiative and slow (e.g.
Van Buren 1993). The radiative shock compresses the material,
and as the temperature decreases, the density grows.

Kis et al. (2004) demonstrated that upstream particles in the
Earth bowshock undergo diffusive transport into the upstream
region, a direct evidence of Fermi I acceleration (e.g. Burgess
2007). Benaglia et al. (2010) reported the detection of non-
thermal radio emission from the bowshock of the runaway star
BD+43°3654. The non-thermal radiation is expected from syn-
chrotron emission generated by relativistic electrons accelerated
at either the forward shock or the reverse shock.

We considered that an initial supra-thermal population of rel-
ativistic particles, electrons and protons, are accelerated in the
adiabatic shock (reverse shock). This shock is faster than the
forward shock, so in the reverse shock the relativistic particles
are accelerated more efficiently by the Fermi mechanism (see
Eq. (2)). All equations given above are valid for planar shocks.
We considered an acceleration region where the shock is nearly
flat (see Fig. 1). The width of the shocked stellar wind, A, can
be estimated as A ~ MR, where M is the Mach number of
the shocked wind. The acceleration region is assumed as a small
region near the bowshock apex, of scale length ~A; the acceler-
ation volume is given in Table 1.

The available power in the system is the kinetic power from
the stellar wind:

3

.
Ly ~ S MW V5. @
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Table 1. Parameters for the different types of stars.

Parameter 041 091

Ry Standoff radius [pc] 8.3 0.2

V.  Spatial velocity [km s™'] 100 30

Ve @ Wind velocity [km s7!] 2.2 x 10° 0.8x10°
M, ¢ Wind mass loss rate [Mg yr~'] 107 10°°

T Ambient density [cm™] 1 100
B’  Magnetic field [G] ~3.0x107°  ~107°

n Acceleration efficiency ~20x 107 ~2.7x107°
L Available power [erg s7!] ~32x10% ~43x10%
a Hadron-to-lepton energy ratio 1 100

gre  Jet content of relativistic particles 10% 10%

a Injection index 2 2

A Thickness of shocked wind [Ry] ~0.3 ~0.3
Vol,e. Acceleration region volume [cm™] ~7 x 10°° ~10°!
L, ¢ Star luminosity [Lo] ~Tx 100 ~5x10*
TR Dust temperature [K] ~24 ~54

Notes.  Values derived by Kobulnicky et al. (2009). ® This value
corresponds to the magnetic field in the acceleration region, obtained
from Eq. (5).  Values from Martins et al. (2005).

To estimate the magnetic field in the flow, we consider that the
magnetic energy density is in subequipartition with respect to
the kinetic energy Lt, by a 0.1 factor, i.e.:

B> 0.1Ly 5
8m VA’ ©)
where A is the area of a sphere of radius Ry. This condition en-
sures that the flow is matter-dominated, i.e. compressible, allow-
ing shocks to develop.

The kinetic power available in the acceleration region is L =
fLt, where f is the ratio of the volume of a sphere of radius
Ry and the volume of the acceleration region. A small fraction
of this kinetic power goes into relativistic particles. Lye] = gre1L.
We adopted a standard fraction ge; = 0.1 (e.g. Protheroe 1999).
We took into account both hadronic and leptonic content in the
relativistic power, Ly; = L,+aL.. The ratio of relativistic protons
to electrons, a, is unknown. We considered two cases a = 1
(equal energy density in both species) and a = 100 (as observed
in Galactic cosmic rays, Ginzburg & Syrovatskii 1964).

Here we discuss two different types of massive star: an O41
and an O91 star. The values for the parameters involved are given
in Table 1.

2.2. Non-thermal radiative losses

The electrons lose energy mainly by inverse Compton (IC) scat-
tering, synchrotron radiation, and relativistic Bremsstrahlung.
The synchrotron cooling time rate is

oy = ‘—WTCUB(%YE, (©)
3 mec? \m ) mc?
where o is the Thomson cross section and Up is the magnetic
energy density.

The IC losses can be calculated from (Blumenthal & Gould
1970)

bEe
1 max - ("“Teh dN

-1

e = — — €)——de, 7

Ic E. fe (e e)dtdel “ 0

€min

where € and € are the incident photon and scattered photon en-
ergy, respectively, and

dN 1 27z'r(2)mc3 npn(e)de
dde, " E. c f(@) (8)
with
1 (bg)?
F@) = 2qIng + (1 +200(1 - ) + 3201 ), ©)
a+ bqg

where b = 4ey/mc2 and g = € /[b(E. — €)]. This expression
takes into account losses in the Klein-Nishina regimen. The tar-
get photon fields are the radiation fields of the acceleration re-
gion. The fields considered here are the stellar radiation field at a
distance Ry from the star — assumed as a black body at tempera-
ture T,—, and the IR radiation from the heated dust, also consid-
ered as a black body at Tg. Dust grains are heated by starlight,
and cool by radiating in the infrared. To estimate Tir we used a
simplified dust model based on Draine & Lee (1984):

TR =27 a,/° LS R, K

*38 " 0pc ( 1 O)

(e.g. Van Buren & McCray 1988). Here a,, ~ 0.2 um is the dust
grain radius. More detailed and complex dust emission mod-
els are beyond the scope of this work. For more details see e.g.
Draine & Li (2007) and Draine (2011).

The relativistic Bremsstrahlung losses are calculated consid-
ering a complete ionized plasma, using (Berezinskii et al. 1990)

2E 1
tg = 4ner§ac[ln — - =

mec: 310 an
where n is the density of target ions in the acceleration re-
gion (the shocked stellar wind in this case). The density of the
shocked wind according to the Rankine-Hugoniot equations for
adiabatic shocks (e.g. Landau & Lifshitz 1959) is 4n,,, where n,,
is the wind density.

Protons lose energy through proton-proton inelastic colli-
sions with the shocked wind material. These interactions pro-
duce neutral and charged pions; the former decay and produced
gamma rays (e.g. Vila & Aharonian 2010). The latter decay
into secondary electrons/positrons and neutrinos. The losses pro-
duced by proton-proton interactions occur on time scales of

tl;; = ncoppKpp, (12)
where n is the density of target protons, ~4ny, and K, is the
ineslasticity (~0.5). The cross section can be approximated by

(Kelner et al. 2006)

) Eth 442
oop = (34.3+ 1.88L+0.25L )[1 - (—) ] :
E

p

where L = In(E,/1TeV); and Ey, = 280 MeV.

Photomeson production is irrelevant at the energies consid-
ered in this paper.

In Fig. 2 we show the cooling rates for electrons and protons
in the acceleration region for an O41 and an O91I star. In the O41
star system the IC scattering of IR photons dominates the radia-
tive losses. For the O9I star, the IC scattering of IR photons and
synchrotron radiation prevail among the radiative losses.

The relativistic particles can also suffer from non-radiative
losses due to escape from the acceleration region. Particles can
be convected away by the stellar wind on a time fcony ~ A/Vy.

13)
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Fig. 2. Acceleration and cooling time scales for electrons and protons for an O4I star (up), and for an O9I star (down). Left panels are for electrons
and right panels are for protons. The non-radiative losess produced by convection are also shown.

This non-radiative loss dominates the proton cooling rate in both
types of runaway stars (O41 and O9I).

The minimum kinetic energy for each particle is considered
to be on the order of the rest mass energy. The maximum energy
for the electrons and protons is obtained equating the smallest
cooling rate to the acceleration rate, given by Eq. (1). In the O41
system the electrons reach energies ~10 TeV and the protons can
reach energies ~10% TeV. For O91 electrons reach energies ~TeV,
and protons energies ~10 TeV. In both cases the Hillas criterion
is satisfied:

Enmax < 300 (rg/cm) (B/G) eV, (14)

where 7, is the maximum particle gyroradius in the available
space, i.e. ~A.

2.3. Particle distributions

To calculate the steady state particle distributions N(E) for elec-
trons and protons, we solved the transport equation in steady
state (Ginzburg & Syrovatskii 1964):

0 [dE N(E)
OEL dt esc

where 7.5 is the convection time. We assumed that all physical
properties in the acceleration region are homogeneous.

Q(E) is the injection function, a power-law in the energy of
the particles, as expected from diffusive shock acceleration:

O(E)= QoE™.

The normalization constant Qg for each type of particles is ob-
tained from L., as

= Q(E), (15)

N(E)] +

loss

(16)

e
Le,p = Vf dEe,pEe,er,p(Ee,p)o (17)
E

'min

e.p

Here V is the volume of the acceleration region.
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The exact solution to the equation is also a power-law:

R
e = | f dE' Q(E")
dr lossJE
E.E’
Xexp(—u), (18)
€sc
with
E’ 7 —1
dE
(E.E') = f ag | 9E” (19)
E dt loss

2.4. Non-thermal radiative processes

As mentioned before, the interactions of the relativistic parti-
cles with the various fields in the system produce non-thermal
emission.

We considered synchrotron emission, inverse Compton scat-
tering with the stellar photon field and the IR emission, and rel-
ativistic Bremsstrahlung from electrons. For protons, inelastic
collisions between the relativistic protons with the shocked wind
material were also calculated.

The synchrotron emission is given by

\/§e3 B ([ Ema E’y
Ly(Ey) = KSSA(Ey)EyVW fmi“ dEN(E)E
1.85 EV)”3 (E’) 20
x1.85 x| — —,
(EC P\, (20)
where
3 ¢hB/ E \?
Ec=——(—])" 21
7 Ax me (mcz) @
kssa 1s the synchrotron self-absorption (SSA) factor:
1 — e Tssal£y)
KSsA = ——————; (22)

Tssa(Ey)
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Fig. 3. Non-thermal emission from the shocked stellar wind for an O4I star (/eft), and for an O91 star (right).

here tssa(E, ) is the SSA optical depth (see Rybicki & Lightman
1979).
The IC emission is calculated using

Ermax
L/E,) = EJV f dE.N.(E.)

Enin

€max
X f dePic(E., E,, €). (23)
€min
The spectrum of scattered photons is
3ore(mec?)? 1ph(€)
Pic(Ee, Ey, €) = 15 - @ (24
with f(q) given by Eq. (9).
The relativistic Bremsstrahlung luminosity is
0 ¢
L) = B,V [ now(Ee By - NeEE. (25)
EY
where
4ar(2)
op(Ee, Ey) = E ¢(Ee’Ey)’ (26)
Y
and
$(Ee. Ey) = [1+ (1 - Ey/Ee) —2/3(1 - Ey/E,)|
2E.(E. - E 1
x{ln M _ _} (27)
mec?E, 2

To compute the gamma-ray emission produced by neutral pion
decays for £, < 0.1 TeV, we used the following expression:

qr(Ex) d
Enin E2 — m2c*

with Epin = E, + muc*/4E,. The n’-emissivity is given by
(Aharonian & Atoyan 2000)

L,(Ey) = 2VE; E,, (28)

gr(Er) = @(Tpp(mpcz + E,r/K,,)Jl[,(ml[,c2 + Eﬂ/Kﬂ-) (29)

Kn

with k; ~ 0.17 (Gaisser 1990). For E, < 0.1 TeV down to the
threshold energy, the following replacement is necessary

6(E7r - KﬂEkin) - ﬁé(Eﬂ - KnEkin)- (30)

Here 71 is the total number of 7° created per p—p collision, and
Exin = E, — mpc? is the proton Kinetic energy.

The gamma-ray luminosity in the range 0.1 TeV < E, <
103 TeV can be obtained from (Kelner et al. 2006):

L,(E,) = nE}V f Tinel (Ep)Np(Ep)

E)’
E dE
xFy(J,Ep)—p, (31)
E, E,
with Fy(%, Ep) a function of E, and E, (see Vila & Aharonian
P

2009, and references therein).

Secondary electron-positron pairs are created through the
p—p inelastic collisions (see Orellana et al. 2007). These parti-
cles can also produce non-thermal emission, which we took into
account. For the relevant formulae see Orellana et al.’s paper.

Figure 3 shows the computed SED for both types of stars. We
calculated the contribution of the secondary pairs, to synchrotron
emission and IC luminosity, only for the O91 star (because we as-
sumed a proton dominated content in this case). The non-thermal
luminosity of the O4I star is higher, mainly because the available
power in the system is greater. The IC emission produced in the
interaction with the dust photons dominates both SEDs at high
energies. At lower energies synchrotron radiation dominates, but
is relatively more important in the O9I system.

The IC emission from the dust photons, in general, increases
as the temperature of the dust also increases. This temperature
depends, as a first aproximation, on L, and Ry (see Eq. (10)).
As argued in Sect. 2.1, B must be at subequipartition values.
This parameter not only affects the synchrotron emission, but
the acceleration rate (see Eq. (1)). A higher value of B gives
a lower acceleration rate and the maximum particle energies
change (decrease).

2.5. Emission of the shocked ISM
2.5.1. Non-thermal emission

Some relativistic particles can diffuse from the acceleration re-
gion to the shocked ISM before losing most of their energy. The
diffusion time can be estimated as A?/2Dg, where Dy is the dif-
fusion coefficient in the Bohm limit as before. Particles that dif-
fuse to the denser shocked ISM (see Fig. 1) can interact there
through p—p inelastic collisions and relativistic Bremsstrahlung.
The shocked ISM is contained within a very thin layer.

Because of the radiative losses the temperature decreases
and the density increases in the shocked ISM; both quanti-
ties are described by a temperature profile T (x) and a density
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profile ng(x). The temperature profile is given by (Zhekov &
Palla 2007)

_—— “19_ 2P 2]
s =|=7x 107" —==(3.6)x + T , (32)

NaUy i3

where x is the distance from the shock; Thg ~ 2 X 10903 K and
Py = %pavi, are the corresponding values of temperature and
pressure for the adiabatic case.

The density profile is
CoPad
- i 33
ns(x) ko To) (33)

with Cy a normalization constant such that n, = n¢(T,), where
T, is the ambient temperature. We estimated the width of the
shocked region as x., where T'(x.) = T,.

The particle energy distribution of the diffused protons is ob-
tained solving Eq. (15), considering a 3D delta function injection
(see Aharonian & Atoyan 1996; Bosch-Ramon et al. 2004):
O(E, R, 1) = Npo(R)6(0), (34)
where N, is the initial energy distribution of the particles accel-
erated at the reverse shock. The general solution is

KEPexp—E/Emnax

Npait(E) = TR
diff
-t R?
Xexp(—(ﬂ ) - T)’ (35)
Riig

where Tp, ~ 6% 107(/1 cm™3)! yr. Here we consider an average
value for the shocked density 7¢; = f;“ ngs(x)dx/xc; t is the prop-
agation time after the injection into the shocked ISM, t ~ cx..
Ry 1s the so-called diffusion radius. For t < 7pp, Rair = 2 \Dr,
with D the diffusion coefficient, we considered D = Dg, see
Sect. 2.1.

The particle energy distributions of the diffused electrons can
be approximated by

Nediff ~ Q(E’ R’ t) Tcools (36)

where 1/teoq1 = 1/ ts‘ylnchr + 1, + 15! . The interactions of dif-
fused particles with the matter of the shocked ISM — through
p—p interactions for protons and relativistic Bremsstrahlung for
electrons — produce non-thermal emission.

For the two stars considered here, only the protons from the
0091 system can diffuse into the shocked ISM. Figure 4 shows
this contribution to the non-thermal SED. This emission peaks
at E ~ 100 MeV, with L ~ 10% erg s™'. From Fig. 3 it can
be seen that this contribution is negligible compared to the total
IC radiation.

2.5.2. Thermal emission

The shocked ISM produces thermal emission through free-
free mechanism (thermal Bremsstrahlung). For completeness we
computed this contribution to the total SED.
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30 T T T

25

Free-free L

20

Log(L(B) [erg s™']

Log(E) [eV]

Fig. 5. Thermal emission from the shocked ISM produced by free-free
mechanism for an O41 star and for an O91I star.

We calculated the thermal emission by integrating the emis-
sivity € along the shocked ISM, considering the temperature and
density profiles given by Egs. (32) and (33). The emissivity is
given by e.g. (Lang 1999)

€ ~ 54x 10782 00, Ty exp—hv/ks T
\NT

erg s 'em™@ Hz 'rad 2, (37)

where ¢g(v,T) is the free-free Gaunt factor given by
~0.541n[5 x 107(T3?/v)]; n; and n. are the ion and electron
densities respectively, we assumed n; = n. = ng. The emission
volume is a spherical wedge of width x, and radius A, see Fig. 1.
In Fig. 5 the result of this contribution is shown.

For the O4I star the free-free emission is negligible (see
Fig. 3). For the O9I case, at energies around ~1 eV this thermal
contribution dominates over synchrotron radiation.

2.6. Absorption

Gamma rays can be absorbed in the acceleration region imme-
diately after they are created, by photon-photon annihilation.
All radiation fields in the acceleration region, thermal and non-
thermal, provide target photons for pair creation.

The differential opacity for a gamma ray traveling in the di-
rection e, due to photons of an energy e in the direction ey, is

dry, = (1 — e,epn)neoy,dedQdl, (33)
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Acceleration
region

Fig. 6. Diagram of the path followed by a gamma ray traveling from
the acceleration region toward observers placed in front and behind the
runaway star (not to scale).

where dQ is the solid angle of the emitting surface and n, is
the radiation density. The photon annihilation cross-section is
(Gould & Schréder 1967)

7l'I‘2

TyB) = S0 -B)

1+
x [2B(8* -2)+ (3 —ﬁ“)ln(l—ﬁ)
where 8= (1—-1/s)"/?, and s = E el —eyeph)/(mecz)z. Here, E,
and € are the energies of the gamma ray and the target photon,
respectively. The threshold energy is given by

, (39)

2 . 2\2
Eye = M (40)
(1 —eyepn)
The opacity is
1 €max Umax
7(E,) = > f f f (1 = u) oy (B)npn(€)dudedl. 41)
1 €th -1

Here, u = cos, ¥ is the angle between the momenta of the col-
liding photons, and / is the photon path across the target radiation
field (here / = A). The target photon fields are those generated
within the acceleration region, the IR emission from the heated
dust, and the star radiation field at a distance d = Ry — A.

The optical depth is a trajectory integral on which the an-
gular dependence has a very significant effect, and consequently
the absorption depends strongly on the line of sight (e.g. Romero
et al. 2010). Photons traveling from the acceleration region to-
ward an observer placed at A, see Fig. 6, are not absorbed by the
stellar photon field. On the other hand, photons traveling toward
an observer placed at B strongly interact with the stellar photon
field. This interaction depends on the distance d between the star
and the photon path, and therefore depends on the angle a.

Photons of lower energies are absorbed by matter through
photoionization. The target material can be the shocked ISM and
the material along the line of sight corresponding to each partic-
ular source. The optical depth 7,4 can be approximated as
TyH ~ NHo-yN (Ey) (42)
Here Ny is the column density corresponding to the target den-
sity. The cross section o,n was taken from Ryter (1996). For
more details see Reynoso et al. (2011) and references therein.

Below we apply the radiative model described so far to the
specific case of ¢ Oph.

Table 2. Parameters for ¢ Oph.

Parameter value

Ro Standoff radius 0.3 pc
M, Wind mass loss rate 1077 Mg, yr~!
a Hadron-to-lepton energy ratio 1

gt Content of relativistic particles 10%

a Particle injection index 2

1.5%x 10% cm s~
5x 103 ergs™!

Va Wind velocity
L Available power

B Magnetic field 5x10* G
V.  Star velocity 30 km s~!
n, ISM number density 10 cm™
T,  Star temperature 32x10*K
R, Star radius 9 R,

L,  Star luminosity 10° L
Tk  Dust temperature ~66 K

3. Application to { Oph

The star £ Oph (HD 149757) is one of the brightest massive
stars in the northern hemisphere and has been intensively stud-
ied. This star has spectral type 09.5V and is a well-known run-
away star. It is rapidly rotating with almost break-up velocity,
with vsin(i) ~ 400-500 km s~' (Walker et al. 1979; Repolust
et al. 2004).

¢ Oph bowshock has been observed by the InfraRed
Astronomical Satellite IRAS (Van Buren & McCray 1988;
Noriega-Crespo et al. 1997) and more recently by the Wide-field
Infrared Survey Explorer WISE'. The WISE image shows a very
clear, regular structure. This source is quite nearby, located at
~222 pc from the Earth (Megier et al. 2009).

3.1. Bowshock shape

We adopted a mass loss rate for / Oph of ~1077 Mg yr™!
(Fullerton et al. 2006) and terminal wind velocity V,, =
1550 kms~! (e.g. Hubrig et al. 2011). For the ISM density we
adopted a value of n, ~ 10 cm™3; since £ Oph is embedded in a
cirrus cloud region, the density and ambient temperature might
be higher than average (e.g. Vidal et al. 2011). These parameters
yield Ry ~ 0.3 pc, which agrees well with the upper limit mea-
sured by Peri et al. (2011). The list of the values of the main pa-
rameters adopted in our calculations (we follow Marcolino et al.
2009) are in Table 2.

To compute the bowshock shape we used the analytical
method developed by Wilkin (2000). We assumed that the an-
gular dependence of the wind momentum flux is equatorial
(¢ = —1 and A = 30°, see Sect. 4.3 of Wilkin 2000). Figure 7
shows the 3D computed bowshock shape.

To compare the 2D image observed by WISE we rotated the
3D coordinate system by three angles. We defined the coordi-
nates x, = E and z, = N (see Fig. 8) to describe the WISE
image. As usual, the origin is placed at the position of the star.
From the WISE image of the bowshock of ¢ Oph it is evident
that the midpoint from the star to the bowshock (see Fig. 4 from
Peri et al. 2011) is in the direction of the star velocity. Figure 8
shows the best fit of £ Oph bowshock.

Our result shows that a simple model can provide a good rep-
resentation of the observational data, assuming that the IR image
is a good tracer of the actual hydrodynamic bowshock shape.
The differences between the observed and the intrinsic shape

! http://wise2.ipac.caltech.edu/docs/release/prelim/
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Fig. 7. { Oph computed bowshock.
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Fig.8. Top: image of ¢ Oph from WISE (http://wise2.ipac.
caltech.edu/docs/release/prelim/). Dots pointed by arrows
correspond to the projection to the 3D structure. Bottom: { Oph pro-
jected bowshock.

of the bowshock depend on many factors involving radiative
transfer, cooling time, dust characteristics, dust distribution, and
SO on.

3.2. Spectral energy distribution

In Fig. 9 we show the radiative losses, the acceleration rates and
the diffusion and convection times (see Sect. 2.5) for electrons
and protons. The maximum energy is ~TeV for both species of
particles. These values are in accordance with the Hillas criterion
(see Sect. 2.1).
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Fig. 10. Internal opacity.

The internal photon-photon optical depth in the bowshock
is shown in Fig. 10. It is negligible in the energy ranges of in-
terest. The photoelectrical absorption is also negligible due to
the small amount of material that photons cross on their way to
the observer. The external absorption is also negligible given the
relative positions of the bowshock, the star and the observer.

The expected non-thermal luminosity of the source is weak.
However, since { Oph is very nearby, the bowshock might be
detectable at gamma-ray and X-ray wavelengths through long
exposures, under the assumptions we made. We remark that the
sensitivity shown in Fig. 11 for MAGIC is for 50 h of exposure
over the source, and for Fermi it is for one year of integration.
For these types of sources an instrument like CTA gives the best
chance of detection. CTA might become a unique tool to explore
the high-energy radiation produced by runaway massive stars
and the population of relativistic particles generated in them.

4. Discussion and conclusions

Bowshocks of runaway massive stars are natural candidates for
particle acceleration. The different types of massive stars have
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Fig. 11. Computed SED for £ Oph bowshock, at d ~ 222 pc. The sensitivity for CTA, Fermi, MAGIC, XMM-Newton and VLA. IRAS data are also

shown.

different energetics (depending on the wind parameters). The
available power for particle acceleration also depends on the dis-
tance between the star and the acceleration region. The different
available powers produce different non-thermal fluxes. Under
the assumptions we made the asymmetries that might arise in
runaway bowshocks do not produce a difference in the emitted
spectrum. The obtained SEDs depend essentially on the particu-
lar assumptions made for the particle acceleration, the magnetic
field, and the dust emission.

The emission might be detectable at several wavelengths,
provided that the source is close enough and long exposure times
are used — a good candidate is ¢ Oph —. The synchrotron emis-
sion expected at radio wavelengths might be detectable, as in the
case of BD +43°3654. The undetectability can establish con-
straints on parameters such as the magnetic field in the shocked
wind. Stellar bowshocks might also be detectable at X-ray wave-
lengths, although no runaway bowshock has been observed at
these energies so far. Finally, a system like { Oph might be
detectable at y-rays by the future ground-based detector CTA,
as well as by the Fermi satellite. The energy range between
1 GeV—1 TeV offers the best prospects for the study of runaway
stars as non-thermal emitters. Our work suggests that bowshocks
of runaway stars might constitute a new class of high-energy
sources to be explored in the near future.

Figure 11 shows the SED for the emission from the bow-
shock of ¢ Oph, along with the sensitivity of the gamma-
ray detectors CTA (Cherenkov Telescope Array-forthcoming-),
MAGIC and Fermi, the X-ray satellite XMM-Newton (theoreti-
cal upper limit from Hasinger et al. 2001), and VLA (upper limit
from the NVSS survey — Condon, Cotton, Greisen et al. 1998 —,
angular resolution is given by Peri et al. 2011). For completeness
the IR IRAS data are also shown (Van Buren & MacCray 1988).
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