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Abstract

Context. The Fermi Gamma-ray Large Area Telescope Fourth Source Catalog Data Release 4 (4FGL-DR4) classifies 3935 γ-ray sources as blazars. They are divided into two types, based on the equivalent width (EW): flat spectrum radio quasars (FSRQs) and BL Lacertae objects (BL Lacs). However, 1625 sources lack optical spectroscopic data and are tentatively classified as blazar candidates of uncertain type (BCUs).

Aims. This work aims to spectroscopically classify a sample of BCUs, determine the redshifts, and estimate the masses of the central supermassive black holes (MBH) and the Doppler factors (δ) of the jets, in order to better understand their physical properties and provide valuable classifications for Cherenkov observatories.

Methods. We cross-matched BCUs from the 4FGL-DR4 with the Sloan Digital Sky Survey Data Release 16 (SDSS-DR16) to obtain optical spectra. Sources were classified based on the EW of emission lines. For spectra with broad emission lines, MBH was estimated using the virial method. For absorption line dominated spectra, MBH was derived from the stellar velocity dispersion of the host galaxy. The δ was estimated for FSRQs using an empirical relation between their γ-ray and broad-line region luminosities.

Results. We obtained and analyzed optical spectra for the candidate counterparts of 86 BCUs. Based on the spectral features, we confirmed 35 sources as FSRQs, 45 as BL Lacs, 3 as low-ionization narrow emission-line regions (LINERs), and 3 as regular elliptical galaxies, and we secured redshifts for 54 objects. We corrected the erroneous SDSS redshift for the counterparts of 4FGL J1047.9+0055 from 0.252 to 0.642. The black hole masses in log[MBH/M⊙)]range from 7.07 to 9.22. The derived δ for 35 FSRQs spans from 3.62 to 35.43, with a mean value ⟨δ⟩ of 13.41. The distribution of our classified sources in the γ-ray luminosity–photon index plane is consistent with that of the known blazars.

Conclusions. Our spectroscopic analysis provides reliable classifications and key physical parameters for a large sample of BCUs. This work offers a crucial dataset for future statistical studies of blazars, their jet physics, and the connection between accretion processes and jet power.

Key words: Galaxies: active / BL Lacertae objects: general / galaxies: jets


1 Introduction
As the extreme subclass of active galactic nuclei (AGNs), blazars show many particular properties, such as rapid and high-amplitude spectral flux variabilities, high and variable polarizations, apparent superluminal motions, and high-energy emissions (Moore & Stockman 1981; Wills et al. 1992; Fan et al. 1997, 2016, 2021; Romero et al. 2000; Aller et al. 2003; Andruchow et al. 2005; Abdo et al. 2010b; Zheng & Zhang 2011; Zheng et al. 2014; Xiao et al. 2022; Yang et al. 2022a, 2026; Ballet et al. 2023). Based on the rest-frame equivalent width (EW) of their optical emission lines, blazars are divided into two subclasses: those with EW < 5 Å are classified as BL Lacertae objects (BL Lacs), while those with EW ≥ 5 Å are classified as flat spectrum radio quasars (FSRQs; Stickel et al. 1991).
Since its launch in 2008, the Fermi Large Area Telescope (Fermi/LAT) has greatly advanced the study of high-energy radiation. The latest incremental version, Data Release 4 of the Fermi/LAT Fourth Source Catalog (4FGL-DR41; Abdo et al. 2010a; Ballet et al. 2023), was released in July 2023, and it includes a total of 7194 γ-ray sources. However, γ-ray observations alone provide only high-energy information. Many physical properties, such as jet structure, black hole mass, and accretion disk properties, require multiwavelength observations for a thorough understanding. Therefore, the association of these γ-ray sources with counterparts observed in other bands is very important. In the fourth Fermi/LAT AGN catalog (4LAC), the classification of a γ-ray source as a blazar relies predominantly on its optical spectrum (Ajello et al. 2020). In particular, optical spectra from intensive monitoring programs are the primary resource used for identification in the 4LAC (e.g., Shaw et al. 2013a,b; Massaro et al. 2014, 2015b,c,d; Paggi et al. 2014; Ricci et al. 2015; Landoni et al. 2015; Chiaro et al. 2016; Álvarez Crespo et al. 2016a; Álvarez Crespo et al. 2016b,c; Paiano et al. 2017a,b,c, 2019; Peña-Herazo et al. 2017; Marchesi et al. 2018; de Menezes et al. 2019; Marchesini et al. 2019). The optical classifications compiled in the Roma-BZCAT (Multifre-quency Catalogue of Blazars) (Massaro et al. 2015a) are also adopted. The BZCAT classifications are based on optical spectroscopic campaigns and published literature rather than on an independent reclassification. Additionally, literature and online databases serve as supplementary resources, for example the Sloan Digital Sky Survey (SDSS; Ahn et al. 2012; Massaro et al. 2014) and the 6dF Galaxy Survey (Jones et al. 2009). In this way, 3935 γ-ray sources in the 4FGL-DR4 were classified as blazars. Among them, 1490 are identified as BL Lacs and 820 as FSRQs. The remaining 1625 sources are tentatively classified as blazar candidates of uncertain type (BCUs). BCUs are considered candidate blazars because, during the association process, they are found to be associated with BZU objects (blazars of uncertain or transitional type) in the BZCAT list or exhibit a typical two-humped, blazar-like spectral energy distribution (Ajello et al. 2020). The large number of BCUs (∼40%) significantly hampers efforts to explore relativistic jets and other related problems.
A thorough spectroscopic investigation of their counterparts is particularly critical as it will allow us to confirm the classification of these BCUs and determine redshifts. For instance, Paiano et al. (2019) performed spectroscopic observations of 28 BCUs at the 10.4 m Gran Telescopio Canarias, leading to reliable classification and redshift determination for each source. Marchesini et al. (2019) reported the spectra of 36 BCUs, among which 23 sources were confirmed as BL Lacs and 7 as FSRQs. Peña-Herazo et al. (2021b) reported the optical spectra of 64 targets observed during their follow-up spectroscopic campaign; 62 of these sources were classified as BCUs in the Fermi/LAT catalog. Their analyses classified 33 as BL Lacs, 11 as FSRQs, and 18 as blazars with absorption-line-dominated spectra. In addition to direct optical spectroscopic observations, cross-matching BCUs with open online databases and historical literature is also an effective method. For this work, we cross-matched BCUs from the 4FGL-DR4 with the 16th data release of SDSS (SDSS-DR162; Ahumada et al. 2020), thus obtaining optical spectra for their candidate counterparts. This yielded a sample of 86 optical spectra.
Blazars account for a large fraction in the 4FGL-DR4, making the classification of BCUs particularly valuable for blazar studies. In particular, the Doppler factor (δ) represents a key property of their jets, but it cannot be measured directly through observations. A variety of indirect approaches have been suggested to estimate the Doppler factor. For instance, Lähteenmäki & Valtaoja (1999) derived it from variations in radio flux density. For some γ-ray loud blazars, both their γ-ray emissions and variability timescales have been applied for Doppler factor estimation (Mattox et al. 1993; von Montigny et al. 1995; Cheng et al. 1999; Fan et al. 1999, 2013, 2014; Fan 2005; Pei et al. 2022). In addition, broadband SED modeling has been employed by Ghisellini et al. (2014) and Chen (2018) to determine Doppler factors. By comparing observed and intrinsic brightness temperatures, Liodakis et al. (2017) and Liodakis et al. (2018) derived variability Doppler factors. Moreover, Zhang et al. (2020) proposed a new approach to estimate Doppler factors for Fermi blazars with available broad-line and γ-ray luminosities, which was updated by Zhang et al. (2023) (see also Chen et al. 2024). Furthermore, Ye & Fan (2021) estimated Doppler factors based on the relationship between core and extended radio luminosities. Overall, different methods rely on distinct assumptions, which in turn yield different estimates of the Doppler factor. In this work, we adopted the method proposed by Zhang et al. (2020) to estimate the Doppler factors for BCUs with broad emission lines.
The paper is organized as follows. Section 2 details the procedures for obtaining and processing the optical spectra. In Section 3 we discuss the classification of the optical spectra and two techniques for determining MBH, and the estimation of δ. Finally, in Sect. 4 we provide a summary. We assume a flat universe with h = ΩΛ = 0.7 throughout the paper.
Table 1 
Cross-matched Fermi BCU and corresponding SDSS spectra.

2 The samples and methods
2.1 Positional cross-matching and counterpart identification
To search for the optical spectra of the candidate counter-parts, we first conducted a catalog-based matching procedure. We began with a preliminary sample of 1625 BCUs listed in the 4FGL-DR4 catalog. For each BCU, the association name provided in the 4FGL-DR4 catalog was used to search for cross-identifications (cross-IDs) in the NASA/IPAC Extragalactic Database (NED)3. From NED, we collected the preferred source coordinates and the corresponding cross-IDs, including those with SDSS designations. Using these SDSS names and positions, we queried the SDSS-DR16 database to obtain the available optical spectra.
For each spectrum, Table 1 lists the associated counterpart coordinates provided in the 4FGL catalog, the Fermi/LAT source centroid coordinates, and the matched SDSS spectroscopic coordinates. To obtain a more robust and quantitatively reliable identification of the optical counterparts, we computed the angular separation θ between two sky positions (RA1, Dec1) and (Dec2, RA2) using the haversine spherical-distance formula:
[image: Mathematical equation: $\theta = 2\arcsin \left[ {\sqrt {{{\sin }^2}\left( {{{\Delta {\rm{Dec}}} \over 2}} \right) + \cos \left( {{{{\mathop{\rm Dec}\nolimits} }_1}} \right)\cos \left( {{{{\mathop{\rm Dec}\nolimits} }_2}} \right){{\sin }^2}\left( {{{\Delta {\rm{RA}}} \over 2}} \right)} } \right],$]
where ∆RA = RA2 − RA1 and ∆Dec = Dec2 − Dec1.
Because the localization accuracy of the Fermi/LAT varies significantly with photon energy, it is essential to account for the instrument's point spread function (PSF). The 68% containment radius is approximately ~ 5° at 100 MeV, improves to ~0.8° at 1 GeV, and approaches an asymptotic value of ∼0.1° above 20 GeV (Atwood et al. 2009; Abdo et al. 2009; Abdollahi et al. 2020). Considering the broad energy-dependent PSF and the fact that the γ-ray and optical emitting regions are intrinsically different and may not be perfectly co-spatial, we applied the following selection criteria: (1) The angular separation (AngSep1−3) between the 4FGL source centroid (RA1, Dec1) and the SDSS spectral position (RA3, Dec3) must be smaller than the 95% error radius, θ95, defined as the geometric mean of the semimajor and semiminor axes of the source location ellipse in the 4FGL catalog. (2) The angular separation (AngSep2−3) between the associated counterpart position (RA2, Dec2) reported in the 4FGL catalog and the SDSS spectral position (RA3, Dec3) must be smaller than 2′′, given that the positional uncertainty of SDSS spectra is typically at the arc-second level. (3) The association probability (either Bayesian or likelihood-ratio probability) given in the 4FGL catalog must be larger than 0.8, ensuring a reliable identification of the true counterparts. After applying all the selection criteria, we obtained a final sample of 86 optical spectra for the counterparts of the BCUs (see Table 1).
Table 2 
Properties of emission and absorption lines.

2.2 Spectral line identification and redshift measurement
As shown in Table 2, the 4FGL name and their corresponding Plate-MJD-FiberID from SDSS are presented in Col. (1) and Col. (2). Column (3) shows the signal-to-noise ratio (S/N) of the spectrum, calculated as the median of the flux-to-error ratio at each wavelength point. Additionally, we identified the emission and absorption lines in the spectra of counterparts of the 54 BCUs (see Appendix A) and fitted each line with a single Gaussian. The Gaussian center was adopted as the observed wavelength, and by comparing it with the rest wavelength, we determined their redshifts (Col. 9 in Table 2). This method works well for lines [O II], [O III], and Ca II H&K, for example, which are well fit by a single Gaussian, but is unstable for broad lines, such as Mg II and C IV. In cases where only a single emission line is present in the spectrum, its identification is ambiguous, and therefore we referred to the redshift values provided by SDSS, which were obtained by fitting the spectrum with multiple templates (e.g., galaxy and quasar templates), recording all possible redshifts, and choosing the one with the smallest chi-square(χ2; Bolton et al. 2012). In Fig. 1, we show the comparison between our redshift result with those from SDSS, and find that the redshift of J1047.9+0055 reported as 0.25 in SDSS, should be 0.6421 from our investigation.
Among the 86 optical spectra of the candidate counterparts, we measured redshifts for 54 sources. Of these, 19 spectra dominated by absorption lines (from the host galaxy) have an average redshift of 0.26, while the other 35 spectra dominated by broad emission lines (from the nuclear region) have an average redshift of 1.17. There is a significant difference in redshift between these two groups because for a distant (high-redshift) source to be detected, it must have a very high luminosity. This strong emission can arise either from the source’s intrinsically high luminosity or from Doppler boosting, which can enhance the observed emission by several orders of magnitude. In both cases, the boosted or intrinsically strong nuclear radiation over-shines the host galaxy starlight, leading to optical spectra that lack prominent absorption features. Therefore, when the optical spectrum is dominated by the host galaxy, it generally indicates either a nearby source or a source with relatively weak Doppler boosting. As shown in Appendix A, the low-redshift candidate counterparts J1139.6+1149 (z = 0.08), J1612.2+2828 (z = 0.05), J1614.4+5028 (z = 0.06), and J1725.4+5254 (z = 0.06) all exhibit significant absorption line features in their optical spectra, which are characteristic of their host galaxies. When the redshift is slightly higher, as in the candidates J0029.4+2051 (z = 0.37), J0147.6+1547 (z = 0.38), J0237.1-0714 (z = 0.36), J1403.6+3606 (z = 0.25), J1017.3+5204 (z = 0.38), and J1017.4+2538 (z = 0.42), the absorption line features in their optical spectra become much weaker. At even higher redshifts, detecting host galaxy absorption lines in the spectra of such counterparts becomes even more challenging.
2.3 Emission line spectra
In our recent works (Chen et al. 2024, 2025), we analyzed publicly available optical spectra of Fermi blazars using QSOFITMORE (Fu 2021). QSOFITMORE is an extended version of PYQSOFIT (Guo et al. 2018), which employs spectral models, Fe templates, and fitting functions to data in the χ2 test. Compared to PYQSOFIT, QSOFITMORE is not limited to SDSS spectra and can be applied to optical spectra in arbitrary data formats. For this work, we adopted the same tool to derive the emission line profiles of the optical spectra of BCU counterparts identified through catalog matching. A brief introduction and the key parameters required for data processing are provided below. Detailed explanations of this method are provided in the works (Guo et al. 2018; Shen et al. 2019; Fu 2021).
Initially, we corrected the target spectra for Galactic dust reddening and extinction using the extinction curves from Cardelli et al. (1989) and the dust map by Schlegel et al. (1998). Then to exclude interference from the host galaxy component, it was subtracted from the target spectra using the principal component analysis method described by Yip et al. (2004a,b). To fit the line-free continuum efficiently across the entire spectrum, we considered four components: a power law, a third-order polynomial, and templates for the optical and UV Fe II emissions (Boroson & Green 1992; Vestergaard & Wilkes 2001; Shen et al. 2019). The power law provides an empirical approximation of the AGN continuum, including contributions from the accretion disk and jet. The third-order polynomial adds flexibility to absorb broad curvature or atypical continuum shapes beyond what a simple power law can reproduce. The optical and UV Fe II templates model the Fe II emission complexes in the optical and ultraviolet, ensuring accurate continuum placement and reliable measurements of lines such as Hβ, [O III], and Mg II.
After fitting the continuum, we extracted the properties of the emission lines by subtracting the best-fit continuum from the target spectra. Specifically, the Hα and Hβ emission lines were fitted within the wavelength ranges [6400, 6800] Å and [4640, 5100] Å, respectively. The broad components of those lines were modeled using three Gaussian profiles, whereas the narrow components, along with the [O III] λλ 4959, 5007, [N II] λλ 6549, 6585, and [S II] λλ 6718, 6732 lines were each modeled using a single Gaussian profile (Shen et al. 2019). For the [O II] 3728 line, the fitting was performed within the wavelength range [3650, 3800] Å, using a single Gaussian profile. For the Mg II and C IV lines, the fittings were conducted within the wavelength ranges [2700, 2900] Å and [1500, 1700] Å, respectively. The broad components of the Mg II line were fitted with two Gaussian profiles, while a single Gaussian was used for the narrow component. The broad C IV line was modeled with three Gaussian profiles (Shen et al. 2019). In this way, we were able to obtain the EWs of all the emission lines. For the broad emission lines, their flux and full width at half maximum (FWHM) values are presented in Table 3.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left: comparison between the redshift reported in the SDSS catalog and those determined in this work based on emission or absorption lines. The dashed line represents y = x. Right: spectrum of BCU source 4FGL J1047.9+0055, whose redshift is reported as z = 0.252 in SDSS-DR16. However, based on the detection of multiple emission lines, its correct redshift is z = 0.642.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 SDSS optical spectrum of 4FGL J2148.9-0121 (black) is shown alongside the results of the stellar population synthesis performed with pPXF (red). The bottom panel displays the residuals of the fit. Wave-length regions excluded from the fit to avoid emission lines are marked by the gray-shaded columns.



2.4 Absorption-line spectra
The optical spectra of some counterparts exhibit prominent absorption line features, such as the Ca II H&K doublet, which primarily originate from the stellar population of their host galaxies. The stellar velocity dispersion (σ∗) of those galaxies is a key parameter as it has been shown to correlate strongly with the masses of the central supermassive black hole (MBH) in numerous studies (Ferrarese & Merritt 2000; Gültekin et al. 2009; Kormendy & Ho 2013). To measure σ∗, we employed the penalized PiXel Fitting (pPXF) method developed by Cappellari & Emsellem (2004). This tool uses a maximum penalized likelihood to calculate the line-of-sight velocity distribution (LOSVD) from kinematic data in pixel space. For this work we adopted a large group stellar population synthesis model from Vazdekis et al. (2010), a spectral resolution of full width at half maximum (FWHM) = 2.5 Å, and a fitting wavelength range of [3525, 7500] (Sahakyan et al. 2023). We masked the emission line regions before fitting and modified the galaxy spectra to rest-frame system. Finally, σ∗ and the corresponding 1σ uncertainties were derived from the best-fit spectra; they are listed in Table 4, with an example shown in Fig. 2.
Table 3 
Emission-line black hole mass.

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 (a) SDSS optical spectrum of 4FGL J0943.7+6137, a source classified as a FSRQs, showing a quasar-like spectrum along with labels of some emission lines. (b) Optical spectrum of 4FGL J1223.0+1100, a classical BL Lac object, showing the almost featureless blue spectrum; (c) SDSS optical spectrum of 4FGL J1614.4+5028, which shows absorption and emission lines from the host galaxy.



3 Results and discussions
3.1 Spectral classification of the counterparts
We used optical spectroscopy to classify the candidate counterparts of BCUs. The 86 spectra obtained can be divided into three types. The first type shows strong broad emission lines (Fig. 3a), the second type shows no emission or absorption features (Fig. 3b), and the third type is dominated by absorption lines (Fig. 3c).
Among the three spectral categories, the first group comprises 33 sources whose optical spectra display clear broad emission lines with EW > 5Å; these objects are classified as FSRQs. The second group includes 32 sources with featureless optical spectra. To minimize the impact of noise, only featureless spectra with a signal-to-noise ratio exceeding 5 are considered in this work. We list their information in the final part of Table 2, and present their spectra in the final part of Appendix A. As their spectra exhibit no identifiable emission or absorption features, we do not report or use any redshift value for these objects. While we cannot formally exclude the possibility of a misassociation in individual cases, the requirement of a high association probability (Prob > 0.8), together with the consistency of the counterparts across multiple wavelengths, makes it statistically unlikely that the optical sources identified here are normal quiescent elliptical galaxies lacking relativistic jets. For sources showing featureless spectra, the absence of spectral features is interpreted as the result of a dominant nonthermal continuum, which overwhelms both emission and absorption lines, as expected for classical BL Lac objects. We therefore classify the 32 sources as BL Lacs, while noting that they may represent transition objects between BL Lacs and FSRQs.
The third group consists of sources whose optical spectra are dominated by absorption features, and they are further divided into two subclasses. For example, we find that 4FGL J1046.0+5448 and 4FGL J2330.4+1230 exhibit clear broad emission lines in their optical spectra (see Appendix A). After subtracting the host galaxy component using QSOFITMORE, prominent broad emission line features remain in both cases. As illustrated in Fig. 4(a), the sources show no broad emission lines after host galaxy subtraction, whereas Fig. 4(b) shows an example in which a clear broad Hα component persists after subtraction. Based on this criterion, we classify 4FGL J1046.0+5448 and 4FGL J2330.4+1230 as FSRQs.
For the remaining 19 sources whose optical spectra are dominated by absorption features, we follow the optical spectroscopic definition of BL Lacs proposed by Marcha et al. (1996). Specifically, these sources are classified as BL Lacs if they show emission line rest-frame EW < 5 Å and exhibit a 4000 Å break contrast < 0.4 (see also Healey et al. 2008; Shaw et al. 2009, 2013a,b). The 4000 Å break contrast is defined as C = ( f+ − f−)/ f+, where f− and f+ are the average flux densities measured in the rest-frame wavelength intervals 3750 3950 Å (blue side) and 4050 − 4250 Å (red side), respectively.−The measured break contrasts are listed in Table 4. Based on this criterion, 13 sources are classified as BL Lacs, while 6 sources exhibit break contrasts larger than 0.4, namely J0112.8-0253, J1139.6+1149, J1212.1+6412, J1416.0+1320, J1541.1+3451, and J1614.4+5028.
These six sources with strong stellar breaks are classified based on their detailed spectroscopic properties. Three sources (J0112.8-0253, J1416.0+1320, and J1541.1+3451) show no detectable emission lines and exhibit strong stellar breaks. We therefore classify them as regular elliptical galaxies. Given the absence of any detectable nonthermal emission, these sources may not be considered as confirmed counterparts of the associated Fermi sources. They may instead represent chance associations within the 95% Fermi error ellipses, or they can be the proper counterpart, but in an extremely low-activity state where the jet emission is not distinguishable. The remaining three sources (J1139.6+1149, J1212.1+6412, and J1614.4+5028) exhibit clear narrow emission lines, indicative of nuclear activity. For J1212.1+6412 and J1614.4+5028, we used QSOFITMORE to measure the narrow line fluxes and placed them on the standard BPT diagnostic diagram (Baldwin et al. 1981). We obtain the following: J1212.1+6412: log([OIII]/Hβ) = 0.57, log([NII]/Hα) = 0.29, log([SII]/Hα) = 0.19; J1614.4+5028: log([OIII]/Hβ) = 0.64, log([NII]/Hα) = 0.33, log([SII]/Hα) = 0.20. According to the classification schemes of Kewley et al. (2001, Kewley et al. 2006), these line ratios place both sources in the low-ionization narrow emission-line region (LINER). For J1139.6+1149, where Hβ is not reliably detected, we adopt alternative diagnostic ratios that do not require Hβ. We measure log([NII]/Hα) = 0.57 and log([SII]/Hα) = 0.37, which securely place the source in the AGN region rather than the H II region. In addition, its low excitation, characterized by log([OIII]/[OII]) = −0.35, further supports a LINER classification. We therefore classify J1139.6+1149, J1212.1+6412, and J1614.4+5028 as LINERs.
In this way, we classified the candidate counterparts of the 86 BCUs as follows: 35 as FSRQs, 45 as BL Lacs, 3 as LINERs, and 3 as regular elliptical galaxies. Optical spectroscopic observations of BCUs have been widely reported in the literature (e.g., Klindt et al. 2017; Peña-Herazo et al. 2020, 2021a; Goldoni et al. 2021; Olmo-García et al. 2022; García-Pérez et al. 2023; Kasai et al. 2023; D’Ammando et al. 2024; Marais & van Soelen 2024; Álvarez Crespo et al. 2025; Rajput et al. 2025). Three sources in our sample have also been observed spectroscopically at other epochs and reported in the literature, allowing a direct comparison between independent classifications obtained at different times. For example, Olmo-García et al. (2022) obtained optical spectroscopy of 4FGL J0130.6+1844 with the 3.6 m Telescopio Nazionale Galileo (TNG) and reported a featureless spectrum, leading to its classification as a BL Lac. Subsequently, García-Pérez et al. (2023) reported a featureless optical spectrum for 4FGL J1441.7+1836 based on observations with the 2.1 m telescope at the National Astronomical Observatory of San Pedro Mártir, and classified the source as a BL Lac. More recently, Álvarez Crespo et al. (2025) observed 4FGL J1229.1+5521 using the TNG and detected prominent emission lines, allowing a secure redshift measurement of z = 1.40 and a classification as a FSRQ. Our classifications are consistent fully with theirs.
Table 4 
Absorption-line black hole mass.

3.2 Comparison with known FSRQs and BL Lacs
Ghisellini et al. (2009) observed a correlation between the log-arithm of γ-ray luminosity (log Lγ) and the spectral index (αγ), and found that FSRQs and BL Lacs exhibit distinct distributions in terms of log Lγ and αγ. As shown in Fig. 5, we plot the log Lγ and photon index (αph, where αph = αγ + 1) for both confirmed blazars in the 4FGL catalog and the 35 FSRQs and 45 BL Lacs classified in this work. The results show that BCUs classified as FSRQs in our work are predominantly located in the region occupied by the known FSRQs, while BCUs identified as BL Lacs are found in the area of the known BL Lacs.
To effectively separate these two classes, we employed the linear discriminant analysis (LDA; Fisher 1936) and the support vector machine (SVM; Cortes & Vapnik 1995) to establish dividing lines. LDA is a classic supervised learning method that tries to find a linear combination of features that best separates different classes. It assumes that the data from each class follow a normal distribution and works by maximizing the difference between classes while minimizing the difference within each class to find the best decision boundary. The accuracy obtained by LDA was 91.55%, and the corresponding decision boundary is αph = −0.153 log Lγ + 9.26. Additionally, in the SVM method we used a linear kernel function based on the distribution of the sample, and cross-validation was performed to determine the optimal penalty parameter (C = 10). Then we obtained a dividing line αph = −0.140 log Lγ + 8.73 with an accuracy rate of 91.70%, which is consistent with Yang et al. (2022b). Both methods showed high accuracy in distinguishing FSRQs and BL Lacs.
While most of our confirmed blazars follow the general separation between FSRQs and BL Lacs in the log Lγ–αph plane, a partial overlap between the two populations is still present. In particular, some sources located below the adopted dividing lines are nevertheless classified as FSRQs based on their optical spectroscopic properties. Their optical spectra clearly reveal the presence of broad emission lines, indicating a FSRQ-like central engine. In contrast, their γ-ray emission is relatively weak and characterized by harder photon indices, resembling the typical properties of BL Lacs. This apparent inconsistency suggests that such sources may represent transition-type blazars, exhibiting mixed characteristics of both FSRQs and BL Lacs. In addition, redshift may also play an important role in shaping the observed γ-ray spectral properties. At lower redshifts, the attenuation of high-energy photons by the extragalactic background light (EBL) is weaker, allowing the γ-ray spectra to appear harder. As a consequence, nearby FSRQs may display BL Lac-like γ-ray features even though they retain intrinsic FSRQ characteristics.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Optical spectra of 4FGL J1614.4+5028 (a) and 4FGL J1046.0+5448 (b) modeled with QSOFITMORE. The spectral data are shown with the black line. The red and green lines represent broad and narrow components of the emission line, and the modeled continuum is plotted with the orange line. The blue line is the sum of all the components. The purple line represents the host galaxy component. The horizontal gray dashes at the top of the plots denote the line-free wavelength regions selected to model the continuum emission. It is noteworthy that both spectra are dominated by absorption lines. However, in (a), after subtracting the host galaxy component, the Hα line only has a narrow component, thus is classified as a BL Lac. In contrast, in (b), after subtracting the host galaxy component, the Hα line still exhibits a prominent broad component, and is classified as a FSRQ. Both spectra are from SDSS-DR16.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 γ-ray luminosity and photon index plane for confirmed blazars from the Fermi/LAT catalog and for the classifications of 117 BCUs from our work. The straight lines indicate the boundaries between FSRQs and BL Lacs: αph = −0.127 logLγ + 8.18 (purple dashed) is from Chen (2018), αph = −0.140 logLγ + 8.73 (purple solid) for SVM, and αph = −0.153 logLγ + 9.26 (blue solid) for LDA.



3.3 Black hole masses
For counterparts exhibiting broad emission lines, it is assumed that the line width is dominated by the gravitational potential of the central supermassive black hole. Consequently, the FWHM of the broad lines can be taken as representative of the virial velocity. Additionally, the continuum luminosity can serve as a proxy for the BLR radius. This allows one to estimate the MBH of emission line blazars from the optical spectra using the following formula (Shen et al. 2011):
[image: Mathematical equation: $\log \left( {{{{M_{{\rm{BH}}}}} \over {{M_ \odot }}}} \right) = \alpha + \beta \log \left( {{{\lambda {L_\lambda }} \over {{{10}^{44}}{\rm{erg}}{{\rm{s}}^{ - 1}}}}} \right) + 2\log \left( {{{{\rm{FWHM}}} \over {{\rm{km}}{{\rm{s}}^{ - 1}}}}} \right),$](1)
where λLλ represents the continuum luminosity, typically taken as 5100 Å for Hβ, 3000 Å for Mg II, and 1350 Å for C IV. According to McLure & Dunlop (2004), the calibration coefficients (α, β) are (0.672, 0.61) for Hβ and (0.505, 0.62) for Mg II. For C IV, the coefficients (0.660, 0.53) are from Vestergaard & Peterson (2006).
Shen et al. (2011) also proposed an empirical formula to calculate MBH based on the FWHM of the Hα line and its luminosity,
[image: Mathematical equation: $\log \left( {{{{M_{{\rm{BH}}}}} \over {{M_ \odot }}}} \right) = 0.379 + 0.43\log \left( {{{{L_{{{\rm{H}}_\alpha }}}} \over {{{10}^{42}}{\rm{erg}}{{\rm{s}}^{ - 1}}}}} \right) + 2.1\log \left( {{{{\rm{FWHM}}} \over {{\rm{km}}{{\rm{s}}^{ - 1}}}}} \right),$](2)
where [image: Mathematical equation: ${L_{{{\rm{H}}_\alpha }}}$] is the total Hα line luminosity.
We calculated the broad-line luminosity using the formula (Fan et al. 2013):
[image: Mathematical equation: ${L_\lambda } = 4\pi d_L^2\lambda F(\lambda ).$](3)
Here [image: Mathematical equation: ${d_L} = (1 + z)\cdot{c \over {{H_0}}}\cdot\int_1^{1 + z} {{1 \over {\sqrt {{\Omega _M}{x^3} + 1 - {\Omega _M}} }}} dx$] is the luminosity distance, and λF(λ) represents the flux density in units of erg cm−2 s−1. For objects with multiple MBH measurements, we used the geometric mean as the MBH value. We calculated the black hole masses for the 35 FSRQs, as shown in Table 3.
For the 19 sources with measured stellar velocity dispersion (13 BL Lacs, 3 LINERs, and 3 regular elliptical galaxies), we calculated the MBH using the following empirical relation (Gültekin et al. 2009) (see the results listed in Table 4):
[image: Mathematical equation: $\log \left( {{{{M_{{\rm{BH}}}}} \over {{M_ \odot }}}} \right) = (8.12 \pm 0.08) + (4.24 \pm 0.41) \times \log \left( {{{{\sigma _*}} \over {200{\rm{km}}{{\rm{s}}^{ - 1}}}}} \right).$](4)
Finally, we obtained that the logarithm of MBH, log(MBH/M⊙), ranges from 7.07 to 9.22, with an average value of log(MBH/M⊙) = 8.29 for the 54 sources. The distribution of these values is illustrated in Fig. 6. For the calculation of MBH uncertainties, we first used QSOFITMORE to obtain each fitting parameter and its associated error. In QSOFITMORE, the errors are derived using a Monte Carlo simulation method. In this way, random noise is added to the original spectral data to simulate various measurement errors. After multiple iterations, the uncertainties of the parameters are computed. After obtaining these fitted parameters, we used the Python uncertainties package for error propagation. This package automatically handles calculations with uncertainties, ensuring that the errors of the individual parameters are correctly propagated to the final MBH.
Paliya et al. (2021) analyzed the optical spectra of 1077 Fermi blazars, obtained from the historical literature and SDSS through cross-matching, and reported their MBH. The log (MBH/M⊙) ranges from 6.35 to 10.2, with a mean of 8.59. Among these 1077 sources, 153 are classified as BCUs in the Fermi catalog. Within this subset, 37 sources are also included in our matching catalog. However, for nine of these sources (J0109.3+2401, J0749.3+4453, J0922.6+4454, J1241.3+4236, J1243.0+3950, J1336.2+2053, J1623.4+0858, J2226.6+0210, and J2228.5+2211), reliable MBH estimates were not possible due to their weak absorption or emission lines, even though σ∗ measurements were attempted with pPXF. Therefore, we compared MBH for the remaining 28 sources in common, as shown in Fig. 6. In the right panel, the dashed line represents y = x. Most masses cluster near this line, indicating a general consistency between the two studies. Notably, black hole masses derived from the absorption line spectra show better agreement, as both studies employed spectral fitting with pPXF to determine the stellar velocity dispersion. However, for emission line spectra, the discrepancies are more pronounced. This is likely due to the use of different spectral fitting tools: Paliya et al. applied PYQSOFIT (Guo et al. 2018), whereas we utilized QSOFIT-MORE (Fu 2021), which may lead to variations in the derived parameters. Additionally, the classifications and redshifts for the 28 common sources between our work and Paliya (2022) are identical.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Left: distribution of black hole masses (MBH) for sources with emission line (green) and absorption line (blue) dominated spectra in this work (TW). Right: comparison of MBH between TW and Paliya et al. (2021, P21) for 28 common sources. The dashed line represents the ideal one-to-one relation.



3.4 Estimation of the Doppler factor
In the relativistic beaming model (Padovani & Urry 1990; Urry & Padovani 1995), the Doppler factor for a jet is given by δ = [Γ(1 − β cos θ)]−1, where θ is the viewing angle, β is the velocity in units of the speed of light, and Γ = (1 − β2)−1/2 is the bulk Lorentz factor. The origin of relativistic jets remains an open issue in AGN studies. Jets are believed to be launched near the central black hole, powered either by black hole spin (Blandford & Znajek 1977) or by accretion processes (Blandford & Payne 1982), which implies a link between accretion luminosity and jet power (Maraschi & Tavecchio 2003). Since both quantities are difficult to measure directly, their relationship is usually inferred through observable proxies (Celotti et al. 1997; Cao & Jiang 1999; Sbarrato et al. 2012; Ghisellini et al. 2014; Xiong & Zhang 2014; Zhang et al. 2020). The BLR luminosity, powered by disk photoionization (Kaspi et al. 2000, 2005; Bentz et al. 2009), is commonly adopted as a tracer of disk luminosity (Ldisk), while the γ-ray luminosity is used as a proxy for the jet bolometric luminosity [image: Mathematical equation: $\left( {L_{{\rm{jet}}}^{{\rm{bol}}}} \right)$] in γ-ray loud blazars (Ghisellini et al. 2014; Xiong & Zhang 2014; Zhang et al. 2020). Ghisellini et al. (2014) found a nearly linear relation, logPrad ~ 0.98logLdisk+0.639, where [image: Mathematical equation: ${P_{{\rm{rad}}}} = 2fL_{{\rm{jet}}}^{{\rm{bol}}}/{\Gamma ^2}$] and f depends on the source type: f = 4/3 for BL Lacs and f = 16/5 for FSRQs. Because the viewing angle of blazars is very small, one can approximate sin(θ) ≈ 1/Γ, which leads to δ ≈ Γ. The radiative power of the jet can then be written as Ghisellini et al. (2014)
[image: Mathematical equation: ${P_{{\rm{rad}}}} = 2fL_{{\rm{jet}}}^{{\rm{bol}}}/{\delta ^2}.$](5)
Building on this relation, Zhang et al. (2020) separately considered the correlation between the radiant power and the accretion disk luminosity for BL Lacs and FSRQs using the ordinary and symmetrical least-squares regression (OLS4; Feigelson & Babu 1992). They then derived the Doppler factor estimation formula by setting Ldisk = 10LBLR and [image: Mathematical equation: $L_{{\rm{jet}}}^{{\rm{bol}}} = {L_{{\rm{jet}}}}$]
[image: Mathematical equation: $\log \delta = 0.5\left( {\log {L_\gamma } - 1.178\log {L_{{\rm{BLR}}}} + 8.004} \right)$](6)
for FSRQs, and
[image: Mathematical equation: $\log \delta = 0.5\left( {\log {L_\gamma } - 0.870\log {L_{{\rm{BLR}}}} - 6.266} \right)$](7)
for BL Lacs.
Thus, if both γ-ray and BLR luminosities are available, the Doppler factor of a blazar can be estimated. In this work, we applied this method to the 35 FSRQs and listed the results in Table 3. The derived Doppler factors span from δ = 3.62 for 4FGL J1319.5-0045 to 35.43 for 4FGL J2330.4+1230, with a mean value of ⟨δ⟩ = 13.41.
As discussed earlier, the Doppler factor is a crucial parameter for the relativistic jet, and yet it cannot be directly measured. A variety of approaches have been developed to estimate its value (Cheng et al. 1999; Fan et al. 1999, 2009, 2013, 2014; Fan 2005; Ghisellini et al. 1993, 2014; Chen 2018; Liodakis et al. 2018; Zhang et al. 2020; Ye & Fan 2021; Zhang et al. 2023; Chen et al. 2024). Ghisellini et al. (2014) derived Doppler factors from SED modeling and assumed δ ≃ Γ for blazars. They reported that the Doppler factor follows a relatively narrow distribution, peaking at δ = Γ ≈ 13 ± 1.4, based on a sample of 217 blazars. Chen (2018) estimated Doppler factors for 999 objects, including 461 FSRQs, where δ ranges from 6.6 to 50.4, with an average value of ⟨δ⟩ = 13.47. Liodakis et al. (2018) calculated variability Doppler factors for 878 sources (670 FSRQs, 118 BL Lacs, 33 radio galaxies, and 57 uncertain objects), and obtained a mean value of ⟨δ⟩ = 15.22 for the FSRQ subsample. Zhang et al. (2020) and Chen et al. (2024) estimated Doppler factors based on the correlation between jet radiative power and BLR luminosity, and found average values of ⟨δ⟩ = 13.18 for 274 FSRQs and ⟨δ⟩ = 15.74 for 595 FSRQs. Overall, the average Doppler factor derived in this work is consistent with the mean values reported in those previous studies.
4 Summary
In this work, we presented a comprehensive analysis of BCUs from the 4FGL-DR4 to advance their classification and physical characterization. Our main results are summarized as follows:
We obtained optical spectra for the candidate counterparts of 86 BCUs by cross-matching with SDSS-DR16. Based on detailed spectral analysis, we classified 35 sources as FSRQs, 45 as BL Lacs, 3 as LINERs, and 3 as regular elliptical galaxies, and secured redshifts for 54 objects. Notably, we identified and corrected an erroneous redshift in SDSS for 4FGL J1047.9+0055 (from z = 0.252 to z = 0.642). The distribution of our classified sources in the γ-ray luminosity versus photon index plane shows excellent consistency with firmly identified blazars, validating our classification scheme.
Furthermore, we estimated the MBH for the sample. For emission line objects, MBH was derived using virial methods based on the broad emission line properties, while for absorption-line dominated spectra, it was calculated from the stellar velocity dispersion of the host galaxy. The black hole masses span a range of log(MBH/M⊙) = 7.07–9.22.
For the 35 FSRQs in our sample, we estimated δ using an empirical relation that connects the γ-ray and broad-line region luminosities. The derived δ range from 3.62 to 35.43, with a mean value of ⟨δ⟩ = 13.41.
This study provides robust classifications, redshifts, and key physical parameters (MBH and δ) for a significant sample of previously uncertain γ-ray sources. These results not only substantially reduce the number of BCUs, but also provide a crucial foundation for future statistical studies of blazar populations, jet physics, and the connection between accretion processes and jet launching mechanisms.

Data availability
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Appendix A  Classification and identified lines of 86 optical spectra
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 SDSS optical spectra of eight Fermi BCUs with identified lines. Each subplot title corresponds to the 4FGL name, redshift, and classification based on observed spectral lines.
(All figures for the entire sample are available on Zenodo.)
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left: comparison between the redshift reported in the SDSS catalog and those determined in this work based on emission or absorption lines. The dashed line represents y = x. Right: spectrum of BCU source 4FGL J1047.9+0055, whose redshift is reported as z = 0.252 in SDSS-DR16. However, based on the detection of multiple emission lines, its correct redshift is z = 0.642.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 SDSS optical spectrum of 4FGL J2148.9-0121 (black) is shown alongside the results of the stellar population synthesis performed with pPXF (red). The bottom panel displays the residuals of the fit. Wave-length regions excluded from the fit to avoid emission lines are marked by the gray-shaded columns.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 (a) SDSS optical spectrum of 4FGL J0943.7+6137, a source classified as a FSRQs, showing a quasar-like spectrum along with labels of some emission lines. (b) Optical spectrum of 4FGL J1223.0+1100, a classical BL Lac object, showing the almost featureless blue spectrum; (c) SDSS optical spectrum of 4FGL J1614.4+5028, which shows absorption and emission lines from the host galaxy.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Optical spectra of 4FGL J1614.4+5028 (a) and 4FGL J1046.0+5448 (b) modeled with QSOFITMORE. The spectral data are shown with the black line. The red and green lines represent broad and narrow components of the emission line, and the modeled continuum is plotted with the orange line. The blue line is the sum of all the components. The purple line represents the host galaxy component. The horizontal gray dashes at the top of the plots denote the line-free wavelength regions selected to model the continuum emission. It is noteworthy that both spectra are dominated by absorption lines. However, in (a), after subtracting the host galaxy component, the Hα line only has a narrow component, thus is classified as a BL Lac. In contrast, in (b), after subtracting the host galaxy component, the Hα line still exhibits a prominent broad component, and is classified as a FSRQ. Both spectra are from SDSS-DR16.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 γ-ray luminosity and photon index plane for confirmed blazars from the Fermi/LAT catalog and for the classifications of 117 BCUs from our work. The straight lines indicate the boundaries between FSRQs and BL Lacs: αph = −0.127 logLγ + 8.18 (purple dashed) is from Chen (2018), αph = −0.140 logLγ + 8.73 (purple solid) for SVM, and αph = −0.153 logLγ + 9.26 (blue solid) for LDA.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Left: distribution of black hole masses (MBH) for sources with emission line (green) and absorption line (blue) dominated spectra in this work (TW). Right: comparison of MBH between TW and Paliya et al. (2021, P21) for 28 common sources. The dashed line represents the ideal one-to-one relation.
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      Table 1 

      Cross-matched Fermi BCU and corresponding SDSS spectra.

      
        


	Name1
	Name2
	Plate-MJD-FiberID
	RA1 deg
	Dec1 deg
	RA2 deg
	Dec2 deg
	RA3 deg
	Dec3 deg
	AngSep1-3 deg
	θ95 deg
	AngSep2-3 arcsec
	Prob



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





	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…



	J0040.9+3203
	TXS 0038+319
	7716-58097-0403
	10.2393
	32.0529
	10.31639
	32.18544
	10.31639
	32.18542
	0.148
	0.151
	0.059
	0.819



	J0043.6+2223
	TXS 0040+221
	7617-56949-0660
	10.9095
	22.3864
	10.89045
	22.39627
	10.89046
	22.39625
	0.020
	0.054
	0.095
	0.995



	J0109.3+2401
	GB6 J0109+2400
	7681-57042-0518
	17.3313
	24.0237
	17.31112
	24.00958
	17.31113
	24.00956
	0.023
	0.051
	0.077
	0.993



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. Column 1: 4FGL name. Column 2: associated counterpart name of the Fermi source. Column 3: SDSS spectral identifier in Plate–MJD–FiberID format. Columns 4 and 5: J2000 coordinates of the Fermi 4FGL source centroid (deg). Columns 6 and 7: J2000 coordinates of the Fermi associated counterpart (deg). Columns 8 and 9: J2000 coordinates of the matched SDSS spectrum (deg). Column 10: angular separation between the Fermi centroid and the SDSS spectrum (deg). Column 11: 95% positional error radius of the Fermi 4FGL source centroid (deg). Column 12: angular separation between the associated counterpart and the SDSS spectrum (arcsec). Column 13: association probability given in the 4FGL catalog (either Bayesian or likelihood ratio probability). Full table available at the CDS.




    

  
    
      Table 2 

      Properties of emission and absorption lines.

      
        


	4FGL Name
	Plate-MJD-FiberID
	S/N
	zSDSS
	Class
	λobs
	E/A
	Line ID
	zline
	σz
	EW
	σEW



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





	J0014.3-0500
	7900-57358-0370
	16.91
	0.7908
	F
	5011.73
	E
	MgII (λ2798.75)
	0.7907
	0.0005
	11.26
	0.69



	J0024.5-0810
	7150-56597-0014
	4.94
	2.0709
	F
	4758.87
	E
	CIV (λ1549.06)
	2.0721
	0.0025
	48.99
	7.49



	J0029.4+2051
	7589-56946-0728
	11.33
	0.3672
	B
	5380.14
	A
	CaII K (λ3934.78)
	0.3673
	0.0004
	5.96
	2.66



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. Column 1: 4FGL name. Column 2: SDSS spectral identifier in Plate–MJD–FiberID format. Column 3: signal-to-noise ratio (S/N) of the spectrum. Column 4: redshift in SDSS. Column 5: classification based on optical spectra: F for FSRQ, B for BL Lac, L for LINER (low-ionization narrow emission-line region), and G for regular elliptical galaxy. Column 6: observed wavelength (in Å) of the emission or absorption line. Column 7: line type: E for emission lines, A for absorption lines. Column 8: line identification with rest-frame wavelength. Hα⋆ (Hβ⋆) denotes a narrow Hα (Hβ) emission line. Columns 9 and 10: redshift derived from the line in Col. 8 and its uncertainty, respectively. Columns 11 and 12: equivalent width (EW, in Å) of the line in Col. 8 and its uncertainty, respectively. Full table available at the CDS.




    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Left: comparison between the redshift reported in the SDSS catalog and those determined in this work based on emission or absorption lines. The dashed line represents y = x. Right: spectrum of BCU source 4FGL J1047.9+0055, whose redshift is reported as z = 0.252 in SDSS-DR16. However, based on the detection of multiple emission lines, its correct redshift is z = 0.642.

      

    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        SDSS optical spectrum of 4FGL J2148.9-0121 (black) is shown alongside the results of the stellar population synthesis performed with pPXF (red). The bottom panel displays the residuals of the fit. Wave-length regions excluded from the fit to avoid emission lines are marked by the gray-shaded columns.

      

    

  
    
      Table 3 

      Emission-line black hole mass.

      
        


	Name
	zSDSS
	Line ID
	Lλ erg s−1
	FWHM km s−1
	Flux 10−17 erg s−1 cm−2
	logLline erg s−1
	log(MBH / Mθ)
	logLBLR erg s−1
	logLγ erg s−1
	δ



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





	J0014.3-0500
	0.7908
	Mg II
	45.18 ± 0.01
	3008.97 ± 270.55
	222.41 ± 13.61
	42.81 ± 0.03
	8.19 ± 0.08
	44.03 ± 0.03
	46.27 ± 0.05
	15.97



	J0024.5-0810
	2.0709
	C IV
	45.63 ± 0.01
	4471.36 ± 540.12
	489.93 ± 74.55
	44.19 ± 0.07
	8.97 ±0.1
	45.14 ± 0.07
	46.91 ± 0.14
	7.41



	J0036.9+1832
	1.5949
	C IV
	
	2882.85 ± 32.66
	469.95 ± 23.08
	43.89 ± 0.02
	
	44.69 ± 0.04
	46.94 ± 0.06
	14.11



	
	
	Mg II
	45.47 ± 0.03
	1573.64 ± 513.7
	124.51 ± 20.19
	43.31 ± 0.07
	7.81 ± 0.28
	
	
	



	J0040.9+3203
	0.6319
	Mg II
	44.31 ± 0.01
	3635.99 ± 2462.07
	57.8 ± 14.17
	41.99 ± 0.11
	7.82 ± 0.59
	43.2 ± 0.11
	45.5 ±0.1
	20.29



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. Column 1: 4FGL name. Column 2: redshift in SDSS. Column 3: emission line used for black hole mass estimation. Column 4: Lλ represents the continuum luminosity in erg s−1 associated with Col. 3. The typical continuum wavelengths are 5100 Å for Hβ, 3000 Å for Mg II, and 1350 Å for C IV. Column 5: full width at half maximum (FWHM) of the emission line in km s−1. Column 6: line flux in units of 10−17 erg s−1 cm−2. Column 7: logarithmic line luminosity in erg s−1. Column 8: logarithmic black hole mass in M⊙ derived from the line in Col. 3. Column 9: logarithmic γ-ray luminosity, logLγ(0.1∼100,GeV) (erg s−1). Column 10: Logarithmic broad-line region luminosity, log LBLR (erg s−1). Column 11: Doppler factor estimated in this work, δ. Full table available at the CDS.




    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        (a) SDSS optical spectrum of 4FGL J0943.7+6137, a source classified as a FSRQs, showing a quasar-like spectrum along with labels of some emission lines. (b) Optical spectrum of 4FGL J1223.0+1100, a classical BL Lac object, showing the almost featureless blue spectrum; (c) SDSS optical spectrum of 4FGL J1614.4+5028, which shows absorption and emission lines from the host galaxy.

      

    

  
    
      Table 4 

      Absorption-line black hole mass.

      
        


	4FGL name
	zSDS S
	σ∗ km s−1
	log(MBH/M⊙)
	Contrast



	(1)
	(2)
	(3)
	(4)
	(5)





	J0029.4+2051
	0.3672
	325.64 ± 26.03
	9.02 ± 0.19
	0.17



	J0112.8-0253
	0.1889
	308.30 ± 10.34
	8.92 ± 0.13
	0.49



	J0147.6+1547
	0.3764
	198.81 ± 20.67
	8.11 ± 0.21
	0.29



	J0815.9+2951
	0.3310
	294.59 ± 19.49
	8.83 ± 0.16
	0.19



	J1017.3+5204
	0.3786
	191.28 ± 33.06
	8.04 ± 0.33
	0.14



	J1017.4+2538
	0.4168
	214.24 ± 36.59
	8.25 ± 0.32
	0.12



	J1033.7+3708
	0.4476
	285.96 ± 35.69
	8.78 ± 0.25
	0.15



	J1139.6+1149
	0.0812
	302.23 ± 6.78
	8.88 ± 0.12
	0.46



	J1158.9+0818
	0.2915
	231.57 ± 16.58
	8.39 ± 0.16
	0.06



	J1212.1+6412
	0.1086
	241.68 ± 8.34
	8.47 ± 0.11
	0.42



	J1316.7+2054
	0.2551
	247.35 ± 20.93
	8.51 ± 0.18
	0.14



	J1403.6+3606
	0.2497
	161.80 ± 24.92
	7.73 ± 0.30
	0.17



	J1416.0+1320
	0.2468
	136.56 ± 21.84
	7.42 ± 0.31
	0.42



	J1458.1+4119
	0.1765
	218.17 ± 9.76
	8.28 ± 0.12
	0.28



	J1541.1+3451
	0.2335
	284.95 ± 22.66
	8.77 ± 0.18
	0.42



	J1556.1+2812
	0.2079
	241.09 ± 18.39
	8.46 ± 0.17
	0.35



	J1614.4+5028
	0.0603
	222.37 ± 8.09
	8.32 ± 0.11
	0.43



	J2148.9-0121
	0.2034
	281.98 ± 11.9
	8.75 ± 0.13
	0.31



	J2224.5+0353
	0.2932
	243.89 ± 31.85
	8.49 ± 0.26
	0.06





      

      
Notes. Column 1: 4FGL name. Column 2: redshift in SDSS. Column 3: stellar velocity dispersion (σ∗), in km s−1. Column 4: log-scale mass of the black hole calculated from Col. 3, in M⊙. Column 5: estimate of the 4000 Å break contrast.




    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Optical spectra of 4FGL J1614.4+5028 (a) and 4FGL J1046.0+5448 (b) modeled with QSOFITMORE. The spectral data are shown with the black line. The red and green lines represent broad and narrow components of the emission line, and the modeled continuum is plotted with the orange line. The blue line is the sum of all the components. The purple line represents the host galaxy component. The horizontal gray dashes at the top of the plots denote the line-free wavelength regions selected to model the continuum emission. It is noteworthy that both spectra are dominated by absorption lines. However, in (a), after subtracting the host galaxy component, the Hα line only has a narrow component, thus is classified as a BL Lac. In contrast, in (b), after subtracting the host galaxy component, the Hα line still exhibits a prominent broad component, and is classified as a FSRQ. Both spectra are from SDSS-DR16.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        γ-ray luminosity and photon index plane for confirmed blazars from the Fermi/LAT catalog and for the classifications of 117 BCUs from our work. The straight lines indicate the boundaries between FSRQs and BL Lacs: αph = −0.127 logLγ + 8.18 (purple dashed) is from Chen (2018), αph = −0.140 logLγ + 8.73 (purple solid) for SVM, and αph = −0.153 logLγ + 9.26 (blue solid) for LDA.

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        Left: distribution of black hole masses (MBH) for sources with emission line (green) and absorption line (blue) dominated spectra in this work (TW). Right: comparison of MBH between TW and Paliya et al. (2021, P21) for 28 common sources. The dashed line represents the ideal one-to-one relation.

      

    

  
    
      Fig. A.1 

      
        [image: Fig. A.1 Refer to the following caption and surrounding text.]
      

      
        SDSS optical spectra of eight Fermi BCUs with identified lines. Each subplot title corresponds to the 4FGL name, redshift, and classification based on observed spectral lines.

        (All figures for the entire sample are available on Zenodo.)

      

    

  OEBPS/aa57975-25-eq8.png
(LN





OEBPS/aa57975-25-eq9.png
P,
rad = 2fL2 T

et





OEBPS/aa57975-25-eq4.png
Ly,





OEBPS/aa57975-25-eq5.png
L, = 4nd; AF(A).





OEBPS/aa57975-25-eq6.png
———dx
VO +1-Qy






OEBPS/aa57975-25-eq7.png
log(M )— @®. ]2+008)+(424104l)><10g(
M,

200 km





OEBPS/aa57975-25-fig4_small.jpg









OEBPS/aa57975-25-fig7_small.jpg





OEBPS/aa57975-25-fig5_small.jpg





OEBPS/aa57975-25-eq1.png
ADx ARA
f=2 arcsin [ \/sinZ (Tec) + cos(Dec; ) cos(Decy) sin® (T)






OEBPS/aa57975-25-fig2_small.jpg





OEBPS/aa57975-25-eq2.png
l)g(

BH

ALy

'WHM

My

):zy+ﬁlog(

104 ergs—

)+Zlog(F

kms~!





OEBPS/aa57975-25-eq3.png
log(MBH)
” =0.379+0.431
.43 og(

o

] 4Ln,,
7
e ) FWHM






OEBPS/aa57975-25-fig3_small.jpg





OEBPS/aa57975-25-eq12.png
logd = 0.5(logL, — 1.178logLgr + 8.004)





OEBPS/aa57975-25-eq11.png





OEBPS/aa57975-25-eq13.png
logo = 0.5(logL, — 0.870logLg r — 6.260)





OEBPS/aa57975-25-fig1.jpg
Redshift (this work)

2.5

2.0

0.5

04,

4FGL J1047.9+0055 (z=0.6421 )

11047.9+00s5 2
L] ,
4

)
=

[
G

Flux [10™7ergs™! em™2 A™!]
s 8

[

v

=

Mgll

[om

foun

[Nell1] Wy

He Hy |

o nj

0 0.5 1.0 1.5

Redshift (SDSS)

20

25

4000

5000 6000 7000

Wavelength [A]

8000

9000





OEBPS/aa57975-25-fig2.jpg
(327.180850, -1.377296) 4375-55889-594 (z = 0.203) [0 5 =281.98 £ 11.90]

Resid
o

4000 4500 5000

" " " L
5500 6000 6500 7000
Rest-frame wavelength ( Ay





OEBPS/aa57975-25-fig3.jpg
J1223.0+1100

J0943.7+6137 z=0.
40 =
= 3 ®)
sE ]
2
4000 5000 6000 7000 8000 9000 4000 5000 6000 7000 8000 9000 “4000 5000 6000 7000 8000
‘Wavelength [A]

Waveleogth [A] Wavelength [A]





OEBPS/aa57975-25-eq10.png
P,
ad = 2f Liw [0~

set





OEBPS/aa57975-25-fig4.jpg
Soc = (101.020010, J4.8289°09) 074-50588-0740.0us 2= 0.2492
— e

3650

T 0] — odoton] —
B — it || — e
E | =
5 0 i
T 000 S0 w0 700 w000
%
5 o
L Y
B
!
o o
370 3500 4640 w0 5100 6400 0 a0 w0 370 3500 4640 870 5100 6400 a0 00

Rest-frame wavelength (A)

Rest-frame wavelength (A)





OEBPS/aa57975-25-fig5.jpg
3.00

S0

B

—— SVM Sep: rr
—— LDA Separator
-4 BLLacs

4 FSRQs
4
FS

BCUs (bll type)

BCUs (fsrq type)

FYRE

48

44 45 a6 47
logL, (0.1-100 GeV, erg s~1)

49






OEBPS/aa57975-25-fig6.jpg
Number

- emission line
- absorption line

2.5

Mgu,p21

&
-

emission line
absorption line

8.0 85
log(Mgu/Mg)

Mpu.Tw

9.5





OEBPS/aa57975-25-fig7.jpg
Flux
[10~7erg s~ em™2 A1)

Flux
[10~erg s~ em™2 A1)

Flux

[107erg s~ cm™ A‘l]

Flux
[107erg s~ cm™ A‘l]

JO014.5-0500 z=0.79 FSRQ
T T

L2

oh
5000

L
5500

Wavelength [A]

1
6000 6500

J0029.4+2051 z=0.37 BL Lac
T T TT TT

on

g
00

6

0

i
7000
Wavelength [A]

J0040.9+3203 z=0.63 FSRQ

8000

Mell

50

L lg
00 6000

Wavelength [A]

7000 8000

J0136.8+2032 z=0.56 FSRQ
T T T T T

1
5000

L
6000
‘Wavelength [A]

1
7000

Flux
[10erg s~ em™2 A1)

Flux

[10erg s~ em™2 A1)

Flux
[10erg s~ em™ A1)

Flux
17, 1 am—2 A-l
[10"ergs™ em™ A™']

JOU24.5-0810 z=2.07 FSRQ
T T T T

‘g

1 L 1
5000 5500 6000
Wavelength [A]

J0036.9+1832 z=1.59 FSRQ
T T T

T

= = =
s

Z . .
4000 5000 6000 7000

Wavelength [A]

J0112.8-0253 z=0.19 galaxy

on

: -
5000 6000 7000
Wavelength [A]

J0147.6+1547 z=0.38 BL Lac

QL. L L
5500 6000 6500 7000

Wavelength [A]





OEBPS/aa57975-25-fig1_small.jpg





OEBPS/dash.png





OEBPS/aa57975-25-fig6_small.jpg





