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Abstract: We study the X-ray binary system Cygnus X-3 radio outburst applying the van der
Laan model, which considers an adiabatically expanding cloud of relativistic electrons. We fit the
time evolution of the synchrotron radiation, the outburst peak flux density and time delay to the
observational data of its radio outburst in 1972 September. The model reproduces the general trend
of the data although some discrepancies, which are found, especially, in the low frequency range.

I. INTRODUCTION

The analogy between quasars and microquasars lead to
the discovery of superluminal sources in our own galaxy,
where it is possible to follow the motions of the two-side
ejecta. Due to the relative proximity and shorter time
scales, in microquasars it is possible to firmly establish
the relativistic motion of the sources of radiation and
to better study the physics of accretion flows and jet
formation [6].

Microquasars are binary systems formed by a star and
a compact object, which is a black hole or a neutron star,
accreting matter of the companion star and creating an
accretion disk, whose process involves X-ray emision [8].
These systems display collimated jets, which seem to be
associated with the accreting evolution, nevertheless its
emission is in the infrared and radio wavelengths.

According to the spectral type of the companion star,
the X-ray binary system is classified as follow [8]:

e Low mass X-ray binaries (LMXB): the donor star
is of a spectral type later than B and mass transfer
takes place through Roche lobe overflow.

e High mass X-ray binaries (HMXB): the companion
star is either O or B spectral type. Mass trans-
fer takes place via decretion disc for Be star, wind
accretion or Roche lobe overflow.

Collimated jets appear to be associated with the pres-
ence of an accretion disk around the compact object [7].
The multiwavelengths observations of microquasars re-
veal that the disapperance of the inner accretion disk
with the ejection of relativistic clouds of plasma are cor-
related. It is believed that a portion of the rotation en-
ergy of the compact object could be use to boost the
collimated outburst of magnetized plasma at relativis-
tic speeds [6]. The interaction between the beam, the
radiation and wind of the companion star or with the
interstellar medium results in TeV-GeV emissions from
this sources. In this way, jets extract a large fraction of
the total accretion energy available [8].
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The relativistic plasma cloud is observed at infrared
and later at radio bands. The delay between both max-
imums is estimated by the van der Laan model (1966)
[12] for a spherically symmetric expanding clouds in rel-
ativistic AGN jets [6].

This non-thermal emission from jets implies the pres-
ence of highly energetic electrons which may also emit
in the gamma wavelenghths through inverse Compton,
which is the case of Cygnus X-3, that has been confirmed
as a high-energy source by AGILE and Fermi-LAT [9].

II. CYGNUS X-3

This microquasar was one of the first sources discov-
ered in the beginnings of the radio astronomy and has
motivated to a large extent the development of high en-
ergy astronomy [11]. It is one of the most attractive
microquasars, with frequent flaring activity of its rela-
tivistic jets [2].

Cygnus X-3 is a high-mass X-ray binary system with
a brief orbital period of 4.8 hours. We can find it in
the galactic plane at a distance of ~ 7 kpc. The com-
panion star is known to be a Wolf-Rayet, whereas the
nature of the compact object remains unknown due to
the interstellar absorption, which leaves the visible band
undetectable [5], [11]. It is believed to be either a neu-
tron star in an unusual state of accretion or a 10 —20Mg
black hole [1].

After its discovery in 1966, Cyg X-3 has been deeply
observed over a wide wavelength range. Its variable emis-
sion extending from radio frequencies up to a few hundred
of kiloeclectron volts (keV), is induced by the interaction
between the stellar companion, the accretion flow shap-
ing the disk, and the relativistic jets.

In the radio range, the binary system had several vi-
olent outbursts with flux density increments of almost 3
orders of magnitud above its usual level of ~ 0,1Jy [5],
which are associated with the collimated jets and reveal
their variable activity. [3]. The specified makes it one of
the brightest galactic transient radio sources.
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The X-ray spectrum fluctuates between hard and soft
states, similar to other X-ray binaries, and it is heavily
absorbed at low energies by the intervening dense stellar
wind. The accretion process is related with these wave-
lengths [2].

AGILE and Fermi Large Area Telescope (Fermi/LAT)
have reported high energy gamma rays detections, de-
noting a clear correlation of special radio/X-ray activity,
preceding strong radio flares [2], [10]. In this way, Cygnus
X-3 is the first binary hosting and accreting object and
relativistic jets to be detected in ~y-rays. [2]

Complex as it may be, the theoretical modelling of
galactic microquasars such as Cygnus X-3 require particle
acceleration and non-thermal photon production up to
GeV energies as crucial ingredients.

III. THE VAN DER LAAN MODEL

The van der Laan model (1966) [12] emerges as an
explanation for the variability of extragalactic radio
sources. Based on an initially optically thick radio source
which transforms into an optically thin as it expands,
the model considers a uniform and spherical cloud of
radius 7, at expanding rate r, constituted of a flux of
relativistic electrons with an isotropic velocity distribu-
tion. Thus, the energy distribution can be expressed as
N(E)E = K(t)E~PdE, with E;(t) < E < Es(t), where
N is the number density of the electrons, K(t) a time-
depending constant and p the energy spectral index.

Synchrotron radiation is generated by acceleration of
particles in the presence of a magnetic field, whose mag-
netic flux is conserved as

B =B, (;) - , (1)

where rq is the initial radio of the source. The rela-
tivistic gas cools adiabatically,

SOR

and the angular diameter changes as

0 = 6, (:O) . (3)

Furthermore, the model contemplates a constant num-
ber of the plasma particles, which imposes

d Ez(t)
— 2Ky (r) / EdE } =0. (4)
dt El(t)

Note that the subindex 0 is referred to the value of the
parameters at the instant tg.

For synchrotron radiation, the dependence on fre-
quency of the volume emissivity is p(v) oc v~ (P=1)/2
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whereas the dependence of the absorption coefficient
w(v) oc v=PtH/2 Ag the density flux is given by

S(v) x Z((Z)) [1 — e_T(”)}
o /2 [1 - 6_7(”)} , (5)

where 7, is the optical depth, expressed by 7, y*%“v

we can find for the optically thick region (v << 1) that
S(v) o< °/2, and for the optically thin (v >> 1), S(v) o
prTfl.

Our aim is to find the temporal evolution of the flux
density. In relation to this, the model provides the vari-
ations with the relative radius of the source p = = with
the maximum flux density S, and the frequency v,, at
which it occurs

Sm(p) = Smo p_(7p+3)/p+47 (6)

Vi (p) = Vimo p—(4p+6)/p+4. (7)

From where we can construe the qualitative form of
the spectrum: in the plane log S(v) — log v, as the cloud
expands, the spectral curve will move down and towards
the left, but maintaining its shape. At lower frequencies,
the peak will be reached later and have a smaller value,
as shown in figure 1.

log v/v,

FIG. 1: Evolution of the flux density in function of the fre-
quency of an electron cloud expanding uniformly.

Using relations (5), (6) and (7), the van der Laan
model obtains the flux density at a given frequency and
radius relative to their values at the spectral maximum
when p = 1. Then

_ptd = (2p+3)
2
5 l—exp{—rm(uu ) }
S(,p) = Smo (=) p° -
’ ™\ Vimo 1—exp(—7m)

(8)
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wherein 7, is the optical depth corresponding at which
the flux density is maximum, namely, the solution of
dS/dv = 0, which gives

4
e — <p;> Tn —1=0. 9)

The form of the equation (8) in function of the relative
radius is illustrated in figure 2.

vt =2
vivm =1
v =1/2
vl =1/4

e

FIG. 2: Radial dependence of flux density for different fre-
quencies. The values of the curves are shown in the legend.

In order to obtain the flux density as a function of fre-
quency and time, the model assumes a constant expan-
sion velocity, in this way, the radius varies as r = rg + vt.
Consequently, the temporal evolution of the relative ra-
dius is

r vt t/
=" =142 =14 10
p(t) o=t (10)

where v is the expanding velocity of the source and t
is the time measured from the instant where S,,o and
Vmo are specified.

IV. RESULTS

Here we analyze the giant radio outburst in 1972
September of Cygnus X-3, assuming synchrotron radia-
tion the responsible of the emission process. These events
are amongst the best-known examples of observed ex-
panding synchrotron-emitting sources. The analysis of
these data has focused mainly on the temporal behaviour
of the radio emission.

We apply the model to the observational data obtained
from [4], getting the parameters which fit curves the best.
These parameters are presented in table I. The value
found for the energy spectral index is p = 1.76.

Discrepancies from the model are discussed in the last
section.

Treball de Fi de Grau

Smo(Jy) |vmo(GHz)| p
1290 1.76
10000 1.76

Lower frequencies 137

Higher frequencies 92

TABLE I: Parameters obtained in the fit. Low frequen-
cies refers to 0.408GHz, 1.415GHz and 2.695GHz, the opti-
cally thick region; while high frequencies to 6.630GHz and
8.085GHz, the optically thin one.

A. Radio light-curves

To obtain the temporal evolution of the flux density at
a given frequency we use equation (8) taking into account
the linear dependence of the relatives radius with time
given by equation (10). The best fit to the curves is
shown in figure 3. The frequencies plotted are 0.408GHz,
1.415GHz, 2.695GHz, 6.630GHz and 8.085GHz.

Observations at a given frequency evidence a prompt
increase of flux at first, reach the maximum at S,, and
a more smooth decrease. The model prediction is also
checked at lower frequencies, the peak is reached later
and have a smaller value. These results are presented in
table II.

v(GHz)|tm (UTdate) | Sm(Jy)
0.408 7.5 1.82
1.415 4.3 7.82
2.695 3.3 16.66
6.630 3.3 26.58
8.085 3.2 18.01

TABLE II: Values of the density flux S.,, the time at which
it is reached t,, and the frequency.

B. Outburst peak flux density

The maximum flux densities for each frequency are pre-
sented in figure 4. For the observational data of the low
frequency branch we obtain S(v) o« v!-15, whereas for the
high frequency branch S(v) oc =938,

As in the optically thin region S(v) v, we can
find the energy spectral index as

-1
JQT = —0.38 — p = 1.76.

If we consider a frequency which is initially optically
thick, the flux density will peak near the time at which
the expansion of the jet produces the transition to the
optically thin regime, fact that can be observed in the
aforementioned graphic. This change varies for different
jets. Obviously, the first jet cross sections to become
optically thin are those ejected first [4].
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FIG. 3: Radio light-curves computed from the van der Laan model corresponding to the first strong radio outburst of Cyg X-3
in 1972 September. The error bars not shown are smaller than the symbol size.

107
S
=y
Vv
=
i
=]
x
=
=
A
o 107
&
— model
@ experimental data
— fitted data
10 T T
107 10° 10! 10°
Frequency({GHz)

FIG. 4: Outburst peak flux density as function of frequency
with the points for the same five frequencies as in figure 3.
The error bars not shown are smaller than the symbol size.
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C. Outburst peak time delay

The van der Laan model also provides a relation be-
tween the frequency at which the maximum flux density
is reached and the time

_ 4p+6 — ptd
U X T PFT 3 £ o 1, P70 (11)

Taking into account the exposed, the energy spectral

index is p = 1.76, so that ¢ o 1,944,
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FIG. 5: Outburst peak time delay. Observed points are also
included for the same five frequencies. The error bars not
shown are smaller than the symbol size.

Another estimation of the model is provided in figure 5,
where the peak time delay is larger for lower frequencies.

V. DISCUSSION AND CONCLUSIONS

In this paper we studied the radio outbursts of the mi-
croquasar Cygnus X-3 applying the van der Laan model.
Radio light-curves, outburst peak flux density and time
delay have been obtained, getting the best-fitting param-
eters to the observational data.

The energy spectral index obtained is p = 1.76, while
the one from Mart{ et al. (2006) is p = 2.1, which
implies a relative error of 16%. This difference is not
a surprise and was expected somehow because we have
used the basic van der Laan model.

As can be observed in all the graphics displayed, the

basic model of van der Laan reproduce roughly the ob-
served data, nevertheless it is less accurate for the lower
frequencies. This physical reality could be explained by
the free-free absorption process, which dominates in the
optically thick zone, and that have not been taken into
account by the van der Laan model.
Other detected discrepancies suggest that there are dif-
ferent features in this kind of systems that have not been
considered. On the one hand, the geometry of the source
is assumed spherical, while observations show a jet-like
geometry. On the other hand, it has been established
that the number of particles conforming the cloud re-
mains constant, condition given by the equation (4), ex-
cluding the possibility of continuous injection of relativis-
tic electrons and the energy losses of this particles by dif-
ferent processes. Additionally, other details as a constant
expansion rate or a uniform cloud, could not be fulfilled
so deviations from the model are expected.

The results of the spectra analysis provide a useful test
of models proposed to explain the temporal variations of
the flux density of Cygnus X-3 during an outburst.
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