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Blazars

Jets in blazars are usually
observed at very small angle.
This explains rapid variability and
relatively high level of the
emission.
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Spectrum of Mrk 501

BeppoSAX – Pian et al. 1998,

CAT – 2013 Djannati-Atai et al. 1999,

EGRET – Kataoka et al. 1999,

NED – http://nedwww.ipac.caltech.edu
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Internal shock scenario

BLR

NLR

compact jet component

X-ray and gamma-ray
source

source velocity
direction to observer

two or more colliding
components
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Mrk 501 – emission model

Katarzyński et al. 2001

synch.
IC

active
galaxy
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Rapid variability of PKS 2155-304 - particle injection model
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Spectrum of Mrk 501 – acceleration and injection

Kirk, Rieger & Mastichiadis 1998
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Acceleration & injection – description of the model

Kirk, Rieger & Mastichiadis 1998
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The momentum–diffusion equation

Stochastic acceleration process can be described as the diffusion in
the particle momentum space, where the evolution of the isotropic,
homogeneous phase–space density (f (p, t)) is described by
the momentum–diffusion equation

∂f (p, t)
∂t =

1
p2

∂

∂p

[
p2D(p, t)∂f (p, t)

∂p

]
,

where p = βγ is the dimensionless particle momentum, D(p, t) is
the momentum–diffusion coefficient, γ it the particle Lorentz
factor and β is the particle velocity in units of c.
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Transformation of the equation

The particle number density (N [cm−3]) is directly related to the
phase–space density

N(p, t) = 4πp2f (p, t).

Thus, we can rewrite the equation

∂N(p, t)
∂t =

∂

∂p

[
−A(p, t) N(p, t) + D(p, t)∂N(p, t)

∂p

]
,

where
A(p, t) =

2
p D(p, t),

describes the acceleration process.
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Three more terms in the equation

In order to describe the radiative cooling and possible escape or
injection of the particles we have to introduce three more terms

∂N(γ, t)
∂t =

∂

∂γ

[(
C(γ, t)− A(γ, t)

)
N(γ, t)

+ D(γ, t)∂N(γ, t)
∂γ

]
− N(γ, t)

tesc
+ Q(γ, t).

Note that for the relativistic particles (β ' 1) the particle
momentum becomes equivalent to the Lorentz factor (p ≡ γ).
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The stationary solution

The stationary (Ṅ = 0) analytic solution of the equation in a
simplified form

∂

∂γ

[(
C(γ)− A(γ)

)
N(γ) + D(γ)

∂N(γ)

∂γ

]
= 0,

according to Chang and Cooper (1970), is given by

N(γ) = x exp
[
−
∫ γ C(γ′)− A(γ′)

D(γ′)
dγ′
]
,

where x is the integration constant. Note that the above equation
requires that the initial energy distribution N(γ, t = 0) 6= 0
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Thermal spectrum

Assuming a constant synchrotron cooling

C(γ) = C0γ
2,

and Fermi-like constant acceleration process

D(γ) =
χ

2 γ
2 =

γ2

(2tacc)
→ A(γ) =

γ

tacc
,

we obtain an ultra-relativistic Maxwellian distribution

N(γ) = x γ2 exp [−2C0tacc(γ − 1)]

where the maximum appears at the equilibrium between the
cooling and heating (Schlickeiser 1984).
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Evolution without injection & escape – example 1
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Evolution without injection & escape – example 2
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Evolution without injection & escape – example 3
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Evolution with injection & escape – example 1
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Evolution with injection & escape – example 2
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Evolution with injection & escape – example 3
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Radiative cooling due to the SSC emission

The synchrotron and inverse Compton cooling is described by

C(γ) =
4
3
σT c
mec2 [UB + Urad(γ)] γ2,

where
UB =

B2

8π ,

is the magnetic field energy density and

Urad(γ) ' 4π
c

∫ νx (γ)

νmin
Isyn(ν)dν νx = min

[
νmax,

3mec2

4hγ

]

is the radiation field energy density.
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The radiation field energy density
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Evolution of the electron spectrum
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SSC emission of Mrk 501

obs. - Pian et al. 1998, Djannati–Atai, A. et al 1999, model - Katarzyński et al. 2006
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SSC - number of free parameters

mono-energetic particle population
R, B, Kγ , γ, δ → 5

power law particle spectrum
R, B, K1, γmax, n, δ → 6

broken power law spectrum
R, B, K1, γbreak, γmax, n1, n2, δ → 8

our model (no escape and injection)
R, B, Kini, γequ, tacc, tevo, δ → 7

where R - source radius, B - magnetic field intensity, K - particle density, γ - particle Lorentz factor, n - spectral

index, δ - source Doppler factor, tevo - evolution time
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... less than seven parameters?

If for the equilibrium energy

UB � Urad(γequ)

then the value of the magnetic field intensity can be derived from
the other model parameters

B(γequ, tacc) =

√
6πmec
σT

1
γequtacc

→ 7 → 6

Moreover, if tacc ' R/c then the number of free parameters is
reduced to 5 !
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Injection & escape scenario
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Mrk 501 - injection & escape scenario

obs. - Pian et al. 1998, Djannati–Atai, A. et al 1999, model - Katarzyński et al. 2006
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free parameters in the inj/esc scenario

In the injection and escape scenario in principle we have eight free
parameters

R, B, Qinj, γequ, tacc, tesc, tevo, δ → 8

However, we can assume the escape time tesc ' R/c → 7 .
Moreover, since the slope of the spectrum n = 1 + tacc

2tesc
, the

acceleration time tacc ' tesc → 6 . The magnetic field intensity
can be calculated if UB � Urad(γequ) → 5 .
Finally, if we observe the source in the stationary state then the
tevo can be eliminated → 4 !
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Mrk 421 – synchrotron peak correlation

Tanihata et al. 2004
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Peak correlation – acceleration scenario
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Peak correlation – acceleration scenario
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Peak correlation – injection scenario
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Peak correlation – injection scenario
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Mrk 501 – delay between the TeV light-curves

obs. - Albert et al. 2007, model - Mastichiadis & Moraitis 2009
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Clockwise & anticlockwise loops

Kirk, Rieger & Mastichiadis 1998
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Conclusions

particle acceleration at a shock wave can be approximated as
an injection of the relativistic particles – this is the simplest
possible description
in a more precise approach the acceleration process can be
described by the kinetic equation – in our particular model we
use the diffusion equation to simulate stochastic nature of the
acceleration
we tested two different approaches: acceleration & cooling
only and continuous injection, acceleration, cooling and
escape of the particles – in both cases we well reproduce the
observed spectra
future high energy instruments like for example CTA will
provide very important details about the acceleration
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