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Abstract

Active Galactic Nuclei (AGN) are among the most powerful objects in the universe. In
their centre they host a supermassive black hole (BH) with up to 10'” solar masses and
an accretion disk is formed around them feeding the system. A fraction of the in-falling
mater is ejected perpendicularly to the accretion disk forming the so-called jets. These rel-
ativistic flows are highly collimated and propagate up to kiloparsec distances from their
central engine. The observed emission of AGN jets shows strong variability through-
out the electro-magnetic spectrum which reflects variations in source intrinsic parameters
such as the magnetic field and the rest-mass density. The variation in the emission of
AGN jets can be best studied in their most powerful representatives, the blazars (AGN
jets seen under a small viewing angle).

The blazar CTA 102 underwent a historic radio outburst in April 2006 which pro-
vides a perfect laboratory for studying the spectral evolution. CTA 102 has been a target
of single-dish and VLBI observations for several years. In this work we use both kind
of observations to study and model the spectral evolution during the flare. We use the
dense sampling of the single-dish observations to trace the evolution of the flare in the
turnover-frequency and turnover flux density plane and modelled the results with a modi-
fied shock-in-jet model, assuming a travelling shock recollimation shock interaction.

To test this hypothesis, we combine archival VLBI observations from the MOJAVE
program (15 GHz) and Boston University Blazar Monitoring program (43 GHz) with our
multi-frequency VLBI observations during the 2006 flare. The VLBI kinematic provides
a unique view on the parsec-scale structure of CTA 102 over the last 15 years and reveals
several stationary features. Our hypothesis of a shock-shock interaction as possible mech-
anism behind the 2006 is confirmed by a detailed spectral analysis of the multi-frequency
VLBI observations.

We use 2D relativistic hydrodynamic simulations (RHD) to bridge the sparse time
sampling of the observations and to further investigate the non-linear process of travel-
ling shock recollimation shock interaction. From the simulations we compute the non-
thermal emission taking adiabatic and radiative losses into account. The synthetic single
dish spectra and radio maps can reproduce the observed structure in the VLBI maps and
variation in the single dish spectra during the flare. In addition, we present observable
predictions for the interaction between a travelling shock and a recollimation shock.






Zusammenfassung

Aktive Galaktische Kerne (engl. Active Galactic Nuclei, AGN) gehoren zu den leucht-
kraftigsten Quellen des Universums. In ithrem Zentrum beherbergen sie ein supermas-
sives schwarzes Loch, das bis zu 10'© Sonnenmassen schwer sein kann. Um dieses
schwarze Loch bildet sich eine Akkretionsscheibe, die es mit einfallender Materie fiittert.
Ein Teil der einfallenden Materie wird senkrecht zur Akkretionsscheibe ausgestolen und
bildet einen sogenannten Jet. Dieser gebiindelte Materiestrom breitet sich iiber mehrere
Tausende von Parsec aus und erreicht bis zu 99% der Lichtgeschwindigkeit. Die beobacht-
bare Strahlung dieser Jets weillt starke Variationen im gesamten elektromagnetischen
Spektrum auf und spiegelt die Veranderungen in physikalischen Eigenschaften der Quelle,
z. B. im Magnetfeld und in der Teilchendichte wieder. Die Fluktuationen in der Strahlung
von AGN Jets konnen am besten in Blazaren, den energiereichsten Vertretern der AGNs,
studiert werden.

Der Blazar CTA 102 zeigte seinen grofiten Helligkeitsausbruch im April 2006 und
stellt ein grossartiges Versuchslabor fiir das Studium der zeitlichen Verdanderung des Spek-
trums dar. CTA 102 ist einer der best beobachteten Blazare im Radiobereich, sowohl mit
einzelnen Teleskopen als auch im Verbund von mehreren Teleskopen zur sogenannten In-
terferometrie mit langen Basislinien (engl. VLBI). In der vorliegenden Arbeit benutzen
wir beide Beobachtungsdaten um die Verdnderung des Spektrums zu analysieren und zu
modellieren. Die grosse Anzahl von Beobachtungen der Quelle mit Einzelteleskopen
ermOglicht die Verdnderung der Strahlung zu verfolgen und sie mit einem modifizierten
Shock-in-Jet Model zu modellieren. In diesem modifizierten Modell setzen wir eine Kol-
lision zwischen einer relativistischen Schockwelle und einem stehenden Schock voraus.

Um unsere Annahme zu testen, werten wir zusitzliche VLBI Beobachtungen der
Langzeitbeobachtungsprogramme MOJAVE bei 15 GHz und der Universitidt Boston bei
43 GHz aus und kombinieren diese mit VLBI Beobachtungen bei unterschiedlichen Fre-
quenzen wihrend des Helligkeitsausbruches. Die Auswertung der Langzeitmessungen
liefert einen einzigartigen Einblick in die Struktur der Quelle und deren Entwicklung
in den letzten 15 Jahren. Basierend auf diesen Daten konnen wir mehrere stehende
Schocks innerhalb der Quelle identifizieren und die Auswertung der VLBI Beobachtun-
gen bei mehreren Frequenzen bestitigt unsere Annahme der Kollision einer relativistis-
chen Schockwelle und eines stehenden Schocks als mogliche Ursache fiir den Helligkeit-
sausbruch im April 2006.

Um die beobachtungsbedingten Zeitliicken zu iiberbriicken und um das nicht-lineare
Verhalten wihrend der Kollision zwischen der relativistischen Schockwelle und dem ste-



henden Schock weiter zu untersuchen verwenden wir 2D relativistische hydrodynamis-

che Simulationen. Die Brechung der nicht-thermischen Strahlung aus den Ergebnisse der

Simulationen erlaubt es uns diese mit den Beobachtungen zu vergleichen. In der Berech-

nung der Strahlung beriicksichtigen wir sowohl adiabatische als auch Strahlungsverluste.

Die berechneten Radiokarten und Spektren geben die charakteristischen Merkmale der

VLBI Beobachtungen wieder und reproduzieren die beobachtete Anderung des Radiospek-
trums. Desweiteren konnen unsere Ergebnisse beobachtbare Prognosen fiir die Wechsel-

wirkung zwischen relativistischen Schockwellen und stehenden Schocks liefern.

Mit der vorliegenden Arbeit wird ein weitere Beitrag zum besseren Verstidndnis der
zeitlichen Verdanderung des Spektrums von Blazaren geleistet.



Structure of this work

In this work, we investigate the spectral evolution in the blazar CTA 102 and present an
research scheme, introducing the required observational and theoretical tools, which can
be applied to other extragalactic jets:

o A brief introduction to the topic of Active Galactic Nuclei (AGN) and to the blazar
CTA 102 is provided in the first Chapter.

e In Chapter 2 we introduce special relativistic hydrodynamics required to describe
the jets together with the radiation physics needed to address the observed non-
thermal emission.

e The analysis of the single-dish light curves of CTA 102, together with the required
numerical routines for the application of a modified shock-in-jet model is presented
in Chapter 3.

e The extraction of kinematic parameters from VLBI observations and the interpre-
tation of gradients in the brightness temperature along jet in the frame work of the
shock-in-jet model is shown in Chapter 4.

e Chapter 5 introduces non-standard analysis techniques for the core-shift and spec-
tral analysis of multi-frequency VLBI observations. These techniques are used to
extract values for the spatial and temporal evolution of the source intrinsic param-
eters such as the magnetic field, the relativistic particle density, and the magnetisa-
tion.

e In Chapter 6, we use relativistic hydrodynamic (RHD) simulations as a tool to far-
ther investigate possible jet configurations and non-linear processes in the jets of
AGNs. The connection to the observations is established by the calculation of the
non-thermal emission in form of single dish spectra and synthetic radio maps. As
an example, we use parameters extracted from the observations of CTA 102 and
conduct source-tailored simulations and non-thermal emission calculations.

e In the last Chapter of this work, we provide a summary and present a detailed
comparison between observations and numerical simulations.

¢ In the Appendices we present additional details of the data reduction and the devel-
oped routines for the error estimation of the source intrinsic parameters.
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1 Introduction

This PhD is devoted to the study of active galactic nuclei by means of radio astronomical
observations and numerical simulations. A general view of the observational techniques
is shown in Burke & Graham-Smith (2009) and Thompson et al. (2007). A glimpse on
the jet physics is provided in Krolik (1999), and on numerical simulations in Boettcher
et al. (2012). In this introduction we will give just a flavour of the concepts to be used
later in the description of the work, the interpretation of the results, and the discussion.

1.1 Active Galactic Nuclei

The light of normal galaxies is dominated by thermal emission of the embedded stars and
the peak of the emission can be found between around 10'* Hz, which can be understood
by the superposition of the Planck-spectrum of the individual stars.

In 1943 Carl Seyfert discovered a new type of galaxies with a bright central region and
broad emission lines. In the 1960s observations at 158 MHz revealed several sources of
strong radio emission. Since their optical counterparts were compact , they were labeled
as quasi stellar radio sources (quasars). In 1963 Maarten Schmidt derived the redshift of
the radio source 3C 273 and showed that this object is a powerful distant galaxy (Schmidt
1963). The point-like structure in the optical reveals that the emission is produced in the
centre of the galaxy outshining the embedded stars. Therefore, these galaxies are referred
as Active Galactic Nuclei (AGN).

AGNSs count among the brightest objects in the universe (L ~ 10*7 erg/s) and their
emission can vary on a time scale of days, which leads to a size estimate for the central
region smaller than 3x 10'°> cm (1 light-day). Based on these estimates, the mechanism re-
sponsible for the production of the energy is of gravitational and not of thermo-nuclear na-
ture'. Therefore, the current models of AGN consider a supermassive black hole (SMBH)
in the centre of the galaxies surrounded by an accretion disk feeding the black hole (BH)
with in falling material from the host galaxy. During the accretion process bi-polar, highly
collimated relativistic outflow are formed, the so-called jets.

Besides their historical classification into Seyfert galaxies and quasars, AGNs are clas-
sified, based on their radio emission into radio-loud and radio-quiet quasars. An AGN is
considered as radio-loud if the ratio between radio flux density measured at 5 GHz and
optical flux at 4400 A (6.8x10'* Hz) is larger than 10 (Kellermann et al. 1989).

A radio-loud quasar is called blazar (blazing quasi-stellar object) and represents the
most powerful type of AGN. Seyfert galaxies are classified as radio-quiet AGNs, with a

'Nuclear fusion has an efficiency of 0.8%, whereas the accretion of matter can reach 29%.
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1 Introduction

sub-division based on the presence (type 1) or absence (type 2) of broad emission lines.

Additionally, there is a morphological classification, introduced by Fanaroff & Riley
(1974) for radio-loud AGN into Fanaroff and Riley type I (FR 1) and FR II sources. FRI
sources show bight features in their centre and the radio flux decreases with distance,
whereas FR II sources show bright radio lobes at the end of the jets.

The standard model of AGN assumes that observed properties and different subclasses
of AGNs arise from the orientation of the object, i.e., the angle between the object and
our line of sight (Antonucci 1993) (see Fig. 1.1).

Blazar

\ FR I/FR Il (NLRG)

/

Radio Galaxy/Seyfert 2

Black Hole —
Accretion Disk

Seyfert I/QSO

Gas Torus

Relativistic Jet —*

Figure 1.1: Illustration of the viewing angle dependent standard model of AGN. Image
produced by Aurore Simonnet, Sonoma State University.

1.1.1 Formation and stability of jets

The process behind the formation of relativistic jets is still not well understood. It is
generally believed that jets are launched by relativistic magneto-hydrodynamic (RMHD)
processes . The origin of these magnetic fields could be 1) in the accretion disk (Blandford
& Payne 1982) or ii) in the ergosphere of the black hole (Blandford & Znajek 1977). 3D
Numerical simulations of jet formation including general relativistic effects showed that
faster jets are produced if the magnetic field is anchored in the ergosphere of a black hole
as if the jet is launched for the accretion disk. The acceleration of the outflow depends
also on the type of the BH, non-rotating (Schwarzschild BH) or rotating (Kerr BH), in the
latter case, larger bulk Lorentz factors could be obtained (see Fig. 1.2). However, there

16



1.1 Active Galactic Nuclei

is still a discrepancy between the bulk Lorentz factors of the flow produced in GRMHD
simulations and the observed ones (Meier et al. 2001).

1
I
0
74
)
S/
Ve
e
/7
/77
V)

pr

Figure 1.2: GRMHD simulation of jet launching. The color-scale corresponds to the rest-
mass density, arrows velocity vectors and the white lines to the magnetic field. Panel A
shows the formation of jet from a Schwarzschild BH with escape velocity of 0.4 c and
panel B for a Kerr-BH (j = 0.95) where an escape velocity of 0.93 c is obtained for the
jet. Taken from Meier et al. (2001).

Besides the issue of the launching of the jets, there is the question of their stability. The
jets emerging from black holes are subject of several plasma instabilities such as current
driven (CD) instability while the jet is magnetically dominated and Kelvin-Helmholtz
(KH) instability if the jet is particle dominated. Both types of instabilities should lead to
disruption and de-collimation of the jet (see review articles by, e.g., Hardee 2008; Perucho
2012). However, AGN jets are observed well collimated from parsec- to kilo parsec
scales. There are several processes which could reduce the impact of the instabilities such
as magnetic fields in the case of CD instability and tick shear layers or surrounding winds
in case KH instability (Perucho 2012). The stabilising impact of a surrounding wind is
presented in Fig. 1.3. The absence of a surround wind leads to the development of KH
instability (top panel) and the presence of a wind clearly damps the development of KH
instability (bottom panel).

1.1.2 Emission

The radiation observed from AGN is in general understood as non-thermal emission pro-
duced by relativistic charged particles. There are two main radiation processes, syn-
chrotron and inverse Compton emission. The Synchrotron emission typically observed for
AGNEs in the frequency range of 10°Hz < v < 10'® Hz is produced by charged particles
accelerated in a magnetic field (see, e.g., Pacholczyk 1970). The total emitted radiation

of a single electron is:
4

Psync = gO-TC;BZVZUB’ (11)

17



1 Introduction

RMHD, no wind, ®=0.93
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Figure 1.3: 2D distribution of the rest-mass density from an RMHD simulation without
surrounding wind (top) and with surrounding wind (bottom). Taken from Hardee (2008).

where o7 = 8772 /3 is the Thompson cross section, r, = e?/(m,c?) is the classical electron
radius and Up = B?/8r is the magnetic field energy density. If proton synchrotron is
considered, an increase in the Lorentz factor around 3 x 10° is required to produce the
same power as for an electron due to the larger mass of the proton (m, = 1836m,). More
details about synchrotron radiation are presented in Sect. 2.2.

The high frequency emission (10'® Hz < v < 10?°) is produced by inverse Compton
scattering. In this process, the photon gains energy during the collision with a relativistic
electron. During this collision, a low energy photon (radio photon) is up scattered to
high energy photon (X- or y-ray photon). The inverse Compton scattering can be divided
into to two classes deepening on the origin of the seed photons. If the seed photons are
produced by synchrotron radiation the process is referred as synchrotron-self Compton
(SSC) or as external Compton (EC) if photon field is of external origin for instance from
the broadline region or from the cosmic microwave background. The total power for
inverse Compton scattering can be written as (see, e.g., Pacholczyk 1970):

4
PComp = gO-TCIBZ'yZUpha (12)

where Uy, is the energy density of the seed photon field.

18



1.2 The blazar CTA 102

1.2 The blazar CTA 102

1.2.1 Characteristics

We selected for our studies the blazar CTA 102%2(4C 11.69, B2230+114, J2232+1143).
The source is located at a redshift of z = 1.037 (Hewitt & Burbidge 1989) and is clas-
sified as a highly polarized quasar (HPQ) with a linear optical polarization above 3%
(Véron-Cetty & Véron 2003). Using a cosmology with Q,, = 0.27, Q5 = 0.73 and
Hy = 71kms™! Mpc™! together with z = 1.037, a luminosity distance of D; = 6942 Mpc
is obtained for CTA 102. This results in a linear scale of 8.11 pc mas™' or 26.45 ly mas™!
for CTA 102 (z=1.037). With these conventions, a proper motion of 1 masyr~! corre-
sponds to an apparent speed of 52.9c.

1.2.2 Observational history

The source was observed for the first time by Harris & Roberts (1960) and Kardashev
(1964) reported on possible signals from an extraterrestrial civilization coming from
CTA 102. Sholomitskii (1965) found the first variation in flux density for a radio source.
Later observations identified CTA 102 as a quasar.

Since that time CTA 102 has been the target of numerous observations at different
wavelengths. In addition to the variations in the radio flux density, CTA 102 also shows
brightness variations in the optical band. Pica et al. (1988) reported a variation range of
1.14 mag around an average value of 17.66 mag in 14 years, and an increase of 1.04 mag
within two days in 1978, which is so far the most significant outburst. CTA 102 has
been monitored since 1986 within the cm-observations of the Metsidhovi telescope. The
strongest radio flare since the beginning of the monitoring took place around 1997, and a
nearly simultaneous outburst in the optical R-band was observed with the Nordic Optical
Telescope on La Palma (Tornikoski et al. 1999).

The source has been detected in the y-ray regime by the telescopes CGRO/EGRET
and Fermi/LAT with a luminosity, L, = 5 x 10%erg/s, defining CTA 102 as a y-bright
source (Nolan et al. 1993; Abdo et al. 2009). The spectral energy distribution (SED) of
CTA 102 is presented in Fig. 1.4.

1.2.3 CTA 102 flux density monitoring

CTA 102 is one of the targets of several single dish monitoring programs. The source
is observed since 1975 at 4.8 GHz, 8.0 GHz and 14.5 GHz within the long term moni-
toring program at the University of Michigan (Aller et al. 1981). At higher frequencies,
22 GHz, 37 GHz and partially 86 GHz, CTA 102 is monitored with the Metsdhovi Ra-
dio Telescope (Terasranta et al. 1992). Within the F-GAMMA (Fermi-GST AGN Multi-
frequency Monitoring Alliance) program CTA 102 is observed on a monthly basis from
2 GHz to 140 GHz (Fuhrmann et al. 2007). The Sub-Millimetre Array (SMA) can ob-
serve the source at 230 GHz and 345 GHz, which presents the highest frequency monitor-

2CTA is the Caltech catalog of sources by Harris & Roberts (1960), as it is said in note to the table, the
source was not previously catalogued (NPC) at the 3rd Cambridge catalog, and therefore took a CTA, being
CT for Caltech and A for the first catalog published by this observatory.
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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 mly, is located 1 arcsec from the center at
P. A. —43°. The spectral indices, a, defined as S oc v**, 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 diffuse tail bending to the southeast. These observations
provide and upper limit around 10 ¢ (0.5 mas/yr) for the superluminal motion of the com-
ponents (Baath 1988; Wehrle & Cohen 1989). Several observations at different 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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1.2 The blazar CTA 102
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Figure 1.5: Radio images of CTA 102. The left panel shows the 15 GHz MERLIN ob-
servation and right panel the 5 GHz VLA observations of CTA 102. Taken from Spencer
et al. (1989) and Wehrle & Cohen (1989).

perluminal motions). Higher quality images have been obtained within the 15 GHz VLBI
observations within the VLBA 2 cm-Survey (e.g., Zensus et al. 2002) and its successor,
the Monitoring of Jets in Active galactic nuclei with VLBA Experiments (MOJAVE) pro-
gram * program (Lister et al. 2009a). Those results show an extended jet region towards
the south-east spanning a distance up to 25 mas (de-projected 4.5 kpc using a viewing
angle of 2.6° (Jorstad et al. 2005b)). This region contains several kinks and a kinematic
analysis yields apparent speeds between (=3 + 1) c and (19 + 1) c. The negative apparent
speed could be an projection effect in a highly curved jet, the blending of two unresolved
components or the feature corresponds to pattern which is actually moving inwards (Lister
et al. 2009b).

The structure and kinematics of the innermost jet region between March 1998 and
April 2001 is revealed by the 43 GHz VLBA observations of CTA 102 within the Boston
University monitoring program®. These observations show two stationary features, one
close to the core (r ~ 0.1 — 0.2 mas) and the other further downstream at r ~ 2 mas. Fur-
thermore, two newly ejected features (7;; = 1997.9 £0.2 and 1; = 1999.5 £ 0.1) which are
separating from the core split into two components further downstream. The flux density
associated to these moving features outshine the core for a short time in both total and
polarized intensity (Jorstad et al. 2005b). The component ejected at z.; = 1997.9+£0.2 was
connected to the 1997 flare in CTA 102 (Savolainen et al. 2002). Jorstad et al. (2005a)
and Hovatta et al. (2009) computed Lorentz factors, I', of 17 and 15, respectively, and
Doppler factors, 6, between 15 and 22 associated to this ejection.

The parsec-scale structure of CTA 102 as seen with the VLBA at different frequen-
cies from 5 GHz to 86 GHz observed on the 19th of May 2005 is presented in Fig. 1.6

3http://www.physics.purdue.edu/MOJAVE
4http ://www.bu.edu/blazars/research.html
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(produced from the observations presented in this work). The observing frequency is in-
dicated in the top left corner and the convolving beam size in the bottom right corner of
each panel. The colour scale corresponds to the flux density in Jansky and the lowest
contour is drawn at 5% of the off-source rms and increase in steps of 2.

1.2.5 Multi-frequency VLBI observations

During 2006 the MOJAVE program carried out 12 epochs of multi-frequency observations
(8.1 GHz, 8.4 GHz, 12.8 GHz, and 15 GHz). These observations were used to i) address
the opacity in the core region (Pushkarev et al. 2012), and 1i) the Faraday rotation of the
polarisation, i.e., the rotation of the electric field position angle (EVPA) (Hovatta et al.
2012).

Pushkarev et al. (2012) used the core-shift i.e., the correction for the frequency depen-
dent position of the core, to estimate for the magnetic field at the core. For this analysis,
the assumed that the jet is in equipartition (k, = 1) and that the jet is of conical geometry.
Given these assumptions, the magnetic field at the 15 GHz core is computed to be 0.05 G
and is located 46.7 pc from the black hole.

The analysis of the multi-frequency EVPAs showed for CTA 102 at a distance of r ~
6 mas a transversal gradient in the rotation measure. Such a gradient could be regarded as
an indication for a dominant toroidal magnetic field (Hovatta et al. 2012).
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Figure 1.6: Multi-frequency VLBA images of CTA 102 for the May 2005 observations presented in this work. The observing frequency
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2 Theory

This Chapter is partially published in Fromm et al. 2011, Fromm et al. 2012 and Fromm
et al. in preparation

2.1 Relativistic Hydrodynamics

Since jets are collimated flows of relativistic particles, it is necessary to introduce the
basic concepts of relativistic hydrodynamics. We will study the jet evolution far from the
formation region. Thus, we use the equations of special-relativistic hydrodynamics. The
two basic equations in special relativistic hydrodynamics are the conservation of mass
and the energy-momentum. These two conservation laws can be written in the following
form:

8, (i) = 0 2.1)
8,(T") = 0, 2.2)

where u,v = 0,1,2,3, p is the density, u the four velocity and 7" is energy-momentum

tensor:

T = phu''u” + pg"”, (2.3)
with p the pressure, g*” the metric tensor (here Minkowski space-time) and & = ¢*+e+p/p
the specific enthalpy, where € is the specific internal energy. The four-velocity can be
written as u* = ['(¢,v',v?,v*) by introducing the Lorentz factor I' = 1/ +/1 — u‘u;/c?. The
set of equations is closed by the equation of state, i.e., the relation between pressure and
density. Throughout this work we use an ideal equation of state:

p = - Dpe, (2.4)

where ¥ is the adiabatic index. Some additional parameters which can be helpful in de-
scribing the fluid properties are the sound speed, ¢, and the Mach number, M = u/c;.
Notice that we use a Newtonian definition of the Mach number throughout this work. The
relativistic sound speed is given by:

e, = |22 (2.5)

To solve these equations numerically it is necessary to rewrite them in terms of conserved
fluxes and recover the physical variables (p, p, and v) from conserved ones. For a more
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detailed derivation of the RHD equations see, e.g., Marti & Miiller (1999); Marti et al.
(1997).

The conservation equations (Eq. 2.1 and 2.2) imply that the flux through a the cross-
section of the jet is conserved. Thus, for a time independent flow these equations can be
written for two arbitrary locations as:

FIPIVIR% (2.6)
[hviR, 2.7)

TopovoR;
1—% ho V()R(z)

where we assume a one-dimensional flow and the subscripts O and 1 correspond to two
different locations along the jet. In the following, we present the application of the
RHD equations to extragalactic jets, where we focus on two possible configurations: a)
pressure-matched (conical) jets and b) over-pressured (non-conical) jets.

Throughout this work we do not include the magnetic field in the equations, i.e., we
take a pure RHD approach, and, when needed, compute the magnetic field from the pres-
sure, p, and assuming that the magnetic energy density is a fraction, €, of thermal energy
density (e, = 1 corresponds to equipartition between magnetic and thermal energy den-

sity):
B=, /83”’ & 2.8)
y—1

2.1.1 Pressure-matched Jets

The shape of the jet will be conical if there is a transversal pressure match with the ambient
medium and if there is a gradient in the ambient pressure. The opening angle, ¢, of such
a freely expanding jet can be calculated from the Mach number, M, and the bulk Lorentz
factor, Iy, at the jet nozzle (Begelman et al. 1984):

Y= arctan( ! ) (2.9)
oMy
In Fig.2.1 we present the 2D distribution of the logarithm of rest mass density for a
conical jet from a RHD simulation (axis are not drawn to scale). The strips at the boundary
between jet and ambient medium are Kelvin-Helmholtz (K-H) instabilities, which are
generated due to the velocity difference between the two fluids.

In a hot conical jet with constant opening angle, ¢, the fluid speed, v, increases with
distance from the jet nozzle and the density, p, and pressure, p, decrease with distance.
This behavior can be seen in Fig.2.2 which shows the variation of the intrinsic parameters
along the jet axis. The evolution of these parameters can be directly calculated from
Eq.2.6 and Eq.2.7 if the conditions at the jet nozzle and ¥ are known (see, e.g., Hardee
& Eilek 2011).

2.1.2 Over-pressured Jets

In contrast to a conical jet, there is no transversal pressure equilibrium in over-pressured
jets. Therefore, the shape of the jet will not be conical and the evolution of the intrinsic
parameters is not monotonously de- or increasing. Owing to the supersonic nature of the
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Figure 2.1: 2D distribution of the logarithm of the rest mass density from a RHD simula-
tion of a conical jet.
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Figure 2.2: Variation of the intrinsic parameters along the jet axis for a conical jet. Top:
evolution of velocity in terms of speed of light; Middle: evolution of pressure; Bottom:
evolution of density

flow, recollimation or standing shocks will form along the jet.The formation of a standing
shock can be described in the following way: The unbalance between the jet pressure
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and the pressure of the ambient medium at the jet nozzle leads to an opening of the jet.
Due to the conservation laws of hydrodynamics, this opening results in a decrease of the
density, the pressure and the magnetic field intensity in the jet. The finite speed of the
sound waves in the jet is responsible for an over-expansion followed by a recollimation
of the jet that gives rise to the formation of a shock. During this collimation process
the jet radius decreases and the shock leads to an increase of the pressure, density, and
magnetic field intensity. Again, the finite speed of the sound waves is responsible for a
over-collimation of the jet. This interplay between over-expansion and over-collimation
leads to the picture of a pinching flow, i.e., a continuous change of the width along the jet
axis, in contrast to conical jets. The intrinsic physical parameters (pressure, density, and
magnetic field) along a pinching jet show a sequence of local maxima and minima (see,
e.g., Daly & Marscher 1988; Falle 1991; Komissarov & Falle 1997; Perucho & Marti
2007; Nalewajko & Sikora 2009).

The equations 2.6 and 2.7 can not be directly used to derive the evolution of the in-
trinsic parameters. However, some properties of the recollimation shocks can be derived
from analytical models. Daly & Marscher (1988) derived the position of the recollimation
shock, L.y, and the maximum jet width, R ,,x assuming a homogeneous ambient medium
and ultra-relativistic equation of state, i.e., ¥ = 4/3 (relativistic e”e* plasma).

Lyax ~ 3.3I00Rody (2.10)

_ g-1/4
i R (2.11)
20| '

Rypax ~ [1+19
f 1

where Iy and R, are the bulk Lorentz factor and the jet radius at the jet nozzle and d; =
Do/ Pext 18 the pressure ratio between the pressure in the jet and in the ambient medium at
the same position. In the case of a homogeneous ambient medium the distance between
the recollimation shocks is constant and the jump in the intrinsic values are equal. In this
simplified model, each recollimation shock could be regarded as a new jet nozzle.

In a similar way to Daly & Marscher (1988), Komissarov & Falle (1997) derived the
properties of a recollimation shock in an ambient medium with decreasing pressure pey =
alL™, using an approximation for the pressure behind the recollimation shock that allows
to solve the shock-jump conditions analytically. They derived the following relations for
Linax, Rinax, and, L(Ry.x), the location of the maximum jet width and reconfinment angle

Pconf
1/(1—% 1/(1_E
|e(1-3) ]
Linax = T 1+( U)X 2 (2.12)
T2
o\/(=1) (1 -1 1/(1-3) y 1/(1-1
LR = (%) (z-g) L+ X ] (2.13)
4+n
j P R
R =|5—3| = (2.14)
741
+ B X
n 1 _1
Pconf :(1—§)<P I+ 1+ﬂ)(l 2] (2.15)
2
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where A = (a/K)'/?, with K defined as

_ pLu;

= , 2.16
T (2.16)
L being the total kinetic power of the jet. The parameter