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ABSTRACT

It is shown that the stellar wind collisions in early-type binaries may be strong sources of both high-energy
particles and nonthermal emission. Nonthermal radio emission may be observed only if the orbital period of
the binary is more than some critical value. For a typical Wolf-Rayet binary the value of the critical period is
of the order of a month when the frequency of observation is a few GHz Observations of nonthermal radio
emission of the remarkable Wolf-Rayet binary WR 140, such as luminosity, spectrum, time variability in the
process of orbital motion, the size of nonthermal radio source, etc., are explained by a model in which its
nonthermal radio emission is generated at the site of stellar wind collision. Considerations of shock acceler-
ation theory suggest that the WR 140 system may be a strong source of y-rays. It is proposed that EGRET
could both measure the time dependence of the y-ray emission as well as resolve an inverse Compton spec-
trum from a pion decay spectrum and thereby provide information on the electron versus proton content of

the relativistic particles.

Subject headings: acceleration of particles — radio continuum: stars — stars: early-type — stars: mass loss —

stars: Wolf-Rayet

1. INTRODUCTION

Early-type stars, specifically OB stars and Wolf-Rayet (WR)
stars, are strong sources of both thermal and nonthermal radio
emission (Florkowski & Gottesman 1977; Dickel, Habing, &
Isaacsman 1980; Hogg 1982; Felli & Panagia 1982; Abbott et
al. 1986; Bieging, Abbott, & Churchwell 1989; Felli & Massi
1991). All early-type stars possess strong stellar winds (e.g.,
Conti 1978), and the thermal radio emission is naturally
explained as free-free emission from the extended envelopes
formed by the mass loss (Wright & Barlow 1975; Panagia &
Felli 1975). White & Becker (1982, 1983) and Hogg (1985) have
confirmed this thermal wind model in the stars P Cyg, Cyg
OB2 No. 12, and y? Vel by resolving the sources of radio
emission with the VLA. The nature of the nonthermal radio
emission is unknown, although it is probably synchrotron
emission.

Particle acceleration and nonthermal emission from
unsteady dense winds of single stars has been discussed by
White (1985) and Chen & White (1991). Volk & Biermann
(1988) have considered acceleration at the termination shocks
of such winds.

The early-type stars (AS 431, HD 168112, HD 167971, HD
193793, Cyg OB2 No. 9, Cyg OB2 No. 8A, etc.) which are the
mo:t powerful sources of nonthermal radio emission also have
anomalous strong X-ray emission (Pollock 1987; Chlebowski,
Harnden, & Sciortino 1989). The X-ray luminosity of early-
type stars is dependent on whether or not they belong to a
binary system. Massive binaries of early-type stars are on
average much brighter in X-rays than single stars (Pollock
1987; Chlebowski 1989). The additional X-ray component of
massive binaries results from stellar wind collision in these
systems (Prilutskii & Usov 1975, 1976; Moffatt et al. 1982;
Pollock 1987; Chlebowski 1989; Luo, McCray, & Mac Low
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1990; Usov 1992a). The correlation between nonthermal radio
and enhanced X-ray fluxes point to their common origin
(Chlebowski 1989). Therefore, most probably, the acceleration
of the relativistic electrons required to account for the synchro-
tron radio emission is also a consequence of the collision of the
two stellar winds. Williams, van der Hucht, & Thé (1987) and
Williams et al. (1990) arrived at the same conclusion about the
origin of the relativistic electrons generating the nonthermal
radio emission of binary HD 193793 (WR 140) from the
analysis of time variations of the radio emission. Below, parti-
cle acceleration and the generation of nonthermal radio emis-
sion in the region of stellar wind collision in the WR + OB
binaries are considered. However, the main results of this con-
sideration are applicable not only for the WR + OB binaries
but also for any massive binary only if the assumptions we use
about the parameters of binary and stellar winds are valid.

Typical parameters of stellar winds, geometry of the region
of stellar wind collision, and the properties of the magnetic
field in this region are discussed in § 2. Particle acceleration
near the shocks and generation of nonthermal radio emission
are described in § 3. The structure of radio sources in massive
binaries and expected time variations of nonthermal radio
emission in the process of orbital rotation are considered in § 4.
The interpretation of observational data and some theoretical
predictions on the nonthermal radio and y-ray emission from
the remarkable massive binary WR 140 are given in § 5. The
discussion and summary are presented in § 6.

2. STELLAR WIND COLLISION IN WR + OB BINARY

2.1. Stellar Wind Parameters

As a class, WR stars have the highest known mass fluxes of
any stellar type (Abbott & Conti 1987). The mass-loss rate for
WR stars, Mg, and the terminal velocity of the matter
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outflow, V&g, far from the star amount to ~(0.8-8) x 1073
Mg yr~* and ~(1-5) x 103 km s™*, respectively (Willis 1982;
Abbott et al. 1986; Torres, Conti, & Massey 1986). OB stars
also have an intense stellar wind: Moz ~ 107¢ Mg yr™ 1,
V& ~ (1-3) x 10° km s ™! (Garmany & Conti 1984; Leitherer
1988).

Fora typlcal WR + OB binary (Myg ~2 x 1075 Mg yr™ %,
Mo~ 10" Mg yr !, Ve ~ V& ~ 2 x 10° km s~ !, the dis-
tance between the components of binary D ~ 1013 cm, the
stellar wind gas temperature T ~ 4 x 10* K) the parameters of
the gas ahead of the region of stellar wind collision will be the
following: the gas density p ~ 10~ 1% g cm ™3, the sound speed
V,~10 km s~ ! and the Mach number & = VE/V,~2
x 102, The gas outflow from early-type stars is supersonic
(A > 1).

2.2. Geometry of the Region of Stellar Wind Collision

The winds from the binary components flow nearly radially
out to the shocks (see Fig 1). In the shock the gas is heated to
temperature ~ 107 K and generates X-ray emission (Prilutskii
& Usov 1975, 1976; Luo et al. 1990; Stevens, Blondin, &
Pollock 1992; Usov 1992a) discussed in § 1. Behind the shock
the hot gas outflows from the region of stellar wind collision
nearly along the contact surface (see in detail Usov 1992a).

In the case of the collision of two spherical winds the dis-
tances ryg and rog from WR or OB stars, respectively, to the
region where these winds meet is

1 1/2

rwe=7"12D, Top=

1+t M

1 + nl/z

"wr foB
[

FiG. 1.—Collision of two stellar winds in the WR + OB binary. S, and S,
denote the shock waves and C is the contact surface. The surfaces S, S,, and C
are near the conic surfaces S,, §,, and C, respectively, at intermediate distances
[rop < < (P/2)Vyr] from the OB star. Ry and Rig are the radii of the radio
photosphere for the WR and OB stars. The directions of the orbital motion of
the binary components are shown by the arrows. The region of stellar wind
collision is hatched at the lower part of the figure at which the collision region
is enlarged.
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(see Fig. 1), where
— MOB VgB
M WR V{“\;R

Since Mog ~ (0.01-0.1)Myy and Vs ~ V&g, the dimen-
sionless parameter 7 is small (n < 1). Hence, the region of
stellar wind collision is much nearer to the OB star than to the
WR star (rwg > 7o)

The form of the contact surface C near the OB star (r ~ rgp)
is given by

1
IR = ron S @)

for y < m/2 [here g is the angle between the radius vector R,(x)
from the center of the OB star to the point at the contact
surface and the line connecting the components of the binary].
At intermediate distances [rop < r<(P/2)VWR] from the
OB star the contact surface C approaches the conic surface C
with angle 0 (see Fig. 1). The value of 6 was calculated numeri-
cally by Girard & Willson (1987). The results of the calcu-
lations may be approximated by the following analytic
equation (L. M. Ozernoy 1991, private communication)

2/5
9:2.1(1 —'7—4—>n”3 for 107*<n<1 A3)
with accuracy ~ 1%.

The shock fronts S, and S, are near the conic surfaces S,
and §, at rop <7 < (P/2)V%e as well. In the case of wide
WR + OB binaries, like WR 140, when the fraction of the
thermal energy of the hot gas lost by emission in the shock
layers is small the angle A between these conic surfaces is ~ 0
(Lebedev & Myasnikov 1988). In the other case the value of A6
is smaller than 6 and asymptotically approaches zero if this
fraction goes to unity.

The contact surface C and two shock fronts S, and S, are
twisted at a distance more than ~(P/2)V g due to the orbital
rotation and have a spiral form (see Fig. 1). Since the orbital
velocities in massive binaries are typically much smaller than
the terminal velocities, we have (P/2)Vwg > D.

2.3. The Strength of Magnetic Field near the
Region of Stellar Wind Collision

Let us assume that the external magnetic field of the star
without stellar wind is dipole; then in the case of gas outflow
from the star the strength of the magnetic field and its
geometry in the outflowing gas is (Weber & Davis 1967; Usov
& Melrose 1992)

( R 3
<7> for R <r <r, (dipole) ,
R3 Ve
B~ B* x $ 5 for r, <r < R — (radial), 4)
FAl prot
Vrot R2 Ve
V= - for R Yot < r (toroidal) ,

where R is the radius of the star, B° its surface magnetic field,
V' the surface rotation velocity, r, the Alfvén radius which is
given by the following equation

1 —R/ry = é(R/"A)4 s &)
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B (Bs)ZRZ B 2 R 2
$=omve =% 1076) (%0 Ro

M -1 Ve -1
x<2x10‘5M®yr“1> <2x103kms“) - ©

From equation (5) the value r, is

- 1+¢ foré<l,
rA_Rx{cll4 for é3 1° )

Upper limits of the surface magnetic field for the OB stars
are a few hundred Gauss (Barker 1986). The value of B for
the WR stars may reach ~10* G (Mullan 1983; Nerney &
Suess 1987; Maheswaran & Cassinelli 1988). The typical values
of surface rotation velocity V™ for the early-type stars are
Vet~ (0.1-0.2)V* (Conti & Ebbets 1977; Hutchings 1981;
Uesugi & Fukuda 1982). The values of the Alfvén radius r, for
the early-type stars are in the range from ~R to ~(2-3)R
(Usov & Melrose 1992).

To estimate the strength of magnetic field Byg(r) and Bog(r)
in the WR and OB stellar winds it is necessary to substitute
By, Mwr, Rwe, Vim, and Vigk or Bys Mop, Rop, V&3, and
Vs for B5, M, R, V*, and V™, respectively, in equations (4)
and (6). Using these equations we can see that the strength of
magnetic field near the shocks may be as high as ~ a few ten G
for close WR + OB binaries or ~ a few G for wide WR + OB
binaries.

2.4. The Magnetic Field Direction near the Shock Fronts

The value of ryg ~ D for the WR + OB binaries is of the
order of or more than Ryg(Vywg/V'wg) if the rotation of the WR
star is not anomalously slow, that is, (Vigg = 0.1V g). There-
fore, it is natural to expect that the toroidal component of the
magnetic field near the shock S, is of the order or more than its
poloidal component (see eq. [4] and Fig. 1). In this case the
angle between the magnetic field B and unit vector » which is
perpendicular to the shock front is more than n/4, that is the
shock S, is quasi-perpendicular.

As to the magnetic field direction near the shock S, the
situation is not so simple. A few versions may be the following:

1. Ifrop < r, the OB wind is suppressed by the ram pressure
of the WR wind, on the side facing the WR star. In this case the
WR wind collision with the magnetosphere of the OB star is
similar to the collision of solar wind with the magnetospheres
of planets (Hones 1979). Maybe this kind of wind interaction is
realized in the very close binary V444 Cygni (WN4 + 06
binary with P = 4.2 days) for which the value of ryy is equal to
~1.2Rop (Usov 1990), and the collision region is very near the
surface of the O star.

2. If ry, < rop < Rop(V3s/VSE) the magnetic field in the OB
wind is radial near the collision region. The shock wave S, at
the same point is quasi-parallel or quasi-perpendicular when
the distance from the point to the line connecting the centers of
the WR and OB stars is smaller or more than ~2rqg (Usov
1992a).

3. If rop > Rop(V&s/VEE), the toroidal component of the
magnetic field dominates in all regions near the shock S,, and
the shock S, is quasi-perpendicular.

3. PARTICLE ACCELERATION AND NONTHERMAL
RADIO EMISSION

It is well known that plasma shocks in an astrophysical
setting can and do accelerate charged particles to high energies
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(see Blandford & Eichler 1987 and Ellison & Jones 1991 and
references therein for reviews of shock acceleration theory).
Therefore the strong shocks formed by the colliding stellar
winds in massive binaries are very promising as particle accel-
erators.

Roughly the dynamical ram pressure pV'2 ahead of both the
shock S; and the shock S, is the same; here p and V are the
mass density of the gas and its velocity ahead of the shock
(Usov 1992a). Since Vg ~ V&g, we have pywr ~ pop near the
shocks. Hence the parameters of both stellar winds ahead of
the shocks are similar, and it is enough to discuss the particle
acceleration by only one of the shocks. Let us consider neces-
sary conditions for particle acceleration by the shock S;. They
include the following:

1. The shock must be collisionless in the absence of an exter-
nal injection mechanism.—The postshock thermal collision
time must be long compared to the ion gyroperiod. This is
typically satisfied if the strength of the magnetic field ahead of
the shock is

©
Vwr

-6
B> 10 <2 x 10® ¢cm s“) <1010 cm‘3) G. @

where
My
h= 2y o
4nD*Vgrm,

My
~ 10,,—1 R
0.3 10%u <2x 107° Mg yr‘1>

DN Vi  \
9
X (1013 cm) <2 <100 emst) O

is the density of particles ahead of the shock, m, is the proton
mass, and p is the mean molecular weight of the gas.

2. The Ohmic damping rate of Alfvén waves must not exceed
the maximum growth rate—This is more of an issue in dense
winds than in, say, the interstellar medium or the solar wind.
For primary acceleration of subrelativistic electrons this con-
straint can be shown to imply that

B -1
WO 1.6 x 10-3<1010"T><a> e 'TR2InA .

(10)

Here V,, is the phase velocity of the resonant waves, V,,, is the
maximum whistler velocity, [B2?/4nnm,]'?, InA is the
Coulomb logarithm, € is the cosmic-ray partial pressure in
units of the upstream ram pressure p(Vgg)?, and T,y is the
temperature of the gas ahead of the shock ineV.

In a wind from a massive star, the temperature is kept at
about 1 eV by photoionization-recombination balance. The
efficiency of shock acceleration e for a single species has been
calculated via a two-fluid approach, assuming ambient cosmic
rays (Axford, Leer, & Skadron 1977), and by an explicit kinetic
approach assuming the Alfvén wave scattering operates on
thermal particles (Eichler 1979; Ellison & Eichler 1985). The
results of the latter calculation are insensitive to the exact
assumptions about injection as long as it saturates the acceler-
ation mechanism. A feature of the cosmic-ray spectrum in the
nonlinear theory is that the partial pressure in cosmic rays as a
function of energy is slowly varying over the entire dynamic
range of the cosmic rays, and if the phase velocity of the scat-
terers exceeds about 0.03 of the shock velocity, the partial
pressure varies only by a factor of 3. The value of € may be as
high as several percent (Ellison & Eichler 1985).
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The actual value of the phase velocity of the scatterers V,,,
however, is hard to determine. On the one hand, rapidly
growing Alfvén waves can have highly super-Alfvénic velocities
(Morrison et al. 1981; Fiorito, Eichler, & Ellison 1990). On the
other hand, nonlinear scattering into the backward direction
can counteract this effect, and even render the phase velocities
of the Alfvén waves sub-Alfvénic. The observed spectra at the
Earth’s bow shock are consistent with sub-Alfvénic phase veloc-
ities (Ellison & Mobius 1987; D. C. Ellison 1992, private
communication). In any case the value of ¥, cannot exceed the
maximum value of whistler velocity V,,. Taking this into
account we have that equation (10) holds if

VWR

™ 3/2 n 14/ ¢ \12
27 <
B< <2 x 10° cm s—1> <1010 cm-3> <o.01>

InA\"'2_,
- /4
x(zs) T3 G. (11)

Here parameters Vg, 1, €, InA, and T,y are normalized on
their most reasonable values.

3. For primary electron acceleration, the shock velocity must
considerably exceed the phase velocity of whistler waves propa-
gating normal to the shock, that is, Vg > Vyp—Since V,, <
V4, condition 3 is met if Vg > V. The last condition may be
written as

B<?2 475 L (12)
<3 .
< 2 x 108 cm s\ 10'° cm 3

All of these constraints are typically satisfied by colliding
winds in massive binaries. Hence the region of stellar wind
collision in these binaries may be a strong source of both high-
energy particles and nonthermal radiation generated by these
particles.

The maximum electron energy is limited by ion-neutral
wave damping and by inverse Compton losses (Bell 1978). The
maximum energy, as limited by ion-neutral damping, is given
by

V&R 4/3 n, -1/3 Ny -2/3 f 2/3
= 0.07 -— \%
Ennax = 00 (0.01c> cm”? cm~3 Sear GeV.,

(13)

where n, is the electron number density, ny is the neutral
hydrogen density, and f/f;,, is the ratio of cosmic-ray flux to
that in the Galaxy. We take the latter ratio to be the cosmic-
ray energy density in eV cm 3. The total density in the pre-
shock fluid is given by equation (9). The neutral hydrogen
fraction is probably limited to of order 10~° by the UV from
the OB companion, and the neutral He fraction, He being
about effective as neutral hydrogen for damping Alfvén waves,
about 1077, Thus the neutral He and H, assuming cosmic
abundances, contribute a number density of about 10%(D/10*3
cm)” % cm~? where, as derived above, n, ~ 10°(D/10'3 cm)~?
cm~3 (see eq. [9]). For efficient particle acceleration, the
maximum energy allowed by ion neutral damping should be
well above 100 GeV and does not play an important role.

Volk & Biermann (1988) have considered the possibility that
the termination shocks in the winds of early-type stars acceler-
ate ions all the way up to the highest Galactic cosmic-ray
energies. We note that in their context, the field could be
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extremely wound up, and the cosmic rays might be trapped by
the laminar field. Hence the high-energy cutoff quoted above
may not apply there.

The limit for electrons on E,,, = 7., M, c> due to inverse
Compton losses can be shown, assuming a quasi-parallel shock
geometry, to be given by

3neBcrdg (V&g \2 Ve 2
2 _dmeBerog (Vwr)™ s [ Vwe
Vmax < Aor Ly, ( c ) ~3x 10 ’7<2 x 108 cm s“)

B D 2 L, -1
X <G><1013 cm) <1039 ergs s"1> - 19

with approximate equality obtaining in the absence of any
other, stronger limits. Here Ly, is the bolometric luminosity of
the OB star, o is the cross section of Thomson scattering, e is
the electron charge, and A ~ 3 is the ratio of mean free path to
gyroradius. This limit follows from the condition that the
inverse Compton loss rate not exceed the acceleration rate,

which is given by
I— ~ (V&}R)Z ch ,
¢ ) Ymaxt

where Q,, is the nonrelativistic electron cyclotron frequency.
Note that since B varies as D~ 2 near the star, y,,,, is insensitive
to D for close binaries. When D is large enough that B varies as
1/D, then y,,,, should rise. However, if the field is wound up too
tightly, it might quench the injection that is crucial to the
creation of a cosmic-ray population. Given the constraints of B
discussed above, the energy of electrons E,,, can be shown to
be enough to generate synchrotron radio emission at the fre-
quencies of which nonthermal radio emission from massive
binaries has been observed.

For a strong shock with the compression ratio of 4, the test
particle theory predicts a spectrum of p~2 for accelerated par-
ticles (Krymsky 1977; Axford et al. 1977; Bell 1978 ; Blandford
& Ostriker 1978). Efficient acceleration may, in principle,
increase the shock compression ratio and may change the
slope of the spectrum of accelerated particles, but nonlinear
calculations yield a similar spectrum for a wide range of shock
parameters (Ellison & Eichler 1985). In any case, the partial
pressure in most ranges of relativistic electron energy is
unlikely to be more than 0.05 of the total shock energy and
could conceivably be much less (Blandford & Eichler 1987;
Ellison & Reynolds 1991). Thus, for relativistic particles, the
spectrum is similar to that obtained from the spectrum in the
test particle theory for strong nonrelativistic shocks.

In this case a differential energy spectrum expected for rela-
tivistic electrons accelerated in the region of stellar wind colli-
sion is N(E)oc E™™, where N(E)dE is the number of
high-energy electrons per unit volume with total energy E in
the interval dE and m ~ 2. The spectrum of synchrotron radi-
ation generated by relativistic electrons with this energy spec-
trum is S(v) oc v*; here S(v) is the flux of radiation at the
frequency v and o« = —(m — 1)/2 ~ —0.5 is a spectral index. It
is worth noting that radio spectral indexes have been measured
for about 200 supernova remnants for which the shock acceler-
ation is the most probable mechanism of the high-energy parti-
cle’s generation (Clark & Caswell 1976; Green 1984; see
Reynolds 1988 for a review). It was shown that a mean value of
o is near 0.5 with a relatively small spread. It is in good agree-
ment with the frequency spectrum written above.
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The expected value of nonthermal radio luminosity from the
region of stellar wind collision is
M Ve 2 62 Ve
L.q~€Bl Muws(Viw” (6° 0227 =22 )~ 74 x 1038
2 16 ViR

% € { MWR
1072 \1073 \2 x 1073 Mg, yr_1

X _ VY n?*? + 0.8y Vs ergss™ !, (15
2 x 108 cm s™1 T VER ’

where f is the ratio the energy density of high-energy electrons
to the total energy density of cosmic rays (0 < < 1),and

~ o S BVt o “3, 12 B
C..ts_2x10 y(G) 0% s ~4 x 10" %y G
Vwr

D -1 v 172
8 (1013 cm><2 x 108 cm s“) <5 GHz) (16)

is the fraction of the energy in high-energy electrons that is lost
to synchrotron radiation, t,~ 5 x 108y Y(B/G)™? s is the
characteristic time of energy loss by a relativistic electron with
the Lorentz factor y via the synchrotron radiation,

Tos D Ve -t
te~ ~ 0.5 x 10542
7N o (1013 cm)<2 x10°cmst) °
(17)

is the flow time in the colliding wind region, and v is the
frequency of radio observations. The value of the dimension-
less parameter f may be estimated from spectrum observations
of y-ray emission generated in the region of stellar wind colli-
sion (see § 5).

To get equation (16) it is taken into account that the Lorentz
factor of electrons generating synchrotron radio emission at
the frequency ~vis

B -1/2 v 1/2
yz40<a) <5 GHZ) . (18)

First and second terms of the sum in brackets of equation
(15) are some geometrical factors of the stellar wind collision
(Usov 1992a) and correspond to the synchrotron radio emis-
sion of high-energy electrons accelerated by the shocks S; and
S,, respectively.

Typically, only a small fraction of the cosmic-ray energy can
be converted to radio emission before the flow convects them
out of the colliding wind region.

From equation (2) we can get the characteristic size of non-
thermal radio emission

I*d ~ 2R (n/2) ~ nrgp - (19)

4. RADIO STRUCTURE AND RADIO VARIABILITY

Stellar winds outflowing from the WR and OB stars are
opaque to free-free absorption. The radius of optical depth
unity to free-free absorption, that is, the radius of the radio
photosphere at the frequency v is (Wright & Barlow 1975)

M 2/3 y -2/3
R4 ~22 x 104
X <2x10‘5MOyr"> <2x103kms-1>

T -1/2 y -2/3
X<104 K) <5 GHz> cm.(20)
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A typical radius of the radio photosphere at the frequency of
a few GHz for WR stars is RS ~ a few times 10'* cm. The
value of this radius for OB stars, R&5, is approximately an
order of magnitude smaller than R%g. Hence, in the case of
early-type stars the radius of their radio photosphere is of the
order of a hundred or more stellar radii.

In the previous section it was shown that the region of stellar
wind collision may be a strong source of nonthermal radio
emission. The radius of this source is ~ 1.5rg5 < D. The obser-
vational properties of nonthermal radio emission depend sub-
stantially on the ratio &, = R@%/ryr ~ RES/D.

Let us consider the structure of nonthermal radio sources
and radio variability for WR + OB binaries with nearly circu-
lar orbits. If the binary is wide and &, < 1 (orbital period P 2
10 yr) the region of stellar wind collision, where the nonthermal
radio emission is mainly generated, is outside the radio photo-
sphere of the WR star. If the angle ¢ between the line of sight
and the orbital plane is small enough (¢ < &, here the angle ¢
is in radius), the flux of nonthermal radio emission will be
modulated because of the eclipse of the region of stellar wind
collision by the stellar winds. When ¢ > &, the flux of non-
thermal radio emission practically does not vary if the gas
outflow from the WR and OB stars is stationary.

The expected time variations of nonthermal radio emission
are very slow irrespective of the ratio ¢/, if the value of &, is
more than a few times smaller than unity. It is because P > 10
yr in this case. The radio-bright WR star AS 431 is probably
the radio source of this kind. There is an indication that this
star is the binary of which the orbital period is a few thousand
years (Moran et al. 1989). Therefore, the observational fact that
the nonthermal radio emission of AS 431 does not vary is
natural. As expected in the model of generation of nonthermal
radio emission in the region of stellar wind collision, the source
of nonthermal radio emission of AS 431 is near the component
of the WR star. The observed values of £, ~ 0.3 and rop/D ~
1 for binary AS 431 (Moran et al. 1989) are in good agreement
with the values expected for stellar wind collision (regarding
the generation of radio and X-ray emission in AS 431, see Usov
1992b).

If £, > 1 the source of nonthermal radio emission which
coincides with the region of stellar wind collision is inside the
radius of the radio photosphere for the WR star. This source
may be observed at the frequency v only if the time REg/V ¥r
during which the gas outflowing from the WR star with the
velocity Vg reaches the radius of the radio photosphere Ry
is of the order of or smaller than the time which is necessary for
the WR + OB binary to turn on the angle 20 + A0 ~ 30 (see
Fig. 1), that is,

rad

— 21
Var ™ 2m @1)
or P 2 P, where
2n R S\ _
Po="2 Wk 3y M) s
T30 Vg ) "
9 My 3 Vwr 33
2x107 5 Mgyr! 2x10®kms™!

T -1/2 y -2/3
. 22
8 (104 K) <5 GHz> days 22)

For a typical WR + OB binary (Myg ~2 x 1075 Mg yr~ !,
V& ~2 x 10% km s~ !, s ~0.1, T ~ 10* K at r ~ R§}) the
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value of P, is of the order of a month when the frequency of
observation is a few GHz.

If P < P, nonthermal radio emission from the region of
stellar wind collision in the WR + OB binary cannot be
observed because it is screened by the WR wind.

In the case of P 2 P, nonthermal radio emission from the
WR + OB binary may be detected if the angle ¢ is smaller
360/2. In this case the character of expected radio variability
depends on the ratio RE3/rop. If RES < rop the flux of non-
thermal radio emission varies slightly when the observer is
inside the conic surface C. If RE2J is more than a few rqp,
nonthermal radio emission escaping from the region of stellar
wind collision is concentrated near the conic surface C. There-
fore, if the angle ¢ is smaller than the angle 6, the observer will
detect two radio bursts corresponding to the two configu-
rations in which the conic surface C intersects the sight of light.
The time interval between the radio bursts is

1 0
At ~ — arccos ( cos >P . (23)
n cos @

The duration of radio bursts At; depends on many factors,
such as the values of 6 and ¢, structure of the region of non-
thermal radiation, additional screening of the radio-radiating
region by the curved stream of outflowing gas at the distance
r ~ R, etc. It is possible both At; < At,and At, ~ At,,.

If the orbital eccentricity of the WR + OB binary is large,
the ratios R@%/rwe and RES/rop vary, and the WR + OB
binary moves from one kind of nonthermal radio source to
another in the process of orbital motion.

5. WR 140: INTERPRETATION OF SOME OBSERVATIONAL
DATA AND THEORETICAL PREDICTIONS

Anomalously strong infrared, X-ray, and radio emission was
observed from WR 140 (see Williams et al. 1990 for a summary
of observed properties). Most probably, the stellar wind colli-
sion is responsible for the additional radiation of WR 140 in all
three regions (Williams et al. 1987; Pollock 1987; Williams et
al. 1990; Usov 1991, 1992a).

5.1. Main Parameters of WR 140

WR 140 is a binary system composed of a WC 7 and an
04-5. The orbital parameters of WR 140 and the parameters of
the stellar winds outflowing from its components are the fol-
lowing: the orbital period P = 2900 + 10 d (7.94 yr), the semi-
major axis a = 14.7 AU, the eccentricity e = 0.84 + 0.04,
0=324+8, Dy,=(1—-eax~35x10"* cm, D, =
(1+ea~4x 10" cm, Myg~57 x 1075 Mg yr™ !, Vg ~
2860 km s™!, Mo ~ 1.6 x 107° My yr™%, and V& ~ 3200
km s~ ! (Conti 1988; Williams & Eenens 1989; Williams et al.
1990). The mass of the O4-5 star equals ~38 M, that is, ~3
times more than the mass of the WC 7 star.

Substituting these parameters into equations (1)—(3), (20),
and (22), we obtain # = 0.031, ryg ~0.85D, rog ~ 0.15D,
0 ~ 0.63 rad ~ 36°, R% ~ 3.5 x 10* cm, R&3 ~ 2 x 10*3 cm,
and P, ~ 4 x 10° s ~ 48 days. The values of R4, R, and
P are Svaluated at the frequency v = 5§ GHz for T = 10* K at
r ~ RyR.

5.2. Variations of Radio Emission

Striking variations of radio emission from WR 140 were
observed. It was shown that WR 140 may be in a “radio low”
or “radio high” state (Florkowski & Gottesman 1977; Flor-
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kowski 1982; Becker & White 1985; Abbott et al. 1986). In the
radio low state the flux of radio emission at the frequency 5
GHz is S,,(5 GHz) ~ 1.5 mJy. This steady radio emission has a
spectral index a with the canonical 0.6 value for a thermal wind
and comes from the ionized wind of WR 140.

The observations of radio emission from WR 140 are very
rare. Therefore, until now the data on the transition of WR 140
from its radio low state to radio high state and back were very
poor. We can see only that the additional radio emission has
appeared at the orbital phase ¢ ~ 0.3 (Williams et al. 1990). At
first this radio emission increases slowly. The transition from
the low state to the high state is somewhere at ¢ ~ 0.5-0.6
(see Fig. 2). Additional radio emission reaches a maximum
S.(5 GHz) 2 24 mJy at ¢ ~ 0.8 and then very rapidly declines
at ¢ ~ 0.9. The 2-6 cm spectral index of additional radio emis-
sion o changes dramatically, from « ~ —0.5 near maximum to
o = 1.7 as the radio source disappears, arguing for a non-
thermal nature of additional radio emission. Let us try to
explain the behavior of the additional radio emission of WR
140 under the supposition that this radio emission is generated
in the region of stellar wind collision.

Most probably, the time variability observed for nonthermal
radio emission of WR 140 is a result of both the variation of
the distance between the components of the WC 7 + O4-5
binary in the process of orbital rotation and the absorption of
radio emission in the stellar winds. At the orbital phase ¢ ~ 0.3
the value of ryg is 3.1 x 10'# cm, which is close to the value of
R3% ~ 3.5 x 10'* cm, and nonthermal radio emission of WR
140 appears for the observer. The optical depth t for non-
thermal radio emission at ¢ ~ 0.3 may be estimated as

R24\3 6 — sin 6 cos &
T~ 2( rwn) =28, (24)

where 6 = 0 — y ~ 70° is the angle between the sightline and
the line connecting the components of the binary at ¢ ~ 0.3,
o=mn/2 —w=>58°+ 8° and ¥ ~ —12° is the angle between
the line connecting the components and the main axis of the
binary (see Fig. 3 at which the angle i is zero at ¢ = 0.5, ¢ <0
at0 < ¢ <0.5,and ¥ > 0 at 0.5 < ¢ < 1). Here and below we
assume that the inclination of orbit i = /2 — ¢, that is, the
angle between the sight line and the normal to the orbit, is near
n/2.

1978 1980 1982 1984 1986 1988 1990 1992

F1G. 2—Radio light curve of WR 140 at the frequency v = 5 GHz. The
orbital phase ¢ is shown by the arrows.
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F1G. 3.—Schematic structure of WR 140 at the orbital phase ¢ ~ 0.7. ¢ is

the angle between the sightline and the main axis of the binary. R%$ and RS

are the radii of the radio photosphere for the WR and OB stars, respectively.

The detected flux of nonthermal radio emission S, (5
GHz) ~ §,(5 GHz) ~ 1.5 mJy at ¢ ~0.3 is ~e* ~ 16 times
smaller than the intrinsic intensity without any absorption of
radio emission in the WR wind. This is in good agreement with
the flux of nonthermal radio emission S,,(5 GHz) ~ 24 mJy
observed at ¢ ~ 0.73 when the value of D was practically the
same as at ¢ ~ 0.3 and when the absorption of radio emission
was very small (see below).

In the phase interval from ¢ ~ 0.3 to ¢ ~ 0.5-0.6 the flux of
nonthermal radio emission increases slowly due to the slow
decrease of the optical depth. In this interval of ¢ the behavior
of nonthermal radio emission was described by Williams et al.
(1990).

At ¢ ~0.5-0.6 we have Y + 36/2 ~ g, and the observer
intersects the conic surface S, (see Fig. 3). The characteristic
time of orbital motion at this moment is a few times more than
the value of P, at the frequency v 2 a few GHz. In this case the
twist of the surface S, at the distance r ~ R4 is small, that is,
the surface S, practically coincides with the conic surface S, at
rop < r S RES. The absorption of nonthermal radio emission
in the WC 7 wind is absent when the observer is inside this
conic surface. Besides, the size of nonthermal radio source is
I ~ rop ~ 0.47D ~ 1.8 x 10'* cm (see § 3). That is essen-
tially more than the diameter of radio photosphere 2R%s ~ 0.4
x 10'* cm for the O4-5 star at the frequency v = 5 GHz.
Therefore, leading off the orbital phase ¢ ~ 0.5-0.6 the main
part of nonthermal radio emission generated in the region of
stellar wind collision at the frequency v 2 a few GHz is
observed practically without absorption. From this moment
WR 140 is in the radio high state.

At the frequency v < (1-2) GHz the twist of the surface S, at
the distance r ~ R3% becomes essential for the observation of
the nonthermal radio source. The result of this is that the
transition from the radio low state to the radio high state at
low frequencies has to be later than at high frequencies.

The value of rgy decreases in the process of subsequent
orbital motion at ¢ > 0.5, and hence the size of nonthermal
radio source decreases as well. When the phase ¢ is ~0.93, the
value of rop is equal to RS at the frequency v = 5 GHz. There-
fore, at ¢ = 0.9 the flux of nonthermal radio emission at v =5
GHz decreases due to the eclipse of the region of stellar wind
collision by the stellar wind of the O4-5 star. From the moment
when ¢ is ~0.9 WR 140 turns into the radio low state at the
frequency 5 GHz.

Since the value of R&s at the frequency v = 15 GHz is 2.1
times smaller than at the frequency v =5 GHz, the strong
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nonthermal radio emission at v = 15 GHz was observed until
1984.80 (¢ ~ 0.94). The value of rqp is equal to RS at v = 15
GHz when ¢ ~ 0.97. The drop of nonthermal radio emission
at the frequency v =15 GHz is expected somewhere at
¢ ~ 0.95-0.96.

A very interesting phenomenon may be observed at
¢ = 0.98 + 0.005, namely, at this orbital phase the observer is
near the conic surface € again, and a strong radio burst may be
observed at high enough frequencies. The expected duration of
this radio burst is two or three weeks. Near periastron the
characteristic time of orbital motion is of the order of P, at the
frequency of a few GHz (see eq. [10]). Therefore, the low
boundary of the frequency of the radio burst is determined by
the absorption of radio emission in the outflowing gas of which
the stream lines are twisted due to orbital rotation (see § 4).

Beginning from ¢ ~ 0.99 nonthermal radio emission cannot
be observed from WR 140 at any frequency since the region of
stellar wind collision is screened by the radio photosphere of
the WC 7 star. The flux of total radio emission of WR 140 has
to be minimum at ¢ ~ 0.008 when the O4-5 star is behind the
WC 7 star (see Fig. 3). At this moment only the thermal radio
emission of the WC 7 wind undisturbed by the stellar wind
collision is observed. The duration of this minimum is a few
months. At ¢ ~ 0.05 + 0.01 the flux of thermal radio emission
of WR 140 has to be several tens of percent more than at
¢ ~ 0.008 due to the compression of the part of the outflowing
gas in the shock layers (Usov 1992a).

5.3. Radio Luminosity and Radio Spectrum

Substituting the parameters of WR 140 into equation (15) we
obtain the following equation for the expected nonthermal
radio luminosity from the region of stellar wind collision

4~ 54 x 1031[3(&)(10(‘3) ergs s~ '.

For reasonable values f ~ 0.1 and € ~ 0.01, this luminosity
coincides with the observed value L2, ~ 5 x 10%% ergs s~ !
at 5 GHz at the radio high state (¢ ~ 0.7) if { ~ 10~ %. From
equation (16) we can estimate the strength of the magnetic field
in the region of stellar wind collision at the orbital phase
¢ =0.7(D ~ 3.6 x 10'* cm) as B ~ 0.03 G. This magnetic ficld
meets necessary conditions for particle acceleration by the
shocks (see § 3). The surface magnetic field of the components
of WR 140 obtained by the extrapolation from the region of
stellar wind collision to the surface of the stars by the use of
equations (4)—(7) is near the upper bounds existing for these
kinds of massive stars as is assumed by Usov & Melrose (1992)
to explain the X-ray emission of single massive stars.

Using equations (16) and (25) it is possible to get a lower
bound for the strength of the magnetic field in the region of
stellar wind collision. Indeed, from conditions I{*® = L3, ~
5 x 10*° ergs s 1, p < 1, € < 0.05, and equations (16) and (25),
we can get { = 2 x 107%and B = 10~ 3 G. Hence, the strength
of the magnetic field ahead of one of the shocks or ahead of
both shocks at ¢ ~ 0.7 has to be in the range from ~0.1 to
~1073 G with the most probable value B ~ 10~2 G, that is,
2x107% < <1073, The upper bound for the B-value
follows from necessary conditions for shock acceleration.

The spectral index « = —0.5 predicted by the theory of par-
ticle acceleration by a strong shock (see § 3) is in agreement
with the value of « observed at the radio high state when the
absorption of radio emission is small. Most probably, the
change in spectral index observed at the moment of the tran-

(25)
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sition of WR 140 from its radio high state to radio low state is
connected with the absorption of low-frequency radio emission
in the gas of the stellar winds (Williams et al. 1990). A study of
the spectral index variations are beyond the framework of this
paper and will be addressed elsewhere.

5.4. The Size of Nonthermal Radio Emission

The visible size of the nonthermal radio source in the radio
high state is

Ir*d ~ I'*d cos (6 — i) ~ mrggcos (6 — i) . (26)
The projected separation of the binary components is
D, =Dsin(c— V). 27
From (1), (26), and (27) we have
lrad 1/2
L T tan'(o—y). (28)

LIS S,
D,  "T4n

Recently the radio source associated with WR 140 was
observed at v =5 GHz with the European VLBI Network
plus the VLA at ¢ = 0.62 (y ~ 8°) by Felli & Massi (1991).
Using o = 58° + 8° we can see that the value of the ratio
I'*4/D | expected at the time of the observations is in the inter-
val between 0.3 and 0.52. This is in agreement with the
observed value I'*%/D, = 0.45 + 0.03 (Felli & Massi 1991).

5.5. Gamma-Ray Emission

Gamma-ray emission can be attributed to either inverse
Compton emission or p-p collisions followed by pion decay. In
the former case, the seed photons would presumably be the
processed UV radiation from the O4-5 star. Inverse Compton
spectrum of y-rays has an exponential high-energy cutoff at the
energy

©
VR

2/B
- 2 of__ Ywr V(2
Emax = (4/3)Euy Vnax > 4 x 10 ’7(2 x 108 cm s“) (G)

D \? Ly, -1
X (1013 cm) (1039 ell')gls s“) v, 29

where Eyy ~ 10 eV is the mean energy of UV photons radiated
by the O4-5 star of which the effective temperature is ~ 44,000
K (Williams et al. 1990). Using L,, ~ 1.7 x 103° ergs s~ %,
B~001 G, 5~0.031, and D ~3.6 x 10'* cm, we have
E_. . ~10>MeVat¢ ~0.7.

For high-energy electrons with y ~ y... the characteristic
time of energy loss via the inverse Compton radiation is
smaller than the flow time ¢, given by equation (17). Therefore,
the main fraction of energy of relativistic electrons with y ~
Ymax 18 radiated and transfers into y-rays before the flow con-
vects these electrons out of the colliding wind region. In this
case the expected value of y-ray luminosity of WR 140 L, is of
the order of the luminosity of the shocks L, in the high-energy
electrons. From determination of { it is followed that L, =
{124 (see § 3). Hence, we have

L,~L,=(""[*~5x10%-25x 10*% ergss™', (30)
where2 x 1076 < ¢ 51073,
The maximum value of L, is enough to explain the y-ray flux

observed with COS B from the y-ray source 083 +03 which is
near WR 140 (Pollock et al. 1985). At the moment of y-ray
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observation WR 140 was near the periastron passage when the
physical conditions in this binary is the most favorable for
y-ray generation. Therefore future y-ray observations with
EGRET at the next periastron passage in 1993.2 are very
promising. They can help to estimate the value of the magnetic
field near the shocks more precisely than above.

Finally, we note that both y-rays and relativistic electrons
can be generated via the decay of pions that emerge from p-p
collisions. In a typical convection time ¢, relativistic protons
pass through ~nt;c ~ 10**>-10%* protons cm~2, so conver-
sion efficiencies of order 10% are plausible. Hence, neither the
radio nor the y-ray emission yet prove the existence of primary
electron acceleration in WR 140. However, there should be no
high-energy spectral cutoff for pion decay y-rays, only a lower
one corresponding to the pion production threshold. Therefore
it is possible to separate the inverse Compton y-ray emission
and y-rays generated by pion decay and to estimate the value
of . Moreover, the pionization conversion efficiency should be
proportional to D~ ?, unlike the inverse Compton luminosity.

6. SUMMARY AND DISCUSSION

We have considered in this paper the generation of non-
thermal radio emission in binaries of early-type stars like
WR + OB binaries. It is shown that the region of stellar wind
collision in these binaries may be a strong source of non-
thermal radio and y-ray emission. Nonthermal radio emission
may be observed only if the orbital period of a binary is more
than some critical value P_,. The value of P . depends on the
frequency at which nonthermal radio emission is observed. For
WR + OB binaries, for example, the values of P, cover a
range from a month to a few months when the frequency of
radio observations is S GHz.

Basic observational data on the nonthermal radio emission
of WR 140, such as luminosity, spectrum, time variability in
the process of orbital motion, the size of nonthermal radio
source, etc., are explained in the framework of a model in
which nonthermal radio emission is generated in the region of
stellar wind collision. Since the motion of outflowing gas and
its parameters vary in the region of stellar wind collision (see
Fig. 1), it is possible to observe nonthermal radio emission of
WR 140 generated deep inside the radius photospheres of the
WC 7 wind.

Given the nonthermal radio emission observation from the
region of stellar wind collision in WR 140, it follows that the
inclination of the orbit is i > 7/2 — 36/2 ~ 36°. From the con-
dition that the observer is near the conic surface S; when the
orbital phase is ¢ ~ 0.5-0.6 (¢ ~ 0°-6°) we can get the follow-
ing estimate: 60° <i < 90° To define the i-value more precise-
ly it is necessary to do both detailed multifrequency
observations of the transition of WR 140 from the radio low
state to the radio high state and back as well as precise calcu-
lations of the form of the shock waves far from the binary.

The next periastron passage of WR 140 is in 1993.2. The
drop of nonthermal radio emission at the frequency of a few
GHz is expected at the orbital phase ¢ ~ 0.9. Most probably,
the drop is due to the eclipse of the wind collision site by the
stellar wind of the O4-5 star. The radio photosphere of the
04-5 star is like a screen whose radius depends on the fre-
quency of the detected radio emission. To investigate the struc-
ture of nonthermal radio source the multifrequency
observations of the eclipse are necessary. Detection of synchro-
tron emission at two different orbital configurations would
provide information about the magnetic field in the winds.
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The radio emission already observed from WR 140 together
with the optical and UV luminosity of the O4-5 star and likely
parameters for the magnetic field suggest an inverse Compton
luminosity up to a few 1033 ergs s~ ! at tens to hundreds of
MeV, consistent with an identification with the COS B source.
EGRET observations may be able both to identify a high-
energy cutoff in the inverse Compton spectrum, corresponding
to the energy where the loss time equals the shock acceleration
time, and to separate the inverse Compton y-ray emission and
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y-rays generated by pion decay. Prolonged observation by
EGRET may also detect time dependence in the y-ray emis-
sion, which is expected if the y-radiation comes from p-p colli-
sions.

We are grateful to Professor M. Milgrom for helpful conver-
sations. This research was supported in part by the Israel-US
Binational Science Foundation and Einstein Centre for Theo-
retical Physics.
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