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Fig. 1.—Chandra image on the scale of the radio source. The width of the
image is 2!.5.

Fig. 2.—Contours of a VLA 6 cm radio map (Perley et al. 1984) superposed
on a gray-scale image of the X-ray emission.

Fig. 3.—Unsmoothed image of the central region of Cyg A in the 0.75–
8 keV band. The areas indicated by solid lines mark regions from which spectra
of the X-ray emission were extracted and modeled with MEKAL codes; the
numbers indicate the resulting gas temperature in units of keV. Temperatures of
regions marked in blue are hotter than the innermost cluster shell (4.60 keV),
while those marked in red are cooler. It is noticeable that the hotter regions are
associated with the limb-brightened edges of the cavity while the cooler regions
are in the “belts” that traverse or encircle the cavity along its minor axis, and
may represent the outer regions of the accretion disk.

!5 keV some 50 kpc from the center, with the coolest gas
immediately outside the cavity. Since this work was published,
improved response functions (“fefs”) have become available.
We have, therefore, deprojected each cluster shell and modeled
each one with a single-temperature MEKAL code plus fore-
ground emission, absorbed by a column of cold gas, precisely
as done in Paper III but using the new fefs. Such a model
provides an acceptable fit to the spectra of all 12 shells and
gives small changes in the run of parameters with radius com-
pared with the results presented in Paper III. In particular, the
(deprojected) temperature in the innermost shell, just outside
the cavity, is now p 4.60 ! 0.5 keV, consistent with theT1
value of 4.91 ! 0.6 keV given in Table 4 of Paper III.
Figure 3 shows the cavity, with the areas emitting bright X-

ray emission outlined. The updated temperatures of MEKAL
models are indicated. These regions are so bright that projection
of foreground and background cluster emission onto them is
negligible. In Figure 3, regions with temperatures 15 keV are
outlined, and they are labeled in blue; regions with temperatures
!5 keV are labeled in red. It is immediately noticeable that the
four regions projecting along the north and south edges of the
cavity are hot (5.2–6.8 keV), while those in the “belts” crossing
the cavity and the nucleus of the galaxy from northeast to
southwest are cool (3.8–4.4 keV). The belts (which are not
discussed in this Letter) appear to be disklike structures of
cooling gas, seen obliquely and being accreted into the galaxy.
This cooling gas may form the outer part of the accretion disk
that fuels the nuclear activity.

3.1. Mach Number and Shock Velocity of Expanding Cavity

We interpret the hot regions elongated along the north and
south edges of the cavity as intracluster gas shocked by the
expanding cavity. The fact that these hot regions are visible at
all implies that the standoff distance of the shock is comparable
to or larger than Chandra’s resolution (about 1 kpc). The de-
projected temperature of the innermost shell of the cluster,

p 4.60 keV, is taken as the preshock temperature. TheT1
average temperature ( p 6.01 keV) of the four “blue” regionsT2
on the north and south edges of the cavity is assumed to be
representative of the postshock temperature.

For a nonradiating shock, equations (10-19) and (10-20) of
Spitzer (1978) are

2p 2gM g ! 12 p ! (1)
p g " 1 g " 11

and

u r g ! 1 22 1p p " , (2)2u r g " 1 (g " 1)M1 2

where ( ), ( ), and ( ) represent the preshockp p u u r r1 2 1 2 1 2
(postshock) pressure, velocity, and density, respectively, g is
the ratio of the specific heats, and M is the Mach number. We
have assumed that the magnetic field exterior to the cavity is
sufficiently weak that it does not affect the dynamics. From

Wilson et al. (2006)

1.032 kpc/arcsecz=0.056

>60”
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to baby Cygnus As…

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

A113, page 3 of 12

Wu et al. (2013)

10 pc

z=0.0765 
1.406 kpc/“
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790 Aneta Siemiginowska: X-ray Emission

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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to baby Cygnus As…
A smaller radio structure might not be a X-ray fainter one: mini-lobes

Fig. 2.—Broadband emission produced within the lobes of GPS sources with different jet kinetic power (Lj ¼ 1047, 1046, 1045, and 1044 erg s"1) and different linear
sizes (LS ¼ 33 pc, 100 pc, and 1 kpc). Illustrative parameters were considered: !B ¼ 0:3, !e ¼ 3, LV ¼ 1045 erg s"1, LUV ¼ LIR ¼ 1046 erg s"1 for Lj > 1045 erg s"1, and
LUV ¼ LIR ¼ 1045 erg s"1 for Lj # 1045 erg s"1. Single power-law injection function Q(") with spectral index s ¼ 2:5 was assumed, with minimum and maximum
electron Lorentz factors "min ¼ 1 and "max ¼ 105, respectively.
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to baby Cygnus As…
A smaller radio structure might not be a X-ray fainter one: 

beamed jet emission
The Astrophysical Journal, 780:165 (15pp), 2014 January 10 Migliori et al.

Figure 1. Left: illustration of the jet model: the observed jet luminosities are produced in a jet spherical knot (in red). The external photon fields contributing to the
jet EC emission are schematically illustrated: the disk, dust, and blazar component at the base of the jet (in cyan). Right: simulated SED for a 25 pc jet (upper panels)
and a 300 pc jet (lower panels). The jet parameters are: Ljet,kin = Ldisk = 1046 erg s−1, Γ = 2.0, θ = 30◦. Left panels: the assumed EED is a simple power law with
γmin = 10, γmax = 105, p = 2.68. Right panels: the assumed EED is a broken power law with γmin = 10, γmax = 105, γbreak = 2 × 103, p = 2.1, p2 = 4.0. Note that
the EC/syn component is not included in the SED of the 300 pc jet (see the text).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Notation Definition Value/Range

Free Input Parameters

LS Jet LS (core to jet termination) 10 pc–10 kpc
Ldisk Bolometric disk luminosity 1045–1047 erg s−1

Γ Jet knot bulk Lorentz factor 1.4–10
θ Observer’s viewing angle 10◦–50◦

Linked Parameters

R Knot radius 0.1LS
zd Knot distance from the BH LS
Ljet,kin Jet kinetic power (0.01, 0.1, 1.0)Ldisk
U ′

e Radiating EED ∝ Ljet,kin
U ′

B Magnetic field energy density Ue/UB = 10
Ldust Dust/IR luminosity 0.1Ldisk
Rdust Dust shell radius ∝

√
Ldisk

Lbl Synchrotron radiative power of the blazar-like blob 10%Ljet,kin

Fixed Parameters

γ min Minimum electron Lorentz factor 10
γ max Maximum electron Lorentz factor 105

γ break Energy break Lorentz factor (broken power law) 2 × 103

p EED index (single power law) 2.68
EED low energy index (broken power law) 2.1

p2 EED high energy index (broken power law) 4.0
Tdisk Disk blackbody temperature 3 × 104 K
Tdust Dust blackbody temperature 370 K
Γbl Blazar-like blob bulk Lorentz factor 10

The jet has a conical geometry with a semi-aperture angle equal
to 0.1 (R = 0.1LS), which allows for reasonable sizes of the
knot radius R (1 pc to 1 kpc) within the considered linear scales
(LS ! 10 kpc).

The fraction of disk photons reprocessed by nuclear dust
in a putative torus is fixed to Ldust = 0.1Ldisk, in agreement
with luminosities found for type 1 quasars (Hatziminaoglou
et al. 2008), where the disk emission can be directly observed.
Since we are not aiming at a detailed model of the source
spectrum, the thermal emission from the disk and the dust is
simply modeled with a blackbody spectrum. We set the disk
temperature Tdisk to ∼3 × 104 K. The dust temperature (Tdust ∼
370 K) is derived from the observed peak frequency of the
IR emission (νdust = 3 × 1013 Hz Cleary et al. 2007) using
the formula Tdust = hνdust/(3.93k) (see Ghisellini & Tavecchio
2009). The considered spatial scales are larger than 1 pc, thus
we always treat the disk as a point-like source of photons,
with the energy density10 of the disk photons, U ′

disk, scaling as
1/LS2 (and 1/Γ2). For simplicity, we assumed a thin spherical
shell for the dust spatial distribution, the shell radius being
Rdust = 2.5 × 1018

!
Ldisk/1045 cm (Błażejowski et al. 2000;

Sikora et al. 2002). The dust photon energy density, U ′
dust, is

computed using Equation 21 in Ghisellini & Tavecchio (2009)
when zd < Rdust and considering a point-like source of photons
when zd > Rdust. The value of U ′

dust at the discontinuity point,
zd = Rdust, is the average between the dust energy densities
immediately inside and outside the shell.

We assume a link between the accretion and ejection pro-
cesses related to the supermassive BH. The power carried by
the jet in radiating particles and the Poynting flux (Ljet,kin) is
proportional to the disk luminosity, Ldisk. A relation between
the jet and disk powers in extragalactic radio sources has been
considered by Rawlings & Saunders (1991), who found that
the average jet kinetic power, necessary to support the radio

10 Hereafter, primed energy densities and luminosities are in the jet knot
comoving frame.
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Figure 1. Left: illustration of the jet model: the observed jet luminosities are produced in a jet spherical knot (in red). The external photon fields contributing to the
jet EC emission are schematically illustrated: the disk, dust, and blazar component at the base of the jet (in cyan). Right: simulated SED for a 25 pc jet (upper panels)
and a 300 pc jet (lower panels). The jet parameters are: Ljet,kin = Ldisk = 1046 erg s−1, Γ = 2.0, θ = 30◦. Left panels: the assumed EED is a simple power law with
γmin = 10, γmax = 105, p = 2.68. Right panels: the assumed EED is a broken power law with γmin = 10, γmax = 105, γbreak = 2 × 103, p = 2.1, p2 = 4.0. Note that
the EC/syn component is not included in the SED of the 300 pc jet (see the text).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Notation Definition Value/Range

Free Input Parameters

LS Jet LS (core to jet termination) 10 pc–10 kpc
Ldisk Bolometric disk luminosity 1045–1047 erg s−1

Γ Jet knot bulk Lorentz factor 1.4–10
θ Observer’s viewing angle 10◦–50◦

Linked Parameters

R Knot radius 0.1LS
zd Knot distance from the BH LS
Ljet,kin Jet kinetic power (0.01, 0.1, 1.0)Ldisk
U ′

e Radiating EED ∝ Ljet,kin
U ′

B Magnetic field energy density Ue/UB = 10
Ldust Dust/IR luminosity 0.1Ldisk
Rdust Dust shell radius ∝

√
Ldisk

Lbl Synchrotron radiative power of the blazar-like blob 10%Ljet,kin

Fixed Parameters

γ min Minimum electron Lorentz factor 10
γ max Maximum electron Lorentz factor 105

γ break Energy break Lorentz factor (broken power law) 2 × 103

p EED index (single power law) 2.68
EED low energy index (broken power law) 2.1

p2 EED high energy index (broken power law) 4.0
Tdisk Disk blackbody temperature 3 × 104 K
Tdust Dust blackbody temperature 370 K
Γbl Blazar-like blob bulk Lorentz factor 10

The jet has a conical geometry with a semi-aperture angle equal
to 0.1 (R = 0.1LS), which allows for reasonable sizes of the
knot radius R (1 pc to 1 kpc) within the considered linear scales
(LS ! 10 kpc).

The fraction of disk photons reprocessed by nuclear dust
in a putative torus is fixed to Ldust = 0.1Ldisk, in agreement
with luminosities found for type 1 quasars (Hatziminaoglou
et al. 2008), where the disk emission can be directly observed.
Since we are not aiming at a detailed model of the source
spectrum, the thermal emission from the disk and the dust is
simply modeled with a blackbody spectrum. We set the disk
temperature Tdisk to ∼3 × 104 K. The dust temperature (Tdust ∼
370 K) is derived from the observed peak frequency of the
IR emission (νdust = 3 × 1013 Hz Cleary et al. 2007) using
the formula Tdust = hνdust/(3.93k) (see Ghisellini & Tavecchio
2009). The considered spatial scales are larger than 1 pc, thus
we always treat the disk as a point-like source of photons,
with the energy density10 of the disk photons, U ′

disk, scaling as
1/LS2 (and 1/Γ2). For simplicity, we assumed a thin spherical
shell for the dust spatial distribution, the shell radius being
Rdust = 2.5 × 1018

!
Ldisk/1045 cm (Błażejowski et al. 2000;

Sikora et al. 2002). The dust photon energy density, U ′
dust, is

computed using Equation 21 in Ghisellini & Tavecchio (2009)
when zd < Rdust and considering a point-like source of photons
when zd > Rdust. The value of U ′

dust at the discontinuity point,
zd = Rdust, is the average between the dust energy densities
immediately inside and outside the shell.

We assume a link between the accretion and ejection pro-
cesses related to the supermassive BH. The power carried by
the jet in radiating particles and the Poynting flux (Ljet,kin) is
proportional to the disk luminosity, Ldisk. A relation between
the jet and disk powers in extragalactic radio sources has been
considered by Rawlings & Saunders (1991), who found that
the average jet kinetic power, necessary to support the radio

10 Hereafter, primed energy densities and luminosities are in the jet knot
comoving frame.
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Figure 1. Left: illustration of the jet model: the observed jet luminosities are produced in a jet spherical knot (in red). The external photon fields contributing to the
jet EC emission are schematically illustrated: the disk, dust, and blazar component at the base of the jet (in cyan). Right: simulated SED for a 25 pc jet (upper panels)
and a 300 pc jet (lower panels). The jet parameters are: Ljet,kin = Ldisk = 1046 erg s−1, Γ = 2.0, θ = 30◦. Left panels: the assumed EED is a simple power law with
γmin = 10, γmax = 105, p = 2.68. Right panels: the assumed EED is a broken power law with γmin = 10, γmax = 105, γbreak = 2 × 103, p = 2.1, p2 = 4.0. Note that
the EC/syn component is not included in the SED of the 300 pc jet (see the text).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Notation Definition Value/Range

Free Input Parameters

LS Jet LS (core to jet termination) 10 pc–10 kpc
Ldisk Bolometric disk luminosity 1045–1047 erg s−1

Γ Jet knot bulk Lorentz factor 1.4–10
θ Observer’s viewing angle 10◦–50◦

Linked Parameters

R Knot radius 0.1LS
zd Knot distance from the BH LS
Ljet,kin Jet kinetic power (0.01, 0.1, 1.0)Ldisk
U ′

e Radiating EED ∝ Ljet,kin
U ′

B Magnetic field energy density Ue/UB = 10
Ldust Dust/IR luminosity 0.1Ldisk
Rdust Dust shell radius ∝

√
Ldisk

Lbl Synchrotron radiative power of the blazar-like blob 10%Ljet,kin

Fixed Parameters

γ min Minimum electron Lorentz factor 10
γ max Maximum electron Lorentz factor 105

γ break Energy break Lorentz factor (broken power law) 2 × 103

p EED index (single power law) 2.68
EED low energy index (broken power law) 2.1

p2 EED high energy index (broken power law) 4.0
Tdisk Disk blackbody temperature 3 × 104 K
Tdust Dust blackbody temperature 370 K
Γbl Blazar-like blob bulk Lorentz factor 10

The jet has a conical geometry with a semi-aperture angle equal
to 0.1 (R = 0.1LS), which allows for reasonable sizes of the
knot radius R (1 pc to 1 kpc) within the considered linear scales
(LS ! 10 kpc).

The fraction of disk photons reprocessed by nuclear dust
in a putative torus is fixed to Ldust = 0.1Ldisk, in agreement
with luminosities found for type 1 quasars (Hatziminaoglou
et al. 2008), where the disk emission can be directly observed.
Since we are not aiming at a detailed model of the source
spectrum, the thermal emission from the disk and the dust is
simply modeled with a blackbody spectrum. We set the disk
temperature Tdisk to ∼3 × 104 K. The dust temperature (Tdust ∼
370 K) is derived from the observed peak frequency of the
IR emission (νdust = 3 × 1013 Hz Cleary et al. 2007) using
the formula Tdust = hνdust/(3.93k) (see Ghisellini & Tavecchio
2009). The considered spatial scales are larger than 1 pc, thus
we always treat the disk as a point-like source of photons,
with the energy density10 of the disk photons, U ′

disk, scaling as
1/LS2 (and 1/Γ2). For simplicity, we assumed a thin spherical
shell for the dust spatial distribution, the shell radius being
Rdust = 2.5 × 1018

!
Ldisk/1045 cm (Błażejowski et al. 2000;

Sikora et al. 2002). The dust photon energy density, U ′
dust, is

computed using Equation 21 in Ghisellini & Tavecchio (2009)
when zd < Rdust and considering a point-like source of photons
when zd > Rdust. The value of U ′

dust at the discontinuity point,
zd = Rdust, is the average between the dust energy densities
immediately inside and outside the shell.

We assume a link between the accretion and ejection pro-
cesses related to the supermassive BH. The power carried by
the jet in radiating particles and the Poynting flux (Ljet,kin) is
proportional to the disk luminosity, Ldisk. A relation between
the jet and disk powers in extragalactic radio sources has been
considered by Rawlings & Saunders (1991), who found that
the average jet kinetic power, necessary to support the radio

10 Hereafter, primed energy densities and luminosities are in the jet knot
comoving frame.
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leptonic radiative model - parameters: jet power & disk luminosity, jet 
speed & inclination, linear size, electron energy distribution.

IC/disk
SSC

IC/dust

IC/syn

Migliori et al. (2014)
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to baby Cygnus As…
Expanding source - ISM interactions

Cen A (@3.7 Mpc)

S

L10 WILSON, SMITH, & YOUNG Vol. 644

Fig. 1.—Chandra image on the scale of the radio source. The width of the
image is 2!.5.

Fig. 2.—Contours of a VLA 6 cm radio map (Perley et al. 1984) superposed
on a gray-scale image of the X-ray emission.

Fig. 3.—Unsmoothed image of the central region of Cyg A in the 0.75–
8 keV band. The areas indicated by solid lines mark regions from which spectra
of the X-ray emission were extracted and modeled with MEKAL codes; the
numbers indicate the resulting gas temperature in units of keV. Temperatures of
regions marked in blue are hotter than the innermost cluster shell (4.60 keV),
while those marked in red are cooler. It is noticeable that the hotter regions are
associated with the limb-brightened edges of the cavity while the cooler regions
are in the “belts” that traverse or encircle the cavity along its minor axis, and
may represent the outer regions of the accretion disk.

!5 keV some 50 kpc from the center, with the coolest gas
immediately outside the cavity. Since this work was published,
improved response functions (“fefs”) have become available.
We have, therefore, deprojected each cluster shell and modeled
each one with a single-temperature MEKAL code plus fore-
ground emission, absorbed by a column of cold gas, precisely
as done in Paper III but using the new fefs. Such a model
provides an acceptable fit to the spectra of all 12 shells and
gives small changes in the run of parameters with radius com-
pared with the results presented in Paper III. In particular, the
(deprojected) temperature in the innermost shell, just outside
the cavity, is now p 4.60 ! 0.5 keV, consistent with theT1
value of 4.91 ! 0.6 keV given in Table 4 of Paper III.
Figure 3 shows the cavity, with the areas emitting bright X-

ray emission outlined. The updated temperatures of MEKAL
models are indicated. These regions are so bright that projection
of foreground and background cluster emission onto them is
negligible. In Figure 3, regions with temperatures 15 keV are
outlined, and they are labeled in blue; regions with temperatures
!5 keV are labeled in red. It is immediately noticeable that the
four regions projecting along the north and south edges of the
cavity are hot (5.2–6.8 keV), while those in the “belts” crossing
the cavity and the nucleus of the galaxy from northeast to
southwest are cool (3.8–4.4 keV). The belts (which are not
discussed in this Letter) appear to be disklike structures of
cooling gas, seen obliquely and being accreted into the galaxy.
This cooling gas may form the outer part of the accretion disk
that fuels the nuclear activity.

3.1. Mach Number and Shock Velocity of Expanding Cavity

We interpret the hot regions elongated along the north and
south edges of the cavity as intracluster gas shocked by the
expanding cavity. The fact that these hot regions are visible at
all implies that the standoff distance of the shock is comparable
to or larger than Chandra’s resolution (about 1 kpc). The de-
projected temperature of the innermost shell of the cluster,

p 4.60 keV, is taken as the preshock temperature. TheT1
average temperature ( p 6.01 keV) of the four “blue” regionsT2
on the north and south edges of the cavity is assumed to be
representative of the postshock temperature.

For a nonradiating shock, equations (10-19) and (10-20) of
Spitzer (1978) are

2p 2gM g ! 12 p ! (1)
p g " 1 g " 11

and

u r g ! 1 22 1p p " , (2)2u r g " 1 (g " 1)M1 2

where ( ), ( ), and ( ) represent the preshockp p u u r r1 2 1 2 1 2
(postshock) pressure, velocity, and density, respectively, g is
the ratio of the specific heats, and M is the Mach number. We
have assumed that the magnetic field exterior to the cavity is
sufficiently weak that it does not affect the dynamics. From

X-ray thermal emission from shocked heated ISM 

Wilson et al.(2006)
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to baby Cygnus As…
Expanding source - ISM interactions

Fig. 9.—Soft X-rays: Snapshots of the logarithm of the soft X-ray surface
brightness between 55 and 95 kyr. The upper gray-scale bar with numbers prefixed
by ‘‘T’’ indicates the relative contribution of gas at various temperatures to the
emissivity. Dark indicates a large contribution; light indicates a low contribution.

Fig. 8.—Soft X-rays: Snapshots of the logarithm of the soft X-ray surface
brightness between 5 and 45 kyr. The lower gray-scale bar indicates the scale of
surface brightness in the image. The upper gray-scale bar with numbers prefixed
by ‘‘T’’ indicates the relative contribution of gas at various temperatures to the
emissivity. Dark indicates a large contribution; light indicates a low contribution.

Fig. 10.—Hard X-rays: Snapshots of the logarithm of the hard X-ray surface
brightness between 5 and 45 kyr. The upper gray-scale bar with numbers prefixed
by ‘‘T’’ indicates the relative contribution of gas at various temperatures to the
emissivity. Dark indicates a large contribution; light indicates a low contribution.

Fig. 11.—Hard X-rays: Snapshots of the logarithm of the hard X-ray surface
brightness between 55 and 95 kyr. The upper gray-scale bar with numbers pre-
fixed by ‘‘T’’ indicates the relative contribution of gas at various temperatures to the
emissivity. Dark indicates a large contribution; light indicates a low contribution.

Sutherland & Bicknell (2007)

1.5-10 KeV

Cocoons of hot (few 107 K) X-ray 
gas formed by the jet expansion 
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X-ray Observations of Young Radio Sources

- 48 GPS & CSS observed in X-rays with Chandra and/or XMM-Newton; 
- 13 quasars and 35 radio galaxies; 
- 16 CSO: most compact (LS<200 pc) and youngest;   
- 4 Low Luminosity Compact Sources (LLCs, L5GHz<5×1042 erg s-1, 

LS~2-17 kpc); 
- 0.014<z<1.95

Young Radio Sources are X-ray emitters! 

most of the X-ray detections from  
snapshot (<10ksec) or short (~20ksec) observations
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X-ray Observations: morphology 

The X-ray emission is typically 
compact, 

a diffuse component is present 
only in few cases  

Young Radio Sources 9
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Fig. 2.— Smoothed ACIS-S images

z=0.263, age~1300 yrs, 
LS~107pc 
LX~7×1042 erg s-1

Siemiginowska et al. in prep.
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Fig. 2.— Smoothed ACIS-S images

z=0.014, age~91 yrs, 
LS~2pc 
LX~1.5×1041 erg s-1 

Siemiginowska et al. in prep.

2 M. Kunert-Bajraszewska et al.

Table 1. Basic properties of the sample and X-ray models. Redshifts followed by a “p” are photometric. Fluxes are in 10�15 erg s�1cm�2. Limits are 3�. The
numbers in parentheses indicate the errors calculated as

p
counts.

Source RA(J2000) Dec (J2000) ID z Counts F0.5�2keV F2�10keV NH,Gal NH � Chandra
0.5 � 7keV (1020 cm�2) (1020 cm�2) Obs ID

0810+077 08:13:23.76 07:34:05.80 Q 0.112 119 (11) 32+11
�10 190+140

�90 2.14 13+1.3
�1.3 0.64+0.15

�0.15 12716
0907+049 09:09:51.13 04:44:22.13 G 0.640p 3a <2.5 <4.6 1.41 � 1.7b 12717
0942+355 09:45:25.89 35:21:03.50 G 0.208 103 (10) 32+5.0

�5.0 66+33
�24 3.55 <23 1.6+0.24

�0.16 12714
1321+045 13:24:19.70 04:19:07.20 G 0.263 53 (7) 14+3.0

�3.0 9.4+16.6
�5.4 2.04 � 2.35+0.39

�0.36 12715
1542+390 15:43:49.49 38:56:01.40 G 0.553 0a <2.5 <4.6 1.55 � 1.7b 12718
1558+536 15:59:27.66 53:30:54.70 G 0.179 9 (3) 2.8+1.5

�1.5 5.2+1.6
�1.6 1.26 � 1.7b 12719

1624+049 16:26:50.30 04:48:50.50 G 0.040p 4a <1.2 <2.6 5.01 � 1.7b 12720

a means no detection, only upper limit for flux.
b means �=1.7 was assumed for the flux calculation.

Figure 1. Chandra X-ray (color) and MERLIN 1.6 GHz (contours) emission from 0810+077 (left panel) and 0942+355 (right panel). The radio maps are taken
from (Kunert-Bajraszewska et al. 2010). We have used 0.15 pixel blocking for the X-ray images. The cross indicates the position of an optical counterpart
taken from the SDSS. The radio contours increase by factor of 2, the first contour level corresponds to ⇡ 3� and amounts 1.7 mJy/beam (0810+077) and 0.85
mJy/beam (0942+355).

Bajraszewska et al. 2010) and that not one but a few evolutionary
paths exist (Marecki et al. 2003; Kunert-Bajraszewska et al. 2010;
An & Baan 2012). Detection of several candidates for dying com-
pact sources (Giroletti et al. 2005; Kunert-Bajraszewska et al. 2006,
2010; Orienti et al. 2010) supports this view. The determining fac-
tors for the further evolution of compact radio objects could occur
at sub-galactic (or even nuclear) scales, or they could be related to
the radio jet-ISM interactions and evolution. Our previous studies
suggest that the evolutionary track could be related to the interac-
tion, strength of the radio source, and excitation levels of the ion-
ized gas (Kunert-Bajraszewska et al. 2010; Kunert-Bajraszewska &
Labiano 2010), instead of the radio morphology of the young radio
source.

The characteristics (size, radio power and young age) of GPS
and CSS sources make them excellent probes of interaction (and
therefore evolution) of radio sources. Furthermore, they have not
completely broken through the ISM, so these interactions are ex-
pected to be more important than in the larger sources. Observa-
tions of UV, HI and, especially, of the ionized gas in GPS and CSS
sources suggest the presence of such interactions (Labiano 2008a;
Labiano et al. 2008b; Holt et al. 2006; Labiano et al. 2005; Axon et
al. 2000; de Vries et al. 1999, 1997; Gelderman & Whittle 1994).

Additional clues on the evolution of compact GPS and CSS
sources may come from the X-ray band, but still little is known

about the nature of the X-ray emission in these young sources. The-
oretical models predict strong X-ray emission from young radio
sources, due to the recent triggering of the nuclear activity and/or
the expansion through the ISM (e.g., Siemiginowska et al. 2012;
Siemiginowska 2009, and references therein). The Chandra and
XMM-Newton observations of GPS and CSS objects made so far
have focused on sources with high radio emission (e.g., Siemigi-
nowska et al. 2008; Vink et al. 2006; Guainazzi et al. 2004, 2006;
Tengstrand et al. 2009). These sources, when included in the L2�10

keV versus L5GHz diagram, group in the region occupied by power-
ful FR II sources (Tengstrand et al. 2009). Therefore, the location
of GPS and CSS sources in the radio to X-ray luminosity diagram
is consistent with them being powered by accretion, and therefore
evolving onto a track of constant X-ray, accretion-driven luminos-
ity to FR IIs, as well as with the correlation between radio and X-
ray luminosity observed in FR Is, which would point to a common
origin for the emission in these two bands.

In this paper, we present the first X-ray observations of low
power radio sources, starting to fill the gap in the L2�10 keV ver-
sus L5GHz diagram, and shedding some light on the origin of high-
energy emission of young radio sources and their evolution.

c� 2013 RAS, MNRAS 000, 1–??

z=0.208,  
LS~4.41 kpc 
LX~8×1042 erg s-1 

Kunert-Bajraszewska et al. (2013)
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X-ray Observations: spectra 
A (Power law + absorption) model is usually a good spectral fit:

an additional component is need:

The X-ray properties of young radio-loud AGN 931

Figure 1. Observed XMM–Newton count rate spectra. The MOS spectra are shown in red and the PN spectra in black.

(2003) based on H I radio absorption observations of a large sample
of compact radio sources, and by (O’Dea et al. 2005) from upper
limits to the molecular gas content in GPS sources. Note that the
X-ray absorption gives more stringent constraints on the actual gas
column densities than H I and molecular absorption densities, as
X-ray absorption depends on the total column toward the central
source, whereas radio observations only probe the neutral fraction
of the gas. This is quite an important distinction since AGN are
expected to create an extended ionized region, as we discuss in
Section 3.2. Furthermore, X-ray absorption probes the gas toward
the accretion disc, whereas the radio absorption probes the neutral
gas toward the radio source, which is situated at larger radii. It is
therefore not surprising that for the four galaxies in our sample
for which also H I absorption measurements have been made the H I

column is always one–two orders of magnitude lower than the X-ray

absorption column (Table 4 and Fig. 4). Attributing the difference
solely to ionization effects would mean ionization fractions of 90–
99 per cent. However, the ionization fractions are likely to be lower,
because a substantial part of the X-ray absorption may occur inside
the central 100 pc, which is not probed by absorption toward the
radio hotspots.

Pihlström et al. (2003) found a strong anticorrelation between the
linear size of the radio emission and the H I column density, which
they use to probe the average density profile of the ISM. They do
not consider ionization effects, whereas this could be an additional
cause for the observed anticorrelation: small jets are associated with
young AGN, which do therefore not yet have an extended narrow-
line emission region of ionized gas (see Section 3.2). If this is the
case it makes it less straightforward to derive an average ISM density
profile from the relation between N H I and linear size of the radio

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 367, 928–936

Vink et al. (2006)

jet emission often dominates over these accretion components.
In fact, the radioYtoYgamma-ray emission is entirely dominated
by the jet emission in blazars, which are observed along the jet
axes (Sikora et al. 1997). Some of the GPS sources might indeed
be observed along the jet axis and have a significant X-ray emis-
sion due to relativistic jet particles.
If, for example, a relativistic jet is propagating within a strong

IR photon field, the IR photons upscattered by the jet electrons
can contribute to the X-ray and gamma-ray emission (see Sikora
et al. 2002; Byażejowski et al. 2004). The expected spectrum is
flat in comparison to the photon index found in our sample except
for PKS 1127!145, which has ! ¼ 1:20 # 0:03, the smallest
in the sample. The distribution of a power-law photon index
for the sample is plotted in Figure 4. A majority of the sources
have1:8 < ! < 2, with a median value of ! ¼ 1:84 # 0:24 for
the quasars in the sample. This ! is higher than the values of
1:57 # 0:08 (Bechtold et al. 1994a, 1994b) or 1:55 # 0:17
(Belsole et al. 2006) observed for the other radio-loud quasars,
and similar to the value of 2:03 # 0:31 observed in radio-quiet
quasars (Kelly et al. 2007), where the X-ray emission is not
associated with a jet. We conclude that there is no evidence for

Fig. 3.—ChandraACIS-S spectra of GPS/CSS sources fit with the absorbed power-lawmodel. The lower panel shows the residuals in terms of sigma. From top left:
Q0134+329, Q0740+380, Q1143!245, Q1250+568, Q1328+254, PKSB1345+125, Q1416+067, and Q1458+718. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 4.—Histogram of number of sources vs. photon index !. The top plot
represents all sources in the sample, with the three galaxies denoted by the filled
regions. The bottom plot contains only quasars; the jdpileup model was applied
to the three sources with significant pileup (see Table 2).

SIEMIGINOWSKA ET AL.816 Vol. 684

Siemiginowska et al. (2008)
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Table 2. Best-fit parameters and results for global fits to the nuclear spectra of Mkn 668. Models legenda: #1 = BKNPO+GA; #2 = WAsoft ×
(POsoft + 2 ×GA) +WAhard × (POhard +GA); #3 =WA × (POsoft + PEXRAV+ 3 ×GA); #4 =WA × (MEKAL + PEXRAV+GA), where: PO =
power-law; BKNPO= broken power-law; PEXRAV= Compton-reflection; MEKAL = thermal plasma emission; GA =Gaussian emission line;
WA = photoelectric absorption.

Model Nsoft
H Nhard

H Γhard
a Ebreak Γsoft kT χ2/ν

(1021 cm−2) (1023 cm−2) (keV) (keV)

XMM-Newton

#1 1.3±1.2
1.0 ... 0.7±0.3

0.4 2.3±0.8
0.4 2.1±0.6

0.3 ... 34.0/41

#2 1.2±0.9
0.8 2.4±1.0

0.8 2.0±0.4
0.3 ... ≡ Γhard ... 31.1/41

#3ab 1.1 ± 0.5 ... 2.21±0.19
0.14

a ... ≡ Γhard ... 34.8/42

#3b 1.9±1.3
1.0 ... 2a,c ... 2.6 ± 0.5 ... 32.2/42

#4 0.9±0.8
0.6 ... 2.2 ± 0.4a ... ... 1.3±0.8

0.4 33.2/42

ASCA

#3ab < 0.8 ... 1.2±2.0
0.3

a ... ≡ Γhard ... 79.7/77

a Intrinsic, for the Compton-reflection model; b “baseline model” in text; c fixed.

Fig. 1. Spectra (upper panel) and residuals in units of data/model ratio
(lower panel) when a photoelectrically absorbed power- law model is
simultaneously fit to the MOS and pn spectra of Mkn 668. Each data
point corresponds to a signal-to-noise ratio larger than 3.

model is used: χ2 = 111.0/47 ν, where ν indicates the num-
ber of degrees of freedom; the residuals against this fit are
shown in Fig. 1). Phenomenologically, a good fit can be ob-
tained with a two continuum model such a broken power-law
(cf. Table 1), provided that a Gaussian emission line is in-
cluded to account for a narrow-band feature around 6 keV (ob-
server’s frame). The F-test for the addition of emission line
feature to the broken power-law continuum is highly signif-
icant: ∆χ2/∆ν = 36.5/3, which corresponds to a 99.9992%
confidence level according to the F-test2 A zoom of the spec-
tral area around 6 keV is shown in Fig. 2 (only pn data are
shown for clarity), where a constant linear rebinning in the
energy space has been applied to prevent weak, narrow-band
features from being visually smeared. The emission feature
clearly stands out against the underlying continuum. We have

2 Following Protassov et al. (2002) we have applied the F-test with-
out imposing any constraints on the Gaussian profile normalization
sign.

Fig. 2. pn non-background subtracted spectrum in the 5.25–7.25 keV
energy band. Data points have been rebinned with a constant width
of 75 eV (which corresponds to about one-third of the intrinsic energy
resolution). The solid line represents a fit with a power-law continuum
and an unresolved Gaussian profile. The background level is indicated
by the dashed line.

simultaneously fitted the non background-subtracted pn and
MOS spectra in the 5.25–7.25 keV energy band, using the
C-statistics (which is appropriate for spectra, whose channel
photon distribution is purely Poissonian). In this fit, the local
pn (MOS) background has been modeled with a simple power-
law (a good approximation in such a small energy range), with
normalization 1.41 × 10−6 (2.61 × 10−7) keV cm−2 s−1 and
photon index 0.38 (−0.52). The local continuum has been ap-
proximated by a power-law as well. A single narrow emission
line leaves residuals bluewards the energy centroid. They can
be accounted for either by a single broad line, with centroid
energy Ec = 6.44±0.08

0.04 keV, σ = 100±100
50 eV and intensity

Ic = (4.2±1.8
0.8) × 10−6 cm−2 s−1, or by a combination of three

narrow lines, whose energies are well consistent with neutral,
He-like, and H-like iron. (cf. Table 3). Total net counts in the

Guainazzi et al. (2004)

OQ+208
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Fig. 4. Iso-χ2 contours in the centroid energy (observer’s frame) versus
normalisation plane for the Gaussian profile in the best-fit reflection-
dominated model for PKS1607+26. The contours correspond to the
68%, 90% and 99% confidence level for two interesting parameters,
respectively.

constraints): a pure Compton-reflection continuum (model
pexrav in Xspec, Magdziarz & Zdziarski 1995) plus a Gaussian
unresolved emission line. In order to take advantage of the full
energy resolution of the EPIC cameras we fit the unbinned
spectrum using the Cash statistic, C (Cash 1976). Although
the Cash statistic does not provide an absolute level of statis-
tical confidence on the quality of the fit, the resulting value
(C = 25.2/21 degrees of freedom) and the smoothness of the
residuals (Fig. 3) indicate that the fit is good. Once this contin-
uum is adopted, an emission line is required at a confidence level
larger than 90% for two interesting parameters (or 95% for one
parameter; Fig. 4). The EW (500 ± 300 eV) is consistent with
values typically observed in Compton-thick AGN. However, the
best-fit centroid energy of this feature (Ez=0

c = 4.12±0.06
0.05 keV)

is slightly inconsistent with Fe Kα fluorescence if converted
into the rest frame with the quoted redshift for this object:
Ez=0.473

c = 6.06±0.09
0.07 keV. No other known atomic transition

could be responsible for a feature at this energy. We do not have a
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Fig. 5. Iso-χ2 contours for the column density covering a power-law pri-
mary continuum derived from the EPIC pn spectrum of PKS1607+26
in the reflection-dominated scenario. The lines correspond to the 68%,
90% confidence level for one interesting parameter and to the 90% con-
fidence level for two interesting parameters, respectively.

convincing explanation for this finding. The redshift quoted in
the literature for PKS1607+26 dates back to Philips & Shaffer
(1983). A couple of years later Biretta et al. (1985) refer to pre-
vious mis-identification of this object, and indeed the value of
z = 0.47 in the original paper corresponds to the wrong identi-
fier in Biretta et al. (1985). If the emission line is indeed the Fe
Kα, the redshift is z ≃ 0.55. Notwithstanding the ultimate red-
shift value, the very flat hard X-ray spectral index, alongside the
detection of a strong emission-line feature point to a Compton-
thick nature for this object. In order to determine a lower-limit
to the column density covering the primary continuum, we have
added to the pure reflection model a power law obscured by pho-
toelectric absorption. We have used a combination of the models
phabs and cabs in Xspec to take into account the contribution
of Compton scattering, which is no longer negligible for column
densities close to the Compton-thick limit. The obscuring col-
umn density is constrained to be larger than 6 × 1023 cm−2 (90%
confidence level for one interesting parameter; Fig. 5). This is
the value we’ll associate with PKS1607+26 in all subsequents
plots and distribution functions. However, given the pending un-
certainties on the ultimate identification of this source, we won’t
use this measurement to derive statistical estimators in the NH
distribution of the whole sample.

5. Comparison with control samples of “normal”
radio galaxies

In this section we present X-ray spectral properties of the
flux density and redshift-selected complete sub-sample extracted
from the Stanghellini et al. (1998) GPS sample described in
Sect. 2. Readers are referred to the Guainazzi et al. (2006) and
Vink et al. (2005) papers for the spectral analysis of the sources
not discussed in this paper. We have repeated the analysis of the
sources of the Vink et al. (2005) with the same reduction and data
screening criteria as in the Guainazzi et al. (2006) and in this
paper. The results of our re-analysis are consistent with theirs.
5 GHz luminosities are taken from Stanghellini et al. (1998) and
O’Dea (1998).

Our goal is also to compare the properties of the complete
radio-selected flux-limited GPS sample with a control sample

(Tengstrand et al. 2009)
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X-ray samples: GPS & CSS Quasars 

- X-ray luminosities similar to giant quasars; 
- no intrinsic absorption (NH<1021 cm-2); 
- median X-ray photon index (⟨Γ⟩=1.8±0.2) and optical to X-ray spectral index 

(⟨αoX⟩=1.5±0.2) similar to values found in radio quiet quasar samples (⟨Γ⟩
=2.0±0.3, ⟨αoX⟩=1.5±0.2); 

- no significant LX-Lradio correlation. 

a strong contribution of a parsec-scale jet to the X-ray spectrum
in13 out of 14 objects in our sample of GPS/CSS quasars. This
needs to be confirmed with observations of a larger X-ray sample
of GPS/CSS sources.

5.1.1. Expanding Radio Source

Can a powerful expanding radio source (unresolved byChandra)
contribute to the X-ray spectrum? Very long baseline interferom-
etry (VLBI) observations indicate relativistic motions associated
with expanding jet components.7 Outside a parsec-scale region,
the GPS radio jets show knots and hot-spot emission. Such fea-
tures indicate the sites of shocks, interactions, and particle ac-
celeration, and in principle lead to X-ray emission through the
synchrotron, inverse Compton processes, or thermal emission of
the hot, shocked interstellar medium. Heinz et al. (1998) consid-
ered the evolution of radio source expansion within host galaxies.
They simulated interactions between a growing radio source and
the ISM and IGM. In the highly supersonic expansion of a young
source, a shock forms around the expanding source and heats up
the medium to X-ray temperatures. As a result, a ‘‘cocoon’’ of hot
medium surrounds the radio source. Depending on the density of
the medium and the strength of the shock, a source of 16 kpc can
emit !1045 erg s"1 in the Chandra band. Such an X-ray lumi-
nosity is on the order of the luminosity observed for the sources in
our sample (Table 3). Recently, Stawarz et al. (2007) (see also
Perucho &Martı́ 2002) modeled the spectra of GPS galaxies with
the emission from expanding radio lobes and applied the model
to a sample of GPS galaxies. Such emission will be featureless.
Spectral lines would be present if the emission originated from
a hot thermal plasma, and depending on metallicity we would
expect to detect the emission lines due to metals, in particular
oxygen and iron.

Thermal X-ray emission due to the shock-heated plasma can be
easily confused with the emission from the accretion flow. Re-
flection off cold/warmmatter in the accretion disks can be present
in some sources. A characteristic Fe K! fluorescent emission line
is usually associated with the reflection component and indicates
that the X-ray emission originates in the accretion flow. Of the
eight sources in our sample with a good S/N, we detected Fe-line
emission in two quasars, Q0740+380 and Q1328+254. In both

sources, the equivalent width of the emission line is relatively
small,<0.4 keV (90%). The energy of the detected line, Erest ¼
6:40 $ 0:06 keV in both cases, indicates that it is not coming
from ionized, thermal material; however, it may indicate a re-
flection component becoming important in these sources.

If the intrinsic absorption is high, the reflection component
can be detected at higher energies (Erest ¼!4Y10 keV) and can
provide information on the intrinsic source luminosity. GPS gal-
axies are likely to be highly absorbed (Guainazzi et al. 2006; Vink
et al. 2006). We find an equivalent hydrogen column density of
NH > 1022 cm"2 in two galaxies (Siemiginowska et al. 2003a).
In contrast, there is no significant absorption present in the GPS
quasars observed by Chandra. This result is in agreement with
other X-ray studies of radio sources, in which higher absorption
was detected in galaxies than in quasars (Belsole et al. 2006);
however, absorption columns in GPS galaxies are not higher
than columns observed in other galaxies (Guainazzi et al. 2006;
Vink et al. 2006).

We note that we detected absorption columns in three quasars
(see Table 2) and that two are known to have intervening damped
Ly! absorbers on the line of sight, while the third is a metal-line-
associated absorber systemdetectable in the optical spectrum. The
current data do not allow us to constrain the redshifts of X-ray
absorbers, so there is no confirmation as to whether the detected
absorption is due to intervening DLA systems or intrinsic to the
quasar. A full description of the detectability of the X-ray ab-
sorption due to DLA will be given in Bechtold et al. (2008, in
preparation).

5.1.2. Spectral Energy Distributions

The opticalYUVemission of the GPS/CSS sources is typical
of broad-line quasars. Both broad emission lines and a big blue
bump are present in all cases, and there is no signature of a jet
synchrotron emission in the opticalYUV band. However, GPS
sources are strong radio emitters.We compiled the spectral energy
distribution (SED) for our sample using the existing broadband
data available in NED (Table 3). Figure 7 shows the radio loud-
ness [log (F5 GHz /FB)] of the GPS/CSS sources in our sample in
comparison to the other radio-loud quasars in Elvis et al. (1994).
The GPS/CSS quasars are at the higher end of the radio loudness
distribution, with most of the sources at RL > 4. Note that this7 See http://www.physics.purdue.edu/astro/MOJAVE/.

Fig. 5.—Photon index ! vs. X-rayYtoYradio luminosity ratio for the sample.
PKS 0941"080 is not included in the figure.

Fig. 6.—X-ray luminosity in 2Y10 keVenergy range vs. redshift for the GPS/
CSS sample. The galaxies are marked with triangles. [See the electronic edition
of the Journal for a color version of this figure.]
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trend is also true when we compare GPS/CSS sources to the sam-
ple of radio-loud sources presented by Sikora et al. (2007), for
which the calculated radio luminosity included the entire radio
source, i.e., the core, lobes, and jets. Figures 5 and 8 show the
X-ray luminosity in comparison to the radio luminosity at 5 GHz.
There is no correlation between radio and X-ray properties visible
in these two figures.

The plots in Figure 9 show the four quasars for which we
were able to build a broadband SED. The big blue bump is prom-
inent in all sources. For comparison, we plot the radio-loud SED
compiled byElvis et al. (1994) normalized at 1!m.A strong radio
emission exceeding an average radio-loud quasar’s SED is clearly
visible, indicating a much stronger radio/optical power in GPS

sources (by a factor of!30) than in normal radio-loud quasars.
Interestingly, the X-ray luminosity shown in the SEDs is similar
to or even lower than that of the radio-loud quasars. This might
indicate that the contribution from the GPS radio components to
the X-ray spectrum is small. We calculated the opticalYtoYX-ray
luminosity ("ox) parameter for all the sources in the sample (see
Table 3). The median for the sample is 1:53 " 0:24. This is in
agreementwith"ox ¼ 1:49 " 0:19 for radio-quiet quasars (Kelly
et al. 2007, 2008; Sobolewska et al. 2008) and suggests that the
X-ray emission for the sources in our sample is most likely rel-
ated to the accretion process, as it is in radio-quiet quasars. We
note that PKS 1127$145 may be an exception, because it has
both a hard X-ray spectrum (! ¼ 1:2 " 0:03) and a small "ox of
1.29. Therefore, X-ray spectral analyses of the photon index and

TABLE 3

Flux and Luminosity for GPS/CSS Chandra Sample

Name
Flux (0.5Y2 keV)

(10$13 erg cm$2 s$1)
LX (0.5Y2 keV)
(1044 erg s$1)

Flux (2Y10 keV)
(10$13 erg cm$2 s$1)

LX (2Y10 keV)
(1044 erg s$1)

LB
(1044 erg s$1)

LR (5 GHz)
(1044 erg s$1) RX

a RL
b "ox

c "ro
d

Q0134+329 ................ 15.22 2.89 15.58 5.17 11.66 0.94 7.36 4.28 1.54 0.63

Q0615+820e ............... 1.07 0.70 2.24 3.46 2.98 0.87 7.64 5.05 1.35 0.55

B2 0738+313 ............. 3.12 1.46 7.37 7.53 1.65 2.05 7.76 5.61 1.72 0.60

Q0740+380 ................ 1.28 1.39 1.55 4.57 13.37 0.52 7.14 4.29 1.74 0.50

PKS 0941$080.......... 0.05 0.006 0.03 0.005 0.004 0.07 9.31 6.53 2.11 0.72

PKS 1127$145.......... 12.22 15.74 49.38 179.41 80.82 8.15 7.10 4.74 1.29 0.65

Q1143$245................ 1.03 2.91 2.17 20.33 7.13 8.20 7.81 6.04 1.56 0.68

Q1245$197................ 0.22 0.33 0.32 1.29 0.80 5.91 8.77 6.65 1.57 0.88

Q1250+568 ................ 4.12 0.62 6.27 1.56 2.18 0.13 7.15 4.13 1.44 0.63

Q1328+254 ................ 2.39 2.57 3.51 10.22 15.70 5.41 7.90 5.23 1.59 0.70

PKS B1345+125........ 4.04 0.11 12.18 0.41 10.08 0.05 7.53 3.67 1.52 0.66

Q1416+067 ................ 15.33 26.96 23.69 126.23 98.68 4.81 6.76 4.32 1.42 0.57

Q1458+718 ................ 7.04 5.93 17.05 36.55 173.46 4.29 7.37 4.03 1.47 0.64

Q1815+614e ............... 0.73 0.32 0.12 1.13 0.02 0.24 7.50 5.50 . . . . . .
Q1829+290 ................ 0.09 0.07 0.18 0.32 1.16 1.16 8.73 6.17 1.73 0.79

PKS B2128+048........ 0.32 0.31 1.25 3.21 1.23 2.99 8.37 6.06 0.91 1.09

Note.—The flux was calculated at 2500 8 by using the V magnitude from O’Dea (1998) and from the relation f# ! #$" , where " ¼ 0:5. The V magnitudes for
Q0615+820 and Q1231+481 came from Véron-Cetty & Véron (2001; Vizier Online Data Catalog 7224). All luminosity values are unabsorbed and in rest frame.

a log (Flux5 GHz /Flux2 keV).
b log (Flux5 GHz /FluxB band).
c log ½Flux(2500 8)/Flux(2 keV) &/2:605 in rest frame.
d $log ½Flux(2500 8)/Flux(5 GHz)&/5:38 in rest frame.
e Radio flux values at 5 GHz were calculated from NED data for these sources; we used published values for radio flux from O’Dea (1998) for the other sources.

Fig. 7.—Histogram of radio loudness. The shaded region indicates a parameter
space for the GPS/CSS sources in our sample. For comparison, the quasars from
Elvis et al. (1994) are shown (thick solid line) with a smaller radio loudness
parameter than the GPS/CSS sample. The upper limits for the sources in Elvis et al.
(1994) are indicated by arrows.

Fig. 8.—X-ray luminosity in 2Y10 keVenergy range vs. radio luminosity at
5 GHz. The galaxies are marked by triangles. [See the electronic edition of the
Journal for a color version of this figure.]
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Figure 4. X-ray luminosities L2 keV of the GPS and CSS quasars (Table 3) and the simulated sources as a function of radio luminosities L5 GHz (observers rest frame):
the yellow solid circles are the simulated sources assuming Ljet,kin = Ldisk, the blue solid diamonds are the simulated sources for Ljet,kin = 0.1Ldisk, and the red
empty squares are for Ljet,kin = 0.01Ldisk. The black solid squares are the GPS and CSS quasars.
(A color version of this figure is available in the online journal.)

Table 3
The Sample of GPS/CSS Quasars with Chandra Observations in Siemiginowska et al. (2008)

Source Type z LS log(L5 GHz) log(L2 keV) log(Lbol) log(L100–10,SPL)a/log(L100–10,BPL)b

(pc) (erg s−1) (erg s−1) (erg s−1) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8)

Q0134+329/3C 48 CSS 0.367 1.27 × 103 43.97 44.68 45.96 45.98/45.04
Q0615+820 GPS 0.71 1.80 × 103 43.94 44.23 45.37 45.56/44.74
Q0740+380/3C 186 CSS 1.063 10 × 103 43.72 44.42 46.02 45.71/44.75
Q0741+311 GPS 0.63 30 44.31 44.51 45.11 45.85/45.09
Q1127-145 GPSc 1.18 12 44.91 45.74 46.80 47.06/46.17
Q1143-245 GPS 1.95 26 44.91 44.96 45.75 46.32/45.67
Q1245-197 GPS 1.28 2.1 × 103 44.77 43.89 44.80 45.31/44.91
Q1250+56/3C 277.1 CSS 0.32 3.86 × 103 43.11 43.93 45.23 45.19/44.15
Q1328+254/3C 287 CSS 1.055 200 44.73 44.75 46.10 46.11/45.45
Q1416+067/3C 298 CSS 1.439 6.35 × 103 44.68 45.84 46.90 47.13/46.12
Q1458+718/3C 309.1 CSS 0.905 8.25 × 103 44.63 45.20 47.14 46.52/45.69
Q1815+614 GPS 0.601 · · · 43.38 43.74 44.70 45.04/44.16
Q1829+290 CSS 0.842 11.86 × 103 44.06 43.23 44.96 44.63/44.16

Notes. Columns: 1: Source name; 2: GPS or CSS radio classification based on O’Dea (1998); 3: redshift; 4: projected jet LS (calculated from O’Dea (1998)
with a current cosmology); 5: radio luminosity at 5 GHz (see Siemiginowska et al. 2008, and references therein); 6: X-ray luminosity at 2 keV (Siemiginowska
et al. 2008); 7: bolometric luminosity; 8: predicted γ -ray (100 MeV–10 GeV) luminosity (see the text).
a Calculated using Equation (5) for a single power-law EED; the scatter is 0.16 (dex).
b Calculated using Equation (6) for a broken power-law EED; the scatter is 0.55 (dex).
c Classification for this source has been revised (see the text).

observed sample (up to 1–2 orders of magnitude) must be con-
sidered to reconcile observations and simulated radio and X-ray
luminosities for Ljet,kin/Ldisk = 0.01. On the other hand, the
discrepancy with the simulations becomes even larger if only a
fraction of the X-ray emission in the quasars of the sample is
produced by the jet.

Interestingly, the simulations show that the lack of a clear
correlation between the L5 GHz and L2 keV luminosities of the
observed sample does not necessary rule out a common (jet)
origin for them.

In Table 3, we report the 100 MeV–10 GeV luminosi-
ties estimated using Equations (5) and (6) (we considered
only the Ljet,kin/Ldisk = 1.0 distribution, which better cov-
ers the L5 GHz and L2 keV of the sample). The predicted
γ -ray luminosities span between ≈1044 and ≈1047 erg s−1

and the minimum and maximum 100 MeV–10 GeV fluxes are
∼4.2 × 10−14 erg cm−2 s−1 and ∼2.5 × 10−11. In comparison,

the three year Fermi-LAT flux sensitivity for point sources with
5σ detections is ∼3 × 10−12 erg cm−2 s−1 (at the Galactic pole
and assuming a power-law spectrum with Γγ = 2; see Acker-
mann et al. 2012). Seven of the estimated γ -ray fluxes using
Equation (5) are above or near such a threshold and the num-
ber reduces to four for Equation (6). None of the sources in
the sample are associated with a γ -ray source in the LAT 2-yr
Point Source Catalog (2FGL Nolan et al. 2012, except for PKS
1127-14, associated with the γ -ray source 2FGL1130.3-1448).
However, the 2FGL includes only sources with a minimum !4σ
detection significance.11

11 More specifically, the 2FGL uses Test Statistics, TS, to quantify how
significantly the source emerges from the background and imposes a minimum
TS of 25, which corresponds to a significance of just over 4σ evaluated from
the χ2 distribution with four degrees of freedom (position and spectral
parameters Mattox et al. 1996).

8

X-ray samples: GPS & CSS Quasars 

Simulated jet X-ray emission: 

A radio-X-ray correlation should not be expected even if the 
X-ray emission comes from the jet

Migliori et al. (2014)
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Abstract: We study the X-ray emission of a powerful and young quasar in a cluster environment. By modeling its broadband emission, we con-
strain the contribution of the jet to the total high energy output of the quasar. A single zone scenario is compared to the case of a structured jet, 
with a blazar component that provides an intense field of synchrotron photons Compton-scattered by the electrons in a mildly relativistic knot. 
We find that the relevance of the jet as an X-ray emitter is intimately related to the presence of a complex velocity structure. We discuss the im-
plications of this model in terms of jet dynamics and interaction with the ambient medium.

Conclusions: a structured jet which decelerates in its expansion can be radiatively efficient and explain the observed X-ray flux of the 
quasar. The required jet kinetic power is initially high (Lkin~1048 erg s-1) and dominates over the disk luminosity (Ldisk~1047 erg s-1). How-
ever, the different kinetic power measured at kpc scales seems to suggest that the jet  undergoes severe energy losses and could play 
an important role in the quasar-environment feedback during the first phase of the source expansion. 

Role of the relativistic jet in young and powerful radio 
quasars: the case of 3C 186

G.Migliori (SAO/SISSA), A. Siemiginowska (SAO), A. Celotti (SISSA)

3C 186 is a young and powerful radio source in a X-ray cluster [1,2] at redshift z=1.06.  The radio map reveals a 
double-lobe structure with a knotty jet (Fig. 2a), which is  unresolved in the Chandra image (Fig.1). The quasar X-ray 
spectrum is well described by a steep power-law (Γ=1.92±0.03), compatible with either a disk/corona or a jet scenario.
Revealing the origin of the high-energy emission is key to understand the source evolution and its interaction with the 
galaxy and cluster environment.

Fig. 1 smoothed 0.5-7 keV image of 
the Chandra ACIS-S observation of 
3C 186 quasar and cluster. 

References: [1] Siemiginowska et al. (2005); [2] Siemiginowska et al. (2010); [3] Spencer et al. (1991); [4] Celotti et al. (2001); [5] Georganopoulos & Kazanas (2003); [6] Celotti 
& Ghisellini (2008); [7] Ghisellini et al. (2010).

In the structured jet scenario, the feedback between the quasar and its 
environment is driven by the jet with the bulk of the energy  injected on 
small scales

Implications of a structured jet: The kinetic and radiative powers (Tab. 1) for the consid-
ered structured jet model show that:
• the jet kinetic power on sub-pc scales (Lkin~1048 erg s-1) is higher than the disk luminosity 
(Ldisk~1047 erg s-1, similar results found for Flat Spectrum Radio Quasars, FSRQs [6,7], under 
the common assumption of one cold proton per electron );
• the initial kinetic power is high, similar to the values of the most powerful FSRQs [6];
• Lkin of the external knot (k2) is ~2 orders of magnitude smaller than in the blazar-like knot 
(core).

Tab.1 -- Jet power in particles (Le and Lp), mag-
netic field (LB) and radiation (Lr) for the structured 
jet model (Fig. 2b).  
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Fig. 5.— Data and modeled SED of the knot k2, located at ∼2.4 kpc distance from the jet apex. Data: black solid points are taken
from ASDC archive, the green point is the Spitzer flux (Leipski et al. 2010), the magenta point is the 1.6 GHz flux for k2 and the blue
squares are the radio fluxes for the core, k1 (Spencer et al. 1991). The X-ray data (black “bow-tie”) are from the Chandra observation
here presented. Model: the black solid line is the k2 synchrotron emission, the orange and violet solid lines are the torus and disk emission
and the blue solid line is the synchrotron emission of the core, blazar-like, component (see the text). The dashed lines corresponds to the
Comptonization of the synchrotron and nuclear photons with colour correspondence with the seed photons as follows: SSC emission is the
black dashed line, orange and violet dashed lines reproduce the upscatterd torus (EC/tours) and disk (EC/disk) photons and the blue
dashed line is the EC of the external core synchrotron photons (EC/syn).

TABLE 4
3C 186 Jet Powers for the structured jet model (see Figure 5).

blazar-like k2
component

Le (erg s−1) 3.2× 1046 2.0× 1045

Lp (erg s−1) 1.1× 1048 3.5× 1046

LB (erg s−1) 2.1× 1047 7.8× 1044

Lkin (erg s−1) 1.4× 1048 3.7× 1046

Lr (erg s−1) 1.1× 1047 1.8× 1045

core / blazar-like  
knot

k2 /mildly rel. 
knot

Fig. 2 -- a) High resolution 4.993 GHz MERLIN map [3]. b) sketch of the structured jet model with an axial velocity gradient [4]. Two regions of energy dissipation are 
considered, a highly relativistic (Γin∼15) knot located at the base of the jet and a slower (Γout∼1.1) and an external (∼2.4 kpc) knot. The synchrotron emission from the 
blazar-like region illuminates the external slow-moving knot but remains hidden to a misaligned observed (θ∼30o).  c) Data and jet-modeled SED: the bulk of the ob-
served jet emission is produced by its radio brightest knot k2. The synchrotron emission from the the blazar-like component (blue solid line) is normalized using the radio 
core flux (blue dots). The dominant contribution at the X-ray energies is given by synchrotron photons of the blazar-like knot/core Compton-scattered by the 
relativistic electrons in the slow moving/k2 knot. 

The jet could provide a significant contribution to the X-ray emission if it decelerates on kiloparsec scales within the host galaxy [see also 
4,5]. The Chandra X-ray flux can be produced by the jet only via Compton scattering of the beamed synchrotron emission from a blazar-like 
knot by the electrons in a mildly relativistic knot. 

blazar-like knot 
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Jet SED modeling: The hypothesis that the bulk of the X-ray emission is produced by the relativistic jet is tested by modeling its broadband emission 
with a synchrotron and inverse Compton mechanism. 
The model considers: 
i- the relevant external photon fields at the jet scales (≤10 kpc), namely the UV-disk photons and the IR-torus photons; 
ii-  the possibility that the jet develops a velocity structure during its expansion with two emitting regions moving at different velocities (Fig.2b).
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Fig. 5.— Data and modeled SED of the knot k2, located at ∼2.4 kpc distance from the jet apex. Data: black solid points are taken
from ASDC archive, the green point is the Spitzer flux (Leipski et al. 2010), the magenta point is the 1.6 GHz flux for k2 and the blue
squares are the radio fluxes for the core, k1 (Spencer et al. 1991). The X-ray data (black “bow-tie”) are from the Chandra observation
here presented. Model: the black solid line is the k2 synchrotron emission, the orange and violet solid lines are the torus and disk emission
and the blue solid line is the synchrotron emission of the core, blazar-like, component (see the text). The dashed lines corresponds to the
Comptonization of the synchrotron and nuclear photons with colour correspondence with the seed photons as follows: SSC emission is the
black dashed line, orange and violet dashed lines reproduce the upscatterd torus (EC/tours) and disk (EC/disk) photons and the blue
dashed line is the EC of the external core synchrotron photons (EC/syn).
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Fig. 2 -- a) High resolution 4.993 GHz MERLIN map [3]. b) sketch of the structured jet model with an axial velocity gradient [4]. Two regions of energy dissipation are 
considered, a highly relativistic (Γin∼15) knot located at the base of the jet and a slower (Γout∼1.1) and an external (∼2.4 kpc) knot. The synchrotron emission from the 
blazar-like region illuminates the external slow-moving knot but remains hidden to a misaligned observed (θ∼30o).  c) Data and jet-modeled SED: the bulk of the ob-
served jet emission is produced by its radio brightest knot k2. The synchrotron emission from the the blazar-like component (blue solid line) is normalized using the radio 
core flux (blue dots). The dominant contribution at the X-ray energies is given by synchrotron photons of the blazar-like knot/core Compton-scattered by the 
relativistic electrons in the slow moving/k2 knot. 

The jet could provide a significant contribution to the X-ray emission if it decelerates on kiloparsec scales within the host galaxy [see also 
4,5]. The Chandra X-ray flux can be produced by the jet only via Compton scattering of the beamed synchrotron emission from a blazar-like 
knot by the electrons in a mildly relativistic knot. 
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Jet SED modeling: The hypothesis that the bulk of the X-ray emission is produced by the relativistic jet is tested by modeling its broadband emission 
with a synchrotron and inverse Compton mechanism. 
The model considers: 
i- the relevant external photon fields at the jet scales (≤10 kpc), namely the UV-disk photons and the IR-torus photons; 
ii-  the possibility that the jet develops a velocity structure during its expansion with two emitting regions moving at different velocities (Fig.2b).
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Fig. 5.— Data and modeled SED of the knot k2, located at ∼2.4 kpc distance from the jet apex. Data: black solid points are taken
from ASDC archive, the green point is the Spitzer flux (Leipski et al. 2010), the magenta point is the 1.6 GHz flux for k2 and the blue
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and the blue solid line is the synchrotron emission of the core, blazar-like, component (see the text). The dashed lines corresponds to the
Comptonization of the synchrotron and nuclear photons with colour correspondence with the seed photons as follows: SSC emission is the
black dashed line, orange and violet dashed lines reproduce the upscatterd torus (EC/tours) and disk (EC/disk) photons and the blue
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Fig. 2 -- a) High resolution 4.993 GHz MERLIN map [3]. b) sketch of the structured jet model with an axial velocity gradient [4]. Two regions of energy dissipation are 
considered, a highly relativistic (Γin∼15) knot located at the base of the jet and a slower (Γout∼1.1) and an external (∼2.4 kpc) knot. The synchrotron emission from the 
blazar-like region illuminates the external slow-moving knot but remains hidden to a misaligned observed (θ∼30o).  c) Data and jet-modeled SED: the bulk of the ob-
served jet emission is produced by its radio brightest knot k2. The synchrotron emission from the the blazar-like component (blue solid line) is normalized using the radio 
core flux (blue dots). The dominant contribution at the X-ray energies is given by synchrotron photons of the blazar-like knot/core Compton-scattered by the 
relativistic electrons in the slow moving/k2 knot. 

The jet could provide a significant contribution to the X-ray emission if it decelerates on kiloparsec scales within the host galaxy [see also 
4,5]. The Chandra X-ray flux can be produced by the jet only via Compton scattering of the beamed synchrotron emission from a blazar-like 
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Jet SED modeling: The hypothesis that the bulk of the X-ray emission is produced by the relativistic jet is tested by modeling its broadband emission 
with a synchrotron and inverse Compton mechanism. 
The model considers: 
i- the relevant external photon fields at the jet scales (≤10 kpc), namely the UV-disk photons and the IR-torus photons; 
ii-  the possibility that the jet develops a velocity structure during its expansion with two emitting regions moving at different velocities (Fig.2b).
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GPS/CSS quasars: jet component

Origin of the X-ray Emission: SED modelling 

A decelerating jet can 
produce the observed X-ray 
emission but implies large jet 
powers and severe radiative 

dissipation (factor of ~100) on 
<kpc scales.

Migliori et al. (2012)
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X-ray samples: GPS radio galaxies
Radio bright (>1Jy @5GHz) GPS galaxies (Tengstrand et al. 2009): 
- Lx=0.09-50×1043 erg s-1; 
- ⟨Γ⟩=1.7±0.4; 
- ⟨NH⟩=3×1022 cm-2.

caveat: NH measurable only in few sources

96 O. Tengstrand et al.: X-ray view of GPS radio galaxies

Fig. 11. Left panel: 2–10 keV versus 5 GHz logarithmic ratio versus redshift for the GPS (filled dots) and the FR II sample (empty squares). The
obliquely shaded box indicates the locus of the FR I Chandra sample; the horizontally shaded box the locus of the blazar sample of Fossati et al.
(1998); the dot-dashed line the locus corresponding to a typical Spectral Energy Distribution of a radio-loud quasar after Elvis et al. (1994b). Right
panel: 2–10 keV versus 5 GHz core luminosity for the GPS galaxies (filled circles), and a control sample of radio galaxies (FR I:empty circles,
FR II: empty squares). The lines represent the best-fit regression line for censored data for X-ray weak GPS (continuous), FR I (dashed) and FR II
(dashed-dotted).

physical system, one might expect an anti-correlation between
the measured column density and the size of the radio structure,
with a large scatter due to the unknown line-of-sight angles dis-
tribution. This correlation is shown in Fig. 10. A censored fit on
this data with a function: log(NH) = A + B × log(rkpc) yields:
A = 21.4 ± 0.4, and B = −1.2 ± 0.3, where rkpc is the size of
the radio structure in units of kpc. This result is formally robust,
but admittedly mainly driven by the two extreme data points.
A confirmation of this correlation by increasing the number of
small (r < 100 pc) and large (r > 1 kpc) objects for which
spectroscopic X-ray data are available is a task we are actively
pursuing. Interestingly enough, an anti-correlation between the
linear dimension of the sub-galactic radio galaxy and the radio
HI column density was discovered by Pihilstöm et al. (2003). As
already pointed out by Gupta et al. (2006), this anti-correlation
could be driven by small sources probing gas closer to the AGN
and hence at a higher spin temperatures. In this context, it is also
interesting to observe that GPS quasars exhibit no absorption
(with upper limits ∼1021 cm−2; Siemiginowska et al. 2008), as
well as diffuse emission associated with jets, binary structures
or embedding clusters. The detection rate as well as the column
density of HI absorption increases with core prominence (Gupta
& Saikia 2006). The core prominence is a statistical indicator of
the orientation of the jet axis to the line of sight. On the aver-
age HI absorbers are more common and exhibit larger column
densities in galaxies than in quasars. This can be explained if
the HI absorbing gas is distributed in a circumnuclear disk much
smaller than the size of the radio emitting region, and only a
small fraction of it is obscured in objects at large inclinations.

5.4. Radio-to-X-ray correlations

In the left panel of Fig. 11 we compare the logarithmic ra-
tio between the 2–10 keV and the core 5 GHz luminosity

(L5 GHz ≡ ν5 GHz × S 5 GHz, where S 5 GHz is the luminosity den-
sity at 5 GHz) for the GPS and the control sample. Values for the
GPS sample range between −0.5 and 1.5. No clear dependence
on redshift is observed. GPS galaxies are X-ray under-luminous
by about an order of magnitude with respect to their radio power
once compared to FR II radio galaxies, blazars (Fossati et al.
1998) and radio-loud quasars (Elvis et al. 1994b). On the other
hand, the X-ray-to-radio luminosity ratios in GPS galaxies well
match values observed in FR I galaxies: log(LX/L5 GHz) < 1.8.
It is important to stress again that there is almost no overlap in
redshift between the GPS and the FR I samples, though.

The interpretation of X-ray-to-radio luminosity correlation
depends on the origin of the bulk of the VLA radio emission in
compact galaxies. VLBI observations of GPS galaxies unveiled
a fraction of Compact Symmetric Objects (CSO) between ≃30%
and 100% (Stanghellini et al. 1997, 1999; Xiang et al. 2005; Liu
et al. 2007). Three objects in our sample exhibit a CSO mor-
phology: PKS 0050+019, PKS 1345+125, and PKS 2008−068
(Stanghellini et al. 1997, 1999), although in all these cases
the morphology is rather complex, with multiple component on
scales ∼<20 pc. High-resolution, multi-frequency observations of
our sample would be required to ultimately estimate which frac-
tion of the VLA flux can be safely attributed to a core.

From Fig. 11 a possible bimodality of the X-ray-to-radio
luminosity ratio in the GPS sample is apparent. The fit of the
cumulative distribution function of this quantity with a single
Gaussian yields a Kolmogornov/Smirnov value of 0.33, corre-
sponding to null hypothesis probability of about 4%. A fit with
a double Gaussian yields instead a value of 0.18, with a null hy-
pothesis probability of 65%. We consider this as a tentative piece
of evidence for bimodality only. We will refer in the following
to “X-ray bright” and to “X-ray weak” GPS galaxies as those,
whose log(LX)/(L5 GHz) ratio is larger/smaller than 0.5, respec-
tively. No significant difference in the spectral shape between the

FR II 
FR I 
GPS

LX similar to FR IIs but LX/Lradio as for FR Is

O. Tengstrand et al.: X-ray view of GPS radio galaxies 95

Fig. 8. Core obscuring column density as a function of redshift for the
GPS galaxies (filled dots) and the FR II control sample (empty squares).

caveat in mind, GPS galaxies seems to fill a gap in the NH dis-
tribution between highly obscured (∼>1023 cm−2) and unobscured
(∼<1022 cm−2) FR II spectral components.

A potential area of concern is the comparison of column den-
sity measurements in samples, which are not well matched in
redshift. However, Fig. 8 shows that this bias is not responsible
for the difference between the average of the column density dis-
tribution in the GPS and FR II samples. Moreover, low-redshift
GPS galaxies exhibit column densities not systematically lower
than high-redshift ones.

Hardcastle et al. (2006) remark that heavily absorbed nu-
clei are rather common in narrow-line radio galaxies, whereas
they are comparatively rare in Low-Excitation Radio Galaxies
(LERG, Laing et al. 1994). There are 7 LERGs in our control
sample; 5 of them have no column density measurement; the re-
maining two have column density of ≃3 × 1022 cm−2 (3C 123,
Hardcastle et al. 2006) and ≃1023 cm−2 (3C 427.1, Belsole et al.
2006). Taking into account the low number statistics and the un-
certainties on the column density upper limits on formally “un-
obscured” LERGs, the comparison between X-ray obscuration
in LERGs and GPSs is inconclusive.

The X-ray column density is significantly larger than the col-
umn density measured by HI observations by a factor 10 to 100.
The comparison is shown in Fig. 9. The estimate of the HI col-
umn density depends on the values assumed for the spin tem-
perature, Ts, and for the fraction of background source covered
by the absorber, fc. The data in Fig. 9 assume Ts = 100 K and
fc = 1 (Vermeulen et al. 2003; Pihlström et al. 2003; Gupta
et al. 2006). The X-ray versus HI column density relation can be
fit with a zero-offset linear function if Ts is of the order of a few
thousands K (Ostorero et al. 2009). Alternatively, a low covering
fraction could be responsible for the large X-ray to HI column
density ratio, although this explanation is less likely given the
large column densities measured in X-rays.

Holt et al. (2003) proposed an “onion-skin” model for
the nuclear environment gas in B1345+125, to explain the

Fig. 9. Comparison between the column densities measured in X-rays
(this paper) and with atomic hydrogen observations (Pihlström et al.
2003). The lines represent loci of constant X-ray versus HI column den-
sity ratio for ratio values of 1, 10, and 100 (from right to left), respec-
tively.

Fig. 10. X-ray column density versus the size of the radio structure.
The solid line represent the best censored data linear fit with a func-
tion: log(NH) = A + B × log(rkpc); the dotted lines correspond to ±1σ
uncertainties on the best-fit parameters.

reddening properties of the different components of the optical
lines. The jet would pierce its way through a dense cocoon of gas
and dust, with decreasing density at larger distances from the ra-
dio core. If this scenario would apply to the whole class of GPS
samples, and X-ray and radio emission originate in the same
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of the molecular hydrogen, H2 (Maloney et al. 1996), might
account for the difference between NH and NH i. On the other
hand, in the AGN environment, illumination by X-ray radiation
might easily raise Tk up to 103–104 K (Maloney et al. 1994;
Conway & Blanco 1995), making Ts raise accordingly (Davies
& Cummings 1975; Liszt 2001); a source covering factor smaller
than unity would also increase the Ts/cf ratio; both the above
effects would potentially lead to NH i values fully consistent
with the NH estimates. Finally, temperatures as high as several
103 K would likely imply the presence of a non-negligible
fraction of ionized hydrogen (H ii; Maloney et al. 1996; Vink
et al. 2006), also contributing to relax possible residual column-
density discrepancies.

Evidence is mounting that, in GPS and CSS sources, the
H i absorption lines are not generated by a screen covering the
source uniformly: instead, they originate in clouds of neutral
hydrogen connected with (at least one of) the jet/lobe radio
structures, and possibly interacting with it (Morganti et al.
2004b; Labiano et al. 2006; Vermeulen et al. 2006; Araya et al.
2010). The association of the bulk of the H i absorption with the
optical emission line currently supports the identification of the
absorbers with the atomic cores of the NLR clouds, although
the presence of H i elsewhere is not ruled out (Labiano et al.
2006; Vermeulen et al. 2006).

In our GPS-source model, the NLR clouds are gradually
engulfed by the expanding radio lobes. Moreover, the cloud
density is assumed to decrease with the distance r from the AGN
as r−n (with 1 < n < 2), according to the observations of the
NLR in Seyfert galaxies (Kraemer & Crenshaw 2000; Kraemer
et al. 2000; Bradley et al. 2004), and consistently with the
anticorrelation between NH i and source size found by Pihlström
et al. (2003). Because in our model the contribution of the
lobes to the X-ray output of the source is significant, becoming
stronger and stronger with increasing source compactness, the
NLR clouds might thus play an important role in the absorption
of the lobe X-ray radiation.

5.2. NH–NH i Correlation

As discussed above, besides the modeling of the broadband
SEDs, a way of discriminating among different scenarios, and
unveil the actual X-ray production site, is to compare the
properties of the X-ray and radio absorbers, i.e., compare
the column densities derived from the analysis of the X-ray
data, NH, and those obtained from radio measurements at the
redshifted 21 cm wavelength, NH i. Such a comparison can be
performed on a source-by-source basis: an ad hoc increase of
either the Ts parameter or the Ts/cf ratio can always remove
possible NH and NH i discrepancies. Alternatively, one can
compare the column densities of a sample of sources: the
existence of a positive, significant NH–NH i correlation would
suggest that the X-ray and radio absorbers coincide, thus
supporting the co-spatiality of the X-ray and radio source.

We investigated the existence of a connection between NH
and NH i in our sample. For a positive correlation, we searched
the source sub-sample for which both NH and NH i estimates
(either detections or upper limits) are available (see Table 4).
The results of the correlation analysis are reported in Tables 5
and 6, and Figure 2, and are discussed below.

Estimates of NH were available for 10 out of 11 sample’s
members, and an upper limit was available for the remaining
source; NH i was instead measured in six sources only, and NH i
upper limits were derived for two additional objects. Estimates
of both NH and NH i were available for a sub-sample of five

Figure 2. X-ray column densities (NH) as a function of radio column den-
sities (NH i) for the seven GPS/CSO galaxies of our sample (sub-sample
D5+U2; bullets), IERS B0108+388, IERS B0500+019, PKS B0941−080, IERS
B1031+567, IERS B1345+125, IVS B1358+624, and IERS B2352+495, and
the three additional GPS galaxies reported by Tengstrand et al. (2009; sub-
sample ADU; diamonds): 4C +32.44, PKS 0428+20, and 4C +14.41. Black
symbols: NH i was computed by assuming Ts = 100 K and cf = 1; arrows
represents upper limits. Gray symbols: as an example, the same sources with
Ts/cf = 5.5 × 103 K. Dash-dotted line: linear fit to sub-sample D5+AD
of NH/NH i detections (with Ts = 100 K); dotted line: linear fit to sub-
sample D5+U2+ADU including both detections and upper limits. Data are
from Guainazzi et al. (2006), Mirabel (1989), O’Dea et al. (2000), Pihlström
et al. (2003), Siemiginowska et al. (2008), A. Siemiginowska (2008, private
communication), Tengstrand et al. (2009), Vermeulen et al. (2003), and Vink
et al. (2006).

sources; taking the upper and lower limits to NH and NH i into
account, the sub-sample extended to eight sources.

Note that, due to the poor photon statistics, the upper limit to
NH for source PKS B0941−080 was derived (A. Siemiginowska
2008, private communication) from a re-analysis of the Chandra
data (Siemiginowska et al. 2008) in two different ways: (1) by
fixing the absorption equal to the Galactic value, and letting
the photon index Γ free to vary and (2) by letting the intrinsic
absorption free to vary, and fixing the photon index to a value
varying in the range Γ = 1.7–1.9, the upper limit of this range
being reported as the mean Γ of both radio galaxies (Brinkmann
et al. 1995) and GPS sources (Brinkmann et al. 1997). In our
analysis, we adopted the more conservative estimate (1). For
source IERS B1345+125, estimates of NH were derived from
two observations carried out by different instruments (ASCA
and Chandra) in different epochs (1996 and 2000, respectively).
Given the fact that we cannot rule out long-term column-density
variations, we included both NH estimates in our data set;
however, including the average NH does not change our results
significantly. Finally, the physics of IERS B1404+286 appears
to be so complex that a variety of models can satisfactorily fit
the X-ray data (Guainazzi et al. 2004). As a consequence, the
inferred values of NH can vary by a factor !100 (see Table 4).
This forced us to remove this source from our correlation
analysis.

Our final correlation sample thus consisted of seven sources.
Hereafter, the sub-sample of objects for which column-density
estimates did exist will be referred to as sub-sample D5, whereas
sub-sample U2 will indicate the sources for which upper limits
to NH and/or NH i were estimated; our full correlation sample
will be indicated as sub-sample D5+U2. The column-density
detections and upper limits that entered the above sub-samples
were indicated with boldface characters in Table 4.

A Pearson correlation analysis applied to sub-sample D5 re-
vealed a significant (probability of the null hypothesis of no

Ostorero et al. (2010)

      Clues on the origin of the X-rays from the X-ray (NH) and radio (NHI) column densities:

Caveat: NHI measurements depend on assumptions on gas spin 
temperature & covering factor (Ostorero’s talk)

A positive correlation points to a common absorber
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Origin of the X-ray Emission: SED modelling 
GPS/CSO lobe X-ray emission:

The X-ray emission of GPS radio galaxies can be modelled as IC emission 
from the compact lobes  

Siemiginowska et al. (2008)

No. 2, 2010 X-RAY GPS/CSO GALAXIES: MODELING THE SEDs 1077

Figure 1. (Continued)

IRAC data for IERS B1345+125 (prog. ID 32, 2004 January;
Fazio & Wang 2004) and IERS B1404+286 (prog. ID 30443,
2006 July; Rieke et al. 2006) were available in all of the four
bands (3.6, 4.5, 5.8, and 8.0 µm). MIPS observations at 24
and 70 µm were performed for IERS B1345+12 (prog. ID
30877, 2007 July; Evans et al. 2006) and IERS B1404+286
(prog. ID 30443, 2006 July; Rieke et al. 2006) an additional
24 µm zodiacal light calibration image with IERS B0500+019
observed in the field (prog. ID 1882, 2007 April) was also
available. The analysis of the aforementioned IRAC and MIPS
data is described in Appendix B; the flux densities are reported
in Table 2.

4. MODELING THE BROADBAND SPECTRA

Our dynamical-radiative model, summarized in Section 2,
is a powerful tool to study the evolution of a typical GPS-
source synchrotron SED as a function of the time-dependent
source linear size LS(t), given the kinetic power of the jets,
Lj, and the energy spectrum of the hot-spot electrons injected
into the lobes; furthermore, assuming typical luminosities for
the putative torus’ and accretion-disk’s components, as well
as for the host galaxies, the model enables one to investigate
the temporal evolution of the high-energy, Comptonized SED
component (Stawarz et al. 2008).

Ostorero et al. (2010)

break in the 
synchrotron spectrum 

due to FFA?

X-ray due to IC off  
IR/torus photons

detection of jet-ISM 
interaction (Morganti et al. 2013) 
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Upper image shows the smoothed
Chandra image of the cluster surrounding
a LLC radio source.
Lower panel zooms into the center
showing the radio source contours
overlayed on the Chandra image.
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ABSTRACT:
Giga-Hertz Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS) radio sources comprise a large population of
compact objects with radio emission fully contained within the innermost regions of the host galaxy (< a few kpc). Spectral and
kinematic age measurements indicate their young age (typically < thousands years and in some cases <  a few hundred years).
These sources provide the important insights to the initial phase of the jet formation, radio source growth, source evolution and
the jet impact on the ISM in the very central regions of the host galaxy. Our group has obtained Chandra and XMM-Newton
observations for a large sample of these sources over several observing cycles. Our most recent Chandra observations
targeted Low Radio Power Compact Sources (LLC)  and Compact Symmetric Objects (CSO) associated with the nuclear
regions of nearby galaxies. A sub-sample of the CSO contains young sources with measured kinematic ages within 100-3000
years. Here we highlight the results of the X-ray observations and also discuss the Fermi-LAT  studies of the quasars present in
our Chandra X-ray GPS/CSS sample.
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Evolution: X-ray vs Radio Luminosity

Observed 5GHz luminosity vs 2-10 keV luminosity for different type of radio sources.
GPS/CSS quasars are the most luminous in radio and X-rays consistent with FRII
luminosities. LLC - low radio power CSS location  is  consistent with X-ray weaker FRI
sources. A larger X-ray sample of LLC is needed to statistically constrain their location and
test the evolution scenarios.

FRI

X-ray Observations
The X-ray data collected to date:

•  48 GPS/CSS radio sources observed in X-rays by 
Chandra or  XMM-Newton.

• 13 Quasars and 35 Galaxies
• 11 CSO with known kinematic age from the expansion of

 the radio hot spots 

  Study:
•  Radio Source Evolution
•  Nature of the high energy emission
•  Environment
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Glossary:
GPS - GigaHertz-Peaked Spectrum
CSS - Compact Steep Spectrum
LLC - Low Power CSS
HFP - High Frequency Peaked
CSO - Compact Symmetric Object

Emission Model

Nature of γ-ray emission: Fermi-LAT Studies

The Environment
 Two CSS sources were found to reside in the center of a

bright X-ray clusters:
- a powerful quasar with FRII type morphology

[see upper right corner]
       - a low power symmetric radio source, with no hot

spots or jets, with FRI morphology [on the right].
 Different type of  interactions between the radio source

and the ICM: first shows the powerful jet while the 
second, a radio source in a coasting phase.

In general the absorption properties do not indicate 
extreme dense environment, although the intrinsic
absorption might be higher in the youngest 
sources  [see the CSO panel to the left]

 In compact radio source the hot medium of the host 
galaxy can contribute to the X-ray emission if the 
intrinsic AGN emission is weak or absorbed.

A few sources show hot diffuse X-ray emission 
associated with the host galaxy

X-rays from Young  CSO with Known Age 

Size
Intrinsic Absorption

The youngest CSO are:
• the most compact - size < 200 pc
• showing the largest spread in 2-10 keV luminosity
• indicating a larger column, although this is based

on only 2 out of 14 CSO with measured absorption 
columns.

X-ray emission  could be intrinsic emission related to the 
accretion flow, disk or radio lobes, but in nearby

       galaxies the contribution from hot medium becomes 
important. Need higher quality data to study the

nature of this emission.

2-10 keV Luminosity

Chandra
Δ XMM

X-ray morphology
typically compact:  indication for a diffuse component in a few sources

20”x20” size images showing smoothed Chandra ACIS-S 0.5-7 keV data

X-ray cluster discovered around powerful CSS  quasar at z=1.063

•  Chandra, XMM-Newton and Fermi-LAT have opened studies 
of the high energy emission in compact radio sources. These
sources represent early stages of the radio source growth.

•  Majority of  the sources in our sample were detected in X-rays
for the first time.

• Our X-ray sample of GPS/CSS sources covers mainly a range
of luminosities typical to FRII galaxies. The low radio power 
CSS sub-sample is consistent with FRI-type luminosities.

•  The X-ray emission in the most compact sources could be 
due to the jet emission.

• Hot ISM of the host galaxy could provide significant 
contribution to the X-rays.

• The Fermi-LAT sensitivity does not reach the predicted flux 
levels for our GPS/CSS quasar sample.

• Our pilot study of the X-ray properties  of compact radio 
sources has been dominated by the short observations. The 
next step is to obtain the deep imaging data to study the 
nature of the X-ray emission processes and signatures of the
radio source interactions with the ISM.

Possible evolution tracks

Model predictions vs Chandra Data Upper Limits in Fermi-LAT

disk

dust
blob

knot

LS

Jet Model Simulations of X-ray and γ-ray emission

Free Parameters:
•  blob-knot distance LS
•  Intrinsic synchrotron luminosity
•  Observer viewing angle
•  Knot bulk Lorentz factor Γ

Other Parameters:
disk luminosity, dust luminosity
radius of the knot, radius of dust shell,
equipartition magnetic field and shape and
normalization of electron energy distribution

Migliori et al (2012)

Simulated X-ray to radio (left) and γ-ray to radio (right) luminosity ratios as a function of the LS
for a range of model parameters: θ=(10o - 40o), Γknot =(1.4 - 10). Only models with selected
luminosities are shown: Ldisk= (1045-1046 erg s-1), L5GHz = (1043-1045 erg s-1),
L2keV = (1043-1046erg s-1).   Yellow points are for Ljet/Ldisk = 10, while blue for Ljet/Ldisk>1.
Red points mark Chandra observed luminosities (left) and Fermi-LAT upper limits (right).

Only in the most compact sources  the jet knot could potentially contribute to 
the observed X-ray emission.

Similarly the γ-ray emission could be detected in the most compact sources 
with the most extreme model parameters.
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Upper image shows the smoothed
Chandra image of the cluster surrounding
a LLC radio source.
Lower panel zooms into the center
showing the radio source contours
overlayed on the Chandra image.
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ABSTRACT:
Giga-Hertz Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS) radio sources comprise a large population of
compact objects with radio emission fully contained within the innermost regions of the host galaxy (< a few kpc). Spectral and
kinematic age measurements indicate their young age (typically < thousands years and in some cases <  a few hundred years).
These sources provide the important insights to the initial phase of the jet formation, radio source growth, source evolution and
the jet impact on the ISM in the very central regions of the host galaxy. Our group has obtained Chandra and XMM-Newton
observations for a large sample of these sources over several observing cycles. Our most recent Chandra observations
targeted Low Radio Power Compact Sources (LLC)  and Compact Symmetric Objects (CSO) associated with the nuclear
regions of nearby galaxies. A sub-sample of the CSO contains young sources with measured kinematic ages within 100-3000
years. Here we highlight the results of the X-ray observations and also discuss the Fermi-LAT  studies of the quasars present in
our Chandra X-ray GPS/CSS sample.
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Observed 5GHz luminosity vs 2-10 keV luminosity for different type of radio sources.
GPS/CSS quasars are the most luminous in radio and X-rays consistent with FRII
luminosities. LLC - low radio power CSS location  is  consistent with X-ray weaker FRI
sources. A larger X-ray sample of LLC is needed to statistically constrain their location and
test the evolution scenarios.

FRI

X-ray Observations
The X-ray data collected to date:

•  48 GPS/CSS radio sources observed in X-rays by 
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Emission Model

Nature of γ-ray emission: Fermi-LAT Studies

The Environment
 Two CSS sources were found to reside in the center of a

bright X-ray clusters:
- a powerful quasar with FRII type morphology

[see upper right corner]
       - a low power symmetric radio source, with no hot

spots or jets, with FRI morphology [on the right].
 Different type of  interactions between the radio source

and the ICM: first shows the powerful jet while the 
second, a radio source in a coasting phase.

In general the absorption properties do not indicate 
extreme dense environment, although the intrinsic
absorption might be higher in the youngest 
sources  [see the CSO panel to the left]

 In compact radio source the hot medium of the host 
galaxy can contribute to the X-ray emission if the 
intrinsic AGN emission is weak or absorbed.

A few sources show hot diffuse X-ray emission 
associated with the host galaxy

X-rays from Young  CSO with Known Age 

Size
Intrinsic Absorption

The youngest CSO are:
• the most compact - size < 200 pc
• showing the largest spread in 2-10 keV luminosity
• indicating a larger column, although this is based

on only 2 out of 14 CSO with measured absorption 
columns.

X-ray emission  could be intrinsic emission related to the 
accretion flow, disk or radio lobes, but in nearby

       galaxies the contribution from hot medium becomes 
important. Need higher quality data to study the

nature of this emission.

2-10 keV Luminosity

Chandra
Δ XMM

X-ray morphology
typically compact:  indication for a diffuse component in a few sources

20”x20” size images showing smoothed Chandra ACIS-S 0.5-7 keV data

X-ray cluster discovered around powerful CSS  quasar at z=1.063

•  Chandra, XMM-Newton and Fermi-LAT have opened studies 
of the high energy emission in compact radio sources. These
sources represent early stages of the radio source growth.

•  Majority of  the sources in our sample were detected in X-rays
for the first time.

• Our X-ray sample of GPS/CSS sources covers mainly a range
of luminosities typical to FRII galaxies. The low radio power 
CSS sub-sample is consistent with FRI-type luminosities.

•  The X-ray emission in the most compact sources could be 
due to the jet emission.

• Hot ISM of the host galaxy could provide significant 
contribution to the X-rays.

• The Fermi-LAT sensitivity does not reach the predicted flux 
levels for our GPS/CSS quasar sample.

• Our pilot study of the X-ray properties  of compact radio 
sources has been dominated by the short observations. The 
next step is to obtain the deep imaging data to study the 
nature of the X-ray emission processes and signatures of the
radio source interactions with the ISM.

Possible evolution tracks

Model predictions vs Chandra Data Upper Limits in Fermi-LAT

disk

dust
blob

knot

LS

Jet Model Simulations of X-ray and γ-ray emission

Free Parameters:
•  blob-knot distance LS
•  Intrinsic synchrotron luminosity
•  Observer viewing angle
•  Knot bulk Lorentz factor Γ

Other Parameters:
disk luminosity, dust luminosity
radius of the knot, radius of dust shell,
equipartition magnetic field and shape and
normalization of electron energy distribution

Migliori et al (2012)

Simulated X-ray to radio (left) and γ-ray to radio (right) luminosity ratios as a function of the LS
for a range of model parameters: θ=(10o - 40o), Γknot =(1.4 - 10). Only models with selected
luminosities are shown: Ldisk= (1045-1046 erg s-1), L5GHz = (1043-1045 erg s-1),
L2keV = (1043-1046erg s-1).   Yellow points are for Ljet/Ldisk = 10, while blue for Ljet/Ldisk>1.
Red points mark Chandra observed luminosities (left) and Fermi-LAT upper limits (right).

Only in the most compact sources  the jet knot could potentially contribute to 
the observed X-ray emission.

Similarly the γ-ray emission could be detected in the most compact sources 
with the most extreme model parameters.

Age [yrs]
N

H
[1

02
2  c

m
-2

]

OQ208 (z=0.77) Compton thick  
(Guainazzi et al. 2004)

- Large spread in X-ray luminosity; 
- no clear NH vs age/size trend. 

kinematic age measured from the radio hot spot expansion

Siemiginowska et al. in prep.
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Figure 2. Luminosity diagrams for AGNs: 2-10 keV - 365 MHz (left) and 2-10 keV - 5 GHz (right). Open red circles indicate FR II sources and black open
squares - FR Is. Strong GPS and CSS galaxies and quasars were plotted separately as black circles and blue squares respectively. Weak CSS sources are
indicated with red squares.

FR IIs - 34 and 85 sources, respectively. The samples are, how-
ever, biased in terms of their redshift distribution. The GPS/CSS
and FR II samples are well matched in the redshift, but the FR Is
are generally at lower redshift. There are 6 GPS/CSS objects with
redshift in the range 1 > z < 2. All other sources from all groups
have redshit z < 1.

For all plots presented in this paper we have used the total
radio and X-ray luminosity in case of all group of sources. The rea-
son for that is a lack of information of radio core fluxes of most of
our compact GPS and CSS sources. Among the seven low power
CSS objects only two have 5 GHz observations but without core
detection (Kunert-Bajraszewska et al. 2010). Significant part of our
sample of GPS/CSS sources is also unresolved in X-rays. The ex-
ceptions from the above-stated rule are a few GPS sources with ex-
tended structures (Stanghellini et al. 2005). In the case of them the
radio and X-rays values used in this paper refers to their milliarc-
seconds VLBA structures as reported in Tengstrand et al. (2009)
and Siemiginowska et al. (2008).

4.4.1 Radio/X-ray luminosity plane

We have compared the X-ray luminosity of the sources from the
pilot sample with their radio properties at 5 GHz and 365 MHz
(Fig. 2). We have included also the control sample of GPS/CSS
and FR I and FR II objects as described above.

The low power objects fit well to the already established X-
ray - radio luminosity correlation for AGNs and occupy the space
among, weaker in the X-rays, FR I objects. This trend is visible on
both plots, X-ray vs. 356 MHz and 5 GHz (Fig.2), and is indepen-
dent of radio frequency. However, the 356 MHz radio luminosity
versus X-ray luminosity plot shows larger scatter among observ-
able data than in the case of 5 GHz luminosity. This is caused by
the fact that the X-ray emission is mostly associated with the com-
pact central regions of AGNs while the low frequency flux density
is dominated by the extended radio structures. As has been also
shown by Hardcastle et al. (1999) much of the dispersion in 5 GHz
luminosity originate in beaming. Future X-ray observations of the
whole sample of LLC sources would give us a definitive informa-
tion about their place on the radio/X-ray luminosity plane.

We have then plotted all groups of AGNs on the 5 GHz/X-
ray luminosity plane (Fig. 3) with a division for high excitation

Figure 3. 2-10 keV - 5 GHz luminosity diagram for AGNs classified as
HEGs and LEGs. The FR II HEG/BLO sources and GPS/CSS HEG objects
are indicated as open red circles and red circles respectively. FR II LEGs are
indicate with black crosses and FR I LEGs and GPS/CSS LEGs with open
and black squares respectively.

Table 4. Correlation and Regression Analysis for Fig. 3

Sample N r-Pearson Linear Regression
coe�cient Slope Intercept

HEG 82 0.68 0.76 ± 0.09 11.49 ± 3.90
LEG 38 0.78 0.87 ± 0.12 5.45 ± 4.81

galaxies (HEG) and low excitation galaxies (LEG). We took the
optical identification from Buttiglione et al. (2010) in the case of
FR I and FR II and indicated them as LEG and HEG/BLO. Ac-
cording to Buttiglione et al. (2010) the broad line objects (BLO)
can be considered as members of the HEG class. Identifications of
GPS/CSS objects were taken from (Kunert-Bajraszewska & Labi-
ano 2010) (see also Table 2 in this paper) and Table A1. We have
only four LEGs among the GPS/CSS class and actually all of them
have been classified as CSS sources. HEGs are found among strong
GPS and CSS objects. The HEG/LEG plot confirms what we have

c� 2013 RAS, MNRAS 000, 1–??

Radio Source Evolution

Upper image shows the smoothed
Chandra image of the cluster surrounding
a LLC radio source.
Lower panel zooms into the center
showing the radio source contours
overlayed on the Chandra image.
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ABSTRACT:
Giga-Hertz Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS) radio sources comprise a large population of
compact objects with radio emission fully contained within the innermost regions of the host galaxy (< a few kpc). Spectral and
kinematic age measurements indicate their young age (typically < thousands years and in some cases <  a few hundred years).
These sources provide the important insights to the initial phase of the jet formation, radio source growth, source evolution and
the jet impact on the ISM in the very central regions of the host galaxy. Our group has obtained Chandra and XMM-Newton
observations for a large sample of these sources over several observing cycles. Our most recent Chandra observations
targeted Low Radio Power Compact Sources (LLC)  and Compact Symmetric Objects (CSO) associated with the nuclear
regions of nearby galaxies. A sub-sample of the CSO contains young sources with measured kinematic ages within 100-3000
years. Here we highlight the results of the X-ray observations and also discuss the Fermi-LAT  studies of the quasars present in
our Chandra X-ray GPS/CSS sample.
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Evolution: X-ray vs Radio Luminosity

Observed 5GHz luminosity vs 2-10 keV luminosity for different type of radio sources.
GPS/CSS quasars are the most luminous in radio and X-rays consistent with FRII
luminosities. LLC - low radio power CSS location  is  consistent with X-ray weaker FRI
sources. A larger X-ray sample of LLC is needed to statistically constrain their location and
test the evolution scenarios.

FRI

X-ray Observations
The X-ray data collected to date:

•  48 GPS/CSS radio sources observed in X-rays by 
Chandra or  XMM-Newton.

• 13 Quasars and 35 Galaxies
• 11 CSO with known kinematic age from the expansion of

 the radio hot spots 

  Study:
•  Radio Source Evolution
•  Nature of the high energy emission
•  Environment

QSO

Cluster
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3C186

Summary

References
Guainazzi, M., Siemiginowska, A., Rodriguez-Pascual, P., & Stanghellini, C. 2004, A&A, 421, 461
Kunert-Bajraszewska, M., Gawronski, M.P., Labiano, A.,  & Siemiginowska, A. 2010, MNRAS, 408, 2261
Kunert-Bajraszewska, M., Siemiginowska A., Labiano, A. & Guainazzi M. 2013, ApJ submitted
Migliori, G., Siemiginowska, A., & Celotti, A. 2012, ApJ, 749, 107
Siemiginowska,  A., LaMassa, S., Aldcroft, T.L., Bechtold, J.,  & Elvis, M. 2008, ApJ , 684, 811
Siemiginowska,  A., Burke, D.J., Aldcroft, T.L., et al. 2010, ApJ, 722, 102
Stawarz, L., Ostorero, L., Begelman, M.C., et al. 2008, ApJ, 680, 911
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009, A&A, 501, 89

 Radio Source Evolution

FRI

FRII
CSSGPS

LLC

HFP

Kunert-Bajraszewska et al (2010)

Glossary:
GPS - GigaHertz-Peaked Spectrum
CSS - Compact Steep Spectrum
LLC - Low Power CSS
HFP - High Frequency Peaked
CSO - Compact Symmetric Object

Emission Model

Nature of γ-ray emission: Fermi-LAT Studies

The Environment
 Two CSS sources were found to reside in the center of a

bright X-ray clusters:
- a powerful quasar with FRII type morphology

[see upper right corner]
       - a low power symmetric radio source, with no hot

spots or jets, with FRI morphology [on the right].
 Different type of  interactions between the radio source

and the ICM: first shows the powerful jet while the 
second, a radio source in a coasting phase.

In general the absorption properties do not indicate 
extreme dense environment, although the intrinsic
absorption might be higher in the youngest 
sources  [see the CSO panel to the left]

 In compact radio source the hot medium of the host 
galaxy can contribute to the X-ray emission if the 
intrinsic AGN emission is weak or absorbed.

A few sources show hot diffuse X-ray emission 
associated with the host galaxy

X-rays from Young  CSO with Known Age 

Size
Intrinsic Absorption

The youngest CSO are:
• the most compact - size < 200 pc
• showing the largest spread in 2-10 keV luminosity
• indicating a larger column, although this is based

on only 2 out of 14 CSO with measured absorption 
columns.

X-ray emission  could be intrinsic emission related to the 
accretion flow, disk or radio lobes, but in nearby

       galaxies the contribution from hot medium becomes 
important. Need higher quality data to study the

nature of this emission.

2-10 keV Luminosity

Chandra
Δ XMM

X-ray morphology
typically compact:  indication for a diffuse component in a few sources

20”x20” size images showing smoothed Chandra ACIS-S 0.5-7 keV data

X-ray cluster discovered around powerful CSS  quasar at z=1.063

•  Chandra, XMM-Newton and Fermi-LAT have opened studies 
of the high energy emission in compact radio sources. These
sources represent early stages of the radio source growth.

•  Majority of  the sources in our sample were detected in X-rays
for the first time.

• Our X-ray sample of GPS/CSS sources covers mainly a range
of luminosities typical to FRII galaxies. The low radio power 
CSS sub-sample is consistent with FRI-type luminosities.

•  The X-ray emission in the most compact sources could be 
due to the jet emission.

• Hot ISM of the host galaxy could provide significant 
contribution to the X-rays.

• The Fermi-LAT sensitivity does not reach the predicted flux 
levels for our GPS/CSS quasar sample.

• Our pilot study of the X-ray properties  of compact radio 
sources has been dominated by the short observations. The 
next step is to obtain the deep imaging data to study the 
nature of the X-ray emission processes and signatures of the
radio source interactions with the ISM.

Possible evolution tracks

Model predictions vs Chandra Data Upper Limits in Fermi-LAT

disk

dust
blob

knot

LS

Jet Model Simulations of X-ray and γ-ray emission

Free Parameters:
•  blob-knot distance LS
•  Intrinsic synchrotron luminosity
•  Observer viewing angle
•  Knot bulk Lorentz factor Γ

Other Parameters:
disk luminosity, dust luminosity
radius of the knot, radius of dust shell,
equipartition magnetic field and shape and
normalization of electron energy distribution

Migliori et al (2012)

Simulated X-ray to radio (left) and γ-ray to radio (right) luminosity ratios as a function of the LS
for a range of model parameters: θ=(10o - 40o), Γknot =(1.4 - 10). Only models with selected
luminosities are shown: Ldisk= (1045-1046 erg s-1), L5GHz = (1043-1045 erg s-1),
L2keV = (1043-1046erg s-1).   Yellow points are for Ljet/Ldisk = 10, while blue for Ljet/Ldisk>1.
Red points mark Chandra observed luminosities (left) and Fermi-LAT upper limits (right).

Only in the most compact sources  the jet knot could potentially contribute to 
the observed X-ray emission.

Similarly the γ-ray emission could be detected in the most compact sources 
with the most extreme model parameters.
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- GPS/CSS radio galaxies & quasars 
occupy the same region of FR II 
radio sources; 

- LCC have the same location of FR I 
sources

Low Luminosity Compact Sources:

Kunert-Bajraszewska et al. (2010,2013)

Radio weak & compact: 
short-lived or

2274 M. Kunert-Bajraszewska et al.

Figure 5. Evolutionary scheme of radio-loud AGNs.

stellar masses and show excess mid-infrared emission consistent
with a hidden radiatively efficient active nucleus. Tasse et al. (2008)
also argue that the low-luminosity radio activity is associated with
the refuelling of massive black holes. Recently, Czerny et al. (2009)
have discussed the mechanism of instabilities in the accretion flow,
suggesting that the duration of the active phase should be longer
than 104 yr to enable the young source to escape from the host
galaxy. For the shorter active phase, the radio source will be con-
fined within the host galaxy and such short outbursts may occur
many times. We have presented this scenario in the scheme of the
radio source evolution as two-sided arrows (Fig. 5), and we have
labelled these sources as short-lived objects. The CSS sources that
we have observed with weak breaking-up structures belong in this
group of objects. These do not have compact hotspots or visible
jets and core, which means they are compact but already fading
objects that will not evolve into large-scale sources in this phase of
activity. We interpret some double sources (0821+321, 1558+536)
and ‘single-lobed’ objects (0923+079, 1156+470, 1550+444) ob-
served in the LLC sample as compact faders. We suggest that these
double objects from our sample with brightness and polarization
asymmetry may undergo disturbed evolution and may start to fade
away as single-lobed objects or become either FR Is or hybrids.
According to Alexander (2000), sources with disrupted jets are not
expected to evolve into FR I objects, but fade so strongly that they
become virtually undetectable. Also, sources that we call ‘interact-
ing systems’ (galaxy pairs and quasar binaries) can be interpreted as
short-lived objects. The galaxy–ISM interactions observed in these
double systems can change the direction of the jets and disturb the
environment fuelling the black hole. Consequently, they prevent
the growth of the radio structure. As an effect of such interactions,
we observe complicated radio structures consisting of weak fading
emission together with the current phase and direction of the activity.
Two of the weak ‘interacting systems’ (0854+210 and 1506+345)
are radio-excess IRAS galaxies. As has been discussed by Drake
et al. (2003), radio-excess sources, with radio powers in general
lower than the well-known CSS objects, are not expected to evolve

in the same manner as CSS/GPS sources. Rather, they fade even
further to return to their place among the radio-quiet far-infrared
luminous AGNs.

The evolutionary path for powerful compact objects is the one
established so far (i.e. CSS sources evolve to become FR IIs).

According to Snellen et al. (2000), the smallest radio objects
(GPS/HFP sources) should increase their luminosity and size during
evolution (as seen in Fig. 4a). However, in the evolutionary scheme
(Fig. 5) we show a question mark while illustrating this path. We
have noticed that most GPS/HFP sources are already as bright as
CSSs and FR IIs. These small objects with lower luminosity can
either follow the predicted path or fade earlier, becoming weak CSS
objects.

There is another question mark in the evolutionary scheme
(Fig. 5) concerning the rare class of radio sources, hybrids. This
evolutionary path is suggested by Kaiser & Best (2007). However,
recent results based on Chandra observations show that hybrid
sources, which show broad-line optical spectra, have X-ray proper-
ties comparable with those of FR II radio galaxies (Miller & Brandt
2009). It is possible that in the case of these rare objects the tran-
sition from a FR II type jet to a FR I type plum structure takes
place at the later stages of evolution because of the interaction with
a dense and non-homogeneous intergalactic medium. Numerical
works (e.g. Meliani, Keppens & Giacomazzo 2008) suggest that a
powerful FR II type jet can be decelerated by a high-density medium
and transform to a FR I type.

5 SU M M A RY

In this paper, we have presented the results from MERLIN L-band
and C-band observations of a new sample of LLC sources. Most of
the sources have been resolved, showing complex, asymmetric radio
morphologies that suggest the presence of a dense environment and
jet–ISM interactions. We suggest that some of the sources with
breaking-up structures or one-sided morphologies are candidates
for compact faders. In this case, the fraction of faders is higher

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 408, 2261–2278
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Radio Source - ISM interactions
- 4C29.30 (z=0.0647)

Deep observations are needed to perform spectral and 
morphological X-ray studies

Siemiginowska et al. (2012)
Thermal emission (0.8 keV) from the host galaxy  and 

signature of shocked hot gas emission?

Arnaud & Evrard 1999). This suggests that we have detected
the ISM of the host galaxy or possibly the intragroup medium
(if there is a galaxy group).

3.2. Constraints on Shock-Heated Gas

The expanding radio source will run over and shock the am-
bient gas possibly producing detectable emission (e.g., Heinz
et al. 1998). We calculate the expected properties of the shocked
gas followingWorrall et al. (2005). The sound speed in the 0.8 keV
ISM is cs ’ 460 km s!1. If the propagation velocity of the radio
source is as high as 6000 km s!1 as suggested by the cooling-
time arguments for the emission-line nebula (de Vries et al. 1999),
theMach number isM ’ 13. For such a strong shock theRankine-
Hugoniot conditions give a temperature ratio between shocked
and preshocked gas of T2 /T1 ’ 54, which implies T2 ’ 43 keV.
We note that a two-temperature model with T1 ¼ 0:8 and T2 ¼
45 keV is permitted by the data (Table 5).

Taking into account the uncertainties, Table 5 shows that the
normalizations of the heated (shocked) to cool (unshocked) gas

is a factor of roughly 0.9Y6. The 1 keV normalization is pro-
portional to n2V , where n is the number density of electrons or
protons and V is the volume. Since the Rankine-Hugoniot con-
ditions for a strong shock give nshocked /nunshocked ¼ 4, the X-ray
spectral results are consistentwithVunshocked /Vshocked # 3Y18.What
is the volume of the shocked gas?We detect radio emission from
the cocoon but not from the hot shocked gas that lies between
the cocoon and the bow shock.We use the numerical simulations
of Carvalho & O’Dea (2002) as a guide to estimate the ratio of
the volumes of hot shocked gas and the cocoon. The estimated
ratio is model dependent and varies with the jet density contrast
and Mach number. For a light, supersonic jet the numerical sim-
ulations suggest a value of about 3 for the ratio of hot shocked
gas to cocoon volume. Adopting a value of 3 along with the

Fig. 1.—3C 303.1. Left:XMM-Newton pn image showing detection of 3C 303.1. A circle of 1500radius is shown around the source.Right: Optical image from the STScI
digitized sky survey. A circle of 1000 radius is shown around the source. [See the electronic edition of the Journal for a color version of this figure.]

TABLE 3

Spectral Fits: Single Thermal Component

Parameter Value

External absorption nH ( ;1022 cm!2) .................................. 0.031a

Abundance ............................................................................. 1.0b

Temperature kT ( keV)........................................................... 0:82 $ 0:05
Luminosity 0.4Y8.0 keV (1042 ergs s!1)............................... 2.4

1 keV normalization (10!6 photons cm!2 s!1 keV!1) ......... 7:7 $ 2:1
! 2 ........................................................................................... 24.63

dof .......................................................................................... 27

Notes.—A fit to wabs%raymond using the energy range 0.4Y8.0 keV over
29 bins.

a Absorption is frozen at the foreground Galactic value.
b Abundance is frozen at the solar value.

TABLE 4

Spectral Fits: Thermal Component and Power Law

Parameter Value

External absorption nH (;1022 ;1022 cm!2) ............................ 0.031a

Abundance ................................................................................ 1.0b

Temperature kT ( keV).............................................................. 0:77 $ 0:09
Luminosity 0.4Y8.0 keV (1042 ergs s!1) ................................. 2.0

1 keV normalization (10!6 photons cm!2 s!1 keV!1) ............ 5:9 $ 4:3
Absorption towards the PL nH (;1022 cm!2) .......................... 0:47 $ 1:38
Photon index ! ......................................................................... 1.5c

1 keV PL normalization (10!6 photons cm!2 s!1 keV!1) ...... 1:9þ0:1
!0:7

Luminosity 0.4Y8.0 keV (1042 ergs s!1) ................................. 2.2

!2 .............................................................................................. 17.17

dof ............................................................................................. 25

Notes.—A fit to wabs%(raymond + zwabs%power law) using the energy range
0.4Y8.0 keVover 29 bins.

a Absorption is frozen at the foreground Galactic value.
b Abundance is frozen at the solar value.
c The power-law photon index is poorly constrained by our data, so we froze

a value of ! ¼ 1:5. A value of ! ¼ 2:0 produces similar results.

XMM-NEWTON X-RAY EMISSION FROM 3C 303.1 1117No. 2, 2006

estimates of cocoon volume from the MERLIN observations gives
a volume of shocked gas of about 14 kpc3. We find the volume
of unshocked gas is large enough to be consistent with a realistic
galaxy atmosphere if Vunshocked /Vshocked is toward the upper value
permitted by the X-ray spectral fitting. For example, if Vunshocked/
Vshocked is 18, a spherical galaxy of uniform density would be re-
quired to have a radius of about 4 kpc. Such a galaxy has a similar
n2V to one of the same central densitymodeled with a !model of
! ¼ 2/3 and core radius of "3 kpc. Chandra measurements of
the atmospheres around relatively powerful nearby radio galax-
ies are fitted to ! models that typically bracket these parameter
values (e.g., Kraft et al. 2005;Worrall & Birkinshaw 2005). High-
resolution X-ray imaging spectroscopy would probe the density
and temperature structure, and should confirm whether such a
high-temperature component exists.

3.3. The Power-Law Component

Here we consider the possibility that there is a significant non-
thermal power-law component, i.e., the second component in the
fit to the spectrum is not due to a hot shocked gas. The lack of
a high intrinsic absorbing column toward the PL component
suggests that it is not from accretion-disk emission that would
be expected to be obscured in this powerful two-sided radio gal-
axy, and the fact that the nucleus is undetected both at 1.6 GHz
(Sanghera et al. 1995) and at 5.0 GHz (Lüdke et al. 1998) dis-
favors the X-ray emission originating from a small-scale jet.
X-ray binaries produce emission that can mimic a hard power
law, but the luminosity of >1042 ergs s#1 is 1 or 2 orders of mag-
nitude more than is typically measured in elliptical galaxies (e.g.,
Kim & Fabbiano 2004).

The most likely explanation for a power-law component would
appear to be inverseCompton emission from the lobes of the radio
galaxy. We estimate the expected flux (e.g., Harris & Grindlay
1979; Harris & Krawczynski 2002; Hardcastle et al. 1998) us-
ing the MERLIN radio measurements of Sanghera et al. (1995),
where at 1.6 GHz the southern lobe contains about 90% of the
total radio flux density. We find that, because of the small size
of the lobes, synchrotron self-Compton (SSC) dominates the
X-ray yield from scattering of the cosmic microwave background
radiation.

Results of the SSC calculations are presented in Table 6. In
these calculations we adopt a single-component power-law elec-
tron spectrumof slope consistentwith the observed radio synchro-
tron spectrum (Sanghera et al. 1995). In order to maximize the

SSC output under the equipartition assumptions, we set the
minimum electron energy to no lower than is required to produce
the radio emission, and we assume that no nonradiating particles
( protons) are present. If the magnetic field is at the equipartition
strength, the predicted SSC X-ray flux is too low by factors of
"350 in the northern lobe and "16 in the southern lobe. How-
ever, if the field is below the equipartition level by factors of"16
and "3.5, in the northern and southern lobes, respectively, the
predicted flux is comparable to that in the measured PL compo-
nent. There is some evidence that the magnetic fields in some
radio lobes are indeed about 1/3 of the equipartition strength (e.g.,
Carilli et al. 1994; Wellman et al. 1997; Croston et al. 2005), and
thus there is additional justification for the PL component arising
from SSC emission primarily in the southern lobe of 3C 303.1,
with a magnetic field about one-third of the equipartition value.
If this is the correct interpretation it suggests that the mechanism
for keeping the average B field below equipartition occurs in
young radio galaxies and is not just a feature of large FR II ra-
dio galaxies.

3.4. Comparison with other Radio Galaxies

There are now X-ray observations of a dozen GPS radio gal-
axies (O’Dea et al. 1996, 2000; Iwasawa et al. 1999; Guainazzi
et al. 2004, 2006; Vink et al. 2006). 4C +55.16 appears to be in a
cluster with a cooling flow (Iwasawa et al. 1999). The others are
dominated by a power-law component with intrinsic absorption
of N (H) " 1022 to"1024 cm#2 (Guainazzi et al. 2006; Vink et al.
2006). This intrinsic absorption is larger than the H i absorption
along the line of sight to the radio emission in the small number
of cases where the radio measurements have been made (Vink
et al. 2006), thus suggesting that the absorbed X-ray emission
arises from the vicinity of an accretion disk.
Large narrow-emission-line FR II radio galaxies generally

have two nuclear X-ray components (Belsole et al. 2006). One
has intrinsic absorption similar to that measured for most GPS
sources and is interpreted as accretion related, and the other is
unabsorbed and identified as arising from jet emission within the
radio core. Our X-ray measurements of the CSS radio galaxy
3C 303.1 find no evidence for absorbed emission; it is either ab-
sent or very weak. If absent, it may suggest that the central engine
of 3C 303.1 is more similar to that of an FR I radio galaxy, where

TABLE 5

Spectral Fits: Warm and Hot Thermal Components

Parameter Value

External absorption nH (;1022 cm#2) ................................... 0.031a

Abundance ............................................................................. 1.0b

Temperature kT (keV)........................................................... 0.8c

Luminosity 0.4Y8.0 keV (1042 ergs s#1) .............................. 1.7

1 keV normalization (10#6 photons cm#2 s#1 keV#1) ......... 5:3 $ 1:7
Temperature kT (keV)........................................................... 45c

1 keV normalization (10#6 photons cm#2 s#1 keV#1) ......... 13:6 $ 7:6
Luminosity 0.4Y8.0 keV (1042 ergs s#1) .............................. 2.8

"2 ........................................................................................... 18.77

dof .......................................................................................... 27

Notes.—A fit to wabs%(raymond + raymond ) using the energy range 0.4Y
8.0 keV over 29 bins.

a Absorption is frozen at the foreground Galactic value.
b Abundance is frozen at the solar value.
c Temperature frozen at 0.8 and 45 keV.

Fig. 2.—XMM-Newton spectrum of 3C 303.1 showing the pn (darker) and
MOS (lighter) data and the model of Table 4. Residuals are plotted in units of 1 #
error. [See the electronic edition of the Journal for a color version of this figure.]
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Radio Source - ISM interactions
- 4C29.30 (z=0.0647)

Deep observations are needed to perform spectral and 
morphological X-ray studies

Siemiginowska et al. (2012)

The Astrophysical Journal, 750:124 (19pp), 2012 May 10 Siemiginowska et al.

Figure 2. Chandra ACIS-S image of the 4C+29.30 radio galaxy in the 0.5–7 keV energy range. Components of the emission are marked by names and regions. The
same regions were used for spectral extractions. (Note that some regions were excluded in extraction of the diffuse emission and they have been marked by red lines.)
The pixel size is equal to 0.′′492, i.e., the ACIS pixel size.
(A color version of this figure is available in the online journal.)
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Figure 3. Chandra ACIS-S images of the 4C+29.30 radio galaxy in the soft (0.5–2 keV; left) and hard (2–7 keV; right) bands. The images were smoothed with the
Gaussian kernel with σ = 0.′′75. The color scale indicates number of counts as marked in the color bar. The images are on the same physical scale. The core and the
southern hotspot are prominent in the hard band image.
(A color version of this figure is available in the online journal.)

expanding lobes. This idea is strongly supported by the fact
that the brightest northern X-ray features (with the excep-
tion of NHspot) are located near the boundaries of the radio
structures, and also by the spectral analysis presented below
(Section 4).

We identified two X-ray features “HBranchS” and “HBranch”
located almost perpendicular to the radio source axis. There is
no obvious correspondence between these features and the line-
emitting gas. A faint optical filament of a similar (projected)
size as the radio jet but misaligned (by about ∼20◦) with the

4

Chandra 290 ksec obs. 
0.5-7 keV

Thermal emission (0.8 keV) from the host galaxy  and 
signature of shocked hot gas emission?

Arnaud & Evrard 1999). This suggests that we have detected
the ISM of the host galaxy or possibly the intragroup medium
(if there is a galaxy group).

3.2. Constraints on Shock-Heated Gas

The expanding radio source will run over and shock the am-
bient gas possibly producing detectable emission (e.g., Heinz
et al. 1998). We calculate the expected properties of the shocked
gas followingWorrall et al. (2005). The sound speed in the 0.8 keV
ISM is cs ’ 460 km s!1. If the propagation velocity of the radio
source is as high as 6000 km s!1 as suggested by the cooling-
time arguments for the emission-line nebula (de Vries et al. 1999),
theMach number isM ’ 13. For such a strong shock theRankine-
Hugoniot conditions give a temperature ratio between shocked
and preshocked gas of T2 /T1 ’ 54, which implies T2 ’ 43 keV.
We note that a two-temperature model with T1 ¼ 0:8 and T2 ¼
45 keV is permitted by the data (Table 5).

Taking into account the uncertainties, Table 5 shows that the
normalizations of the heated (shocked) to cool (unshocked) gas

is a factor of roughly 0.9Y6. The 1 keV normalization is pro-
portional to n2V , where n is the number density of electrons or
protons and V is the volume. Since the Rankine-Hugoniot con-
ditions for a strong shock give nshocked /nunshocked ¼ 4, the X-ray
spectral results are consistentwithVunshocked /Vshocked # 3Y18.What
is the volume of the shocked gas?We detect radio emission from
the cocoon but not from the hot shocked gas that lies between
the cocoon and the bow shock.We use the numerical simulations
of Carvalho & O’Dea (2002) as a guide to estimate the ratio of
the volumes of hot shocked gas and the cocoon. The estimated
ratio is model dependent and varies with the jet density contrast
and Mach number. For a light, supersonic jet the numerical sim-
ulations suggest a value of about 3 for the ratio of hot shocked
gas to cocoon volume. Adopting a value of 3 along with the

Fig. 1.—3C 303.1. Left:XMM-Newton pn image showing detection of 3C 303.1. A circle of 1500radius is shown around the source.Right: Optical image from the STScI
digitized sky survey. A circle of 1000 radius is shown around the source. [See the electronic edition of the Journal for a color version of this figure.]

TABLE 3

Spectral Fits: Single Thermal Component

Parameter Value

External absorption nH ( ;1022 cm!2) .................................. 0.031a

Abundance ............................................................................. 1.0b

Temperature kT ( keV)........................................................... 0:82 $ 0:05
Luminosity 0.4Y8.0 keV (1042 ergs s!1)............................... 2.4

1 keV normalization (10!6 photons cm!2 s!1 keV!1) ......... 7:7 $ 2:1
! 2 ........................................................................................... 24.63

dof .......................................................................................... 27

Notes.—A fit to wabs%raymond using the energy range 0.4Y8.0 keV over
29 bins.

a Absorption is frozen at the foreground Galactic value.
b Abundance is frozen at the solar value.

TABLE 4

Spectral Fits: Thermal Component and Power Law

Parameter Value

External absorption nH (;1022 ;1022 cm!2) ............................ 0.031a

Abundance ................................................................................ 1.0b

Temperature kT ( keV).............................................................. 0:77 $ 0:09
Luminosity 0.4Y8.0 keV (1042 ergs s!1) ................................. 2.0

1 keV normalization (10!6 photons cm!2 s!1 keV!1) ............ 5:9 $ 4:3
Absorption towards the PL nH (;1022 cm!2) .......................... 0:47 $ 1:38
Photon index ! ......................................................................... 1.5c

1 keV PL normalization (10!6 photons cm!2 s!1 keV!1) ...... 1:9þ0:1
!0:7

Luminosity 0.4Y8.0 keV (1042 ergs s!1) ................................. 2.2

!2 .............................................................................................. 17.17

dof ............................................................................................. 25

Notes.—A fit to wabs%(raymond + zwabs%power law) using the energy range
0.4Y8.0 keVover 29 bins.

a Absorption is frozen at the foreground Galactic value.
b Abundance is frozen at the solar value.
c The power-law photon index is poorly constrained by our data, so we froze

a value of ! ¼ 1:5. A value of ! ¼ 2:0 produces similar results.
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estimates of cocoon volume from the MERLIN observations gives
a volume of shocked gas of about 14 kpc3. We find the volume
of unshocked gas is large enough to be consistent with a realistic
galaxy atmosphere if Vunshocked /Vshocked is toward the upper value
permitted by the X-ray spectral fitting. For example, if Vunshocked/
Vshocked is 18, a spherical galaxy of uniform density would be re-
quired to have a radius of about 4 kpc. Such a galaxy has a similar
n2V to one of the same central densitymodeled with a !model of
! ¼ 2/3 and core radius of "3 kpc. Chandra measurements of
the atmospheres around relatively powerful nearby radio galax-
ies are fitted to ! models that typically bracket these parameter
values (e.g., Kraft et al. 2005;Worrall & Birkinshaw 2005). High-
resolution X-ray imaging spectroscopy would probe the density
and temperature structure, and should confirm whether such a
high-temperature component exists.

3.3. The Power-Law Component

Here we consider the possibility that there is a significant non-
thermal power-law component, i.e., the second component in the
fit to the spectrum is not due to a hot shocked gas. The lack of
a high intrinsic absorbing column toward the PL component
suggests that it is not from accretion-disk emission that would
be expected to be obscured in this powerful two-sided radio gal-
axy, and the fact that the nucleus is undetected both at 1.6 GHz
(Sanghera et al. 1995) and at 5.0 GHz (Lüdke et al. 1998) dis-
favors the X-ray emission originating from a small-scale jet.
X-ray binaries produce emission that can mimic a hard power
law, but the luminosity of >1042 ergs s#1 is 1 or 2 orders of mag-
nitude more than is typically measured in elliptical galaxies (e.g.,
Kim & Fabbiano 2004).

The most likely explanation for a power-law component would
appear to be inverseCompton emission from the lobes of the radio
galaxy. We estimate the expected flux (e.g., Harris & Grindlay
1979; Harris & Krawczynski 2002; Hardcastle et al. 1998) us-
ing the MERLIN radio measurements of Sanghera et al. (1995),
where at 1.6 GHz the southern lobe contains about 90% of the
total radio flux density. We find that, because of the small size
of the lobes, synchrotron self-Compton (SSC) dominates the
X-ray yield from scattering of the cosmic microwave background
radiation.

Results of the SSC calculations are presented in Table 6. In
these calculations we adopt a single-component power-law elec-
tron spectrumof slope consistentwith the observed radio synchro-
tron spectrum (Sanghera et al. 1995). In order to maximize the

SSC output under the equipartition assumptions, we set the
minimum electron energy to no lower than is required to produce
the radio emission, and we assume that no nonradiating particles
( protons) are present. If the magnetic field is at the equipartition
strength, the predicted SSC X-ray flux is too low by factors of
"350 in the northern lobe and "16 in the southern lobe. How-
ever, if the field is below the equipartition level by factors of"16
and "3.5, in the northern and southern lobes, respectively, the
predicted flux is comparable to that in the measured PL compo-
nent. There is some evidence that the magnetic fields in some
radio lobes are indeed about 1/3 of the equipartition strength (e.g.,
Carilli et al. 1994; Wellman et al. 1997; Croston et al. 2005), and
thus there is additional justification for the PL component arising
from SSC emission primarily in the southern lobe of 3C 303.1,
with a magnetic field about one-third of the equipartition value.
If this is the correct interpretation it suggests that the mechanism
for keeping the average B field below equipartition occurs in
young radio galaxies and is not just a feature of large FR II ra-
dio galaxies.

3.4. Comparison with other Radio Galaxies

There are now X-ray observations of a dozen GPS radio gal-
axies (O’Dea et al. 1996, 2000; Iwasawa et al. 1999; Guainazzi
et al. 2004, 2006; Vink et al. 2006). 4C +55.16 appears to be in a
cluster with a cooling flow (Iwasawa et al. 1999). The others are
dominated by a power-law component with intrinsic absorption
of N (H) " 1022 to"1024 cm#2 (Guainazzi et al. 2006; Vink et al.
2006). This intrinsic absorption is larger than the H i absorption
along the line of sight to the radio emission in the small number
of cases where the radio measurements have been made (Vink
et al. 2006), thus suggesting that the absorbed X-ray emission
arises from the vicinity of an accretion disk.
Large narrow-emission-line FR II radio galaxies generally

have two nuclear X-ray components (Belsole et al. 2006). One
has intrinsic absorption similar to that measured for most GPS
sources and is interpreted as accretion related, and the other is
unabsorbed and identified as arising from jet emission within the
radio core. Our X-ray measurements of the CSS radio galaxy
3C 303.1 find no evidence for absorbed emission; it is either ab-
sent or very weak. If absent, it may suggest that the central engine
of 3C 303.1 is more similar to that of an FR I radio galaxy, where

TABLE 5

Spectral Fits: Warm and Hot Thermal Components

Parameter Value

External absorption nH (;1022 cm#2) ................................... 0.031a

Abundance ............................................................................. 1.0b

Temperature kT (keV)........................................................... 0.8c

Luminosity 0.4Y8.0 keV (1042 ergs s#1) .............................. 1.7

1 keV normalization (10#6 photons cm#2 s#1 keV#1) ......... 5:3 $ 1:7
Temperature kT (keV)........................................................... 45c

1 keV normalization (10#6 photons cm#2 s#1 keV#1) ......... 13:6 $ 7:6
Luminosity 0.4Y8.0 keV (1042 ergs s#1) .............................. 2.8

"2 ........................................................................................... 18.77

dof .......................................................................................... 27

Notes.—A fit to wabs%(raymond + raymond ) using the energy range 0.4Y
8.0 keV over 29 bins.

a Absorption is frozen at the foreground Galactic value.
b Abundance is frozen at the solar value.
c Temperature frozen at 0.8 and 45 keV.

Fig. 2.—XMM-Newton spectrum of 3C 303.1 showing the pn (darker) and
MOS (lighter) data and the model of Table 4. Residuals are plotted in units of 1 #
error. [See the electronic edition of the Journal for a color version of this figure.]
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Young Sources in cool-core X-ray Clusters
The Astrophysical Journal Letters, 772:L7 (5pp), 2013 July 20 Kunert-Bajraszewska, Siemiginowska, & Labiano

Figure 1. Chandra ACIS-S X-ray image in 0.5–7 keV energy range overlaid with the black radio contours from the MERLIN 1.6 GHz image. The radio contours
increase by a factor of two, the first contour level corresponds to ≈3σ and amounts 0.8 mJy beam−1. Left: the X-ray image smoothed with the Gaussian function
(σ = 2′′). A 30′′ scale bar corresponds to ∼121 kpc. The white contours indicate the exposed part of the CCD detector. Right: the central region of the cluster showing
the ACIS-S image smoothed with the Gaussian function (σ = 0.98′′), the radio contours, and the optical Sloan Digital Sky Survey (SDSS) source (black cross). The
1′′ scale bar corresponds to ∼4 kpc. The radio lobes (E and W) and the core (C) are marked.
(A color version of this figure is available in the online journal.)

3

The Astrophysical Journal Letters, 772:L7 (5pp), 2013 July 20 Kunert-Bajraszewska, Siemiginowska, & Labiano

Figure 1. Chandra ACIS-S X-ray image in 0.5–7 keV energy range overlaid with the black radio contours from the MERLIN 1.6 GHz image. The radio contours
increase by a factor of two, the first contour level corresponds to ≈3σ and amounts 0.8 mJy beam−1. Left: the X-ray image smoothed with the Gaussian function
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(A color version of this figure is available in the online journal.)
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- 1321+034 (z=263):- 3C 186 (z=1.06):

low power CSS LEG with FRI like morphology: 
no signatures of past radio activity in the 
cluster medium (cavities, shocks)

Lx,cl=3×1044 erg s-1 

<kT>=4.4 keV 
L5GHz,CSS~1025 W Hz-1 

Lx,CSS=3×1042 erg s-1

Luminous CSS with FRII like morphology in a 
high-z X-ray cluster: LQSO,bol>Ljet, is radiative 
heating enough to prevent cooling in the 
cluster core?

Siemiginowska et al. (2010)
The little: CSS Quasar 3C186

other spectral features for a larger sample are needed to firmly
establish such conclusions.

5.2. Large-Scale X-Ray Emission

In the following sections, we will address three types of large-
scale X-ray morphology associated with a GPS source: (1) an
X-ray jet, (2) a diffuse X-ray emission surrounding the source,
and (3) a secondary source within 1000Y2000.

5.2.1. Jets

In general, many detections of large-scale radio emission were
not deemed significant before the corresponding X-ray detections
were found by Chandra. High-dynamic-range observations are
required for detecting faint structures in the vicinity of a bright
point source, and the experiments need to be designed for the
specific purpose of detecting such emission.

Large-scale X-ray jets were discovered in two sources in our
sample: PKS 1127!145 (Siemiginowska et al. 2002, 2007) and
B2 0738+313 (Siemiginowska et al. 2003b). A reanalysis of the
radio data confirmed the presence of radio jets. Both jets have
similar morphologies in X-rays and radio. As in the other large-
scale X-ray jets (Harris & Krawczynski 2006), the question of
the primary mechanism responsible for the X-ray emission has
not been resolved. The X-ray emission is modeled either as the

synchrotron emission from several populations of relativistic
electrons or as a result of the inverse Compton scattering of the
cosmic microwave background (CMB) photons off relativistic
electrons within the jet (see Harris & Krawczynski 2006 for the
most recent review of the X-ray jets). There is no confirming
evidence favoring either of the two models.

A large-scale jet emission gives possible evidence for the
non-GPS status of the source (see Stanghellini et al. 2005 for a
discussion on the classification of the GPS sources). The blazar-
like emission could be responsible for the overall emission, and
the analysis of a ‘‘young’’ GPS class is confusing. On the other
hand, there should be some young sources within the blazar
class, and the question is how to find them.

5.2.2. Diffuse X-Ray Emission

Why do we expect any diffuse X-ray emission to be associated
with a GPS/CSS source? Several possibilities have been consid-
ered, including (1) a relic of past activity, (2) a confiningmedium,
(3) signatures of the interactions between the jet and the ISM, (4) a
remnant of a past merger, and (5) an X-ray cluster.

The typical size of a GPS/CSS source is comparable to the size
of its host galaxy. However, a small fraction of GPS/CSS sources
exhibit large-scale radio emission, which has been associatedwith
past source activity (Baum et al. 1990; Kunert-Bajraszewska et al.

Fig. 9.—Examples of SEDs for which there is enough photometric data available in NED. TheChandra data are represented by the 1 ! bowtie regions. The solid line
represents the average radio-loud quasar SED from Elvis et al. (1994), normalized at a minimum point of log " ¼ 14:5. Strong radio emission from these sources
exceeds the average radio values for radio-loud quasars, although the opticalYUV big blue bump is typical for quasars. [See the electronic edition of the Journal for a
color version of this figure.]

X-RAY EMISSION FROM GPS/CSS SOURCES 819No. 2, 2008

(Siemiginowska+2008)

Which is the origin of the 
X-ray emission?
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Gamma-rays
Misaligned AGN in γ-rays with Fermi-LAT: 

other candidates: Fornax A, Circinus galaxy

γ-rays from the radio lobes:

The*Unseen*Light*in*Lobes*

Cen A γ-ray lobes (Abdo et al. 2010) 

high Lγ 

Cen A (Abdo et al. 2010):

The*Unseen*Light*in*Lobes*

Cen A γ-ray lobes (Abdo et al. 2010) 

high Lγ IC/CMB

γ-rays from the jet:No. 1, 2009 FERMI-LAT γ -RAY DETECTION OF M87 57
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Figure 1. VLA λ = 90 cm radio image from Owen et al. (2000) with the LAT
γ -ray localization error circles indicated: r95% = 5.′2 and r68% = 3.′2 (statistical
only; see Section 2). The M87 core is the faint feature near the center of the
few kpc-scale double-lobed radio structure (in white). At the adopted distance
D = 16 Mpc, 1′ = 4.7 kpc.

entire sky approximately every 3 hr. The initial LAT detection of
M87 resulted from nominal processing of six months of all-sky
survey data, as was applied to the initial three-month data set
described in Abdo et al. (2009a), with a test statistic (Mattox
et al. 1996), TS ∼ 60. Including here an additional four months
of data, the TS increased to 108.5, which is equivalent to a
source significance ∼

√
TS = 10.4σ . The resultant 10-month

data set (2008 August 4–2009 May 31) corresponds to mission
elapsed times (MET) 239557418 to 265420800. Our analysis
followed standard selections of “Diffuse” class events (Atwood
et al. 2009) with energies E >200 MeV, a zenith angle cut of
<105◦, and a rocking angle cut of 43◦ applied in order to avoid
Earth albedo γ -rays. Fermi Science tools57 version v9r10 and
instrumental response functions (IRFs) version P6 V3 DIFFUSE
were used for the analysis.

A localization analysis with GTFINDSRC resulted in a best-fit
position, R.A. = 187.◦722, decl. = 12.◦404 (J2000.0 equinox),
with a 95% confidence error radius, r95% = 0.◦086 = 5.′2 (statis-
tical only; r68% = 3.′2). To account for possible contamination
from nearby sources, the model included all point sources de-
tected at > 5σ in an internal LAT nine-month source list within
a region of interest (ROI) of r = 15◦ centered on the γ -ray posi-
tion. Galactic diffuse emission was modeled using GALPROP
(Strong et al. 2004), updated to include recent gas maps and a
more accurate decomposition into Galactocentric rings (galdef
ID 54 59varh7S). An additional isotropic diffuse component
modeled as a power law was included. Figure 1 shows the resul-
tant γ -ray source localization on a VLA radio image from Owen
et al. (2000). The γ -ray source is positionally coincident with
the known radio position of the M87 core (R.A. = 187.◦706, decl.
= 12.◦391; Fey et al. 2004), with an offset (0.◦020 = 1.′2) that
is a small fraction of the localization circle. Currently, the best
estimate of the systematic uncertainty in r95% is 2.′4 (Abdo et al.
2009a), which should be added in quadrature to the determined
statistical one.
57 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
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Figure 2. Observed LAT spectrum (red circles) with representative TeV
measurements of M87 in a low state from the 2004 observing season (black
triangles) and during a high state in 2005 (blue squares), both by HESS
(Aharonian et al. 2006). The lines indicate 1σ bounds on the power-law fit
to the LAT data as well as its extrapolation into TeV energies.

Spectral analysis was performed utilizing an unbinned like-
lihood fit of the >200 MeV data with a power law (dN/dE ∝
E−Γ) implemented in the GTLIKE tool. This resulted in
F(>100 MeV) = 2.45 (±0.63) × 10−8 photons cm−2 s−1 with
a photon index, Γ = 2.26 ± 0.13; errors are statistical only.
The flux was extrapolated down to 100 MeV to facilitate com-
parison with the previous EGRET non-detection of < 2.18 ×
10−8 photons cm−2 s−1 (2σ ) from observations spanning the
1990s (Reimer et al. 2003). Thus, there is no apparent change
in the flux (i.e., a rise) in the decade since the EGRET obser-
vations. Systematic errors of (+0.17/−0.15) × 10−8 photons
cm−2 s−1 on the flux and +0.04/−0.11 on the index were de-
rived by bracketing the energy-dependent ROI of the IRFs to
values of 10%, 5%, and 20% above and below their nominal val-
ues at log(E(MeV)) = 2, 2.75, and 4, respectively. The spectrum
extends to just over 30 GeV where the highest energy photon
is detected within the 95% containment. The LAT spectral data
points presented in Figure 2 were generated by performing a sub-
sequent likelihood analysis in five equal logarithmically spaced
energy bins from 0.2 to 31.5 GeV. The 1σ bounds on the spec-
trum, obtained from the full >200 MeV unbinned likelihood fit,
were extended to higher energies for comparison with previous
TeV measurements (see Section 3).

Light curves were produced in 10-day (Figure 3) and 28-day
(not shown) bins over the 10-month LAT data set. Considering
the limited statistics, it was necessary to fix the photon index
to the (average) fitted value in order to usefully gauge vari-
ability in the flux. Considering only statistical errors of all the
binned data points with TS ! 1 (1σ ), a χ2 test against the
weighted mean fluxes of the 10-day and 28-day light curves
resulted in probabilities, P (χ2, ν) = 22% and 70%, respec-
tively, indicating plausible fits to the tested hypothesis. We con-
clude that there is no evidence for variability over the period of
observations.

A radial profile of the γ -ray source counts (not shown) was
extracted for the total energy range (>200 MeV). The profile
is consistent with that of a point source simulated at energies
0.2–200 GeV using the fitted spectral parameters above with
a reduced χ2 = 1.04 for 20 degrees of freedom. The total
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Figure 4. SED of M87 with the LAT spectrum and the 2009 January 7 MOJAVE
VLBA 15 GHz and Chandra X-ray measurements of the core indicated in red.
The non-simultaneous 2004 TeV spectrum described in Figure 2 and Swift/
BAT hard X-ray limits (Section 3) of the integrated emission are shown in light
brown. Historical measurements of the core from VLA 1.5, 5, 15 GHz (Biretta
et al. 1991), IRAM 89 GHz (Despringre et al. 1996), SMA 230 GHz (Tan et al.
2008), Spitzer 70, 24 µm (Shi et al. 2007), Gemini 10.8 µm (Perlman et al. 2001),
Hubble Space Telescope HST) optical/UV (Sparks et al. 1996), and Chandra
1 keV from Marshall et al. (2002, hidden behind the new measurements) are
plotted as black circles. The VLBA 15 GHz flux is systematically lower than the
historical arcsec-resolution radio to infrared measurements due to the presence
of intermediate scale emission (see, e.g., Kovalev et al. 2007). The blue line
shows the one-zone SSC model fit for the core described in Section 3.

VLBA measurements of the core. Also plotted are historical
radio-to-X-ray fluxes of the core (see Sparks et al. 1996; Tan
et al. 2008) measured at the highest resolutions at the respective
frequencies. The core is known to be variable, with factors of
∼2 changes on months timescales common in the optical and
X-ray bands (Perlman et al. 2003; Harris et al. 2009). To help
constrain the overall SED at frequencies between the X-ray and
LAT measurements, we determined integrated 3σ upper limits
in three hard X-ray bands (following Ajello et al. 2008) based
on the Swift/BAT data set in Ajello et al. (2009), including about
another additional year of exposure (i.e., ∼4 years total from
2005 March–2009 January).

The broadband SED is fitted with a homogeneous one-zone
synchrotron self-Compton (SSC) jet model (Finke et al. 2008)
assuming an angle to the line of sight, θ = 10◦, and bulk Lorentz
factor, Γb = 2.3 (Doppler factor, δ = 3.9), consistent with
observations of apparent motions of ! 0.4c (Γb > 1.1) in the
parsec-scale radio jet (Ly et al. 2007). A broken power-law
electron energy distribution N (γ ) ∝ γ −p is assumed, and the
indices, p1 = 1.6 for γ = [1, 4 × 103] and p2 = 3.6 for
γ = [4 × 103, 107] are best guesses based on the available core
measurements. The normalization at low energies is constrained
by the single contemporaneous VLBA 15 GHz flux which is
measured with ∼102–103× better resolution than the adjacent
points. The source radius, r = 1.4 × 1016 cm = 4.5 mpc,
is chosen to be consistent with the best VLBA 43 GHz map
resolution (r < 7.8 mpc = 0.1 mas; Junor et al. 1999; Ly et al.
2007) and is of order the size implied by the few day timescale
TeV variability (Acciari et al. 2009). For the source size adopted,
internal γ –γ absorption is avoided so that the LAT spectrum
extends relatively smoothly into the TeV band, consistent with
the historical-minimum flux detected by HESS (Aharonian et al.
2006) and the preliminary upper limit of <1.9% Crab from
VERITAS observations (Hui 2009) contemporaneous with the
LAT ones.

In the SSC model, the magnetic field is B = 55 mG and
assuming the proton energy density is 10× greater than the
electron energy density, the total jet power is Pj ∼ 7.0 ×
1043 erg s−1. The jet power is particle dominated, with only
a small contribution from the magnetic field component (PB ∼
2 × 1040 erg s−1). In comparison, the total kinetic power in the
jet is ∼few ×1044 erg s−1 as determined from the energetics
of the kpc-scale jet and lobes (Bicknell & Begelman 1996),
and is consistent with the jet power available from accretion,
Pj " 1045 erg s−1 (Reynolds et al. 1996; Di Matteo et al. 2003).
These power estimates are similar to those derived for BL Lacs
from similarly modeling their broadband SEDs (e.g., Celotti &
Ghisellini 2008).

As applied to M87, such single-zone SSC emission models
also reproduce well the broadband SEDs up to MeV/GeV en-
ergies in the radio galaxies Per A (Abdo et al. 2009b) and Cen
A (Chiaberge et al. 2001). In this context, the observed MeV/
GeV γ -ray fluxes of blazars appear to be correlated with their
compact radio cores (Abdo et al. 2009c; Kovalev et al. 2009),
suggesting a common origin in the Doppler boosted emis-
sion in the subparsec scale jets. The fact that the three radio
galaxies detected by the LAT so far have amongst the bright-
est (!1 Jy) unresolved radio cores, in line with these expec-
tations (Ghisellini et al. 2005), lend evidence for a common
connection between the γ -ray- and radio-emitting zones in
such jets.

It should be emphasized that these observations are not si-
multaneous and particularly, the TeV emission is known to
be variable on year timescales, so other emission components
may contribute to the variable emission. Therefore, although
not strictly required, more sophisticated models over the single-
zone one presented can reproduce or contribute to the observed
emission. In particular, the beaming requirements in the one-
zone SSC modeling of the three known γ -ray radio galaxies
are systematically lower than required in BL Lacs, suggest-
ing velocity profiles in the flow (Chiaberge et al. 2001). Such
models (Georganopoulos et al. 2005; Tavecchio & Ghisellini
2008) have in fact been used to fit the SED of M87 in ad-
dition to models based on additional spatial structure (e.g.,
Lenain et al. 2007). Protons, being inevitably accelerated if
they co-exist with electrons in the emission regions, probably
dominate energetically and dynamically the jets of powerful
active galactic nucleus (AGN; e.g., Celotti & Ghisellini 2008).
Applying the synchrotron-proton blazar model (Mücke et al.
2003; Reimer et al. 2004) to the quiescent M87 data set yields
reasonable agreement model fits that support a highly magne-
tized compact emission region with approximate equipartition
between fields and particles and a total jet power comparable
with the above estimates, where protons are accelerated up to
∼109 GeV.

Outside of the pc-scale core, the well-known arcsecond-scale
jet (e.g., Biretta et al. 1991; Marshall et al. 2002; Perlman
& Wilson 2005) is also a possible source of IC emission.
As both the LAT and TeV telescopes are unable to spatially
resolve emission on such small scales, the expected spectral and
temporal properties of the predicted emission must be examined.
On the observed scales, the dominant seed photon source is the
host galaxy starlight, and such an IC/starlight model applied
to one of the brightest resolved knots in the jet—knot A,
∼1 kpc projected distance from the core—results in a spectrum
peaking at TeV energies (Stawarz et al. 2005), thus producing
a harder MeV/GeV spectrum than observed by the LAT. Even
closer to the core (∼60 pc, projected), the superluminal knot

M87 (Abdo et al. 2009):
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Figure 1. Left: illustration of the jet model: the observed jet luminosities are produced in a jet spherical knot (in red). The external photon fields contributing to the
jet EC emission are schematically illustrated: the disk, dust, and blazar component at the base of the jet (in cyan). Right: simulated SED for a 25 pc jet (upper panels)
and a 300 pc jet (lower panels). The jet parameters are: Ljet,kin = Ldisk = 1046 erg s−1, Γ = 2.0, θ = 30◦. Left panels: the assumed EED is a simple power law with
γmin = 10, γmax = 105, p = 2.68. Right panels: the assumed EED is a broken power law with γmin = 10, γmax = 105, γbreak = 2 × 103, p = 2.1, p2 = 4.0. Note that
the EC/syn component is not included in the SED of the 300 pc jet (see the text).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Notation Definition Value/Range

Free Input Parameters

LS Jet LS (core to jet termination) 10 pc–10 kpc
Ldisk Bolometric disk luminosity 1045–1047 erg s−1

Γ Jet knot bulk Lorentz factor 1.4–10
θ Observer’s viewing angle 10◦–50◦

Linked Parameters

R Knot radius 0.1LS
zd Knot distance from the BH LS
Ljet,kin Jet kinetic power (0.01, 0.1, 1.0)Ldisk
U ′

e Radiating EED ∝ Ljet,kin
U ′

B Magnetic field energy density Ue/UB = 10
Ldust Dust/IR luminosity 0.1Ldisk
Rdust Dust shell radius ∝

√
Ldisk

Lbl Synchrotron radiative power of the blazar-like blob 10%Ljet,kin

Fixed Parameters

γ min Minimum electron Lorentz factor 10
γ max Maximum electron Lorentz factor 105

γ break Energy break Lorentz factor (broken power law) 2 × 103

p EED index (single power law) 2.68
EED low energy index (broken power law) 2.1

p2 EED high energy index (broken power law) 4.0
Tdisk Disk blackbody temperature 3 × 104 K
Tdust Dust blackbody temperature 370 K
Γbl Blazar-like blob bulk Lorentz factor 10

The jet has a conical geometry with a semi-aperture angle equal
to 0.1 (R = 0.1LS), which allows for reasonable sizes of the
knot radius R (1 pc to 1 kpc) within the considered linear scales
(LS ! 10 kpc).

The fraction of disk photons reprocessed by nuclear dust
in a putative torus is fixed to Ldust = 0.1Ldisk, in agreement
with luminosities found for type 1 quasars (Hatziminaoglou
et al. 2008), where the disk emission can be directly observed.
Since we are not aiming at a detailed model of the source
spectrum, the thermal emission from the disk and the dust is
simply modeled with a blackbody spectrum. We set the disk
temperature Tdisk to ∼3 × 104 K. The dust temperature (Tdust ∼
370 K) is derived from the observed peak frequency of the
IR emission (νdust = 3 × 1013 Hz Cleary et al. 2007) using
the formula Tdust = hνdust/(3.93k) (see Ghisellini & Tavecchio
2009). The considered spatial scales are larger than 1 pc, thus
we always treat the disk as a point-like source of photons,
with the energy density10 of the disk photons, U ′

disk, scaling as
1/LS2 (and 1/Γ2). For simplicity, we assumed a thin spherical
shell for the dust spatial distribution, the shell radius being
Rdust = 2.5 × 1018

!
Ldisk/1045 cm (Błażejowski et al. 2000;

Sikora et al. 2002). The dust photon energy density, U ′
dust, is

computed using Equation 21 in Ghisellini & Tavecchio (2009)
when zd < Rdust and considering a point-like source of photons
when zd > Rdust. The value of U ′

dust at the discontinuity point,
zd = Rdust, is the average between the dust energy densities
immediately inside and outside the shell.

We assume a link between the accretion and ejection pro-
cesses related to the supermassive BH. The power carried by
the jet in radiating particles and the Poynting flux (Ljet,kin) is
proportional to the disk luminosity, Ldisk. A relation between
the jet and disk powers in extragalactic radio sources has been
considered by Rawlings & Saunders (1991), who found that
the average jet kinetic power, necessary to support the radio

10 Hereafter, primed energy densities and luminosities are in the jet knot
comoving frame.

3

The Astrophysical Journal, 780:165 (15pp), 2014 January 10 Migliori et al.

Figure 1. Left: illustration of the jet model: the observed jet luminosities are produced in a jet spherical knot (in red). The external photon fields contributing to the
jet EC emission are schematically illustrated: the disk, dust, and blazar component at the base of the jet (in cyan). Right: simulated SED for a 25 pc jet (upper panels)
and a 300 pc jet (lower panels). The jet parameters are: Ljet,kin = Ldisk = 1046 erg s−1, Γ = 2.0, θ = 30◦. Left panels: the assumed EED is a simple power law with
γmin = 10, γmax = 105, p = 2.68. Right panels: the assumed EED is a broken power law with γmin = 10, γmax = 105, γbreak = 2 × 103, p = 2.1, p2 = 4.0. Note that
the EC/syn component is not included in the SED of the 300 pc jet (see the text).
(A color version of this figure is available in the online journal.)
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Notation Definition Value/Range

Free Input Parameters

LS Jet LS (core to jet termination) 10 pc–10 kpc
Ldisk Bolometric disk luminosity 1045–1047 erg s−1

Γ Jet knot bulk Lorentz factor 1.4–10
θ Observer’s viewing angle 10◦–50◦

Linked Parameters

R Knot radius 0.1LS
zd Knot distance from the BH LS
Ljet,kin Jet kinetic power (0.01, 0.1, 1.0)Ldisk
U ′

e Radiating EED ∝ Ljet,kin
U ′

B Magnetic field energy density Ue/UB = 10
Ldust Dust/IR luminosity 0.1Ldisk
Rdust Dust shell radius ∝

√
Ldisk

Lbl Synchrotron radiative power of the blazar-like blob 10%Ljet,kin

Fixed Parameters

γ min Minimum electron Lorentz factor 10
γ max Maximum electron Lorentz factor 105

γ break Energy break Lorentz factor (broken power law) 2 × 103

p EED index (single power law) 2.68
EED low energy index (broken power law) 2.1

p2 EED high energy index (broken power law) 4.0
Tdisk Disk blackbody temperature 3 × 104 K
Tdust Dust blackbody temperature 370 K
Γbl Blazar-like blob bulk Lorentz factor 10

The jet has a conical geometry with a semi-aperture angle equal
to 0.1 (R = 0.1LS), which allows for reasonable sizes of the
knot radius R (1 pc to 1 kpc) within the considered linear scales
(LS ! 10 kpc).

The fraction of disk photons reprocessed by nuclear dust
in a putative torus is fixed to Ldust = 0.1Ldisk, in agreement
with luminosities found for type 1 quasars (Hatziminaoglou
et al. 2008), where the disk emission can be directly observed.
Since we are not aiming at a detailed model of the source
spectrum, the thermal emission from the disk and the dust is
simply modeled with a blackbody spectrum. We set the disk
temperature Tdisk to ∼3 × 104 K. The dust temperature (Tdust ∼
370 K) is derived from the observed peak frequency of the
IR emission (νdust = 3 × 1013 Hz Cleary et al. 2007) using
the formula Tdust = hνdust/(3.93k) (see Ghisellini & Tavecchio
2009). The considered spatial scales are larger than 1 pc, thus
we always treat the disk as a point-like source of photons,
with the energy density10 of the disk photons, U ′

disk, scaling as
1/LS2 (and 1/Γ2). For simplicity, we assumed a thin spherical
shell for the dust spatial distribution, the shell radius being
Rdust = 2.5 × 1018

!
Ldisk/1045 cm (Błażejowski et al. 2000;

Sikora et al. 2002). The dust photon energy density, U ′
dust, is

computed using Equation 21 in Ghisellini & Tavecchio (2009)
when zd < Rdust and considering a point-like source of photons
when zd > Rdust. The value of U ′

dust at the discontinuity point,
zd = Rdust, is the average between the dust energy densities
immediately inside and outside the shell.

We assume a link between the accretion and ejection pro-
cesses related to the supermassive BH. The power carried by
the jet in radiating particles and the Poynting flux (Ljet,kin) is
proportional to the disk luminosity, Ldisk. A relation between
the jet and disk powers in extragalactic radio sources has been
considered by Rawlings & Saunders (1991), who found that
the average jet kinetic power, necessary to support the radio

10 Hereafter, primed energy densities and luminosities are in the jet knot
comoving frame.
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Figure 3. Dependencies of the simulated distribution (for the case of Ljet,kin =
Ldisk and a single power-law EED) on the free parameters are highlighted. Each
trail shows how the position of a source changes in the L5 GHz –L100 MeV–10 GeV
plot for a single varying parameter. The solid black line connecting the circles
shows the evolution as a function of the jet power for a source with LS = 100 pc,
Γ = 4, and θ = 20◦. The dashed line and squares show the evolution with LS
for a source with Ljet,kin = 1046 erg s−1, Γ = 1.4, and θ = 20◦. The dot-dashed
line and diamonds show the effect of a beaming factor (varying θ and leaving Γ
fixed) for a source with Ljet,kin = 1046 erg s−1 and LS = 10 pc.
(A color version of this figure is available in the online journal.)

radio sources rely on radio observations, which allow us to
probe smaller scales than X-rays and to resolve different radio
components.

We used the simulated luminosity distributions to derive
relations among the three luminosities, L5 GHz, L2 keV, and
L100 MeV–10 GeV, for the considered jet-to-disk ratios and EEDs.
A fit of the simulated data applying a linear model, with the
coefficients estimated by the least-squares method, returned
the following relations for the Ljet,kin/Ldisk =1.0 distribution
in the case of the single power-law EED:

LogL100 MeV–10 GeV,44 = 1.34 + 0.09 × Log L5 GHz,44

+ 0.94 × LogL2 keV,44, (5)

and the broken power-law EED:

LogL100 MeV–10 GeV,44 = 0.62 + 0.48 × Log L5 GHz,44

+ 0.64 × LogL2 keV,44, (6)

with all the luminosities in units of 1044 erg s−1. The scatter in
L100 MeV–10 GeV at fixed L5 GHz and L2 keV is 0.16 dex and 0.55
dex for Equations (5) and (6), respectively. Note that this scatter
is derived only from our jet model.

The coefficients of the best fit and relative dispersion for
all the simulated distributions are reported in Table 2. We
emphasize that these relations are indicative of the expected
γ -ray luminosities for the assumed jet model and assigned
ranges of the parameters.

4. X-RAY YOUNG SOURCES SAMPLE

4.1. Predicted γ -Ray Fluxes

In order to search for jet-related γ -ray emission in young
radio sources, we selected a sample requiring that (1) all the
sources have radio and X-ray observations and (2) the jet is likely
the most relevant contribution to the non-thermal emission. We

Table 2
Results of the Least-squares Model Fit for the
L5 GHz-L2 keV-L100 MeV–10 GeV Simulations

Simulations Best Fit

Ljet,kin/Ldisk EED x0 x1 x2 Disp.
(1) (2) (3) (4) (5) (6)

1.0 SP 1.34 0.09 0.94 0.16
BP 0.62 0.48 0.64 0.55

0.1 SP 1.63 0.05 0.99 0.10
BP 1.51 0.41 0.72 0.40

0.01 SP 1.68 0.07 0.97 0.12
BP 1.02 0.21 0.91 0.40

Notes. Columns: 1: assumed jet-to-disk ratio; 2: shape of the EED: SP = single
power law, BP = broken power law; 3: intercept (L100 MeV–10 GeV are in units
of 1044 erg s−1); 4: L5GHz,44 coefficient; 5: L2keV,44 coefficient; 6: intrinsic
dispersion.

considered GPS and CSS radio quasars (Stanghellini et al.
2001), since in young radio galaxies the compact radio lobes
could dominate the non-thermal contribution (Stawarz et al.
2008; Ostorero et al. 2010). Our sample is composed of 13
quasars, 6 classified as GPS sources, and 7 classified as CSS
sources. All the sources were part of a dedicated X-ray study
with Chandra observations. The results of the X-ray analysis
were presented in Siemiginowska et al. (2008). In Table 3, we
report the redshift, estimated projected size, radio (5 GHz),
X-ray (2 keV), and estimated bolometric (Lbol) luminosities of
the sample. The sample, although not complete by any means,
is the largest sample available of GPS and CSS quasars with
X-ray (and radio) observations.

Before proceeding further, we comment on the nature of GPS
quasars. It is known that GPS quasar samples are partly contam-
inated by quasars with a core-jet structure that appears compact
only because of projection effects. Stanghellini et al. (2005)
found that large-scale emission, indicative of the presence of
an extended structure, is often detected in GPS quasars. Even
though young quasars could display some degree of radio fluc-
tuations, radio variability gives a definite clue for an aligned
quasar, i.e., one with a blazar-like nature (see Tinti et al. 2005).
An example is the case of PKS 1127-14, which was initially
classified as a GPS quasar. X-ray and radio observations have
revealed the presence of a kpc-scale jet (Siemiginowska et al.
2002, 2007). This, together with the observed multi-band flux
variability and superluminal expansion of the core region, points
to a blazar nature of the source (Błażejowski et al. 2004). We
still included this source in our sample for comparison with the
other GPS/CSS quasars.

In Figure 4, we plot the L2 keV of the quasars in the sample as
a function of their L5 GHz and compare them with the simulated
distributions. Here, we have simply ascribed all the 5 GHz
luminosity to the jet. This approximation is more risky in
the case of GPS than CSS sources, because the synchrotron
emission of the GPS compact (!1 kpc) lobes could be important
in the GHz band. We have also assumed that the bulk of the
2 keV flux is produced by the jet. This hypothesis is indeed part
of the jet scenario that we want to probe by comparing model
predictions with observations.

The quasars occupy the high-luminosity region of the
L5 GHz–L2 keV plot. This regime is well sampled by our sim-
ulations when Ljet,kin/Ldisk =1.0 (for both assumed EEDs),
while the overlap with the Ljet,kin/Ldisk = 0.01 distribution is
only marginal. A significant overestimate of the L5 GHz of the

7
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Figure 4. X-ray luminosities L2 keV of the GPS and CSS quasars (Table 3) and the simulated sources as a function of radio luminosities L5 GHz (observers rest frame):
the yellow solid circles are the simulated sources assuming Ljet,kin = Ldisk, the blue solid diamonds are the simulated sources for Ljet,kin = 0.1Ldisk, and the red
empty squares are for Ljet,kin = 0.01Ldisk. The black solid squares are the GPS and CSS quasars.
(A color version of this figure is available in the online journal.)

Table 3
The Sample of GPS/CSS Quasars with Chandra Observations in Siemiginowska et al. (2008)

Source Type z LS log(L5 GHz) log(L2 keV) log(Lbol) log(L100–10,SPL)a/log(L100–10,BPL)b

(pc) (erg s−1) (erg s−1) (erg s−1) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8)

Q0134+329/3C 48 CSS 0.367 1.27 × 103 43.97 44.68 45.96 45.98/45.04
Q0615+820 GPS 0.71 1.80 × 103 43.94 44.23 45.37 45.56/44.74
Q0740+380/3C 186 CSS 1.063 10 × 103 43.72 44.42 46.02 45.71/44.75
Q0741+311 GPS 0.63 30 44.31 44.51 45.11 45.85/45.09
Q1127-145 GPSc 1.18 12 44.91 45.74 46.80 47.06/46.17
Q1143-245 GPS 1.95 26 44.91 44.96 45.75 46.32/45.67
Q1245-197 GPS 1.28 2.1 × 103 44.77 43.89 44.80 45.31/44.91
Q1250+56/3C 277.1 CSS 0.32 3.86 × 103 43.11 43.93 45.23 45.19/44.15
Q1328+254/3C 287 CSS 1.055 200 44.73 44.75 46.10 46.11/45.45
Q1416+067/3C 298 CSS 1.439 6.35 × 103 44.68 45.84 46.90 47.13/46.12
Q1458+718/3C 309.1 CSS 0.905 8.25 × 103 44.63 45.20 47.14 46.52/45.69
Q1815+614 GPS 0.601 · · · 43.38 43.74 44.70 45.04/44.16
Q1829+290 CSS 0.842 11.86 × 103 44.06 43.23 44.96 44.63/44.16

Notes. Columns: 1: Source name; 2: GPS or CSS radio classification based on O’Dea (1998); 3: redshift; 4: projected jet LS (calculated from O’Dea (1998)
with a current cosmology); 5: radio luminosity at 5 GHz (see Siemiginowska et al. 2008, and references therein); 6: X-ray luminosity at 2 keV (Siemiginowska
et al. 2008); 7: bolometric luminosity; 8: predicted γ -ray (100 MeV–10 GeV) luminosity (see the text).
a Calculated using Equation (5) for a single power-law EED; the scatter is 0.16 (dex).
b Calculated using Equation (6) for a broken power-law EED; the scatter is 0.55 (dex).
c Classification for this source has been revised (see the text).

observed sample (up to 1–2 orders of magnitude) must be con-
sidered to reconcile observations and simulated radio and X-ray
luminosities for Ljet,kin/Ldisk = 0.01. On the other hand, the
discrepancy with the simulations becomes even larger if only a
fraction of the X-ray emission in the quasars of the sample is
produced by the jet.

Interestingly, the simulations show that the lack of a clear
correlation between the L5 GHz and L2 keV luminosities of the
observed sample does not necessary rule out a common (jet)
origin for them.

In Table 3, we report the 100 MeV–10 GeV luminosi-
ties estimated using Equations (5) and (6) (we considered
only the Ljet,kin/Ldisk = 1.0 distribution, which better cov-
ers the L5 GHz and L2 keV of the sample). The predicted
γ -ray luminosities span between ≈1044 and ≈1047 erg s−1

and the minimum and maximum 100 MeV–10 GeV fluxes are
∼4.2 × 10−14 erg cm−2 s−1 and ∼2.5 × 10−11. In comparison,

the three year Fermi-LAT flux sensitivity for point sources with
5σ detections is ∼3 × 10−12 erg cm−2 s−1 (at the Galactic pole
and assuming a power-law spectrum with Γγ = 2; see Acker-
mann et al. 2012). Seven of the estimated γ -ray fluxes using
Equation (5) are above or near such a threshold and the num-
ber reduces to four for Equation (6). None of the sources in
the sample are associated with a γ -ray source in the LAT 2-yr
Point Source Catalog (2FGL Nolan et al. 2012, except for PKS
1127-14, associated with the γ -ray source 2FGL1130.3-1448).
However, the 2FGL includes only sources with a minimum !4σ
detection significance.11

11 More specifically, the 2FGL uses Test Statistics, TS, to quantify how
significantly the source emerges from the background and imposes a minimum
TS of 25, which corresponds to a significance of just over 4σ evaluated from
the χ2 distribution with four degrees of freedom (position and spectral
parameters Mattox et al. 1996).
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Figure 6. Simulated 100 MeV–10 GeV luminosities and Fermi-LAT results
are plotted as a function of LS. Black solid triangles indicate flux upper limits
(calculated between 100 MeV and 10 GeV for a 95% confidence limit), yellow
solid circles are the simulated sources assuming Ljet,kin = Ldisk, the blue solid
diamonds are the simulated sources for Ljet,kin = 0.1Ldisk, and the red empty
squares are for Ljet,kin = 0.01Ldisk. PKS1127-145 is the only source detected
by Fermi-LAT. Here, a subsample of each simulated distribution is selected in
the range of the observed radio (1043 ! L5 GHz ! 1045 erg s−1) and X-ray
(1043 ! L2 keV ! 1046 erg s−1) luminosities of the GPS/CSS quasar sample
(see the text). The upper panel shows the simulated luminosities assuming a
single power-law EED and the lower panel assumes a broken power-law EED.
(A color version of this figure is available in the online journal.)

The simulated γ -ray luminosities in the subsamples are com-
patible with the Fermi-LAT upper limits, although the Fermi-
LAT sensitivity is the main limit for a test of the model
predictions. For a few sources, the comparison between ob-
servations and simulations (in the case of a single power-
law EED) allows one to place constraints on the jet param-
eters (upper panel in Figure 6). The Fermi-LAT limits on
Q1143-245 and Q0741+311 rule out the most extreme simu-
lated γ -ray luminosities (L100 MeV–10 GeV ! 1046–1047 erg s−1).
A jet with Ljet,kin/Ldisk = 0.01 also appears to produce
L100 MeV–10 GeV above the Fermi-LAT upper limit of Q0741+311.
Similarly, a Fermi-LAT detection of Q0134+329 and Q1250+56
would be likely if the jet has Ljet,kin/Ldisk = 1.0 (in the single
power-law EED case).

The γ -ray luminosity associated with PKS 1127-14,
L100 MeV–10 GeV = 2.16 × 1047 erg s−1, is consistent with the
highest predicted γ -ray luminosities for the single power-law
EED (upper panel in Figure 6). The LS adopted for this source
(LS = 12 pc, from O’Dea 1998) refers to its initial GPS

classification (and corresponds to the inner part of the radio
jet). Such a value can be considered as an upper limit for the
distance of the emitting region from the BH. In fact, the location
of the γ -ray-emitting region in blazar sources is under debate
and estimates span from sub-parsec to a few tens of parsecs (see
Sikora et al. 2009 for a discussion and the cases of the quasar
PKS 1510-089 and the BL Lacertae object OJ287 in Marscher
et al. 2010 and Agudo et al. 2011, respectively). Interestingly,
Błażejowski et al. (2004) proposed that the γ -ray emission of
PKS 1127-14 is produced via Compton scattering on the IR
photons taking place on pc scales (Błażejowski et al. 2004). In
our simulated distributions, γ -ray luminosities of the order of
1046–1047 erg s−1 are obtained via EC/dust in compact (LS "
20 pc) and powerful jets (Ljet,kin ! 1046 erg s−1). For these pa-
rameter values, the emitting region is still moving through the
medium that produces the IR photons (Ldust ! 1046 erg s−1).
The highest EC/dust luminosities (in the observers rest frame)
are produced for jet bulk motions of ∼2–4. For the consid-
ered minimum viewing angle (θ = 10◦), large values of Γ (e.g.,
10–20) would narrow the radiation cone and reduce the observed
luminosity. The observed γ -ray luminosity of PKS 1127-14 can
be reproduced by assuming a single power law for the EED
(for all the Ljet,kin/Ldisk ratios), while it is underpredicted in the
broken power-law scenario (although within an order of magni-
tude). Nonetheless, we note that the high-energy SED of blazars
inferred from X-ray to γ -ray observations typically displays a
complex shape (Abdo et al. 2010a; Giommi et al. 2012) and a
broken power law appears to be a more realistic description of
the energy distribution of the radiating particles.

6.2. X-Rays: Model Predictions and Observations

We consider the same subsamples of simulated sources to
test the model predictions against observations in the X-ray
band. In Figure 7, we show the simulated and observed L2 keV
to L5 GHz ratios as a function of LS. The simulated ratios have
a different evolution with LS depending on the shape of the
EED. In the broken power-law case, the maximum L2 keV to
L5 GHz ratio decreases with LS. Two connected effects cause
this trend: (1) at large LS (!1 kpc), intrinsically powerful jets
(Ljet,kin ! 1046–1047 erg s−1 and thus Ljet,kin/Ldisk # 0.1) are
needed to produce the observed radio and X-ray luminosities of
the CSS quasars and (2) the X-ray emission of such powerful
jets is dominated by the SSC component, thus L2 keV/L5 GHz
scales as L′

SSC/L′
syn ∝ LS−1 at all the considered LSs.

For the single power-law EED, the maximum L2 keV/L5 GHz
is (roughly) constant for LS ! 100 pc (for Ljet,kin/Ldisk = 1.0;
see the upper panel in Figure 7). Above such LSs, the EC/disk
and EC/dust contributions to the X-ray band become dominant
over the SSC (see also Figure 1) and thus L2 keV/L5 GHz ∝
L′

EC/L′
syn ∝ LS0. When Ljet,kin/Ldisk < 1.0, the relative

intensity of the disk-related photon fields (U ′
disk and U ′

dust)
with respect to the local synchrotron emission (U ′

syn) increases,
therefore the transition to a constant L2 keV–L5 GHz ratio (i.e.,
LEC ! LSSC in X-rays) happens at smaller LSs than for
Ljet,kin/Ldisk = 1.0.

The modeled L2 keV–L5 GHz ratios for LS " 1 kpc are
in good agreement with the ones of the quasar sample. At
kiloparsec scales, the model underestimates the L2 keV–L5 GHz
ratios observed in CSS quasars (see Figure 7). The discrepancy
is caused by the fact that the simulated sources with LS ! 1 kpc
have X-ray luminosities only marginally comparable with, or
below, the observed ones but can be radio luminous, with L5 GHz
of the order of ∼1044 erg s−1 or larger. This result is not in

11

the model predicted γ-ray fluxes are still compatible with the 
Fermi-LAT upper limits (~4yrs data)
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alternative models: γ-ray from hadronic component in the lobes (Kino&Asano 2011) and 
GeV luminosities via bremsstrahlung from the cocoons (Kino et al.2009)
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Are Young Radio Sources γ-ray emitters?

Observations:  
!
- 3rd Fermi-LAT AGN catalog: 2 γ-ray sources associated with CSS 
sources: 3C 286, 4C+39.23B (multiple associations), and a low power 
compact source (TXS 0331+39) 
!
- 16 CSOs of the X-ray sample: no clear detection in 5 yrs of Fermi-LAT 

data except for the case of PKS 1718-64 (Siemiginowska et al. in prep.) 

!
- PKS 1718-64 preliminary LAT analysis: TS~14, variable over year 

timescales.



 LAT sources with a CSO small-scale structure

Is the γ-ray emission produced in the mini-lobes? 

The Astrophysical Journal, 738:148 (12pp), 2011 September 10 McConville et al.
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Figure 1. VLBA 5 GHz map (left) featuring the inner parsec-scale radio structure of 4C +55.17, reimaged using data from Helmboldt et al. (2007). The beam size
is 2.0 mas × 1.6 mas (position angle = −29.◦6), and the contour levels increase by factors of

√
2 beginning at 1 mJy beam−1. The resolved morphology has a total

angular size of 53 mas (413 pc). The VLA 5 GHz map (right) with a 0.′′4 beam (lowest contour is 2 mJy beam−1 increasing by factors of
√

2) shows the large-scale
radio structure (from Tavecchio et al. 2007).

However, 4C +55.17 also exhibits a number of morphological
and spectral properties that have placed its exact blazar/FSRQ
classification into question (Marscher et al. 2002; Rossetti et al.
2005). FSRQs are uniquely characterized by the presence of
a central compact radio core exhibiting a highly variable flat-
spectrum continuum, high brightness temperatures (Tb), and,
typically, superluminal motions on Very Long Baseline Inter-
ferometry (VLBI) scales (Urry & Padovani 1995). Indeed, all
of the aforementioned radio properties are shared by the lumi-
nous blazars detected in γ -rays: these are exclusively observed
to possess compact, highly polarized jets a few milliarcsec-
onds (mas) in angular size, and unresolved radio cores with
brightness temperatures in the range Tb = 1010–1014 K when
observed at 5 GHz (Taylor et al. 2007) and 15 GHz (Kovalev
et al. 2009). In comparison, 4C +55.17 demonstrates none of
these characteristics. To date, the source shows no evidence
of blazar flaring at any wavelength, nor any evidence of long-
term variability, with the exception of a ∼30% optical flux-
density change noted over a period of 7 years between recent
Swift Ultraviolet/Optical Telescope (UVOT) measurements and
archival SDSS data (see Sections 2.2 and 3.1 for discussion).
Furthermore, the VLBI radio morphology of the source is ex-
tended over ∼400 pc (projected). The peak surface brightness
in a VLBA 15 GHz image taken from Rossetti et al. (2005) is
found in the northernmost component and is clearly resolved,
with a corresponding brightness temperature Tb < 2 × 108 K
(consistent with a measurement at 5 GHz; Taylor et al. 2007),
which is uncharacteristic of all the other known quasar-hosted
γ -ray blazars.

Based on the radio morphology of 4C +55.17, Rossetti et al.
(2005) first suggested that the source may in fact belong to
the family of young radio sources (for a review, see O’Dea
1998), rather than blazars. Such sources are characterized by
a very low radio variability (if any) and symmetric double
radio structures resembling “classical doubles” on much smaller
scales: linear sizes (LSs) ! 1 kpc for compact symmetric objects
(CSOs) and ∼1–15 kpc for medium symmetric objects (MSOs;
Augusto et al. 2006), to be compared with the typical LSs of
“regular” Fanaroff–Riley type-II radio galaxies of ∼100 kpc.

In many cases, CSO sources are found to exhibit a turnover
in their radio spectra in the range of 0.5–10 GHz, as the
so-called Gigahertz Peaked Spectrum (GPS) objects do (de
Vries et al. 1997); similarly, MSOs often display turnover
frequencies below 0.5 GHz, typical of the Compact Steep
Spectrum (CSS) class of sources (Fanti et al. 1990). The overlap
between CSO and GPS samples, as well as between samples
of MSOs and CSS sources, is however not complete (Snellen
et al. 2000; Augusto et al. 2006). In the case of 4C +55.17,
the VLBI morphology at 5 GHz reveals two distinct emission
regions, to the north and south (Rossetti et al. 2005; see also
Figure 1), covering a total angular extent of 53 mas (= 413 pc,
projected). On the kiloparsec scale, the source reaches 4.′′5
(∼35 kpc, projected), and it is resolved with the Very Large
Array (VLA) in three components, the central one hosting
the VLBI structure. The northern component of the parsec-
scale emission features a compact region with a relatively flat
spectrum (α = 0.4, Fν ∝ ν−α; Rossetti et al. 2005), which can
be attributed to a core or a hot spot region, while the southern
component features a more diffuse and slightly steeper-spectrum
(α = 0.49) region. Rossetti et al. (2005) have pointed out that
these two components resemble more compact hot spots and
lobes, suggesting a CSO/MSO classification for this object.
The kiloparsec-scale emission might thus be interpreted as a
remnant of previous jet activity, as this is a common feature
among sources that show evidence of intermittent behavior (e.g.,
Baum et al. 1990; Luo et al. 2007; Orienti & Dallacasa 2008).
Under the CSO/MSO framework, Rossetti et al. found no core
candidate between the VLBA-scale lobes at a level "2 mJy
beam−1 in a 15 GHz map.

An 11 month comparison of the γ -ray variability and spectral
properties of 4C +55.17 against the other LAT FSRQs highlights
the unusual nature of the source (Abdo et al. 2010a, 2010b).
Among all of the sources originally detected in the 3 month
LAT Bright AGN Sample (LBAS; Abdo et al. 2009b) that were
classified as FSRQs, 4C +55.17 is characterized by the lowest
variability index (Abdo et al. 2010a). In addition, the unusually
hard γ -ray continuum (that is, with a low photon index Γ) is
found to be one of the hardest among FSRQs in the 1st LAT AGN
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Figure 3. CSO model of 4C +55.17 vs. multiwavelength data, including the new LAT spectrum along with contemporaneous data with Swift XRT, BAT, and UVOT
(black bullets). Archival detections (gray) with EGRET (Hartman et al. 1999), ROSAT, Chandra, SDSS, 2MASS, 5 year integrated WMAP, and historic radio data
are also included, as well as archival VLA measurements (black triangles) of the inner ∼400 pc radio structure (see Section 2.2). De-absorption of the observed
Fermi spectral points using the Finke et al. (2010) EBL model was applied in order to properly model the intrinsic γ -ray spectrum. Black curves indicate the total
non-thermal emission of the lobes, with the long-dashed/green representing the contribution from synchrotron and synchrotron self-Compton (SSC). Dashed/pink,
dash-dot-dotted/gray, and dash-dotted/blue blackbody-type peaks represent the dusty torus, starlight, and the UV disk emission components, respectively, along with
their corresponding inverse Compton components as required by the model.
(A color version of this figure is available in the online journal.)

Figure 4. Blazar fit using multiwavelength data for 4C +55.17. As in Figure 3, the dashed/pink, dash-dot-dotted/gray, and dash-dotted/blue blackbody-type peaks
represent the dusty torus, starlight, and the UV disk emission components, respectively, along with their corresponding inverse Compton components as required by
the model. Also indicated are the individual contributions from synchrotron and SSC (long-dashed/green), as well as the total non-thermal emission, represented
in black.
(A color version of this figure is available in the online journal.)

the absolute calibration was taken from Cohen et al. (2003). All
infrared, optical, and ultraviolet data were dereddened by means
of the extinction laws given by Cardelli et al. (1989), assuming
a B-band Galactic extinction (AB = 0.038) as determined
via Schlegel et al. (1998), and a ratio of total to selective
absorption at V equal to RV = 3.09 (Rieke & Lebofsky
1985).

2.2.3. Radio

To model the γ -ray emission in 4C+55.17 (Section 3.1), we
compiled integrated radio to submillimeter measurements of the

source (Bloom et al. 1994; Huang et al. 1998; Reich et al. 1998;
Jenness et al. 2010), including 5 year Wilkinson Microwave
Anisotropy Probe (WMAP) data (Wright et al. 2009), and other
archival data from the NASA/IPAC Extragalactic Database. In
order to isolate the total radio flux from the inner ∼400 pc scale
structure,23 we re-analyzed several archival VLA data sets from
5 to 43 GHz (see Figures 3 and 4). The typical resolutions are
∼0.′′1 to 0.′′4, ensuring a total measurement of the ∼50 mas scale

23 The kiloparsec-scale radio emission is not expected to contribute
significantly toward the modeling of the high-energy portion of the spectrum
(see Sections 3.1.1 and 3.1.2).
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- 4C +55.17 (z=0.896):

McConville et al. (2011)

3C286*Radio*Structure*
VLBI: ~0.15’’ = 1.1 kpc 
Jiang et al. (1996) 

            No flat spectrum radio core so              
            these are likely “mini-lobes”…         
                        similar to… 

z=0.849 

VLA: ~3’’ = 20 kpc 
Perley & Butler (2013) 

Young*Radio*Galaxies?**

3FGL (Acero et al. 2015), 3LAC (Ackermann et al. 2015) 

3C286 NVSS 1.4 GHz image 
3FGL error ellipse overlaid 

- 3C 286 (z=0.849):

Cheung’s talk 
Krakow Jet meeting
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 LAT sources with a CSO small-scale structure

- PMN J1603-4904 (z=0.18):
• γ-ray bright and hard spectrum; 
• no short term/flaring variability; 
• mas symmetric radio structure; 
• Fe Kα line detection.

A&A 562, A4 (2014)

2010 May
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2009 February

8.4GHz
PMN J1603–4904

10 0 -10 -20
relative RA [mas]

Fig. 2. Time evolution of PMN J1603−4904. CLEAN images of the
first 8.4 GHz TANAMI observations are shown. The contours indicate
the flux density level, scaled logarithmically and separated by a factor
of 2, with the lowest level set to the 3σ-noise-level (for more details see
Table 1). The positions and FWHMs of the Gaussian emission compo-
nents are overlaid as black ellipses (for model parameters see Table 2).
From top to bottom: 2009 February (combined image of the 23rd and
27th), 2009 September, and 2010 May. The size of the restoring beams
for each individual observation is shown as a gray ellipse on the left.
Vertical dashed lines which indicate the relative positions of the eastern
and western features with respect to the central component are drawn at
2.7 mas and −3.2 mas, respectively.

the brightness temperature of this brightest of all found com-
ponents is TB,central ! 9 × 109 K (due to the lack of a redshift
measurement, we apply z = 0, i.e., no redshift correction). No
component shows significant flux density or brightness tempera-
ture variability over 15 months. The eastern and western regions
can each be modeled with circular Gaussian flux distributions.
The eastern component is about (0.2 ± 0.1) Jy weaker and about
0.6 mas closer to the central component than the western one.
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Fig. 3. Top: flux density profiles along PA = −80◦ at 8.4 GHz (gray) and
22.3 GHz “extended model” (blue, a)) and “compact model” (green,
b)). Bottom: spectral index along PA = −80◦. Displayed uncertainties
correspond to a conservative estimate of absolute calibration uncertain-
ties and on-source errors of ∼20%. The spectral index distribution of
the “extended model” is in light blue, the “compact model” is shown in
light green.

The brightness temperatures of both outer components are also
constant at (3–4) × 108 K.

To test for structural variability, we measured component po-
sitions relative to the eastern component. Within the uncertain-
ties, no significant component motions could be found over the
covered period of 15 months. Therefore we can set a limit for
the relative motions of vapp < 0.2 mas yr−1.

3.2. Spectral properties on mas-scale

In 2010 May, contemporaneous 8.4 GHz and 22.3 GHz
TANAMI VLBI observations were performed (see Table 1). The
(u, v)-coverage at 22.3 GHz is poorer than that at 8.4 GHz, be-
cause the TIGO antenna is not equipped with a 22.3 GHz re-
ceiver and the Ceduna data were not usable due to problems with
the maser, such that effectively only data from four Australian
antennas were available. In order to image and self-calibrate the
22.3 GHz (u, v)-data, we used the structural model found from
the high-quality data at 8.4 GHz. We fixed the relative posi-
tions of the three components from the 8.4 GHz Gaussian model
and allowed only their flux densities to vary. This approach
resulted in an acceptable starting model to perform amplitude
self-calibration on long time scales. We then fitted the compo-
nent flux densities again and performed self-calibration on iter-
atively smaller time scales. Overall self-calibration corrections
were small and the final model was in good agreement with the
original data. This model represents the most extended structure,
which is still consistent with both the (u, v)-data at 22.3 GHz it-
self and with the brightness distribution found at 8.4 GHz. More
extended regions in VLBI images of extragalactic jets have steep
spectra so the 22.3 GHz emission region is unlikely to be larger
than the 8.4 GHz emission region. For these reasons, we refer
to this model of the 22.3 GHz brightness distribution as the “ex-
tended” model.

In order to estimate the spatial spectral index4 distribu-
tion, we combined the 8.4 GHz image of 2010 May with the
quasi-simultaneous 22.3 GHz image, which was produced from
the “extended model” (Fig. 3). We convolved both data sets
with a common circular beam with a major axis of 3 mas and
calculated cuts through the two brightness distributions along

4 The spectral index α is defined through S ν ∝ ν+α.
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2FGL J1603.8−4904

(95%-confidence region)

Swift XRT (HPD)

1′

K
S

band (λ = 2.159 ± 0.011µm)

GMOS

Fig. 6. Grayscale 2MASS image (KS band) of the region around the ra-
dio position of PMN J1603−4904, indicated by the black arrow. The
dashed black circle indicates the 95%-confidence ellipse of Fermi/LAT,
the dot-dashed red circle the Swift/XRT HPD. The close-up in the north
western corner shows the higher resolved GMOS (r′ band) image re-
vealing a faint elliptically shaped source. The red cross marks the po-
sition of the associated WISE/2MASS source, the blue one the closest
source detected by WISE (see Sect. 3.4). No other known radio source
is found in this region, indicating a high-confidence association with the
high-energy counterpart.

(2.159µm) image a very faint IR source is seen which is
positionally consistent and associated with PMN J1603−4904
(2MASS 16035069−4904054, ID: 655163671). This counter-
part is also flagged as “photometric confused”, likely due to
a 4.′′8 distant neighboring star of comparable IR magnitude.
Relatively to the counterpart to PMN J1603−4904, this ob-
ject becomes fainter toward longer wavelengths. This indicates
that the emission seen in WISE is probably dominated by
PMN J1603−4904, however, in the following we will consider
the infrared fluxes from WISE and 2MASS are contaminated,
as we cannot exclude a contribution of this neighboring star in
these surveys (see also Sect. 3.5).

Going to even higher resolution, the r′-band GMOS
observation is able to separate the neighboring star and
PMN J1603−4904. The GMOS image reveals faint, extended
emission with an East-West extension of 2.′′5 and 1.′′3 in North-
South direction at the position of PMN J1603−4904. The ap-
parent magnitude of the Eastern part of the emission is about
24 mag, which we will take to be the upper limit of the point
source flux density of the optical counterpart (Fig. 6).

Shaw et al. (2013) performed optical spectroscopic observa-
tions of all 2LAC BL Lac objects. PMN J1603−4904 was ob-
served (on 2009 Aug 22) with the New Technology Telescope
(NTT) at La Silla Observatory. Based on low signal-to-noise
spectra these authors labeled the source as a BL Lac using
their standard criteria and determined a limit for the redshift of
zmax = 4.24. Due to its location in the Galactic plane, these op-
tical observations suffered from strong extinction along the line
of sight. Hence, more sensitive optical observations are required
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Fig. 7. Broadband νFν SED including total fluxes of simultaneous
TANAMI observations (of 2010 May), non-simultaneous measure-
ments in the radio by the Molonglo Galactic Plane Survey (MGPS,
Murphy et al. 2007), by ATCA (Stevens et al. 2012), by WISE (Wright
et al. 2010) and 2MASS (Skrutskie et al. 2006), by GMOS and NTT
(Shaw et al. 2013), by Swift/XRT, UVOT, and Fermi/LAT (2FGL,
Nolan et al. 2012). The data are parametrized with two logarithmic
parabolas absorbed by photoelectric absorption at X-ray energies with
NH = 1.3 × 1022 cm−2 and an additional blackbody component (see
Sect. 3.5 for details; χ2 = 23 for 12 degrees of freedom). Blue/Orange
symbols mark the data used/ignored for the SED parametrization (solid
black line) as described in Sect. 3.5. The IR and optical data are cor-
rected for extinction (Fitzpatrick 1999; Nowak et al. 2012), and the
X-ray data for absorption (Wilms et al. 2000, 2012; Verner et al. 1996),
shown as corresponding gray symbols. The dashed gray lines represent
the unabsorbed logarithmic parabolas as well as the extinction corrected
blackbody component. The bottom panel shows the residuals of the fit
in units of standard deviation of the individual data points.

to better constrain this limit and to obtain more information on
the optical counterpart.

Absorption is also responsible for the absence of a match-
ing Swift/UVOT counterpart (see Sect. 2.3). With additional
positional constraints from infrared information by 2MASS
(Skrutskie et al. 2006) and WISE we can exclude the two nearby
UV-sources visible in the UVOT image as possible optical coun-
terparts of PMN J1603−4904.

In the following, we assume that the reported multiwave-
length counterparts are positionally consistent and discuss on
this basis the broadband properties of PMN J1603−4904.

3.5. The broadband SED of PMN J1603–4904

We have constructed a non-simultaneous broadband SED from
radio5, optical/UV, and X-ray data, as well as published IR,
optical6, and Fermi/LAT γ-ray data (Fig. 7). Since the broad-
band spectral shape of PMN J1603−4904 resembles the typical
double-humped SEDs of blazars, we parametrized the data with
two logarithmic parabolas (Giommi et al. 2012; Chang 2010;
Massaro et al. 2004), as well as the photoelectric absorption

5 For the SED parametrization, we used the ATCA rather than the
VLBI data because of better frequency coverage.
6 Catalog values-corrected for extinction using standard values (see
Shaw et al. 2013, for more information).

A4, page 6 of 11

A&A proofs: manuscript no. pmn_x-ray

a symmetric structure on milliarcsecond (mas) scales with the
brightest, most compact component at the center. The broadband
spectral energy distribution (SED) showed an excess in the in-
frared, which could be modeled with a blackbody spectrum with
T ⇠ 1600 K, consistent with the emission of circumnuclear dust
heated by the disk photons. Such thermally reprocessed radia-
tion is not expected in typical blazar SEDs. Optical measure-
ments constrained the redshift to z . 4.24 (Shaw et al. 2013).
Based on the results presented by Mue14, however, no conclu-
sive classification of PMN J1603�4904 could be made. While
Swift /XRT observations showed a faint X-ray counterpart, low
photon statistics did not allow us to su�ciently constrain its X-
ray spectrum.

In this letter, we report on the first XMM-Newton and
Suzaku observations of PMN J1603�4904 conducted within the
scope of the TANAMI multiwavelength program (Sect. 2). In
Sect. 3 we present the X-ray spectral characteristics and discuss
its implications in Sect. 4.

2. Observations and data reduction

In 2013 September, we performed quasi-simultaneous X-ray
observations of PMN J1603�4904 with XMM-Newton (Jansen
et al. 2001, obs-id 0724700101, performed 2013-09-17) and
Suzaku (Koyama et al. 2007, obs-id 708035010, performed
2013-09-13) in order to constrain the X-ray spectrum better than
previous observations with Swift /XRT (Burrows et al. 2005,
Mue14). The XMM-Newton data processing, analysis, and ex-
traction of the spectrum were performed using the standard tasks
of the XMM System Analysis Software (SAS 13.5.0). We de-
tected a single, unresolved, X-ray source at the radio position
of PMN J1603�4904. Only data from EPIC-PN (Strüder et al.
2001, exposure time 39.0 ks) and EPIC-MOS 1 (Turner et al.
2001, exposure time 33.4 ks) cameras were used, as the usable
exposure of EPIC-MOS 2 was only 4.7 ks. The PN spectrum was
extracted using a circle with 3500 radius centered on the coordi-
nates of the radio source. For the background spectrum a circular
source-free region of 5000 radius was chosen. For the MOS 1 data
extraction, background and source regions with radii of 10000
were used. We chose larger extraction radii for the background
to minimize the measurement uncertainty. We used the HEA-
SOFT v6.15 package for the Suzaku data analysis. Extraction
and background regions of 9400 were used for all XIS detec-
tors, which after filtering had an exposure time of 48.5 ks. The
spectral analysis was performed using the Interactive Spectral
Interpretation System (ISIS, Version 1.6.2-27, Houck & Deni-
cola 2000). An independent analysis of the XMM-Newton and
Suzaku data revealed no significant flux variability during the
observed period. In order to improve the statistics and ensure the
validity of the �2-statistics, all 1–10 keV spectra were rebinned
to a minimum signal-to-noise ratio of 5 and modeled simulta-
neously considering the background. Throughout this paper we
use the standard cosmological model with ⌦m = 0.3, ⇤ = 0.7,
H0 = 70 km s�1 Mpc�1 (Beringer et al. 2012). All uncertainties
quoted in the following are given at the 90% confidence.

3. Results

3.1. X-Ray continuum

The quasi-simultaneous data from XMM /PN, MOS 1, and
Suzaku/XIS were simultaneously modeled with an absorbed
power-law component, a Gaussian emission line, and cross-
calibration constants to account for the relative flux calibrations
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Fig. 1. Simultaneous fit to the XMM-Newton and Suzaku data (see Ta-
ble 1). The data are best fitted by an absorbed power-law component
with an emission line at ⇠ 5.44 ± 0.05 keV. (a): Count spectrum for all
detectors fitted with an absorbed power law and a Gaussian emission
line (models shown in gray). Ratio of data to model for a fit of an ab-
sorbed power law (b) and including a Gaussian emission line (c). (d):
Unfolded, combined spectrum of all data sets with the best-fit model
(red). The shaded region highlights the position of the emission line.

of the instruments. We use the tbnew model (Wilms et al. 2012)
to account for neutral Galactic absorption (Galactic HI value is
fixed to NH = 6.32 ⇥ 1021 cm�2; Kalberla et al. 2005), and the
cross sections and abundances of Verner et al. (1996) and Wilms
et al. (2000), respectively. Further residuals reveal the presence
of source intrinsic absorption, which we model with an addi-
tional, redshifted absorption component (tbnew_z, see below).
We detect a strong emission line that can be modeled by a Gaus-
sian component at 5.44 ± 0.05 keV with an equivalent width of
EW = 200 ± 90 eV (Fig. 1a). Using the centroid energy of the
Gaussian emission line with respect to the neutral Fe K↵ line
line rest frame energy, we can constrain the redshift of the sys-
tem to z = 0.18 ± 0.01 (see Sect. 3.2 for details). We find a
photon index of �X = 2.07+0.04

�0.12 with an intrinsic absorption of
NH = 2.05+0.14

�0.12 ⇥ 1022 cm�2. The best fit model parameters can
be found in Table 1. Adding a Gaussian line to describe the emis-
sion line improves the fit from �2 = 198.1 (165 degrees of free-
dom [dof]) to �2 = 183.3 (162 dof). To test for the significance
of the line feature at 5.44 keV, we performed a Monte Carlo sim-
ulation based on the Null-Hypothesis that the intrinsic model for
the measured counts is an absorbed power-law lacking a line.
This hypothesis is rejected with a p-value of p < 1.1 ⇥ 10�4.
Figure 1 shows the spectra of all single datasets with the best
fit model and the combined datasets regridded to a joint energy
grid.
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a symmetric structure on milliarcsecond (mas) scales with the
brightest, most compact component at the center. The broadband
spectral energy distribution (SED) showed an excess in the in-
frared, which could be modeled with a blackbody spectrum with
T ⇠ 1600 K, consistent with the emission of circumnuclear dust
heated by the disk photons. Such thermally reprocessed radia-
tion is not expected in typical blazar SEDs. Optical measure-
ments constrained the redshift to z . 4.24 (Shaw et al. 2013).
Based on the results presented by Mue14, however, no conclu-
sive classification of PMN J1603�4904 could be made. While
Swift /XRT observations showed a faint X-ray counterpart, low
photon statistics did not allow us to su�ciently constrain its X-
ray spectrum.

In this letter, we report on the first XMM-Newton and
Suzaku observations of PMN J1603�4904 conducted within the
scope of the TANAMI multiwavelength program (Sect. 2). In
Sect. 3 we present the X-ray spectral characteristics and discuss
its implications in Sect. 4.

2. Observations and data reduction

In 2013 September, we performed quasi-simultaneous X-ray
observations of PMN J1603�4904 with XMM-Newton (Jansen
et al. 2001, obs-id 0724700101, performed 2013-09-17) and
Suzaku (Koyama et al. 2007, obs-id 708035010, performed
2013-09-13) in order to constrain the X-ray spectrum better than
previous observations with Swift /XRT (Burrows et al. 2005,
Mue14). The XMM-Newton data processing, analysis, and ex-
traction of the spectrum were performed using the standard tasks
of the XMM System Analysis Software (SAS 13.5.0). We de-
tected a single, unresolved, X-ray source at the radio position
of PMN J1603�4904. Only data from EPIC-PN (Strüder et al.
2001, exposure time 39.0 ks) and EPIC-MOS 1 (Turner et al.
2001, exposure time 33.4 ks) cameras were used, as the usable
exposure of EPIC-MOS 2 was only 4.7 ks. The PN spectrum was
extracted using a circle with 3500 radius centered on the coordi-
nates of the radio source. For the background spectrum a circular
source-free region of 5000 radius was chosen. For the MOS 1 data
extraction, background and source regions with radii of 10000
were used. We chose larger extraction radii for the background
to minimize the measurement uncertainty. We used the HEA-
SOFT v6.15 package for the Suzaku data analysis. Extraction
and background regions of 9400 were used for all XIS detec-
tors, which after filtering had an exposure time of 48.5 ks. The
spectral analysis was performed using the Interactive Spectral
Interpretation System (ISIS, Version 1.6.2-27, Houck & Deni-
cola 2000). An independent analysis of the XMM-Newton and
Suzaku data revealed no significant flux variability during the
observed period. In order to improve the statistics and ensure the
validity of the �2-statistics, all 1–10 keV spectra were rebinned
to a minimum signal-to-noise ratio of 5 and modeled simulta-
neously considering the background. Throughout this paper we
use the standard cosmological model with ⌦m = 0.3, ⇤ = 0.7,
H0 = 70 km s�1 Mpc�1 (Beringer et al. 2012). All uncertainties
quoted in the following are given at the 90% confidence.

3. Results

3.1. X-Ray continuum

The quasi-simultaneous data from XMM /PN, MOS 1, and
Suzaku/XIS were simultaneously modeled with an absorbed
power-law component, a Gaussian emission line, and cross-
calibration constants to account for the relative flux calibrations
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Fig. 1. Simultaneous fit to the XMM-Newton and Suzaku data (see Ta-
ble 1). The data are best fitted by an absorbed power-law component
with an emission line at ⇠ 5.44 ± 0.05 keV. (a): Count spectrum for all
detectors fitted with an absorbed power law and a Gaussian emission
line (models shown in gray). Ratio of data to model for a fit of an ab-
sorbed power law (b) and including a Gaussian emission line (c). (d):
Unfolded, combined spectrum of all data sets with the best-fit model
(red). The shaded region highlights the position of the emission line.

of the instruments. We use the tbnew model (Wilms et al. 2012)
to account for neutral Galactic absorption (Galactic HI value is
fixed to NH = 6.32 ⇥ 1021 cm�2; Kalberla et al. 2005), and the
cross sections and abundances of Verner et al. (1996) and Wilms
et al. (2000), respectively. Further residuals reveal the presence
of source intrinsic absorption, which we model with an addi-
tional, redshifted absorption component (tbnew_z, see below).
We detect a strong emission line that can be modeled by a Gaus-
sian component at 5.44 ± 0.05 keV with an equivalent width of
EW = 200 ± 90 eV (Fig. 1a). Using the centroid energy of the
Gaussian emission line with respect to the neutral Fe K↵ line
line rest frame energy, we can constrain the redshift of the sys-
tem to z = 0.18 ± 0.01 (see Sect. 3.2 for details). We find a
photon index of �X = 2.07+0.04

�0.12 with an intrinsic absorption of
NH = 2.05+0.14

�0.12 ⇥ 1022 cm�2. The best fit model parameters can
be found in Table 1. Adding a Gaussian line to describe the emis-
sion line improves the fit from �2 = 198.1 (165 degrees of free-
dom [dof]) to �2 = 183.3 (162 dof). To test for the significance
of the line feature at 5.44 keV, we performed a Monte Carlo sim-
ulation based on the Null-Hypothesis that the intrinsic model for
the measured counts is an absorbed power-law lacking a line.
This hypothesis is rejected with a p-value of p < 1.1 ⇥ 10�4.
Figure 1 shows the spectra of all single datasets with the best
fit model and the combined datasets regridded to a joint energy
grid.
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Why do we detect γ-ray emission only from CSO-like sources 
but not from CSOs?

γ-ray emission from small/restarted jets: see Nagai’s talk on 3C 84 

Müller et al. (2014,2015)
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Summary & Future Perspectives

X-rays: 
- Drastic increase of X-ray detections of young sources; 
- Snapshots & short observations are good to define the basic X-ray 

properties of young radio sources as a class; 
- Deep observations are needed in particular to investigate the source-

environment interactions; 
- X-ray observations of CSOs and LLC sources are necessary to 

understand the evolutionary path of extragalactic radio sources; 
!
!

Gamma-rays:  
- Still no detection of a young source but I’m looking forward to hear 

news from the next talks! 
- waiting for CTA ? 
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Radio Source - ISM interactions

3C 293 (z=0.045): thermal X-ray emission 
from jet-shocked ISM 

Chandra observations of 3C293 3
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Fig. 1.— Chandra image of 3C 293 showing soft (0.5−1.5 keV) emission in red, medium (1.5−3.0 keV) in green, and hard (3.0−8.0 keV)
in blue, overlaid with the 1.4GHz contours (a; contours levels at 0.0005, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 1.0, and 2.0 Jy/beam) and
spectral extraction apertures (b). Two jets emerge from the nucleus in the East-West direction, dominated by soft emission. Several
extended features are present along the extended jets, primarily in the soft and medium bands, as well as two point sources. SE1 lies in a
region of diminished radio emission compared to the jet on either side of it. NW2 and SE2 exist on the edge of the radio jets. Panel (c)
shows contours of a higher resolution 1.4GHz image (3.25, 4.5, 5.75, 7, and 8.25mJy/beam) showing the location of the NW radio hotspot
relative to NW1.

Imaging Photometer (MIPS; Rieke et al. 2004) obser-
vations were also obtained from the Spitzer Heritage
Archive. MIPS observed 3C 293 in the 24µm band on
2005 June 28 (PID 82, PI G. Rieke; 56×2.62 s frames),
2007 July 19 (PID 40053, PI G. Rieke; 56×2.62 s
frames), and 2009 February 9 (PID 50099; 28×2.62 s
frames). As part of the 2005 observation, MIPS also
imaged 3C293 at 70µm (28×10.49 s frames) and 160µm
(68×10.49 s frames). Mosaics were created using Mo-
saicker and Point source Extractor package (MOPEX;
Makovoz & Khan 2005) for all seven bands with 0.′′6
pixels in the IRAC bands and 2.′′45 pixels in the MIPS
bands.

2.3. Spitzer Spectral Imaging

3C293 was observed with the Infrared Spectrograph
(IRS; Houck et al. 2004) on Spitzer in the mapping
mode in the SL1,2 and LL1,2 modules (PID 20719, PI
S. Baum; 2006 January 18). The 14 s observations were
stepped perpendicular to the slit in each module. Spec-
tral cubes were constructed for each module using the
IDL program cubism (Smith et al. 2007), using the off-
pointed slit for background subtraction and removing
global bad pixels. We extracted slices of the spectral
cubes at the wavelengths of the rotational H2 lines (i.e.,
17.03µm 0-0 S(1), 9.66µm 0-0 S(3), 6.91µm 0-0 S(5),
and 5.55µm 0-0 S(7)). IRS also observed 3C293 in star-
ing mode on 2007 June 19 (PID 30877, PI A. Evans;
previously published in Guillard et al. 2012). We mea-
sured the spatial extent of the H2 lines and the [NeII]
line.

2.4. Ancillary Imaging

Ancillary images were collected from the archives of
the Galaxy Evolution Explorer (GALEX in far-UV and
near-UV; Martin et al. 2005), Sloan Digital Sky Survey
(SDSS DR10 in ugriz ; Ahn et al. 2014) and Two Micron
All Sky Survey (2MASS in J, H, and Ks; Skrutskie et al.
2006). We extracted photometry in a common 30′′ aper-
ture centered on the X-ray nucleus in each band, as well
as in the Spitzer images described above. We also re-
trieved Infrared Astronomical Satellite (IRAS) photome-
try (Golombek et al. 1988) from the NASA Extragalactic
Database (NED)9.
We observed 3C293 with the 2.4m Hiltner telescope

of the Michigan-Dartmouth-MIT (MDM) observatory on
2007 March 14 in the B filter. Observations were done
by integrating 60 min at an airmass of 1.0 − 1.1 under
seeing conditions of ∼1.2 arcsec. The observations and
data reduction were performed in the same way as those
described in Emonts et al. (2010).
We used archival observations taken by the Very Large

Array (VLA) to make images of the source at 1.4GHz
and 8.4GHz. The 1.4GHz image of the large scale radio
jets was taken on 1999 November 18 in L band in B con-
figuration for 1.3 hrs (PID GP022, Beswick et al. 2004).
The 8.4GHz image of the core region was observed on
1995 July 27 in X band in A configuration for 0.11hrs
(PID AK403). We also used a 1.4GHz VLA image taken
in A configuration on 2000 November 25 (PID AM670,
PI R. Morganti), whose observation and data reduction
were described in Emonts (2006) and which shows the
structure of the northwest hotspot in greater detail.

3. X-RAY MORPHOLOGY

9 http://ned.ipac.caltech.edu

4 Lanz et al.

TABLE 2
X-ray Counts and Luminosities

Region Net Counts Hardness Flux (10−14 erg cm−2 s−1)b Lumin. (1040 erg s−1)c

0.4−8.0 keV Ratioa 0.4−8.0 keV 0.4−8.0 keV

Nucleus 2130±50 0.75+0.01
−0.02 76.6+ 6.9

−13.4 364+33
−64

NCd 1810±40 0.87+0.01
−0.01 87.6+ 5.2

−11.8 416+25
−56

NE0d 194±14 0.17+0.07
−0.07 7.22+1.46

−1.24 34.3+6.9
−5.9

Host: East 160±14 -0.75+0.07
−0.07 1.38+0.61

−0.29 6.54+2.89
−1.37

Host: West 184±15 -0.81+0.07
−0.06 1.08+0.12

−0.15 5.15+0.58
−0.69

Host: North 87±12 -0.32+0.13
−0.16 0.59+0.24

−0.15 2.81+1.13
−0.69

Host: South 99±13 -0.32+0.15
−0.13 0.78+0.24

−0.17 3.73+1.13
−0.74

NW1 119±12 -0.58+0.09
−0.09 1.20+0.28

−0.25 5.70+1.34
−1.18

NW2 98±12 -0.68+0.15
−0.14 0.87+0.19

−0.15 4.16+0.88
−0.71

SE1 109±13 -0.63+0.16
−0.12 1.15+0.40

−0.23 5.49+1.91
−1.07

SE2e 47±10 -0.76+0.07
−0.24 0.71+0.16

−0.15 3.37+0.76
−0.73

NPSe 68± 8 -0.08+0.13
−0.12 1.42+0.28

−0.30 6.75+1.34
−1.43

SPSe 43± 7 -0.41+0.15
−0.17 0.56+0.11

−0.11 2.67+0.53
−0.52

EPSf 13± 4 -0.9 ... ...
a Hardness ratio=(H-S)/(H+S), where H=counts in the 2−8 keV range and S=counts in the 0.4−2 keV
range, calculated using the behr method (Park et al. 2006).
b Observed fluxes, uncorrected for absorption, in the aperture derived from the best-fit model in Table
3.
c Total luminosities, uncorrected for absorption, in the aperture calculated assuming a distance of
199.3Mpc and derived from the best-fit model in Table 3.
d NC and NE0 are contained within Nucleus, as shown in Figure 2, but have different HR, so we also
extract their spectra separately. These regions are coincident with the C and E0 regions, defined by
Emonts et al. (2005).
e Total luminosities for these regions were calculated assuming a power law with fixed MW absorption.
f We include EPS due to its HST counterpart, but it is only detected in the soft band, having 1 total
count in the hard band.

Figure 1b shows a three-color (soft, medium, and hard)
X-ray image taken by Chandra overlaid with the aper-
tures on interesting features from which we extract in-
tegrated counts (see Table 2) and spectra. These fea-
tures fall into four types: central region (nucleus), ex-
tended emission in the host galaxy (hostN, hostS, hostE,
and hostW), large scale jet-related features (NW1, NW2,
SE1, and SE2), and point sources (SPS, NPS, and EPS)
along the jets. Figures 1a, 1c, and 2 show the relation of
the X-ray and radio emission.

3.1. Nuclear Region

3C293 has a strong X-ray core (detected with ∼ 2100
counts). Figure 2 shows the nuclear region in detail with
the X-ray data binned into 0.′′25 pixels. High resolu-
tion radio observations (e.g., Beswick et al. 2002, 2004;
Akujor et al. 1996) show a small scale radio (8.4GHz)
jet. To the east of the nucleus, there is a softer X-ray
feature coincident with a knot of radio emission, which is
also the launch site of the ionized outflow (Emonts et al.
2005). The radio jet appears to bend 30◦ to the south-
east after about 1.7 kpc, continuing for another 1.5 kpc.
In contrast, the western jet does not show a bend, is only
1.4 kpc, and does not have a similar X-ray counterpart.
The neutral outflow is associated with this western jet
(Mahony et al. 2013). Observations of the radio jet by
Akujor et al. (1996) detected faint diffuse emission out to
∼ 4 kpc, which they suggest could belong to an outburst
older than the one responsible for the < 2 kpc jets.

3.2. Host Galaxy

Two X-ray jets (visible in Figure 1) extend 13 kpc to
the east and west from the nucleus, similar to the ra-

NC
NE0

N

E
1"

Fig. 2.— Chandra (green: 0.5−1.5 keV; blue: 1.5−8.0 keV) and
VLA (red and white contours: 8.4GHz) image of the nuclear region
overlaid with the nuclear extraction aperture. To the east of the
hard X-ray point source (NC) there is a softer component (NE0),
which is approximately coincident with a knot in the very small
radio jet, in turn the expected launch site of the ionized outflow.

dius of the galactic disk, but at a different position angle.
Their emission is dominated by soft X-rays, having hard-
ness ratios of -0.75 and -0.81, respectively. The eastern
jet is narrower, and its emission is concentrated near the
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Fig. 3.— Multiwavelength image showing that the X-ray emission (blue) extends through most of the host galaxy’s optical emission
(green; B-band) and past the bulk of the MIR (red; IRAC 8.0µm). The features along the large jets (e.g., NW1 and SE1) are beyond the
host galaxy and do not fall within the tidal debris extending to the southwest. A clear dust lane is visible over the nucleus, as is made even
clearer in the right panel where X-ray (blue), radio (green), and CO(1-0) (black; Labiano et al. 2013) contours are overlaid on a WFPC2
F702W (Floyd et al. 2006) image of 3C 293. The point source at the end of the East Jet (EPS) has a counterpart in this Hubble image.

nucleus. In contrast, the western jet is more diffuse in
both radius and angle.
Figure 3 shows the relation of optical and mid-IR

emission to the small scale X-ray jets. There is strong
IR emission in the optically-obscured dust lane, which
crosses from northeast to southwest roughly in front of
the nucleus. The molecular gas disk detected in CO by
Labiano et al. (2013) has a similar morphology to the
8µm emission and is likewise most dense over the nu-
cleus.
We also detect X-ray emission from the host galaxy

in regions perpendicular to the jets (hostN and hostS).
With a hardness ratio of −0.32, this emission is harder
than the emission in the jet regions.

3.3. Large Scale Radio Jets

Figure 1 shows four extended regions with significant
X-ray counts along the large scale radio jet. At the end
of the northwest jet’s radio emission in Figure 1a, there
is a cap of primarily soft (hardness ratio of -0.68) X-ray
emission, which we call NW2. The radio emission of the
northwest jet consists of two brighter regions separated
by dimmer region; the region further from the nucleus
spreads perpendicularly to the jet axis. On the southeast
edge of this radio feature, there is a more concentrated
region of X-ray emission, and it has slightly harder emis-
sion (hardness ratio of -0.58). We call this region NW1.
Along the southeast jet, we also find two extended re-

gions with significant X-ray counts. This jet is overall
dimmer in the radio bands than its counterpart. In a
dimmer region between two radio knots, there is an arc
of soft X-ray emission, which we refer to as SE1. At
the end of the southeast radio jet, there is a brighter
region (SE2) which also contains significant, predomi-
nantly soft, X-ray counts, but an insufficient number to
define a spectrum for fitting.

3.4. Point Sources

There are two point sources (NPS and SPS) along
the large radio jets detected with significant X-ray
counts, one on each side of the radio jet. Neither
contains sufficient counts to define a spectrum for fit-

ting. SPS is likely associated with the nearby (0.′′44)
Spitzer source SSTSL210 J135225.18+312537.3, whose
IRAC colors are consistent with those of AGN as de-
fined by Lacy et al. (2004), suggesting SPS is a back-
ground source. Similarly, NPS may be associated with
SSTSL2 J135214.38+312717.5 (0.′′59 separation), which
is detected in the three shortest IRAC bands. While the
upper limit on the IRAC 8µm flux does not allow us to
conclusively determine that it has IR colors consistent
of an AGN, its 5.8µm-3.6µm color is consistent with a
background AGN. The end of the inner eastern jet also
has a, potentially background, point source or a knot
(EPS), which has a counterpart in the HST image (Fig-
ure 3; Floyd et al. 2006). With only 10 net counts, we
can investigate this feature no further with the current
observation, but we note that 13/14 total counts are in
the soft band (0.4− 2.0keV).

4. X-RAY SPECTROSCOPY

X-ray spectra were fit using the sherpa packages
of ciao using the Levenberg-Marquardt optimization
method (More 1978), where sufficient counts exist. A
foreground absorption due to the Milky Way’s ISM of
NH = 1.27 × 1020 cm−2 (Kalberla et al. 2005)11 is as-
sumed in all fits. Where necessary, metal abundances
are fixed to solar.

4.1. Nucleus

We extracted the spectrum of the nuclear region in
three apertures (see Fig. 2). First, we examine the total
nuclear emission measured in a 3.′′5 aperture centered on
the coordinates (13h52m17.81s, +31d26m46.1s). Figure
4 shows the resulting spectrum binned to have a mini-
mum of 20 counts per bin. We fit the spectrum in the
0.4−8.0keV range, and found that it is best fit with a
combination of thermal and power law models. An ab-
sorbed power law alone is rejected with a probability of
2.3×10−6.
The best model is the sum of an absorbed power law,

an unabsorbed power law, and a thermal component.

10 Spitzer Space Telescope Source List (IRSA)
11 http://heasarc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl

Lanz et al. (2015)

The jet powers both the hot X-ray gas (107 K) 
and warm molecular medium (H2), which  have 

similar masses and luminosities (LX/LH2~1)
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Jet vs. Disk Power

Figure 1: Extended Data Figure 1: Jet power vs radiative jet power. We compare
the total jet power and the radiative one for the blazars in our sample. The yellow lines,
as labelled, correspond to equality and to Pjet equal to 10–fold and 100–fold Prad. Same
symbols as in Fig. 1. The average error bar is indicated.

15

Ghisellini et al.(2014)

- In γ-ray blazar Ljet/Ldisk~10; 
- in GPS/CSS galaxies, lobe 

model: Ljet/Ldisk~0.01-0.1; 
- in GPS/CSS quasars, jet 

model: Ljet/Ldisk>0.01
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Figure 3. Eddington ratios of the GPS/CSO galaxies of our sample, inferred
from the SED model parameters, are displayed as a function of their BH mass
(data are from Table 3), and compared to the theoretical curves of the accretion-
disk instability model by Czerny et al. (2009). Source names are indicated in a
short format in the plot. Filled circles indicate the sources for which ṁ/ṁEdd
was computed with the estimate of the BH mass; open circles show the sources
(names are in parenthesis) for which the BH mass was assumed as the average
BH mass of the GPS-source sample by Wu (2009b). Dotted and dash-dotted
lines represent the theoretical curves of constant duration (103 and 104 years,
respectively) for accretion-disk outbursts triggered by the radiation pressure
instability, assuming a disk viscosity α = 0.02 (Czerny et al. 2009, their
Figure 4).

radiative efficiencies typically assumed, and characterizes our
sources with jet/disk luminosity ratios of 0.01–0.1, a factor
∼100 lower than the ratios typically found in powerful blazar
sources (∼1–10; e.g., Celotti & Ghisellini 2008).

The best-fit values of the accretion-disk luminosities enabled
us to make a reasonable guess on the source accretion rates.
BH mass estimates were available for eight of our sample’s
members; by using the estimated BH mass values for these
sources, and the average BH mass of 1.698 × 108 M⊙ derived
by Wu (2009b) for a sample of GPS sources in the remaining
three sources, we inferred for our GPS/CSO galaxies Eddington
ratios of ṁ/ṁEdd = LUV/LEdd = 0.026–0.506 (see Table 3,
Column 11).

These ratios correspond to accretion rates that are comparable
to (for source IERS B1404+286) or much higher than (for all
the other sources) the critical accretion rate ṁ∗ ≃ 0.025 ṁEdd
proposed by Czerny et al. (2009) as the threshold above which
the radiation pressure instability operates in accretion disks,
giving rise to intermittent source activity. Therefore, the results
of our modeling are consistent with all of our sample’s members
being intermittent radio sources, with IERS B1404+286 being
a border-line case.

In this context, according to the prescription by Czerny et al.
(2009), for values of the disk viscosity α in agreement with the
observational constraints (α ≃ 0.02; e.g., Starling et al. 2004),
the sources characterized by ṁ ! 0.1ṁEdd are potentially able
to undergo outburst phases lasting ∼104 years, and thus grow to
super-galactic scales after a few of these outbursts, provided
that they have the appropriate BH mass. Higher viscosity
values would imply higher accretion rate thresholds. Except for
IERS B1404+286, our sample’s members are characterized by
accretion rates higher than this limit; however, their BH masses
imply outburst durations shorter than 104 years. This can be
seen in Figure 3, where our sample’s members are plotted in the
MBH versus ṁ/ṁEdd diagram, and are compared to the lines of
constant outburst duration predicted by the radiation pressure
disk instability model by Czerny et al. (2009): all the sources lie
below the line representing the outburst duration T = 104 years,

and are thus expected to undergo shorter-lived outbursts which
will prevent them to reach super-galactic scales. Interestingly,
most of our sources follow the 103 year outburst model curve.
Note that for three of our sample’s members (open symbols in
Figure 3) the BH mass was assumed (see above); the availability
of a BH mass estimate might change the location of these objects
in the diagram.

7. CONCLUSIONS

For the first time, we systematically compared the broadband
spectra of a sample of GPS/CSO galaxies with a model.
Specifically, we showed that the dynamical-radiative model we
proposed in Stawarz et al. (2008) can reproduce the observed
emission, from the radio to the X-ray energy range, of 11 GPS/
CSO galaxies characterized by different linear sizes, and thus
sampling different stages of the source expansion.

The radio spectra were modeled as synchrotron emission by
a lobe electron population that represents the evolution of an
injected hot-spot electron population suffering from adiabatic
and radiative energy losses. At frequencies below the turnover,
the shape of most of the spectra could be satisfactorily accounted
for by an absorption scenario dominated by the FFA mechanism.

The X-ray emission could be interpreted as non-thermal
radiation produced through IC scattering of the local thermal
radiation fields off the lobe electron population. Among the
possible seed photon fields, the dominant role in the generation
of the X-ray radiation via IC scattering is played by the MFIR
radiation, which we associated to the putative circumnuclear
dusty torus; dust associated with circumnuclear star-forming
regions might also contribute to this emission, but this would
not affect our results significantly. The UV radiation emitted by
the accretion disk gives a contribution comparable to that of the
MFIR photons in a few sources only, but provides the bulk of
the seed photons responsible for the γ -ray emission. Our model
proved to be a viable alternative to the thermal, accretion-disk-
dominated scenario for the interpretation of the X-ray emission
of GPS/CSO galaxies.

Finally, from a more observational perspective, our radiative
model finds further support in the comparison of the measure-
ments of the radio and X-ray hydrogen column densities of a
sub-sample of our source ensemble: the data suggest a positive
correlation, which, if confirmed, would point toward the co-
spatiality of the radio and X-ray emission regions. New radio
measurements, necessary to improve the statistics of our corre-
lation sample, as well as the quality of the available data, are
currently being performed.
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fruitful discussions on H i absorption, and with L. Costamante,
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Figure 5. Same mini shell and radio lobe spectra (solid and dashed curves,
respectively) but with LUV = 2LIR = 6 × 1044 erg s−1, and ϵB,lobe =
10−3, 10−4, 10−5. The seed photons for IC scattering in the mini shell are
dominated by the core UV and IR photons.
(A color version of this figure is available in the online journal.)

5. SUMMARY AND DISCUSSIONS

In the present work, we have studied non-thermal emissions
from mini shells surrounding low-luminosity, mini radio lobes.
Predicted synchrotron emissions from mini shells are very faint
due to their weak magnetic field. On the other hand, IC scattering
in the mini shell is significantly effective since the energy
densities of soft photons from AGN nucleus and synchrotron
photons from the radio lobe are large. As a result, the IC emission
from the shell overwhelms the emission from the radio lobe in
VHE γ -ray range. We find that the non-thermal emission from
the mini shells can be detectable by CTA and they become a
potential new class of VHE γ -ray emitters.

Among FIRST survey sources (White et al. 1997), the
candidate selection of CORALZ for further very long base-
line interferometry (VLBI) confirmation had been done with
the criteria of the flux density >100 mJy at 1.4 GHz and the
angular size <2′′ (de Vries et al. 2009). Hence, a straightforward
way to increase the number of lower luminosity radio lobes is
to conduct further VLBI survey with a flux density threshold
lower than 100 mJy among FIRST survey sources. Then, more
lower luminosity lobes will be found. Another promising way
to find less luminous mini radio lobes is a deep survey with the
next-generation radio telescope SKA with its collecting area dis-
tributed over a large geographical area. Such deep observations
will significantly increase the number of radio-dark mini shells,
a new class of VHE γ -ray emitters, which can be potentially
detected by CTA.

We thank the referee for suggestions to improve the paper.
This work is partially supported by the Grant-in-Aid for Sci-
entific Research, KAKENHI 24540240 (M.K.) from the Japan
Society for the Promotion of Science (JSPS) and by Research
Activity Start-up 2284007 (N.K.) from the Ministry of Educa-

tion, Culture, Sports, Science, and Technology (MEXT). Part of
this work was done with the contribution of the Italian Ministry
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Observations vs Simulations: X-ray

LS vs L2keV/L5GHz: above 
LS∼1 kpc, the modeled jet 
emission cannot account 

for the observed X-ray 
luminosity

Simulated jets in the same luminosity range of the observed sample 
(L5GHz=1043÷1045 erg s-1, L2keV=1043÷1046 erg s-1, LDisk=1045÷1047 erg s-1):
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possible explanations: 
- the bulk of the X-ray emission is always produced at jet small scales; 
- there is an additional X-ray component (e.g. disk-corona emission)
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 Ue to UB ratio
Data vs. simulations discrepancy holds true for different parameter values and 
model assumptions:
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large departure from particle to B field energy equipartition: 

Assuming Ue/UB≥1000:  
- the jet X-ray emission increases to the observed intensities;  
- γ-ray luminosities  above the LAT sensitivity limit would make a detection likely.


