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Abstract.

A particle injection model has been applied to the radio out-
buirsts of the X-ray binar y Circinus X-1 . Thie radio outbursts
of this system have been often observed to exhibit a double
peaked structure, ie., withtwo ap p arent con secutive maxima
We show here that particle injection models cay 1 account. for
such 1 obgerved behaviour provided thiat a time varial e parti-
cle injeclion rate is adopted. Several possible time dependences
are assumed and the corresponding predicted radio light curves
corhpared with multi-fi cquency observations collected from the
literature.
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1. Introduction

Cir X-1 is the only X-ray binary with periodic radio cmission
known in the Southern Hemisphere. It was first detected as
an X-ray source by Margonet al, ( 1971) and observations of
type 1 X-ray bursts by Tenmant et al. (1986) established that
thic compact object is a neutron star . Periodic occurrences of
abrupt changes in the X-ray light curves accompanied by 1 adio
flar ¢s seem to imply an cceentric binary system with an orbit al
peviod of 16.6 d (Kaluzienskiet al. 1976; Whelan et al. 1977),
"T'he optical counterpart of Cir X-1 is a faint red star (Moncti
1 ))?) locatedina bighly obscured yegion at a distance of about
1 0kpcas determined from 11 1 measurements (Goss & Mebold
1977).

T'hie radio intensity of the periodic flares has dropped sinice
the 1980's, inpardld with changes of the X-ray light curves,
Orbit a precession of t he bin ary syst e, as first suggest ed by
Murdinet a. (1980), could explain this behaviour, A 843-Mllz
map by Haynes ¢t al. (1 986) reveals the presence of a 1 adio
synchrotron nebula surrounding Cir X-1, possibly as a consc-
quence of accumulated energeti ¢ electrons ejected during the
1 adio outbursts. From VI.BI observations of the Cir X- 1radio
source during a major flare, Pres ton et al. (1 983) estimate the
mean expansion velocity of the flaring component to be < 0,1
¢ and an ang ular size of few milliarcsccorids. 'F'he possible pres-
ence of extended radio jets has beenreported by Stew’arl et al.
(1993).
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The periodic radio flares are thought to be the conseque nee
of enhanced aceretion onto the compact star near the time o f
periasts on p assage (Haynes et al. 1980). 1 'Fiese authors inter-
p eted the flaring radio b chaviour of Cir X-1 as aresult of ex-
panding Juminosity-driven shocks due to a mass trausfer ento
the cor npact companion in excess of the Eddington accret ion
rat ¢, Different radio flarinig evenits, sucl | as those obser ved by
Whelatietal. (1977) andHayneset al. (1 978), havcusually
displayed what scems to be a double-peaked structure. The
presence of two peaks i the shape of the radio light curve has
been observed as well in the similar radio periodic X-ray binary
system 1,814 61°303 (Taylor et a. 1 992; Ray et a. 1 996).

I this paper we apply a particle injection model, with different
titme-dependent par ticle injection rates, in order to reproduce
onc of the double peaked Cir X-1 radio outbursts that was ex-
tensively observed by Haynes et al. (1978). The mechanism of
particle mjection has beer previously applied to other X-ray
binaries suchas 1 .814 61303 (Paredesetal. 1991), Cyg X-3
(Peterson 1973; Marti et a. 1992) and SS433 (Mart{ 1993).
Althougth it does not represent a full under standing of the
origin of radio outbursts, it dots scem to be adequate to pro-
vide a first inlerpretation as well as to constrain the physical
paranicters to be used in future more sophisticated models.

2. D model

Ourmodel is an adapted ver sion of the one developed in Pare-
desetal, (1991) for 1.S14 010303, ” with the main diflerences
being the assumption her ¢ of spherical geor net ry and, more
important, a time variad & particle mjection rate.
We assume that a radio outburst may be modelled as the cjce-
tion of an expanding spherical cloud (plasmon), of radius y
contaiting a uniform distribution of synchivotr on-emitting vel-
ativistic electrons and magnetic fields, following a transitory
supa critical aceretion event ont o the compact st ar. Fresh rel -
ativistic clectronis are continuously injected into the plasm on,
which is 1 adiabatic expansion at a constant velocity vexp. In
the course of the expansion the electrons are subjected to adi-
abatic and synchirotron cnergy losses, The magnetic field has
anaverage value 18 that we determine assuming magnetic flux
conservation (I3 o v 7).
The flex density for cach frequency can be expressed as:
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where «: and ki, arc the total emission and absorption cocfli-
::__ . I 2rk, is the optical depth through the central line
of s _r___ : is the distance to the radio source and &spn (7)) is
a geometrical correction factor (Hjellning & Johnston 1088).
In the model application by Paredes et al. (1991), a cylindri-
cal geometry was considered with lines of sight all of the same
length across the plasmon. However, by using the above geo-
metrical correction factor it is casy to account for the spherical
geometry and we adopt this approach in our modcl.

1, the total cnission and m_,mc_._:.mo: cocllicients are
computed by numerical integration. Thes s depend
mainly on the source injection term QQ& E ,i_:__ gives Lthe
number of relativistic particles injected per unit energy interval
and per unit time. We refer the reader to Paredes et al. (1991)
for details, Assuming an cnergy pow ctrum of imdex
P, as is usual for synchrotron radio sources, with encrgy limits
Iy < B < F,, the source Lerm can be written as:

In Fq.

r law sp

QU p) = Qof(p)l " (2)

with @, bcing a normalization constant and f(p) the time
dependence of the source term. The adimensional variable p =
< has been used here instead of time to simplify the notation.

T

In what follows two different forms will be considered for th
possible time dependence of the function f(p), namely, a time
variable and a constant form.

2.1. Variable particle injection

The time dependence of the injection process could be
cially important for binary systems where the acerction rate

spe-

Macc changes significantly along the orbital phase. If the ac-

cretion is of the Bondi (1952) type, we have in particular:

. An(GM)?
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where M is the mass of the compact star, py the stellar wind
density at the compact star position and v the relative veloce-
ity between the stellar wind and the compact star. In this casc
and for orbits of high cccentricity, it can be shown that M,
interestingly exhibits two well defined maxima when computed
along the orbit (Taylor ¢t al. 1992). The first one corresponds to
periastron passage, when the compact star moves through the
densest parts of the stellar wind. The sccond maximum takes
place for orbital positions, after periastron passage, i

in which
the relative velocity vya is low enough to compensate for the
stellar wind density deercase. Both acercetion rale maxima or
peaks may reach supar 1dddington levels for suitable combina-
tions of orbital and stellar wind paramcters. Thercfore,
we are looking for double-peaked radio light curves, it appears
natural to consider whether these two Mace maxima could be
way to the double peaked radio outbursts in

since

Z._:Zi in some

Cir X-1.

I order to better test this idea, we assume here that the time

dependence f(p) of the source term Q(15, p) is just proportional

Lo the acerelion rate excess over the Kddington limit, whenever
is is excceded, and zero otherwise. Wrilten in a normalized

this i

X >1
0 X <1 ()

where 7 < 1 s an efliciency factor and X = >wm2\>.§an_ has
been defined. Note that in these expressions the time depen-
dence s included into X7, which is actually a function of the
orbital phase, and the duration of the particle injection process

given by the time interval in which X > 1. for the
stellar wind or circamstellar envelope of the donor companion
star, we assume here a simple power law density py o Moy
and velocity v oc Mer"™? distribution (Waters ct al. 1938),
where M, is the companion total mass loss rate.

inal

2.2. Conslant particle injection

It is also straightforward to consider a constant particle iuj
tion rate into the spherical plasmon just by sctiing f(p) = 1
during a finite time interval 0 < t < {7 and zero afterwards.

However, this simple dependence always produces a single max-
imam in the radio light curves, So, for a constant particle in-
Jection rate, it is necessary to assume Lwo consccutive plasmon
¢jections in order to obtain a double peaked radio light curve,
An additional complication also arises here because one has to
take into account carcfully the overlapping,

nission contribu-

tions from both plasmon

and results

3. Application of the model ¢

The only data published up to now of simultancous multifre-
quency observations of a radio outburst of Cir X-1 are those
of Haynes et al. (1978), at 1.4, 2.3, 5.0 and 8.4 G117 between
12-15 May 1977. These data reveal a double peaked stracture
particularly at 5.0 and 8.4 Glz, with peaks separated about 1
day, while at 1.4 and 2.3 GHz it docs not. seein Lo be more than

single broad peak. In its quicscent. s Tio the radio spectrum
may be well approximated as S, o 17 ° A:MG::.T ct al. 1978).
The model described above has been applied to these four-
frequency simultaneous obscrvations after ramoving the qui-
escent. spectrum from all the data points. A lower limit of
Ea ~ 107 %erg and an upper limit of £, ~ 107 2arg, have bea
adopted for the power law relativistic electron energy
trum. The model does not depend strongly on thes
Inverse Compton losses are not taken inlo account because
assuming typical values for the photon encrgy density of the
primary star, inverse Complon scattering by relativistic elee-
trous docs not significantly contribute to the encrgy lossc

spec-

3.1. Applicalion of the variable particle injection

We intend here to reproduce the double peaked radio light
curves of Cir X-1 by means of a single plasmon ejection in
which the particle jnjection rate is controlled by the shape of
the accretion curve as given by lig, 1.

Some ol the system parameters are adopted a priori and kept
fixed at standard values throughout the modelling. These in-
clude a Z:E.% system cceentricity ¢ = 0.8 (Murdin et al. 1980)
star with a canonical mass and radius of 1.4 Mg
and 10 km, respectively. For the other less certain parameters, a
grid of different ranges of plausible valucs have been considered
(the niass of the primary star M. = 1- 15 Mg, the mass loss
rate of the primary star My = 10771078 Mg yr~ !, the initial
wind velocity at the surface of the primary star vy, = 5- 25
ki s™ ' and theindex n = 2.5- 3 3.5). Suitable paramecter combi-
nations have been further narrowed by systematically inspect-
ing, which ones of them actually produce aceretion curves with

two clear supereritical maxima, Whenever this is detected, a

and a compa




paramecter scarch, within rcasonable physical limits, is made

o fit the remaining plasinon paramecteors, i.e., the initial radius

of the plasmon re, the imtial magnetic ficld 135, the expansion
velocity of the plasimon wvexy, the power law index p and the
initial injection date. Unfortunately, the problem is not well
constraint. and a clearly wnigue solution is not casy to find.
Nevertheless, we hist in Table 1 a representative example of
the physical parameters for the best fit solutions found. The
corresponding radio light curves are shown in Figure 1 together
with the data from Haynes et al. (1978).

Table 1. Physical paramecters for variable particle injection

Initial radius (cm) 2.2 x 10'%
Initial magnetic field (G) 8.4
Iixpansion velocity (em s') 6.3x10%
Dower law index 14
Initialimjection (May 1977) 11.9
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Fig. 1. Data from Haynes et al. (1978) of the 12-15 May 1977 radio
outburst compared with the radio light curves computed from our
mwodel considering a variable particle injection rate.

The corves in Figure 1, were oblained by considering a primary
star of mass My = 8 Mg, My = 89x 1078 Mg y177, vy = 21
kins™ ' 2.9 and an dfliciency factor in producing relativis:
tic clectrons of 3 = 0.5, For these values, Figure 2 plots the
resultant aceretion rate curve, in units of the ddington acere-
tion limit. (dashed line), againust arbitrary orbital phasc. Tor a
fraction of the orbital period, the acceretion increases above the
Eddington limit with two clear maxima.

The model with variable particle injection rate fils reasonably
well the data at cach frequency. The total mass of relativistic
injected particles amounts to 1.4 x 1071 Mg, 2.3 days being
the total injection time interval,
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Fig. 2. Accretion curve via stellar wind of Cir X-1 using the best
fit parameters and eccentricity ¢ , 0.8, as a function of an arbitrary
orbitalp hase. The vertical axis is inunits of the ddingtonaccretion
lit nit (indicated by the dashed line).

3.2. Application of the constant particle injection

Inthis case we consider the cjection of two plastons separvated
by a titse interval of one day. The computed radio light curves
take int o account the overlapping of both plasmons. No spe-
cific mechanism of accrction onto the compact star is assumed
here, so we must add the injection rate and the injection time
interval Lo the set of parvamecters to be fitted. As before, the
problem is not well constraint and different set of paramecers
can give cquivalent good fits.

A repr esenlative set of values obtained for the physical pa-
ramcter s of the fitare listed inTable 2, and Figure 3 shows
the radio light curves computed together with the data from
Haynes et al. (1978).

TTie shape, peak flux density and time delay of the peaks at
t he three higher frequenicies are agait aceeptably well repro-
duced, although the outburst at 1.4 GHz is only recasonably
1 eproduced at t heend. .

The total mass of relativistic injected particles, given by M, aty,
anounts to 2.2 x 1071 Mg during the injection process.

The resultant values listed in Table 2 show that the physical
paramcters gre similar between both plasmons, ' e time in-
terval of the injection process is about 13 hours loniger for the
sccond plasmon than for the first one.

Table 2. Physical paramecter s for constant part icle injection

Initial radius (cm) 1.5X 10" 1.4 x 10"
Initial magnetic fietd (G) 2.3 2.0

Fixpausion vetocity (cm s])S.SX](IS 7.2 x 108

1 ’owerlaw index 1.5 1.6
Injection late (Mg d™ ') 71 x 107" 6.6 X 1014
Injection time interval (d) 1.35 1.9

Initial injection (May 1977) 12.15 13.15
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Fig. 3. DatafromHaynesetal. (1978) of the 12-15 May 1977 radio
oul burst conpared with the rad io light curves comput ed from our
miodel considering, the case of constant particle injection rate.

3.3. Comparisonbclween both cases of particlc injection

As itcanbescenfromIigs. 1 and 3, bothtypes of injection fit
ac ceplably well the data. The double peaked shape of the radio
011( burst 1s however more markedly reproduced in the case of
{wo plasmons with constant injection, while thereis a betler
global fit when using a shmple plasmon with the time variable
injection Jaw of Fq. 4,

The values or the physical parameters which describe the ex-
panding plasmon are similar in both cases, 80 we can infer that
the physical features of the emitting region do not significantly
depend 011 the injection process considered. The main difler-
ence arises fromthe total mass of rclativistic electrons nee-
cssar y to account for the radio emission obser ved, which for
con st ant injection is a factor 1) above the one considered in
case of variable injection. However, this fact can be understood
from the higher val ue of the magnetic ficld when we consider
variable injection, which compensates the lower value of the
mass of relativistic electrons injected.

4. Conclusions

We have extended the application o f  particle injection mod-
els to Cir X- 1 in order to reprod uce the simultancous four-
frequency radio light car ves of the best observed strong radio
outburst of this source, as reported by Haynes et al. (1 978),

Unlike most previous applications of particle injection mod-
cls to othier X-ray binary systems, the obscrved data for Cir
X-1 are not consistent. with the time and spectral evolution
cxpected from a single expanding plasmor 1 with coristarit in-
jectionrate. Thercfore, we find it necessary to consider a non-
conslant injection rate. In particular, the shape Of the Haynes
ol al. (1 978) radio outhurst can be accounted for by assum -

ing a single plasmon cjection with an injection rate that varies
roughly as the accretion rate onto the compact star.
Alternatively, this same radio outhurst can be interpreted on
the basis of two consccutive plasmon e¢jection events, cach of
them with nearly the same constant injection rate. The lack
of obscrvational data between peaks and at the initial time
of the outburst hampers us in knowing which source injection
term should be considered to obtain the best fit to the radio
outburst, However, it is clear that a time variable source term
should be considered.
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