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Abstract Galactic microquasars are certainly one of the most recent addi-
tions to the field of high energy astrophysics and have attracted increasing
interest over the last decade. However, the high energy part of the spectrum
of microquasars is the most poorly known, mainly due the lack of sensitive
instrumentation in the past. Microquasars are now primary targets for all
of the observatories working in the X-ray and gamma-ray domains. They
also appear as the possible counterparts for some of the unidentified sources
of high-energy gamma-rays detected by the experiment EGRET on board
the satellite COMPTON-GRO. This paper provides a general review of the
main observational results obtained up to now as well as a summary of the

scenarios for production of high-energy v-rays at the present moment.
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1 INTRODUCTION

The spectrum of microquasars extends from radio wavelengths to ~-rays (Mirabel &
Rodriguez 1999, Fender 2004)). Therefore, a complete understanding of these objects
necessarily requires a multi-wavelength approach using both ground and space-based
telescopes and detectors. Such an effort is justified in view of the high interest raised by
the quasar-microquasars connections. Microquasars provide an excellent laboratory for a
suitable study of mass accretion and ejection phenomena in the strong gravitational field
of a black hole or neutron star on human timescales. For instance, it has been possible

to prove the direct connection between instabilities of the accretion disk and formation

* E-mail: jmparedes@ub.edu



http://arXiv.org/abs/astro-ph/0409226v1

2 J.M. Paredes

of jets in the microquasar and black hole candidate GRS 19154105 on timescales of
minutes-hours (Fender et al. 1997, Mirabel et al. [T998). On the other hand, microquasars
appear as a possible explanation for some of the unidentified sources of high-energy ~-
rays detected by the experiment EGRET on board the satellite COMPTON-GRO. In
particular, the microquasar LS 5039 is the best representative of the proposed connection
between microquasars and unidentified EGRET sources (Paredes et al. 2000), although it
is not a unique case. LS 1461 303, whose microquasar nature was stablished when VLBI
observations detected a relativistic radio jet (Massi et al. 2001, is also the possible
counterpart of a high-energy y-ray source (Gregory & Taylor [[978, Kniffen et al. [T997).
So, microquasars have turned out to be likely high-energy y-ray emitting objects, being
also interesting targets to be observed by the new generation of Cherenkov imaging

telescopes at very high-energy v-rays.

2 THE MICROQUASAR POPULATION IN OUR GALAXY

Microquasars, understood as X-ray Binaries with relativistic radio jets, represent a grow-
ing subset of the X-ray binary population in the Galaxy. The most recent catalogue of
High Mass X-ray Binaries (HMXBs) contains 130 sources (Liu et al. 2000)), while the cat-
alogue of Low Mass X-ray Binaries (LMXBs) amounts to 150 objects (Liu et al. 200T).
Considering both catalogues together, there are about 75 X-ray pulsars, which are not
radio emitters, and a total of 43 radio emitting sources, some of which have been found
to be microquasars (Rib6 2002, Ribé6 [2004]). Recently, it has been estimated that the
total number of X-ray Binaries in the Galaxy brighter than 2x103* erg s~! is about 705,
being distributed as ~325 LMXBs and ~380 HMXBs (Grimm et al. 2002). This suggests
an upper limit on the population of microquasars in the Galaxy of about one hundred
systems. A decade ago, one could count the known microquasars with the fingers of one
hand. Now, the situation is much better but we do not have yet a microquasar population

big enough from which statistically robust results can be derived.

At the time of writing, a total of 15 microquasar systems have been identified. All
of them are listed in Table M The top part of the table is reserved for High Mass X-
ray Binaries, while the bottom part contains those of low mass. Within each group, the
objects are sorted by right ascension and the following information is given: name and
position; type of system; distance; orbital period; mass of the compact object; degree of
activity (persistent/transient radio emission); apparent velocity of the ejecta; inclination

and size of the jets; remarks.

There are some sources, e.g. XTE J1118+480, considered as microquasar candidates
because their radio emission has not yet been resolved in relativistic jets, although their

existence is inferred from a theoretical point of view.
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It is very likely that discoveries in the near future will increase substantially the
galactic microquasar census and Table [l will soon become obsolete. Similarly, nothing
prevents us from thinking that microquasars in nearby galaxies could eventually be iden-
tified. However, such a detection will certainly be quite difficult due to the very large
distances involved. Of course, such detection could become feasible provided that extreme
relativistic beaming effects can occur (e.g. microblazars as possible ultraluminous X-ray

sources).

3 WHY SHOULD WE EXPECT MICROQUASARS TO BE 7-RAY
EMITTERS?

It is widely accepted that relativistic jets in AGNs are strong emitters of ~-rays with
GeV energies (e.g. von Montigny et al. [[995]). Generally speaking, and allowing for their
similarity (Mirabel & Rodriguez [1999), one could also expect the jets in microquasars
to be GeV ~v-ray emitters. In some cases, however, the sensitivity of the current ~-ray
detectors may not be high enough to detect such emission. For instance, based on the
physical parameters derived from observations of outbursts, the expected ~-ray flux of
GRS 1915+105 up to very high-energy v-rays has been estimated from inverse Compton
scattering of the synchrotron photons (Atoyan & Aharonian [[999). The resulting fluxes
could have been hardly detected by EGRET, being also of transient nature, but they are
within the sensitivity of the future AGILE and GLAST missions, about 10-100 times
better than that of EGRET.

Several models have been developed to explore the high energy emission from the
jets of microquasars. Two kinds of model can be found in the literature depending on
whether hadronic or leptonic jet matter dominates the emission at such an energy range:
the hadronic jet models (e.g. Romero et al. 2003)), and the leptonic jet models. Among
leptonic jet models, there are IC jet emission models that can produce X-rays and ~-
rays, based in some cases on the synchrotron self-Compton (SSC) process (i.e. Band &
Grindlay [T986; Atoyan & Aharonian[T999), and in other cases on external sources for the
IC seed photons (EC) (i.e. Kaufman Bernadd et al. 2002; Georganopoulos et al. 2002). In
addition, there are synchrotron jet emission models that can produce X-rays (i.e. Markoff

et al. 2003)). A general description of such models can be found in Romero (2004]).

4 HIGH ENERGY OBSERVATIONS

In the next subsections we review and comment on the observational data of the micro-
quasars listed in Table [l at energies from soft to very high-energy ~-rays, and we quote

them in Table
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4.1 INTEGRAL, BATSE and COMPTEL sources

Bird et al. (2004) have reported the first high-energy survey catalog obtained with the
IBIS ~-ray imager on board INTEGRAL, covering the first year data. This initial survey
has revealed the presence of ~120 sources detected with a good sensitivity in the energy
range 20—100 keV. Among the detected sources we have inspected the microquasars listed
in Table[l In the second column of Table B we list their significance in the 30—50 keV
energy range and in the third column their flux (count/s) and error or upper limit in the

energy range of 40—100 keV.

The Burst and Transient Source Experiment (BATSE), aboard the Compton Gamma
Ray Observatory (CGRO), monitored the high energy sky using the Earth occultation
technique (EOT). A compilation of BATSE EOT observations has been published re-
cently (Harmon et al. 2004), with the flux data for the sample being presented in four
energy bands. From this catalog we have selected also the data on microquasars. In the
fourth column of Table 2] the significance in the energy range 20—100 keV is listed, while
in the fifth column we have listed their flux in the energy range 160—430 keV in mCrab
units. Cygnus X-1 and Cygnus X-3 have been studied extensively by BATSE.

The instrument COMPTEL, also aboard the CGRO, detected 32 steady sources and
31 ~-ray bursters (Schonfelder et al. 2000). Among the continuum sources detected
there are the microquasar Cygnus X-1 and other two sources, GRO J1823—12 and
GRO J0241+6119, possibly associated with two other microquasars. See sixth column in
Table

The standard interpretation of the emission in the low-energy y-ray range is that disc
blackbody photons are Comptonized by thermal/nonthermal electrons. There are state
transitions (hard and low states) thought to be related to changes in the mass accretion
rate. Nevertheless, it is still unclear whether this is what really happens. Alternatively,
some groups have suggested that this emission could come from the jet, basing this idea
on recent observational and theoretical results (see, i.e., Fender et al. 2003, Markoff et al.

2003, Georganopoulos et al. 2002).

4.2 EGRET sources

4.2.1 LS 5039 / 3EG J1824—151}

The discovery of the microquasar LS 5039, and its possible association with a high-
energy 7-ray source (E >100 MeV), provides observational evidence that microquasars
could also be sources of high-energy 7-rays (Paredes et al. 2000). It is important to
point out that this is the first time that an association between a microquasar and a
high-energy ~-ray source has been reported. This finding opens up the possibility that
other unidentified EGRET sources could also be microquasars. LS 5039 is the only X-ray
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Fig.1 Location map of the EGRET Fig.2 Relativistic radio jets of LS 5039,
source 3EG J1824—1514. The contours rep- observed with the VLBA, which reveal its
resent 50%, 68%, 95% and 99% statistical microquasar nature (Paredes et al. 2000]).
probability that a ~-ray source lies within

the given contour. The only X-ray and ra-

dio source is LS 5039 (filled circle inside an

open big circle at 1=16.66° and b=—1.29°)

(Ribé 2002).

source from the bright ROSAT catalog whose position is consistent with the high energy
~-ray source 3EG J1824—1514. LS 5039 is also the only object simultaneously detected
in X-rays and radio (Fig. [), which displays bipolar radio jets at sub-arcsecond scales
(Fig. B). New observations conducted with the EVN and MERLIN confirm the presence
of an asymmetric two-sided jet reaching up to ~1000 AU on the longest jet arm (Fig. B
(Paredes et al. 2002, Ribé 2002).

Recently, Collmar (2003) has reported the detection of an unidentified y-ray source,
GRO J1823—12, at galactic coordinates (I=17.5°, b=—0.5°) by the COMPTEL experi-
ment (Fig. H). This source is among the strongest COMPTEL sources. The source region,
detected at high significance level, contains several possible counterparts, being LS 5039
one of them. It is also worth noting that BATSE has detected this source at soft vy-rays
(see Table B). Taking into account these observational evidences, from radio to high-
energy y-rays, LS 5039 appears to be a very likely counterpart of the EGRET source
3EG J1824—1514.

Regarding the theoretical point of view, the y-ray emission from 3EG J1824—1514,
with a luminosity of L, (>100 MeV) ~ 103% erg s, is likely to be originated from inverse
Compton effect of the ultraviolet photons from a hot companion star scattered by the

same relativistic electrons responsible for the radio emission (Paredes et al. 2000}, Paredes
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Fig.3 Self-calibrated images of LS 5039 at 5 GHz obtained on March 1 2000 with
the EVN (left) and MERLIN (right). Axis units are in milliarc-seconds (Paredes et

al. 2002).

10-30 MeV GRO J1823-12

3EG J1812-1316
A

RO J1817-15

Error Location Contours

22 20 18 16 14
Gal. Longitude

. . Gal. Latitude
R N R N RN R RN RN

Fig.4 Error location contours for the COMPTEL unidentified source
GRO J1823—12. The most likely source position (+) and possible counterparts
are overlaid (Collmar 2003).

et al. 2002). The energy shift in this process is given by E, ~ 72 Epn, where the energies
of the y-ray and the stellar photons are related by the Lorentz factor of the electrons
squared. For an O6.5 star in the main sequence, such as the component of LS 5039, most
of its luminosity is radiated by photons with EL;, ~10 eV. To scatter them into ~y-ray
photons with E, ~100 MeV, electrons with a Lorentz factor of 7. ~10%, or equivalently
with energy ~1072 erg, are required. A detailed numerical model to explain the ~-ray

emission of LS 5039 has been proposed recently (Bosch-Ramon & Paredes 2004a]).
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Fig. 6 EGRET light curve of 2CG 135+01
/ 3EG J02414+6103 for the best near-axis

observations (Tavani et al. [T998]).

4.2.2 LS 1 +61 303 / SEG J0241+6103

The well known High Mass X-ray binary LS I 461 303 has been classified as a new
microquasar after the discovery of relativistic jets (Massi et al. 2001, Massi et al. 2004).
This object has also been proposed to be associated with the «-ray source 2CG 135+01
(=3EG J0241+6103) (Gregory & Taylor [[978, Kniffen et al. [[997). Although the broad-
band 1 keV-100 MeV spectrum of LS I +61 303 remains uncertain, because OSSE and
COMPTEL observations were likely dominated by the quasar QSO 02414622 emission,
the EGRET angular resolution is high enough to exclude this quasar as the source of
the y-ray emission (Harrison et al. 2000). BATSE marginally detected the source, being
the quasar also excluded as the origin of this emission (see Table Bl). We show the loca-
tion map of 3EG J0241+6103 in Fig. B, where the position of LS T +61 303 is indicated
(Hartman et al. [T999).

A timing analysis carried out recently by Massi (2004) of pointed EGRET observa-
tions (Tavani et al. [T998) (Fig. Bl suggests a period of 27.4+7.2 days, in agreement with
the orbital period of this binary system, of 26.496 days. This result, if confirmed, would
clearly support the association of LS I 461 303 with 3EG J0241+6103.

This microquasar also seems to be a fast precessing system. MERLIN images obtained
in two consecutive days (Fig. [) show a change in the direction of the jets of about 50°
that has been interpreted as a fast precession of the system (Massi et al. 2004). If this
is confirmed, it could solve the puzzling VLBI structures observed so far, as well as
the short term variability of the associated y-ray source 3EG J024146103 (e.g. Wallace
et al. 2000).
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Fig.7 MERLIN self-calibrated images of LS I 461 303 at 5 GHz obtained
on April 22 (left) and April 23 (right). The S-shaped morphology recalls the
precessing jet of SS 433, whose simulated radio emission is given in the small

box (Massi et al. 2004).

Up to now, the only existing radial velocity curve of LS I +61 303 was that obtained by
Hutchings and Crampton (T9871]). Recently, after a spectroscopic campaign, an improved
estimation of the orbital parameters has been obtained (Casares et al. 2004). Here, we
will just mention the new high eccentricity (e=0.724+0.15) and the periastron orbital
phase at ~0.2. These values are a key information for any interpretation of the data

obtained at any wavelength.

Hall et al. (2003) gave upper limits for the emission associated to LS I 461 303
/ 3EG J0241+6103 at very high-energy ~-rays from observations performed by the
Cherenkov telescope Whipple (Fig B). Several models have been proposed to explore
the high energy emission of this source (e.g. Taylor et al. [[996, Punsly [[999, Harrison
et al. 2000, Leahy [2004). The most recent model has been presented by Bosch-Ramon
& Paredes (2004b)), who explore with a detailed numerical model if this system can pro-
duce the emission and to present the variability detected by EGRET (>100 MeV). We
reproduce in Fig. @ the computed spectral photon distribution, which is able to fit the
data.

4.2.3 Other EGRET/microquasar candidates

After a multiwavelength study of the X-ray source AX J1639.0—4642, Combi et al. (2004)
have proposed that this source is a dust-enshrouded microquasar candidate. This source
is within the 95% location contours of 3EG J1639—4702 and has been proposed by the
same authors to be the counterpart of the EGRET source. If confirmed, this would be
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an important result, although by now there are other possibilities such as the presence

of the pulsar PSR J1637—4642 within the 95% confidence contours (Torres et al. 200T]).

4.2.4 EGRET candidate microgquasars as runaway objects

A hot recent topic in the microquasar field is the measurement of high spatial veloci-
ties for some of these objects (the so-called runaway microquasars). Regarding the two
microquasars that are EGRET source candidates, interesting kinematic properties have
been observed. LS 5039, with a systemic velocity of 150 km s, is escaping from its local
environment with a very high velocity component perpendicular to the Galactic Plane
(Ribé et al. 2002). Such behaviour may be the result of the supernova explosion which
created the compact object in this binary system. According to the computed trajectory
and the possible lifetime of the donor, LS 5039 could reach a galactic latitude of —12°
and still behave as a microquasar. Taking into account the possible association of this
microquasar with the high-energy «-ray source 3EG J1824—1514, one could expect to de-
tect gamma-ray microquasars up to +10 degrees of galactic latitudee. Also LS T +61 303
is running away from its birth place with a linear momentum of 430+£140 Mg km s~ 1,
which is comparable to the linear momentum found in solitary runaway neutron stars
(Mirabel et al. 2004)). Other microquasars such as Scorpius X-1 and GRO J1655—40, or
the microquasar candidate XTE J1118+480 (Mirabel et al. 200T]), display also significant
space velocities, although so far they are not high-energy ~-ray source candidates. In gen-

eral, as suggested by Romero et al. (2004]), some microquasars with high spatial velocity
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could be related to the faint, soft and variable unidentified EGRET sources above and
below the Galactic Plane.

4.3 VHE ~-ray sources

The very high energy sky map contains a reduced number of sources. The amount of
confirmed and probable catalogued sources is presently fourteen (6 AGN, 3 pulsar wind
nebulae, 3 supernova remnants, 1 starburst galaxy, and 1 unknown) (Ong 2003)). Some
microquasars have been observed in the energy range of TeV y-rays with the imaging
atmospheric Cherenkov telescopes, but none of them has been detected with high confi-
dence up to now. Historically, Cygnus X-3 was widely observed with the first generation of
TeV instruments. Some groups claimed that they had detected Cygnus X-3 (Chadwick
et al. [[985) whereas other groups failed to detect it (O’Flaherty et al. [[992). As the
claimed detections have not been confirmed, and the instrumentation at this epoch was
limited, these results have not been considered as definite positive detections by the
community. The HEGRA experiment detected a flux of the order of 0.25 Crab from
GRS 1915+105 during the period May-July 1996 when the source was in an active state
(Aharonian & Heinzelmann [T997). This source has also been observed with Whipple, ob-
taining a 3.1c significance (Rovero et al. 2002). More recently, an upper-limit of 0.35 Crab
above 400 GeV has been quoted for GRS 19154105 (Horan & Weekes2003). LS I +61 303
was observed too, and not detected in the TeV energy range (see Section EL2Z2)).

5 SUMMARY

Microquasars are among the most interesting sources in the Galaxy from the viewpoint
of high-energy astrophysics. Models predict that radio jets could be natural sites for the
production of high-energy photons via both Compton scattering and maybe direct syn-
chrotron emission (although hadronic emission is not discarded either). Although most
microquasars have been detected as soft v-ray sources, up to now only a few of them
seem to be high-energy ~y-ray emitters. Future missions such like AGILE and GLAST
will confirm or reject the proposed association between some microquasars and EGRET
sources. Also, observations of microquasars with the new generation of Cherenkov tele-

scopes (MAGIC, H.E.S.S.) will bring more constraints to the physics of these systems.
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Table 1 Microquasars in our Galaxy

Microquasars as high-energy gamma-ray sources
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Name Position System D Porb Mcompact Activity Bapar IS Jet size Remarks(®

(J2000.0) type® (kpc) (d) (Mw) radio®™ (AU)
High Mass X-ray Binaries (HMXB)

LS T +61 303 02"40™31566 BOV 2.0 26.5 — P >0.4 — 10—-700 Prec?
+61°13'45”6 +NS?

V4641 Sgr 18"19™21548 BOIIl ~ 10 2.8 9.6 t > 95 — -
—25°25'36"0 +BH

LS 5039 18"26™15°05 06.5V((f)) 2.9 44 1-3 p  >015 <81° 10-1000 Prec?
—14°50'54724  +NS?

SS 433 19"11™49%6  evolved A? 4.8 13.1 11457 p 0.26 79°  ~10*—10° Prec
+04°58'58" +BH? XRJ

Cygnus X-1 19"58™21568  09.71ab 2.5 5.6  10.1 p - 40° ~ 40
+35°12'05"'8 +BH

Cygnus X-3 2073225578  WNe 9 0.2 - p 0.69  73° ~ 10*
+40°57'28"0  +BH?

Low Mass X-ray Binaries (LMXB)

Circinus X-1 15"20™40%9  Subgiant 5.5 16.6 — t >15 <6° > 10*
—57°10'01" +NS

XTE J1550—-564 15"50"58:70 G8—K5V 5.3 15 94 t > 2 - ~10° XRJ
—56°28'35"2 +BH

Scorpius X-1 16"19™55°1  Subgiant 2.8 0.8 1.4 p 0.68 44° ~ 40
—15°38'25" +NS

GRO J1655—40 16"54™00525 F5IV 3.2 2.6 7.02 t 1.1 72°-85° 8000 Prec?
—39°50'45"0 +BH

GX 339-4 17°02™4955 — > 6 1.76 5.8+0.5 t — - < 4000
—48°47'23" +BH

1E 1740.7—2942 17"43™54583 — 8.57 12.57 - p — - ~ 10°
—29°44'42"760 +BH ?

XTE J1748—288 17748™05506 — >8 ? > 4.57 t 1.3 - > 10*
—28°28'25"'8 +BH?

GRS 1758—258 18"01™12540 - 857 1857  — p - - ~ 10°
—25°44'36"1 +BH ?

GRS 1915+105 19%15™11555 K-—M IIT 12.5 33.5 14+4 t 1.2-1.766°-70° ~ 10—10"  Prec?
+10°56'44""7 +BH

Notes:  NS: neutron star; BH:

Prec: precession; XRJ: X-ray jet.

black hole. (® p: persistent; t:transient. (© jet inclination. (

d)
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Table 2 High energy emission from microquasars

Name INTEGRAL® BATSE™ COMPTEL® EGRET Others®
30—50 keV 40—-100 keV ~ 20—100 keV 160—430 keV 1-30 MeV > 100 MeV
(significance) (count/s) (significance) (mCrab) (GRO) (3EG)

High Mass X-ray Binaries (HMXB)

LS I +61 303 - - 5.2 51421  J02414+6119?7 J0241+6103?
V4641 Sgr - - - - - -

LS 5039 - - 10.7 3.741.8  J1823—127 J1824—15147

SS 433 135 <1.02 21.7 0.0+2.8 - -

Cygnus X-1 676.6 66.440.1 1186.8 924.5+2.5 yes - S
Cygnus X-3 122.7 5.7+0.1 197.8 15.5+2.1 - - 0, T?

Low Mass X-ray Binaries (LMXB)

Circinus X-1 — — 3.8 0.3+2.6 — —

XTE J1550-564 8.6 0.6£0.07 17.1 —2.3+2.5 - —

Scorpius X-1 111.6 2.3+0.1 460.6 9.942.2 — —

GRO J1655—-40 — — 40.6 23.4+3.9 - — (0]
GX 339-4 21.9 0.55£0.03 89.0 580+£3.5 — - S
1E 1740.7—-2942 147.3 4.3240.03 92.4 61.2+3.7 - — S
XTE J1748—-288 — - —-124 — - — S
GRS 1758-258 135.9 3.92+0.03 74.3 38.0+3.0 - — S
GRS 19154105 144.9 8.63£0.13 208.8 33.5+2.7 — - S, T?7

Notes:  The first IBIS/ISGRI soft gamma-ray galactic plane survey catalog (Bird et al.
2004). ® BATSE Earth occultation catalog, Deep sample results (Harmon et al. 2004). ) The
first: COMPTEL source catalogue (Schénfelder et al. 2000) (Y The third EGRET catalog of
high-energy ~-ray sources (Hartman et al. [[999) (¢) S: SIGMA instrument onboard GRANAT
satellite; O: OSSE; T: TeV source
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