Chapter 2
Theory

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:

Oy (pu™)
B (1)
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where u,v = 0, 1,2, 3, p is the density, u the four velocity and T"" is energy-
momentum tensor:
" = phutu” + pg"", (2.3)

with p the pressure, gV the metric tensor (here Minkowski space-time) and & =
¢ + € + p/p the specific enthalpy, where € is the specific internal energy. The four-
velocity can be written as u* = T'(¢, vl 2, v3) by introducing the Lorentz factor
I' = 1/y/1 —uu;/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= 7 —1)pe, (2.4)

where y is the adiabatic index. Some additional parameters which can be helpful
in describing the fluid properties are the sound speed, cg, and the Mach number,
M = u/cs. Notice that we use a Newtonian definition of the Mach number throughout
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this work. The relativistic sound speed is given by:

/ yp
= [I= 2.5
Cs oh (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 detailed derivation of the RHD equations see, e.g., Marti and
Miiller (1999); Marti et al. (1997).

The conservation equations (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:

TopovoRG = T1pivi R} (2.6)
T3hovoR3 = T3h1vi RS, (2.7)

where we assume a one-dimensional flow and the subscripts 0 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 pressure, p, and assuming that the magnetic energy density is a fraction, €, of
thermal energy density (¢, = 1 corresponds to equipartition between magnetic and

thermal energy density):
8
B= | P 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,
My, and the bulk Lorentz factor, I'y, at the jet nozzle (Begelman et al. 1984):

1
@ = arctan (FOMO) (2.9)

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
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Fig. 2.1 2D distribution of the logarithm of the rest mass density from a RHD simulation of a
conical jet
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Fig. 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

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 Egs. 2.6 and 2.7 if the conditions at the jet nozzle and 7 are
known (see, e.g., Hardee and Eilek 2011).
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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 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 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 and
Marscher 1988; Falle 1991; Komissarov and Falle 1997; Perucho and Marti 2007;
Nalewajko and Sikora 2009).

The Eqgs. 2.6 and 2.7 cannot be directly used to derive the evolution of the intrin-
sic parameters. However, some properties of the recollimation shocks can be derived
from analytical models. Daly and Marscher (1988) derived the position of the recol-
limation shock, Lmax, and the maximum jet width, Rpyax assuming a homogeneous
ambient medium and ultra-relativistic equation of state, i.e., y = 4/3 (relativistic
e~eT plasma).

Linax ~ 3.3T0Rody (2.10)

—1/4
1—d,

Rmax ~ 1 + 19 T R(), (211)
2d;, " —1

where I'g and Ry are the bulk Lorentz factor and the jet radius at the jet nozzle and
dr = po/ Pext 1s 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 and Marscher (1988), Komissarov and Falle (1997)
derived the properties of a recollimation shock in an ambient medium with decreas-
ing pressure pex; = aL ™", using an approximation for the pressure behind the rec-
ollimation shock that allows to solve the shock-jump conditions analytically. They
derived the following relations for Lmax, Rmax, and, L(Rmax), the location of the
maximum jet width and reconfinment angle @¢onf
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1/0-3 1/(1-4
v (1-3) i LI i
Lmax = T I+ T X 2 (2.12)
(1-3)
n 1/(1-3) 1/(1-3
p\1/(1=3) (1—3 ’ L1 :
L (Rmax) = (_) 1+ X 2 (2.13)
A 2 — g 1-— %
n §+n R
-2 0
Rinax [2 - ﬂ - (2.14)
2
Ui 1 1-1
Pconf = (1 - —) (4 |:1 + X 2i| (2.15)
2 1+ 2
where A = (a/K)l/z, with K defined as
L .
K = M (2.16)
gl

L being the total kinetic power of the jet. The parameter x describes the influence
of the initial jet radius at the jet nozzle, Ry, and is defined as:

RyAV/(1-)
X = garnien @17)
Figure 2.3 shows the influence of a gradient in the ambient medium on the shape of
the jet and the formation of recollimation shocks. The top panel in Fig.2.3 shows the
distribution of the rest mass density in an ambient medium with decreasing pressure
and the bottom panel in a homogeneous ambient medium. The plots show that in the
case of a decreasing pressure in the ambient medium the number of recollimation
shocks is smaller and their separation is increasing with distance. In addition, the
length of the recollimation zone is increasing with distance if there is a gradient in
the ambient medium.
The difference between both cases becomes more visible in the evolution of p,
p, and v along the jet axis (see Fig.2.4) The different panels in Fig.2.4 show the
evolution of the velocity (top), the pressure (middle) and rest-mass density (bottom),
where the black solid line corresponds to the model with decreasing pressure and the
blue solid line to the one with homogeneous ambient medium. As mentioned before,
in the case of a homogeneous ambient medium, the axial values at the location of
the recollimation shock are comparable to the values at the jet nozzle. On the other
hand, for the decreasing ambient medium, the increase of the intrinsic values at the
position of the recollimation shock is decreasing with distance.
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Fig. 2.3 2D distribution of the logarithm of the rest mass density from a RHD simulation of an
over-pressured jet. Top over-pressured jet in decreasing ambient medium; Bottom over-pressured
jet in constant ambient medium
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Fig. 2.4 Variation of the intrinsic parameters along the jet axis for an over-pressured jet. The black
lines correspond to a model with decreasing ambient medium and the red lines to a model with
constant ambient medium. 7op evolution of velocity in terms of speed of light; Middle evolution of
pressure; Bottom evolution of rest-mass density
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Fig. 2.5 Illustration of the growth of K-H instabilities taken from Perucho (2005)

2.1.3 Kelvin-Helmholtz (K-H) Instability

Relativistic flows such as jets are affected by several kinds of fluid instabilities
(see, e.g., Hardee et al. 1996; Perucho 2012) The most relevant instability in case
of relativistic jets are K-H instability, which grow between two flows with non-
vanishing relative velocity at the transition layer between the jet and the ambient
medium. Figure 2.5 shows an illustration of the generation of K-H instability.

The development of K-H instability can be explained by the Bernoulli effect.
The relative difference in the velocities at the contact surface leads to a drop in
the transversal pressure forcing the fluid to increase its transversal velocity. Thus
the fluid propagates into other medium, from the jet into ambient medium and vice
versa (indicated by b and c in Fig. 2.5). The continuation of this effect leads to
a displacement of the fluid and to the mass loading of the jet with material from
the ambient medium (see d and e in Fig. 2.5). The mathematical treatment of the
instability problem uses the classical perturbation theory, i.e., adding a perturbation
term to the initial parameters (e.g. p = po + p1) (see, e.g., Hardee 2000). In general
the pressure perturbation, pp, in cylindrical geometry can be written in the form
of pi = exp(i(kz £ n¢ — wt)) where k is the longitudinal wavenumber, n the
azimuthal wave number, and w the frequency. The different modes of K-H instabilities
can thus be classified by their value of n and k. For example n = 0 corresponds to
a pinching mode and n = 1 to a helical mode. Each mode, n, has a surface and
multiple body modes (Perucho 2005).
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2.2 Synchrotron Radiation

Here, 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 1998; Tiirler et al. 1999).

The emission, €,, and absorption coefficients, «,,, of a power law distribution of
relativistic electrons, N(E) = K E~*, in the presence of a magnetic field, B, where
K is the normalization coefficient of the distribution and s the spectral slope, can be
written as (see Pacholczyk 1970, for details):

€y = ce(s)K (B sin @) ¢+D/2,=6=D/2 (2.18)
Ky = Ce(s)K (B sin @) 01272~ 6+H/2 (2.19)

where ¢ is the pitch angle and v is the frequency. The constants ¢ (s) and ¢ (s) are
given by:

s—1
33 3¢ N2 [s+I\Na(3s—1\n[35+7
cols) = V3e ¢ ) (2 P (2ET) 220
167mec? \ 2wm3c3 s+ 1 12 12
s+
2

4
3 3¢ \T (s 410\ /35 +2\ /35 + 10
cK(s)z‘/_”emjc‘O ¢ ST 2 (20 221
72 2rm3cd 3 12 12

with e the electron charge, m, the electron rest-mass, c the speed of light (all in cgs
units) and I" the complete Euler Gamma-function. For a random magnetic field, the
constants above have to be averaged over the pitch angle, i.e., multiplied by ¢ ;, and

Ci.b, Tespectively:
R 5\ (» 7\\ !
P2 (2 (2.22)
4 4

N
2
-1
Cep(s) = gﬁ (s+6) (f“ (s+8)) . (2.23)

The specific intensity, /,, can be written as:

L=2(1—e™), (2.24)

Ky

where €, and «, are the emission and absorption coefficients and 1, = k,x is the
optical depth, with x the distance along the line of sight. Defining v; as the frequency
at which 7, = 1, Eq.2.24 takes the following form (Pacholczyk 1970):

v o v op)—oy
I, =1, V_l 1 —exp V_l , (2.25)
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where «o; is the optically thick spectral index («; = 5/2 for a homogenous source)
and «p < 0 is the optically thin spectral index. The optically thin spectral index is
connected to the spectral slope, s, by the following relation:

—1
N C . ) (2.26)

Using the transformation from intensities to flux densities, Eq. 2.25 can be expressed
in terms of the observed turnover flux density, S, and turnover frequency, v,, (Tiirler
et al. 1999).

(2.27)

’

v \¥ 1 —exp (—l’m (v/vm)“"_"“)
) 1 —exp(—tn)

where 7, ~ 3/2 (‘ /1 — %: - 1) is the optical depth at the turnover. Depending on
the value of v/v,,, Eq. 2.27 describes an optically thick (v < v,,) or optically thin
(v > vy,) spectrum with their characteristic shapes S, v/2and S, o v 6-D/2,
respectively. In Fig. 2.6 we present an example of a synchrotron spectrum computed
from Eq.2.27.
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Fig. 2.6 Synchrotron spectrum with a turnover position at v,, = 30 GHz and S,, = 10Jy and an
optically thin spectral index of «g = —0.6
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2.2.1 Magnetic Field, B, and Particle Density, K

Once the turnover frequency, v,,, and the turnover flux density, S,,, are obtained, we
can derive estimates for the magnetic field, B, and the normalization coefficient, K,
(see e.g., Marscher 1987). Following Lind and Blandford (1985), the emission, ¢,,
and absorption, «,, coefficient have to be corrected for relativistic and cosmological
effects. In the following, primed variables correspond to the observers frame and the
equations are derived for a random magnetic field (isotropic pitch angle, ¢) with all
parameters in cgs units:

€, = 826(1}’(1-1—2)/8) (228)

’
Kl = 8 K (142)9) (2.29)

with 8 = I'~1 (1 — Bcos )~ the Doppler factor and z the redshift. The optically
thin flux, S,/ min = Q€| R, is given by:

b 53 545 s s—
Sutthin = Taee()cep(s)(1+2)7 T RSTKBT VT, (230)
1

and the optical depth, t,, is:
), = ce(S)eep(s)(1+2)7 T RS'T KB TV T 2.31)
Using the obtained turnover values, the flux density, S|, in Eq. 2.30 and the
frequency, V', in Eq. 2.31 can be replaced by the turnover flux density, S, , and the

turnover frequency, v;,:
§—3 s N —g
S/, = aD; ce(s)cen(s)(1+2) T RS TKBT vy, 2 (2.32)
/ scho s 52 -5

T, = C($)Cep()(1+2)7 2 R6Z KB 2 vy (2.33)

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

_ 72 [ ce(s)cep(s) 2 U,
= D_f [m} (1 +z)'R%v,S,, "1, (2.34)
l2s+4 —(s+2) s+1
K = I [ce(s)cen ()] [ee)eesr®)]

(1 + Z)7(3S+5)R7(23+5)87(S+3) T’//n*(S+I)Sg+2U;n7(2S+3)' (235)
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2.2.1.1 Number of Particles, N, Relativistic Energy Density, U,,
and Magnetization o

The number of particles, N, and the relativistic energy density, U,, can be calculated
by integrating the distribution function N(E) = K E~° within the limits E; =
yminmec2 and Er, = ymaxmecz, where ymin,max are the lower and upper electron

Lorentz factors:
K 2 I=s 1 Ymax I=s 236
N = ( ) =5 | — (Ymax .
T Umec Yimin (me) (2.36)

_ S \2—s
o (mec2)2 Py [1 — (m) ] ifl<s<?2

a Ymax
U,=1 Kln (Vm—) ifs =2 (2.37)

Ymin

_ 2—s
K (mec?) ™ 20 [1 — () ] its>2

Together with the magnetic energy density U, = B?/(87) we can define the mag-
netization parameter
Up

—, 2.38
U, (2.38)

Omag =

and can test whether the emitting region is in equipartition, omag = 1, or not.

2.2.1.2 Evolution of the Electron Lorentz Factor

Marscher (1987) pointed out that the energy limits, Epin = yminmec2 and Epax =
)/minmec2 are difficult to extract from observations and require a meaningful set
of assumptions. Here we follow the suggestions of Marscher (1987) and present
a first order approximation for the evolution of the lower, ymin, and upper, Ymax
electron Lorentz factor. We consider two different jet geometries, (i) a conical pres-
sure matched jet (dx = po/ps = 1) and (ii) an over-pressured jet (dy # 1). We
also assume that Compton losses can be neglected at parsec scale distances (Mimica
et al. 2009) and we compute the evolution of the electron Lorentz factor assuming
(iii) only adiabatic losses and (iv) synchrotron and adiabatic losses. In the following
section we use an adiabatic index y = 4/3, which corresponds to a ultra-relativistic
e~ e" plasma.

Since the expansion of the jet implies the adiabatic energy losses, the first step
for both jet models includes the calculation of the jet profile.

Conical jet: In the case of a pressure matched jet, the profile will be of conical shape
and it is characterized by its radius at the jet nozzle, Ry, and its opening angle ¢.
The opening angle, ¢, can be obtained either from the measured bulk Lorentz factor
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¢ ~ 1/T (e.g., Konigl 1981), or from the transversal size of the jet (e.g., Pushkarev
et al. 2009). The jet width at the nozzle, Ry, can be calculated in the following way:

Ro=R; —rj_otang, (2.39)

with R; the jet width obtained at a position r;, where the jet can be transversally
resolved and ;g is the distance to the jet nozzle including the opacity shift correction
(see Sect. 2.46). Finally the jet width for a conical geometry can be written as power
law:

R(r) = Ry (%) , (2.40)

where € = 1 and r( is a normalization distance.

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

Ry ~ max ’
3.3Tdy

where rmayx 1s the de-projected distance between the jet nozzle and the recollimation
shock, I'g is the bulk Lorentz factor of the fluid and dy = po/ pext is the overpressure.
Here we use values obtained at the location of the standing shock which is justified
by the fact that the conditions (pressure and density) at the position of the standing
shock wave are roughly the same as those at the jet nozzle (a homogeneous ambient
medium). If we assume a locally constant ambient medium, the distance between the
jetnozzle and the location of maximal jet width is 7 (Rpax) ~ 0.5 - rmax (Komissarov
and Falle 1997). Together with Ry, we can now derive the jet opening index, €, for
r < r(Rmax)- For r > (Rmax) the jet will start to collimate and will reach a local
minimum at the position of the standing shock. As in the case of the jet opening
region we can, given the jet width at the position of the standing shock, compute
€ for this region. If there are additional recollimation shocks with known distance
from the previous shock and jet width, one can proceed as in the case of the first
recollimation shock and define the jet geometry.

Adiabatic and synchrotron losses: In order to provide an estimate for the variation
of the electron Lorentz factor y along the jet, we have to solve the energy-loss equa-
tion, which includes both, radiative and adiabatic losses (see, e.g., Georganopoulos
and Marscher 1998; Mimica et al. 2009)

v _ () (4 2.41)
dr dr syn dr adi’ ’
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where y corresponds to the electron Lorentz factor and r to the distance along the
jet. The synchrotron and adiabatic losses are given by (Fromm et al. in preparation):

d A
(_V) _ (_) ——y’B’ (2.42)
dr ) gn 3] mjc

d dl

(—”) —rane (2.43)
dr adi 3 dZ

If we parametrize the magnetic field, B = Bo(R/Ro)~", and the jet geometry,
R = Ro(r/ro)¢, the energy loss equation can be simplified to:

dy 226422}’_26h ye
o= () an(3) -5 (249

This differential equation has the following analytical solution (Fromm et al., in
preparation):

Yo (€ +2¢b — 1) r§ AN
y(r) = 2¢b 3 o ’ 24
—Cyorrl +r€ (L) (€ +2eb+ Cyorg— 1) \'°

ro

where C = (%)2 e/ (mzcﬁ)Bg and yo = y (rp) corresponds to the initial value.
As an example, we use the values tabulated in Table 2.1 and calculate the evolution
of the electron Lorentz factors along the jet. In Fig.2.7, we show the evolution of
the electron Lorentz factor for an over-pressured (left panels) and conical jet (right
panels). The X-axis are drawn in pc (bottom) and in mas (top). The panels show (from
top to bottom) the evolution of the jet width with distance along the jet, the evolution

Table 2.1 Parameters used in the calculation of ypmin and ymax presented in Fig.2.7

Parameter Symbol Value Source
Normalization of B-field By 0.1G VLBIP
Exponent B-field evolution b 1.0 VLBIP
Normalization distance 7o 1.0 pc VLBI
Viewing angle ? 2.6° VLBI*
Bulk Lorentz factor To 13 VLBI*
Pressure matched jet dy 3 VLBI®
Jet opening index € 0.6,0.8, —0.5,1.2 VLBIP
Electron Lorentz factor Ymin, max 100, 1 x 10° Theory“l

4 Taken from Chap. 4
b Taken from Chap. 5
¢ Taken from Jorstad et al. (2005b)
4 T aken from Mimica et al. (2009)
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Fig. 2.7 Evolution of source intrinsic parameters for an over-pressured jet, dy # 1, (left panels) and
for a conical jet, dy = 1, (right panels). The upper panels show the variation of the jet width, R, in
pc along the jet, the middle panels the evolution of the magnetic field, B, in G, and the bottom panels
show the variation of the maximum and minimum electron Lorentz factors, Ymin.max- The solid and
dashed red lines correspond to a model where we take both, synchrotron and adiabatic losses into
account. In order to demonstrate the influence of radiative losses we computed additionally the
evolution of the electron Lorentz factor only for adiabatic losses (solid and dashed lines in bottom
panels)

of the magnetic field and the evolution of the electron Lorentz factor ymin max. The
red solid and dashed lines in the bottom panels correspond to the variation of the
electron Lorentz factor taking synchrotron and adiabatic losses into account and
the black solid and dashed lines show the evolution of the electron Lorentz factor
assuming only adiabatic losses.

For both jet models, the evolution of the upper electron Lorentz factor, ymax.,
decreases fast if the synchrotron losses are taken into account. The adiabatic losses
are the dominant energy loss mechanism for » > 3 pc, which can be deduced from
the similar slopes of the solid black and red lines. However, the evolution of the lower
electron Lorentz factor, ymin, is hardly affected by synchrotron losses.

The calculations show that in the case of an over-pressured jet, the magnetic field
intensity increases at the position of the recollimation shocks (in the plot at r ~ 20 pc
and r ~ 270 pc), and at the same position the electron Lorentz factor increases. This
increase of the Lorentz factor corresponds to the local increase of the particle density,
i.e., adiabatic compression (see, e.g., Mimica et al. 2009). Farther downstream, the
jet expands and the magnetic field and the Lorentz factors decrease again. At the
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second recollimation shock, there is again a local increase in both, magnetic field
and electron Lorentz factor. This behavior is also visible if we assume only adiabatic
losses.

In contrast to the over-pressured jet, the evolution of the magnetic field and the
electron Lorentz factor are continuously decreasing in the case of a conical jet (see
right panels in Fig. 2.7).

2.2.2 Opacity Variations

Assuming that the position of the observed VLBI core coincides with the (7 = 1)-
surface, Marcaide and Shapiro (1983) and Lobanov (1998) used Eq.2.31 to derive
the frequency-dependent position of the core, the so-called core-shift. This core-shift
is illustrated in Fig. 2.8 and shows the variation of the distance between the core and
an optically thin jet region, whose position is assumed to be frequency independent.
Assuming, a conical jet geometry, i.e., R o r, a decreasing magnetic field, B =
Bir~"and a decreasing particle density, K = K 1r_k , Where the constants B and
K correspond to the magnetic field and electron normalization coefficient at 1 pc,

Eq. 2.31 results in:
rocv Wk (2.46)

where k, = [2k + 2b (3 — 2a0) — 2] / (5 — 2g) and « is the optically thin spectral
index.

Measurements of the core-shift can yield estimates of several physical parameters
such as the magnetic field and the distance to the central engine (Lobanov 1998;
Hirotani 2005; O’Sullivan and Gabuzda 2009; Pushkarev et al. 2012). The core shift
measure, €2,, between two frequencies is defined as:

. - VLBI core observed at superluminal
jet origin different frequencies feature

— =, l
/ Vops=22GHz 15GHz 8GHz 5GHz

Central
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e

Fig. 2.8 Tllustration of the frequency dependence of the core position. Taken from Schinzel (2011)
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1k, 1]k
Ary v, Dpvy" vy

(1+22 (v = v}')

with Ar,, ., being the core shift between the frequencies v; and v2, in mas, and
D, the luminosity distance, in pc. Following Hirotani (2005) and replacing the jet
opening angle ¢ and the viewing angle ¥ by the more directly measurable apparent
speed Bapp, the magnetic field at 1 pc is given by:

Q. =4.85x 107" [pc x GHz], (247)

5-2a9

kr | 72ag 20(()
5 27rmgc4 &2 Qry
1~ =3 ) 72
¢ e\ n (1 + ﬂgpp)

-2

v 2 _2 —(1+2aq) 3 T2«
x [ncm) L7 gt T K 0e0) (L4 fagp) — T (142 2} [G]. (2.48)
min

where C (ag) and K (y, «g) are defined as:

3lma0 77— 2q 5 — 6ag 25 — 6ag
€ w0 = Sﬁr( 4)(12)( 12)

~ (9 — 29
r ( ) ) (2.49)

200 + 1 [(Vmax/ymin)za - 1]
200 [(Vmax/ymin)zaJrl - 1]

(2.50)

K (y,a0) =

The distance to the central engine can be calculated by inserting the value for By
(Eq. 2.48) into Eq. 2.31 and solving for r¢ore:

2 \? ik
e ) = 9y, (14 B2,) " v/ [pe] 2.51)

The equations above can be simplified if we assume a conical jet, b = 1, k = 2,
equipartition between the magnetic energy density and the kinetic energy density

and a spectral index of og = —0.5 (which leads to k, = 1, see definition of k. ):
(1 + B2 )3/8
~ 004207 (1 + 92— 77— [G], (2.52)
app
2,
Feore(V) A ©2 (1 + ﬂapp) v [pel. (2.53)

The particle density Ny is given by:
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K (y’ OlO) —1 p2
If we assume &, = 1, g = —0.5 and a ratio of 10 between the upper and lower

electron Lorentz factors, the equation above can be written as:

Ny = 0.47 x 10%,! B?. (2.55)

If we assume that the jet is in equipartition and has a conical geometry, we can
calculate the magnetic field using Eqs.2.48-2.53. In addition, we can derive an
estimate for the magnetic field at the core, B.ore = B] rc_oie and the relativistic particle
density Neore = N 1rc_0%e. These relations are only valid for a conical jet with a
dominating toroidal magnetic field. In general the radial evolution of the magnetic
field in the jet is given by B oc r <7, where € is the jet opening index (R o r¢) and b
parametrizes the evolution of the magnetic field (B o< R~?). For a jet in equipartition
the particle density has to decrease as N o« R~?” or, in terms of distance along the
jet N oc r~2b¢ Assuming a conical jet € = 1 and a toroidal magnetic field (b = 1)
the given relations are obtained.

2.2.3 Shock-In-Jet Model

In the last two sections we only considered the steady-state conditions of a jet.
However, to study the flaring process we need to describe the propagation of a shock
wave within the unperturbed flow. The shock-in-jet model of Marscher and Gear
(1985) describes the evolution of a traveling shock wave in a steady state jet. During
the passage of the shock through a steady jet, the relativistic particles are swept up
at the shock front and gain energy while crossing it. In this model, the flaring flux
density is assumed to be produced by the accelerated particles within a small layer
of width x behind the shock front. The width of this layer is assumed to depend on
the dominant cooling process and can be approximated by x & fcool, Where f¢oo1 18
the typical cooling time.

2.2.3.1 Evolutionary Stages

Compton losses: If the photon energy density, upp, is higher than the magnetic energy
density, up, = B*/(87), the inverse Compton scattering is the dominant energy loss
mechanism during the first stage of the flare. The width of the layer behind the shock
front during this Compton stage, x1, is computed to be:

X1 & Bl/zv_l/281/2u;hl. (2.56)
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An approximation of the photon energy density, uph, can be obtained by integrating
the emission coefficient, €, over the optically thin regime (v,, < v < vmax)l, which
leads to:

1/8

pn o K (B3S+7RS+5) (2.57)

The final expression for the width of the layer behind the shock front during the
Compton stage can be written as:

X] R_(S+5)/8K—1B—3(S+1)/861/2v—1/2 (258)

Synchrotron losses: Synchrotron losses become more important at the point where
the photon energy density, upn, is comparable to the magnetic energy density, uy,.
The width of the layer x; in the synchrotron stage can be computed by replacing uph
in Eq. 2.56 with up, = B?/(87) and is given by:

xp o« B73281/2,71/2, (2.59)

Adiabatic losses: Radiative losses become less important in the last stage of the
shock evolution. During this final stage the losses are dominated by the expansion
of the source and the width of the layer, x3, is consistent with the radius of the jet:

x3 o R. (2.60)

The evolution of the turnover frequencies v,, ; and turnover flux densities S, ;,
where i indicates the different energy loss stages (1 = Compton, 2 = synchrotron
and 3 = adiabatic loss stage), can be derived by replacing the expressions for R in
Eqgs.2.32 and 2.33 with the expression for x;, assuming that the enhanced emission
is produced within this layer of size, x;, and dropping the coefficients ¢, e:

U1 o (1 _|_Z)—(S+4)/(S+5) R1/4g1/as(s+3)/(s+5) (2.61)
Sm | (1 +Z)(2S+15)/(2S+10) DZ2R11/831/88(3S+10)/(S+5) (262)
. . 1371/ (+5)
vm’z 164 (1 + Z)—(A+4)/(A+5) I:K2BS—185+3] (263)
Sm,2 X (1 + Z)(25+15)/(2S+10) DZZRZ I:K53237583S+]01| 1/(S+5) (264)
2/(s+4)
Vs o (14+2)7) [RKB<S+2>/25<S+2>/2] (2.65)
1/(s+4)
Sm,} x (1 + Z) DZZ [R2s+13K532S+383H—7i| (266)

Marscher (1990) and Lobanov and Zensus (1999) assumed that the evolution of K,
B and § could be written as a power-law with the jet radius R (notice that in a conical

1 Marscher and Gear (1985) included only first order Compton scattering.
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jet the distance along the jet r is linearly proportional to the jet radius R, r & R, so
the proportionality is preserved):

KxR* BxR? sxR. (2.67)

In this case, a relation between the turnover flux density and the turnover frequency
can be found:

Vi o (1 +z)P R" (2.68)
Smi o D2(1 4+ 2)% R, (2.69)

which leads to:
Sini X DZ2 (+ Z)((lfnffpif;)/ni v;:"i, (2.70)

where €; = f;/n;. The exponents f;, n;, p; and g; include the dependence with the
physical quantities B, N(E), K, and D and are defined:

no=—b+1)/4—d(s+3)/(s +5) 2.71)
ny = —[2k+b(s — 1) +d(s +3)]/(s +5) (2.72)
n3 =2k -1+ B+d)(s+ 2]/ +4) (2.73)
fi =1 —=b)/8 —d3s +10)/(s +5) (2.74)
fr=2—[5k+b2s —5)+d3s + 10)]/(s + 5) 2.75)
f3 =125 + 13 = 5k — b(2s +3) —d(3s + 11/(s + 4) (2.76)
pr=—(s+4)/(s+5) 2.77)
p2=—(s+4/(s+5) (2.78)
py=—1 (2.79)
g1 = (25 + 15)/(2s + 10) (2.80)
¢ = (25 + 15)/(2s + 10) 2.81)
g =1. (2.82)

The typical evolution of a flare in the turnover frequency—turnover flux density
(Vs — Sm) plane can be obtained by inspecting the R-dependence of the turnover
frequency, v,,, and the turnover flux density, S,. For a typical set of parameters:
b =1,s = 2.5, k = 3 (assuming an adiabatic flow, k = 2(s + 2)/3, and d =
0.02 corresponding to a nearly constant velocity for a fixed viewing angle, these
parameters lead to a set of exponents n; and f;, which are summarized in Table 2.2.

During the first stage, in which Compton losses are dominant, the turnover fre-
quency decreases with radius while the turnover flux density increases. In the second
stage, in which synchrotron losses are the dominating energy loss mechanism, the
turnover frequency continues to decrease while the turnover flux density remains
constant. Both the turnover frequency and turnover flux density decrease in the final,
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Table 2.2 Values of the indices used in the generalized spectrum expression of Eq.2.70, n; and f;
forb=1,5s =2.5,k=3,andd = 0.02

Stage n; fi €
Compton —-0.52 1.2 23
Synchrotron —1.01 —0.06 0.06
Adiabatic —1.32 —0.82 0.62
10% [ 20.0
L L — 5GHz
§ b=1.0 L — 8GHz
[ s=25 [ — 14GHz
37GHz
L k=3.0 F — 230GHz
d=0.02 15.0 - 340GHz
p=1.0
€, =0.06
E ! 0.62 E
= 10" €3 =0. ‘ -2, 10.0
F : 2.30
0 r e \ 0
\ 5.0
10° A Ll e 0.0
10° 10! 107 10°
v [GHz] t [yr]

Fig. 2.9 Spectral evolution of a flare computed from the shock-in-jet model with the parameters
presented in Table2.2. Left The dashed black line corresponds to the evolution of the turnover
frequency and turnover flux density during the flare. The slope of the different stages is indicated in
the plot and the red lines show some example spectra during the evolution. Right Single dish light
curves calculated from the spectral evolution for different frequencies. The zero time is set to the

onset of the flare and the flux densities for # < 0 correspond to the flux density of the quiescent
spectrum

adiabatic stage. Figure 2.9 shows the evolution of a flare using the shock-in-jet model
with the parameters presented in Table 2.2.

2.2.3.2 Generalization of the shock-In-Jet Model

Tiirler et al. (2000) expanded the shock-in-jet model to non-conical jets, e.g., the
distance along the jet, r, is no longer a linearly proportional to the jet radius, R.
This modification is expressed by R o r? with (—1 < p < 1), which represents a
collimating (p < 0) or expanding (p > 0) jet. An important implication of allowing
non-conical jets (p # 1) in the shock-in-jet model is the r-dependence of the evolu-
tion of the spectral parameters (b, k and d). Therefore the evolution of B, K and §
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along the jet is given by:
Kocr %, Bor ™, §ocrrd (2.83)

Besides the modification of the jet geometry, Tiirler et al. (2000) parametrized the
temporal evolution of the turnover frequency, v,,, and the turnover flux density, S,
using the equations of superluminal motion?

r
=

(2.84)

9
Vobs

where vops = (Bappc)/((1 + z) sin ). Using the definition of the apparent speed,
Bapp = (Bsin})/(1 — B cos ), the bulk Lorentz factor, I', and the Doppler factor,

8, the equation above results in
l+z

=
Bcdl’

(2.85)

Assuming that 8 ~ 1 and 9 ~ 1/I" <« 1, it can be shown that ' o § (Taylor
expanding cos 1/ T in the definition of §). Including the non-conical jet geometry
(R o L") the equation above can be written as

t o (14+2)8 2RYP o (1 +2)RE, (2.86)

where { = (2dp + 1)/p. By replacing R in Eqgs. 2.68 and 2.69 by Eq. 2.86, the
temporal evolution of the turnover frequency and turnover flux density is:

v o (1 _|_Z)(pi€—ni)/§ LpilE (2.87)
Sy o DZ2(1 +Z)(4iC—ﬁ)/§ L plils (2.88)

The equations above can be further simplified by replacing D; o (1 + z), which
leads to:
Sy o (1 + )l @=DE=fil/& 4 fi/¢ (2.89)

2.2.3.3 Modification of the Compton Stage

The determination of the distance that the relativistic particles travel behind the shock
front before losing most of their energy is a crucial parameter in shock-in-jet models.
Bjornsson and Aslaksen (2000) presented a different derivation of this distance than
previous works, including the possibility of multiple Compton scattering (in the
Thompson regime) during the first rising phase of the flare. In the case of first order
Compton scattering, the slope of the Compton stage would be less steep as predicted
by Marscher and Gear (1985). Therefore, the existence of a synchrotron stage is no

2 The time used here was that in the observers frame.
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longer needed. The evolution of the turnover-flux density and the turnover frequency
with distance (or time) is given, within the model of Bjornsson and Aslaksen (2000),
by:

by o¢ RTAGHDH3bGH]/B+12)] (2.90)
Sm 104 Ie—[4(.¥—13)-‘-617(54—2)]/[3(S-‘rlz)]7 (291)

assuming no changes in the Doppler factor and constant velocity of the shocked
particles. Using the same set of parameters as in Table 2.2 gives n; = —0.9 and
J1 = 0.3, resulting in a less steep slope € = fi1/n1 = —0.3 in the v,, — S,,-plane
which is flatter than in Marscher and Gear (1985) case.

2.2.3.4 Evolution of the Brightness Temperature Tj,

The equations presented so far require the knowledge of the evolution of the turnover
frequency and turnover flux density to model the flare and to obtain the evolution
of the source intrinsic parameters. Therefore, multi-frequency single dish or multi-
frequency VLBI observations are needed. However, for most of the sources, simul-
taneous multi-frequency VLBI observations are not available. In order to apply the
model and obtain the relevant information to single frequency VLBI observations
one can rewrite the equations presented in this chapter in terms of the brightness
temperature, which is defined as:

Ty = 1.22 x 10"2S,R2v™%(1 + 2) [K] (2.92)

where S, is the flux density in Jy, R is the width of the jet in mas and v is the
observing frequency in GHz. Some physical conditions, such as the evolution of the
magnetic field in the source can be derived from the brightness temperature (e.g.,
Kadler et al. 2004; Schinzel et al. 2012). The optically thin flux density is given by
Eq. 2.32 and the size of the emission region depends on the main depends on the
main energy loss mechanism, namely Compton (1), synchrotron (2) and adiabatic
losses (3) see Egs. 2.58-2.60. Inserting the equations above into Eq. 2.32 leads to:

Sy o R—6=11/85(s+4)/2 p(s+1)/8,,—s/2 (2.93)
S0 ox RESCTH/2K pls=2/2),=s/2 (2.94)
Sl)‘3 16 '¢ R3(S(s+3)/2KB(S+1)/2V_(S_l)/z. (295)

If we assume that the magnetic field, B, the normalization coefficient of the relativistic
electron distribution, K, and the Doppler factor, §, follow a power law with the jet
radius:

BxR"?” KxR* sxR™, (2.96)
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Equations 2.93-2.95 can be written in terms of the jet radius:

Sy.i o RPV (2.97)
where the exponent p; includes the dependencies on B, K and § and the exponent g;

includes the dependence on the frequency. For the different stages, they are defined
as:

pr=—(—11)/8—b(s+1)/8—d(s +4)/2 (2.98)
p2=2—-b(s—2)2—d(s+4)/2—k (2.99)
p3=3—b(s+1)/2—d(s+3)/2—k (2.100)
q1 = —s/2 (2.101)
g = —s/2 (2.102)
g3 = —(s —1)/2. (2.103)

In order to generalize these equations to non-conical jets, the distance along the
jet, r, is no longer directly proportional to the jet radius R. This modification is
expressed by R o< r” where —1 < p < 1. Finally, we can write the evolution of the
brightness temperature as:

Ty o réiv?i—2, (2.104)

where the exponent ¢; is given, for the different stages, by:

€1 =pl—(s+5)/8 —b(s +1)/8 —d(s +4)/2] (2.105)
€& = pl—b(s —2)/2 —d(s +4)/2 — k] (2.106)
e3=pll —b(s+1)/2—d(s +3)/2 —k]. (2.107)

The equations above can be further simplified (i. e., dropping the k dependence
in the equations above) if we assume adiabatic expansion k = kg = 2(s + 2)/3
and equipartition between the magnetic energy density, Emag X B2, and the kinetic
energy density, &y o K, which leads to b = beq = (s +2)/3:

et = p|~(? + 55 +12)/16 — d(s + 4)/2] (2.108)
259 = p [~ + 45 + 8)/6 — d(s +4)/2] (2.109)
& = p[ (6 + 75 +4/6 - d(s +3)/2]. (2.110)

These relations can be used to derive the parameter range for exponents p, s,
k, b and d using the observed evolution of the brightness temperature at a given
frequency.
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2.3 Superluminal Motion and the Relativistic
Beam of Radiation

Some of the observed and traced features at the parsec scale of jets show exhibit an
speed which is larger than the speed of light. This apparent superluminal motion can
be explained by intrinsic velocities close to the speed of light and a projection of the
3D geometry into the sky plane by a small angle to the line of sight (Rees 1967).

Assuming a source of relativistic motion located in the sky which has a viewing
angle, ¥, to an observers. Lets assume a blob of plasma moves at a velocity 8 = v/c
and emits a photon at the location A at r = fy and at the location B at r = #1 (see
Fig. 2.10). The distance the blob has travelled in the source frame AB is given by
BcAt,, where At, = t; — tg. Within the time interval At, the blob has travelled the
distance AC = BcAf, cos ¥ in the observers frame and the photon emitted in A have
travelled the distance AD =cAt,. The distance between the two photons emitted in
A and B is equal to the distance CD=cAf%,(1 — B cos ) and their time difference
in the observers frame is Af, = CD/c = At,(1 — Bcos¥). In the observes frame
the distance between the two locations of the blob is CB = cAt, sin ¥ from which
the apparent velocity B,pp follows:

B sin ¥

= 2.111
Pavp 1 — Bcosv ( )

The maximum apparent speed is obtained if the features are travelling at the critical
angle, the angle that maximizes the speed of the feature. The critical viewing angle,
Verit can be derived by calculating the derivative of the apparent speed with respect
to ¥ for any given B. This leads to the result that the maximum apparent speed is

1/2
obtained if cos Vit = B = [ﬁfpp /(14 ﬂfpp)] . For jets seen at this critical angle,

the Doppler factor is:
Serit = /1 + ﬁgpp. (2.112)

Fig. 2.10 Illustration of for A
the de-projection of
superluminal motion

D A\ 4
observer
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From Eq.2.112 follows that the existence of relativistic motions (apparent speeds)
give rise to large Doppler factors. Relativistic aberration leads to a forward boosting
of the emission of an electron into a cone with half-opening angle similar to the
inverse of the bulk Lorentz factor. Therefore, the flux density increases by a factor
82. Additionally, the frequency is Doppler shifted which results into a final boosting
of the flux density (see, e.g., Marscher 2006):

Sy o 824yt steady state (2.113)
S, o 837*»T  moving feature . (2.114)

References

Begelman, M. C., Blandford, R. D., & Rees, M. J. 1984, Reviews of Modern Physics, 56, 255.

Bjornsson, C.-1. & Aslaksen, T. 2000, Astrophys. J., 533, 787.

Daly, R. A. & Marscher, A. P. 1988, Astrophys. J., 334, 539.

Falle, S. A. E. G. 1991, MNRAS, 250, 581.

Fromm, C. M., Perucho, M., Ros, E., et al. 2011, A&A, 531, A95.

Fromm, C. M., Ros, E., Perucho, M., et al. 2013a, A&A, 551, A32.

Fromm, C. M., Ros, E., Perucho, M., et al. 2013b, A&A, 557, A105.

Georganopoulos, M. & Marscher, A. P. 1998, Astrophys. J., 506, 621.

Hardee, P. E., Bridle, A. H., & Zensus, J. A. 1996, Astronomical Society of the Pacific Conference
Series, 100.

Hardee, P. E. 2000, Astrophys. J., 533, 176.

Hardee, P. E. & Eilek, J. A. 2011, Astrophys. J., 735, 61.

Hirotani, K. 2005, Astrophys. J., 619, 73.

Jorstad, S. G., Marscher, A. P, Lister, M. L., et al. 2005b, Astron. J., 130, 1418.

Kadler, M., Ros, E., Lobanov, A. P., Falcke, H., & Zensus, J. A. 2004, A&A, 426, 481.

Komissarov, S. S. & Falle, S. A. E. G. 1997, MNRAS, 288, 833.

Konigl, A. 1981, Astrophys. J., 243, 700.

Lind, K. R. & Blandford, R. D. 1985, Astrophys. J., 295, 358.

Lobanov, A. P. 1998, A&A Supplement, 132, 261.

Lobanov, A. P. & Zensus, J. A. 1999, Astrophys. J., 521, 509.

Marcaide, J. M. & Shapiro, I. I. 1983, Astron. J., 88, 1133.

Marscher, A. P. 1987, IN: Superluminal radio sources; Proceedings of the Workshop, 280.

Marscher, A. P. 1990, Parsec-scale radio jets, 236.

Marscher, A. P. 2006, Relativistic Jets: The Common Physics of AGN, 856, 1.

Marscher, A. P. & Gear, W. K. 1985, Astrophys. J., 298, 114.

Marti, J. M. A., Mueller, E., Font, J. A., Ibdfiez, J. M. A., & Marquina, A. 1997, Astrophys. J., 479,
151.

Marti, J. M. & Miiller, E. 1999, Living Reviews in Relativity, 2, 3.

Mimica, P., Aloy, M.-A., Agudo, L., et al. 2009, Astrophys. J., 696, 1142.

Nalewajko, K. & Sikora, M. 2009, MNRAS, 392, 1205.

O’Sullivan, S. P. & Gabuzda, D. C. 2009, MNRAS, 400, 26.

Pacholczyk, A. G. 1970, Radio astrophysics. Nonthermal processes in galactic and extragalactic
sources, W. H. Freeman & Company.

Perucho, M. 2005, PhD thesis, Universitat de Valéncia, Spain.

Perucho, M. & Marti, J. M. 2007, MNRAS, 382, 526.

Perucho, M. 2012, International Journal of Modern Physics: Conference Series, 08, 241.



36

Pushkarev, A. B., Hovatta, T., Kovalev, Y. Y., et al. 2012, eprint arXiv, 1207, 5457.

2 Theory

Pushkarev, A. B., Kovalev, Y. Y., Lister, M. L., & Savolainen, T. 2009, A&A, 507, L33.

Rees, M. J. 1967, MNRAS, 135, 345.

Schinzel, F. K. 2011, PhD thesis, University of Cologne, Germany.
Schinzel, F. K., Lobanov, A. P, Taylor, G. B., et al. 2012, A&A, 537, 70.
Tiirler, M., Courvoisier, T. J.-L., & Paltani, S. 1999, A&A, 349, 45.
Tiirler, M., Courvoisier, T. J.-L., & Paltani, S. 2000, A&A, 361, 850.



2 Springer
http://www.springer.com/978-3-319-10767-7

Spectral Evolution in Blazars

The Case of CTA 102

Fromm, C.

2015, XV, 210 p. 127 illus., 112 illus. in color.,
Hardcowver

ISEMN: 978-3-319-10767-7



	2 Theory
	2.1 Relativistic Hydrodynamics
	2.1.1 Pressure-Matched Jets
	2.1.2 Over-Pressured Jets
	2.1.3 Kelvin-Helmholtz (K-H) Instability

	2.2 Synchrotron Radiation
	2.2.1 Magnetic Field, B, and Particle Density, K
	2.2.2 Opacity Variations
	2.2.3 Shock-In-Jet Model

	2.3 Superluminal Motion and the Relativistic  Beam of Radiation
	References


