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B The Broadband SED of the MOJAVE Sample

Figure B.17: The broadband SEDs of the MOJAVE sources.
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Figure 1.4: Spectral energy distribution (SED) for CTA 102 with indicated emission pro-
cesses and frequency bands, taken from Chang (2010). The dashed lines correspond to a
polynomial fit.

ing. These monitoring programs provide an excellent data set for the study of the flaring
behaviour of AGNs (see Chapter 3).

1.2.4 CTA 102 radio structure from kiloparsec to parsec scales
In the 1980s, observations taken with the Multi-Element Radio Linked Interferometer
Network (MERLIN) and Very Large Array (VLA) revealed the kpc-scale structure of
CTA 102, which consists of a central core and two faint lobes (see Fig. 1.5) (Spencer
et al. 1989) (see Fig. 1.5). The brighter lobe has a flux density of 170 mJy at a distance
of 1.6 arcsec from the core at position angle (P. A.) of 143� (measured from north through
east). The other lobe, with a flux density of 75 mJy, is located 1 arcsec from the center at
P. A. �43�. The spectral indices, ↵, defined as S / ⌫+↵, between 2 GHz and 5 GHz of the
lobes are �0.7 for the bright and �0.3 for the other one.

High-resolution VLBI observations at 1.4 GHz and 5 GHz resolved the central object
into three components and a di↵use tail bending to the southeast. These observations
provide and upper limit around 10 c (0.5 mas/yr) for the superluminal motion of the com-
ponents (Bååth 1988; Wehrle & Cohen 1989). Several observations at di↵erent frequen-
cies (for example at 326 MHz) confirmed the elongation of the source to the southeast
(Altschuler et al. 1995).

The source was observed within the Radio Reference Frame Image Database five
times at 8 GHz between 1994 and 1998 (Piner et al. 2007). The authors report apparent
jet velocities from (�7 ± 14) c up to (24 ± 29) c (see Sect. 2.3 on the phenomenon of su-
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CTA 102 (z=1.037)

34 INVESTIGACION Y CIENCIA, septiembre, 2009

en líneas moleculares correspondientes a lon-
gitudes de onda de radio. La observación de 
estas líneas nos faculta para medir la velocidad 
del material en el disco con una gran precisión 
a través del efecto Doppler.

Adentrándonos más en el disco, hasta dis-
tancias de décimas de parsec del agujero negro, 
nos encontramos con una región de gas y polvo 
tibio que emite sobre todo en el infrarrojo. 
A unas centésimas de parsec, el disco está lo 
bastante caliente como para que se evaporen 
los minúsculos granos de polvo; emite sobre 
todo en el óptico y el ultravioleta. Se trata de 
una región que, si bien del tamaño de nuestro 
sistema solar, emite una cantidad de energía 
cien veces mayor que todas las estrellas de 
la galaxia.

Adentrándonos más aún en el disco llega-
mos a una zona donde el gas alcanza tempe-
raturas de millones de grados; emite rayos X. 
Más cerca del agujero negro no existen órbitas 
estables, por lo que el material atraviesa el 
horizonte de sucesos y desaparece atrapado 
por el agujero negro.

Pero no todo el material del disco acaba 
alimentando al agujero negro. Parte es arran-
cado del disco por los campos magnéticos 
que se encuentran anclados en el interior de 
éste, desencadenando uno de los fenómenos 
más llamativos de la naturaleza: unos gigan-
tescos chorros de partículas que se extienden 
a velocidades cercanas a la de la luz hasta 
distancias mucho mayores que la propia ga-
laxia que los alberga. Esos chorros constituyen 
una de las características más espectaculares 

de los cuásares y una de las mejores fuentes 
para su estudio.

La primera observación de un chorro acon-
teció en 1917. La realizó Heber D. Curtis en 
M87. A pesar de esta primera detección en el 
óptico, fueron necesarios otros 60 años para 
que se desarrollara la radioastronomía y con 
ella un mejor conocimiento de la naturaleza 
de los chorros y su relación con los AGN.

Radiointerferometría
La mayor parte de la radiación emitida por los 
chorros de los AGN se concentra en las lon-
gitudes de onda milimétricas y centimétricas, 
es decir, en el rango de las emisiones de radio. 
Semejante acotamiento supuso inicialmente 
un inconveniente, dada la pobre resolución 
de los radiotelescopios comparada con la de 
los telescopios que observan las longitudes 
de onda del visible.

El poder resolutivo de un instrumento que 
trabaja en el límite de difracción viene dado, 
aproximadamente, por la razón entre la lon-
gitud de onda de la observación y la apertura 
del instrumento. Así, para obtener imágenes 
con una resolución angular de 1 segundo de 
arco en el óptico (alrededor de los 550 nm) 
necesitaríamos un telescopio de unos 14 cm, 
mientras que a longitudes de onda de radio 
(alrededor de 1 cm) tendría que ser de unos 
2,5 km de diámetro. Esto hizo pensar que 
la radioastronomía estaría siempre relegada 
a un papel secundario frente a la astronomía 
óptica.

La solución del problema provino del de-
sarrollo de una técnica de observación, la in-
terferometría. Por esta idea de brillante simpli-
cidad obtuvo Martin Ryle el premio Nobel de 
física en 1974. No podemos construir una an-
tena de varios kilómetros de diámetro, pero sí 
múltiples antenas y combinarlas, conjugar sus 
señales como si fuesen secciones distintas de 
una mucho mayor, tan grande como la máxi-
ma separación entre ellas. Mediante semejante 
proceder se consigue una resolución igual a la 
que se obtendría con esa antena equivalente, 
aunque no la misma sensibilidad. Para que la 
sensibilidad fuese igual, sería necesario que las 
antenas del sistema interferométrico cubriesen 
entre todas el área de la antena equivalente; 
en la práctica resultaría tan difícil y costoso 
como construir una única antena.

Martin Ryle se percató entonces de la po-
sibilidad de registrar la señal recibida en cada 
antena durante un largo período de tiempo; 
de ese modo, la propia rotación de la Tierra 
propicia que las antenas (o elementos del inter-
ferómetro) cubran una mayor superficie de la 
antena equivalente. Dicho técnicamente: así se 
obtiene un mejor cubrimiento del denominado W

O
LF

G
AN

G 
ST

EF
FE

N 
Y 

JO
SE

 L
UI

S 
G

O
M

EZ
 F

ER
N

AN
DE

Z 
(c

om
po

si
ci

ón
); 

N
RA

O
/A

UI
 (C

yg
nu

s A
)

4. LAS OBSERVACIONES 
INTERFEROMETRICAS permiten 
combinar la señal de distintos 
radiotelescopios como si se 
tratase de una sola antena, 
tan grande como la propia 
Tierra.
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26 C. M. Fromm et al.: CTA 102 VLBI Kinematic Analysis

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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C. M. Fromm et al.: CTA102 light curve analysis 13

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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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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6.4 Application to the blazar CTA 102

Figure 6.18: Single-dish spectrum calculated at a viewing angle of # = 90� and a redshift
of z = 1.037 for an adiabatic model and for a model taking adiabatic and synchrotron
losses into account. The underlying hydro-dynamic model is CTA2 (see Table 6.6) and
for the generation of the non-thermal particle distribution we ✏b = 0.3, ✏e = 0.01, and
✏a = 106.

The larger the ratio between the non-thermal and thermal particles, ✏e, the higher is
the turnover frequency and there is a small increase in the turnover flux density. This
behaviour is shown in the top panel of Fig. 6.19, where we kept the other parameters
✏b = 0.1, and ✏a = 106 constant, took both, radiative and adiabatic losses into account and
used the CTA2 simulation as underlying RHD model (see Table 6.6 for initial parameters).

The middle panel of Fig. 6.19 shows the influence of the fraction of the equipartition
magnetic field on the non-thermal emission, ✏b. The increase in ✏b leads to a rise in the
turnover flux density while keeping the shape of the spectrum un-changed. With larger
magnetic field values (larger values of ✏b).

The impact of the acceleration factor, ✏a, on the non-thermal emission is plotted in the
bottom panel of Fig. 6.19. This parameters leads to a variation in the high-frequency cut-
o↵. The larger ✏a the smaller is the high frequency cut-o↵ and the steeper is the spectrum.

In sum a larger ✏e increases the turnover frequency, an increase in ✏b results in a growth
of the turnover flux density, and the high-frequency shape of the spectrum is determined
by ✏a.
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Fig. 10. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.

in the spine of the jet. Furthermore, the separation between
the re-collimation shocks and their length are increasing with
distance along the jet. The comparison between the two top
panels and the bottom one shows that a steeper ambient profile
leads to less but more extended re-collimation shocks and larger
opening angles of the sheath.

To investigate the number of re-collimation shocks formed
and their typical parameters we use the transversally averaged
density, pressure and velocity. The results of this study are plot-
ted in Fig. 11. The panels show the location of the re-collimation
shocks and their length (panel A), the transversal size of the
re-collimation shocks (panel B), the relative pressure increase
(panel C), and the relative increase in the density (panel D). The
circle symbols indicate the simulations with an ambient medium
characterised by the exponents m = 1 and n = 2, hereafter
profile 1, and the square symbols correspond to an ambient
medium with exponents m = 2 and n = 2 hereafter profile 2. The
color indicates the used adiabatic index, i.e., the composition of
the jet fluid, � = 1.33 (e�e+) and � = 1.44 (e�p+) and solid lines
represent density at the jet nozzle of ⇢ = 0.02 and dashed lines
a density of ⇢ = 0.1.

The main di↵erence between the two ambient medium
profiles (see also Fig. 2) is the number of created re-collimation
shocks. For profile 1 seven re-collimation shocks are formed
whereas for profile 2 only four. The positions of the re-
collimation shocks for profile 1 are 70, 210, 380, 600, 860,
1200, and 1600 Rj and for profile 2 at 80, 270, 650, and 1300 Rj.
The length of the formed re-collimation shocks increases with
distance along the jet (see panel A). For the same ambient
medium profile, there is only a slight variation of the shock
position and length with the adiabatic index (see black and red
circles) similar to the results found in constant ambient medium
in Sect. 3.1.3. Given the same jet profile, a higher initial density

at the jet nozzle, ⇢, leads to the formation of re-collimation
shocks at smaller distances and decreases the length of the
re-collimation shocks as compared to less denser jets (see solid
black line (⇢ = 0.02) and dashed black line (⇢ = 0.1).

The variation and evolution of the jet with distance along
the jet for the two di↵erent ambient medium profiles is plotted
in panel B. Our simulations show the variation of the density
and adiabatic index do not a↵ect the jet radii. For profile 1 there
is a change in opening angle of the jet (slope of the jet radii with
distance) at z ⇠ 600 Rj which could be an indicates a parabolic
instead of conical jet profile. On the other hand, the result for
profile 2 shows a clear conical jet profile and compared to
profile 1 an increase of factor 2 in the jet radii (red squares).

The analysis of the relative pressure increase shows a
decrease along the jet which is split into two branches according
the ambient medium profiles. The steeper the ambient profile
the smaller is the increase in the pressure ahead and behind the
re-collimations. In general, pjump is exponentially decreasing
with distance. The influence of the adiabatic index on pjump leads
to a slightly stratification of in the evolution of relative pres-
sure increase with distance (see black and red circles in panel C).

A similar behaviour as in the case of the relative pres-
sure increase is found for the relative density increase (see
panel D). The jump in the density is decreasing with dis-
tance along the jet and the obtained values are smaller the
steeper the gradient in the ambient medium. The increase of the
density is smaller than the pressure increase for all studied cases.

Log Rest-mass density
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Fig. 4. 2D distribution of the logarithm of the rest mass density for three di↵erent over-pressures dk = 3 (top panel), dk = 6 (middle panel), and
dk = 9 (bottom panel). For all three simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.1, Mach number, M = 3, and an adiabatic
index, � = 13/9 which corresponds to fluid which consists of sub-relativistic protons and ultra-relativistic electrons. For details see text.

Fig. 5. The influence of the bulk Lorentz factor, �, the density, ⇢, and the
over-pressure, dk on the characteristic parameters of a Re-collimation
shock. The panels show the variation of the location of the first re-
collimation shock, zrc, (panel A), the length of the re-collimation shock,
lrc, (panel B), the increase in pressure, pjump, (panel C), and the increase
in density, ⇢jump, (panel D) with increasing bulk Lorentz factor, �. The
di↵erent symbols indicate di↵erent over-pressure, dk, and the di↵erent
line styles correspond to di↵erent density values at the jet nozzle.For
details see text.

of the density on the variation of ⇢jump is not as pronounced as in
the case of pjump

3.1.2. The influence of the Mach number, M

In the previous section we used a fixed Mach number. Here we
investigate the influence of the Mach number on the characteris-
tics of the re-collimation shock using a fixed bulk Lorentz factor,
� = 10, initial density, ⇢ = 0.02, over-pressure, dk = 3, and con-
stant adiabatic index, � = 13/9. Note that we use a Newtonian
definition of the Mach number M = vb/cs, where cs is the lo-
cal sound speed. Furthermore, the choice of the Mach number
determines the specific internal energy of the jet, ✏, defined as:

✏ =
c2

s

�
�
� � 1 � c2

s
� . (5)

Based on the value of ✏, we divided the jets into hot (✏ > c2) and
cold jets (✏ < c2). For an ideal gas of adiabatic index � = 13/9
a Mach number M = 1.95vb c is required to form a hot jet and
for � = 4/3, an initial Mach number M = 2.29vb c leads to the
formation of a hot jet.

We use the initial parameters as in the case of the simula-
tions A31 and vary the Mach number between 1.5 < M < 12. In
Figure 6 we present the 2D distribution of the rest mass density
for three di↵erent initial Mach numbers M = 1.5 (top panel),
M = 6 (middle panel), and M = 12 (bottom panel). For all three
simulations we use as initial values a density of ⇢ = 0.02, an
over-pressure of dk = 3, an adiabatic index � = 13/9 and a fluid
velocity of vb = 0.995 c which corresponds to a bulk Lorentz fac-
tor � = 10. From the results one can clearly see that the number
of formed re-collimation shocks decrease with increasing Mach
number (10 for M = 1.5, 1 for M = 6 and 0.5 for M = 12) and
the jet profile is smoothed out with growing Mach number.

For the analysis of the re-collimation shock characteristics
we apply the same method described in Set. 3.1.1 and the results
are presented in Fig. 7.

Our analysis shows that the location of the first re-
collimation shock is dragged further downstream with increas-
ing Mach number (see panel A in Fig. 7) and length of the
re-collimation shock is growing with increasing Mach number
(panel B in Fig. 7). Based on your (highly undersampled)
parameter space we find that the dependence between both, the
location, zrc and the length of re-collimation shock, lrc are not
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Fig. 10. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.

in the spine of the jet. Furthermore, the separation between
the re-collimation shocks and their length are increasing with
distance along the jet. The comparison between the two top
panels and the bottom one shows that a steeper ambient profile
leads to less but more extended re-collimation shocks and larger
opening angles of the sheath.

To investigate the number of re-collimation shocks formed
and their typical parameters we use the transversally averaged
density, pressure and velocity. The results of this study are plot-
ted in Fig. 11. The panels show the location of the re-collimation
shocks and their length (panel A), the transversal size of the
re-collimation shocks (panel B), the relative pressure increase
(panel C), and the relative increase in the density (panel D). The
circle symbols indicate the simulations with an ambient medium
characterised by the exponents m = 1 and n = 2, hereafter
profile 1, and the square symbols correspond to an ambient
medium with exponents m = 2 and n = 2 hereafter profile 2. The
color indicates the used adiabatic index, i.e., the composition of
the jet fluid, � = 1.33 (e�e+) and � = 1.44 (e�p+) and solid lines
represent density at the jet nozzle of ⇢ = 0.02 and dashed lines
a density of ⇢ = 0.1.

The main di↵erence between the two ambient medium
profiles (see also Fig. 2) is the number of created re-collimation
shocks. For profile 1 seven re-collimation shocks are formed
whereas for profile 2 only four. The positions of the re-
collimation shocks for profile 1 are 70, 210, 380, 600, 860,
1200, and 1600 Rj and for profile 2 at 80, 270, 650, and 1300 Rj.
The length of the formed re-collimation shocks increases with
distance along the jet (see panel A). For the same ambient
medium profile, there is only a slight variation of the shock
position and length with the adiabatic index (see black and red
circles) similar to the results found in constant ambient medium
in Sect. 3.1.3. Given the same jet profile, a higher initial density

at the jet nozzle, ⇢, leads to the formation of re-collimation
shocks at smaller distances and decreases the length of the
re-collimation shocks as compared to less denser jets (see solid
black line (⇢ = 0.02) and dashed black line (⇢ = 0.1).

The variation and evolution of the jet with distance along
the jet for the two di↵erent ambient medium profiles is plotted
in panel B. Our simulations show the variation of the density
and adiabatic index do not a↵ect the jet radii. For profile 1 there
is a change in opening angle of the jet (slope of the jet radii with
distance) at z ⇠ 600 Rj which could be an indicates a parabolic
instead of conical jet profile. On the other hand, the result for
profile 2 shows a clear conical jet profile and compared to
profile 1 an increase of factor 2 in the jet radii (red squares).

The analysis of the relative pressure increase shows a
decrease along the jet which is split into two branches according
the ambient medium profiles. The steeper the ambient profile
the smaller is the increase in the pressure ahead and behind the
re-collimations. In general, pjump is exponentially decreasing
with distance. The influence of the adiabatic index on pjump leads
to a slightly stratification of in the evolution of relative pres-
sure increase with distance (see black and red circles in panel C).

A similar behaviour as in the case of the relative pres-
sure increase is found for the relative density increase (see
panel D). The jump in the density is decreasing with dis-
tance along the jet and the obtained values are smaller the
steeper the gradient in the ambient medium. The increase of the
density is smaller than the pressure increase for all studied cases.
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Fig. 10. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.

in the spine of the jet. Furthermore, the separation between
the re-collimation shocks and their length are increasing with
distance along the jet. The comparison between the two top
panels and the bottom one shows that a steeper ambient profile
leads to less but more extended re-collimation shocks and larger
opening angles of the sheath.

To investigate the number of re-collimation shocks formed
and their typical parameters we use the transversally averaged
density, pressure and velocity. The results of this study are plot-
ted in Fig. 11. The panels show the location of the re-collimation
shocks and their length (panel A), the transversal size of the
re-collimation shocks (panel B), the relative pressure increase
(panel C), and the relative increase in the density (panel D). The
circle symbols indicate the simulations with an ambient medium
characterised by the exponents m = 1 and n = 2, hereafter
profile 1, and the square symbols correspond to an ambient
medium with exponents m = 2 and n = 2 hereafter profile 2. The
color indicates the used adiabatic index, i.e., the composition of
the jet fluid, � = 1.33 (e�e+) and � = 1.44 (e�p+) and solid lines
represent density at the jet nozzle of ⇢ = 0.02 and dashed lines
a density of ⇢ = 0.1.

The main di↵erence between the two ambient medium
profiles (see also Fig. 2) is the number of created re-collimation
shocks. For profile 1 seven re-collimation shocks are formed
whereas for profile 2 only four. The positions of the re-
collimation shocks for profile 1 are 70, 210, 380, 600, 860,
1200, and 1600 Rj and for profile 2 at 80, 270, 650, and 1300 Rj.
The length of the formed re-collimation shocks increases with
distance along the jet (see panel A). For the same ambient
medium profile, there is only a slight variation of the shock
position and length with the adiabatic index (see black and red
circles) similar to the results found in constant ambient medium
in Sect. 3.1.3. Given the same jet profile, a higher initial density

at the jet nozzle, ⇢, leads to the formation of re-collimation
shocks at smaller distances and decreases the length of the
re-collimation shocks as compared to less denser jets (see solid
black line (⇢ = 0.02) and dashed black line (⇢ = 0.1).

The variation and evolution of the jet with distance along
the jet for the two di↵erent ambient medium profiles is plotted
in panel B. Our simulations show the variation of the density
and adiabatic index do not a↵ect the jet radii. For profile 1 there
is a change in opening angle of the jet (slope of the jet radii with
distance) at z ⇠ 600 Rj which could be an indicates a parabolic
instead of conical jet profile. On the other hand, the result for
profile 2 shows a clear conical jet profile and compared to
profile 1 an increase of factor 2 in the jet radii (red squares).

The analysis of the relative pressure increase shows a
decrease along the jet which is split into two branches according
the ambient medium profiles. The steeper the ambient profile
the smaller is the increase in the pressure ahead and behind the
re-collimations. In general, pjump is exponentially decreasing
with distance. The influence of the adiabatic index on pjump leads
to a slightly stratification of in the evolution of relative pres-
sure increase with distance (see black and red circles in panel C).

A similar behaviour as in the case of the relative pres-
sure increase is found for the relative density increase (see
panel D). The jump in the density is decreasing with dis-
tance along the jet and the obtained values are smaller the
steeper the gradient in the ambient medium. The increase of the
density is smaller than the pressure increase for all studied cases.
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Fig. 14. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.
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Fig. 10. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.

in the spine of the jet. Furthermore, the separation between
the re-collimation shocks and their length are increasing with
distance along the jet. The comparison between the two top
panels and the bottom one shows that a steeper ambient profile
leads to less but more extended re-collimation shocks and larger
opening angles of the sheath.

To investigate the number of re-collimation shocks formed
and their typical parameters we use the transversally averaged
density, pressure and velocity. The results of this study are plot-
ted in Fig. 11. The panels show the location of the re-collimation
shocks and their length (panel A), the transversal size of the
re-collimation shocks (panel B), the relative pressure increase
(panel C), and the relative increase in the density (panel D). The
circle symbols indicate the simulations with an ambient medium
characterised by the exponents m = 1 and n = 2, hereafter
profile 1, and the square symbols correspond to an ambient
medium with exponents m = 2 and n = 2 hereafter profile 2. The
color indicates the used adiabatic index, i.e., the composition of
the jet fluid, � = 1.33 (e�e+) and � = 1.44 (e�p+) and solid lines
represent density at the jet nozzle of ⇢ = 0.02 and dashed lines
a density of ⇢ = 0.1.

The main di↵erence between the two ambient medium
profiles (see also Fig. 2) is the number of created re-collimation
shocks. For profile 1 seven re-collimation shocks are formed
whereas for profile 2 only four. The positions of the re-
collimation shocks for profile 1 are 70, 210, 380, 600, 860,
1200, and 1600 Rj and for profile 2 at 80, 270, 650, and 1300 Rj.
The length of the formed re-collimation shocks increases with
distance along the jet (see panel A). For the same ambient
medium profile, there is only a slight variation of the shock
position and length with the adiabatic index (see black and red
circles) similar to the results found in constant ambient medium
in Sect. 3.1.3. Given the same jet profile, a higher initial density

at the jet nozzle, ⇢, leads to the formation of re-collimation
shocks at smaller distances and decreases the length of the
re-collimation shocks as compared to less denser jets (see solid
black line (⇢ = 0.02) and dashed black line (⇢ = 0.1).

The variation and evolution of the jet with distance along
the jet for the two di↵erent ambient medium profiles is plotted
in panel B. Our simulations show the variation of the density
and adiabatic index do not a↵ect the jet radii. For profile 1 there
is a change in opening angle of the jet (slope of the jet radii with
distance) at z ⇠ 600 Rj which could be an indicates a parabolic
instead of conical jet profile. On the other hand, the result for
profile 2 shows a clear conical jet profile and compared to
profile 1 an increase of factor 2 in the jet radii (red squares).

The analysis of the relative pressure increase shows a
decrease along the jet which is split into two branches according
the ambient medium profiles. The steeper the ambient profile
the smaller is the increase in the pressure ahead and behind the
re-collimations. In general, pjump is exponentially decreasing
with distance. The influence of the adiabatic index on pjump leads
to a slightly stratification of in the evolution of relative pres-
sure increase with distance (see black and red circles in panel C).

A similar behaviour as in the case of the relative pres-
sure increase is found for the relative density increase (see
panel D). The jump in the density is decreasing with dis-
tance along the jet and the obtained values are smaller the
steeper the gradient in the ambient medium. The increase of the
density is smaller than the pressure increase for all studied cases.
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Fig. 14. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.
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Fig. 4. 2D distribution of the logarithm of the rest mass density for three di↵erent over-pressures dk = 3 (top panel), dk = 6 (middle panel), and
dk = 9 (bottom panel). For all three simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.1, Mach number, M = 3, and an adiabatic
index, � = 13/9 which corresponds to fluid which consists of sub-relativistic protons and ultra-relativistic electrons. For details see text.

Fig. 5. The influence of the bulk Lorentz factor, �, the density, ⇢, and the
over-pressure, dk on the characteristic parameters of a Re-collimation
shock. The panels show the variation of the location of the first re-
collimation shock, zrc, (panel A), the length of the re-collimation shock,
lrc, (panel B), the increase in pressure, pjump, (panel C), and the increase
in density, ⇢jump, (panel D) with increasing bulk Lorentz factor, �. The
di↵erent symbols indicate di↵erent over-pressure, dk, and the di↵erent
line styles correspond to di↵erent density values at the jet nozzle.For
details see text.

of the density on the variation of ⇢jump is not as pronounced as in
the case of pjump

3.1.2. The influence of the Mach number, M

In the previous section we used a fixed Mach number. Here we
investigate the influence of the Mach number on the characteris-
tics of the re-collimation shock using a fixed bulk Lorentz factor,
� = 10, initial density, ⇢ = 0.02, over-pressure, dk = 3, and con-
stant adiabatic index, � = 13/9. Note that we use a Newtonian
definition of the Mach number M = vb/cs, where cs is the lo-
cal sound speed. Furthermore, the choice of the Mach number
determines the specific internal energy of the jet, ✏, defined as:

✏ =
c2

s

�
�
� � 1 � c2

s
� . (5)

Based on the value of ✏, we divided the jets into hot (✏ > c2) and
cold jets (✏ < c2). For an ideal gas of adiabatic index � = 13/9
a Mach number M = 1.95vb c is required to form a hot jet and
for � = 4/3, an initial Mach number M = 2.29vb c leads to the
formation of a hot jet.

We use the initial parameters as in the case of the simula-
tions A31 and vary the Mach number between 1.5 < M < 12. In
Figure 6 we present the 2D distribution of the rest mass density
for three di↵erent initial Mach numbers M = 1.5 (top panel),
M = 6 (middle panel), and M = 12 (bottom panel). For all three
simulations we use as initial values a density of ⇢ = 0.02, an
over-pressure of dk = 3, an adiabatic index � = 13/9 and a fluid
velocity of vb = 0.995 c which corresponds to a bulk Lorentz fac-
tor � = 10. From the results one can clearly see that the number
of formed re-collimation shocks decrease with increasing Mach
number (10 for M = 1.5, 1 for M = 6 and 0.5 for M = 12) and
the jet profile is smoothed out with growing Mach number.

For the analysis of the re-collimation shock characteristics
we apply the same method described in Set. 3.1.1 and the results
are presented in Fig. 7.

Our analysis shows that the location of the first re-
collimation shock is dragged further downstream with increas-
ing Mach number (see panel A in Fig. 7) and length of the
re-collimation shock is growing with increasing Mach number
(panel B in Fig. 7). Based on your (highly undersampled)
parameter space we find that the dependence between both, the
location, zrc and the length of re-collimation shock, lrc are not
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investigate the influence of the Mach number on the characteris-
tics of the re-collimation shock using a fixed bulk Lorentz factor,
� = 10, initial density, ⇢ = 0.02, over-pressure, dk = 3, and con-
stant adiabatic index, � = 13/9. Note that we use a Newtonian
definition of the Mach number M = vb/cs, where cs is the lo-
cal sound speed. Furthermore, the choice of the Mach number
determines the specific internal energy of the jet, ✏, defined as:
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Based on the value of ✏, we divided the jets into hot (✏ > c2) and
cold jets (✏ < c2). For an ideal gas of adiabatic index � = 13/9
a Mach number M = 1.95vb c is required to form a hot jet and
for � = 4/3, an initial Mach number M = 2.29vb c leads to the
formation of a hot jet.

We use the initial parameters as in the case of the simula-
tions A31 and vary the Mach number between 1.5 < M < 12. In
Figure 6 we present the 2D distribution of the rest mass density
for three di↵erent initial Mach numbers M = 1.5 (top panel),
M = 6 (middle panel), and M = 12 (bottom panel). For all three
simulations we use as initial values a density of ⇢ = 0.02, an
over-pressure of dk = 3, an adiabatic index � = 13/9 and a fluid
velocity of vb = 0.995 c which corresponds to a bulk Lorentz fac-
tor � = 10. From the results one can clearly see that the number
of formed re-collimation shocks decrease with increasing Mach
number (10 for M = 1.5, 1 for M = 6 and 0.5 for M = 12) and
the jet profile is smoothed out with growing Mach number.

For the analysis of the re-collimation shock characteristics
we apply the same method described in Set. 3.1.1 and the results
are presented in Fig. 7.

Our analysis shows that the location of the first re-
collimation shock is dragged further downstream with increas-
ing Mach number (see panel A in Fig. 7) and length of the
re-collimation shock is growing with increasing Mach number
(panel B in Fig. 7). Based on your (highly undersampled)
parameter space we find that the dependence between both, the
location, zrc and the length of re-collimation shock, lrc are not
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Fig. 13. 2D distribution of the logarithm of the rest mass density for jet with in a decreasing ambient medium. The top panel shows an electron-
positron jet in an ambient medium with exponents m = 1 and n = 2 (see Eq. 1 and Fig. 3 for the used ambient profile) and the middle panels
presents an electron-proton jet embedded in the same ambient medium. The bottom panel displays an electron-proton jet embedded in an ambient
medium with exponents m = 2 and n = 2. For all simulations we use a bulk Lorentz factor � = 10, density, ⇢ = 0.02, an over-pressure dk = 3, and
Mach number, M = 3. For details see text.

�t = 6, the initial pressure value recovers, and it could be inter-
preted as dragging of the re-collimation shock by the moving
one. The splitting of the shock into forward and reverse shock
leads to stratification of the pressure jump within the shock, i.
e., there is a stronger increase in pressure at the shock front and
a less pronounced one for the reverse shock (see for example
t = 85 between (81 < z < 85) Rj). The expansion of the traveling
shock wave and the influence of the forward and reverse shock
on the pressure is best visible during the interaction with the sec-
ond re-collimation shock (see right bottom panel). The separa-
tion between forward and reverse shock increased and their dis-
crepancy in increase in the pressure increases (see colour code
at e.g., t = 170). Furthermore, the crossing of the re-collimation
shock could lead to the formation of secondary waves, the so-
called trailing shocks. The extended strips at the edges of the
second re-collimation shock could be an indication for the for-
mation of such features.

The analysis of the other simulations listed in Table 3 shows
that the weak perturbations like HR1 do not significantly in-
crease the pressure and density at during the passage of the
re-collimations shocks. The comparison between the simulation
HR3 and HR4 reveals that the duration of the perturbation is
more important than its deviation from the initial jet parameters
at the nozzle for the increase of the pressure and density at the
re-collimation shock. For a more detailed study of this highly
non-linear process of shock-shock interaction even higher nu-
merical resolution and larger parameter space are needed.

4. Results of the CTA 102 simulations

In the previous Sections we addressed the more general question
of the formation re-collimation shocks and the influence of ini-
tial parameters at the jet nozzle on the characteristic parameters
of the shocks. Here, we analyse the a set of simulations which

use initial parameters extracted from VLBI observations of the
blazar CTA 102 (see Table 4 for the details).

5. Emission

6. Discussion
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6.5 Comparison with observations

Figure 6.27: Temporal evolution of the separation of the detectable components at 15 GHz
from the jet nozzle. The black points corresponds to the core, the blue ones to the recol-
limation shock and the red ones to the travelling shock. The abscissa axis corresponds to
the time in the source frame.

6.5 Comparison with observations
The calculated evolution of the turnover frequency and the turnover flux density (see Fig.
6.25) are in good agreement with the observed spectral evolution (see Fig. 3.5). Since
we assumed a homogenous ambient medium the evolution of the turnover flux density is
flatter than in the observations. However, the increase in both, turnover flux density and
turnover frequency during the interaction between the travelling shock and the recollima-
tion shock is clearly visible.

From the synthetic radio maps we extracted the detectable motion of components and
showed that there is an apparent inward dragging of the recollimation shock. The complex
interaction between the travelling and the recollimation shock together with the limited
resolution of the observations can easily lead to the misidentification of VLBI compo-
nents. In Fig. 6.27 we show the trajectory of the travelling shock wave and it reproduces
nicely the observed trajectories of the VLBI features (see Fig. 4.8).

The observed continuous decrease of the core-shift with frequency together with re-
sults from the synthetic multi-frequency maps favour that the observed VLBI core corre-
sponds to the ⌧ = 1-surface. We obtained from both, the observations and the simulations
an exponent kr = 0.8 (see Fig. 6.23 and Table 5.2). The variation in the spectral in-
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between two features that could be resolved at higher frequen-
cies, especially 43 GHz (see following section).

In Fig. 8 we show the temporal separation from the core for
D1, and D2 at 15 GHz and in Fig. 9 we present the vector motion
fits of these components as crossidentified.

Fig. 8. Temporal separation from the core for the components D1 and
D2 at 15 GHz taken as the representative frequency for the evolution
of the cross-identified components within this region. The solid lines
correspond to a first-order polynomial fit to the x- and y-positions sepa-
rately.

3.6. Jet region C

The cross-identification of the fitted features at distances r <
1 mas from the core is a di�cult task due to both the aforemen-
tioned splitting of the components and the ejection of new com-
ponents, which may be associated with flares. These new compo-
nents can be partially resolved at the highest frequencies but not
at lower frequencies. In general such a component will appear
delayed at lower frequencies after it has clearly separated from
the core and can be resolved at a given frequency. Therefore,
we concentrate for the core region of CTA 102 on the results
of the fitting using the 43 GHz observations. We use six circu-
lar Gaussians, including the core, for the parameterization of the
core region. Two out of these six components are within our mul-
tifrequency observations, labeled as C1 and C2.

C1 is ejected from the core around 2005.3 with an apparent
speed of �app = (11.6± 3.0) c (µ = (0.22± 0.06) mas/yr). The y-
component of the C1 trajectory shows indication of an nonlinear
motion but there was not a significant increase in the �2

red to use
a second-order polynomial fit. Within the uncertainties of our
observations we classify the motion of C1 as radially outwards.

The second component is ejected from the core in tej =
(2005.9 ± 0.4) yr with a comparable angular speed to C1 µ =
(0.25 ± 0.04 mas/yr corresponds to an apparent speed of �app =
(13.0 ± 2.1) c. This feature is most probably connected to the
strong radio outburst in CTA 102 in April 2006 and is moving
radially outwards (see Sect. 4).

The two additional features, C3 and C4, show a clear non-
linear trajectory. In the case of C3, the component moves away
from the core until a distance of 0.15 mas and keeps this position
until the last of our observations. A second-order polynomial fit

reduced the �2
red from 5.0 to 2.3, and the apparent speed obtained

is �app = (3.8±0.6) c, which is three times smaller than the appar-
ent speeds obtained for C1 and C2. Owing to the highly curved
trajectory of the component, we could not compute an estimate
for the ejection time. The first part of the trajectory could be
classified as radially outward. However, farther downstream the
component is moving nonradially inwards.

The position of C4 remains constant at r ⇠ 0.1 mas from
the core until 2009.6 and increases later. The reduced �2 value
decreased from a value of 5.5 to 2.2 by using a second-order
polynomial instead of a first-order one. This fit leads to an ap-
parent speed of �app = (9.1 ± 0.5) c. As in the case of C3, we
could not derive an estimate for the time where the radial sepa-
ration from the core is consistent with zero (r(tej) = 0), i. e., the
ejection time. The trajectory of C3 shows clear indications of a
nonradial motion.

In Fig. 11 we plot the radial separation from core for all com-
ponents in the core region and in Fig. 10 we present the vector
motion fits. All fitted components in this region have the com-
mon behavior of having a nearly constant separation from the
core during their early detection (See inlets in Fig. 10).

Fig. 11. Temporal separation from the core for the components C1, C2,
C3, and C4 at 43 GHz taken as the representative frequency for the evo-
lution of the cross-identified components within this region. The solid
lines correspond to a first-order polynomial fit to the x- and y-positions
separately.

3.7. Summary of cross-identification

Here we summarize the results of the previous sections on the
cross-identification of fitted components. We could clearly iden-
tify seven features throughout our entire data set. As mentioned
before identification of components in the core region is a dif-
ficult task due to resolution, self-absorption e↵ects and contin-
uous ejection of new features. However from the 43 GHz ob-
servations we could detect four new features, were two of them
where ejected during our multifrequency observations and one
of them could be connected to the 2006 radio flare (see Sect. 4).
In Table 3 we present the average kinematic parameters of those
components.

Only four components show a clear radial outward motion,
best seen in C1 and C2. These components are detected in the
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2.4 Emission

If the ratio between the pressure of the ambient and the jet medium drops more abruptly,
⇤ < 0.5, shock waves will occur. The formation of standing shock waves is triggered
by the intersection of Mach waves, generated by the overexpansion of the jet fluid. The
position of the shock depends on the pressure ratio and will move upstream with smaller
values and is independent from the Lorentz factor �0.
So far, all the changes in jet are the result of a gradient in the pressure of the ambient
medium and can be summarized as external influences. In contrast, internal variations for
example the increase of the jet velocity or pressure perturbations at the origin of the jet
could lead to the formation of moving shock waves. The shock front hits the undisturbed
plasma and will compress it, which results in an increased local density and pressure.
From the adiabatic index �s (depending on the equation of state) and the Lorentz factor
of the shocked plasma �s, one can define the compression ratio

⇥ ⇤ �s�s + 1

�s � 1
. (2.21)

Besides the compression of the plasma by the factor ⇥, the underlying magnetic field
perpendicular to the shock front is also amplified by ⇥ (Marscher and Gear 1985).

Magnetohydrodynamical Model: In the previous section, the hydrodynamical model
of AGN jets was presented without taking into account fluid instabilities and a dynam-
ically important magnetic field. In general, the expansion of a fluid into an ambient
medium is connected to the rise of instabilities. For example, Kelvin-Helmholtz (KH)
instabilities grow at the boundary between the jet fluid and the ambient medium due to
the different shear velocities. These instabilities will disrupt the jet flow, grow in am-
plitude and finally destroy the flow after a certain time (Perucho 2005), but observations
show that jets are collimated up to kiloparsecs away from their origin. Hardee (2008)
showed that equipartition between the kinetic energy of the particles and a helical mag-
netic field over large distances can stabilize the jet significantly. In addition to the helical
magnetic field, high Lorentz factors � also reduced the growth of destructive KH instabili-
ties. Therefore, the assumption of a dynamically negligible magnetic field, needed for the
hydrodynamical model of jets, is not valid anymore. As a result, jets could be described
more realistically in the framework relativistic magnetohydrodynamcis (RMHD).

2.4 Emission
The emission obtained from observations of AGN jets is the key feature for the under-
standing of the physics within the relativistic jets. As mentioned in the introduction, there
are three main processes which contribute to the spectra of AGNs: Synchrotron, thermal
radiation, and radiation from inverse Compton scattering. The most important ones for
this thesis are pure synchrotron, self-absorbed synchrotron, and inverse Compton scatter-
ing.

Synchrotron: Synchrotron radiation is produced by charged particles accelerated in a
magnetic field. From the relativistic equation of motion �dv/dt = q/cv ⇥B, taken into

21

�s = 4/3Relativistic gas:

Compression ratio:

Particle Energy gain:⇥ = �1/3
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3 Light Curve Analysis

After the major structure of the jet is defined, we assume a moving shock, generated by
internal perturbation of the jet flow. Such a perturbation can be caused by changes at the
innermost region of the jet, e.g. the jet nozzle. These changes at the jet nozzle on the
other hand are directly related to the black hole-accretion disk system and can be caused
by an increase of the accretion rate. These fluid perturbations can be described as a square
shock waves with Lorentz factor �p and pressure pp. While the shock propagates through
the jet, the shock front compresses the ambient medium by a factor � and the underlying
magnetic field is amplified by a fraction of � (see chapter 2.3). The jet particles (electrons)
are accelerated at the shock front and drift behind the shock while losing energy due to
radiative losses. The frequency of the emission depends on the distance the particles trav-
eled behind the shock. The thickness of the region of emission increases with decreasing
frequency (see figure 3.11), i.e., the high emission particles die out first.18 Alan P. Marscher

Fig. 8. Frequency stratification in a square-wave shock, drawn to scale. The elec-
trons are accelerated at the shock front and drift behind the shock while losing
energy to radiative losses. This example is for a forward propagating shock; the
same principle is valid for a reverse or stationary shock, as well as for a shock that
is oblique to the jet axis. See [60] for more details

Here, we have applied the solution to the synchrotron energy loss equation, ⇥max ⇤
(1.3 ⇥ 10�9B2x/vad)�1. The volume of the emitting region is then ⌅R2x ⇧ ⇤�1/2.
This steepens the optically thin spectral index from � to � + 0.5 at frequencies
⇤ ⌅ ⇤b, where ⇤b is the frequency at which x(⇤) equals the entire length of the
shocked region, and�� is the spectral slope of the emission coe⇥cient. It also a�ects
the time evolution of the flux density and turnover frequency as the shock expands
while it propagates down the jet. In particular, at frequencies where synchrotron
losses are greater than expansion cooling, the peak in the spectrum propagates
toward lower frequencies while the flux density at the peak remains roughly constant
[60]. This can contribute to the flatness of the overall synchrotron spectrum at radio
frequencies.

The stratification results in time lags in the optically thin synchrotron radiation
during the outburst caused by the formation of the shock, with higher frequency
variations leading those at lower frequencies. Even beyond the point where the mag-
netic field is too low for synchrotron losses to compete with expansion cooling, time

x

w

Figure 3.11: Frequency distribution behind the shock front (Marscher 2009).

The emission created by the moving shock depends on the strength of the shock (mis-
match between shock parameters and fluid parameters). From this fact one can derive
that the observed emission is higher for regions with higher pressure and higher particle
density.
The strength of the emission is directly related to the high or low density and pressure
in the jet. The observed light curves will therefore show a strong increase of the flux
density, due to the high pressure/density close to core, reaching a peak value, followed
by a decrease in flux density while the shock is traveling through the region of decreased
pressure/density, and finally the flux density will increase slightly again due to the rise
of the pressure/density in the region close to standing shock. The resulting light curve of
such an event should show a sharp increase of the flux density due to the increase of the
particle density at the nozzle. This event can be called a “core intrinsic” increase of the
flux density. After the perturbation moved through the core region (ejection of a VLBI
component) there will be a second peak due to the mechanism of shock compression and
amplification of the magnetic field. If there is a standing shock, created by the expansion
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2.4 Emission

If the ratio between the pressure of the ambient and the jet medium drops more abruptly,
⇤ < 0.5, shock waves will occur. The formation of standing shock waves is triggered
by the intersection of Mach waves, generated by the overexpansion of the jet fluid. The
position of the shock depends on the pressure ratio and will move upstream with smaller
values and is independent from the Lorentz factor �0.
So far, all the changes in jet are the result of a gradient in the pressure of the ambient
medium and can be summarized as external influences. In contrast, internal variations for
example the increase of the jet velocity or pressure perturbations at the origin of the jet
could lead to the formation of moving shock waves. The shock front hits the undisturbed
plasma and will compress it, which results in an increased local density and pressure.
From the adiabatic index �s (depending on the equation of state) and the Lorentz factor
of the shocked plasma �s, one can define the compression ratio

⇥ ⇤ �s�s + 1

�s � 1
. (2.21)

Besides the compression of the plasma by the factor ⇥, the underlying magnetic field
perpendicular to the shock front is also amplified by ⇥ (Marscher and Gear 1985).

Magnetohydrodynamical Model: In the previous section, the hydrodynamical model
of AGN jets was presented without taking into account fluid instabilities and a dynam-
ically important magnetic field. In general, the expansion of a fluid into an ambient
medium is connected to the rise of instabilities. For example, Kelvin-Helmholtz (KH)
instabilities grow at the boundary between the jet fluid and the ambient medium due to
the different shear velocities. These instabilities will disrupt the jet flow, grow in am-
plitude and finally destroy the flow after a certain time (Perucho 2005), but observations
show that jets are collimated up to kiloparsecs away from their origin. Hardee (2008)
showed that equipartition between the kinetic energy of the particles and a helical mag-
netic field over large distances can stabilize the jet significantly. In addition to the helical
magnetic field, high Lorentz factors � also reduced the growth of destructive KH instabili-
ties. Therefore, the assumption of a dynamically negligible magnetic field, needed for the
hydrodynamical model of jets, is not valid anymore. As a result, jets could be described
more realistically in the framework relativistic magnetohydrodynamcis (RMHD).

2.4 Emission
The emission obtained from observations of AGN jets is the key feature for the under-
standing of the physics within the relativistic jets. As mentioned in the introduction, there
are three main processes which contribute to the spectra of AGNs: Synchrotron, thermal
radiation, and radiation from inverse Compton scattering. The most important ones for
this thesis are pure synchrotron, self-absorbed synchrotron, and inverse Compton scatter-
ing.

Synchrotron: Synchrotron radiation is produced by charged particles accelerated in a
magnetic field. From the relativistic equation of motion �dv/dt = q/cv ⇥B, taken into
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flux density and turnover frequency decrease, which could be re-
garded as an adiabatic loss stage. The above classification of the
2006 radio flare in summarize in table 3.

Fig. 4. The temporal evolution of the 2006 radio flare. Top panel:
Temporal evolution of the turnover frequency. Bottom panel: Temporal
evolution of the turnover flux density. The dashed vertical lines corre-
sponds to the time labels in Figure 3 and indicate the extrema in the
evolution.

Table 3. Di⇥erent sections of the spectral evolution

time preliminary classification model name
2005.60 – 2005.80 Compton C1
2005.80– 2005.85 Synchrotron S1
2005.80 – 2005.95 Adiabatic A1
2005.95 – 2006.30 Compton C2
2006.30 – 2006.80 Adiabatic A2
2006.30 – 2006.40 Adiabatic A2.1
2006.40 – 2006.80 Adiabatic A2 .2

4. The Shock-in-Jet Model

The model presented by Marscher & Gear (1985) assumes a
conical expanding jet with half opening angle, ⌃ and radius R.
Furthermore, the energy distribution of the relativistic electrons
should follow a power law, N(E) = KE�s with s = 1 � 2�0.
The emission behind a shock traveling through such a jet de-
pends also on the strength and orientation of the magnetic field,
B, on the bulk Lorentz factor of the shock, � and the angle to the
line of sight. The influence of the last two parameters can be ex-
pressed in terms of the Doppler factor, ⇤ = ��1 (1 � ⇥ cos⌥)�1,
which leads to a Doppler boosting of the emission in the ob-
servers frame (see Appendix in Marscher & Gear (1985) for de-
tailed derivation). Finally, the observed flux density depends on
the parameters K, B, ⇤ and on slope of the electron energy dis-
tribution, s.

Fig. 5. The temporal evolution of the spectral indices for 2006 radio
flare. Top panel: Temporal evolution of the optically thin spectral index,
�0. Bottom panel: Temporal evolution of the optically thick spectral
index, �t. The dashed vertical lines corresponds to the time labels in
Figure 3 and indicate the extrema in the evolution.

Marscher & Gear (1985) assumed, that the evolution of these
quantaties, K, B and ⇤ can be parameterized by the jet radius R.
Therefore one can write their evolution as a power-law. In this
section we will follow the notation of Türler et al. (2000):

K ⇥ R�k B ⇥ R�b ⇤ ⇥ R�d (2)

Using this parameterization one can derive a relation between
the turnover flux density, S m, and the turnover frequency, ⌅m, for
each shock stage

S m ⇥ ⌅ fi/ni
m , (3)

where i = 1, 2, 3, standing for the Compton, synchrotron and
adiabatic stage and the parameters fi and ni are defined by:

n1 = �(b + 1)/4 � d(s + 3)/(s + 5) (4)
n2 = �[2k + b(s � 1) + d(s + 3)]/(s + 5) (5)
n3 = �[2(k � 1) + (b + d)(s + 2)]/(s + 4) (6)
f1 = (11 � b)/8 � d(3s + 10)/(s + 5) (7)
f2 = 2 � [5k + b(2s � 5) + d(3s + 10)]/(s + 5) (8)
f3 = [2s + 13 � 5k � b(2s + 3) � d(3s + 7)]/(s + 4) (9)

Türler et al. (2000) expressed the temporal evolution of the
turnover frequency, ⌅m, and the turnover flux density, S m, by
means of the parameters ni, fi and an additional parameter r
characterizing the opening angle of the jet, R ⇥ Lr, where L
is the distance along the jet axis. This approach leads to:

⌅m,i ⇥ tni/⇧ (10)
S m,i ⇥ t fi/⇧ (11)

where ⇧ = (2rd + 1)/r.

Sm � �fi/ni
m

i=1: Compton
i=2: 
Synchrotron
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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.

�

conical jet
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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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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,
!
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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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Table 2. Parameters used in the calculation of !min and !max presented
in Fig. 8.

Parameter Symbol Value Source
pressure-density fraction p0/"0 7 · 1019 simulations
acceleration factor aacc 1 · 106 assumed
particle equipartition fraction #e 0.1 assumed
electron acceleration factor $e 0.01 assumed
normalization of B-field B0 3.0G VLBI observations
exponent B-Field evolution b 1.0 VLBI observations
viewing angle % 2.6! VLBI observations
Bulk Lorentz factor !0 16 VLBI observations

pressure matched jet (dk = 1)
jet width r j 2.4 pc VLBI observations
distance from jet nozzle z j 350 pc VLBI observations

over-pressure jet (dk ! 1)
position of standing shock zmax 36 pc VLBI observations
pressure mismatch dk 3 VLBI observations

e"cient at 1 pc. By inserting these assumptions into Eq. 20 and
solving the equation for r follows:

r " &#1/kr , (33)

where kr = [2k + 2b (3 # 2'0) # 2] / (5 # 2'0) and '0 is the op-
tically thin spectral index.

Based on the core-shift, several physical parameters such as
the magnetic field and the distance to the central engine can
be calculated (Lobanov 1998a; Hirotani 2005; O’Sullivan &
Gabuzda 2009, ref to Pushkarev 2012). The core shift measure
is defined as:

#r& = 4.85 · 10#9
$r&1,&2DL&

1/kr
1 &

1/kr
2

(1 + z)2
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&1/kr2 # &1/kr1

" [pc · GHz], (34)

with $r&1 ,&2 being the core shift between the frequencies &1
and &2 in mas and Dl is the luminosity distance in pc. Following
Hirotani (2005) and replacing the jet opening angle ( and the
viewing angle % by the more direct measurable apparent speed
)app the magnetic field at 1 pc is give by:
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where C ('0) and K (!,'0) are defined as:
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The distance to the central engine is given by:

rcore(&) $ #r&
!

1 + )2app
"1/2
&#1/kr [pc] (38)

If we assume a conical jet with equipartition between the mag-
netic energy density and the kinetic energy density (kr = 1) and

a spectral index of '0 = #0.5 the equations above simplify to the
following relations:
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The particle density N1 can be written for both cases kr = 1,
'0 = #0.5 and kr ! 1, '0 ! #0.5 as:
N1 $ 10!#1minB

2
1, (41)

where we assume a constant fraction between the upper and
lower electron Lorentz factor !max/!min = 104 = const (for more
details see Hirotani 2005).

4. Results
4.1. Core-shift analysis

We use the technique presented in Section 2.1 to align the VLBI
observations of CTA102. Due to the di%erence in the image pa-
rameters, especially in the convolving beam size, we used only
adjacent frequency maps in the alignment. The obtained shift
values relative to the inital position are presented in Table. 3

There are two di%erent shift directions towards the north-
east (positive x# and y# direction) for frequencies larger than
22GHz and the south-east direction for lower frequencies (rela-
tive to the highest frequency involved in the analysis). An excep-
tion of this observed behavior appears in the April 2006 epoch,
which could be explained by the large flux density outburst dur-
ing this time.

We derive the core shift vector from the correction of the
opacity shift (see Table 3) and the position of the VLBI core
(see Paper II for more details on the model fitting of the source).
In Fig. 9 we show the variation of the core-shift vector for the
di%erent frequency pairs with time. The solid circles indicate
the distance from the reference core in mas, the dashed lines are
drawn in intervals of 30! and the di%erent colors of the arrow
correspond to the di%erent observational epochs. The variation
of the 43GHz # 22GHz core-shift vector around 0.01mas re-
flects the uncertainties in the alignment method used (see panel
A in Fig. 9). The 22GHz # 15GHz and 8GHz # 5GHz shift-
vectors are mainly oriented in south-east direction (see panel B
and D in Fig. 9) whereas the 15GHz # 8GHz ones show some
variation in the direction. This variation in the direction of the
core-shift vector for this frequency pair may reflect the slightly
di%erent orientation of the jet axis between 15GHz and 8GHz.
However, for the other frequency pairs, the di%erence in the jet
axis is not as pronounced as for the 15GHz # 8GHz pair (see
contour plots in Fig. 2).

In order to derive the parameter kr (see Eq. 33) we use
the highest frequency during each observation as a refer-
ence frequency and computed the relative radial core-shift.
Since CTA 102 has a curved structure, clearly visible in Fig.
2 we would underestimate the core-shift by using only the
one-dimensional radial distance between two VLBA cores.
Therefore, we calculate the core-shift along a shift trajectory
given by the x# and y-position of the image alignment. In Table
4, we present the calculated core-shift values relative to the high-
est frequency during each observation epoch. Since we measure
the core shift relative to a reference frequency, &ref , Eq. 33 can be
re-written in the following form (O’Sullivan & Gabuzda 2009):

rcore = A
!

&#1/kr # &#1/krref

"

. (42)
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solving the equation for r follows:
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where we assume a constant fraction between the upper and
lower electron Lorentz factor !max/!min = 104 = const (for more
details see Hirotani 2005).

4. Results
4.1. Core-shift analysis

We use the technique presented in Section 2.1 to align the VLBI
observations of CTA102. Due to the di%erence in the image pa-
rameters, especially in the convolving beam size, we used only
adjacent frequency maps in the alignment. The obtained shift
values relative to the inital position are presented in Table. 3

There are two di%erent shift directions towards the north-
east (positive x# and y# direction) for frequencies larger than
22GHz and the south-east direction for lower frequencies (rela-
tive to the highest frequency involved in the analysis). An excep-
tion of this observed behavior appears in the April 2006 epoch,
which could be explained by the large flux density outburst dur-
ing this time.

We derive the core shift vector from the correction of the
opacity shift (see Table 3) and the position of the VLBI core
(see Paper II for more details on the model fitting of the source).
In Fig. 9 we show the variation of the core-shift vector for the
di%erent frequency pairs with time. The solid circles indicate
the distance from the reference core in mas, the dashed lines are
drawn in intervals of 30! and the di%erent colors of the arrow
correspond to the di%erent observational epochs. The variation
of the 43GHz # 22GHz core-shift vector around 0.01mas re-
flects the uncertainties in the alignment method used (see panel
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vectors are mainly oriented in south-east direction (see panel B
and D in Fig. 9) whereas the 15GHz # 8GHz ones show some
variation in the direction. This variation in the direction of the
core-shift vector for this frequency pair may reflect the slightly
di%erent orientation of the jet axis between 15GHz and 8GHz.
However, for the other frequency pairs, the di%erence in the jet
axis is not as pronounced as for the 15GHz # 8GHz pair (see
contour plots in Fig. 2).

In order to derive the parameter kr (see Eq. 33) we use
the highest frequency during each observation as a refer-
ence frequency and computed the relative radial core-shift.
Since CTA 102 has a curved structure, clearly visible in Fig.
2 we would underestimate the core-shift by using only the
one-dimensional radial distance between two VLBA cores.
Therefore, we calculate the core-shift along a shift trajectory
given by the x# and y-position of the image alignment. In Table
4, we present the calculated core-shift values relative to the high-
est frequency during each observation epoch. Since we measure
the core shift relative to a reference frequency, &ref , Eq. 33 can be
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Table 3. Correction for the opacity shifts obtained by 2D cross correlation

Epoch (86 ! 43) GHz (43 ! 22) GHz (22 ! 15) GHz (15 ! 8) GHz (8 ! 5) GHz (5 ! 2)GHz
x y x y x y x y x y x y

[yyyy-mm-dd] [mas] [mas] [mas] [mas] [mas] [mas] [mas] [mas] [mas] [mas] [mas] [mas]
2005-05-19 0.02 0.02 0.04 0.01 0.04 !0.04 0.12 !0.12 0.38 !0.28 – –
2009-09-01 – – 0.01 !0.02 0.06 !0.11 0.10 0.02 0.32 !0.52 – –
2006-04-16 – – 0.02 !0.03 0.03 !0.01 0.09 !0.09 0.24 !0.52 0.80 !2.25
2006-06-08 – – 0.01 0.02 0.01 !0.01 0.03 !0.05 0.12 !0.32 0.80 !2.54
2006-10-02 – – 0.03 !0.03 0.05 !0.02 0.03 !0.03 0.26 !0.45 – –
2006-12-04 – – 0.08 !0.05 0.06 !0.04 0.06 !0.09 0.35 !0.52 – –
2007-01-26 – – 0.03 0.0 0.10 !0.05 0.04 !0.03 0.30 !0.50 – –
2007-04-26 – – 0.01 !0.02 0.03 !0.02 0.09 !0.06 0.48 !0.64 – –

Table 4. Core shift values relative to reference frequency for di!erent epochs

Epoch !ref 43 GHz 22GHz 15GHz 8GHz 5GHz 2GHz
r PA r PA r PA r PA r PA r PA

[yyyy-mm-dd] [GHz] [mas] ["] [mas] ["] [mas] ["] [mas] ["] [mas] ["] [mas] ["]
2005-05-19 86 0.03±0.01 85 0.10±0.02 50 0.20±0.05 !13 0.31±0.1 16 0.57±0.14 !1 – –
2009-09-01 43 – – 0.02±0.02 !177 0.14±0.05 !74 0.24±0.08 !58 0.37±0.14 !65 – –
2006-04-16 43 – – 0.02±0.02 !118 0.06±0.05 !60 0.17±0.08 !46 0.45±0.14 !66 1.1±0.3 !47
2006-06-08 43 – – 0.03±0.02 35 0.08±0.05 12 0.18±0.20 !31 0.33±0.30 !38 0.5±0.4 0
2006-10-02 43 – – 0.02±0.02 109 0.06±0.05 !18 0.14±0.08 !11 0.28±0.14 !49 – –
2006-12-04 43 – – 0.04±0.03 3 0.13±0.05 !25 0.29±0.08 !42 0.59±0.14 !52 – –
2007-01-26 43 – – 0.03±0.02 81 0.11±0.05 5 0.23±0.08 6 0.40±0.14 !41 – –
2007-04-26 43 – – 0.01±0.02 133 0.05±0.05 !50 0.12±0.08 !21 0.25±0.14 !24 – –

We apply the equation above to the core shifts obtained and
the results are presented in Table. 6. The weighted average of
the di!erent kr and A values obtained is kr = 0.8 ± 0.1 and A =
3.4 ± 1.6.

Table 6. Results of the core-shift analysis

Epoch !ref kr A
[yyyy-mm-dd] [GHz] [1] [1]
2005-05-19 86 0.9±0.1 3.3±0.7
2005-09-01 43 0.8±0.4 3.7±4.4
2006-04-14 43 0.8±0.1 2.9±0.6
2006-06-08 43 1.2±0.3 1.0±0.3
2006-10-02 43 0.7±0.1 3.2±1.4
2006-12-02 43 0.8±0.1 5.2±1.5
2007-01-26 43 0.8±0.2 3.4±1.6
2007-04-26 43 0.6±0.1 3.9±2.0

If we assume that the jet is equipartition and has a conical
geometry, we can calculate the magnetic field using Eqs. 35 -
40. Given the aforementioned assumptions we can derive an es-
timate for the magnetic field at the core, Bcore = B1r!1core and
the relativistic particle density Ncore = N1r!2core 1 For the calcu-
lation of the magnetic field we used the shifts obtained between
22GHz and 15GHz since for this frequency pair we obtained a
small variation in the core-shift orientation. We use an apparent
speed, "app = (12 ± 3) c derived from the components C1 and

1 Notice, that these relations are only valid for a conical jet with dom-
inating toroidal magnetic field. In general the radial evolution of the
magnetic field in the jet is given by B # r!#b, where # is the jet opening
index (R # r#) and b parametrizes the evolution of the magnetic field
(B # R!b). For a jet in equipartition the particle density has to decrease
as N # R!2b or in terms of distance along the jet N # r!2b# Assuming a
conical jet # = 1 and a toroidal magnetic field (b = 1) leads to presented
relations.

C2. These components are ejected during time of our observa-
tions and reflect best the velocities in the core region (see Paper
II for more details).

In Table 5 we present values for the magnetic field and the
particle density computed from the core shift results using i)
kr = 1 and $0 = !0.5, ii) kr ! 1 and $0 = !0.5, and iii) kr ! 1
and $0 ! !0.5. In the last case we vary !0.7 < $0 < !0.2
where we assume that there is first, a flattening of the relativistic
particle distribution (injection of relativistic particles) followed
by a steepening of the distribution due to the spectral aging dur-
ing the propagation of a relativistic shock wave connected to the
flaring activity. For these calculations we assume a fixed ratio of
%max/%min = 104 and lower electron Lorentz factor %min = 100.

In Fig. 10 we plot the evolution of Bcore and Ncore for the
above mentioned models. For model i, (kr = 1$0 = !0.5) we
obtain nearly constant values for Bcore $ 10!1 G and Ncore =
10!3cm!3 (black points in Fig. 10). The variation of the kr pa-
rameter while $0 = !0.5 leads in the case of kr > 1 to smaller
values for both, Bcore and Ncore and on the other hand to an in-
crease in Bcore and Ncore if kr < 1 (red points in Fig. 10). The
influence of varying kr and $0 is presented by the blue points
in Fig. 10. The magnetic field and the particle density are in-
creasing while the relativistic particle distribution is flattening
($0 > !0.5) and are decreasing for a steepening of the particle
distribution ($0 < !0.5).

4.2. Transversal jet structure and jet ridge line

In the previous section we assumed a conical jet for the calcula-
tion of the magnetic field and particle density. In order to test this
assumption we study the transversal jet structure of CTA102.
Therefore, we derive the jet ridge line, i.e. the line connecting
the local flux density peaks along the jet, and fit a Gaussian to the
flux density profiles perpendicular to the jet ridge linePushkarev
et al. (see, e.g., 2009). Since we are interested in the average jet
width and ridge line we use stacked VLBA images which include
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Fig. 8. Evolution of source intrinsic parameters for an over-pressured jet, dk ! 1, (left panels) and for a conical jet, dk = 1, (right panels). The
upper panels show the variation of the jet width, R, in pc along the jet, the middle panels the evolution of the magnetic field, B, in G and the
bottom panels the variation of the upper and lower electron Lorentz factors, !min,max. The solid and dashed red lines correspond to a model where
we take both, synchrotron and adiabatic losses into account. In order to demonstrate the influence of radiative losses we computed additionally the
evolution of the electron Lorentz factor only for adiabatic losses (solid and dashed lines in bottom panels). See text for more details. Notice, that
the bottom x-axis is drawn in pc and to allow for the direct comparison with the observations we plotted the upper x-axis in mas.

where C ("0) and K (!,"0) are defined as:

C ("0) =
31!"0
8
"
#!̂

!

7 ! 2"0
4

"

!̂

!

5 ! 6"0
12

"

!̂

!

25 ! 6"0
12

"

!̂

!

9 ! 2"0
4

"

(38)

K (!,"0) =
2"0 + 1
2"0

#

(!max/!min)2" ! 1
$

#

(!max/!min)2"+1 ! 1
$ (39)

The distance to the central engine is given by:

rcore($) # "r$
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&1/2
$!1/kr [pc] (40)

If we assume a conical jet in equipartition between the magnetic
energy density and the kinetic energy density (kr = 1) and a
spectral index of "0 = !0.5, the equations above simplify to the
following relations:

B1 # 0.042"3/4r$ (1 + z)
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1 + %2app
&3/8
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[G], (41)
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The particle density N1 can be written for both cases i) kr = 1
and "0 = !0.5 and ii) kr ! 1 and "0 ! !0.5, as:

N1 =
K (!,"0)
8#mec2

!!1minB
2
1. (43)

If we assume kr = 1, "0 = !0.5 and fraction of 103 between the
upper and lower electron Lorentz factor, the equation above can
be written as:
N1 = 0.47 · 106!!1minB

2
1. (44)

4. Results
4.1. Core-shift analysis

We use the technique presented in Section 2.1 to align the VLBI
observations of CTA102. Due to the di#erence in the image pa-
rameters, especially in the convolving beam size, we used only
adjacent frequency maps in the alignment. The shift values ob-
tained relative to the inital position are presented in Table. 3

There are two di#erent shift directions towards the north-
east (positive x! and y! direction) for frequencies larger than
22GHz (see panel A in Fig. 9) and in south-east direction for
lower frequencies (relative to the highest frequency involved in
the analysis) (see panels B, C, and D in Fig. 9). An exception of
this observed behavior appears in the April 2006 epoch, possibly
due to the large flux density outburst during this time.

We derive the core shift vector from the correction of the
opacity shift (see Table 3) and the position of the VLBI core
(see Paper II for more details on the model fitting of the source).
In Fig. 9 we show the variation of the core-shift vector for the
di#erent frequency pairs with time. The solid circles indicate
the distance from the reference core in mas, the dashed lines are
drawn in intervals of 30$ and the di#erent colors of the arrow
correspond to the di#erent observational epochs.
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Fig. 8. Evolution of source intrinsic parameters for an over-pressured jet, dk ! 1, (left panels) and for a conical jet, dk = 1, (right panels). The
upper panels show the variation of the jet width, R, in pc along the jet, the middle panels the evolution of the magnetic field, B, in G and the
bottom panels the variation of the upper and lower electron Lorentz factors, !min,max. The solid and dashed red lines correspond to a model where
we take both, synchrotron and adiabatic losses into account. In order to demonstrate the influence of radiative losses we computed additionally the
evolution of the electron Lorentz factor only for adiabatic losses (solid and dashed lines in bottom panels). See text for more details. Notice, that
the bottom x-axis is drawn in pc and to allow for the direct comparison with the observations we plotted the upper x-axis in mas.
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east (positive x! and y! direction) for frequencies larger than
22GHz (see panel A in Fig. 9) and in south-east direction for
lower frequencies (relative to the highest frequency involved in
the analysis) (see panels B, C, and D in Fig. 9). An exception of
this observed behavior appears in the April 2006 epoch, possibly
due to the large flux density outburst during this time.

We derive the core shift vector from the correction of the
opacity shift (see Table 3) and the position of the VLBI core
(see Paper II for more details on the model fitting of the source).
In Fig. 9 we show the variation of the core-shift vector for the
di#erent frequency pairs with time. The solid circles indicate
the distance from the reference core in mas, the dashed lines are
drawn in intervals of 30$ and the di#erent colors of the arrow
correspond to the di#erent observational epochs.
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and the optical depth, !", by:

!!"! = c#(s)c#,b(s)(1 + z)"
s"4
2 R$

s+4
2 KB

s+2
2 "!"

s+4
2 . (20)

Using the obtained turnover values, the flux density, S !", in
Eq. 19 and the frequency, "!, in Eq. 20 can be replaced by the
turnover flux density, S !m, and the turnover frequency, "!m:

S !m = %D"2l c&(s)c&,b(s)(1 + z)
" s"3

2 R3$
s+5
2 KB

s+1
2 "
!" s"1

2
m (21)

!!m = c#(s)c#,b(s)(1 + z)"
s"4
2 R$

s+4
2 KB

s+2
2 "
!" s+4

2
m . (22)

The equations above can be solved for the magnetic field, B,
and the normalization coe!cient, K:

B =
%2

D4l

!

c&(s)c&,b(s)
c#(s)c#,b(s)

"2

(1 + z)7R4$"!5mS !"2m !
!2
m (23)

K =
D2s+4l
(%)s+2

#

c&(s)c&,b(s)
$"(s+2) #c#(s)c#,b(s)

$s+1

(1 + z)"(3s+5)R"(2s+5)$"(s+3)!!"(s+1)m S !s+2m "!"(2s+3)m . (24)

3.1.1. Number of particles, N, relativistic energy density, Ue,
and magnetization '

The number of particles, N, and the total energy distribution
of the relativistic particles, Ue, can be calculated by integrat-
ing the distribution function N(E) = KE"s within the limits
E1 = (minmec2 and E2 = (maxmec2:

N =
K

s " 1
%

mec2
&1"s
(1"smin

'

(

(

(

(

(

)

1 "
*

(max

(min

+1"s,
-

-

-

-

-

.

(25)

Ue =

/
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if s = 2

(26)

Together with the magnetic energy density, Ub = B2/(8%), we
can define the magnetization parameter

'mag =
Ub

Ue
, (27)

and test the assumption of equipartition 'mag = 1.

3.1.2. Evolution of (min and (max
Marscher (1987) pointed out that the energy limits, Emin =
(minmec2 and Emax = (minmec2 are di!cult to estimate. However,
here we present a first order approximation for the evolution of
the lower, (min, and upper, (max electron Lorentz factor. We con-
sider two di"erent jet geometries, i) a conical pressure matched
jet (dk = p0/pa = 1) and ii) an over-pressured jet (dk ! 1).
Furthermore, we compute the evolution of the electron Lorentz
factor assuming iii) only adiabatic losses and iv) synchrotron and
adiabatic losses. In the following section we use an adiabatic
index (̂ = 4/3, which corresponds to an ultra-relativistic e"e+
plasma.

Conical jet: The first step in the calculation of the evolution of
the electron Lorentz factor is to define the jet profile. In the case
of an pressure matched jet, the profile will be of conical shape
and it is characterized by its radius at the jet nozzle, R0, and its
opening angle, ). The opening angle, ), can be obtained from ei-
ther from the measured bulk Lorentz factor ) # 1/# (e.g., Königl
1981) or from the transversal size of the jet (e.g., Pushkarev et al.
2009). The jet width, R0, at the nozzle can be calculated in the
following way:

R0 = Rj " r j"0 tan ), (28)

with Rj the jet width obtained at a position, r j, where the jet can
be transversally resolved and r j"0 the distance to the jet nozzle
including the opacity shift correction (see Sect. 3.2). Finally the
jet width for a conical geometry can be written as power law:

R(r) = R0
*

r
r0

+&

, (29)

where & = 1 and r0 is a normalization distance.

Overpressured jet: The initial over-pressure at the jet nozzle
leads to the formation of recollimation shocks further down-
stream further downstream (e.g., Daly & Marscher 1988). Such
stationary features can be detected and identified with VLBI ob-
servations. For the calculation of the jet width at the nozzle we
use the approximation presented by Daly & Marscher (1988):

R0 #
rmax
3.3#0dk

,

where rmax is the de-projected distance between the jet nozzle
and the re-collimation shock, #0 is the bulk Lorentz factor of the
fluid and dk = p0/pext is the overpressure. Here we use values
obtained at the location of the standing shock which is justified
by the fact that the conditions (pressure and density) at the po-
sition of the standing shock wave are roughly the same as those
at the jet nozzle (locally constant ambient medium). If we as-
sume a locally constant ambient medium, the distance between
the jet nozzle and the location of maximal jet width is roughly
r (Rmax) # 0.5 · rmax (Komissarov & Falle 1997). Together with
R0 we can now derive the jet opening index, & for r < r (Rmax).
For r > (Rmax) the jet will start to collimate and will reach a
local minimum at the position of the standing shock. As in the
case of the jet opening region we can, given the jet width at the
position of the standing shock, compute & for this region. If there
are additional re-collimation shocks with known distance from
the previous shock and jet width, one can proceed as in the case
of the first re-collimation shock and define the jet geometry.
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43 GHz VLBI observations of CTA102

Fig. 30. 43 GHz uniformly weighted VLBA image of CTA 102 with fit-
ted circular Gaussian components observed 8th of June 2006. The map
peak flux density was 3.61 Jy/beam, where the convolving beam was
0.39 ⇥ 0.19 mas at P.A. �5.0. The lowest contour is plotted at 5⇥ the
o↵-source rms and increases in steps of 2.

Fig. 31. Temporal evolution of the separation from the core for the
43 GHz components. 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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Fig. 11. Results of the 2D spectral analysis for May 2005 observations of CTA102. The selected beam size is 2.80 ! 1.20mas and the frequency
range is from 5GHz to 86GHz. The left panel shows the turnover frequency, !m, in GHz and the right one the turnover flux density, S m, in Jy (for
more details see text).

Notice, that the values of the normalization coe!cient can
not be directly compared since there is a varying spectral index
with distance for the jet nozzle which is taken into account (see
bottom panel in Fig. 12 and Eq. 24). However, the obtained nor-
malization coe!cient K can be used to derive estimates for the
total number of particles, N, the total energy density,Ue, and the
magnetization, ".
For the lower and upper electron Lorentz factors, we use the
model presented in Sect. 3.1.1. The result of these calculations
are presented in Fig. 14.

The lower electron Lorentz factor, #min, is monotonically de-
creasing with distance for the pressure-matched (conical) jet and
is varying around an average value of #min = 300 for the over-
pressured jet model. In contrast to the lower electron Lorentz
factor, the upper one, #max, is nearly constant at a value of
3 ! 104 for both models. The total number density is between
5 ! 10"3 cm"3 and 5 ! 10"5 cm"3. We calculated the total num-
ber density using #min = 300 and #max = 3 ! 104 to demon-
strate the influence of varying Lorentz factors on the physical
parameters. The evolution of the total number density is mainly
dominated by #min, whereas the energy density of the relativistic
particles depends strongly on #max (see Eq. 25 and Eq. 26). The
jet is magnetically dominated with minor variations along the
jet. However, the increase of the magnetization for r > 0.3mas
could be due to several reasons and will be discussed in Sect. 5.

4.3.2. Component based spectral analysis

After applying the obtained shifts for the correction of the opac-
ity e"ect, we found three components which could be cross-
identified throughout the entire data set. Two of these compo-
nents show a nearly stationary behavior at a distance of 1.2mas

from the core and at 6.2mas from the core. The innermost com-
ponent is detected first at r # 0.2mas and traveling outwards.
Hereafter, we label the component located at r # 1.2mas as
S 2, the one at r # 6.2mas as S 1 and the traveling one as S 3.
Since our modeling approach is slightly di"erent from the one
presented in Savolainen et al. (2008) we can not detect a coun-
terpart of this innermost component in the low frequency maps
(! < 15GHz). In order to provide good estimates for the turnover
frequency of the core and for S3 we used a hybrid fitting routine
(see below). The components S 2 and S 1 have most likely their
spectral turnover at a frequency below 5GHz and therefore we
can not clearly detect this turnover. In this case we provide the
value of the optically thin spectral index.

Hybrid Fitting Routine: Due to the limited resolution at low fre-
quencies (! < 15GHz) the innermost component cannot be de-
tected and is possibly self-absorbed. Therefore the obtained core
fluxes for ! < 15GHz have some flux contribution to this self-
absorbed component. Further constrains on the core and compo-
nent spectrum can be obtained from the observed mm-flux den-
sities at 230GHz and 345GHz if we assume that the emission at
these frequencies is produced within the core region. Our hybrid
fitting routine takes these two facts into account in the follow-
ing way: We assume, that a fraction, rlow, of the low frequency
core flux and a fraction, rhigh, of the mm-fluxes contributes to the
component fluxes. According to this assumption the corrected
core fluxes at low frequencies are (1 " rlow)S core,fit and the mm-
flux densities are (1 " rlow)Smm. This approach allows us to pro-
vide meaningful values for the spectral parameters of the core
and the inner-most component.
Please take into account that for some of the epochs the
86GHz maps are still missing which could lead to an im-
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6 eRHD Simulations

Figure 6.17: Evolution of the non-thermal parameters computed from the CTA2 simula-
tion (see Table 6.6 for initial hydro-dynamic parameters) assuming only adiabatic losses
(black lines) and adiabatic and synchrotron losses (blue lines). The panels show the evo-
lution of the magnetic field (top panel), the electron Lorentz factor (middle panel) and
the normalisation coe�cient of the relativistic electron distribution (bottom panel). The
influence of the synchrotron cooling is best visible in the evolution of the upper electron
Lorentz factor (solid lines in middle panel).

where the slopes of the evolution of �max between the two models are comparable. The
radiative losses mainly a↵ect the upper electron Lorentz factor, as shown in the evolution
of �min (dashed lines in the middle panel of Fig. 6.17). In the single-dish spectrum, the
di↵erence between the adiabatic model and the one including the radiative losses is visible
in the high frequency part ⌫ > 1012 Hz (see Fig. 6.18). The larger values for �max for the
model assuming only adiabatic losses leads to larger flux densities including the radiative
losses as well. Besides the di↵erence in the flux density, there are clear changes in the
high frequency cut-o↵ in the spectrum. For the model including the radiative losses the
high frequency cut-o↵ is at ⌫ ⇠ 1014 Hz, where as adiabatic model shows a cut-o↵ around
⌫ ⇠ 1016 Hz. The low frequency cut-o↵ is, in both cases around ⌫ ⇠ 5 · 105 Hz.

6.4.4 The influence of ✏b, ✏e, and, ✏a on the non-thermal emission
Besides the two di↵erent cooling models (only adiabatic losses or adiabatic and syn-
chrotron losses) there are three additional parameters which determine the shape of the
non-thermal spectrum.
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6 eRHD Simulations

Figure 6.17: Evolution of the non-thermal parameters computed from the CTA2 simula-
tion (see Table 6.6 for initial hydro-dynamic parameters) assuming only adiabatic losses
(black lines) and adiabatic and synchrotron losses (blue lines). The panels show the evo-
lution of the magnetic field (top panel), the electron Lorentz factor (middle panel) and
the normalisation coe�cient of the relativistic electron distribution (bottom panel). The
influence of the synchrotron cooling is best visible in the evolution of the upper electron
Lorentz factor (solid lines in middle panel).

where the slopes of the evolution of �max between the two models are comparable. The
radiative losses mainly a↵ect the upper electron Lorentz factor, as shown in the evolution
of �min (dashed lines in the middle panel of Fig. 6.17). In the single-dish spectrum, the
di↵erence between the adiabatic model and the one including the radiative losses is visible
in the high frequency part ⌫ > 1012 Hz (see Fig. 6.18). The larger values for �max for the
model assuming only adiabatic losses leads to larger flux densities including the radiative
losses as well. Besides the di↵erence in the flux density, there are clear changes in the
high frequency cut-o↵ in the spectrum. For the model including the radiative losses the
high frequency cut-o↵ is at ⌫ ⇠ 1014 Hz, where as adiabatic model shows a cut-o↵ around
⌫ ⇠ 1016 Hz. The low frequency cut-o↵ is, in both cases around ⌫ ⇠ 5 · 105 Hz.

6.4.4 The influence of ✏b, ✏e, and, ✏a on the non-thermal emission
Besides the two di↵erent cooling models (only adiabatic losses or adiabatic and syn-
chrotron losses) there are three additional parameters which determine the shape of the
non-thermal spectrum.
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where the slopes of the evolution of �max between the two models are comparable. The
radiative losses mainly a↵ect the upper electron Lorentz factor, as shown in the evolution
of �min (dashed lines in the middle panel of Fig. 6.17). In the single-dish spectrum, the
di↵erence between the adiabatic model and the one including the radiative losses is visible
in the high frequency part ⌫ > 1012 Hz (see Fig. 6.18). The larger values for �max for the
model assuming only adiabatic losses leads to larger flux densities including the radiative
losses as well. Besides the di↵erence in the flux density, there are clear changes in the
high frequency cut-o↵ in the spectrum. For the model including the radiative losses the
high frequency cut-o↵ is at ⌫ ⇠ 1014 Hz, where as adiabatic model shows a cut-o↵ around
⌫ ⇠ 1016 Hz. The low frequency cut-o↵ is, in both cases around ⌫ ⇠ 5 · 105 Hz.

6.4.4 The influence of ✏b, ✏e, and, ✏a on the non-thermal emission
Besides the two di↵erent cooling models (only adiabatic losses or adiabatic and syn-
chrotron losses) there are three additional parameters which determine the shape of the
non-thermal spectrum.
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6.4 Application to the blazar CTA 102

Figure 6.18: Single-dish spectrum calculated at a viewing angle of # = 90� and a redshift
of z = 1.037 for an adiabatic model and for a model taking adiabatic and synchrotron
losses into account. The underlying hydro-dynamic model is CTA2 (see Table 6.6) and
for the generation of the non-thermal particle distribution we ✏b = 0.3, ✏e = 0.01, and
✏a = 106.

The larger the ratio between the non-thermal and thermal particles, ✏e, the higher is
the turnover frequency and there is a small increase in the turnover flux density. This
behaviour is shown in the top panel of Fig. 6.19, where we kept the other parameters
✏b = 0.1, and ✏a = 106 constant, took both, radiative and adiabatic losses into account and
used the CTA2 simulation as underlying RHD model (see Table 6.6 for initial parameters).

The middle panel of Fig. 6.19 shows the influence of the fraction of the equipartition
magnetic field on the non-thermal emission, ✏b. The increase in ✏b leads to a rise in the
turnover flux density while keeping the shape of the spectrum un-changed. With larger
magnetic field values (larger values of ✏b).

The impact of the acceleration factor, ✏a, on the non-thermal emission is plotted in the
bottom panel of Fig. 6.19. This parameters leads to a variation in the high-frequency cut-
o↵. The larger ✏a the smaller is the high frequency cut-o↵ and the steeper is the spectrum.

In sum a larger ✏e increases the turnover frequency, an increase in ✏b results in a growth
of the turnover flux density, and the high-frequency shape of the spectrum is determined
by ✏a.
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2.1.3 Radiation from a power law distribution of particles

We now specify our discussion to the case of a power law distribution of
particles

n(!) = n(!min)

!
!

!min

"!p

S(!; !min, !max) (2.61)

where !min and !max are the limiting Lorentz factor values of the power law
distribution, p is the power law index, and the interval function S is defined
as

S(x; a, b) =

#
$

%

1 if a ! x ! b

0 otherwise
. (2.62)

Inserting (2.61) into (2.47) and (2.60) one finds
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(2.64)

We define & # !max/!min and substitute ! # !!min so that we get from
(2.63) and (2.64)
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where the function H is defined as

H(x, p, &) =

"&

1

d! !!p F
' x

!2

(
=

"&

1

d! !!(p+2) x

"&

x/!2

dy K5/3(y) . (2.67)

The function H can be evaluated numerically and tabulated (it turns
out that H is a well behaved function), which is of importance for massive
numerical computation. On the other hand, one may gain some insight in
the nature of the integral in H by making the substitution

' # x

!2

which, when inserted into (2.67) gives

H(x, p, &) =
1

2
x(1!p)/2

x&

x/"2

d' '(p!3)/2 F (') . (2.68)

2.1. SYNCHROTRON RADIATION 45

2.1.3 Radiation from a power law distribution of particles

We now specify our discussion to the case of a power law distribution of
particles

n(!) = n(!min)

!
!

!min

"!p

S(!; !min, !max) (2.61)

where !min and !max are the limiting Lorentz factor values of the power law
distribution, p is the power law index, and the interval function S is defined
as

S(x; a, b) =

#
$

%

1 if a ! x ! b

0 otherwise
. (2.62)

Inserting (2.61) into (2.47) and (2.60) one finds

jsyn(") =

"
3q3B sin(#)

4$mc2
n(!min)!

p
min

!max&

!min

d! !!p F

!
"

"0!2

"
, (2.63)

%syn(") =

"
3q3B sin(#)

8$m2c2
n(!min)!

p
min

p + 2

"2

!max&

!min

d! !!(p+1) F

!
"

"0!2

"
.

(2.64)

We define & # !max/!min and substitute ! # !!min so that we get from
(2.63) and (2.64)

jsyn(") =

"
3q3B sin(#)

4$mc2
n(!min)!minH

!
"

"0!2
min

, p, &

"
, (2.65)

%syn(") =

"
3q3B sin(#)

8$m2c2
n(!min)

p + 2

"2
H

!
"

"0!2
min

, p + 1, &

"
, (2.66)

where the function H is defined as

H(x, p, &) =

"&

1

d! !!p F
' x

!2

(
=

"&

1

d! !!(p+2) x

"&

x/!2

dy K5/3(y) . (2.67)

The function H can be evaluated numerically and tabulated (it turns
out that H is a well behaved function), which is of importance for massive
numerical computation. On the other hand, one may gain some insight in
the nature of the integral in H by making the substitution

' # x

!2

which, when inserted into (2.67) gives

H(x, p, &) =
1

2
x(1!p)/2

x&

x/"2

d' '(p!3)/2 F (') . (2.68)

2.1. SYNCHROTRON RADIATION 45

2.1.3 Radiation from a power law distribution of particles

We now specify our discussion to the case of a power law distribution of
particles

n(!) = n(!min)

!
!

!min

"!p

S(!; !min, !max) (2.61)

where !min and !max are the limiting Lorentz factor values of the power law
distribution, p is the power law index, and the interval function S is defined
as

S(x; a, b) =

#
$

%

1 if a ! x ! b

0 otherwise
. (2.62)

Inserting (2.61) into (2.47) and (2.60) one finds

jsyn(") =

"
3q3B sin(#)

4$mc2
n(!min)!

p
min

!max&

!min

d! !!p F

!
"

"0!2

"
, (2.63)

%syn(") =

"
3q3B sin(#)

8$m2c2
n(!min)!

p
min

p + 2

"2

!max&

!min

d! !!(p+1) F

!
"

"0!2

"
.

(2.64)

We define & # !max/!min and substitute ! # !!min so that we get from
(2.63) and (2.64)

jsyn(") =

"
3q3B sin(#)

4$mc2
n(!min)!minH

!
"

"0!2
min

, p, &

"
, (2.65)

%syn(") =

"
3q3B sin(#)

8$m2c2
n(!min)

p + 2

"2
H

!
"

"0!2
min

, p + 1, &

"
, (2.66)

where the function H is defined as

H(x, p, &) =

"&

1

d! !!p F
' x

!2

(
=

"&

1

d! !!(p+2) x

"&

x/!2

dy K5/3(y) . (2.67)

The function H can be evaluated numerically and tabulated (it turns
out that H is a well behaved function), which is of importance for massive
numerical computation. On the other hand, one may gain some insight in
the nature of the integral in H by making the substitution

' # x

!2

which, when inserted into (2.67) gives

H(x, p, &) =
1

2
x(1!p)/2

x&

x/"2

d' '(p!3)/2 F (') . (2.68)

ordered mag. field: 

random mag. field: 

(Mimica et al.  2009)

absorption coeff

emission coeff

e-  distribution

F (x) = x

� �

x
d�K5/3(�)

R(x) =
1
2

⇤ �

0
d� sin2 �F

� x

sin�

⇥



Shock-Shock interaction

26

6 eRHD Simulations

Figure 6.25: Evolution of the turnover frequency, ⌫m, (top panel) and the turnover flux
density, S m, (bottom panel) of the flaring spectrum during the propagation of relativistic
shock through an over-pressure jet for the jet simulation CTA1 and perturbation P4 (see
Table 6.6 and 6.7).

shock leads to an increase in the core flux density and the spectral index (see t=15 yr),
and the propagation of the shock is clearly visible as a separated component of increased
flux density (left column) and as a region of increased (flattened) spectral index (right
column). The interaction of the travelling shock with the recollimation shock leads to
an apparent inward dragging of the recollimation shock and a splitting into two separate
components (t=86 yr). After the travelling shock has passed through the recollimation
shock, its initial position is re-established (t=130 yr).

The temporal evolution of the separation of the detectable components at 15 GHz from
the jet nozzle (here z = 0) is presented in Fig. 6.27. The black points corresponds to the
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Table 5. Di!erent stages of the spectral evolution and their characteris-
tics

time stage model name !
!

S m ! "!m
"

"#t# "#0#
2005.6 – 2005.8 Compton C1 $1.21±0.22 rising 0.33 – 0.78 rising $1.80 – $1.02
2005.8 – 2006.0 Adiabatic A1 0.77±0.11 0.82±0.17 rising $1.02 – $0.21
2006.0 – 2006.3 Compton-like C2 $0.99±0.46 1.03±0.27 $0.26±0.13
2006.3 – 2006.8 Adiabatic A2 1.24±0.10 0.96±0.29a, 0.26±0.18b $0.46±0.21

a until 2006.4, b after 2006.45

Fig. 5. Temporal evolution of the 2006 radio flare: top turnover fre-
quency and bottom turnover flux density. The dashed vertical lines cor-
respond to the time labels in Figure 4 and indicate the extrema in the
evolution.

5.1. Fitting technique

We used a multi-dimensional $2-optimization for deriving a
set of parameters that fit the spectral evolution of the di!erent
stages. Our approach consists on fitting the temporal evolution
of the spectral turnover values, "m and Sm using Eqs. 41 and
43 and the definition of the spectral exponents (see Eqs. 25-36).
The proportionalities in Eqs. 41 and 43 can be removed by in-
troducing the constants c"m,i and cSm,i , which reflect logarithmic
shifts of the turnover frequency and flux density and depend on
the intrinsic properties of the source and flare, having no further
importance for our study. From the observed values, "obs, jm,i and
S obs, jm,i (i indicating the radiation loss stage, and j indicating the
position among the total number of points in the stage, q, so that
j = 1 · · · q), the proportionality constants can be derived as:

c"m,i = "
obs, j
m,i · t

$ni/%
obs, j , (46)

cSm,i = S obs, jm,i · t
$ fi/%
obs, j , (47)

Fig. 6. The temporal evolution of the optically thin (#0, top) and thick
(#t, bottom) spectral indices for 2006 radio flare. The dashed vertical
lines corresponds to the time labels in Figure 4 and indicate the extrema
in the evolution.

where tobs, j is the time in the observers frame. Using these def-
initions, the constant for the spectral evolution in the "m $ Sm
plane (see Eq. 24) yields:

c("m$S m),i = S
obs, j
m,i ·

#

"
obs, j
m,i

$$ fi/ni
· tobs, j. (48)

From Eqs. 25-36, 41, and 43, we see that there are 5 param-
eters (b, s, k, d, and r) that describe the whole spectral evolu-
tion, although they have di!erent values at each stage. Starting
from basic physical principles, we used boundaries for the dif-
ferent parameters to avoid unphysical results. These boundaries
are listed in Table 6.

Table 6. Range for spectral parameters allowed to vary in the fits to the
observed spectrum for all stages.

b s k d r
1 to 2a 2 to 4 1 to 6 $2 to 2 -1 to 1

a if r > 0.

The negative values for parameter d stand for the possibility
for an increase in the Doppler factor, D, with radius. Regarding

Single Dish spectral evolution

Ref: Fromm et al. 2011, Fromm in prep.
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Table 3. Correspondence between the observed wavelength and the perturbations used for the simulation 3C273-A.
!obs is the observed, projected wavelength, !theor is the intrinsic wavelength, and " is the derived frequency for the
given intrinsic wavelength and wave speed (see text). Fourth to seventh columns give the wavelengths and wave speeds
derived from the dispersion relation solution, marked in Fig. 2 as "1, "2 and "3.

!obs [mas] !theor [Rj ] " [c/Rj ] Pinch b1 Helical s Elliptical s Elliptical b1
!; v! !; v! !; v! !; v!

12 (E!

s ) 110.0 0.013 ("1) - 38.5; 0.081 18.5; 0.077 -
4 (H!

b1, E
!

b1) 37.4 0.039 ("2) - 16.0; 0.10 6.1; 0.078 -
2 (H!

b2) 18.7 0.078 ("3) 7.0; 0.088 12.1; 0.15 5.4; 0.14 3.2; 0.08

Fig. 1. Structure of perturbations (axial and transversal cuts) in a generic 3D jet, as described by Eq. (5). Top left:
pinching mode (n = 0). Top right: helical mode (n = 1). Bottom left: elliptical mode (n = 2). Bottom right: triangular
mode (n = 3).

Table 4. Solutions of the stability problem in the fastest
growing or resonant frequencies (indicated with an aster-
isk, column one lists the frequencies, column two the wave-
lengths and column three the wave speeds) and longest
unstable wavelength (fourth column, !l)

Mode "! (c/Rj) !! (Rj) v!

! (c) !l (Rj)
Pinch b1 0.46 3.5 0.26 7.5
Pinch b2 0.86 1.8 0.25 3.1
Helical s 0.24 7.6 0.28 -

Helical b1 0.66 2.5 0.26 4.5
Helical b2 1.07 1.5 0.25 2.4
Elliptic s 0.19 5.3 0.16 -

Elliptic b1 0.85 1.9 0.26 3.2
Elliptic b2 1.27 1.3 0.25 2.0

dominate at di!erent positions and times in the jet. It
is remarkable that elliptical structures show up close to
the injection point, while helical modes, develop in the
jet farther downstream. This agrees with the conclusions
presented in LZ01. Nevertheless, we have not been able
to clearly identify the elliptical mode in the longitudi-
nal cuts. Fig. 5 shows longitudinal cuts of pressure per-
turbation (defined as the di!erence between the value of

the pressure in a cell and the initial equilibrium pressure,
P ! P0, with P0 " 0.03 #a c2) at di!erent jet radii, from
which the dominant wavelengths could be identified in the
simulated jet. We identify a ! " 40 ! 50 Rj structure at
z < 60 Rj which we interpret as due to beating between
two wavelengths of the first body helical mode at wave-
lengths 4.5 Rj and 4 Rj, like that derived from the fits to
the observations by LZ01, and given in Table 1 (3.9 and
4.1 mas). From plots of pressure perturbation at di!erent
radii (Fig. 5) we conclude that the radial structure of this
beat can only be produced by the helical first body mode,
as the fluctuations are stronger at Rj/2. The beating could
also be produced by the elliptical surface mode, but the
fact that pressure fluctuations are smaller at the jet sur-
face rules out this possibility (see, e.g., Hardee 2000). At
larger distance (z > 70Rj) we have identified a large am-
plitude helical " 25 Rj wavelength and a shorter 2.5 Rj

wavelength superposed on the former one. In an axial cut
of the pressure perturbation close to the axis we have iden-
tified an elliptical fluctuation with wavelength " 3.5 Rj at
z " 70!95 Rj and a helical one with wavelength 2.5 Rj at
z > 100 Rj. All the modes that are reported in this para-
graph are pointed in Fig. 2 with arrows indicating their
wavelengths and wave speeds. We should keep in mind


