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Aktive Galaxienkerne
• Zentraler Bereich (pc-Skala) 

strahlt soviel Energie ab, wie 
eine ganze Galaxie (30 kpc)

• Nichtthermische 
Kontinuumsemission

• Schwarzes Loch treibt Jets an

• Produktion von Radio bis 
Gamma-Strahlung

• Wird detektiert vom 17m 
MAGIC-Teleskop
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Blazar-Modelle
• Synchrotron Self 

Compton (SSC)

• Flares in verschiedenen 
Wellenlängen (KVA-
MAGIC)
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representing the onset of the hard inverse Compton component, is
summed to this curved synchrotron component. The normalization
of this second X-ray component is kept fixed relative to the radio
one. Based on our findings (see Fig. 7a), we then assume that the
peak frequency of the synchrotron spectral component is (inversely)
related to radio luminosity. The simplest hypothesis of a straight
unique relationship between npeak;sync and L5GHz does not give a
good result when compared with the average SEDs. We then allow
for a different SED-shape/luminosity dependence for high and low

luminosity objects, a distinction that turns out to roughly corre-
spond to that between objects with and without prominent emission
lines. We adopted a ‘two-branch’ relationship between npeak;sync and
L5GHz in the form of two power laws npeak;sync! L

¹h
5GHz, with h ¼ 0:6

or h ¼ 1:8 for log(L5GHz) higher or lower than 42.5, respectively.
The shape of the analytic SEDs is parabolic with a smooth
connection to a fixed power law in the radio and the loci of the
maxima as defined above. A full description of the parametrization
can be found in Fossati et al. (1997), in which a similar scheme was
proposed to account for the source number densities of BL Lacs
with different spectral properties (LBL and HBL).

The analytic representation of the second spectral component
(X-ray to g-rays) is a parabola of the same width as the synchrotron
one, and has been obtained assuming that (a) the ratio of the
frequencies of the high and low energy peaks is constant
(npeak;Compt=npeak;sync ! 5 ! 108) and (b) the high energy (g-ray)
peak and radio luminosities have a fixed ratio, ngLpeak;gamma=

n5GHzL5GHz ! 3 ! 103. Given the extreme simplicity of the latter
assumptions, it is remarkable that the phenomenological analytic
model describes the run of the average SEDs reasonably well. The
worse case refers to the second luminosity bin: the analytic model
predicts a g-ray luminosity larger than the computed bin average by
a factor of 10 (but predicts the correct spectral shape). We note that
only five g-ray detected objects fall in this bin.

The results derived from the above analysis (see in particular
Figs 10–12) can then be summarized as follows.

(i) Two peaks are present in all the SEDs. The first one (synchro-
tron) is anticorrelated with the source luminosity (see Figs 7 and
Table 4), moving from "1016–1017 Hz for less luminous sources to
"1013 ¹ 1014 Hz for the most luminous ones.

(ii) The X-ray spectrum becomes harder while the g-ray spec-

trum softens with increasing luminosity, indicating that the second
(Compton) peak of the SEDs also moves to lower frequencies from
"1024–1025 Hz for less luminous sources to "1021 –1022 Hz for the
most luminous ones.

(iii) Therefore, the frequencies of the two peaks are correlated:
the smaller the npeak;sync, the smaller the peak frequency of the high
energy component. A comparison with the analytic curves shows
that the data are consistent with a constant ratio between the two
peak frequencies.

(iv) Increasing L5GHz increases the g-ray dominance, i.e. the
ratio of the power emitted in the inverse Compton and synchrotron
components, estimated with the ratio of their respective peak
luminosities (see also Fig. 9).

The fact that the trends present when comparing the different
samples (e.g. Fig. 10) persist when the total blazar sample is
considered and binned according to radio luminosity only, suggests
that we are dealing with a continuous spectral sequence within the
blazar family, rather than with separate spectral classes. In parti-
cular the ‘continuity’ clearly applies also to the HBL–LBL sub-
groups: HBL have the lowest luminosities and the highest peak
frequencies.

An interesting result apparent from the average SEDs is the
variety and complexity of behaviour shown in the X-ray band. As
expected, the crossing between the synchrotron and inverse Comp-
ton components can occur below or above the X-ray band, affecting
the relation between the X-ray luminosity and that in other bands. A
source can be brighter than another at 1 keV while simultaneously
being dimmer in the rest of the radio–g-ray spectrum (except
probably in the TeV range). This effect narrows the range of
values spanned by L1keV and explains why g-ray detected sources
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Figure 11. X-ray and g-ray spectral indices plotted against radio luminosity.

Figure 12. Average SEDs for the ‘total blazar sample’ binned according

to radio luminosity irrespective of the original classification. The overlaid

curves are analytic approximations obtained according to the one-

parameter-family definition described in the text.

Fossati et al. 1998
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Ground!based gamma ray observations with the MAGIC Telescope on La Palma, Canarian Islands, ar" 
currently backed up in the optical by simultaneous optical observations using the KVA observatory in a 
partia#y robotic mode. In order to improve its sensitivity for sma#!amplitude optical $ux variations i% 
faint sources, we plan to upgrade the telescope in the KVA dome to a fu#y robotic 1m!class telescope.

The Major Atmospheric Gamma Imaging Cherenkov %MAGIC& telescope 
is a 17 m Imaging Air Cherenkov Telescope %IACT& located on Roque de 
los Muchachos %La Palma, Canary Islands, 2200 m above sea level&, aimed 
to detect gamma rays from 30 GeV to several TeV.

The Observatory of the Swedish Academy of Sciences %Kungliga Vetenskapsakademien, KVA& is operated 
from Tuorla near Turku, Finland on La Palma's Roque de los Muchachos %2300 m& with very small robotic 
telescopes: 60 cm f/15 Cassegrain for polarimetry, 35 cm f/11 SCT for photometry, equipped with a CCD 
polarimeter and an SBIG ST#8E 1k x 1.5k CCD + BVRI (lter wheel

Physics case

Blazars) ) ) ) One of the key programs run with the MAGIC telescope is to observe blazars, the most variable active galactic nuclei emitting broad band continuum emission ex#
tending into the gamma ray range.
Microquasars) ) resemble the blazars, but on a stellar mass scale, and extremely short time variability is expected %fast photon#counting devices rather than large imaging CCDs are 
needed for studying these sources&

Observations
• Time Variability / Monitoring!Blazars show variability on timescales from several minutes to years
• Polarimetry) Detecting %the variability of& linearly polarized radiation gives clues about the magnetic (eld of the source
• Core"host separation) To only detect variability in the AGN itself it is necessary to seperate host and AGN. Better resolution images will enable better core#host separation

Other science goals
• Gamma Ray Burst follow#up

Plan: Extension to meter"class telescope

Bene#ts of a larger telescope

• Detection of short#time and small amplitude variability of blazars 

and microquasars

• Monitoring of MAGIC observations

• Follow#up observations of gamma ray bursts

• Possible integration into network of robotic telescopes

Discovery of VHE ! rays from Mrk 180 triggered by an optical outburst
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Fig. 1.— The R-band lightcurve of
Mkn 180 extending from January 2003 to
end of March 2006 as measured by the

KVA.

The alert was given as the core flux increased by 50% from its quiescent level value as

determined from over three years of data recording and shown in Fig. 1. During the MAGIC
observation of the source optical follow-up observations were performed with KVA. The

simultaneous MAGIC, ASM and KVA lightcurve is shown in Fig. 2.

Mkn 180 was observed in 2006 during 8 nights (from March 23 to 31), for a total of 12.4

hours, at zenith angles spanning from 39◦ to 44◦. The observations were performed in the so-
called wobble mode (Daum et al. 1997). In this mode, the telescope is pointed alternatively

for 20 minutes to two opposite sky positions at 0.4◦ off the source. The observation conditions
were mostly good; during some nights there were some high clouds. Runs with unusual

trigger rates due to detector problems or adverse atmospheric conditions were rejected. Total
observation time was thus reduced to 11.1 hours.

The data were analyzed using the standard analysis and calibration programs for the
MAGIC telescope (Bretz 2005; Wagner et al. 2005; Gaug et al. 2005). For the γ/hadron

separation a multidimensional classification technique based on the Random Forest method
was used (Breiman 2001; Bock et al. 2004). The cuts for the γ/hadron separation were
trained using a fraction of randomly chosen data to represent the background (hadrons) and

compared to Monte Carlo (MC) γ events with the same zenith angle distribution (CORSIKA
version 6.023, Knapp & Heck (2004); Majumdar et al. (2005)). The cuts were then chosen

such that the overall cut efficiency for MC γ events was about 50%. The number of excess
events is determined as the difference between the source and background region in the θ2

distributions, θ being the angular distance between the source position in the sky and the
reconstructed arrival position of the air shower. The latter position is determined for each
shower image by means of the so-called DISP method (Fomin et al. 1994; Lessard et al.

2001; Domingo-Santamaŕıa et al. 2005), using image shape parameters (Hillas 1985). In
order to determine the background distribution, three background regions of the same size

are chosen symmetrically to the on-source region in respect to the camera center. A final
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Fig. 4.— The differential energy spec-
trum of Mkn 180. Full circles denote

the spectrum measured by MAGIC. Open
circles represent the de-absorbed energy
spectrum (see text). The horizontal bars

indicate the size of each energy bin. The
black line represents the best power law

fit to the measured spectrum. The fit pa-
rameters are listed in the figure. For com-

parison, the Crab Nebula energy spec-
trum as derived from MAGIC data (Wag-
ner et al. 2005) is shown (dashed line).

Triggered by the optical outburst measured with KVA, 
Mrk 180 was observed with MAGIC, resulting in the 
(rst detection of this source at very high energies 
%Albert et al. 2006&. The plot shows the measured dif#
ferential energy spectrum from 190 GeV to 1.2 TeV 
%(lled dots& as well as the spectrum after correction for 
gamma#ray absorption in the metagalactic radiation 
(eld %circles&.

The lightcurve of Markarian 180 in the R#band from January 2003 to 
March 2006. In 2006 KVA detected an outburst of the source.

The Spectral Energy Distribution of Mrk 180. Simultaneous data %UM#
RAO *radio+, KVA *optical+, ASM *x#ray+, MAGIC *gamma+& are noted 
in black. Grey points represent historical data %Giommi et al. 2002, 
Perlman et al. 2005&. Arrows denote upper limits from ASM, EGRET 
%Fichtel et al. 1994&, Whipple, and HEGRA %marked ASM, E, W, and H 
respectively& The solid line is from Costamante & Ghisellini %2002& and 
the dashed line is from Fossati et al. %2000&.
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Diplomarbeit: Synchrotron-Modell um 
Invers-Compton-Term zu einem SSC-
Modell erweitern
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Modell
• Nach Kirk/Rieger/Mastichiadis 1998 (A&A 333, 452)

• Schockfront (am ISM) führt zu Shockbeschleunigung 

• Beschleunigung am Schock und Abstrahlung in 
verdichtetem Magnetfeld 
dahinter

• Beobachtung nahe 
Jet-Achse 
(Blazar-Phänomen) führt zu
relativistischer Verstärkung 
der beobachteten Intensität
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Kinetische Gleichung
Beschleunigungszone

Charakteristische Zeitskalen: 

• Beschleunigungszeit: tacc

• Entweichzeit (katastrophale Verluste): tesc

• Energieverlust durch Synchrotron-Verluste: 
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Elektronenverteilung
Analytische Lösung
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Strahlungszone:

n(γ,t): differentielle Teilchenzahldichte
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Elektronenverteilung

Stationäre Verteilung: 
spectral break 
unterscheidet Elektronen 
die in der Quelle kühlen 
(rechts) von denen die 
außerhalb kühlen (links).
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Fig. 1. The electron distribution integrated over the source, as given

by Eq. (10). The three curves correspond to the times 5tacc (solid line),
30tacc (dotted line) and 500tacc, (dashed line). At larger times the
distribution does not evolve appreciably. For this plot, tesc = 2tacc
(i.e., s = 3.5) and tb = 100tacc. At t = 5tacc, no particles have had
time to cool, since the cooling time at the maximum Lorentz factor

of γ ≈ 0.025γmax is approximately 40tacc. At times t > 500tacc all
particles with γ > γmaxtacc/tb cool, whereas those of lower γ leave
the source without significant loss of energy.

space. The kinetic equation governing the differential density

dn(x, γ, t) of particles in the range dx, dγ is then

∂n

∂t
− ∂

∂γ
(βs γ2 n) =

N(γ, t)
tesc

δ(x − xs(t)) (6)

where xs(t) is the position of the shock front at time t. For a
shockwhich starts to accelerate (and therefore ‘inject’) particles

at time t = 0 and position x = 0 and moves at constant speed
us, the solution of Eq. (6) for γ > γ0 is

n(x, γ, t) =
a
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[

1
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− βs
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)

− 1
γmax
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[
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, (7)

where γ1(t) is given by Eq. (5). To obtain the synchrotron emis-
sivity as a function of position, time and frequency we convolve

the density n with the synchrotron Green’s function P (ν, γ).
A convenient approximation to this function is given by Mel-

rose (1980):

P (ν, γ) = asz
0.3 exp(−z) (8)

where as =
√

3e2Ω sin θ/(2πc) is a constant and z ≡
4πν/(3Ω sin θγ2), with Ω = eB/m the electron gyro fre-

quency and θ the angle between the magnetic field direction

and the line of sight. At a point x = X (> ust) on the symme-
try axis of the source at time t the specific intensity of radiation
in the x direction depends on the retarded time t̄ = t−X/c and
is given by

I0(ν, t̄) =
∫

dγP (ν, γ)
∫

dx n(x, γ, t̄ + x/c) (9)

and the integrated particle density can readily be evaluated:
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The limits of the spatial integration are given by the retarded

position of the shock front

x1(t̄) =
ust̄

1 − (us/c)
. (11)

and the retarded position x0(γ, t̄) of the point furthest from the
shock front at which particles have Lorentz factor γ at time
t̄ + x0/c. This is given either by the solution xcool(γ, t̄) of the
transcendental equation

[
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+
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]

=

1 +
(
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γ0
− 1

)
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or by the assumed maximum spatial extent of the emission re-

gion (i.e., the point at which the magnetic field declines sub-

stantially). Denoting this distance by L, we have

x0(γ, t̄) = Max [xcool(γ, t̄), x1(t̄) − L] (13)

This is most conveniently expressed in terms of the (retarded)

time tb for the plasma to traverse the emitting region, as mea-
sured in the plasma rest frame:

tb =
(1 − us/c)L

us
(14)

Eq. (10) gives the integrated particle density for times greater

than the ‘switch-on’ time:

t̄ > ton = tacc
(

1 − us

c

)

log
[

(γmax/γ0) − 1
(γmax/γ) − 1

]

(15)

before which it vanishes. The resulting electron spectrum, in-

tegrated over the source is depicted in Fig. 1. A characteristic

break in the spectral slope appears at a particular Lorentz fac-

tor γbr(t) which, at any given time, separates those electrons
which cool within the source (γ > γbreak) from those which

do not cool within the source (γ < γbreak). At large times, all

electrons with γ < γbreak(∞) = γmax/(1 + tb/tacc) leave

5 tacc

50 tacc

500 tacc
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Photonenspektrum
• Falten mit Synchrotron-

Green-Funktion bzw. 
(Delta-)Näherung:

•  Synchrotron-Spektrum 
mit break von der 
Elektronenverteilung
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the source before cooling, and the integrated electron density

becomes time-independent.

A question which remains open in this approach is the syn-

chrotron radiation emitted by a particle whilst in the accelera-

tion region. If the magnetic field ahead of the shock were the

same as that behind the shock, the total emission could easily

be computed using Eq. (3). For t > ton, we would have an extra
contribution to the flux:

Is(ν, t̄) =
∫

dγP (ν, γ)
∫

dxN(γ, t̄)δ[x − us(t̄ + x/c)]

=
a

(1 − us/c)γ(tacc+tesc)/tesc
max

∫

dγP (ν, γ)
(

γmax

γ

)2

(

γmax

γ
− 1

)(tacc−tesc)/tesc

. (16)

and the total emission I1(ν, t̄) would be given by

I1(ν, t̄) = I0(ν, t̄) + Is(ν, t̄) (17)

However, for oblique shocks, the magnetic field strength is

expected to increase upon compression at the shock. Particles

undergoing acceleration spend part of the time in the upstream

and part in the downstream plasma, so that it is not clear how

to evaluate their synchrotron emission, although Eq. (16) cer-

tainly gives an upper limit. At oblique shocks, reflection at the

front itself is thought to be more important than diffusion in the

downstream zone, (Kirk & Heavens 1989), so that accelerating

particles spend all their time upstream. In this case, it seems

reasonable to neglect the emission from the acceleration zone

completely, which is the approach adopted here. An improved

treatment of this point demands a full time-dependent solution

of the diffusion advection equation,which requires considerable

numerical effort (Fritz & Webb 1990).

All quantities calculated so far in this section refer to the

frame in which the radiating plasma is at rest (the jet frame).

For application to blazars, they must be transformed into the

observer’s frame. Assuming the observer to lie in the direction

of motion of the plasma, and denoting the plasma bulk velocity

by cβb, the relevant transformations are

X = Γb(D − βbc tobs) (18)

t = Γb(tobs − βbD/c) (19)

νobs = Γb(1 + βb)ν ≈ 2Γbν (20)

Iobs(νobs, tobs) = (νobs/ν)3I(ν, t̄) ≈ 8Γ3
bI(ν, t̄) (21)

where Γb (# 1) is the Lorentz factor of the approaching jet
plasma and D the position of the detector with respect to the

position of the shock at t = 0, as measured in the observer’s
reference frame.

Several simple qualitative results follow from these expres-

sions. Close to the maximum emitted frequency, the timescale

on which the intensity varies in the frame of the plasma is

roughly the switch-on time ∼ (1 − us/c)tacc. According to
Eqs. (18) and (19), t̄ = (1 + βb)Γb(tobs − D/c) Thus, the ob-
served timescale is shorter than the intrinsic tacc by a factor
Γb(1 + βb)/(1 − us/c). Doppler boosting of the flux, is inde-
pendent of the shock speed, and is given simply by Eq. (21).

Fig. 2. The radio – X-ray spectrum of the object Mkn 501 (data taken

from the collation of Catanese et al. 1997) together with the stationary

synchrotron emission from a single homogeneous source

3. Application to the synchrotron spectra of blazars

The simple model described above provides a remarkably good

fit to the radio toX-ray spectra of several blazars.As an example,

we show in Fig. 2 observations of the object Mkn 501. The

gamma-ray emissionof this object,whichhas been the subject of

much recent interest (e.g., Bradbury et al 1997), is not included

in this figure, since it is not thought to arise as synchrotron

radiation. For the X-ray emission we display the archival data

selected by Catanese et al. (1997) and not the data taken during

the TeV flare in April 1997.

The stationary emission (t → ∞) found from Eq. (9) by a

single numerical quadrature over the synchrotron Green’s func-

tion is also shown in Fig. 2. The form of the spectrum is very

close to that given by Meisenheimer & Heavens (1987), who

used an analytic solution to the stationary diffusion/advection

equation, including synchrotron losses. Four free parameters are

used to produce this fit:

1. the low frequency spectral index α = −0.25, which corre-
sponds to taking tacc = tesc/2

2. the characteristic synchrotron frequency emitted by an elec-

tron of the maximum Lorentz factor as seen in the observers

frame (taken to be 1.3 × 1018 Hz)

3. the spatial extent of the emitting region, which determines

the position of the spectral break at roughly 5 × 1012 Hz,

corresponding to tb = 700tacc
4. the absolute flux level.

Since we restrict our model to the synchrotron emission

of the accelerated particles, it is not possible independently to

constrain quantities such as the Doppler boosting factor, or the

magnetic field. These can, however, be found using a model

for the gamma-ray emission, for example the synchrotron self-

Kirk et al. 1998 mit Daten aus 
Catanese et al. 1997
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the source before cooling, and the integrated electron density

becomes time-independent.

A question which remains open in this approach is the syn-

chrotron radiation emitted by a particle whilst in the accelera-

tion region. If the magnetic field ahead of the shock were the

same as that behind the shock, the total emission could easily

be computed using Eq. (3). For t > ton, we would have an extra
contribution to the flux:

Is(ν, t̄) =
∫
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∫

dxN(γ, t̄)δ[x − us(t̄ + x/c)]

=
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(
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. (16)

and the total emission I1(ν, t̄) would be given by

I1(ν, t̄) = I0(ν, t̄) + Is(ν, t̄) (17)

However, for oblique shocks, the magnetic field strength is

expected to increase upon compression at the shock. Particles

undergoing acceleration spend part of the time in the upstream

and part in the downstream plasma, so that it is not clear how

to evaluate their synchrotron emission, although Eq. (16) cer-

tainly gives an upper limit. At oblique shocks, reflection at the

front itself is thought to be more important than diffusion in the

downstream zone, (Kirk & Heavens 1989), so that accelerating

particles spend all their time upstream. In this case, it seems

reasonable to neglect the emission from the acceleration zone

completely, which is the approach adopted here. An improved

treatment of this point demands a full time-dependent solution

of the diffusion advection equation,which requires considerable

numerical effort (Fritz & Webb 1990).

All quantities calculated so far in this section refer to the

frame in which the radiating plasma is at rest (the jet frame).

For application to blazars, they must be transformed into the

observer’s frame. Assuming the observer to lie in the direction

of motion of the plasma, and denoting the plasma bulk velocity

by cβb, the relevant transformations are

X = Γb(D − βbc tobs) (18)

t = Γb(tobs − βbD/c) (19)

νobs = Γb(1 + βb)ν ≈ 2Γbν (20)

Iobs(νobs, tobs) = (νobs/ν)3I(ν, t̄) ≈ 8Γ3
bI(ν, t̄) (21)

where Γb (# 1) is the Lorentz factor of the approaching jet
plasma and D the position of the detector with respect to the

position of the shock at t = 0, as measured in the observer’s
reference frame.

Several simple qualitative results follow from these expres-

sions. Close to the maximum emitted frequency, the timescale

on which the intensity varies in the frame of the plasma is

roughly the switch-on time ∼ (1 − us/c)tacc. According to
Eqs. (18) and (19), t̄ = (1 + βb)Γb(tobs − D/c) Thus, the ob-
served timescale is shorter than the intrinsic tacc by a factor
Γb(1 + βb)/(1 − us/c). Doppler boosting of the flux, is inde-
pendent of the shock speed, and is given simply by Eq. (21).

Fig. 2. The radio – X-ray spectrum of the object Mkn 501 (data taken

from the collation of Catanese et al. 1997) together with the stationary

synchrotron emission from a single homogeneous source

3. Application to the synchrotron spectra of blazars

The simple model described above provides a remarkably good

fit to the radio toX-ray spectra of several blazars.As an example,

we show in Fig. 2 observations of the object Mkn 501. The

gamma-ray emissionof this object,whichhas been the subject of

much recent interest (e.g., Bradbury et al 1997), is not included

in this figure, since it is not thought to arise as synchrotron

radiation. For the X-ray emission we display the archival data

selected by Catanese et al. (1997) and not the data taken during

the TeV flare in April 1997.

The stationary emission (t → ∞) found from Eq. (9) by a

single numerical quadrature over the synchrotron Green’s func-

tion is also shown in Fig. 2. The form of the spectrum is very

close to that given by Meisenheimer & Heavens (1987), who

used an analytic solution to the stationary diffusion/advection

equation, including synchrotron losses. Four free parameters are

used to produce this fit:

1. the low frequency spectral index α = −0.25, which corre-
sponds to taking tacc = tesc/2

2. the characteristic synchrotron frequency emitted by an elec-

tron of the maximum Lorentz factor as seen in the observers

frame (taken to be 1.3 × 1018 Hz)

3. the spatial extent of the emitting region, which determines

the position of the spectral break at roughly 5 × 1012 Hz,

corresponding to tb = 700tacc
4. the absolute flux level.

Since we restrict our model to the synchrotron emission

of the accelerated particles, it is not possible independently to

constrain quantities such as the Doppler boosting factor, or the

magnetic field. These can, however, be found using a model

for the gamma-ray emission, for example the synchrotron self-
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compton model (Mastichiadis & Kirk 1997). Similarly, the fre-

quency below which synchrotron self-absorption modifies the

optically thin spectrum is not constrained within the current

picture. Nevertheless, our model of the synchrotron emission

makes predictions concerning the spectral variability in each of

the three characteristic frequency rangeswhich can be identified

in Fig. 2. These ranges are generic features of any synchrotron

model, so that the predicted variability can easily be applied to

the synchrotron emission of other blazars. They are a) the low

frequency region, where the particles have not had time to cool

before leaving the source (this is the region with α = −0.25 in
Fig. 2, below the break at 5×1012 Hz) b) the region between the

break and the maximum flux, where the particles have had time

to cool, but where the cooling rate is always much slower than

the acceleration rate and the spectrum is close to α = −0.75,
and c) the region around and above the fluxmaximumat roughly

1017 Hz, where the acceleration rate is comparable to the cool-

ing rate.

Variability or flaring behaviour can arise for a number of

reasons. When the shock front overruns a region in the jet in

which the local plasma density is enhanced, the number of par-

ticles picked up and injected into the acceleration process might

be expected to increase. In addition, if the density change is as-

sociated with a change in the magnetic field strength, the accel-

eration timescale might also change, and, hence, the maximum

frequency of the emitted synchrotron radiation. Considering the

case in which the acceleration timescale remains constant, it is

a simple matter to compute the emission, since Eq. (6) is linear.

An increase of the injection rate by a factor 1 + ηf for a time tf
is found by setting

Q(t) = Q0 for t < 0 and t > tf (22)

Q(t) = (1 + ηf)Q0 for 0 < t < tf (23)

We then have

I(ν, t̄) = I1(ν,∞)+
ηf [I1(ν, t̄) − I1(ν, t̄ − (1 − us/c)tf)] (24)

Using ηf = 1, tf = 10tacc and us = c/10, we show the
resulting emission at a frequency ν = νmax/100 in Fig. 3. In
the case of Mkn 501, this corresponds to a frequency of about

1016 Hz, which lies towards the high frequency part of region

b), between the infra-red and X-ray regions, where the spectral

index is close to α = −0.75. Also shown in this figure is the
temporal behaviour of the spectral index, as determined from the

ratio of the fluxes at 0.01νmax and 0.05νmax, through the flare.

When plotted against the flux at the lower frequency, the spectral

index exhibits a characteristic loop-like pattern,which is tracked

in the clockwise sense by the system.This type of pattern iswell-

known and has been observed at differentwavelengths in several

sources e.g., OJ 287 (Gear et al. 1986), PKS 2155–304 (Sembay

et al. 1993) andMkn 421 (Takahashi et al. 1996). It arises when-

ever the spectral slope is controlled by synchrotron cooling, (or,

in fact, any cooling process which is faster at higher energy) so

that information about changes in the injection propagates from

high to low energies (Tashiro et al. 1995).

Fig. 3. The intensity and spectral index during the flare described by

Eq. (23), as a function of time at low frequency. The loop in the α vs.
intensity plot is followed in the clockwise direction.
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Fig. 4. The intensity and spectral index in the same flare as in Fig. 3

but at high frequency. The loop in the α vs. intensity plot is followed
in the anticlockwise direction.

If the system is observed closer to the maximum frequency,

where the cooling and acceleration times are equal, the picture

changes. Here information about the occurrence of a flare prop-

agates from lower to higher energy, as particles are gradually

accelerated into the radiating window. Such behaviour is de-

picted in Fig. 4, where the same flare is shown at frequencies

which are an order ofmagnitude higher than in Fig. 3. In the case

of Mkn 501, the frequency range is close to 1018 Hz. This time

the loop is traced anticlockwise. Such behaviour, although not

as common, has also occasionally been observed, for example

in the case of PKS 2155–304 (Sembay et al. 1993).

Q(t) = Q0 für t < 0, t > tf

Q(t) = (1 + ηf) Q0 für 0 < t < tf
z.B. Mkn 421
Takahashi et al. 1996
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compton model (Mastichiadis & Kirk 1997). Similarly, the fre-

quency below which synchrotron self-absorption modifies the

optically thin spectrum is not constrained within the current

picture. Nevertheless, our model of the synchrotron emission

makes predictions concerning the spectral variability in each of

the three characteristic frequency rangeswhich can be identified

in Fig. 2. These ranges are generic features of any synchrotron

model, so that the predicted variability can easily be applied to

the synchrotron emission of other blazars. They are a) the low

frequency region, where the particles have not had time to cool

before leaving the source (this is the region with α = −0.25 in
Fig. 2, below the break at 5×1012 Hz) b) the region between the

break and the maximum flux, where the particles have had time

to cool, but where the cooling rate is always much slower than

the acceleration rate and the spectrum is close to α = −0.75,
and c) the region around and above the fluxmaximumat roughly

1017 Hz, where the acceleration rate is comparable to the cool-

ing rate.

Variability or flaring behaviour can arise for a number of

reasons. When the shock front overruns a region in the jet in

which the local plasma density is enhanced, the number of par-

ticles picked up and injected into the acceleration process might

be expected to increase. In addition, if the density change is as-

sociated with a change in the magnetic field strength, the accel-

eration timescale might also change, and, hence, the maximum

frequency of the emitted synchrotron radiation. Considering the

case in which the acceleration timescale remains constant, it is

a simple matter to compute the emission, since Eq. (6) is linear.

An increase of the injection rate by a factor 1 + ηf for a time tf
is found by setting

Q(t) = Q0 for t < 0 and t > tf (22)

Q(t) = (1 + ηf)Q0 for 0 < t < tf (23)

We then have

I(ν, t̄) = I1(ν, ∞)+
ηf [I1(ν, t̄) − I1(ν, t̄ − (1 − us/c)tf)] (24)

Using ηf = 1, tf = 10tacc and us = c/10, we show the
resulting emission at a frequency ν = νmax/100 in Fig. 3. In
the case of Mkn 501, this corresponds to a frequency of about

1016 Hz, which lies towards the high frequency part of region

b), between the infra-red and X-ray regions, where the spectral

index is close to α = −0.75. Also shown in this figure is the
temporal behaviour of the spectral index, as determined from the

ratio of the fluxes at 0.01νmax and 0.05νmax, through the flare.

When plotted against the flux at the lower frequency, the spectral

index exhibits a characteristic loop-like pattern,which is tracked

in the clockwise sense by the system.This type of pattern iswell-

known and has been observed at differentwavelengths in several

sources e.g., OJ 287 (Gear et al. 1986), PKS 2155–304 (Sembay

et al. 1993) andMkn 421 (Takahashi et al. 1996). It arises when-

ever the spectral slope is controlled by synchrotron cooling, (or,

in fact, any cooling process which is faster at higher energy) so

that information about changes in the injection propagates from

high to low energies (Tashiro et al. 1995).

Fig. 3. The intensity and spectral index during the flare described by

Eq. (23), as a function of time at low frequency. The loop in the α vs.
intensity plot is followed in the clockwise direction.
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but at high frequency. The loop in the α vs. intensity plot is followed
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If the system is observed closer to the maximum frequency,

where the cooling and acceleration times are equal, the picture

changes. Here information about the occurrence of a flare prop-

agates from lower to higher energy, as particles are gradually

accelerated into the radiating window. Such behaviour is de-

picted in Fig. 4, where the same flare is shown at frequencies

which are an order ofmagnitude higher than in Fig. 3. In the case

of Mkn 501, the frequency range is close to 1018 Hz. This time

the loop is traced anticlockwise. Such behaviour, although not

as common, has also occasionally been observed, for example

in the case of PKS 2155–304 (Sembay et al. 1993).

z.B. PKS 2155-304 
Sembay et al. 1993
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representing the onset of the hard inverse Compton component, is
summed to this curved synchrotron component. The normalization
of this second X-ray component is kept fixed relative to the radio
one. Based on our findings (see Fig. 7a), we then assume that the
peak frequency of the synchrotron spectral component is (inversely)
related to radio luminosity. The simplest hypothesis of a straight
unique relationship between npeak;sync and L5GHz does not give a
good result when compared with the average SEDs. We then allow
for a different SED-shape/luminosity dependence for high and low

luminosity objects, a distinction that turns out to roughly corre-
spond to that between objects with and without prominent emission
lines. We adopted a ‘two-branch’ relationship between npeak;sync and
L5GHz in the form of two power laws npeak;sync! L

¹h
5GHz, with h ¼ 0:6

or h ¼ 1:8 for log(L5GHz) higher or lower than 42.5, respectively.
The shape of the analytic SEDs is parabolic with a smooth
connection to a fixed power law in the radio and the loci of the
maxima as defined above. A full description of the parametrization
can be found in Fossati et al. (1997), in which a similar scheme was
proposed to account for the source number densities of BL Lacs
with different spectral properties (LBL and HBL).

The analytic representation of the second spectral component
(X-ray to g-rays) is a parabola of the same width as the synchrotron
one, and has been obtained assuming that (a) the ratio of the
frequencies of the high and low energy peaks is constant
(npeak;Compt=npeak;sync ! 5 ! 108) and (b) the high energy (g-ray)
peak and radio luminosities have a fixed ratio, ngLpeak;gamma=

n5GHzL5GHz ! 3 ! 103. Given the extreme simplicity of the latter
assumptions, it is remarkable that the phenomenological analytic
model describes the run of the average SEDs reasonably well. The
worse case refers to the second luminosity bin: the analytic model
predicts a g-ray luminosity larger than the computed bin average by
a factor of 10 (but predicts the correct spectral shape). We note that
only five g-ray detected objects fall in this bin.

The results derived from the above analysis (see in particular
Figs 10–12) can then be summarized as follows.

(i) Two peaks are present in all the SEDs. The first one (synchro-
tron) is anticorrelated with the source luminosity (see Figs 7 and
Table 4), moving from "1016–1017 Hz for less luminous sources to
"1013 ¹ 1014 Hz for the most luminous ones.

(ii) The X-ray spectrum becomes harder while the g-ray spec-

trum softens with increasing luminosity, indicating that the second
(Compton) peak of the SEDs also moves to lower frequencies from
"1024–1025 Hz for less luminous sources to "1021 –1022 Hz for the
most luminous ones.

(iii) Therefore, the frequencies of the two peaks are correlated:
the smaller the npeak;sync, the smaller the peak frequency of the high
energy component. A comparison with the analytic curves shows
that the data are consistent with a constant ratio between the two
peak frequencies.

(iv) Increasing L5GHz increases the g-ray dominance, i.e. the
ratio of the power emitted in the inverse Compton and synchrotron
components, estimated with the ratio of their respective peak
luminosities (see also Fig. 9).

The fact that the trends present when comparing the different
samples (e.g. Fig. 10) persist when the total blazar sample is
considered and binned according to radio luminosity only, suggests
that we are dealing with a continuous spectral sequence within the
blazar family, rather than with separate spectral classes. In parti-
cular the ‘continuity’ clearly applies also to the HBL–LBL sub-
groups: HBL have the lowest luminosities and the highest peak
frequencies.

An interesting result apparent from the average SEDs is the
variety and complexity of behaviour shown in the X-ray band. As
expected, the crossing between the synchrotron and inverse Comp-
ton components can occur below or above the X-ray band, affecting
the relation between the X-ray luminosity and that in other bands. A
source can be brighter than another at 1 keV while simultaneously
being dimmer in the rest of the radio–g-ray spectrum (except
probably in the TeV range). This effect narrows the range of
values spanned by L1keV and explains why g-ray detected sources
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Figure 11. X-ray and g-ray spectral indices plotted against radio luminosity.

Figure 12. Average SEDs for the ‘total blazar sample’ binned according

to radio luminosity irrespective of the original classification. The overlaid

curves are analytic approximations obtained according to the one-

parameter-family definition described in the text.

Fossati et al. 1998
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