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ABSTRACT

Context. Over recent years there has been mounting evidence that accreting supermassive black holes in active galactic nuclei (AGNs)
and stellar mass black holes have similar observational signatures: thermal emission from the accretion disk, X-ray coronas, and
relativistic jets. Further, there have been investigations into whether or not AGNs have spectral states similar to those of X-ray
binaries (XRBs) and what parallels can be drawn between the two using a hardness-intensity diagram (HID).
Aims. To address whether AGN jets might be related to accretion states as in XRBs, we explore whether populations of radio AGNs
classified according to their (a) radio jet morphology, Fanaroff-Riley classes I and II (FR I and II), (b) excitation class, high- and low-
excitation radio galaxies (HERG and LERG), and (c) radio jet linear extent, compact to giant, occupy different and distinct regions of
the AGN HID (total luminosity vs. hardness).
Methods. We do this by cross-correlating 15 catalogs of radio galaxies with the desired characteristics from the literature with
XMM-Newton and Swift X-ray and ultraviolet (UV) source catalogs. We calculate the luminosity and hardness from the X-ray and
UV photometry, place the sources on the AGN HID, and search for separation of populations and analogies with the XRB spectral
state HID.
Results. We find that (a) FR Is and IIs, (b) HERGs and LERGs, and (c) FR I-LERGs and FR II-HERGs occupy distinct areas of the
HID at a statistically significant level (p-value<0.05), and we find no clear evidence for population distinction between the different
radio jet linear extents. The separation between FR I-LERG and FR II-HERG populations is the strongest in this work.
Conclusions. Our results indicate that radio-loud AGNs occupy distinct areas of the HID depending on the morphology and excitation
class, showing strong similarities to XRBs.

Key words. galaxies: active – black hole physics – X-rays: binaries – radio continuum: galaxies – X-rays: galaxies –
ultraviolet: galaxies

1. Introduction

Accreting black holes are some of the most luminous astronomi-
cal objects in the sky and are interesting laboratories with which
to study physical processes happening under extreme conditions
of gravity, ultra-dense matter, and particle acceleration. Obser-
vations have revealed a variety of black hole flavors as reflected
by their masses. On the low end of the mass spectrum, there are
stellar-mass black holes (SBHs), which are typically found in
X-ray binaries (XRBs) and have masses that range from a few
M� to a few tens of M� (Fender et al. 2004; McClintock et al.
2006; Dunn et al. 2010; Zhang 2013). On the high end, there are
supermassive black holes (SMBHs; 105 . M < 1010 M�) found
in active galactic nuclei (AGNs). A question that is actively
being investigated is whether accreting SBH and SMBH systems
are analogous to each other, differing only in mass scale.

One of the most well-known and established properties
of accreting SBHs primarily found in XRBs is their cyclical
and evolutionary progression through certain accretion states.
The progression of XRBs through these accretion states can
be tracked in a hardness versus intensity (or luminosity) dia-
gram in which the XRBs typically trace out a “q” shape

(Fender & Belloni 2012). The hardness for XRBs is defined as
the X-ray color (the ratio of flux between different X-ray bands),
and the intensity is typically defined as the X-ray luminosity or
the ratio of the X-ray luminosity to the Eddington luminosity. As
the name hardness-intensity diagram (HID) suggests, the various
states are defined by the hardness of the X-ray spectrum (hard
and soft states) and the luminosity (low and high) of the source.
Based on Fender & Belloni (2012), we separate the movement
of a source through these spectral states into four phases (see
Fig. 1).

First, at the beginning of an outburst, the source increases in
luminosity by several orders of magnitude. Its X-ray spectrum
remains hard and is dominated by the emission due to the ther-
mal Comptonization of lower-energy seed photons on hot elec-
trons (see, e.g., Zdziarski 1985). The source in the hard state is
often associated with relatively steady radio emission at giga-
hertz frequencies originating from a jet (see, e.g., Corbel et al.
2000; Gallo et al. 2003).

Second, the source then moves from the hard state through
intermediate stages to the high-soft state. During this transition,
the X-ray spectrum changes from hard to soft as the blackbody-
like component attributed to the accretion disk brightens and
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Fig. 1. Cartoon representing the “q” diagram for XRBs, adapted from
Fender et al. (2004) and Fender & Belloni (2012), which depicts the
progression of an XRB outburst through the different spectral states.
An XRB starts an outburst in the low-hard state, progresses to the hard
state through intermediate states to the high-soft state, then down to the
soft state, and then back to the low-hard state to begin again (described
in more detail in Sect. 1).

eventually dominates in the soft state, resulting in a softening
of the X-ray spectrum. As the source transitions from the hard
state to the high-soft state (still at high luminosity), the jets of
the source change as well. The source will progress from hav-
ing steady radio jets (hard state) to producing discrete injections
and flares (intermediate states). Eventually, the jets are quenched
and disappear in the high-soft state. This evolution of the jet is
depicted in the HID by the source crossing a “jet line” in the
intermediate states. When sources cross this jet line either dur-
ing (a) the initial crossing of the source as it moves from the hard
to soft state or (b) a recrossing of the line in small cycles, it can
produce series of temporary blob injections known as ballistic
jets (Mirabel & Rodríguez 1994; Narayan et al. 2012).

Third, still in the soft state, the source will then decrease
in luminosity, the radio emission will fade away, the accretion
disk will dominate the X-ray spectrum, and the accretion rate
typically drops. This phase is typically the longest.

Lastly, the source transitions from the soft state back to the
hard state (at lower luminosities) and fades into quiescence until
the next outburst.

The XRB state transitions can in reality be much more com-
plex than described here, often showing failed outbursts or rare
transitions. Some sources went through an outburst cycle mul-
tiple times, such as GX 339-4 (Corbel et al. 2013; Zdziarski
et al. 2004; Belloni et al. 2005; Homan et al. 2005; Barnier
et al. 2022), whereas others, such as Cyg X-1, never dropped
to quiescence and are continuously fed by accretion (Esin et al.
1998; Grinberg et al. 2014; Čechura et al. 2015). Overall, the
cyclical outbursts of XRBs typically last from months to years

(Fender et al. 2004). We refer the reader to Fender et al. (2004),
Remillard & McClintock (2006), Done et al. (2007), Dunn
et al. (2010), Fender & Belloni (2012), Zhang (2013), and
Fender & Muñoz-Darias (2016) for more in depth analyses and
variations of the progression of an XRB through the HID.

We wish to determine how similar the accretion processes of
SMBHs are to those of SBHs and whether AGNs exhibit accre-
tion states as XRBs do. It is already known that black holes
of both types of systems follow the same fundamental plane
of black hole activity of correlated radio and X-ray emission
when black hole mass is taken into account (Merloni et al. 2003;
Falcke et al. 2004; Körding et al. 2006a). There are similarities
in other shared characteristics of these systems, such as the pres-
ence of the accretion disk and energetic corona in both systems
(Arcodia et al. 2020), evidence for a jet line (Zhu et al. 2020),
and their timing properties (McHardy et al. 2006). And though
the power density spectra show a characteristic break frequency
that is scaled by mass (McHardy et al. 2006), it is more difficult
to compare the duration of an XRB outburst to the duration of
AGN activity.

The length of an outburst in an XRB is weeks to months
(Dunn et al. 2010). Furthermore, each particular phase (or spec-
tral state) of this outburst lasts for a particular amount of time,
ranging from minutes to days (see Fig. 8 in Dunn et al. 2010).
If XRBs and AGNs are analogs, then the AGN duty cycle (the
fraction of its lifetime that the galaxy spends in the AGN phase)
would take millions of years to be the mass-scaled analogy to
an XRB outburst. Radio active galaxies are useful to trace the
“ejection active phase”; however, it is not known for how long
the AGNs maintain their active phase or which part of them is
in a radio active phase. Further, the precise value of the AGN
duty cycle is unknown, but estimates for the lifetimes of an
AGN “outburst” range from 105–108 yr based on the analysis
of the spectral age of radio galaxies (Konar et al. 2013; Turner
2018; Brienza et al. 2020), radio galaxy properties and models
(Shabala et al. 2008, 2020; Maccagni et al. 2020), and X-ray
observations of AGNs (Vantyghem et al. 2014; Schawinski et al.
2015). Determining the duty cycle and lifetime of AGNs is com-
plicated as it seems to depend on host galaxy mass (Best et al.
2005; Shabala et al. 2008; Sabater et al. 2019) and AGN power
(Parma et al. 1999). However, when the XRB outburst duration
is scaled by mass and compared to current estimates of the AGN
lifetime, they are roughly consistent.

Clearly, AGNs operate on much longer timescales than
XRBs, making it difficult to directly compare their transitions
dynamically and on similar timescales as a whole. However, one
possible avenue for comparing XRB and AGN accretion state
changes is with a class of AGNs named changing-look AGNs
(CLAGNs). These sources have been serendipitously detected
to have changed from one Seyfert type to the other, and some-
times back to the original type. The observational manifestation
of this change is that their broad lines have been found to be
appearing and/or disappearing (see, e.g., Tohline & Osterbrock
1976; Anderson & Kraft 1971; Cromwell & Weymann 1970;
Denney et al. 2014; LaMassa et al. 2015; Shappee et al. 2014) or
the X-ray spectra of the sources are seen to be changing from
reflection-dominated, Compton-thick absorption to Compton-
thin spectra, or vice versa (Guainazzi et al. 2002; Matt et al.
2003; Risaliti et al. 2009, and others). There have been con-
certed efforts to look for such sources in the archival observa-
tions of large-scale catalogs such as the Sloan Digital Sky Survey
(SDSS), and several dozen have been identified (e.g., MacLeod
et al. 2019). The timescales involved with the change in AGN
type are typically on the order of months to years, which is much
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shorter than the expected AGN dynamical timescale of >105 yr.
Observations have also shown that the change in CLAGNs
occurs around Eddington ratios of ∼10−2 and is accompanied
by changes in luminosity, as also seen in XRBs (MacLeod et al.
2019; Ruan et al. 2019). Thus, these CLAGNs are an interest-
ing set of objects that can be used to compare the accretion
state transitions between AGNs and XRBs, but such analysis
is beyond the scope of this work. Beyond CLAGNs, the typ-
ical way to compare AGNs to XRBs is to use populations of
AGNs.

Aside from comparing the fundamental properties of each
system type (mass, luminosity, disk, corona, timescale, and duty
cycle), Körding et al. (2006b) and Sobolewska et al. (2011)
suggest that different classes and properties of AGNs might
correspond to specific spectral states of XRBs. In order to
investigate whether AGNs have similar spectral states to XRBs,
Körding et al. (2006b) assembled an AGN HID for the first time,
called the “disk-fraction/luminosity diagram” in their work. In
Körding et al. (2006b) and following similar works, the hardness
and intensity are defined differently for AGNs than for XRBs due
to the complexities in determining the level of thermal emission
from the accretion disk in AGNs. For XRBs, the total luminos-
ity, the power-law component, and the disk component can all
be measured from an X-ray spectrum. But for AGNs, ultravio-
let (UV) data are also needed in addition to an X-ray spectrum
because the thermal emission from the accretion disk peaks in
the UV. Körding et al. (2006b) define the luminosity as the total
luminosity of the system (the sum of the disk and power-law
component of a source) and the hardness as the relative strength
of the X-ray corona power-law component compared to the disk
component of a source (using optical observations to determine
the disk component).

Using the disk-fraction/luminosity diagram, Körding et al.
(2006b) postulated that different spectral states may explain
the radio-loud (RL) and radio-quiet (RQ) AGN dichotomy
(Körding et al. 2006b)1. Körding et al. (2006b) also found that
low-luminosity Faranoff-Riley type I radio galaxies are associ-
ated with the hard state, RL quasars are associated with the hard
intermediate state, and RQ quasars are associated with either the
soft intermediate state or simply the soft state. Similar previous
work by Nipoti et al. (2005) (without an AGN HID) found that
RL and RQ AGNs can be associated with specific XRB states,
where RL AGNs might be the analog of XRB high-intermediate
states and RQ AGNs the analogs of the non-flaring high-soft
state. They point out that a typical XRB flares a few per cent of
the time, which is similar to the fraction of quasars that are RL.
If SMBH systems are similar to SBH systems, perhaps SMBH
systems cycle through RL and RQ phases as part of a particular
quasar-triggering event (Nipoti et al. 2005).

Further work investigating whether RL and RQ AGNs
reflect XRB accretion states using an AGN HID was done by
Svoboda et al. (2017). Similar to Körding et al. (2006b), they
define the luminosity as the total luminosity of the system (the
sum of the disk and power-law component of a source) and
the hardness as the relative strength of the power-law compo-
nent compared to the disk component of a source. However,
Svoboda et al. (2017) used (a) UV observations instead of opti-

1 We note that the exact definition of radio-loudness often varies
according to the source, but these different definitions should not lead
to substantial differences. In order of citation in this introduction,
Körding et al. (2006b) define radio-loudness as L1.4 GHz/Loptical B−band,
Nipoti et al. (2005) and Zhu et al. (2020) as L5 GHz/L4400 Å, Svoboda et al.
(2017) as L4.8 GHz/LUV+X, and Fernández-Ontiveros & Muñoz-Darias
(2021) as F8.4 GHz/F2−10 keV.

cal to determine the accretion disk component in order to be
closer to the UV peak of thermal emission and (b) X-ray obser-
vations from a wider and harder X-ray band (2−12 keV com-
pared to 0.1−2.4 keV) to avoid any effects of X-ray absorption
and to more accurately determine the X-ray power-law emission.
Additionally, the UV and X-ray observations in their sample
are simultaneous to eliminate possible effects of AGN variabil-
ity. Their final sample contains 1522 unique sources, but only
175 AGNs could be classified as either RL or RQ. It is clear
from their HID that the RL sources have on average higher hard-
nesses, which confirms the idea that the AGN radio dichotomy
could indeed be related to the evolution of AGN accretion states.
On a related note, Zhu et al. (2020) studied jetted RL quasars
and non-jetted RQ quasars and found that jetted RL quasars are
harder than RQ quasars, suggesting the presence of a jet line in
the AGN HID2 akin to the XRB HID.

The most recent work to use an AGN HID to investigate
the existence of AGN spectral states is by Fernández-Ontiveros
& Muñoz-Darias (2021), who used a sample of 167 nearby
Seyfert 1s, Seyfert 2 s, and low-ionization nuclear emission-line
regions (LINERs). They created an HID equivalent by defining
the luminosity as the ratio of the rescaled total line luminos-
ity (mid-infrared and optical lines) to the Eddington luminosity
and defining the hardness as the Lyman hardness that uses the
ratio of mid-infrared lines. Similar to Körding et al. (2006b) and
Svoboda et al. (2017), Fernández-Ontiveros & Muñoz-Darias
(2021) find that RL sources are associated with the hard state
and RQ sources are associated with the soft state. Further,
Fernández-Ontiveros & Muñoz-Darias (2021) place the Seyferts
and LINERs on the AGN HID and find, similar to Sobolewska
et al. (2011), that different classes of AGNs reflect specific spec-
tral states of XRBs, and they recover the characteristic q-shaped
morphology of XRB HIDs. Specifically, they find that the (a)
broad-line Seyferts and about half of the Seyfert 2 population,
which both have highly excited gas and RQ cores consistent
with disk-dominated nuclei, are associated with the soft state
and (b) the remaining half of the Seyfert 2 nuclei and the bright
LINERs are associated with the bright hard and intermediate
states.

Overall, using the AGN HID, Nipoti et al. (2005),
Körding et al. (2006b), Svoboda et al. (2017), Zhu et al. (2020),
and Fernández-Ontiveros & Muñoz-Darias (2021) provide evi-
dence that RL and RQ AGNs reflect XRB spectral states, which is
consistent with the picture that AGNs might be similar to XRBs
in having accretion states. The results of Fernández-Ontiveros
& Muñoz-Darias (2021), that different classes of AGNs reflect
spectral states of XRBs, support this idea.

2. Radio-AGN properties and comparing them to
XRBs

One of the manifestations of the different accretion states of
SBHs in XRBs is the presence or absence of radio jets. As
mentioned previously, XRBs are often seen to evolve from the
low-hard state to the high-hard state accompanied by the launch-
ing and presence of radio jets, which eventually get quenched as
the state transitions to the high-soft state. Similarly, SMBHs in
AGNs can also launch radio jets showing current or past radio
activity. Most AGNs are RQ and are typically non-jetted whereas
2 Zhu et al. (2020) define hardness as a normalized L2 keV/L2500 Å and
intensity as L2500 Å.
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only 10–20% are RL and jetted (Kellermann et al. 1989, 2016).
However, it has been found that some RQ sources have low-
power jets in their core (Panessa & Giroletti 2013; Harrison et al.
2015; Panessa et al. 2019; Jarvis et al. 2019). Active galactic
nuclei can also produce short-lived, powerful jets in the super-
Eddington regime (Begelman 1978; Abramowicz et al. 1988;
Sądowski et al. 2014). For the RL sources with easily observ-
able jets in particular, it is useful to investigate whether different
radio-AGN jet morphologies and properties correlate with spe-
cific spectral states of XRBs, particularly when the XRBs are in
the outburst phase and launch jets.

Radio AGNs with jets typically display two lobes. Double-
lobed radio AGNs are historically divided into two morpholog-
ical classes: Fanaroff-Riley classes I and II (FR I and FR II;
Fanaroff & Riley 1974). FR I sources are “edge-darkened” in
that the emission is brighter near the radio core and becomes
fainter radially outward. FR II sources are “edge-brightened” in
that two well-separated lobes end in distinctive areas of bright-
est emission (i.e., “hotspots”). Historically, there was thought to
be a relatively clean divide in power between the two morpholo-
gies with FR IIs having higher radio powers, but Mingo et al.
(2019) showed that radio luminosity does not reliably predict
whether a source is FR I or FR II based on high sensitivity survey
data. Currently, the FR I–II morphological difference is primar-
ily explained as a difference in jet dynamics in the two systems
where the edge-brightened FR IIs are thought to have jets that
remain relativistic throughout, terminating in a hotspot, while
the edge-darkened, center-brightened FR Is are believed to dis-
rupt on kiloparsec scales (e.g., Bicknell 1995; Tchekhovskoy &
Bromberg 2016). It has also long been suggested that the struc-
tural difference between FR Is and FR IIs is caused by the inter-
play of the jet and the environmental density on the host-scale,
such that jets in a rich environment will be disrupted and become
FR I more easily than jets in a poor environment (Ledlow &
Owen 1996; Bicknell 1995; Kaiser & Best 2007). There still
remains considerable debate about the link between accretion
mode and jet morphology for FR morphologies (e.g., Hardcastle
et al. 2007; Best & Heckman 2012; Mingo et al. 2014; Ineson
et al. 2015; Hardcastle 2018) and this work aims to contribute to
this debate.

Beyond the FR I–II classification, one can classify radio
galaxies based on the extent of their radio jets, which ranges
from compact to giant. Compact radio sources exhibit jets within
their host galaxy and there are many compact radio galaxy classi-
fications: FR0s, gigahertz peaked spectrum radio sources, high-
frequency peaker (HFP) radio sources, compact steep spectrum
(CSS) radio sources, and compact symmetric objects (CSOs).
Deep sensitive surveys at radio frequencies have revealed a pop-
ulation of radio sources that are associated with AGNs and have
similar core luminosity to those of FR I sources, but lack the
substantial extended radio emission that FR I–II sources contain
and are typically at the resolution limit of the surveys (weaker
by a factor of ∼100, see Baldi & Capetti 2009; Baldi et al.
2015, 2018). These sources have been named FR0s and have
extents .5 kpc typically (see Baldi et al. 2018; O’Dea & Saikia
2021 for a more in depth review). Gigahertz peaked spectrum
(GPS) sources are selected to have their radio spectra dominated
by a peak in the flux density around 1 GHz (O’Dea & Saikia
2021), whereas HFP sources peak above 5 GHz (Dallacasa et al.
2000; O’Dea & Saikia 2021). Sources that peak at frequencies
below 400 MHz are called CSS sources. Such sources are not
selected specifically on the basis of the location of the spectral
peak (Fanti et al. 1990; O’Dea & Saikia 2021) as GPS and HFPs

and are thought to be young FR II radio galaxies (O’Dea 1998).
Both GPS and HFP sources tend to have projected linear sizes
less than 500 pc, while CSS sources tend to have sizes between
500 pc and 20 kpc (O’Dea 1998; Fanti et al. 1990; O’Dea &
Saikia 2021). CSOs have been defined to be those with sym-
metric double-lobe radio emission and an overall size less than
about 1 kpc (O’Dea & Saikia 2021). We note that it is possible
for there to be overlap of FR0s with other compact classifica-
tions. For example, FR0s can be CSS or GPS sources (Sadler
et al. 2014; Whittam et al. 2016; O’Dea & Saikia 2021).

On the other end of the scale of AGN radio extent are giant
radio galaxies (GRGs), which are typically defined as radio
AGNs with linear extents >0.7 Mpc (Dabhade et al. 2020). The
linear size of radio AGNs with a classical FR I–II morphology
can extend from less than a few tens of parsecs to several mega-
parsecs. In the past 60 yr, thousands of radio galaxies have been
found, but only ∼800 radio galaxies have been discovered that
exhibit megaparsec scale sizes (Dabhade et al. 2020).

Another property of radio AGNs that has the potential to
reflect XRB spectral states is excitation class. Radio AGNs can
be classified according to the optical emission lines produced
in the narrow-line region ([OIII]λ5007, [NII]λ6584, [SII]λ6716,
and [OI]λ6364). High-excitation radio galaxies (HERGs) show
strong high-excitation broad and narrow lines similar to those in
Seyfert galaxies (diagnosed typically with the [OIII]λ5007 line),
whereas low-excitation radio galaxies (LERGs) exhibit weak
or no line emission (spectroscopic indicators of low excitation
are [NII]λ6584, [SII]λ6716, and [OI]λ6364). The different exci-
tation modes are associated with different accretion rates and
radiative efficiencies (see Best & Heckman 2012; Heckman &
Best 2014, and references within). On one hand, HERGs have
higher accretion rates (L/LEdd ∼ 0.1, typically ∼0.1–0.2, see
Best & Heckman 2012; Mingo et al. 2014) and accrete effi-
ciently (advection processes and the potential energy of the gas
accreted by the SMBH is efficiently converted into radiation). On
the other hand, LERGs have lower accretion rates (L/LEdd ≤ 0.1,
typically ∼0.1, Mingo et al. 2014) and accrete inefficiently (the
jet carries the bulk of the AGN energy output). Interestingly, Best
& Heckman (2012) and Mingo et al. (2014) find evidence for an
approximate division between the Eddington ratios of low- and
high-excitation objects at L/LEdd ∼ 0.01−0.1 and Maccarone
et al. (2003) find that L/LEdd ∼ 0.01 represents the division
between different accretion states in XRBs (from the low/hard
to the high/soft states).

Building upon the work of and methods used by Svoboda
et al. (2017), the goal of this work is to investigate whether
different radio-AGN properties (morphology, extent, and exci-
tation class) beyond radio-loudness correlate with specific XRB
spectral/accretion states. This paper is organized as follows. In
Sect. 3, we describe the radio, UV, and X-ray source catalogs
that we use for our analysis. In Sect. 4 we describe the meth-
ods for cross-matching the catalogs and calculating the luminosi-
ties of interest. In Sect. 5 we present the results of placing radio
AGNs with different properties (morphology, extent, excitation
class) on the HID. In Sect. 6 we discuss our results. Lastly, in
Sect. 7 we summarize our results and conclusions. In this work,
we use a concordance cosmology with H0 = 67.7 km s−1 Mpc−1,
ΩΛ = 0.69, and Ωm = 0.31 (Planck Collaboration VI 2020).

3. Source catalogs

In order to investigate whether AGNs with different radio prop-
erties lie in distinct areas of the HID, it is necessary to obtain
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three quantities concerning the radio galaxy: the (a) radio prop-
erty (jet morphology, excitation class, or linear extent), (b) X-ray
luminosity, LX, for which we need an X-ray flux measurement,
and (c) UV luminosity, LUV, for which we need a UV flux mea-
surement. In Sect. 3.1, we describe the catalogs that we use in
this work that provide classifications (morphology, excitation
class, or linear extent) of a sample of radio galaxies. To obtain
LX and LUV, we created two source catalogs that contain both
X-ray and UV measurements for sources, which we describe
in Sects. 3.2 and 3.3. In Sect. 3.2, we describe the creation of
an XMM-Newton source catalog of simultaneous X-ray and UV
observations and in Sect. 3.3 we describe the creation of a source
catalog of X-ray and UV observations made by the Neil Gehrels
Swift Observatory (Swift).

3.1. Radio catalogs

In this work, we use 15 individual catalogs that classify a sam-
ple of radio galaxies according to radio morphology (FR I or
II), excitation class (HERG or LERG), or linear extent (com-
pact to giant). Some of the radio catalogs contain several clas-
sifications (e.g., morphology and excitation class). We detail
these catalogs in this section. The name that is used to refer to
each catalog in this work is indicated by italics in the following
description.

3.1.1. Radio morphology catalogs

We created a catalog of low redshift (z . 0.15) radio galax-
ies, referenced in this work as FRXCAT, by compiling the fol-
lowing individual catalogs: FRIICAT (Capetti et al. 2017b),
FRICAT (Capetti et al. 2017a), small FR Is from Capetti
et al. (2017a), FR0CAT (Baldi et al. 2018), and COMP2CAT
(Jimenez-Gallardo et al. 2019). FRIICAT is a catalog of 122
FR II radio galaxies that were selected from a published sam-
ple obtained by combining observations from the National Radio
Astronomy Observatory VLA Sky Survey (NVSS), the Faint
Images of the Radio Sky at Twenty centimetres (FIRST) sur-
vey, and the SDSS. The catalog includes sources with an edge-
brightened radio morphology, z . 0.15, and at least one of
the emission peaks located at radius larger than 30 kpc from
the center of the host (Capetti et al. 2017b). FRICAT is a cat-
alog of 219 FR I radio galaxies that were identified in the same
way as FRIICAT except that FRICAT is a catalog of sources
with an edge-darkened radio morphology and extending to a
radius larger than 30 kpc from the center of the host. In addi-
tion, Capetti et al. (2017a) selected a sample (sFRICAT) of 14
smaller (10 < r < 30 kpc) FR Is, limiting to z < 0.05. FR0CAT
is a sample of 108 compact radio sources with z . 0.05, a
radio size .5 kpc, and an optical spectrum characteristic of low-
excitation galaxies (Baldi et al. 2018). Lastly, COMP2CAT is
a catalog of 32 compact double-lobed radio galaxies that are
edge-brightened radio sources whose projected linear size does
not exceed 60 kpc with z . 0.15 (Jimenez-Gallardo et al. 2019).
We cross-matched all individual catalogs within FRXCAT with
Best & Heckman (2012) in topcat (Taylor 2005) using the
SDSS name of the source to identify whether these sources were
HERGs or LERGs. We did not cross-match COMP2CAT with
Best & Heckman (2012) because Jimenez-Gallardo et al. (2019)
already contained excitation information and all sources within
COMP2CAT were LERGs except one.

Gendre+10 (Gendre et al. 2010) is a catalog of NVSS-FIRST
galaxies with morphological classifications from all three NVSS,
FIRST, and follow-up Very Large Array (VLA) observations. It

is a compilation of the Combined NVSS-FIRST Galaxies (CoN-
FIG) catalogs 1, 2, 3, and 4 for a total of 859 unique sources that
were classified as FR I, FR II, compact, or uncertain. Sources
with size smaller than 3′′ were classified as compact: “C” or
“C∗”, depending on whether or not the source was confirmed
compact from the Very Long Baseline Array calibrator list or
the Pearson-Readhead survey. We excluded the sources that no
not have redshift information (221).

GRG_catalog (Dabhade et al. 2020) is a catalog of
820 GRGs that is a part of the Search and Analysis of Giant
Radio Galaxies with Associated Nuclei (SAGAN)3. This catalog
is a database of all known GRGs from the literature to date. This
catalog has the following morphological classifications: FR I,
FR II, hybrid morphology radio source, and double-double radio
galaxy. In addition, Dabhade et al. (2020) has classified a subset
of the GRGs as HERGs or LERGs using a Wide-field Infrared
Survey Explorer color–color analysis of four mid-infrared bands
(W1, W2, W3, and W4).

Macconi+20 (Macconi et al. 2020) is a sample of 79 radio
galaxies that are sources from the revised Third Cambridge Cat-
alogue of Radio Sources (3CR) that are at z < 0.3 and are
classified both in the optical (HERGs and LERGs) and radio
bands (FR Is vs. FR IIs). Of the total 79, 30 are FR II-HERGs,
17 FR II broad-line radio galaxies (which are classified as
HERGs according to their narrow-line-region emission and in
this work we classify them as HERGs), 19 are FR II-LERGs,
and 13 are FR Is (only 12 of the FR Is have X-ray data). Macconi
et al. (2020) preformed X-ray analysis to compute the L2−10 keV
and Γ (photon index) for the FR II-HERGs and FR II-LERGs
using XMM-Newton/Chandra data. Due to poor statistics and/or
the complexity of the emission, Macconi et al. (2020) fixed
Γ = 1.7 in 7 out of 19 FR II-LERGs and in 27 out of 32 FR
II-HERGs. The L2−10 keV and Γ for the FR Is used in Macconi
et al. (2020) originate from Balmaverde et al. (2006) and were
also calculated using spectral fitting. From Balmaverde et al.
(2006), 10 out of the 12 FR Is that had X-ray data had con-
strained L2−10 keV and Γ values. We restricted the Macconi+20
sample used in this work to those sources that have a constrained
or fixed Γ value.

Mingo+19 (Mingo et al. 2019) is a catalog of 5805 radio
galaxies identified in the Low Frequency Array Two-Metre Sky
Survey Data Release 1 (DR1; Shimwell et al. 2019; Williams
et al. 2019) that are morphologically classified as FR I, FR II,
hybrid, or unresolved using an automated classification algo-
rithm LoMorph4 (see Mingo et al. 2019 for details). Mingo et al.
(2019) identify “small” sources (which are the smallest identi-
fied sources) for which they can classify the morphology, but
state that the classification of these sources is less reliable. In
addition, some sources were given the additional morphological
classification of wide-angle tail or narrow-angle tail. In order to
obtain redshifts for these sources, we cross-matched the Mingo
et al. (2019) sample with the photometric redshifts for the entire
DR1 catalog from Duncan et al. (2019) using the Source_name
in topcat. We restricted the Mingo+19 sample used in this work
to those that are classified (i.e., we removed those with ‘Indeter-
minate’ = True). We removed those with ‘Small’ = True for the
FR final catalog as they do not have a reliable FR classifica-
tion due to their small extent (see Sect. 5.1), but we leave these
sources in for the extent catalog (see Sect. 5.4).

Miraghaei+17 (Miraghaei & Best 2017) is a sample of
∼1300 1.4-GHz-selected extended radio sources from Best &
Heckman (2012) that were visually classified primarily as FR I,

3 https://sites.google.com/site/anantasakyatta/sagan
4 https://github.com/bmingo/LoMorph/
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FR II, hybrid, or unclassified using FIRST and NVSS images.
We refer to this sample as Miraghaei+17_FR. We restricted the
Miraghaei+17_FR sample used in this work to those that have a
morphological classification (“FRclass”< 400, where 400 is the
morphological code). In addition, Miraghaei & Best (2017) iden-
tified a sample of compact radio sources that correspond to those
sources identified as single-component FIRST sources by Best &
Heckman (2012) (see Miraghaei & Best 2017 for details). From
the combined sample of both extended and compact sources, 245
had HERG or LERG classifications (Table 4 in Miraghaei & Best
2017), and we refer to this sample as Miraghaei+17_FR_HL.

Radio Sources Associated with Optical Galaxies and Hav-
ing Unresolved or Extended Morphologies I (ROGUE I;
Kozieł-Wierzbowska et al. 2020) is a catalog of 32 616
spectroscopically selected galaxies whose radio morphology
have been visually classified using FIRST and NVSS images.
The main morphological classifications of interest for this work
are those with FR I, FR II, hybrid, one-sided FR I, one-sided
FR II, double-double radio galaxy, wide-angle tail, narrow-angle
tail, and head-tail. We removed the sources whose “Finalclass”
was blended, halo, not clear, not detected, star-forming region,
compact, or extended from the ROGUE I sample for the purpose
of this work.

3.1.2. Radio morphology catalogs: Compact radio sources

Chandola+20 (Chandola et al. 2020) used the Giant Metrewave
Radio Telescope (GMRT) to observe 27 low- and intermediate-
luminosity radio AGNs that were classified as either LERG or
HERGs. If the linear projected size of the radio emission in the
GMRT data was .20 kpc, the source was classified as compact
and if the linear projected size was &20 kpc, the source was clas-
sified as extended. The positions of the radio sources are defined
by their SDSS counterparts.

Kosmaczewski+20 (Kosmaczewski et al. 2020) is a sample of
29 objects that are in the earliest phase of radio galaxy evolution.
They are classified as GPS and/or CSOs and have X-ray data.
Kosmaczewski et al. (2020) calculated the L2−10 keV, but Γ was
not calculated or recorded in this work.

Liao+20_I (Liao & Gu 2020) collected a sample of 545
young radio sources from the literature classified as GPS, CSS,
HFP, or CSO. They then removed blazars and searched for the
SDSS spectroscopic counterparts within 2′′ of the NASA/IPAC
Extragalactic Database (NED) position, which resulted in a final
sample of 126 young radio sources with optical counterparts.

Liao+20_II (Liao et al. 2020) started with the parent sample
of 468 young radio AGNs from Liao & Gu (2020) that were clas-
sified as compact sources in the literature and were not blazar-
type objects. Then the sample was cross-matched with Chandra
and XMM-Newton X-ray archives to find X-ray detections within
2 and 5′′ of the NED source positions. The final sample of young
radio sources with L2−10 keV and Γ values contains 91 sources. We
restricted the Liao+20_II sample used in this work to those that
have a “logL_X” and “gamma” not equal to 0.

Sobolewska+19 (Sobolewska et al. 2019) is a sample of
24 CSOs that have either Chandra or XMM-Newton observa-
tions.

3.1.3. HERG–LERG catalogs

Best+12 (Best & Heckman 2012) is a sample of 18 286 RL
AGNs constructed by combining the seventh data release of the
SDSS with the NVSS and FIRST surveys. Using this sample, the

authors label the radio AGNs as HERGs or LERGs by calculat-
ing the “excitation index” (Buttiglione et al. 2010) using mea-
surements from the SDSS spectra. We restricted the Best+12
sample used in this work to those that are either HERGs or
LERGs (i.e., L = 1 or H = 1 in the table, which is a total of
10 344 objects).

Ching+17 (Ching et al. 2017) is a sample of 12 329 radio
sources from the Large Area Radio Galaxy Evolution Spectro-
scopic Survey (LARGESS) that are identified via FIRST and
have optical identifications via SDSS, WiggleZ, or Galaxy And
Mass Assembly (GAMA). Of this sample, 10 856 have reliable
spectroscopic redshifts. Ching et al. (2017) classify sources as
HERGs or LERGs based on measurements of the [OIII] line
using similar cutoffs to Best & Heckman (2012). We restricted
the Ching+17 sample used in this work to those sources that
are either HERGs or LERGs and have a redshift (a total of
∼6700 objects).

3.2. Simultaneous XMM-Newton X-ray and UV source
catalog

One catalog that we used to obtain the X-ray and UV measure-
ments of the radio galaxies of interest is a catalog of X-ray
and UV observations that were taken simultaneously. We fol-
lowed Svoboda et al. (2017) and created a catalog of simulta-
neous XMM-Newton X-ray and UV observations specifically in
order to minimize the effect of variable X-ray absorption on the
source luminosity estimates5. We created this catalog by first
cross-matching the 4XMM-DR10 XMM-Newton Serendipitous
Source Catalogue (4XMM-DR10; Webb et al. 2020) with the
XMM-OM-SUSS 5.0, which is the 2020 release of the XMM
Optical Monitor (OM) Serendipitous Ultraviolet Source Survey
(SUSS) catalog (Page et al. 2012), within a 5′′ cross-matching
radius using topcat. The 5′′ radius is approximately equal to
or slightly larger than the nominal accuracy of the astrometric
reconstruction. To ensure the simultaneity of the observations,
we selected the X-ray and UV observations that have the same
OBSID. We note that it is possible to have several X-ray and UV
observations for a single source.

4XMM-DR10 contains source detections that are drawn
from 11 647 XMM-Newton EPIC observations made between
2000 February 3 and 2019 December 14 in an energy interval
of 0.2–12 keV. All data sets were publicly available by 2020
December 10. XMM-OM-SUSS 5.0 is the fifth release of the
catalog and contains source detections by the OM instrument
on board XMM-Newton spanning the period of observations
from XMM-Newton revolution 34 (February 2000) to revolu-
tion 3704 (February 2020). The XMM-Newton OM UV filters
are UVWf2 (λeff = 2120 Å), UVM2 (λeff = 2310 Å), and UVW1
(λeff = 2910 Å), and the optical filters are U (λeff = 3440 Å), B
(λeff = 4500 Å), and V (λeff = 5430 Å).

The observed photon index Γ can be estimated from the
flux measurements in two neighboring X-ray bands in the
4XMM-DR10 catalog. Using F0.5−2 keV, F2−12 keV, and
monochromatic flux ratios, we define Γ as

Γ = 2−2 log
(

F0.5−2 keV

F2−12 keV

)
1

log
(

(r1+1)(r1−1)
(r2+1)(r2−1)

) , (1)

5 Because the UV and X-ray data trace the central engine and the radio
emission from the catalogs described in Sect. 3.1 trace the jet activity
on much larger scales, we do not require simultaneity of radio, UV, and
X-ray observations.
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where r1 is a ratio of the boundaries of the soft band
(0.5 keV/2 keV) and r2 is a ratio of the boundaries of the hard
band (12 keV/2 keV). Equation (1) reduces to Γ ≈ 2 + 3.144 ×
log F0.5−2 keV

F2−12 keV
(Svoboda et al. 2017). We used Γ for the quality cuts

described in Sect. 4.3 and for flux extrapolation to obtain the
coronal luminosity in Sect. 4.6.

The X-ray flux for various data releases of XMM-Newton
Serendipitous Source Catalog in different energy bands is cal-
culated from a measured count rate assuming a power-law spec-
tral model with Γ = 1.7 and a cold absorbing column density of
NH = 3× 1020 cm−2 (see online6, Rosen et al. 2016; Webb et al.
2020).

3.3. Swift X-ray and UV source catalog

To supplement the XMM-Newton simultaneous catalog and be
able to obtain more X-ray and UV measurements for the radio
galaxy samples described in Sect. 3.1, we also cross-matched
the Swift-X-Ray Telescope (XRT) Point Source (2SXPS) cata-
log (Evans et al. 2020) and the Swift Ultraviolet/Optical Tele-
scope Serendipitous Source Catalogue (UVOTSSC; Page et al.
2014; Yershov 2014) UV catalog within a 5′′ cross-matching
radius using topcat. This Swift UV and X-ray source catalog
contains all X-ray and UV sources that are within 5′′ of one
another and there could be multiple UV observations associated
with one X-ray source.

The 2SXPS catalog contains the sources detected by the
Swift XRT in the 0.3–10 keV energy range. The X-ray flux is
calculated using the measured count rate and one of the follow-
ing three methods: (a) a fixed spectrum with a power law with
Γ = 1.7 and NH is “GalacticNH”, (b) absorbed power-law spec-
tral values derived from the hardness ratios, and (c) absorbed
power-law spectral values taken from a fit to a custom-built spec-
trum (see online7 and Evans et al. 2020). We follow the flux mea-
surements preference built into the catalog where the order is c,
b, and a. If the flux comes from method b or c, we chose the
unabsorbed flux.

The UVOTSSC catalog was compiled from 23 059 Swift data
sets taken within the first five years of observations with the
Swift UVOT (from the beginning of the mission in 2005 until
2010 October 1) and uses the UVW1 (λeff = 1928 Å), UVM1
(λeff = 2246 Å), UVW2 (λeff = 2600 Å), U (λeff = 3465 Å), B
(λeff = 4392 Å), and V (λeff = 5468 Å) filters. We note that it is
possible to have several UV observations of the UV source
associated with a single X-ray source. In the 2SXPS catalog,
the entries are created by stacking observations at the source
location, and thus we did not require simultaneity of the X-ray
and UV observations as with the XMM-Newton simultaneous
catalog.

3.4. Comparison samples

We compare our sources with a specific radio property to two
larger samples of AGNs to provide context: (a) 3632 bright
quasars and AGNs from the XMM-Newton simultaneous cata-
log (see Sect. 3.2) and (b) 292 local Seyfert AGNs from the
Swift/BAT AGN Spectroscopy Survey (BASS; Koss et al. 2017).
A detailed description and analysis of the results of these cata-
logs will be discussed in Borkar et al., (in prep.), but here we
give a brief description of the creation of these catalogs.

6 https://xmmssc-www.star.le.ac.uk/Catalogue/2XMM/
UserGuide_xmmcat.html#EmldetFit
7 https://www.swift.ac.uk/2SXPS/docs.php#sources_flux

The XMM-Newton simultaneous catalog provides the largest
number of simultaneous X-ray and UV observations of AGNs. In
order to obtain bona fide AGN sources with measured redshifts,
the XMM-Newton simultaneous catalog was cross-matched with
the SDSS DR14 AGN catalog (Pâris et al. 2018) and the Veron-
Cetty & Veron catalog of AGNs (Véron-Cetty & Véron 2010).
Further quality cuts and calculations similar to those listed
Sect. 4 were performed (including a Γ cut that matches that
described in Sect. 4.3). The final catalog results in a sample of
3632 individual observations. This catalog can contain multiple
observations of the same object, which are treated as indepen-
dent data points for comparison in this work. The catalog con-
sists primarily of bright quasars (L > 1044 erg s−1) that have red-
shifts up to 3, but most sources have redshift z < 2. The sources
have a SMBH mass of 107−1010 M� with the median value of
108.6 M�. We cross-matched the sources with the VLA Sky Sur-
vey catalog to obtain their radio luminosity and find that about
11% of the sources are RL. The RL sources are predominantly
located in the hard part of the HID, and the loudest sources are
found in the top-right part of the HID. This is similar to the
observed radio jets in the hard state in XRBs, providing confir-
mation to the similarity between XRB and AGN accretion states.

To complement this sample of bright quasars, we also com-
piled a sample from BASS, which consists of nearby (z < 0.1)
local Seyfert AGNs. The BASS sample is a sample of hard X-ray
selected AGNs and thus is a mixture of sources – both high and
low luminosity and a distribution of Eddington ratios (Panessa
et al. 2015; Koss et al. 2017; Ricci et al. 2017). We follow the
same procedure to obtain the multiwavelength data, as discussed
above for XMM-Newton sample. The final sample consists of
292 sources with luminosities ranging from 1039−1046 erg s−1.
Their SMBH masses lie between 105−1010 M� with the median
value of 107.8 M�. We exclude obscured sources (those with
log(NH) > 21.9) from this sample and thus have a final sample
size of 163 BASS sources.

For this work, we note that the XMM-Newton sample con-
tains distant AGNs and quasars, which are accreting efficiently
and are found in the “high-soft” state. In contrast, the BASS
sample consists primarily of local Seyfert AGNs (z < 0.1),
which, compared to the XMM-Newton sample, represent harder
sources and lower luminosities, including those in the “low-
hard” state. In relevant figures, we show the XMM comparison
sample as black solid outlined and/or blue shaded contours and
the BASS comparison sample as dashed-dotted outlined and/or
gray shaded contours.

4. Methods

The final catalogs of radio sources that have morphology, excita-
tion, or linear extent classifications with X-ray and UV measure-
ments were created by executing the following six steps. First,
in order to obtain X-ray and UV fluxes of the radio galaxies,
we cross-matched the individual radio catalogs with the XMM-
Newton simultaneous (see Sect. 3.2) and then the Swift X-ray &
UV catalog (see Sect. 3.3). During this step, we applied filtering
to the samples detailed in the previous section (require redshifts,
remove unwanted radio morphologies, etc.; see Sect. 4.1).

Second, in some cases there can be several UV observa-
tions of one source that match with one X-ray observation. In
this case, we selected one UV observation for each source (see
Sect. 4.2).

Third, we applied data quality cuts to the UV and X-ray
data (see Sect. 4.3). Fourth, we applied a Galactic extinction
correction (see Sect. 4.4). Fifth, we calculated the LUV, LX,
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Fig. 2. Flowchart describing the process of cross-matching the radio catalogs with XMM-Newton and Swift source catalogs.

and hardness (see Sects. 4.5, 4.6, and 4.7). Finally, we created
final catalogs according to specific radio properties (FR I–II,
compact–giant, HERG–LERG), where duplicate sources have
been taken into account and resolved (see Sect. 4.8).

4.1. Cross-matching

In order to place the radio galaxies of interest on the HID, we
required the LX and LUV of these galaxies. Thus, we cross-
matched the radio galaxy catalogs with both XMM-Newton and
Swift source catalogs to find radio sources with UV and X-ray
observations and flux measurements (see Fig. 2 for a flowchart
of this process).

For a majority of the catalogs (Best+12, Chandola+20,
Ching+17, FRXCAT, Gendre+10, GRG_catalog, Kos-
maczewski+20, Liao+20_I, Mingo+19, both Miraghaei+17,
ROGUE I, and Sobolewska+19a), we first cross-match the radio
coordinates of the sources with the X-ray coordinates in the
XMM-Newton simultaneous catalog and find the closest match
within 5′′, then do the same with the UV source coordinates.
There may be multiple source observations associated with one
UV source, and in this case we chose the closest UV observation
to the radio source.

Then for the sources that did not have a match in the XMM-
Newton simultaneous catalog or sources that do not make it
through the data quality cuts described in Sect. 4.3, we cross-
match these remaining sources with the Swift X-ray & UV cata-
log (see Sect. 3.3). Similarly to the above, we cross-match the
radio coordinates for the sources given in the literature with
the X-ray coordinates in the Swift X-ray & UV catalog and
find the closest match within 5′′, then do the same with the
UV source coordinates. There could be several UV observations

of the closest UV source. We describe the process of choos-
ing a UV observation in Sect. 4.2. We cross-matched with the
XMM-Newton simultaneous catalog first to prioritize simulta-
neous observations and the more sensitive XMM-Newton X-ray
observations.

There were two radio catalogs that already had LX and Γ
values available. For Macconi+20, spectral fitting was done
to acquire these values, and for Liao+20_II the values were
obtained from the literature references within and are typically a
result of spectral fitting. In this case, it was necessary to acquire
only UV flux measurements. In this case, we followed the pref-
erence order of XMM-Newton then Swift and cross-matched the
catalog first with XMM-OM-SUSS 5.0. Then, for the sources
that do not have an associated simultaneous XMM-Newton UV
observation or did not make it through the quality cuts, we cross-
matched those with the Swift UVOTSSC catalog. Again, we find
the closest UV matches within 5′′ of the radio source, and in the
case of the Swift UVOTSSC sources, we chose a UV observation
according to Sect. 4.2.

4.2. Selection of UV Swift observations

In some cases, there may be several UV observations of the clos-
est UV source in the Swift catalogs. For the Swift UV obser-
vations, multiple observations of one source have the same
RA and Dec, and thus we used a different method than with
XMM-Newton.

To calculate LUV, we used the UV flux from one filter from
one observation. Since it is standard to use FUWV1 to calculate
the LUV of the accretion disk (see reasoning in Sect. 4.5), we
chose to use the UV observation that has the highest significant
detection and a filter λ that is (a) closest to λUVW1 in the observed
frame and (b) ≥1240 Å as measurements of the UV flux at
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Table 1. Number of sources in the radio catalogs after each step of the cross-matching and filtering processes.

XMM-Newton Swift Only

Catalog N Source X+UV UV Qual. X+UV UV Qual. Total

Best+12 18 286 Cat. 110 − 58 59 − 18 76
Chandola+20 27 Cat. 1 − 1 3 − 0 1
Ching+17 6720 Cat. 38 − 16 18 − 4 20
FRXCAT 507 Cat. 26 − 14 7 − 4 18
Gendre+10 636 Cat. 40 − 20 35 − 19 39
GRG_catalog 820 Cat. 23 − 8 10 − 5 13
Kosmaczewski+20 29 Cat. 7 − 1 5 − 3 4
Liao+20_I 126 Cat. 9 − 1 4 − 3 4
Liao+20_II 91 Lit. − 16 9 − 7 4 13
Macconi+20 63 Lit. − 26 23 − 2 2 25
Mingo+19 5805 Cat. 15 − 8 11 − 5 13
Miraghaei+17_FR 1329 Cat. 16 − 7 9 − 3 10
Miraghaei+17_FR_HL 245 Cat. 7 − 3 6 − 1 4
ROGUEI 32 616 Cat. 34 − 21 17 − 8 29
Sobolewska+19a 25 Cat. 11 − 2 5 − 2 4

Notes. Column 1: catalog name as defined in Sect. 3. Column 2: number of sources in the literature radio catalog. Column 3: source of the X-ray
data. “Cat.” means that the source is either the XMM-Newton simultaneous catalog or the Swift X-ray & UV catalog. “Lit.” means that the X-ray
values (Γ and LX) were from the literature reference associated with the catalog name. Columns 3–8: number of sources left after filtering, cross-
matching the radio catalogs with XMM-Newton and Swift X-ray and UV catalogs, and data quality cuts. If the source of the X-ray data is a source
catalog, X+UV is the number of sources left in the radio catalog after applying filtering to the sources that matched with the simultaneous XMM-
Newton simultaneous catalog and the Swift X-ray & UV catalog under the respective observatory columns (see Sect. 4.1). In this case, we did not
cross-match with the UV-only catalogs, resulting in a “–” value in the UV column. If the source of X-ray data is from the literature reference,
UV is the number of sources after filtering that matched with the XMM-OM-SUSS 5.0 and Swift UVOTSSC UV source catalogs (see Sect. 4.1).
In this case, we did not cross-match with the X-ray+UV catalogs and only cross-matched with UV catalogs, resulting in a “–” value in X+UV
column. “Qual.” is the number of sources left after performing the data quality cuts described in Sect. 4.3. Column 9: total amount of sources for
the catalog, produced by combining the sources left in the radio catalogs with either XMM-Newton or Swift matches after cross-matching and data
quality cuts.

wavelengths lower than 1240 Å could be contaminated by Lyα
emission.

We also needed to choose a UV observation with which
to calculate the UV spectral index, β (see Sect. 4.5 for exact
details). We did this by using the two filters that have λ closest
to the filter that represents UVW1 in the observed frame (includ-
ing itself) of the object. Similar to the above method, we chose
the UV observation that had the highest average significance in
the two filters that have λ closest to the filter that represents
UVW1 in the observed frame (including itself) of the object.
The de-reddened fluxes are used in this selection. We note that
the UV observation selected for LUV could be different than the
one selected for the UV slope calculation.

4.3. Data quality cuts

We apply similar data quality cuts as Svoboda et al. (2017): To
ensure a significant detection, the UV flux is required to be >3σ
detection. To avoid underexposed observations, we ensured that
(a) the X-ray exposure time is greater than 10 ks, and (b) the
uncertainty in a UV or X-ray flux measurement does not exceed
100%. Finally, we removed sources with (a) a flat Γ (≤1.5),
which is indicative of significantly absorbed AGNs (see Sect. 6.3
for a more detailed discussion), or (b) a steep Γ (≥3.5), which is
physically far from what is seen in AGN X-ray slopes.

The number of sources that were eliminated for each cut is
given in Appendix A. Additionally, after correcting for Galactic
extinction (see Sect. 4.4), we discard any UV filters for further
use that have λ ≤ 1240 Å as measurements of the UV flux at
lower wavelengths than 1240 Å could be contaminated by Lyα

emission. If a source only has filters with λ ≤ 1240 Å, then the
source is discarded.

4.4. Galactic NH

The UV and optical fluxes are affected by Galactic extinction.
For the de-reddening, we used the relation by Güver & Özel
(2009),

Av =
NH

2.2 × 1021 , (2)

where NH is the column density in a Galactic HI map in com-
bination with astropy.dust_extinction assuming Rv = 3.1.
For the sources using XMM-Newton simultaneous data or
UVOTSSC for UV, we determine the Galactic NH in the direc-
tion of the source using the Galactic HI map by Kalberla et al.
(2005). For the sources using Swift X-ray data, the Galactic NH is
included as a parameter in the catalog and was calculated using
Willingale et al. (2013).

4.5. Thermal disk luminosity

The goal is to obtain a measurement of the thermal disk emis-
sion whose spectral energy distribution (SED) usually peaks in
the UV (see Sect. 2.4 of Svoboda et al. 2017). To calculate the
luminosity, it is necessary to choose a flux from the available fil-
ters (UVW2, UVM2, UVW1, U, B, V). Since our sample spans
a wide range in redshift, we chose to use the flux from the near-
est UV or optical filter to the observed-frame wavelength of a
reference filter λref,obs = (1 + z) × λref . Following the logic of
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Svoboda et al. (2017), we chose λref to be the central, rest-frame
wavelength of the UVW1 filter (XMM-Newton OM 2910 Å and
Swift 2600 Å) because the UVW1 filter has the (a) highest
throughput for XMM-Newton and (b) most flux values of the
six XMM-Newton filters in many catalogs (e.g., the sample in
Svoboda et al. 2017, the XMM-Newton simultaneous catalog in
this work, and the XMM SUSS 5.0 catalog). In the case of Swift
in order to be consistent in methodology, we also used UVW1
as the reference filter. Thus for the disk luminosity calculation,
we use the flux (Fλ2910 Å) from the filter that is (a) closest to the
reference wavelength in the observed-frame, and (b) passed the
quality cuts described in Sect. 4.3.

If the flux was not from the UVW1 equivalent in the
observed frame, we converted the flux to a UVW1 flux by mul-
tiplying the flux by a factor (λref,obs/λobs)β, where λref,obs is the
observed wavelength of the reference filter, λobs is the observed
wavelength of the filter that has flux, and β is the UV slope. The
β in the wavelength domain is calculated by

β =
log Fa/Fb

log λa/λb
, (3)

where Fa and Fb are observed flux densities in the nearest filters
to λref in the observed frame, and λa and λb are the mean wave-
lengths of the corresponding filters. Following Svoboda et al.
(2017), when only a single filter had flux, a default of β = −1.5
is used, based on previous UV studies of quasars (Scott et al.
2004; Richards et al. 2006). Additionally, to ensure physical and
realistic values, we restricted β to be −2.8 < β < 0 based on
the work of Svoboda et al. (2017), who found that 〈β〉 = −1.4
with σ= 1.4 for a sample of 1522 AGNs. If β was found to be
outside this interval, a default of β = −1.5 was used for flux
extrapolation. Lastly, we multiplied the observed UV flux by a
K-correction factor to get the source UV flux at the rest wave-
length λrest.

We used the redshift and Galactic-extinction-corrected UV
flux to estimate the disk luminosity (LD), which can be defined
as

LD = A × 4πD2
LλFλ,2910 Å, (4)

where DL is the luminosity distance constrained from the red-
shift measurement z and A is an empirical factor that is chosen
such that the sum of the disk and the power-law luminosity, Ltot,
roughly corresponds to the bolometric luminosity. Svoboda et al.
(2017) cross-matched their sample of AGNs with simultaneous
UV and X-ray observations with those of Vasudevan & Fabian
(2009) and determined that 〈A〉 = 2.4 with σ = 0.6. Although
A will vary with the black hole mass and accretion rate, for sim-
plicity and consistency with Svoboda et al. (2017), we applied a
factor A = 2.4 when estimating LD for all sources in our sample.
We note that there is a relatively small black hole mass range
(8 ≤ MBH ≤ 10) in this sample so we do not expect this to affect
the results presented in Sect. 5. Though a one-size-fits-all scal-
ing will introduce some error, determining A for each individual
source is beyond the scope of this work and will not change sub-
stantially the results presented in this paper.

4.6. Coronal (power-law) luminosity

Following the methods of Svoboda et al. (2017), we define the
coronal (power-law) luminosity as the extrapolated X-ray lumi-
nosity in the energy interval 0.1–100 keV. The power-law lumi-
nosity can therefore be written as

LP = 4πD2
LF0.1−100 keV, (5)

where DL is the luminosity distance constrained from the red-
shift measurement z and F0.1−100 keV is the X-ray flux in the
0.1–100 keV energy range. F0.1−100 keV is calculated by an extrap-
olation of the observed 2–10 keV flux,

F0.1−100 keV = Fa−b keV

(
100−Γ+2 − 0.1−Γ+2

b−Γ+2 − a−Γ+2

)
, (6)

where the photon index Γ is either (a) that which is described
in Sect. 3.2 for the XMM-Newton simultaneous catalog or (b)
taken from the literature in the case of a literature catalog. Here,
a is the lower limit of the energy range for which the flux was
calculated and b is the upper limit of the energy range for which
the flux was calculated; they are both instrument-specific. For
XMM-Newton, a = 2 and b = 12, for Swift, a = 0.3, and b = 10,
and for the catalogs with literature X-ray luminosity and spectral
index, a = 2 and b = 10.

Additionally, for the X-ray values taken from the literature,
L2−10 keV. We converted this luminosity into F2−10 keV using
the standard L = 4πD2

LF relationship and the cosmological
parameters from Planck Collaboration VI (2020) via astropy.
cosmology.Planck18. We used Planck Collaboration VI
(2020) for all calculations as differentcosmologies will change
the values in the HID ≤1%.

We applied the standard K-correction to the X-ray fluxes
from the XMM-Newton simultaneous and Swift catalogs before
converting the flux to a luminosity using Fintrinsic = Fobserved ×

(1 + z)Γ−2 where Γ is the observed photon index described in
Sect. 3.2. Since the sources were selected to have photon indices
that are typically associated with low levels of intrinsic obscu-
ration, we assume the observed photon index is a good approxi-
mation of the intrinsic value.

4.7. Spectral hardness

For XRBs, the HID is widely used to track the spectral state evo-
lution of black holes (e.g., Fender et al. 2004) with the spectral
hardness on the abscissa and the X-ray intensity on the ordinate.
For XRBs, both the thermal emission and the hard X-ray emis-
sion are measured in X-rays. However, for AGNs the thermal
emission peaks in the UV instead, and this needs to be accounted
for in the definition of hardness. Thus following Svoboda et al.
(2017), we define hardness (H) as a ratio of the power-law lumi-
nosity (LP) against the total luminosity (a sum of the corona
power-law LP and disk LD luminosity):

H =
LP

Ltot
=

LP

LP + LD
. (7)

To verify the applicability of this method of calculating Ltot,
we calculated Lbol for a large sample of AGNs via empirical
relations relating Lbol to L2−10 keV (Netzer 2019) and find that it
agrees with the value of Ltot calculated by combining LP and LD
(Ltot = LP + LD) within a factor of 2–3, which will not affect our
overall results.

4.8. Final catalogs

After all the radio catalogs described in Sect. 3.1 went through
the cross-matching process, quality cuts, and calculations, we
sorted them into “final catalogs” that contain all sources that
have a specific radio property such as morphology (FR I and
II), excitation class (HERG and LERG), and extent (compact,
normal, and giant). Because the radio catalogs used in this work
(described in Sect. 3.1) are independent from one another, one
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Table 2. Basic information about the final catalogs.

Type Rad. Class Total Ref.

Morphology FR I (26), FR II (38) 64 FRXCAT, GRG_catalog, Gendre+10, Macconi+20, Mingo+19,
Miraghaei+17, ROGUEI

Excitation HERG (26), LERG (94) 120 Best+12, Ching+17, GRG_catalog, Liao+20_I, Macconi+20
Morph.+Excit. FR I LERG (12), FR II HERG

(19), FR II LERG (8)
39 FRXCAT, GRG_catalog, Macconi+20, Miraghaei+17

Extent C (11), CO (20), CSS (5),
FR0 (8), FRIIC (1), FRS (8),
G (13), Norm (52)

118 Chandola+20, FRXCAT, GRG_catalog, Gendre+10,
Kosmaczewski+20, Liao+20_I, Liao+20_II, Macconi+20,
Mingo+19, Miraghaei+17, ROGUEI, Sobolewska+19a

Notes. Column 1: type of radio characteristic that defines the table. See Sect. 5 for definitions. Column 2: radio classifications within the table plus
the number of sources with that classification (in parentheses). Column 3: total number of sources in that table. Column 4: names of the catalogs
that have sources with these radio classes. See Sect. 3.1 for references.

radio galaxy could appear in multiple catalogs. Thus when cre-
ating these final catalogs, we must account for duplicate entries.

To account for duplicate entries, we first chose a radio
property of interest (morphology, excitation class, extent) and
isolated all sources that have this classification. Then we identi-
fied any sources in this new catalog that matched to the same
X-ray source based on the catalog X-ray name (i.e., for the
XMM-Newton catalog: 4XMM JRA+Dec, and for the Swift cat-
alog: 2SXPS JRA+Dec). Then we do the same based on the
UV catalog name (i.e., for the XMM-Newton catalog: XMMOM
JRA+Dec, and for the Swift catalog: Swift UVOT JRA+Dec).
And lastly, we identify any sources that have radio coordinates
within 2′′ of one another. We note that the number of matches
does not change if we use a radio matching radius of 2′′ or 5′′.

At each duplicate check point (X-ray name, UV name, and
radio RA and Dec) when duplicates are found, we performed
a mean aggregate for numerical values and we treat the radio
property aggregate in the following way. If there are more than
two sources to combine into one, we took the majority classifi-
cation. If there are exactly two classifications, we took both. If a
source with multiple source morphology classifications contains
a hybrid classification (e.g., FR I–II), we chose the classification
of the other classifications (e.g., if a source has hybrid and FR
I classifications, we chose FR I). Additionally, some radio cata-
logs have certainty assessments as to how confident the authors
are in their morphology classification (e.g., Miraghaei & Best
2017; Kozieł-Wierzbowska et al. 2020). If an uncertain source is
one of two classifications, we took the more confident classifi-
cation as the final classification. We do this duplicate resolution
procedure for the final catalogs of morphology (FR I and II),
excitation class (HERG and LERG), both morphology and exci-
tation class, and extent (compact, normal, giant) sources. The
final catalog counts are detailed in Table 2 and their redshift dis-
tributions are shown in Fig. 3.

5. Results

We explored whether jet morphologies (FR I and II), excita-
tion class (HERG and LERG), and radio extent (compact to
giant) reflect specific XRB spectral states through inspecting
their placement on the HID.

In Figs. 4–9 we display smoothed Gaussian kernel den-
sity estimation (KDE) contours that enclose 68% of the data
points to guide the eye. These contours were created using
scipy.stats.kde.gaussian_kde, which is a representation
of a kernel-density estimate using Gaussian kernels (i.e., a KDE
using a mixture model with each point represented as its own
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Fig. 3. Redshift distribution for the sources in the morphology (FR I
and FR II: upper left), excitation class (HERG and LERG: upper right),
morphology plus excitation (lower left), and linear radio extent (lower
right) catalogs.

Gaussian component). Additionally, in these figures we compare
AGNs with the aforementioned radio properties to the two com-
parison samples described in Sect. 3.4, showing the smoothed
KDE distribution of the XMM-Newton comparison sample
and the smoothed KDE distribution of the BASS comparison
sample.

In Figs. 4, 6, 8 and 9 we also display the mean error in the
lower-left-hand corner of the plots. This uncertainty reflects the
propagation of the error of the X-ray and UV fluxes. We note
that this error does not include uncertainty in Γ. The mean error
excludes those that do not have errors in the X-ray flux in the
original radio catalog.

5.1. Morphology: FR I and II

First, we explore whether FR Is and IIs lie in distinct areas of
the HID. The FR I and II sample contains a total of 64 unique
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Fig. 4. HID for FR I (red diamonds) and FR II (blue stars) sources. The histograms show the distribution of the normalized number of counts
for the FR I and II sources in hardness and Ltot. The mean error is shown in the lower-left-hand corner. All contours show a smoothed Gaussian
KDE enclosing 68% of the data points. Panel a: emphasis placed on the two comparison samples (described in Sect. 3.4), with the XMM AGN
sample depicted by the solid outlined contour with blue filling and the BASS sample depicted by the dashed-dotted outlined contour with gray
filling. Panel b: plot (a) but with emphasis placed on the difference between the FR I and FR II populations and their placement with respect to the
comparison samples, showcased with corresponding contours and shading. We see that FR Is and FR IIs occupy different areas of the HID.
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Fig. 5. Investigating the effect of black hole mass on the placement
of FR I and FR II sources on the HID. Top panel: Figure 4 but only
for sources that have black hole mass measurements. Bottom panel:
Figure 4 but with the Eddington ratio instead of luminosity on the ordi-
nate for the sources that have black hole mass measurements.

sources compiled from the FRXCAT, GRG_catalog, Gen-
dre+10, Macconi+20, Mingo+19, Miraghaei+17, and ROGUE I
catalogs (see Table 2). The redshift distribution of these sources
is shown in the upper left of Fig. 3. It should be noted that

we exclude any sources that were marked as “Small” in Mingo
et al. (2019) since the FR classifications are not reliable for these
sources. We do however include sources from the GRG_catalog
as the FR classifications for this catalog are reliable.

In Fig. 4 we show FR Is and FR IIs, with the correspond-
ing colored histogram in log(Ltot) and log(hardness) shown in
the side panels. From Fig. 4, we see that FR Is populate a dif-
ferent area of the HID than the FR IIs. In this plot, FR Is have
a range of hardness values and generally have lower luminosity
values, whereas the FR IIs tend to have harder values and are
more luminous. Though there is a region of overlap between the
contours of the two classes, we clearly see a separation between
the two classes. A Kolmogorov-Smirnov (KS) test on the dis-
tribution of log(hardness) and log(Ltot) values individually, both
give a probability lower than 0.1% (p-value< 0.001; see Table 3)
and we can reject the null hypothesis that the two samples were
drawn from the same parent sample (as 0.1% is much lower than
the cut-off of 5% typically quoted for statistical significance). To
test the effects induced on the KS test from the weights of indi-
vidual distribution tails, we perform an Anderson-Darling (AD)
test, which yields consistent results. Both tests thus indicate that
the distributions are different.

The distinction between the two populations is clear in lumi-
nosity (see Table 3), but the results for hardness are more com-
plicated. Low-luminosity sources are more prone to host-galaxy
contamination in the soft (E . 3 keV) band with the net effect
of appearing softer than the true intrinsic accretion state. A full
discussion of this is provided in Sect. 6.

There are many factors that could affect the placement of
these radio AGNs on the HID. To test the relation with black
hole mass, we investigate the HID with the Eddington ratio on
the ordinate instead of luminosity. The Eddington ratio is a mass
normalized luminosity and it thus more appropriate for compar-
ing to XRBs where the black hole mass range is typically much
smaller than that of AGNs. Thus, we selected the 36 sources that
have black hole mass measurements (either from the original

A28, page 12 of 23



E. Moravec et al.: Do radio active galactic nuclei reflect X-ray binary spectral states?

−2.5 −2.0 −1.5 −1.0 −0.5 0.0

log(Hardness)

41

42

43

44

45

46

lo
g(

L
to

t)
(e

rg
/s

)

HERG (26)

LERG (94)

0.00

0.25

0.50

N
or

m
.

C
ou

n
ts

0.0 0.1 0.2

Norm. Counts

(a)

−2.5 −2.0 −1.5 −1.0 −0.5 0.0

log(Hardness)

41

42

43

44

45

46

lo
g(

L
to

t)
(e

rg
/s

)

HERG (26)

LERG (94)

0.00

0.25

0.50

N
or

m
.

C
ou

n
ts

0.0 0.1 0.2

Norm. Counts

(b)

Fig. 6. HID for HERG (red squares) and LERG (blue circles) sources. The histograms show the distribution of the normalized number of counts
for the HERGs and LERGs in hardness and Ltot. The mean error is shown in the lower-left-hand corner. All contours show a smoothed Gaussian
KDE enclosing 68% of the data points. Panel a: emphasis placed on the two comparison samples (described in Sect. 3.4), with the XMM AGN
sample depicted by the solid outlined contour with blue filling and the BASS sample depicted by the dashed-dotted outlined contour with gray
filling. Panel b: plot (a) but with emphasis placed on the difference between the HERG and LERG populations and their placement with respect to
the comparison samples, showcased with corresponding contours and shading. We see that HERGs and LERGs occupy different areas of the HID.

catalog or matched with Rakshit et al. 2020 within 5′′), calcu-
lated the Eddington luminosity via the standard equation LEdd =
1.26× 1038 × (M/MBH) erg/s, and calculated the Eddington ratio
using the total luminosity (Ltot/LEdd). In Fig. 5, we find that the
populations still occupy different areas of the HID and thus this
separation is not simply due to the difference in black hole mass
or observational biases. Again, a KS and AD tests on the dis-
tribution of log(hardness) and log(Eddington Ratio) values indi-
vidually, both give a probability ∼1% for the FR Is and FR IIs
and we can reject the null hypothesis that the two samples were
drawn from the same parent sample.

5.2. Excitation class: HERG and LERG

Next, we explored whether HERGs and LERGs lie in distinct
areas of the HID. Our final sample of HERGs and LERGs
has 120 sources from the Best+12, Ching+17, GRG_catalog,
Liao+20_I, and Macconi+20 catalogs (see Table 2). The red-
shift distribution of these sources is shown in the upper right of
Fig. 3. It is to be expected that there are fewer HERGs as it is well
known that HERGs are rarer (5–15% compared to the 85–95%
LERGs; Best & Heckman 2012; Ching et al. 2017). In Fig. 6,
HERGs and LERGs are shown with the correspondingly colored
histogram distributions in log(Ltot) and log(hardness) shown in
the side panels.

From Fig. 6, we see that the HERGs and LERGs do
occupy different areas of the HID. The LERGs are more widely
distributed in both hardness and Ltot, whereas the HERGs
are harder and more luminous. A KS test shows that the
HERGs and LERGs are statistically different populations in both
log(hardness) and log(Ltot) (p-value< 0.005; see Table 3) and an
AD test results in a consistent outcome. However, it can be seen
by eye in Fig. 4 that the difference between the areas that each
population occupies is not as distinct as the difference between
the FR I and II populations. This can also be quantitatively seen
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Fig. 7. Investigating the effect of black hole mass on the placement of
HERG and LERG sources on the HID. Top panel: Figure 6 but only
for sources that have black hole mass measurements. Bottom panel:
Figure 6 but with the Eddington ratio instead of luminosity on the ordi-
nate for the sources that have black hole mass measurements.

in Table 3 as the difference in both hardness and Ltot between
the HERGs and LERGs is smaller than that of the FR I and II
populations. Both populations occupy the higher-luminosity and
harder portion of the HID, but only the LERGs occupy the lower-
luminosity and softer portion of the HID.
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Fig. 8. HID for FR I–II HERG–LERG sources. In both plots, FR I-LERGs are plotted as red squares, FR II-LERGs are purple diamonds, and
FR II-HERGs are blue circles. The histograms show the distribution of the normalized number of counts for different classes in hardness and
Ltot. All contours show a smoothed Gaussian KDE enclosing 68% of the data points. The mean error is shown in the lower-left-hand corner.
Panel a: emphasis placed on the two comparison samples, with the XMM AGN sample depicted by the solid outlined contour with blue filling and
the BASS sample depicted by the dashed-dotted outlined contour with gray filling. Panel b: plot (a) but with emphasis placed on the difference
between the FR I-LERG, FR II-LERG, and FR II-HERG populations and their placement with respect to the comparison samples, showcased with
corresponding contours and shading. We see a clear separation between FR I-LERGs and FR II-HERGs.

As with the FR morphology sources, we explore the effect
of Eddington ratio on the ordinate instead of luminosity. For the
28 HERG–LERG sources that have black hole mass measure-
ments, in Fig. 7 we find that there is stronger visual evidence for
these populations occupying different areas of the HID. A KS
test reveals that the HERGs and LERGs in the Eddington ratio
versus hardness plot are not from the same parent populations
and thus statistically different populations (p-value< 0.01). An
AD test results in a consistent outcome. However, we acknowl-
edge that we are working with small number statistics with this
Eddington ratio analysis.

5.3. Morphology and excitation class: FR I and II HERG and
LERG

Radio AGNs do not have to be classified only according to either
their morphology or excitation class, but instead they can be clas-
sified according to both: FR II-HERG, FR II-LERG, and FR
I-LERG (FR I-HERGs are extremely rare). We investigate the
distribution of FR I and IIs that also have a HERG or LERG
classification on the HID. The final sample of sources with
FR+HERG–LERG classifications has 39 sources in total from
FRXCAT, GRG_catalog, Macconi+20, and Miraghaei+17. The
redshift distribution is shown in the lower left of Fig. 3. In Fig. 8,
FRI-LERGs, FR II-LERGs, and FR II-HERGs are shown with
the correspondingly colored histogram distributions in log(Ltot)
and log(hardness) shown in the side panels.

From Fig. 8, we see that the FR II-HERGs clearly sepa-
rate from FR I-LERGs. A KS test shows that the FR II-HERGs
and FR I-LERGs are statistically different populations in both
log(hardness) and log(Ltot) (p-value< 0.0002; see Table 3) and
an AD test results in a consistent outcome. Additionally, the
FR II-HERGs and FR I-LERGs have a larger mean difference
in log(hardness) (0.71) and log(Ltot) (1.47) than the FR Is and

IIs (log(hardness) 0.46 and log(Ltot) 0.97; see Table 3). And in
fact, the FR II-HERGs and FR I-LERGs have the largest aver-
age separation of the populations listed in Table 3. We conclude
then that combining both FR and excitation class seems to dif-
ferentiate populations of radio AGNs the most in the HID. FR II-
LERGs seem to be an “intermediate” population that has over-
lapping values with both FR II-HERGs and FR I-LERGs but
mainly overlaps with FR I-LERGs.

5.4. Radio extent: Compact to giant

Lastly, we investigated whether populations of radio sources
with different linear extents lie in distinct areas of the HID. We
separated the sources into several classes: compact, “normal”,
and giant. “Compact” encompasses many different types of radio
sources, and thus we have several subclasses. We define a “C”
class (compact) for sources that are officially labeled as a CSO,
GPS, or HFP and have jets whose linear size is <1 kpc as identi-
fied by Chandola et al. (2020), Kosmaczewski et al. (2020), Liao
& Gu (2020), Liao et al. (2020), and Sobolewska et al. (2019).
Then we defined sources that are identified in the parent catalog
as compact (C or C∗ in Gendre+10 or C in Miraghaei+17) but
do not have a detailed classification (e.g., CSO, CSS, GPS, or
HFP from Sobolewska et al. 2019, Kosmaczewski et al. 2020,
and Liao & Gu 2020) as “CO” (compact other). We kept CSS
sources separate as they have been suggested to be young FR
II sources (O’Dea 1998). Most of the CSS sources are from
Liao+20_I or Liao+20_II. We kept all FR0s that are all from
FRXCAT in a class on their own. We defined the sources in
Mingo et al. (2014) that had an FR classification but were labeled
as “small” to be “FRS” (FR small). We defined any source
from the FRXCAT that was originally from the COMP2CAT
(Jimenez-Gallardo et al. 2019) and are FR IIs that have extents
that do not exceed 60 kpc as “FRIIC” (FR II compact). Then
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Fig. 9. Investigating the placement of radio AGNs with various linear, radio extents on the HID. The color reflects the linear extent classification
(see Sect. 5.4): C, CO, CSS, FR0, FRS, and FRIIC are all compact classes, “G” stands for GRGs, and “Norm.” indicates those with a linear
extent between compact and giant. The hollow points are those that could be blazars (see Sect. 6 for more details). The histograms show the
distribution of the normalized number of counts for different classes in hardness and Ltot. The mean error is shown in the lower-left-hand corner.
The two comparison samples are included and shown as in Figs. 4a and 6a. We see no conclusive evidence for a separation between the various
populations.

Table 3. Results of KS statistical tests between various radio characteristic populations.

Pop.+value 〈Pop. A〉 〈Pop. B〉 |〈A〉 − 〈B〉| KS p-value

FR+log(hardness) FRI:−1.02 FRII:−0.56 0.46 0.49 0.000642
FR+log(Ltot) FRI:43.54 FRII:44.51 0.97 0.50 0.000510
HL+log(hardness) HERG:−0.42 LERG:−0.8 0.38 0.40 0.002018
HL+log(Ltot) HERG:44.65 LERG:43.8 0.85 0.50 0.000043
FRHL+log(hardness) FRI LERG:−1.1 FRII HERG:−0.39 0.71 0.76 0.000124
FRHL+log(Ltot) FRI LERG:43.16 FRII HERG:44.63 1.47 0.76 0.000124

Notes. Column 1: population name and the value that is put into a two-sample statistical test. FR = morphology classes FR I and FR II. HL =
HERG and LERG. FRHL = morphology classes FR I and II along with HERG and LERG classifications. Column 2: population classification for
population A and the mean log(hardness) or log(Ltot) value for that population. Population A classification: mean value. Column 3: population
classification for population B and the mean log(hardness) or log(Ltot) value for that population. Population B classification: mean value. Column 4:
absolute value of the difference between the means of populations A and B. Column 5: KS statistic for populations A and B. Column 6: p-value
for the KS test.

we used the classification “Norm” (normal) to indicate radio
AGNs that have an FR classification and have not been identified
as either compact or giant. These “Norm” sources are from the
FRXCAT, Gendre+10, Macconi+20, Mingo+19, Miraghaei+17,
and ROGUE I catalogs. And lastly, we use “G” (giant) to
define the GRGs from the GRG_catalog whose linear extent is
>0.7 Mpc. Generally, the compact sources have linear extents
.5 kpc, giant sources have extents greater than 0.7 Mpc, and nor-

mal sources are in between. These classifications (“C”, “CO”,
“CSS”, “FR0”, “FRS”, “FRIIC”, “Norm”, and “G”) are all
shown in Fig. 9 with the correspondingly colored histogram dis-
tributions in log(Ltot) and log(hardness) shown in the side panels.

If any source had a compact classification (“C” or “CSS”)
alongside a normal classification, the final classification was
normal. If there were sources with other classifications that
matched with the “CO” sources, the other classification is chosen
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as it is more robust. And the “FR0” classification is chosen over
“FRS.” The redshift distribution of all these sources is shown
in the lower right of Fig. 3 and one can see that we have a few
higher redshift sources when compared to the previously ana-
lyzed samples in this work.

In Fig. 9, we see no conclusive evidence for a separation
between the various populations. One might think that there is a
gathering of the compact sources to the upper right-hand corner
of the diagram, but some of the sources in the “CO” and “FRC”
classes could be blazars which complicates the conclusions (see
Sect. 6). We note that there seems to be two different subpopula-
tions of the compact and giant populations; the high-luminosity
sources and the low-luminosity sources.

6. Discussion

6.1. Discussion of distinct populations and relation of radio
AGN properties to XRB spectral states

6.1.1. FR morphology

When XRBs begin an outburst, they start in the low-hard state
with a weaker jet. Then, as the outburst continues the luminos-
ity increases, the jet strengthens, and the source is then in the
hard state. If AGNs have analogous spectral states to XRBs, our
results from Figs. 4 and 5 indicate that FR Is are located in the
AGN state diagram where weaker (low-hard) states of XRBs
are present and FR II sources are located where stronger (hard)
states of XRBs are present. Thus, the FR Is could be the analogs
of the early stages of the outburst (with a weaker jet) and the FR
IIs could be analogous to the later stages of the outburst (with
a brighter, more powerful jet). The strongest similarity between
FR morphology and XRB outburst evolution is seen in Fig. 5
as XRBs are known to go from low Eddington ratio to higher
Eddington ratio during an outburst. Our results may suggest that
not only environment plays a role in radio-AGN jet morphology,
but on average, the effect of the central engine might be signifi-
cant as well.

6.1.2. Excitation class (HERG–LERG)

A property of radio AGNs that we might expect to reflect differ-
ent XRB spectral states is excitation class (HERGs and LERGs).
HERGs are efficient accretors that accrete between one per cent
and ten per cent of their Eddington rate whereas LERGs are
inefficient accretors that accrete at a rate below one per cent
of their Eddington rate (Best & Heckman 2012). Best & Heck-
man (2012) suggest that the population dichotomy is caused by
a switch between radiatively efficient and radiatively inefficient
accretion modes at low accretion rate, which is consistent with
synthesis models for AGN evolution (Merloni & Heinz 2008).
They show that although LERGs dominate at low radio lumi-
nosity and HERGs begin to take over at L1.4 GHz ≈ 1026 W Hz−1,
examples of both classes are found at all radio luminosities.

The placement of the LERGs and HERGs in the HID pre-
sented in Fig. 6 is roughly in line with what we expected in
an AGN-XRB analog. When XRBs start an outburst in the low-
hard state, there is not much radiation from the central engine.
But during the transitions to high-hard state and to the soft state,
the amount of radiation from the central engine increases. In the
transition to the hard state this is seen as an increase in total
luminosity, and in the transition to the soft state this is seen as a
redistribution of flux from hard X-rays to soft X-rays, with the
soft X-rays corresponding to UV emission in AGNs, which are

more efficient in ionizing optical lines. Thus, the HERGs could
be the analog of radio AGNs ramping up in accretion power and
could be the analog of XRBs transitioning to either the high-
hard or soft state. Additionally, the LERGs that overlap with the
HERGs could be sources that are also increasing in accretion
power and ultimately X-ray luminosity and the lower-luminosity
LERGs could be the initial state. We might have expected there
to be a more prominent difference in the areas occupied by the
HERG–LERGs in the HID than the FR classifications as the lat-
ter can be influenced by the large-scale environment (Kaiser &
Best 2007).

Both XMM-Newton simultaneous catalog and Swift X-ray &
UV catalog use an absorbed power law to approximate the spec-
trum in flux calculation (see Sects. 3.2 and 3.3 for details). The
used values (NH ∼ 1020 and Γ ∼ 1.7) are representative val-
ues for AGNs. Together with our exclusion of the most absorbed
sources, this approximation should be sufficient for our entire
sample. However, some LERGs might deviate from the spec-
tral shape built into these assumptions, as LERGs mostly show
soft X-ray emission arising from the jet (see, e.g., Hardcastle
& Worrall 1999; Mingo et al. 2014). Their hard X-ray fluxes,
and thus also hardness, might be slightly overestimated. Any
improvement of their count-to-flux conversion would thus sepa-
rate them more from HERGs, and thus this uncertainty will not
affect our main conclusions.

We note that the widely spread distribution of LERGs com-
pared to HERGs could be due to the fact that there are more
LERGs in our sample than HERGs. However, there are typically
many more LERGs than HERGs in the larger LERG–HERG par-
ent samples in this work (95% LERGs and 5% HERGs Best
& Heckman 2012; 88% LERGs and 13% HERGs Ching et al.
2017) and our ratio of HERGs to LERGs reflects this (78%
LERGs and 22% HERGs). Additionally, we note that because
we are working with catalog values and not SED fits, we have
an upper limit on the LERGs placement in the HID. We would
in particular expect a host galaxy correction to move the LERGs
down in luminosity and to softer values, and, due to their low
luminosity, we would expect a detailed X-ray analysis to move
the sources even further down in luminosity and to harder values.
We already see evidence for a separation and would thus expect
this separation to increase more with detailed spectral analysis.

We also note that there are no HERGs in our sample with
Eddington ratios >10% (Fig. 7). To investigate whether we have
not underestimated the total luminosity, we compared our Ltot
values with the radiatively efficient bolometric luminosities of
these sources to determine if the paucity of sources at higher
Eddington ratios is due to underestimating the source luminosity.
We cross-matched the HERG–LERG sources with SDSS DR16
to obtain [OIII] fluxes for 85 sources. We then calculated the
radiatively efficient bolometric luminosity using the [OIII] rela-
tion from Heckman et al. (2004), namely Lrad, bol = 3500×L[OIII].
We find that for these 85 HERG–LERG sources the Ltot and
radiatively efficient bolometric luminosity measurements agree
within 1%, indicating the lack of highly accreting HERGs is
not due to an underestimation of the radiative luminosity. An
alternative possibility is that one of the major parent samples
of our HERG–LERG sample (Best & Heckman 2012) also con-
tained this deficit of high-Eddington-ratio HERGs, which may
have been inherited by our sample. Thus we cannot make any
conclusions on the relative proportions of high-Eddington-ratio
HERGs in the global population from our sample. Future large
spectroscopic surveys (e.g., 4MOST) may be able to determine
if this is an underlying intrinsic feature of the population or
not.
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6.1.3. FR + HERG–LERG

Radio AGNs can be classified according to both their morphol-
ogy and excitation class. These classifications and investigations
into them can provide insights into the jet and accretion inter-
play in radio AGNs. Historically, HERGs are associated with
FR IIs and LERGs are associated with FR Is. However, there
exists an interesting population of FR II-LERGs that broke this
historical understanding. Recently, several observational works
have investigated the properties of these classes to determine
how fundamentally different they are and if any difference is
intrinsic or extrinsic (Macconi et al. 2020; Grandi et al. 2021). It
is thought that FR II LERGs are a complex population, including
at least some evolved or fading FR II HERGs and FR I-like jets
in lower-mass hosts (Mingo et al. 2019, and in prep.; Macconi
et al. 2020; Grandi et al. 2021). Garofalo et al. (2010) presents a
model in which FR II-LERGs are aged FR II-HERGs and Grandi
et al. (2021) finds observational evidence to support this. And
Macconi et al. (2020) finds that FR II-LERGs have intermediate
properties between FR Is and FR II-HERGs.

Next we wanted to determine which classification matters
more, the FR or HERG–LERG classification, for the placement
of a radio AGNs on the HID. In Sects. 5.1 and. 5.2 we find
that the FR classification seems to have a stronger influence on
source placement than excitation class. But from Fig. 8, we see
that combining these classifications reveals the strongest separa-
tion and strongest analog with the XRB HID. It seems that the
picture is not particularly clear when one looks simply at one
morphology or excitation classes, but when both characteristics
are included, the population separation becomes more distinct.

From Fig. 8, we also see that FR II-LERGs seem to have
overlapping and intermediate properties between FR I-LERGs
and FR II-HERGs similar to what Macconi et al. (2020) find.
However, the overlap of FR II-LERGs is more with FR I-LERGs
than FR II-HERGs. This overlap seems to indicate that the
HERG–LERG classification matters more for their placement
on the HID, which is contrary to what is seen in Sects. 5.1
and 5.2, where FR morphology seemed to distinguish the loca-
tion of the sources in the HID more prominently. This muddles
the answer to the question of which characteristic matters more
for the placement of a source in the HID. But it is quite clear
from Fig. 8 that combining morphology and excitation class cre-
ates the most distinct populations in the HID. However, we are
aware that in Sect. 5.3 we are working with small number statis-
tics. It is necessary to increase the sample size to draw definite
conclusions.

6.1.4. Extent

It has been suggested that the linear extent of radio jets in
radio AGNs can be a sign of evolutionary progression; com-
pact radio galaxies indicate young sources and GRGs indicate
evolved, older sources (Subrahmanyan et al. 1996; O’Dea &
Saikia 2021). However, the size of compact radio AGNs could
be due to confinement or of transient nature and the size of
GRGs could be attributed to extraordinarily powerful jets, a low-
density environment, an old source, or restarted AGN activity.
There is still uncertainty as to the origin of the linear extent
of these different classes (compact and giant) and is an active
area of research. In order to investigate this further, we sep-
arated the radio AGNs into categories based on their radio
jet extent, placed them on the HID, and compared them to
XRBs.

In Fig. 9, we find no clear evidence for a separation between
different populations of radio AGNs with different linear extents.

There might be two different populations of compact sources; the
high-luminosity sources and the low-luminosity sources. How-
ever, some of the high-luminosity compact sources could be
blazars (indicated as hollow shapes in Fig. 9). Some of the radio
catalogs in this work do explicitly remove blazars. Liao & Gu
(2020) and Liao et al. (2020) explicitly remove blazars through
variability and spectral shape analysis. The CSOs in Sobolewska
et al. (2011) and Kosmaczewski et al. (2020) are not expected to
be blazars since typical edge-on configurations of such objects
prohibit a face-on configuration (Sobolewska et al. 2019). The
multiwavelength properties of FR0s provide evidence that FR0s
are a stand alone class of objects beyond FR Is, FR IIs, and
blazars (Baldi et al. 2018). However, the small/compact sources
from Gendre et al. (2010), Miraghaei & Best (2017), Mingo et al.
(2019) could indeed be blazars indicated in Fig. 9 in as these
compact objects were selected solely from their size. Thus, some
of the sources in the high-luminosity compact sources could be
blazars, which would mean that the LP would likely have con-
tamination from the jets.

If many of the high-luminosity compact sources are not
blazars, we speculate that the high-luminosity sources could be
the equivalent of XRB ballistic jets. When XRBs move from the
hard state to the soft state in the HID, they are evolving from
a source that has persistent jets in the hard state to having no
radio jet production in the soft state. A source can sometimes
then go back to an intermediate state and produce ballistic jets
(when XRBs can occasionally cross back over the jet line in
small cycles and produce temporary blob injections). The ballis-
tic jets in an intermediate state can sometimes cause the source
to go to even higher total luminosities. If radio AGNs are analo-
gous to XRBs, we would expect to see the ballistic jet equivalent
(compact) sources overlap with FR II sources as XRB sources
that have ballistic jets overlap with sources with strong jets in the
XRB HID. In Fig. 9, we do in fact see that compact sources over-
lap with “normal” sources (which are usually FR IIs) with some
of the overlapping compact sources being CSS sources many of
which are known to be small FR II sources. On a related note,
we speculate that the low-luminosity sources could be the equiv-
alent of sources that are in the initial states of the outburst that
then may evolve into an FR I or II source.

Pertaining to other extent populations in the HID in Fig. 9,
we see two populations of GRGs. This could be explained by
lower-luminosity GRG radio observations tracing more relic
radio emission than the high-luminosity GRGs, whereas UV and
X-ray observations trace more recent accretion activity which
could be a restarted activity (Bruni et al. 2020).

In conclusion, due to the uncertainty in the nature of the
high-luminosity sources and the mixing of all the populations,
we cannot say with certainty whether or not populations of radio
extent are separated or not in the HID.

6.2. Synthesis and comparison to previous studies

It is already known that black holes in XRBs and AGNs have
similar properties such as: the same fundamental plane of black
hole activity (Merloni et al. 2003; Falcke et al. 2004; Körding
et al. 2006a), characteristic timescales (McHardy et al. 2006), a
common black hole accretion scheme (Arcodia et al. 2020), and
evolving jets (Zhu et al. 2020). However, one of the main cur-
rent research questions for those studying XRBs and AGNs is
whether AGNs have spectral states that are analogous to those
of XRBs. As stated in the introduction, Körding et al. (2006b)
and Sobolewska et al. (2011) suggest that different classes of
AGNs might correspond to specific spectral states of XRBs.
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Recent work by Fernández-Ontiveros & Muñoz-Darias (2021)
has found evidence for this. They find that the (a) broad-line
Seyferts and about half of the Seyfert 2 population, showing
highly excited gas and RQ cores consistent with disk-dominated
nuclei, are associated with the soft state of XRBs and (b) the
remaining half of Seyfert 2 nuclei and the bright LINERs are
associated with the bright hard and intermediate states of XRBs.

Further, both systems have radio jets, and recently more
works have been investigating whether the radio properties of
AGNs correlate with specific XRB spectral states. Svoboda et al.
(2017) found that RL sources have on average higher hardness.
This suggests that the AGN radio dichotomy of RL and RQ
sources could indeed possibly be explained by the evolution of
the accretion states. Similarly, Zhu et al. (2020) found that jetted
RL quasars are harder than non-jetted RQ quasars. Fernández-
Ontiveros & Muñoz-Darias (2021) find that RL sources are asso-
ciated with the hard and RQ sources are associated with the soft
state. Overall, these recent works provide evidence that AGN
radio-loudness does trace different AGN states.

Motivated by these findings, for the first time we investigate
the placement on the HID of sources with specific radio proper-
ties of the jet and central engine of radio AGNs have been inves-
tigated. We explore whether properties of the jet (morphology
and extent) and the accretion system (excitation class – HERG
or LERG) reflect discrete XRB accretion states. We find that FR
jet morphologies (FR I and FR II) are distinct populations on the
HID, and we find evidence that not only environment affects the
jet morphologies. We find that HERGs and LERGs also occupy
distinct areas of the HID, but they are not as distinct as FR
morphology. However, when one considers both FR and exci-
tation class two populations separate out clearly: FR II-HERGs
and FRI-LERGs. FR II-HERG are harder and more luminous
whereas FRI-LERGs are softer and less luminous. Lastly, we
explore whether radio AGNs with different linear radio extents
reflect specific XRB spectral states. Overall, we find that spe-
cific properties of RL AGNs do indeed correlate with the general
nature of XRB spectral states.

In conclusion, it seems that AGNs do have spectral states as
XRBs do to some degree and that the radio properties of AGNs
do reflect the evolution of XRB states to some extent. However,
it is difficult to differentiate the AGN states and directly correlate
them with exact and specific XRB states. With jet morphology,
we find that FR Is are located in the AGN state diagram where
weaker (low-hard) states of XRB are present and FR II sources
are located where stronger (hard) states of XRB are present.
And this difference becomes more distinguished when excitation
class is also taken into account. This separation between popu-
lations with specific radio properties in the AGN HID argues for
a similarity with XRBs HID and thus allows us to draw parallels
between XRB and AGN spectral state evolution.

6.3. Sources of uncertainties

In this study there are several characteristics and quantities that
could effect our results. First, we acknowledge that it is diffi-
cult to determine the true placement of low-luminosity sources
(log(Ltot) . 43). Svoboda et al. (2017) compared the place-
ment of AGNs and non-active galaxies on the HID and found
that the level of mixing of AGNs with non-active galaxies was
generally very low, but some non-active galaxies in the sample
did exhibit a luminosity exceeding log(Ltot) ≈ 43, where low-
luminosity AGNs appear. This implies that the apparent soft-
ness of low-luminosity AGNs (log(Ltot) < 44) may indeed be
due to the contribution of the host galaxy. In the absence of

extremely high spatial resolution observations, which are only
available for nearby galaxies, the only reliable deconvolution of
the host galaxy contamination is obtained by a detailed model-
ing of the AGN SED. This has been done so far only for nearby
low-luminosity AGNs and there is not yet a fully accepted con-
sensus on the level of UV host galaxy contamination to the
low-luminosity AGN UV measurements (Maoz 2007; Ho 2008).
A detailed analysis of the host-galaxy contribution of all low-
luminosity sources in our sample is beyond the scope of this
work and is the subject of other current work. Svoboda et al.
(2017) used empirical relations to estimate its contribution and
found that when the host-galaxy contribution is corrected for,
the low-luminosity sources move rightward on the HID (toward
harder values). A host galaxy correction to the UV luminosity
will bring the sources downward also in the HID. For simplicity,
and to avoid introducing unknown systematic uncertainties, we
chose not to apply a similar host galaxy correction.

The second source of uncertainty that could affect the loca-
tion of the sources on the HID is uncertainty of the photon index
Γ. In the entire sample of all radio galaxies in this work, the
mean Γ value is 1.97 with a standard deviation of 0.38. The
Γ value affects the extrapolation of the 2–10 keV X-ray flux to
obtain the power-law luminosity LP value. Thus, the uncertainty
of Γ translates to an uncertainty in hardness. However, we do not
expect this uncertainty to significantly affect the position in the
hardness-luminosity diagram. The extrapolation is done in both
directions to high as well as to soft energies. An overestimated
value of Γ would add more to the soft X-ray band and less to the
hard band, and vice versa for an underestimated value of Γ. Nev-
ertheless, to minimize the uncertainty, we took values from the
X-ray spectral fitting when available in the literature references
(either from the radio catalog papers or from the Swift catalog8)
instead of the values derived from the XMM-Newton simultane-
ous catalog by comparing the flux in subsequent energy bands.

We also note that the uncertainty of Γ constrained from the
catalogs will not be larger than fixing the value of Γ to a mean
value. Macconi et al. (2020) tested the effect of fixing Γ = 1.7
on LX in the cases that there were poor statistics an/or the emis-
sion was complex. Macconi et al. (2020) found that varying Γ
from 1.4 to 2.0 resulted in ≈15% and 40% change in the LX val-
ues, which represents the maximum uncertainty in case the value
constrained from catalog fluxes is largely inaccurate.

A third source of uncertainty is intrinsic obscuration. At
X-ray wavelengths, significant obscuration (e.g., log(NH) & 22)
along the line of sight is known to exist for the majority of
AGNs (e.g., Ueda et al. 2014; Buchner et al. 2014, 2017; Ricci
et al. 2015), as well as more specifically the RL population (e.g.,
Wilkes et al. 2013; Panessa et al. 2016; Macconi et al. 2020;
Kuraszkiewicz et al. 2021). We already selected sources to have
2–10 keV X-ray photon indices in the range 1.5 < Γ < 3.5
(see Sect. 4.3), aiming to reject any sources with a flat spec-
tral slope that is typical for the dominant reflection spectrum in
heavily obscured AGNs (e.g., Murphy & Yaqoob 2009). How-
ever, the possibility still exists that our sample contains obscured
AGNs in which other competing spectral components are present
<10 keV (e.g., photo-ionized gas, collisionally ionized gas,
bremsstrahlung emission) that act to disguise the reflection fea-
tures in the observed spectrum. To completely account for this
would require sensitive broadband X-ray spectral fitting of each
target with physically motivated torus models, which is outside
the scope of this work. We note that any correction for extra

8 See https://www.swift.ac.uk/2SXPS/docs.php#sources_flux
for more details on the Γ values calculated for the Swift catalog.
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obscuration along the line of sight would act to reduce the hard-
ness of our targets, and increase the observed bolometric lumi-
nosity – a net correction that would move points to the upper left
of the HID.

For the UV fluxes, although we correct the observed UV
fluxes for reddening from the Milky Way, this will not necessar-
ily account for any reddening arising from within the host galaxy
or AGN torus of each target. The reddening (and hence intrinsic
accretion disk flux) can be approximated from SED decompo-
sition paired with photometric coverage from the far-UV to far-
infrared, but such an analysis is outside the scope of our work.
Similarly to X-rays, any additional UV correction would likely
move points to the upper left of the HID.

A fourth source of uncertainty is the UV and X-ray variabil-
ity of the AGN. In this work, we have chosen simultaneous UV
and X-ray observations when possible. However, due to AGN
variability, multiple pointings of simultaneous observations for
the same source could result in a different location on the HID
for each set of simultaneous observations. A detailed investiga-
tion into the effect of variability on the placement of sources
in the HID is provided in Fig. 11 of Svoboda et al. (2017) and
the corresponding analysis. The variability does affect the place-
ment of the sources in Fig. 11 of Svoboda et al. 2017, but the
average placement of the various observations still differentiates
the sources from one another. Similarly with a sufficiently large
sample of radio galaxies of a particular type, we expect to on
average obtain the representative position in the HID of the dif-
ferent classes of radio galaxies and still be able to compare the
different populations.

The fifth source of uncertainty is that we use a compilation of
15 different catalogs of radio sources since there is not one com-
prehensive catalog of all radio galaxies. Each catalog came from
a different study that each had its own goals, and thus the sample
is not homogeneous in nature. However, the FR, HERG–LERG,
and extent definitions are independent, so these classifications
are reliable. We also note that the FR classification can be differ-
ent depending on the radio wavelength, though all works used
either 1.4 GHz or 150 MHz. Though the selection of sources
may be rather inhomogeneous, it is sufficient for this pilot work
to study general trends of the placement of radio galaxies with
certain radio characteristics on the HID.

We also note that the X-ray luminosity could be contami-
nated by contributions from the jet and hot gas (either from the
intracluster medium or in the host galaxy). To determine if the
X-ray emission is solely from the corona would require extensive
X-ray spectral fitting and image analysis of each target, which is
beyond the scope of this work.

7. Conclusions

In recent years there has been mounting evidence that AGNs
may have spectral states that are analogous to those of XRBs. In
this work we follow the methodology of Svoboda et al. (2017)
and investigate whether specific properties of RL AGNs corre-
late with XRB spectral states. We explore if populations of radio
jet morphologies (FR I and II), excitation classes (HERG and
LERG), and radio jet linear extents (compact to giant) sepa-
rate out in the AGN HID (total luminosity vs. hardness). We
do this by cross-correlating 15 catalogs of radio galaxies with
the desired characteristics from the literature with XMM-Newton
and Swift X-ray and UV source catalogs (see Sects. 3 and 4).
We calculated the total luminosity (Ltot) and the hardness from
the X-ray and UV fluxes (see Sect. 4), placed the sources on the
AGN HID, and searched for the separation of populations and

analogies with the XRB spectral state HID. In investigating if
specific radio properties reflect distinct XRB spectral states, we
find the following:
1. Radio morphology (FR I and II): From a sample of

64 sources (26 FR Is and 38 FR IIs), there is a separa-
tion of FR Is from FR IIs at a statistically significant level
(p-value< 0.05): FR Is have lower total intensity and softer
hardness values, and FR IIs have higher total intensity and
harder values (see Sect. 5.1). These populations are sepa-
rated in an Eddington ratio versus hardness diagram as well.
Because FR Is are located in the AGN state diagram, where
weaker (low-hard) states of XRBs are present and FR II
sources are located where stronger (hard) states of XRBs are
present, the FR Is could be the analogs of the early stages
of the outburst (with a weaker jet) and the FR IIs could be
analogous to the later stages of the outburst (with a brighter,
more powerful jet).

2. Excitation class (HERG and LERG): From a sample of
120 sources (94 LERGs and 26 HERGs), we find that the
HERGs and LERGs do occupy different areas of the HID at
a statistically significant level, with the LERGs being more
widely distributed in both hardness and Ltot and HERGs
being harder and more luminous (see Sect. 5.2). This dif-
ference becomes more prominent with Eddington ratio ver-
sus hardness. However, the difference between the areas that
each population occupies is not as distinct as the difference
between the FR I and II populations. In an XRB analogy, the
HERGs could be the analog of the radio AGNs ramping up
in accretion power and the LERGs in the initial state.

3. Radio morphology (FR I and II) plus excitation class (HERG
and LERG): In a sample of 39 sources (12 FR I-LERGs, 8 FR
II-LERGs, and 19 FR II-HERGs), there is a clear separation
between FR I-LERGs and FR II-HERGs, with FR I-LERGs
being less luminous and softer and FR II-HERGs having
a higher total luminosity and being harder. The separation
between FR I-LERGs and FR II-HERGs is the strongest in
this work (at a statistically significant level), which indicates
that combining both FR and excitation class seems to dif-
ferentiate populations of radio AGNs the most in the HID.
Thus, both the jet morphology and central engine need to be
considered in comparisons to XRBs.

4. Radio extent (compact, normal, giant): In a sample of
118 sources (53 compact sources, 52 normal, and 13 giant),
we do not see any strong evidence for a separation in terms
of radio linear extent between the different populations. If the
compact sources are not blazars and AGNs have analogous
evolutionary states to XRBs, the compact sources could be
the equivalent of the ballistic jets found in XRBs.

In conclusion, we find evidence that AGNs with specific radio
properties occupy distinct areas of the HID, similar to XRBs.
This adds to evidence already found by Falcke et al. (2004),
Nipoti et al. (2005), Körding et al. (2006b), Merloni & Heinz
(2008), Svoboda et al. (2017), and Fernández-Ontiveros &
Muñoz-Darias (2021) that different RL AGN populations may
follow an evolutionary track similar to the tracks followed by
individual XRBs during an outburst. However, it is difficult
to perfectly differentiate the AGN states and directly correlate
them with specific XRB states. That said, the general separation
between populations with specific radio properties in the AGN
HID indicates that there is a similarity with XRBs HID and thus
allows us to draw parallels between XRB and AGN evolution.

Software used in this work: Astropy (Astropy Collaboration
2013, 2018), TOPCAT (Taylor 2005), Matplotlib (Hunter 2007),
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pandas (Wes McKinney 2010; Pandas development team 2020),
and SciPy (Virtanen et al. 2020).
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Appendix A: Rejected source counts

In Sect. 4.3 we apply several data quality cuts to the radio cat-
alogs. In this appendix we provide the number of sources that
were rejected with each cut (see Table A.1).

Table A.1. Number of sources rejected in the data quality cut process.

XMM-Newton Swift Only
Catalog Nstart < 3σ Underexp. Γ ≤ 1.5 Γ ≥ 3.0 Nend Nstart < 3σ Underexp. Γ ≤ 1.5 Γ ≥ 3.0 Nend

Best+12 110 0 36 19 2 58 59 0 37 3 3 18
Chandola+20 1 0 0 0 0 1 3 0 2 1 0 0

Ching+17 38 0 13 10 1 16 18 1 12 1 1 4
FRXCAT 26 0 9 4 2 14 7 0 2 1 0 4

Gendre+10 40 0 9 13 0 20 35 5 4 11 0 19
GRG_catalog 23 0 5 12 0 8 10 0 2 3 0 5

Kosmaczewski+20 7 0 0 6 0 1 5 0 0 2 0 3
Liao+20_I 9 0 2 4 0 1 4 0 0 1 0 3
Liao+20_II 16 0 0 4 0 9 7 0 0 3 0 4

Macconi+20 26 0 0 3 0 23 2 0 0 0 0 2
Mingo+19 15 0 4 3 0 8 11 0 6 0 0 5

Miraghaei+17_FR 16 0 5 5 0 7 9 0 4 2 0 3
Miraghaei+17_FR_HL 7 0 3 2 0 3 6 0 4 1 0 1

ROGUEI 34 0 8 5 1 21 17 0 8 1 0 8
Sobolewska+19a 11 0 2 7 0 2 5 0 0 3 0 2

Notes. Column 1: Catalog name as defined in Sect. 3. Column 2: Number of sources that cross-matched with XMM-Newton (either X-ray and
UV or just UV). Column 3: Number of sources that were rejected because the UV detection was < 3σ. Column 4: Number of sources that
were rejected due to under exposure because either (a) the X-ray exposure time is less than 10 ks or (b) the uncertainty in a UV or X-ray flux
measurement exceeds 100%. Column 5: Number of sources that had Γ ≤1.5 and are identified as too obscured to be modeled by a power law.
Column 6: Number of sources that had Γ ≥3.0 and are identified as too physically far from what is seen in AGNs. Column 7: Number of sources
remaining after subtracting the sources that were rejected by the data quality cuts in Cols. 3-6. Columns 8-13: Same as Cols. 2-7 but for Swift
matches instead of XMM-Newton, except that Col. 10 is only sources that were rejected because the uncertainty in a UV or X-ray flux measurement
exceeds 100% without an exposure requirement as with XMM-Newton.
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Appendix B: Extent plot variations

We provide a suite of extent plots that show the compact, possi-
ble blazars, “normal,” and giant sources individually to help the
reader see the different populations more clearly (see Fig. B.1).
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Fig. B.1. Variations in the extent HID (Fig. 9) with certain subsets of populations. (a): Sources with a certain compact extent classification: C,
CSS, and FR0. (b): Sources that are compact but could possibly be blazars. (c): Sources that have a “normal” extent classification – not compact
and not giant. (d): Sources that are GRGs.
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