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1

The definition of BL Lac objects is somewhat ambiguous and
changed depending on the selection criteria adopted inuttvess

in which they were found. According to the early review papay
Stein, ODell & Strittmatter (1976) and Angel & Stockman (098

BL Lacs are Active Galactic Nuclei highly variable and lingapo-
larised in the radio band and with featureless optical speéthen
emission lines were detected in a few BL Lac sources, theitefin

INTRODUCTION

ABSTRACT

We selected a sample of 437 BL Lac objects, taken from the B&iGat catalogue, for which
spectroscopic information and SDSS photometry is availabk propose a new classification
of BL Lacs in which the sources’ type is not defined only on thsib of the peak frequency
of the synchrotron component in their Spectral Energy istion (types L and H), but also
on the relevance of this component with respect to the bnigd of the host galaxy (types
N and G, for nuclear or galaxy dominated sources). We fouatttie SDSS colour index
u — r=1.4 is a good separator between these two types. We useitbamaltcolour-colour
plots to study the properties of the BL Lac classes and fohatlih the X-ray to radio flux
ratio vsu — r plot most of the N (blue) sources are located in a rather mastdp, while
the G-sources (red) are spread in a large area, and mosthoftfeelocated in galaxy clusters
or interacting systems, suggesting that their X-ray emis$s not from a genuine BL Lac
nucleus but it is related to their environment. Of the ab@& 4ources detected in therays
by Fermi-GST, nearly all belong to the N-type, indicatingttbnly this type of sources should
be considered as genuine BL Lac nuclei. The H, H — K plot of sources detected in the
2MASS catalogue is consistent with that of the "bona fide” Biclobjects, independently of
their N or G classification from the optical indices, indiogtthe existence in G-type sources
of a K-band excess possibly due to a steep, low frequencyegeakission which deserves
further investigations. We propose to use these colousseta further tool for searching
candidate counterparts of newly discovered high-energyces.
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lengths just lower and higher than that of the break, respmyt
Stocke et al. (1991) introduced this parameter for BL Laecel
tion and assumed the upper threshold value of 0.25, quiterlow
than that observed in normal elliptical galaxies)(5), combined
with the absence of emission lines having EVB A. It should be
also able to discriminate BL Lacs from normal galaxies eitinig

a significant X-ray emission of non-nuclear origin, as, fram-
ple, close or inside a surrounding cluster. The thresholdevaf
the Ca H&K contrast was after increased to 0.4 by Marchalet. a

was modified to include the presence of these spectral fegthuat (1996). Landt, Padovani & Giommi (2002) proposed that thgda

their restframe EW was limited to be lower thaz&S(StickeI etal.
1991, Stocke et al. 1991). Another change of the BL Lac dédimit
was introduced after the discovery in the Einstein Mediums8i-
ity Survey (EMSS) of the so-called X-ray selected BL Lacsichih

differences in the Ca H&K contrast are essentially due tgetheri-
entation to the line of sight and that sources having €.25<0.4
should be considered as a bridge between BL Lacs and FR | radio

usually exhibit a low radio brightness (Stocke et al. 19@iptical gataxies ) ) -
counterparts of this type of BL Lacs had optical spectraegittom- Some recent surveys, aimed to the identification of new BL
inated by a strong blue continuum or exhibiting a typicaptital Lac objects or candidates, are essentially based on thizatiph

galaxy spectrum, but with a low Ca H&K break contrast. This is

of these criteria to a large population of extragalacticreesl and

defined by the rati@’ = (F. — F)/Fy, whereF and Fy are provided lists of several hundredths of objects. The ROXAey

the mean flux densities measured in small ranges @2)03(1 wave-

* E-mail addressenri co. massaro@ni romal. it

(Turriziani et al. 2007), for instance, considered soudetzcted
in all the radio, optical and X-ray bands, while Plotkin et(2008,
2010) searched BL Lac objects using SDSS spectral data cechbi
with the accurate location of radio sources from the FIRSiora
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Figure 1. SDSS spectra of three BL Lac objects showing different rattio
the nuclear to galaxian luminosities. From top to bottomBRIA120+4212
((w — 7)ops=0.4), BZB J0909+3105z( = 0.272, (u — 7),ps=1.3), and
BZB J0751+29134 = 0.194, (u — 7),55=2.9). Red lines, corresponding
to the mean flux level in a 408wide wavelength interval redwards the Ca
H&K break, are used to distinguish N and G type BL Lac objects.

survey (White et al. 1997). A direct application of thesdesia,
without an accurate analysis of the sources’ propertieganiion-
ment, could drive to consider as a genuine BL Lac object anflNAG
exhibiting a weak non-thermal emission, likely originatinom the
nucleus together with either a complete absence of emifisies
or a possible occurrence with low EWs. As a consequencejctons
ering also the possibility to have a spurious associati@tdlarge
error boxes, as those typical at high energies, the knowledithe
BL Lac properties, luminosity functions and cosmologicabla-
tion may be rather uncertain. This problem becomes moreaeie
when associations are obtained by means of automatic proesd
often based on non-homogenous and incomplete databasss. It
important, therefore, to perform an extended comparatiedyais
of the results of recent surveys to establish safe criteridéfining
the BL Lac characteristics.

In this paper we study a sample of BL Lacs extracted from the
Roma-BZCAT catalogue of blazars (Massaro et al. 2009, 2011a
and analyse their population properties using a direct cgabr
based on the flux ratios in different frequency ranges. Wable
to derive some criteria which improve the efficiency in disinat-
ing genuine BL Lacs from other AGNs. These criteria can be als
applied to gain confidence in the search of possible couatespf
high-energy sources, whose large error boxes can providgha h
probability for spurious associations.

2 SELECTION OF BL LAC SAMPLES

The master sample of BL Lac objects used in our classification
study was extracted from the 3rd edition of the Roma-Bz@AT
This catalogue is a compilation of literature data on blazard
candidates mainly aimed to the search of possible countsrpf
high energy sources. It provides a rich list of BL Lac objests
lected according to the criteria currently adopted in therditure.

1 The Roma-BZCAT is available at the web site http://asddtésicat

BL Lac objects are divided into two groups on the basis of thadla
ability of their optical spectra (or of a detailed desciopii. Sources
claimed in the literature as BL Lacs, without a publishedctjpen

or a good spectral information are classified as “canditiafézse

candidates, therefore, are not included in the sample becspec-
tra are necessary to evaluate the relevance between treanaad
galaxian components.

Multiband photometric data are also useful for evaluathmgy t
relevance of the nuclear emission with respect to the hdakga
particularly at frequencies where the galaxian contrdouts much
different from the nuclear one. An homogeneous collectigrho-
tometric data, including the band, is available only for sources
in the region of the sky covered by the Sloan Digital Sky Surve
(SDSS, for the DR7 version see Abazajian et al. 2009), whiiero
photometric data in the Johnson-Mordgdrband are reported in the
literature only for a rather small number of bright and walidied
objects. We decided, therefore, to include in our mastepsaonly
those BL Lac objects with available SDSS photometric date T
two well known and very close BL Lac objects Mrk 421 and Mrk
501 were excluded from the sample because the apparentfsize o
their galaxies is too large and aperture effect on the phetom
data would modify the colours. We thus obtained a number 8f 68
sources over a total number of 937 catalogued BL Lacs.

Unfortunately, not all the sources included in the master-sa
ple (hereafter named BO) have been observed in all the fregue
ranges, and therefore we had to define a number of subsamples
useful for more homogeneous population studies. Therefoee
defined three subsamples including sources detected iretrdR,
and X-ray, andy-ray band. The Roma-BZCAT lists the X-ray flux
in the band 0.1-2.4 keV, mainly from RASS but other obseniego
like XMM and Swift are also considered, particularly for eatly
discovered sources:ray fluxes were obtained from the 1FGL cat-
alogue (Abdo et al. 2010a), and near IR data from the 2MASS
database (Cutri et al. 2003). The three subsamples are ratEd
B1-G, and B1-IR and the numbers of sources are 423, 109, &nhd 29
respectively. Radio flux at 1.4 GHz is available for all therses,
because radio detection is requested to be included in theaRo
BZCAT.

3 BL LAC COLOURS AND CLASSIFICATION
3.1 L-H classification

Multifrequency observations have shown that the Spectner@y
Distribution (SED) of BL Lac objects is characterised by twoad
features. The feature peaking at lower energy is genenrgbamed

in terms of synchrotron emission from relativistic eleasanoving
down a jet pointing close to the observers’ line of sight velasrthe
second feature, peaking at higher energies, is likely dukedn-
verse Compton upscattering of low energy photons by the same
electron population. A first, now widely used, physical sléisa-

tion of BL Lac objects based on the frequency of the synchrotr
peak in the SED,,, was introduced by Padovani & Giommi (1995),
who divided these sources in Low-frequency peaked (LBL) and
High-frequency peaked (HBL) BL Lacs. Recently, Abdo et al.
(2010b) extended this classification to all the blazars sefiheld
Low Synchrotron Peaked (LSP) blazars sources as thoseghavin
v, lower than~10"* Hz, High Synchrotron Peaked (HSP) blazars
those withv,, higher than~10' Hz, while sources within these
two limits are defined as ISP or Intermediate Synchrotrork&ea
blazars (see also Kock et al. 1996, Laurent-Muehleisen é088B,
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Figure 2. The Spectral Energy Distributions of the BL Lac objects BZB
J1150+2417 (L type, filled black circles) and BZB J1517+6%B25type,
red open squares) to illustrate as the rdtiQ p can be a good tool for this
classification.

Bondi et al. 2001). An accurate classification would reqtire
analysis of the SED and a good estimate of the peak frequency o
the synchrotron emission. This analysis can be performédfon
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Figure 3. Histogram of® x . The red line is the formal boundary adopted
between L and H type.

the values ofbx r are smaller than 0.1, while for the H objects
are higher than 1. The classification of sources hadéng: be-
tween these two values is rather uncertain: some of thend dmul
more properly classified as Intermediate BL Lac objects,rede

a rather small number of well studied sources whose SEDs havefor other sources this ratio could be due to brightness tiaris af-

many data points covering a broad frequency range. For the ma
jority of sources data are too few and not simultaneous, \imgl
that results are much more uncertain. Nieppola, Tornik&s\al-
taoja (2006) presented a first analysis of the peak freqasmfia
large sample of BL Lac objects including more than 300 saurce
They applied a single parabolic fit to a selection of data frhe

fecting observations with a long temporal distance, andstwne
others to the presence of additional emission componeatkng

to a misclassification. An example to illustrate how theadtix r

can discriminate between L and H objects is given in Fig. Z2neh
the SEDs of the twey-ray loud BL Lac objects BZB J1150+2417
(L type) and BZB J1517+6525 (H type) are compared. The large

source and estimated the peak frequency, which was used for adifference between the frequencies of their synchrotrakg¢one

classification in the three types given above, but with défe fre-
guency ranges. More specifically, they defined Intermediateb-
jects those having a synchrotron peak frequency betwekgi* 5
Hz and~10'55 Hz.

The sample considered by us is richer than the one of Niep-
pola, Tornikoski & Valtaoja (2006), but common sources anky o
169. For the majority of our objects the available data aoeféw
to try a best fit of the SED. We needed, therefore, to apply ahmuc
simpler strategy based on a flux ratio between two largefemift
frequency interval. This simple approach does not allowoudis-
tinguish clearly Intermediate BL Lacs from the other twodgpand
therefore throughout this paper, we will consider only the LBL
and HBL classes and refer shortly to them as L and H, respdgtiv

A useful quantity for discriminating L and H BL Lac objects
is the ratio between the X-ray and the radio flux. This ratie wa
early used in the Sedentary Survey (Giommi et al. 2005) tecsel
HBL objects and it was found to work well also for wider BL Lac
samples.The Roma-BZCAT (Massaro et al. 2011a) gives thayX-r
flux in the 0.1-2.4 keV band in units of 10? erg cn 2 s~1, while
the radio flux density at 1.4 GHz is in mJy. Following Masetlaé
(2010a), to express this ratio in a convenient adimensiomaber,
we multiplied the radio flux density by a bandwidftv, assumed
equal to 1 GHz, and the value of the ratio was opportunely imult
plied by a scale factor; for the Roma-BZCAT data we have:

Fx
51_4 AI/ (1)

In this way, the value of’x /S;.4 =107 ergem2 s Jy~* cor-
responds t@® x r = 1. We found that for well established L sources

dOxp = 102

in the infrared and the other in the X-rays) is very well evidend
the corresponding values @fx r are 0.038 for the former source
and 33.7 for the latter one. The histogramiof r is shown in Fig.

3: the large majority of sources in our sample are of H typepas a
parent from the large bump between 1 and 10; the fraction of L
sources is rather small, despite they were the only BL Lassod
ered before the first X-ray surveys in the '80s. We also costpar
our results with the classes given by Nieppola, Tornikoskva-
taoja (2006) and found always an excellent agreement. @nlg f
quite small number of BL Lacs our types were different, baisth
discrepancies were generally due to the fact that we usexy Xata
published in the last few years.

There are, however, a couple of caveats to be taken into ac-
count in using this parameter for discriminating HBL from ILB
objects. The first one is that measures of the X-ray flux are not
available in the literature or databases for about 1/3 oktheces
in the BO sample. This lack of data does not mean that the X-ray
emission from these source is fainter than for other objiectee
sample. For several sources data were obtained in pointggt-ob
vations of various satellites, while for many others the fluxs
derived from RASS (Brinkmann et al. 1997, Voges et al. 1999).
Considering that the flux limit of this survey is not uniformthe
sky, a number of sources could not be detected with a signdica
level to be included in their catalogue. The second cavehaighe
reported X-ray flux may be occasionally contaminated eibiyea
close nearby source or from emission originating in thecurd-
ings, as for objects located in small clusters or groups laiis, or
in interacting galaxy systems. Foreground or backgroundices
can also produce an additional spurious contribution toXay
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Figure 4. Histograms of the: — r colour distributions for the BL Lacs in
the B1-X sample (solid black blue histogram) and for all sesrof the BO
sample (dotted blue histogram). The vertical line dividesdi G objects.
Note that the large majority of sources without a measuredyxflux, has
colours typical of an N type BL Lac object.

flux assigned to the BL Lac object. These two caveats arecparti
larly relevant for the search of BL Lac objects performed kirogy

on databases, because the X-ray emission from many smsadl clu
ters or groups is generally not clearly identified and regubih the
main catalogues. We will discuss in detail this subject beeave
found that it is the reason for some misclassifications.

3.2 N-G classification

Another classification of BL Lac objects can be based on tte re
tive strength of the nuclear emission to the host galaxy hagsity
inferred from the optical spectra. Following the genergrapch
that the Ca H&K break is a good indicator of the relevance e$¢h
two components, we considered the two following types:

— N (or nucleus dominated) BL Lacs, for sources exhibiting
a strong blue continuum either without evidence of the Ca H&K
break or with a mean flux density at frequencies higher thah th
of the Ca H&K break having a level similar or higher than that
measured at lower frequencies;

— G (or galaxy dominated) BL Lacs, for sources in which
the Ca H&K break was always detected and with a flux density
at higher frequencies systematically lower than that meakat
lower frequencies.

The quantitative criterion for this classification is to qmuie
the mean flux level in a 408 wide wavelength interval redwards
the Ca H&K break and to verify if the flux at shorter wavelergght
is or not systematically lower than this value. In Fig. 1 rate$
mark the fiducial level: the first two spectra are of N type Blcga
whereas the third one is clearly of G type. Note that in apglyi
criterion sources witli’ values lower than 0.4 can be of G type.

The wavelength range of spectral data is frequently liméed
about 40008 as in the SDSS, and therefore the level of the nu-
clear emission at shorter wavelengths cannot be well exedudo
extend the band and to make more quantitative the classgificat
we considered the — r colour index of the SDSS photometric
system (AB magnitudes) that was found a simple and efficamit t
for discriminating between BL Lacs of N and G type. The effec-
tive wavelengths of the andr bandpasses are 3500 and 6250

respectively. Considering that the minimum redshift thBl.a_ac
should have to move the Ca H&K break up to the observeaind-
pass isz ~0.5 and that redshifts of BL Lacs are typically lower
than this value, the Ca H&K break lies between these two wave-
lengths and, therefore, the— r is a well suited parameter to mea-
sure the relevance of the nuclear emission with respectatiooth
the galaxy. In this analysis we considered SDSS model madgst

to take properly into account the host galaxy contribution.

To evaluate the intrinsia — r colour we corrected the SDSS
magnitudes using thd,. absorption given in the SDSS and the ex-
tinction curve by Schlegel, Finkbeiner & Davis (1998). Theult-
ing correction was computed by means of the following fotanul

@)

whereA, is the extinction in the band, also reported in the SDSS
database. Photometric uncertainties in the S@S%and for the
large majority of objects in our sample are of the order ofralan-
dredths of magnitude and generally smaller than one temthaF
few cases, typically very faint sources or having a remdykiaigh
colour indices, large errors up~al magnitude and even more, are
given. Considering that the resulting uncertaintyuenr prevents a
safe classification we discarded the sources with a photanest
ror higher than 0.4. This choice would not affect our reso#isause
these sources are practically all of G type and their colavesso
high that large errors do not modify the classification. Tésuit-
ing sample contained 679 objects. Fig. 4 shows the histagEm
thew — r colour, after the reddening correction, for all the BL Lac
objects in the BO sample and for those in the B1-X. These two di
tributions are similar and the only difference is that thed&@nple
contains a number of blue objects higher than B1-X. It is idess
to calculate how large the colour— r must be to discriminate be-
tween N and G types. The request that the mean flux i thend
would be comparable to the extrapolation of the level meakhe-
tween 36008 and 40004 corresponds ta — r =1.24. However,
taking into account that for several sources spectral aotbpiet-
ric uncertainties are typically of the order of 10% we addpas
discriminating the slightly higher colour — » =1.4. Of course,
this simple criterium fails for redshifts higher tharD.5, and for
such objects another colour threshold must be adopted.pris
lem does not affect largely the analysis of our samples tsechigh
z sources are very rare among known BL Lacs and are generally so
faint in the optical that good photometry is not available.

The number of G objects (or with—r > 1.4) is much smaller
than those of N type: they are 120 (corresponding to abou?) 118%
the BO sample, and 96 in the B1-X sampie23%).

(w—7)=(u—"1)ops — 0.81 A,

4 BLLAC TYPES AND HIGH ENERGY EMISSION
41 Thed®xr vsu — r plot

The bivariate distribution of the B1-X sample in the plabg r vs

u — r (Fig. 5), is a very useful tool for improving the classificati

of BL Lac objects. According to the previous establishedecia,
the horizontal line, corresponding fmwg®xr = —0.5, discrimi-
nates H and L objects, while the vertical one having » = 1.4
discriminates N and G types. Thus, the resulting four quadreor-
respond to HN, HG, LG and LN types, as indicated in Fig. 5. It is
well apparent that the large majority of known BL Lac objeats

of HN type, there are also several sources of LN types, whie t
LG ones are very few. This is not due to the fact that the X-nay fl
is unknown for about 1/3 of the sources in the BO sample, tsecau
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Figure 5. Scatter plot ofLog ® x g Vs u — r. Thick dashed lines limit the high density region. Thick §ma mark the sources detected in theay range
and reported in the 2FGL catalogue (black) or only in the 1K@Hd); large open red squares correspond to sources clasartelusters; large open blue

circles correspond to sources in small groups accordingit@oalysis.

many of them have low —r values. The distribution of points is re-
markably not uniform with a high concentration in a ratheroa
belt crossing the HN and HG regions. In the two G regions goint
are much more sparse with only a relatively denser groupieoesh
about atu — r =1.95 and Lo@ xr =0.25. Ten of the 15 sources
in this region are in galaxy clusters or small groups, andhefy
were excluded because their X-ray emission could not éyntire
originated in the nucleus, the data concentration wouldpgiear.

We can define in this plot an approximate region inside which
sources’ data points are more concentrated than outsideoligly
limited by the two dashed lines in Fig. 5. The left- » boundary
of this region appears to be intrinsic to the BL Lac populatmd
does not depend on selection effects, because there issmnria
excluding sources with a highexcess in BL Lac searches in other
frequency bands. There are, in fact, only very few objechereft
side of this belt and they can represent the minimum obsarved
value that is around 0.2 corresponding to a spectral indéx3#.
Note also that the mean— r colour of HN objects in this region is
smaller than for LN ones. This finding can be naturally expdi
by the fact that the X-ray luminosity is expected to be pesiyi
correlated with that in the UV range if they are originatedthg
same synchrotron component.

In Fig. 5, we introduced some special symbols for different
classes of BL Lacs: red squares mark those sources whicloaee ¢
to or belong to a known cluster of galaxies, as derived fronDNE
information or from the recent list based on SDSS images (Hao
et al. 2010), blue circles correspond to objects that in tB8S
images appeatr, in our opinion, to be in small groups, or isefair
or systems, although not reported in the literature. Inipagr, we
searched for other galaxies having an angular separatiom tihe

BL Lac lower than a few galaxian radii that for a typical efigal at

z about 0.2 corresponds to20When four or more galaxies were
found we classified the source as belonging to a group, wihilas
considered a pair (or a small system) when less than thregigal
were in the surroundings. In some cases, redshifts of néaxiga
are also available in SDSS and we were able to verify theiract
closeness.

The possibility of confusion of X-ray emission from BL Lacs
and galaxy clusters was considered since early systeneaictes
as the Einstein Medium Sensitivity Survey (Stocke et al.5198
1991). The occurrence of BL Lac objects in cluster of galsias
already investigated by several authors (e.g. Laurenthidigen
et al. 1993, Pesce, Falomo & Treves 1995; Hart, Stocke & Hall-
man 2009, Giles et al. 2011) and in some cases the membership
was spectroscopically confirmed. The majority of BL Lac ahje
however, as found in our sample, appear rather isolatedhemd-t
fore the chance occurrence of a BL Lac in a cluster is not drpec
to be high, in agreement with the previous results of Owed|dve
& Keel (1996), who searched for BL Lac objects in a ratherdarg
sample of Abell clusters.

The X-ray flux of candidate BL Lacs in clusters can be there-
fore contaminated by an emission of non-nuclear origin, il
could lead to the spurious identification of a galaxy withiatfaa-
dio emission as a BL Lac object. Note that the distributiothee
sources in Fig. 5 is highly not uniform. If the chance to findla B
Lac object in a cluster were independent on its physicalrpaters,
the number of circles and squares should be higher in thenegi
high density of points, while we observe the opposite distion.
Fig. 6 gives a very clear picture of this effect. We plottexdf — r
intervals equal to 0.5, the fraction of sources found inesyst (cir-
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Figure 6. The fraction of sources in groups or clusters plotted as etim
of the colouru — r. The dashed line is a linear best fit that gives a very good
description of the data (the linear correlation coefficieri.96).

cles and squares) and verified that it is very well correlatital the
red colour of the object. Objects with— r > 3.0 are all associ-
ated with clusters, while the fraction of associated s@ivgéh this
coulour index higher than 2.0 is about 0.5.

A list of G-type BL objects having. — » >1.8 and including
notes about possible association with clusters is giverabierl.

4.2 High energy emission of G-type BL Lac objects

Bl Lacs are known to be-ray sources. A significant fraction of
them has been detected in the first year of observation ofiFerm
LAT (Large Area Telescope) and it is reported in the 1FGL cat-
alogue (Abdo et al. 2010a). This number is increased in thg ve
recently released 2FGL catalogEdn BO sample there are 126
objects likely associated with 2FGL sources, while 94 aréhin
1FGL catalogue, nine of which not confirmed in the two-year
ray sky. All these BL Lacs are marked by a cross in Fig. 5. Again
their distribution is far from being uniform: the majority them
is of N-type and are inside the high density strip. Note thare
are only few LN sources not detectechatay energies, while this
does not occur for HN objects; moreover, no possipigay coun-
terpart is reported for LG-type BL Lacs. Two examples of SBDs
N sources, detected at high energies, are given in Fig. 2.

Eight BL Lacs withu — » > 1.8 can be associated with+
ray sources, and only the following four sources have r >
2.0: BZB J0319+1845 (2FGLJ0319.6+1849), BZB J1136+2550
(2FGLJ1137.0+2553), BZB J1532+3016 (1FGL J1531.8+3018),
BZB J2322+3436 (2FGLJ2322.6+3435). No source with r >
2.25 is reported to have a possible counterpart at high ene@res.
of the sources withy — r > 2 (BZB J1532+3016) is a low redshift
elliptical galaxy ¢€=0.065) with a flat spectrum radio emission, that

The other three sources have redshifts between about 0.1 and
0.2 and appear as isolated elliptical. Their radio emissiather
faint for two of them, has flat spectra and the r values are typ-
ical of H-type sources. They could then be low luminosity BacL
nuclei, however a deeper multifrequency study to clarigirtima-
ture would be very useful.

5 INFRARED COLOURS

Another frequency band in which homogenueous data sets are
available for a large number of BL Lac objects is the neasairgd.
We investigated the emission properties of our sample stiand
to extend the available information useful for identifyiagd prop-
erly classifying these sources. We searched for the BO ssurc
the 2MASS point source catalogue, imposing a positionah-coi
cidence better than 3 arcsec. Given the limiting magnitudie
2MASS (J ~16) only the brightest sources (319) are present in
this catalogue. A further selection was made on the photatnet
quality, which is flagged with a letter, in decreasing qyatitder:
only sources with quality flag A or B in all thé, H, K bands were
considered to select the subsample B1-2M containing 28ictshj
Chen, Fu & Gao (2005) studied the colour distribution of a
rather large sample of BL Lac objects and found that, in the i,
H — K) diagram, they are simmetrically clustered around a paint a
the position (0.7; 0.7). Our analysis shows that B1-2M sesitave
a similar pattern around the same centroid (Fig. 7). We coetpa
this distribution with that of normal elliptical galaxiesing J, H,
K magnitudes of a sample of rather nearby galaxies selected fr
the Uppsala Galaxy Catalogue (UGC, Nilson 1973) as repanted
the 2MASX extended sources catalogue. Their colour digioh
is centered approximately dt— H=0.7,H — K=0.3 and exhibits
a nearly circular pattern with a standard deviation of 0.Jagni-
tudes on both colours (the large circle in the left panel of. F).
Rather surprising, there is no well apparent differenceveen the
distributions of N and G-type BL Lacs, being ti#& — K colour
of latter ones redder than normal elliptical galaxies. lmgple,
one could expect some difference in the colours of these ypest
because these classes are based on the relative brightties®p-
tical nuclear emission to the host. Indeed, the nuclear oot
strength is based on the level of the continuum at opticalewav
lengths shorter than Ca H&K break feature, so that G-typecgsu
are expected not to exhibit a high non-thermal componentials
the near Infrared bands.
We explored if this result could be explained by the effect of
a k-correction, due to the source redshifts, on the colodicés
of our BL Lac objects. This correction is not relevant if thees-
trum is dominated by the non-thermal emission (e,g, it isllgc
described by a power law), but it may be a concern for a sutiatan
stellar contribution, i.e. for objects classified as G-tyfesuitable
k-correction for elliptical galaxies in thd, H, K magnitudes is
reported by Poggianti (1997): up to redshift=0.3 the effect on
the J — H colour is less than 0.05 magnitudes, while file- K

appears likely extended in NVSS map. SDSS image shows a com-colour becomes redder with increasiagby up to 0.15 forz=0.3.

panion spiral suggesting an interacting pair. Considetirag the
significance of its 1FGLy-ray counterpart is equal only to 43

This correction is anyway always smaller than 0.2 in bottoerd
for z less than 0.6. Of our 78 G-type sources with good quality (A

and that this was not confirmed in the 2FGL, the occurrence of of B) 2MASS photometry, one has no firmly established retishif

high energy emission from this G-type object could not belgaf
established.

2 http://fermi.gsfc.nasa.gov/ssc/data/access/latt2yalog/

and nok-correction can be computed, and another one only has
z > 0.3. We are therefore forced to think that the redder K
colours of the G-Type blazars can only partially be expldibg
their redshifts but it is largely intrinsic.

The right panel of Fig. 7 shows thé — K colour plotted
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Figure 7. Left panel: the 3-H, H—K colour plot of BL Lac objects, the large open circle is a oegof radius equal to 1 standard deviation of the population
and where the majority of normal elliptical galaxies frone tppsala catalogue clusterize; filled black circles arecgsuwith a reported X-ray detection,
while red triangles indicate objects not yet detected. Rigimel: plot of the infrared-JK colour vsu — r; the thick red line is the locus of power law energy
spectra and the vertical short lines mark spectral indexegbf 2.0, 1.5, 1.0, 0.5 (top to bottom); the blue line cqoesls tou — » =1.4 and discriminates N
and G type sources. Thin dot-dashed lines describe the eladroplours when a synchrotron component is added to a naiiipical galaxy with a variable
brightness ratio. Top to bottom the peak frequencies of trethermal component vary from Log=12.5 to 15.5, with a parabolic curvature coefficiént

equalto 0.1 or 0.2.

against. — r. As expected from the previous result, the mean value when the synchrotron component peaks at a rather low freguen

of the former colour is around 1.5 and there is an evidenteonc
tration of points inside the strip marked by a thick solid tiee,
representing the colours of a single power law over the riRéo L
band, and a parallel dashed line. According to our simpteriuim,
all BL Lacs inside the strip have — r» < 1.4 and are of N-type.
Note that the density of data points is high close to this &nd
that only a small number of sources has bluer colours. ThaHat
sources tend to be redder than a simple power law indicags th
their spectral distributions in the optical-UV are stegppan in the
near infrared, as expected if they are described by a pacdaal
in the log scales, in agreement with the early findings by banet
al. (1986) and by more recent works (see, for instance, Masta
al. 2004a, 2004b, 2006, Tramacere et al. 2011).

To reproduce the observed distribution in the- r, J — K
plane we considered a SED given by the sum of an average-ellipt
cal galaxy (Buzzoni 2005) and a non-thermal component destr
by a log-parabold.og(vF,) = A — b[Log(v/vp)]?. Typical val-
ues forb are in the range 0.1-0.3, while the peak frequengys
higher than~10"® Hz for L BL Lac objects (Maselli et al. 2010b)
and may be even higher thanl0'® Hz for H sources. The results
of our simulations are also reported in Fig.7: each of théelds
dotted lines corresponds to a couple of values of the pasmet
Log(vp) (12.5, 13.5, 15.5) andl (0.1, 0.2), and the colour change
is due to variation of the log of the ratio between the galayadn-
thermal flux at theK band from—4 to 1. With decreasing non-
thermal contribution the object colour moves out of the polae
line to reach the point corresponding to a normal elliptitale fact
that all curves converge towards the point (1.0; 2.4) cjedepends
on the adopted elliptical galaxy model; a model with a redderr
would move the curves on the right side of the plot thus iniclgd
the data points of several G-type BL Lacs. Moreover,a loed} r
dening in the host galaxy can also increasethe r values. We
recall that a diffrence between all the considered sourndsar-
mal elliptical galaxies is that the former ones have a nualadio
emission, that could be related to theband excess: for instance,

and is sufficiently curved.

6 DISCUSSION

The most important result of our analysis is the assessnfiembie
precise observational criteria to define the propertieslof &c ob-
jects. In addition to the known L and H classes, we introdubed

N and G classes to take into account the relative power of the n
clear emission to host galaxy. With the general acceptedratnt
that a blazar, and more specifically a BL Lac, is an activeeugl
of a galaxy whose emission is dominated by non-thermal psEse
and boosted by relativistic motions, it is important to knifwthe
nucleus is or not bright enough to overcome the host galary co
tribution, at least in frequency ranges where the latteypically
low, in particular, at frequencies higher than the Ca H&Kadbre
Our analysis showed that a simple estimate of the dilutiothef
Ca H&K break contrast cannot always be considered a good tool
for searching and properly classifying this type of AGNsfdnt,
the contrast is based on measures of the source flux in rattah s
wavelength intervals on the two sides of the break, and does n
takes properly into account if the nuclear emission turrioomot

to be the dominant one for increasing frequencies. Underrghi
spect, the colour. — r is a better indicator of the N or G type, at
least for sources with a redshift< 0.5. On this basis we can con-
clude that a fraction of sources, reported in the literagrgemuine
BL Lacs, could not belong to this class of AGNs and more adeura
investigations of their individual properties and enviemnh must
be performed to safely establish whether they are genuinedslL
objects. The 77 G-type BL Lac objects reported in Table 1 were
discovered in many surveys, confirming that these rathexcbse-
lection criteria are largely adopted and that the posgjif con-
sidering galaxies without a clear evidence of relativistaming
as genuine BL Lac objects is not negligible. Sources ocnaéiio
reported in the literature as “weakly beamed” BL Lacs shadd
be properly considered blazars.
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The presence of a faint radio emission could be due to an ori-
gin different from a beamed relativistic jet and, therefaanot be
considered a definitive test. Several other types of AGNg, ra-
dio galaxies, Seyfert galaxies, etc... are radio emittiity & large
spread of power, but they do not exhibit blazar propertiesfdk
concerning multifrequency studies, our analysis dematesrthat
the detection of an X-ray flux from the direction of the caradéd
blazar can be confusing if the source environment is unknde
uncompleteness of catalogues of galaxy clusters, paatigufor
the small ones, make difficult to establish if the X-ray erioiss
has been incorrectly associated with the nuclear actigéging to
wrong BL Lac identifications. Another source of confusiom te
due to the radio emission observed from some clusters oxigala
(Giovannini et al. 2009). This emission is generally faimd avith a
steep spectrum, but when BL Lac association is derived framee
lations between catalogues at a single frequency and withieed
angular resolution, like NVSS (Condon et al. 1998), spigioer
sults are possible.

Values of the optical and infrared coloui/s— K > 1.1 and
u—r < 1.4 can provide a simple test to obtain a firstindication that
an AGN has a non-thermal continuum overwelming the hosikgala
emission, hence it is a possible blazar, or a BL Lac if emissio
lines are absent. The fact that the majority of sources wikray
counterpart has colours within the two rather narrow singsg. 5
and Fig. 7, supports the conclusion that sources whose rsodoa
well outside these regions cannot be safely considered Ris.La
Values beyond these limits do not exclude the blazar natiieeo
object, but they must be considered as a clear indicatidriuttaer
investigations are necessary.

The use of these two photometric colours can be of practical
relevance for two problems. The first problem concern ths-exi
tence of “radio faint” (or “radio silent”) BL Lacs. A rathentge
fraction of known BL Lac objects, particularly HBL ones, has
radio flux at 1.4 GHz lower than 20 mJy or even 10 mJy; more-
over, they are generally undetected in the major 5 GHz ssrvey
We recall that the recent BL Lac searches by Plotkin et al0§20
2010) report several candidates with radio fluxes lower thanly,
which were not included in the Roma-BZCAT (3rd edition). The
colour test proposed here can be then a further selectidrfdoo
good candidates. Note than hot stars as white dwarfs arty easi
excluded, in addition to their appreciable proper moticegduse
their J — K is much lower than that of BL Lacs. Of course, a
simple colour-based method is not able to discriminate Bt dla
jects from quasars and optical spectroscopy is necessagatch
for the occurrence of emission lines and a proper classiitaif
the source. In a very recent analysis, Massaro et al. (2CbLibyl
that a large fraction of BL Lac objects are located in a ratieer
row strip in the [3.4]-[4.6]-[12]um two colour diagram derived
from magnitudes measured by tiidde Infrared Survey Explorer
(WISE)satellite (Wright et al. 2010). This strip is particularheilv
marked by HBL objects and many of them are of N type. We ex-
pect, therefore, that the use of mid-infrared photometry lvd a
very promising and powerful tool to distinguish N and G sesic
to gain more information on the non-thermal nuclear emissiad
the distributions in the/ — H, H — K plane.

The second problem is the search for possible counterparts i
the error boxes ofy-ray sources. In the LAT catalogues (1FGL,
Abdo et al. 2010a, and 2FGL, Abdo et al. 2011) there are a few
hundredths sources without a reasonable counterpart tziats
with. The finding of a source having colours satisfying thewb
limits, possibly associated with a radio or X-ray emissiaould
be useful for selecting interesting candidates as in the cas-

sidered by Maselli et al. (2011). Similar research could fiygiad
to the study of serendipitous sources detected inside tluks fof
X-ray imaging telescopes, like Chandra and Swift-XRT. Wesg
that the colour based test is not a new approach. It is, indaatip-
dated and revised version of the method proposed and stidbess
used by Braccesi (1967) and Braccesi et al. (1968) in theieixs
for searching quasars, and particularly the radio-quiesofihe ex-
istence of large and easily accessible databases, makeslthe
test particularly simple and powerful.
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Table 1.List of G-type BL Lac objects in the BO sample having- » > 1.8.

Source u—r J—K Sia4 Log®xgr z Ref Notes
mag mag mJy
BZB J0001-1031 2.3 1.30 41 0.252 PL8
BZB J0056-0936 1.9 1.22 199 0.324 0.103 RBS gr
BZB J0103+1526 2.0 1.60 225 0.246 CL5
BZB J0110+4149 2.4 1.04 85 0.139 0.096 RAX gr
BZB J0148+1402 2.9 1.22 44  —-0.125 0.125 PG5 cl: GMBCG
BzB J0232+2017 1.8 1.27 82 0.837 0.139 PG5 gr
BZB J0319+1845 2.1 1.24 21 1598 0.190 PG5 F2
BzB J0737+3517 3.0 145 26 0.610 0.213 RAX gr
BZB J0741+3205 2.0 1.48 77 0.179 PL8 cl: GMBCG
BzB J0745+3312 3.8 1.44 22  —-0.755 0.220 ROX cl: MaxBCG, GMBCG
BZB J0751+2913 2.8 1.37 10 0.322 0.185 ROX
BZB J0754+3910 1.9 1.22 58 —0.120 0.096 BRO ss
BZB J0758+2705 2.0 1.27 54 0.099 PL8 ss
BZB J0809+3455 2.0 1.08 223 0.261 0.083 CLS F1,cl: GMBCG
BZB J0810+2846 2.0 42 0.272 PL8
BzB J0810+4911 3.1 1.16 11 0.260 0.115 CLS cl: MaxBCG, GMBCG
BZB J0823+1524 2.1 1.40 22 0.167 PLO
BzB J0828+4153 2.0 1.64 91 0.094 0.226 RAX cl: GMBCG
BZB J0850+3455 1.9 1.25 35 0.269 0.145 RAX F1
BZB J0856+5418  4.3b 1.28 57 0.338 0.259 RAX cl: MACS, GMBCG
BZB J0903+4055 1.9 1.12 36 0.745 0.188 RAX
BzB J0927+5327 3.1 0.93 5 1334 0.201 RAX cl: GMBCG
BZB J0927+5545 2.5 1.44 78 —0.637 0.221 ROX ss
BzB J0932+3630 2.5 1.17 52 -0.136 0.154 PL8 ss
BZB J1001+2048 2.5 1.36 2 0.929 0.344 EMS gr?
BzB J1012+3932 2.0 1.26 20 0.512 0.171 ROX
BZB J1018+3128 2.4 121 4 1322 0.161 RAX
BZB J1022+5124 2.3 1.61 5 1838 0.142 EMS
BzB J1028+0555 2.0 1.84 19 0.022 0.234 PL8
BZB J1028+1702 2.2 1.30 79 —-0.053 0.169 SE5
BZB J1033+4222 2.0 1.22 45 —-0.222 0.211 CLS cl:GMBCG
BZB J1041+1324 1.8 1.64 57 0.375 PL8 cl: GMBCG
BzB J1041+3901 2.1 1.10 33 0.385 0.210 PL8 cp
BZB J1053+4929 2.0 1.12 64 0.108 0.140 RAX F2,cl: MS, GMBCG
BZB J1059+4343 2.0 1.77 40 —-0.301 0.459 PL8
BZB J1124+5133 2.6 1.27 54 0235 CLS gr
BzB J1136+2550 2.3 1.29 16 0.468 0.156 RAX F2
BZB J1145-0340 2.1 1.30 18 1.358 0.167 SH5
BzB J1156+4238 2.6 1.19 14 0.693 0.172 EMS cl:MS
BZB J1157+2822 1.9 1.65 31 0.341 0.300 PLO
BZB J1201-0007 2.2 1.37 70 0.176 0.165 RAX cl: [EAD]238, GMBCG
BzB J1201-0011 2.4 111 28 0.301 0.164 ROX cl: MaxBCG, GMBCG
BzB J1203+6031 2.0 1.25 190 -0.404 0.065 CLS F2
BZB J1221+4742 2.1 1.19 42 0.364 0.210 RAX ss
BzB J1223+4650 2.1 1.58 13 0.442 0.261 ROX cl:NSCS, GMBCG
BZB J1238+5406 2.0 1.55 39 0.224 PL8
BzB J1243+5212 2.5 1.35 38 —0.404 0.200 ROX
BZB J1243-0613 2.7 1.22 345 0.139 PKQ ssgr?
BzB J1253+0326 1.9 1.12 107 0.193 0.066 RAX
BZB J1331-0022 1.9 1.74 9 0.523 0.243 CL5

BZB J1348+0756 2.0 1.50 53 0.400 0.250 PLO cl: GMBCG
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Table 1.G type BL Lac objects having — r > 1.8 (continued)

Source u—r J—K Si14 Log®xr z Ref Notes

mag mag mJy
BZB J1401+1350 3.5 1.32 8 0.787 0.212 ROX cl: MaxBCG, GMBCG
BZB J1424+3705 2.2 1.53 79 —0.244 0.290 RAX c¢s
BZB J1427+5409 2.6 0.77 44  —-0.064 0.106 RAX or
BZB J1427+3908 2.0 1.11 7 0.359 0.165 PL8
BZB J1435-0055 1.9 1.35 15 0.285 PL8
BZB J1436+4129 2.8b 53 0.404 PL8
BZB J1445+0039 3.7b 1.68 8 0.903 0.306 ROX cl: CEJ221.31220551836
BZB J1502+2528 2.2 51 0.178
BZB J1510+3335 2.6 1.23 8 1.500 0.114 RAX
BZB J1516+2918 2.3 1.21 134  —-0.023 0.130 RAX or
BZB J1532+3016 2.0 1.08 52 0.872 0.065 RAX F1,ss
BZB J1544+5017 1.9 29 —0.617 0.494 ROX
BZB J1604+3345 2.8 1.24 7 1.012 0.177 RAX
BZB J1616+3756 1.9 1.38 4 1.357 0.202 SH5
BZB J1624+3726 2.2 1.38 59 —0.324 0.199 RAX
BZB J1628+2527 2.0 1.44 72 0.292 0.220 SE5 cl: GMBCG
BZB J1637+4547 2.0 1.68 45 0.166 0.192 CL5 cl: MaxBCG
BZB J1643+2131 3.6 1.30 8 0.837 0.154 ROX cl: GMBCG
BZB J1647+2909 2.1 1.31 390 —-0.958 0.132 MB6 ss
BZB J1655+3723 1.9 76 PLO
BZB J1717+2931 3.1 1.43 3 2.040 0.276 ROX cl:RBS 1634
BZB J1750+4700 2.2 1.49 99 0.312 0.160 LM9 cl: MACS
BZB J2145-0434 2.4 111 67 0.464 0.070 RAX
BZB J2248-0036 2.1 1.46 61 0.212 CL5 cl: GMBCG
BZB J2322+3436 2.1 1.38 95 0.060 0.098 LM9 F2
BZB J2350+3622 2.0b 1.68 317 —1.422 0.317 DXR

Notes:

b: value with a large uncertainty;
cl: cluster of galaxies;
cp: close pair of galaxies;
gr: group of galaxies;
F1: possible counterpart of a Fermi-LAT 1FGL source
F2: possible counterpart of a Fermi-LAT 2FGL source
ss: small system of close galaxies.
References:
CL5 = Collinge et al. (2005) - SDSS;
CLS = Marcha et al. (2001); Caccianiga et al. (2002) - CLASS;
DXR = Perman et al. (1998); DXRBS
EMS = Stocke et al. (1991), Rector et al. (1999) - EMSS;
LM9 = Laurent-Muehleisen et al. (1999) - RGB;
MB6 = Marcha et al. (1996);
PG5 = Padovani & Giommi (1995);
PKQ = Jackson et al (2002), Hook et al (2003) - Parkes Quaatesky
PLO = Plotkin et al. (2010) - SDSS;
PL8 = Plotkin et al. (2008) - SDSS;
RAX = Kock et al. (1996), Wei et al. (1999), Bade et al. (199&)ges et al. (1999), Bauer et al. (2000), Brinkmann et al0@@0 RASS, ROSAT;
ROX = Turriziani et al. (2007) - ROXA, http://lwww.asdc.atéioxal;
SE5 = Sowards-Emmerd et al. (2005);
SH5 = Giommi et al. (2005), Piranomonte et al. (2007) - Seatgriburvey


http://www.asdc.asi.it/roxa/
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