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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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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
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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.

MOJAVE:
VLBA@15GHz

>100 sources

since 1994

bi-monthly

BU Blazar:
VLBA@43GHz

>30 sources

since 2007

monthly


Ref: Gomez et al. 2009, Fromm et al. 2009, Lister et al. 2009, Marscher et al. 2010
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Fig. 1. Parsec-scale radio images of the blazar CTA 102 as observed with the VLBA on 2005-May-19. The interferometric beam is drawn at the
bottom-right of each image; the linear scales are also shown. Contours are drawn on the false color image, the lowest one at 0.005 Jy/beam, and
are spaced in factors of 2. At the redshift of z = 1.037 (luminosity distance of 6.9 Gpc) 1 mas corresponds to a distance of 8.11 pc and 8.4 × 104

gravitational radii for a black hole mass of 1010 M⊙.

Table 1. Core shift values relative to reference (highest-observed) frequency for different epochs

Epoch νref 43 GHz 22 GHz 15 GHz 8 GHz 5 GHz
r PA r PA r PA r PA r PA

[yyyy-mm-dd] [GHz] [mas] [◦] [mas] [◦] [mas] [◦] [mas] [◦] [mas] [◦]
2005-May-19 86 0.03±0.04 6 0.10±0.06 40 0.20±0.08 103 0.32±0.11 74 0.57±0.16 90
The uncertainties presented here differ from the ones presented in Fromm et al. (Fromm et al. 2013b). Here we used a more
conservative estimate for the uncertainties of the image alignment. The PAs are given in the definition of sky-plane
(counter-clockwise from north) not in the mathematical definition as in Fromm et al. (2013b).

(see Fig. 2). Following the approach of Hada et al. (2011) the
distance to the black hole is (7.0 ± 3.2) pc, which is equivalent
to (8.5 ± 3.9) × 104 gravitational radii. In order to validate our
result we compute the distance to the black hole using the pro-
jected core shift along the average P.A. of 90◦ since the calcu-
lation along the 2D path could lead to an overestimation of the
distance. The distance obtained using the projected core shifts
is (6.4 ± 5.5) pc corresponding to (7.8 ± 6.7) × 104 gravitational
radii similar to the one using the core shifts along the 2D path.

The distance to the black hole that we obtain fits nicely to
the results obtained by Kutkin et al. (2014)) and Zamaninasab
et al. (2013)) for the blazar 3C 454.3 (rcore,43 GHz ∼ 9 pc). It is
also comparable with the predictions for blazar and quasar jets
(Marscher et al. 2008, 2010) and distant radiogalaxies (Marscher
et al. 2002; Chatterjee et al. 2009, 2011). It is much larger than
in the case of the radio galaxy M 87 (Hada et al. 2011; Marscher
2011).

The reason for this difference could be a matter of resolu-
tion and that observing M 87 at the distance of those other radio-
galaxies would bring the core to 10(4−5) Rs. In this context, HST-
1 (at 1 arcsec from the core) could be observed as the radio-core
or within it of M 87, with the particularity that it can be identified
with a recollimation shock. Another relevant aspect is the view-
ing angle. Sources observed at small viewing angles pile up all
the emission from the compact, bright regions. Therefore, if the
jet brightness is high near the radio-core, it may coincide with
the last bright, projected surface, which obscures all the regions
between the τ=1 surface and this last surface. This effect could
again be avoided by increasing resolution.

A relevant limitation of this kind of measure is set by the un-
certainties in the alignment of the highest frequency image, es-
pecially if no extended emission that aligns properly with lower
frequencies is available.

Ref: Fromm et al. 2014
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Moreover, Fromm et al. (2013b) showed that the core-shift
vectors on the plane of the sky presented a very irregular be-
havior during the 2006 flare. The comparison of the steady state
with these epochs would require a detailed understanding of the
non-radial motions at the core, which is out of the scope of this
paper. We refer the reader to recent works that show this behav-
ior, known as jet wobbling, in other sources (Agudo et al. 2007,
2012; Molina et al. 2014). This paper is structured as follows: In
Section 2 we present the relevant data for this work; in Section 3
we present our results; Section 4 is devoted to a brief discussion
on possible effects that may have an influence on the result; and
in Section 5 we summarize our work.

2. VLBA observations and data analysis

We observed the jet in the blazar CTA 102 using the Very Long
Baseline Array (VLBA) at different frequencies, ranging from
5 GHz to 86 GHz. The results from these observations were pre-
sented in Fromm et al. (2011, 2013a,b), except for the case of
the 86 GHz data, which is presented in Fig. 1. These obser-
vations cover two years around a major flare in the source in
2006 (Fromm et al. 2011). The 86 GHz epoch that we use here
(2005.4) is the only one of the eight observations that yields a
high enough signal-to-noise ratio in the extended jet emission
to allow alignment of the 86 GHz image with the lower fre-
quencies. In addition, the strong flares observed in many radio
sources are usually connected with the later detection of a re-
gion of enhanced emission that travels along the jet and can be
followed by fitting the interferometric data with a Gaussian func-
tion (usually called component) at each epoch. These injected
components can be related to an increase in the number of parti-
cles injected (Perucho et al. 2008), which can affect the opacity
in the region and change the relative position of the core at dif-
ferent frequencies (Kovalev et al. 2008).

Figure 1 shows the core region at all frequencies for epoch
2005.4. We aligned the images of the jet at different frequen-
cies at each epoch using a cross-correlation method based on
the optically thin jet regions (Croke & Gabuzda 2008; Fromm
et al. 2013b). This analysis revealed a 2D shift of the core that
can only be explained by non-axial (pattern or flow) motion of
the emitting region (Fromm et al. 2013b),(see also, e.g., Agudo
et al. 2007, 2012; Perucho et al. 2012).

Figure 2 shows the total core shifts, computed by integrating
the 2D path through all the intermediate frequencies. Our re-
sults for the first epoch show that the core does not converge to
zero at our highest frequency, i.e., the measurable shift between
the 86 GHz and 43 GHz cores. This result is consistent with the
86 GHz core still corresponding to the (τ=1) surface.

The fit of the relative position of the core at the different
frequencies with respect to the largest (rcore ∝ ν

−1/kr , Lobanov
1998) results in a value (kr = 1.0 ± 0.1) compatible with the
expected in the case of a conical jet in which the energies of the
non-thermal particles and the magnetic field are in equipartition,
close to the minimum value of those energies required to explain
the observed radio flux. This supports the interpretation of the jet
in CTA 102 becoming transparent to the different frequencies as
it expands.

The single-dish data from the 2006 radio flare allow us to
follow the evolution of the source luminosity with time at differ-
ent frequencies. The first increase in flux density associated with
the flare was detected at a turnover frequency of 222±99 GHz
in 2005.6 (Fromm et al. 2011). Subtracting the spectrum of the
source previous to the flare allows us to follow the evolution of
the injected flow related to the flare. By doing this, we could

Fig. 2. Top: Core shift results as a function of frequency in the jet di-
rection for CTA 102 at epochs 2005.4 (see Table 1). The red points cor-
respond to the core shifts along the 2D path and the black ones to the
core-shifts projected along the average P.A. of 90◦. The solid curves
represent a fit to the data with the formula ∆r = Aν−1/kr + B and the val-
ues are given in the plot. Bottom: Core shift in the sky plane. The red
points correspond to the 2D path and the black points to the projection
along the average P.A. of 90◦ shifted in the y-direction by -0.25 mas.

identify extra flux at frequencies larger than 100 GHz before
the main radio flare, i.e., before the radio feature could be ob-
served out of the radio core at high frequencies. We can assign
this extra flux to the injected flux beyond errors and claim that
it is optically thin at those frequencies before it is at 43 GHz
or 86 GHz. This provides independent evidence of the relation
of radio-cores to optical depth in this source. Our conclusion is
that core-shift analysis performed at higher frequencies than al-
lowed by present techniques would result in non-convergence of
the core at a given position. We note that our observations indi-
cate that a standing feature, possibly a re-confinement shock ly-
ing 0.1 mas away from the core at 43 GHz. This leaves room for
the coincidence, within errors, of the core and a re-confinement
shock in other sources.

3. Results: relative location of the black.

Using the results of the power law fit to the obtained core shifts
and a viewing angle of ϑ = 2.6◦ (Fromm et al. 2013b), we can
derive the distance of the black hole to the radio core at 86 GHz

estimate for the distance to the black hole

rBH ⇠ 7 pc

�
8.5⇥ 10

5Rs forMBH = 10

8.93M�
�
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Appendix A
In this section we review the basic equations of synchrotron self-
absorption and present the relations needed for the performed
spectral analysis (see e.g., Pacholczyk 1970; Marscher 1987;
Lobanov 1998a; Türler et al. 1999).
The emission at frequency ν, ϵν, and absorption coefficients, κν,
of a power law distribution of relativistic electrons, N(E) =
KE−s, where K is the normalization coefficient of the distribu-
tion and s the spectral slope of the relativistic electron distribu-
tion, can be written as (for details see Pacholczyk 1970):

ϵν = cϵ(s)K (B sinϕ)(s+1)/2 ν−(s−1)/2 (16)
κν = cκ(s)K (B sinϕ)(s+2)/2 ν−(s+4)/2, (17)

where B is the magnetic field, ϕ the pitch angle and ν the fre-
quency. The constants cϵ(s) and cκ(s) are given by:

cϵ(s) =
√
3e3

16πmec2

(

3e
2πm3ec5

)
s−1
2

⎛

⎜

⎜

⎜

⎜

⎜

⎝

s + 7
3

s + 1

⎞

⎟

⎟

⎟

⎟

⎟

⎠

Γ̂

(

3s − 1
12

)

Γ̂

(

3s + 7
12

)

(18)

cκ(s) =
√
3π
72

em5ec
10

(

3e
2πm3ec5

)
s+4
2

(

s + 10
3

)

Γ̂

(

3s + 2
12

)

Γ̂

(

3s + 10
12

)

, (19)

being e the electron charge, me the electron rest-mass, c the
speed of light and Γ̂ the complete Euler-Gamma function. For a
random magnetic field, the constants above have to be averaged
over the pitch angle ϕ, i.e., multiplied by cϵ,b and cκ,b, respec-
tively, with

cϵ,b(s) =
√
π

2
Γ̂

(

s + 5
4

) (

Γ̂

(

s + 7
4

))−1

(20)

cκ,b(s) =
√
π

2
Γ̂

(

s + 6
4

) (

Γ̂

(

s + 8
4

))−1

. (21)

The specific intensity, Iν, can be written as:

Iν =
ϵν

κν

(

1 − e−τν
)

, (22)

where ϵν and κν are the emission and absorption coefficients and
τν = κνx is the optical depth, with x the distance along the line of
sight. Defining ν1 as the frequency where τν = 1, Eq. 22 takes
the following form (Pacholczyk 1970):

Iν = Iν1

(

ν

ν1

)αt [

1 − exp
(

ν

ν1

)α0−αt ]

, (23)

where αt is the optically thick spectral index (αt = 5/2 for a
homogenous source), and α0 < 0 is the optically thin spectral
index. The optically thin spectral index is connected to the spec-
tral slope, s, by the following relation:

α0 = −
(s − 1)
2
. (24)

Using the transformation from intensities to flux densities Eq.
23 can be expressed in terms of the observed turnover flux den-
sity, Sm, and turnover frequency, νm (Türler et al. 1999):

S ν ≈ Sm
(

ν

νm

)αt 1 − exp
(

−τm (ν/νm)α0−αt
)

1 − exp (−τm)
, (25)

where τm ≈ 3/2
(√

1 − 8α0
3αt − 1

)

is the optical depth at the
turnover. Depending on the value of ν/νm, Eq. 25 describes
an optically thick (ν < νm) or optically thin (ν > νm) spectrum
with their characteristic shapes S ν ∝ ν5/2 and S ν ∝ ν−(s−1)/2,
respectively.

Magnetic field, B, and particle density, K

Once the turnover frequency, νm, and the turnover flux density,
Sm are obtained (see Sect. 2.2), estimates for the magnetic field,
B, and the normalization coefficient, K, (see, e.g., Marscher
1987) can be derived. Following Lind & Blandford (1985), the
emission, ϵν, and absorption coefficient, κν, have to be corrected
for relativistic and cosmological effects. In the following, primed
variables correspond to the observers frame and the equations
will be derived for a random magnetic field (isotropic pitch an-
gle, ϕ), with all parameters in cgs units. Introducing these cor-
rections we obtain:

ϵ′ν′ = δ
2ϵ(ν′(1+z)/δ) (26)

κ′ν′ = δ
−1κ(ν′(1+z)/δ) (27)

with δ = Γ−1 (1 − β cosϑ)−1 the Doppler factor, with β = v/c,
ϑ the viewing angle, and z the redshift. The optically thin flux,
S ′
ν′,thin = Ωϵ

′
νR (with Ω the solid angle and R the size of the

emission region), is given by:

S ν′,thin =
π

D2l
cϵ(s)cϵ,b(s)(1 + z)−

s−3
2 R3δ

s+5
2 KB

s+1
2 ν′−

s−1
2 (28)

and the optical depth, τν, by:

τ′ν′ = cκ(s)cκ,b(s)(1 + z)−
s−4
2 Rδ

s+4
2 KB

s+2
2 ν′−

s+4
2 . (29)

Using the obtained turnover values, the flux density, S ′ν, in
Eq. 28 and the frequency, ν′, in Eq. 29 can be replaced by the
turnover flux density, S ′m, and the turnover frequency, ν′m:

S ′m = πD
−2
l cϵ(s)cϵ,b(s)(1 + z)

− s−3
2 R3δ

s+5
2 KB

s+1
2 ν
′− s−1

2
m (30)

τ′m = cκ(s)cκ,b(s)(1 + z)−
s−4
2 Rδ

s+4
2 KB

s+2
2 ν
′− s+4

2
m . (31)

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

B =
π2

D4l

[

cϵ(s)cϵ,b(s)
cκ(s)cκ,b(s)

]2

(1 + z)7R4δν′5mS ′−2m τ
′2
m (32)

K =
D2s+4l

(π)s+2
[

cϵ(s)cϵ,b(s)
]−(s+2) [cκ(s)cκ,b(s)

]s+1

(1 + z)−(3s+5)R−(2s+5)δ−(s+3)τ′−(s+1)m S ′s+2m ν′−(2s+3)m . (33)
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initial parameters

grid:

ambient medium:

jet:

6.2 On the formation of recollimation shocks

Figure 6.6: Initial profiles of the ambient pressure, pa, (top panel) and rest mass density,
⇢a, (bottom panel) used in the simulations.
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100⇥ 8000 cells (low res.)

decreasing pressure

6.2 On the formation of recollimation shocks

Figure 6.5: The influence of the Mach number, M, on the characteristic parameters of a
recollimation shock. The panels show the variation of the location of the first recollima-
tion shock, zrc, (panel A), the increase in density, ⇢jump, (panel B), the increase in the bulk
Lorentz factor, �jump and the jet opening angle, ' with increasing Mach number, M. For
all simulations we used a fixed over-pressure, dk = 3, fluid velocity, vb = 0.995, rest-mass
density, ⇢ = 0.02, and adiabatic index, �̂ = 13/9.

6.2.2 Recollimation shocks in a decreasing pressure ambient medium

The simulations performed with the setup presented in Sect. 6.2.1 we assumed a homoge-
neous ambient medium. Since AGN jets are embedded in their host galaxies the pressure
in the ambient decreases with distance. We modelled this decrease in the pressure and
the density in the ambient medium using the pressure profile presented in (Gomez et al.
1997):

pa(z) =
pj

dk

"
1 +

 
z
zc

!n#m
n

, (6.4)
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Kings’ profile: 

dk � ⇢j pj M �̂
3 12 0.02 0.002 3.0 13/9

640⇥ 12800 cells (high res.)
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spine sheath

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
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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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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-
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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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6 eRHD Simulations

Figure 6.19: The influence of the parameters, ✏e (top panel), ✏b (middle panel), and ✏a
(bottom panel) on the shape of the single-dish spectrum (see text for more details).

6.4.5 Single-dish spectra and radio maps for CTA 102

Based on the values obtained from the observations of CTA 102 (see Chapter 3 and 5)
and on the study of the influence of the emission parameters on spectral turnover (see
Sect. 6.4.4), we selected a set of parameter which provided the best possible agreement
with the observations. In Table 6.8 we present the parameters used the calculation of
the non-thermal emission. In our calculations we took adiabatic and synchrotron cooling
into account. In Fig. 6.20 we present the evolution of the magnetic field (top panel), the
electron Lorentz factor (middle panel) and the normalisation coe�cient (bottom panel)
with distance for the simulations CTA2 (cold jet) and CTA3 (hot jet).

For both jets, we obtained comparable results with our set of selected parameters (✏b,
✏e, and ✏a). However, there are clear di↵erences between the cold and the hot jet. At the
recollimation shock there is a local maximum in the pressure and the rest-mass density,
which translates into an increase of B, �min/max, and n0 (�min). Since in a hot jet there
are more recollimation shocks than in a cold one (see Sect. 6.2.1) the variation in the
non-thermal parameters is larger (see Fig. 6.20). The larger variation, especially in �max,
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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)
"
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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
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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):
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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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6.4 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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Radiative transfer (ray tracing)
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include Micro-physics: absorption, emission and losses 

using 3D ray-tracing technique and large frequency range

# = 90�
# = 3�

Ref: Mimica et al. 2009, Fromm et al. 2013, 2014

entire synchrotron spectrum at each pixel
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Shock-Shock interaction
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perturbation:10 C. M. Fromm et al.: Re-collimation shocks in parsec-scale jets

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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Summary
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• extraction of physical parameters from multi-
freq. VLBI observations


• observational signature of recollimation shocks 

• RHD simulation of jets

• Emission simulation of jets

• Fake radio maps using real array properties

• model steady state and shock-shock interaction


!



Outlook
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• modify the radiative transfer code  
(3D ray tracing + inverse Compton)


• polarized radiative transfer

• 3D RHD simulations (test stability of jets)

• RMHD simulations of jets

• values from jet launching simulation

• connection to high energy

• application to M87 and other jet3D RHD Simulations
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Thank you for your attention

snapshot of high-res shock-shock interaction
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