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4C29.30 z=0.064  
(Siemiginowska+12)

..and now: Relativistic Jets

Giulia Migliori - 15/03/2016
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Worrall+08Cen A jet (0.8-3 keV)

Jets in Active Galactic Nuclei: motivational slide

impact on the host galaxy/cluster:

Candidate sources of UHECRs:

Fermi Bubbles: jet activity in the MW?

Cygnus A (Wilson+00)



How do they form?

What is their structure  
& composition?

How do they interact with 
their environment?

Jets in Active Galactic Nuclei: some questions
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F. Wu et al.: Kinematics of OQ 208 revisited
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Fig. 1. Total intensity image of OQ 208. Panel a) shows the 2.3-GHz VLBI image, displaying a double-component morphology. Panel b) shows
the tapered 2.3-GHz image. The extended emission at ∼30 mas west of the primary structure is likely a relic radio emission resulting from the past
activity a few thousand years ago. Panels c) and d) show the 8.4 and 15 GHz images. Each mini-lobe is resolved into two hotspots. Between the
hotspots NE1 and SW1, a knotty jet is detected.

by Luo et al. (2007). Extended emission features on kpc to
Mpc scales has also been detected in OQ 208 (de Bruyn 1990)
and in other CSO galaxies (e.g., 0108+388: Baum et al. 1990;
Stanghellini et al. 2005; 0941-080, 1345+125: Stanghellini et al.
2005), which were interpreted as relics remaining from past
(>108 yr ago) nuclear activity. Extended components on scales
of <100 pc are rarely seen in CSOs (J1511+0518 is another ex-
ample; Orienti & Dallacasa 2008) and this puzzling one-sided
extended feature at 40 pc distance requires an interval between
two intermittent activities shorter than 2 × 103 yr (Orienti &
Dallacasa 2008). The non-detection of the northeast fading lobe
likely indicates asymmetric properties of the ambient interstellar
medium (ISM) on pc scales, leading to more rapid radiative or
adiabatic losses and a shorter life of the NE lobe. This, again,
is consistent with the fact that the NE advancing lobe is much
brighter.

The NE lobe is resolved into two subcomponents (NE1 and
NE2) at 8 and 15 GHz. NE1 dominates the flux density of the
whole source. The spectral index of NE1, determined from 8
and 15 GHz data at close epochs, is α15 GHz

8 GHz = 0.99 ± 0.18. The
brightness temperature is calculated using the equation

Tb = 1.22 × 1012 S ob

ν2obθmajθmin
(1 + z), (1)

where S ob is the observed flux density in Jy, νob is the ob-
serving frequency in GHz, θmaj and θmin are the major and mi-
nor axis of the Gaussian model component in units of mas,
and Tb is the derived brightness temperature in source rest
frame in units of Kelvin. The average brightness temperature
of NE1 is 4.4 × 1010 K. The secondary component NE2 is
weaker than NE1 in the range 4.3–16.3. It has a lower bright-
ness temperature of 1.4 × 109 K and a much steeper spectral
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Fig. 1. Total intensity image of OQ 208. Panel a) shows the 2.3-GHz VLBI image, displaying a double-component morphology. Panel b) shows
the tapered 2.3-GHz image. The extended emission at ∼30 mas west of the primary structure is likely a relic radio emission resulting from the past
activity a few thousand years ago. Panels c) and d) show the 8.4 and 15 GHz images. Each mini-lobe is resolved into two hotspots. Between the
hotspots NE1 and SW1, a knotty jet is detected.

by Luo et al. (2007). Extended emission features on kpc to
Mpc scales has also been detected in OQ 208 (de Bruyn 1990)
and in other CSO galaxies (e.g., 0108+388: Baum et al. 1990;
Stanghellini et al. 2005; 0941-080, 1345+125: Stanghellini et al.
2005), which were interpreted as relics remaining from past
(>108 yr ago) nuclear activity. Extended components on scales
of <100 pc are rarely seen in CSOs (J1511+0518 is another ex-
ample; Orienti & Dallacasa 2008) and this puzzling one-sided
extended feature at 40 pc distance requires an interval between
two intermittent activities shorter than 2 × 103 yr (Orienti &
Dallacasa 2008). The non-detection of the northeast fading lobe
likely indicates asymmetric properties of the ambient interstellar
medium (ISM) on pc scales, leading to more rapid radiative or
adiabatic losses and a shorter life of the NE lobe. This, again,
is consistent with the fact that the NE advancing lobe is much
brighter.

The NE lobe is resolved into two subcomponents (NE1 and
NE2) at 8 and 15 GHz. NE1 dominates the flux density of the
whole source. The spectral index of NE1, determined from 8
and 15 GHz data at close epochs, is α15 GHz

8 GHz = 0.99 ± 0.18. The
brightness temperature is calculated using the equation

Tb = 1.22 × 1012 S ob

ν2obθmajθmin
(1 + z), (1)

where S ob is the observed flux density in Jy, νob is the ob-
serving frequency in GHz, θmaj and θmin are the major and mi-
nor axis of the Gaussian model component in units of mas,
and Tb is the derived brightness temperature in source rest
frame in units of Kelvin. The average brightness temperature
of NE1 is 4.4 × 1010 K. The secondary component NE2 is
weaker than NE1 in the range 4.3–16.3. It has a lower bright-
ness temperature of 1.4 × 109 K and a much steeper spectral
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10 pc

z=0.0765 
1.406 kpc/“

Excess of young sources in 
catalogs of radio sources: 
•  intermittent radio activity? 
•  dense medium preventing the 

expansion of the radio source?

• linear size <1kpc; 
• symmetric, two-sided radio 

morphology, dominated by mini-
lobes/hotspots; 

• estimated ages from the hot 
spots advance velocities: <103 
yrs
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Fig. 5.— Top: Intrinsic X-ray absorbing column vs. age based
on our Chandra results (squares) and XMM-Newton results (tri-
angles; sources 13–16 in Table 1; filled and open symbols indicate
fits with � free and fixed, respectively; vertical lines connect multi-
ple measurements (or measurements obtained through alternative
models as in 2021+614, Section 4.2) available for the same source.
Bottom: Intrinsic X-ray luminosity (2–10 keV) vs. age based on
our Chandra results (squares, K-corrected) and XMM-Newton re-
sults (triangles; sources 6, 10, 13–16 in Table 1). Symbols as in the
top panel; note the large scatter within the youngest sources.

torero et al. 2015), suggesting that the X-ray and radio
absorbers are co-spatial. This is an important constraint,
given the latest radio results from the low frequency radio
observations (Callingham et al. 2015). They seem to rule
out the synchrotron self absorption process and favor the
free-free absorption as the origin of the radio obscuration
in the GPS source, PKS B0008�42. This again points to
a rich, multi-phase environment impacting the evolution
of CSOs.

It is, thus, interesting to interpret our findings on the
CSOs intrinsic neutral hydrogen column density in the
context of the absorption properties of an unbiased pop-

ulation of AGN. We compare our results with those ob-
tained by Burlon et al. (2011) for their subsample of
Sy1.8–2 galaxies from the hard X-ray Swift/BAT sur-
vey (note that CSOs are observed at large inclinations
to the jet axis, and as such should be compared with
type 2 AGN). In the sample of CSOs presented in Ta-
bles 1 (see Figure 5 top) we observe that 2 of 15 (13%)
CSOs show evidence for Compton-thick absorption with
Nz

H & 5 ⇥ 1023 cm�2 (27% if we include 2021+614 and
1607+26 proposed to be Compton-thick candidates in
this work and in Tengstrand et al. (2009), respectively,
as compared to ⇠20% in Burlon et al. (2011). Con-
versely, 9 of 15 (60%) sources have Nz

H < 1022 cm�2 (47%
if we exclude 2021+614 and 1607+26). Instead, only
7% of the Sy1.8–2 galaxies have column densities in this
range. While the fraction of Compton-thick CSOs seems
to be in a relatively good agreement with that found in
a Sy1.8–2 population of Burlon et al. (2011), especially
given the small size of our CSOs sample, the overabun-
dance of sources with only moderate intrinsic obscura-
tion seems puzzling. Hardcastle et al. (2009) pointed
out that the Narrow Line Radio Galaxies (NLRG), con-
sidered to be the more evolved analogues of CSO, have
Nz

H & 3 ⇥ 1022 cm�2 associated with the absorption of
the nuclear emission by a molecular torus. Consequently,
the large fraction of CSOs with hydrogen column densi-
ties lower than those typically found in NLRGs, may in-
dicate — echoing the conclusions of Ostorero et al. (2015)
— that the CSO X-ray obscuration is caused by the gas
located on much larger scales than molecular tori.

5.1.2. X-ray continuum of CSO

The 2–10 keV X-ray luminosities of our sources cover
>3 orders of magnitude (Figure 5 bottom), LX ' 2 ⇥
1041–6 ⇥ 1044 erg s�1, typical for the z < 1 AGN (e.g
Akylas et al. 2006; Winter et al. 2009; Fukazawa et al.
2011; Jia et al. 2013; Aird et al. 2015). Interestingly, we
observed that the oldest CSOs (t > 1000 years) tend to
be relatively bright in X-rays, with luminosities LX >
1043 erg s�1, while the youngest CSOs can be found at
any X-ray luminosity covered by the sample.

We found hard X-ray spectra with a photon index
� ⇠ 1.4–1.7 in six (out of seven) sources, where we
were able to model the photon index. Among non-
blazar AGN, this range of photon indices is often seen
in radio-quiet AGN, although it appears to be the most
compatible with the average photon index of the non-
blazar radio-loud AGN (Reeves & Turner 2000; Kelly
et al. 2008; Sobolewska et al. 2009, 2011 but see Young
et al. 2009). The di↵erence between the average X-ray
spectral slopes in radio-loud and radio-quiet AGN pop-
ulations may result from either a dilution of the X-ray
coronal emission, or a non-negligible contribution from
the non-thermal emission of jets (Belsole et al. 2006). It
is, thus, likely that in the particular case of CSOs the
X-ray jets and/or lobes contribute to the observed X-
ray radiation, as suggested by Stawarz et al. (2008) and
Ostorero et al. (2010). The photon indices we observed
would then be consistent with a non-thermal scenario in
which low-energy photons are inverse Compton upscat-
tered to X-ray energies by electrons with a power-law
spectral energy distribution with a rather standard spec-
tral index, p ⇠ 2.
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Fig. 5.— Top: Intrinsic X-ray absorbing column vs. age based
on our Chandra results (squares) and XMM-Newton results (tri-
angles; sources 13–16 in Table 1; filled and open symbols indicate
fits with � free and fixed, respectively; vertical lines connect multi-
ple measurements (or measurements obtained through alternative
models as in 2021+614, Section 4.2) available for the same source.
Bottom: Intrinsic X-ray luminosity (2–10 keV) vs. age based on
our Chandra results (squares, K-corrected) and XMM-Newton re-
sults (triangles; sources 6, 10, 13–16 in Table 1). Symbols as in the
top panel; note the large scatter within the youngest sources.
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dance of sources with only moderate intrinsic obscura-
tion seems puzzling. Hardcastle et al. (2009) pointed
out that the Narrow Line Radio Galaxies (NLRG), con-
sidered to be the more evolved analogues of CSO, have
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H & 3 ⇥ 1022 cm�2 associated with the absorption of
the nuclear emission by a molecular torus. Consequently,
the large fraction of CSOs with hydrogen column densi-
ties lower than those typically found in NLRGs, may in-
dicate — echoing the conclusions of Ostorero et al. (2015)
— that the CSO X-ray obscuration is caused by the gas
located on much larger scales than molecular tori.

5.1.2. X-ray continuum of CSO

The 2–10 keV X-ray luminosities of our sources cover
>3 orders of magnitude (Figure 5 bottom), LX ' 2 ⇥
1041–6 ⇥ 1044 erg s�1, typical for the z < 1 AGN (e.g
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2011; Jia et al. 2013; Aird et al. 2015). Interestingly, we
observed that the oldest CSOs (t > 1000 years) tend to
be relatively bright in X-rays, with luminosities LX >
1043 erg s�1, while the youngest CSOs can be found at
any X-ray luminosity covered by the sample.

We found hard X-ray spectra with a photon index
� ⇠ 1.4–1.7 in six (out of seven) sources, where we
were able to model the photon index. Among non-
blazar AGN, this range of photon indices is often seen
in radio-quiet AGN, although it appears to be the most
compatible with the average photon index of the non-
blazar radio-loud AGN (Reeves & Turner 2000; Kelly
et al. 2008; Sobolewska et al. 2009, 2011 but see Young
et al. 2009). The di↵erence between the average X-ray
spectral slopes in radio-loud and radio-quiet AGN pop-
ulations may result from either a dilution of the X-ray
coronal emission, or a non-negligible contribution from
the non-thermal emission of jets (Belsole et al. 2006). It
is, thus, likely that in the particular case of CSOs the
X-ray jets and/or lobes contribute to the observed X-
ray radiation, as suggested by Stawarz et al. (2008) and
Ostorero et al. (2010). The photon indices we observed
would then be consistent with a non-thermal scenario in
which low-energy photons are inverse Compton upscat-
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spectral energy distribution with a rather standard spec-
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Probing the environment: 

moderate column densities in the 
majority of the sources:  
no dense environment

X-ray sample (16 sources, z<1.0): 

all detected with snapshot 
observations

Siemiginowska+2016
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source expansion within a uniform medium with three
phases of the evolution: a supersonic cocoon, subsonic side-
ways expansion with a weak shock and supersonic jet, and
a final sonic boom phase. Each phase is characterized by a
different morphology of the X-ray emitting gas that is be-
ing heated by the expanding source. Sutherland & Bicknell
(2007a, 2007b) shows a similar view of the radio source
evolution within a clumpy medium (see also Bicknell &
Sutherland 2006). Also in this simulations the X-ray emis-
sion is the result of interactions and the X-ray luminosity de-
pends on the density and clumpiness of the medium. They
discuss the time dependent (0.1-10 keV) X-ray emissivity
with the maximum of the X-ray luminosity reached within
the first few ∼ 104 years.

Heinz, Reynolds & Begelman (1998) consider an evolu-
tion of GPS sources within the uniform environment of the
host galaxy. The simulated X-ray surface brightness shows
the shock discontinuity moving outwards with time. X-ray
detections of such discontinuity require high spatial resolu-
tion and dynamic range observations in nearby sources. The
shock of Cen A is seen as a factor of ∼ 10 jump at ∼ 7 kpc
away from the nucleus and it is ∼ 600 pc wide (Kraft et
al. 2007). It has not been detected in any observations of
GPS sources so far, possibly due to the requirement of high
signal-to-noise data and spatial resolution that have not been
obtained in the existing observations.

Recently Stawarz et al.(2008) presented a spectral emis-
sion model for GPS sources (see also Ostorero et al. in this
Proceedings). The main contribution to the spectral energy
distribution comes from the radio lobes and hot spots of the
< 1 kpc size radio source embedded in the radiation field of
the host galaxy. The X-ray emission is due to Inverse Comp-
ton scattering off the relativistic electrons within the radio
source. The UV-disk photons and IR-dust photons provide
the external radiation field to the hot spots, lobes and jet.
This field dominates in smaller sources, while the synchro-
ton photon field intrinsic to the lobes dominates in larger
sources, and GPS/CSS sources exceeding 1 kpc in size will
be dominated by the synchrotron self-Compton emission
process in the X-ray band. The predicted X-ray luminosity
depends on a few model parameters such as a jet power,
photon fields and the density of the ISM. Note that this
model relates the X-ray emission to the radio source com-
ponents while the simulations described above consider the
emission from the hot gas heated by the radio source.

Both type of the X-ray emission, thermal and non-
thermal, will be present in GPS sources. Hot thermal gas
will produce an X-ray spectrum with emission lines, while
the non-thermal continuum does not have any spectral fea-
tures. High resolution X-ray spectra are needed in order to
disentangle these two emission components.

3 X-ray Observations of GPS/CSS Sources

BeforeChandra and XMM-Newton there was only one GPS
galaxy detected in X-rays by ASCA (O’Dea et al. 2000) and

Fig. 1 Left: XMM-Newton EPIC X-ray image of
Mkn668 (z=0.076). A 30′′ radius circle is marked around
the source. The source is unresolved on this scale. A 30′′
scale bar equivalent to 44 kpc is shown in the right corner.
Right: Chandra ACIS-S image of Q1143-245 at z=1.95.
5′′ scale corresponding to 42.6 kpc at the source redshift is
marked in the left corner. Note that the radio source size is
much smaller than the resolution of these two instruments.

several GPS quasars detected with HEAO-1 and ROSAT
(see O’Dea 1998 for a summary). During the last decade
there have been several efforts to increase the number of
X-ray detections. Guainazzi et al. (2004, 2006) and Vink et
al. (2006) present X-ray samples of GPS galaxies, Siemigi-
nowska et al. (2003, 2005, 2008) discuss X-ray emission
in GPS/CSS quasars. Worrall et al.(2004) and O’Dea et al.
(2006) study details of the X-ray emission in a single GPS
source.

Chandra and XMM-Newton observational capabilities
are complementary.Chandra exceptional point spread func-
tion (PSF) allows for studies of X-ray morphology with ∼

1 arcsec resolution and the highest dynamic range available
in the X-ray band today (Van Speybroeck et al. 1997, Weis-
skopf et al. 2000). Because of its low background it gives
efficient detections of very faint sources and relatively good
quality spectra within 0.5-7 keV. The PSF of the XMM-
Newton is too large for studies of the X-ray morphology
of GPS sources (Kirsch et al. 2004), but a very high effec-
tive area of the telescope gives high quality spectra within
0.5-10 keV energy range.

The spatial resolution of modernX-ray telescopes is still
much worse than the resolution obtained by radio obser-
vations. Figure 1 shows the X-ray image of a nearby GPS
source Mkn 668 at z=0.076 (1 arcsec = 1.46 kpc). A double
radio structure (< 10 pc) is fully enclosed within the X-
ray point source observed with XMM-Newton EPIC cam-
era. The highest redshfit GPS source in the X-ray sample
is plotted in Figure 2. Q1143-245 (z=1.95) is an unresolved
X-ray point source in the Chandra ACIS-S observation and
1.5′′corresponds to ∼ 12 kpc at the quasar distance.

Table 1 lists the physical size in kpc for a source located
at different redshifts. 1 arcsec corresponds to a physical size
of 179 parsec in Cen A, while it corresponds to 8 kpc for a
source at redshift 1. The redshift distribution for a sample of
sources observed so far in X-rays is plotted in Figure 2. The
peak distribution of the GPS galaxies is at z ∼ 0.3−0.4 and
for a radio source smaller than < 10 kpc cannot be resolved
with the current X-ray telescopes. For the GPS quasars the

c⃝ 2006 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.an-journal.org
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Fig. 1. Total intensity image of OQ 208. Panel a) shows the 2.3-GHz VLBI image, displaying a double-component morphology. Panel b) shows
the tapered 2.3-GHz image. The extended emission at ∼30 mas west of the primary structure is likely a relic radio emission resulting from the past
activity a few thousand years ago. Panels c) and d) show the 8.4 and 15 GHz images. Each mini-lobe is resolved into two hotspots. Between the
hotspots NE1 and SW1, a knotty jet is detected.

by Luo et al. (2007). Extended emission features on kpc to
Mpc scales has also been detected in OQ 208 (de Bruyn 1990)
and in other CSO galaxies (e.g., 0108+388: Baum et al. 1990;
Stanghellini et al. 2005; 0941-080, 1345+125: Stanghellini et al.
2005), which were interpreted as relics remaining from past
(>108 yr ago) nuclear activity. Extended components on scales
of <100 pc are rarely seen in CSOs (J1511+0518 is another ex-
ample; Orienti & Dallacasa 2008) and this puzzling one-sided
extended feature at 40 pc distance requires an interval between
two intermittent activities shorter than 2 × 103 yr (Orienti &
Dallacasa 2008). The non-detection of the northeast fading lobe
likely indicates asymmetric properties of the ambient interstellar
medium (ISM) on pc scales, leading to more rapid radiative or
adiabatic losses and a shorter life of the NE lobe. This, again,
is consistent with the fact that the NE advancing lobe is much
brighter.

The NE lobe is resolved into two subcomponents (NE1 and
NE2) at 8 and 15 GHz. NE1 dominates the flux density of the
whole source. The spectral index of NE1, determined from 8
and 15 GHz data at close epochs, is α15 GHz

8 GHz = 0.99 ± 0.18. The
brightness temperature is calculated using the equation

Tb = 1.22 × 1012 S ob

ν2obθmajθmin
(1 + z), (1)

where S ob is the observed flux density in Jy, νob is the ob-
serving frequency in GHz, θmaj and θmin are the major and mi-
nor axis of the Gaussian model component in units of mas,
and Tb is the derived brightness temperature in source rest
frame in units of Kelvin. The average brightness temperature
of NE1 is 4.4 × 1010 K. The secondary component NE2 is
weaker than NE1 in the range 4.3–16.3. It has a lower bright-
ness temperature of 1.4 × 109 K and a much steeper spectral
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source expansion within a uniform medium with three
phases of the evolution: a supersonic cocoon, subsonic side-
ways expansion with a weak shock and supersonic jet, and
a final sonic boom phase. Each phase is characterized by a
different morphology of the X-ray emitting gas that is be-
ing heated by the expanding source. Sutherland & Bicknell
(2007a, 2007b) shows a similar view of the radio source
evolution within a clumpy medium (see also Bicknell &
Sutherland 2006). Also in this simulations the X-ray emis-
sion is the result of interactions and the X-ray luminosity de-
pends on the density and clumpiness of the medium. They
discuss the time dependent (0.1-10 keV) X-ray emissivity
with the maximum of the X-ray luminosity reached within
the first few ∼ 104 years.

Heinz, Reynolds & Begelman (1998) consider an evolu-
tion of GPS sources within the uniform environment of the
host galaxy. The simulated X-ray surface brightness shows
the shock discontinuity moving outwards with time. X-ray
detections of such discontinuity require high spatial resolu-
tion and dynamic range observations in nearby sources. The
shock of Cen A is seen as a factor of ∼ 10 jump at ∼ 7 kpc
away from the nucleus and it is ∼ 600 pc wide (Kraft et
al. 2007). It has not been detected in any observations of
GPS sources so far, possibly due to the requirement of high
signal-to-noise data and spatial resolution that have not been
obtained in the existing observations.

Recently Stawarz et al.(2008) presented a spectral emis-
sion model for GPS sources (see also Ostorero et al. in this
Proceedings). The main contribution to the spectral energy
distribution comes from the radio lobes and hot spots of the
< 1 kpc size radio source embedded in the radiation field of
the host galaxy. The X-ray emission is due to Inverse Comp-
ton scattering off the relativistic electrons within the radio
source. The UV-disk photons and IR-dust photons provide
the external radiation field to the hot spots, lobes and jet.
This field dominates in smaller sources, while the synchro-
ton photon field intrinsic to the lobes dominates in larger
sources, and GPS/CSS sources exceeding 1 kpc in size will
be dominated by the synchrotron self-Compton emission
process in the X-ray band. The predicted X-ray luminosity
depends on a few model parameters such as a jet power,
photon fields and the density of the ISM. Note that this
model relates the X-ray emission to the radio source com-
ponents while the simulations described above consider the
emission from the hot gas heated by the radio source.

Both type of the X-ray emission, thermal and non-
thermal, will be present in GPS sources. Hot thermal gas
will produce an X-ray spectrum with emission lines, while
the non-thermal continuum does not have any spectral fea-
tures. High resolution X-ray spectra are needed in order to
disentangle these two emission components.

3 X-ray Observations of GPS/CSS Sources

BeforeChandra and XMM-Newton there was only one GPS
galaxy detected in X-rays by ASCA (O’Dea et al. 2000) and

Fig. 1 Left: XMM-Newton EPIC X-ray image of
Mkn668 (z=0.076). A 30′′ radius circle is marked around
the source. The source is unresolved on this scale. A 30′′
scale bar equivalent to 44 kpc is shown in the right corner.
Right: Chandra ACIS-S image of Q1143-245 at z=1.95.
5′′ scale corresponding to 42.6 kpc at the source redshift is
marked in the left corner. Note that the radio source size is
much smaller than the resolution of these two instruments.

several GPS quasars detected with HEAO-1 and ROSAT
(see O’Dea 1998 for a summary). During the last decade
there have been several efforts to increase the number of
X-ray detections. Guainazzi et al. (2004, 2006) and Vink et
al. (2006) present X-ray samples of GPS galaxies, Siemigi-
nowska et al. (2003, 2005, 2008) discuss X-ray emission
in GPS/CSS quasars. Worrall et al.(2004) and O’Dea et al.
(2006) study details of the X-ray emission in a single GPS
source.

Chandra and XMM-Newton observational capabilities
are complementary.Chandra exceptional point spread func-
tion (PSF) allows for studies of X-ray morphology with ∼

1 arcsec resolution and the highest dynamic range available
in the X-ray band today (Van Speybroeck et al. 1997, Weis-
skopf et al. 2000). Because of its low background it gives
efficient detections of very faint sources and relatively good
quality spectra within 0.5-7 keV. The PSF of the XMM-
Newton is too large for studies of the X-ray morphology
of GPS sources (Kirsch et al. 2004), but a very high effec-
tive area of the telescope gives high quality spectra within
0.5-10 keV energy range.

The spatial resolution of modernX-ray telescopes is still
much worse than the resolution obtained by radio obser-
vations. Figure 1 shows the X-ray image of a nearby GPS
source Mkn 668 at z=0.076 (1 arcsec = 1.46 kpc). A double
radio structure (< 10 pc) is fully enclosed within the X-
ray point source observed with XMM-Newton EPIC cam-
era. The highest redshfit GPS source in the X-ray sample
is plotted in Figure 2. Q1143-245 (z=1.95) is an unresolved
X-ray point source in the Chandra ACIS-S observation and
1.5′′corresponds to ∼ 12 kpc at the quasar distance.

Table 1 lists the physical size in kpc for a source located
at different redshifts. 1 arcsec corresponds to a physical size
of 179 parsec in Cen A, while it corresponds to 8 kpc for a
source at redshift 1. The redshift distribution for a sample of
sources observed so far in X-rays is plotted in Figure 2. The
peak distribution of the GPS galaxies is at z ∼ 0.3−0.4 and
for a radio source smaller than < 10 kpc cannot be resolved
with the current X-ray telescopes. For the GPS quasars the

c⃝ 2006 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.an-journal.org

F. Wu et al.: Kinematics of OQ 208 revisited
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Fig. 1. Total intensity image of OQ 208. Panel a) shows the 2.3-GHz VLBI image, displaying a double-component morphology. Panel b) shows
the tapered 2.3-GHz image. The extended emission at ∼30 mas west of the primary structure is likely a relic radio emission resulting from the past
activity a few thousand years ago. Panels c) and d) show the 8.4 and 15 GHz images. Each mini-lobe is resolved into two hotspots. Between the
hotspots NE1 and SW1, a knotty jet is detected.

by Luo et al. (2007). Extended emission features on kpc to
Mpc scales has also been detected in OQ 208 (de Bruyn 1990)
and in other CSO galaxies (e.g., 0108+388: Baum et al. 1990;
Stanghellini et al. 2005; 0941-080, 1345+125: Stanghellini et al.
2005), which were interpreted as relics remaining from past
(>108 yr ago) nuclear activity. Extended components on scales
of <100 pc are rarely seen in CSOs (J1511+0518 is another ex-
ample; Orienti & Dallacasa 2008) and this puzzling one-sided
extended feature at 40 pc distance requires an interval between
two intermittent activities shorter than 2 × 103 yr (Orienti &
Dallacasa 2008). The non-detection of the northeast fading lobe
likely indicates asymmetric properties of the ambient interstellar
medium (ISM) on pc scales, leading to more rapid radiative or
adiabatic losses and a shorter life of the NE lobe. This, again,
is consistent with the fact that the NE advancing lobe is much
brighter.

The NE lobe is resolved into two subcomponents (NE1 and
NE2) at 8 and 15 GHz. NE1 dominates the flux density of the
whole source. The spectral index of NE1, determined from 8
and 15 GHz data at close epochs, is α15 GHz

8 GHz = 0.99 ± 0.18. The
brightness temperature is calculated using the equation

Tb = 1.22 × 1012 S ob

ν2obθmajθmin
(1 + z), (1)

where S ob is the observed flux density in Jy, νob is the ob-
serving frequency in GHz, θmaj and θmin are the major and mi-
nor axis of the Gaussian model component in units of mas,
and Tb is the derived brightness temperature in source rest
frame in units of Kelvin. The average brightness temperature
of NE1 is 4.4 × 1010 K. The secondary component NE2 is
weaker than NE1 in the range 4.3–16.3. It has a lower bright-
ness temperature of 1.4 × 109 K and a much steeper spectral
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The answer is in the gamma-rays:

The jets/lobes can produce non-thermal gamma-ray 
emission detectable with Fermi-LAT   
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3FGL J1728.0-6446

>200 MeV; 
0.2 deg/pix

PKS 1718-649
radio pos.

PKS  1718-649 (z=0.014, ~100yrs):  
detection in gamma-rays with 7yrs 

Fermi-LAT observations 

  

Young radio sources

PKS 1718-649
z = 0.014

radio linear size

+

hot spot
advance velocity

=

kinematic age ~100 yrs

Tingay, de Kool (2003), 22 GHz VLBI radio imaging   

7 mas ~ 2 pc

High-energy emission 
from the compact radio 

lobes?

Migliori+, in prep.

Sobolewska+, in prep.

Faint, non variable  
gamma-ray emission

7yrs best fit pos.
(gtfindsrc)

Ljet,kin≳Ldisk

preliminary:
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Testing the lobe scenario:

ALMA NuSTAR CTA?



Jets in Active Galactic Nuclei:
structure & energetics

13’’/45 kpc

X-ray/gamma-ray 
blazar component

X-ray kpc jet

radio 
lobe

RGB J1512+020A (z=0.2)



Fig. 6.—VLA 1.4 and 4.9 GHz images of PKS 1127!145. The lowest contour levels plotted are 0.75 mJy beam!1 (1.4 GHz) and 0.39 mJy beam!1 (4.9 GHz) and
increase by factors of

ffiffiffi
2

p
up to peaks of 5.46 and 4.14 Jy beam!1, respectively. The (uniform weighted) beam sizes are nearly identical: 2:7100 ; 1:6200 at P:A: ¼ 84:4#

and 2:7700 ; 1:6600 at P:A: ¼ 84:0#, respectively.

Fig. 7.—X-ray image, smoothedwith a Gaussian kernel (1 ! ¼ 0:61500), overlaid with the 8.5 GHz radio contourmap. The radio core has been subtracted. The colors indi-
cate theX-ray brightness between black and yellow of 10!10 and 10!5 photons cm!2 s!1 pixel!2, respectively. The radio contours are plotted between 0.2 and 2.0mJy beam!1,
at 0.2, 0.3, 0.5, 0.7, 1.0, 1.2,1.3, 1.5,1.7, and 2.0 mJy beam!1. The radio beam is circular (0.700). The scale is indicated with the arrows. North is up and east is left.
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Jets in Active Galactic Nuclei:
tracing the jet emission



jet power from SED 
modeling of the γ-ray 
blazar component  

jet power from 
the radio 
luminosity 
@151MHz 
(Willott+99)

Jets in Active Galactic Nuclei:
tracing the jet power
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r~1016 cm<Rblr (Rblob~1015 cm)  
theta~4, Γbulk=12, B=2.1 G (UB/Ue=0.3) 

Ljet,kin=3×1021 × f3/2  × L1516/7 erg s-1

Ljet,kin~1045 erg s-1

 Ljet,kin~1044-46 erg/s

>10% of the initial jet power transported to kpc scales



Jets in Active Galactic Nuclei:
accretion & ejection
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disk luminosity: 
≲1044 erg s-1

Ljet,kin≳1044 erg s-1

Ljet,kin≳Ldisk:
the mechanism 
responsible for the jet 
formation
is maximally efficient in 
extracting the BH 
rotational energy 
(see also Ghisellini+’11)

Jets in Active Galactic Nuclei:
accretion & ejection



X-RAY STATES AND RADIO JETS 

Ubiquitous steady jets in hard state 
 
•  low, persistent flux density (10-50 

mJy) 
•  flat radio-IR spectrum, partially self-

absorbed 
•  10s of AU 
•  long lived: months-yrs 

Transient, flaring jets during hard-to-
soft transitions 
•  bright, adiabatically expanding 

(0.1-10 Jy) 
•  optically thin 
•  100s AU 
•  short lived: days-weeks 

GRS1915+105 
Mirabel et al 1994 

 
 

GRS1915+105, 11000 pc  
Mirabel+1994

From Quasar to Microquasar: 

Cygnus A, z=0.056/600 Mly

>60”

1.032 kpc/arcsec
10-18 Msun108-9 Msun,   106-7 yrs
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Microquasar: 
Time lapse of a jet-ISM interaction

Migliori et al. in prep.
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Migliori et al. in prep.



Microquasar: 
Time lapse of a jet-ISM interaction

Corbel'et'al.'2002'

low density cavity

nISM: 1 cm-3

Figure 10: Western Jet centroid/front and tail: separation from XTE J1550-564 (upper panel) and relative velocities (lower
panel). In the lower panel the front/tail velocities are measured from the their initial positions in ObsID 3448.

Table 3: X-ray western Jet: main peak shift from KS test and advanced velocity.

ObsID MJD Days From Flare Peak Shift Peak Shift Error vpeak vpeak,err
days days arcsec arcsec mas day�1 mas day�1

3448a 52344.62 1266.81 22.62 0.5 18.0 0.4
3672b 52444.38 1366.57 0.52 0.12 5.2 1.2
3807b 52541.83 1464.02 0.7 0.12 3.5 0.6
4368b 52667.19 1589.38 0.85 0.22 2.6 0.7

5190b,c 52935.3 1857.49 0.84 0.07 1.4 0.1

Columns: 1- Chandra observation; 2- Modified Julian date of the observation; 2- time from the 1998 X-ray flare
(MDJ=51077.81); 3 & 4- projected peak separation and relative error calculated with a KS test (see Kaaret et al. 2003);
5 & 6- apparent advance velocity and error.
a: the apparent velocity is calculated using the separation between the centroids of the western jet and XTE J1550-564, re-
spectively. The X-ray flare of 1998 is assumed as time of the jet ejection.
b: the peak shift is calculated with respect to the position in ObsID 3448. A KS test is used to compare the western jet position
between ObsID 3448 and the other observations. In all cases, the probability of a zero o↵set is < 10�11. However, the KS
test between ObsID 3448 and the last two observations (4368 and 5190) gives a low probability that the two
samples are drawn from the same distribution, most likely due to the fact that the west jet is clearly extended
in the last two observations.
c: the KS o↵set di↵ers from the actual o↵set between the peaks of 1.500.

7

ballistic  
expansion

jet deceleration

dynamical models: 
Hao&Zhang+’09;Steiner+’12

East Jet

West Jet

Jets’ dynamics:

West Jet 
dynamics:

centroid vel. first to last obs.: 
vrel=0.07c 

tail vel. first to last obs.: 
vrel=-0.12c



•Observations at low radio frequencies (LOFAR) will tell us more on 
the radio duty cycle; 

•High sensitivity radio observations will look for radio jets in radio 
quiet sources; 

•Multi-wavelength all-sky survey (LOFAR/SKA, LSST, EROSITA/
SVOM, CTA) will monitor radio transients (blazars, microquasars, 
GRBs, SNs..);

Future Perspectives


