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    Talk overview 
 
1.  The situation before Chandra   

2.  Chandra X-ray emission: Synchrotron of Inverse Compton? 
 
3.  PKS 1136-135:  HST polarimetry corners the IC model 

4.  3C 273: Fermi analysis rules out the IC model 

5.  Where do we want to go from here 



Equipartition, the most efficient  way for 
producing a given synchrotron spectrum  

Minimum source 
energy content when: 
 
Magnetic field energy 
density= radiating 
electrons energy 
density 
 
Deviations from 
equipartition are 
energetically very 
expensive 
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Longair, Ch. 19 



 Can we estimate how fast the large scale 
jets flow? 

We can only exclude 
parts of the β-θ plane from 
jet to counter-jet flux ratio. 

Georganopoulos et al. 2006 

A statistical treatment gives   β>~0.6 for  powerful radio galaxies 
 and quasars  (Arshakian & Longair 2004) 



Just before Chandra  

>In equipartition, the level of X-ray emission expected from the 
jets is very weak. 
 
>Νo significant X-ray emission was expected from the jets of 
Quasars. 

>People were so sure, that they decided to focus the scope 
using  PKS 0637-752, a bright quasar, they thought it would be 
just a point source. 



In an attempt to focus, 
Chandra detects the superluminal quasar 

PKS 0637-752. 

100 kpc 

The Knot X-ray emission is not an extension  
of the radio-optical spectrum, 
it is a separate component.  

  projected length~100 Kpc 
 
•  Schwartz et al. 2000 Chartas et al. 2000 

Schwartz et al. 2000 



What is the X-ray emission?  

Chartas et al. 2000 

It is neither SSC  (dashed line), nor 
EC off the CMB (dotted line)  
 
In equipartition and no beaming 
they both under-produce  the X-ray 
flux by 2-4 orders of magnitude. 
 
             Then what is it?  

Hint:  
Apparent superluminal  (u>c) velocities  

(Lovell et al. 2000):  
Relativistic flow (Γ~15) in pc-scale jet pointing close to the 

observer. 
What if the flow remains relativistic at the X-ray knots?  



Beamed SSC luminosity in equipartition 

For a given synchrotron luminosity, beaming 
 decreases the level of SSC luminosity in equipartition 



Beamed EC  luminosity in equipartition 

For a given synchrotron luminosity, beaming 
 increases the level of EC luminosity in equipartition 



What is the X-ray 
emission 

mechanism? 
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What is the X-ray 
emission 

mechanism? 

Inverse Compton scattering off 
the CMB (EC/CMB) 
(Tavecchio  et al. 2000, Celotti et al. 
2001) 

Requires relativistic large 
scale jets (δ~10) 

Increased jet power requirements, 
radiatively inefficient (Dermer & Atoyan 
2002, 2004) 

Extends the electron energy 
distribution (EED) down to    
10 -100 MeV energies 
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What is the X-ray 
emission 

mechanism? 

Synchrotron 
(e.g. Harris et al. 2004, Hardcastle 2006) 

No need for highly relativistic 
large scale jet 

More economical in jet power, 
radiatively efficient 

Additional EED component  at 
~1-100 TeV  energies 



1. The EED in EC/CMB model cuts off of 
at sub-TeV energies.  The EED in the 
synchrotron model extends to  30-100 
TeV. 

 
2. The EED in the EC/CMB model has to 

be extended to very low energies. 
 
3. The jet in the EC/CMB case has to 

remain highly relativistic (Γ~10-20) at 
kpc scales. 

 
2,3 => The EC/CMB requires a high jet 

power (Dermer & Atoyan 2004)  
 
 
 
    



 PKS 1136-135 

VLA (blue contours) and HST F555W  (Green contours)  
on the Chandra image (color). Cara et al. 2013  



 PKS 1136-135 

Modeling of knot A: Both 
EC/CMB and Synchotron 
models can reproduce the 
SED (Cara et al. 2013).  

 Important: The optical 
emission is the tail of the 
high energy component. 



 PKS 1136-135 

 The HST F555W flux of knot A is 37±6 % polarized.   

Cara et al. 2013 



 To reproduce this as EC/CMB, the low energy cutoff of the EED has to 
be very low and the flow very fast (Uchiyama & Coppi in prep). 

Best case for EC/CMB 
Γ=40, 
δ=20, 
γmin=1.2 

In 2σ agreement 
with the observations 

HST F555W, Cara et al. 2013 

 PKS 1136-135 

Cara et al. 2013 



 PKS 1136-135 

EC/CMB:   
Γ=40,δ=20, θ=2.48o. 

γmax=3x105 
De-projected length=1.6 Mpc, 
Jet power:  Ljet=34 x Ledd,9  

Synchrotron model:  
 Γ=δ=2, θ=30o. 

γmax=2x108 

De-projected length=140 kpc, 
Jet power:  Ljet=0.07 x Ledd,9  



 PKS 1136-135 



Uchiyama et al. 2006 

 3C 273 

 The γ-ray observed emission is the sum of the variable 
blazar component and the steady large scale jet emission. 



 3C 273 3C 273 was below the EGRET sensitivity limit for  
more than half of the times it was observed. 

 
The lowest GeV flux observed is an upper limit for 

the large scale jet flux. 

Von Montigny et al 1997 



  

δ2 

δ4 

Georganopoulos et al. 2006:  
 
The radio to optical synchrotron emitting electrons will unavoidably 
upscatter the CMB. In equipartition, this will produce an EC/CMB  
component  shifted by       in frequency and       in power. δ2 δ4 

3C 273 Large scale jet SED 

What  γ-ray emission do we expect from  
the large scale jet radio to optically emitting electrons? 



 EGRET limits require δ<11.9, assuming equipartition. 

Georganopoulos et al. 2006 



Georganopoulos et al. 2006 



 GLAST can push this down to  δ<4.7, assuming 
equipartition. 

Georganopoulos et al. 2006 



7 years later… 

Meyer & Georganopoulos 2013 
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2 Meyer & Georganopoulos

words, for a given radio to optical synchrotron SED there
is an one-to-one correspondence between the X-ray and
the GeV spectrum (see Georganopoulos et al. (2006) and
discussion following). If the anticipated large scale jet
GeV emission is higher than the low state GeV flux of
3C 273, the EC/CMB model is simply ruled out.
Consider the synchrotron SED of knot A, as shown

in Figure 2 and modeled phenomenologically as a power-
law with an exponential cutoff, following Uchiyama et al.
(2006). The relativistic electrons that produce the syn-
chrotron emission will also inverse Compton scatter the
CMB photons, producing an EC/CMB component. As
discussed in Georganopoulos et al. (2006), the EC/CMB
SED will be identical to the synchrotron one with a shift
in peak frequency

νc
νs

=
2πmec(1 + z)ν0

e(B/δ)
= 6.6×104(B/δ)−1 = 6.6×108 δ2,

(1)
and a shift in peak luminosity

Lc

Ls
=

32πU0(1 + z)4

3(B/δ)2
= 2.5×10−11(B/δ)−2 = 2.5×10−3 δ4,

(2)
where νc and νs are the peak EC and synchrotron fre-
quencies, Lc and Ls are the peak EC and synchrotron
luminosities, e and me are the electron charge and mass,
B is the comoving magnetic field, ν0 = 1.6 × 1011 Hz is
the CMB peak frequency at z = 0, U0 = 4.2 × 10−13

erg cm−3 is the CMB energy density at z = 0, δ is the
Doppler factor of the jet, and the last part of each equa-
tion holds for equipartition conditions (Bδ ≈ 10−4 G;
Jester et al. 2005).
As B/δ decreases (or as δ increases if we assume

equipartition), the EC/CMB SED moves to higher νc
and Lc. To reproduce the UV - X-ray observations of
knot A, we require a B/δ = 5.5 × 10−7 G (δeq = 13.4
assuming equipartition). This determines, without any
freedom, the anticipated GeV emission. As can be seen
in Figure 2, the level of the EC/CMB emission at GeV
energies violates the upper limit at the 1.0-3.0 GeV band,
ruling out the EC/CMB interpretation for the knot A X-

ray emission of 3C 273. This is the main result of this
work.
Abandoning the requirement to interpret the UV - X-

ray emission of knot A as EC/CMB, we can constrain
B/δ (or δ if we assume equipartition), by the require-
ment that the EC/CMB emission from knot A does not
overproduce the Fermi limits and in particular the deep-
est limit in the 1.0-3.0 GeV band. The broken line SED
in Figure 2 marks the highest level the EC/CMB emis-
sion allowed by the Fermi constraints. For this we require
B/δ > 1.3×10−6 G, or, assuming equipartition, δeq < 9.
So far we have only used knot A, which turns out to be

the only knot whose GeV anticipated emission violates
the Fermi 1.0-3.0 GeV band limit. To proceed further we
need to consider collectively the emission from the jet.
This requires the assumption that the jet flow is charac-
terized by a single Lorentz factor and magnetic field. Ra-
dio polarization observations (Conway et al. 1993) show
that the magnetic field polarization direction of the jet
runs roughly parallel to the jet from knot A all the way
to knot D1. Beyond knot D1 the magnetic field polariza-
tion turns abruptly to become orthogonal to the jet axis,

Fig. 2.— The SED of knot A (data from Uchiyama et al. (2006)
and Jester et al. (2005)), along with the Fermi measurements and
upper limits described in §??. The thick solid line is the paramet-
ric fit of the synchrotron SED. The thin solid line is the EC/CMB
emission required to fit the UV - X-ray emission of knot A. Note
that this unavoidably overproduces the Femi upper limit in the 1.0-
3.0 GeV band, ruling out the EC/CMB model for the X-ray emis-
sion of knot A. The broken line is the highest level the EC/CMB
component can have without violating the 1.0-3.0 GeV band Fermi
upper limit.

as one would expect from a shock that compresses the
plasma, decelerating the flow and amplifying the compo-
nent of the magnetic field orthogonal to the jet axis. This
is compatible with a jet that does not decelerate substan-
tially from knot A to knot D1, but decelerates efficiently
past knot D1. It is, therefore, plausible that the knot A
to knot D1 part of the flow is characterized by a single
Doppler factor. We can also approximately assume that
the magnetic field does not vary significantly from knot
A to knot D1, driven by the fact that the equipartition
magnetic field increases by less than a factor of 2 (Jester
et al. 2005) from knot A to knot D1.
Based on the assumption that a single Doppler factor

and magnetic field describe the jet from knot A to knot
D1 we can further constraint the description of the jet.
In Figure 3 we plot the SED of the total flux from knot
A up to knot D1, along with our Fermi constraints and
previously existing constraints from HESS observations
(Aharonian et al. 2005). As can be seen to satisfy the 1.0-
3.0 GeV band Fermi limit we require B/δ > 4.0 × 10−6

G, or, assuming equipartition, δeq < 5. The existing
shallow TeV limits (3.9 h of HESS observations, no de-
absorption applied; Aharonian et al. 2005) do not provide
useful constraints.

5. DISCUSSION

*** Another problem with the EC/CMB interpreta-
tion: too much power, much more than cavagnolo.
What is the X-ray emission then? It is synchrotron

from particles reaching xx TeV energies. What about
their cooling times? Very hard spectra? Or coming from
smaller emission sites that the 1 kpc we use?
Deep TeV observations, however, may produce unique

constraints on th
What’s with the power constraints?
What is the Lorentz factor range we are willing to ac-

cept by the requirement or a shorter than IMpc jet and
the requirement of a jet power similar to the cavagnolo
power?
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as one would expect from a shock that compresses the
plasma, decelerating the flow and amplifying the compo-
nent of the magnetic field orthogonal to the jet axis. This
is compatible with a jet that does not decelerate substan-
tially from knot A to knot D1, but decelerates efficiently
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Based on the assumption that a single Doppler factor
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shallow TeV limits (3.9 h of HESS observations, no de-
absorption applied; Aharonian et al. 2005) do not provide
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5. DISCUSSION

*** Another problem with the EC/CMB interpreta-
tion: too much power, much more than cavagnolo.
What is the X-ray emission then? It is synchrotron

from particles reaching xx TeV energies. What about
their cooling times? Very hard spectra? Or coming from
smaller emission sites that the 1 kpc we use?
Deep TeV observations, however, may produce unique
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What’s with the power constraints?
What is the Lorentz factor range we are willing to ac-

cept by the requirement or a shorter than IMpc jet and
the requirement of a jet power similar to the cavagnolo
power?

EC/CMB peak frequency 
and peak luminosity, 
without assuming equipartition: 
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To reproduce the UV-X-ray SED of knot A we require B/δ=5.5 x 10-7 G 
(or δeq=13.4) which overproduces the Fermi upper limit. 
 

 This eliminates EC/CMB for the X-ray emission of knot A.  
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To satisfy the Fermi upper limit we require 
 

  B/δ>1.3 x 10-6 G (or δeq<9.0). 



The jet polarization 
direction up to knot D1 is 

parallel to the jet, then 
abruptly turns by 90o, 

possibly by strong 
deceleration.    

 
 The equipartition magnetic 
field varies by less than a 
factor of 2 along the A to 

D1 knots 
 

Assumption:  
A single δ and B 

characterize all the knots 
from A to D1. 

 

19
93
A&
A.
..
26
7.
.3
47
C

Conway et al. 1993 

Can we do better? Sum up the flux of many knots 

Jester  al. 2005 
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SED of the sum of knots A to D1:  
To satisfy the Fermi upper limit we require 

 
  B/δ>4 x 10-6 G (or δeq<5.0). 



Constraint on the bulk motion Lorentz factor Γ:  
 Require that the cooling break in the synchrotron emission is at ~1013.5 Hz    



Constraint on the bulk motion Lorentz factor Γ: 
 Require that the cooling break in the synchrotron emission is at ~1013.5 Hz 

 
Adopt jet power  Ljet=1035.5±0.7  erg/s  from the X-ray cavity method  

 Cavagnolo et al 2010, 
Also Shabala & Godfrey 2013 



Constraint on the bulk motion Lorentz factor Γ: 
 Require that the cooling break in the synchrotron emission is at ~1013.5 Hz 

Adopt jet power from the X-ray cavity method  

3C 273 
jet  
power 
range 

For a given δ  and Γ find B that 
gives a cooling break at 1013.5 Hz, 

calculate the electron energy 
distribution  to produce the observed 

radio emission and  
from these, calculate the jet power.  

 
 

Not to overproduce 
 the jet power: 

 
 βΓ<~4.2  
 δ<~5.3 



What is next? 

•  Produce Fermi light curves of quasars 
with X-ray jets and use any deep minima 
we may locate to rule out EC/CMB and 
constrain the speed of the jet. 

•  What are the characteristics of the multi 
TeV electron synchrotron emitting region? 
How can we constrain its physical 
description? 



Conclusions 
HST polarimetry of PKS 1136-135 disfavor an EC/CMB origin of 
the jet X-rays. 
 
Fermi upper limits on 3C 273 jet rule out an EC/CMB origin of 
the jet X-rays. 
 
The jet of 3C 273 is relatively slow (Γ<~4) 
 
 
   


