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Plan
Observations

★  Les Noyaux Actifs de Galaxies (NAG):
- caratéristiques générales, zoologie
- paradigme du trou noir super massif et modèle d'unification
- Exemple 1: les Blazars 
- Exemple 2: les Seyferts 

★ Binaires X et Microquasars
- caractéristiques générales
- états spectraux 
- variabilité et cycle d'hystérésis

Théorie

- Les différents processus radiatifs
- Le modèle SSC (application aux BL Lacs)
- La couronne thermique (application aux Seyferts)
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Observations
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Des Premiers NAG...
Surveys radio (1950)  ➔ découverte de sources radio ponctuelles et intenses 

(3rd Cambridge Catalogue 3Cxxx….)

Raies d’émission inconnues ➔ M. Schmidt reconnaît des raies de l’hydrogène très 
décalées vers le rouge
✓ distances cosmologiques
✓ luminosité énorme ~ 1046 erg/s 
(Voie Lactée ~ 1044 erg/s )

Identifiés maintenant comme le cœur 
très actif de galaxies lointaines.

QUAsi StellAr Radiosource = QUASAR
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... A la zoologie actuelle!

Présence de ra ies 
d’émission en optique-
UV

AGNs ~ 10 % galaxies

Distinction fort (radio loud 
10 %) faible (radio quiet 90%) 
émetteur radio
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Paradigme du TN supermassif
Seule la dissipation de l’énergie gravitationnelle de matière sur un 
trou noir massif semble à même d’expliquer les puissances 
rayonnées

RG =
GM

c2

∆Eacc(erg/g) =
GM

2R
=

RG

2R
c2

∆Enuc(erg/g) = 0.007c2

Alors que la fusion (H →He)

A.N.: Pour M = 108M! et Ṁ = 1M!/an

Lacc = ∆EaccṀ ! 1046erg.s−1

avec ! 1013 M

108M!
cm

R = 6RGpour
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Nombres Caractéristiques
M ∼ 107 − 1010 M!• Masse trou noir:

RG ∼ 0.1− 100 u.a. (10−5 − 10−2 pc)• Taille:

TG = RG/c = 1000M8 sec (20 min)• Temps de variabilité:

• Température de corps noir: Teq ! 5× 105M−1/4
8 K

(comparable étoile O-B)

• Champs magnétique équipartition: Beq ! 4× 104M−1/2
8 G

(tache solaire)

LEdd =
4πGmpc

σT
MBH = 1046M8

• Luminosité caractéristique (équilibre pression radiation/force 
gravitationnelle): erg.s-1



IIème Ecole de Physique des Astroparticules 7 -12 septembre 2009 OHP  St Michel l’Observatoire

Disque d’Accrétion Standard

• Accrétion par viscosité turbulente 
(e.g. MRI Balbus & Hawley 1991)

• Viscosité cinématique ν = α cs h

• Prédictif :

          - Distribution température T∝r-3/4

               - spectre Fν∝ν1/3

• Travaux de Shakura & Sunyaev et 
Pringle & Lynden-Bell (1973)

Mais n’explique pas les variabilités simultanées opt/UV/X, l’émission 
multi-longueur d’ondes, ni la formation des jets....

Rin= qqes Rg
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Emission Multi Longueur d’Ondes
Centaurus A

Radio Loud

Radio Quiet

Elvis et al. 1994

Radio X GammaX

Radio Quiet

Radio Loud
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Modèle d’Unification
Type d’objet dépend de l’inclinaison par rapport à l’observateur

(Urry et Padovani 1995)
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AGN Radio-Loud
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Présence de Jets

lobeslobes

Hot spotHot spot

jetjet

Images de grandes structures sous forme de jets, s’étendant parfois 
jusqu’au Mpc

FR I
‣Peu puissantes (Lrad < 1042 erg.s-1)
‣Plus brillants au cœur qu’en périphérie
‣Peu collimatés
➥ accélération centrale?

FR II
‣Plus puissantes (Lrad > 1042 erg.s-1)
‣Emission maximale à l’extremité 
‣Très collimatés, peu dissipatifs
➥ accélération dans chocs terminaux?

(Fanaroff & Riley 1974)
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Jets relativistes
Les observations interférométriques radio (résolution angulaire < 1mas 
i.e. résolution linéaire d < pc) permettent la vision directe de 
mouvements à l’échelle de l’année

Très généralement  Vapp ~ 5 à 10c i.e. 
mouvements superluminiquesAstrophys Space Sci (2007) 311: 231–239 235

3 Jet kinematics

Repeated observations of quasar jets show values of βapp
ranging up to about 30, corresponding to intrinsic veloci-
ties greater than 99.9 percent of the speed of light, while
radio galaxy and BL Lac jets are typically much slower with
subluminal apparent velocities. For example, in NGC 1052
we find only relatively slow jet motions with a velocity of
0.27c. We only see outward flows and do not see any mo-
tions with significant inward motion toward the jet base, al-
though many features appear stationary. While there are sig-
nificant differences in the apparent velocity of different jet
features, the velocity spread from source to source is greater
than within an individual jet. Kellermann et al. (2004) sug-
gested that there is a characteristic speed for each jet which
is probably reflected by the fastest observed jet feature.

In general, the observed motions can usually be described
by a uniform velocity which is pointed radially outward
from the base of the jet. Sufficiently long VLBA time base-
lines are now being obtained so that it is possible to detect
in some individual cases non radial motions. In some jets
the motion appears to follow the pre-existing path of earlier
features (Kellermann et al. 2004). In other sources, the mo-
tion appears ballistic, but with different features moving in
different directions, and there is some evidence for period-
icities which may be the result of a precessing jet nozzle.
Homan et al. (2003) have reported an abrupt change in the
apparent trajectory of the nearly aligned jet in 3C 279 and
have suggested that the final jet collimation is still occuring
more than a kiloparsec downstream from the base.

In order to understand the jet physics, we want to be able
to derive the intrinsic parameters from the observations of
apparent speed, luminosity, and brightness temperature. We
consider three approaches to estimate the Doppler factors
along with the intrinsic Lorentz factor, rest frame luminos-
ity, and rest frame brightness temperatures.

3.1 The βapp–luminosity relation

From (1) and (2) both the apparent velocity and apparent
luminosity depend on the intrinsic speed and orientation.
Thus, we might expect to see a relation between observed
speed and observed luminosity. Cohen et al. (2007) have
shown that the distribution of observed speed and luminos-
ity is consistent with relativistic beaming models having a
maximum value γmax ≈ 32, and Lo,max ∼ 1026 W Hz−1.
Figure 10 shows the distribution of observed values in the
βapp–luminosity plane. There are no low luminosity sources
with fast motions, but the high luminosity sources show
a wide range of apparent speeds. The solid line repre-
sents the locus of points corresponding to γmax ≈ 32, and
Lo,max ∼ 1026 W Hz−1 which forms a close envelope to
the data. The curve has a peak value near the critical an-
gle θc = γ −1 ∼ 3 deg. Vermeulen and Cohen (1994) and

Fig. 10 Plot of apparent transverse speed, βapp, vs. apparent luminos-
ity, L, for the fastest component in 119 well observed sources in the
2 cm VLBA surveys. The curve shows the locus of points, (βapp,L),
for sources with γmax ≈ 32, and Lo ∼ 1026 W Hz−1. The viewing angle
increases from zero going from right to left. The thickness of the line
corresponds to the probability that a source will be observed at a given
location on the curve, and the locations of the 4 and 96 percent prob-
ability points are labeled. The dotted line represents an observational
limit determined by the weakest sources included, SVLBA,med = 0.5 Jy,
and the fastest detectable angular motions of µ = 4 mas yr−1 set by
our sampling interval of a few times per year. Red open circles repre-
sent quasars; blue full circles, BL Lacs; and green triangles, galaxies.
Adopted from (Cohen et al. 2007)

Lister and Marscher (1997) have shown that the most prob-
able angle to observe a source is when θ ∼ 0.6θc where
βapp ∼ 0.9γ , so in any jet sample there will be some jets
which are oriented close to θc where βapp ≈ γ . Cohen et al.
(2007) have concluded from the observed speed–luminosity
distribution that γmax ∼ 32 and that intrinsic luminosities
may extend up to about 1026 W Hz−1.

Cohen et al. (2007) have called attention to the galaxies
and BL Lacs located in the lower left part of Fig. 10. These
sources are unlikely to be powerful quasar jets oriented close
to the plane of the sky as might be expected from simple
unified models (Urry and Padovani 1995), nor can they be
high γ , low Lo jets beamed very close to the line of sight
as the probability of these configurations is too low. Instead,
in general, the galaxies and BL Lacs must form a separate
class of low luminosity jets. However, the powerful radio
galaxy Cygnus A has only a relatively weak jet with 0.59 <

β < 0.68. Following the simulations of Agudo et al. (2001),
Cohen et al. (2007) have suggested that the Cygnus A jet has
a spine-sheath structure with an energetic fast spine beamed
away from the line of sight to feed the powerful extended

Kellermann et al. (2007)
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Mouvements superluminiques

dl‖ = vdt cos θ

dlapp = vdt sin θ

dtapp = dt−
dl‖
c

= dt
(
1− v

c
cos θ

)

βapp =
1
c

dlapp

dtapp
=

β sin θ

1− β cos θ➥

{dl
=

vd
t

dlapp

dl‖

β = 0.95
β = 0.71
β = 0.5

β = 0.95
β = 0.71
β = 0.5

ββmax max = = ΓβΓβ
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Amplification Doppler
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Tobs = Tem/δ

Iν,obs(νobs) = δ3Iν,em(νem)

νobs = δ.νem

Iν ∝ ν−α

Iν,obs(ν) = δ3+αIν,em(ν)

Lois de transformation
Fréquence:

Temps caractéritique:

Intensité spéc.:

Si spectre

➥

Jets vus à petits angles (i.e. δ >1) seront brillants,  rapidements 
variables et unilatéraux

F(jet)/F(contre-jet) ! Γ6+2α➥

Amplification Doppler
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Température de Brillance
236 Astrophys Space Sci (2007) 311: 231–239

lobes and enshrouded by a slower observed sheath whose
broader but weaker beam encompasses the line of sight.

3.2 The βapp–Tb relation

The brightness temperature of jet features may be deter-
mined directly from observations, or estimated from the
time scale of flux density variations. Each of these methods
gives separate insight to the physics of AGN jets. The mea-
sured peak brightness temperature is typically in the range
1011−13 K but extends up to 5 × 1013 K (Kovalev et al.
2005). Observations with longer baselines, such as will be
possible with the planned Russian and Japanese space VLBI
missions, will be needed to determine whether higher bright-
ness features can exist.

Homan et al. (2006) have used the peak brightness tem-
perature at the base of each jet observed by Kovalev et al.
(2005) to study the dependence of apparent speed, βapp, on
apparent peak brightness temperature, Tb. Figure 11 shows
plots of βapp versus the maximum observed brightness (up-
per plot) temperature and versus a more typical “median-
low” value of brightness temperature. In both cases, the solid
line represents sources observed at the critical angle (γ −1)
corresponding to the value of intrinsic brightness tempera-
ture, Tint, and the same value for Tint is used in calculating
the dotted “envelope.” These values of Tint were chosen so
that approximately 75% of the sources would fall below and
to the right of the solid line corresponding to what was found
from simulations reported by Homan et al. (2006).

In both plots, the highest velocities are seen only for
sources with high apparent brightness temperature, and
there is a clear absence of fast sources with low bright-
ness temperatures, as is also indicated by the simula-
tions. Homan et al. (2006) have therefore concluded that
there is a relatively narrow range of intrinsic brightness
temperatures extending perhaps a factor of two on either
side of the solid line shown in Fig. 11. Since, the plot
of maximum brightness temperature contains more lower
limits than measurements, when in their high state, the
brightness temperature must be more than 2 × 1011 K,
which corresponds to a large excess of particle energy
over magnetic energy (Kellermann and Pauliny-Toth 1969;
Readhead 1994). However, in the median-low state, Tint is
closer to the equilibrium value where the particle energy is
about the same as the magnetic energy.

3.3 The βapp–Dvar relation

Most compact radio sources are variable on time scales
typically of months to years, (e.g., Kovalev et al. 2002;
Aller et al. 2006). An independent estimate of the Doppler
factor can be obtained from the time scale of the observed
variability. In the absence of any relativistic effects, the lin-
ear dimensions are limited to the light travel distance on the

Fig. 11 Plots of apparent speed, βapp, vs. observed peak jet bright-
ness temperature, Tb. Lower limits are indicated in blue by arrows.
The upper panel is based on the peak value of Tb observed for each
source, while the lower panel contains a similar plot, except that it
shows sources in their median-low state, what Homan et al. (2006)
called the “25% Median.” This 25% median is the median of the low-
est half of the brightness temperature observations for a given source
and represents a typical low brightness state for each source. The solid
line shown in each plot represents sources observed at the critical angle
that has the intrinsic brightness temperature indicated in the upper left
hand corner of the panel. The dashed line represents the possible ap-
parent speeds of a γ = 30 source with intrinsic brightness temperature
given by the value of Tint. Adapted from (Homan et al. 2006)

time scale of the variability. This puts a theoretical upper
limit on the linear size and consequently an upper limit on
the angular size and corresponding lower limit to the bright-
ness temperature. However, due to relativistic boosting, the
timescale for variability (and thus Tvar) as well as for βapp

are both compressed. The apparent brightness temperature
in this case is given by

Tvar = δ3Tint. (6)

Equation (6) differs from (4) in that the observed bright-
ness temperature depends on δ3 rather than δ. In (6) two
powers of δ are due to the solid angle which is determined
from the time variability. The third factor of δ follows from
the beaming as given in (2).

Planck’s law

Tb tel que

Bν(T ) =
(

2hν3

c2

)
1

exp hν
kT − 1

Isync
ν = Bν(Tb)

Kellermann et al. (2007)

Température de brillance élevée!
.
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Détection UHE

• La majorité des AGNs observées par les télescopes 
Cerenkov sont des BL Lacs

• Observation également de radios galaxies (M87, CEN A)
2 Aharonian et al. (H.E.S.S. Collaboration)

1. INTRODUCTION

Centaurus A (Cen A) is the nearest active galaxy (for a re-
view see Israel 1998). It is classified as a FR I radio galaxy;
these are thought to be the parent population of BL Lac ob-
jects (Urry & Padovani 1995). At radio wavelengths rich jet
structures are visible, extending from the core and the inner
pc and kpc jet to giant outer lobes with an angular extension
of 8◦ × 4◦. The inner kpc jet has also been detected in X-
rays, revealing a complex structure of bright knots and diffuse
emission (Kraft et al. 2002). The angle of the jet axis to the
line of sight is estimated to be 15-80◦ (see e.g. Horiuchi et al.
2006, and references therein). With a distance of 3.8 Mpc
(Rejkuba 2004; 1′ corresponds to ∼ 1.1 kpc projected length)
even the inner jet structures are resolvable with the angu-
lar resolution of current experiments in the very high energy
(VHE; E > 100 GeV) regime34. The elliptical host NGC 5128
features a dark lane, a thin edge-on disk of dust and young
stars, believed to be the remnant of a merger. Recent esti-
mates for the mass of the central supermassive black hole give
(5.5±3.0)×107 M% (Cappellari et al. 2008). The kpc-scale jet
and the active nucleus are confirmed sources of strong non-
thermal emission. In addition, more than 200 X-ray point
sources with an integrated luminosity of LX > 1038 erg s−1

are established to be associated with the host galaxy (Kraft
et al. 2001). Recently, Croston et al. (2009) reported the de-
tection of non-thermal X-ray emission from the shock of the
southwest inner radio lobe from deep Chandra observations.

Cen A was detected at MeV to GeV energies by all in-
struments on board the Compton Gamma-Ray Observatory
(CGRO) in the period 1991 – 1995, revealing a peak in the
spectral energy distribution (SED) in νFν representation at
∼ 0.1 MeV with a maximum flux of about ∼ 10−9 erg cm−2 s−1

(Steinle et al. 1998). Steinle et al. (1998) also reported vari-
ability of the Cen A source, especially pronounced at 10 MeV,
while Sreekumar et al. (1999) found the EGRET flux was sta-
ble during the whole period of CGRO observations. A tenta-
tive detection of Cen A (4.5σ) at VHE during a giant X-ray
outburst in the 1970’s was reported by Grindlay et al. (1975).
Subsequent VHE observations made with the Mark III (Car-
ramiñana et al. 1990), JANZOS (Allen et al. 1993), CANGA-
ROO (Rowell et al. 1999; Kabuki et al. 2007), and H.E.S.S.
(Aharonian et al. 2005) experiments resulted in upper limits.

Cen A has been proposed as a possible source of ultra-high
energy cosmic rays (UHECR; E > 6 × 1019−20 eV) (Romero
et al. 1996, but see also Lemoine 2008). Recently, the Pierre
Auger Collaboration reported an anisotropy in the arrival di-
rection of UHECR (Abraham et al. 2007, 2008). While a
possible correlation with nearby active galactic nuclei is still
under discussion, it has been pointed out that several of the
events can possibly be associated with Cen A (e.g. Gorbunov

5005, Australia
27 Toruń Centre for Astronomy, Nicolaus Copernicus University, ul.

Gagarina 11, 87-100 Toruń, Poland
28 Instytut Fizyki Ja̧drowej PAN, ul. Radzikowskiego 152, 31-342

Kraków, Poland
29 European Associated Laboratory for Gamma-Ray Astronomy, jointly

supported by CNRS and MPG
30 Astronomical Institute, Utrecht University, PO Box 80000, 3508 TA

Utrecht, The Netherlands
31 Fred Lawrence Whipple Observatory, Harvard-Smithsonian Center for

Astrophysics, Amado, AZ85645, USA
a supported by CAPES Foundation, Ministry of Education of Brazil
34 H.E.S.S. angular resolution: ∼ 6′ per event, ∼ 6 − 30′′ systematic error

on position depending on the dataset (van Eldik et al. 2008).

Fig. 1.— Smoothed excess sky map centered on the Cen A radio core
(cross). Overlaid contours correspond to statistical significances of 3, 4, and
5σ, respectively. The inlay in the lower left corner shows the excess expected
from a point source (derived from Monte Carlo simulations). The integration
radius is 0.1225 ◦ and the map has been smoothed with a two-dimensional
Gaussian of radius 0.02◦ to reduce the effect of statistical fluctuations. The
cosmic-ray background in each bin is estimated using the template back-
ground method (Rowell 2003).

et al. 2008; Moskalenko et al. 2008; Kachelriess et al. 2008).
Until now, the only firmly established extragalactic VHE γ-

ray source with only weakly beamed emission is the giant ra-
dio galaxy M 87 (Aharonian et al. 2003, 2006a). M 87 showed
strong flux outbursts in the VHE regime with timescales
on the order of days (Aharonian et al. 2006a; Albert et al.
2008), pointing to a characteristic size of the emission region
< 5 × 1015δ cm, corresponding to ≈ 5δ Schwarzschild radii
(MBH = 3.2 × 109 M%, δ: relativistic Doppler factor). Re-
cently, Aliu et al. (2009) and Acciari et al. (2009) reported
VHE emission from the direction of the blazar 3C 66 A and
the radio galaxy 3C 66 B (angular separation 6’). While Aliu
et al. (2009) favor 3C 66 B as the origin of the VHE emission
in their dataset, Acciari et al. (2009) exclude 3C 66 B as the
origin of their detected emission with a significance of 4.3σ.

In this Letter the discovery of VHE emission from Cen A
with the H.E.S.S. experiment is reported, and properties of the
detected emission and their implications are discussed.

2. H.E.S.S. OBSERVATIONS AND RESULTS

The H.E.S.S. (High Energy Stereoscopic System) collabo-
ration operates an array of four large imaging Cherenkov tele-
scopes (IACT) for the detection of VHE γ-rays, located in the
Southern Hemisphere in Namibia (Aharonian et al. 2006b).
The H.E.S.S. observations of Cen A were performed between
April 2004 and July 2008. A dead time corrected total live
time of 115.0 h of good-quality data was recorded. The zenith
angles of the observations range from 20◦ to 60◦ with a mean
zenith angle of ∼ 24◦. The data were recorded with pointing
offsets between 0.5◦ to 0.7◦ relative to the radio core position,
to enable a simultaneous estimation of the background us-
ing events from the same field of view (reflected background)
(Aharonian et al. 2006b). The data were analyzed with a stan-
dard Hillas-type analysis (Aharonian et al. 2006b) with an

Discovery of very high energy γ-ray emission from Centaurus A 3

Fig. 2.— Optical image of Cen A (UK 48-inch Schmidt) overlaid with radio
contours (black, VLA, Condon et al. 1996), VHE best fit position with 1σ
statistical errors (blue cross), and VHE extension upper limit (white dashed
circle, 95% confidence level).
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Fig. 3.— Differential energy spectrum of Cen A as measured by H.E.S.S.
The line is the best fit of a power law dN/dE = Φ0 · E−Γto the data (Γ =
2.7 ± 0.5stat ± 0.2sys). The lower panel shows the residual ∆χ2 of the fit.

analysis energy threshold of ∼ 250 GeV for a zenith angle
of 20◦.

Figure 1 shows the smoothed excess sky map of VHE γ-
rays as measured with H.E.S.S. centered on the Cen A ra-
dio core position. A clear excess at the position of Cen A
is visible. A point source analysis, using standard cuts as
described in Aharonian et al. (2006b), was performed on
the radio core position of Cen A, resulting in the detection
of an excess with a statistical significance of 5.0σ (calcu-
lated following Eq. 17 of Li & Ma 1983; 330 excess events,
NON = 4199, NOFF = 42513, α = 0.091). A fit of the
instrumental point spread function35 to the uncorrelated sky
map results in a good fit (chance probability ∼ 0.7) with a
best fit position of αJ2000 = 13h25m26.4s ± 4.6s

stat ± 2.0s
syst,

35 Derived from Monte Carlo simulations.
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Fig. 4.— Spectral energy distribution of Cen A. Shown are the VHE spec-
trum as measured by H.E.S.S. (red filled circles), previous upper limits and
tentative detections in the VHE regime (purple markers; Grindlay et al. 1975:
open diamond; Carramiñana et al. 1990: open cross; Allen et al. 1993: filled
circle; Rowell et al. 1999: open triangle; Aharonian et al. 2005: open circle;
Kabuki et al. 2007: filled squares), EGRET measurements in the GeV regime
(Sreekumar et al. 1999: grey bow tie), and data from the NASA Extragalactic
Database (NED) (grey filled circles).

δJ2000 = −43◦0.7′ ± 1.1′stat ± 30′′syst, well compatible with the
radio core and the inner kpc jet region (Fig. 2). Assuming a
Gaussian surface-brightness profile, we derive an upper limit
of 0.2◦ on the extension (95% confidence level).

The differential photon spectrum of the source is shown
in Fig. 3.36 A fit of a power-law function dN/dE = Φ0 ·
(E/1 TeV)−Γ to the data is a statistically good description
(χ2/d.o.f. = 2.76/4) with normalization Φ0 = (2.45 ±
0.52stat ± 0.49sys) × 10−13 cm−2 s−1 TeV−1 and photon index
Γ = 2.73 ± 0.45stat ± 0.2sys. The integral flux above 250 GeV,
taken from the spectral fit, is Φ(E > 250 GeV) = (1.56 ±
0.67stat) × 10−12 cm−2 s−1, which corresponds to ∼ 0.8% of
the flux of the Crab Nebula above the same threshold (Aha-
ronian et al. 2006b), or an apparent luminosity of L(>250
GeV)= 2.6 × 1039 erg s−1 (adopting a distance of 3.8 Mpc).

No significant variability has been found on time-scales of
28 min, nights and months (moon periods). From the error on
the nightly flux (∼ 5% Crab), we estimate the sensitivity of
the dataset for flares with a duration of one day. For a ∼ 4σ
detection in the Cen A dataset a flux increase during a single
night by a factor ≈ 20 would be needed (a factor ≈ 15 for
∼ 3σ). This can be compared to the VHE flux variation of
factor ∼ 5 − 10 detected from M 87 on time-scales of days.

The results have been cross-checked with independent anal-
ysis and calibration chains and good agreement was found.

3. DISCUSSION

Figure 4 shows the spectral energy distribution of Cen A
ranging from X-rays to the VHE regime. The flux mea-
sured by H.E.S.S. is clearly below all previous upper limits
in the VHE regime. Extrapolating the spectrum measured
with EGRET in the GeV regime to VHE energies roughly
matches the H.E.S.S. spectrum, though the softer end of the
error range on the EGRET spectral index is preferred. The
recently launched Fermi observatory should provide a more
accurate spectrum in the MeV-GeV range soon.

Several authors have predicted VHE emission from Cen A,

36 To derive the energy spectrum, a looser cut on the distance to the source
is used (θ2 < 0.03 deg2) to increase the number of photons (the standard cut
is θ2 < 0.015 deg2).

Aharonian et al. (2007)
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Exemple: Les Blazars

• Peu ou pas de raie d’émission et de 
continuum UV intense (redshift et donc 
distance parfois mal connus)

Ce sont la majorité des NAGs à avoir 
été détectés en UHE (> 100 GeV) par 
les telescopes Cerenkov

➥

• SED a deux bosses: bosse synchrotron 
et bosse CI

G. Ghisellini, F. Tavecchio & M. Chiaberge: Structured jets 9

Fig. 7. The SED of NGC 6251, Cen A and M87. The data of

NGC 6251 and M87, for clarity, have been vertically shifted by

the labelled amount. Note that the SED of these radiogalaxies

show the same two–bump structure of blazars, as illustrated

also in Fig. 8. Data for M87 are taken from Reimer, Protheroe

& Donea (2004) and reference therein, except for the X–rays

(Marshall et al. 2002), and the EGRET upper limit (Fichtel et

al. 1994).

evitably boost the inverse Compton radiation with respect to a

completely homogeneous jet.

It is also quite clear that, for an observed Compton to syn-

chrotron power ratio, the fact that the radiation field is en-

hanced also implies an increase of the magnetic field, with re-

spect to an homogeneous source. This can solve an otherwise

puzzling characteristic of HBL in general and TeV BL Lacs in

particular: fitted with an homogeneous SSC model, they turn

out to have very small magnetic fields, which are more under–

equipartition (with the emitting particles) than in other blazars.

Here we can fit the observed spectra equally well (not surpris-

ingly, given that the free parameters are more than in the ho-

mogeneous SSC model) with equipartition magnetic fields.

Another important consequence of having greater magnetic

fields is that a smaller number of electrons can produce the

observed SED. This means that the global energetic demand of

the jet is reduced with respect to a homogeneous SSC model.

The fact that the dominant inverse Compton radiation is

through scattering with “external” photons implies that the

emission is highly anisotropic also in the comoving frame of

the spine. To conserve momentum, the emitting spine must

recoil and therefore decelerate. This is a manifestation of the

“Compton rocket” effect, studied in the early eighties (see

e.g. O’Dell 1981) as the means to radiatively accelerate jets.

Somewhat ironically, we have shown here that this process can

be important for the opposite reason. There is a precise link

between TeV emission and deceleration, due to two reasons:

Fig. 8. The SEDs of NGC 6251, Cen A and M87 are compared

with the blazar sequence, as proposed by Fossati et al. (1998).

The hard X–ray [2–10 keV] spectra of blazars come from the

work of Donato et al. (2001).

i) TeV emitting BL Lacs have the least powerful jets, and yet

they move with bulk Lorentz factor equal or greater than the

ones of other blazars; ii) to produce a significant TeV radia-

tion, the mean energy of the emitting electrons must be large.

Then in these sources we have 〈γ〉me ∼ mp: the power carried

by the jet in the form of protons and electrons is similar. We

then propose that the jet deceleration at small (sub–pc) scales

is more efficient in low power jets emitting high energy radia-

tion. Consider also that the initially fastest sources are the ones

suffering the most severe Compton rocket effect.

Also the inverse Compton emission from the layer is en-

hanced by the extra seed photons coming from the spine. This

could be the reason why also radiogalaxies are relatively strong

γ–ray emitters. If this is the reason, then the layer and the spine
must be cospatial, and therefore the γ–ray emitting layer must
be located at ∼100 Schwarzchild radii, as the spine. The γ–
ray flux observed in radiogalaxies should then be variable, with

timescales of the order of tvar ∼ (R/c)/δl ∼ a day or less, very
similar (albeit somewhat longer, due to the smaller Doppler

factor) to the typical variability timescale in blazars. We pro-

pose this as a crucial test for our scenario. Note that Cen A is

already known to vary with short timescales (0.5–4 days) in the

γ–ray band (Kinzer et al. 1995; Steinle et al. 1998).
A few radiogalaxies have been already detected at high en-

ergies. The SED of their nuclear emission shows the charac-

teristic double peak characteristic of blazars, and like these

sources they can be “Compton dominated” (namely, the high

energy component is more luminous than the synchrotron com-

ponent). These general features are quite easily explained in the

layer+spine scenario. We have then tried to predict which are

the best candidate radiogalaxies to be detected by the future

Ghisellini et al. (2005)
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Condition minimaliste:
Rg < cT em

var = cT obs
var.δ

1013

cT obs
var

MBH

108M!
< δ

Tvar = 200 sec

➥

• Variabilité extrêmement rapide (x100 en 1 jour)

ex: PKS 2155-304 

• Nécessite un jet relativiste à grand facteur de Lorentz Γ vu sous un 
petit angle 

Exemple: Les Blazars

A.N. : δ > 30− 60
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Jet relativiste

In j ec t ion de par t i cu l e s 
relativiste (γ~103-106) (choc?)

Photons de haute énergie produits par diffusion Compton 
sur les photons du disque-BLR/Sync/fond diffus cosmo.

Exemple: Les Blazars
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AGN Radio-Quiet
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Emission X mais Absence de Jet

•Absence de jet puissants/collimaté

•Signatures de flots (jets avortés?)

•Spectre haute énergie limité aux X durs/γ mous

Flot de matière dans NGC 
2992 (Veilleux et al. 2004)

1

X-RAY REFLECTIONS ON AGN

A.C. Fabian
Institute for Astronomy, Madingley Road, Cambridge CB3 0HA, UK

ABSTRACT

X-ray reflection generates much of the spectral complex-
ity in the X-ray spectra of AGN. It is argued that strong
relativistic blurring of the reflection spectrum should
commonly be expected from objects accreting at a high
Eddington rate. The good agreement found between the
local density in massive black holes and the energy den-
sity in quasar and AGN light requires that the accre-
tion which built massive black holes was radiatively ef-
ficient, involving thin discs extending within 6 gravita-
tional radii. The soft excess found in the spectra of many
AGN can be explained by X-ray reflection when such
blurring is included in the spectral analysis. Some of
the continuum variability and in particular the puzzling
variability of the broad iron line can be explained by the
strong light bending expected in the region immediately
around a black hole. Progress in understanding this be-
haviour in the brightest sources can be made now with
long observations using instruments on XMM-Newton
and Suzaku. Future missions like Xeus and Con-X, with
large collecting areas, are required to expand the range
of accessible objects and to make reverberation studies
possible.

1. INTRODUCTION

In this brief review, I consider the spectra and spectral
variability of unobscured Active Galactic Nuclei such as
Seyferts and quasars. They typically have the spectral
components identified in Fig. 1, namely a) an underly-
ing power-law, b) a soft excess above the power-law at
low energies below 1 keV, c) an iron line (which may
have a broad component), and d) a Compton hump. Tra-
ditionally these components have been considered as a)
thermally Comptonized soft photons originating from b)
thermal (blackbody) emission from an optically-thick ac-
cretion disc about the central black hole, together with
the line c) and Compton-scattered d) parts of X-ray re-
flection from that disc or more distant matter. An im-
portant parameter when model-fitting such sources is the
inner radius of the accretion disc, which determines how
much relativistic blurring is applied to the reflection com-

ponents. It is often assumed to be greater than 6 grav-
itational radii (6rg = 6GM/c2) around the black hole,
which is the innermost stable circular orbit around a non-
spinning Schwarzschild black hole. Spectral deviations
from this picture are often taken into account by adding
additional emission and/or absorption components, some
of which cover only part of the source.

Figure 1. Model X-ray spectrum of an AGN. Galactic ab-
sorption causes the flux to decrease steeply below 0.3 keV.

There are problems with this traditional picture which
suggest that it is at least incomplete. For several well-
studied sources there are modifications to the above
model which seem to fit the data, in particular the spectral
variability, better. The main modification is to allow the
inner radius of the disc to go to 2rg, meaning the black
hole is spinning. This introduces the possibility of very
strong gravitational effects on the spectrum. The second
consideration is to allow the atomic abundances to be dif-
ferent from the solar value. A more detailed review is
given in Fabian & Miniutti (2005).

Note that most bright AGN must have a radiatively ef-
ficient accretion flow or the Soltan (1982) argument re-
lating the energy density of accretion radiation and the
local mean density in black holes would yield a low ef-
ficiency. The good agreement between the observations
of quasar/Seyfert light and local black holes with an ac-
cretion efficiency of at least 10 per cent (Yu & Tremaine
2002; Fabian 2003; Marconi et al 2004) strongly argues
for radiatively efficient flows with an inner disc radius
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Modèle Standard
Suppose la présence de 2 
phases, un plasma chaud (la 
couronne) et un plasma 
froid (le disque d’accrétion) 

X-ray source

Accretion disc

« Secondary » 
components

Black Hole

~A. U.

Equilibre radiatif entre les 2 phases 
• les photons froids sont comptonisés par le plasma chaud
• les photons chauds illuminent et chauffent le disque

Une partie des photons réfléchis (~10%) produisent les composantes 
en réflection



IIème Ecole de Physique des Astroparticules 7 -12 septembre 2009 OHP  St Michel l’Observatoire

Composantes en Réflexion

Bosse à 30 keV + raies

2

within 6rg. The agreement, at all mass ranges, would
not happen if the discs in quasars and luminous Seyfert
galaxies stopped at several tens of rg or indeed larger than
6rg. Any power lost in winds and jets only strengthens
these arguments. Massive black holes in galactic nuclei
are likely to be rapidly spinning (Volonteri et al 2004) so
small disc inner radii should be the norm and we should
seriously consider that much of the X-ray emission from
objects accreting at a high (! 0.01) Eddington fraction
emerges from within a few rg.

2. THE PROBLEMS

2.1. The soft excess

Several studies culminating in the work of Gierlinski &
Done (2004) show that the temperature of the excess
emission, if characterized as blackbody, seems to be the
same in systems where the accretion rates and/or masses
differ by several orders of magnitude. This is not ex-
pected from an accretion disc.

2.2. The iron line

Many sources show a narrow iron line component which
is undoubtedly due in many cases to reflection on dis-
tant gas. Broad components, as expected from reflection
by the inner accretion disc, are seen, but are not always
present or at least not evident. Such components can
sometimes be fitted away with partial-covering models.

2.3. Variability

Where sources are highly variable so that the emission re-
gion must be very small, partial covering models present
physical problems for understanding the geometry of the
situation. Only very occasionally can we be in a preferred
line of sight; the covering material has to be randomly
placed. What this matter is, where it lies and why it only
partly covers the source are unknown.

2.4. Iron line variability

MCG–6-30-15 has a robust broad iron line (Tanaka et al
1995; Wilms et al 2001; Fabian et al 2002). Chandra
grating observations and RXTE data have sufficient reso-
lution and coverage to rule out partial covering solutions
(Young et al 2005). A problem emerges with the lack of
variability seen in the line, if the effects of strong gravity
are ignored. The strength of the iron line should follow
the brightness of the power-law component, but it does
not. The iron line does vary on short timescales but not in
any simple manner (Iwasawa et al 1996, 1999; Nandra &
Edelson 2000; Matsumoto et al 2002; Fabian et al 2002).

Figure 2. The broad iron line seen in the XMM-Newton
spectrum of MCG–6-30-15 (see Fabian et al 2002; this
spectrum was produced from reprocessed data by S.
Vaughan).

Figure 3. The iron line and Compton hump in MCG–6-
30-15 shown as deviations from a simple power-law spec-
trum. The data below 10 keV are from XMM-Newton and
the data above from BeppoSAX (kindly prepaqred by G.
Miniutti).

3. THE TWO-COMPONENT MODEL OF SPEC-
TRAL VARIABILITY

A simple phenomenologicalmodel which fits the spectral
variability of several bright Seyferts well has two main
components (McHardy et al 1998; Shih et al 2001; Fabian
& Vaughan 2003). A simple power-law decription of the
spectrum often shows the source to be harder when faint
and softer when bright. The photon index of the source
may limit to some fixed value at the highest fluxes. This
behaviour can be modelled well in terms of two compo-
nents; a soft power-law of fixed spectral index and vari-
able intensity plus a hard component which varies little.
The model accounts for the rms variability spectrum and
spectral behaviour of many sources.

The shape of the quasi-constant hard component can
be extracted in several ways, using a) flux-flux plots in
which the flux in various energy bands is correlated with
the flux in another band (say 1–2 keV) with the con-

Théorie Observation

MCG-6-30-15

Fabian et al. (2002)

George & Fabian (1991)
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BlueshiftRedshift

vers
l’observateur

Raie du Fer
Signature des effets de RG

Rin
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Kerr

Schwarzschild

Rin = 6RG

Rin = RG

pour un trou noir de Schwarzschild (sans rotation)

pour un trou noir de Kerr “maximal” (avec rotation)

Raie du Fer
Signature des effets de RG
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Very Broad Line ! Spinning BH

Tanaka+  Iwasawa+  Wilms+  Fabian+ Brenneman+Reynolds

XMM-Newton

Raie du Fer: Observation
“Iron line hot spots” from
• orbiting coronal flares
• corrugations in disk surface
• patchy ionization structure

Iwasawa+05

Light bending model in Kerr
spacetime

Miniutti et al 03;   Miniutti & Fabian 04; earlier work by Matt+
see also Tsuebsuwong, Malzac+06

Raie large dans MCG-6-30-15
impliquant un trou noir de Kerr

Observation

Modelisation
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NGC 3516 (Iwazawa et al. 2004)

Fabian et al. (2002)
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PDS

Variabilité X 
10 ans 1 jour 1 heure

Gierlinski et al. 2008

Quasi Periodic Oscillation
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Détection à Haute Energie

3

Figure 1. Comparison of the SED of PMN J0948+0022 (from Abdo et al.
2009c) with the spectral sequence of blazars and with SED of some well-known
powerful radiogalaxies. Adapted from Ghisellini et al. (2005).
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Figure 2. X-ray image (0.2 − 10 keV) of PMN J0948+0022 obtained by
integrating 12 Swift/XRT observations performed between 2008 and 2009,
for a total exposure of 54.4 ks. Radio observations at 1.4 GHz from NVSS
(dashed yellow lines) and FIRST (continuous white lines) are superimposed.
Epoch of coordinates is J2000. Color bar indicates X-ray counts.

• Une “Narrow Line Seyfert galaxy” a été détectée pour la 1ère 
fois au GeV (téléscope Fermi)

Mais, finalement, possède une forte émission radio et une température 
de brillance élevée signature de jet!! Nouveau type d’objet?

No. 2, 2009 THE NARROW-LINE QUASAR PMN J0948+0022 981
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Figure 3. Evolution of the radio spectrum of PMN J0948+022. Filled circles
denote the Effelsberg observations of 2009 January. Archival data are shown in
gray: triangles represent VLBA measurements conducted in 2003 October (Doi
et al. 2006) and diamonds represent archival Effelsberg measurements obtained
in 2006 (Vollmer et al. 2008).

3.3. Radio

3.3.1. Effelsberg

The centimeter spectrum of PMN J0948+0022 was observed
with the Effelsberg 100 m telescope on 2009 January 24 (MJD
54855.5) within the framework of a Fermi-related monitor-
ing program of potential γ -ray blazars (F-GAMMA project;
Fuhrmann et al. 2007). The measurements were conducted with
the secondary focus heterodyne receivers at 2.64, 4.85, 8.35,
10.45, 14.60, and 32.00 GHz. The observations were performed
quasi-simultaneously with cross-scans, that is, slewing over the
source position, in azimuth and elevation directions, with adap-
tive numbers of sub-scans for reaching the desired sensitivity
(for details, see Fuhrmann et al. 2008; Angelakis et al. 2008).
Pointing offset correction, gain correction, atmospheric opacity
correction, and sensitivity correction have been applied to the
data.

The radio spectrum acquired has a convex shape with a
turnover frequency between 10.45 and 14.60 GHz (Figure 3).
The low-frequency part spectral index α10.45

2.64 , measured between
2.64 and 10.45 GHz, is −0.18 ± 0.02, whereas the high-
frequency optically thin spectral index α32

14.6 = 0.39.
The comparison of the acquired spectrum with previously

observed ones (Vollmer et al. 2008; Doi et al. 2006) reveals
that the source is presently in a much lower flux density state
(see Figure 3). This indicates intense variability. From the
change of the 4.85 GHz flux density over about three years
(Vollmer et al. 2008), we estimate a variability brightness
temperature (e.g., Fuhrmann et al. 2008) of 1.4 × 1011 K.
Assuming the equipartition brightness temperature limit of
∼1011 K (Readhead 1994), we obtain a lower limit for the
Doppler factor of δ > 1.4.

3.3.2. Owens Valley Radio Observatory

PMN J0948+0022 has been regularly observed from 2007
September 4 at 16:25 UTC to 2009 February 11 at 06:53 UTC
(MJD 54347.68−54873.29) at 15 GHz by the OVRO 40 m
telescope as part of an ongoing Fermi blazar monitoring program
of all 1159 Candidate Gamma-Ray Blazar Survey (CGRaBS)
blazars north of decl. −20◦ (Healey et al. 2008). Flux densities
were measured using azimuth double switching as described in
Readhead et al. (1989). The relative uncertainties in flux density

Figure 4. SED of PMN J0948+0022. Fermi/LAT (five months of data), Swift
XRT and UVOT (2008 December 5), Effelsberg (2009 January 24) and OVRO
(average in the five months of LAT data, indicated with a red diamond) are
indicated with red symbols. Archival data are marked with green symbols.
Radio data: from 1.4 to 15 GHz from Bennett et al. (1986), Becker et al.
(1991), Gregory & Condon (1991), White & Becker (1992), Griffith et al.
(1995), and Doi et al. (2006). Optical/IR: USNO B1, B, R, I filters (Monet et al.
2003); 2MASS J, H, K filters (Cutri et al. 2003). The dotted line indicates the
contributions from the infrared torus, the accretion disk, and the X-ray corona.
The synchrotron (self-absorbed) is shown with a small dashed line. The SSC and
EC components are displayed with dashed and dot-dashed lines, respectively.
The continuous line indicates the sum of all the contributions.
(A color version of this figure is available in the online journal.)

result from a 5 mJy typical thermal uncertainty in quadrature
with a 1.6% systematic uncertainty. The absolute flux density
scale is calibrated to about 5% using the model for 3C 286 by
Baars et al. (1977). This absolute uncertainty is not included in
the plotted errors.

PMN J0948+0022 has been reported to show variability by
a factor of 2 in radio over year timescales (Zhou et al. 2003)
and ∼31% fluctuations in month timescales (Doi et al. 2006).
The OVRO 40 m 15 GHz time series shows a clear structure at
timescales down to weeks and year-scale fluctuations by a factor
of 4 (Figure 2, panel (C)). The rapid variability we observe in
this object—at least 400 mJy in 77 days or 5 mJy/day—enables
us to determine a variability brightness temperature of ∼2×1013

K, assuming the ΛCDM cosmology described in Section 1.
It is often not easy to determine the optically thin spectral

index of blazars at radio frequencies because they are complex
structures, with different regions becoming optically thin at
different radio frequencies. In the present case, the most recent
results show a turnover between 10 and 15 GHz, and a 15–
30 GHz spectral index of ∼0.4, but we do not believe that this
is the optically thin spectral index. It is much more likely that
one still sees synchrotron self-absorption so that the spectrum
between 15 GHz and 30 GHz is much flatter than the true
optically thin spectral index. In such cases, it is safer to assume
an optically thin spectral index of 0.75 and to use the frequency
of observation. These only have a small effect on the derived
Teq unless α is very close to 0.5, which is too flat, in our view,
for an optically thin spectral index in most cases.

The equipartition brightness temperature (Readhead 1994),
in the current cosmological model, is then Teq ∼ 5.5 × 1010 K,
assuming an average optically thin spectral index of 0.75, and
hence the equipartition Doppler factor is δ ∼ 7, which is typical

• A priori pas attendue....

Abdo et al. (2009)
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Les Binaires X



X/gamma-ray sky



En 1992 1E 1740.9-2942 est la première 
source galactique avec des jets (Mirabel et 
al. 1992)

Microquasars = XrB avec Jets



Ejections Superluminiques

En 1994 GRS 1915+105 est la première 
s o u rc e g a l a c t i q u e ave c d e s j e t s 
superluminiques (Mirabel & Rodriguez 1994)

GRS 1915+105



IIème Ecole de Physique des Astroparticules 7 -12 septembre 2009 OHP  St Michel l’Observatoire

Deux Types de XrB
Low Mass X-ray Binary High Mass X-ray Binary

- L’ accrét ion se f a i t par 
débordement du lobe de roche

- L’accrétion se fait par capture du vent 
solaire émis par la secondaire

- Le compagnon est une étoile 
massive (> 10 Msol)

- Le compagnon est une étoile de 
faible masse (< 2 Msol)
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HMXB

Quelques noms connus
A peu près 150-200 XrB connues, 20 avec un BH confirmé 
dynamiquement 

Remillard & McClintock (2006)

ANRV284-AA44-03 ARI 28 July 2006 13:50

Table 1 Twenty confirmed black holes and twenty black-hole candidatesa

Coordinate Commonb Porb f (M ) M1
Name Name/Prefix Yearc Spec. (hr) (M!) (M!)
0422+32 (GRO J) 1992/1 M2V 5.1 1.19 ± 0.02 3.7–5.0
0538–641 LMC X–3 – B3V 40.9 2.3 ± 0.3 5.9–9.2
0540–697 LMC X–1 – O7III 93.8d 0.13±0.05d 4.0–10.0:e

0620–003 (A) 1975/1f K4V 7.8 2.72 ± 0.06 8.7–12.9
1009–45 (GRS) 1993/1 K7/M0V 6.8 3.17 ± 0.12 3.6–4.7:e

1118+480 (XTE J) 2000/2 K5/M0V 4.1 6.1 ± 0.3 6.5–7.2
1124–684 Nova Mus 91 1991/1 K3/K5V 10.4 3.01 ± 0.15 6.5–8.2
1354–64g (GS) 1987/2 GIV 61.1g 5.75 ± 0.30 –
1543–475 (4U) 1971/4 A2V 26.8 0.25 ± 0.01 8.4–10.4
1550–564 (XTE J) 1998/5 G8/K8IV 37.0 6.86 ± 0.71 8.4–10.8
1650–500h (XTE J) 2001/1 K4V 7.7 2.73 ± 0.56 –
1655–40 (GRO J) 1994/3 F3/F5IV 62.9 2.73 ± 0.09 6.0–6.6
1659–487 GX 339–4 1972/10i – 42.1j,k 5.8 ± 0.5 –
1705–250 Nova Oph 77 1977/1 K3/7V 12.5 4.86 ± 0.13 5.6–8.3
1819.3–2525 V4641 Sgr 1999/4 B9III 67.6 3.13 ± 0.13 6.8–7.4
1859+226 (XTE J) 1999/1 – 9.2:e 7.4 ± 1.1:e 7.6–12.0:e

1915+105 (GRS) 1992/Ql K/MIII 804.0 9.5 ± 3.0 10.0–18.0
1956+350 Cyg X–1 – O9.7Iab 134.4 0.244 ± 0.005 6.8–13.3
2000+251 (GS) 1988/1 K3/K7V 8.3 5.01 ± 0.12 7.1–7.8
2023+338 V404 Cyg 1989/1f K0III 155.3 6.08 ± 0.06 10.1–13.4
1524–617 (A) 1974/2 – – – –
1630–472 (4U) 1971/15 – – – –
1711.6–3808 (SAX J) 2001/1 – – – –
1716–249 (GRS) 1993/1 – 14.9 – –
1720–318 (XTE J) 2002/1 – – – –
1730–312 (KS) 1994/1 – – – –
1737–31 (GRS) 1997/1 – – – –
1739–278 (GRS) 1996/1 – – – –
1740.7–2942 (1E) – – – – –
1743–322 (H) 1977/4 – – – –
1742–289 (A) 1975/1 – – – –
1746–331 (SLX) 1990/2 – – – –
1748–288 (XTE J) 1998/1 – – – –
1755–324 (XTE J) 1997/1 – – – –
1755–338 (4U) 1971/Ql – 4.5 – –
1758–258 (GRS) 1990/Ql – – – –

(Continued )

52 Remillard · McClintock
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Période orbitale

Vitesse radiale de la secondaire

Inclinaison de la binaire

f(M) = PorbK
3

2/2πG = M1 sin3 i/(1 + M2/M1)2 < M1

masse maximale de stabilité dʼune étoile à neutron

Comment savons-nous 
qu’il y a un trou noir?

M1 > 3M!BH si
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Quelques systemes...
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Les binaires X sont dans un état quiescent la majorité du temps 
(L<10-8Ledd i.e. indétectable), mais quand elles entrent dans un 
état de flare (L~Ledd) leur spectre est dominé  par les X. 

Luminosité X
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Variabilité X
10 Done, Gierliński & Kubota

Fig. 4 As for Fig. 3

especially the longer period systems, can be much more complex than simple
exponential or linear decays (see Figs. 5, 6). The interplay between the irra-
diation controlled H-ionization instability and the tidal instability and/or an
enhanced mass accretion rate from the irradiated companion may go some
way to explaining the variety of light curve behaviour shown in Figs. 3, 4 (e.g.
the review by Lasota 2001). Nonetheless, the match between the disc theory
and the observed long timescale light curves provide compelling evidence for
something very like a Shakura–Sunyaev outer disc in these systems.
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Accretion flows in XRB 9

Fig. 3 RXTE All Sky Monitor light curves of BHB LMXB showing the outburst
behaviour. Blue, green and red points indicate that the spectral hardness corre-
sponds to the hard, very high and soft states, respectively, while black indicates
that the uncertainties on the colour are too large to assign a state. Grey points
correspond to non-detections (3σ). m is the mass (in M!) and d is the distance (in
kpc) used for Eddington luminosity estimates (see Gierliński & Newton 2006 for
details).

outer disc edge temperature drops below the H-ionization point even though
the disc is tiny (Chakrabarty & Morgan 1998; Ergma & Antipova 1999).

While much is now understood, the detailed shape of the light curves of
many of the systems still hold some puzzles. In both NS and BHB, the ac-
cretion rate through the disc can be variable even in persistent systems e.g.
4U 1705–44 and Cyg X-1, while the outburst light curves of many transients,
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Etats Spectraux
GRO J1655-40Forte variabilité spectrale durant les sursauts

Accretion flows in XRB 15

Fig. 8 X/γ-ray spectral states in Cyg X-1. Classical soft (red) and hard (blue)
states taken from Gierliński et al. (1999).

BHB (e.g. the review by Nowak 1995; Section 6.1) led instead to the ‘soft’
and ‘hard’ terminology, based on spectral shape rather than intensity. Here
we will adopt ‘hard state’ as denoting the low/hard state and ‘soft state’ for
the high/soft/thermal dominant state.

Thus both spectral states require that there are two components to the
emission from the accretion flow. There is generally some trace of an optically
thick disc, which can be dominant (as in the soft state) but this is always
accompanied by higher energy emission, which requires that some fraction of
the accretion power is dissipated in optically thin material so that the energy
does not thermalize to the disc temperature (see e.g. the review of radiative
processes in BHB by Zdziarski & Gierliński 2004).

3.2 Optically thin accretion flows: structure

One very attractive possibility for the origin of the optically thin emission
component is if the accretion flow itself becomes optically thin. The key as-
sumption for the disc spectra is that the energy thermalizes. This requires
that there are multiple collisions between protons and electrons, and multi-
ple collisions between electrons and photons. This is not necessarily the case,
especially at low mass accretion rates when the density of the flow becomes
low. Early on it was realized that if the flow is hot then it can easily become
optically thin to electron-photon collisions. This also implies that the flow
is optically thin to electron-proton collisions (e.g. Stepney 1983) which has
very important consequences as the protons probably acquire most of the
gravitational energy (since gravity acts on mass), yet is it electrons which
are by far the more efficient radiators (Shapiro, Lightman & Eardley 1976,
hereafter SLE76; Ichimaru 1977; Narayan & Yi 1995). Incomplete thermal-
ization of protons with electrons leads to the formation of a two temperature
plasma, where the protons gain most of the gravitational energy and lose
very little of it to the electrons, while the electrons gain only a small amount
of energy via Coulomb collisions and lose most of it by radiating. Since the
flow is optically thin then this radiation is in the form of Comptonization,
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Ejection

Etat dur (hard): forte émission radio  ➙  jet
Etat mou (soft): faible/absence d’émission radio  ➙  pas de jet
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état intermédiaire

Cycle d’Hystérésis

Accretion flows in XRB 15

Fig. 8 X/γ-ray spectral states in Cyg X-1. Classical soft (red) and hard (blue)
states taken from Gierliński et al. (1999).

BHB (e.g. the review by Nowak 1995; Section 6.1) led instead to the ‘soft’
and ‘hard’ terminology, based on spectral shape rather than intensity. Here
we will adopt ‘hard state’ as denoting the low/hard state and ‘soft state’ for
the high/soft/thermal dominant state.

Thus both spectral states require that there are two components to the
emission from the accretion flow. There is generally some trace of an optically
thick disc, which can be dominant (as in the soft state) but this is always
accompanied by higher energy emission, which requires that some fraction of
the accretion power is dissipated in optically thin material so that the energy
does not thermalize to the disc temperature (see e.g. the review of radiative
processes in BHB by Zdziarski & Gierliński 2004).

3.2 Optically thin accretion flows: structure

One very attractive possibility for the origin of the optically thin emission
component is if the accretion flow itself becomes optically thin. The key as-
sumption for the disc spectra is that the energy thermalizes. This requires
that there are multiple collisions between protons and electrons, and multi-
ple collisions between electrons and photons. This is not necessarily the case,
especially at low mass accretion rates when the density of the flow becomes
low. Early on it was realized that if the flow is hot then it can easily become
optically thin to electron-photon collisions. This also implies that the flow
is optically thin to electron-proton collisions (e.g. Stepney 1983) which has
very important consequences as the protons probably acquire most of the
gravitational energy (since gravity acts on mass), yet is it electrons which
are by far the more efficient radiators (Shapiro, Lightman & Eardley 1976,
hereafter SLE76; Ichimaru 1977; Narayan & Yi 1995). Incomplete thermal-
ization of protons with electrons leads to the formation of a two temperature
plasma, where the protons gain most of the gravitational energy and lose
very little of it to the electrons, while the electrons gain only a small amount
of energy via Coulomb collisions and lose most of it by radiating. Since the
flow is optically thin then this radiation is in the form of Comptonization,
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Accretion flows in XRB 19

Fig. 9 The left hand panel shows a selection of states taken from the 2005 outburst
of GRO J1655–40. The right hand panel shows the proposed accretion flow changes
to explain these different spectra, with differing contributions from the disc, hot
inner flow and its associated jet, active regions above the disc and a wind.

the hard state is seen at lower luminosities. Comprehensive reviews of the
observational properties of these spectral states are given by e.g. Tanaka &
Lewin (1995) and Remillard & McClintock (2006).

Thus while we have two theoretical stable accretion flow models, a disc
and an optically thin, hot (messy) flow, there are (at least) three different
types of spectra to explain. As outlined in Section 3.4, the hot flows plus
a truncated disc can generically match the hard state properties (see also
Section 4.1), while the spectra seen at high L/LEdd show clear signs of be-
ing dominated by the disc. At these high luminosities the disc is likely to
extend down to the last stable orbit (see Section 5), but even the soft-state
spectra are always accompanied by a high-energy tail. This shows that there
must be some sort of optically thin dissipation which can co-exist with the
majority of the accretion flow being in the form of a disc. This could be due
to some small fraction of the flow in a state analogous to the hot, optically
thin (messy) flow seen in the hard state, but with properties modified by the
strong Compton cooling (Esin 1997; Janiuk, Życki & Czerny 2000) and ther-
mal conduction (Różańska & Czerny 2000; Liu, Meyer & Meyer-Hofmeister
2005). There are also alternatives to these smooth flows in models where the
energy dissipation is instead inherently very inhomogeneous, perhaps due to
magnetic reconnection of flux tubes rising to the surface of the disc, as was
first suggested by Galeev, Rosner & Vaiana (1979), and finds some support
in the inherently variable (in both space and time) dissipation produced by
the MRI (e.g. Hawley & Balbus 2002).

One way to put all these mechanisms together into a plausible model for
all the spectral states is sketched in Fig. 9b, similar to that first proposed
by Esin et al. (1997). In the sections below we will outline how this model
works to explain the observed spectra of each state. We discuss alternatives
to the truncated disc in Section 4.2.
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Densité spectral d’énergie

Etat dur

Etat mou

Courtesy: P. Uttley
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Quelques Exemples

Done & Gierlinski 2005

QPO: 
Quasi Periodic Oscillation
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Emission gamma

Coupure inconnue . 
possibilité d’émission 
gamma VHE

•Loi de puissance non thermique observée dans les états mous

•La plupart des spectres observés le sont dans le domaine X - gamma mou
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Emission UHE
4 J. Albert et al.
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FIG. 4.— From top to bottom: MAGIC, Swift/BAT (from
http://swift.gsfc.nasa.gov/docs/swift/results/transients/) and RXTE/ASM
(from http://heasarc.gsfc.nasa.gov/xte weather/) measured fluxes from
Cygnus X-1 as a function of the time. The left panels show the whole time
spanned by MAGIC observations. The vertical, dotted blue lines delimit the
range zoomed in the right panels. The vertical red line marks the time of the
MAGIC signal.

ture of the TeV emission. If the TeV emission were pro-
duced in the jet well within the binary system, the photon-
photon absorption in the stellar photon field would be dra-
matic, yielding a TeV detection very unlikely. For instance,
Bednarek & Giovannelli (2007) computed the opacity to pair
production for different injection distances from the center of
the massive star and angles of propagation, finding that pho-
tons propagating through the intense stellar field towards the
observer would find in their way opacities of about 10 at 1
TeV. Admittedly, inclination of the orbit and angle of propa-
gation to the observer can change these numbers, but not the
fact that MAGIC observes the excess at the position where
the expected opacity is highest. Therefore, even without an
explanation for a TeV flare, we must consider that the emis-
sion could have been originated far from the compact object.
Interactions of the jet with the stellar wind may lead to such a
situation.
In summary, for the first time we have found experimen-

tal evidence of VHE emission produced by a Galactic stellar-
mass BH. It is also the first evidence of VHE gamma-rays
produced at an accreting binary system. Our results show
that a possible steady VHE flux is below the present IACT’s
sensitivity and tight upper limits have been derived. On the
other hand, we have found evidence for an intense flaring
episode during the inferior conjunction of the optical star, of
time scale shorter than 1 day and rising time of about 1 hour,
correlated with a hard X-ray flare observed by Swift and IN-
TEGRAL. These results point to the existence of a whole new
phenomenology in the young field of VHE astrophysics of bi-
nary systems to be explored by present and future IACT’s.
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the Observatory del Roque los Muchachos in La Palma. The
support of the German BMBF andMPG, the Italian INFN and
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Détection limite a ~4 σ de Cyg X-1 par MAGIC

VHE gamma-ray emission from the galactic black hole Cygnus X-1 3
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FIG. 2.— Distribution of θ2 values for the source (dots) and background
(histogram) for an energy threshold of 150 GeV.

D
E

C
  
  
  

50’
o

34

00’
o

35

10’
o

35

20’
o

35

30’
o

35

40’
o

35

-5

0

5

10

15

20

RA

m56h19m57h19m58h19m59h19m00h20

W
e
ig

h
te

d
 e

x
c

e
s
s

 e
v
e

n
ts

PSF

MAGIC Cygnus X-1
2006-09-24

FIG. 3.— Gaussian-smoothed (σ = 4′) map of γ-ray excess events (back-
ground subtracted) above 150 GeV around Cygnus X-1 corresponding to 78.9
minutes EOT between MJD 54002.928 and 54002.987 (2006-09-24). The
black cross shows the best-fit position of the γ-ray source. The position of
the X-ray source and radio emitting ring-like are marked by the green star and
contour, respectively. The purple dots mark the directions tracked during the
observations. Note that the bin contents are correlated due to the smoothing.

IACT (Fomin et al. 1994; Domingo-Santamarı́a et al. 2005).
These algorithms were trained with a sample of Monte Carlo
(MC) simulated γ-ray events (Majumdar et al. 2005) and op-
timized on 3.7 hours of observations of the Crab nebula per-
formed during the same epoch at similar zenith angles (12-
32◦), yielding the signal selection cuts hadronness<0.1 and
θ < 0.1◦ (where θ is the angular distance to the source posi-
tion). The residual background was evaluated from 5 circular
control regions, located symmetrically to the source position
with respect to the camera center. For daily searches we in-
crease the sample for background estimation by adding con-
trol regions corresponding to close days, obtaining on average
22 times higher statistics than in the on-source region.
A search for steady γ-ray signals was performed for the en-

tire recorded data sample, yielding no significant excess. This
allows us to establish the first upper limits to the VHE γ-ray
steady flux of Cygnus X-1 in the range between 150 GeV and
3 TeV (see Figure 1), of the order of 1–5% of the Crab nebula
flux. Given the time scale of the variability of Cygnus X-1 at
other energy bands, γ-ray signals are searched for also on a
daily basis. The results are shown in Table 1. We obtain re-

sults compatible with background fluctuations at 99% CL for
all the searched samples except for MJD=54002.875 (2006-
09-24). We derive upper limits to the integral flux above 150
GeV between 2 and 25% of the Crab nebula flux (depend-
ing basically on the observation time) for all samples com-
patible with background fluctuations. The data from 2006-
09-24 were further subdivided into two halves to search for
fast varying signals, obtaining 0.5σ and 4.9σ effects for the
first (75.5 minutes EOT starting at MJD 54002.875) and sec-
ond (78.9 minutes EOT starting at MJD 54002.928) samples,
respectively. The post-trial probability is conservatively esti-
mated by assuming 52 trials (2 per observation night) and cor-
responds to a significance of 4.1σ. The sample corresponding
to MJD 54002.928was further subdivided into halves, obtain-
ing 3.2σ and 3.5σ excesses in each. At this point we stopped
the data split process.
The distribution of θ2 for signal and background events cor-

responding to the 78.9 minutes EOT sample starting at MJD
54002.928 is shown in Figure 2. The excess is consistent
with a point like source located at the position of Cygnus X-1.
The map of excess events around the source is shown in Fig-
ure 3. A Gaussian fit yields the location: α = 19h58m17s,
δ = 35◦12′8′′ with statistical and systematic uncertainties
1.5′ and 2′, respectively, compatible within errors with the
position of Cygnus X-1 and excluding the jet-powered ra-
dio nebula at a distance of ∼ 8′. The energy spectrum is
shown in Figure 1. It is well fitted (χ2/n.d.f = 0.5) by
the following power law: dN/(dA dt dE) = (2.3 ± 0.6) ×
10−12(E/1 TeV)−3.2±0.6cm−2s−1TeV−1 where the quoted
errors are statistical only. We estimate the systematic uncer-
tainty to be 35% on the overall flux normalization and 0.2 in
the determination of the spectral index.

3. DISCUSSION

The excess from the direction of Cygnus X-1 occurred si-
multaneously with a hard X-ray flare detected by INTEGRAL
(∼1.5 Crab between 20–40 keV and ∼1.8 Crab between 40–
80 keV) (Türler et al. 2006), Swift/BAT (∼1.8 Crab between
15 and 50 keV) and RXTE/ASM (∼0.6 Crab between 1.5 and
12 keV). Figure 4 shows the correlation between MAGIC,
Swift/BAT and RXTE/ASM light-curves. The TeV excess was
observed at the rising edge of the first hard X-ray peak, 1–
2 hours before its maximum, while there is no clear change
in soft X-rays. Additionally, the MAGIC non-detection dur-
ing the following night (yielding a 95% CL upper limit corre-
sponding to a flux ∼ 5 times lower than the one observed in
the second half of 2006-09-24) occurred during the decay of
the second hard X-ray peak. This phenomenology leads us to
think that, during the 2006-09-24 night, soft and hard X-rays
are produced in different regions. Furthermore, hard X-rays
and VHE γ-rays could be produced at regions linked by the
collimated jet, e.g. the X-rays at the jet base and γ-rays at an
interaction region between the jet and the stellar wind. These
processes would have different physical timescales, thus pro-
ducing a shift in time between the TeV and X-ray peaks. Note
that the distance from the compact object to the TeV produc-
tion region is constrained below 2′ by MAGIC observations
and therefore it is unrelated with the nearby radio emitting
ring-like structure (Gallo et al. 2005). A jet scenario is, how-
ever, not devoid of constraints either. The observed TeV ex-
cess took place at phase 0.91, being 1 the moment when the
BH is behind the massive star. At this phase, MAGIC ob-
servations are available only for the night 2006-09-24, which
precludes any possible analysis of a putative periodicity fea-

Text
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Emission UHE

Aharonian et al A&A 2006

• Détection d’une émission au  TeV  avec modulation orbitale dans LS5039

• Binaires compactes détectées par HESS : 1 pulsar PSR1259-63 et deux objets 
controversés : LS 5039 et LSI+61°303
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Analogie NAG/Microquasar

Trou noir Trou noir
Jet Jet

blob 
relativiste

blob 
relativiste

disque 
d’accrétion disque 

d’accrétion
galaxie 
hôte

étoile 
compagon

Microquasar Quasar
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Comparaison NAG/Microquasar

AGN microquasar

Distance Mpc/Gpc 10 kpc

MBH/Msol 108-1010 10

Tvar 100-1000 sec 1 ms

Macc 1 Msol/an 10-8-10-5 Msol/an
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Théorie
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Processus

L’émission de X/gamma des NAGs et binaires X nécessite des 
particules  très énergétiques (γ>106  dans le cas des blazars TeV)

2 principales classes de modèles :  

Energie primaire injectée...

• ... dans des leptons avec processus purement électromagnétiques

• ... dans des protons avec processus hadroniques 
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Synchrotron
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Emission Synchrotron
• Rayonnement de freinage dans le champ magnétique

• Mouvement hélicoidal de fréquence

• Particule d’énergie E = γmc2

νgyr =
eB

γ2πm
=

νc

γ

• Puissance émise/particule 

En moyenne sur les angles ( <sin2α> = 2/3)

P = −Ė = 2γ2σT c
(B sinα)2

2µ0

P = −Ė =
4
3
γ2σT c

B2

2µ0
=

4
3
γ2σT cWB➥

tsyn =
E

Ė
∝ 1

E➥
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Spectre Synchrotron

• Si distribution en loi de puissance

avecPν = P0ν
−p (νs,min < ν < νs,max)

dn

dγ
= N0γ

−s (γmin < γ < γmax)

p =
s− 1

2

log Pν

log ν
νmin νmax

ν1/3
ν−

s−1
2

ν2 exp−ν/νmax

• Fréquence synchrotron typique νs = γ2 eB

2πm

Pν ∝ exp (−ν/νs,max) si ν # νs,max

Pν ∝ ν1/3 si ν " νs,min



IIème Ecole de Physique des Astroparticules 7 -12 septembre 2009 OHP  St Michel l’Observatoire

• Coupure haute énergie 

γmax  déterminé en général par le temps d’accélération et le temps de 
perte le plus rapide 

• Valeur maximale quand  

• Ce qui fournit :
où α=1/137  est la constante de structure fine.

➥ hνmax = 60 MeV pour des leptons (e-/e+ ) et ~ 120 GeV pour protons 
(NB doit être x facteur Doppler δ si mouvement relativiste)

Fréquence synchrotron maximale 
νs,max = γ2

max
eB

2πm

tsyn < tgyr = 1/νgyr

νgyr =
eB

γ2πm
=

νc

γ
tsyn =

E

Ė
=

mc

γσT WB

hνmax = mc2/α
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Synchrotron Auto-absorbé

• Le plasma devient opaque à sa propre émission synchrotron

• Réabsorption synchrotron intervient lorsque la température de 

rayonnement                        excède la « température particulaire »kTν =
c2

2ν2
Iν

Log(Log(νν))

TpTp

TTνν

ννabsabs

kTp = γmc2

Iν<νabs ∝ ν2

Iν<νabs ∝ ν5/2

- Pour une distribution thermique 
de particules

- Pour une distribution non-
thermique de particules
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Comptonisation 
Thermique
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Comptonization thermique

• Découvert par A.H. Compton en 1923

• gain/perte d’énergie d’un photon par collision avec une électron

Si l’électron est au repos:

E = hν

E
′
= hν

′

Compton

Inverse Compton

Pour des particules en mouvement
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Comptonization d’un champs de photons 
“mous” par un plasma d’électrons 
charactérisé par une température T et une 
profondeur optique τ

 - Gain moyen d’énergie par collision

- Nombre moyen de diffusions

➨ paramètre Compton

pour E ≪ kT

pour E ≳ kT

Comptonization thermique

Rybicki et Lightman (1979)

Tsoft

(Te, τ)
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(Courtesy: J. Malzac)

Ex.: for τ ∼ 1

➥ dégénérescence spectrale, différents (kT, τ) pouvant 
donner le même Γ

Comptonization thermique
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Equilibre Radiatif
Si les 2 phases sont en équilibre radiatif, la température et 
profondeur optique de la couronne suivent une relation univoque, 
pour une géometrie donnée (Haardt & Maraschi 1991, 1993).

Sphere

Hemisphere
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Comptonisation 
non-thermique
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Principales Caractéristiques

• Production d’un spectre non-thermique

• Transfert d’énergie par collision très éfficace

⇒

• Puissance émise dans un champ de 
photon isotrope

• Temps de perte CI 

i.e. refroidissement CI très rapide !!!

P = −Ė =
4
3
γ2σT cWph

tIC =
E

Ė
=

mc

γσT Wph
∝ 1

E

tIC !
R

c
pour AGN/μquasar
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Thomson vs Klein-Nishina

• Régime Thomson (classique)  : γεs << 1 (i.e. energie dans (Re) < 511 keV )

  - photon diffusé sans perte d’énergie (dans Re)

  - section efficace Thomson constante σT.

 - Dans (R ), énergie finale ~ γ2εs mc2 (faible perte d’énergie pour l’électron)

• Regime Klein Nishina (quantique) : γεs >> 1 (i.e. energie dans (Re) > 511 keV )

  - diffusion inélastique  (dans Re )

   - section efficace totale KN  σT ln(γεs)/γεs << σT 
  - Dans (R ), énergie finale ~ γ mc2   i.e.perte d’énergie catastrophique pour l’ 
électron

Soit εsmc2 l’énergie du photon dans le référentiel du laboratoire (R )
Dans le référentiel de l’électron (Re) l’énergie du photon devient ~γεsmc2

Deux régimes
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Application au Cas des Blazars
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RB

Γ

θ• Un blob sphérique homogène, rempli par 
un champ magnétique et un plasma de 

particules ayant une énergie caractéristique 
γ0 

Le Modèle SSC 1-zone

• 5 paramètres : R, B, N, γ0, et δ
particules (N, γ0)

• Effet Compton sur les photons synchrotron 
(Synchrotron Self-Compton)
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time average SED

E [MeV]
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D.Sanchez Multiwaveband Observations of the TeV Blazar PKS 2155-304 with HESS, Fermi, RXTE, Swift and ATOM 19/27

Hyp: diffusion thomson

• Pic Synchrotron 

• Pic Compton inverse

• Luminosité synchrotron

La dégénérescence peut être levée par l’utilisation d’une autre contrainte 
indépendante ou en se fixant l’un des paramètres (ex δ)

• Luminosité Compton Inverse

γ2
0Bδ

γ4
0Bδ

Nγ2
0B2δ4

Nγ2
0Wsynδ4 = N2γ4

0B2δ4/R2

→ γ0 et Bδ

→ Rδ

Dégénérescence

→ Nγ2
0

• 4 contraintes: fréquences et intensité 
des deux pic synchrotron et CI
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Opacité γ-γ
• Photons d’énergie εmec2 principalement absorbés par les photons 
d’énergie  (1/ε)mec2  (seuil de création de paires dans le référentiel du cm.)

• Avec une densité de photons par unité de volume et d’énergie n(ε), et 

une source sphérique de rayon R.

Si τγγ> 1 les photons gamma ne peuvent pas sortir de la 
source et donc être détectés

n(ε) =
L(ε)

εmec24πR2c

τγγ(ε) ! 1
ε
n

(
1
ε

)
σT R

• Pour une source statique, borne supérieure sur R par la variabilité :  R < cTvar 
et donc valeur min de τγγ 

τγγ(ε) ! σT

4πmec3

L(1/ε)
R

e−τγγ(ε)nb photons
émis = nb photons

produits x

➨

➨Avec

➥
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Cas de PKS 2155-304

Photons d’énergie E  (TeV) absorbés par les 
photons de longueur d’onde λ(μm) = E (TeV).

time average SED

E [MeV]
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D.Sanchez Multiwaveband Observations of the TeV Blazar PKS 2155-304 with HESS, Fermi, RXTE, Swift and ATOM 19/27

Campagne Multi-Lambda

L(1µm) ! 1047erg.s−1

τγγ > 5× 104!!!

Source statique impossible ➨ jet relativiste

Flare été 2006

Aharonian et al. (2009)

Aharonian et al. (2007)

Tvar = 200 sec

➥
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Limite de Puissance SSC
PIC

Psyn
=

4
3γ2σT cWph
4
3γ2σT cWB

=
Wph

WB

• Générations Compton Inverse successives produiront des 
photons dont les rapports de puissance successifs sont constants

... =
P (2)

IC

P (1)
IC

=
P (1)

IC

Psyn
=

Wph

WB

• On a:

Limite la température de brillance Tn<1012 K (source statique) ➥

Observation de  Tn~1015 K  ➨ amplification Doppler➥

• Les pertes deviennent catastrophiques si   Wph/WB >1 , i.e. PIC > Psyn

LIC

Lsyn
!

[
Tb

1012K

]5 ( ν

108.5Hz

)PIC

Psyn

.
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Jet Stratifié ?
116 CHAPITRE 12 – APPLICATION À PKS 2155-304

4. Propriété des solutions de jet stratifié

Afin de mieux appréhender le fonctionnement du modèle de jet stratifié, ainsi que ses propriétés

qui le différencient des modèles une-zone , je vais m’interesser dans les paragraphes suivant à

analyser l’évolution des paramètres physiques du jet, dans les solutions stationnaires.

§ 45. Stratification de l’émission

10 15 20 25

eV keV MeV GeV TeV
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FIG. 35. Contribution de l’émission des

différentes sections du jet dans le spectre

total pour un jeu donné de paramètres.

Chacun des spectres délimité par une

ligne pointillée correspond à l’émission

intégrée d’une décade en Z0 (Z0 ×
[10n; 10n+1]) du jet. La ligne verticales

rouge (resp. bleue) repère la position des

photons d’énergie 100GeV (resp. 5 TeV)

qui seront absorbés par les photons

mous à νabs (Eq. 45.313 avec δb ∼ 25),

repérée par la ligne tiretée rouge (resp.

bleue).

Tout d’abord, il est aisé de mettre en évidence la stratification de l’émission qui définit la

forme du spectre. Sur la figure 35, nous pouvons voir le spectre de la solution de l’état de flare,

sur lequel on a superposé les spectres de sections successives du jet que l’on a échantillonnées

logarithmiquement. Ainsi, chacun des spectres de couleur délimité par des pointillés correspond

à l’émission d’une partie du jet, intégrée sur l’intervalle Z0 × [10n ; 10n+1], avec n ∈ N. Le

spectre en rouge correspond donc à la contribution des parties les plus internes du jet jusqu’à

10 Z0. On identifie immédiatement que cette partie du jet est responsable de l’émission de

haute énergie (X et TeV). Au contraire, le spectre gris clair, qui est l’émission du jet entre 105

et 106 Z0, est responsable de l’émission des basses fréquences du spectre (radio-IR). Ainsi, la

taille caractéristique responsable de l’émission dans une bande de fréquence augmente lorsque

la fréquence diminue, et les temps de variabilité s’en trouvent rallongés.

On observe bien le décalage du pic d’émission vers les basses fréquences lorsqu’on considère

les parties plus éloignées et à plus grande échelle dans le jet. Alors que dans les modèles

une-zone, c’est la distribution en énergie des électrons qui définit la forme du spectre, elle est

contrôlée dans notre modèle de jet stratifié par l’évolution de la position du pic d’émission (en

fréquence et en flux) en fonction de l’altitude z dans le jet. Cette évolution est globalement

contrôlée par les paramètres géométriques du jet, notamment sa forme (via l’indice ω de

l’équation 18.157 page 65):

r(z) = R0

[

z

Z0
+

(
Ri

R0

)1/ω
]ω

(45.310)

• Les rayonnements IR et TeV ne 
sont pas émis au même endroit du 
jet

• Relache la contrainte sur 
l’opacité et permet d’obtenir des 
δ plus faibles (~10)

(e.g. Boutelier et al. 2008)
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Une Crise du Facteur de Lorentz

• Pour les blazars du TeV (Mrk 501, PKS 2155), les estimations fournissent de  
grands facteurs de Lorentz (30 to 50, voire 100)

• Bien supérieurs aux vitesses superluminiques (< 10)

• Bien supérieurs aux modèles d’unification 
statistique ET contraste de luminosité suggèrent plutôt 3 à 5

• Incompatibles avec la détection de radiogalaxies (M87, CEN A)

• Difficiles à justifier théoriquement !!!

 Modèles 1-zone probablement trop simples, mais même modèles de jets 
stratifiés ne peuvent pas reproduire les variabilités très rapides. 

Mais

➥
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Application au Cas des Seyferts
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La Couronne Thermique dans 
NGC 7469

NGC 7469 a été observé durant 30 jours par IUE et XTE
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Modèle de Comptonisation 
Thermique

Tsoft

(Te, τ)
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Modèle de Comptonisation 
Thermique
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Modèle de Comptonisation 
Thermique
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Modèle de Comptonisation 
Thermique
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Une Couronne Variable

Une interprétation possible: une couronne qui se « morcelle »
Petrucci et al. (2004)

disque

couronne
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Application aux Binaires gamma
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Vent de Pulsar
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(Dubus 2006, 2007, Cerutti et al. 2008)

Flux gamma modulé par l’absorption de paires

Observations VLBA de LSI+61°303
(Dhawan et al. 2006)
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Prospective
- Radio-loud: accumuler les détections (blazar, radio galaxies,...) pour 
tester le modèle d’unification. Les variabilités multi-lambda sont 
aussi très contraignantes pour les modèles.

- Radio-quiet: a priori on ne s’attend pas à une détection. La NLSy1 
est peut être un objet intermédiaire entre radio-loud/radio quiet

- Microquasar: pas de détection claire.... mais serait un résultat 
majeur... 
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Merci !



IIème Ecole de Physique des Astroparticules 7 -12 septembre 2009 OHP  St Michel l’Observatoire

Jet et Couronne dans 
les microquasars

Standard 
accretion disc

JEDi

Jet

Standard 
accretion disc

JEDi

Comptonized 
synchrotron

Brem.

External Compton.

Application to XTE 1118+480 from 
radio to X-rays (Foellmi et al. in prep.)

Rtr=100 Rg

Mbh=10 Msun

Pmag/Ptot=1

Vacc/cs=1
M/Medd=0.01
. .
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Origine des photons mous

Electrons relativistes diffusent sur tous les photons dans le régime 
Thomson (régime KN regime moins efficace ) 

• Photons émis par la matière extérieure (disque, raies) : 
➥ Compton Externe

• Photon synchrotrons : 
➥ Synchrotron Self Compton (SSC )

• Photons du rayonnement cosmologique à 2.7 K
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Lobe et surface de Roche



Microquasars = XrB avec Jets

Le 1er microquasar a été découvert en 
1992: 1E1740.7–2942 près du centre 
galactique (Mirabel et al. 1992)

Jets similaires à 
ceux observé 
dans les AGNs

kp
c/

M
pc

pc

Cyg AUn microquasar est une étoile binaire composé 
d’une étoile normale (la secondaire) et d’un objet 
compact (NS ou BH) et qui possède la signature 
claire d’ une éjection puissante
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Variabilité
Model d’ordre zéro

Courtesy: P. Uttley
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