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Microquasars

o X-ray binaries with relativistic radio jets
o X-ray binaries

~130 HMXBs ~150 LMXBs (Low
(High Mass X-ray Mass X-ray
Binaries) Binaries)

e 15 Microquasars (as of 2004)
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GRS 1915+105

18-111-1994

Example:

Galactic microquasar GRS 1915+105 was the
first superluminal source detected in the Galaxy.
The radio images here show a pair of blobs ex-
pelled from the centre (yellow cross). The brighter
blob on the left has an apparent transverse speed
By ~ 1.25. The actual speed of the blobs is
3~ 0.92, with 8 ~ 70°,

(Mirabel & Rodriguez 1998, Nature, 392, 673)
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Superluminal motion

In some cases the inferred speeds of bright jet knots are superluminal. Apparent superluminal
motion arises when the emitting ejecta are moving at ultra-relativistic speeds, so they almost
catch up to the radiation they are emitting. Gonsider a bright blob at the jet origin (core) at time
t = 0. After a time ¢ it has moved along the jet. The transverse displacement is Gt sin # (see
figure below). However, because the approaching blob is now closer to the observer by a
distance [3c cos f, the observer measures a shorter time: t' = t — 3t cos # and hence an
apparent transverse velocity

_ [3siné
~ 1— Bcosh
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This gives 3y > 1 when 3 ~ 1 and # is not \,_ veos8 o observer

too close to 90°. i
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Table 1 Microquasars in our Galaxy

J. M. Paredes (2005)

Microquasars (HMXB)

Name Position System D Porth Mcompact Activity Sapar gic Jet size Remarks

(J2000.0) type'® (kpc) (d) (M) radio'®’ { A1)
High Mass X-ray Binaries (HMXB)

LS 1 +61 303 02h40™ 31°66 BOWV 2.0 26.5 — P =0.4 - 10—700 Prec?
+61°13'456 +MN5?

V4641 Ser 188 10™m 21548 BOIT1 ~ 10 2.8 0.6 t > 0.5 - -
—25°95'367'0 +EBH

LS 5039 18hogm 15505 O6.5V((f)) 29 4.4 1-3 P =015 < 81° 10—1000 Prec?
—14°50'54"24 +NS?

55 433 19711™49°6  evolved A? 4.8 13.1 11457 P .26 Ta- ~ 10% —108 Prec
+04°58'58" +BH? XRJ

Cygnus X-1 19"58™921°68 09.7Iab 2.5 5.6 10.1 p — 40° ro 40
+35°12'05'8 +BH

Cyonus X-3 ot 89™ 95578 WNe 0 0.2 - P (.60 73" ~ 107
+40°57'280 +BH?

Notes:

(8] NS: neutron star: BH: black hole.

=}

':"'_] jet inclination.
““) Prec: precession; XRJ: X-ray jet.

p: persistent; t:transient.
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Microquasars (LMXB)

Table 1 Microquasars in our Galaxy

Mame Position
([ J2000.0)

Svstem
type'™

Jot size Remarks
(AU)

Forb -'1I-Irr-|u|.|::-r|.-::l Activity _':.:ril.]:-ar

(d)

Low Mass X-ray Binaries (LMXB)

Circinus X-1 152 20™ 40°9

—57°10'01""
XTE J1550—564 15850™58%70

—56°287357"9
Scorpius X-1 16" 19™ 5551

—15%38"25"

GRO J1655—40 16P54™00%25
—30°50"45"'0

GX 339—4 17hpam4ge;
—48°47'03""
1E 1740.7—2042 17h43™54=83
—20° 447497 60
XTE J1748—288 17h48m05%06
— 9899879578
GRS 1758258 18B01™ 192240
—25%44'36"1
GRS 1915+105 19%15™11%55
+10°56"447"'7

Subgiant
+N5

GE-K5V

+BH
Subgiant
+N5
F5IV
+BH

+BH
+EBH ?
+BH?
+EBH 7
K-—M III
+BH

Bzt

1.2—-1.7 66" —70"

= 104
~ 107 XRJ
~o 40

S000 Prec?

<7 4000

~a 108
= 104

~ 10%

~ 10—10*  Prec?

Notes:

(8) NS: neutron star: BH: black hole.

by

(¢} jet inclination.

p: persistent; t:transient.

(4) Prec: precession; XRJ: X-ray jet.
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Model of XRBs

radio infrared optical soft-X hard-X camma-ray
COMPANION
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CORONA
JET -7

Mass-

donating companion
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Accreting
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or black
hole
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‘Corona’
(hard X-rays)

The generalised picture of XRBs: essential com-
ponents are a companion star (mass-donor),
compact stellar-mass object (WD/NS/BH, M ~
1 — 20M), accretion disk (optical-to-soft X-
ray thermal emission), corona (power-law X-ray
emission via thermal Comptonisation), and rela-
tivistic jets (nonthermal hard X-ray/~-ray emission
via synchrotron, SSC, nonthermal Comptonisa-
tion). These systems are scaled-down versions

of quasars (with M ~ 106—21 /).

Fig.3 Different components of a microquasars. From Fender & Macarone (2004).



Millions of light years
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Vs. Quasar
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High energy emission: observation

Table 2 High energy emission from microquasars

Name INTEGRAL™ BATSE™® COMPTEL'" EGRET Others'®
A0—50 keV  40—100 keV 20—100 keV 160—430 keV  1-30 MeV > 100 MeV
isignificance) (count/s) isignificance} (mCrahb) (GRO) (AEG)

High Mass X-ray Binaries (HMXE)

LS I +61 303 - - 5.2 5.11+2.1 JO241+61197 J0241+61037

V4641 Sgr - - - - - -

LS 5039 - - 10.7 3.7x1.8 J1823—12% J1824—15147

55 433 13.5 <1.02 1.7 0.01+2.8 - -

Cyvegnus X-1 676.6 G6.410.1 1186.8 924 5425 VoS - 3
Cygnus X-3 122.7 5.710.1 1978 15.512.1 — — O, T?

Low Mass X-ray Binaries (LMXEB)

Circinus X-1 — — 3.8 0.3+2.6 — —

XTE J1550—564 5.G 0.610.07 17.1 —2.312.5 — —

Scorpins X-1 111.6 2.3140.1 460.6 9.942.2 - -

GRO J1G55—40 - - 40.6 23.443.9 - - (8]
GX 339-4 21.9 0.5510.03 9.0 580+3.5 - - 5
1E 1740.7—2042 147.3 4.32+40.03 92.4 61.24+3.7 - - 5
XTE J1748—28R - - —12.4 - - - 5
GRS 1758—258 135.0 3.924-0.03 74.3 38.04+3.0 - - =
GRS 1015+105& 144.0 8.6310.13 2NE.8 33.542.7 - - 5, T?
Notes:

() The first IBIS/ISGRI soft gamma-ray galactic plane survey catalog (Bird et al. 2004).
(b) BATSE Earth occultation catalog, Deep sample results (Harmon et al. 2004).

(¢} The first COMPTEL source catalogue (Schénfelder et al. 2000).

(4) The third EGRET catalog of high-energy ~y-ray sources (Hartman et al. 1999).

(¢) §: SIGMA instrument onboard GRANAT satellite; O: OSSE; T: TeV source.



G. E. Romero (2005)
Leptonic model (1)
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Fig. 4 External photon fields to which the jet is exposed in a microquasar with a high-mass
companior.
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Leptonic model (2)

Table 6. Parameters for a ‘realistic’ case.

ONr—r—7—TTTT T T T T T T

Parameter (symbaol) Value 39 - —— |C emission 7
— — r \ star — — seed photons I
Corona luminosity (Leor) 3x10* erg 5! 38 + / \ === EGRET sources 7]
Magnetic field (B(z0)) 200 G 97 [ / | ]
Maximum electron Lorentz factor (vYemax(zo)) 10* 3 1|| .
Jet bulk Lorentz factor (T'je) 1.1 36 / i 7]
Viewing angle to jet's axis ¢ l()"f 35 B /! | i
Disk/jet coupling constant (ge) 10~* —_ L / \ .
g 2 / | - 7
5 BT ,f r /’/
Paramter (symbol) Vilue d* 22 - f li /_tj:"‘i B i
H‘lat:lf ]m.lsr mass J‘.Mb“] ‘ .HL'u'..;.;é Hé; 31 - a"'f /17 fﬂ_f—};\" "F__ _13;;_\—;
Gravitational radius (Hg) LA x 10° em L ! ! —
Aceretion luminosity (Lu) 107® Mye year™ = | / ) 4 \ [ dis [«N 1
Stellar radius (R, ) ]1: 1, 1 29 L J - ;’r [ e — -
Stallar bolometric lumincsity (L) 3107 g 8 - - 1! [ \\
Viewing angle to jet’s axis f 10° 28 i / # - / |I ,_.r”rﬂff !. Il'i
Distance from jot's apex to the compact object (zp) 50 Ry a7 + g// / /| | I '
Tnitial jet radivs (Hy) 0.1z r f’ ! |I | |
Orbital radius (Fg) 4 R, 26 K / ! \ | ]
Peak energy of the disk (KTy) | keV o 0 0 0 0 v A by il ) T P T S T
Peak energy of the corona 150 keV -4 3 2 1 0 1 2 3 4 5 & 7 8 9
Peak enargy of the star (kT,,,,) 10 eV
Fxpansion coefficient of the jot (£) 1 log {Photon energy [eV] )
Minimum Lorentz factor for electrons in the jot (jet frame) (7o) wl
Maimum Lorentz factor for electrons in the jet (jt frame) (Y ) 10t
Flectron energy distribution power-law index (p) 2 Fig.5 Spectral energy distribution for a microgquasar with an inhomogeneous leptonic jet,
Photon index for the corona (') 16

dominated by SSC losses. External Compton contributions from interactions between the
jet and the stellar, disk and corona photon fields are also shown. From Bosch-Ramon et al.

(2004).

Total disk luminosity (Lgist) 10 arg 5~




, G. E. Romero (2005)

.Hadronic model

~
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Fig. 1. Sketch of the general situation discussed in the paper. A rel- 1
ativistic ¢ — p jet is injected close to the black hole in a MQ with 10* E
a high-mass stellar companion. The jet must traverse the matter field E
created by the stellar wind. The resulting interaction produces gamma- ]
ray emission. In the figure perpendicularity is assumed between the jet w  10* -
and the orbital plane, but this particular assumption can be relaxed in — 3
a more general situation. 2 ]
= 10® -
-
Table 1. Basic parameters of the model. ]
10" .
Parameter Symbol  Value s E
- . oo
Type of jet € 1 y —_—=2.2 qi=1 o .\ s
10 v 3
H.I.ac:k.hnlc 11:.:355 M il H]L - =22 ql=1n-e N
Injection point Zo 50 R . v
o : |- 0a=28;q=10" v
Initial radius Ry 3R, 10" e '\ N
Radius of the companion star  r, 35 Ry == u=2.8; q|=1 0 \ ;
Mass loss rate M, 10~% M, yr! o * ]
Terminal wind velocity L ISD;:I km s 'I L 10° 10" 10° 10° 10° 10°
Black hole accretion rate Mz 107" M v
. L ; E [GeV]
Wind velocity index B 1
Jet™s expansion index [ 2
Jet’s Lorentz factor r 5 Fig. T Hadronic gamma-ray spectral energy distribution for a microquasar with a massive
Minimum proton energy S 10 GeV (09 I) stellar companion. Different curves correspond to different jet/disk coupling constant
Maximum proton energy ETs 100 TeV g; and proton spectral index . The viewing angle of the jet is 10 degrees. From Romero et
Orbital radius a 2r, al. (2[](]3}.

'Ry = GMw/E.
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. S5039 by H.E.S.S. (1)

We should expect to occasionally see jets “pole on”, rather than in projection on the sky. By
direct analogy with blazars, microblazars are expected to be exceptionally bright, point-like,
and highly variable sources of hard X-ray and ~y-ray emission. A few candidate microblazars
have been found in our galaxy, including the = 100 GeV source LS 5039 detected by the HESS

~-ray satellite (Aharonian et al. 2005, Science Express)
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Aharonian et al., astro-ph/0607192

. S5039 by H.E.S.S. (2)
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Fig. 5. Top: Integral v-ray flux (F = 1 TeV) lightcurve
(phasogram) of LS 5039 from HESS data (2004 to 2005)
on a run-by-run basis folded with the orbital ephemeris of
Casares et al. (Z005). Each run is ~28 minutes. Two full
phase () periods are shown for clarity. The blue solid ar-
rows depict periastron and apastron. The thin red dashed
lines represent the superior and inferior conjunctions of
the compact object, and the thick red dashed line de-
picts the Lomb-Scargle Sine coefficients for the period
giving the highest Lomb-Scargle power. This coefficient
is subtracted from the light curve in Fig [l middle panel.
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Aharonian et al., astro-ph/0607192

. S5039 by H.E.S.S. (3)
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Fig. 6. Very high energy ~-ray spectra of LS 5039 for two
broad orbital phase intervals (defined in the text): INFC
0.45 < ¢ < 0.9 (red circles); SUPC ¢ < 0.45 or ¢ > 0.9
(blue triangles). The shaded regions represent the lo con-
fidence bands on the htted functions (Tab. 0. Both spec-
tra are mutually incompatible with the probability that
the same spectral shape would fit both simultaneously be-
ing ~ 2 x 10~%. A clear spectral hardening in the region
0.3 to ~ 20 TeV is noticed for the INFC phase interval.
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Fig. 8. Energy spectra of LS 5039 separated into the same
broad phase intervals as for Fig. [@ INFC 0.45 < ¢ < 0.9
(red circles); SUPC ¢ < 0.45 or ¢ > 0.9 {(blue triangles),
comparing results from the semi-analytical Model+Hillas
(filled markers) and Hillas-only (open markers) analy-
ses (Aharonian et al. 2006), respectively. The Hillas-only
analysis has made use of an independent calibration chain.



Leptonic model of LS5039
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Bosch-Ramon et al., astro-ph/0605466
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Figure 1. a) Computed SED for LS 5039 and b) its flux and photon index evolution at
different energy bands.
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| SI+61 303 by MAGIC (1)

Fig. 1. Smoothed maps of gamma-ray
excess events above 400 GeV around
LS | +61 303. (A) Observations over
15.5 hours corresponding to data 62°00°'
around periastron (i.e., between orbit-

al phases 0.2 and 0.3). (B) Obsena-

tions over 10.7 hours at orbital phase

between 0.4 and 0.7. The number of BN LS | +61 303 LS | +61 303
events is normalized in both cases to
10.7 hours of observation. The posi + 5
tion of the optical source LSl 461 303 a—
ivellow cros9 and the 95% confidence
level contours for 3EG J02294-6151
and 3EG )024146103 (green comn-
tours) are ako shown. The bottom 60°30°
right circle shows the size of the point

spread function of MAGIC (1o mdius).

Mo significant exces in the number of _
gamma-fay events is detected around 2hsom 2has” 2"a0™ 2"35™ #s0" ghgs™ 2"gp™ 2*35™
periastron passage, whereas it shows RA RA
up cearly (9.4c statistical significance)

at later orbital phases, in the location of LS | 461 303.
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Albert et al., Science 312 (2006) 1771

| SI+61 303 by MAGIC (2)
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Fig. 2. VHE gamma-ray flux
of LS| 461 303 as a function
of orbital phase for the six
observed orbital cycles (six
upper panels, one point per
ohservation night) and aver-
aged for the entire observa-
tion time (bottom panel).
Vertical error bars include
1o statistical eror and 10%
systematic uncertainty on day-
to-day relative fluxes. Only
data points with more than
2a significance are shown,
and 2o upper limits (33) ame
derived for the rest. The modi-
fied Julian date (MJD) come-
sponding to orbital phase 0 is
indicated for every orbital oy-
cle. The orbital phase is com-
puted with orbital period of
26,4960 days and zero phase
at JD 2443366.775 (9); peri-
astron takes place at phase
0.23 (10). Marginal detections
occur between orbital phases
0.2 and 0.4 in different cycles,
whereas a significant increase
of flux is detected from phase
-045 to phase ~0.65 in the

fifth cycle, peaking at ~16% of the Crab Nebula flux on M)D 53769 (phase 0.61). During the following
oyde, the highest flux is measured on MJD 53797 (phase 0.67). This behavior suggests that the VHE
gamma-ray emission from 15 | +61 303 has a periodic nature.
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Fig. S2. Differential energy spectrum measured for LS | +61 303 for orbital
phases between 0.4 and 0.7 and energies between 200 GeV and 4 TeV. The
error bars show the 1o statistical uncertainty. The dashed, red line corresponds
to the Crab Nebula differential spectrum measured by MAGIC. The solid, black
line is a fit of a power law (also expressed mathematically in the inset) to the
measured points.
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Gamma-ray absorption (1)

expl—7) at 30 GeV exp(—7) at 300 GeV
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Fig. 1. Gamma-ray absorption map around a massive star. The grey-scale at each location corresponds to the integrated yp absorption seen
by a VHE photon emitted at this location and travelling in the plane of this figure towards an observer located at infinity to the right. The
plotted value is exp(—7,,). on a linear scale with black corresponding to high absorption and white to low absorption. Absorption is shown for
VHE photons with energies of 30 GeV, 300 GeV, 3 TeV and 30 TeV. Full lines are contours corresponding to 9%, 90% (white), 50%. 10%
and 1% (black) of the emitted flux being absorbed. The star is located at the origin, has a 10 R, radius and an effective temperature of 40000 E.
The orbit of the binary system LS 5039 is (partially) shown as a dotted line for illustrative purposes. Here, the binary would be seen edge-on
(i = 90°) by the observer at right. Gamma-rays emitted close to the compact object towards this observer are more or less absorbed according
to orbital phase, with maximum absorption occurring after periastron (marked by a cross). The resulting flux modulation would be close to that
shown in Fig. 2 for the case of { = 60F.
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Gamma-ray absorption (2)
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orbital phase Fig. 4. Spectrum of y-ray absorption at selected orbital phases ¢ for
two inclinations § of LS 5039 (see Fig. 2). The absorption spectrum
varies little for i = 207, The line-like absorption feature may therefore
be easier to detect for low inclinations, despite the stronger absorption
near periastron for { = 607 In the latter case, although spectral varia-
tions will be easier to detect, the large differences in absorption spec-
trum can swamp out the line feature in a phase-averaged spectrum.
An almost absorption-free view of the intrinsic spectrum is expected
at flux maximum for i = 60°.

Fig. 2. Modulation of the y-ray transmission exp(—r,,) with orbital
phase in LS 5039 for two values of the system inclination i. A canoni-
cal neutron star corresponds to § = 60" while i = 207 implies a 4.5 Ma
black hole. Isotropic p-ray emission is assumed o occur at the lo-
cation of the compact object. The solid line is for 100 GeV photons
(HESS threshold), dashed is for 1 TeV and dotted for 10 TeV photons.

Periastron passage is at ¢ = 0.
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Cascading gamma-rays (1)

Figure 1. Schematic picture of a compact binary system composed of a
massive star and a compact object (a black hole or a neutron star) on an orbit
around the massive OB star. The observer is located at the inclination angle #
and the azimuthal angle w. The matter accreting on to a compact object from
the massive star creates an accretion disc. Particles (electrons or protons) are
accelerated inside the jet launched from the inner part of an accretion disc.
Primary electrons and/or y -rays, injected at the distance z from the base of
the jet, initiate an anisotropic IC e* pair cascade in the radiation field of the
massive star. A part of the primary y-rays and secondary cascade y-rays
escapes from the binary system towards the observer.
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Figure 3. Differential y-ray spectra (multiplied by the square of photon energy) escaping from the binary system at a specific range of the cosine angles o,
measured with respect to the direction defined by the injection place and the centre of the massive star. The range of A cosa (with the width 0.1} is centred
on (.95 (full curve), 0.55 {dashed), 0.15 (dot—dashed), —0.25 {dotted) and —0.65 (triple-dot—dashed). y-rays are produced in the cascade initiated by primary
y-rays with the power-law spectrum and spectral index 2 which are injected isotropically close to the base of the jet (z =20 <« r4, but sufficiently far away from
the accretion disc), and at two distances from the massive star 2.2r o (upper figures, corresponding to the periastron passage of the compact object) and 4.5
{(bottom figures, corresponding to the apastron passage). (a) Spectra of primary y-rays escaping without interaction. (b) Spectra of secondary y-rays produced
in the IC cascade. (c) Total spectra of -rays escaping from the binary system [the sum of spectra shown in (a) and (b)].



Bednarek, MNRAS 368 (2006) 579

Cascading gamma-rays (3)

log (power)

-1 -4

L= = T
b =
2 2
g gnm
TL i i i i T
o 0.2 0.4 0.8 0.8

phose phase

Figure 9. The power in p-rays which escape from the binary system LS 5039 towards the observer (the y-ray light curve) at the inclination angle 8 = 25" {a
and b) and & = &0° (c and d), for the case of isotropic injection of primary y-rays (a and ¢) and primary electrons (b and d), as a function of the phase of the
injection place of the primary particles (phase is the time measured from the periastron passage divided by the orbital period of the binary system) at photon
energies in the range 1-10 GeV (thin curves) and above 100 GeV (thick curves). The injection place of primary particles occurs in the jet. The light curves are
shown for the injection place at the base of the jet z = Or 4 (full curves) and at the distance 5r4 along the jet (dashed curve).



Summary

 Microquasars are good candidates for VHE
gamma-ray sources.

* Both leptonic and hadronic models can be
accomodated to fit the spectrum below ~GeV.

e Recently two VHE sources were found: LS 5039
and LS| +61 303. Their gamma-ray fluxes show
orbital variation. This may be related to gamma-
ray opacities around the binary system. In that
case there will be a feature in the energy
spectrum.
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