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Massaro F., Cheung C., Harris D.Large-scale relativistic jets

ATCA [radio]

Chandra [X-ray]

70 kpc

(Chartas et al. 2000, Schwartz et al. 2000)


PKS J0637-752 @ z=0.65

>120 X-ray jets

Powerful X-ray emission observed hundreds of 
kilo-parsecs away from the central engine


no seed photons from other AGN components.       
Synchrotron self-Compton unphysical

¿ Origin ?
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https://hea-www.harvard.edu/XJET/


IC / CMB interaction

Electrons

γ~10-106


Seed photons

υ ~ 160 GHz x (1+z)


IC/CMB

Radio and X-γ-rays produced by the same electrons —> model 
their emission to constrain important physical parameters: 

Power jets carry on kpc-scales and available for feedback 
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Tavecchio (2000) & Celotti et al. (2001)

Inverse Compton interaction electrons within the jet with the Cosmic 

Microwave Background (CMB) assuming Γ~10-20 at kpc-scales


Emitted radiation for Γ~10

υ ~ 1015-1025✖(1+z)

X-rays -- γ-rays




IC / CMB interaction

IC/CMB

Problems/Challenges

Physical assumptions:

-  Highly relativistic jets (Γ~10-20) at kpc-scales

-  Many low energy electrons (γ~10) —> large power

Observational constraints:

- Morphology (e.g. Reddy et al. 2021)

- Polarisation (e.g. Cara et al. 2013)

- γ-rays upper limits from FERMI-LAT
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Emitted radiation for Γ~10

υ ~ 1015-1025✖(1+z)

X-rays -- γ-rays


Tavecchio (2000) & Celotti et al. (2001)

Inverse Compton interaction electrons within the jet with the Cosmic 

Microwave Background (CMB) assuming Γ~10-20 at kpc-scales


Electrons

γ~10-106


Seed photons

υ ~ 160 GHz x (1+z)




IC/CMB or Synchrotron ?

PKS J0637-752 @ z=0.65

Georganopoulos et al. 2016


Expected IC/CMB

IC/CMB ruled out in many systems at z<1 
based on the non-detection of high γ-rays 

emission with Fermi-LAT 

(see Breiding et al. 2022)


Second population of electrons, extremely 
energetic up to γ~108-9 (~100TeV), which emits 

in the X-rays trough synchrotron


(e.g. Harris & Krawczynski 2002)


¡ Another mechanism at place !

How are they accelerated ?

See e.g. Stawarz et al. 2002, Tavecchio et al. 2021

See talk by E. Meyer
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IC/CMB unavoidable

What is its contribution to the total X-ray emission ?

Different contributions = different physical conditions

IC/CMB where to look

1) UCMB ∝ (1+z)4 
2) A few exceptions at z~0.3 where 

γ-rays consistent with the IC/CMB

Blazars

¡ Focus on high-z 
blazars !

Worrall et al. 2020
z=3.69

Simionescu et al. 2020
z=2.5

Meyer et al. 2019; z=0.306
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1.5GHz 5.0GHz 8.4GHz

Spingola et al. 2020

8.4GHz

Belladitta et al. 2020
One of the brightest 

quasars in the radio and X-
ray band at z>6


Powerful radio jet on VLBI 
scales (~500pc)

PSO J0309+27 @ z=6.1

VLBA [4-13 mas]
VLASS [3 arcsec] 3.0GHz
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0.5-10 keV

One of the only two z>6 blazars 




PSO J0309+27 @ z=6.1 in the X-rays
Chandra 125 ksec (PI Moretti)

Ighina et al. 2022a
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VLBA

Radio and X-ray emission 
from the jet at scales 
>20kpc from the core !


Ighina et al. 2022a

1.5GHz

Spingola et al. 2020



0.3 arcsec 144 MHz

VLA conf. A: 0.3-1.5 arcsec

LOFAR-VLBI

~10 kpc

+ e-MERLIN data at 1.5 and 6GHz 
obtained —> 0.05-0.2 arcsec

Ighina et al. in prep.

Spingola et al. in prep.

Multi-scale and multi-frequency radio jet 
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Chandra (~300ksec) P.I. Ighina



Extended Jet SED modelling

1)  X-ray emission fully consistent with 
the IC/CMB without requiring extreme 

conditions (Γ~2)

2) 2nd population of electrons cannot be 
accelerated up to very-high energies


(see Tavecchio 2021)

IC/CMB cooling timescale:
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IC/CMB

2nd pop. 
Synchro



X-ray emission vs redshift What is the mechanism responsible for the 
high-energy emission of large-scale jets ?


Both IC/CMB and Synchrotron

Synchrotron dominant at low-z

IC/CMB dominant at high-z

Boosts IC/CMB & 
quenches Synchro.
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Extremely low statistics at z>2 !

 120ksec with Chandra to observe 2<z<3.5 

kpc-scale radio jets (PI Ighina)



Overall X-ray emission (resolved and not) of jetted 
quasars increases as a function of redshift


Ighina et al. 2019, 2021b, 

Zhu et al. 2021

Zou et al. 2024

Observed X-ray space 
density from Swift-BAT

Ighina et al. 2021b

Impact on the observed X-ray space density

Affects the observed 
evolution of jetted 

quasars 

and their SMBHs
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¡ Thank you for the attention ! 
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• Chandra —> only X-ray telescope to resolve and study relativistic jets at kpc-scale;


• Detection of an X-ray jet at z=6.1 —> The high-energy emission from relativistic jets is 

evolving as a function of redshift


• This evolution can impact the observed space density evolution of jetted systems with z


• Deeper radio+X-ray observations of PSO J0309+27 will allow us to constrain important 

physical parameters of jets (e.g. power) up to z~6!
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