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Abstract
We report our identification of three gigaelectronvolt 𝛾-ray sources, 4FGL
J0502.6+0036, 4FGL J1055.9+6507, and 4FGL J1708.2+5519, as Active
Galactic Nuclei (AGNs). They are listed in the latest Fermi-Large Area
Telescope source catalog as unidentified ones. We find that the sources all
showed 𝛾-ray flux variations in recent years. Using different survey catalogs,
we are able to find a radio source within the error circle of each source’s
position. Further analysis of optical sources in the fields allows us to determine
the optical counterparts, which showed similar variation patterns to those
seen in 𝛾-rays. The optical counterparts have reported redshifts of 0.6, 1.5,
and 2.3, respectively, estimated from photometric measurements. In addition,
we also obtain an X-ray spectrum of 4FGL J0502.6+0036 and a flux upper
limit on the X-ray emission of 4FGL J1055.9+6507 by analyzing the archival
data. The broadband spectral energy distributions of the three sources from
radio to 𝛾-rays are constructed. Comparing mainly the 𝛾-ray properties of
the three sources with those of different sub-classes of AGNs, we tentatively
identify them as blazars. Follow-up optical spectroscopy is highly warranted
for obtaining their spectral features and thus verifying the identification.

Key words: gamma-rays: galaxies – (galaxies:) BL Lacertae objects: general
– (galaxies:) quasars: general

1. Introduction
Active Galactic Nuclei (AGNs) are powered by accretion onto supermassive
black holes (SMBHs) in the centers of galaxies. Approximately 10% of AGNs
have radio jets, and the jet formation is widely considered to be due to two
mechanisms: the Blandford–Znajek mechanism [?], in which the jet extracts
the rotational energy of an SMBH, and the Blandford–Payne mechanism [?], in
which the jet extracts the rotational energy of an accretion disk surrounding the
SMBH. Depending on our viewing angle of AGNs with jets, or so-called radio-
loud AGNs, they can be divided into two classes [?]. The first are blazars when
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our viewing angles of their jets are small (generally < 10°). Blazars are further
divided into two sub-types, BL Lac objects (BL Lacs) and Flat Spectrum Radio
Quasars (FSRQs). BL Lacs have very weak or no emission lines in their optical
emission, while FSRQs show emission lines with equivalent widths greater than
5 Å [?, ?]. Due to the small viewing angles and thus strong Doppler boosting
effect, blazars are bright and highly variable sources in the sky. The second
class of radio-loud AGNs are misaligned ones (MAGNs), for which we have large
viewing angles. They tend to be fainter and usually closer to us than blazars.
MAGNs are further classified into radio galaxies (RGs) and Steep Spectrum
Radio Quasars.

The Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Tele-
scope (Fermi) has been monitoring the high-energy 𝛾-ray sky since 2008 [?].
There are 7194 𝛾-ray sources in the energy range of from 50 MeV to 1000 GeV
listed in the updated fourth source catalog (4FGL-DR4; [?]). Nearly 66% of
them can be associated with a known astrophysical object, and among the as-
sociated ones, more than 80% are either blazars or MAGNs, with 55 being the
latter. These AGN sources offer a good sample for various studies, for example,
the contributions of blazars and MAGNs to the extragalactic 𝛾-ray background
[?, ?, ?, ?, ?], the blazar sequence [?, ?, ?], and strong variabilities [?, ?, ?, ?].
For the other 34% of unidentified sources, blazars should dominate them and
there may be a small number of MAGNs, according to the proportions of the
associated sources. Identification of these sources can help build the 𝛾-ray sam-
ple as completely as possible, thus helping probe the full physical properties
of AGNs. A popular way for source identification is through statistical anal-
ysis or machine-learning methods [?, ?, ?, ?], and by focusing on variations
of optical light curves (R. Yang et al. 2024, in preparation), we have tested
when developing our machine-learning method. In addition, we are also carry-
ing out identification of the most likely AGN sources found in machine-learning
through multi-wavelength analysis. The companion work serves to cross-check
the results of the machine-learning method. Also, identification of individual
sources could reveal hidden cases that deserve full studies because of interesting
physical properties and processes.

In this paper, we report the identification of three new AGNs among 4FGL-DR4
sources through our multi-wavelength analysis. They are 4FGL J0502.6+0036,
4FGL J1055.9+6507, and 4FGL J1708.2+5519. This paper is organized as fol-
lows. Section 2 describes the multi-wavelength data we used in the analysis.
Section 3 describes the analysis we conducted and provides the results. We
discuss the likely nature of the three sources in Section 4.

2. Data and Analysis Methods
2.1. Optical and Mid-infrared Data

Optical imaging and optical light-curve data were obtained from the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS; [?]) and the
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Zwicky Transient Facility (ZTF; [?]) respectively. To obtain good-quality light
curves, we selected magnitude data points by requiring catflags = 0 and chi
< 4; the magnitudes are in the ZTF g- and r-band (zg and zr respectively).
In addition, the mid-infrared (MIR) light-curve data were obtained from the
NEOWISE Single-exposure Source Database [?], where the bands are WISE w1
(3.4 �m) and w2 (4.6 �m).

The ZTF magnitudes are in the AB photometric system [?], very similar to those
provided in Pan-STARRS [?]. The MIR magnitudes are in the Vega system, and
their conversion to fluxes can be calculated by using the given zero-magnitude
flux density [?].

2.2. X-Ray Data

For the fields of the three Fermi 𝛾-ray sources, we searched for archival X-
ray data. There were a few observations of the fields of 4FGL J0502.6+0036
and 4FGL J1055.9+6507 conducted with the X-Ray Telescope (XRT) onboard
the Neil Gehrels Swift Observatory (Swift). The observation information is
summarized in Table 1 . Using the online Swift-XRT data products generator
tool3 (for details see [?, ?, ?]), we ran source detection in the XRT data.

All the data for each of the two source fields were combined, and only the
counterpart to 4FGL J0502.6+0036 (see Section 3.1 below) was weakly detected.
Its 0.3–10 keV spectrum was extracted. We fitted the spectrum with an absorbed
power-law (PL) model in XSPEC 12.12.1 using the C-Statistic method, where
the Galactic hydrogen column density 𝑁𝐻 was fixed at 8.57 × 1020 cm−2 [?].

For 4FGL J1055.9+6507, no counterpart was found (see Section 3.2 below).
Using the longest exposure (455 s; Table 1), we obtained a 3𝜎 upper limit on
the count rate at the source position. To convert it to an upper limit on the
0.3–10 keV flux, we used the PIMMS tool4 by assuming a PL spectrum with a
photon index of 2, where 𝑁𝐻 = 2.25×1020 cm−2 [?] toward the source direction
was used.

2.3. Fermi-LAT Data and Source Model

The Fermi-LAT data used were 0.1–500 GeV photon events (evclass = 128
and evtype = 3) from the updated Fermi Pass 8 database in a time range from
2008 August 4 15:43:36 (UTC) to 2023 November 1 09:31:26.8104 (UTC). The
region of interest (RoI) for each target was set to be 20° × 20° centered at the
position given in 4FGL-DR4. To avoid contamination from the Earth limb, we
excluded events with zenith angles > 90°.
We set the expression DATA_{QUAL} > 0 && LAT_{CONFIG} == 1 to select good
time-interval events. In our analysis, the package Fermitools 2.2.0 and the
instrument response function P8R3_{{{SOURCE}}_{{V3}}} were used.

The source models for the targets were generated based on 4FGL-DR4.
The three targets were all modeled as a point source with a PL spectrum
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𝑑𝑁
𝑑𝐸 ∝ (𝐸/𝐸0)−Γ, where 𝐸0 values were fixed at 1.74 GeV, 1.35 GeV, and
1.4 GeV, respectively, for 4FGL J0502.6+0036, 4FGL J1055.9+6507, and
4FGL J1708.2+5519. We adopted the same spectral models in our source
models for them. In addition, all sources in 4FGL-DR4 within 25° of a
target were included. We set the spectral indices and normalizations of
the sources within 5° of a target as free parameters and fixed the other
parameters at the catalog values. We also included the extragalactic dif-
fuse emission and the Galactic diffuse emission components, for which
the spectral files iso_{{{P8R3}}_{{SOURCE}}}_{{{V3}}_{{v1}}}.txt and
gll_{{{iem}}_{{v07}}}.fits were used respectively. The normalizations of
the two components were always set as free parameters in our analysis.

3. Analysis and Results
3.1. 4FGL J0502.6+0036

Using the source model described above, we performed the standard binned
likelihood analysis on the data in 0.1–500 GeV for 4FGL J0502.6+0036. The
obtained best-fit Γ = 2.13±0.14, with a test statistic (TS) value of ∼ 54. The Γ
value is consistent with that given in 4FGL-DR4, but the TS value is lower than
83 in 4FGL-DR4. The discrepancy in TS values is likely caused by our inclusion
of the latest data, during which the source was not detectable (see Figures 1
and A1). With the best-fit model, we extracted the source’s light curve with
90 day time bins. In the extraction by performing the maximum likelihood
analysis on the data of each time bin, only the normalization parameters of the
sources within 5° of the target were set free and the other parameters were fixed
at the best-fit values obtained in the analysis of the whole data. The whole
light curve is depicted in Figure A1. As can be seen, there was a flare during
the approximate time period of MJD 58600–59750 (see Figure 1 [Figure 1: see
original paper]).

We also calculated the variability index 𝑇 𝑆var [?] of the light curve, and obtained
𝑇 𝑆var ≈ 179.3. The index value indicates variability of the source at a 7.4𝜎
significance level (as 𝑇 𝑆var is considered to be distributed as 𝜒2, with 61 degrees
of freedom).

To connect 4FGL J0502.6+0036 with its multi-wavelength counterparts, we ran
gtfindsrc in Fermitools to determine the source’s position. We obtained R.A.
= 75°.65, decl. = +0°.61 (equinox J2000.0), with a 2𝜎 uncertainty of 0°.06. This
position is consistent with that given in 4FGL-DR4 (see Table 2 ). Within the
error circle of the position, we found only one radio source, BWE 0500+0034,
in the SIMBAD database.

We employed the tool gtsrcid in Fermitools [?] to estimate the probability
of 4FGL J0502.6+0036 in association with BWE 0500+0034. The calculated
probability was 97.8%, suggesting a highly likely association between them,
given that Fermi-LAT used a threshold of 80% to determine associations for
point sources. The 0.1–500 GeV TS map of the source field, centered at 4FGL
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J0502.6+0036, during the flare time period (MJD 58600–59750) was calculated.
The TS map, displayed in the left panel of Figure 2 [Figure 2: see original
paper], helps indicate the positional coincidence between 4FGL J0502.6+0036
and BWE 0500+0034. The latter has a 95%-confidence radius of ∼ 50″ [?].

Using the Pan-STARRS 100″ × 100″ image centered at BWE 0500+0034 (right
panel of Figure 2), we examined optical sources in the field for the potential
counterpart. There are more than ten sources, and we obtained their ZTF
and WISE MIR light curves to check their flux variations. The optical source
closest to the center of BWE 0500+0034, called PS1 in this work (Figure 2),
exhibited concurrent brightening activity during the flaring time period of 4FGL
J0502.6+0036 (Figure 1). Because of the temporal and spatial coincidence,
BWE 0500+0034 and PS1 are thus the likely radio and optical counterparts
respectively.

3.2. 4FGL J1055.9+6507

By performing the standard binned likelihood analysis on the data in 0.1–500
GeV for 4FGL J1055.9+6507, we obtained the best-fit parameters, in which
Γ = 2.25 ± 0.08, with a TS value of ∼ 168. The values are in agreement
with those given in 4FGL-DR4. Using the same setting as those for 4FGL
J0502.6+0036, we extracted its 90 day binned light curve (see Figure A1). The
light curve also shows flare-like events, which mostly occurred during MJD
58500–60250 in recent years (Figure 1). The variability index 𝑇 𝑆var was found
to be ≈ 260.2, which indicates source variability at a 10.6𝜎 significance level.
Thus, the source was also significantly variable.

Running gtfindsrc to check the source’s position, we obtained R.A. = 163°.92,
decl. = +65°.14 (equinox J2000.0), with a 2𝜎 uncertainty of 0°.04 (see Table
2). Further checking radio sources as the possible candidate counterpart, there
is only one found, given in the NRAO VLA Sky Survey (NVSS) catalog [?] as
NVSS J105533+650956.

Running gtsrcid, we obtained an association probability of 98.8% between
4FGL J1055.9+6507 and NVSS J105533+650956, also indicating their associ-
ation is highly likely. We also calculated the TS map in 0.1–500 GeV during
the flaring time period for the source field (left panel of Figure 3 [Figure 3: see
original paper]). The TS map illustrates the positional matches between 4FGL
J1055.9+6507 and the radio source. The Pan-STARRS 10″ ×10″ image (Figure
3), in i-band centered at NVSS J105533+650956, was obtained to search for
the possible optical counterpart. There is one source, named PS2, in the error
region of NVSS J105533+650956. We note that PS2, with its position given in
Pan-STARRS as the average of multiple exposures in multiple bands, is 0.3″ off
the peak of the optical source in the i-band image (Figure 3). This offset could
reflect the systematic positional uncertainty in astrometry of Pan-STARRS (a
nearly the same offset was found in the next case 4FGL J1708.2+5519; see
Section 3.3). The optical source’s ZTF and WISE light curves were obtained
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and are shown in Figure 1. The multi-wavelength light curves display similar
variability behavior as the 𝛾-ray one.

When the optical and MIR magnitudes were at their brightest during MJD
58500–58800, with the optical showing strong variation activity, the 𝛾-ray flux
(and TS value) was also at the highest. Given both the spatial and temporal
coincidence, NVSS J105533+650956 and PS2 are highly likely the radio and
optical counterparts to 4FGL J1055.9+6507 respectively.

3.3. 4FGL J1708.2+5519

We performed the standard binned likelihood analysis on the data in 0.1–500
GeV for 4FGL J1708.2+5519, and the obtained best-fit Γ = 2.41 ± 0.11, with
a TS value of ∼ 171, in agreement with those given in 4FGL-DR4. Using
the same setting as that for the above two sources, its 90 day binned light
curve was extracted (see Figure A1). The light curve exhibits flare events,
with a dominant one occurring approximately during MJD 59250–60000. The
calculated 𝑇 𝑆var ≈ 196.3, indicating 𝛾-ray flux variations of the source at an
8.1𝜎 significance level.

From running gtfindsrc, we obtained R.A. = 257°.05, decl. = +55°.32
(equinox J2000.0), with a 2𝜎 uncertainty of 0°.04 (see Table 2). Within the
error circle of the position, there is one radio source, NVSS J170802+551919,
given in the SIMBAD database. The calculated TS map in 0.1–500 GeV during
the dominant-flare time period (MJD 59250–60000) shows the positional match
between 4FGL J1708.2+5519 and the radio source (left panel of Figure 4 [Figure
4: see original paper]). There is another radio source from the Faint Images
of the Radio Sky at Twenty-cm (FIRST) survey, FIRST J170802.8+551920,
which is slightly further away. The FIRST survey typically has a positional
uncertainty of 0.3″ [?]. We note that these two radio sources were matched as
one in, for example, [?]. A 99.2% probability for the association between 4FGL
J1708.2+5519 and FIRST J170802.8+551920 was estimated with gtsrcid,
indicating their association is a highly likely case. The Pan-STARRS 10″ × 10″

image in i-band centered at NVSS J170802+551919 is shown in the right panel
of Figure 4.

There is one optical source, named PS3 in this work, which positionally
matches FIRST J170802.8+551920. Here again, the position of PS3 given in
Pan-STARRS is 0.3″ away from the peak of the optical source in the i-band
image. The ZTF and WISE light curves of PS3 (Figure 1) feature concurrent
variations with the 𝛾-ray flaring events, especially the dominant one in MJD
59250–60000. Therefore, given the closeness of the radio and optical sources
and the similarity in temporal variations at multi-wavelengths, it is highly
likely that the two radio sources are the same one and they and PS3 are the
radio and optical counterparts of 4FGL J1708.2+5519 respectively.
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3.4. Broadband Spectral Energy Distributions of the Three Sources

Given the identification established above, we built broadband spectral energy
distributions (SEDs) for the three sources. First we extracted the 𝛾-ray spec-
trum for each of them. Using the best-fit models obtained above from the
likelihood analysis, we performed the maximum likelihood analysis on the data
in 10 evenly divided energy bins in logarithm from 0.1 to 500 GeV. In this
analysis, the spectral normalizations of the sources in a source model within
5° of each target source were set free, and all other spectral parameters of the
sources were fixed at the best-fit values obtained in the likelihood analysis of
the whole data. For the extracted 𝛾-ray spectra, we only kept the data points
with 𝑇 𝑆 ≥ 4.

The broadband SEDs of blazars often display two emission humps, a low-energy
hump peaking at radio to ultraviolet/X-ray wavelengths and the other one
at hard X-ray to 𝛾-ray energies. In the leptonic model that is widely con-
sidered, the low-energy hump is produced from synchrotron radiation of rel-
ativistic electrons in jets while the high-energy one is generated by inverse
Compton (IC) scattering of low-energy photons by the same population of the
electrons [?, ?]. Given the X-ray detection of 4FGL J0502.6+0036, its SED
appears to be in such a two-hump shape (Figure 5 [Figure 5: see original pa-
per]). We did not attempt to fit the SED with a typical leptonic model for
blazars, since the data were not simultaneous and had strong variations. For
4FGL J1055.9+6507 and 4FGL J1708.2+5519, their SEDs share similarity with
that of 4FGL J0502.6+0036, although X-ray detection would help strengthen
it. We checked the eROSITA X-ray data [?], but unfortunately both 4FGL
J1055.9+6507 and 4FGL J1708.2+5519 are not in the sky region of the recently
released survey data.

4. Discussion
Among the AGNs detected by Fermi-LAT, blazars are the dominant ones [?].
In addition, there are also so-called Narrow Line Seyfert 1 (NLSy1) galaxies and
RGs. The former are defined by their optical narrow Balmer lines (the full-width
at half maximum of H𝛽 < 2000 km s−1), weak [O III], and strong Fe II emission
lines [?, ?]. They are considered to be able to host relativistic jets similar to
blazars [?, ?] and thus exhibit multi-wavelength variability as well [?, ?, ?, ?].
At the 𝛾-ray band, they show soft emission (Γ > 2), similar to FSRQs, but have
𝛾-ray luminosities 𝐿𝛾 smaller than those of powerful FSRQs [?]; see also Figure
6. Studies of their broadband SEDs also show that they more closely resemble
FSRQs than BL Lacs [?, ?]. The latter, RGs, are considered as blazars with a
misaligned jet. Most RGs have low redshifts; for example, the largest recorded
distance for an RG has a redshift of 0.22 in the Fermi-LAT sample [?]. As a
result, their 𝛾-ray luminosities are generally lower than those of blazars (Figure
6). We note that [?] recently identified a distant 𝛾-ray RG, TXS 1433+205, at
𝑧 = 0.748, but it can be considered as an extreme case.
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We checked the radio images for the three sources, and they all only show a core,
without any structures seen. In the more recent radio data from the Australian
Square Kilometre Array Pathfinder (ASKAP; [?, ?, ?]), 4FGL J0502.6+0036
is within the survey’s field. There were six flux-density measurements at 887.5
MHz and one at 1367.5 MHz. The flux densities at 887.5 MHz were 52.7 ± 0.4
mJy and 74.4 ± 0.5 mJy, respectively; the flux density at 1367.5 MHz was
57.4 ± 0.4 mJy, while the NVSS’s flux density was 67.2 ± 0.9 mJy at 1.4 GHz.
These measurements show that the source had significant flux variations at radio
frequencies as well.

By the large fraction of blazars in the Fermi-LAT sample, the three sources in
this work are likely blazars. Their multi-wavelength variabilities and SEDs all
fit in this identification. In [?], the redshifts of the optical counterparts to 4FGL
J0502.6+0036, 4FGL J1055.9+6507, and 4FGL J1708.2+5519 are reported to be
0.6, 1.5, and 2.3, respectively, derived from photometric measurements. With
the redshifts assumed, their locations in the 𝐿𝛾–Γ plot (displayed in the left
panel of Figure 6 [Figure 6: see original paper]) can be found. As can be seen,
they are more luminous than RGs, a fact seen in the comparison of the two sub-
classes of AGNs in the Fourth LAT AGN Catalog (4LAC-DR3; [?]): the mean
redshift of blazars being ∼ 0.8 while the mean redshift of RGs being ∼ 0.05.
Also, although with large uncertainties on their 𝛾-ray photon indices, the three
sources appear harder than most NLSy1 galaxies. FSRQs and BL Lacs can be
relatively well separated in this plot [?, ?, ?, ?], as FSRQs are more luminous
with softer emission while BL Lacs are comparably less luminous with harder
emission. [?] obtained a criterion (Γ = −0.127 log 𝐿𝛾 + 8.18) to separate these
two sub-types with a success rate of 88.6%. Following this criterion, we may
classify 4FGL J0502.6+0036 as a BL Lac, 4FGL J1708.2+5519 as an FSRQ,
and 4FGL J1055.9+6507 as either.

Additionally, blazars and RGs may also be separated in a 𝐿𝛾–𝐿1.4GHz plot. We
obtained the 1.4 GHz radio data from the NASA/IPAC Extragalactic Database5

(NED), and performed a linear fitting between log 𝐿𝛾 and log 𝐿1.4GHz for blazars
and RGs, respectively. For blazars, we obtained a relationship of log 𝐿𝛾 =
(0.77 ± 0.01) log 𝐿1.4GHz + (12.08 ± 0.08), which is close to the fitting result
reported by [?]. For RGs, the relationship we obtained was log 𝐿𝛾 = (0.77 ±
0.01) log 𝐿1.4GHz + (11.45 ± 0.08). These two relationships are depicted in the
right panel of Figure 6. As can be seen, the three sources are among blazars
and lie close to the relationship of blazars.

Follow-up optical spectroscopy and X-ray observations of the three sources are
warranted. The first studies can obtain the spectral features that would further
identify them as a BL Lac or FSRQ, or an extreme RG or NLSy1 galaxy and pos-
sibly determine their redshifts. The latter will help obtain their X-ray emission
properties that help better constrain their SEDs. In addition, this work exem-
plarily demonstrates a procedure for identification of Fermi-LAT unidentified
sources, given the advent of rich data from large, multi-wavelength surveys. A
potential counterpart will help lower the several-arcminute positional uncertain-
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ties of Fermi-LAT sources to a region of a few arcseconds, and multi-wavelength
variability analysis will identify the likely counterpart.
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Appendix
Long-term 𝛾-Ray Light Curves

In Figure A1 [FIGURE:A1], the long-term 𝛾-ray light curves of 4FGL
J0502.6+0036, 4FGL J1055.9+6507, and 4FGL J1708.2+5519 are shown.

Figure A1. 90 day binned light curves (top) and TS curves (bottom) in 0.1–500
GeV for 4FGL J0502.6+0036, 4FGL J1055.9+6507, and 4FGL J1708.2+5519.
Fluxes with 𝑇 𝑆 ≥ 4 are kept in the light curves.
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