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ABSTRACT

The fourth-DR3 version (4FGL-DR3) of the Fermi/LAT catalogue of y-ray sources contains ~ 1000 objects ata galactic latitude
|b] > 10° which are not identified with an optical counterpart (UGS). We performed a systematic study of these sources, focusing
on 190 objects that have a unique X-ray counterpart in the available Swift/XRT observations. Optical counterparts are then
selected, and for 33 sources optical spectra were found in the literature. We found that 21 can be classified=as BL Lac objects.
Among these we were able to provide the redshift for 8 of them while for 2 others we established a lower limit to the redshift by
detecting intervening absorption. The other 12 objects display optical spectra with prominent emission lines (0.036<z<1.65).
These spectra are characterized by both broad and narrow emission lines with the exception of\3 sources. One of them displays
only broad emission lines, while the other two exclusively exhibit narrow lines. On the basis of the radio/optical flux ratio, all
BL Lac objects in this study are radio loud. Four sources out of the 12 with prominent-emission lines can be classified as radio
loud, while at least 5 of the 12 sources with prominent lines are radio quiet. This(is somewhat unexpected comparing with the
radio-loudness distribution of the 4FGL-associated blazars.

Key words: galaxies: active - galaxies: distances and redshifts - quasars: emission lines - BL Lacertae objects: general -
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1 INTRODUCTION

In the last 15 years the Fermi satellite contributed dramatically to
the progress of high-energy astrophysics. The third version of the
Fermi-LAT Fourth Source Catalogue (4FGL-DR3, Abdollahi et"al.
2020, 2022), based on 12 years of observations and containing 6659
y-ray detections, was released in June 2022.

About 4500 sources are associated or identified, with targets at
other wavelengths thanks to a positional overlap inythe sky, measure-
ments of correlated variability at other wavelengths, and/or multi-
wavelength spectral properties (Abdollahi et al. 2020, 2022). The
majority of the Fermi extragalactic population (at |b| > 10°) belongs
to the blazar class, radio jetted Active Galactic Nuclei (AGN) with
relativistic jets oriented close to'the line of sight of the observer.
Therefore, the y-rays band presents an efficient and suitable energy
band to detect this cldss of sources.

Blazar radiation, from,radio to y-ray band, is dominated by non-
thermal emission and‘the typical Spectral Energy Distribution (SED)
exhibits a doubled-bump shape. The first low energy peak, ranging
from radio to X-rays energy band, is due to a synchrotron emission
from relativistic electrons, while for the second one at high energy
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(in the MeV - TeV range) the origin remains still under debate and
several scenarios are proposed in the framework of hadronic and/or
leptonic models (e.g. Cerruti et al. 2011; Costamante et al. 2018;
Rodrigues et al. 2019; Gao et al. 2019; Cerruti 2020).

Based on the properties of their optical spectra, blazars are divided
in two main classes: i) Flat Spectrum Radio Quasars (FSRQs) char-
acterised by prominent emission lines and ii) BL Lacertae objects
(BLL) for which the spectral features are very weak or even absent
(e.g. Falomo, Pian, & Treves 2014). This implies that for a large
fraction of BLL the redshift is unknown or highly uncertain, making
their characterization in terms of physical properties and modelling
quite difficult.

In any case, the firm classification of the Fermi sources requires
spectroscopy of the optical counterpart. After the release of the first
Fermi catalogs and subsequent versions, a number of optical cam-
paigns were activated. One of the first substantial contributions came
from Shaw et al. (2012, 2013) that collected optical spectra of ~500
blazars reported in the Fermi catalogs. The results of the search on
blazar candidates proposed on the basis of the colours of the in-
frared (IR) counterparts in the Wide-field Infrared Survey Explorer
(WISE) survey and subsequent optical spectroscopy were presented
by D’Abrusco et al. (2013), Massaro et al. (2015, 2016) and refer-
ences therein, who found ~600 blazar candidates and established the
blazar nature for ~200 of them.

© The Author(s) 2024. Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
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Our group has carried out several campaigns of optical spec-
troscopy (some of them still on-going) and, in particular, we focused
on the analysis of optical spectra of various samples of GeV-TeV
blazars and neutrino candidate blazars, with the aim to determine
their classification, the redshift and/or an upper limit of the red-
shift (see details in Paiano et al. 2017a). In particular Paiano et al.
(2017a,b, 2020) analysed 87 Fermi BLL (or candidates) detected in
the VHE band. In Paiano et al. (2021, 2023) and Padovani et al. (2022)
optical spectroscopy of ~50 blazars candidates to be the counterparts
of IceCube neutrino events, is reported. From the analysis of these
spectra, we derived the properties of the emission lines, crucial for
the source characterization, and from the spectral decomposition of
the continuum we estimated the properties of the host galaxy and the
mass of the central super massive black hole. No significant spectral
differences were found for this group of objects with respect to the
rest of Fermi BLL.

A recent summary of spectroscopic observations on blazar Fermi
sources can be found in Paliya et al. (2021).

About 25% of the extragalactic sources reported in the Fermi
catalogue still remains unassociated, either due to the lack of X-ray
and/or radio counterparts or because of multiple possible associations
at other wavelengths can be found inside the positional error box (on
average circles of about 6 arcmins of radius). These unassociated
y-ray sources (UGSs) represent a key component of the very high-
energy sky. Their identification with lower energy counterparts and
classification is crucial for population studies and the interpretation
of the cosmic evolution of the gamma-ray sources (e.g. Ajello et al.
2014; Ghisellini et al. 2017). UGSs may hide new blazars and/or
new AGN classes emitting at GeV energies (as Narrow Line Seyfert-
1 and Seyfert-like objects, for which only a few are known as y-ray
emitters). Moreover, since most UGSs have weaker y-ray fluxes (on
average ~ 2 x 10712 erg cm™2 s~!) than the identified sources (with
an average flux of ~ 1.6 X 10-1 erg em™2 s71) in the 100 MeV
to 100 GeV range, they can represent a more distant extragalactic
population, and/or lower luminosity sources.

Since 2015 we carried out a systematic study, using Swift/XRT
images, with the aim of finding lower energy counterparts, with
respect to the y-ray energy band, of UGS based on available X-ray
data that cover the y-ray error-box (e.g. Stephen et al. 2010; Takahashi
etal. 2012; Acero et al. 2013; Takeuchi et al. 2013; Landi et al. 2015;
Paiano, Franceschini, & Stamerra 2017c; Paiano et al. 2047d,:2019;
Kerby et al. 2021; Kaur, Kerby, & Falcone 2023).

To assess the nature of the source, we use optical\spectroscopy
available in the literature or obtained by our dedicated.observation
campaign using telescopes in the 8-10m class‘(such as Gran Tele-
scopio Canarias and Large Binocular Telescope).\This allows us to
estimate or constrain the redshifts confirmingithe extragalactic na-
ture of the proposed UGS counterpatts. Moreover this yields crucial
information to constrain the source emission, to determine the main
physical parameters of the emitting region (as the nucleus luminosity
and the nucleus-to-host ratio), of the host galaxy (morphology, size,
and luminosity) and to,shed.ight on the extreme physical processes,
e.g. the neutrino production.

In previous papers (Paiano et al. 2017d, 2019), we studied a sample
of 48 UGSs selected from the 2FGL and 3FGL catalogs and with at
least one X-tay.source’detected inside the UGS error box. All sources
exhibited an AGN-optical spectrum (44 are BLLs, 1 QSO, 1 NLSy1
and 2 objects with a Seyfert 2 type spectrum).

In this work, we report the results of the association study for
a first sample of 33 UGSs of the 4FGL-DR3 catalogue that have
only one X-ray counterpart in the Fermi error ellipse and for which
an optical spectrum is already available in literature or in public

surveys, providing details about the main spectral properties and the
classification.

This paper is structured as follows: in Section 2, we describe our
procedure of search for UGS counterparts and the sample of this
work, in Section 3 we present the main results from the analysis of
the optical spectra and multi-wavelength data, in the Section 4 we
summarize and discuss the main properties of the sample in a multi-
wavelength point of view, and finally in Section 5 we give notes on
individual objects.

We adopted concordance cosmology (e.g. Seehars et al. 2016)
assuming Hubble constant Hy = 70 km s Mpc_], matter density
Qm o = 0.3, and dark energy density Qp o = 0.7.

2 SEARCH FOR UGS COUNTERPARTS AND DEFINITION
OF SAMPLE

2.1 Search for UGS counterparts
2.1.1 X-ray band

Over the last 10 years, the Swift satellite has been involved in a cam-
paign dedicated to the observation of UGSsywith.the XRT telescope
(Stroh & Falcone 2013; Falcone, Strohg& Pryal 2014), and all data
are available in the public archive I'\We_searched for UGS X-ray
counterparts by selecting all the Swift/XRT data that cover the UGS
positions in the field of view. A total of 697 (over a total of the 1125)
high latitude (|b| > 10°) UGSs are covered by at least one Swift/XRT
observation. For each'of them'we obtained an X-ray skymap covering
a sky region of ~15 aremins (see an example in Fig. 1 and for the
remaining sources see Appendix Al). We reduced all the available
Swift/XRT-0bservations with the on-line tool provided by the Swift
consortium? (Goad et al. 2007; Evans et al. 2009, 2020) that, for
each given UGS; created a 0.3—10 keV stacked image and performed
a source detection. We considered as X-ray sources detection having
signal-to-noise (SNR) > 3.0 inside the 30~ Fermi positional error
ellipses3. The online tool provides as output the source detection list,
with the position* and the signal-to-noise ratio.

We find that 265 UGSs have at least one X-ray detection inside the
vy-ray error box, and in particular 190 of them have only one possible
X-ray counterpart inside the y-ray error box, while the remaining 75
have multiple number of X-ray sources. These numbers obviously
depends on the chosen significance of the X-ray detection.

2.1.2 Radio band

Starting from the X-ray positions and error boxes (on average of the
order of 4 arcsecs), we looked for radio and optical counterparts.
We used two radio catalogs, provided by the Very Large Array Sky
Survey (VLASS, Gordon et al. 2021) and the Rapid ASKAP Contin-
uum Survey (RACS, Hale et al. 2021). Furthermore, we performed

1 https://www.swift.ac.uk/swift_portal/

2 https://www.swift.ac.uk/user_objects/

3 Note the two axes of the 4FGL-DR3 error ellipses at 95% confidence level
have been increased by 50% in order to yield the ~99% confidence level (see
examples in Fig. Al).

4 If data acquired with the UV and Optical Telescope (UVOT) on board of
Swift are available, the on-line Swift analysis tool gives the enhanced position
corrected for astrometry.
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Figure 1. Upper panel: X-ray skymap of 4FGLJ22017.1+2222. The yellow
and cyan ellipses are respectively the 20~ and 30~ Fermi vy-ray error regions.
X-ray detection, found through Swift/XRT analysis, is reported in green.
Bottom panel: Optical r-band PanSTARRs image of 4FGLJ2207.1+2222
counterpart. The green circle represent the error box of the X-ray coun-
terpart and the red ellipses the error box of radio counterparts found within
VLASS catalog.

a dedicated search’ for any uncatalogued radio sources:using public
radio images provided through the LOw-Frequency ARray (LOFAR)
Two-metre Sky Survey (LoTSS, Shimwel‘et al. 2022) in the north-
ern hemisphere and RACS in the southern hemisphere. For those
sources that have a marginal detection (SNR < 3 o), that show an
extended structure (non-circularly symmetric radio source) or no ra-
dio images are available in literature, we asked observations with
the Australian Telescope Compact Array (ATCA). Full details on the
ATCA program, will be=presented in a future publication (Ulgiati
et al., in prep.). For.the case of 4FGLJ2030.0-0310, the details are
reported in the sotrce notes’(see Section 5).

5 The radio/detection was performed by applying two circular regions: one
around‘the source (found through the search for the centroid, or in the absence
oflan obvious source on the position of the X-ray source) of size 10 arcsec, and
the other/in a region without of radio sources, of size 50 arcsec, to estimate
the background. The ratio between the maximum flux in the source region
and the rms of the background region gives the SNR of the detection.

UGS spectra 3

2.1.3 Optical band

For the optical band, we searched counterparts using catalogues
by the Sloan Digital Sky Survey (SDSS, Ahumada et al. 2020),
the Panoramic Survey Telescope and Rapid Response System
(PanSTARRS, Chambers et al. 2016)) database, the Dark Energy
Survey (DES, Abbott et al. 2021) and the United States Naval Ob-
servatory (USNO, Monet et al. 2003) survey (see an example in Fig.
1-bottom panel and for the remaining sources see Appendix B).

For 15 objects (with redshift <0.5) and/or with a substantial contri-
bution from the host galaxies), we analysed the r-band images taken
from the PANSTARRs, SDSS and DES database. We have used
the AIDA software (Uslenghi & Falomo 2011) in order to separate
the nuclear and host galaxy components and to determine the main
photometric and morphological characteristics of the host galaxies
(absolute magnitude, effective radius, and Sersic index n 6).

2.2 Definition of the sample under consideration

The necessary step to probe the nature of the sources)andto provide a
classification is to study their optical spectra. Considering the UGSs
with only one X-ray detection, we found that 33 objects have a X-
ray counterpart which has already an optical spectrum in literature.
For other ~60 UGS counterparts, optical“spectroscopic data from
large telescopes (e.g. Large Binocular Telescope (LBT) and Gran
Telescopio Canarias (GTC)) has'been already granted to our group
(Paiano et al., in prep.).

In this paper we report the'main results for this sub-sample of 33
sources, obtained by the study of the X-ray images and the analysis
of the literature spectrum, When available in ASCII or FITS format.
The main information ‘of the Swift/XRT observations and results
of the X-raypanalysisSrare summarized in Tab. 1. In Tab. 2 we list
the multiwawelength counterparts of each UGS. In Appendix A we
show,the Fermi‘error boxes superimposed to the X-ray images of
this"sample. Appendix B contains the optical images (Fig. B2) taken
from the)PANSTARRSs database (with the exception of two cases in
which,the images were taken from the Dark Energy Survey (DES)
and’NOIRLab Astro Data archives) with the overlay of the proposed
X-ray and radio counterparts. Details of the multiwavelength study,
including the X-ray and the optical skymaps for the entire UGS
sample with at least one X-ray detection will be presented in Ulgiati
et al., (in prep.).

3 RESULTS

The available and downloaded optical spectra found in literature
of our 33 UGS sample (see Table 3 for the references) are shown
in Fig.2. The spectra were dereddened for the Galaxy contribution,
applying the extinction law by Cardelli, Clayton, & Mathis (1989) and
assuming the E(B-V) values provided by the NASA/IPAC infrared
science archive /. Note that for two objects (4FGLJ0023.6-4209
and 4FGLJ2030.0-0310) the spectra, taken from the 6dF survey, are
not flux calibrated and dereddened. Although they are useful for the
redshift determination, no information of the magnitude of the source
and line luminosities can be derived.

6 The surface brightness profile of a galaxy is described by the Sersic law:

1
% =exp( - by ((g;)" - 1)) . where I, is the light intensity at the effective

radius R, the major-axis effective radius encompassing half of the total flux
of the source, n is the Sersic index and b, a constant depending on n.
7 https://irsa.ipac.caltech.edu/applications/DUST/
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Table 1. X-ray info of the 33 UGSs with only one X-ray counterpart within the 30- Fermi error box

Note. Column 1: 4FGL Name of the target; Column 2: y-ray detection’significance as reported in the 4FGL catalog; Column 3: Swift/XRT exposure time;
Column 4: X-ray counterpart detected from our Swift/XRT analysis(Names report the acronym of the XRT detector plus the J2000 sexagesimal coordinates);
Column 5-6: Coordinates of the proposed X-ray counterpart in.degrees;Column 7: X-ray positional error radius in arcsecs; Column 8: Detection significance

of the X-ray counterpart.

From the redshifts deduced from the analysis{of the optical spectra
and/or the presence of a power-law component (typical of the BLL),
it was possible to asses the extragalacic nature of the sources.

For 20 out of 33 objects, clear spectral features are found that
allow us to derive their redshift (see\Table 3). We determine the
position of the emission and abserption lines performing accurate
search of the centroids, by computing the barycenter of each line after

of the stellar population due to the host galaxy (labelled as galaxy-
dominated BLL (BLG) in Table 3). Seven BLLs have their redshift
determined through the detection of the host galaxy absorption lines.
The redshifts are in the interval 0.04 < z < 0.64 and the average
value is <z> = 0.2 + 0.1, in agreement with the typical BLL red-
shift distribution (Padovani et al. 2017; Garofalo et al. 2019). For
two BLLs, 4FGLJ0251.0-1830 (Paiano et al. 2019, for details) and

4FGL Name y-ray Swift exp. XRT counterpart RA DEC X-ray positional X-ray
significance (o) time (ks) (J2000) (J2000) error radius (") significance (o)
4FGLJ0023.6-4209 5.1 34 XRTJ002303.5-420509.6 5.76496 -42.08601 2.9 5.0
4FGLJ0112.0+3442 4.8 4.7 XRTJO11124.84344154.1 17.85359 34.69837 4.7 4.0
4FGLJ0117.9+1430 6.1 6.6 XRTJO011804.7+143159.5 19.51996 14.53322 3.0 4.7
4FGLJ0202.7+3133 43 10.5 XRTJ020242.1+313211.3 30.67554 31.53649 2.5 10.3
4FGLJ0251.1-1830 11.0 7.7 XRTJ025111.7-183111.1 42.79877 -18.51976 2.7 8.9 o
4FGLJ0259.0+0552 23.2 4.9 XRTJ025857.5+055244.4 44.73982 5.87900 34 5.2 g
4FGLJ0641.4+3349 44 3.6 XRTJ064111.2+334502.0 100.29683  33.75056 3.7 13.8 g
4FGLJ0838.5+4013 4.1 39 XRTJ083902.9+401546.9 129.76240  40.26303 3.0 4.4 o
4FGLJ0938.8+5155 6.1 10.6 XRTJ093834.5+515454.7 144.64375  51.91522 6.1 3.8 =
4FGLIJ1016.1-4247 12.8 6.1 XRTJ101620.7-424723.2 154.08659  -42.78978 2.7 8.6 g
4FGLJ1039.2+3258 9.8 5.1 XRTJ103852.1+325651.9 159.71738  32.94776 3.0 4.6 =
4FGLJ1049.8+2741 6.5 5.5 XRTJ104938.7+274212.0 162.41124  27.70335 2.9 5.8 é’
4FGLJ1125.1+4811 4.5 50.5 XRTJ112526.0+480922.8 171.35839  48.15634 54 4.3 ;F;
4FGLJ1131.6+4657 6.3 4.6 XRTJ113142.3+470009.2 172.92651  47.00256 2.6 6.0 S
4FGLJ1146.0-0638 13.5 33 XRTJ114600.8-063853.9 176.50361 -6.64831 31 6.7 &
4FGLJ1256.8+5329 5.6 5.6 XRTJ125630.5+533202.2 194.12725  53.53397 64 4.2 g
4FGLJ1308.7+0347 9.7 3.6 XRTJ130832.2+034405.3 197.13445 3.73483 4.0 5.5 'g
4FGLIJ1346.5+5330 10.3 39 XRTJ134545.1+533252.4  206.43811 53.54791 2.2 13.5 2
4FGLJ1410.7+7405 22.9 11.7 XRTJ141045.6+740509.8 212.69026  74.08608 7.2 4.5 g
4FGLIJ1430.6+1543 4.8 1.6 XRTJ143057.9+154556.0  217.74133 15.76529 3.1 54 3
4FGLJ1535.9+3743 18.1 10.7 XRTJ153550.5+374056.8 233.96065 3768245 4.6 4.1 E
4FGLJ1539.1+1008 5.6 6.2 XRTJ153848.5+101841.7 234.70214  10:31159 32 5.0 %
4FGLJ1544.9+3218 6.5 13.9 XRTJ154433.1+322148.5 236.13813,4m32:36349 2.6 10.1 =3
4FGLJ1554.2+2008 10.6 8.2 XRTJ155424.1+201125.3 238.60069 20.19041 2.0 34.5 §
4FGLJ1555.3+2903 5.1 35 XRTJ155513.0+4290328.0  238.80422,,.29.05779 35 10.9 ©
4FGLJ1631.8+4144 8.0 3.7 XRTJ163146.8+414631.8 247.94510 © 41.77550 2.6 8.9 i:’.,
4FGLJ1648.7+4834 5.7 4.2 XRTJ164900.5+483409.1 252.25233  48.56921 2.8 5.7 T
4FGLJ2030.0-0310 4.5 4.5 XRTJ203014.3-030722.8 307.55974  -3.12276 2.8 11.0 g
4FGLJ2207.142222 7.5 4.8 XRTJ220704.1+222231.8 331.76740  22.37552 33 5.0 3
4FGLJ2240.3-5241 11.8 5.8 XRTJ224017.55-524112.3°,  340.07314  -52.68676 3.6 34 S
4FGLJ2317.7+2839 10.7 14.1 XRTJ231740.1+283955.4 349.41730  28.66540 5.8 4.3 §
4FGLJ2323.1+2040 6.2 33 XRTJ232320.30+203523°6  350.83459  20.58990 4.2 35 3
4FGLJ2353.2+3135 9.0 28.0 XRTJ235319.39+313616.9  358.3308 31.6047 35 8.2 §
2
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subtraction of the underlined continuum. The redshift is determined
by comparing the found wavelenght centroids of each line with the
expected rest-framewavelenghts. After checking that all lines provide
consistent results, we‘derived the final redshift from the average.
11 sources do. not reveal intrinsic spectral features. For 7 sources,
the optiealispectrum exhibits absorption lines of the host galaxy
stellar ‘population (Ca II 3934,3968, G-band 4305, Mg 15175, and
Na'l 5893), 12 objects present only emission lines, and for one case
(4FGLJ0112.0+3442) both emission and absorption lines are present.

We can classify 21 sources as BLL: 15 with spectra character-
ized by a power-law emission and another 6 with a strong signature

4FGLJ2353.0+3135 (see Fig. 2), we can detect only intervening
absorption systems due to MglIl 2899 that allow us to provide a
spectroscopic redshift lower limit.

The spectra of the remaining 12 objects all have prominent emis-
sion lines (mainly CIII], Mgll, [OII], Hpg, [OIII], He, [N II] and
[SII]), most of them showing a type-1 spectrum with broad and nar-
row emission lines. One high redshift source (z >1) displays only
broad emission lines. 4FGLJ0117.9+1430 can be classified as a Nar-
row Line Seyfert 1 (see details in Sec. 5), while the other 11 have a
Seyfert/QSO-like spectrum.

From the r-band image decomposition analysis of the 15 ob-



Table 2. Multiwavelength counterparts proposed for the sample of 33 UGSs

UGS spectra 5

4FGL Name XRT Radio Optical RA DEC
counterpart counterpart counterpart J2000 J2000
4FGLJ0023.6-4209  XRTJ002303.5-420509.6 RACSJ002303.61-420509.57 DESJ002303.74-420508.4 5.765596 -42.08569
4FGLJ0112.0+3442  XRTJ011124.8+344154.1 VLASSIQLCIRJ011124.83+4344154.5  SDSSJ011124.86+344154.6  17.853583 34.698500
4FGLJO117.9+1430  XRTJO11804.7+143159.5 - SDSSJ011804.83+143158.6  19.520125 14.532944
4FGLJ0202.7+3133  XRTJ020242.1+313211.3 VLASS1QLCIRJ020242.03+313211.0 ~ SDSSJ020242.06+313210.9  19.520125 14.532944
4FGLJ0251.1-1830  XRTJ025111.7-183111.1 VLASS1QLCIRJ025111.53-183112.3 PANJO025111.53-183112.7 42.798000 -18.520167
4FGLJ0259.0+0552  XRTJ025857.5+055244.4 VLASS1QLCIRJ025857.55+055244.0 ~ SDSSJ025857.55+055243.9  44.739792 5.878861
4FGLJ0641.4+3349  XRTJ064111.24+334502.0 =~ VLASSIQLCIRJ064111.20+334459.6 ~ PANJ064111.22+334459.7 100.296750  33.749917
4FGLJ0838.5+4013  XRTJ083902.9+401546.9 VLASS1QLCIRJ083903.07+401545.6 ~ SDSSJ083903.08+401545.6  129.762833  40.262667
4FGLJ0938.8+5155  XRTJ(093834.5+515454.7 LoTSS093834.68+515451.8 SDSSJ093834.72+515452.3  144.644667  51.914528
4FGLJ1016.1-4247  XRTJ101620.7-424723.2 ATCAJ101620.76-424723.1 USNOJ101620.67-424722.6  154.086125  -42.789611
4FGLJ1039.2+3258  XRTJ103852.1+325651.9 VLASSIQLCIRJ103852.17+325651.9  SDSSJ103852.17+325651.6  159.717375  32.947667
4FGLJ1049.8+2741  XRTJ104938.7+274212.0 VLASS1QLCIRJ104938.81+274213.1 SDSSJ104938.79+274213.0  162.411625  27.703611
4FGLJ1125.1+4811  XRTJ112526.0+480922.8 - SDSSJ112526.27+480922.0  171.359458 ~"48.156111
4FGLJ1131.6+4657  XRTJ113142.3+470009.2 VLASSIQLCIRJ113142.36+470009.4  SDSSJ113142.27+470008.6  172.926125 ", 47.002389
4FGLJ1146.0-0638  XRTJ114600.8-063853.9 VLASS1QLCIR114600.87-063854.5 USNOB1-0833-0250645 176.504000. -6.648556
4FGLJ1256.8+5329  XRTJ125630.5+533202.2 - SDSSJ125630.43+533204.3 194126792 ,53.534528
4FGLJ1308.7+0347  XRTJ130832.2+034405.3 - SDSSJ130832.10+034403.9  197.133750~ 3.734417
4FGLJ1346.5+5330  XRTJ134545.1+533252.4 VLASS1QLCIRJ134545.34+533252.1 SDSSJ134545.36+533252.3 / 206.439000  53.547861
4FGLJ1410.7+7405  XRTJ141045.6+740509.8 JVLAJ141046.00+740511.2* PANJ141045.95+740510.8 212.691458  74.086333
4FGLJ1430.6+1543  XRTJ143057.9+154555.0 - SDSSJ143058.03+154555.6.4m,217.741792  15.765444
4FGLJ1535.9+3743  XRTJ153550.56+374056.8  VLASSIQLCIR J153550.56+374055.5  SDSSJ153550.54+374055.6  /233.960583  37.682111
4FGLJ1539.1+1008  XRTJ153848.5+101841.7 - SDSSJ153848.474101843,2 © 234.701958  10.312000
4FGLJ1544.9+3218  XRTJ154433.1+322148.5 VLASS1QLCIRJ154433.20+322149.1 SDSSJ154433:19+322149.1  236.138292  32.363639
4FGLJ1554.242008  XRTJ155424.1+201125.3 VLASSIQLCIRJ155424.15+201125.5  SDSSJ155424.12+201125.4  238.600500  20.190389
4FGLJ1555.3+2903  XRTJ155513.0+290328.0 VLASSIQLCIRJ155512.89+290330.0  SDSSJ155512.91+290329.9  238.803792  29.058306
4FGLJ1631.8+4144  XRTJ163146.8+414631.8 VLASSIQLCIRJ163146.74+414632.7  SDSST163146.72+414632.8  247.944667  41.775778
4FGLJ1648.7+4834  XRTJ164900.5+483409.1 VLASS1QLCIRJ164900.35+483411.7  SDSSJ164900.34+483411.8  252.251417  48.569944
4FGLJ2030.0-0310  XRTJ203014.3-030722.8 ATCAJ203014.27-030721.8 PANJ203014.27-030722.5 307.559458  -3.122933
4FGLJ2207.1+2222  XRTJ220704.1+222231.8 VLASS1QLCIRJ220704.09+222231.54w,, SDSSJ220704.10+222231.4  331.767083  22.375389
4FGLJ2240.3-5241 XRTJ224017.55-524112.3  RACS224017.79-524111.1 DESJ224017.71-524113.7 340.073792  -52.687139
4FGLJ2317.7+2839  XRTJ231740.1+283955.4 VLASS1QLCIRJ231740.21+283955:8  SDSSJ231740.00+283955.7  349.416667  28.665472
4FGLJ2323.1+2040  XRTJ232320.30+203523.6  VLASS1QLCIRJ232319.95+203523.7  SDSSJ232320.34+203523.4  350.834772  20.589860
4FGLJ2353.2+43135  XRTJ235319.39+313616.9  VLASS1QLCIRJ235319.50+313616.8  SDSSJ235319.54+313616.7  358.331417  31.604639

Note. Column 1: 4FGL Name of the target; Column 2: X-ray counterpart; Célumn 3: Radio counterpart (Names report the acronym of the radio facility plus the
J2000 sexagesimal coordinates); Column 4: Optical counterpart; Column 5<6: Coordinates of the optical counterpart in degrees.

(*) Radio source proposed by (Marchesini et al. 2023)

jects with redshift z<0.5, all galaxies are resolved,,except for
4FGLJ0112.0+3442, and the results are reported in Table 4.

The optical properties and the multiwavelengthemission data of
the 33 UGS are summarized in Tab. 5. While y-ray, eptical and radio
fluxes come from catalogs, the X-ray fluxes are extracted through
spectral fits. Spectra are fitted using an absorbed power-law, where
the NH parameter, defined as the equivalent hydrogen column (in
units of 1022 atoms cm™2), was set to the €quivalent Galactic value
in the direction of the source (HI4PTI'€ollaboration et al. 2016). Fluxes
are estimated in the energy range(0.3 - 10 keV. For each source, we
evaluate a radio-loudness-patameter R defined as the ratio between
the radio flux (in therange2 - 4 GHz) and the optical band flux of the
nucleus component (see Table 5).We consider a source as radio loud
if R>10 (Kellermann‘et al. 1989). All BLL are radio loud sources.

About theyother-12 sources, 4 sources (4FGLJ0023.6-4209,
4FGLJ0938.8+5155, 4FGLJ1346.5+5330 and 4FGLJ1535.9+3743)
can be classified as radio-loud, two have R < 10, and six are not
detected in the radio images, allowing us to put an upper limit on R.

Based/on the absolute magnitude (M, <-23 for QSO, e.g. Os-
terbrock 1980) and the optical imaging analysis (see details in Sec-
tion 2.1.3), four sources have the typical luminosity of the QSO:

4FGLJ1535.9+3743 is a radio-loud quasar and 4FGLJ1125.1+4811,
4FGLJ1256.8+5329 and 4FGLJ1308.7+0347 radio quiet quasars.
The other eight objects can be classified as Seyfert galaxies.

4 SUMMARY AND CONCLUSIONS

We have examined a set of 33 UGS counterparts for which an optical
spectrum was recovered in the literature. From the spectroscopic
analysis we found that all counterparts are extragalactic objects: 21
sources have been classified as BLL, while the others 12 are AGN
with prominent emission lines.

In particular we found that among the 21 BLL, 7 are no-
table for having their redshift determined solely through the de-
tection of absorption lines due to the host galaxy, while one object
(4FGLJ0112.0+3442) exhibits both absorption and emission lines.
For two BLLs, spectroscopic redshift lower limit can be set on the
based of the detection of intervening absorption lines. The others
have a featureless spectrum, described by a power-law shape, and the
redshift is unknown.

The average y-ray luminosity of the BLL in the sample
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Table 3. Optical properties of the 33 UGSs with only one X-ray counterpart within the 30- Fermi error box

4FGL Name Optical counterpart g r Spectrum Reference Line type  Redshift Spectrum Class
4FGLJ0023.6-4209  DESJ002303.74-420508.4 156 150 6dF e 0.053 Type-2
4FGLJ0112.0+3442  SDSSJ011124.86+344154.6 194 19.0 SDSS e.g 0.3997 BLL
4FGLJ0117.9+1430  SDSSJ011804.83+143158.6  18.7 183 SDSS e 0.129 Type-1
4FGLJ0202.7+3133  SDSSJ020242.06+313210.9  18.7 184 SDSS - 2% BLL
4FGLJ0251.1-1830  PANJ025111.53-183112.7 20.2 19.6  Paiano et al. (2019) i >0.615 BLL
4FGLJ0259.0+0552  SDSSJ025857.55+055243.9  18.6  18.3  Paianoetal. (2019) - ? BLL
4FGLJ0641.4+3349  PANJ064111.22+334459.7 17.1 164  Monroe et al. (2016) e 0.1657 Type-1
4FGLJ0838.5+4013  SDSSJ083903.08+401545.6  18.2 17.0 SDSS g 0.1945 BLG
4FGLJ0938.8+5155  SDSSJ093834.72+515452.3  20.3 20.1 SDSS e 0.4168 Type-1
4FGLJ1016.1-4247  USNOJ101620.67-424722.6  19.3 182  Rajagopal et al. (2023) - ? BLL
4FGLJ1039.2+3258  SDSSJ103852.17+325651.6  19.7 189  SDSS - 2% BLL
4FGLJ1049.8+2741  SDSSJ104938.79+274213.0  18.2 17.3  SDSS, de Menezes et al. (2019) g 0.144 BLG
4FGLJ1125.1+4811  SDSSJ112526.27+480922.0  20.3 20.2  SDSS e 1.649 Type-1
4FGLIJ1131.6+4657  SDSSJ113142.27+470008.6  17.5 16.5 SDSS g 0.1255 BLG
4FGLJ1146.0-0638  USNOB1-0833-0250645 19.5 19.7  Paiano et al. (2019) g 0.6407 BLL
4FGLJ1256.8+5329  SDSSJ125630.43+533204.3  20.6 20.3 SDSS e 0.996 Type-1
4FGLJ1308.7+0347  SDSSJ130832.10+034403.9 17.2 173 SDSS e 0.6193 Type-l
4FGLJ1346.5+5330  SDSSJ134545.36+533252.3 17.0 16.6  SDSS e 0.1359 Type-1
4FGLJ1410.747405  PANJ141045.95+740510.8 19.2  19.3  Marchesini et al. (2023) - ? BLL
4FGLJ1430.6+1543  SDSSJ143058.03+154555.6 174 169 SDSS e 0.1633 Type-1
4FGLJ1535.943743  SDSSJ153550.54+374055.6  19.7 194  SDSS e 0:6255 Type-1
4FGLJ1539.1+1008  SDSSJ153848.47+101843.2 18.3 18.0 SDSS e 0.2345 Type-1
4FGLJ1544.9+43218 SDSSJ154433.19+322149.1  18.7 184 SDSS - 2% BLL
4FGLJ1554.2+2008  SDSSJ155424.12+201125.4 18.1 172 SDSS g 012225 BLG
4FGLJ1555.342903  SDSSJ155512.91+290329.9 182 172  SDSS g 0.1767 BLG
4FGLJ1631.8+4144  SDSSJ163146.72+414632.8  20.5 204 SDSS - 7% BLL
4FGLJ1648.7+4834  SDSSJ164900.34+483411.8 194 19.1 SDSS - ?* BLL
4FGLJ2030.0-0310  PANJ203014.27-030722.5 168 162 6dF € 0.036 Type-2
4FGLIJ2207.1+2222  SDSSJ220704.10+222231.4 204 199 SDSS - ?* BLL
4FGLJ2240.3-5241  DESJ224017.71-524113.7 18.1 174  Desaietal. (2019) - ? BLL
4FGLJ2317.7+2839  SDSSJ231740.00+283955.7 19.6 19.1 SDSS - 7* BLL
4FGLJ2323.1+2040  SDSSJ232320.34+203523.4 144 134  Marcha et al. (1996) g 0.038 BLG
4FGLJ2353.2+3135  SDSSJ235319.54+4313616.7  20.5 20.5 SDSS i >0.8809* BLL

Note. Column 1: 4FGL Name of the target; Column 2: Optical counterpart; Column 3-4: magnitude in g and r band from PANSTARRs; Column 5: Reference
of the optical spectrum; Column 6: Type of the detected lines: e = emission lines, g =fabsoption lines from the host galaxy, i = intervening absorption lines;

Column 7: Redshift; Column 7: Classification based on the optical spectrum(

(*) New redshift estimates reported for the first time by this work. It is werth noting,that, for a given number of sources, the literature redshift was disproved
and then they are not known (except in one case, where we determined-alower limit). Details are reported in Sec. 5

(<Ly> = 104 erg s‘l), is found significantly lower than that (<L,
>~ 10% erg s~1) of ~900 BLL of the 4FGL-DR3_catalog (see
also Table 6). While, regarding radio band, all BLL,are\radio-loud
sources. It is worth noting that 4FGLJ1410.7+7403 identified as a
candidate Radio Weak BL Lac (RWBL) by Marchesini et al. (2023)
and Massaro et al. (2017), turns out to instead. be‘a radio loud BLL
using the radio flux value estimated in the same work by Marchesini
et al. (2023). From the imaging decomposition (see Table 4), the
absolute magnitude of their host galaxies in the optical r-band is in
the range -23.1<M(r)<-21.2, with' <M(r)>=-22.4. These values are
consistent with that typical of BLL. host galaxies <Mr>=-22.9 (Urry
et al. 2000; Sbarufatti et al. 2005). The indication is therefore that
these UGSs identified as, BEL belong to the same population of al-
ready identified/Fermi'BLL, covering the faint tail of this luminosity
Fermi BLL distribution (see Table 6).

The other 12 UGS of this study are characterized by optical spectra
with_strong emission lines and constitute ~40% of the total of our
studied sources. This fraction is in fact in agreement with the larger
statistics/of the Fourth Catalog of Active Galactic Nuclei detected
by Fermi - Data Release 3 (4LAC-DR3, Ajello et al. 2020, 2022)
(~ 1400 BLL and ~ 800 FSRQ) and it is much greater than ~10%

found in our earlier studies of UGS (Paiano et al. 2017d, 2019) for
which only 3 objects showed a spectrum not compatible with a BLL
classification. Note that they were based on the 2FGL and 3FGL
catalogues (Nolan et al. 2012; Acero et al. 2015) which explored
fluxes sensibly higher than those examined here (see Table 6).

More specifically, we found one radio-loud quasar
(4FGLJ1535.9+3743), three radio-quiet quasars
(4FGLJ1125.1+4811,4FGLJ1256.8+5329 and 4FGLJ1308.7+0347)
and eight Seyfert-like objects. 4FGLJ0023.6-4209 and
4FGLJ2030.0-0310, two Type-2 AGN, are the closest sources
of the sample with z<0.05 and have the smallest y-ray luminosity
(see Table 5). 4FGLJ0117.9+1430 is classified as a NLSy1 (see the
note of the source in Section 5). This increases the total number of
objects classified as Seyfert of the 4FGL-DR3 catalog (8 NLSy and
3 Seyfert).

It is of interest to compare the values of the radio-loudness (R)
found in our sample of 33 objects with the results of 4LAC, which
are summarized in the distribution reported in Fig. 3. It is apparent
that our 21 BLL have R indexes which are in the low part of the
distribution. The median value is R=120 to be compared with that
R=230 for the 4LAC BLL. We also compared the distribution of
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Table 4. Results of the analysis and decomposition of the PANSTARRSs images

UGS spectra 1

4FGL Name z r Iy Iy M(r)y R, n N/H
4FGLJ0023.6-4209* 0.053 149 >185 149 -21.9 6.8 14  <0.05
4FGLIJ0112.0+3442 0.3997 18.7 19.0 204 >-213 T* 4 4
4FGLJ0117.9+1430 0.129 18.2 19.4 18.5 -20.4 2.0 4 04
4FGLJ0641.4+3349 0.1657 163 17.1 16.7 -22.8 T* 5 0.7
4FGLJ0838.5+4013 0.1945 169 19.1 16.7 -23.1 10.5 4 0.1
4FGLJ0938.8+5155 0.4168 19.8 20.4 20.6 -21.2 10.7 4 1
4FGLJ1049.8+2741 0.144 17.2 19.0 17.2 -21.9 5.1 4 0.25
4FGLIJ1131.6+4657 0.1255 164 18.9 16.3 -22.5 7.6 4 0.1
4FGLIJ1346.5+5330 0.1359 164 17.8 16.7 -22.3 4 4 0.4
4FGLJ1430.6+1543 0.1633  16.8 18.0 17.1 -22.3 5.9 2.1 0.4
4FGLIJ1539.1+1008 0.2345 179 18.3 19.2 211 3.6 3.0 2.5
4FGLJ1554.2+2008 0.2225 169 18.3 17.2 -23.0 7.9 4 04
4FGLIJ1555.3+2903 0.1767 17.0 19.3 17.0 -22.6 7.3 4 0.1
4FGLJ2030.0-0310 0.036 16.1 18.8 16.1 -19.8 1.1 1.9 0.1
4FGLJ2323.1+2040* 0.038 13.6  >17.0 13.6 -22.5 6.5 4 <0.05

Note. Column 1: Fermi name, Column 2: Redshift, Column 3: r from aperture photometry of the PANSTARRs image, Column 4-5: apparent magnitude of the
nucleus (r,) and of the host galaxy (ry) derived by the imaging analysis, Column 6: Absolute magnitude of the host galaxy, Column 7: Eftective radius (kpc),

Column 8: Sersic index n, Column 9: Galaxy flux to nucleus flux ratio.

(*) For 4FGLJ0023.6-4209 the DES image is used and for 4FGLJ2323.1+2040 we used the SDSS image.

R values of the 12 objects with prominent emission lines with the
4L AC FSRQ one. We found a significant difference and, as expected
for the case of Seyfert galaxies, their radio-loudness value is well
below the 4LAC FSRQ one (median R=5600; see Figure 3).

The presence of a sizeable fraction of radio faint objects, in particu-
lar > 5 sources have R smaller than 10, among the UGS counterparts
is somewhat unexpected but not implausible (Massaro et al. 2017;
Jérveld, Berton, & Crepaldi 2021). The obvious comment is that our
current search for UGS counterparts is completely independent of
the radio brightness, which is gathered a posteriori, it rather depends
on the choose of the significance of the X-ray detection. In spite of
the rather small sample the issue of radio quiet counterparts of y-ray
sources is of potentially great interest since they may represent a
poorly explored type of y-ray objects.

5 NOTES ON INDIVIDUAL SOURCES

4FGLJ0023.6-4209 - DESJ002303.74-420508.4: In the Swift/XRT
image we find the source XRTJ002303.5-420509:6=as)the likely
X-ray counterpart for this UGS. It coincides with the optical
source DESJ002303.74-420508.4 (g=15:6), and)the radio source
J002303.61-420509.57, detected from the analysis of radio RACS
data covering the UGS sky region (sée Fig. B2). The radio source ap-
pears point-like and it has a density flux'F =3.3 mJy that corresponds
to a radio-loudness R>15 (see Tables.4 and 5). In the uncalibrated
6dF Galaxy Redshift survey optical spectrum, we are able to detect
prominent and narrow<emission lines attributed to Hg 4861, [O
II1] 4959,5007 , Hp6563% [N 1I] 6583 and [S II] 6717,6731 at z =
0.053. No broad lines are;found. The emission line properties of this
object are typical of Seyfert 2 galaxies and from a inspection of the
optical image(seerFig. B2) the host galaxy appears as spiral galaxy.
Given the remarkably proximity (z < 0.053), the y-ray luminosity of
4FGLIJ0023.6°4209 is ~ 103 erg/s, one of the weakest of our sample.

4FGLJ0112.043442 -  SDSSJ011124.86+344154.6:  From
the Swift/XRT analysis, we reveal the X-ray source
XRTJ011124.8+344154.1 within the Fermi error box. The

sources 1is positionally coincident  with the radio source
VLASSIQLCIRJO11124.83+344154.5\ and the optical source
SDSSJ011124.86+344154.6 The optical spectrum, available in the
SDSS archive, shows [O.dl}:and [O III] emission lines and the Ca Il
doublet absorption lines consistent with redshift z=0.3397. Given
the power-law shape of the,spectrum, the source can be classified as
a BLL. It is worthito note that this UGS is one of three sources listed
in the 4FGL that lies, within the event radius of the neutrino event
IceCube-23051 TAS.

4FGLJ0117.9+1430 - SDSSJ011804.83+143158.6: Within the
Fermi “error box of this UGS, we detect the X-ray source
XRTJ011804.7+143159.5 coincident with the optical source
SDSSJ011804.83+143158.6 (g = 18.7). No radio counterpart is
found in the NVSS and VLASS catalogue. From the RACS data we
can estimate the radio flux upper limit of 4.2 mJy/beam (within 50).
The SDSS spectrum clearly shows prominent emission lines (Hg
4102, Hy 4340, Hg 4861 and [O III] 4959,5007) at z = 0.129. We
note that the Balmer lines show broad components and in particular,
based on the Hg 4861 width (FWHM~500 km/s) and on the line ratio
([OIII] 5007/Hp)~1 (see e.g. Komossa 2008), we can classify the
source as a NLSy1, according to that reported by Rakshitetal. (2017).

4FGLJ0202.7+3133 - SDSSJ020242.06+313210.9: We propose
the source XRTJ020242.13+313211.4, found in the Swift/XRT
skymap, as the X-ray counterpart for this UGS, spatially coincident
with the optical object SDSSJ020242.06+313210.9 (g = 18.7)
and the radio source VLASS1QLCIRJ020242.03+313211.0. The
SDSS spectrum appears featureless and exhibits the characteristic
power-law continuum of the BLL.

4FGLJ0641.4+43349 - PANJ064111.22+334459.7: From the
Swift/XRT imaging analysis, in the 4FGL error box of this y-ray
emitter, we find the X-ray source XRTJ064111.24+334502.0, coin-
cident with the radio source VLASS1QLCIRJ064111.20+334459.6
(1.2 mlJy) and the optical source PANJ064111.22+334459.7

8 https://gcn.nasa.gov/circulars/33773 %page=5
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Table 5. Multiwavelength fluxes and luminosities of the lower energy counterparts of the 33 UGSs

4FGL Name L N P L, Leadio Ly M, (M) R
BLL and BLG [x 10712 [x10713]  [x10728] [x10%] [x10%0] [x10%*

4FGLIJ0112.0+3442 1.4 41 25 6.3 0.9 74 15 223 (-227) 450
4FGLJ0202.7+3133 1.0 15 3.8 12 - - - - 125
4FGLIJ0251.1-1830 1.8 8.8 55 3.3 - - - - 265
4FGLJ0259.0+0552 6.8 5.8 4.1 13 - - - - 45
4FGLJ0838.5+4013 0.9 24 46 19 0.1 8.3 0.5 21.7(-22.9) 290
4FGLIJ1016.1-4247 3.1 72 5.8 6.9 - - - - 100
4FGLJ1039.2+3258 2.7 6.1 29 438 - - - - 130
4FGLI1049.8+2741 1.4 72 2.9 19 0.1 13 0.2 21.0(-21.9) 80
4FGLI1131.6+4657 1.1 92 45 36 0.1 12 0.2 213 (-223) 920
4FGLIJ1146.0-0638 3.1 5.8 5.4 5.8 5.7 32 10 -23.4(-23.2) 100
4FGLJ1410.7+7405 3.6 2.4 1.1 7.6 - - - - 30
4FGLI1544.9+3218 1.4 12 3.6 12 - - - - 100
4FGLIJ1554.2+2008 2.7 42 6.1 21 0.4 20 10 -22.1(-23.0) 240
4FGLI1555.3+2903 1.1 22 32 19 0.1 6.1 0.3 21.5(-22.5) ,320
4FGLJ1631.8+4144 13 0.8 8.1 2.3 - - - - 35
4FGLJ1648.7+4834 12 25 6.0 6.3 - - - - 40
4FGLI2207.1+2222 1.7 6.5 2.6 2.5 - - - - 260
4FGLI2240.3-5241 6.2 29 1.9 21 - - - - 135
4FGLI2317.7+2839 2.8 45 0.8 52 - - - - 90
4FGLJ2323.1+2040 24 2.4 49 631.0 0.01 0.03 0.02 21:9¢23.0) >5
4FGLI2353.2+3135 3.6 61 1.5 23 - - - - 2650

Objects with prominent lines

4FGLJ0023.6-4209 1.1 33 12 209 0.01 0.02 0.08 -21.3(-21.9)  >15
4FGLJ0117.9+1430 29 <4.2 4.9 12 0.1 <0.03 0.2 -20.2 (-20.6) <65
4FGLJ0641.4+3349 1.3 12 28 53 0.1 0.3 2.3 -22.4(-23.1) 25
4FGLJ0938.8+5155 12 0.6 0.7 2.8 0.8 0.06 0.5 -21.5(-21.7) 25
4FGLJ1125.1+4811 0.8 <0.6 0.4 2.8 14.5 <1.5 7.0 -25.1(-25.2) <20
4FGLJ1256.8+5329 2.7 <1.6 1.7 2.1 14.7 <1.3 9.1 -23.5(-23.8) <75
4FGLJ1308.7+0347 2.0 <0.2 7.5 48 33 <1.0 13 -25.6 (-25.5) <05
4FGLJ1346.5+5330 3.0 250 44 58 0.2 39 2.3 -22.0 (-22.4) 900
4FGLJ1430.6+1543 0.9 <1.0 14 40 0.1 <0.2 1.1 -22.1(-22.6) <45
4FGLJ1535.9+3743 4.9 26 1.1 48 8.5 6.6 2.0 -23.2(-23.5) 540
4FGLJ1539.1+1008 2.2 <1.0 3.1 17 0.4 <0.5 0.5 -22.0(-22.3) <6.0
4FGLJ2030.0-0310 0.7 0.4 11 69 0.002 0.003 0.03 -19.2(-19.8) 3.5

Note. Column 1: 4FGL Name of the target; Column 2: y-ray flux (erg’¢m=2 s=Lyin the 100 MeV to 100 GeV range; Column 3: Radio density flux (mJy);
Column 4: X-ray flux (erg cm~2 s!) in the 0.3-10 keV range; Column 5: Optical density flux (erg em~2 57! Hz™!) ; Column 6-7-8: y-ray, radio and X-ray
luminosity (erg s™!); Column 9: g-band and r-band absolute magnitudeiofthe target (derived from PANSTARRs images); Column 10: radio-loudness define as
the ratio between radio flux density and optical flux density.of the'nuclear component.

Table 6. Statistics on Redshift, Flux and Luminosity; Comparison of UFO3 with UFO 1+2 and 4FGL-DR3 catalog

Sample <z> F,(erg cm 2571 Ly (erg s7h
x 10712 x 10%
8 BLL/BLG;,of/this work 0.2 1.4+04 0.1+0.1
12 QSO/Seyfert-like of this work 0.2 1.3+0.7 03+03
875 BLL of 4LAC 0.3 31+1.7 1.2+1.1
792 FSRQ of 4LAC 1.1 55+34 45 + 40
24 BLL-UGS of Paiano et al 2017,2019 0.4 29+ 1.0 20+1.3
3 QSO/Sy-like UGS of Paiano et al 2017,2019 0.3 47+14 0.6 +0.1

Note. Column_1: Sample under investigation; Column 2: Median redshift; Column 3: Median energy flux from 4FGL catalog in the 100 MeV to 100 GeV
range; Column 4: median luminosity.
Thewreported uncertainty indicates the rms of the distribution.
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Figure 2. Optical spectra of the counterparts of UGS with only one X-ray detection within the 30- Fermi error ellipses (see text and Table 2 and 3 for details).
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Figure 2. Continued.
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Figure 2. Continued.

(g=17.1). The spectrum of the optical source, available in Monroe
et al. (2016), shows prominentsnarrow €mission lines due [OIII]
4959,5007 and broad H, 4340, \Hsz 4861 and H, 6564 emission
lines at redshift z=0.1657. On\the basis of the absolute magnitude,
the radio-loudness R-~2.5 and the emission lines properties, this
object can be classifiedias ajlow redshift radio quiet QSO.

4FGLJ0838.544013-"- SDSSJ083903.08+401545.6: Inside the
Fermi €rror box of this UGS we find the X-ray source
XRTJ083902.9+401546.9 coincident with the radio source
VLASS1QLCIRJ083903.07+401545.6 (Joffre et al. 2022) and the
optical source SDSSJ083903.08+401545.6. Kaur, Kerby, & Falcone
(2023) and Joffre et al. (2022) through a machine learning analysis
proposed the X-ray object as a BLL candidate. The SDSS spectrum

is dominated by a galactic component and we can identify several
absorption lines (Ca II, G-band, Mg I, and Na II) at z = 0.1945 due to
old stellar population of the host galaxy. The source can be classify
as a galaxy-dominated BLL in agreement with what reported in the
BZCAT catalog.

4FGLJ0938.8+5155 - SDSSJ093834.72+515452.3:  Through
the inspection of Swift/XRT data, we find the X-ray source
XRTJ093834.5+515454.7 inside the 30 Fermi error ellipse.
Analysing radio data of the LoISS survey we found a radio
detection J093834.68+515451.8 (0.6mlJy) coincident with the X-ray
source. A SDSS spectrum available for the optical counterpart
SDSSJ093834.72+515452.3 (g=20.3) shows prominent and narrow
emission lines attributed to [O II], Hy, Hg, [O III], H, and [N II]
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consistent with z=0.4168. A broad component is present for the Hg
and H, . Based on this information, the target can be classified as a
radio loud QSO.

4FGLJ1039.2+3258 - SDSSJ103852.17+325651.6: We pro-
pose the X-ray source XRTJ103852.1+325651.9 found inside
the Fermi error box of this y-ray emitter as the likely lower
energy counterpart. It is coincident with the radio source
VLASSIQLCIRJ103852.17+325651.9 and the optical {source
SDSSJ103852.17+325651.6. The modest quality SDSS “spec-
trum, reported also in de Menezes et al. (2019) and, associated
to the IR source WISEJ103852.20+325651.7, appearsiféature-
less typical of BLL, although a possible weak signature of Call
break at ~5200 can be recognized yelding a tentative'tedshift of 0.32.

4FGLJ1049.842741 - SDSSJ104938.79+274213.0: Inside the
4FGL sky region of this UGS\ we find the X-ray source
XRTJ104938.7+274212.0, that spatially coincides with the
the radio source VLASS1QLCIRJ104938.81+274213.1 and the
optical source SDSSJ104938.79+274213.0 (g=18.2). The optical
spectrum provided bywthe..SDSS survey is dominated by the
component of the elliptical host galaxy (N/H=0.25 see Table 4)
and a number of‘relevant absorption features are present: the Call
doublet, G-band, Mgl and Nal at z=0.144.

4FGLJ1125.1+4811 - SDSSJ112526.27+480922.0: We find the
X-ray. source XRTJ112526.0+480922.8 inside the y-ray 3o error
ellipse of this UGS. It is spatially coincident with the optical source
SDSSJ112526.27+480922.0 (g=20.3). From the analysis of LOTSS
radio data, no radio counterpart is found, in agreement with Giirkan
et al. (2019). In the optical spectrum, obtained by the SDSS survey,

UGS spectra 13

we can detect broad emission lines attributed to CIV, C III and Mg
II consistent with z=1.649. On the basis of this spectrum and of
the MWL information, we can classify this source as a radio-quiet
QSO. Within 40~ Fermi error box of this y-ray emitter, another X-ray
source is present, XRTJ112432.5+480741.0, coincident with the
radio source VLASS1QLCIRJ112432.64+480739.9 and the optical
source SDSSJ112432.65+480740.7 (g=22.7). An optical spectrum
is available in the SDSS archive for this source. The power-law trend
of the spectrum, absent of emission or absorption lines, indicates
that the object is a BLL.

4FGLJ1131.6+4657 - SDSSJ113142.27+470008.6: The
Swift/XRT analysis reveals the source XRTJ113142.3+470009.2
as X-ray counterpart of this UGS. The radio source
VLASS1QLCIRJ113142.36+470009.4 and the optical source
SDSSJ113142.27+470008.6 are coincident with the X-ray emission.
The SDSS survey provides the optical spectrum with absorption
lines (Ca II, G-band, Mgl, Ca+Fe and Nal) due to the old stellar
population of the elliptical host galaxy. The spectral lines are
consistent with a redshift z 0.1255 and the souree can bejclassify as
a galaxy-dominated BLL.

4FGLJ1256.8+5329 - SDSSJ125630:43+533204.3: The anal-
ysis of Swift/XRT data revealsisonly the X-ray source
XRTJ125630.5+533202.2 within ‘thew.Fermi error box of
this y-ray emitter. It is coineident with the optical source
SDSSJ125630.43+533204.3. The optical spectrum exhibits broad
emission lines due to CIIN and MgII at z=0.996. Also the narrow
(EW=11.1) emission‘line duejto [O II] at 7439 Ais present. We can
classify the source as aQSO: From radio catalogs and the analysis of
LoTSS data, no radio emission is coincident with the X-ray/optical
counterpart:

4FGLJ1308.740347 - SDSSJ130832.10+034403.9: For this UGS,
we. find the X-ray source XRTJ130832.2+034405.3 slightly out of
the Fermi error ellipse reported in the 4FGL-DR3, but inside the
3comerror box (see Sec. 2). From the analysis of the SDSS optical
spectrum we can detect prominent broad emission lines attributed
to Mg I, Hy, Hg and the doublet of narrow lines due to [O III]. The
redshift of the source is z=0.6193. From our analysis of RACS radio
data and from that reported by Rusinek-Abarca & Sikora (2021)
using LoT'SS data, no radio object is detected coincident with the
optical counterpart that can be classified as a radio quiet QSO.

4FGLJ1346.545330 - SDSSJ134545.36+533252.3: The X-ray
counterpart for this UGS, found by our Swift/XRT analysis, is
XRTJ134545.1+533252.4. It coincides with the radio source
VLASS1QLCIRJ134545.34+533252.1 and in the optical with
SDSSJ134545.36+533252.3. The SDSS optical spectrum is a
Seyfert 1-like (as also proposed by Wang, Wang, & Dong 2009) and
exhibits several emission lines: narrow emission lines due to [OII],
[OIIT] and [OI]] and the emission lines attributed to Hs, Hy, Hg and
H, that show a very prominent broad emission component. These
lines set the source at z=0.1359. From the radio analysis of LOFAR
Two Metre Sky Survey data, Pajdosz-Smierciak, Smierciak, &
Jamrozy (2022) show that the source exhibits a structure composed
of a compact radio core, two-sided S-shaped jets and the radio
luminosity characteristic of FR I radio galaxies.

4FGLJ1430.6+1543 - SDSSJ143058.03+154555.6: In the
Swift/XRT skymap and within the Fermi error box of this y-
ray emitter we find the X-ray source XRTJ143057.9+154555.0
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14 A. Ulgiati et al.

coincident with the optical source SDSSJ143058.03+154555.6. The
optical spectrum, available in the SDSS archive, shows prominent
and broad emission lines such as H,, Hg, Ho together with the
narrow lines due to the [O III] doublet at z=0.1633 and consistent
with a Seyfert-1 spectrum. In the radio band, no counterpart is
detected (Coziol et al. 2017).

4FGLJ1535.943743 - SDSSJ153550.54+374055.6: Analysing the
Swift/XRT data we find the X-ray source XRTJ153550.56+374056.8
inside the UGS Fermi error box. It is coincident with the radio
source VLASS1QLCIRJ153550.56+374055.5 (26 mlJy) and the
optical source SDSSJ153550.54+374055.6 for which the spectrum
is available. The spectrum shows a prominent emission line at
4551A due to Mgll, a weak and broad emission line attributed to
Hp and the faint and narrow line of [OIII]. The redshift is z=0.6255.
We note that also an intervening Mgll absorption line is detected
at ~4167 (z=0.4885). On the basis of the radio-loudness parameter
(R~550) and the absolute optical magnitude (Mg = -23.2) the source
appears to be a radio loud quasar.

4FGLJ1539.141008 - SDSSJ153848.47+101843.2: From the
Swift/XRT image, we find that the source XRTJ153848.5+101841.7
is a possible UGS X-ray counterpart. It is coincident with the optical
source SDSSJ153848.47+101843.2. No radio emission is present
(Coziol et al. 2017). The SDSS spectrum displays narrow lines due
to [OII], [OI] and [SII], Hg and H, emission lines with broad
and narrow components. This can be classified as a Seyfert-1-like
spectrum and sets the source at z=0.2345.

4FGLJ1544.9+3218 - SDSSJ154433.19+322149.1: From the
analysis of Swift/XRT data, we propose the X-ray source
XRTJ154433.1+322148.5, coincident with the radio source
VLASS1QLCIRJ154433.20+322149.1 and the optical source
SDSSJ154433.19+322149.1, as lower energy counterpart of the
y-ray emitter. In the SDSS archive the optical spectrum is available
showing the power-law shape and appearing featureless. We
therefore classify the source as a BLL with unknown redshift.

4FGLJ1554.242008 - SDSSJ155424.12+201125.4: The _opti-
cal source SDSSJ155424.12+201125.4 and the radio/ source
VLASS1QLCIRJ155424.15+201125.5 are spatially coincident,with
the X-ray object XRTJ155424.1+201125.3 found inside the,posi-
tional error box of this UGS and proposed as the likely, counterpart.
The optical spectrum of this source is provided by thesSDSS survey
and it is dominated by a galactic componeént, with the presence
of moderate non-thermal emission. Clear, absorption features of
the stellar population are detected, in particulasCa II 3934, 3968,
G-band 4305, Mg 1 5157, and Nal.5893 at z=0.2225. We classified
the source as a BLG. It is also notably that the source is one of
the possible counterparts of the neutrino event IceCube-110521A
(Giommi et al. 2020; Padovani et'al. 2022).

4FGLJ1555.3+29034, - “SDSSJ155512.91+290329.9: By the
Swift/XRT datd * analysis, we found the X-ray source
XRTJ155513.01+290328.0  inside the 4FGL-DR3  error
box of thisy, UGSy that coincides with the radio emitter
VLASSIQLCIRJ155512.89+290330.0 and the optical source
SDSSJ155512791+290329.9. The SDSS spectrum is available and
absorption lines due to Ca II doublet, G-band, Mg I and Nall are
clearly detected at z=0.1747, allowing us to classify the source as a
galaxy-dominated BLL.

4FGLJ1631.8+4144 - SDSSJ163146.72+414632.8:
XRTJ163146.8+414631.8 is the only X-ray source detected
inside the 4FGL-DR3 position error box and it is coincident with the
radio source VLASS1QLCIRJ163146.74+414632.7 and the optical
object SDSSJ163146.72+414632.8. In the SDSS spectrum the
continuum is very flat and no emission lines are detected, allowing
us to classify the source as a BLL. A possible Call absorption
doublet is present at ~6800 A yielding a tentative redshift of z=0.721.

4FGLJ1648.7+4834 - SDSSJ164900.34+483411.8:  Through
the Swift/XRT image analysis, we find the X-ray
source XRTJ163146.8+414631.8 inside the positional er-
ror box of this UGS. We propose the spatially coinci-
dent  objects VLASSI1QLCIRJ163146.74+414632.7 and
SDSSJ164900.34+483411.8 (g = 19.4) as radio and optical
counterparts. Our optical spectrum exhibits a featureless power-law
continuum typical of BLL.

4FGLJ2030.0-0310 - PANJ203014.27-030722.56:“The Swift/XRT
image reveals the X-ray object XRTJ203014:3-030722.8 inside
the 4FGL error box that is spatially coincident, with” the optical
source PANJ203014.27-030722.56. RACS radio image reveals an
hint of radio emission at the position ef‘the X-ray source. As such,
we observed 4FGLJ2030.0-0310 _sky.segion with the Australia
Telescope Compact Array (ATCA)”\We, detected the source with
a SNR > 13 o and we measured a radio flux density of 0.40 +
0.03 mJy at 2.1 GHz, corresponding to a radio-loudness R=3.5 (see
Table 4 and 5). The uncalibrated 6dF Galaxy Redshift survey optical
spectrum shows prominent ‘and narrow emission lines attributed
to Hg 4861, [OII] 4959;5007 , Hy 6563, [N II] 6583 and [S
1I] 6717,6731 at\z=0.036. No broad lines are found, therefore the
spectrum canwbe ‘classified as Type 2. Considering the very low
redshift, the absolute optical magnitude (M = -19.2) and the host
galaxy properies from the analysis of the optical image (see Tab.4),
the source should be classified as a Seyfert-2 galaxy hosted by a
dwarf galaxy. It is important to mention that, given its remarkably
close proximity (z=0.036), this object has a y-ray luminosity of
approximately 2x10%2 erg/s, which is one of the lowest in our sample.

4FGLJ2207.142222 - SDSSJ220704.10+222231.4: The anal-
ysis of Swift-XRT imaging data reveals one X-ray ob-
ject  XRTJ220704.1+222231.8 in the 4FGL-DR3 error
box that is spatially coincident with the optical source
SDSSJ220704.10+222231.4 (g=20.4) and the radio source
VLASS1QLCIRJ220704.09+222231.5. The SDSS optical spectrum
is characterized by a power-law emission and appears featureless
typical of BLL. It is worth noting that this UGS is one of two sources
listed in the 4FGL that lie within the event radius of the neutrino
event IceCube-221210A10.

9 The observations were carried out over two epochs, (2023-07-04 17:25:20—
20:53:10 UT and 2023-07-05 13:07:30—20:49:30 UT). For both observations
we used PKS 1934-638 for primary flux and bandpass calibration, and PKS
2044-027 for secondary gain calibration. Data were recorded at a central
frequency of 2.1 GHz with 2 GHz of bandwidth composed of 2048 1-MHz
channels. Raw data were then edited for radio frequency interference (RFI),
calibrated, and imaged following standard procedures (details in https://
casaguides.nrao.edu/index.php/ATCA_Tutorials) in the Common
Astronomy Software Applications for radio astronomy (CASA, version 5.1.2;
CASA Team et al. 2022)

10 https://gcn.nasa.gov/circulars/330402page=12
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4FGLJ2317.742839 - SDSSJ231740.00+283955.7: Inside the
Fermi error box of this UGS, we detected the X-ray source
XRTJ231740.14283955.4, coincident with the radio source
VLASS1QLCIRJ231740.21+283955.8 and the optical source
SDSSJ231740.00+283955.7. The optical spectrum, available in the
SDSS archive, appears featureless with a power-law continuum.
This source is therefore a BLL with redshift unknown.

4FGLJ2353.243135 - SDSSJ235319.54+313616.7:  Through
the Swift/XRT data analysis, we find that the X-ray source
XRTJ235319.1+313613.4 is inside the 4FGL-DR3 position error
box. The radio object VLASSIQLCIR J235319.50+313616.8 and
the optical source SDSSJ235319.54+313616.7 are coincident with
the X-ray emitter. The optical spectrum, available in the SDSS
archive, is flat and characterized by a power-law continuum typical
of BLL. It is clearly possible to detect an intervening absorption sys-
tem due to MglI allowing us to set a redshift lower limit of z > 0.8809.
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APPENDIX A: X-RAY SKYMAPS

In the appendix the X-ray skymaps for thé 33 UGS analysed in this
paper are shown. The yellow and cyan ellipses are respectively the
20 and 30 Fermi y-ray error regions. X-ray detection, found through
Swift/XRT analysis, are reported in green.
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APPENDIX B: OPTICAL SKY MAPS

In the appendix the optical skymaps for the 33 UGS analysed in this
paper are shown. The green circle represent the error box of the X-ray
counterpart and the red ellipses the error box of radio counterparts
found or within VLASS, RACS or LoTSS catalogs.
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Figure Al. X-ray skymaps for 33 UGS. The yellow and cyan ellipses are respectively the 20~ and 30~ Fermi y-ray error regions. X-ray detection, found through
Swift/XRT analysis, are reported in green.
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of radio counterparts found or wi

$202Z AelN 80 uo 1s9NnB Aq 6¥6E1.9///8GORIS/SBIUW/EE0 "0 | /I0P/3|9NIB-99UBAPE/SEIUW /WO dNodIWapEE.//:Sd)Y Wol) papeojumoq



22 A. Ulgiati et al.

48°09'45"
300
(]
]
o
15"
00"
11"25m295 28°
53°32'30"
15"
|9
7]
[a) 00"
31'45"
12"56M34% 328 30%
RA
74°05'30"
15"
[
]
[a]
00"
04'45"
14M10m52%
RA
10°19'00" {
o 185"
7]
[s]
30
15"

15"38M50°

-6°38'30"
47°00'30"
45"
15"
(¥} )
[ [}
(=) (]
39'00"
00"
15"
46°59'45"

11M31M455 445 435 425 41°

3°44'30"
53°33'15"

15"

32'45"

43'45"

Dec
8
. |
Dec
8 8

13h0o8™m34%  33°

15°46'15" 37°41115"

45'45" 40'45"

30"

Dec
8
Dec
3 8

14"31mp0° $ 56°

32°22'15"

20°11'45"

o

@
0O 2145t

00"

3 8
)
.;
|
\

Dec

15"44m35°  34° 15"54m26°
RA

Figure B2. Continued.

15"35M53%

11"46™02°

13"45M48°

52%

25°

o01®
RA

51%
RA

$202Z AelN 80 uo 1s9NnB Aq 6¥6E1.9///8GORIS/SBIUW/EE0 "0 | /I0P/3|9NIB-99UBAPE/SEIUW /WO dNodIWapEE.//:Sd)Y Wol) papeojumoq



02%

41°47'00"
29°03'45"
46'45"
g g
o a 30"
15"
15"
00"
1555155 14° 16"31m49° 48° 47° 46°
RA RA
22°23'00"
-3°07'00"
22'45"
15"
(9] o
8 g
30
15"
45"
20"30M16° 22M07™06*
RA RA
[ -
2804015" 20°35'45" 4
00" 301
[ (V) -
] ]
[a] [a]
39'45" | 151
30" 00" 1
23"17m42s  41% oy 23"23m22%  21° 20° 19%

48°34'30"

Dec

-52°40'45" {

»

XRTJ224017.55-524112.3
41'00" 4 » b
ke
o -

g .

a 15" 4 L
-
Er L
22040m16% 18° 20°
RA

31°36'45"

15"

33'45"

UGS spectra

16M49m03%02° 015 00°  $ 48M58°
RA

15"

T T T . T
2375321 20° 19° 18°%

23

$202Z AelN 80 uo 1s9NnB Aq 6¥6E1.9///8GORIS/SBIUW/EE0 "0 | /I0P/3|9NIB-99UBAPE/SEIUW /WO dNodIWapEE.//:Sd)Y Wol) papeojumoq



	Introduction
	Search for UGS counterparts and definition of sample
	Search for UGS counterparts
	Definition of the sample under consideration

	Results
	Summary and conclusions
	Notes on Individual Sources
	X-RAY SKYMAPS
	OPTICAL SKY MAPS 

