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Abstract

Context. Based on the classical unification, blazars, namely BL Lacertae objects (BL Lacs) and flat-spectrum radio quasars (FSRQs), are believed to correspond to radio galaxies, when observed at small jet viewing angles.

Aims. In this paper, we aim to compile a sample of Fermi blazars [redshift, z ∈ (0.002 − 4.313)] and radio galaxies [z ∈ (0.001 − 1.048)] to provide new insights into a unified accretion and ejection scenario between aligned and misaligned radio-loud active galactic nuclei, by considering their optical emission-line classifications (low- and high-excitation radio galaxies, LERGs and HERGs, respectively), which are more representative of their accretion states.

Methods. We adopted the statistical analyses of accretion properties and high-energy beaming patterns for both Fermi blazars and radio galaxies to investigate a unified accretion–ejection scenario.

Results. In the γ-ray luminosity–photon index plane, HERGs populate the region of higher luminosities and softer photon indices, akin to FSRQs, whereas LERGs fill at lower luminosities with harder photon indices, analogous to BL Lacs. This parallel segregation indicates that LERGs and HERGs represent the misaligned counterparts of BL Lacs and FSRQs, respectively. The unified picture is further supported by the Compton dominance–photon index diagram, whereby FSRQs and HERGs dominated by external Compton (EC) emissions are distinctly separated from BL Lacs and LERGs governed by synchrotron self-Compton (SSC) emissions. Similarly, the diagram of accretion rate versus γ-ray photon index reveals two distinct accretion–ejection states: a low-accretion-rate branch (BL Lacs and LERGs) is associated with the SSC model, and a high-accretion-rate branch (FSRQs and HERGs) is linked to the EC model. These results strongly strengthen the idea of a unified accretion and ejection paradigm between blazars and radio galaxies separating into two distinct states.
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1. Introduction
Blazars are a special subclass of radio-loud active galactic nuclei (RLAGNs) that exhibit observational properties dominated by relativistic jets, such as rapid variabilities, high luminosities and polarisations, apparent superluminal motions, radio core-dominance morphologies, or energetic high-energy emissions (Wills et al. 1992; Vermeulen & Cohen 1994; Fan et al. 1996; Homan et al. 2021; Mooney et al. 2021; Fan et al. 2021; Abdollahi et al. 2022; Ajello et al. 2022; Liodakis et al. 2022; Xiao et al. 2022; Yuan et al. 2023; Agudo et al. 2025). They come in two flavours based on the equivalent widths (EWs) of their emission lines: flat-spectrum radio quasars (FSRQs) have EW > 5 Å, while BL Lacertae objects (BL Lacs) are defined by EW < 5 Å (Stickel et al. 1991).
Radio galaxies, also a subclass of RLAGNs, are categorised into Fanaroff-Riley type I (FR Is) and type II (FR IIs) radio galaxies by the radio power and the extended morphology (Fanaroff & Riley 1974). Recently, a very abundant class of nearby compact radio sources has been identified as FR type 0 (FR 0s) radio galaxies, which share similar core luminosities, but a factor of ∼100 − 1000 weaker jetted extended emission with respect to the FR Is (Ghisellini 2011; Baldi 2023). Radio galaxies (FR 0, FR I, FR II) are noted as misaligned AGNs because their relativistic jets are oriented away from the line of sight (Abdo et al. 2010c); when their jets align with observers, these radio galaxies are referred to as blazars (BL Lacs and FSRQs) in the classical unification paradigm (Ghisellini et al. 1993; Urry & Padovani 1995).
According to the emission-line properties, the population of radio galaxies can also be separated into low-excitation radio galaxies (LERGs) and high-excitation radio galaxies (HERGs; Best & Heckman 2012; Heckman & Best 2014), in which the former is associated with low accretion rates, typically λEdd < 0.01LEdd1, and the latter with high accretion rates, approximately λEdd ≈ (0.01 − 0.1)LEdd. The optical spectroscopic classes are more representative of the two accretion regimes onto the supermassive BHs than the multiple radio morphological classes (e.g. Buttiglione et al. 2010; Mingo et al. 2022; Grandi et al. 2025). In general, FR 0s and FR Is are low-power LERGs with the central engine dominated by radiatively inefficient, advective-dominated accretion flow (ADAF; Heckman & Best 2014; Capetti et al. 2017a; Baldi et al. 2018; Ye et al. 2025), but FR IIs are a heterogeneous population of high-power RLAGNs with both LERGs and HERGs (Tadhunter 2008; Buttiglione et al. 2010; Baldi et al. 2010; Capetti et al. 2017b; Hardcastle & Croston 2020; Mingo et al. 2022), with the latter powered by a radiatively efficient standard thin disc (Shakura & Sunyaev 1973).
The emission-line property serves not only as a classification criterion for both blazars and radio galaxies, but also as a reliable tracer for the accretion state, which is closely linked to the ejection mechanism (Ghisellini et al. 2011; Sbarrato et al. 2012; Ghisellini et al. 2014; Chen et al. 2015). Sbarrato et al. (2014) found a tight correlation between the accretion rate and jet power in blazars, highlighting a transition from radiatively efficient accretion (e.g. FSRQs) to inefficient accretion (e.g. BL Lacs), each following distinct relations with their jet powers. Similar to the blazar case, the spectroscopy-based classification of the LERGs and HERGs also reflects a switch of the accretion regime and the jet power (Ghisellini & Celotti 2001; Hardcastle & Croston 2020; Boccardi et al. 2021; Torresi et al. 2022; Grandi et al. 2025).
The strong contributions of the relativistic jets to the spectral energy distributions (SEDs) shape a characteristic double-hump structure, either in blazars or in radio galaxies (Fossati et al. 1998; Capetti et al. 2002b; Ghisellini et al. 2010; Fan et al. 2016; Cerruti 2020; Yang et al. 2022a; Ulgiati et al. 2025). In the leptonic model, the first hump of SEDs is attributed to the synchrotron radiation, from radio to soft X-ray bands (Finke et al. 2008), while the second hump arises from the inverse Compton (IC) radiation: either synchrotron self-Compton (SSC) or external Compton (EC) mechanisms due to different seed photon originations (Dermer & Schlickeiser 1993; Sikora et al. 1994; Błażejowski et al. 2000; Cerruti 2020). In the SSC model, synchrotron photons, produced within the jet as seed photons, are up-scattered by high-energy electrons, which is adopted to explain the γ-ray spectra of BL Lacs (Ghisellini et al. 2010; Zhao et al. 2024; Lian et al. 2025). In contrast, if the seed photons originate outside the jet, such as the broad-line region, dusty torus, accretion disc, or cosmic microwave background (CMB; Dermer & Schlickeiser 1993; Sikora et al. 1994; Błażejowski et al. 2000; Fan et al. 2023), these external photons interacting with high-energy electrons in the jet, as the EC process, explain the γ-ray spectra in FSRQs (Ghisellini & Tavecchio 2009; Chen 2018; Cerruti 2020). According to Dermer (1995), the beaming patterns are different between the SSC and EC models: the SSC emissions go with the Doppler factors2(δ) in the observer frame as fSSC ∼ δγ3 + αγ, and the EC emissions go as fEC ∼ δγ4 + 2αγ. Here, αγ is a γ-ray spectral index (fν ∝ ν−αγ). Therefore, the ratio of the beaming patterns between the EC and SSC models is fEC/fSSC ∝ δγ1 + αγ. The different high-energy beaming patterns between SSC and EC models help one to constrain the radiation models of the γ-ray sources (Dermer 1995; Huang et al. 1999; Fan et al. 2013).
Thanks to the Fermi Large Area Telescope (Fermi/LAT), one can observe a sample of thousands of blazars (e.g. Ajello et al. 2022) and study the high-energy leptonic or hadronic models. However, the hadronic model for blazars is argued to be ruled out with the evidence of the high optical to the X-ray polarisation ratio (Agudo et al. 2025). The hadronic processes for a single emission region and/or multiple emission regions expect the polarisations in the X-ray band to be comparable to those in the optical band (Zhang et al. 2024). Therefore, the low polarisation from the X-ray, compared to the optical band, favours a leptonic scenario in which the low-energy photons are up-scattered to the X-ray band in BL Lacs. In addition, the multi-wavelength polarisations for BL Lacs also support the view that the IC scattering from the electrons dominates at the X-ray energies, regardless of the jet compositions and emission models (Liodakis et al. 2025). These phenomena suggest that the leptonic jet model is a prominent scenario in blazars’ γ-ray sky.
From the 4 yrs of Fermi observations, Ghisellini et al. (2017) analysed a sample of 747 blazars and showed that the observed γ-ray luminosities span a broad range from 1042 to 1050 erg s−1. BL Lacs are typically found at lower redshifts (z ≲ 1) and exhibit lower average luminosities with a harder γ-ray photon index (Γγ = αγ + 1), while FSRQs are located at intermediate to high redshifts and display higher average luminosities with a softer γ-ray photon index. A Fermi blazar sequence is proposed from a BL Lac population with the lower IC luminosity and the higher IC peak frequency extending to an FSRQ population with the higher IC luminosity and lower IC peak frequency. This phenomenon is explained by the different beaming patterns between the SSC and EC models (Fossati et al. 1998; Ghisellini et al. 2017; Boula et al. 2026).
Besides the Fermi blazars, radio galaxies also appear in the γ-ray sky (Abdo et al. 2010c; Ajello et al. 2022), and a comparable number between γ-ray FR Is and FR IIs is found in Paliya et al. (2024) and Paliya et al. (2025). However, even though FR 0 is the dominant population of the local Universe, only a few have been detected or proposed as candidates by Fermi/LAT (Grandi et al. 2016; Baldi et al. 2019b; Paliya 2021; Pannikkote et al. 2023). Instead of the radio morphology and radio power, an accretion-ejection scenario seems to be more physically relevant to link radio galaxies and blazars: LERGs are suggested to be potential parent populations of the BL Lacs (Laing et al. 1994; Giommi et al. 2012; Chen et al. 2015; Mooney et al. 2021), in which FR 0 LERGs are highly connected to the nearby high-synchrotron peaked BL Lacs, sharing the similarities of the accretion disc, jet formation mechanisms, and clusters of the environments, (Massaro et al. 2020; Ye et al. 2025). HERGs (mostly FR IIs) exhibit a luminous accretion disc and a powerful jet, similar to the FSRQs (Meyer et al. 2011; Best & Heckman 2012; Chen et al. 2015; Keenan et al. 2021). Suppose that the distinct beaming patterns (SSC and EC models) help distinguish Fermi BL Lacs from FSRQs. In that case, the same principle may also apply to separate Fermi LERGs from HERGs, offering new insights into the Fermi blazar–radio galaxy connection. This motivates the present paper, where we compiled a sample of Fermi blazars and radio galaxies to discuss the high-energy leptonic models (SSC or EC), and proposed arguments in favour of a unified scenario between blazars and radio galaxies. Throughout the whole paper, a Λ cold dark matter cosmology, ΩΛ ∼ 0.7, ΩM ∼ 0.3, and H0 = 70 km s−1 Mpc−1, is considered.
2. Samples
2.1. Blazars
In this paper, we considered the BL Lacs and FSRQs using the fourth catalogue of AGNs detected by the Fermi/LAT (4LAC) based on 12 years of data (Data Release 3; 4LAC-DR3), which includes 1667 blazars with available redshifts (Ajello et al. 2022). Four of the 1667 blazars (4FGL J0601.3-7238, 4FGL J0654.0-4152, 4FGL J0719.7-4012, and 4FGL J0828.3+4152) show extremely low γ-ray luminosities (log Lγ < 40 erg/s) and could be misclassified as blazars. Therefore, these four sources were discarded. Meanwhile, 41 of 1663 blazars were cross-checked with the radio morphology, radio core dominance, and radio spectral index; these blazars were re-classified as Fermi radio galaxies in Paliya et al. (2024) and Paliya et al. (2025). Therefore, the final blazar sample is 1622 sources, with 838 BL Lacs and 784 FSRQs.
The redshift distribution of BL Lacs spans 0.002 ≤ z ≤ 3.528 with an average value of ⟨zB⟩ = 0.43 ± 0.01, whereas FSRQs range from z = 0.029 to z = 4.313 with a higher average redshift of ⟨zF⟩ = 1.20 ± 0.02. The γ-ray luminosities of 1622 blazars were computed using the integrated photon flux in the 1–100 GeV band, following the procedure described in Yang et al. (2022b) and Xiao et al. (2022). The average γ-ray luminosity of FSRQs (log Lγ = 46.09 ± 0.03 erg/s) is significantly higher than that of BL Lacs (log Lγ = 44.92 ± 0.03 erg/s). The two populations exhibit statistically significant differences in both luminosity and photon-index distributions, as confirmed by Kolmogorov–Smirnov (K–S) tests with p < 10−4 for each parameter.
Ghisellini et al. (2011) investigated the relation between the γ-ray spectral index and γ-ray luminosity (Γγ–Lγ) and argued that the different loci of BL Lacs and FSRQs in this plane reflect differences in jet power, ambient environment, and dominant high-energy emission mechanisms (Ghisellini & Tavecchio 2009; Ghisellini et al. 2011; Sbarrato et al. 2012, 2014; Ghisellini et al. 2017). Our Γγ–Lγ diagram (Fig. 1) for the enlarged blazar sample exhibits a similar distribution to that reported by Ghisellini et al. (2011), further reinforcing the separation between FSRQs and BL Lacs that arises from their different accretion regimes and high-energy radiation mechanisms (Sbarrato et al. 2012; Paliya et al. 2021).
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Relation between the γ-ray luminosities (Lγ) and γ-ray photon indices (Γγ). The green triangle is for LERGs, the green square is for FR 0 LERGs, and the black pentagram is for HERGs. BL Lacs are in red diamonds, while FSRQs are in blue circles.



2.2. Radio galaxies
The classical classification of radio galaxies (FR I or FR II) is based on their jet extended morphology, which was found to be related to the radio power (Fanaroff & Riley 1974). However, this observational radio dichotomy may hide the physical nature of their central engines among the subclasses of radio galaxies (Hardcastle et al. 2007). The LERGs and HERGs are separated by the emission-line properties, as indicated by the accretion-ejection paradigm (Heckman & Best 2014). The accretion-ejection diagram between LERGs and HERGs is a more physical classification criterion for radio galaxies, and the differences are explained by the changes in the accretion rate from inefficient to efficient discs (Ghisellini & Celotti 2001; Hardcastle et al. 2007; Buttiglione et al. 2010; Best & Heckman 2012; Heckman & Best 2014; Mingo et al. 2022).
From the 14 years of observations of the fourth Fermi catalogue (4FGL-DR4), 53 γ-ray radio galaxies have been reported (Abdollahi et al. 2022). Recently, Paliya et al. (2024) and Paliya et al. (2025) systematically examined the radio morphologies of γ-ray AGNs and applied three diagnostic criteria to identify misaligned γ-ray radio galaxies: (i) optical spectra dominated by narrow emission lines and/or galaxy spectral features, (ii) low radio core dominance (R < 1), and (iii) steep radio spectra (αr > 0.5). Using these diagnostics, they identified 113 additional Fermi radio galaxies that satisfy at least two of the three criteria, bringing the total number of Fermi radio galaxies to 166.
We first cross-matched these 166 sources with the literature and identified 23 radio galaxies with optical classifications as LERGs or HERGs3 based on the BPT (Baldwin–Phillips–Terlevich) diagram (e.g. Buttiglione et al. 2010). The classifications are listed in Col. (6) with the reference in Col. (7) in Table A.1.
We then cross-checked the Sloan Digital Sky Survey (SDSS4) for optical spectra for the remaining sources and identified 24 objects with sufficient emission-line information to be classified using the BPT diagram, following the procedure of Chilufya et al. (2025). Figure 2 shows the distribution of the SDSS subsample in the BPT diagram, with the delimitation curves from Kauffmann et al. (2003), Kewley et al. (2001), and Cid Fernandes et al. (2010) separating the star-forming, composite, LERG, and HERG regimes. Among the SDSS sources with measured [N II]/Hα and [O III]/Hβ ratios, 20 lie below the dash–dotted orange line and are classified as LERGs (green triangles), while four fall above the boundary and are classified as HERGs (black pentagons). In total, the BPT analysis yields 36 LERGs and 11 HERGs.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. BPT diagnostic diagram showing the emission-line ratios log([N II]/Hα) versus log([O III]/Hβ) for the SDSS-selected sample. The demarcation curves from Kauffmann et al. (2003), Kewley et al. (2001), and Cid Fernandes et al. (2010) are shown to separate star-forming, composite, LERG, and HERG regimes. Sources located below the dash–dotted orange line are classified as LERGs (green triangles), while those above are classified as HERGs (black pentagons).



For unclassified radio galaxies, we assigned tentative classifications based on partial spectral information. Sources exhibiting prominent broad emission lines (e.g. 3C 120) are classified as HERGs, whereas those displaying very weak or absent emission lines, consistent with typical LERG spectra in Buttiglione et al. (2010), are classified as LERGs. In total, 18 radio galaxies were classified in this case, yielding 12 LERGs and 6 HERGs, as is shown in Table A.2.
Fermi observations have also established the presence of γ-ray FR 0s. The first source, Tol 1326−379, was identified by Grandi et al. (2016) and subsequently examined by Fu et al. (2022). Stacking analyses by Paliya (2021) revealed three additional FR 0 candidates, and Pannikkote et al. (2023) expanded this number to seven, all classified as LERGs based on the BPT diagram (Grandi et al. 2016; Pannikkote et al. 2023). Since LEDA 55267 is already included in Fermi catalogue, we incorporated the seven FR 0 LERGs (Col. 6 in Table A.1) to further enlarge our Fermi radio galaxy sample.
In summary, our final Fermi radio galaxy sample comprises 55 LERGs and 17 HERGs. The LERGs span a redshift range of 0.001 ≤ z ≤ 0.681 with an average value of ⟨zL⟩ = 0.11 ± 0.02, while the HERGs span 0.028 ≤ z ≤ 1.048 with an average value of ⟨zH⟩ = 0.23 ± 0.07.
In the Γγ–Lγ plane (Fig. 1), LERGs tend to occupy the region of lower γ-ray luminosities (⟨log Lγ⟩ = 43.13 ± 0.14 erg/s) and flatter photon indices (⟨Γγ⟩ = 2.19 ± 0.04), whereas HERGs cluster at higher γ-ray luminosities (⟨log Lγ⟩ = 43.93 ± 0.25 erg/s) with steeper photon indices (⟨Γγ⟩ = 2.46 ± 0.06). Overall, LERGs and HERGs populate distinct regions in Γγ − Lγ diagram, similar to the case of blazars (Ghisellini et al. 2011), supporting a unified scenario in which BL Lacs correspond to the LERG population and FSRQs align with HERGs.
3. Discussion
The physical processes underlying the γ-ray emission in RLAGNs are not firmly established; however, it is commonly assumed that misaligned AGNs experience the same emission processes as their beamed counterparts (e.g. blazars; Abdo et al. 2010c; Grandi 2012; Angioni et al. 2017). The relation between the γ-ray luminosities and the radio-core luminosities was presented in Ghisellini et al. (2005) for three EGRET5γ-ray FR Is (Cen A, NGC 6251, and M 87), which was later confirmed by Grandi (2012) with a sample of 11 Fermi misaligned RLAGNs (8 FR Is and 3 FR IIs). A similar result was also presented in Di Mauro et al. (2014) for 12 Fermi radio galaxies (8 FR Is and 4 FR IIs) and also FR 0s (Khatiya et al. 2024), and they found that the slope coefficient of the correlation for radio galaxies is similar to the correlation for blazars. This might indicate that the γ-ray emission mechanism is similar between radio galaxies and blazars.
However, one must also remember redshift as a significant observational bias. The HERGs (⟨zH⟩ = 0.23) have a higher average redshift than the LERGs (⟨zL⟩ = 0.11). The FSRQs are generally observed at higher redshifts (⟨zF⟩ = 1.20), while BL Lacs are typically found at lower redshifts (⟨zB⟩ = 0.43). Unfortunately, the definition of BL Lacs (EW < 5 Å; Stickel et al. 1991) prevents one from getting spectroscopic redshift measurements for BL Lacs if the jet continuum is boosted and significantly dominates the emission-line width (Foschini 2012; Chen et al. 2025). Therefore, an observational bias of redshift could artificially produce the positive tendency from BL Lacs (LERGs) to FSRQs (HERGs) in the plot of Γγ–Lγ, and obscure the true physical origin of the separation. To mitigate the redshift bias, we adopted the Compton dominance (CD) parameter, defined as the ratio of the flux densities of the IC to the synchrotron peak emission, and other statistical tests to explore the redshift dependence.
3.1. Compton dominances and unifications
The CD is essentially a redshift-independent quantity, defined as the ratio of the IC peak luminosity (LIC) to the synchrotron peak luminosity (Lsyn) or the ratio of the IC peak flux (fIC) to the synchrotron peak flux (fsyn), CD = νICLIC/νsynLsyn = νICfIC/νsynfsyn. The CD is a high-energy to low-energy emission ratio, reducing the redshift dependence (Abdo et al. 2010a; Paliya et al. 2021).
We compiled CD values for Fermi blazars and radio galaxies from Paliya et al. (2021) and Chen et al. (2023). In total, CD values were obtained for 882 blazars and 48 radio galaxies. The resulting CD distributions are shown in Fig. 3. A K–S test comparing the CD distributions of 324 BL Lacs and 558 FSRQs yields a probability of p < 10−4, indicating that the two populations are statistically distinct. As is discussed in Paliya et al. (2021), FSRQs typically exhibit higher CD values and are thus more strongly Compton-dominated, whereas BL Lacs tend to have lower CD values, reflecting a weaker Compton component. The dividing line at CD = 1 corresponds to the transition where the high-energy peak becomes dominant over the synchrotron peak, marking a shift in the underlying leptonic emission mechanism from SSC–dominated to EC-dominated scenarios.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Distribution of the CDs for blazars (upper panel) and radio galaxies (lower panel). Both of them scale into the same bin.



For SSC-dominated sources, the SSC emission is related to γ-ray Doppler factors as fSSC ∼ δγ3 + αγ, and the synchrotron emission is related to the radio Doppler factors, fsyn ∼ δr3 + αr. The radio spectral index for blazars is flat with the assumption of αr ∼ 0 (Capetti et al. 2002a; Abdo et al. 2010a; Fan et al. 2016), and the γ-ray Doppler factors from Zhang et al. (2002), Zhang et al. (2020), and Chen et al. (2024) are in the similar ranges and averages to the variability Doppler factors from the long-term radio observations (Liodakis et al. 2018); namely, δγ ≈ δr. Therefore, the CD for the SSC-dominated sources may serve as
[image: Mathematical equation: $$ \begin{aligned} \log \mathrm{CD} = \log \left(\frac{\textit{f}_{\mathrm{SSC}}}{\textit{f}_{\mathrm{syn}}}\right) \propto \log \left( \frac{\delta _{\gamma }^{3+\alpha _\gamma }}{\delta _{\mathrm{r}}^3} \right) \propto \log (\delta _{\gamma }) \cdot \alpha _\gamma .\end{aligned} $$](1)
However, for EC-dominated sources, the CD goes with the γ-ray spectral index as
[image: Mathematical equation: $$ \begin{aligned} \log \mathrm{CD} = \log \left(\frac{\textit{f}_{\mathrm{EC}}}{\textit{f}_{\mathrm{syn}}}\right) \propto \log \left( \frac{\delta _{\gamma }^{4+2\alpha _\gamma }}{\delta _{\mathrm{r}}^3} \right) \propto (2\log \delta _{\gamma }) \cdot \alpha _\gamma .\end{aligned} $$](2)
Therefore, in the plot of the γ-ray spectral index and the CD (Γγ−CD), we would expect a broken slope changing from SSC-dominated sources (e.g. BL Lacs) to EC-dominated ones (e.g. FSRQs). The expected broken slope between BL Lacs and FSRQs is confirmed in Fig. 4. When a linear regression in the Γγ−CD diagram is considered between BL Lacs and FSRQs, we obtained
[image: Mathematical equation: $$ \Gamma _{\gamma } = {\left\{ \begin{array}{ll} (0.27 \pm 0.03)\,\log \mathrm{CD} + (2.13 \pm 0.02),&\text{ BL} \text{ Lacs,} \\ (0.08 \pm 0.02)\,\log \mathrm{CD} + (2.43 \pm 0.01),&\text{ FSRQs,} \end{array}\right.} $$]
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Relation between the CD and the γ-ray photon indices (Γγ). The labels are the same as Fig. 1. The solid red line is the linear regression for BL Lacs [Γγ = (0.27 ± 0.03) logCD + (2.13 ± 0.02)], and the dashed blue line is the linear regression for FSRQs [Γγ = (0.08 ± 0.02) logCD + (2.43 ± 0.01)].



where a correlation coefficient of 0.44 and a probability of p < 10−4 for BL Lacs, and a correlation coefficient of 0.21 and a probability of p < 10−4 for FSRQs. The corresponding linear regressions for both BL Lacs (solid red line) and FSRQs (dashed blue line) are shown in Fig. 4.
As can be seen in the lower panel of Fig. 3, a potential bimodality also appears, with 35 LERGs having an average ⟨logCDL⟩= − 0.03 ± 0.11, but 13 HERGs having a higher average of ⟨logCDH⟩ = 0.15 ± 0.13, supporting that an EC mechanism starts dominating in HERGs. The K-S test reveals differences in CD between 35 LERGs and 13 HERGs with p = 0.05. A potential bimodality of CD between LERGs and HERGs is similar to blazars between BL Lacs and FSRQs (Paliya et al. 2021).
In the plot of Γγ−CD, we could find that LERGs are located with the BL Lacs, with the smaller CD and harder spectral index, while HERGs are together with the FSRQs, sharing the higher CD and softer spectral index These results invoke common signatures of jet radiation mechanisms between the two classes of blazars and radio galaxies, in which BL Lacs reconcile with LERGs with the SSC-dominated radiation, whereas FSRQs reconcile with HERGs with the EC-dominated process. In summary, the Γγ–CD plane is able to simultaneously distinguish BL Lacs from FSRQs, as well as LERGs from HERGs, strengthening the connection between the two classes of blazars and radio galaxies through common accretion-ejection physics.
3.2. Accretion and ejection
The dichotomy observed in the Γγ − Lγ plane (Fig. 1) emerges for both blazars and their misaligned counterparts. On average, HERGs exhibit higher γ-ray luminosities and softer photon indices than LERGs. In HERGs, the external low-energy seed photons from the broad line region, the torus, and the radiatively efficient disc (present in HERGs and not in LERGs, Tadhunter 2008; Heckman & Best 2014) are efficiently up-scattered by relativistic jets, leading to the higher γ-ray luminosities with softer γ-ray spectra due to the faster energy losses of the relativistic electrons. In contrast, the SSC process in LERGs relies on seed photons originating from the internal synchrotron emission of the jets, producing the lower γ-ray luminosities with the harder γ-ray spectra observed by Fermi. This result supports a unified picture: the γ-ray emissions of both BL Lacs and LERGs are powered by SSC, while those of FSRQs and HERGs are dominated by EC.
While this framework primarily applies to γ-ray emission produced in the inner jet regions, additional contributions from external seed photons on larger spatial scales may also be relevant in some sources. A notable example is the nearby radio galaxy Centaurus A, for which extended γ-ray emission has been detected from its radio lobes (Abdo et al. 2010b). In this case, the lobe component accounts for more than half of the total γ-ray output and is commonly interpreted as IC scattering of CMB photons. This indicates that, in Fermi radio galaxies with significant extended emission, the observed γ-ray luminosity may not be directly linked to the central engine or to the accretion disc properties.
Furthermore, Paliya et al. (2021) recently proposed that the CD can be considered as a powerful parameter to reveal the physics of the central engine in beamed AGNs: the low-accretion-rate sources have lower CD, and high-accretion-rate sources exhibit larger CD. This positive tendency has since been discussed and supported by a large Fermi sample including Fermi blazars, narrow-line Seyfert galaxies, and radio galaxies (Chen et al. 2023). These results strengthen the argument that CD can be considered a good proxy for the accretion rate in RLAGNs. For further support of the accretion rate differences, we also collected the bolometric (thermal) luminosities and the BH masses from Paliya et al. (2021), in which they compiled a sample of Fermi blazars with the spectroscopic information from SDSS, and obtained the bolometric luminosities from the broad emission-line luminosities with the assumption, LBLR = 0.1Lbol (Ghisellini et al. 2014). However, for BL Lacs with featureless emission spectra, the bolometric luminosities were estimated from the 3σ upper limits of the total emission-line luminosity (Paliya et al. 2021). With the goal of deriving the accretion rate (Lbol/LEdd), we collected the BH masses and bolometric luminosities for both BL Lacs and FSRQs from Paliya et al. (2021) and Chen et al. (2023). The accretion-rate distributions of 320 BL Lacs and 564 FSRQs (Fig. 5) differ significantly, as confirmed by a K–S test with the probability of p < 10−4.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Distribution of the accretion rates (Lbol/LEdd) for blazars (upper panel) and radio galaxies (lower panel). Both of them scale into the same bin.



The accretion rate, Lbol/LEdd (i.e. Eddington ratio), for radio galaxies is derived from the bolometric (thermal) emission, estimated from the isotropic [O III] (λ5007 Å) emission line luminosity from the narrow line region, Lbol = 3500L[O III] (Heckman et al. 2004; Heckman & Best 2014). If the [O III] emission lines were not available from the literature or SDSS, we considered the Chandra 2–7 keV X-ray luminosity (Evans et al. 2010) as an indicator of the bolometric luminosity (Lusso et al. 2012; López et al. 2024). We adopted the relation, Lbol = 9.588LX, for LERGs (López et al. 2024), or computed the bolometric luminosity for BLRGs (Type-I) or HERGs (Type-II) from the cubic functions between the bolometric and 2–10 keV X-ray luminosities of Lusso et al. (2012).
If the stellar velocity dispersions from the SDSS and/or HyperLeda website (http://atlas.obs-hp.fr/hyperleda, Makarov et al. 2014) were available, then the BH masses were computed from the relation between the BH masses and velocity dispersion Tremaine et al. (2002, labelled S-T02 or M14-T02 in Tables A.1 and A.2); otherwise, the BH masses were obtained from the literature. The γ-ray properties, bolometric luminosities, and BH masses for those 7 FR 0 LERGs were directly collected from the Grandi et al. (2016), Baldi et al. (2018), and Pannikkote et al. (2023).
Finally, we obtained a sample of 61 radio galaxies (49 LERGs, 12 HERGs) with available accretion rates, as presented in Tables A.1 and A.2. A double peak of log(Lbol/LEdd) between LERGs and HERGs is also shown in the lower panel of Fig. 5. The Eddington ratio for LERGs ranges from log(Lbol/LEdd) = − 5.75 to log(Lbol/LEdd) = − 1.88, with an average of −3.57 ± 0.12, while for HERGs, it ranges from log(Lbol/LEdd) = − 2.94 to log(Lbol/LEdd) = 0.19, with an average of −1.79 ± 0.26.
A K-S test probability for the Eddington ratio between 49 LERGs and 12 HERGs is p < 10−4, supporting the idea that their accretion rates are significantly different, as has also been reported in other studies (e.g. Best & Heckman 2012; Grandi et al. 2021; Chilufya et al. 2025; Arnaudova et al. 2025). This bimodality not only implies a switch of the disc from inefficient to efficient, but also a switch towards a unified accretion scenario between radio galaxies and blazars: a low efficient disc (e.g. ADAF; Heckman & Best 2014; Torresi et al. 2022; Ye et al. 2025) in both LERGs and BL Lacs, and a high efficient standard disc in both HERGs and FSRQs.
The symbiotic relationship between accretion and ejection in blazar and radio galaxies is strongly supported by population studies (Ghisellini & Celotti 2001; Abdo et al. 2010c; Xie & Zhang 2012; Sbarrato et al. 2012, 2014; Ghisellini et al. 2014; Chen et al. 2015; Paliya et al. 2021). The relation between the bolometric luminosities (indicator for accretion) and the γ-ray luminosities (indicator for jet) is plotted in Fig. 6. The strong correlation between them is evident for both blazars and radio galaxies, as shown in the upper panel of Fig. 6. Whereas for HERGs the statistics are limited by the small number of objects, these tight relationships persist for BL Lacs, FSRQs, and LERGs even after applying the Spearman partial rank correlation6, which considers the effect of redshift (see Table 2), with a probability of p < 10−4. In addition, we can note that LERGs and BL Lacs show parallel relations, with the latter, of course, γ-ray-louder. These results further support the existence of accretion–jet symbiosis in RLAGNs.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Relation between the γ-ray luminosities, Lγ, and the bolometric luminosities, Lbol (upper panel), or the accretion rate, Lbol/LEdd (lower panel), for blazars and radio galaxies. The labels are the same as Fig. 1.



Table 1. 
Parameters for Fermi blazars (extract).

Table 2. 
Spearman partial rank correlation results for Lγ–Lbol for Fermi RLAGNs (Fig. 6).

In the lower panel of Fig. 6, we presented the relation between γ-ray luminosity and the accretion rate [log(Lbol/LEdd)] for RLAGNs. Notably, the slope changes significantly from BL Lacs to FSRQs, implying the presence of two distinct central engines separated at log(Lbol/LEdd)∼ − 2 (also evident in Fig. 5), which is the standard separation from (quasar-like) radiatively efficient and (ADAF-type) radiatively inefficient disc physics (Ghisellini et al. 2011; Heckman & Best 2014). Interestingly, for BL Lacs, γ-ray luminosity increases with the Eddington ratio, whereas in FSRQs the relation between the accretion rate and γ-ray luminosity becomes nearly flat above log(Lbol/LEdd) >  − 2. However, the contribution of Doppler boosting to the γ-ray luminosities and the dependence on the jet orientation and bulk velocity make this diagram difficult to interpret in relation to two accretion and ejection states. Further studies on jet and high-energy emission for RLAGNs could shed new light on the physical segregation of different classes noted in Fig. 6.
In comparison, Fermi radio galaxies, with accretion rates comparable to those of blazars, exhibit systematically lower γ-ray luminosities, forming a roughly parallel correlation. Assuming a linear relation between the bolometric luminosity (or accretion rate) and the γ-ray luminosity (Ghisellini et al. 2014), i.e. log Lbol = alog Lγob + b, and adopting log Lγob = log Lγin + plog δ when the observed γ-ray emission is Doppler-boosted for blazars, we obtain log Lbol = a × log Lγin + [b + (a * p)log δ], where a, b, and p are the slope, intercept, and the different jet models7, respectively. Since the bolometric luminosity (and hence accretion rate, because it is derived from the emission lines) is an isotropic quantity for both radio galaxies and blazars, the slopes of the two populations are expected to be similar. The parallel relations observed in Fig. 6 support a unified accretion–ejection scenario, at least for LERGs and BL Lacs. Owing to the limited HERG sample, no FSRQ-like trend is identifiable among the HERGs.
This observed bimodality in the accretion and ejection is also clearly reflected in the Γγ–Lbol/LEdd plane (Fig. 7), where a noticeable change in slope is observed from BL Lacs to FSRQs. This pronounced transition strongly supports the shift between SSC- and EC-dominated emission mechanisms. At low accretion rates (log(Lbol/LEdd) <  − 2), the γ-ray spectral index remains more or less flat for BL lacs. However, as the accretion rate becomes higher (log(Lbol/LEdd) >  − 2) to form a standard disc, the spectral index becomes significantly softer for FSRQs. Within a high-radiative disc environment, the presence of abundant external seed photons in the broad line region or dusty torus, stimulated by the central accretion disc, effectively cools the relativistic electrons, leading to a rapid steepening of the γ-ray spectrum. This provides clear evidence of the accretion–ejection connection and the existence of distinct beaming patterns between BL Lacs and FSRQs. Both the CD and broad emission-line luminosities are anti-correlated with the synchrotron peak frequency, showing a sequence from FSRQs to BL Lacs (Paliya et al. 2021; Chen et al. 2024). These results suggest that the Compton cooling effects are an explanation for the blazar sequence and also strongly support the accretion-ejection scenario between BL Lacs and FSRQs.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Relation between the accretion rates (Lbol/LEdd) and γ-ray photon indices (Γγ). The labels are the same as Fig. 1.



To further test whether the observed differences in blazars could be affected by redshift-related selection bias, we repeated the analysis using redshift-matched blazar subsamples (z ≤ 1.048), comparable to the redshift range of the Fermi radio galaxy sample. The statistical results remain consistent with those obtained from the full samples. The K–S tests were performed on the distributions of the γ-ray luminosity, γ-ray photon index, CD, and the accretion rate, and we found that all comparisons yield p < 0.05, indicating that BL Lacs and FSRQs are significantly different in these properties. Specifically, BL Lacs continue to populate the low-luminosity (⟨log Lγ⟩ = 44.78 ± 0.03 erg/s), low spectral-index (⟨Γγ⟩ = 2.00 ± 0.01), low Compton-dominance (⟨logCD⟩= − 0.43 ± 0.02), and low-accretion-rate (⟨log Lbol/LEdd⟩= − 2.97 ± 0.06) regime, whereas FSRQs are associated with higher luminosities (⟨log Lγ⟩ = 45.53 ± 0.05 erg/s), steeper spectral indices (⟨Γγ⟩ = 2.43 ± 0.01), higher CDs (⟨logCD⟩ = 0.37 ± 0.03), and higher accretion rates (⟨log Lbol/LEdd⟩= − 1.08 ± 0.03). These results confirmed that the trends discussed above are not driven by redshift differences, but instead reflect intrinsic physical distinctions between BL Lacs and FSRQs, in agreement with the full-sample analysis. In summary, the accretion rate and γ-ray properties separate well the SSC-dominated low accretors (LERGs and BL Lacs) from the EC-dominated high accretors (HERGs and FSRQs), which supports the scenario of a possible common accretion-ejection scenario between blazars and radio galaxies.
4. Conclusions
We compiled a sample of Fermi blazars and radio galaxies with the γ-ray luminosities, γ-ray spectral indices, CD, and accretion rates to discuss their radiation mechanisms and potential unification between blazars and radio galaxies. Here are the conclusions:

	
The distinct regions occupied by BL Lacs and FSRQs in the Γγ–Lγ plane can be attributed to different beaming patterns associated with SSC and EC mechanisms. We also found a similar tendency from LERGs to HERGs, suggesting common high-energy mechanisms between BL Lacs-LERGs (SSC) and FSRQs-HERGs (EC).



	
We analysed the different beaming patterns with the CD, and predicted a slope change from SSC-dominated sources [logCD ∝ (log δγ)⋅αγ] to EC-dominated ones [logCD ∝ (2log δγ)⋅αγ)]. This phenomenon is confirmed by a sample of 882 blazars. A significant change in the Γγ-CD diagram is presented between BL Lacs and FSRQs, in which LERGs and HERGs are also located in a similar area as blazar distributions, better reinforcing the beaming pattern (SSC and EC) models for BL Lacs-LERGs and FSRQs-HERGs.



	
A clear transition from BL Lacs to FSRQs is observed in the Γγ–Lbol/LEdd plane, which clearly provides compelling evidence for the accretion–ejection dichotomy between BL Lacs and FSRQs. Furthermore, the clear differences in blazars also successfully distinguish between LERGs and HERGs, suggesting the existence of two accretion-ejection modes for BL Lacs-LERGs and FSRQs-HERGs. We also note that the FR 0s are consistent with the LERG population in general (Baldi & Capetti 2010; Baldi et al. 2019a).




All these results represent evidence that BL Lacs-LERGs and FSRQs-HERGs correspond to two different accretion-ejection mechanisms, regardless of the extended radio morphology, which is consistent with earlier studies (Laing et al. 1994; Xu et al. 2009; Giommi et al. 2012). In radiatively efficient systems, such as FSRQs and HERGs (generally FR IIs), the accretion disc is capable of illuminating the broad- and narrow-line regions, and the dusty torus, creating a photon-rich environment around the relativistic jet. This abundance of external photons leads to efficient cooling of relativistic electrons, preventing them from reaching very high energies. As a result, the high-energy spectral peak occurs at lower frequencies and exhibits a steeper slope in Fermiγ-ray observations. Conversely, in radiatively inefficient accretion systems, such as BL Lacs and LERGs (FR 0s, FR Is, FR IIs), the surrounding nuclear environments remain similar but photon-poor (Capetti et al. 2005). The scarcity of seed photons allows jet electrons to attain higher energies, and phenomenalizes a high-frequency peak and a flatter γ-ray spectrum. Further multi-band studies on statistically complete samples of aligned and misaligned radio galaxies are needed to test the robustness of a unification scheme between FSRQs-HERGs and BL Lacs-LERGs.

Data availability
Table 1 is available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/708/A56.
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1 The λEdd = Lbol/LEdd is a commonly used proxy for the accretion rate and is a dimensionless Eddington ratio between the bolometric luminosity and the Eddington luminosity, LEdd = 1.38 × 1038(M/M⊙) erg/s, in which M/M⊙ is the black hole (BH) mass in the unit of the solar mass (e.g., Raimundo & Fabian 2009).


2 The Doppler factor is defined by the Lorentz factor (Γ) and the jet viewing angle (θ), δ = (Γ(1 − β cos θ))−1, and [image: Mathematical equation: $ \Gamma = 1/\sqrt{1-\beta^2} $], where β is the bulk velocity in the unit of the speed of light (β = v/c).


3 We group narrow-lined HERGs and broad-lined radio galaxies (BLRGs) together, as BLRGs represent type-I HERGs whose broad permitted lines are visible in optical spectra (e.g. Morganti et al. 1999; Buttiglione et al. 2010; Baldi et al. 2013; Mingo et al. 2014; Sadler et al. 2014; Ineson et al. 2015; Macconi et al. 2020; Boccardi et al. 2021).


4 SDSS website: www.sdss.org


5 The Energetic Gamma-Ray Experiment Telescope.


6 The Spearman partial rank correlation coefficient estimates the correlation between two variables while accounting for the influence of a third. If variables A and B are both correlated with variable z, the partial correlation is given by [image: Mathematical equation: $ \rho_{\mathrm{AB,}z}=\frac{\rho_{\mathrm{AB}}-\rho_{\mathrm{A}z}\rho_{\mathrm{B}z}}{\sqrt{(1-\rho^2_{\mathrm{A}z})(1-\rho^2_{\mathrm{B}z})}} $].


7 p = 2 + α is for a continuous jet model, and p = 3 + α is for a spherical jet model (Ghisellini et al. 1993; Urry & Padovani 1995).
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      Table 1. 

      Parameters for Fermi blazars (extract).

      
        


	4FGL name
	z
	Class
	Γγ
	log Lγ
	log Lbol
	CD
	log(Lbol/LEdd)
	Ref



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	J0001.5+2113
	1.106
	FSRQ
	2.65
	46.54
	44.65
	30.9
	–1.03
	P21



	J0003.2+2207
	0.100
	BL Lac
	2.12
	43.21
	42.74
	0.21
	–3.50
	P21



	…
	…
	…
	…
	…
	…
	…
	… …
	…





      

      
Notes. Col. (1) the source name; Col. (2) the redshift; Col. (3) the classification; Col. (4) the γ-ray photon index; Col. (5) the γ-ray luminosity in the unit of erg/s; Col (6) the bolometric luminosity in the unit of erg/s; Col. (7) the CD; Col. (8) the accretion rate; Col. (9) the reference for both the CD and the accretion rate, P21 for Paliya et al. (2021).

A portion of the table is listed here for indication. The full table is available at the CDS.



    

  
    
      Table 2. 

      Spearman partial rank correlation results for Lγ–Lbol for Fermi RLAGNs (Fig. 6).

      
        


	Class
	Spearman ρAB
	Probability
	Partial Spearman ρAB, z





	FSRQ
	0.52
	< 10−4
	0.05



	BL Lac
	0.83
	< 10−4
	0.35



	LERG
	0.66
	< 10−4
	0.48



	HERG
	0.04
	0.91
	0.16





      

      
Note.ρAB is the standard Spearman correlation coefficient, and the corresponding probability refers to the null hypothesis of no correlation. ρAB, z is the Spearman partial rank correlation coefficient, which accounts for the common dependence of variables A (γ-ray luminosity) and B (bolometric luminosity) on z (redshift).
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      Table A.1. 

      Parameters for Fermi radio galaxies with the classification based on the BPT diagram.

      
        


	4FGL Name
	Other name
	z
	[N II]/Hα
	[O III]/Hβ
	Class
	Ref
	Γγ
	log Lγ
	CD
	Ref
	log Lbol
	Ref
	log(Lbol/LEdd)
	Ref



	 (1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)





	J0003.2+2207
	LEDA 1663156
	0.099
	
	
	LERG (FR0)
	P23
	2.14
	43.60
	
	
	42.98
	P23
	-3.14
	P23



	J0014.2+0854
	MS 0011.7+0837
	0.163
	0.17
	-0.30
	LERG
	SDSS
	2.50
	43.76
	0.43
	P21
	43.74
	SDSS
	-3.21
	S-T02



	J0038.7-0204
	3C 17
	0.22
	
	
	HERG
	B10
	2.76
	43.92
	5.89
	C23
	45.53
	B10
	-1.28
	S07



	J0049.0+2252
	PKS J0049+2253
	0.264
	0.38
	0.35
	LERG
	SDSS
	2.28
	44.37
	0.62
	P21
	44.17
	SDSS
	-2.69
	S-T02



	J0154.3-0236
	LEDA 144405
	0.082
	
	
	LERG (FR0)
	P23
	2.17
	43.56
	
	
	43.94
	P23
	-3.58
	P23



	J0308.4+0407
	NGC 1218
	0.029
	
	
	LERG
	B10
	2.01
	43.07
	0.45
	C23
	42.95
	B10
	-3.82
	M14-T02



	J0312.4-3221
	NVSS J031234-322315
	0.067
	
	
	LERG (FR0)
	P23
	2.22
	43.19
	
	
	44.08
	P23
	-2.75
	P23



	J0316.8+4120
	IC 310
	0.018
	-0.03
	-0.22
	LERG
	SDSS
	1.88
	42.26
	0.03
	C23
	42.83
	M14
	-3.61
	S-T02



	J0319.8+4130
	NGC 1275
	0.018
	
	
	LERG
	B10
	2.12
	44.17
	3.02
	C23
	43.14
	B10
	-3.45
	M14-T02



	J0418.2+3807
	3C 111
	0.048
	
	
	HERG
	B10
	2.76
	43.11
	0.41
	C23
	44.30
	B10
	-2.19
	E03



	J0519.6-4544
	Pictor A
	0.035
	
	
	HERG
	F85
	2.57
	42.55
	1.51
	C23
	44.44
	H16
	-1.27
	L06



	J0522.9-3628
	PKS 0521-36
	0.056
	
	
	HERG
	R87
	2.45
	44.13
	0.63
	P21
	
	
	
	



	J0708.9+4839
	NGC 2329
	0.019
	
	
	LERG
	K08
	1.72
	41.95
	0.32
	C23
	42.66
	E10
	-3.85
	M14-T02



	J0758.7+3746
	NGC 2484
	0.042
	0.40
	0.18
	LERG
	SDSS
	2.26
	42.53
	0.03
	C23
	42.26
	SDSS
	-4.49
	S-T02



	J0829.0+1755
	TXS 0826+180
	0.089
	0.17
	-0.21
	LERG
	SDSS
	2.15
	43.56
	0.19
	P21
	42.88
	SDSS
	-3.42
	S-T02



	J1116.6+2915
	B2 1113+29
	0.046
	0.53
	0.47
	LERG
	SDSS
	1.68
	42.32
	0.30
	C23
	41.90
	SDSS
	-4.84
	S-T02



	J0931.9+6737
	NGC 2892
	0.022
	
	
	LERG
	N03
	2.31
	42.50
	0.02
	C23
	
	
	
	



	J1139.6+1149
	4C +12.42
	0.081
	0.14
	0.15
	LERG
	SDSS
	2.78
	42.69
	
	
	42.38
	SDSS
	-4.36
	S-T02



	J1144.9+1937
	3C 264
	0.021
	0.16
	-0.19
	LERG
	B10
	2.01
	42.35
	0.04
	C23
	42.74
	B10
	-3.99
	M14-T02



	J1202.4+4442
	B3 1159+450
	0.297
	-0.30
	-0.65
	LERG
	SDSS
	2.47
	44.00
	0.69
	P21
	43.58
	SDSS
	-2.89
	S-T02



	J1212.1+6412
	LEDA 2665658
	0.108
	0.06
	0.06
	LERG (FR0)
	P23
	2.57
	43.83
	
	
	44.05
	P23
	-2.49
	P23



	J1149.0+5924
	NGC 3894
	0.011
	
	
	LERG
	GS04
	2.19
	41.53
	0.04
	C23
	43.63
	B21
	-3.78
	B21



	J1216.1+0930
	TXS 1213+097
	0.093
	0.14
	-0.23
	LERG
	SDSS
	2.05
	43.71
	0.30
	P21
	43.23
	SDSS
	-3.61
	S-T02



	J1226.9+6405
	GB6 J1226+6406
	0.11
	0.17
	-0.17
	LERG
	SDSS
	2.67
	42.98
	
	
	42.28
	SDSS
	-4.42
	S-T02



	J1233.6+5027
	TXS 1231+507
	0.206
	-0.14
	0.25
	LERG
	SDSS
	2.20
	44.26
	0.59
	P21
	43.87
	SDSS
	-2.78
	S-T02



	J1306.3+1113
	TXS 1303+114
	0.085
	0.38
	0.14
	LERG
	C17a
	1.87
	43.32
	0.09
	C23
	43.48
	C17a
	-3.23
	C17a



	J1230.8+1223
	M 87
	0.004
	
	
	LERG
	B10
	2.06
	41.60
	
	
	42.53
	B10
	-4.55
	M14-T02



	J1326.2+4115
	B3 1323+415
	0.309
	-0.04
	0.47
	HERG
	SDSS
	2.45
	44.34
	
	
	43.68
	SDSS
	-2.28
	S-T02



	J1327.0+3154
	B2 1325+32
	0.239
	-0.06
	0.13
	LERG
	SDSS
	2.20
	43.94
	
	
	
	
	
	



	J1325.5-4300
	Cen A
	0.001
	
	
	LERG
	SM98
	2.57
	40.51
	
	
	42.98
	Bo21
	-2.87
	C09



	J1341.2+3958
	SDSS J134105.10+395945.4
	0.172
	0.05
	-0.38
	LERG
	SDSS
	1.79
	44.26
	0.15
	P21
	43.63
	SDSS
	-3.15
	S-T02



	J1342.7+0505
	4C +05.57
	0.136
	0.07
	0.63
	HERG
	SDSS
	2.20
	43.91
	0.21
	P21
	43.91
	SDSS
	-2.69
	S-T02



	J1330.1-3818
	Tol 1326-379
	0.028
	
	
	LERG
	G16
	2.18
	43.46
	
	
	44.10
	G16
	-2.31
	G16



	J1340.1+3857
	NVSS J133849+385111
	0.246
	
	
	LERG
	B11
	2.54
	43.95
	0.50
	P21
	
	
	
	



	J1352.6+3133
	3C 293
	0.045
	0.02
	-0.05
	LERG
	SDSS
	2.64
	42.31
	
	
	42.56
	SDSS
	-3.75
	S-T02



	J1402.6+1600
	4C +16.39
	0.244
	-0.06
	0.04
	LERG
	SDSS
	2.19
	44.29
	0.19
	P21
	44.41
	SDSS
	-1.89
	S-T02



	J1443.1+5201
	3C 303
	0.141
	-0.05
	0.76
	HERG
	B10
	2.11
	43.72
	0.47
	C23
	45.28
	B10
	-1.86
	Hu16



	J1512.2+0202
	PKS 1509+022
	0.219
	0.00
	0.55
	HERG
	SDSS
	2.16
	45.28
	1.78
	P21
	44.44
	SDSS
	-1.97
	S-T02



	J1516.5+0015
	PKS 1514+00
	0.052
	0.08
	0.42
	LERG
	C17b
	2.55
	42.93
	0.47
	C23
	44.49
	C17b
	-2.42
	C17b



	J1518.6+0614
	TXS 1516+064
	0.102
	-0.07
	-0.54
	LERG
	C17a
	1.80
	43.47
	0.74
	C23
	43.40
	C17a
	-3.51
	C17a



	J1521.1+0421
	PKS B1518+045
	0.052
	-0.13
	-0.08
	LERG
	C17a
	2.07
	42.90
	0.56
	C23
	43.09
	C17a
	-3.92
	M14



	J1530.3+2709
	LEDA 55267
	0.033
	0.07
	-0.86
	LERG (FR0)
	Ba18
	1.92
	42.33
	
	
	43.21
	Ba18
	-3.07
	Ba18



	J1541.1+3451
	FIRST J154058.6+345224
	0.233
	0.14
	0.49
	LERG
	SDSS
	2.59
	43.71
	
	
	43.50
	SDSS
	-3.43
	S-T02



	J1556.1+2812
	NVSS J155611+281134
	0.208
	0.56
	-0.05
	LERG
	SDSS
	1.88
	43.82
	
	
	43.45
	SDSS
	-2.93
	S-T02



	J1606.4+1814
	NGC 6061
	0.036
	0.46
	-0.55
	LERG
	SDSS
	1.89
	42.39
	
	
	41.61
	SDSS
	-5.20
	S-T02



	J1628.8+2529
	LEDA 58287
	0.04
	
	
	LERG
	SDSS
	1.96
	42.18
	
	
	43.31
	P23
	-3.01
	P23



	J1644.2+4546
	B3 1642+458
	0.225
	0.00
	-0.26
	LERG
	SDSS
	1.86
	44.13
	0.08
	P21
	43.80
	SDSS
	-3.03
	S-T02



	J2326.9-0201
	PKS 2324-02
	0.188
	-0.05
	0.62
	HERG
	SDSS
	2.58
	43.99
	3.24
	C23
	45.44
	SDSS
	-1.46
	S-T02



	J1612.2+2828
	TXS 1610+285
	0.053
	
	
	LERG (FR0)
	P23
	2.14
	42.90
	0.05
	P21
	43.44
	P23
	-2.97
	P23



	J1612.4-0554
	LEDA 1038366
	0.029
	
	
	LERG (FR0)
	P23
	2.52
	42.72
	
	
	42.52
	P23
	-4.23
	P23



	J2330.4+1230
	TXS 2327+121
	0.144
	0.17
	0.45
	LERG
	SDSS
	2.27
	43.61
	
	
	43.85
	SDSS
	-2.89
	S-T02



	J1724.2-6501
	NGC 6328
	0.014
	
	
	LERG
	F85
	2.53
	41.52
	0.08
	C23
	42.00
	E10
	-4.73
	W10



	J1824.7-3243
	PKS 1821-327
	0.355
	
	
	HERG
	M09
	2.35
	44.80
	
	
	
	
	
	



	J2302.8-1841
	PKS 2300-18
	0.128
	
	
	HERG
	R87
	2.27
	43.63
	1.51
	C23
	45.58
	K17
	-0.97
	W04





      

      
Notes. Col. (1) the source name; Col. (2) the other name; Col. (3) redshift; Cols. (4) and (5) logarithm of the emission-line ratios [N II 6584 Å/Hα] and [O III 5007 Å/Hβ]; Cols. (6) and (7) classification [low-excitation or high-excitation radio galaxies (LERGs or HERGs)] and its reference; Col. (8) γ-ray photon index; Col. (9) γ-ray luminosities in the unit of erg/s; Cols. (10) and (11) the CD and its reference; Col. (12)-(13) the bolometric luminosity and its reference; Cols. (14) and (15) the accretion rate and its reference. If the stellar velocity dispersions from the SDSS and/or HyperLeda website (http://atlas.obs-hp.fr/hyperleda, Makarov et al. 2014) are available, then the BH masses are computed from the relation between the BH masses and velocity dispersion (Tremaine et al. 2002) (S-T02 or M14-T02); otherwise, the BH masses are obtained from the literature. References: F85 for Filippenko (1985), R87 for Robinson et al. (1987), SM98 for Simpson & Meadows (1998), T02 for Tremaine et al. (2002), E03 for Eracleous & Halpern (2003), N03 for Noel-Storr et al. (2003), W04 for Wu & Liu (2004), GS04 for Gonçalves & Serote Roos (2004), L06 for Lewis & Eracleous (2006), S07 for Sikora et al. (2007), K08 for Kollatschny et al. (2008), C09 for Cappellari et al. (2009), M09 for Masetti et al. (2009), B10 for Buttiglione et al. (2010), E10 for Evans et al. (2010), W10 for Willett et al. (2010), B11 for Buttiglione et al. (2011), M14 for Makarov et al. (2014), G16 for Grandi et al. (2016), H16 for Hardcastle et al. (2016), Hu16 for Hu et al. (2016), C17a for Capetti et al. (2017a), C17b for Capetti et al. (2017b), K17 for Koss et al. (2017), Ba18 for Baldi et al. (2018), B21 for Balasubramaniam et al. (2021), Bo21 for Borkar et al. (2021), P21 for Paliya et al. (2021); C23 for Chen et al. (2023), P23 for Pannikkote et al. (2023), SDSS for Sloan Digital Sky Survey (www.sdss.org, Abdurro’uf et al. 2022).



    

  
    
      Table A.2. 

      Parameters for Fermi radio galaxies with the classification based on the partial spectral information.

      
        


	4FGL Name
	Other name
	z
	Class
	Ref
	Γγ
	log Lγ
	CD
	Ref
	log Lbol
	Ref
	log(Lbol/LEdd)
	Ref



	 (1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)





	J0009.7-3217
	IC 1531
	0.025
	LERG
	B18
	2.26
	42.19
	0.02
	C23
	41.91
	B18
	-4.54
	M14-T02



	J0037.9+2612
	WISE J003719.15+261312.6
	0.148
	HERG
	SDSS
	2.45
	43.65
	0.74
	P21
	43.53
	SDSS
	-2.79
	M14-T02



	J0057.7+3023
	NGC 315
	0.016
	LERG
	H97
	2.39
	41.89
	0.19
	C23
	42.97
	H97
	-4.06
	B16



	J0312.9+4119
	B3 0309+411B
	0.134
	HERG
	B89
	2.47
	43.61
	1.35
	C23
	
	
	
	



	J0322.6-3712e
	Fornax A
	0.005
	LERG
	B92
	2.07
	41.31
	0.20
	C23
	40.68
	K03
	-5.75
	M14-T02



	J0433.0+0522
	3C 120
	0.033
	HERG
	S72
	2.79
	42.83
	0.18
	C23
	46.10
	J16
	0.19
	H20



	J0627.0-3529
	PKS 0625-35
	0.054
	LERG
	I10
	1.91
	43.89
	0.35
	C23
	44.02
	MI14
	-3.20
	MI14



	J0858.1+1405
	3C 212
	1.048
	HERG
	SDSS
	2.46
	45.65
	
	
	
	
	
	



	J1219.6+0550
	NGC 4261
	0.007
	LERG
	H97
	2.17
	41.11
	
	
	42.50
	B09
	-4.43
	M14-T02



	J1306.7-2148
	PKS 1304-215
	0.126
	LERG
	G83
	2.17
	44.13
	16.98
	C23
	
	
	
	



	J1435.5+2021
	TXS 1433+205
	0.748
	HERG
	SDSS
	2.20
	45.76
	
	
	
	
	
	



	J1630.6+8234
	NGC 6251
	0.025
	LERG
	W00
	2.35
	42.95
	0.58
	C23
	42.90
	H99
	-4.07
	H99



	J0840.8+1317
	3C 207
	0.681
	LERG
	SDSS
	2.48
	45.33
	1.41
	P21
	
	
	
	



	J1843.4-4835
	PKS 1839-48
	0.11
	LERG
	MI14
	2.02
	43.60
	0.29
	C23
	43.51
	MI14
	-3.92
	MI14



	J2156.0-6942
	PKS 2153-69
	0.028
	HERG
	S14
	2.83
	41.94
	0.33
	C23
	43.63
	E10
	-2.94
	M14-T02



	J0946.0+4735
	RX J0946.0+4735
	0.569
	LERG
	SDSS
	2.03
	44.85
	
	
	44.46
	SDSS
	-2.42
	S-T02



	J2329.7-2118
	PKS 2327-215
	0.28
	LERG
	J09
	2.31
	44.80
	1.66
	C23
	
	
	
	



	J1516.8+2918
	RGB J1516+293
	0.13
	LERG
	SDSS
	1.95
	43.64
	0.68
	P21
	42.65
	SDSS
	-4.10
	S-T02





      

      
Notes. Col. (1) the source name; Col. (2) the other name; Col. (3) redshift; Cols. (4) and (5) classification [low-excitation or high-excitation radio galaxies (LERGs or HERGs)] and its reference; Col. (6) γ-ray photon index; Col.(7) γ-ray luminosities in the unit of erg/s; Cols. (8) and (9) the CD and its reference; Cols. (10) and (11) the bolometric luminosity and its reference; Cols. (12) and (13) the accretion rate and its reference. If the stellar velocity dispersions from the SDSS and/or HyperLeda website (http://atlas.obs-hp.fr/hyperleda, Makarov et al. 2014) are available, then the BH masses are computed from the relation between the BH masses and velocity dispersion (Tremaine et al. 2002) (S-T02 or M14-T02); otherwise, the BH masses are obtained from the literature. References: S72 for Shields et al. (1972), G83 for Grandi (1983), B89 for de Bruyn (1989), B92 for Baum et al. (1992), H97 for Ho et al. (1997), H99 for Ho (1999), W00 for Werner et al. (2000), K03 for Kim & Fabbiano (2003), B09 for Buttiglione et al. (2009), J09 for Jones et al. (2009), E10 for Evans et al. (2010), I10 for Inskip et al. (2010), S14 for for Sadler et al. (2014), MI14 for Mingo et al. (2014), B16 for van den Bosch (2016), J16 for Janiak et al. (2016), B18 for Bassi et al. (2018), H20 for Hlabathe et al. (2020), B21 for Balasubramaniam et al. (2021), P21 for Paliya et al. (2021); C23 for Chen et al. (2023), P23 for Pannikkote et al. (2023). SDSS for Sloan Digital Sky Survey (www.sdss.org, Abdurro’uf et al. 2022).
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