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Abstract. We present two-epoch, multifrequency complete modeling of Mrk 501 broad band emission from the
radio frequencies up to the very high gamma ray regime as observed during April 1997 outburst. To reproduce
the X-ray and the gamma-ray radiation we assume an homogeneous Synchrotron-Self-Compton (SSC) model and
approximate the electrons energy distribution by a broken power-law function with a sharp cut-off at high energy.
We assume also spherical geometry of the emitting region (a blob) and uniform magnetic field. For this scenario we
derive constrains on physical parameters obtained from the observable quantities and can reproduce very well the
observed Very High Energy (VHE) spectra. We find that the two different high energy states cannot be explained
by varying the particle energy distribution only. To obtain good spectral fits we have to change additionally one
of the global parameters which describe the emitting blob: the magnetic field intensity (B), the radius (Rb ) or
the Doppler factor (δb ). We use a model of an inhomogeneous conical jet to explain radiation from the low radio
frequencies up to the ultraviolet. A part of the physical parameters of this jet can be constrained from our fits
of the high energy emission. The remaining parameters are estimated independently from other observations. We
assume that the blob is placed somewhere inside the jet, relatively close to the central engine. Within this “blobin-jet” scenario we analyze the effect of External Inverse-Compton (EIC) scattering of low energy synchrotron
photons from the jet and thermal radiation surrounding the central engine. We show that EIC scattering can
also very well explain VHE emission of Mrk 501 when external radiation is dominated by photons from the jet
itself, which is an interesting alternative of the “blob-in-jet” scenario. Additional inverse-Compton scattering of
relatively weak thermal external radiation cannot explain alone the spectra but can significantly modify them,
especially in the sub-TeV range, in comparison to spectral shape generated only with SSC model. We also analyze
the absorption effect due to pair-production inside the source, which appears almost negligible. The same effect
in the Intergalactic Infrared Background (IIB) may introduce significant changes to the observed VHE spectra.
In the infrared and optical parts of the spectrum, the contribution of the host galaxy is well reproduced by an
elliptical galaxy evolution model. Three miniflares of Mrk 501 occurred in ten days between 7 and 16 April 1997
at the X-ray and gamma-ray frequencies. They can be well reproduced by simple variation of the break in the
electron energy distribution function on time scale of a few hours, superposed to variation of the blob radius and
of the particle density on time scale of about two days.
Key words. radiation mechanisms: nonthermal – galaxies: active – BL Lacertae objects: individual: Mrk 501

1. Introduction
A wealth of AGN gamma-ray emission models have been
developed these last years, following the discovery by
EGRET of about seventy GeV gamma-ray AGNs and the
observation by ground-based Cerenkov telescopes of several TeV gamma-ray BL Lacs. The two main classes of
scenario, namely leptonic and hadronic models, consider
that gamma rays are produced somewhere at the base of
Send offprint requests to: K. Katarzyński,
e-mail: kat@astro.uni.torun.pl

the radio jet and are Doppler boosted. In leptonic models, gamma-rays are due to inverse-Compton scattering of
lower energy photons by relativistic electrons in the jet.
Hadronic models assume the presence of ultra-high energy
protons which lead to gamma ray emission after interaction and decay of secondary particles. Several models can
fit reasonably well the observed high-energy spectra, but
a number of basic question still remain.
Leptonic models have been quite successful in explaining the high-energy spectra of blazars at different activity states (e.g. Ghisellini & Madau 1996;
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Dermer & Schlickeiser 1993; Sikora et al. 1994; Inoue &
Takahara 1996). The X-ray and gamma-ray data gathered during last years on Mrk 421 (e.g. Punch et al. 1992;
Petry et al. 1996; Takahashi et al. 1996; Zweernik et al.
1997) and on Mrk 501 (e.g. Quinn et al. 1996; Samuelson
et al. 1998; Aharonian et al. 1999; Kataoka et al. 1999),
the two main BL Lac detected at TeV energies by groundbased Cerenkov telescopes, seems to favor leptonic models
in BL Lac objects (Catanese & Weekes, 1999), where the
gamma rays are produced via an inverse-Compton mechanism by a population of relativistic electrons, which scatter soft photons up to the TeV range (e.g. Jones 1968;
Blumenthal & Gould 1970). However the nature of the
scattered photons is not yet clearly identified. The most
popular scenario is the synchrotron self-Compton (SSC)
process, which considers that the scattered soft photons
are in fact generated by the same electrons in the synchrotron emission mechanism (with peak in the X-ray
range, e.g. Bednarek & Protheroe 1997; Tavecchio et al.
1998, hereafter TMG). The scattering of additional lowenergy photons, coming from the accretion disk and from
the clouds or other components of the jet itself, remain an
open possibility as described by external inverse-Compton
(EIC) models (e.g. Sikora et al. 1994).
Hadronic models also show good ability to explain high
energy emission of blazars (e.g. Mannheim 1993; Mucke &
Protheroe 2000; Pohl & Schlickeiser 2000; Dermer 1999).
The hadronic models usually assume that most of the particle energy is accumulated initially in protons which produce e± pairs by pp or pγ interactions. The pairs produce
high energy photons in synchrotron or Compton processes.
The high energy photons escape from the source or produce new pairs via γγ → e+ e− interactions. The new pairs
again generate new high energy photons etc., leading to
proton-induced cascades (PIC, Mannheim 1993). Another
possibility is to directly consider the synchrotron emission of extremely high energy protons (Aharonian 2000).
Although quite interesting and promising for astroparticle
physics, hadronic models still have to face some difficulties. To fit high energy spectra, they require primary protons of ultra high energy (E > 1019 eV), but the nature
of the proton acceleration zone is not yet clear. They often need dense targets to produce TeV flares, which may
induce too high pair opacities to TeV gamma-rays in the
emitting region (Coppi et al. 1993). In addition, basic version of hadronic scenario would predict that TeV gamma
rays should vary more slowly than low energy gamma rays,
which is not observed (Catanese & Weekes 1999). These
difficulties may be overcome in more sophisticated models
but imply quite complicated physics.
Although the high energy emission of blazars has been
widely analyzed by itself, little effort has been put up to
now to simultaneously fit in details the spectra from the
VHE radiation down to the lowest radio frequencies, while
this approach may provide an interesting clue to the various constituents of the AGN. Long-term monitoring of
BL Lac gamma-ray emitting objects at different energy
ranges, from radio to the TeV, are currently in progress.

They will provide a better description of the variability
on various time scales, with the possibility to determine
time delays between events observed at different frequencies, which then will be mandatory to better constrain the
emission models. To develop the tools to interpret such
kind of multiwavelength monitoring, we present here a
modeling as simple as possible for the continuous emission
from blazars jets over a wide range of the electromagnetic
spectrum. We consider mainly synchrotron and inverseCompton emission mechanisms with the additional contribution of the host galaxy in the optical range. A basic
“blob-in-jet” scenario, with a SSC emitting homogeneous
plasma blob embedded in an emitting radio jet, is developed and applied to Mrk 501. This approach allows us
to reproduce the observed spectra for two epochs during
active state of the source and to analyze the temporal evolution, emphasizing different time scales likely involved in
the activity process.
In Sect. 2 we describe different models which we use for
spectral fits. The models include the SSC emission from
a plasma blob at the jet base, the radio synchrotron radiation of a conical inhomogeneous jet, the contribution of
external inverse-Compton scattering and the stellar emission of the host galaxy. We also consider absorption effects due to pair-production in the source and due to IIB.
Constraints and correlations between the source physical
parameters are discussed in Sect. 3. Section 4 presents the
application of the models to Mrk 501. Some comments on
the temporal evolution are also given in this section. We
discuss and summarize our results in Sect. 5. The observational data which we have used were collected simultaneously in X-rays by the BeppoSAX satellite (Pian et al.
1998) and in gamma-rays by the ground based telescope
CAT (Djannati-Atai et al. 1999). Non-simultaneous low
energy measurements were gathered from the literature.

2. Modeling the emission
The Spectrum Energy Distribution (SED) of Mrk 501
shows two characteristic broad peaks in X-rays and
gamma-rays. Most of the recent blazars models interpret
them as a result of synchrotron and inverse-Compton radiation originating from the jet base. Photons for inverseCompton scattering may come from the synchrotron radiation of the same emitting volume (SSC) or from external
sources of radiation (EIC) such as accretion disc, clouds
or intercloud medium. An additional third characteristic
peak appears in the SED of Mrk 501 between the infrared
and ultraviolet frequencies. This feature is mainly due to
the contamination by stars and dust emission. Their contribution is especially well visible in Mrk 501 because of
the large shift of the synchrotron and inverse-Compton
peaks towards high frequencies.

2.1. Homogeneous SSC model
The homogeneous synchrotron-self-Compton models have
been successfully used by several authors to explain,
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reasonably well, the observed spectra of blazars from the
optical up to the VHE range. We adopt such approach
and assume a spherical geometry for the emitting region,
filled by relativistic electrons with a uniform density in a
uniform magnetic field. We describe the electrons energy
distribution by a broken power-law function with a sharp
cut-off:

K1 γ −n1 , γmin ≤ γ ≤ γb
(1)
Ne (γ) =
K2 γ −n2 , γb < γ ≤ γcut .
In the above formula γ = E/mc2 is the Lorentz factor
and K2 = K1 γbn2 −n1 . More discussion about this assumption is given in Sect. 3.1. Detailed calculations of the electron energy evolution within the emitting region can provide more accurate solutions (Kirk et al. 1998). However,
high energy flares are not yet fully characterized, therefore
these solutions have many parameters which are difficult
to constrain (e.g. inverse-Compton cooling rate, acceleration rate, escaping rate).
The synchrotron emission coefficient for any energy
distribution of electrons [erg s−1 cm−3 Hz−1 sterad−1 ] is
given by:
Z γcut
1
0 0
js (νs ) =
Ne (γ)Pe (νs0 , γ)dγ,
(2)
4π γmin
where νs0 is the frequency in the emitting blob rest frame,
and Pe (νs0 , γ) is the mean emission coefficient for a single electron [erg s−1 Hz−1 sterad−1 ] integrated over the
isotropic distribution of pitch angles. In our calculations we use an approximation of this parameter (see
Appendix A) which allows us to integrate analytically
emission and absorption coefficients for the power law electrons spectrum.
The synchrotron intensity [erg s−1 cm−2 sterad−1
−1
Hz ] in the source frame may be obtained by solving
transfer equation for the spherical geometry. In the specific case where the local synchrotron emission coefficient
is assumed uniform the solution is given by (e.g. Bloom &
Marscher 1996; Kataoka et al. 1999):


j 0 (ν 0 )
2
Is0 (νs0 ) = s0 s0 1 − 2 [1 − e−τ (τ + 1)] ,
(3)
k (νs )
τ
where τ = 2Rb k 0 (νs0 ), Rb is the radius of emitting region
and k 0 (ν) is the absorption coefficient [cm−1 ] (e.g. Rybicki
& Lightman 1979) given by


Z γcut
1
Ne (γ)
0 0
2 d
k (νs ) = −
γ
Pe (νs0 , γ)dγ. (4)
8πme νs0 2 γmin
dγ
γ2
Inserting (A.5) and (A.7) into (3) provide us with a long
but very simple expression describing the synchrotron
spectrum of the blob in its rest frame.
The synchrotron luminosity in the source frame for
spherical geometry is then simply given by
L0s (νs0 ) = 4π 2 Rb2 Is0 (νs0 ).

(5)

The emitting blob at the base of the blazar jet is believed
to have a bulk relativistic motion towards the observer.
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Using transformation of the intensity I(ν) = δb3 I 0 (ν 0 ) for
the “Doppler boosting” effect we can write the observed
flux density as:
Fs (νs0 ) = π

Rb2 3
δ (1 + z)Is0 (νs0 ),
d2l b

(6)

where dl is the luminosity distance, z is the redshift and
δb = [Γb (1 − β cos θ)]−1 is the Doppler factor where Γb is
the blob Lorentz factor, θ is the angle of the blob vector
velocity to the line of sight and β = v/c. To fully switch
to the observer’s frame we have also to transform the frequency
νs =

δb 0
ν.
1+z s

(7)

To calculate self-Compton radiation we follow the approach of Inoue & Takahara (1996). We assume a uniform
synchrotron intensity in the whole radiation region, corrected for the fact that in reality it decreases along the
blob radius (Gould 1979). This effect can be simplified
by scaling the intensity of the central point of the blob
by a factor 3/4 (Kataoka et al. 1999). Thus the emission
coefficient is given by:
jc0 (νc0 ) =

h 0 0
 q( ),
4π c c

0s/c =

h 0
ν ,
me c2 s/c

(8)

where q(0c ) is the differential photon production rate:
Z
Z
0
0
0
q(c ) = ds n(s ) dγNe (γ)C(0c , γ, 0s ).
(9)
C(0c , γ, 0s ) is the Compton kernel given by Jones (1968):

2πre2 c
C(0c , γ, 0s ) =
2κ ln(κ) + (1 + 2κ)(1 − κ)
γ 2 0s

(40s γκ)2
(10)
(1 − κ) ,
+
2(1 + 40s γκ)
0
κ= 0 c 0 ,
4s γ(γ − c )
and n(0s ) is the number density of the synchrotron photons per energy interval described by:
n(0s ) =

3 4π js0 (νs0 )
(1 − exp(−k 0 (νs0 )Rb )) .
4 hc0s k 0 (νs0 )

(11)

Because of the allowed kinematic energy ranges for a given
value of γ and 0c Eq. (11) must be inserted into Eq. (9)
under condition:
0s ≤ 0c ≤ γ

40s γ
·
1 + 40s γ

(12)

This formula is valid only for Compton up-scattering, i.e.
energy transfer from the electrons to photons, and provides directly the inverse-Compton luminosities in the
source frame and in the observer frame by applying the
same transformations as for the synchrotron radiation
above.
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We can neglect absorption of the inverse-Compton
photons by electrons as long as frequencies of the emitted photons are high enough. However, at higher energies,
the Compton photons may produce pairs by interacting
with the synchrotron photons. This process can decrease
the observed VHE radiation. The effect can be taken into
account by using solution of the transfer equation for the
spherical geometry (3) with the optical depth defined by:
0
τγγ
(0c ) = 0.2σT

1
n(1/0c)Rb .
0c

(13)

Such an expression is obtained from the integration of
the number density of the synchrotron photons and the
cross section for the pair production over the synchrotron
frequencies (see e.g. Coppi & Blandford 1990).

2.2. Low-energy range: Inhomogeneous jet model
Homogeneous models can not be used to explain the
low frequency radio emission of Mrk 501 (see e.g. Pian
et al. 1998) due to efficient self absorption. These models can not explain large (about 30 pc, e.g van Breugel &
Schilizzi 1986;) radio core observed at centimeter waves
either. Therefore we admit more complicated inhomogeneous models to explain low frequency radiation of
Mrk 501. Such kind of models (e.g. Marscher 1980; Konigl
1981; Ghisellini et al. 1985) usually assume a conical or
paraboloid plus conical geometry of the emitting region, a
power-law decrease of magnetic field and particle density
along the jet as well as a constant value of Doppler factor.
To fit the radio up to the ultraviolet emission of
Mrk 501 we adopt a simple version of the inhomogeneous
jet model proposed by Ghisellini et al. (1985). We consider
only a conical jet with geometry described by r = aR,
where r is the jet radius and R the coordinate along the
jet. The magnetic field intensity B(R), the electron density K(R) and the maximum electron energy γmax are
assumed to decrease along the jet as power-law functions:
B(R)

= B0 (R0 /R)m ,

(14)

K(R)

= K0 (R0 /R)n ,

(15)

γmax (R) = γmax (R0 )(R0 /R)e .

(16)

The energy distribution of the relativistic electrons is assumed as well to be a power law function
N (γ, R) = K(R)γ −s ,

(17)

with the cut-off which decreases along the jet (see
Eq. (16)). This assumption may be interpreted as a simple
approximation of the situation where an initial power-law
distribution of the electrons is only cooled by synchrotron
radiation (see discussion in the Sect. 3.1). The inverseCompton cooling may be not efficient for the jet where
electrons densities are smaller than in the blob.
The index s will be directly estimated from the spectral index α0 of the optically thin radio synchrotron radiation α0 = (s − 1)/2. The synchrotron luminosity in

the jet frame is obtained by integrating the local volume
emissivity ε∗s [erg s−1 cm−3 Hz−1 ] over the jet cone region
Z R2 (νs∗ )
L∗s (νs∗ ) =
πa2 R2 ε∗s dR,
(18)
R1 (νs∗ )

where the emissivity writes
ε∗s = C1 (α0 )K0 B01+α0 νs∗−α0 (R0 /R)n+m(1+α0 ) ,

(19)

where C1 (α0 ) is given in Blumenthal & Gould (1970). The
integration boundaries R1 and R2
∗
R1 (νs∗ ) = R0 (νs,m
(R0 )/νs∗ )1/Km

(20)

∗
R2 (νs∗ ) = R0 (νs,max
(R0 )/νs∗ )1/(2e+m) ,

(21)

correspond respectively to the distance where the jet becomes opaque at frequency νs∗ , and the maximum distance
where the jet still is contributing to the frequency νs∗ . The
∗
contribution from the opaque region is neglected. νs,m
is
∗
the self-absorption frequency and νs,max the maximum frequency produced by synchrotron emission at a given distance, Km = 2[n+m(1.5+α0)−1]/(5+2α0). The observed
flux density is then obtained after applying the Doppler
boosting, where δj is now the Doppler factor of the conical
jet. The jet will of course emit a small high energy selfCompton radiation in the range of 1022 Hz to 1024 Hz.
However, the observational data presently available are
far from providing any constraint on this inverse-Compton
part, thus we do not further analyze it here.

2.3. The external Compton scattering
Several external photons can interact with the relativistic particles of the blob by inverse-Compton mechanism,
namely the synchrotron radio emission of the conical jet,
the direct radiation from the accretion disc, and the disc
radiation scattered and reprocessed by clouds and intercloud medium. They can of course produce gamma rays
in addition to those of the SSC scenario.
We mainly consider here the contribution to the
Compton scattering due to the soft photons produced by
the jet itself, which is a characteristic of our “blob-in-jet”
scenario. To estimate it, we have to transform their radiation field into the blob frame. The energy of the jet photon
in the blob frame is shifted on the average by one order
of magnitude to the highest frequency Ej0 ∼ Γr Ej∗ where
p
Γr = 1/ (1 − (vb∗ /c)2 ) is the Lorentz factor and vb∗ is the
velocity of the blob defined in the jet frame and given by
vb∗ =

vb − vj
vb vj
1− 2
c

(22)

where vb and vj are velocities of the blob and jet in the
observer frame respectively. Following the transformation
given by Inoue & Takahara (1996) we can write the jet
synchrotron intensity as seen in the blob frame as:
Z
1
Ij0 (νs0 ) =
dΩ0 δ 3 Ij∗ (νs∗ ) = Γr Ij∗ (νs∗ ),
(23)
4π
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where the transformation of frequency is given by νs∗ =
νs0 /Γr (see also Sikora et al. 1994).
In our calculations we assume that the blob is located
inside the jet at the position Rx . The homogeneous blob
can be understood as a perturbation or shock traveling
down the jet. Its geometry in principle may be more complicated (e.g. similar to slice or cone) but for the sake of
simplicity we keep spherical geometry as typical for homogeneous models. Similar models were adopted e.g. by
Marscher & Gear (1985), O’Dell (1988) and Hughes et al.
(1989a,b) to explain the radio to infrared variability of
blazars. For the high energy variability of blazars such a
scenario was also tested e.g. by Celotti et al. (1991).
To estimate the synchrotron intensity in the jet at this
position we take into account only the local contribution
of the jet. Therefore we can approximate the intensity by
solving the transfer equation for a part of jet with size
equals to jet cross-section at blob position
Ij∗ (νs∗ , rx ) =

1 ε∗s (νs∗ , rx )
(1 − exp(−rx k)),
4π k(νs∗ , rx )

(24)

where rx = aRx .
To complete the picture, we will also test how the existence of relatively weak additional external radiation field
can modify the inverse-Compton spectrum. We assume
that the external radiation is isotropic and defined by a
simple Planck function at temperature Te . External photons are blue-shifted in the blob frame. The maximum
level of this radiation is set to be comparable with the
blob radiation field which corresponds to the case of interest here, where it can have some influence without being
the dominant mechanism (see Sect. 4.3).

2.4. Absorption of the inverse-Compton radiation by
interacting with intergalactic infrared medium
Apart from the pair-production inside the source itself,
there is also possibility for interaction between the VHE
gamma-rays from the source and the Intergalactic Infrared
Background (IIB). This can attenuate the high energy tail
of the gamma ray spectra in blazars. To estimate influence of the effect we adopt the absorption coefficient of
the infrared intergalactic radiation derived by Stecker &
De Jager (1998). They used a new empirical calculations
of IIB made by Malkan & Stecker (1998) from the observations of galaxies in infrared. The absorption coefficient was
calculated for two values of the IR background which may
be considered as a lower and upper limits. The absorption
parameter is approximated by a 3rd order polynomial and
is valid for redshift less than 0.3. Spectra are calculated
from the solution of the transfer equation with absorption
only (e.g. Rybicki & Lightman 1979).

2.5. IR to UV range: The host galaxy
The published optical magnitudes of Mrk 501 and of other
nearby BL Lac objects have high dispersion. This results

Fig. 1. The fit of the standard elliptical galaxy model (thin
solid line), the synchrotron jet component (dotted line) for
three different states and the sum of the host galaxy and the
jet components (thick solid lines). Stars: estimated brightness
of the host galaxy in the R-band obtained from the photometric decomposition (Nilsson et al. 1999) for different apertures. Diamonds: infrared data (Impey & Gregorini 1993).
Circles: UV data (Pian & Treves 1993). Squares: data from
NED database

from two effects. The main one is the undetermined contribution of the host galaxy, which depends on instrumental
techniques, aperture or integration area used for photometric measurements, and seeing condition. This is well
illustrated in papers where decomposition of images into
the host galaxy and the nucleus has been performed and
contribution of the host galaxy to the total flux carefully
analyzed (e.g. Nilsson et al. 1999). The other effect responsible for dispersion in the optical fluxes is the intrinsic variability of the nucleus. However, it is very difficult to disentangle this real variability effect from spurious changes
due to different host galaxy contribution in archival data.
This is well illustrated in Fig. 1 where we collected all the
data available from the NED data base and from published
papers.
To fit the host galaxy contribution to the observed
radiation of Mrk 501 we use a galaxy evolution model
called PEGASE, developed by Fioc & Rocca-Volmerange
(1997). Assuming typical values of physical parameters
for a big elliptical galaxy we generate synthetic spectrum
for a galaxy of age equal to 16 Gy. To calibrate the obtained spectrum we used the R-band photometric table
obtained from a two-dimensional photometric decomposition of nucleus and host galaxy (Nilsson et al. 1999).
Varying the mass of the galaxy only, the best fit is obtained for an elliptical of 3.9 1011 solar mass for z = 0.0377
and H0 = 65 km s−1 Mpc−1 .
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3. Constrains of the physical parameters
for the homogeneous SSC model
Within our SSC computation scheme, we have eight free
independent parameters to describe the high-energy part
of the spectra. Three parameters are related to the global
properties of the emitting blob, namely Rb – the radius
of the emitting blob, B – the uniform magnetic field,
and δb – the Doppler factor. The five others parameters are related to the particle physics and describe the
high-energy particle distribution, namely K1 – the density factor, γb and γcut – the Lorentz factors at the break
and cut-off of the electron energy distribution, and n1 , n2
the spectral indexes of the electron energy distribution at
low and higher energies respectively (we further assume
γmin = 1 which has no significant influence on the final
high energy spectral shapes). The quality of the available
high energy spectral data points allow us to directly deduce at least seven constraints. These are the values of
the break and the peak frequencies in the synchrotron
spectrum (νsb , νsp ), the peak frequency in the inverseCompton spectrum (νcp ), the three fluxes at these frequencies (Fs (νsb ), Fs (νsp ), Fc (νcp )), and the slope of the lowenergy synchrotron spectrum (α1 ). Spectral data alone
leave the system unconstrained, with still one degree of
freedom. Further assumption or observational quantities,
such as constraint on size of the emitting region, estimated
from variability time scale, could in principle be used to
get the unique answer if there were no uncertainties. In
view of these uncertainties, it is more appropriate to derive relations between observed quantities and the physical
parameters than to directly fix one single solution for the
set of parameters. Therefore we extend in this section relations obtained by TMG, adding the cut-off in the electrons
spectrum and providing more accurate approximation of
the inverse-Compton spectrum.

3.1. Particle energy distribution
The power law distribution of particles energy with single
break and cut-off appears to be the simplest approach to
explain the observed high-energy spectra of Mrk 501 during active states of 1997. The break is needed to reproduce spectral break around frequency 1017 Hz observed in
X-rays during the medium state of April 7th, 1997, and to
explain the smooth peak at the same band during the high
state of April 16th, 1997. The cut-off is the simplest way
to produce the synchrotron and inverse-Compton peaks
and well reproduces the tail of the TeV radiation. This
particle energy spectrum is somehow more complex than
the ones used in previous basic SSC models of blazars
(e.g. TMG) and introduces one additional free parameter. However, this complexity appeared necessary to us
to obtain good fits of the new data, simultaneously collected in the X-rays and in the gamma-rays bands. The
break splits the particle energy distribution into two parts
with two different slopes (n1 , n2 ). These parameters can
be constrained directly from the observations such that

αi = (ni − 1)/2 where αi are the spectral indexes of the
optically thin synchrotron source observed at the X-rays.
The local temporal evolution of the electron energy
distribution in blazar’s jets can be described in SSC model
by the following partial differential equation
∂
∂Ne (γ, t)
=
[(Ccool (γ, t) − Cacc (γ, t)) Ne (γ, t)]
∂t
∂γ
−

Ne (γ, t)
+ Q(γ, t),
tesc (γ, t)

(25)

where Ccool (γ, t) is the synchrotron self-Compton cooling rate, Cacc (γ, t) the acceleration rate (for example in
shock), tesc (γ, t) the escaping time and Q(γ, t) a function
describing injection of fresh electrons into the emitting region. Solutions of the equation may be used for calculation
of the SSC spectra if the duration of physical processes like
acceleration, cooling, injection and escaping is longer than
the light crossing time (Rb /c). This assumption is true as
long as the maximum energy of the electrons is not too
high (γ < 106 ) and may be not true during flaring states.
Additional calculations over the emitting region may then
be necessary to obtain proper shape of the SSC spectra
(e.g. Chiaberge & Ghisellini 1999). However, we will not
consider them here for sake of simplicity.
In a few cases, as shown for instance in Melrose (1980),
the equation of electron energy distribution evolution (25)
can be solved analytically and is useful to estimate the particle energy distribution shape. Neglecting acceleration,
escaping, and injection and assuming the homogeneous
blob we can expect almost uniform and constant cooling
rate inside the source. Solution for such simplified equation can be written as (Kardashev 1962):
(
K0 γ −a (1 − Cc tγ)a−2 γ < 1/(Cc t)
(26)
Ne (γ, t) =
0
γ > 1/(Cc t),
where
4 σT (UB + Ur )
γ
=
,
3
3me c
tcool
and tcool is the cooling time which corresponds to the
synchrotron and the inverse-Compton radiative losses in
the Thompson regime. The solution (26) provides a power
law function with a sharp cut-off at the electron energy
γ ∼ 1/(Cc t). However, for more accurate calculation including the Klein-Nishina regime the inverse-Compton
cooling rate should be a function of the electrons energy
(see e.g. Chiaberge & Ghisellini 1999 Eq. (17)).
More complete solutions of Eq. (25) were studied for
example in detail by Kirk et al. (1998). Assuming injection
of monochromatic electrons, constant escaping and particle acceleration by a shock, they obtained quite complicated results which can be reasonably well approximated
by our assumption (1).
Ne (γ, 0) = K0 γ −a ,

Cc =

3.2. Peak frequencies
To obtain simple constraints on the physical parameters
within our homogeneous synchrotron self-Compton model,
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we extend calculations made by TMG in the Klein-Nishina
regime. The variable cut-off in the electrons energy distribution has been introduced to obtain a more accurate
description.
A first relation between the magnetic field intensity
and the Doppler factor is obtained from the values of the
synchrotron and the inverse-Compton peaks frequencies.
The Lorentz factor of the electrons emitting at the frequency νs(b/p) , corresponding to observable break or peak
in the synchrotron spectrum, can be expressed as:
s
(1 + z)νs(b/p)
,
(27)
γb(b/cut) =
C(b/p) Bδb
where C(b/p) is a constant with a rather long expression
that we do not present here. For the break in the synchrotron spectrum (νsb ) Cb = 3.7 106 (see also TMG).
For the peak in the synchrotron spectrum (νsp ) which is
related to the cut-off in the electrons spectrum (γcut ) value
of Cp is given by approximation:
Cp (n2 ) ∼ −3.25 105 n32 + 1.67 106 n22
−3.62 106 n2 + 4.65 106 ,

(28)

obtained from numerical calculations. This approximation
is valid for n2 = 1.5 ÷ 2.99. The relation between position
of the inverse-Compton peak, the Doppler factor value
and the γcut is derived in the Appendix B. Unfortunately
Eq. (B.3) cannot be solved analytically, but it is easy
to solve it numerically using for example the bisection
method. Substituting γcut into Eq. (27), we then deduce a
first relation between the magnetic field intensity and the
Doppler factor value, which will be important in Sect. 4.1
to narrow the space of allowed parameters.

3.3. Peak luminosities
Another relation between the magnetic field intensity and
the Doppler factor can be calculated from:
(29)

where Fs and Fc are the total emitted synchrotron and
inverse-Compton fluxes, UB0 = B 2 /(8π) is the magnetic
0
field energy density, and Urad
is the available synav
chrotron radiation energy density given by:
Z

3me c2 /4hγb

=
νs0

ur (νs0 )dνs0 ,

(30)

min

where
0

ur (νs0 ) = Gνs−α1 .

where G is expressed in terms of the Doppler factor, the
emitting volume radius Rb and of other observable parameters:
G=

9
4

Fs (νsb )d2l
·


ν (1+z) −α1
c Rb2 δb3 (1 + z) sb δb

(33)

Approximating the electrons spectrum by the broken
power-law function with the sharp cut-off we can express
the total synchrotron flux as:


1
1
Fs = νsb Fs (νsb ) 1−α
+
α2 −1
1


(34)
1
+ νsp Fs (νsp ) 1−α
.
2
Having quite good approximation of the synchrotron part
of the spectrum we derive also more accurate approximation for the inverse-Compton part of the spectrum described in the Appendix C (Eq. (C.1)).
An additional independent constraint on the radius of
the emitting region can be estimated from the observed
variability time scales tvar , Rb ≤ ctvar δb /(1+z). We therefore reach a second relation between B and δb , which depends only on directly observable quantities, whose importance is illustrated below.

4. Application to Mrk 501
We focus here on the two specific high states shown
by Mrk 501 in April 1997, during a quite long-term increasing activity visible in the X-ray light curve obtained
from XTE/ASM (e.g. Ghisellini 1998). The available data
are very good for testing the emission mechanisms from
X-rays to VHE because observations were made simultaneously in both X-rays by BeppoSAX and gamma-rays by
CAT.

4.1. The spectral fits of high energy emission

U0
Fc
= rad0 av ,
Fs
UB

0
Urad
av
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(31)

Neglecting a contribution from the lower integral boundary this reduces to:

1−α1
G
3me c2
0
Uradav =
,
(32)
1 − α1 4hγb

As described in Sect. 3, we deduce constraints on the
Doppler factor and the magnetic field intensity from observable quantities. These quantities have been estimated
from the observed spectra shown in Fig. 2 and are given
in Table 1.
The synchrotron spectral breaks appear more clearly
in the spectrum at the medium state of April 7th, 1997,
which we analyze first. Taking into account uncertainty in
the position of the inverse-Compton peak and assuming
Rb equal to 5.0 1015 cm for this medium state, we obtain
the allowed parameter space for B and δb . We then start
a series of spectrum fits with these initial constraints and
finally get the best fit for a value of the Doppler factor
equals to 14, a magnetic field intensity equals to 0.2 G,
and a radius equals to 4.2 1015 cm. Such a radius corresponds to a variability time scale of about 3 hours which is
quite realistic in view of available gamma-rays light curves
(Quinn et al. 1999).
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Table 1. The observed quantities of the high energy emission
of Mrk 501 used for estimating the allowed parameter space
for the medium and the high states

α1 (n1 )
α2 (n2 )
νsb
νsp
Fs (νsb )
Fs (νsp )
νcp,min
νcp,max
Fc (νcp,min )
Fc (νcp,max )

Fig. 2. Constraints on the Doppler factor and the magnetic
field values. The upper picture a) shows assumed spectral
shapes used for calculations (see for quantities in Table 1).
The lower picture b) shows allowed space of parameters. For
the medium state allowed parameter space is limited by full
lines. For the high state (dashed boundaries) we calculate two
allowed spaces for two different values of the blob radius Rb .
The three different sets of parameters were obtained independently by direct fits of the spectra, illustrated in Fig. 3. Here
they are indicated by three crossed circles

In the next steep we try to fit the high energy state
of April, 16th, 1997, first by keeping the values of the
global physical parameters (B, Rb , δb ) equal to those of
the medium state, allowing only a small shift towards
higher energies of γb , the break in the electron energy
spectrum, and an increase of the particle density. This
would describe an evolution of the medium state into the
high state just by injection or acceleration of high energy electrons. Such a scenario provides a very good fit
for the synchrotron spectrum and a quite good shape of
the inverse-Compton spectral peak but the level of this
spectrum always remains a little bit too low. This directly
suggests that the efficiency of the inverse-Compton radiation was higher during the high state of April 16th than
during the previous one of April 7th.

medium state

high state

0.40
0.90
2.00
6.00
4.81
2.83
0.55
1.80
1.27
3.89

0.40
0.90
2.70
6.00
2.12
1.30
1.70
6.00
1.71
4.83

(1.80)
(2.80)
1017
1019
10−28
10−30
1026
1026
10−36
10−37

(1.80)
(2.80)
1018
1019
10−28
10−29
1026
1026
10−36
10−37

Hz
Hz
erg
erg
Hz
Hz
erg
erg

cm−2
cm−2

cm−2
cm−2

We therefore estimate the allowed B − δb parameter
space for the high state also, and find it shifted towards
lower values of the magnetic field and Doppler factor relatively to the medium state, assuming the same radius
Rb (see Fig. 2). However, the allowed B − δb parameter
space for the two states are found very similar when assuming a slightly smaller radius for the high state, namely
Rb = 2.9 1015 cm, of which the size corresponds to a
variability time scale of about two hours. With this decrease of Rb and the previously mentioned changes of γb
and K1 we finally obtain a first very good fit (labelled
“h 1” in Table 2) for the spectral distribution observed on
April 16th.
There are in fact two ways to increase the efficiency
of the inverse-Compton scattering. The first method is
to increase the photon density. However, for SSC models the density is directly calculated for a given magnetic
field and particle energy spectrum, and there is no possibility to modify this parameter. The method can nevertheless be useful for models which also take into account
external radiation fields, discussed in the next section. In
SSC models, a second possibility to increase efficiency of
the inverse-Compton radiation is to assume higher particle density. Increasing particle density allows easily to
reach the required level of the inverse-Compton spectrum
in high state since its peak is proportional to K12 . A direct consequence is also the corresponding growth of the
synchrotron flux which is this time proportional to K1 . To
compensate this effect and keep the same satisfactory level
of the synchrotron spectrum, it is necessary to decrease simultaneously one of the global parameters, Rb (as found
above), B, or δb . Indeed we obtain two other very good
fits of the high state spectrum (labelled “h 2” and “h 3”
in Table 2) by slightly decreasing values of the magnetic
field or the Doppler factor alone, to compensate the effect
of increasing K1 . Only one fit is shown in Fig. 3 (the one
corresponding to “h 1” with a decrease of the radius) as
the three satisfactory fits are very similar. Such variation
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Table 2. The physical parameters of our synchrotron selfCompton model derived from interactive fits of the spectra for
the medium (m) and high (h) states. Three different parameter
sets are possible. For the SSC model we present all possibilities,
for the SSC model and absorption in IIB only one possibility.
However other analogous to the pure SSC calculations are also
possible
SSC
m

h1

h2

h3

m

h

(103 cm−3 )

4.2
0.2
14
1.0

2.9
0.2
14
2.7

4.2
0.15
14
1.6

4.2
0.2
11.5
1.9

4.2
0.15
14
1.0

2.9
0.15
14
3.4

(105 )
(106 )

1.1
3.0

6.0
3.0

6.0
3.0

6.0
3.0

2.2
4.0

8.5
4.0

1.8
2.7

1.8
2.7

1.8
2.7

1.8
2.7

1.8
2.7

1.8
2.7

Rb
B
δb
K1

(1015 cm)
(G)

γb
γcut
n1
n2

SSC + abs.

of the global parameters are in good agreement with the
constraints derived previously and illustrated in Fig. 2.
After these preliminary fits we introduce to our calculation absorption due the pair-production inside source
and in the intergalactic infrared medium. We find that the
first of these absorption processes is almost negligible but
the second can introduce significant changes to the spectral shapes. This results is in agreement with the results
obtained by Bednarek & Protheroe (1999). From detailed
fits we also find that strong absorption can modify drastically the shape of the VHE emission and are unable to
obtain good spectral fits using higher absorption conditions from those proposed by Stecker & De Jager (1998).
Finally assuming relatively weak absorption by IIB we get
very good fits with only small modification of the physical parameters which we first obtain for the pure SSC
model. Similar results were derived recently by Tavecchio
& Maraschi (2000).
Good fits of the two states are therefore obtained without varying three of our parameters (γcut , n1 and n2 ). To
reproduce the two medium and high states, variations of
at least three other parameters appear necessary – γb and
K1 , plus one of the global parameters of the emitting blob,
Rb , B, or δb .
In Table 3 we compare a few results of different authors. The constraints for the physical parameters deduced from our accurate approach and the values obtained
from the detailed fits remain in good agreement with other
recent calculations. The only exception is the preliminary
calculations made by TMG which concludes to different
values. However, they were not consistent with the third
δ − B relation obtained by TMG from the equilibrium between the escaping and cooling times for electrons with
energy γb , which we do not discuss here. This problem
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Table 3. Comparison of the physical parameters obtained
from fits of the SSC models to high energy states observed
in Mrk 501

Author
TMG

B [G]
1−32

δ
2−7

tvar [h]
3.3

IIB abs.
no

Tavecchio et al. (2000)

0.02
0.005

10
10

16
32

no
low

this paper

0.2
0.15

14
14

1.9
1.9

no
low

Kataoka et al. (1999)

0.2

15

2.8

no

Guy et al. (2000)

0.05

15

10

high

Bednarek et al. (1999)

0.1
0.07

11.5
11.2

2.5
2.5

low
high

can be solved as shown by Guy et al. (2000), assuming
relatively strong absorption by IIB. Anyway, more recent
work by Tavecchio & Maraschi (2000) also conclude to
similar values of physical parameters.

4.2. The radio emission
Several new parameters appear in the model of inhomogeneous conical jet, which we adopt to describe the radiation
of Mrk 501 from the radio up to the ultraviolet ranges.
They are related to the geometry of the jet, to the particle energy distribution and to the magnetic field. Spectral
data alone are clearly insufficient to constrain all these
parameters and we have to consider other astrophysical
properties as well.
As a first step, we put constraints on geometry of the
cone. Typical inner radius of the jet – r0 , is likely linked
to the Schwarzchild radius of the central black hole. This
can be obtained from an estimate of the black hole mass,
which is related to the magnitude of the bulge of host
galaxy. The magnitude of the Mrk 501 galaxy in the blue
band is 14.5 (e.g. Mufson et al. 1984; Xie et al. 1999), what
corresponds to an absolute magnitude of −21.5. From the
relation between the absolute magnitude of host galaxies and the mass of their central black holes, derived by
Kormendy & Richstone (1995), we obtain a mass of 109
solar mass for the central black hole in Mrk 501. This is
very close to the values usually admitted in the case of
the nearby radiogalaxy M 87, in fact which could be a
misdirected BL Lac object. The most inner stable circular orbit around a Schwarzschild black hole is located at a
distance three times bigger than the Schwarzschild radius,
thus here about 1015 cm. Typical width of the jet should
be then a few times larger. We therefore assume the inner
radius of the conical jet equal to 1016 cm. Basic constraints
on the outer parts of the jet can be estimated from radio
maps of the source obtained at centimeter wavelengths.
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Fig. 3. Radio to TeV energy distribution of Mrk 501. BeppoSAX (Pian et al. 1998) and simultaneous CAT (Djannati-Atai et al.
1999) data from 7 (triangles) and 16 (boxes) April 1997. The circles show the first detection of Mrk 501 by EGRET from March
1996 (Kataoka et al. 1999). Non-simultaneous data collected from literature (Impey & Gregorini 1993; Gear 1993; Gear et al.
1994; Steppe et al. 1988; Wiren et al. 1992; Lawrence et al. 1991; Pian & Treves 1993) and NED database (open boxes). The
thick solid lines indicate fits of the multiwavelength emission of the source for two different states of activity. The dashed lines
correspond to the SSC emission without absorption by the IIB. The dotted lines indicate radiation of the conical jet and thin
solid lines shows contribution of the host galaxy emission

The conical jet model can explain only the radiation emitted by the central core. The core can be seen in VLBI maps
and has extension of 30 pc at 6 & 5 cm (e.g. van Breugel
& Schilizzi 1986; Conway & Wrobel 1995). We assume a
half opening angle of the jet ψ equal to two degrees and
a jet length equal to 150 pc. The corresponding value of
the outer radius of the cone is then rmax ∼ 5 pc. For a
realistic angle of two degrees between the main axis of the
jet and the line of sight, the apparent size of the jet in the
plane of sky should be of about 10 pc, which remains in
good agreement with the structure seen on available radio
maps.
The observed spectral index from the lowest radio frequencies up to the optical range is about 0.5, which imposes the value of the index of the particle energy spectrum, s ' 2. The exact spectral shape computed from the
conical model depends also on the variation of the particle distribution and of the magnetic field intensity along

the jet. For the basic solution of the evolution described
in Eq. (25) with constant cooling, no acceleration, no escaping and no injection γmax evolves as R−1 (Eq. (26))
for a population of particles propagating at a constant
speed along the jet, and the index e should be equal to
1. However, it is impossible to generate a good shape for
the spectrum within such a scenario which appears too
simple. Therefore we allow variation of e, m and n, three
parameters still unconstrained defined in Eqs. (14)–(16).
The best fit for the observed spectral shape is obtained for
the following values e = 0.15, m = 0.9 and n = 1.8. Note
that basic solutions which conserve magnetic flux and particle number along the jet (m = n ' 2) do not produce
good spectral patterns. Internal physics of the jet has to
be more complex.
Finally, we have to fix-up the level of the emitted energy, which depends only on magnetic field intensity, density of the particles and Doppler factor value. For the radio
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synchrotron part of the spectrum good fits can be obtained
for relatively small magnetic field and high particle density
and for the opposite case as well. However, if the particle
density is too large the efficiency of the inverse-Compton
emission in the radio jet becomes too high and then starts
to contribute significantly to the gamma-ray flux of the
source. This should be avoided in the present scenario of
Mrk 501, where the high energy emission is explained by
the SSC emission of a simple homogeneous blob, which
fulfills the fundamental constraint based on argument of
the observed variability time scales of about few hours
(Quinn et al. 1999). Thus we impose a particle density
small enough to keep the inverse-Compton radiation from
the radio jet itself relatively small as compared with the
gamma-ray emission of the blob. On the other side, we
constrain the magnetic field in the jet to have intensity
similar to the value inside the blob at the location of the
blob (0.15 G, derived from Sect. 4.1). This may overestimate the jet magnetic field if magnetic field is compressed
with plasma (e.g. by a shock) and intensified inside the
blob, but there is no observational data to fix this ratio
and we select the simplest view. From the above assumptions we derive a magnetic field of about 0.35 G at the
base of the jet. Finally to obtain the observed level of synchrotron radiation from the jet we have to set the value
of the jet Doppler factor (δj ) equal to seven. This quite
large value is dictated also by the fact that we want here
to avoid contributing of soft photons from the jet into
inverse-Compton scattering in the blob. This additional
scattering can complicate significantly the generation of
the VHE spectrum, and modify simple constrains for the
physical parameters, derived in Sect. 4. Values of the physical parameters we adopt for the conical radio jet model
are given in Table 4. More detailed analysis of the inverseCompton scattering of the external photons by the blob
particles is discussed in the next section.

4.3. Inverse-Compton scattering of external photons
As shown in Sect. 2.3, the two external fields of soft photons can interact with the blob particles and produce
gamma-rays by inverse-Compton scattering, in addition
to the synchrotron photons generated by the blob itself.
The SSC models can clearly very well explain VHE radiation of blazars. However, EIC effect can still play some role
since for instance in sources which do not show TeV activity, it seems to provide better solutions to understand the
observed spectra (e.g. Inoue & Takahara 1996). Therefore
we treat here the EIC scattering as a complementary effect and check how the additional external radiation field
can modify inverse-Compton spectra generated within the
SSC scenario.
Firstly we explore the influence of the radio jet radiation. We decrease value of the jet Doppler factor (δj = 7 →
2.0) to make the interaction more efficient by increasing
Doppler boosting effect between blob and jet. We increase
volume (r0 = 1016 → 4.0 1016 cm) and particle density
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Table 4. Physical parameters for the “blob-in-jet” model. The
first group of parameters is estimated directly from various
data within the adopted “blob-in-jet” scenario (see text). The
second group is derived. Parameters labelled by * describe the
jet properties at the position of the blob inside the jet
estimated
α0
m
n
e
B0
K0
ψ
θ
r0
rmax
νmax (R0 )
δj

0.45
0.9
1.8
0.15
0.35
1.0 102
2.0
2.0
1.0 1016
1.6 1019
1.0 1015
7.0

G
cm−3
◦
◦

cm
cm
Hz

(3.2 10−3 pc)
(5.2 pc)

cm
cm
cm
cm
cm
G
cm−3

(9.3
(5.2
(1.5
(8.4
(2.4

derived
R0
rmax
Rmax
rx
Rx
Bx
Kx

2.9 1017
1.6 1019
4.6 1020
2.6 1016
7.4 1017
0.15
3.3 101

10−2 pc)
pc)
102 pc)
10−3 pc)
10−1 pc)

*
*
*
*

(K0 = 102 → 1.5 102 cm−3 ) of the jet to obtain higher
densities of the radiation field itself. The additional radiation field increases efficiency of the inverse-Compton radiation thus we have to modify some of the blob parameters
to keep the observed level of radiation (K1 = 3.4 103 →
4 102 cm−3 , Rb = 2.9 1015 → 5.8 1015 cm). This calculation shows that the inverse-Compton scattering with the
jet photons can provide also very good fits of the VHE
radiation of blazars. The spectral shapes of such radiation
are very similar to the spectral shapes generated with SSC
models (see Fig. 4; see also Ghisellini 1999). The “blob-injet” scenario with EIC from the radio jet itself can provide
an interesting alternative to pure SSC models.
The second source of soft photons is the medium surrounding the jet. If the blob is located at a distance much
larger than the outer radius of the accretion disk then
photons coming directly from it are strongly red-shifted
in the frame of the relativistically moving blob and are
not good candidates to produce high energy radiation by
inverse-Compton scattering. In opposite case where distance from the disc is comparable or smaller than the size
of the accretion disc, thermal photons may be strongly
blue-shifted in the blob frame and be quite important for
the inverse-Compton scattering. On the other side, a part
of disk radiation is likely to be reprocessed or scattered by
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Fig. 4. Examples of the possible influence of two different external radiation fields, in addition to the basic SSC radiation
of the homogeneous blob. Upper pictures a, b) illustrate modifications made by the synchrotron radiation field from the jet.
Lower pictures c, d) show changes due to external thermal
radiation. Pictures on the left a, c) present the synchrotron
intensity of the blob itself (dashed lines), external intensities
transformed into the blob frame (dotted lines) and the total
intensities (solid lines). Pictures on the right b, d) show pure
inverse-Compton spectra of the blob (dashed lines) and the
modification of this spectra due to the different external radiation field (solid lines). The dotted line on the picture b) shows
the inverse-Compton radiation of the inhomogeneous jet

clouds and intercloud medium surrounding the blob, filling this space by a radiation field almost isotropic in the
central engine frame. This radiation is highly blueshifted
in the blob frame and can be a good target to produce
high energy photons (see e.g Sikora et al. 1994; Sikora
et al. 1996).
The intensities of the disc radiation and of the reprocessed radiation at the blob position, depends on distance to the accretion disc, physical conditions around
the central engine, clouds and intercloud region properties. Estimate of this external radiation is possible only
in few BL Lac objects (e.g. Bottcher & Bloom 2000) and
is difficult in the case of Mrk 501 in view of the present
available optical data. Anyway, recent observations made
by EGRET (Kataoka et al. 1999) show no significant influence of the thermal external radiation which should induce inverse-Compton emission at frequencies from 1021
to 1025 Hz. Thus the effect of this EIC process is not expected to be dominant and we only test how relatively
weak thermal radiation modifies SSC spectra.
To analyze the influence of the radiation field due to
the ambient external medium, we assume maximum in0
0
tensity (νmax
Imax
= 109 erg s−1 cm−2 sterad−1 ) in the

blob frame to be comparable with the blob synchrotron
intensity. We describe it as a black body radiation at temperature Te = 5.0 104 K. This assumption is somewhat arbitrary. However, we can constrain upper limit for the central nucleus (accretion disc and medium surrounding it)
flux directly from the spectrum energy distribution shown
in Fig. 3, namely νmax Fnuc (νmax ) ≤ 10−11 erg s−1 cm−2
in the UV range. The upper limit for the luminosity is
then given by νmax Lnuc (νmax ) ≤ 2.8 1043 erg s−1 and
the total luminosity of the nucleus should be less than
2.75 1043 erg s−1 . Transforming the intensity assumed in
the blob frame into the stationary frame (νmax Imax =
0
0
νmax
Imax
/Γ2b see Eq. (23)) and using Eq. (5) we can estimate distance from the central engine to the blob position. For our upper limit of the nucleus luminosity we
can obtain the assumed level of the intensity at the distance 2 1017 cm. Indeed this approach provides simple
way to estimate the distance of the blob from the nucleus. If luminosity of the nucleus is less or if radiation is
significantly absorbed then contribution of this emission
at such a distance should be negligible. Finally to obtain
good spectral fits we have to modify also some of the blob
parameters like in the previous case (K1 = 3.4 103 →
2.6 103 cm−3 , Rb = 2.9 1015 → 3.1 1015 cm, γcut =
4 106 → 107 ). The assumed level of this radiation is relatively weak in the blob frame and can not modify too much
the total level of the observed TeV radiation. However, it
can significantly modify the observed spectral shape (see
Fig. 4). The currently available data cannot help us to distinguish if such external radiation field exists in Mrk 501.
Observations in the sub-TeV range appear mandatory to
further constrain the influence of external thermal radiation. Low-energy atmospheric Cerenkov telescopes (Ong
1998) such as the gamma-ray telescopes CELESTE (De
Naurois 2000) and STACEE (Covault et al. 1999) which
recently started operation, are dedicated to work in this
energy. They should provide important data for investigations of the external radiation fields in blazars.

4.4. Temporal evolution
Up to now, we showed how our simple scenario can fit
spectral shapes at different activity states. This section
illustrates how to apply the model to multi-frequency
light curves. To start a temporal analysis of the high
energy flux variations of Mrk 501 during active state,
we combine data from different instruments which observed the source in April 1997. We use the X-ray
data from two satellites, the All-Sky Monitor (ASM)
on the Rossi X-Ray Timing Explorer, and the Oriented
Scintillation Spectrometer Experiment (OSSE) on the
Compton Gamma Ray Observatory. The VHE observations come from the Whipple a ground based telescope
(Catanese et al. 1997). Additional information were derived from previously mentioned observations made by
BeppoSAX and CAT experiments. These data provide
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light curves of Mrk 501 with a rather good temporal coverage.
As a first step we assume a simple linear evolution in
time of parameters (K1 , γb , RB ) derived in Sect. 4.1 (see
Table 2) to check how this simple modeling can reproduce
the observed light curves. It results in a nonlinear temporal evolution of the emitted fluxes and it can roughly reproduce the data points gathered by ASM/XTE. Initially
the X-ray radiation increases due to growth of the K1
and γb but after a few days large values of γb efficiently
shift the peak of the synchrotron radiation towards highest energies. This causes decrease of the emission at the
frequencies observed by ASM/XTE.
However, this simple modeling does not provide a precise description of the state of Mrk 501 between April 7th
and 16th. Especially an intermediate state, observed simultaneously by BeppoSAX and CAT experiments on
April 11th, is not at all reproduced by such linear interpolation. More sophisticated but still monotonous interpolations between these two dates appear also unable to fit the
high energy spectrum observed on April 11th and do not
generate satisfactory light curves at the different X-rays
and gamma-rays during April 1997. Therefore the two active events detected on April 7th and 16th are somewhere
independent one from the other, although they both belong to the global increase of activity of Mrk 501 over a
few months, as shown by the ASM/XTE data.
The available light curves suggest the presence of time
scale variability much shorter than 10 days. Short time
scales are also deduced from theoretical consideration. For
instance, assuming only synchrotron cooling, it can be
seen from Eq. (26), that efficiency of the process for high
energy particles should be quite high within our scenario.
Particles with Lorentz factor of about γ ∼ 2 106 are cooled
to Lorentz factors of the order of γ ∼ 2 105 within 25 hours
in the blob frame. All this suggests that, short time scale
events occurred between April 7th and 16th, and that the
temporal evolution of the source is rather better described
by few separate flares during this ten days than by one
“slowly” evolving high state.
We therefore introduce two time scales to reproduce
the temporal evolution. We assume variation in time for
three parameters, namely Rb , K1 and γb as in Sect. 4.1
and use the Gaussian functions as convenient approximation to simulate these changes. The radius Rb and the
particle density K1 evolve slowly on time scale of ten
days, with a minimum of Rb and a maximum of K1 on
April 16th:


(t − t3 )2
K1 (t) = 103f + 2.4 103f exp −
(35)
2.5


(t − t3 )2
15
Rb (t) = 4.2 1015
−
1.3
10
exp
−
,
(36)
f
f
2.5
where the f indexed values are constrained from our high
energy fits. The times of the flares are constrained from
the observed light curves, t1 = 50 548.4, t2 = 50 551.2,
t3 = 50 554.4 defined in Modified Julian Days (MJD).
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Fig. 5. Multi-frequency variability of Mrk 501 at the time of
the two states observed by BeppoSAX and CAT experiments
(medium state of April 7th is at MJD = 50 545, high state of
April 16th is at MJD = 50 554). The data points have been obtained by three different instruments in the X-rays and gammarays bands (Catanese et al. 1997). Theoretical light curves have
been calculated from the SSC model, by integrating the generated spectra over the different observational bands (see text)

The break in electrons energy spectrum γb , evolves on
a shorter time scale of about one day, with three peaks
from April 7th (50 545 MJD) to 16th (50 554 MJD), corresponding to three observed flares:
γb (t) = 2.2 105f

h
i
2
1)
+ 5.00 105 exp − (t−t
0.5
h
i
2
(t−t
+ 1.76 106 exp − 0.72 )
i
h
2
3)
+ 6.30 105f exp − (t−t
·
0.45

(37)

Indeed the two major flares around t2 and t3 are quite well
visible on ASM/XTE and Whipple light curves. Existence
of another flare around t1 is confirmed by spectral observations made by CAT and BeppoSAX around April 11th.
The observed spectral fluxes were only slightly higher than
on April 7th, while data obtained with other instruments
show significant increase of the radiation between these
two dates.
We constrain values of the physical parameters at two
epochs from our previous fits of the spectral energy distribution. Calculations are made for SSC model with absorption due to pair production inside the source and due to
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interaction with the infrared background in the intergalactic medium. Finally we get good reproduction for ASM
and the Whipple data and reasonable correlation with the
OSSE observations (see Fig. 5). The flares that we characterize here well give account for specific features of the
three light curves such as smaller amplitude of variation
at 2–10 keV, and a third peak clearly higher in the GeVTeV range than in the lower frequency ranges. They are
likely the signature of sudden acceleration or injection of
relativistic particles induced by intermittent shocks, turbulence, or magnetic reconnection in the medium.
The approach developed in this section has many free
parameters and we do not claim that the solution we propose here is the unique one. However, it gives an example
of the complexity of the events which occurred in Mrk 501
during twelve active days in April 1997. It also illustrates
that the small flux variations seen on the different light
curves can be well described by SSC model over several
orders of magnitude in frequency. The best description is
obtained by adding one single slowly evolving high state,
with an additional series of flares superposed on it.

5. Summary
In this paper, we have build a “blob-in-jet” model
which very well describes the multiwavelength emission of
Mrk 501. At least three components appear necessary to
account for the main characteristics of the observed spectral energy distribution, namely a radio jet, a relativistic
plasma blob inside the jet, and the stellar population of
the host galaxy. We show how these three components can
be described by realistic physical parameters and how a
very simple and complete picture of the whole source can
emerge from them.
SSC emission from the blob appears able to fit the high
energy radiation of Mrk 501 and to explain simultaneous
variation seen in X-rays and gamma-rays. Moreover, there
is no clear evidence for the presence of strong external radiation field, which suggests that external Compton emission is not dominant. We therefore worked in this frame assuming SSC radiation from a homogeneous spherical blob
embedded in the jet and derived basic constraints for the
physical parameters describing the blob and its particle
energy distribution.
The emission of the source from the ultraviolet wavelengths up to very high energy gamma-rays is well reproduced by this SSC scenario. The spectral shapes of such
emission are directly related to the spectral energy distribution of the emitting electrons. To fit the spectral shapes
of the data observed by BeppoSAX, we use broken power
law functions with the sharp cut-off instead of simple broken power law previously considered (e.g. Pian et al. 1998;
Tavecchio et al. 1998). It allows us to fit very well the tail
of the TeV spectrum and the X-ray spectrum as well.The
two high states of Mrk 501, observed in April 1997, appear to present a different relative efficiency of the inverseCompton scattering. We show the possibility to fit these
two high states (April 7th and 16th) with exactly the same

values of all parameters except two parameters related to
the particle energy distribution (break γb and density K1 )
and one of the three parameters related to macroscopic
blob properties (Rb , B, or δb ).
Synchrotron radiation from a conical jet filled by relativistic electrons and magnetic field, with particle density
and magnetic field decreasing with distance from the central engine, very well gives account for the observed emission from the low radio frequencies up to the ultraviolet
wavelengths. We show how to constrain the most important physical parameters of the inhomogeneous jet from
high energy data and calculations performed within a simple homogeneous SSC model, which is a new approach of
the problem. Other parameters characterizing the jet can
be estimated from the available high angular resolution
radio maps, from the estimated mass of the black hole
and from a typical size of the accretion disc in the host
galaxy.
We tested the influence of weak external radiation
fields for inverse-Compton scattering in the blob frame.
We found that external synchrotron photons from the jet
scattered by high energy electrons from the blob can provide also very good fits for the VHE radiation of blazars.
This may be an interesting aspect of the “blob-in-jet”
scenario. Additional weak thermal external radiation cannot alone explain the VHE emission but can modify significantly the observed gamma-ray spectra and induce
changes in the physical parameters derived from pure SSC
models.
The effect of internal absorption is almost negligible
in the range of admissible parameters. The intergalactic
absorption appears more efficient and can modify the spectral shape and the total flux estimates at highest energies.
We succeeded to characterize physical parameters of
the flares responsible for the time evolution of the X-ray
and the gamma-ray light curves during activity period in
April 1997. The observed flares were reproduced mainly
by variation of the break in the electrons spectrum. The
time scale for this variability is about a few hours in the
observer’s frame. Such flaring events can be produced for
instance by acceleration or fast injection of high energetic
electrons into the emitting region. However, to reproduce
more accurately the light curves we had to assume also a
change of the radius (Rb ) and the particle density (K1 )
on longer time scale. Especially the flares observed around
13th and 16th April cannot be explained by variation of
the electrons spectrum only. This remains in good agreement with our previous fits of the spectra from April 7th
and 16th. The variation of K1 and Rb which we suggest
have time scale of about two days and can be explained
for instance as a slow compression of the emitting region.
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Appendix A: Approximation of the synchrotron
emission coefficient and the electron
self-absorption coefficient
To simplify numerical calculations of the SSC emission of
electrons with the power law energy distribution we approximate the mean emission coefficient for a single electron (Crusius & Schlickeiser 1986; Ghisellini et al. 1988;
Chiaberge & Ghisellini 1999 see their Eq. (13)). From the
least square fitting we obtain:
√
3 3σT cUB
0
Pe (νs , γ) ∼
c1 tc2 exp(−c3 t),
πνB
B2
UB =
,
8π

ν0
t = 2s ,
3γ νB

eB
νB =
,
2πme c

where
 −n
2
n−1
1−n
νs0
tc2 + 2 (c3 t) 2 −c2
3νB


n−1
ν0
×Γ c2 +
, c3 t , tb = 2s · (A.6)
2
3γb νB

g(νs0 , t, n, K) = K

where B is the magnetic field intensity c1 = 0.78, c2 =
0.25, c3 = 2.175. Now, we can rewrite the synchrotron
emission coefficient (2) for any energy distribution of electrons:
s
!
r
Z tcut
9σ
cU
c
νs0
νs0
T
B 1
0 0
js (νs ) =
Ne
24π 2 νB
νB tmin
3tνB
(A.2)



Within formula (A.1) for the single electron emissivity
and for the spectrum of the electron energy described by
Eq. (1) we can integrate also the absorption coefficient:
√
3 3σT cUB c1
0 0
k (νs ) =
16π 2 me νs0 2 νB
× {h(νs0 , tb , n1 , K1 ) − h(νs0 , tmin , n1 , K1 ) (A.7)
+ h(νs0 , tcut , n2 , K2 ) − h(νs0 , tb , n2 , K2 )},
where

h(νs0 , t, n, K)

(A.1)
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= K(n + 2)3

n
2

−c2 − n
2

× (c3 t)

νs0
νB

 −n
2

Γ c2 +

n

tc2 + 2



n
2 , c3 t

(A.8)
.

We can compare the approximated coefficients used here
with two other approaches, first the one by Blumenthal &
Gould (1970) and Ghisellini et al. (1985), and second the
one by Jones et al. (1974) and Band & Grindlay (1985) for
a range of values for the physical parameters with B from
10−3 to 103 G, K from 1 to 105 cm−3 , n from 1.5 to 4. The
differences which appear between the three methods are of
the order of 1%, or even less. Therefore the influence of the
approximation on the resulting SSC spectra is completely
negligible.

× tc2 − 2 exp(−c3 t)dt,
3

where
tmin =

νs0
,
2
3γmin νB

tcut =

νs0
·
2
3γcut νB

Appendix B: Position of the inverse-Compton
peak
(A.3)

This equation can be easily integrated numerically.
However, for power-law distribution it can be integrated
analytically according to formula:
Z x2
xa exp(−bx)dx = −x1+a
(bx2 )−a−1 Γ(1 + a, bx2 )
2
x1

(bx1 )−a−1 Γ(1+a, bx1), (A.4)
+x1+a
1
where Γ is the incomplete gamma function. In our case
where the electron energy spectrum is given by a power
law with a break and a cut-off, we can write
s
9σT cUB c1
js0 (νs0 ) =
24π 2 νB

νs0
νB

× {g(νs0 , tb , n1 , K1 ) − g(νs0 , tmin , n1 , K1 )
+ g(νs0 , tcut , n2 , K2 ) − g(νs0 , tb , n2 , K2 )}

(A.5)

To find the position of the frequency peak in the inverseCompton spectrum, we adopt the approximated version
of TMG formula for the inverse-Compton emissivity:
s
!s
0
3 Z x s2
0
σ
m
c
3.0x
3.0x0c
T
e
c
c (x0c ) =
Ne
8πh
4.0x0s0
4.0x0s0
x0s1
(B.1)
ur (x0s0 ) 0
×
dxs0 ,
x0s0
where ur is the synchrotron radiation field density and
x0 = hν 0 /me c (TMG). For a broken power-law particle
energy spectrum with the cut-off at high energies, the radiation field density can be also approximated as a broken power-law function with a cut-off at high frequencies.
Under the above assumptions, the inverse-Compton emissivity can be split into four simple integrals. However, taking into account Klein-Nishina restrictions for the high energy part of the spectrum it is very easy to show that only
components produced by low energy synchrotron photons,
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K. Katarzyński et al.: The multifrequency emission of Mrk 501

and the electrons with different energies are important.
The equations which describe this radiation are identical
to those given by TMG (see their Eqs. (A5), (A6), (A12),
and (A13), with ln(x1 /x2 ) corrected to ln(x2 /x1 ) in (A5)).
This expression of the inverse-Compton emissivity in the
Klein-Nishina limit is still too complex to be directly used
in the estimation of the inverse-Compton peak frequency.
Following the method used by TMG we can write formula
similar to their Eq. (A16):
" 
 2
−α1
σT me c3
γb
4
−α
0
K1 ur0 x0c 1 ln
peak (xc ) =
8πh
3
x02
c
 0 α2 −α1
 −α2
0 −α2
4
K2 ur0 xc
3xc
+
(B.2)
3
α2 − α1
4γb2

α2 −α1 ! #
3x0c
.
−
2
4γcut
In the second part of this formula we use full version of
the Eq. (A12) (TMG) instead the part which comes only
from the upper boundary condition used by TMG. This is
necessary because in our assumption for the high energy
states the parameter γcut may be not significantly greater
than γb .
We then deduce the position of the inverse-Compton
peak frequency as the maximum of the function
x0c peak(x0c ),
2(α −α ) 2(α −α )

1 − γcut 1 2 γb 2 1 − 2α2
2(α1 − 1)(α1 − α2 )
!
2(α −α ) 2(α −α )
α1 + α1 γcut 1 2 γb 2 1
+
(B.3)
2(α1 − 1)(α1 − α2 )


2(α2 −α1 ) 
γb
1
−

 1
γcut


= γb exp 
+
·
2(α2 − α1 )

 α1 − 1

x0cpeak = γb exp

The expression is valid only for the Klein-Nishina limit.
Its domain of validity is given in terms of the synchrotron
break frequency, νs0b ,
3 me c2 1
3 me c2 1
< νs0b <
·
4 h γb
4 h γmin

two dominant components discussed previously. To avoid
inconvenience of max & min functions in the definitions
of the components (Eqs. (A6), (A13) in TMG) we split the
inverse-Compton spectrum at positions where the boundary conditions are changing. The dominant part of the
inverse-Compton emission can be then described by:


Cx f1 (νc ), νc1 ≤ νc < νc2



(C.1)
Fc (νc ) ' Cx f2 (νc ), νc2 ≤ νc < νc3




Cx f3 (νc ), νc3 ≤ νc < νc4 ,
where
f1 (νc ) = Q1 νc −α1 ln
f2 (νc ) = R1 νc −α1 ln

where Cb = 3.7 106 and Cp is given by Eq. (28). Inserting
this formula to Eq. (B.3) we obtain a direct relation between γcut and observable quantities.

Appendix C: The total inverse-Compton flux
Using the inverse-Compton emissivity (B.1) we estimate
the total inverse-Compton flux by taking into account its



Q2
νc




+ Q3 (Q4 − Q5 )νc −α1 ,

+ R3 (R4 − R5 )νc −α1 ,

f3 (νc ) = S1 S2 νc α1 −2α2 − S3 νc−α1 ,

−α1
3(1 + z)h
= R1 =
,
Q1
4me c2 δb
4
Q2
= νsb γb2 ,
3

−α2
γ n2 −n1 3(1 + z)h
Q3
= R3 = S1 = b
,
α2 − α1 4me c2 δb

α2 −α1
3(1 + z)h
Q4
= R4 =
,
4me c2 δb γb2

α2 −α1
3(1 + z)h
= R5 = S3 =
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Q5
2
4me c2 δb γcut
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m2e c4 δb2 γb2
,
(1 + z)2 h2
α2 −α1

3 δb me c2
=
.
4 h(1 + z)

R2

=

S2

The frequencies are given by:
4 2
γ νs ,
3 min b

2
3
δb me c2
1
=
,
4 1+z h
νsb

νc1 =

(B.4)

Equation (B.5) provides a simple relation between γb and
γcut ,
s
Cp νsb
γb = γcut
,
(B.5)
Cb νsp



νc2

δb me c2
γb ,
1+z h
δb me c2
=
γcut .
1+z h

(C.3)

νc3 =
νc4

The value of the constant Cx can be easily obtained from
the relation:
Cx =

Fc (νcpeak )
·
f2 (νcpeak )

(C.4)

The total inverse-Compton flux can finally be calculated
by analytical integration of Eq. (C.1).
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