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Large-scale jets and lobes in AGN: why should we care? 
Blazars: 
• bright & numerous, however 
• highly relativistic (bulk Lorentz factors ), so beaming factors  huge and rather 

uncertain, also
• unresolved (possible scales range from  up to ), and
• evolving in a photon- and gas-rich circumnuclear environment; finally
• highly variable (from minutes to years and decades), so truly MWL data rarely simultaneous, with poor 

spectral coverage during flaring states.

Large-scale jets & lobes:
• typically low fluxes/surface brightness, but then
• bulk velocities rather moderate (jet termination shocks only mildly relativistic, lobes’ expansion 

velocities non-relativistic), and 
• often resolved at radio, optical, and X-ray (or even HE gamma-ray) photon energies, so the emission 

region linear scales much better constrained, also
• evolving in a much cleaner ambient medium (ISM/ICM); finally
• steady emitters (at least on month/yearly timescales), so non-simultaneity of the MWL data is less of 

an issue…

Γ ∼ 10 − 100 ∼ δ4

rg ∼ 1014 cm ∼ 0.1 − 1 pc

-> all in all, the modeling results are much more robust…



Evolving jets: from young and compact up to old giants

Principe et al. 2020
the youngest confirmed radio galaxy NGC 3894

linear size ~ 2pc, age ~60yrs, expansion velocity ~0.3c, inclination ~ 20deg

Machalski et al. 2008, 2011
the largest radio galaxy identified so far J1420-0545

linear size ~ 4.7 Mpc, age ~100 Myrs, expansion velocity ~0.1c



Wójtowicz, LS, et al. 2020:
Dependence of the jet production efficiency on the combination 

of the disk accretion rate  and the corona 
“hardness” ratio , for the sample of the youngest radio 
galaxies; the jet power is coded by the size of the symbols, and 

expressed in units of mass accretion rate . 
Compton-thick sources are marked by red stars.

λEdd ≡ Lbol/LEdd
LX/Lbol

ηj ≡ Lj/
·Maccc2

…the dependence which is well established for XRBs
(see A. Zdziarski’s talk) 

Intermittent jet activity
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The overall dynamical evolution 
of hot overpressure cocoons 

inflated by light relativistic jets, 
is well understood 

(Begelman & Cioffi, Kaiser & 
Alexander, Kino & Kawakatu)

Lobes’ evolution



Simionescu, LS, et al. 2016:
B3 0727+409, a luminous quasar at z = 2.5, with the 
X-ray jet resolved with Chandra ~ 300 kpc projected!

Large-scale jets in X-rays

If the observed X-ray emission is due to inverse-
Comptonization of the CMB photons (Tavecchio et 
al. 2000), large-scale jets appears highly relativistic 

up to kpc/Mpc distances ( ), and particle-
dominated ( ), with no significant energy 

dissipation from the jet launching regions (blazar 
scales) up to terminal regions.

Γ ∼ 10
σ ≪ 1



Alternatively, the X-ray emission of large-scale jets 
may be synchrotron in origin (LS & Ostrowski 2002) — 

this would imply very efficient electron acceleration 
( ) and allow for a higher magnetization of 

the jet plasma on large-scales ( ).

Acceleration sites often discussed in this context: 
shear boundary layers 

(Ostrowski, Rieger & Duffy, Wang & Reville)

γmax ∼ 108

σ ≥ 1

ucmb ∝ (1 + z)4
Large-scale jets in X-rays



Król, LS, et al. 2022 (to be submitted)

A simple analytical model for relativistic current-carrying jets at larger distances from their launching sites, assuming a 
cylindrical axi-symmetric geometry with a radial velocity shear, purely toroidal configuration for the jet magnetic field, 
and ultra-relativistic equation of state for the jet particles. 

As long as the jet plasma is in magnetohydrostatic equilibrium , and pressure radial profiles are 
continuous, such outflows have to be always particle dominated, in the sense that the ratio of the electromagnetic to 
particle energy fluxes integrated over the jet cross-section area, tends to be below unity, i.e. the jet magnetization 
parameter . 
At the same time, for particular magnetic and radial velocity profiles, magnetic pressure may still dominate over particle 
pressure for certain ranges of the jet radius, i.e. that the local jet plasma parameter . 

Jet may be globally magnetically dominated ( ) only in the case of huge pressure jumps/discontinuities at certain 
jet radii (by several orders of magnitude), and negligible velocity shear (essentially, a completely non-magnetised jet 
spine surrounded by a force-free boundary layer).

⃗∇ P = ⃗J × ⃗B

σ < 1

β−1
pl > 1

σ ≳ 1

Large-scale jets: particle- or magnetic-dominated?



Termination shocks: case study of Pictor A

Hardcastle et al. 2016:
deep Chandra observations (~0.5 Ms) 
of the radio galaxy Pictor A



Thimmappa, LS, et al. 2020:
re-analysis of the Chandra data
& image deconvolution

Termination shocks: case study of Pictor A



Thimmappa, LS, et al. 2020:
we were able to resolve the X-ray structure of the hotspot into (i) the jet-like feature located in between the radio/optical 
filament and the termination shock, and (ii) the disk-like or conical feature perpendicular to the jet axis, and located ~1 kpc 
upstream the intensity peak of the radio hotspot. We believe that this later feature — resolved in its longitudinal direction to 
be ~3 kpc long, while remaining basically unresolved in its transverse direction, with the corresponding scale upper limit of 
< 200 pc — marks the position of the reverse shock front in the system, where efficient particle acceleration takes place.

Termination shocks: case study of Pictor A



Wójtowicz, LS, et al. 2021:
In the sample of 270 radio galaxies subjected to detailed dynamical-radiative modeling, we notice a significant and nonobvious 
correlation between the spectral index of the nonthermal radio emission continuum (rest-frame frequencies
0.4 and 5 GHz) — and hence the particle injection index at the jet termination shock — and density of the ambient medium. 
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-> the increasing density of the ambient medium seems to decrease the efficiency 
of accelerating jet electrons at the termination shocks to ultrarelativistic energies

Particle acceleration at termination shocks



Extended lobes: case study of Pictor A

Thimmappa, LS, et al. 2021:

Complex internal structure of the extended lobes in Pictor A: 
highly polarized radio filaments/domains, X-ray shells/
enhancements.

Low-polarization regions associated with the magnetic field's 
line-of-sight reversals most likely due to a thermal matter 
with mass , distributed within thin shells or 
filaments (see Anderson et al. 2018).

𝒪(109M⊙)



Extended lobes: case study of Pictor A

Thimmappa, LS, et al. 2021:
The total pressure of the thermal gas within the filament, ~1e-12 dyn/cm2, 
comparable to that of the lobes’ magnetic field for the magnetic field 
intensity B ~ 6 μG, which is, in fact, very close to the equipartition value, 
i.e., the value obtained by assuming pressure balance between 
ultrarelativistic radio-emitting electrons and the lobes’ magnetic field.



Giant Lobes of Centaurus A
McKinley et al. 2021:

Abdo et al. 2010:

Fermi-LAT detection of the giant lobes 
in Cen A at HE gamma-rays, implies 
that the lobes’ non-thermal electrons 
are in a pressure equilibrium with the 
lobes’ magnetic field 
(“volume-averaged pressures”)



LS et al. 2013:

Suzaku X-ray observations of selected 
regions within the southern giant lobe of 
the radio galaxy Centaurus A: 
A tentative detection of a soft excess 
component best fitted by a thermal model 
with a temperature of kT ~ 0.5 keV, and 
consistent with a thermal gas filling the 
bulk of the volume of the lobe and mixed 
with the non-thermal plasma. 
The corresponding pressure appears to be 
in almost exact equipartition with the 
volume-averaged non-thermal pressure 
provided by the radio-emitting electrons 
and the lobes' magnetic field.

Giant Lobes of Centaurus A



Summary:
Large-scale jets, their termination shocks, and extended lobes in AGN: excellent laboratories of relativistic 

astrophysical plasma and particle acceleration. Intermittent, evolving structures, depositing huge amounts of power (in 
a form of a bulk kinetic energy of the jet particles and the electromagnetic flux) directly into the surrounding ISM/ICM

• AGN jets at large scales seems most likely particle dominated, in the sense that the ratio of the electromagnetic to 
particle energy fluxes integrated over the jet cross-section area, tends to be below unity, i.e. the jet magnetization 
parameter . At the same time, for particular magnetic and radial velocity profiles, magnetic pressure may still 
dominate over particle pressure for certain ranges of the jet radius, i.e. that the local jet plasma parameter 

• Jet termination regions are the best-studied examples of mildly-relativistic quasi-perpendicular shocks; there we see  
an efficient electron accelerate up to rather high energies  (in prep.: observational evidence the 

acceleration takes place at the shock front rather than in the downstream); however, spectral index positively 
correlated with the environment density — the increasing density of the ambient medium seems to decrease the 

efficiency of accelerating jet electrons.

• Extended lobes: equipartition between volume-averaged pressures of non-thermal electrons, magnetic field, and 
partly mixed-in thermal gas; however, a close inspection reveals highly inhomogeneous and non-uniform structure, 
with radio and X-ray filaments/shells/domains, suggesting significant spatial and temporal variations in the plasma 

beta parameter around the volume-averaged equilibrium condition .

σ < 1
β−1

pl > 1

γmax > 106

βpl ∼ 1


