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Abstract. We have searched for nonthermal radio emissidnighly magnetic, helium peculiar, Bp-type stars (Drake et al.
from 40 OB and WR stars. Enhanced nonthermal radio enfi®887). Radio emission from a Wolf-Rayet (WR) star was first
sion from an early-type star could be evidence for the presematect towardy? Vel by Seaquist (1976). Subsequently, more
of a collapsed companion, and thus for its origin as the restiian 40 WR stars have been detected at radio wavelengths. It
of a supernova explosion in a massive binary. As shown in thas initially thought that stellar radio radiation was produced
evolutionary calculations of joint evolution of a neutron star armhly by free-free emission in an ionized wind and that this emis-
a normal star in binaries (Lipunov & Prokhorov 1987), a corsion could be used to determine accurate stellar mass loss rates.
siderable fraction of neutron stars in binary systems having Ahbott et al. [(1984) first suggested that not all the radio emis-
optical companion must be in the ejector state. A neutron ston from massive stars is necessarily produced by a thermal
in this state generates a relativistic wind like an isolated radidnd. They showed that the time-variable nonthermal emission
pulsar. Most ejectors in binary systems can not be identifiedfaem several OB and WR stars may be produced by accretion
radio pulsars because of absorption of radiowaves in the stetiato an undetected compact companion.
wind of the normal companion, but instead, they may appear as One current explanation for the large peculiar velocities of
sources of high-energy quanta due to the synchrotron radiationaway stars is that they result from supernova explosion in
of relativistic particles (ejected by the radio pulsar) in the magiassive binaries. A search for relativistic objects among run-
netic field of anormal star (Lipunov & Prokhorov 1984; Lipunoaway OB stars has been carried out by several groups. Gies &
& Nazin[1994). In this case a source of nonthermal radiati@olton (1986) conducted a search for time variations, indica-
in a wide range from radio to hard gamma-ray may appear atva of orbital motion about a compact companion, in the radial
result of a specific reflection effect in the magnetic field of theelocities of 36 bright OB runaways. They also used existing
optical companion. Cyg X-3 and the periodic radioburster LSX-ray observations of their candidates to search for evidence of
+61°303 may be examples of just this kind. To test this ideaccretion onto a neutron star (NS) or black hole. They found
measurements of radio flux densities in the range from 0.96ro evidence for compact companions. Philp etal. (1996) have
21.7 GHz from selected OB and WR stars were made with thenducted a VLA search for radio pulsars at the positions of 44
RATAN-600. No nonthermal radio emission from the selectatearby OB runaway stars. No new pulsars were found in their
stars were detected. survey. Sayer et al. (1996) have undertaken a search for pulsars
towards 40 OB runaway stars with the NRAO 140ft telescope.
Key words: stars: early-type — stars: Wolf-Rayet — stars: biFheir survey was sensitive to long-period pulsars with flux den-
naries: close — radio continuum: stars — radiation mechanisrsities of 1mJy or more. No pulsar companions to OB runaways
non-thermal were discovered. Up to now a high number of spectroscopic
and photometric investigations of runaway stars have been per-
formed. Periodic or quasiperiodic variability of radial velocities
1. Introduction with amplitudes ofl0 — 30 km s~! and periods of — 100 days

has been suspected for several runaway OB stars. Strict period-
Early-type stars were expected to be detectable as sourceg;gf is not proved yet. To search for relativistic objects among

free-free radio emission, because their stellar winds form alar,gﬁ,away stars is a very difficult observational problem, but it
volume of dense, ionized gas (Panagia & Felli 1975; Wright & 5 very important problem from the point of view of investi-
Barlow|1975). Quite unexpectedly, some early-type stars &ons of evolutions of high mass close binary systems. The
now known to be strong sources of nonthermal emission. Thgent discovery of the radio pulsar PSR B1259-63 in close bi-
non_thermal sources detected to date have been either the Y2 system with a massive Be star is of a great significance in
luminous OB or Wolf-Rayet stars (Abbott et &l. 1984), or th@,at respect. The orbital period of this Be binary pulsar system
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e = 0.87, which suggests a supernova explosion in high mafs high mass close binary systems (Paczynski 1971; Tutukov
close binary system. & Yungelsor 1978; van den Heuvel 1976; Kornilov & Lipunov
As shown in the calculations of joint evolution of neutroff983). The X-ray quiet OB star paired with compact object stage
and normal stars in binaries (Kornilov and Lipuriov_1983) gOB+CO) follows the WR star + OB star stage (OB+WR), when
considerable fraction of neutron stars in binary systems havithg WR star explodes as a supernova. The binary system remains
an optical companion must be at the ejector state. A neutdoounded because the less massive star in the system explodes.
star in this state generate arelativistic wind like an isolated radibe newly formed (OB+CO) system remains X-ray quiet for a
pulsar. Itwas also shown that for aremote observer some neutimrg time because the OB does not fill its Roche lobe (this is
stars in these binaries can appear as radio pulsars (Kornifmt true when an OB star is the Be star with strong rotationally
and Lipunov_1984). But the number of the binary radio pulsairsduced equatorial wind). Also, the physical activity of a young
with optical companions actually observed can be significantigutron star (rapid rotation with strong magnetic field, ejection
suppressed for the absorption of radiowaves in the stellar wiorelativistic particles) may prevent accretion of matter (Ko-
of the normal companion. lllarionov and Sunyaev (1975) noterilov & Lipunov1983). The remarkable peculiarities of these
the fact that radiowaves with a wavelength longer than 75 ceystems such as large peculiar velocities and high values of the
which make it possible to observe most of the radio pulsars, aistance from the Galactic plang,are due to a supernova ex-
absorbed effectively in the stellar wind of a normal star. Th@osion. According to the modern interpretation, at least several
eclipse of pulsed radio emission from PSR B1259-63 for sof the runaway stars are close binary (OB+CO) systems.
weeks or more around periastron is evidence in favour of this Just after the X-ray binary stage, when the OB star has trans-
assumption. ferred the main part of its hydrogen envelope to the relativistic
There is the important factor which helps (from the poindbject and away from the system, a Wolf-Rayet star paired with
of view of observation) in distinguishing neutron star in a bl compact object (WR+CO) may be formed. Wolf-Rayet stars
nary system from a single NS. It should be recalled that mdetmed as the result of the secondary mass exchange will have
(99.99%) of the energy is dissipated by single radio pulsarshiigh space velocities and significant height out of the Galactic
the form of relativistic particles and low-frequency electromagpane because they have kick velocities obtained due to super-
netic waves which are not observable. In the case of a binagva explosions in binary systems.
system, however, the normal star may trap a considerable partTutukov & Yungelson[(1973) and van den HeuyVel (1976) put
of the relativistic wind and convert it into a form in which itforward the idea that the WR stars located at the centres of ring
can be detected. This gives rise to an interesting analog of tiebulae may be considered as a (WR+CO) binary systems, i.e.
classical reflection or heating effect (Lipunov & Nazin 1894}he “second generation” WR stars containing relativistic objects
Thus, an ejecting NS in a pair with a normal star can appear easacompanions. Many candidates for (WR+CO) binary systems
new phenomenon — an “induced radiopulsator”. Synchrotréwvave been suggested recently (Cherepashchuk 1982). About a
radioemission of relativistic particles captured by the magnetiozen “single” WR stars with high values efand quasiperi-
field of the optical star must be strictly periodic due to the radical spectral and photometric microvariability are suspected
tation of a normal star (Lipunov & Nazin _1994). The periodo be (WR+CO) binaries. Most of them are surrounded by ring
of an “induced radiopulsator” may be confined to the intenebulae. For many of these “single” WR stars strict periodicity
val of some hours to some days. This model was proposedibyot proved, moreover, some short-term physical variability of
Lipunov & Nazin (1994) for the known source of variable nonthese stars is suspected in many cases (Gosset & Vreux 1987;
thermal radiowaves at centimeter wavelengths, b$1°303.  Vreux1985; Vreux et al. 1985) with the periods abowt— 0.5
Intheir model, the relativistic electrons injected by the radio putlays which could be initiated by tidal effects in close binary sys-
sar are captured by the magnetosphere of the optical star whans. In the case of at least two WR stars (HD 50896/EZ CMa
the pulsar passed near periastron. Then the captured electeotsHD 197406/V 1696 Cyg) their binary nature seems to be
are cooled slowly due to synchrotron losses. very probable. An important characteristic feature of (OB+CO)
In this paper we report on the results of radio observatioaad (WR+CQO) binaries is the presence of variable nonthermal
of selected OB and WR stars using the RATAN-600. We havadio emission, which may be due to the young neutron star
mainly searched nonthermal radio emission from ejecting neactivity.
tron stars appearing as an “induced radiopulsator” in binary
system. In the first part we discuss evolutionary status of sys-
temsinvolved and describe the candidate selection, observatigngandidate selection and the expected radio flux densities

and reduction, and in the second part we discuss the results and o )
present our conclusions. The source listincludes 40 OB and WR stars selected as possible

candidates of the close binary systems with unknown compact
objects. All sources were selected based on their characteristic
2. Evolutionary status of (OB+CO) and (WR+CO) binary  features (Cherepashchuk et al. 1996).
systems Characteristic features of (OB+CO) binary systems are the

The existence of binary OB and WR stars with relativistic Conﬁ(_)llowmg:

panions is consistent with the modern evolutionary scenario
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1. Periodic microvariability of radial velocities of the OB staffable 1. The expected radio flux densities at a maximum of outburst
which is due to the presence of a relativistic object asfram a binary system at = 2 kpc corresponding to Lipunov & Nazin
companion (the companion may also be an ordinary star§1994)

2. Ahigh value (up to 100 knTs) of the space peculiar veloc-
ity (the OB star in many cases is a runaway star), due to theGHz 09 23 39 77 112 217
kick that the binary system acquires after the supernova €tux density, mJy 450 360 320 265 240 205
plosion. The idea of searching for relativistic objects among
runaway OB stars was proposed by Shklovsky (1976).

3. A high value ofiz|, the height above galactic plane, whickwith a period~ 26.5 days (Taylor & Gregory 1982, 1984; Coe
is also due to the supernova explosion that occured iregal[1983), assumed to be coincident with the orbital period of
(WR+OB) binary system. the system. Radio flares lasting several days occur every orbit.

4. The OB star may have anomalous chemical compositi®@etween radio outbursts the flux density changes significantly,
in particular, it may be overabundant in the elements of tharying from tens to hundreds of mJy at the centimeter wave-
CNO group. This may be due to the enrichment of the atmigngths. It should be noted that radio flares in similar binary
sphere of the OB by CNO elements during the supernoggstems with very long orbital period are difficult to detect as
explosion. most of their radio variation can occur in a relatively small por-

5. The presence in an (OB+CO) binary system of a radio pulsiin of the orbit and can be missed if the systems are observed
or atleast of variable nonthermal radio emission, which may widely separated epochs.
be due to young neutron star activity.

Some pecularities for (WR+CO) stars may also be pointdd Observations

out: All' sources from the list were observed from March 27 to April 4

1. A high peculiar space velocity due to the supernova exptb297 in the continuum with the RATAN-600 (Radio Astronom-
sion in the binary system (OB+WR). ical Telescope Academy Nauk (science) of Russia). The main

. Alarge heightz| above the Galaxy plane. advantage of the RATAN-600 is the multi-frequiendy-{ 31

3. The presence of a ring nebula surrounding the WR staf? Wavelength) and the high brightness temperature sensitivity.
which is formed in the stage of common envelope evolutiofbservations were made at the meridian transit with the North

4. Peculiar emission line spectra: variability of lines, the preSector in the transit regime (Haikin et al. 1972) at frequencies
ence of emission lines with high ionization potential etc. ©f 21.7,11.2,7.7, 3.9, 2.3, and 0.96 GHz. The large focal spot

5. Strong and variable X-ray radiation due to accretion of matithout abberations formed by the RATAN-600 antenna system
ter from the stellar wind of the WR star onto the relativisti@nd the arrangement of feed-cabines with secondary mirrors al-
object. However, accretion of matter may be prevented us to measure the antenna temperatures of radio sources
a rapidly rotating magnetized neutron star (the “ejector” §multaneously at seyeral frequgncies. As detect.o'rs we have
“propeller” regime) which is accumulated high angular md,;s_ed broad band radlor_n_eters w@h low noise amplifiers (LNA)
mentum during secondary mass exchange in binary systd#h high-electron-mobility transistors (HEMT), cooled to a
In this case the nonthermal radio emission may be pres&fiperature of 15 K (except for 13 cm and 31 cm) by closed
due to the young neutron star activity and a relativistic ol§YCle microcryogenic system (Berlin & Nizhelskii 1991). The

ject can appear, e.g., as a radio pulsar or as an “indudggeiver bandwidth was — 10% of the center frequency. The
radiopulsator” (Lipunov & Nazif 1994). two-horn receivers at 1.4 cm, 2.7 cm and 3.9 cm were used in

a two-beam modulation regime in order to account for the in-

All selected OB and WR stars have at least one of the erfluence of the atmosphere. The single-feedhorn receivers at 7.6,
merated pecularities and have distances less than 4 kpc. 13 and 31 cm have a noise-added gain-balanced mode of oper-

As a mechanism of nonthermal emission, the model of ation. They have been used in a one beam modulation regime.
“Induced Pulsator” proposed by Lipunov & Nazin (1994) wa$he integration time for all receivers was 0.1 sec, but there is
chosen. In their model the relativistic electrons injected by tiiee possibility to reduce a data set to the optimal interval of
radio pulsar (ejecting neutron star) are captured by the magmpling for different wavelengths without loss of sensitivity.
netosphere of the optical star when the pulsar passed nearTies parameters of receivers and antenna for mean elevation (H
riastron. Then the captured electrons are cooled slowly duestd6°) are given in TableS|2 arid 3.
the synchrotron losses. This model was successfully applied The antenna temperature calibration was made with a signal
by Lipunov & Nazin (1994) to the radio source LS-61°303 from a calibration noise generator. This signal was fed to the
data. Based on this model, expected radio flux densities at eeaiometer 3 minutes before the source transit. Based on ob-
frequency from a star at the distanéean be obtained. Theseservations of secondary calibrators we derived the calibration
flux densities at maximum of outburst are given in Tdble 1. &f antenna temperatures. As secondary calibrators we used the
numerical integration code was used to calculate their valuegdtlio sources 3C48, 3C147, 3C161, 3C286, DR21, NGC7027,
is known that the radio emission from LS#61°303 is charac- 0237-23 and P2128+04. Their flux densities are taken from pa-
terized by nonthermal periodic outbursts of variable amplitudegrs by Ott et al. (1994), Kuhr et al. (1981), Moellenbrock et

N
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Table 2. The parameters of receivers for zero declination Table 3. The parameters of radiotelescope for zero declination
Wave  Central Band Sensi- Sensi-Tiyva Tays Wave Central Stokes Positional HPBW

length freg-cy width tivity  tivity length fregq-cy para- angle of « 5

cm GHz GHz mK mJy K K cm GHz meter  antenna arcsec  arcmin
2.7 11.20 1.4 3 10 18 70 27 11.2 I 90 21 3.4

3.9 7.70 1.0 3 11 14 62 3.9 7.7 | 90 30 4.8

13.0 2.30 0.4 8 25 35 95 13.0 23 I 90 100 15.6

31.2 0.96 0.12 15 35 21 105 31.0 0.96 I 90 240 38.7

Note: the sensitivity of receivers is given for 1 second integration time;
Trna — noise temperature of LNAT,s — noise temperature of

. Table 4. The RMS errors on right ascension
antenna + radiometer system

f, GHz 096 23 39 7.7 11.2 217

al. (1996), and Perley (1982) and linked to the absolute scaléd,sec 08 05 03 015 0.1 0.05
of Baars et al.[(1977). Also the polarization parameters have
been taken into account (Tabara & Ingue 1980). The flux den-

sities of secondary calibrators calculated for the RATAN-6dgPUNoV & Prokhorov 1987). But the number of binary radio
frequencies are given in Talile 5. pulsars with optical companions actually observed can be sig-

The reduction of observational data (written as FITS-filddficantly suppressed due to the presence of a massive stellar

using the RATAN-600 data collection system (Chernenkd%i”d_ of a normal star. A more detailed computation ca_rried out
1996)) consists of separating the useful signal from the sy¥.Lipunov and Prokhorov (1984, 1987), as well as an indepen-
tem noise and the calculation of useful signal parameters.q@nt study by Dewey and Cordes (1987), confirmed the original
processing we have used the priori information about the sh&gsdmate that only about 0.5 percent of the total number of ra-
of source response for transit through the antenna beam. Sep@Pulsars can reside in massive binary systems with optical
tion of sources and an estimate of their parameters was mad€@fpPanions. These calculations took into account such effects
Gaussian analysis of noise records (Verkhodanov,11995) andgyadiowave absorption, radiation delay due to dispersion mea-
the optimum filtering procedure (Lariondv, 1987). Firstly, théUTe, and Faraday rotation in the magnetic field of the stellar
records were cleaned of interferences. The detection thresh|d from the optical companion. Thus, most ejecting neutron
was determined from the signal to noise ratio (S/N) and is eqF4f's In massive binary systems can be Qetected onl_y due to their
to 2 — 30 for weak sources. In Tablg 4 we give the RMS errof@direct appearances, for examp]e, as “mduced radiopulsators”
of right ascension for single measurement for mean elevatiof@Tésponding to the model by Lipunov & Nazin (1994).

Since the accuracy of right ascension is efficiently high, in The expected calculated radio flux densities is high enough

many cases weak sources can also be identified with confideRdkthey are at a maximum of outburst. Between radio outbursts
with the observed star even though the beam width in declinati®i§ radiation fluxes can change significantly. Binary systems
is very large (especially at low elevations). V\{lth long orbital period and/or hlgh \(alue pf leccentrlcuy are
difficult to detect as most of their radio variation can occur in
a relatively small portion of the orbit and can be missed if the
5. Discussion of results and conclusion systems are observed at widely separated epochs. However, in

Iai_s case, one might be able to detect the neutron star as a radio

tected. In Tabl&l6 the upper limits are given. Recall that lesarduetot_he sufficiently large p.ulsar—norm.al starsepargtion.
have mainly searched for ejecting neutron stars appearing asOur negqtlve .resullts of the radio pbservatlons may indicate
“induced radiopulsators” rather then ordinary radio pulsars. fhat 1) massive binaries te_nd to be disrupted when one member
order for the neutron star to be detectable as radio pulsar, '€Igoes Supernova, 2) |nvoI_v _e(.j systems have h|gh_ values_ of
pulsar-optical star separation would have to be sufficientlyIarg[é)'t":1I perlods_ a”‘?" or eccentricities and we could miss radio
that the radio emission is not eclipsed by the stellar wind. TREtRUrst occuring in a relatively small portion of the orbit; 3)
expected flux densities from OB+ and WR+ejecting NS sy@- such systems ((OB+CO) and (WR+CO) binaries) different

tems fall in the range from tens to hundreds of milliJynsky gtmechanism operates other than the “induced radiopulsator”
the centimeter wavelengths corresponding to the model of Ahe-

Induced Pulsa’_to(se_e Tabl_E]l). . . AcknowledgementsiVe thank V.M. Lipunov who put forward the idea
The numerical simulation of the evolution of NS (L'punO\for such observations. N.V.R. thanks G.V. Lipunova for help in the

& Prokhorovi 1987) shows that the fraction of ejecting neutrqf}eparation of the manuscript and S.N. Nazin for reading and correct-
stars in massive systems with OB and WR components may;i¢ of the manuscript and providing us with access to the numerical
as high as several tens of percent of the total number of suglgration code to calculate the radiation fluxes corresponding to the
binary systems containing neutron stars and black holes (se®lel by Lipunov & Nazin[(1994). We thank the referee for his ex-

No radio emission from the selected OB and WR stars was (5
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Table 5. Flux densities of secondary calibrators

Object Coordinates(1950) Flux density (Jy) for different frequencies (GHz)
@ 0 0.96 2.3 3.9 7.7 112 217
3C 48 013449.83 +325420.5 2190 1091 6.88 3.63 2.50 1.24
0237 —23%™ 02375280 —232206.2 6.61 559 399 220 148 0.70
3C 138 051816.53 +163526.8 11.25 666 471 287 2.09 113
3C 147 05384351 +494942.8 29.62 1480 941 507 354 182
3C 161 062443.19 —-055111.8 24.10 1280 811 416 2.76 1.40

0923 4+ 39™ 092355.42 +391523.5 221 4.63 9.08 13.43 1297 103
1245 — 19%P 12454522 —194257.5 6.78 4.29 2.99 1.76 1.28 0.70

3C 286 132849.66 +304558.6 17.20 1152 8.57 5.53 4.22 2.49
DR 21 2037142 +420907.0 5.0 12.10 1740 2167 20.72 19.1
NGC7027 2105094 +420203.1 0.91 2.64 5.05 6.33 6.02 551
P2127+04 212802.64 +044904.2 4.60 3.20 2.37 1.60 1.30 0.89

Note: k - data from Kuhr et al.(1981)n - from Moellenbrock et all (1996); - from Perley [(198P)

Table 6. Summary of the OB and WR stars observations with the RATAN-600

Star Spectral type  d (kpc) Flux density (mJy)
096GHz 23GHz 39GHz 7.7GHz 11.2GHz 21.7GHz

HD 17543 B6V 0.19 < 190 < 40 <17 <30 < 40 < 140
HD 23466 B3V 0.24 < 180 < 80 <18 <40 < 40 < 140
HD 24190 B2V 0.72 < 400 < 150 <19 < 30 < 40 < 180
HD 24912 Q7e 0.53 < 370 < 100 <24 < 30 < 50 < 140
HD 25799 B3V 0.41 < 240 < 50 < 24 < 30 < 30 < 140
HD 30211 B5 IV 0.13 < 270 < 40 < 26 < 30 < 80 < 120
HD 37202 B2 IVe 0.15 < 490 <70 <13 < 50 < 40 < 180
HD 37737 09.51 2.16 < 460 < 100 < 30 < 50 < 56 < 180
WR 6 WN4 1.56 < 200 — <25 < 50 < 80 < 210
WR 7 WN4 3.49 < 160 < 100 <23 < 30 < 40 < 130
WR 8 WN7 3.47 < 120 <70 < 87 < 60 < 50 < 250
WR 19 WC4 2.34 < 80 <70 < 39 < 50 < 40 < 160
HD 138485 B3V 0.40 <90 < 50 <22 < 90 < 40 < 130
HD 142096 B3V 0.18 <70 <90 <21 <30 < 30 < 140
HD 143275 BO0.2IV 0.17 < 50 < 40 <23 <40 < 30 < 130
HD 149881 BO.51II 2.50 < 100 < 40 <19 < 30 < 40 < 160
WR 85 WN6 3.10 - < 270 <90 < 80 <70 < 330
WR 86 WC7 1.95 < 210 < 170 < 63 < 110 < 80 < 230
WR 87 WN7 2.88 — < 180 < 160 < 170 <90 < 320
HD 161573 B4V 0.26 < 120 < 50 <19 <20 < 20 < 110
WR 113 WC8+08V  2.00 - < 80 — < 50 < 40 < 190
WR 118 WC10 3.70 — < 340 < 99 < 50 < 80 < 130
WR 121 WC9 2.06 < 440 < 150 - < 160 < 68 < 190
HD 178329 B3V 0.43 < 290 < 40 <9 <20 <20 <70
WR 125 WC7 2.13 < 190 < 50 <12 < 20 <20 < 80
WR 126 WC5 4.00 < 650 < 40 < 14 < 30 < 30 < 140
HD 188001 0O8e 2.46 < 240 <70 <14 < 40 < 40 < 160
HD 188209 09.51 2.32 < 450 <40 <15 < 30 <20 < 80
WR 133 WN5+09 | 2.09 < 410 < 60 <19 < 40 < 30 < 100
WR 134 WN6 2.09 < 400 < 120 < 16 < 50 < 50 < 140
WR 135 WC8 2.09 < 390 < 110 <15 < 30 < 40 < 190
WR 136 WN6 1.82 < 470 < 160 <21 < 30 < 30 < 110
HD 198784 B2V 0.36 < 250 < 50 <12 <20 <20 < 80
HD 203064 08 Ve 0.53 < 410 < 50 <11 < 20 < 20 < 80
HD 207330 B3l 0.25 < 290 < 80 < 16 <20 < 30 <90
HD 209961 B2V 0.49 < 300 < 60 <13 <20 <20 <70

HD 214930 B2IV 0.75 < 180 < 50 <7 < 20 < 30 < 80
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