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Abstract We present a model to estimate the synchrotran ntroduction
radio emission generated in microquasar (MQ) jets due to
secondary pairs created via decay of charged pions produced
in proton-proton collisions between stellar wind ions a&ld j X-ray binary systems (XRBs) are composed by either a stel-
relativistic protons. Signatures of electrons/positraresob- |ar mass black hole or a neutron star, and a normal (non
tained from consistent particle energy distributions thké degenerated) star which supplies matter to the compact ob-
into account energy losses due to synchrotron and invejeet through the formation of an accretion disk. Some 260
Compton (IC) processes, as well as adiabatic expansion. ®RBs are known up to now [1] probably corresponding to
space parameter for the model is explored and the corsgrunderlying population of some tens of thousands of com-
sponding spectral energy distributions (SEDs) are presentpact objects in our Galaxy. A few of these sources present
We conclude that secondary leptonic emission representsiso non-thermal radio emission, hence evidencing the ex-
significant though hardly dominant contribution to the tdstence of mechanism(s) capable of injecting and/or accel-
tal radio emission in MQs, with observational consequencesting large numbers of relativistic particles. Some aadi
that can be used to test some still unknown processes @gitting X-ray binary systems (REXBs) have been observed
curring in these objects as well as the nature of the mattgfowing ejection of material at relativistic velocitiesiaio
outflowing in their jets. display jets like those seen in quasars and active galastic n
clei but at~ 107° times shorter scales. This analogy is the
reason for calling them microquasars (MQs) [2] and making
them some of the most interesting objects for astrophysics.
Furthermore, attention on these objects has grown since the
proposal of Paredes et al. (2000) [3] of MQs as counter-
PACS 98.38.Fs 97.80.Jp 95.30.Cq parts of some of the unidentified gamma-ray sources of the
EGRET catalog [4] and hence pointing them as plausible
high energy emitters. A strong confirmation of this associa-
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high energy emission, through proton-proton interactaond Table 1 Parameter values used throughout the model.
pion decay producing gamma rays and leaving the result
ing co-generated leptons as low energy emitters. The presen_Parameter Symbol Value
work refers to the later procedure, focusing on the modelisa
tion of the secondary leptonic synchrotron emission in orde Ejiiﬁigglgo%?ss Mzgh Mo
to constrain the characterization of MQ jets. An outline of  |nitial radius Ro 5
R,
a

the model is given in the next, followed by the results show-  Radius of the companion star
ing the SEDs and lightcurves under different parameter as- Orbital radius

sumptions and the conclusions that can be extracted from Luninosity companion star L. 1.6 x 10* erg/s
them. Mass loss rate M, 3.10 M yr !
Jet's Lorentz factor r 1.02
Jet kinetic luminosity Qj 10% erg/s
Proton kinetic Luminosity Qp 10%% ergls
2 Model description Minimum proton energy EE;Z 2 GeV
Maximum proton energy Ep 100 TeV
We have taken a binary system formed by a black hole and a b\‘;ﬁgojne'f psgr?ggglig]r??;ctor f éi
high-mass early-type star which feeds the accretion trans- Magnetic field atz Bz 1R, 10t

fer of mass onto the compact object while developing an
accretion disk. Part of the accretion power is converted to
kinetic and magnetic energy of the accretion flow under the
effects of the compact object potential well and a reldtiivis .
et-p plasma is ejected in a direction taken to be perpend
ular to the plane defined by the accretion disk. This pla
is the same as the orbital one, even if this condition can
relaxed to allow a more general situation but for simplic=
ity we assume coplanarity in our model. Jet energetics is
assumed to be dominated by accretion, and further energy
sources like compact object rotation have been neglected at
this stage. The jet will also contain a magnetic fiBld as- — 2y.
sociated with the plasma. We assume that the matter kinetic
luminosity is higher than the magnetic luminosity (or totdfor an injection proton spectrum as the one given above, the
magnetic energy crossing the jet section per time unit)én tRion spectrum (in the jet reference frame) will be a power
jet regions we are concerned with, although the magnel@V and the electron/positron distribution will also folla
field can be still significant once the jet is formed, since tiower law [10] with a differential pair injection rate given
ejection mechanism have likely a magneto-hydrodynamid®¥ Je(Ee) = KeEs ” where we use a value=2.2.
origin.

In this scenario we deal with radiative processes that take
place in the jet and can produce significant emission in tRe Secondary evolution
radio spectrum. Although the contribution of protons could
still be significant from the radiative point of view, we willThis injected electron-positron population suffers sgoeat
focus on the leptonic component only. The reader is relategiiative cooling due to synchrotron and inverse Compton
to other works (see, e.g., [9] and [8]) for treatments on pliesses as well as adiabatic expansion given by
mary hadrons.

et region penetrates into it. When charged and neutralpion
%re created, the first will decay to muons and subsequently
§ electrons and positrons, while the second decays to high
ﬁergy photons through

T — v+t — v+ e+ vety,

"E_e*} — —2.36.10 3B2E2

{ dt syne : et
: dE _ 2 2

2.1 Secondary generation [d—;ﬂ o —3.90-10 “Ugar EZ,

Secondary leptons are generatedpip interactions of hot [dEd—iipr = %%Eei'

protons in the jet with the companion star wind that extents
out isotropically producing charged and neutral piors,( respectively. Her&g, is the companion star's photon field
m°)through the reaction channpk-p — p+ p+ &+ given byUga = 227 Whered is the distance from the star
& (T 4 17), where& e ~ 2(Ep/GeV)Y* is the charged and in our case, — 1.6- 16°° ergs, anWeqp = dR(2) /dt is
pion multiplicity. The relativistic injection proton spgom the |ateral expansion velocity of the jet. Fresh electrors a
is a power lawNp(Ep) = KpE, @ whereER™ < Ep < E;™  positrons that have been injected at a certain point intjethe
where the constar, can be found normalisation to the tosyffer the different energy losses modifying in this way the
tal power that goes to protoiig,. The corresponding protongpectral distribution of particles at each heightMoreover,
flux will be given by Jp(Ep) = (c/4mKp(20/2)?E, . We  different evolution stages sum at each height since imjacti
assume that a fraction 0f/10 of the matter that crosses thef fresh particles occurs all along the jet and thereforexa mi
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Fig. 1 The strength of the magnetic fieBl is treated as a free pa-Fig. 2 Light curves of emission at 1 and 5 GHz bands at growing dis-
rameter in our model. Synchrotron loses will be enhancedwmdidng tances along the jet for various magnetic fieRlwich values are ref-
higher values foB but, since injection occurs all along the jet inside thered to the base of the jet at= 50R,. Not only the overall emission
bynary system (until a distance roughly givenzy Ryp, ~ 1013 cm), but also the peak of the lightcurves moves to higher disenten in-
the enhancement in the final emission will preval over logdese we creasings, as well as the difference between the locations of the peaks
show the SEDs for three different magnetic fields (B); vaindicated for the two frequencies.
are taken at the base of the jet.

31.00 |
—— theta= 0 deg
theta=15 deg

of multiple evolved population of electron/positron distr- e
tion arises. To compute it in a consistent way, one has tc i
assume the continuity equation,

theta=75 deg
theta= 80 deg

30.00
Net (Eet, 2)dEet = No et (Eget, 20)dEg et E»
+
whereNg g+ (Eg e+, 20) = Ko et EO’; is the initial energy spec- <

trum for the injected particle density. Solving the equagio 29.00
for the evolution of the particle energy along the jet axis,

one can find the spectral distribution at each slice, compute

de differential luminosity at each height and finally intatgr

to find the total luminosity.
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2.3 Secondary emission Fig. 3 Variations of the SEDs due to different observing an@ldse-

) ) ] tween the approaching jet axis and the observer line of gigtiar as
Secondary electrons and positrons will radiate through sythe jet material travels at higher velocities along thetjet, boosting
chrotron process since we assume the presence of a mylyget increasingly greater while observing at smallegias. The
netic field wich is tangled to the plasma and oriented raﬁ— s showed here correspond@aanging from 0 to; , where we
domly in direction. The resulting emission will be isotropi ;e used a Lorenz factdr ~ 1.02 corresponding to a mildly rela-
h omly ! : g p tivistic jet with vj ~ 0.2c
in the jet reference frame; to compute the expected lumi-

nosity, we have used the formulae presented in [11], where
expressions for the specific emission and absorption coeffhen, the specific differential luminosity at a certain teig

cients are given by in the jet can be expressed as
& = C3B [y Net (Egt )F (X)dEg: dL(\j/Z(Z) = 2nR(2) & (17 efljkv)
ky = —S5CoB [ B2 & (Li(Eei)) F(x)dE
Y 223 Jo' B ae EZ: (x)dEe: wherelj is the typical size of the synchrotron emitting plasma

with the function F(x) given byF (x) = x f;° Ks/3(2)dz be- region. Now, integrating over the entire jet lenght we finel th
ing Ks/3 the modified second kind Bessel functiorss spectral energy distribution,

wherev, = W%Eé ~ 6.27-10'8E2, Hz is the critical fre-

Zmax 52 dLy(2) dz
_ , Zo dz
quency, and the constaBt ~ 1.87- 1023 (in CGS units).

VLsynC =V Z
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where(S:[I’(l—BcosGobs)}’1 is the Doppler boosting fac- 3. Paredes, J.M., Marti, J., Rib6, M., Massi, M.: Discovef a
tor. High-Energy Gamma-Ray-Emitting Persistent MicroquaSai-
ence288, 2340-2342 (2000)
4. Hartman, R.C., Bertsch, D.L., Bloom, S.D. et al.: Third BT
catalog (3EG) , ApJS123, 79 (1999)
3 Modd results and conclusions 5. Aharonian, F., Akhperjanian, A.G., Aye, K.M. et al.: Disery of
Very High Energy Gamma Rays Associated with an X-ray Binary.

SEDs are obtained for different magnetic field values, elgg- ifti?f?oili7L|4|65_.7:2c:|(§?h0u5t2 H., Antoranz, P. et al.ible Very-

tron/positron spectral indices and Spatially distribudesks. High-Energy Gamma-Ray Emission from the Microquasar LS |
We have estimated also the expected emission along the jet61 303 Scienc812, 1771-1773 (2006)
at1and 5 GHz. Leptons are injected in the context of hadrdni@osch-Ramon, V., Paredes,J.M., High-energgy Emission from
secondaries generation within a detailed model that take Zg(g%?“asars' LS 5039 and LS | +61 303 CHJ/5\ 133-138
into account in a consistent way particle injection mechg- romero, Gustavo E., Christiansen, Hugo R., Orellana, M.:
nisms and cooling due to radiation processes and adiabati¢iadronic High-Energy Gamma-Ray Emission from the Micro-
expansion. The luminosities obtained are slightly lowanth  quasar LS | +61 303 Apd32, Issue 2, 1093-1098 (2005)
in the models based on primary leptons injection, and m@stﬁomer‘?' G.E., Torres, D.F., Kaufman Bernado, M., Mitabg.:
. adronic gamma-ray emission from windy microquasars, A&A,

be considered complementary to them. However, we notes1q | 1-{ 4 (2003)
that within our model there is no requirements of acceleres. Ginzburg, V.L., Syrovatskii, S.I.: The Secondary HlestCompo-
tion processes along the jet to obtain the final emission re-nent of Cosmic Rays and the Spectrum of General GalacticoRadi
sults. Such acceleration processes are still not well undey EQ;iﬂg%ziﬁvfté§tﬁgﬁtw§n?glzb%gggges in galactic exid:
stood, although. They could come f_rom d_|ffu5|ve shoc_:k ac- .galactic sources: San Francisco, Freeman (1970)
celeration along the jet when fresh ejecta interact withipre
ous blobs of plasma already outflowing at lower velocities.
Other scenarios assume a continuous energy transfer mech-
anism from the magnetic field to the matter content of the
jetin such a way that the resulting parsec-scale radio emis-
sion can be explained. The fact of studying alternative mod-
els were particles are directly injected until a certairghei
along the jet can constrain the amount of acceleration re-
quired and contribute to the understanding of the physical
mechanisms that can lead to such processes.

Signatures at different distances along the jet and spe-
cific spectral features detectable for reasonable paramete
values treated in our numerical simulations have the poten-
tial to be an important clue for determining the matter con-
tent of jets. In particluar, highly resolved observatiohd a
and 5 GHz could determine if leptons are present at heights
10'%-13 cm at the edge of the binary system typical region
where wind matter from the companion is still significant. If
electrons/positrons still show high energies due to a ftecen
injection from hadronic interactions at these parts of #ig |
it could be a signature of secondary generation without the
necessity of invoking additional acceleration processes.
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