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Abstract. The production of jets is a characteristic common to difiéestrophysical accreting ob-
jects at all scales, from long gamma-ray bursts to galaatiarkes. Aside from certain phenomenol-
ogy specific to each type of source, the physical processkslying the formation and propagation
of the jets is believed to be the same. | present some gemeas ion the dynamics and energet-
ics of relativistic jets, discussing the mechanisms oft@ec acceleration, and collimation of the
outflows. | also focus on the radiative aspects of jets, vevig the most relevant mechanisms of
non-thermal emission with special emphasis in the highegneegime.
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INTRODUCTION

Astrophysical jets are collimated, bipolar outflows ejectem the vicinities of a ro-
tating object, that propagate for large distances comp@reide size of the launching
region.

Systems of very different nature produce jets [1]: supesmasblack holes in
active galactic nuclei (AGN), stellar-mass black holes ewtron stars in micro-
guasars, young stellar objects (YSOs), and collapsing stssociated to long gamma-
ray bursts (GRBs). These sources are among the most powerfilleirUniverse.
The typical power of jets ranges from 10°’ erg s in YSO and microquasars, to
~10%2—-10*" ergs?tin AGN, up to 18°erg s! in GRBs. Jets in YSOs have bulk
velocities of~ 107 — 10° km s~ 1; these are slow, non-relativistic jets. Relativistic jets
can reach velocities close to the speed of light, with bulkelntz factors from a few in
microquasars, up te- 10? — 10° in GRBs.

The phenomenology associated to astrophysical jets isragly rich. Its study com-
prises many areas of Physics, from magnetohydrodynamieid)Mo elementary par-
ticle interactions. In this article | present a short reviethe dynamical and radiative
aspects of astrophysical jets. | begin by introducing, \@igfly, the basic concepts of
the models for the launching, collimation, and acceleratib jets. Then | discuss in
greater detail which are the most relevant radiative pisEethat contribute to the ob-
served spectrum of jets. Finally, | close by showing somelte$or the radiation of jets
in microquasars obtained with a model developed as part aksgarch program.



DYNAMICSOF RELATIVISTIC JETS

All sources with relativistic jets have two components imneoon: a rotating accreting
object and an accretion disk. A third fundamental ingredienlaunch jets, at least
required by most of the models, is a large scale magnetic field

Two well-established models to explain the launching & gt the Blandford-Znajek
[2] and the Blandford-Payne [3] mechanisms.

The Blandford-Znajek mechanism is a way of extracting enargyangular momen-
tum from a rotating black hole, and transfer them to the sdecagnetic field in its
surroundings. Since astrophysical black holes are notategeo be charged, the mag-
netosphere is created by electric currents in the accrdisin

Blandford and Znajek found a solution for the equations thestcdbe a force-free
plasma around a slowly rotating & 1) Kerr black hole immersed in a split monopole
magnetic field. An order of magnitude estimate of the totalgrothat can be extracted
from the black hole through this process is (see e.g. Ref. [4])

Lgz ~ 10%a? Men ) (_Bo 2erg§l (1)
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whereMg, is the solar mas$y is the magnetic field strength on the horizon, arehd
Mgy are the spin and the mass of the black hole, respectivelg.pdwer is, in principle,
enough to drive the jets in AGN.

The efficiency of the Blandford-Znajek mechanism to prodets is closely related
to the configuration of the black hole magnetosphere and éheewvof the spin, see
for example the discussion in Ref. [5] and references thefidie main results can be
summarized as follows. Black hole magnetospheres mapbaor closed depending
on whether open magnetic field lines cross the horizon orQlosed field lines transfer
angular momentum from the black hole to the accretion disiereas open lines can
transport it to infinity as a jet. The key parameter that deiees the configuration of
the field lines appears to be the black hole spin. Retrogr@de 0) and rapid prograde
(0.75 < a < 0.99) black holes are more likely to have open magnetosphanesthen
to drive jets. Furthermore, the spin determines the jet potlie most powerful jets are
launched from retrograde black holes.

As mentioned in Ref. [5], the above results agree with obsemna for those AGN
with measured spin and jet power. In microquasars, the rbteeoblack hole in the
launching of the jets is not clear. Two recent searches foetaiions between the jet
properties and the spin of the black hole in these source®le@posite conclusions.
No connection was found by Ref. [6], whereas in Ref. [7] the arglclaim for a
correlation between the spin and the peak radio luminosity Hz in the case of
discreteejections. These studies present two main uncertaintrss; thhere are only a
few stellar-mass black holes with measured spin, and setioadesults depend on how
the jet power is estimated from the observations. As expthim Refs. [6] and [7],
if the Blandford-Znajek or a similar mechanism operates acklholes binaries, it is

1 A retrograde (prograde) black hole rotates in opposite é3@mnse with respect to the accretion disk.
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FIGURE 1. Sketch of the poloidal magnetic field lines from the accreticsk. If 6 < 6 (see text), the
elements of plasma are in unstable equilibrium and acdelatang the field lines.

expected to be responsible for the launching of discrete nan continuous, outflows.
This is because discrete jets are ejected from the immesiisteundings of the black
hole (a fewRgray = GMgy/c?) as the inner radius of the accretion disk approaches the
innermost stable orbit, whereas continuous jets form éartiway ¢ 50 — 100Rgay)
where the relativistic effects are weak.

The Blandford-Payne (or magnetocentrifugal) mechanisretdajnching also relies
on the existence of a magnetic field created by the curretiteidisk. It is assumed that
the footpoints of the field lines are anchored to the disk atdlgagged as it rotates. If
the inclination of the lines with respect to the outwardsakdirection (see Fig. 1) is
the appropriate, the plasma is in unstable equilibrium:enrrturbations, it becomes
accelerated away from the disk along the poloidal field liffidge analogy with beads
threaded on a rotating rigid wire is usually employed to descthe movement of the
elements of plasma.

As shown, for example, in Ref. [8], in Newtonian or Schwarzschpacetimes the
critical (maximum) inclination angle of the field lines thaads to instability i€, = 60°
at any radiug. It is slightly smaller at the innermost stable orbit of a ogiade Kerr
black hole witha = —1, and approache§. = 90° for a prograde black hole with
a= 1. The smaller the value of the critical angle, the less w@ted the outflows are at
launching. The best-collimated jets might, then, be laedctiom maximally rotating
prograde black holes, where the magnetocentrifugal meésimazan accelerate particles
along magnetic field lines almost parallel to the rotatiors ax

Magnetocentrifugal forces accelerate the jet up to theéfgurface, defined as the
surface where the jet bulk velocity equals the Alfvén spéethis region the magnetic
field lines stop co-rotating with the disk and wind up, depéhg a significant toroidal

2 Since the Blandford-Payne mechanism works in Newtoniacegjrae, it is a possible process of jet
launching in YSOs.



FIGURE 2. Sketch of the flow surfaces in a jet. Adapted from Ref. [10].

component.

Once the jet is launched, its subsequent collimation andlaation are achieved by
the combined action of the magnetic field and the externaliumadn the “standard”
ideal MHD model of jet dynamics, the outflow accelerates agmatc energy is con-
verted into bulk kinetic energy. A key parameter of the madeéhe magnetizatioro,
defined as the ratio of the Poynting flux to the kinetic enengy #icross a jet section

o E.M. energy flux  |E xB]
Kinetic energy flux 4nl'j2etpvp

(2)

wherep is the mass density ang the poloidal velocity of the outflow.

In the launching region the jet is energetically Poyntirmgrihated, sap >> 1. If the
conversion of magnetic into kinetic energy were complédte haximum Lorentz factor
of the jet would ber;gtaxz 0p. MHD acceleration is quite efficient in non-relativisti¢ge
near the Alfvén surface most of the magnetic energy has ctma/ato kinetic energy
and the jet approaches its terminal velocity (see e.g. Rpf.TBe conversion, however,
Is not as efficient for relativistic jets.

The efficiency of the acceleration is related to the shapeto#ys explained in Ref.
[10], for the bulk Lorentz factor of the jet to increase, thewflsurfaces must satisfy a
condition of “differential collimation”. Ifr(z) andr(z) + dr(z) are the cylindrical radii
of two adjoining flow surfaces (see Fig. 2), then

 rmax r org
r]et ~ rjet (1_ 5?) ) (3)

whererg anddrg are the initial radius and separation of the surface in guestnd it
was assumed thalty, << [T It is then necessary that the ratipdr decreases with
z for Tjet to increase. A conical jet, for example, corresponds/ir = constant and
therefore does not accelerate.

The problem is whether the outflow can attain the conditiahfférential collimation.
It has been shown analytically and through numerical sitraria (see e.g. Refs. [11, 12,
13]) that the pressure exerted by the toroidal componertehtagnetic field plus the
confining pressure of an external medium may have the apptepollimating effect.
The nature of the confining medium depends on the type of soumdong GRBs, the
external pressure is naturally provided by the collapsiag ;1 AGN and microquasars,



the corona or a slow wind expelled form the accretion diskhhigelp confine the jet.
This mechanism works as long as the external pressure behapgy: [1 z ¢, where

a < 23 Such a pressure profile results in a parabolic jet with a Ltarémctor that
increases abjet I Riet [ z%/4_Under favorable confining conditions, the model predicts
that equipartition(o ~ 1) between the magnetic and kinetic energy densities may be
reached. Further decrease of the magnetization occursemelarge spatial scales [13],
raising the question of whether the conditions of the extienmedium can remain the
appropriate.

Beyond the region where standard MHD acceleration beconedficient, other pro-
cesses may contribute to increase the bulk Lorentz factoelafivistic jets up to the
large values inferred specially in AGN and GRBs. Some alterestare reviewed in
Refs. [10] and [5]; these include energy dissipation by magmeconnection or mag-
netic instabilities, recollimation shocks, and impulsjee ejection. In Refs. [11] and
[14] itis shown that in a collapsar the jets can suffer an pbreracceleration when they
break the surface of the collapsing star and become decdnfiimee-dependent numer-
ical simulations by these authors yield Lorentz factiogs ~ 107 — 103, in agreement
with those inferred for long GRBs.

RADIATION FROM JETS

The radiative spectrum of relativistic jets is non-therniabriginates in the interaction
of relativistic particles in the jets with matter, radiatji@nd magnetic field. Typically, the
spectral energy distribution (SED) of jets is the sum of s&veontributions in different
energy bands and may extend along the whole electromagpetatrum, from radio to
very high-energy gamma rays.

The presence of relativistic electrons in the jets is clemlealed by the detection
of synchrotron radiation at radio wavelengths (see bel®Wwg. shape of the synchrotron
spectrum indicates that the electrons are distributed @nggnfollowing a power-law:
Ne(E) O E—B, whereN, is the electron energy distribution (number density pet eni
ergy), andB > 0 is the spectral index. Some mechanism are know that migeleate
particles in astrophysical environments, for exampleudiffe shock acceleration (which
is also known as first-order Fermi process, see e.g. Refsafib[|16]), magnetic recon-
nection [17, 18], and the converter mechanism [19]. Theseqsses are particularly
appealing, since they lead to power-law particle injecfigrctions.

In the diffusive shock acceleration mechanism, partickis gnergy as they repeat-
edly cross a shock front. This is usually claimed to be theletation process at work in
jets, because internal shocks are expected to develop \elgems of the outflow with
different velocities collide. The theory of diffusive atestion in strong (with high
Mach number), non-relativistic shocks predicts spectrdicesa = 2.0 — 2.2 at injec-
tion.* Spectral indicesr ~ 1.5 or harder may arise as a result of diffusive acceleration

3 If, on the contraryp > 2, the jet eventually becomes conical and stops accelgratin
4 As discussed later, the power-law index of the particlediiga function ¢r) does not necessarily equal
the spectral index of the particle distributio)( since particles suffer energy losses that modify the



mediated by relativistic shocks [20, 21]. Although theskiga are in the range inferred
from observations, it is not ultimately established thdtugdive shock acceleration is
the only mechanism that operates in jets. Ideal MHD modeddipt that the outflows
remain Poynting-dominated over very large spatial scdles. condition is unfavorable
for particle acceleration through shocks, since for magagbnso > 0.1 the efficiency
of shocks to heat the plasma is greatly reduced [22]. Theract other acceleration
processes, then, should not be discarded.

The detection of synchrotron emission undoubtedly inésahat there are non-
thermal electrons in the jets, but the exact compositioheiutflows is uncertain. Jets
launched by the Blandford-Znajek mechanism start as a fluxeatremagnetic field
and get afterwards loaded with electron-positron pairegeed in situ. But if the jets
are fed with matter from the accretion disc or the corona;, thay also contain baryons.
There is evidence of the presence of iron nuclei in one systemet of the microquasar
SS433 [23]. The presence of relativistic protons in two sapea remnants, Cassiopeia
A and Tycho, is deduced from the shape of their high and veglg-Bnergy gamma-ray
spectrum [24, 25]. Non-thermal particles in supernova r@msare accelerated by the
diffusive shock mechanism, so it is reasonable to expetjetmmay be populated by
very energetic protons and heavier nuclei as well.

The targets with which relativistic particles in the jetteirmact may be internal or ex-
ternal. The internal targets are the locally generatedgrhields, the magnetic field, and
the jet's comoving matter field. Different external targetds are relevant depending on
the type of source. In AGN, the jets interact with the radiatirom the corona and the
disk, and the matter in the clouds that orbit the black h@lenicroquasars, particularly
those with high-mass companion stars, the radiation anditine of the companion are
significant target fields as well. The matter in the intetatebr intergalactic medium
also represents a target, specially in the terminatiororegf the jets.

There are a number of radiative processes, involving bd#itivistic electrons and
protons, that may contribute to the SED of jets. | briefly egwithem below, sorted
by the nature of the target field. The reader is referred to.R26 27] for a more
detailed discussion and all the formulas related to theuéation of the cooling rates
and luminosities.

« Synchrotron radiation. This is the most important interaction channel between rel-
ativistic particles and the magnetic field in astrophysjets. The typical synchrotron
radio spectrum of jets is approximately flat: the specific fhuwell fit by a power-law

of the formS, O v®, whered ~ 0. This spectral shape is consistent with synchrotron
radiation from relativistic electrons in an expanding awfl[28], and it is so charac-
teristic that jets are usually discovered through the dietef their radio emission.
Synchrotron radio emission has also been detected fronetheration regions of jets

in YSOs, see e.g. Ref. [29].

The analysis of the synchrotron emission allows to obtaiormation about the energy
distribution of the relativistic particles. If synchrotraadiation is the main cooling
channel (as it is often the case for high-energy electromd)tlae spectrum is a power-

injection spectrum.



law S, 0 v9, thenN(E) O E—(20+1),

Synchrotron radiation is a much more efficient cooling psscr light particles. This
is because the synchrotron energy loss rate (see e.g. [@®nds on the massof the
particle ag'me/m)3; the energy losses are thenl0® times faster for electrons than for
protons. Nevertheless, in regions of high magnetic fieldchyotron radiation of very
energetic protons may be relevant as well, as has been sliomvexample, in Refs.
[31, 32] and Ref. [33] in the context of blazars and microquasaspectively.

« Inverse Compton scattering. Inverse Compton (IC) scattering is an efficient mecha-
nism of high-energy emission in many astrophysical souies scattering off electrons
is more efficient than scattering off heavy particles, ansl pinocess is seldom consid-
ered as a cooling channel for protons. For a discussion dhewy of IC scattering, the
reader is referred to [30].

Inverse Compton scattering can contribute significantlyhi high-energy emission
spectrum in microquasars. In those systems with a massigét loompanion, the radi-
ation field of the star is a relevant target for IC scatterifiglee relativistic electrons in
the jets. In microquasars with low-mass, old, dim compasiitime target is the internal
radiation field of the jet - in general the most important fisdldhe synchrotron field
of electrons. When a particle scatters its own radiation figslel process is calle8yn-
chrotron Self ComptoSSC). Several IC emission models are presented, for example
in Ref. [34, 35] for different dominant internal or externatdet fields. Depending on
the model the IC luminosity at 1 GeV can reach- 10%° erg s'1, see Fig. 3.
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FIGURE 3. Left: SED from a microquasar with a high-mass companiondipted by the model of
Ref. [35]. In this scenario the high-energy emission is du8%C. The model reproduces the observed
spectrum of some EGRET sources. Right: a models for the SaD tine 2001 flare of the BL Lac Object
Mkn 421. At low energies the emission is produced by syncbrotadiation, and at high energies by
Synchrotron Self Compton. From Ref. [36].

IC scattering also contributes to the continuum emissiorblafars. The spectrum
shows a double-peaked structure: the low-energy peak isadsygnchrotron radiation
and the high-energy peak due to IC scattering, see Figur&&.internal low-energy
synchrotron photon field is in general the most relevanetaagd the SSC contribution
Is the most important one.



« Photohadronic interactions. Relativistic protons interact with radiation mainly
through direct pair creation

p+y— p+e+e, (4)
and pion production
p+y— p+mP+a(m +m)  p+y—nt+mal+b(mt+m). (5)

The integers andb are the pion multiplicities. The decay of neutral pions teeawo
gamma rays, whereas charged pions decay into muons (whedth gliectron-positron
pairs and neutrinos) and muon neutrinos

= y+y, (6)
mh— ut 4 vy T — U 4V, (7)
put — et +ve+vy U™ — € +Vetvy. (8)

Photohadronic interactions might be an important raceatnechanism in sources with
high-density photon targets. Ref. [33] presents a modeldts in microquasars with
low-mass companion stars that predicts very high-energgtreimagnetic emission
due to proton-photon collisions. In this model, the synttomo radiation of relativistic
electrons provides a dense target photon field. The gamynannéssion is produced by
the decay of neutral pions and by synchrotron radiation w§pjected by charged pion
decay or direct pair production. Depending on the modelmpatars, the luminosities
corresponding to these processes reach PO erg s above~ 1 TeV.

A signature of high-energy proton interactions is the puotigun of neutrinos, injected
by the decay of charged mesons and muons. The emission oinosurom astrophys-
ical jets has been studied by several authors, see theeaycM. Reynoso in these
Proceedings for a throughout discussion. In blazars, fstgnit neutrino emission, of
the same order of the gamma-ray emission, is predicted farémergy cutoff BL Lac
objects (LBLSs) in the model of Ref. [31], see also Ref. [37]. Nigat production in
microquasars has been considered in Ref. [38]. In this work demonstrated that the
energy losses of pions and muons before decay, mainly threyigchrotron radiation,
may considerably reduce the emissivity of high-energy nieag. Neutrino emission
from proton-photon collisions is also expected from GRBs,feseexample Refs. [39].
Microquasars, AGN, and GRBs are good candidates to be newwomees, but up to
date the search has yielded negative results (see e.g.dd@]review of the status of
neutrino astronomy). It is expected that the chances ofctieteimprove when the
next-generation instruments (KM3NeT and upgrades of IceCbiecome available.
The detection of neutrinos would definitely prove that pnstare accelerated to very
high energies in relativistic jets.



« Proton-proton inelastic collisions. As proton-photon interactions, the inelastic colli-
sion of relativistic protons with low-energy protons cesaheutral and charged pions

p+p—ptp+ml+a(m +m) p+p—p+n+nr +al+b(t+m1). (9)

The decay of neutral pions injected in proton-proton ciaiis may be a relevant mech-
anism of gamma-ray emission in microquasars with high-ntasspanion stars and
AGN, see Fig. 4.
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FIGURE 4. Left: sketch of a microquasar with a high-mass, windy donar. §he interaction of the
matter in the wind with the relativistic protons in the jetoguces gamma rays by decay of neutral
pions created in proton-proton inelastic collisions. Fr@ef. [41]. Right: the interactions of relativistic
protons in the jets of an AGN with the clouds of the Broad LinegRn, may produce gamma rays by
proton-proton collisions, too. From Ref. [42].

In high-mass microquasars, the donor stars have strongswirat serve as a matter
target field for the relativistic protons in the jets. As smowm [43] (see also Refs.
[44, 45)), detectable gamma-ray luminosities of up-ta0*>-3¢erg st atE, ~ 10 GeV
are obtained by this mechanism. Stellar wind are not homemes) but present regions
of higher density known aslumps If a clump penetrates the jet, this may produce
a high-energy flare because of a sudden increase in the gvodton collision rate.
This scenario has been considered in Refs. [41, 46]. Recéhtlyproposed a model
of jet-clump interaction to explain the high-energy flaregission of the microquasar
Cygnus X-1 [48, 49]. These authors estimated that the tim#héclump to cross the jet
is ~ 10* s, consistent with the rising time of the 2006 flare obserwetiis source.

A similar model has been proposed for the high-energy earisBom AGN jets. In
this case, the protons in the jets interact with the matténeénclouds of the Broad Line
Region, see, for example, the works of Ref. [50] and more récBetfs. [42, 51].

+ Relativistic Bremsstrahlung. Bremsstrahlung radiation is emitted when relativistic
electrons are accelerated in the electrostatic field of fens@r atom. Bremsstrahlung
emission might contribute to the spectrum of sources endxedd high-density envi-
ronments. In systems with jets, high matter densities aradon the molecular clouds
that surround YSOs. As it was shown in Ref. [41] in the case ®MBO IRAS 16547-
4227, the density of Hydrogen nuclei in the radio lobes of Huurce may be as high as



~ 2x 10* em~3. In these regions, where the jets are halted by the presstire matter
of the molecular cloud, shock waves may accelerate elextisccording to the results
of Ref. [41], Bremsstrahlung emission from these particleghtnproduce gamma rays
with energies betweer1 MeV and~10 GeV.

A radiative model for jetsin low-mass microquasars

We have developed a steady-state jet model for the radiafionicroquasars with
low-mass companion stars. The model and several applsatice presented in Refs.
[33, 52, 53, 54].

The basics of the model are the following. We assume that &t gre launched
perpendicularly to the accretion disk. The outflows are fedrat a distanca) = 50Ryra,
from a stellar-mass black hole, and expand as cone as theagate away from the
central engine. Although we do not deal with dynamics of tis,jwe assume that
they are launched by a magnetocentrifugal mechanism. Thmyeer in the launching
region is basically in the form of magnetic energy; we asstima¢ at large distances
from the black hole the magnetic energy has converted alcaspletely into bulk
kinetic energy. This allows us to estimate the magnetic aekg. For a typical jet power
Liet ~ 10%6 — 10% erg s, we obtainB(z) ~ 10° — 10’ G.

The magnetic field strength decreases with the distanceet@dimpact object. At
a certain distance,cc where the magnetic energy density is in sub-equipartiticth w
the kinetic energy density, shock waves develop that aatel@articles through some
mechanism we do not specify. Our modelapto-hadronic we assume that both rela-
tivistic electrons and protons are injected. The protegtaztron power rati|e= Lp/Le
is a key parameter of the model. We are interested in studiggadiation from proton-
dominated jets, so we take> 1.

The injection function of relativistic particles is a powaw in energyQ O E~7 (in
units of erg s cm3). After being injected, particles lose energy by intem@ttwith
the radiation, matter, and magnetic field in the jet, and ®adly with the radiation
field from the accretion diskWe consider all the radiative cooling processes described
above (synchrotron radiation, Bremsstrahlung, IC, and prptoton and proton-photon
collisions), as well as adiabatic energy losses. We cdkeulze steady-state particle
energy distributionsN(E, z), solving an adequate version of the transport equation,
see for example Ref. [55]. This equation takes into accouatettfiects of cooling,
propagation, and escape of particles from the injectioiore§Ve consider two different
cases: the injection and cooling of particles in a compamtydgeneous, regiorofe-
zoneapproximation), and in a spatially extended, inhomogeseegion.

Once the particle energy distributions are known, it is fimdeso calculate the spectral
energy distribution of the jets. We consider not only theatae contribution of protons
and electrons, but also that of pions, muons, and electosiirpn pairs produced in

5> Thez—axis is the symmetry axis of the jet, see Fig. 2.
6 We do not consider the interaction with the wind and radiafiom the donor star, that are usually too
weak to be relevant targets.



proton-proton and proton-photon collisions, as well as tigairs created by photon-
photon annihilation. The resulting SEDs are complex, amdake very different shapes
depending on the values of the model parameters.

Figure 5 shows fits of the radio-to-X-ray data of the low-massroquasar XTE
J1118+480 during outburst in 2000 and 2005, obtained withnoadel [54]. The ob-
servations are well explained as synchrotron radiatiomfrelativistic electrons in the
jets (that extends up to the X-rays) plus thermal radiatromfthe accretion disk. At
high energies, there is appreciable emission above 10 GeMtalpion decay created
in proton-proton interactions. The results of the modetmtethat during a future out-
burst of similar characteristics, this source would be ceatde at high and very high-
energy gamma rays with available and future instrumerks,the satellitecermi and
the Cherenkov telescopes MAGIC and CTA.
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FIGURE 5. Best-fit SEDs of the data taken during the outbursts of 20€f®) énd 2005 (right) of the
microquasar XTE J1118+480. From Ref. [54].

Figure 6 shows the best-fit of the observations of the lowsmaisroquasar GX 339-
4 during the outbursts of 1997 and 1999 [53]. Notice that & likst-fit model for the
1997 outburst, there is significant contribution to the SEBymchrotron radiation from
protons and secondary particles, especially pions antretepositron pairs. Our model
predicts that the gamma-ray emission of this source duriiguae outburst may be
detectable.

FINAL REMARKS

Our understanding of astrophysical jets has considerablyrpssed during the last few
years. Thanks to theoretical work and huge numerical sitiounls, the MHD model of
jet launching, acceleration, and collimation is well ureleod. This model can explain
many aspects of the dynamics of jets, but there still ren@mesblanks. New approaches
to the problem are being explored, that will hopefully pde/satisfactory explanations
to the problems of the present models.

There are no available models that fully couple the dynararng radiation of jets.
This a complex problem, that will be for sure tackled in thamfaiture with the help of
supercomputers. Detailed predictions, however, can beerftadhe radiative spectrum
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FIGURE 6. Best-fit SEDs of the data taken during the outbursts of 198f7) ind 1999 (right) of the
microquasar GX 339-4. From Ref. [53].

of jets as we have shown. The quality and quantity of the datarhay be presently
obtained will help to test the predictions of the radiativedels. This represents a
valuable way of gathering information about the physicalditions in the jets and
their surroundings. In particular, observations in the gearay band may provide
information about the contents of the outflows and theirigfficy to accelerate particles.
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