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ABSTRACT: 
Giga-Hertz Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS) radio sources comprise a 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 less 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.  Over the last two decades we used Chandra to study the X-ray 
properties of these sources. Because these sources are relatively faint in X-rays only a few sources have been detected by other 
X-ray missions before Chandra. We have obtained Chandra and XMM-Newton observations for a large sample of these radio 
sources over several observing cycles. Our most recent Chandra observations targeted Compact Symmetric Objects (CSO) 
associated with the nuclear regions of nearby galaxies, and a small sample of MHz-peaked sources constituting the first X-ray 
sample of young radio sources at high redshift. 

Building X-ray Sample of Young Radio Sources

•   48 GPS/CSS radio sources at z < 1  
•   13 Quasars and 35 Galaxies 
•   17 CSO with known kinematic age from the expansion of    
   the radio hot spots  (<3000 years old) 
•   15 young radio source candidates at z > 4.5 

  Study: 
•  Radio Source Evolution 
•  Nature of the high energy emission 
•  Environment of compact radio sources
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Upper image shows the smoothed Chandra 
image of the cooling core cluster surrounding a 
LLC radio source, 1321+045. 
Lower panel zooms into the center showing the 
radio source contours overlayed on the 
smoothed Chandra image.  
New deep Chandra observations have been 
approved for the current Cycle 21.

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  (S10) 
       - a low power symmetric radio source, with no hot   
 spots or jets, with FRI morphology [on the right] (KB13) 
• Interactions between the radio sources and the ICM in    
different regimes: the powerful jets in the CSS radio quasar, 
3C186, and a ‘coasting’ CSS radio source 1321+045 in 
declining radio luminosity phase.

Summary

•  Chandra has opened studies of high  energy emission in compact young radio 
sources. These sources represent early stages of the radio source growth. 

• Our X-ray sample of GPS/CSS sources covers a range of luminosities typical to FRII 
galaxies, while  a small sub-sample of weak CSS is consistent with FRI-type 
luminosities. 

• Our pilot Chandra study contained mainly short X-ray exposures. The next step is to 
obtain high quality spectra and deep images.  

• Future X-ray missions will be able to provide the highest quality X-ray data and 
compile homogenous samples necessary for the evolutionary studies of the radio 
sources.
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GPS - GigaHertz-Peaked Spectrum 
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LLC - Low Power CSS 
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Figure 4. The 5 GHz luminosity/2-10 keV luminosity ratio - linear size diagram for AGNs classified as: (left) GPS (black squares), CSS (blue circles), FR I
(open black squares) and FR II (open red circles) and (right) GPS (black squares), CSS (blue circles), LERG (red crosses), NLRG (green triangles), Q (open
black circles), BLRG (violet diamonds).

Figure 5. X-ray column density versus linear size. GPS and CSS sources
are indicated as black squares and blue circles respectively.

et al. 2010; ?), or ii) dynamic evolution of FR II-like double radio
sources characterized by the advance speed of the hot spots, total
extent of the source and depending on the density distribution in
the host galaxy along the path of the jets and lobes (Begelman &
Cio� 1989; Begelman 1996; Fanti et al. 1995; Kaiser & Alexander
1997b; Kino & Kawakatu 2005; Kawakatu & Kino 2006; Kaiser
& Best 2007; Kawakatu et al. 2009a). The radio luminosity of the
sources evolves through phases governed by the dominant energy-
loss mechanism of the radiating, relativistic electrons. From the on-
set of the radio activity, the GPS/CSO stage, the radio power of the
sources increases with time and the source size. Then decelerates
in the transition region (1-3 kpc from the center of the host galaxy)
where the balance between adiabatic losses and synchrotron losses
have been achieved. After this short period the radio power of CSS
sources starts to slowly decreases with the source size. The sharp
decrease in the radio power versus the total extent of the source
occurs only in the large FR I and FR II objects with the FR Is be-
ing below the well known luminosity threshold, L178MHz ⇠ 1025.5

W Hz�1 sr�1, on then radio power/linear size plane. If the X-ray
emission in radio-loud AGNs is due to accretion only, the evolution
of the radio and X-ray wavebands could be totally decoupled and

the radio/X-ray luminosity ratio should reproduced the radio power
evolution with the linear size of the source. The Fig. 4 shows imme-
diately that the above assumption is not true not only in the case of
large FR Is and FR IIs but probably also in the case of young GPS
and CCS sources. For the less radio powerful FR Is the radio/X-ray
luminosity ratio is on average higher than for FR IIs what implies
higher X-ray luminosity decrease with radio power in FR Is than
FR IIs. This can be explained by the idea that the X-ray emission
in FR Is originates from the base of a relativistic jet Evans et al.
(2006) and are thought to be synchrotron emission (Sambruna et
al. 2004; Worrall et al. 2009). However, the X-ray emission of the
FR IIs comes mostly from the obscured X-ray component probably
associated with the accretion and in less part from the relativistic jet
produced in an inverse Compton process Balmaverde et al. (2006);
Belsole et al. (2006); Evans et al. (2006). When incorporating a
di↵erent division among large scale objects we notice that, on av-
erage, the low excitation radio galaxies (LERG) and narrow line
radio galaxies (NLRG) have higher radio to X-ray luminosity ratio
than quasars (Q) and broad line radio galaxies (BLRG). According
to Hardcastle et al. (2009) the common correlation of FR II NL-
RGs, LERGs and FR Is indicates that the X-ray and radio emission
comes from the same jet-related component. The interpretation of
the place of GPS and CSS sources on the radio/X-ray luminosity
ratio versus linear size plane is even more di�cult because of the
large scatter of the observable values. As we have already men-
tioned the beaming can disrupt the radio/X-ray correlations. How-
ever, at least in the case of compact steep spectrum objects this
e↵ect should be small (Wu et al. 2013). We then suggest that what
we observe in the group of young GPS and CSS sources is a mix
of two di↵erent types of X-ray/radio relation. We conclude that at
some radio power level the compact AGNs starts to resemble the
FR Is, where the X-ray emission is a synchrotron type associated
with the jet. It has been already proposed by the SED modelling
of two strong CSS objects that their X-ray emission can be a sum
of X-ray emission from the accretion disk and non-thermal X-ray
emission from the parsec scale radio jet Kunert-Bajraszewska et al.
(2009); Migliori et al. (2012).

Recently, Stawarz et al. (2008) and Ostorero et al. (2010)
have discussed an alternative evolutionary model for GPS sources,
which predicts the dependency of the broadband Spectral Energy
Distribution on the source linear size. In their model high-energy
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Figure 2. 2-10 keV luminosity - 365 MHz luminosity (left) and 2-10 keV luminosity - 5 GHz luminosity (right) diagrams for AGNs. 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.
Week CSS sources are indicated with red squares.

Figure 3. 2-10 keV luminosity - 5 GHz luminosity diagram for AGNs clas-
sified 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.

well to the already established X-ray - radio luminosity correla-
tion 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 independent of radio frequency. However,
the 356 MHz radio luminosity versus X-ray luminosity plot shows
larger scatter among observable 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 compact central regions of AGNs while
the low frequency flux density is dominated by the extended radio
structures. The di↵erences between these two plots are in the posi-
tion of core-dominated large scale sources and GPS objects. As has
been also shown by Hardcastle et al. (1999) much of the dispersion
in 5 GHz luminosity originate in beaming. The X-ray observations
of the whole sample of LLC sources would give us a definitive in-
formation 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. 4) with a division for high excitation
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
previously found in Kunert-Bajraszewska & Labiano (2010). The
HEG and LEG AGNs group in two di↵erent parts of the plot and
they correlate with moderate (for HEGs) and good (for LEGs) cor-
relation coe�cient. It has been also pointed out by Guainazzi et
al. (2006) in the case of four strong GPS sources studied by them,
that their large X-ray column densities are consistent with that mea-
sured in HEG FR IIs. However, we were not able to do the optical
classification of them because of lack of optical data. The HEG
and LEG sources follow two di↵erent evolutionary paths starting
from the very beginning, the onset of the radio activity and the
FR morphology, as well as the GPS and CSS division, seems to
be independent on the excitation modes (Buttiglione et al. 2010;
Kunert-Bajraszewska & Labiano 2010). The extended radio mor-
phology is probably dependent only on the power of the jet and its
interactions with the large-scale environment Gendre et al. (2013);
Cegłowski et al. (2013) while the division for low and high exci-
tation modes is caused by the di↵erent fuelling mechanism (Hard-
castle et al. 2007; Buttiglione et al. 2010; Son at al. 2012). As has
been recently summarized by Antonucci (2012), the strong FR IIs,
and GPS/CSS sources are that with hidden quasars while the low
radio luminosity objects are non-thermal sources with synchrotron
emitting jets. We discuss this scenario further based on the next
plots Fig. 4.

4.4.2 Radio/X-ray luminosity ratio

Another test for the AGN evolution models is a comparison of ra-
dio to the X-ray luminosity ratio with the size of the sources, and
indirectly, with their age (Fig. 4). The long-term evolution of ex-
tragalactic radio sources have been investigated by a number of au-
thors in di↵erent ways: i) as a variation of the radio power versus
the total linear size (O’Dea & Baum 1997; Kunert-Bajraszewska
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Figure 2. 2-10 keV luminosity - 365 MHz luminosity (left) and 2-10 keV luminosity - 5 GHz luminosity (right) diagrams for AGNs. 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.
Week CSS sources are indicated with red squares.
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Figure 3. 2-10 keV luminosity - 5 GHz luminosity diagram for AGNs clas-
sified 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.

well to the already established X-ray - radio luminosity correla-
tion 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 independent of radio frequency. However,
the 356 MHz radio luminosity versus X-ray luminosity plot shows
larger scatter among observable 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 compact central regions of AGNs while
the low frequency flux density is dominated by the extended radio
structures. The di↵erences between these two plots are in the posi-
tion of core-dominated large scale sources and GPS objects. As has
been also shown by Hardcastle et al. (1999) much of the dispersion
in 5 GHz luminosity originate in beaming. The X-ray observations
of the whole sample of LLC sources would give us a definitive in-
formation 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. 4) with a division for high excitation
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
previously found in Kunert-Bajraszewska & Labiano (2010). The
HEG and LEG AGNs group in two di↵erent parts of the plot and
they correlate with moderate (for HEGs) and good (for LEGs) cor-
relation coe�cient. It has been also pointed out by Guainazzi et
al. (2006) in the case of four strong GPS sources studied by them,
that their large X-ray column densities are consistent with that mea-
sured in HEG FR IIs. However, we were not able to do the optical
classification of them because of lack of optical data. The HEG
and LEG sources follow two di↵erent evolutionary paths starting
from the very beginning, the onset of the radio activity and the
FR morphology, as well as the GPS and CSS division, seems to
be independent on the excitation modes (Buttiglione et al. 2010;
Kunert-Bajraszewska & Labiano 2010). The extended radio mor-
phology is probably dependent only on the power of the jet and its
interactions with the large-scale environment Gendre et al. (2013);
Cegłowski et al. (2013) while the division for low and high exci-
tation modes is caused by the di↵erent fuelling mechanism (Hard-
castle et al. 2007; Buttiglione et al. 2010; Son at al. 2012). As has
been recently summarized by Antonucci (2012), the strong FR IIs,
and GPS/CSS sources are that with hidden quasars while the low
radio luminosity objects are non-thermal sources with synchrotron
emitting jets. We discuss this scenario further based on the next
plots Fig. 4.

4.4.2 Radio/X-ray luminosity ratio

Another test for the AGN evolution models is a comparison of ra-
dio to the X-ray luminosity ratio with the size of the sources, and
indirectly, with their age (Fig. 4). The long-term evolution of ex-
tragalactic radio sources have been investigated by a number of au-
thors in di↵erent ways: i) as a variation of the radio power versus
the total linear size (O’Dea & Baum 1997; Kunert-Bajraszewska
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The HEG and LEG sources occupy a distinct locus in the 
radio/X-ray luminosity plane, notwithstanding their 
evolutionary stage. This is in agreement with the postulated 
different origin of the X-ray emission in low- and high-
ionization objects. Compact sources can be found in within 
both excitation modes. 

FR I objects have on average higher radio/X-ray luminosity ratio 
than the FR II objects suggesting a greater decrease in X-ray 
luminosity with radio power in FR I than in FR II objects. This is in 
agreement with the X-ray emission in FR I originating from the 
base of a relativistic jet while in FR II in an accretion flow. This 
may apply to GPS and CSS sources. At some radio power level, 
the compact GPS and CSS sources start to resemble FR I objects

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

• Hot diffuse X-ray emission is detected in a few nearby sources. 
The Chandra image of PKS 1718-649 on the far right shows a 
large scale X-ray thermal emission of the ISM in the host galaxy.

X-ray Absorption in Young Compact Symmetric Objects 

Luminosity at 5 GHz vs. radio source size for CSOs observed with Chandra and/or XMM-Newton. 
Squares mark sources with kinematic age measurements studied in X-rays by S16 and S19. 
Circles mark new CSO or candidates with X-ray information from the literature. Color coding 
represents the intrinsic equivalent hydrogen column density measured from the X-ray spectra. 
Solid line marks the relation fitted to the CSO data of Tremblay et al. (2016). Dashed line connects 
CSOs with intrinsic NH > 1023 cm−2 (labeled).

un-absorbed

absorbed

•    X-ray obscured and unobscured CSOs appear to occupy 
separate regions in the (L5 GHz, LS, NH) parameter 
space.  

• Thus X-ray absorbed CSOs have smaller radio sizes than 
X-ray unabsorbed CSOs. Alternatively, X-ray 
absorbed CSOs could be more radio luminous than 
X-ray unabsorbed CSOs with the same radio size. 

• In both cases the high density environment plays the key 
role: (1) High density ISM could prevent the radio 
source from expanding freely. (2) Radio source born 
in a dense environment would appear more radio 
luminous than a source born in a low density 
environment, as a high density environment is able to 
sustain a higher mass accretion rate onto a black 
hole than a low density environment. Consequently, 
jet power and hence radio luminosity increase with 
increasing mass accretion rate.  

• If X-ray emission originates in radio lobes, then these 
results place an upper limit on the distance of the 
high column density clouds from the center as we did 
not detect high intrinsic X-ray obscuration in CSOs 
with LS exceeding a few tens of parsecs.  

Sobolewska et al (2019)

A smoothed Chandra ACIS-S image of 
PKS1718-649 displaying the hot ISM of 
the host galaxy. The radio source has the 
size of 2 parsecs and it is contained within 
the unresolved central 1 arcsec region.

High Redshift Chandra Sample
X-ray Luminosity vs Hardness RatioRedshift and Luminosity

Extreme high HR and low X-ray luminosity may indicate a Compton 
Thick source (red). Extreme high X-ray luminosity may be due to 
contribution from an Fe-line (blue point). The AO19 XMM-Newton 
observation for this source has been approved for 2020.

The high-z sample shown in comparison 
to the other quasar samples and low-z CSO sample

Snios et al (2019)

Outliers

high-z sample

??


