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Abstract. — We present multifrequency spectra of a large number of radio and X-ray selected BL Lacertae objects
constructed using non-simultaneous archival data. The data were obtained using the European Space Information
System (ESIS) and are from several radio and optical catalogues, the IRAS Faint Source Catalogue, the Einstein and
the EXOSAT databases. The sample includes 121 BL Lacs that have been extracted from the 1Jy and the S4 radio
surveys (Stickel et al. 1991; Stickel & Kiihr 1994), the Einstein IPC Slew Survey, the Einstein Extended Medium
Sensitivity Survey (EMSS), the EXOSAT High Galactic Latitude Survey, and from the compilations of Giommi et al.
(1990), and Veron & Veron (1993). We find that the shape of the radio to infra-red spectrum of Radio Selected and
X-ray Selected BL Lacs is very similar. The difference between these two classes of objects is instead evident in the
optical/X-ray part of the spectrum. The classical radio discovered BL Lacs are characterized by an energy spectrum
with a sharp cutoff in the IR /optical band while in most of the X-ray discovered objects the turnover is located near
the UV/X-ray band or at higher frequencies. For a given X-ray flux this diversity can give rise to radio fluxes different
by a factor of 100 or more. We argue that BL Lac objects may be a single population of sources characterized by
a wide range of energy cutoffs. In this scenario BL Lacs discovered in radio surveys are representative of the entire
population, while objects characterized by an energy break near the X-ray band, which are abundantly detected at

X-ray frequencies, are intrinsically a small minority.
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1. Introduction

BL Lac Objects are a class of rare AGN characterized by
rapid variability at all frequencies, high radio and optical
polarization and by the absence of emission lines in the
optical spectrum. Their overall energy distribution shows
a smooth continuum over a wide part of the electromag-
netic spectrum, probably due to Synchrotron emission, fol-
lowed by Compton emission at higher energies (Bregman
et al. 1990; Kawai et al. 1991). The unusual and some-
times extreme characteristics of these sources are often
explained in the framework of a relativistic beaming sce-
nario (Padovani & Urry 1990; Ghisellini et al. 1993). BL
Lacs have been mainly discovered in radio and X-ray sur-
veys. Very few objects of this kind have so far been found
at other frequencies (Impey & Brand 1982; Borra & Cor-
riveau 1984; Jannuzi et al. 1993). It has often been re-
ported that BL Lacs discovered in the radio band show
higher optical variability and polarization than those dis-
covered at X-ray frequencies. This has led to the subdi-
vision of the class of BL Lacertae objects into two sub-
classes: RBL for radio-selected BL Lacs and XBL for X-

*Table 5 is only available electronically at the CDS via anony-
mous ftp 130.79.128.5

ray selected BL Lacs (Stocke et al. 1990; Giommi et al.
1991).

All known BL Lacs (including XBLs) have been de-
tected at radio frequencies. Stocke et al. (1990) reported
that radio quiet BL Lacs, if they exist at all, must be a
very small fraction of all BL Lacs or they must also be
X-ray quiet. Jannuzi, Green and French (1993) reached
the same conclusion from the results of a polarization sur-
vey in the optical band. This constant presence of radio
emission is a striking difference with respect to the class
of QSOs, 90% of which are radio quiet.

Well defined, flux limited samples of both subclasses
have recently become available (Stocke et al. 1991; Stickel
et al. 1991, Stickel & Kiithr 1994). It is generally concluded
that XBL greatly outnumber RBL of the same X-ray lu-
minosity and that the two classes are characterized by dif-
ferent cosmological evolution (Maraschi et al. 1986, Morris
et al. 1991; Stickel et al. 1991; Wolter et al. 1994).

In this paper we present radio-to-X-ray energy distri-
bution of a large number of BL Lacertae objects and we
study the differences between RBLs and XBLs from the
viewpoint of their energy distribution.

The data used to construct the energy distributions
are not simultaneous and have been taken from several
catalogues and databases. All data have been retrieved
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and combined into multifrequency spectra using the ESIS
system (Giommi & Ansari 1993).

2. The samples

We have considered four samples including most of the BL
Lacs presently known and representing different selection
methods:

a) A sample of radio-selected BL Lacs taken from the
1Jy sample of Stickel et al. (1991), and from the S4
survey (Stickel & Kiihr 1994) including 39 objects (see
Table 1).

b) A sample of purely X-ray selected objects from the
FEinstein IPC Slew Survey (Elvis et al. 1992; Schachter
et al. 1993) including 44 sources (see Table 2). This
sample is not complete since many Slew Survey sources
are still unidentified.

¢) A sample of BL Lacs serendipitously detected in X-ray
images from the Einstein Extended Medium Sensitiv-
ity Survey (Gioia et al. 1990; Stocke et al. 1991, 34
sources) and from the EXOSAT HGLS (Giommi et al.
1991, 11 sources) (see Table 3).

d) A compilation of well known BL Lacs from Giommi
et al. (1990) and from Veron & Veron (1993) including
12 sources (see Table 4).

The tables are structured as follows Cols. 1 and 2 give the
source name, and alternate name(s), Cols. 3 and 4 give the
Right Ascension and Declination (J2000), and Col. 5 gives
references to papers containing more detailed information.

The selection method of samples b) and c) are similar;
the main difference is that while in pure X-ray surveys all
kinds of BL Lacs can in principle be found, the serendipi-
tous sample by definition excludes most of the well known
objects since a large fraction of these sources were selected
as targets of the X-ray observations. Some objects have
been detected both in radio and X-ray surveys and there-
fore appear in more than one sample. Samples b) and c)
also have a number of common objects.

The samples include a total of 121 distinct objects, or
about 80% of all BL Lacs presently known.

3. The data

To construct the radio to X-ray energy distribution (v f(v)
vs v) of all objects in our samples we have used archival
data from several catalogues and databases and we have
converted all fluxes to erg cm~2 s™! according to the pro-
cedure described below.

The Radio and IR fluxes are directly available in Jan-
sky and have been plotted after a simple unit conversion.
The UBYV colours were converted to monochromatic flux
using the following formulae as adopted from Wills &
Lynds (1978):
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where bI1 is the galactic latitude of the object consid-
ered.

X-ray data were converted to monochromatic flux as-
suming a power law spectrum with energy index of 1.0
and no intrinsic absorption.

The radio data have been taken from the following cat-
alogues: Veron & Veron (1993), the 6 cm survey of Condon
et al. (1989), (Becker et al. 1991) the 20 cm survey (White
& Becker 1992), the Dixon (1976) and the Parkes cata-
logue (Bolton et al. 1979). The IR data are from the IRAS
Faint Source Survey (Moshir 1991). Optical data are from
Veron & Veron (1993) and from the EMSS (Stocke et al.
1991), the IPC Slew Survey (Elvis et al. 1992; Schachter et
al. 1993) and the HGLS (Giommi et al. 1991). The X-ray
data are from the EMSS, the IPC Slew Survey, the HGLS
and from the Finstein and the EXOSAT databases. Ein-
stein data are from the IPC instrument and the EXOSAT
data are from the CMA instrument in conjunction with
the Lexan, Al/Par and Boron filters (when available).

All multi-frequency data are reported in table 5!
where the 121 BL Lacs are listed in order of right as-
cension. Column 1 gives the source name, Cols. 2 and 5
give the frequency; Cols. 3 and 6 give the flux? in units of
erg cm™2 s7!; Cols. 4 and 7 give the reference where the
original flux (or count rate) can be found.

Figures 1.1 to 1.39, 2.1 to 2.44, and 3.1 to 3.45, show
the energy distributions (v f(v) vs v) of all the objects in
the radio-selected (1Jy and S4 surveys), X-ray selected
(Slew Survey) and the X-ray serendipitous (EMSS and
HGLS) samples respectively. Figures 4.1 to 4.12 show the
energy distribution of the objects in the miscellaneous
sample. These last BL Lacs have been discovered mostly
at radio frequencies. Their energy distribution is therefore
similar to that of the objects shown in Figs. 1.1 to 1.39.
Error bars are not plotted but in most cases their size is
of the order of the size of the symbols or smaller.

The data shown in Figs. 1-4 are not simultaneous, so
time variability, that is one of the defining characteristics
of BL Lacs, can influence the overall shape of the spectrum
increasing the scatter. The large dynamical range (usually

Table 5 is only available in electronic form. It can be
obtained via anonymous ftp from CDS (cdsarc.u-strasbg.fr
130.79.128.5).

’In the X-ray band, where the measurements are often near
the instruments sensitivity limit, we also give the statistical
error.
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a factor of 10% — 10%) reduces the effect of time variability
to arelatively small perturbation so that the general shape
of the spectral distribution can still be recognized. In the
X-ray band, however, flux variability can be of the order
of a factor ten or more, and can play an important role.

Inspection of the figures shows that the energy distri-
bution of the majority of BL Lacs is remarkably smooth
over a large portion of the electromagnetic spectrum, ex-
cept for large amplitude variability that is often visible in
the high-energy data.

The multifrequency spectra are characterized by a
smooth rise in the radio band which continues at least
to the IR band, followed by a sharp cutoff that can occur
in the IR /optical band or at higher frequencies. From Fig.
1.1 to 1.39 we see that the large majority of the RBLs
show a cutoff in the IR-optical band, but in 3 sources
(namely, S4 11014364 (MKN 421), S4 1652+398 (MKN
501), PKS 2005-489 ) the spectrum continues to rise to
higher energies. We therefore conclude that break ener-
gies in the UV or X-ray band are rare in the radio counts
and occur with a frequency of ~ 8 — 10%. A similar con-
clusion was reached by Ledden & O’Dell (1985) from the
analysis of the aoy, aro and apy distributions of smaller
and non homogeneous samples of BL Lacs. Those sources
in our radio sample for which no X-ray data are available
are not expected to have a distribution that continues to
high energies without a break. This is because in this case
their X-ray flux would be of the order 107! erg cm=2 571
or higher and they would have been easily detected in the
Slew Survey.

Since selection in the radio band is not expected to
influence the position of the spectral turnover, the radio
counts can be considered as an unbiased representation of
the entire BL Lac population, unless the distribution of
break energies depends on redshift or luminosity.

The energy distribution of the objects in the Slew Sur-
vey sample (Figs. 2.1-2.44) is similar to that of the radio
selected sample between the radio and the optical band.
Continuous rise up to UV /X-ray energies is much more
common than among radio selected objects. The serendip-
itously selected BL Lacs (Figs. 3.1-3.45) almost invariably
show a continuous rise from radio to X-ray energies. Spec-
tral turnovers are rarely seen and when present they are
between the optical and UV band.

4. Discussion

Our study shows that the energy distribution of radio se-
lected BL Lacs is characterised by a smooth rise between
the radio and the IR band followed by a cutoff that is very
often located IR /optical frequencies. In a small fraction of
the cases (=~ 10%) the cutoff is located at higher frequen-
cies. BL Lacs discovered in the X-ray band are instead
characterized by a turnover that is very often located in
the UV/X-Ray energy band.
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Figures 5a and 5b show the energy distributions of
a typical RBL (B2 1308+326) and of a typical XBL (1H
1426+428) with superposed a weighted parabola fit to the
data (solid line). Note that these curves are only meant to
be a description of the overall energy distribution and do
not necessarily fit the observed spectrum in every energy
band. In particular the X-ray spectral slope of RBLs can
be much harder than that shown in Fig. 5a because of the
appearance of the Compton component at high energies.
Figure 6 shows the two curves of Figs. 5a and 5b scaled
so that fluxes in the soft X-ray band are approximately
equal. From this figure we can clearly see that for similar
X-ray fluxes XBLs can be more than 2 orders of magnitude
fainter than RBLs in the radio, IR and optical bands.

Since energy breaks in the IR/Optical part of the spec-
trum are very frequent and since the radio part of the en-
ergy distribution is very similar in all BL Lacs, selection
at radio frequencies will mainly select objects with break
at low energies. Conversely, because of the strong X-ray
flux compared to the radio emission in XBLs (see Fig. 6),
selection in the X-ray band strongly favours objects with
break at high energies.

If we assume that the frequency of occurrence of breaks
at low and high energy observed in the radio counts applies
to all radio luminosities, our results are consistent with a
scenario where BL Lacs are a single population of objects
with similar radio to IR energy distribution (where the
synchrotron emission dominates) and with a wide range
of break energies at higher frequencies. In this scenario
XBLs are those rare BL Lacs where the spectral break is
at sufficiently high energy so that the X-ray flux is above
the survey flux limit.

To support this hypothesis we perform the follow-
ing simple calculation. The radio number counts esti-
mated by Stickel et al. (1991) give N(> 1Jy) = 1 1073
deg=2. The typical radio flux of a XBL with X-ray flux
of 510713 — 1 10712 erg cm™2 s7! is of the order of
10 mJy. The number of radio selected BL Lacs at this flux
limit is expected to be N(S > 10 mJy)=1 103 (1000
mJy/10 mJy)!® = 1.0 deg™? (if the Euclidean slope ex-
tends to &~ 10 mJy). Assuming that only 10% of these
objects possess a cutoff at sufficiently high energy so that
their X-ray flux is above the EMSS threshold, then the
density of XBLs in the EMSS should be ~ 0.1 deg—2. This
value is very close to what has been observed (e.g. Mac-
cacaro et al. 1989; Giommi et al. 1989). The above deriva-
tion requires an extrapolation of the radio Log/N-LogS of
two orders of magnitude and can only be considered an
order of magnitude estimate. Detailed calculations that
take into account the radio luminosity function of RBLs
estimated from the 1Jy sample have been performed by
Giommi & Padovani (1994). These authors show that the
X-ray number counts predicted from the radio counts un-
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der the hypothesis presented in this paper are in very good
agreement with the experimental data.

The difference between RBL and XBL is often illus-
trated by means of the aox Vs aro diagram (see Fig. 7)
where XBLs (open circles) populate a different part of the
Qox — Qro plane than RBLs (filled circles) and all other
types of AGN. This property was recently used as the basis
of an efficient method for discovering new XBLs (Stocke et
al. 1993; Schachter et al. 1993). The oy Vs oy, diagram is
a crude way of showing the energy distribution from radio
to the X-ray band so this plot must reflect the differences
that are apparent in Fig. 1 to Fig. 4 of this paper. The
main difference between RBLs and XBLs is the position
of the energy cutoff, which is however always located after
the IR band. Therefore if we plot a,_;, instead of plotting
aro XBLs and RBLs should populate similar areas of the
0ox VS ar_ir plane. In Fig. 8 we plot all RBLs for which
IRAS data (from the faint source catalogue) at 60 p are
available (13 objects). These sources are represented by
filled circles when o, is used and as stars when a;_i;(60.)
is considered. When we use o, _ir(60,) all points collapse to
a region very similar to that populated by XBLs and the
striking difference between XBLs and RBLs disappears.

Analyses of the available samples of BL Lacs has led
to the conclusion that XBLs largely outnumber RBLs of
the same X-ray luminosity (Maraschi et al. 1986; Urry,
Padovani and Stickel 1991). This has been interpreted in
the framework of relativistic jet models as the effect of
a different opening angle of the radio and X-ray beams.
(Ghisellini & Maraschi 1989, Urry et al. 1991; Celotti et
al. 1993). The evidence presented in this paper, supports
an alternative explanation where BL Lacs selected at radio
frequencies are representative of the whole BL Lac popula-
tion, while objects characterized by an energy distribution
that continues to high energies, which are mainly discov-
ered in the X-ray band, only make up a small fraction of
the total.

There are several observed differences between RBLs
and XBLs (luminosity variability, optical polarization,
cosmological evolution etc.) that need to be studied to ver-
ify the consistency with the hypothesis presented in this
paper. These issues are addressed in Giommi & Padovani
(1994), and Padovani & Giommi (1995).

The statistical properties of the X-ray selected objects
are expected to be the same as those of Radio selected BL
lacs only if the fraction of objects detected in the X-ray
band share the same basic characteristics of the remaining
90% of the population. The observed different properties
of XBLs and RBLs could be the direct consequence of
such a potential difference. Other causes, such as incom-
pleteness due to difficulties in identifying new BL Lacs as
described in Browne & Marcha (1993), can contribute to
explain the differences between the statistical properties
of RBLs and XBLs, especially if the XBLs are from high
sensitivity surveys.

P. Giommi et al.: Radio to X-ray energy distribution of BL Lacertae objects
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Fig. 1.1-1.39. Radio to X-ray energy distribution of a sample of 39 BL Lacs discovered in the 1Jy and S4 radio surveys
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Fig. 1. continued
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Fig. 2.1-2.44. Radio to X-ray energy distribution of a sample of 44 X-ray Selected BL Lacs detected in the Einstein IPC Slew
Survey
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Fig. 3.1-3.45. Radio to X-ray energy distribution of a sample of 45 X-ray Selected BL Lacs from serendipitous surveys. The
objects are from the Finstein Extended Medium Sensitivity Survey and the EXOSAT High Galactic Latitude Survey
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Fig. 4.1-4.12. Radio to X-ray energy distribution of a sample of 12 well known BL Lacs not included in the radio and X-ray

surveys considered in this paper. Most of the objects in this sample have been discovered at radio frequencies
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Example of radio selected BL Lac (B2 1308+326)
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Fig. 5a. Energy distribution of a typical Radio Selected BL

Lac (B2 1308+326). The solid line is a weighted parabola fit
to the data
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Example of X—ray selected BL Lac (1H 1426+428)
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Fig. 5b. Energy distribution of a typical X-ray Selected BL
Lac (1H 1426+428). The solid line is a weighted parabola fit
to the data
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Fig. 6. Comparison between the energy distributions of a typ-
ical RBL (solid line) and a typical XBL (dashed line). The two
distributions have been taken from Fig. 4a and Fig. 4b and
have been scaled so that X-ray fluxes are approximately equal.
For similar X-ray fluxes XBLs can be more than 2 orders of
magnitudes fainter that RBLs in the radio band
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Fig. 7. The aro vs aox diagram of BL Lacertae objects. Filled
circles represent RBLs open circles represent XBLs. The two
subsamples are well separated on this diagram
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Fig. 8. The aro (or ;_jr(6ou)) VS ctox diagram of the sub-
sample of RBLs for which IRAS (faint source catalogue) data
are available. Filled circles represent BL Lacs when aro is used,
stars represent the same objects when o, _; (0, is used. Note
that when o _j(go,) is used all RBLs fall in the area normally
occupied by XBLs and the clear distinction between the two
classes disappears
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