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• single dish data 4 GHz -345 GHz (UMRAO, Metsähovi,SMA) 
• VLBA observations at 15GHz and 43GHz (MOJAVE & Boston)
• VLBA multi-freq. observations 2GHz -86 GHz

Ref: Fromm et al. 2011,2013a,2013b,2015

2006 radio flare in CTA 102 (z=1.037)



Light curve analysis

4Ref: Marscher & Gear (1985), 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 suffer different 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 differs 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 α0 = −0.55. A decrease in the density
can be deduced from−r·k = −1.6, which corresponds to the evo-
lution of the normalization coefficient of the relativistic electron
distribution, K.

The parameter toff corresponds to the time difference be-
tween the onset of the Compton stage and the first detection of
the flare. From the value of toff = 0.02 yr together with inde-
pendently obtained values for the viewing angle, ϑ = 2.6◦, and
the apparent speed of the VLBI component ejected by the 2006
flare, βapp = 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 difficult 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 α0 = −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
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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 α0 = −0.7.

�
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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 suffer different 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 differs 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 α0 = −0.55. A decrease in the density
can be deduced from−r·k = −1.6, which corresponds to the evo-
lution of the normalization coefficient of the relativistic electron
distribution, K.

The parameter toff corresponds to the time difference be-
tween the onset of the Compton stage and the first detection of
the flare. From the value of toff = 0.02 yr together with inde-
pendently obtained values for the viewing angle, ϑ = 2.6◦, and
the apparent speed of the VLBI component ejected by the 2006
flare, βapp = 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-
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several stationary features —>recollimation shocks 
first at 18pc (43GHz,86GHz) 

interactions between travelling and recollimation shock 
interactions

simulations to investigate shock-shock interactions 
(focusing on the first recollimation shock)

relativistic hydrodynamics 
(Perucho et al. 2010)

emission simulations 
(Mimica et al. 2009 & Fromm 2013)

+
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detailed treatment on the formation of recollimation shocks with
both analytical approximations and numerical simulations can
be found in Komissarov & Falle (1997). The simulations of Falle
(1991) and Komissarov & Falle (1997) studied the formation of
recollimation shocks in the context of the propagation of rela-
tivistic jets. A di↵erent approach was followed by Gómez et al.
(1997), who studied the propagation of relativistic shock waves
in PM and OP steady-state jets and computed synthetic radio
maps assuming adiabatic losses. Mimica et al. (2009) recom-
puted the emission of the simulations performed by Gómez et al.
(1997) and included the influence of temporal and spatial radia-
tive losses on the distribution of the relativistic particles. So far,
most of the studies focused on the propagation of the relativistic
shock waves, which could be connected to the observed super-
luminal components observed in several AGN jets. In this paper
we concentrate on the interaction between traveling shock waves
and recollimation shocks and the resulting spectral evolution.
With this aim, we have performed relativistic hydrodynamical
numerical simulations. The current paradigm for jet launching
(Blandford & Znajek 1977) assumes that the jet is strongly mag-
netized close to the black hole (see e.g., Tchekhovskoy et al.
2009; Komissarov et al. 2009, and references therein). The mag-
netization of the flow decreases further out, but it is still possi-
ble that the flow is magnetized far away from the acceleration
zone, especially in the gamma-ray burst (GRB) case (Thompson
1994; Spruit et al. 2001; Lyutikov & Blandford 2003; Giannios
& Spruit 2006; Granot et al. 2011; Lyutikov 2011; Levinson
2011; Granot 2012; Komissarov 2012). However, since CTA102
is a blazar, Mimica & Aloy (2012) and Rueda-Becerril et al.
(2014) show that to be compatible with the current blazar ob-
servations, the blazar jets are at most moderately magnetized
at blazar distances (�  0.01). For these values, Mimica &
Aloy (2012) show that the dynamics and emission depend only
very weakly on sigma (Figs. 1 and 7 in Mimica & Aloy 2012).
Therefore, the assumption about the nonmagnetized jet dynam-
ics with ✏B ⇠ 0.1 at those distances is justified. Further out of
that zone, at distances of interest to us, the magnetization should
be even smaller.

The organization of this work is the following: in Sect. 2 we
introduce our numerical setup. The results of the simulations and
the nonthermal emission calculations are presented in Sect. 3.1
and in Sect. 3.2. The discussion of our results is provided in
Sect. 4. Throughout the paper, we use an ideal equation of state
p = (�̂ � 1)✏⇢, with pressure, p, adiabatic index, �̂, specific in-
ternal energy, ✏, and density, ⇢.

2. Relativistic hydrodynamic simulations

We performed several 2D axisymmetric simulations of super-
sonic relativistic hydrodynamical jets using the finite-di↵erence
code Ratpenat (for more details see Perucho et al. 2010, and
references therein). The simulations were performed on up to
64 processors at the local cluster at the Max Planck Institute for
Radio Astronomy (MPIfR) and at Tirant, the Valencian Node of
the Spanish Supercomputing Network (RES).

2.1. Simulation setup

The numerical grid includes 320 cells in the radial direction and
9600 cells in the axial direction. Using a numerical resolution of
32 cells per jet radius (R

j

), the grid covers 10 R

j

⇥ 300 R

j

. We
define the z-axis in the direction of the jet propagation and the
x-axis as the radial axis in cylindrical coordinates. The bound-
ary conditions are a reflection at the jet axis, injection at the

Fig. 1. Sketch of an OP jet with characteristic parameters and regions
(adopted from Daly & Marscher 1988).

Table 1. Initial parameters for the simulations in code units.

Rb vb d

k

� ⇢b M �̂ z

c

m n

[1] [c] [1] [1] [⇢a] [1] [1] [R
j

] [1] [1]
1 0.99652 3 12 0.02 3.0 13/9 0 0 0
1 0.99652 1 12 0.02 3.0 13/9 50 1 2

Table 2. Perturbation parameters for the simulations in code units.

�t vp ⇢p pp
[R

j

/c] [c] [⇢a] [⇢ac
2]

0.2 0.99652 0.08 0.008

jet nozzle and outflow conditions elsewhere. The basic setup
of our simulation for an OP jet is sketched in Fig. 1. The ini-
tial parameters at the jet nozzle are the velocity of the jet, vb,
the bulk Lorentz factor, �, the classical Mach number of the jet,
M, the density of the jet, ⇢b, the adiabatic index, �, and the ini-
tial pressure mismatch between the jet and the ambient medium,
d

k

= pb/pa. The pressure, pb at the jet nozzle is computed from
the Mach number using an ideal-gas equation of state. Since we
are mainly interested in the first traveling shock–recollimation
shock interaction we used a homogeneous ambient medium (see,
e.g., Fromm 2015). We additionally simulate a PM jet, d

k

= 1,
in a decreasing pressure ambient, which leads to the formation
of a conical jet without recollimation shocks, to study shock-jet
interaction from a single traveling shock. We model the decrease
in the ambient medium pressure with a pressure profile presented
in Gómez et al. (1997)

pa(z) =
p

b

d

k

"
1 +

 
z

z

c

!
n

# m

n

, (1)

where z

c

can be considered as the spatial scale and the expo-
nents n and m control the steepening of the ambient pressure.
The initial conditions, given in code units (speed of light c = 1,
jet radius R

j

, and ambient medium density, ⇢a = 1) for both sim-
ulations are listed in Table 1.

Once the steady state is reached (after approximately five
longitudinal grid crossing times), we injected a perturbation at
the jet nozzle. In order to develop a shock wave we increased the
pressure and density of the perturbation by a factor of 4 (com-
pared to the steady state pressure and density), while keeping
the same velocity as the jet flow. The parameters for the pertur-
bation, in code units, are presented in Table 3.
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Table 1. Initial parameters for the simulations in code units.

Rb vb d

k

� ⇢b M �̂ z

c

m n

[1] [c] [1] [1] [⇢a] [1] [1] [R
j

] [1] [1]
1 0.99652 3 12 0.02 3.0 13/9 0 0 0
1 0.99652 1 12 0.02 3.0 13/9 50 1 2

Table 2. Perturbation parameters for the simulations in code units.

�t vp ⇢p pp
[R

j

/c] [c] [⇢a] [⇢ac
2]

0.2 0.99652 0.08 0.008

jet nozzle and outflow conditions elsewhere. The basic setup
of our simulation for an OP jet is sketched in Fig. 1. The ini-
tial parameters at the jet nozzle are the velocity of the jet, vb,
the bulk Lorentz factor, �, the classical Mach number of the jet,
M, the density of the jet, ⇢b, the adiabatic index, �, and the ini-
tial pressure mismatch between the jet and the ambient medium,
d

k

= pb/pa. The pressure, pb at the jet nozzle is computed from
the Mach number using an ideal-gas equation of state. Since we
are mainly interested in the first traveling shock–recollimation
shock interaction we used a homogeneous ambient medium (see,
e.g., Fromm 2015). We additionally simulate a PM jet, d

k

= 1,
in a decreasing pressure ambient, which leads to the formation
of a conical jet without recollimation shocks, to study shock-jet
interaction from a single traveling shock. We model the decrease
in the ambient medium pressure with a pressure profile presented
in Gómez et al. (1997)

pa(z) =
p

b

d

k

"
1 +

 
z

z

c

!
n

# m

n

, (1)

where z

c

can be considered as the spatial scale and the expo-
nents n and m control the steepening of the ambient pressure.
The initial conditions, given in code units (speed of light c = 1,
jet radius R

j

, and ambient medium density, ⇢a = 1) for both sim-
ulations are listed in Table 1.

Once the steady state is reached (after approximately five
longitudinal grid crossing times), we injected a perturbation at
the jet nozzle. In order to develop a shock wave we increased the
pressure and density of the perturbation by a factor of 4 (com-
pared to the steady state pressure and density), while keeping
the same velocity as the jet flow. The parameters for the pertur-
bation, in code units, are presented in Table 3.
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Fig. 2. Steady-state results for the simulation of the OP jet. Top panel:
2D distribution of the logarithm of the rest mass density in units of ⇢a.
Bottom panel: logarithm of the pressure in units of ⇢ac

2.

3. Results

3.1. Relativistic hydrodynamic (RHD)

Figure 2 shows the 2D distribution of rest mass density (top)
and pressure (bottom) in case of the OP jet (d

k

= 3) for the
steady state. Owing to the pressure mismatch at the jet nozzle,
two shock waves form at the discontinuity between the jet and
the ambient. One of them propagates outward in the radial direc-
tion and the other propagates toward the axis. Between them, a
rarefaction region forms in which the flow expands radially until
pressure equilibrium between the jet and the ambient medium
is established. This state is first reached at the jet boundary and
leads to the formation of an inward traveling sound wave. As
a result of the finite speed of the waves, the inner layers of
the jet continues to expand while the outer layers are already
being collimated. This expansion of each inner layer stops as
soon as the waves cross it. The recollimation shock, related to
the shock wave that propagates toward the axis, occurs at dif-
ferent locations for di↵erent values of the radial coordinate of
the stream line: the expansion and recollimation of the flow is
clearly visible in Fig. 2. The recollimation shock reaches the axis
at z = 110 R

j

. At this position there is a local maximum in pres-
sure and density and the flow emerging from this region expands
again as a result of increased pressure. In other words, the recol-
limation shock can be considered as a new “jet nozzle” and the
process begins anew. In our case the second recollimation shock
is formed at z = 270 R

j

. A di↵erent scenario is obtained for the
PM jet (d

k

= 1). The distribution of the rest mass density and the
pressure is smooth along the jet (see Fig. 3) as the jet expands,
adapting to the ambient pressure (compare Figs. 3 to 2).

Once the perturbation is injected, a shock wave (forward)
and a rarefaction wave (reverse) are generated (see, e.g., Martí
& Müller 1999). The jet material swept up by the shock wave
is compressed (pressure and density increase), while the cross-
ing of the rarefaction wave induces a decrease in both quanti-
ties. As an example of the propagation of a perturbation, Fig. 4
(OP jet) and Fig. 5 (PM jet) show the variation in pressure at
three selected times. The entire evolution of the axial density
during the propagation of the shock wave is presented in Figs. 6
and 7. The variation in the pressure and the rest mass density
during the propagation of the shock during the first 50 R

j

is sim-
ilar in the OP and PM jet until 50 R

j

. The opening of the jet
leads to an expansion of the shock wave and the compression
of the gas produced by the shock falls with the distance. While

Fig. 3. Steady-state results for the simulation of a PM jet. Top panel:
2D distribution of the logarithm of the rest mass density in units of ⇢a.
Bottom panel: logarithm of the pressure in units of ⇢ac

2.

Fig. 4. Snapshots for the propagation of a perturbation in an OP jet. The
panels show the 2D distribution of the logarithm of the pressure in units
of ⇢ac

2.

the PM jet continues expanding (adapting to the decreasing am-
bient medium pressure), the OP jet starts collimating and forms
a strong recollimation shock. The di↵erences in the properties
of the underlying jet change the evolution of the perturbation
significantly. The compression induced by shock wave contin-
ues to decrease in the PM jet (see Fig. 7). In contrast to this, in
the OP jet the increase in the compression of the pressure and
density during and after the interaction between the shock wave
and the recollimation shock is seen at z ⇡ 120 R

j

(see Fig. 6). In
addition to the di↵erences in the compression of the underlying
flow, the trailing features (secondary perturbations generated in
the wake of the main pertubation) are stronger and broader in the
OP jet than in the PM jet (best seen at t ⇡ 150 R

j

/c in Figs. 6
and 7), and appear to be associated with the interaction between
the perturbation and the standing shock in the case of the OP jet.
This is the physical setup and in the next section we proceed to
compute the nonthermal emission from the simulated jets.
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Radiative transfer (ray tracing)
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include micro-physics: absorption, emission, losses and delays 

using 3D ray-tracing technique and large frequency range

# = 90�
# = 3�

Ref: Mimica et al. 2009, Fromm et al. 2013, 2016

synchrotron spectrum (1-1000GHz) at each pixel

⇢a Rj # s ✏B ✏e ⇣e z
1.67⇥ 10�21g/cm3 3.08⇥ 1017cm 3� 2.3 0.1 0.5 1.0 1.0



Single dish light curves
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signature of shock-shock interaction



Radio maps

10Ref: Fromm et al. 2016

over-pressured jet pressure matched jet



Shock-Shock interaction (re-scaled)

11Ref: Fromm in prep.

eRHD simulations CTA102@15GHz

signature of shock-shock interaction

15GHz



Summary & Outlook
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• recollimation shocks in the jet of CTA102
• simulations of recollimation shocks
• spectral evolution of shocks in jets
• fake observations —> observable signatures

RMHD simulations of jets
polarised radiative transfer
3D R(M)HD simulations (test stability of RCS)



Emission Simulation

13Ref: Mimica et al.  (2009, 2010), Dermer & Boettcher (2010)
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Emission Simulation
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evolution of e- Lorentz factor (see Mimica et al. 2009) 

6.4 Application to the blazar CTA 102

The equations presented above can be used to compute the synchrotron emission for a
fixed position and time. However, we are interested in the evolution of the non-thermal
emission of jet and therefore we have to evolve the magnetic field, the electron Lorentz
factors and the normalisation coe�cient of the relativistic electron distribution in space
and time. There are two di↵erent techniques for the evolution of the non-thermal electron
distribution: The adiabatic (see e.g., Gomez et al. 1997) and the spectral evolution method
(Mimica et al. 2009)

The adiabatic approach

In this method the lower electron Lorentz factor is computed from the thermal pressure
and the rest-mass density at the jet nozzle using Eq. 6.10. In addition, a fixed ratio
between the upper and lower electron Lorentz factor, C� = �max/�min is assumed. Thus,
the evolution of �min,max and n0 (�min) can be calculated along the jet. Once the value of
C� is set, it is preserved throughout the entire jet. Therefore, the variation in �min depends
only on the evolution of pj and ⇢ j.

The spectral evolution (SPEV) approach

Mimica et al. (2009) presented a more detailed method for the calculation of the temporal
and spatial variation in the parameters determining the non-thermal emission, taking both,
adiabatic and radiative losses into account. The time dependence of the electron Lorentz
factor is expressed in the following di↵erential equation (see also section 2.2.1):

d�
d�
= ka� � ks�

2, (6.12)

where d� is the length interval in the source frame, ka is the adiabatic, and ks is the
synchrotron loss term:

ka =
1
3

dln⇢ j

d�
(6.13)

ks =
2
3

e4

8⇡m3
ec5 B2. (6.14)

The authors assume that within a small proper time interval, d⌧, the adiabatic and radiative
losses are constant and Eq. 6.12 can be solved in analytically(see Eq. 28 in Mimica et al.
2009):

�(�) = �0
kaeka��

ka + �0ks
�
eka�� � 1

� , (6.15)

where �� = ���0 is a length interval and the subscript 0 indicates values at the location
�0. Once the evolution of the electron Lorentz factor is given, the calculation of the
normalisation coe�cient follows (see Eq. 29 in Mimica et al. 2009):

n0(�(�)) = n0 (�0)
"
eka��
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Ref: Mimica et al.  (2009, 2010)

adiabatic losses radiative losses
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e-Lorentz factor:

coeff. e- distr.
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43 GHz evolution

15Ref: Fromm et al. 2016

over-pressured jet

pressure matched jet



Single dish light curves

16Ref: Fromm et al. 2016

over-pressured jet pressure matched jet



Single dish analysis

17Ref: Fromm et al. 2016

flare amplitude

flare timescale

cross-freq. delay



Large scale simulations
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8 C. M. Fromm et al.: Re-collimation shocks in parsec-scale jets

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

using VLBA properties
and observation settings

Ref: Fromm in prep.



Radio maps (back-up)

19Ref: Fromm et al. 2016

over-pressured jet



Radio maps (back-up)
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pressure-matched jet


