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ABSTRACT

Context. Over the last decade more than five thousand γ-ray sources have been detected by the Large Area Telescope (LAT) onboard
the Fermi Gamma-ray Space Telescope. Given the positional uncertainty of the telescope, nearly 30% of these sources remain without
an obvious counterpart at lower energies. This has motivated the release of new catalogs of γ-ray counterpart candidates and several
follow up campaigns in the last decade.
Aims. Recently, two new catalogs of blazar candidates were released. These are the improved and expanded version of the WISE
Blazar-Like Radio-Loud Sources (WIBRaLS2) catalog and the Kernel Density Estimation selected candidate BL Lacs (KDE-
BLLACS) catalog, both selecting blazar-like sources based on their infrared colors from the Wide-field Infrared Survey Explorer
(WISE). In this work we characterize these two catalogs, clarifying the true nature of their sources based on their optical spectra from
SDSS data release 15, thus testing their efficiency in selecting true blazars.
Methods. We first selected all WIBRaLS2 and KDEBLLACS sources with available optical spectra in the footprint of Sloan Digital
Sky Survey data release 15. We then analyzed these spectra to verify the nature of each selected candidate and to measure the fraction
of the catalogs composed by spectroscopically confirmed blazars. Finally, we evaluated the impact of selection effects, especially
those related to optical colors of WIBRaLS2/KDEBLLACS sources and their optical magnitude distributions.
Results. We found that at least ∼30% of each catalog is made up of confirmed blazars, with quasars being the major contaminants in
the case of WIBRaLS2 (≈58%) and normal galaxies in the case of KDEBLLACS (≈38.2%). The spectral analysis also allowed us to
identify the nature of 11 blazar candidates of uncertain type (BCUs) from the Fermi-LAT fourth Point Source Catalog (4FGL) and to
find 25 new BL Lac objects.

Key words. BL Lacertae objects: general – catalogs – galaxies: active – radiation mechanisms: non-thermal

1. Introduction

One of the main challenges of modern γ-ray astronomy in
the era of the Fermi Large Area Telescope (LAT) is the asso-
ciation of γ-ray sources with their low-energy counterparts
(Massaro et al. 2015a, 2016a). The main problem underlying this
challenge is the large positional uncertainty of γ-ray-detected
sources, typically ∼4′ in the Fermi-LAT fourth Point Source
Catalog1 (4FGL; Fermi-LAT Collaboration 2019). The associ-
ation task also affects the source classification that covers up to

1 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/8yr_
catalog/

∼70% of the 4FGL leaving 1521 unidentified/unassociated γ-ray
sources (UGSs) to date.

These UGSs are distributed uniformly throughout the whole
sky – although showing some concentration towards the Galactic
plane (|b| < 20◦) – indicating that most of them could have extra-
galactic nature. The γ-ray sky is mainly populated by nonthermal
sources and in particular ∼80% of 4FGL associated sources are
classified as blazars. These blazars belong to one of the rarest
classes of active galactic nuclei (AGNs), whose emission arises
from particles accelerated in a relativistic jet closely aligned with
the line of sight (Blandford et al. 1978). It is therefore expected
that a significant fraction of UGSs are blazars, at least at high
Galactic latitudes.
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Blazars are divided into BL Lacs (BZBs) and blazars of
quasar type labeled in the Roma-BZCAT as BZQs (Massaro
et al. 2015b), and are classified based on their optical spec-
tra, where the former have featureless optical spectra, or only
absorption lines of Galactic origin and weak and narrow (<5 Å;
Stickel et al. 1991; Landoni et al. 2014, 2015a,b) emission lines;
and the latter have flat radio spectra, with optical spectra show-
ing broad emission lines and a dominant intrinsically blue con-
tinuum. Blazars, emitting nonthermal radiation over the whole
electromagnetic spectrum, also show large variability at all
wavelengths, a flat or inverted radio spectrum, significant polar-
ized emission, and in some cases even apparent super-luminal
motion (Urry & Padovani 1995; Abdo et al. 2010).

Blazars occupy a specific region in the mid-infrared (MIR)
color space defined by the Wide-field Infrared Survey Explorer
filters (WISE; Wright et al. 2010). This region is known as the
WISE Blazar Strip (Massaro et al. 2011, 2012a; D’Abrusco et al.
2012) when it is described in a two-dimensional space, and the
locus when it is modeled in the full three-dimensional WISE color
space (D’Abrusco et al. 2014). Such distinctive MIR colors are
due to the nonthermal emission arising from their relativistic jets
(Böttcher 2007). This discovery led to searches for blazar-like
sources lying within the positional uncertainty ellipses of UGSs
that could be their potential counterparts (D’Abrusco et al. 2014;
Massaro et al. 2015a).

One of the catalogs that provides the largest number of asso-
ciated blazar candidates for Fermi catalogs is the WISE Blazar-
Like Radio-Loud Sources catalog (WIBRaLS; D’Abrusco et al.
2014, 2019). Selected sources in the WIBRaLS are detected
in all four MIR WISE bands (nominally at 3.4, 4.6, 12 and
22 µm) and show MIR colors similar to those of confirmed Fermi
blazars. Sources in WIBRaLS are also required to have a radio-
loud counterpart (see more details in Sect. 2.1). In the latest
release of the WIBRaLS catalog (hereinafter, WIBRaLS2), an
additional list of candidate BZBs has been built based on a ker-
nel density estimation (KDE) technique, namely KDEBLLACS
(D’Abrusco et al. 2019). Sources in KDEBLLACS are also
radio-loud. Sources in both catalogs are selected with Galactic
latitude |b| > 10◦.

The main goal of the present analysis is to characterize
sources listed in both WIBRaLS2 and KDEBLLACS on the
basis of the optical spectra available for those lying in the foot-
print of the Sloan Digital Sky Survey (SDSS; York et al. 2000)
fifteenth data release (DR15; Aguado et al. 2019). We aim to
classify them spectroscopically mainly to determine the source
classes that contaminate the WIBRaLS2 selection criteria. SDSS
is ideal for our purposes since it is the survey with the highest
number of spectroscopic objects available in the literature.

The paper is organized as follows: in Sect. 2 we describe
samples used to carry out our analysis, providing basic details of
both WIBRaLS2 and KDEBLLACS, selecting those sources in
the SDSS footprint. Sections 3 and 4 describe our spectral classi-
fication method and results, respectively. Finally, we summarize
our results and conclusions in Sect. 5.

Throughout this work we use h = 0.70, Ωm = 0.30,
and ΩΛ = 0.70, where the Hubble constant is H0 =
100 h km s−1 Mpc−1 (Tegmark et al. 2004). Spectral indices are
defined by flux density S ν ∝ ν−α, indicating a flat spectrum
when α < 0.5. The WISE magnitudes are in the Vega sys-
tem and are not corrected for the Galactic extinction, since, as
shown in D’Abrusco et al. (2014), such correction only affects
the magnitude at 3.4 µm for sources lying close to the Galactic
plane and ranges between 2% and 5% of the magnitude, thus
not significantly affecting the results. WISE bands are indicated

Fig. 1. Entire WIBRaLS2 sample divided into three categories accord-
ing to the MIR colors of the sources: BZB candidates (WBZBs, in blue),
BZQ candidates (WBZQs, in red), and blazars with intermediate colors
(WMIXEDs, in purple).

as W1, W1, W3, and W4, and correspond respectively to the
nominal wavelengths at 3.4, 4.6, 12, and 22 µm.

2. Sample selection

For this analysis we used observations available in the AllWISE
catalog (Cutri et al. 2013, 2014), which contains astrometry and
photometry in the IR for ∼3 × 107 sources in W1, W1, W3, and
W4 bands. The catalog includes data from the cryogenic and post-
cryogenic survey phases (Mainzer et al. 2011), increasing to∼108

sources detected only on the first three bands W1, W1, and W3.

2.1. WIBRaLS2

The WIBRaLS2 catalog was conceived to provide a good sam-
ple of potential γ-ray sources based on IR and radio data. It
includes MIR sources detected in the four WISE filters, with
colors similar to those of blazars listed in the Fermi-LAT four-
year Point Source Catalog (3FGL; Acero et al. 2015), spatially
cross-matched with a radio counterpart found in one of the three
major radio surveys: the National Radio Astronomy Observa-
tories Very Large Array (VLA) Sky Survey (NVSS; Condon
et al. 1998), the VLA Faint Images of the Radio Sky at Twenty-
centimeter Survey (FIRST; White et al. 1997; Helfand et al.
2015), and the Sydney University Molonglo Sky Survey Source
Catalog (SUMSS; Mauch et al. 2003); and selected to be radio-
loud based on their q22 spectral parameter, defined as q22 =
log(S 22 µm/S radio), with S 22 µm and S radio being the flux densities
at 22 µm and in radio, respectively. The total number of blazar
candidates in WIBRaLS2 is 9541 and they are classified (see
Fig. 1) as candidate BZBs, candidate BZQs, or MIXEDs (here-
after referred to as WBZBs, WBZQs, and WMIXEDs, respec-
tively), the latter being defined as those with MIR colors which
are intermediate between WBZBs and WBZQs (for more details,
see D’Abrusco et al. 2019).

In this paper, we have cross-matched the WIBRaLS2 cata-
log with SDSS DR15 associating blazar candidates listed therein
with their optical counterparts within an angular separation of 2′′
(Massaro et al. 2014). We found a total number of 3407 unique
associations and then used the SDSS Science Archive Server2

to select only those sources with an available optical spectrum.

2 https://dr15.sdss.org/optical/spectrum/search
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Fig. 2. Flow chart with all steps adopted in the sample selection
and spectral classification. The numbers in blue refer to sources in
WIBRaLS2 while numbers in red refer to sources in KDEBLLACS
after each step.

We then selected only those sources with a spectral signal-to-
noise ratio (S/N) above 5 and sources with S/N < 5 but listed in
Roma-BZCAT. This led us to a final sample of 1424 WIBRaLS2
sources, which corresponds to ∼15% of the whole WIBRaLS2.
A flowchart describing the effects of our selection of the candi-
dates in the WIBRaLS2 catalog is displayed in Fig. 2.

2.2. KDEBLLACS

The KDEBLLACS catalog was built by first applying a kernel
density estimation (KDE) to a two-dimensional distribution of
training set sources of BZB type in the WISE W1−W2×W2−W3
color diagram to determine its probability distribution function
(PDF). Sources were then selected when located within the 90%
isodensity contour of the training set (D’Abrusco et al. 2019)
built with the KDE. The color uncertainty ellipses of each source
in KDEBLLACS must be fully contained in this 90% contour.
Sources in KDEBLLACS are radio-loud according to the q12
parameter, defined as q12 = log(S 12 µm/S radio), with S 12 µm and
S radio being the flux densities at 12 µm and in radio respectively
(D’Abrusco et al. 2019).

KDEBLLACS lists 5580 candidate BZBs (hereinafter
labelled as KBZBs). This number decreases to 2807 sources
lying in the SDSS footprint, however only 402 of them have good
(i.e., S/N > 5) optical spectra. Our final sample consists of these
402 sources together with 4 sources listed in Roma-BZCAT

which have low-significance (S/N < 5) SDSS spectra. This
sample corresponds to 7% of the whole KDEBLLACS (see Fig. 2
for details).

3. Spectral analysis and classification

In order to classify sources in WIBRaLS2 and KDEBLLACS
according to their optical spectra, we started by cross-matching
both previously defined samples with Roma-BZCAT (Massaro
et al. 2015b), finding a total of 409 counterparts (out of 1424) for
WIBRaLS2 and 78 (out of 404) for KDEBLLACS, respectively.
These sources have already been classified as blazars and we
assumed their classification without further verification.

We then adopted the following classification scheme, divided
into sources listed as Roma-BZCAT or “remaining sources”:
Roma-BZCAT: BZBs, BL Lacs galaxy-dominated (BZGs),
blazars of uncertain type (BZU), BZQs; and remaining sources:
BZB, quasi-stellar object (QSO) or BZQ in some cases, low-
luminosity active galactic nuclei (LLAGNs), star-forming galax-
ies, BZGs, galaxies, and stars. Figure 3 shows the typical
smoothed spectra for all these classes. The criteria adopted in
the classification of the new analyzed sources is explained below.
Particularly for blazars, we classified sources as BZBs when they
showed a featureless optical spectra with a dominant blue con-
tinuum, and as QSOs when presenting redshifted broad emis-
sion lines again above a dominant blue continuum coupled with
a radio luminosity Lr greater than 1038 erg s−1.

On the other hand, LLAGNs and star-forming galaxies were
distinguished based on their line ratios [OIII]/Hβ and [NII]/Hα

according to the BPT diagram (Baldwin et al. 1981; Kewley et al.
2006). A total of four star-forming galaxies were identified in
WIBRaLS2 and only two in KDEBLLACS.

To distinguish between normal galaxies and BZGs, we mea-
sured their relative flux depression bluewards of the Ca II break.
This parameter was defined as CB = (F+ − F−)/F+, with F+

and F− meaning the flux densities measured in ranges of 200 Å
at wavelengths just above and below that of the Ca II H and K
break (Dressler & Shectman 1987; Massaro et al. 2012b). As
in Stocke et al. (1991), we adopted a threshold value of 0.25
for CB to ensure the presence of a substantial nonthermal con-
tinuum (i.e., CB< 0.25) leading to a BZG classification; other-
wise, the object in question was classified as a normal galaxy.
Finally, a total of three and two stars were found contaminating
WIBRaLS2 and KDEBLLACS respectively; four of them typi-
cal cold M- or G-type, and one white dwarf.

4. Results

The optical classification previously described enabled us to
characterize WIBRaLS2 and KDEBLLACS subsamples. The
results are presented here, split into the following subsections.

4.1. WIBRALS2

We analyzed a total of 1424 spectra (1396 with S/N > 5 and 28
with S/N < 5 but with a counterpart in Roma-BZCAT) among
the 9541 sources available in WIBRaLS2 – but only 3407 in
the SDSS footprint. According to their WIBRaLS2 classifica-
tion, these sources were divided into 471 WBZBs, 833 WBZQs,
and 120 WMIXEDs. As can be seen in Fig. 4, the main contam-
inant class is QSOs. A significant fraction of these QSOs, how-
ever, may have a radio flat spectrum, indicating that they could
be indeed blazars of BZQ type. Subsequently, we found that
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Fig. 3. Typical smoothed spectra in observed wavelengths for each one of the spectral categories found in WIBRaLS2 and KDEBLLACS.

Fig. 4. Nested pie charts for the three classes of sources described in WIBRaLS2 (WBZB, WBZQ, and WMIXED). The major contaminants in all
categories are AGNs. A significant fraction of these AGNs may however be blazars (BZQ). The subclass LLAGN is represented by Seyferts and
LINERs.

17.6% of WBZBs show a featureless optical spectrum; 26.1%
of WBZQs are confirmed BZQs (i.e., radio flat spectrum) and
30.8% of WMIXEDs sources are also BZQs.

As can be seen in the left and middle panels of Fig. 5, the
majority of contaminants in WIBRaLS2 are concentrated in the
WBZQ and WMIXED regions of the MIR color–color diagram.
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Fig. 5. Contaminants in WIBRaLS2. Left: contamination of WIBRaLS2 obtained based on a KDE and using the SDSS DR15 spectra of 953
sources (833 QSOs, 100 Seyferts and 20 LINERs) as a training sample. The contaminants are mainly QSOs concentrated in the WBZQ region of
the color–color diagram (as pointed in Fig. 1). Middle: PDF of spectroscopically confirmed blazars in WIBRaLS2 (KDE training set composed
of 281 BZQs, 95 BZBs, 36 BZGs and 24 BZUs). Most of them lie in the most contaminated region of WIBRaLS2. Right: PDF of γ-ray blazars
obtained using 1320 cross-matches between 4FGL blazars and WIBRaLS2 sources as a training sample for a KDE. The γ-ray blazars are mainly
located in a narrow strip peaking in the WBZB region. The solid lines represent the isodensity contours obtained with the KDE, while the dashed
lines indicate the 68% and (for the last panel) 90%.

On the other hand, the WBZB sample is cleaner, and its purity
can reach ∼50% in the area bounded by the 68% isodensity con-
tours of 4FGL γ-ray blazars (Fig. 5, right panel).

4.2. KDEBLLACS

With a total of 406 spectra analyzed, KBZBs in KDEBLLACS
were classified as follows: 75 BZBs (60 of them confirmed in
Roma-BZCAT), 39 BZGs (17 confirmed in Roma-BZCAT), 155
normal galaxies, 47 LLAGNs (20 LINERs and 27 Seyferts), 84
QSOs, 2 confirmed BZQs (1 of them listed in Roma-BZCAT), 2
stars, and 2 star-forming galaxies, all according to the criteria pre-
viously described. Figure 6 summarizes these results in a nested
pie chart.

It is worth noting that normal galaxies and QSOs are the
major contaminant classes of KDEBLLACS selection criteria.
After applying two KDEs to this sample, one using spectroscop-
ically confirmed QSOs and the other using spectroscopically
confirmed galaxies as training sets, we observe (as expected)
that these contaminants are concentrated towards the edges of
the MIR color–color diagram (Fig. 7, left panel), mainly in the
bottom and upper-right corners. Indeed, most of the BZBs clas-
sified in 4FGL lie outside of these regions (Fig. 7, right panel).

4.3. Selection effects

Since ∼52% of WIBRaLS2 and ∼75% of KDEBLLACS sources
in the footprint of SDSS have no available spectrum, we inves-
tigated possible selection effects, starting by comparing the typ-
ical optical colors of sources in WIBRaLS2 and KDEBLLACS
with the colors of sources spectroscopically observed by SDSS,
split by their SDSS spectroscopic classification. The lines in Fig. 8
show the 90% and 50% isodensity contours for 10 000 spectro-
scopically classified galaxies (red), 10 000 QSOs (green), and
10 000 stars (black), randomly selected from SDSS DR15. Over-
all, the candidates from WIBRaLS2 and KDEBLLACS catalog
occupy a very similar region of the u − g versus g − r optical
diagram (Fig. 8). Most of the WIBRaLS2 and KDEBLLACS can-
didates are located within the 90% isodensity contours defined
by spectroscopic SDSS QSOs and galaxies, which significantly
overlap with the 90% contour for stars. In particular, in the case
of WIBRaLS2 candidates (top panel), a large fraction (48%) of
candidates lie within the 50% contour of sources classified as
QSOs, although other sources are scattered in the galaxy and

Fig. 6. Contaminants for KDEBLLACS divided by classes. The major
contaminants of this catalog are normal galaxies. Some fraction of the
QSOs could have a flat radio spectrum and be BZQs.

star-dominated areas. WIBRaLS2 candidates classified as WBZQ
unsurpisingly peak in the area occupied by spectroscopically con-
firmed SDSS QSOs, while intermediate (WMIXED) and WBZB
sources are spread over a much larger area consistent with both
SDSS spectroscopic stars and galaxies. KDEBLLACS candidates
are more evenly scattered through the isodensity contours for all
three spectroscopic classes, likely indicating greater contamina-
tion from the host galaxies. Similar behaviors are visible in the
other SDSS color–color diagrams, not reported in Fig. 8. In gen-
eral, we can rule out the existence of significant selection effects
due to the colors of the optical counterparts of our candidates.

Selection effects caused by the magnitude distribution of our
candidates however are of major importance. As shown in Fig. 9,
the large majority of the candidates missing optical spectra,
especially for the KDEBLLACS catalog, are fainter than the
candidates that have been followed-up spectroscopically. In par-
ticular, the reason why KDEBLLACS is spectroscopically less
complete than WIBRaLS2 is because the former catalog has, in
general, fainter sources. This effect is expected as KDEBLLACS
candidates appear to be intrinsically fainter than WIBRaLS2
sources in all three WISE bands (W1, W2 and W3) where they
are detected, as shown in Fig. 7 of D’Abrusco et al. (2019).
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Fig. 7. Contamination of KDEBLLACS. Left: main contaminants of KDEBLLACS are normal galaxies and QSOs, both located at the edges of the
sample. Right: PDF of the γ-ray BZBs available in 4FGL obtained with a KDE. We can see that the majority of BZBs are indeed located outside of
the two contaminated zones. The solid lines represent the KDE isodensity contours, while the dashed lines represents the 68% isodensity contour.

Fig. 8. Optical color–color diagrams for WIBRaLS2 (upper panel) and
KDEBLLACS (bottom panel) sources in the footprint of SDSS. The
total number of sources is 3407 for WIBRaLS2 and 2807 for KDE-
BLLACS, and are divided in WBZBs/KBZBs (blue stars), WBZQs
(orange circles) and WMIXEDs (violet squares), according to their
classification in WIBRaLS2 and KDEBLLACS. The red, green, and
black lines represent, respectively, the 90% (thin line) and 50% (thick
line) isodensity contours based on the distribution of 10 000 galax-
ies, 10 000 QSOs, and 10 000 stars with available spectra in SDSS
DR15.

Fig. 9. Distribution of r band magnitudes for WIBRaLS2 (upper panel)
and KDEBLLACS (bottom panel). The blue histograms represent all
WIBRaLS2 and KDEBLLACS sources in the footprint of SDSS (3407
and 2807, respectively), while the orange histograms show only sources
with high-quality (S/N > 5) spectra in SDSS DR15.

The magnitude distributions of WIBRaLS2 candidates with and
without SDSS spectroscopic counterparts (upper panel in Fig. 9)
are very similar. This suggests that other selection effects, likely
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Table 1. Spectral classification for 11 sources classified as BCUs in
4FGL.

WISE name 4FGL name Class z

J003719.15+261312.6 J0037.9+2612 BZG 0.1477
J003820.53−020740.5 J0038.7−0204 RDG 0.2204
J013859.14+260015.7 J0139.0+2601 BZB –
J020239.94−030207.9 J0202.6−0258 BZQ 1.3444
J084734.29+460928.0 J0846.9+4608 BZQ 1.2165
J094452.09+520233.4 J0945.2+5200 BZQ 0.5630
J095608.57+393515.8 J0956.0+3936 BZQ 1.1730
J130407.31+370908.1 J1304.0+3704 BZB –
J134243.61+050432.1 J1342.7+0505 BZG 0.1365
J123124.08+371102.2 J1230.9+3711 BZG 0.2180
J154150.09+141437.6 J1541.7+1413 BZG 0.2230

Notes. This table is segmented in WIBRaLS2 (upper part) and KDE-
BLLACS (bottom). The columns give the name of the sources as in WISE
and 4FGL, our optical classification, and the redshift as in SDSS DR15.

based on the colors, extension, and morphology of the sources,
increase the number of WIBRaLS2 sources lacking SDSS
spectroscopic counterparts3.

4.4. Blazar candidates of uncertain type

Some sources in the Fermi-LAT catalogs are considered blazar
candidates of uncertain type (BCUs) because the adopted asso-
ciation methods select a counterpart that satisfies at least one
of the following conditions (Ackermann et al. 2015; Fermi-LAT
Collaboration 2019): (i) An object classified as a blazar of uncer-
tain or transitional type in Roma-BZCAT; (ii) a source with mul-
tiwavelength data indicating a typical two-humped blazar-like
spectral energy distribution (SED) and/or a flat radio spectrum.
The above-mentioned BCUs are divided into three sub-types
(Ackermann et al. 2015):

– BCU I: the counterpart has a published optical spectrum that
is not sensitive enough for its classification as BZQ or BZB.

– BCU II: there is no available optical spectrum but an evalua-
tion of the SED synchrotron peak position is possible.

– BCUIII: thecounterpart showstypicalblazarbroadbandemis-
sion and a flat radio spectrum, but lacks an optical spectrum
and reliable measurement of the synchrotron peak position.

In 4FGL, 1155 sources are considered to be BCUs. Our analysis
based on the optical spectra available in SDSS DR15 (Sect. 3)
allowed us to give a conclusive classification for 11 of them, as
shown in Table 1.

The 4FGL catalog associated the source 4FGL J0038.7−
0204 with the broad-line radio galaxy (RDG) 3C 17 at redshift
∼0.22 as previously determined by Schmidt (1965) in agreement
with the SDSS spectrum we analyzed. The kiloparsec-scale radio
morphology of 3C 17 is dominated by a single-sided, curved
jet (Morganti et al. 1993) also shining in the X-rays (Massaro
et al. 2009, 2010). Recent optical spectroscopic observations
also revealed that 3C 17 is the brightest cluster galaxy in its
large-scale environment (Madrid et al. 2018).

4.5. New BL Lacs

During the spectroscopic classification (Sect. 3), we found a
total of 25 (10 in WIBRaLS2 and 15 in KDEBLLACS) sources

3 For a general picture of the SDSS selection criteria for spectroscopic
observations, see https://www.sdss.org/dr15/algorithms/
legacy_target_selection/

Table 2. New BZBs found during the spectroscopic classification in
Sect. 3.

WISE name SDSS name u − r

J013859.14+260015.7 J013859.14+260015.7 1.09
J085446.24−003348.1 J085446.22−003349.5 0.82
J093522.08+502932.2 J093522.08+502932.2 0.88
J115406.13+185723.6 J115406.11+185723.6 1.16
J130407.31+370908.1 J130407.32+370908.1 1.11
J144906.05+071701.2 J144906.04+071701.3 0.86
J165558.59+391218.1 J165558.61+391218.2 0.91
J215601.64+181837.1 J215601.64+181837.0 0.45
J220812.70+035304.5 J220812.70+035304.6 0.85
J235915.62+221450.0 J235915.62+221450.1 1.38
J000710.65−032029.4 J000710.65−032029.4 0.74
J020303.61−024547.3 J020303.62−024546.9 0.82
J024024.36−025334.3 J024024.37−025334.3 0.70
J083706.00+583152.9 J083706.01+583152.9 0.60
J083955.10+121702.9 J083955.09+121703.0 0.71
J091804.13+071653.6 J091804.13+071653.6 1.22
J101147.54+360018.7 J101147.50+360018.8 0.68
J103852.20+325651.7 J103852.17+325651.6 1.22
J111356.24+552255.3 J111356.30+552255.6 0.60
J114221.77+334201.8 J114221.76+334201.8 0.85
J114352.67+155821.9 J114352.66+155822.0 0.51
J135154.45+285008.0 J135154.45+285007.9 1.26
J154714.91+265442.2 J154714.91+265442.4 0.77
J171747.84+392607.3 J171747.85+392607.3 0.99
J171841.42+360522.6 J171841.44+360522.2 1.32

Notes. The first and second columns present the name of the objects in
WISE and SDSS. The last column shows the color index u− r based on
SDSS AB magnitudes. The upper section of the table shows the BZBs
found in WIBRaLS2 while the bottom section shows the ones found in
KDEBLLACS.

with featureless optical spectra and a relatively strong blue
continuum – typical characteristics of BZB nonthermal emis-
sion – which are not available in Roma-BZCAT. Their smoothed
spectra, names and positions, and r band magnitudes can be
found in the Appendix A.

To check these new BZBs, we considered the u − r color
index of the SDSS photometric system (AB magnitudes), which
is an efficient discriminator between BZBs and nuclei with weak
or even absent activity (Massaro et al. 2012b). When comput-
ing these indexes, we considered the extinction-corrected SDSS
model magnitudes according to the following formula:

(u − r) = (u − r)obs − 0.81Ar, (1)

where Ar is the extinction in r band given in the SDSS database.
Typically, BZBs present a color index u− r ≤ 1.4 (Massaro et al.
2012b), however this criterium is not suited for sources at high
redshifts (z > 0.5). Table 2 summarizes our findings.

5. Summary and conclusions

Here we characterized the two newly released catalogs of blazar
candidates WIBRaLS2 and KDEBLLACS based on 1830 optical
spectra – 1798 spectra with S/N > 5 and 32 with S/N < 5 but
with a counterpart in Roma-BZCAT – available in SDSS DR15
data. Both catalogs indeed presented a high number of spectro-
scopically confirmed blazars, although the contamination level
of WIBRaLS2 was ∼60%, mainly due to QSOs, and the contam-
ination of KDEBLLACS was ∼70%, mainly due to QSOs and
normal galaxies. We stress that these contamination estimates
represent upper limits due to the selection effects impacting the
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SDSS spectroscopic sample used in this paper, as described in
Sect. 4.3. Our main results can be summarized as follows:

– Including the objects in Roma-BZCAT, 34.6%, 27.7%, and
42.5% of the sources in WBZB, WBZQ, and WMIXED,
respectively, are blazars, which gives an overall weighted
lower limit to the efficiency of WIBRaLS2 blazar selection of
≈31%,with themajorcontaminantsbeing, asexpected,QSOs.

– The lower limit to the efficiency of KDEBLLACS in identi-
fying blazars is ∼30%, and its contaminants – mainly galax-
ies and QSOs – are concentrated on the edges of the MIR
color–color diagram (Fig. 7).

– The spectral analysis carried out in Sect. 3 led us to the dis-
covery of 25 new BZBs not available anywhere else in the lit-
erature, and to the classification of 11 BCUs listed in 4FGL.

This work contributes to a better understanding of the γ-ray sky in
the Fermi-LAT era. In particular, the community will benefit from
the characterization of WIBRaLS2 and KDEBLLACS in popu-
lation studies of blazars and in subsequent programs of spectro-
scopic follow-up needed to confirm the nature of the UGSs.
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Appendix A: New BZB candidates

During the spectral classification process described in Sect. 3,
we found 25 new BZBs not available in Roma-BZCAT or dur-
ing our follow-up spectroscopic campaign (see e.g., Paggi et al.

2014; Landoni et al. 2015b; Ricci et al. 2015; Crespo et al.
2016a,b; Massaro et al. 2016b; Peña-Herazo et al. 2017, 2019;
Marchesini et al. 2019). Their smoothed optical SDSS DR15
spectra (S/N > 5) as well as their r band magnitudes are avail-
able in Figs. A.1 and A.2.

Fig. A.1. SDSS smoothed optical spectra of the new BZBs in WIBRaLS2. All sources present featureless spectra with color index u− r < 1.4. We
also show their SDSS name and r magnitude.
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Fig. A.2. SDSS smoothed optical spectra of the new BZBs in KDEBLLACS. All sources present featureless spectra with color index u − r < 1.4.
We also show their SDSS name and r magnitude.
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