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Why	do	we	care?
• AGN	feedback
• Verification	of	jet	ejection	and	jet	structure	models

156 V. Gaibler, S. Khochfar and M. Krause

nebulae almost always are brighter in [O II] emission on the side of
shorter jet (McCarthy, van Breugel & Kapahi 1991). This suggests
that there may be vivid interaction going on: assuming the brighter
shock-excited gas traces the location of stronger interaction of the
jet with its environs, this may be an indication of the jet being
responsible for the formation of the emission-line nebulae either
directly or via its backflow (Gaibler, Krause & Camenzind 2009;
Gaibler & Camenzind 2010).
Aiming towards understanding the interaction of jets with a com-

plex multiphase environment at high redshift, we have performed
3D hydrodynamic simulations of a pair of jets with a surround-
ing clumpy gaseous disc. In this paper, we first present results
from the simulations, concentrating on jet asymmetries caused by
the clumpy ISM. We present results of Monte Carlo simulations
based on analytical approximations of the jet propagation through a
clumpy ISM aside the full hydrodynamical simulations to examine
the link between the gaseous disc properties with the expected jet
length asymmetries. A more detailed examination of the simula-
tions with respect to star formation and feedback energetics as well
as the kinematics of the dense gas will be presented in a subsequent
paper.

2 THE MODEL

We set up a clumpy gaseous disc contained within a homoge-
neous hot atmosphere (Fig. 1). The atmosphere has density of ρa =
0.05mp cm−3 and a temperature of Ta = 1.15× 107 K. The lognor-
mal density field of the disc is constructed from a normal-distributed
(mean 0, standard deviation 1) and clumpy field f (x), constructed
in Fourier space, by

ρ(x) = ρ̃ exp{σf (x)} exp(−R/R0) sech2(h/h0) , (1)

with the central median disc density ρ̃ = 10mpcm−3 and the disc-
scales R0 = 5 kpc and h0 = 1.5 kpc (R and h: cylindrical radius and
vertical height, respectively), using a temperature of 104 K. The disc
values are only set where ρ(x) > ρa, and a strict cut-off is applied
at R = 16 kpc and h = 6 kpc. The total mass of the gaseous disc is

Figure 1. 3D density volume rendering of the jet pushing through the dense
gaseous disc at t = 5.4 Myr, box size 32 × 32 × 16 kpc (cut in the plane of
the jet). Low density is indicated by red and high density by blue.

Figure 2. Energy spectrum E(k) of the density field at the initial conditions.
The dotted line shows a power law E(k) ∝ k−5/3 for comparison. The bump
at k ∼ 40 kpc−1 is a sampling effect, since the disc cells are on a grid a
factor of 2 coarser than the finest grid.

1.5× 1011 M⊙. For any small volume, the disc densities show a log-
normal distribution, but on the global disc-scale, the imposed radial
and vertical profiles increase the contribution of lower densities. The
standard deviation σ of the disc’s logdensity corresponds to turbu-
lence of Mach number 5 (∼80 km s−1) (Kritsuk et al. 2007), a value
similar to large evolving discs at high redshift (Förster Schreiber
et al. 2009). The two-point structure of the density field is described
by the Fourier energy spectrum E(k) (Fig. 2), which follows E(k)∝
k−5/3 for large wavenumbers k, but is intentionally damped towards
smaller wavenumbers, avoiding large inhomogeneities on scales l>
h0. The initial configuration is evolved for 2 Myr and after this ini-
tial relaxation phase, a bipolar (back-to-back) jet is introduced in
the centre of the disc. It is realized by a cylindrical orifice of jet
plasma (ρ j = 5 × 10−5 mp cm−3, vj = 0.8c) with the same pressure
as the hot atmosphere and with a radius of rj = 0.4 kpc and an initial
length in both directions of 3rj, respectively. The kinetic power of
the jet is Lkin = 5.5 × 1045 erg s−1.
This setup is evolved by the RAMSES 3.0 code (Teyssier 2002), a

non-relativistic second-order Godunov-type adaptive mesh refine-
ment (AMR) code. The total computational domain extends over a
cubic box of size 128 kpc, with a coarse grid of 1-kpc resolution and
adaptive refinement down to 62.5 pc (effective resolution 20483).
We use the HLLC solver and the MonCen slope limiter, refine on
the entire disc and on 10 per cent gradients in density or pressure
or speeds above 0.1c, and assume γ = 5/3 for all phases. This
enables us to study virtually the entire jet–disc system at the finest
resolution. We include the important effect of radiative cooling (as
implemented in the code) for a metallicity Z = 0.5 Z⊙ (Erb 2008),
but exclude gravity and stabilize the disc by imposing a minimum
temperature of 104 K, since we do not include stellar feedback,
making the disc sufficiently stable over the simulated time-scale.

3 SIMULATION RESULTS

The jet inflates two strongly overpressured cavities filled with dif-
fuse jet plasma in the central region of the disc and forms a disc-like
structure of strongly compressed gas in themid-plane due to the syn-
chronous start of the two jets (the evolution is shown in Fig. 3). The
gas in the mid-plane of the disc at larger radii is largely unaffected
by the jet due to the high densities there, while the cavities expand
in the vertical direction and form a pressure-driven blastwave in
the outer layers of the disc and the surrounding halo gas. The jet
beam, however, is still restrained by dense clumps and filaments.
This early phase corresponds to the ‘flood and channel’ and the
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Main	methods	of	measurement

Time-averaged	jet	powers:
• Radio	lobe	energy	content
• X-ray	cavities

Instantaneous	jet	powers:
• Spectral	fitting	of	blazar	models
• Radio	core	shift	method

+	scaling	relations

http://fiveminutemarketing.com/2016/09/marketing-measurement-matters/
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1.	Radio	lobe	energy	content
Steve	Rawlings	&	Richard	Saunders	(1991)

Image	credit:	NRAO/VLA;	Alan	Bridle,	David	Hough,	Colin	Lonsdale,	
Jack	Burns	and	Robert	Laing
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Lobe	energy	content:
• equipartition	between	electrons	and	B
• shape	assumptions
• lower	limit

Age	estimate:
• spectrally	from	cooling	timescales
• ram	pressure	balance	from	X-ray	data
->	velocity
• 0.1c

Note	(Scheuer	1974):	𝑃" ≫ 𝑃-./
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1.	Radio	lobe	energy	content
The	formalism	of	Chris	Willott et	al.	(1999)
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Correction	factors:

• Geometry:	 0
1
= 5, 𝑖 = 60° → 𝑓:*(;

• Spectrum:	𝜈;=> = 10MHz → 𝑓'(1C
• Minimum	energy condition:	𝑓;=>
• Expansion	work:	𝑔*EF
• Bulk and	turbulent energy:	𝑔G*

𝑃" = 𝑓
𝑈).I*
𝑡

1 ≤ 𝑓 ≤ 20

Age	calculation:
• Self-similar	evolution	of	the	lobe
• 𝑛(𝑟PQQ) = 𝑛PQQ𝑟PQQ

ST, 𝛽 ∼ 1.5 (RWB)

parameters were kept the same for both models, see
discussion above) give the overall correction factor f
within boundaries:

1 < f . 20. (8)

Throughout the calculations in this work f = 10 will
be assumed.

With the f value constrained, it is now time to es-
timate the age of a radio source. Let us assume the
electron number density profile of jet’s environment,
at ⇠ 100 kpc from the galaxy core to be a powerlaw
of index � ⇠ 1.5:

n(r100) = n100r
��
100, (9)

where r100 is the distance from galaxy core in units
a0 = 100 kpc. As Falle (1991) notes, there is a char-
acteristic length scale of the jet – environment inter-
action:

L0 =

0

B@

⇣
⇢100a

�
0

⌘2
Pj

2

˙M3
j

1

CA

1/(2��4)

, (10)

where ⇢100 = mPn100 is the mass density corre-
sponding to number density (9) assuming null charge
density, mP is the proton’s mass and ˙Mj is the jet
mass flow rate. Typically, the value of L0 is of the or-
der of 10 pc, much lower than the jet lengths in galac-
tic sources. As a result, no length scale exists for jet –
environment interactions at the location of the bow-
shock around its hot spot, and thus the radio lobes
must follow a self-similar evolution. In that case,
from dimensional analysis (see Kaiser & Alexander
1997; Blundell et al. 1999) the radio source linear size
D (measured from hot-spot to hot-spot) must follow
evolution given by:

D

sin ✓
= 2c1a0t

3/(5��)

✓
Pj

2a50⇢100

◆1/(5��)

, (11)

where c1 is a numerical constant not constrained by
the dimensional analysis. The hot spot advance ve-
locity with regard to the host galaxy (assuming con-
stant kinetic power):

v = sin ✓c1a0t
(��2)/(5��)

⇥
✓

3

5� �

◆✓
Pj

2a50⇢100

◆1/(5��)

. (12)

With the help of eqs. (3), (11) and (12), the value of
c1 can be constrained using:

• jet velocities and sizes from Scheuer (1995),

• constraint t . 10

8 yr, in order for the jet to
be supersonic with regard to the intergalactic
medium (IGM, assumed to have a temperature
of kBTIGM = 2 keV) throughout its lifetime, i.e.
in order for the hot spot to be present through-
out the jet’s lifetime,

• spectral ages of FRIIs in Liu et al. (1992) re-
quiring t & 2 · 106 yr.

For a detailed discussion, see Willott et al. (1999), in
particular their Fig. 6. As a result, the typical values
are c1 = 5.4 for f = 1 and c1 = 2.3 for f = 20.

Finally, all ingredients needed to calculate the jet
power are in place. From eqs. (3) and (11):

PW
j ' (fuminV )

3/2 �
2a50⇢100

��1/2

⇥
✓

D

2 sin ✓c1(f)a0

◆(��5)/2

. (13)

We use the typical values for sources in Scheuer
(1995):

L151 ⇡ 10

35 erg
s sr Hz

, D ⇡ 110 kpc, Pj ⇡ 3 · 1045 erg
s

,

in order to provide normalization. As the jet prop-
agates in a pressurized intergalactic medium, its
power should be measured as enthalpy flux, not the
flux of internal energy (as adopted in Willott et al.
1999). We therefore add an additinal factor of 4/3
(the ratio of enthalpy to internal energy density for
fully relativistic plasma expanding adiabatically) to
the original formula of Willott et al. (1999):

PW
j ' 4⇥ 10

45f3/2 erg/s

⇥
✓

D

110 kpc

◆�4/7+�/2 ✓
c1(f)

5.4

◆(5��)/2

⇥
✓

⇢100
3⇥ 10

�3 m
P

cm3

◆�1/2 ✓
L151

10

35 erg
s sr Hz

◆6/7

. (14)

It is important to note that the average jet power
calculated with the method described above differs
from the instantaneous one. For example, the model
of Blundell et al. (1999), considering a jet with
constant kinetic power and an increase of hot-spot
to lobe pressure ratio with age, predicts that the
jet power calculated using the method of Willott
et al. (1999) systematically overestimates the instan-
taneous power (i.e. PW

j /Pj increases with age). At
the same time a model with Pj decreasing with time
is possible as well, as noted by Willott et al. (1999),

12
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2.	Blazar	models
988 G. Ghisellini and F. Tavecchio

stationary observer with respect to the black hole (lab frame) will
see a flux, integrated over all annuli, given by

Fd(ν) = 2π

∫ 1

µd

I (ν)dµ = 2π

∫ 1

µd

2hν3/c2

exp[hν/(kT )] − 1
dµ, (12)

where µ = cos ξ , and µd is given by

µd = [1 + R2
out/R

2
diss]

−1/2. (13)

In the comoving frame of the blob, frequency is transformed as

ν ′ = bν, b ≡ $(1 − βµ) (14)

and solid angles transform as

d&′ = d&

b2
= 2π

dµ

b2
(15)

where primed quantities are in the comoving frame. The intensities
as seen in the comoving frame transform as

I ′
d(ν ′) = b3Id(ν) = b3Id(ν ′/b). (16)

The specific radiation energy density seen in the comoving frame is

U ′
d(ν ′) = 1

c

∫
I ′

d(ν ′)d&′ = 2π

c

∫ 1

µd

I ′
d(ν ′)
b2

dµ. (17)

3.2 Radiation from the X-ray corona

According to our assumptions, the total radiation energy density
U ′

X of this component is (see e.g. Ghisellini & Madau 1996)

U ′
X = fXLd$

2

πR2
Xc

[
1 − µX − β(1 − µ2

X) + β2

3
(1 − µ3

X)
]

µX = [1 + R2
X/R2

diss]
−1/2 (18)

where RX is the extension of the X-ray corona.

3.3 BLR radiation

Within RBLR, the corresponding energy density seen in the comoving
frame can be approximated as (Ghisellini & Madau 1996)

U ′
BLR ∼ 17$2

12
fBLRLd

4πR2
BLRc

Rdiss < RBLR. (19)

At distances much larger than RBLR, and calling µ = cos α, we have
(see Fig. 1)

U ′
BLR ∼ fBLRLd

4πR2
BLRc

$2

3β
[2(1 − βµ1)3 − (1 − βµ2)3

− (1 − β)3)] Rdiss ≫ RBLR

µ1 = [1 + R2
BLR/R2

diss]
−1/2

µ2 = [1 − R2
BLR/R2

diss]
1/2. (20)

For Rdiss ! RBLR, the exact value of U ′
BLR depends on the width

of the BLR, which is poorly known. For this reason, in the range
RBLR < Rdiss < 3 RBLR we use a simple (power-law) interpolation.

The BLR is assumed to ‘reflect’ (Compton scatter) a fraction
f BLR,X (of the order of 1 per cent) of the corona emission. The ex-
istence of this diffuse X-ray radiation is a natural outcome of pho-
toionization models for the BLR (see e.g. Tavecchio & Ghisellini
2008; Tavecchio & Mazin 2009). The assumed value, f BLR,X ∼
0.01, is the average value found for typical parameters of the clouds.

Figure 1. A sketch illustrating the accretion disc, its X-ray corona, the BLR
and a schematic representation of the IR torus. At the distance Rdiss, the jet
is assumed to dissipate. At this distance, here assumed to be outside the
BLR, we label the relevant angles for calculating the contribution of the
BLR radiation to the corresponding energy density.

3.4 Radiation from the IR torus

This component scales as UBLR, but substituting RBLR with RIR. We
have

U ′
IR ∼ fIRLd $2

4πR2
IRc

Rdiss < RIR. (21)

For Rdiss > RIR, we have the same behaviour as in equation (20),
but with RIR replacing RBLR. In a νF ν plot, the (lab frame) peak
frequency of this component is assumed to be at νIR = 3 ×
1013 Hz (see Cleary et al. 2007), independent of the disc lumi-
nosity, since RIR scales as L

1/2
d . The corresponding temperature is

T IR = hνIR/(3.93k) (we must use the factor of 3.93, instead of the
usual 2.82, because we are using the peak frequency in νF ν). In the
comoving frame, this corresponds to

T ′
IR ∼ 370 b K. (22)

3.5 Radiation from the host galaxy bulge

The bulge of the galaxy hosting the blazar can be a non-negligible
emitter of ambient optical radiation (see e.g. Stawarz, Sikora &
Ostrowski 2003). Within the bulge radius Rstar emitting a luminosity
Lstar, we have

U ′
star = $2 Lstar

4πR2
starc

. (23)
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A	one-zone	blazar	model:
• Accretion	disk
• X-ray	corona
• BLR,	IR	torus
• CMB
• Internal	B	(synchrotron)

Ghisellini &	Tavecchio (2009)

SSC,	EC

998 G. Ghisellini and F. Tavecchio

Figure 13. Top panel: the SED of one of the most distant blazars, together
to three different models with different Rdiss (see Table 1 for the set of
parameters) to illustrate possible different states of the source. See Fabian
et al. (2001) and references therein for the sources of data, and Celotti et al.
(2007) for further discussion about this source.

ratio is still ∼100, corresponding now to the ratio between U ′
IR and

U ′
B, as can be seen in the bottom panel.
Instead, if Rdiss is at 150 Schwarzschild radii, the SED changes

more dramatically. Since in this case the bulk Lorentz factor is
smaller and the magnetic field larger, the inverse Compton and syn-
chrotron powers become comparable (see the bottom panel, show-
ing that for this Rdiss we have U ′

B ∼ U ′
d). The X-ray spectrum softens

considerably; in the IR–UV band the flux increases (because of the
increased magnetic field) even if the bolometric observed luminos-
ity decreases because of the decreased Doppler boosting. The fact
that we did not see this kind of SED in GB 1428+4217 suggests
that this state rarely occurs. This is particularly true considering that
this blazar was not discovered because it was particularly bright in

Figure 14. Top panel: the SED PKS 2149–307 together to three different
models (see Table 1 for the set of parameters) to illustrate possible different
states of the source. These relatively distant, close to Eddington, high black
hole mass blazars should be at the extreme of the blazar sequence, showing
a high-energy peak in the 100 keV–1 MeV energy band. Note that if the
dissipation takes place very close to the black hole, when the jet is still ac-
celerating and with a strong magnetic field, the resulting spectrum becomes
unconspicuous at high energies, even if the intrinsic dissipated power is the
same of the higher states.

hard X-rays or in the γ -ray band, so there was no bias against a soft
X-ray spectrum.

We finally consider PKS 2149-307 at z = 2.345, as observed
by the X-Ray Telescope (XRT) and Burst Alert Telescope (BAT)
instruments onboard Swift during its first nine months of ob-
servations (Sambruna et al. 2007). Fig. 14 shows its SED (top
panel) and the profiles of the radiation and magnetic energy den-
sities for the considered models (bottom panels). As done for GB
1428+4217, we show what we considered the best-fitting model
(black line in the top panel) corresponding to Rdiss = 9.6 × 1017 cm
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 Ghisellini &	Tavecchio (2009)

Fit	parameters:	𝑀YZ, 𝐿/, 𝑅/=II, 𝑃=>",
𝐵, Γ;.E, Θ", 𝛾), 𝛾;.E, 𝑝b

𝑃=, 𝑃*, 𝑃Y, 𝑃-./, 𝑃"

𝑃)('~𝑃d
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3.	Radio	core	shift	method
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Extended	jet	model:
• Γ, Θ = 𝑐𝑜𝑛𝑠𝑡.
• 𝑁* ∝ 𝑧SbγSl
• 𝐵 ∝ 𝑧SP

2 A. A. Zdziarski et al.

Lubiński & Sikora (2012)1 (hereafter ZLS12). The jet emits above
some minimum height, h0, over its length. Its synchrotron spectrum
consists of a low-frequency part, which is optically thick to syn-
chrotron self-absorption up to some height and the rest is optically
thin, and a high-frequency part, which is optically thin. The bound-
ary between these two parts is called the turnover frequency, νt, and
its value depends on h0. The partially optically-thick regime has the
energy spectral index of 0, and thus Fν = constant at ν <∼ νt. The
model of BK79 assumes conservation of the relativistic-electron
flux and the toroidal magnetic energy flux in a jet for which both
the bulk Lorentz factor, Γj, and the (half) opening angle, Θj, are
constant. This implies

K(h) = K0(h/h0)−2, B(h) = B0(h/h0)−1, N(γ, h) = K(h)γ−p, (1)

where N is the electron distribution, K is its normalization, γ the
Lorentz factor of electrons, γmin < γ ≤ γmax, and p the electron
index.

Often, we know neither νt nor h0. However, in the partially
optically-thick regime, which we consider here, the emission at
a given frequency is mostly emitted by a narrow range of height,
peaking at z ∝ ν−1. Thus, the actual value of h0 is of no importance
for emission below the turnover, νt. Therefore, we can parameter-
ize the jet using the dependences (1) down to an arbitrary position,
which we take at the gravitational radius, rg ≡ GM/c2 (where M is
the BH mass). We denote the values of B and K at h = rg as Bg,
Kg, respectively. We stress that this does not imply any jet emission
there and merely provides a convenient parameterization. Then, we
have

K(h) = Kg(h/rg)−2, B(h) = Bg(h/rg)−1, νt(h0) = νg(h0/rg)−1,(2)

where νg is the turnover frequency at h0 = rg.
The peak flux per unit h is emitted at h ≃ rgνg/ν. This follows,

e.g., from equation (21) of ZLS12, which gives the jet observed
flux following from the equation of radiative transfer, and which
integrand gives the spatial profile of the emission. We can calculate
those profiles in the optically thick and thin regimes, which give
dF/dh ∝ h3/2 and ∝ h−(1+p)/2, respectively, see Fig. 1, and the in-
tersection at h = (π/4)2/(p+4)rgνg/ν, where the numerical factor is
indeed close to unity for the usual p > 1. Then, we can use the
condition of the self-absorption optical depth at rg being unity for
νg, which can be obtained, e.g., from equation (23) of ZLS12,
[
(1 + z)hPνg

mec2

] p+4
2

=
πC2(p)σTKgrg tanΘj

αf sin i

(
δBg

Bcr

) p+2
2

, (3)

where hP is the Planck constant, me is the electron rest mass, σT

is the Thomson cross section, Bcr = 2πm2
ec3/(ehP) is the critical

magnetic field, αf is the fine-structure constant, C2(2, 3) = 2/3, 1,
respectively, is a coefficient (for tangled B) defined in ZLS12, z is
the redshift, δ = [Γj(1 − βj cos i)]−1 is the Doppler factor, i is the
viewing angle, and βjc is the jet bulk velocity. (We follow here the
notation of ZLS12 except that we denote the Doppler factor by δ,
and the jet height by h.)

The core shift between two frequencies along the jet is,

1 Since the work of ZLS12 primarily concerns jets in BH binaries, their
expressions do not include dependences on the cosmological redshift. To
include them, the right-hand sides of equations (18) and (21) in ZLS12 need
to be multiplied by (1+z), and that of equation (22), by (1+z)7/2. The powers
of (1 + z) in remaining formulae follow from that, and they are −(p + 4)/2
in equation (23), (3 − p)/2 in equation (24), and (p − 3)/2 in equation (26).
Also, the power of the Doppler factor in equation (26) has been misprinted
during typesetting; it should be −(p + 3)/2.

1016 1017 1018 1019 1020
1020

1021

1022

1023

h !cm"

dΝ
F
Ν
#d
ln
h

Figure 1. An example of the dependences of jet radio flux per unit ln h at
three different frequencies, 2, 8 and 32 GHz shown by the blue dotted, red
dashed and black solid curves, respectively. In this representation, the rel-
ative contribution of different height ranges is proportional to the plotted
curves. The peaks correspond to the position of the radio core. In this ex-
ample, p = 2 and the jet emits above h0 ≃ 3×1013 cm. At this height, the jet
is optically thin at ν > νg ≃ 3 × 1014 Hz; the plotted curves are insensitive
to this value.

∆h =
DL∆θ

(1 + z)2 sin i
= rgνg(ν−1

1 − ν−1
2 ), (4)

where ∆θ is the observed angular shift and DL is the luminosity
distance. Here we can substitute νg of equation (3) to get ∆h in
terms of Kg and Bg. On the other hand, the quantity defined by
Lobanov (1998) and often reported in literature (e.g., in Pushkarev
et al. 2012 and Z14) for the core shift is

Ωrν ≡ 1 mas
DL[pc]∆θ[mas]

(ν1[GHz]−1 − ν2[GHz]−1)(1 + z)2 , (5)

which is the shift in pc per unit 1/ν difference in GHz−1. Since in
our new method of measuring B, equation (8) below, we use sepa-
rately DL and ∆θ/(ν−1

1 − ν−1
2 ), we can calculate the latter using DL

calculated with the same cosmological parameters as those used by
the original authors. Since we analyse below the sample of Z14,
who used Ωrν from Pushkarev et al. (2012), we use the same pa-
rameters as they, ΩΛ = 0.73, Ωm = 0.27 and H0 = 71 km/(s Mpc).

Lobanov (1998) and Hirotani (2005) assumed a degree of
equipartition between the relativistic electrons and magnetic field.
To quantify deviations from it, we use a convenient, but non-
standard, definition of the plasma β parameter, in terms of energy
densities rather than pressures,

β ≡ up

B2/8π
=

Kmec2(1 + k) f
B2/8π

, f =

⎧⎪⎪⎨
⎪⎪⎩

γ
2−p
max−γ

2−p
min

2−p , p ! 2;
ln γmax
γmin
, p = 2,

(6)

where up is the particle energy density and k takes into account the
energy density in particles other than the power-law electrons, in
particular in ions (excluding the rest energy). We use such a defi-
nition because the magnetic pressure depends on the field config-
uration, being B2/8π and B2/24π and for a toroidal field and fully
tangled field, respectively, e.g., Leahy (1991), as well as the particle
pressure depends on its adiabatic index, while the energy densities
do not depend on those. Furthermore, the energy density ratio is
customarily used for defining equipartition in astrophysics.

From the above definition and K/B2 = Kg/B2
g, we obtain the

magnetic field strength (in the comoving frame) at the height h
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32GHz

8GHz

2GHz

Peak	of	synchrotron	emission	at	frequency	𝜈
𝑟m(-* ∝ 𝜈SP/Go ∼ 𝜈SP

The	core	shift	measure	(Lobanov 1998)

Ω-q = 1𝑚𝑎𝑠
𝐷u 𝑝𝑐 ΔΘ[𝑚𝑎𝑠]

𝜈P 𝐺𝐻𝑧 SP − 𝜈b 𝐺𝐻𝑧 SP 1 + 𝑧 b

Image:	VLBI;	Z.	Paragi,	I.	Fejes,	S.	Frey;
IVS	2000	General	Meeting	Proceedings
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3.	Radio	core	shift	method2 A. A. Zdziarski et al.

Lubiński & Sikora (2012)1 (hereafter ZLS12). The jet emits above
some minimum height, h0, over its length. Its synchrotron spectrum
consists of a low-frequency part, which is optically thick to syn-
chrotron self-absorption up to some height and the rest is optically
thin, and a high-frequency part, which is optically thin. The bound-
ary between these two parts is called the turnover frequency, νt, and
its value depends on h0. The partially optically-thick regime has the
energy spectral index of 0, and thus Fν = constant at ν <∼ νt. The
model of BK79 assumes conservation of the relativistic-electron
flux and the toroidal magnetic energy flux in a jet for which both
the bulk Lorentz factor, Γj, and the (half) opening angle, Θj, are
constant. This implies

K(h) = K0(h/h0)−2, B(h) = B0(h/h0)−1, N(γ, h) = K(h)γ−p, (1)

where N is the electron distribution, K is its normalization, γ the
Lorentz factor of electrons, γmin < γ ≤ γmax, and p the electron
index.

Often, we know neither νt nor h0. However, in the partially
optically-thick regime, which we consider here, the emission at
a given frequency is mostly emitted by a narrow range of height,
peaking at z ∝ ν−1. Thus, the actual value of h0 is of no importance
for emission below the turnover, νt. Therefore, we can parameter-
ize the jet using the dependences (1) down to an arbitrary position,
which we take at the gravitational radius, rg ≡ GM/c2 (where M is
the BH mass). We denote the values of B and K at h = rg as Bg,
Kg, respectively. We stress that this does not imply any jet emission
there and merely provides a convenient parameterization. Then, we
have

K(h) = Kg(h/rg)−2, B(h) = Bg(h/rg)−1, νt(h0) = νg(h0/rg)−1,(2)

where νg is the turnover frequency at h0 = rg.
The peak flux per unit h is emitted at h ≃ rgνg/ν. This follows,

e.g., from equation (21) of ZLS12, which gives the jet observed
flux following from the equation of radiative transfer, and which
integrand gives the spatial profile of the emission. We can calculate
those profiles in the optically thick and thin regimes, which give
dF/dh ∝ h3/2 and ∝ h−(1+p)/2, respectively, see Fig. 1, and the in-
tersection at h = (π/4)2/(p+4)rgνg/ν, where the numerical factor is
indeed close to unity for the usual p > 1. Then, we can use the
condition of the self-absorption optical depth at rg being unity for
νg, which can be obtained, e.g., from equation (23) of ZLS12,
[
(1 + z)hPνg

mec2

] p+4
2

=
πC2(p)σTKgrg tanΘj

αf sin i

(
δBg

Bcr

) p+2
2

, (3)

where hP is the Planck constant, me is the electron rest mass, σT

is the Thomson cross section, Bcr = 2πm2
ec3/(ehP) is the critical

magnetic field, αf is the fine-structure constant, C2(2, 3) = 2/3, 1,
respectively, is a coefficient (for tangled B) defined in ZLS12, z is
the redshift, δ = [Γj(1 − βj cos i)]−1 is the Doppler factor, i is the
viewing angle, and βjc is the jet bulk velocity. (We follow here the
notation of ZLS12 except that we denote the Doppler factor by δ,
and the jet height by h.)

The core shift between two frequencies along the jet is,

1 Since the work of ZLS12 primarily concerns jets in BH binaries, their
expressions do not include dependences on the cosmological redshift. To
include them, the right-hand sides of equations (18) and (21) in ZLS12 need
to be multiplied by (1+z), and that of equation (22), by (1+z)7/2. The powers
of (1 + z) in remaining formulae follow from that, and they are −(p + 4)/2
in equation (23), (3 − p)/2 in equation (24), and (p − 3)/2 in equation (26).
Also, the power of the Doppler factor in equation (26) has been misprinted
during typesetting; it should be −(p + 3)/2.
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1021
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h

Figure 1. An example of the dependences of jet radio flux per unit ln h at
three different frequencies, 2, 8 and 32 GHz shown by the blue dotted, red
dashed and black solid curves, respectively. In this representation, the rel-
ative contribution of different height ranges is proportional to the plotted
curves. The peaks correspond to the position of the radio core. In this ex-
ample, p = 2 and the jet emits above h0 ≃ 3×1013 cm. At this height, the jet
is optically thin at ν > νg ≃ 3 × 1014 Hz; the plotted curves are insensitive
to this value.

∆h =
DL∆θ

(1 + z)2 sin i
= rgνg(ν−1

1 − ν−1
2 ), (4)

where ∆θ is the observed angular shift and DL is the luminosity
distance. Here we can substitute νg of equation (3) to get ∆h in
terms of Kg and Bg. On the other hand, the quantity defined by
Lobanov (1998) and often reported in literature (e.g., in Pushkarev
et al. 2012 and Z14) for the core shift is

Ωrν ≡ 1 mas
DL[pc]∆θ[mas]

(ν1[GHz]−1 − ν2[GHz]−1)(1 + z)2 , (5)

which is the shift in pc per unit 1/ν difference in GHz−1. Since in
our new method of measuring B, equation (8) below, we use sepa-
rately DL and ∆θ/(ν−1

1 − ν−1
2 ), we can calculate the latter using DL

calculated with the same cosmological parameters as those used by
the original authors. Since we analyse below the sample of Z14,
who used Ωrν from Pushkarev et al. (2012), we use the same pa-
rameters as they, ΩΛ = 0.73, Ωm = 0.27 and H0 = 71 km/(s Mpc).

Lobanov (1998) and Hirotani (2005) assumed a degree of
equipartition between the relativistic electrons and magnetic field.
To quantify deviations from it, we use a convenient, but non-
standard, definition of the plasma β parameter, in terms of energy
densities rather than pressures,

β ≡ up

B2/8π
=

Kmec2(1 + k) f
B2/8π

, f =

⎧⎪⎪⎨
⎪⎪⎩

γ
2−p
max−γ

2−p
min

2−p , p ! 2;
ln γmax
γmin
, p = 2,

(6)

where up is the particle energy density and k takes into account the
energy density in particles other than the power-law electrons, in
particular in ions (excluding the rest energy). We use such a defi-
nition because the magnetic pressure depends on the field config-
uration, being B2/8π and B2/24π and for a toroidal field and fully
tangled field, respectively, e.g., Leahy (1991), as well as the particle
pressure depends on its adiabatic index, while the energy densities
do not depend on those. Furthermore, the energy density ratio is
customarily used for defining equipartition in astrophysics.

From the above definition and K/B2 = Kg/B2
g, we obtain the

magnetic field strength (in the comoving frame) at the height h
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𝜋
4

b
F�� ℎ:𝜈:
ν ∼ ℎ 𝜏q = 1

𝜈Q is	the	turnover	frequency	at	ℎQ:

1 + 𝑧 ℎ�𝜈:
𝑚*𝑐b

F��
b
=
𝜋𝐶b 𝑝 𝜎�𝐾:ℎ:𝑡𝑎𝑛Θ"

𝛼�𝑠𝑖𝑛𝑖
𝛿𝐵:
𝐵m-

F�b
b

More	measurements	/	assumptions	needed:
• Θ"Γ" ∼ 0.1 − 0.2,	Γ" (observations)

• equipartition	(Lobanov 1998,	Hirotani 2000)
• opening	angle	(Slish 1963,	Williams	1963,	Hirotani 2005)
• flux	at	𝛼 = 0	(Zdziarski et	al.	2015)

• 𝜎Y ≃
����
I

b
for	𝐵� ↔ 𝐵� relation	(Tchekhovskoy et	al.	2009)

𝑃Y, P�
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4.	X-ray	cavities
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m
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Cavities	observed	in	ICM	around	AGN:
(Perseus	- Boehringer et	al.	1993,	Cyg A	– Carilli,	Perley &	Harris	1994;
Hydra	A	– McNamara	et	al.	2000)
• Almost	devoid	of	X-ray	gas
• Aligned	with	radio	emission
• Shock	features

Gas	displaced	by	expanding	radio	source

Heinz,	Reynolds	&	Begelman (1998)

McNamara	et	al.	(2000)

Jet	power	measure

𝑃" ≃
𝑛 ⋅ 𝑃𝑉
𝑡 , 𝑛 ∼ 4
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5.	Scaling	relations

• 𝛾-ray	luminosity	(Ghisellini et	al.	2014)

• various	scaling	relations

with	radio	luminosities

(e.g.	Cavagnolo et	al	2010)
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Figure 13. Top panel: the SED of one of the most distant blazars, together
to three different models with different Rdiss (see Table 1 for the set of
parameters) to illustrate possible different states of the source. See Fabian
et al. (2001) and references therein for the sources of data, and Celotti et al.
(2007) for further discussion about this source.

ratio is still ∼100, corresponding now to the ratio between U ′
IR and

U ′
B, as can be seen in the bottom panel.
Instead, if Rdiss is at 150 Schwarzschild radii, the SED changes

more dramatically. Since in this case the bulk Lorentz factor is
smaller and the magnetic field larger, the inverse Compton and syn-
chrotron powers become comparable (see the bottom panel, show-
ing that for this Rdiss we have U ′

B ∼ U ′
d). The X-ray spectrum softens

considerably; in the IR–UV band the flux increases (because of the
increased magnetic field) even if the bolometric observed luminos-
ity decreases because of the decreased Doppler boosting. The fact
that we did not see this kind of SED in GB 1428+4217 suggests
that this state rarely occurs. This is particularly true considering that
this blazar was not discovered because it was particularly bright in

Figure 14. Top panel: the SED PKS 2149–307 together to three different
models (see Table 1 for the set of parameters) to illustrate possible different
states of the source. These relatively distant, close to Eddington, high black
hole mass blazars should be at the extreme of the blazar sequence, showing
a high-energy peak in the 100 keV–1 MeV energy band. Note that if the
dissipation takes place very close to the black hole, when the jet is still ac-
celerating and with a strong magnetic field, the resulting spectrum becomes
unconspicuous at high energies, even if the intrinsic dissipated power is the
same of the higher states.

hard X-rays or in the γ -ray band, so there was no bias against a soft
X-ray spectrum.

We finally consider PKS 2149-307 at z = 2.345, as observed
by the X-Ray Telescope (XRT) and Burst Alert Telescope (BAT)
instruments onboard Swift during its first nine months of ob-
servations (Sambruna et al. 2007). Fig. 14 shows its SED (top
panel) and the profiles of the radiation and magnetic energy den-
sities for the considered models (bottom panels). As done for GB
1428+4217, we show what we considered the best-fitting model
(black line in the top panel) corresponding to Rdiss = 9.6 × 1017 cm
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Figure 1. Cavity power vs. radio power. Orange triangles represent the galaxy clusters and groups sample from B08. Filled circles represent our sample of gEs with
colors representing the cavity system figure of merit (see Section 3.1): green = “A,” blue = “B,” and red = “C.” The dotted red lines represent the best-fit power-law
relations presented in B08 using only the orange triangles. The dashed black lines represent our BCES best-fit power-law relations. Left: cavity power vs. 1.4 GHz
radio power. Right: cavity power vs. 200–400 MHz radio power.
(A color version of this figure is available in the online journal.)

gE, the fluxes of the individual catalog sources were added and
the associated uncertainties summed in quadrature.

Archival VLA data for each source were also reduced
and analyzed. The continuum VLA data were reduced using
a customized version of the NRAO VLA Archive Survey
reduction pipeline. In the cases where high-resolution VLA
archival data are available, multifrequency images were used to
confirm the connection between NVSS detections and the host
gE. Images at 1.4 GHz were further used to check NVSS fluxes.
We found flux agreement for most sources, the exceptions being
IC 4296 and NGC 4782, where the NVSS flux is approximately
a factor of 2 lower. The radio lobes for IC 4296 and NGC
4782 contain significant power in diffuse, extended emission
which is not detected in NVSS because the NVSS flux limit is
higher than the archival observations used. For these sources,
the fluxes measured from the archival VLA data are used in
our analysis. For the systems where nuclear radio emission was
resolved from lobe emission, we found Sν0,nucleus/Sν0,lobe < 0.2,
suggesting that the nuclear contribution to the low-resolution
NVSS measurements has a small impact on our results. NGC
6269 appeared to be the exception with Sν0,nucleus/Sν0,lobe ≈ 1;
however, this is based upon the NVSS data only.

B08 found that a lower scatter Pjet–Pradio relation resulted
when 327 MHz radio data were used instead of 1400 MHz
radio data. We therefore decided to test this using our sample
of gEs. Unfortunately, the quality and availability of 327 MHz
data for our gE sample were not ideal, thus we gathered low-
frequency radio fluxes from the CATS database (Verkhodanov
et al. 1997). The CATS database is a compilation of more than
350 radio catalogs (e.g., WENSS, WISH, TXS, B3). For each
gE, the CATS database was searched in the frequency range
200–400 MHz for a counterpart to the NVSS and SUMSS
sources. Of the 21 gEs in our sample, 17 of them were found
to have a radio source in the CATS database. CATS does not
provide images for visual inspection and is composed of catalogs
having a variety of spatial resolutions and flux limits. Thus, the
200–400 MHz radio powers shown in Figure 1 may include
some contribution from background sources.

4. RESULTS AND DISCUSSION

4.1. Pjet–Pradio Scaling Relations

The results from the X-ray and radio data analysis are
shown in the plots of Pcav–P1.4 and Pcav–P200−400 presented
in Figure 1. A figure of merit (FM) was assigned to each set
of cavities through visual inspection, shown with color coding
in Figure 1. To give context to each FM, we supply a well-
known cluster system as an example. FM-A cavities have well-
defined boundaries and are coincident with radio emission which
can be traced back to an AGN (e.g., Perseus); FM-B cavities
are coincident with radio emission from an AGN but lack
well-defined boundaries (e.g., A2597); and FM-C cavities have
poorly-defined boundaries and their connection to AGN radio
activity is unclear (e.g., A1795). FM-C cavities are excluded
from all fitting, as are a subset of objects we have defined as
being poorly confined (discussed in Section 4.3 and excluded
from Figure 1).

Figure 1 shows a continuous, power-law relationship between
cavity power and radio power spanning 8 orders of magnitude
in radio power and 6 orders of magnitude in cavity power. To
determine the form of the power-law relation, we performed
linear fits in log space for each frequency regime using the
bivariate correlated error and intrinsic scatter (BCES) algorithm
(Akritas & Bershady 1996). The orthogonal BCES algorithm
takes in asymmetric uncertainties for both variables, assumes the
presence of intrinsic scatter, and performs a linear least-squares
regression which minimizes the squared orthogonal distance
to the best-fit relation. Parameter uncertainties were calculated
using 10,000 Monte Carlo bootstrap resampling trials. Our
fits differ from the method used in B08 which minimized the
distance in the Pcav coordinate.

The best-fit log-space orthogonal BCES relations are

log Pcav = 0.75(±0.14) log P1.4 + 1.91(±0.18) (1)

log Pcav = 0.64(±0.09) log P200−400 + 1.54(±0.12), (2)
where Pcav is in units 1042 erg s−1and P1.4 and P200−400
are in units 1040 erg s−1. The scatter for each relation is



Blazar	models	agree	with	radio	
core	shifts

6 Pjanka et al.

Figure 3. The comparison of jet powers calculated using di↵erent methods
and cross-matched samples, as specified below the panels. The numbers in
parentheses give the number of sources in each sample.

Figure 3. Continued.

Figure 4. The comparison of distributions of the jet production e�ciency
calculated using di↵erent methods, described below each histogram. The
numbers in parentheses give the number of sources in each sample.

MNRAS 000, 1–9 (2016)

logPQ
𝑃mI
𝑃�=¡

= 0.0 ± 0.4

Pjanka,	Zdziarski &	Sikora (2016)	in	prep.

Pushkarev et	al.	(2012)
Ghisellini et	al.	(2014)
Zamaninasab et	al.	(2014)

Combined	samples:
• ΔΘ < 1°
• ¤�

�
< 0.1

The	power	of	extragalactic	jets	- Patryk	Pjanka 12



Radio	lobe	method	<	X-ray	cavities
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Radio	lobe	method	<	Blazar	model	fits
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Possible	interpretations

• Intermittency • Pair	content
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Figure 3. The comparison of jet powers calculated using di↵erent methods
and cross-matched samples, as specified below the panels. The numbers in
parentheses give the number of sources in each sample.

Figure 3. Continued.

Figure 4. The comparison of distributions of the jet production e�ciency
calculated using di↵erent methods, described below each histogram. The
numbers in parentheses give the number of sources in each sample.
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Summary

• Multiple	ways	to	measure
jet	power:
• Radio	lobes
• Radio	core	shift
• Blazar	models
• X-ray	cavities

• Inconsistencies	remain	
→ hints	on	jet	physics!
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Magnetic	field	power	vs	height
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estimates are:

hlog10 �Bi = �1.34, ��
B

= 0.62

for �j = �

G
j , Pj = PG

j , PB = PCS,P
B

(Pushkarev + Ghisellini) ;

hlog10 �Bi = �1.29, ��
B

= 0.39

for �j = �

G
j , Pj = PG

j , PB = PG
B

(Ghisellini) ;

(38)

for the remaining datasets in order of the legend of
Fig. 13. We therefore arrive at a conclusion that
�B ⇠ 10

�2, consistently with the results of Zdziarski
et al. (2015). As the magnetic jet ejection models
predict � � 1 at the jet ejection region, if those
models are correct, a mechanism must exist to ex-
tremely efficiently lower the value of the magnetiza-
tion parameter between these places – this is in fact
supported by higher �B measured by SED fitting at
the blazar zone.

The magnetization parameter has been tested for
possible correlations with jet power and the jet pro-
duction efficiency. The results are shown in Figs.
14 and 15, respectively. We disregard the apparent
trend of �B with total jet power for the sample with
magnetic energy flux from radio core shifts’ measure-
ment and total jet power from SED fitting – it may
be an artefact introduced by mixing those methods.
Therefore, the only significant trend seem to be for
�B to decrease with jet efficiency for jet parameters
from Ghisellini et al. (2014):

log10 �
G
B = (�1.1± 0.19) log10 ⌘

G
j

+ (�1.4± 0.1). (39)

This relation has been fitted by a powerlaw in a
manner analogous to the treatment of jet power es-
timators in Sect. 4.2. The slope is consistent with
�B / ⌘�1

j . If PB ⌧ Pj is assumed, this results in
PB / ˙Mc2 for SED-fitted powers.

5.4 Evolution of the flow parameters

along the jet

Pushkarev et al. (2012) reports the values of shifts
between radio cores in four frequencies: 8.1, 8.4, 12.1
and 15.4 GHz. In principle, this should allow us to
perform all the calculations facilitating the radio core

shift for two adjoining pairs of frequencies: 8.1�12.4
GHz and 12.1 � 15.4 GHz (the frequencies 8.1 and
8.4 GHz seem too close to provide a meaningful radio
core shift measurement for the data of Pushkarev
et al. (2012)). As a result, we would obtain the values
of magnetic field, jet power, and other parameters in
regions of the jet delimited by the radio cores in these
pairs of frequencies (where the distance of the radio
core from the black hole is / ⌫�1).

Figure 18: Evolution of the jet magnetic power de-
pending on the radio core shift frequency pair / jet
region probed by the radio core shift measurements
of Pushkarev et al. (2012). Only results with val-
ues above their respective uncertainties are shown.
�j = 13 has been assumed, although using �j =q

1 + �2
app with �app from Zamaninasab et al. (2014)

produce similar results.

From Fig. 18 one can get an impression that the mag-
netic field is generally decaying with distance from
the black hole (as one could expect from the transi-
tion of magnetic energy flux the the kinetic energy
of the particles). This is confirmed by the ratios of
magnetic energy fluxes in higher to those in lower
region of the jet, Fig. 19. The logarithm of geomet-
ric average and standard deviations of logarithms of
these ratios are as follows:

⌧
log10

PB,8.1�12.1 GHz

PB,12.1�15.4 GHz

�
= �0.37, � = 0.4. (40)

These observations suggest that indeed the magnetic
fields in AGN jets are on average decaying, which
is consistent with dissipation of magnetic energy as
the particle acceleration mechanism in the jet (e.g.
Komissarov et al. 2009; Lyubarsky 2010), as opposed
to shock acceleration, which would predict an oppo-
site trend (e.g. Malzac 2013). Moreover, this process

27

2 A. A. Zdziarski et al.

Lubiński & Sikora (2012)1 (hereafter ZLS12). The jet emits above
some minimum height, h0, over its length. Its synchrotron spectrum
consists of a low-frequency part, which is optically thick to syn-
chrotron self-absorption up to some height and the rest is optically
thin, and a high-frequency part, which is optically thin. The bound-
ary between these two parts is called the turnover frequency, νt, and
its value depends on h0. The partially optically-thick regime has the
energy spectral index of 0, and thus Fν = constant at ν <∼ νt. The
model of BK79 assumes conservation of the relativistic-electron
flux and the toroidal magnetic energy flux in a jet for which both
the bulk Lorentz factor, Γj, and the (half) opening angle, Θj, are
constant. This implies

K(h) = K0(h/h0)−2, B(h) = B0(h/h0)−1, N(γ, h) = K(h)γ−p, (1)

where N is the electron distribution, K is its normalization, γ the
Lorentz factor of electrons, γmin < γ ≤ γmax, and p the electron
index.

Often, we know neither νt nor h0. However, in the partially
optically-thick regime, which we consider here, the emission at
a given frequency is mostly emitted by a narrow range of height,
peaking at z ∝ ν−1. Thus, the actual value of h0 is of no importance
for emission below the turnover, νt. Therefore, we can parameter-
ize the jet using the dependences (1) down to an arbitrary position,
which we take at the gravitational radius, rg ≡ GM/c2 (where M is
the BH mass). We denote the values of B and K at h = rg as Bg,
Kg, respectively. We stress that this does not imply any jet emission
there and merely provides a convenient parameterization. Then, we
have

K(h) = Kg(h/rg)−2, B(h) = Bg(h/rg)−1, νt(h0) = νg(h0/rg)−1,(2)

where νg is the turnover frequency at h0 = rg.
The peak flux per unit h is emitted at h ≃ rgνg/ν. This follows,

e.g., from equation (21) of ZLS12, which gives the jet observed
flux following from the equation of radiative transfer, and which
integrand gives the spatial profile of the emission. We can calculate
those profiles in the optically thick and thin regimes, which give
dF/dh ∝ h3/2 and ∝ h−(1+p)/2, respectively, see Fig. 1, and the in-
tersection at h = (π/4)2/(p+4)rgνg/ν, where the numerical factor is
indeed close to unity for the usual p > 1. Then, we can use the
condition of the self-absorption optical depth at rg being unity for
νg, which can be obtained, e.g., from equation (23) of ZLS12,
[
(1 + z)hPνg

mec2

] p+4
2

=
πC2(p)σTKgrg tanΘj

αf sin i

(
δBg

Bcr

) p+2
2

, (3)

where hP is the Planck constant, me is the electron rest mass, σT

is the Thomson cross section, Bcr = 2πm2
ec3/(ehP) is the critical

magnetic field, αf is the fine-structure constant, C2(2, 3) = 2/3, 1,
respectively, is a coefficient (for tangled B) defined in ZLS12, z is
the redshift, δ = [Γj(1 − βj cos i)]−1 is the Doppler factor, i is the
viewing angle, and βjc is the jet bulk velocity. (We follow here the
notation of ZLS12 except that we denote the Doppler factor by δ,
and the jet height by h.)

The core shift between two frequencies along the jet is,

1 Since the work of ZLS12 primarily concerns jets in BH binaries, their
expressions do not include dependences on the cosmological redshift. To
include them, the right-hand sides of equations (18) and (21) in ZLS12 need
to be multiplied by (1+z), and that of equation (22), by (1+z)7/2. The powers
of (1 + z) in remaining formulae follow from that, and they are −(p + 4)/2
in equation (23), (3 − p)/2 in equation (24), and (p − 3)/2 in equation (26).
Also, the power of the Doppler factor in equation (26) has been misprinted
during typesetting; it should be −(p + 3)/2.
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Figure 1. An example of the dependences of jet radio flux per unit ln h at
three different frequencies, 2, 8 and 32 GHz shown by the blue dotted, red
dashed and black solid curves, respectively. In this representation, the rel-
ative contribution of different height ranges is proportional to the plotted
curves. The peaks correspond to the position of the radio core. In this ex-
ample, p = 2 and the jet emits above h0 ≃ 3×1013 cm. At this height, the jet
is optically thin at ν > νg ≃ 3 × 1014 Hz; the plotted curves are insensitive
to this value.

∆h =
DL∆θ

(1 + z)2 sin i
= rgνg(ν−1

1 − ν−1
2 ), (4)

where ∆θ is the observed angular shift and DL is the luminosity
distance. Here we can substitute νg of equation (3) to get ∆h in
terms of Kg and Bg. On the other hand, the quantity defined by
Lobanov (1998) and often reported in literature (e.g., in Pushkarev
et al. 2012 and Z14) for the core shift is

Ωrν ≡ 1 mas
DL[pc]∆θ[mas]

(ν1[GHz]−1 − ν2[GHz]−1)(1 + z)2 , (5)

which is the shift in pc per unit 1/ν difference in GHz−1. Since in
our new method of measuring B, equation (8) below, we use sepa-
rately DL and ∆θ/(ν−1

1 − ν−1
2 ), we can calculate the latter using DL

calculated with the same cosmological parameters as those used by
the original authors. Since we analyse below the sample of Z14,
who used Ωrν from Pushkarev et al. (2012), we use the same pa-
rameters as they, ΩΛ = 0.73, Ωm = 0.27 and H0 = 71 km/(s Mpc).

Lobanov (1998) and Hirotani (2005) assumed a degree of
equipartition between the relativistic electrons and magnetic field.
To quantify deviations from it, we use a convenient, but non-
standard, definition of the plasma β parameter, in terms of energy
densities rather than pressures,

β ≡ up

B2/8π
=

Kmec2(1 + k) f
B2/8π

, f =

⎧⎪⎪⎨
⎪⎪⎩

γ
2−p
max−γ

2−p
min

2−p , p ! 2;
ln γmax
γmin
, p = 2,

(6)

where up is the particle energy density and k takes into account the
energy density in particles other than the power-law electrons, in
particular in ions (excluding the rest energy). We use such a defi-
nition because the magnetic pressure depends on the field config-
uration, being B2/8π and B2/24π and for a toroidal field and fully
tangled field, respectively, e.g., Leahy (1991), as well as the particle
pressure depends on its adiabatic index, while the energy densities
do not depend on those. Furthermore, the energy density ratio is
customarily used for defining equipartition in astrophysics.

From the above definition and K/B2 = Kg/B2
g, we obtain the

magnetic field strength (in the comoving frame) at the height h

c⃝ 2015 RAS, MNRAS 000, 1–9
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Comparison	of	methods

Radio	lobe	energy	content:
• +	relatively	easy
• - the	f-factor
• - require	well-defined	lobe	structure

Blazar	models:
• +	accounts	for	the	physics
• +	less	assumptions
• - simplified	models
• - broad	SED	coverage	required

Radio	core	shift:
• +	accounts	for	the	physics
• +	less	assumptions
• - simplified	models
• - observational	difficulty

X-ray	cavities:
• +	directly	coupled	to	AGN	feedback	
problem

• - assumptions,	cavity	counting
• - jet-cavity	link	relatively	unsure
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