
Spectral Evolution in Blazars
-Observation and Theory-

 Christian M. Fromm1

20.09.2012

Collaborators: 
E. Ros2,1, M. Perucho2, T. Savolainen1 , P. Mimica2, A. P. Lobanov1 , 
J. A. Zensus1

1 MPIfR Bonn 

2 University of  Valencia



• Motivation
• Observations
• RHD Simulations
• Summary

Outline

2



Active Galactic Nuclei

3Ref: Steffen



Spectral Energy Distribution (SED)

4Ref: Ghisellini et al. 1998

3 T H E M O D E L S

3.1 General assumptions

The emitting region is assumed to be a sphere (blob) of constant radius
R, with a homogeneous and tangled magnetic field B. Throughout the
source relativistic electrons are continuously injected at a rate Q!g"

[cm#3 s#1], corresponding to a luminosity Linj and a compactness
!inj ! LinjjT=!R mec

3", where jT is the Thomson scattering cross-
section. This power is assumed to be entirely converted into radiation.
The injected particles are distributed in energy as a power law of slope
s [Q!g" $ Q0g#s], between gmin and gmax.

The blob moves with a bulk velocity bc, corresponding to a
Lorentz factor G, at an angle v with respect to the line of sight.
The Lorentz transformation of the specific intensity is thus given
by I!n" $ d3I0!n=d", where d $ %G!1 # b cos v"ÿ#1 is the Doppler
factor. For simplicity (see below), we always assume v " 1=G,
resulting in d " G. In the remainder of this section, unless
otherwise specified, all quantities are measured in the blob
comoving frame.

We consider a stationary situation, that is we determine the
particle equilibrium distribution and the spectrum of the emitted
radiation self-consistently, assuming that the time-scale over which
the particles reach equilibrium is shorter than that over which the
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Standard Model: Single zone model within cylindrical or conical jet
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CTA 102 (2230+114) z=1.0372 C. M. Fromm et al.: CTA102 light curve analysis

Fig. 1. Radio!mm light curves for CTA102, centered around the 2006 radio flare.

15GHz. Kinematic analysis show apparent velocities of the fea-
tures in the jet between 0.7 c and 15.40 c (Lister et al. 2009b). A
multifrequency VLBI study including data at 90GHz, 43GHz
and 22GHz was reported by Rantakyrö et al. (2003). The re-
sults from the multifrequency VLBI observations were com-
bined with the continuum monitoring performed at single-dish
observatories at 22GHz, 37GHz, 90GHz and 230GHz. Within
this multifrequency data set (November 1992 until June 1998), a
major flare in CTA102 around 1997 was confirmed. The authors
could conclude that this event was connected to the ejection of a
new jet feature. The same was noted by Savolainen et al. (2002).
Jorstad et al. (2005) and Hovatta et al. (2009) found Lorentz fac-
tors, !, of 17 and 15, respectively, and Doppler factors, !, be-
tween 15 and 22 associated to this ejection. The 2006 radio flare
in CTA102 has been observed at cm!mm total flux density and
multifrequency VLBI observations (Fromm 2009). The results
of the the multifrequency VLBI observations will be presented
in second paper.

In this work, we concentrate on the analysis of the cm!mm
light curves. The organization of the paper is the following.
In Sect. 2 we present the radio/mm light curves during the
2006 flare and perform the spectral analysis. The theoretical
background and the fitting technique are introduced in Sect. 3.
The results of this analysis are shown in Sect. 4. and are applied
to the 2006 flare in CTA102 in Sect. 5. In Sect. 6 we discuss the
di"erent models that can explain the observations.

Throughout this paper we define the optically thick spectral
index as "t > 0 and the convention used for the optically thin
spectral index is S " #+", where "0 < 0. The latter can be de-
rived from the spectral slope, s, via the relation "0 = !(s! 1)/2.

Table 1. Average time sampling and average flux density uncertainties
for the used light curves

# [GHz] Observatory #tobs$ [days] ##S obs$ [Jy]

4.8 UMRAO 46 0.09
8.0 UMRAO 38 0.07
14.5 UMRAO 32 0.07
37 Metsähovi 16 0.24
230 SMA 27 0.18
340 SMA 132 0.25

2. Observations: cm!mm light curves

For our analysis we focused on the radio flare around April
2006 and used observations spanning from 4.8GHz to 340GHz
(see Fig. 1). The observations have been carried out by the
Radio Observatory of the University of Michigan (UMRAO),
the Metsähovi Radio Observatory, and the Submillimeter Array
(SMA). The average sampling time intervals and flux density
uncertainties are presented in Table 1.

Figure 1 shows the total flux densities measured by the tele-
scopes at di"erent frequencies. The most prominent feature in
the light curve is the major flare around 2006.2, best seen at
37GHz. This feature is surrounded by smaller flares in 2005.2,
2007.6, 2008.5, and 2009.4. The light curves show the typi-
cal evolution of a flare: the flaring phenomenon usually starts
at high frequencies and propagates to lower frequencies with
a certain time delay of the peak, but there are also flares that
develop simultaneously over a wide frequency range. The flare
around 2005.0 appears nearly simultaneously at the highest fre-
quencies (230GHz and 340GHz) and delayed at 37GHz and

Ref: Fromm et al. 2011
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Summarizing, an over-pressured jet can be divided into three
regions, i) the expansion region, i.e., continuous increase of the
jet radius, ii) the collimation region, i. e., decrease of the jet
radius and formation of the collimation shock, and iii) the re-
expansion region (see Fig. 12). In such a scenario, enhancements
of emission can be produced by the interaction between traveling
and standing (re-collimation) shocks (Gómez et al. 1997). In the
following, the evolution of the travelling shock in these regions
is described and our results are put in context.

Fig. 12. Sketch of an over-pressured jet with indicated characteristic re-
gions (adopted from Daly & Marscher 1988).

6.1. The expansion region

A relativistic shock propagating through this region accelerates
particles at the shock front. These particles travel behind the
shock and su!er di!erent energy loss mechanisms, depending on
their energy. The resulting evolution of the turnover frequency
and turnover flux density is explained by the shock-in-jet model
(Marscher & Gear 1985) under certain assumptions.

The parameters derived for the time between 2005.6 and
2006.0 can be associated with this region, including a Compton
and an adiabatic stage. The expansion of the jet is parametrized
by r = 0.60, which di!ers from the value expected for a conical
jet r = 1. The non-conical behavior could be due to accelera-
tion of the flow (Marscher 1980). This acceleration should be
expressed by !r · d > 0 (D " L!rd). However, from our results,
this value is negative !r · d = !0.12, but very small, i.e., com-
patible with no changes in the Doppler factor. Thus, we cannot
confirm this point.

For the evolution of the magnetic field with distance we de-
rive a value of b = 1.0, indicating that the magnetic field could
be basically toroidal in this region. The injected spectral slope
for the relativistic electron distribution s = 2.1 leads to an opti-
cally thin spectral index !0 = !0.55. A decrease in the density
can be deduced from!r·k = !1.6, which corresponds to the evo-
lution of the normalization coe"cient of the relativistic electron
distribution, K.

The parameter to! corresponds to the time di!erence be-
tween the onset of the Compton stage and the first detection of
the flare. From the value of to! = 0.02 yr together with inde-
pendently obtained values for the viewing angle, " = 2.6#, and
the apparent speed of the VLBI component ejected by the 2006
flare, #app = 17 c (Jorstad et al. 2005; Fromm et al. 2010), we
calculated the displacement between the onset and the detection
of the flare to be #r = 3.5 pc.

6.2. The collimation region

After the recollimation region, at the position of the hypothet-
ical standing shock, the local increase in density, pressure and

magnetic field should generate an increase in the emission. The
interaction between a travelling and a standing shock would fur-
ther enhance the emission (Gómez et al. 1997). Furthermore, the
standing shock would be dragged downstream by the traveling
shock and re-established after a certain time at its initial position
(Gómez et al. 1997; Mimica et al. 2009). We compare here our
results with this scenario.

Since the evolution of the turnover frequency and turnover
flux density between 2006.0 and 2006.3 showed Compton-stage-
like behavior, i.e., decreasing turnover frequency and increas-
ing flux density, we used the equations of the Compton stage to
derive the possible evolution of the physical parameters (model
C2). In this region a slower rate of jet expansion is found (r =
0.35). During this stage, the Doppler factor seems to be constant
with distance, !r · d = 0.035. In the context of the hypotheti-
cal shock-shock interaction, acceleration of the flow close to the
axis is expected down to the discontinuity of the stading shock,
where sudden deceleration would occur (see, e.g., Perucho &
Martı́ 2007). Thus, it is di"cult to assess whether the Doppler
factor should increase or decrease in the whole region.

The magnetic field intensity decreases with an exponent
b = 1.35, implying that the geometry of the magnetic field
has changed, with contributions of non-toroidal components, but
showing no hints of magnetic field enhancement. The parameter
s, giving the spectral slope of the relativistic electron distribu-
tion changes to s = 2, which gives an optically thin spectral
index !0 = !0.5.

The set of parameters derived for this time interval do not
reflect the expected physical conditions of a traveling!standing
shock interaction, other than a slight flattening of the spectral
slope (from possible refreshment of particles). Nevertheless, the
shock-shock scenario could hardly be reproduced by a one-
dimensional model. Numerical simulations should be performed
in order to study this hypothesis in detail. Another possibility is
that the reason for the second peak is attached to the injection of
a second shock from the basis of the jet. This is not observed,
though.

6.3. The re-expansion region

After the re-collimation process, the jet re-expands, i.e., the
jet radius increases again. In principle, the position of the re-
collimation shock can be regarded as a “new” nozzle fromwhich
the fluid emerges. Therefore, when the shock front reaches this
region, the expected evolution is, again, that predicted by the
shock-in-jet model.

The evolution between 2006.3 and 2006.8 is identified
within our hypothesis with the re-expansion region. Thus, the
equations for an adiabatic loss stage were applied to the evolu-
tion turnover frequency and turnover flux density.

The opening of the jet is clearly apparent at this stage r =
0.90. This opening should produce a decrease in density, which

translated into smaller values of the parameter!r ·k,
!

K " L!r k
"

.

From the fits, we derive !r · k = !4.2, confirming a decay in the
density. Themagnetic field falls with b = 1.7, which shows again
that the geometry of the field changes from a purely toroidal
to a mixed structure with the distance. The values for !r · d =
0.18 reveal an acceleration of the flow, which can naturally arise
during the expansion of the jet. The spectral slope of s = 2.4
translates into an optically thin spectral index of !0 = !0.7.

Ref: Fromm et al. 2011
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translated into smaller values of the parameter!r ·k,
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K " L!r k
"

.
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Ref: Fromm et al. 2011
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15 GHz VLBI observations of CTA102

Fig. 25. 15 GHz uniformly weighted VLBA CLEAN image of CTA 102
observed on 8th of June 2006 with fitted circular Gaussian components
overlaid. The map peak flux density was 4.13 Jy/beam, where the con-
volving beam was 1.3⇥0.5 mas at P.A. �6.2. he lowest contour is plotted
at 10⇥ the o↵-source rms and increases in steps of 2.

Fig. 26. Temporal evolution of the separation from the core for the
15 GHz components from Lister et al. (2009a) and combined with our
15 GHz data. The color scale corresponds to the flux density and the size
of the circles to the relative size (FWHM) of the components. The solid
black lines correspond to a polynomial fit of the component trajectory.
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Summarizing, an over-pressured jet can be divided into three
regions, i) the expansion region, i.e., continuous increase of the
jet radius, ii) the collimation region, i. e., decrease of the jet
radius and formation of the collimation shock, and iii) the re-
expansion region (see Fig. 12). In such a scenario, enhancements
of emission can be produced by the interaction between traveling
and standing (re-collimation) shocks (Gómez et al. 1997). In the
following, the evolution of the travelling shock in these regions
is described and our results are put in context.

Fig. 12. Sketch of an over-pressured jet with indicated characteristic re-
gions (adopted from Daly & Marscher 1988).

6.1. The expansion region

A relativistic shock propagating through this region accelerates
particles at the shock front. These particles travel behind the
shock and su!er di!erent energy loss mechanisms, depending on
their energy. The resulting evolution of the turnover frequency
and turnover flux density is explained by the shock-in-jet model
(Marscher & Gear 1985) under certain assumptions.

The parameters derived for the time between 2005.6 and
2006.0 can be associated with this region, including a Compton
and an adiabatic stage. The expansion of the jet is parametrized
by r = 0.60, which di!ers from the value expected for a conical
jet r = 1. The non-conical behavior could be due to accelera-
tion of the flow (Marscher 1980). This acceleration should be
expressed by !r · d > 0 (D " L!rd). However, from our results,
this value is negative !r · d = !0.12, but very small, i.e., com-
patible with no changes in the Doppler factor. Thus, we cannot
confirm this point.

For the evolution of the magnetic field with distance we de-
rive a value of b = 1.0, indicating that the magnetic field could
be basically toroidal in this region. The injected spectral slope
for the relativistic electron distribution s = 2.1 leads to an opti-
cally thin spectral index !0 = !0.55. A decrease in the density
can be deduced from!r·k = !1.6, which corresponds to the evo-
lution of the normalization coe"cient of the relativistic electron
distribution, K.

The parameter to! corresponds to the time di!erence be-
tween the onset of the Compton stage and the first detection of
the flare. From the value of to! = 0.02 yr together with inde-
pendently obtained values for the viewing angle, " = 2.6#, and
the apparent speed of the VLBI component ejected by the 2006
flare, #app = 17 c (Jorstad et al. 2005; Fromm et al. 2010), we
calculated the displacement between the onset and the detection
of the flare to be #r = 3.5 pc.

6.2. The collimation region

After the recollimation region, at the position of the hypothet-
ical standing shock, the local increase in density, pressure and

magnetic field should generate an increase in the emission. The
interaction between a travelling and a standing shock would fur-
ther enhance the emission (Gómez et al. 1997). Furthermore, the
standing shock would be dragged downstream by the traveling
shock and re-established after a certain time at its initial position
(Gómez et al. 1997; Mimica et al. 2009). We compare here our
results with this scenario.

Since the evolution of the turnover frequency and turnover
flux density between 2006.0 and 2006.3 showed Compton-stage-
like behavior, i.e., decreasing turnover frequency and increas-
ing flux density, we used the equations of the Compton stage to
derive the possible evolution of the physical parameters (model
C2). In this region a slower rate of jet expansion is found (r =
0.35). During this stage, the Doppler factor seems to be constant
with distance, !r · d = 0.035. In the context of the hypotheti-
cal shock-shock interaction, acceleration of the flow close to the
axis is expected down to the discontinuity of the stading shock,
where sudden deceleration would occur (see, e.g., Perucho &
Martı́ 2007). Thus, it is di"cult to assess whether the Doppler
factor should increase or decrease in the whole region.

The magnetic field intensity decreases with an exponent
b = 1.35, implying that the geometry of the magnetic field
has changed, with contributions of non-toroidal components, but
showing no hints of magnetic field enhancement. The parameter
s, giving the spectral slope of the relativistic electron distribu-
tion changes to s = 2, which gives an optically thin spectral
index !0 = !0.5.

The set of parameters derived for this time interval do not
reflect the expected physical conditions of a traveling!standing
shock interaction, other than a slight flattening of the spectral
slope (from possible refreshment of particles). Nevertheless, the
shock-shock scenario could hardly be reproduced by a one-
dimensional model. Numerical simulations should be performed
in order to study this hypothesis in detail. Another possibility is
that the reason for the second peak is attached to the injection of
a second shock from the basis of the jet. This is not observed,
though.

6.3. The re-expansion region

After the re-collimation process, the jet re-expands, i.e., the
jet radius increases again. In principle, the position of the re-
collimation shock can be regarded as a “new” nozzle fromwhich
the fluid emerges. Therefore, when the shock front reaches this
region, the expected evolution is, again, that predicted by the
shock-in-jet model.

The evolution between 2006.3 and 2006.8 is identified
within our hypothesis with the re-expansion region. Thus, the
equations for an adiabatic loss stage were applied to the evolu-
tion turnover frequency and turnover flux density.

The opening of the jet is clearly apparent at this stage r =
0.90. This opening should produce a decrease in density, which

translated into smaller values of the parameter!r ·k,
!

K " L!r k
"

.

From the fits, we derive !r · k = !4.2, confirming a decay in the
density. Themagnetic field falls with b = 1.7, which shows again
that the geometry of the field changes from a purely toroidal
to a mixed structure with the distance. The values for !r · d =
0.18 reveal an acceleration of the flow, which can naturally arise
during the expansion of the jet. The spectral slope of s = 2.4
translates into an optically thin spectral index of !0 = !0.7.
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tion of the flow (Marscher 1980). This acceleration should be
expressed by !r · d > 0 (D " L!rd). However, from our results,
this value is negative !r · d = !0.12, but very small, i.e., com-
patible with no changes in the Doppler factor. Thus, we cannot
confirm this point.

For the evolution of the magnetic field with distance we de-
rive a value of b = 1.0, indicating that the magnetic field could
be basically toroidal in this region. The injected spectral slope
for the relativistic electron distribution s = 2.1 leads to an opti-
cally thin spectral index !0 = !0.55. A decrease in the density
can be deduced from!r·k = !1.6, which corresponds to the evo-
lution of the normalization coe"cient of the relativistic electron
distribution, K.

The parameter to! corresponds to the time di!erence be-
tween the onset of the Compton stage and the first detection of
the flare. From the value of to! = 0.02 yr together with inde-
pendently obtained values for the viewing angle, " = 2.6#, and
the apparent speed of the VLBI component ejected by the 2006
flare, #app = 17 c (Jorstad et al. 2005; Fromm et al. 2010), we
calculated the displacement between the onset and the detection
of the flare to be #r = 3.5 pc.

6.2. The collimation region

After the recollimation region, at the position of the hypothet-
ical standing shock, the local increase in density, pressure and

magnetic field should generate an increase in the emission. The
interaction between a travelling and a standing shock would fur-
ther enhance the emission (Gómez et al. 1997). Furthermore, the
standing shock would be dragged downstream by the traveling
shock and re-established after a certain time at its initial position
(Gómez et al. 1997; Mimica et al. 2009). We compare here our
results with this scenario.

Since the evolution of the turnover frequency and turnover
flux density between 2006.0 and 2006.3 showed Compton-stage-
like behavior, i.e., decreasing turnover frequency and increas-
ing flux density, we used the equations of the Compton stage to
derive the possible evolution of the physical parameters (model
C2). In this region a slower rate of jet expansion is found (r =
0.35). During this stage, the Doppler factor seems to be constant
with distance, !r · d = 0.035. In the context of the hypotheti-
cal shock-shock interaction, acceleration of the flow close to the
axis is expected down to the discontinuity of the stading shock,
where sudden deceleration would occur (see, e.g., Perucho &
Martı́ 2007). Thus, it is di"cult to assess whether the Doppler
factor should increase or decrease in the whole region.

The magnetic field intensity decreases with an exponent
b = 1.35, implying that the geometry of the magnetic field
has changed, with contributions of non-toroidal components, but
showing no hints of magnetic field enhancement. The parameter
s, giving the spectral slope of the relativistic electron distribu-
tion changes to s = 2, which gives an optically thin spectral
index !0 = !0.5.

The set of parameters derived for this time interval do not
reflect the expected physical conditions of a traveling!standing
shock interaction, other than a slight flattening of the spectral
slope (from possible refreshment of particles). Nevertheless, the
shock-shock scenario could hardly be reproduced by a one-
dimensional model. Numerical simulations should be performed
in order to study this hypothesis in detail. Another possibility is
that the reason for the second peak is attached to the injection of
a second shock from the basis of the jet. This is not observed,
though.

6.3. The re-expansion region

After the re-collimation process, the jet re-expands, i.e., the
jet radius increases again. In principle, the position of the re-
collimation shock can be regarded as a “new” nozzle fromwhich
the fluid emerges. Therefore, when the shock front reaches this
region, the expected evolution is, again, that predicted by the
shock-in-jet model.

The evolution between 2006.3 and 2006.8 is identified
within our hypothesis with the re-expansion region. Thus, the
equations for an adiabatic loss stage were applied to the evolu-
tion turnover frequency and turnover flux density.

The opening of the jet is clearly apparent at this stage r =
0.90. This opening should produce a decrease in density, which

translated into smaller values of the parameter!r ·k,
!

K " L!r k
"

.

From the fits, we derive !r · k = !4.2, confirming a decay in the
density. Themagnetic field falls with b = 1.7, which shows again
that the geometry of the field changes from a purely toroidal
to a mixed structure with the distance. The values for !r · d =
0.18 reveal an acceleration of the flow, which can naturally arise
during the expansion of the jet. The spectral slope of s = 2.4
translates into an optically thin spectral index of !0 = !0.7.
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10 C. M. Fromm et al.: CTA102 Light Curve Analysis

Fig. 11. The temporal evolution of the 2006 radio flare in CTA102 modeled with varying Doppler factor (black solid line) and with the modifica-
tions of Björnsson & Aslaksen (2000) for the first two stages (red solid line). Both models fail to describe the 2006 flare (compare to Fig. 7).; left:
turnover frequency; right: turnover flux density. The lower panels show the residuum for the fits ! = (xobs ! xmodel) /!x. The dashed black lines
correspond to the time labels in Figure 4 and indicate the extrema in the evolution.

The formation of a standing shock can be described in the
following way: The unbalance between the jet pressure and the
pressure of the ambient medium at the jet nozzle leads to an
opening of the jet. Due to the conservation laws of hydrodynam-
ics, this opening results in a decrease of the density, the pressure
and the magnetic field intensity in the jet. The finite speed of
the sound waves in the jet is responsible for an over-expansion
followed by a re-collimation of the jet that gives rise to the for-
mation of a shock. During this collimation process the jet radius
decreases and the shock leads to an increase of the pressure, den-
sity, and magnetic field intensity. Again, the finite speed of the
sound waves is responsible for a over-collimation of the jet. This
interplay between over-expansion and over-collimation leads to
the picture of a pinching flow, i.e., a continuous change of the
width along the jet axis, in contrast to conical jets. The intrin-
sic physical parameters (pressure, density, and magnetic field)
along a pinching jet show a sequence of local maxima and min-
ima (Daly & Marscher 1988; Falle 1991).

Summarizing, an over-pressured jet can be divided into three
regions, i) the expansion region, i.e., continuous increase of the
jet radius, ii) the collimation region, i. e., decrease of the jet
radius and formation of the collimation shock, and iii) the re-
expansion region (see Fig. 12). In such a scenario, enhancements
of emission can be produced by the interaction between traveling
and standing (re-collimation) shocks (Gómez et al. 1997). In the
following, the evolution of the travelling shock in these regions
is described and our results are put in context.

6.1. The expansion region

A relativistic shock propagating through this region accelerates
particles at the shock front. These particles travel behind the

Fig. 12. Sketch of an over-pressured jet with indicated characteristic re-
gions (adopted from Daly & Marscher 1988).

shock and su"er di"erent energy loss mechanisms, depending on
their energy. The resulting evolution of the turnover frequency
and turnover flux density is explained by the shock-in-jet model
(Marscher & Gear 1985) under certain assumptions.

The parameters derived for the time between 2005.6 and
2005.8 can be associated with this region. The expansion of the
jet is parametrized by r = 0.60, which di"ers from the value ex-
pected for a conical jet r = 1. The non-conical behaviour could
be due to acceleration of the flow (Marscher 1980). This accel-
eration should be expressed by !r · d > 0 (" " L!rd). However,
from our results, this value is negative !r · d = !0.12, but very
small, i.e., compatible with no changes in the Doppler factor.
Thus, we cannot confirm this point.

For the evolution of the magnetic field with distance we de-
rive a value of b = 1.0, indicating that the magnetic field could
be basically toroidal in this region. The injected spectral slope
for the relativistic electron distribution s = 2.1 leads to an opti-
cally thin spectral index #0 = !0.55. A decrease in the density
can be deduced from!r·k = !1.6, which corresponds to the evo-

Using RATPENAT (Perucho et al.  2008) + LUXS( Fromm et al. 2012)

Parameters from observations: 

VALUES FOR OVER-PRESSURED JETS IN RHD SIMULATIONS

From Daly & Marscher 1988 we know that the re-collimation shock should ap-
pear at:

(1) zRC ! 3.3R0!0dk,

where, R0 is the jet Radius at the nozzle in parsec, !0 the bulk Lorentz factor at
the nozzle and dk the ratio between the pressure in the jet, pb, and the pressure of
the ambient medium, pa.
In order to simulate a realistic Blazar (FR-I-like), we agreed that the kinetic energy
of the jet should be around 1043

" 1044erg/s. The kinetic energy of the jet could
be written as:

(2) Lkin = (hcode!" 1) !b!"R2

jvbc
2,

with hcode the enthalpy of the jet in units of the code, !b the density of the jet in
cgs-units, Rj the radius of the jet in cm, vb the velocity of the jet in cm/s and c
the speed of light in cm/s.
If we fix value of R0 and want the first re-collimation shock to appear at the same
position, zRC, for di"erent values of dk we have to vary the Bulk Lorentz factor,
!0. Furthermore, we would like the kinetic energy to be constant while varying
the over-pressure, dk, and the bulk Lorentz factor, !. To do so, we have to adjust
the density in the jet, !b, too. The values in brackets in Eq. 2 is in the order of !,
therefore the equation above could be written as:

(3) Lkin ! !b!
2"R2

jvbc
2.

The velocity of the jet, vb can be replaced by the bulk Lorentz factor, !, via:

(4) vb =
!

1 " !!2
"1/2

c.

Substituting vb in Eq. 3 with the expression above leads to:

(5) Lkin ! !b!
2"R2

j

!

1 " !!2
"1/2

c3.

Based on the observations of CTA102 (Jorstad et al. 2005, Fromm et al. 2010)
we could derive the de-projected distance of the first re-collimation shock at a
position, zRC = 36 pc, using a viewing angle, # = 2.6". Furthermore, Jorstad et
al. (2005) obtained an average bulk Lorentz factor, ! = 17. If we assume an over-
pressure, dk = 2, we calculated, using Eq. 1, a jet radius, R0 = 0.3 pc. From the
average bulk Lorentz factor, ! = 17, we derived a jet speed, vb = 0.99827 c via the
relation given in Eq. 3. Together with a density, !b = 1.65 · 10!27 g we calculated
the kinetic energy of the jet, Lkin = 3.3 · 1043 erg/s, which is comparable with the
literature values for a FR I jet. In Table 1 we calculated several values for three
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Assumptions:
over-pressure of jet
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