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Abstract. The multi-wavelength spectrum of LS161°303 is summarized. The X-ray tgray luminosity ofL ~ 1.5 x

10 erg's is due to inverse Compton emission from relativistic electrons around a pulsar. The Xyragytspectrum deter-

mines the electron energy index, which is consistent with the observed radio spectrum if it mainly optically thin. The inverse
Compton emission from a compact region of electrons peaks at periastron due to the higher density of stellar photons. This
compact region is highly self-absorbed at radio frequencies implying the quiescent radio emission comes from a separate dif-
fuse population of electrons. The number and total energy of electrons irfiilgediegion is-0.1 of that in the compact region

(~3x 10" electrons~5 x 10 erg). The compact region cannot be static due to its high internal pressure: expansion leading to
loss of electrons and injection of new electrons are required. A pulsar with spin pdlibd can provide dticient injection

power. A steady diuse outflow of electrons from the compact region produces too much optically thick synchrotron emission.
The alternative is bulk expansion of the compact electron bubble, with dynamic pressure limiting the expansion velocity and
resulting in expansion away from the Be star. Injection ends as the bubble wall facing the Be star stalls and the pulsar’s orbit
takes it out of the bubble. Alternately, the Rayleigh-Taylor instability could cause the bubble to break up before the exit of the
pulsar. In either case, energy injection rates-®fL. into the bubble result in a detached bubble of size, velocity and electron
content similar to the initial conditions used by Peracaula (1997) to model radio outbursts fe61°303.
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1. Introduction B0-BO0.5 Ill (Paredes & Figueras 1986). The best determina-
o . . -~ . tion of orbital period, 26.42 days, and eccentricity, 0.30, comes
LSI +61°303 is an unusual radio emitting X-ray binary syse., ., RXTE/ASM observations (Leahy 2001). Orbital solutions

tem. Paper | (Leahy 2001) gives a review of its PIOP€erived from infrared photometric observations imply high ec-

ues. HeLrgl ag 1?3bob?:e_waﬁ_e?ﬂmtrod_utt):ltlon |sh_8_|;_/en. T?g raf{d&(m’-:tntricities (0.7-0.8), with a best-fit periastron passage at radio
source + IS highly variable, exhibiting outburs Sphasq{;p = 0.5 (Marti & Paredes 1995). Infrared measurements

every 26.496 days which have rise times~df day and last imol o
the presence of a dense equatorial disk, and a mass-loss
~10 days (Gregory & Taylor 1978; Taylor & Gregory 1982)rat2)€n thg wind of 1-4< 107/ Mg yr~! has been estimated

Two-frequency “”Fd"_’ monitoring |n_d|cates a flat spe_ctral Fom these observations assuming an opening angleofiot5
dex, and the emission has been interpreted as optically-t

o Pucally-thil gisk and an initial wind velocity of 5 knts (Waters et al.
synchrotron radiation for most of the outburst, with |nd|c31988)

tion that the source becomes self-absorbed for a short time at_° _ o

the beginning of the outburst rise (Taylor & Gregory 1984), Simultaneous X-ray and radio monitoring indicate that
VLBI observations show that at its maximum size the emitti}® X-ray and radio fluxes are separated 4.4 in orbital
region has a dimension 6% x 10 cm, and an expansion ve-Phase (Harrison et al. 2000)S CAobservations (Leahy et al.
locity (2.0-6.4) x 107 cms! (Massi et al. 1993). The pha591997)v show that the spectrum is described by a relatively
of peak flux varies between 0.4-1.0 of the radio ephemeﬁ%rd power-law, and therefore the emission mechanism is non-
(phase 0 arbitrarily defined as MJD 43366.275, period eqiiermal in nature. Harrison et al. (2000) present RY¥EA

to 26.496 days), most often occurring at pha€e6 (Paredes and RXTEHEXTE observations which are consistent with a
et al. 1990; Ray et al. 1997). Distance determinations pla@@Wer law spectrum from X-ray tg-ray. COMPTEL has also

LSI +61°303 at 1.8-2.3 kpc (Gregory et al. 1979; Frail gletected emission in the 1-10 MeV band from the same re-
Hjellming 1991). gion (van Dijk et al. 1994) but the error circle also contains the

Optical data show that the primary is a rapidly-rotatinguasar 4U 024161. The RXTEPCA and RXTEHEXTE ob-

star of spectral type BO V (Hutchings & Crampton 1981) gtervations by Harrison et al. (2000) resol\{e I;r$ll°l303 from
the QSO and show that COMPTEL flux is dominated by the

e-mail:leahy@iras.ucalgary.ca QSO and not LS#61°303.
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In this paper, the X-ray-ray and radio observations are reaverage of LSh61°303. The EGRET 100 MeV flux is also
viewed and a multiwvavelength emission model is constructedpresentative of the orbital cycle average. The PCA-EGRET
This yields a new interpretation of the nature of the physicgpectral index, assuming a power lawads= 0.69, consis-
nature of LSH+61°303. tent with the ASCA values but better determined due the wide
energy range. Other high energy measurement®(@ keV)
are contaminated by a nearby QSO as discussed by Harrison
et al. (2000), so are not considered here. The X-ray-tay
LSI +61°303 has been observed on numerous occasionsspectrum (normalization averaged over an orbital cycle) can
various wavebands from radio throughkray. Here the fo- be integrated to give the total 0.5 keV to 100 MeV luminos-
cus is understanding the the relativistic electron populatidty: Lic = (hvf,(100 MeV) - hvf,(0.5 keV))(4rd?)/(1 - ) =
around the compact object in the context of radio, X-ray arid3 x 10°° erg's.
y—ray observations. Figure 1 shows the X-ray ang-ray flux measurements

The radio observations are summarized in Ray et al. (1993lptted vs. energy. The ASCA data are consistent with com-
2.25 GHz and 8.3 GHz flux and 2.25-8.3 GHz spectral indéyg from a low flux part of the orbital cycle. However the
light curves are given foral3.5 month period, as well as time-ROSAT data should be representative of the orbital cycle. So
averaged flux and spectral index light curves for a 26.69 day there is evidence for a turndown in the spectrum below about
dio period. The time-averaged emission has a mean minima@rkeV. Alternately there could be a significantly higher column
flux of 17 mJy at 8.3 GHz with a 2.25-8.3 GHz spectral irdensity (yielding a larger correction to the ROSAT fluxes) that
dex ofa = 0.5. The peak of emission has a flux of 163 mJwas not detected with ASCA, but this is considered unlikely. A
at 8.3 GHz with a spectral index af = 0.0. « is defined here change in the spectral index by 0.5 in spectral index would be
using f, = fov®. The radio outburst JD 2 448 840-2 448 868xpected when adiabatic losses are present. Adiabatic losses
observed at 4.9 GHz and 1.5 GHz is modelled by an expandprgportional to energye, dominate at lower energies and in-
sphere of relativistic electrons by Peracaula (1997). The initil@rse Compton losses, proportionalEé, dominate at higher
radius and magnetic field are5k 10" cm and 015 Gauss; the energies (e.g. see Longair 1994).
cloud moves radially outward at3x 10° cms?* and expands
at3x 10’ cms%; electrons are injected over 7 days with ener
index 2.1 between energies P@rg and 5< 103 erg and with
a total number of injected electrons ol 10, It is apparent
that the radio outburst involves large velocities in order to eRrevious studies have determined that the radio emission is syn-
plain the observed size of the radio jet, and that a significant ekrotron (e.g. Peracaula 1997) and the X-ray througtay
pansion is required in order to explain the radio spectral indexinverse-Compton emission (e.g. Leahy et al. 1997; Harrison
variation. The parameters are also given for comparison wihal. 2000). The RXTEASM X-ray light curve (Leahy 2001)
what is derived here from the multiwavelength observations.is smoothly modulated with a peak at constant orbital phase,

Optical observations (Hutchings & Crampton 1981) givethich can be modeled by a constant electron population which
period,K, eandw with large uncertainties. Here, binary periodhas variable emission only due to the variation of UV photon
ande are taken from the RXT/ASM analysis above. Marti & flux from the primary star during the elliptical orbit.

Paredes (1995) summarize previous optical observations whichThe basic model used here for L$61°303 is as follows:
indicate the primary star is Be star willz = 22500 K. They electrons are accelerated to relativistic energies by a pulsar in
then use infrared observations to constrain the nature of the oibit around the Be star primary star. A radio pulsar has a
cumstellar disk of material around the primary star. The temotational energy loss rate &f = | = Q « dQ/dt which for
perature of the disk was taken to be 17 500 K, then the dendity 1.1 x 10* gm cn?, P = 1 s and ¢/dt = 1 x 1074 gives
of the disk is given by the parameters in Table 1 of that papel; = 4x10°2 erg's. Howevel, goes as 1P® soP = 0.1 s gives

The X-ray throughy—ray flux measurements are summak, = 4 x 10°® erg's. Normal radio pulsars range in P from 0.1
rized in Harrison et al. (2000). The best measurement t@f2 s and in &/dt from a few 101?to 10°1’. The required spin-
LSI +61°303's X-ray spectrum is by the ASCA satellite (Leahyglown luminosity for LSH61°303 isL; = Lic/(epeic) Whereeg
et al. 1997). The 0.5-10 keV X-ray spectrum laas 0.70+ is the dficiency of converting spin-down power into relativis-
0.07 anda = 0.82+ 0.07 in the two ASCA observations. Moretic particles andg is the fraction of power in newly created
extensive flux measurements are from ROSAT and RIRTFA relativistic particles converted into inverse-Compton radiation.
(Harrison et al. 2000). The mean PCA 2-10 keV flux foE.g. takingep = 0.9 andec = 0.36 givesL, = 4 x 10%® ergss.

10 pointings is 11 x 107! erg cnt? s7%, which is higher by This is attained or exceeded by a small but significant frac-
a factor 2 than the ASCA 2-10 keV flux. The mean ROSAflon (~2%) of normal radio pulsars (the younger ones). The
0.5-2 keV flux for 9 pointings is % 107'? erg cnt? s!, spin-down age of a pulsar ficient to power LSI+61°303
which is higher by a factor 1.3 than the ASCA 0.5-2 ke\{P = 0.1 s, dP/dt = 1 x 10714, for a braking index of 3, is
flux. Only the ROSAT flux is highly sensitive to the columrl.6 x 107 yrs.

density to LSI+61°303, which has been determined by the The acceleration mechanism could be electromagnetic
ASCA spectrum (6< 10°* cm2). The above indicates thatfields in the vicinity of the pulsar or shock acceleration at
the ASCA flux was from a low flux part of the orbital cyclethe boundary of the pulsar outflow and the stellar wind from
The PCA flux is the most representative for the orbital cyctbe primary. The flux of stellar photons interacts with the

2. Summary of observations

B Properties of the relativistic electron
distribution
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Fig. 1.vf, vs. energy from ROSAT, ASCA, RXTBCA, RXTEHEXTE and EGRET, and power-law fit to PCA and EGRET values. A separate
power-law with index changed by 0.5 can fit the ROSAT data as well (see text).

Table 1.Binary system parameters.

Puin | 26.42 e 0.28 D | 2.0kpc

M: | 10Mg T, | 26500K | L; | 1.3x 10®ergs
M, 1.4M, P, | 0.1s B, | 102G

a 5.8 x 102 cm

power law distribution of relativistic electrons to produce &.1. Inverse-Compton emitting electron population

broad power law distribution of photons from X-ray through S )

y-ray energies. Due to the magnetic field in the vicinity of nereis evidence, from the X-ray light curve, for a steady pop-

the pulsar, the same electrons radiate synchrotron photong/@fion, which is responsible for the X-ray je-ray emission.

the 1 GHz to 200 GHz range. The average energy of stel[drere must also be an outburst population, which is drawn from

photons isEs = 2.7kT = 6.1 eV with the stellar tempera-the steady pop_uIaFion and respo_nsible for radio outburst. The

tureT = 26500 K (taken between the Johnson 1963, and tRgady population is considered first.

Schmidt-Kaler 1982, values fdr for a BOV star). Foramag-  The X-ray throughy—ray emission is inverse-Compton

netic field B in the synchrotron emitting region, electrons oémission from a steady population of relativistic electrons in

energyE. = (v/(6.266x 108 Hz(B/Gauss))}° radiate at fre- a small region around the compact object, called the compact

quencyv. For example, electrons & = 1.26x 10° erg ra- cloud here. The power law emission from 0.5 keV to 100 MeV

diate atv = 1 GHz and atE, = 1.79 x 10™* erg radiate at implies an electron population with energy spectrum index 2.38

y = 200 GHz forB = 1 Gauss. These same electrons produoger an electron energy range o&107° erg to 29x 103 erg.

inverse-Compton photons of energy: = 4(Ee/(Mmec?))’Es/3 The electron energy index is determined more reliably from the

of 1.96 keV and 392 keV. X-ray throughy—ray emission than the radio emission since the
synchrotron emission is complicated by optical deffbats.

The eccentric orbit of the pulsar and its associated rela- Th t obiect is taken 1o b | . tai
tivistic electron cloud result in the moderate modulation of tzﬁ) Oelcompact 0 Jef 'STE enl Ot €apu ssr, I.€. "’Il rotatljn?
X-ray throughy-ray flux. The radio outburst is much more, =~ ™ $) neutron s ar. The electrons can be accelerated to

ie upper energy above in the pulsar environment as follows.

highly variable in intensity than the X-ray. It does not occur Pe magnetosphere electric field at the light cylinder using
th bital phase f le t le, but evid indi-~ . S
e same orbital phase from cycle to cycle, but evidence indi- dipole approximation i, = cBe = 2.76x 1CP V/m

cates that on average the radio peak follows periastrorOby = |
. . . : : ith B = Bs(Ru/R)® for P = 0.1 s and surface mag-
in orbital phase. The radio outburst is due to a rapidly expan\r’ﬁﬁetic field B, — 102 Gauss. This gives a light cylinder volt-

ing cloud of relativistic electrons. age of 13 x 10%° V and a maximum electron enerdax of
The constraints on the relativistic electron populations a2e8 x 10° erg. Fermi shock acceleration in the outflow gives a
considered next. The parameters of the binary system are somaximum electron energy &Emax = (3/20)u?e€Btec = 7 X
marized in Table 1 and other parameters of the emission moti@i® erg withu; ~ 440 km s* the shock velocityB ~ 1 Gauss
are described below. the magnetic field in the acceleration region, apg the
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acceleration timetaee = tic(E) = (mec®)?/(307cUsE/4) = and a flux of~17 mJy at 8.3 GHz (for the radio phase in-
1500 s is limited by the inverse-Compton loss time for eleterval 0.8 to 0.2) the number of radio emitting electrons is
trons (WithE = 1.8 x 10° eV) which produce by inverse-9.0 x 10*!, and the total energy in the radio emitting electrons
Compton the highest energy (100 MeV) photons. is the is 3.5 x 10%” erg. That this is much less than the number of
Thomson cross-section and = Lg/(47a?) = 10 ergcm® inverse-Compton emitting electrons is a further argument for
is the energy density of stellar photons, with is the stel- separate emission regions.
lar blue luminosity anch = 5.8 x 10'2 cm is the semi-major The total electron energy in the same energy rdnge E,,
axis for neutron star and stellar masses dfMl, and 10M,. corresponding to 1 to 200 GHz synchrotron, derived from the
Ls ~ 1.3 x 10°® erg’s is derived from the absolutd magni- X-ray to y—ray spectrum is .® x 10°8 erg, a factor 8.3 larger.
tude ¢4.3) and a bolometric correction ef2.27 for spectral This may be due to: i) the magnetic field is smaller than 1 Gauss
type BO (from Johnson 1963). For comparison, Schmidt-Kalg&hus requiring more energy and a larger number of radio emit-
(1982) gived_s = 2.0 x 10°8 erg's for a BOV star. ting electrons); or ii) the majority of the inverse Compton emit-
The electron number distribution is a power law in erting electrons are in a high density region (the compact cloud)
ergy: N(Ee) = No(Ee/me)™” with energy index related to and the majority of the radio emitting electrons are in a low
the inverse-Compton powerlaw index by = 2o + 1 = density region (the diuse cloud). For the first case where there
238 and Ng = ngV with ny the electron density peris only one region, the compact cloud, a magnetic field of
unit electron energy, and/ the emitting volume.Ny is 0.3 Gauss yields identical electron populations derived from
determined by comparing the theoretical inverse-Compteynchrotron and inverse Compton mechanisms and a total en-
flux: fic(E) = 2.1 x 10*(No/d?)(Rs/a)3(Ts/K)3(E/h)(2.1 x ergy in the radio emitting energy range 00 10% erg.
101°(Ts/K)(h/E))-1/2 erg cnt?® s! with the observed  However the synchrotron emission is self absorbed unless
inverse-Compton flux at any energy, such as 100 MeV. In ttiee size is large. The self-absorption frequency is giverwby:
aboved is the distance to LS#61°303, taken as 2 kpc (Frail & 34 x 10° Hz (S(vs)/1000 mJyy*(B/Gauss}?(#/arcsec)’S.
Hjellming 1991). Integrating this over energy frdega = 6.4 x vs increases for smaller size or larger flux. Below the self-
10°% erg (which produce 0.5 keV X-rays) B = 2.8x103erg absorption frequency the spectrum turns over to have a pos-
(which produce 100 MeWy-rays) gives number of emitting itive spectral index of 2.5. A self-absorption frequency above
electrons:Nic = fEElz N(E)dE/me = 2.6 x 10%3. The total ~1.4 GHzisruled outby radio observations. Figure 2 illustrates

L _ B _ 3 the dependence of the self-absorption frequency on the diame-
energy is given byEic = fEl N(E)EdE/me = 5.3x 1.03 €19- ter of the emitting region, in units of the semimajor axis, a, for a
The inverse Compton lifetime of the electrons is in the ran

cases of interest. The electron distribution with energy in-
1.5x 10® s to @9 x 10° s, much shorter than synchrotron losg : o ,
) X ’ eX,Ye, iS assumed to be 2.38. For the steady (minimum) radio
times, which range from 900 days to 11 000 days. e y( )

emission, a flux o6; = 20 mJy at 5 GHz is taken for illustra-
tion, and for peak of outburst a flux & = 200 mJy at 5 GHz
is taken. The magnetic fiel®, is taken to be a decreasing func-
tion of size, with the valud; equal to the field at size 0.1
The radio spectral index data (e.g. Ray et al. 1997) shows théth two cases illustratedp = 1 hasB decreasing as/dize
spectral index is approximately constant over the radio phamed p = 3 hasB decreasing as/4iz€’. The former is appro-
interval 0.8 to 0.2, which is binary phas8.6 to 1.0. This phase priate for a azimuthal wind flow field and the latter for a fixed
interval is refered to as the quiescent radio phase, wherdgsole field. The self-absorption frequency depends strongly on
the outburst radio phase interval (discussed below) is binaigze but weakly on the other parameters:&ﬂf’) to a power
phase~0 to 0.6. depending onye. Thus the quiescent electron population must
The electron energy range giving the radio emissionis 1 come from a region larger thaBa.
10°B=%% erg for 1.46 GHz to Bx 10*B~%° erg for 200 GHz, Thus the only consistent situation is the existence of two
with B the magnetic field in Gauss. The synchrotron spectrumgions: a compact region of siz&/10 (to be consistent with
should have the same index as the X-ray+esay spectrum if the inverse-Compton orbital modulation); and &wle region
it is optically thin. The radiar ~ 0.5 is close to the X-ray to of size>3a. The compact region emits the bulk of the inverse-
v—raya = 0.69. The diference could be explained by a smalCompton photons since the stellar seed photon density goes as
admixture of optically thick synchrotron emission. 1/r?. The compact region is synchrotron-optically thick over
The normalization of the radio spectrum depends on thee observed radio band, thus emits very little flux. The lack
number of radio emitting electrons and the magnetic fieldf a significant self-absorbed component in the radio spectrum
The electron number distribution function (e.g. Lang 1974imnits the size of the compact region observationally. Since a
is: N(E) = K(y)(Er/erd)(E/ergy” with K(y) = (2 — self-absorbed synchrotron spectrum is not seen during quies-
¥)/((E2/ergl™ — (Ez/ergf™), soK(y) = 8.24x 1072 for E; cence, limiting the self-absorbed flux to less than 2 mJy at
and E, corresponding to 1 and 200 GHz, ail} the to- 8.3 GHzyields an upper size limit of@2a. The dtfuse region
tal electron energy integrated over energigs < E < Ej. is optically thin and emits almost all of the radio synchrotron
Then the synchrotron flux density is given blsyn(v) = photons. The compact region will emit an optically thick syn-
0.93x 10 %%a(y)K (y)(Et/erg)(cnt/d?)(B/Gaussy+Y/2(6.26x  chrotron spectrum, with positive spectral index of 2.5 below
10'8/)0-D72 erg/(cn? s Hz) witha(y) = 20-372((y+7/3)/(y+ the self-absorption frequency. One can take 1.7 mJy at 8.3 GHz
DYC((By—-1)/12)((3y+7)/12)= 1.802. For a field of 1 Gauss, (10% of the observed flux) as the upper limit of flux from the

3.2. Quiescent synchrotron emitting electron
population
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Fig. 2. Self-absorption frequency vs. diameter of the emitting region, fibeidint cases (see text).

compact region, of radiuR.. Then the upper limit on radius isand the circumstellar disk material, estimated by using the pul-
Rc/a < 0.03BY4, with Bin Gauss. To avoid self-absorption, thesar orbital velocity at = a. It is larger than thermal pressure
diffuse region must have a size of a few times a: for 0.01 Gaumsa factor of 130 (at apastron) to 280 (at periastron).
the lower limitis~1.2a and for 1 Gauss the lower limit is3.5a
(see Fig. 2). These sizes are consistent with either: a cons}a . herical . N
leakage of electrons from the compact region, or remnant elgCy Pressure using spherical symn"_netry YIeRIS = Torw/2
with rop, the instantaneous orbital radius of the pulsar from the
primary. However, the dynamic pressure vanishes on the trail-
In summary, there should be an extended region in the big half of the compact region. Magnetic pressure can provide
nary system, with a small but significant fraction of the totalonfinement if there is a magnetic fieBL, in the circumstel-
electron population, which is responsible for the quiescent dafr disk. To obtainR; < 0.1a, one requireBBe > 73 Gauss
dio emission in the system. The compact region around the pait+,,. However the existence of a circumstellar disk normally
sar can contain the majority of the electrons and produce mosplies that the thermal pressure exceeds the magnetic pres-
of the inverse Compton emission but will be optically thick taure, or thaBgy < 0.55 Gauss aty, = a. Thus outflow from,
radio synchrotron emission and make a small contribution ¢o expansion of, the compact region is expected.
the observed radio emission.

ntAn application of balance of dynamic and relativistic elec-

trons from previous outbursts.

3.4. Outflow from the compact region
3.3. The confinement problem for the compact region

An outflow solves the confinement problem by allowing a sig-
Here are considered confinement mechanisms for the comprfitant fraction of the electrons (and thus internal pressure) to
region. The pressure of the compact region is due to the retscape the compact region in a steady manner. This can occur
tivistic electrons:P; = E{/(3Ve) = 2.1 x 10:Nm~2, with E; by numerous small volumes (blobs) which bredkfoom the
the total electron energy, derived from the inverse-Comptenompact region and expand individually into the circumstellar
emission, and/. the volume of the compact region, taken asnvironment. Inverse-Compton losses dominate so tffa-di
a sphere of size.0a for illustration. Using circumstellar disk sion loss equation takes the formN(E, t) = d/dE(ai.E>N(E))
parameters from Waters et al. (1988), the thermal pressurewith ai. = 401cUyaq/(2me?c?) is the inverse-Compton loss co-
Pin(r) = 0o(r/10 Ro)32kTy/(ump) = 1.2 x 10°°Nm2. Here efficient andU,,q is the energy density of stellar photons. The
po =10 gment3, Ty, = 17500 K, = 1.3 andPy, is eval- initial condition isN(E, 0) = KE~P, yielding the solution for
uated atr = a. The thermal pressure in the circumstellar disthe case o independent of. N(E,t) = KE™P(1 - Eaf)?P,
is insuficient: the pressure balance of relativistic electrons wittince the inverse-Compton losses in a blob flowing away at ve-
thermal pressure at the pulsar orbit yielis~ 4a. This implies locity v from the B star are variable and dropping rapidly with
no confinement since thermal pressure is rapidly decreastimge, the flow time (or distance) for a given energy electron in
with distance from the primary. The dynamic pressure from tlaesingle blob is found by integratingdE/dt = ai(t)E? with
ram pressure of the circumstellar disk on the moving compagi(t) = aic(ro)ro?/(ro + vt)2. This gives LE = aic(ro)rots/(ro +
region is given byPy(r) = po(r/10R,) 32?2 = 2.9x10°Nm™2.  ut) for the flow timet; at energyE. The flow distance at en-
Herev is the relative velocity of the compact region boundamrgyE is x; = vty = v/(Eac(ro)(1 — v/Eaic(ro)ro)), leading to a
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Fig. 3. Cutdf distance vs. electron energy, for flow velocities of 50, 100 and 200 kifsee text).

cutof energyEcut = v/aic(ro)ro, below which electrons survive electron energy as in Fig. 3. This changes the optically thick
with little losses. spectrum from the usual 2.5 spectral index to a 1.5 index:
If the flow was responsible for the radio outburst the ve=, = xS, (r/d)? with sizer = rq(vo/v)®° fromr = constx 1/E
locity would need to be as high as= s/t.ag = 1100 kms?, andE = const x v°. The observational limit on size of opti-
using a sizes = 8.2a and timescale of 5 days (e.g. Massi et aktally thick synchrotron emission at 8.3 GHz (electron energy
1993). However the outburst is a transient event and the ste@dfyx 10°° erg) is~0.03a (given above). This is much smaller
outflow velocity,v, is limited by dynamic pressure (given earthan the size of the flow region (Fig. 3) for reasonable flow ve-
lier). The internal pressure in the electron flow is given bpcities, ruling out the steady flow model. Thus the alternative
P = E; = f/(3Vs) with f the fraction of the total electron of a bulk expansion of the compact region is considered.
energy that is in the flow and; the volume occupied by the
flow. The resulting flow velocities, far, = a, a spherical flow
volume of radius Gla, andf = 0.1, 0.5 and 0.9 are 55, 122
and 164 kms'. Figure 3 shows the cufiodistance vs. energy In this case, it is assumed that the compact relativistic electron
for 3 flow velocities, with the cutd energy indicated by the population remains in a coherent region, and does not mix with
vertical lines. the circumstellar medium as it did for the flow model above.
In summary, belowE, which depends on the flow veloc-The sound speed in the relativistic electron region (called a
ity, the electron spectrum retains a power law form at all disubble here) is larges(3) so the interior of the bubble is homo-
tances downstream. Above this energy, the electron spectrurgésieous in pressure. The presence of magnetic fields interior to
sharply cutdf with the cutdf energy decreasing with increasthe bubble also contributes to a homogeneous interior pressure.
ing downflow distance, and decreasingHgy in the limit of The electron pressure cannot be balanced by the thermal pres-
large downflow distance. sure of the circumstellar medium resulting in expansion of the
The net energy spectrum summed over the flow is the salnéble. The neutron star orbit is taken to be in the plane of
as the injection spectrum fd@& < E¢,; and steeper than the in-the circumstellar disk, with disk parameters from Waters et al.
jection spectrum by one power &f for electrons with energy (1988). The density of the disk and the bubble expansion ve-
>~2E.. For the no-flow case inverse-Compton losses donhdcity determine the dynamic pressure at the boundary. Since
nate the full energy range so that the full spectrum is steepee density is not uniform, the expansion velocity of the bub-
than the injection spectrum by one power of E. Thus the fldve will be non-uniform: it will be lowest on the side facing the
electron spectrum is the same as the no-flow spectrum abpvienary star and highest on the side facing away from the pri-
>~2E. . This energy range includes all but the lowest energgary. The diference in expansion velocity grows as the density
radio emission and all but the lowest energy X-ray emissiotontrast increases: the bubble expands asymmetrically.
Including adiabatic losses, the energy spectrum is equal to the A bubble expansion model was calculated as follows.
injection spectrum below the maximum Bf,; and the energy Relativistic particles were injected at a constant rate (net, af-
below which adiabatic losses dominate. ter losses) into the bubble, by the pulsar. The relativistic parti-
The flow region is optically thick over the entire rangele energyE, inside the bubble increases and drives the bubble
of synchrotron emission giving a size which is a function afxpansion by internal pressufe= E;/3V.. For the examples

3.5. Bulk expansion model
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Fig. 4. Expansion velocity of points on the bubble surface: outer point, midway points, point at the pulsar orbit, and inner point, for energy
injection rates of B L;. and 2L;..

shown here the net injection rates werki2and 05L;c. The To obtain an approximate solution using the four selected
initial size of the bubble (which does ndtect the results) was points, the bubble volume was taken as volume of an ellip-
taken as a sphere of radius<510° cm. The external medium soid with major axis equal to thefierence between inner and
was the Be stellar wind disk with density decreasing@¢ outer points and semi-minor axis equal to the distance of the
with r the distance from the Be star and normalization givingraid-way point to the bubble axis which connects the inner and
density of 101! g/cm® atr = 10 R,. Thermal pressure of theouter points. Since the bubble expansion velocities decrease
external medium was ignored as it is much less than dynamiith time, time steps were chosen that increast asThe so-
pressure for the times of expansion calculated here. lution above for the initial spherical expansion was used as a
When the bubble is very small, the expansion and bublsiarting solution for the numerical solution. The numerical so-
volume,V, = 4xr:3/3 are spherical, with. the radius of the lution was then iterated several times using the solution from
bubble. The electron enerds;, increases linearly with time atthe previous iteration fovc(t).
the net injection rate, B /dt, taken as a constant. The dynamic For the examples shown here the final times were taken as
pressurePy, depends on the expansion velocity= drc/dt, a few 16 s. The times that the thermal pressure at the inner
so pressure balance gives®/2dr./dt = C1tY2 with C1 = boundary exceeds internal bubble pressure are 3.2, 3.02nd 2
(47/3)"Y2(r /10R,)5(dE;/dt/(300))Y/2 andr the distance from 10° s for dE/dt = 0.5, 1 and 2Lic. The times that the pulsar
the pulsar to the B star. Since this initial expansion is rapidovertakes the bubble boundary due to its orbital motion are 1.8,
is constant, here taken as the periastron distance for the cas2 2fand 27 x 10° s for dE/dt = 0.5, 1 and 2Ljc.
eccentricity of 0.3rper = 4.1 X 10'2 cm. The solution for, is: The results of the calculation are shown in Figs. 4 and 5.
re(t) = (reo®?+C1t%25/3)?/> with initial value ofr. taken as the Figure 4 shows the growth velocity of the bubble at the 4 se-
light-cylinder radiug o = cP/27 = 4.8 x 108 cm. The expan- lected points vs. time. The velocity drops rapidly at first, but as
sion velocity rapidly increases to a maximunsx 10* kms™,  the outer edge (and mid-way point) move out to lower density
at~0.05 s and smoothly drops te4 x 10> kms* at~65 s, at regions, they speed up again. Figure 5 shows the distances of
which time the bubble radius reache8Dof rpe. At this time the 4 points from the original pulsar position in unitsrgf.
the expansion starts to become aspherical, thus the numerfdab shown is growth of the bubble volume with time.
solution was initiated at time 65 s.

The numerical s_olution for_ the bubble expansion calmg_a The radio outburst
lates r¢(t) for four different points on the boundary of the
bubble: the point at the same distance from the B star as e expansion of the compact region provides a natural expla-
pulsar,rp; the outer and inner pointsy: andri, (furthest and nation of the radio outbursts. A net energy injection ratelog 2
closest to the B star); and the point halfway in distance frogives a 3 day delay between the initial bubble expansion and the
the B star between inner and outer points, The equations time the outer point of the bubble reaches 2.4 AU. The outer
solved numerically are:rddt = v andv = C2(r)t¥?/V ()2 point has velocity 2200 knT$ and the velocity of the center
with C2 = (r/10 Ry)*8(dE;/dt/(3p,))Y? Since the volume of of the bubble is 1100 knT$. At this time, the pulsar exits the
the bubbleV(t) depends on the size and shape of the bubldiele of the bubble, due to its orbital motion. The bubble then
the solutions for all points on the bubble surface are couplexntinues to expand without further energy injection. Since it
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Fig. 5. Distances of points on the bubble surface from the pulsar position, and volume of the bubble, for energy injection.Bitgant@.;..

is similar to the initial bubble used by Peracaula (1997), t#®0 kms?* or 1000 kms’. Since the inverse-Compton losses
subsequent evolution of the bubble can reproduce the obserasgimuch larger than synchrotron losses within a few tianafs
radio outbursts (as discussed in that work). A net injection rdtee Be star for LSk61°303,Eaq is nearly independent & for
of 0.5L; gives~2.1 day delay for the outer point to reach 1 AUeasonable values & Whether adiabatic losseffect the ra-
with velocity 900 kms?, before the pulsar exits the bubbledio spectrum is very sensitive ®and the expansion velocity:
The lower injection rate would result in a much smaller radimr B = 0.01 Gauss antey, = 500 km s?, the radio spectrum
outburst. below~5 GHz is dfected after 2 days, and prior to 2 days the
The lack of observed synchrotron self-absorption duririgdio spectrum isféected to much higher frequencies.
outburst puts upper limits on magnetic field. The observed The flattening of the spectrum of outburst electrons by 0.5
size 2 days after radio outburst peak (Massi et al. 1993), favmpared to the quiescent population is seen clearly in the
a distance of 2 kpc, is.8a, which rules outB; much larger phase averaged observations of 2.25 and 8.3 GHz lightcurves
than 1 Gauss. For comparison, the model of Peracaula (1987 2.25-8.3 spectral index (Ray et al. 1997). At peak outburst
uses an initial size of.% x 103 cm or 26a, which applies the spectral index is-0.00, flatter by 0.5 than the quiescent
~2 days before outburst peak. Observations of individual cgpectral index o&—-0.50. When the flux increases from quies-
cles (e.g. Ray et al. 1997) show 2.25 GHz outburst emissicent 20 mJy) to twice that value, one expects an equal ad-
starting at variable times: from 1 to 5 days prior to outburstixture of quiescent and outburst radio emission: at that time
peak, with no evidence for self-absorption. The self-absorptitite observed spectral index+s-0.25 equal to the average of
frequency curves in Fig. 2 apply to other combination$Sef quiescent and outburst peak spectral indices.
and B;. For example, the first and last curves also are valid
for S; = 200 mJy and3; = .01 Gauss, and the second curv
for S; = 200 mJy andB; = .0001 Gauss. Thus the lack o
observed self-absorption above 1.4 GHz is consistent with her LS| +61°303, the radio outburst occurs each binary orbit,
observations ifB 5 .01 Gauss 2 days before outburst peathus the bubble must separate from the energy injection and
B < .001 Gauss 2 days after peak, for the casp efl (wind subsequently move outward from the binary system. Two pos-
magnetic field). For the case pf= 3 (dipole magnetic field) sible mechanisms of separation are discussed here.
the upper limits orB are~300 times larger. In the first, the pulsar overtakes the bubble boundary due to
The rapid expansion of the relativistic electrons is acconts orbital motion. For typical injection rates, the bubble bound-
panied by adiabatic losses which change the electron spawgr at the pulsar's orbiR,, slows down dramatically at a few
tral index by 1 below the energyEag. Below Eng adia- 10*s. This allows the pulsar (with orbital spee@00 km s?t)
batic losses dominate and abokgy inverse Compton and to overtake the boundary at a time of a few? Xat a rela-
synchrotron losses dominate. Belday the synchrotron or tive velocity nearly equal to the orbital velocity. The original
inverse-Compton spectral index is flattened by 0.5. Figureb@bble, without the energy injection source, continues to ex-
shows the calculated adiabatic break energy for a sphericalpand, lose pressure and move outward. A swept up shell of
gion with initial size 0la starting at distance a from the Be stahigh density material including compressed magnetic field sur-
with initial magnetic field B, as given, and expanding outwardounds the bubble and prevents new energy injection from the
and center moving outward at a constant veloeigy, of either pulsar from penetrating the bubble.

.7. Termination of injection
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Fig. 6. Electron energyE,q, below which adiabatic losses dominate for an expanding region, for two cases: expansion velocity of 500 km's
and 1000 kms'. Also shown are the electron energiE¢].4 GHz) andE(2.25 GHz), emitting 1.4 GHz and 2.25 GHz synchrotron, for various
initial magnetic fields.

In the second mechanism, the bubble splits due to t@®mpton and synchrotron spectra have the same spectral in-
Rayleigh-Taylor instability. On the outer side of the bubble, thdices. However a given energy of relativistic electrons pro-
boundary is accelerating and has a heavy fluid (the swept-dyces inverse Compton and synchrotron photons dérmdint
circumstellar disk matter) overlaying a light fluid (the relativisenergies.
tic electrons of the bubble interior). Since the bubble wall is From the analysis here, the synchrotron and inverse
decelerating for points inside the pulsar orbit (see Fig. &for Compton emission come from two separate populations of
andRy,) there is no instability of the bubble wall inside the pulelectrons: a synchrotron optically thick one near the neu-
sar orbit. This results in growing indentations of dense bubliten star producing the inverse-Compton emission and a syn-
wall material which can pinchfbthe bubble anywhere out-chrotron optically thin one producing the synchrotron emis-
side the pulsar orbit. The result is a small bubble (siza) sion. Relativistic electrons are accelerated in the environment
containing the pulsar with energy injection, and a large bubldé a pulsar orbiting the primary Be star. Most of the elec-
or several large fragments (size a few tina@svithout energy trons are confined to a small volume and emit inverse Compton
injection. The large bubble or fragments continues to expantirays andy-rays. A small but significant fraction of the total
lose pressure and move outward. The small bubble can mainmber of relativistic electrons is from previous radio outbursts
tain a rapid enough lateral growth rate that the pulsar neward is spread out in the binary system. This gives the quiescent
needs to overtake its wall. radio emission, with spectral index similar to that of the X-rays

The radio outburst is essentially the same for either medmdy-rays. Radio outburst occurs due to the expansion of the
anism. The smooth X-ray light curve is more consistent widtbmpact region into the circumstellar disk. The asymmetry in
the second mechanism where there is a compact electron ternal density results in an asymmetrically expanding bubble
ulation at all orbital phases. The second mechanism, via thierelativistic electrons. Expansion is rapid1000 kms?) in
Rayleigh-Taylor instability, would result in more variability inthe outward direction but stalls inside the pulsar orbit. Evidence
flux and in orbital phase of the radio outbursts. for adiabatic losses show up in the radio spectrum of the out-
burst by the observed change in spectral index by 0.5. The en-
ergy injection into the outburst population of electrons ends
when the expanding bubble detaches from the pulsar, either by
A gualitative model was proposed two decades ago to exbital motion of the pulsar or by Rayleigh-Taylor instabilities
plain the radio outburst of LS+61°303 by Maraschi & Treves in the bubble wall.

(1981). The first quantitative model of the radioytway spec- In this paper the existing data on L$b61°303 was used
trum was presented by Leahy et al. (1997). That discussionthe development of a quantitative model for the inverse-
showed that the sub-eV (radio) spectrum should be synchrotf@ompton emission and synchrotron emission during quies-
in origin, and the super-eV (X-ray teray) spectrum should be cence and outburst. The model include injection of relativistic
inverse Compton in origin. It also gave constraints on the magarticles by a pulsar and subsequent expansion of the resulting
netic field and relativistic electron populations. Independetibble. The next step in the study L$61°303 is to develop

of B, for a given electron energy spectral index, the inversemore detailed numerical simulation of the expansion of the

4. Conclusions
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relativistic electron bubble which includes both the dynamicsgahy, D. A. 2001, A&A, 380, 516
of the expansion and a calculation of the evolution of the rdlongair, M. 1994, High Energy Astrophysics (Cambridge University
ativistic electron population and magnetic fields interior to the Press)
bubble. Maraschi, L., & Treves, A. 1981, MNRAS, 194, 1P

Marti, J., & Paredes, J. M. 1995, A&A, 269, 249

Massi, M., Paredes, J. M., Estalella, R., & Felli, M. 1993, A&A, 269,
AcknowledgementsDAL acknowledges support from the Natural 549
Sciences and Engineering Research Council. Paredes, J. M., Estalella, R., & Rius, A. 1990, A&A, 232, 377
Paredes, J. M., & Figueras, F. 1986, A&A, 154, L30
Peracaula, M. 1997, Ph.D. Thesis, University of Barcelona

References ) .

Ray, P., Foster, R., Waltman, E., Tavani, M., & Ghigo, F. 1997 ApJ,
Frail, D. A., & Hjeliming, R. M. 1991, AJ, 101, 2126 491, 381
Gregory, P. C., & Taylor, A. R. 1978, Nature, 272, 704 Schmidt-Kaler, Th. 1982, in Numerical data and Fuctional

Gregory, P. C., Taylor, A. R., Crampton, D., et al. 1979, AJ, 84, 1030 Relationships in Science and Technology, vol. 2b, ed. K.
Harrison, F., Ray, P., Leahy, D., Waltman, E., & Pooley, G. 2000, ApJ, Schaifers, H. Voigt (Berlin: Springer)

528, 454 Taylor, A. R., & Gregory, P. C. 1982, ApJ, 255, 210

Hutchings, J. B., & Crampton, D. 1981, PASP, 93, 486 Taylor, A. R., & Gregory, P. C. 1984, ApJ, 283, 273

Johnson, H. 1963, in Basic astronomical data- Stars and stelan Dijk, R., Bloemen, H., Hermsen, W., et al. 1994, in The Evolution
systems lll, ed. K. Strand (University of Chicago Press) of X-ray Binaries (New York: AIP Press), 324

Lang, K. 1974, Astrophysical Quantities (New York: Springer-VerlagiVaters, L. B. F. M., Taylor, A. R., van den Heuvel, E. P. J. M., Habets,
Leahy, D., Harrison, F., & Yoshida, A. 1997, ApJ, 475, 823 M. J. H., & Persi, P. 1988, A&A, 198, 200



