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Blazars are peculiar radio-loud active galactic nuclei (AGNs) emitting over the whole electromag-
netic spectrum. We performed the cross-match of several catalogs obtained from recent surveys at
different frequencies to search for new blazars to be included in the Roma-BZCAT catalog which
is, to date, the most comprehensive list of such sources. To exclude generic active galactic nuclei
from the preliminary list of objects that we obtained, and focus on authentic blazar-like sources,
we carefully investigated additional properties such as their morphology and the slope of their
spectral energy distribution in the radio domain, the features shown in their optical spectrum, and
the luminosity in the soft X rays. At the end of our screening we obtained a list of 15 objects with
firmly established blazar properties.
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1. Blazars and their classification criteria

Blazars are radio-loud active galactic nuclei (AGNs) well known for their non thermal emis-
sion spanning a wide range of frequencies from the radio band to the MeV-GeV range of 7 rays,
and extending towards the TeV range in the most extreme cases. This class of extragalactic sources
is one of the most widely detected by Fermi-LAT. Traditionally, two main classes of blazars are
distinguished: the BL Lac objects (BL Lacs) and the flat-spectrum radio quasars (FSRQs). The
shape of their spectral energy distribution (SED) is similar, with two main broad components: a
low-energy one peaking in the range from the IR to the X-ray band, and a high-energy one peaking
from MeV to GeV energies (e.g. [1]). However, they reveal differences in their optical spectrum
depending on the width and strength of the emission lines: missing or very narrow for BL Lacs,
strong and broad for FSRQs [2, 3]. The criteria adopted in the Roma-BZCAT catalog [4] for their
classification are: 1) detection in the radio band down to mJy flux densities at 1.4 GHz; 2) for
FSRQs, a radio spectral index o lower than 0.5 (F(v) e« v~%) measured between 1.4 GHz and
5 GHz (condition that is not required for BL Lacs, although most of them have flat spectra); 3)
compact radio morphology or, when extended, with a dominant core and a one-sided jet; 4) optical
identification and analysis of the optical spectrum to establish the type of blazar; 5) isotropic X-ray
luminosity Lx > 10 erg s~! from a point-like source.
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Figure 1: Three-dimensional distribution of the WIBRaLS sources in the space generated by the WISE
[3.4]-[4.6] um, [4.6]-[12] pm, and [12]-[22] wm colors. Each source is color-coded according to the WISE
spectral classification and labeled according to the Roma-BZCAT nomenclature (BZB for BL Lacs and BZQ
for FSRQs). The approximate location of different typical classes of objects in the [3.4]-[4.6] um vs [4.6]-
[12] um color-color plane is also shown (from [5]).
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Table 1: The list of validated blazars.
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SDSS name dox Rx  dog doi  SiacH:  SscH: ay r z Fx-10712 Ly - 10 classification
(O O I G! ) (mJy) (mly) (mag) ergem™2s7h)  (ergs™!)
J003931.58—1111024 1.2 42 041 024 296 237 +0.18 190 0553 6.30 75.1 FSRQ
1082438.994+405707.7 2.1 47 051 0.09 175 138 +0.19 170 0612 0.10 1.5 FSRQ
1082753.69+5217583 2.6 38 068  0.14 181 292 —-0.38 189 0338 2.50 9.2 FSRQ
1095906.96+050958.9 15 44 042 009 47 73 —-0.35 180  0.996 0.38 19.5 FSRQ
1100033.84+1324108 1.7 39 020 0.3 53 34 +0.36 16.7 1.355 0.74 82.2 FSRQ
1103045.224255522.1 3.1 51 0.8  0.04 49 50 —0.02 17.1 0.692 0.24 5.0 FSRQ
1104031.62+061721.7 1.1 39 012 013 39 49 —0.18 199 0735 0.66 15.9 BL Lac
J110838.9842556132 0.3 38 020 031 68 73 —-0.06 175 0732 0.80 19.0 FSRQ
J133631.444031423.5 54 43 032 075 62 111 —0.47 18.9 1.303 0.12 12.1 FSRQ
J141238.66+484447.1 16 38 016 013 58 74 —-0.20 186  0.906 0.39 158 FSRQ
J142114.054+2824528 34 41 068  0.03 49 40 +0.16 178 0538 0.46 5.1 FSRQ
J153458.414575625.6 2.5 46 008 029 7 17 ~0.71 19.0 1.129 0.17 11.9 FSRQ
J161541.214471111.7 29 46 023 0.09 98 175 —0.46 172 0.199 128 14 BL Lac
1162805.20+252636.8 18 47 014 008 100 59 +0.42 184 0995 0.31 159 FSRQ
J170634.124361508.0 49 44 037 014 19 27 —-0.28 179 0917 1.06 442 FSRQ

1) SDSS designation of the source; 2) angular separation dpy between the SDSS and the 1SXPS sources; 3) 90% error radius of the
1SXPS source; 4) and 5) angular separation dpr and dp; of the SDSS source from the corresponding FIRST and WISE associated
counterparts, respectively; 6) and 7) radio flux density at 1.4 GHz and 5 GHz, respectively; 8) radio spectral index o,-; 9) magnitude in
the r filter; 10) redshift z; 11) unabsorbed flux Fy over the 0.3—10 keV band; 12) corresponding luminosity Ly; 13) our classification.

2. Cross-match of recent multifrequency catalogs

The large amount of data from recent all-sky surveys in different energy bands is very helpful
for blazar research. Considering the criteria adopted in the Roma-BZCAT we searched for new
blazars by cross-matching recent multi-frequency catalogs and carrying out further investigation
on their properties reported in the literature. We started from the cross-match of the 1st Swift-XRT
Point Source catalog (1SXPS, [6]) with the spectroscopic sample of the 9th Data Release of the
Sloan Digital Sky Survey (SDSS-DRO, [7]). We used as matching radius the error radius (at 90%
confidence level) of the soft X-ray source reported in the 1SXPS, incremented by 2" to take into
account the typical seeing of the SDSS. As a result we obtained 5012 SDSS objects provided with
an optical spectrum and a point-like X-ray counterpart. Then, we cross-matched this list with the
all-sky catalog of WISE blazar-like radio-loud sources (WIBRaLS, [5]). This includes all the radio-
loud infrared sources, detected in all the WISE four filters, that occupy a well defined region in the
infrared colour space (see Figure 1), the so-called blazar strip. This region has been defined [8]
using the infrared colours of certified blazars detected by the Fermi-LAT during the first two years
of this mission. We used an overall matching radius of 3.3" as determined by [9] in their search
for the optimal value of the spatial association between blazars in the Roma-BZCAT and WISE
sources, and obtained 214 objects. Although all the WIBRaLS sources have a radio counterpart,
we kept for further investigation only objects also included in the Faint Images of the Radio Sky
at Twenty centimeters (FIRST, [10]) survey since the angular resolution of this survey allows one
for a better evaluation of the radio morphology. Therefore we finally obtained 201 SDSS objects
including 152 blazars already reported in the 4th version of the Roma-BZCAT: the properties of the
remaining 49 blazar candidates were investigated in greater detail.
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3. Deeper investigation of multifrequency properties

A few additional aspects need to be taken into account to confirm the blazar nature of a candi-
date, such as the radio morphology, the slope of the spectral energy distribution in the radio band
and the features shown in the optical spectra. Blazars are in fact characterized by a core-dominated
radio morphology; as an alternative, the additional presence of a one-sided jet can be accepted.
Moreover, unlike the BL Lac objects, a flat radio spectrum is required when broad emission lines
are evident in the optical spectrum. Therefore we excluded from our sample of blazar candidates:
a) 11 objects with an extended radio morphology characteristic of radio galaxies; b) 10 objects with
no measurements at radio frequencies different from 1.4 GHz, for which we could not estimate the
slope of the radio spectrum; c) 13 objects with both a steep radio spectrum and broad emission
lines in their optical spectra.
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Figure 2: WISE 3.4 um sky map centered at the position of 2FGL J1040.74-0614. The BL Lac object found
by our procedure, SDSS J104031.624+061721.7, is within the error region of the y-ray source (red line) at
variance with BZQ J10414-0610, the counterpart associated in the 2LAC.

4. Sample of certified blazars

We finally obtained a list of 15 blazars, that is reported in Table 1. Among them there are
13 FSRQs and 2 BL Lacs; the X-ray luminosity is always higher than 10** erg s~! by at least
an order of magnitude. The two BL Lac objects are also possible counterparts to y-ray sources.
SDSS J104031.62+061721.7 is within the 95% error circle (@95 = 5.88") of the 7y-ray source
2FGL J1040.7+0614. We note that the counterpart 4C +06.41 (named BZQ J1041+0610 in the
Roma-BZCAT) associated to this y-ray source in the Second LAT AGN Catalog (2LAC, [11]) is
outside of the 2FGL error circle, at a distance of 9.45" (see Figure 2); their association is given with
a low probability. Therefore, we consider the possibility that a contribution to the y-ray emission
corresponding to 2FGL J1040.7+0614 might be attributed to SDSS J104031.62+061721.7, possi-
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bly in addition to BZQ J1041+0610. The second BL Lac object, SDSS J161541.21+471111.7, was
reported by [12] as a possible counterpart to the unidentified y-ray source 2FGL J1614.8+4703.

Considering the group of 167 blazars obtained by our method, including those already classi-
fied in the 4th version of the Roma-BZCAT, we found 72 BL Lacs ( 43.1%), 85 FSRQs ( 50.9%)
and 10 blazars with uncertain classification ( 6.0%), in agreement with the corresponding fractions
in the BZCAT ( 38.8%, 54.2%, and 7.0%).
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