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Preface

This volume contains the papers to be presented at the Workshop “Fermi meets Jansky: AGN
in Radio and Gamma-Rays", held at the Max-Planck-Institut fiir Radioastronomie in Bonn on
June 21-23 2010. Around 70 scientists from around the world will come together to discuss
the recent rapid advances in the field of active galactic nuclei (AGN) research, triggered by the
first results from the Fermi Gamma-ray Space Telescope. The number of scientists interested
in the topic was significantly greater than the number which could be accommodated. We offer
our apologies to all those who therefore could not be admitted to the workshop.

It is not known whether Enrico Fermi, one of the eminent physicists of the 20th century, and Karl
Jansky, the father of radio astronomy, ever met. Fermi emigrated to the United States 12 years
before Jansky's death, thus creating a chance for an encounter, but at this point Jansky was not
pursuing astronomical research any more. Most likely the two did not have professional contact
during their lifetimes, but today their scientific legacies, particle physics and radio astronomy,
are tightly inter-twined in the field of high energy astrophysics. Radio synchrotron radiation is a
tell-tale sign of highly energetic particles in our Universe, particles which may have gained their
energy via acceleration processes named after Fermi.

The highly relativistic particles found in AGNs are not only radio-emitters, but they also generate
copious amounts of radiation throughout the whole electromagnetic spectrum up to TeV -rays.
Since the EGRET instrument on-board the Compton Gamma-ray Observatory opened up the
~-ray sky, the origin of the prominent high energy radiation from AGNs has been one of the
major open questions in modern astrophysics. It is fair to say that this discovery strongly
influenced the field of AGN studies.

Despite the seminal discoveries made by EGRET, its sensitivity was not great and the resulting
~-ray light curves were too poorly sampled to be able to decisively select among the various
models that were proposed to explain the AGN ~-ray emission, thus creating a long-lasting
controversy amongst the proponents of different hypotheses. Now, two decades after the launch
of CGRO, we are at a turning point. The MeV-GeV ~-ray sky is currently being observed with
unprecedented sensitivity by two new satellites, AGILE and Fermi. At the same time the latest
generation of ground-based atmospheric imaging Cherenkov telescopes is detecting new TeV-
emitting AGN at an ever increasing rate. In particular, Fermi has revolutionised ~-ray studies due
to its high sensitivity, wide energy range, large field-of-view, and an observing mode that allows
continuous all-sky monitoring. Equipped with these state-of-the-art instruments, astrophysicists
are now able to draw a comprehensive picture of the y-ray emitting AGN population.

The emission from the high-energy particles in AGN is, however, a broadband phenomenon,
and it has been clear for a while that, in order to understand the physics behind the high



energy emission, a multi-wavelength approach is necessary. Since the EGRET era there have
been indications that the ~-ray brightness of AGN is linked to their radio-mm-wavelength
properties, and the first results from joint Fermi ~-ray and radio studies have now confirmed
this. The connection is there, and one big question now is how intimate it is. Are the radio—
mm-wavelength properties and the -ray brightness correlated just because the radiation at both
extremes of the spectrum is emitted from a relativistic jet? Or are the two emission processes
more tightly knit with a possibly co-spatial production of both? The goal of the “Fermi meets
Jansky” workshop is to bring together experts from both the radio and ~-ray communities to
discuss our understanding of high energy physics in AGN. One of the central themes will be the
location of the vy-ray emitting region. How close is it to the central black hole? We hope that
the workshop serves to converge the views about this and other open questions or at least helps
to outline what observations are needed to settle the long-standing debates.

To maximise the usefulness of these proceedings it was decided that they be published before the
workshop, so that the proceedings can serve as a reference during the discussions at the meeting
and that they may help foster further interaction among scientists soon after the meeting. We
thank the authors for their co-operation in delivering publication-ready electronic manuscripts
and for meeting the strict deadlines. It is highly gratifying that—except for a handful—almost
all of the 55 presentations could be included in this book.

The editorial work was limited to copy editing and to some amount of language editing in order
to improve the readability of the book. No refereeing regarding the scientific content of the
contributions was performed. The editors take responsibility for any errors generated in the
papers by their editorial work.

Besides the authors, many individuals have contributed to the preparation of the meeting and
the proceedings. The organisers are indebted to the members of the scientific organising com-
mittee, who did a terrific job in creating the scientific program of the meeting. In addition to
many members of the MPIfR staff, we especially wish to thank E. Fingas, C.M. Fromm, H.
Kalisch, B. Naunheim, F.K. Schinzel, and H. Sturm for the local organisation, and M. Kadler
(Sternwarte Bamberg) for providing the illustration of the book cover. Financial support for the
Symposium came from the 7th Framework Programme of the European Commission, Advanced
Radio Astronomy in Europe, grant agreement no.: 227290, and from the Max-Planck-Institut
fur Radioastronomie.

In Bonn, on the 11" of June 2010,

Tuomas Savolainen
Eduardo Ros
Richard W. Porcas
J. Anton Zensus
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General Properties of Fermi/LAT Blazars

B. Lott! on behalf of the Fermi/LAT Collaboration

Centre d’Etudes Nucléaires de Bordeaux Gradignan, CNRS/IN2P3, Université de Bordeaux, Centre d’Etudes
Nucléaires Bordeaux Gradignan, UMR 5797, Gradignan, 33175, France

Abstract. The First Catalog of Blazars and other AGNs detected by the Fermi/LAT includes over 700 sources,
only about 100 of which were previously known as 7-ray emitters. The general properties (redshift, luminosity,
spectral hardness, variability...) for the different populations classified according to the strength of their emission
lines (FSRQs, BL Lacs) or the estimated position of the synchrotron peak are reviewed.

1. Introduction

Since its launch in June 2008, the Fermi/LAT has opened
a new era in high-energy astrophysics. Its unprecedented
sensitivity, almost uniform at high galactic latitude, makes
it very suitable to study populations of extragalactic ob-
jects. In survey mode, the sky is scanned every 3 hours,
enabling alerts to be issued shortly after transient or new
flaring sources are detected. The continuous survey has
allowed source monitoring and variability studies on time
scales ranging from months down to a few hours. Another
breakthrough arises from the Fermi/LAT large energy
range extending into the 10-100 GeV domain, which was
previously little explored. This feature has allowed new
spectral features at high energy to be discovered and has
also enabled the identification of potential candidates of
TeV sources, effectively leading to several discoveries by
ground-based Cherenkov detectors.

As EGRET demonstrated that the extragalactic y-ray
sky was dominated by blazars, there were great expecta-
tions concerning progress in blazar and AGN science from
the Fermi/LAT . Many of these expectations have been
or are about to be fulfilled. In the following, I will dis-
cuss recent advances concerning Fermi/LAT blazar popu-
lations and their different properties. M. Giroletti (in these
proceedings) will discuss the y-radio connection and C.C.
Cheung will present non-blazar sources detected by the
Fermi/LAT .

2. Blazar Populations
2.1. Census

The First Catalog of Active Galactic Nuclei Detected
by the Fermi/LAT (Abdo et al. 2010a), referred to as
1LAC in the following is a spinoff of the Fermi/LAT
First Source Catalog (1FGL, Abdo et al. 2010b) based
on data accumulated over the first 11 months of sky
survey. A first list of Fermi/LAT -detected AGNs us-
ing 3 months of data and including 106 high-confidence
sources, called the LAT Bright AGN Sources (LBAS,
Abdo et al. 2009a) was released in early 2009. Thanks to

the Fermi/LAT performance closely matching expecta-
tions and its essentially flawless operation, the actual de-
tection limit is very close to pre-launch predictions, i.e.,
F(E>100 MeV)~ 7.5 x 1072 ph em~2s~! (high galac-
tic latitude, photon index=2.2, 11 months of operation).
This detection limit is higher for lower galactic latitudes
and for softer sources. The 1FGL catalog includes 1451
sources with test statistic greater than 25, 1049 being
located at |b| > 10°. The mean 95% containment ra-
dius is 0.15° for the high-latitude 1FGL sources. The
association of a given source with an AGN is based
on spatial coincidence following a Bayesian approach
similar to that used for EGRET (Mattox et al. 2001).
Three main catalogs were used for this purpose: the
Combined Radio All-sky Targeted Eight GHz Survey
(CRATES, Healey et al. 2007), the Candidate Gamma-
Ray Blazar Survey (CGraBs, Healey et al. 2008) and the
Roma-BZCat (Massaro et al. 2009). For each catalog, the
prior was adjusted so that the posterior probabilities
(calculated for all candidate sources in the parent cata-
logs) fulfill the condition: Neajse ~ Ele(l — P;) where the
number of false positives Nase is estimated from Monte-
Carlo simulations. This procedure leads to the association
of 709 sources (P; >0.5) corresponding to 671 distinct -
ray sources. A total of 663 are associated with P; >0.8
and constitute the “high-confidence sample”. Finally, 559
sources belong to the “clean sample” meeting the following
conditions: high confidence association, no double associ-
ations, no anomaly observed in the association or detec-
tion procedures. Only 11 associations are expected to be
spurious in that sample. The validity of the procedure is
confirmed by the good agreement of the actual distribu-
tion of angular separation between y-ray sources and their
AGN counterparts with theoretical expectations.

The classification in terms of Flat-Spectrum Radio
Quasars (FSRQs) and BL Lac-type objects (BL Lacs) is
conventionally based on the strength of the emission lines.
This classification has been used in the 1LAC. In addition,
a more refined classification based on the source spectral
energy distribution (SED) and dealing with the location
of the synchrotron peak vgy, has been carried out by us-
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Fig. 1. Locations of the sources in the 1LAC clean sample. Solid circles: FSRQs, open circles: BL Lacs, stars: radio galaxies,

triangles: AGNs of unknown type.

ing archival data at lower wavelengths, more precisely o,
and oy, the radio-to-optical and optical-to-X-ray spec-
tral slopes. The empirical relation between (o, ox) and
Vsyn Was derived from a set of 48 high-quality, simulta-
neous SEDs of y-ray blazars (Abdo et al. 2010e). Sources
were classified as low-, intermediate- or high-synchrotron
peaked sources (referred to as LSPs, ISPS, HSPs respec-
tively) if log(vsyn)<14, 14<log(vsyn)<15 or log(veyn)>15
respectively, where vgyy, is in Hz.

The census of sources in the 1LAC high-confidence
sample is as follows: 281 FSRQs, 291 BL Lacs (141 of
which have a measured redshift), 30 other AGNs, 61 of
unknown type. The nearly equal numbers of BL Lacs and
FSRQs is in sharp contrast with the situation encoun-
tered with EGRET (Hartman et al. 1999) where FSRQS
outnumbered BL Lacs by a factor ~ 3. This is probably
primarily related to the larger sensitivity at high energy
of the LAT, as most BL Lacs have harder spectra than
FSRQs as discussed below. Moreover, the LAT is far more
sensitive to multi-GeV photons than was EGRET, which
lost sensitivity above several GeV due to self-vetoing ef-
fects.

In addition to blazars, 3 radio-galaxies were de-
tected early on: CenA (Abdo et al. 2009a), NGC 1275
(Abdo et al. 2009a), and M87 (Abdo et al. 2009¢). In
the 1LAC, five more sources are classified as mis-
aligned AGNs: three radio galaxies (NGC 1218 = 3C 78,
PKS 0625—35, and NGC 6251) and two steep-spectrum
radio quasars (3C 207 and 3C 380). The properties
of radio-galaxies and steep-spectrum radio sources de-
tected by the LAT will be presented later during this
conference by C. C. Cheung. Five other 1LAC sources
(Abdo et al. 2009d) have flat or nearly flat radio spec-
tra between ~1 GHz and 8.4 GHz and strong emission
lines in their optical spectra, but these lines are nar-
row, in contrast to the broad emission features seen in
FSRQs. Under the standard AGN unification paradigm,

this is interpreted as an indication that the jet axis is
at a larger angle to the line of sight than for a typical
FSRQ. This causes the broad-line region to be obscured
by the dusty torus surrounding the central black hole,
leaving only narrow lines in the resulting spectrum, and
such sources are commonly described as narrow-line radio
galaxies (NLRGs). The NLRGs appearing in the 1LAC
are 4C +15.05, PKS 11064023, CGRaBS J1330+5202,
4C +15.54, and CGRaBS J2250—2806.

All (except for 4) FSRQs for which veyn can be esti-
mated from archival data are of the LSP type. For BL
Lacs, the breakdown is 67 LSPs, 44 ISPs, and 117 HSPs.
Following the trend already observed in the BL Lac/FSRQ
ratio, HSPs are highly overrepresented as compared to the
EGRET sample.

Although the fraction of identification of high-galactic
sources is fairly large (~65%), some identifications are
clearly missed as a significant asymmetry between north-
ern and souther galactic hemisphere is observed (18% for
BL Lacs and 4% for FSRQs, while little asymmetry is
observed for the whole 1FGL sources), manifesting the
incompleteness of the parent catalogs. This is partly sup-
ported by the similarity of the «y-ray properties, including
flux and photon spectral index, of the unidentified sources
to those of the 1ILAC blazars.

2.2. Redshift distribution

All figures and statistics in the following will refer to the
clean sample.

The redshift distributions for FSRQs and BL Lacs
in the clean sample are presented in Fig. 2 along
with the corresponding ones for the WMAP blazars
(Hinshaw et al. 2007), which constitute a flux-limited all-
sky sample above 1 Jy in the central WMAP observing
band (Q band, 41 GHz). Note that only 141 out of 291
(42%) high-confidence 1ILAC BL Lacs have measured red-
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Fig. 2. Top: Normalized redshift distribution for the FSRQs in
the clean sample (solid histogram). The redshift distribution
for FSRQs in the WMA P catalog is also shown for comparison
(dashed histogram). Middle: The same for BL Lacs. Bottom:
Redshift distributions for LSP-BL Lacs (solid), ISP-BL Lacs
(dashed), HSP-BL Lacs (dotted) in the clean sample.

shifts. This is notably worse than for LBAS, in which 29
out of 42 (69%) BL Lacs had measured redshifts. The
redshift distributions of ~-ray—detected blazars—both for
FSRQs and for BL Lacs—are fairly similar to those for
WMAP, peaking around z = 1 for FSRQs and at a lower
redshift for BL Lacs (the lowest-redshift ILAC BL Lac has
z = 0.030). The distributions are very similar to those of
the bright sources in the LBAS sample. The highest red-
shift for a high-confidence 1LAC FSRQ is z = 3.10. For
comparison, the maximum redshift in both CGRaBS and
Roma-BZCAT is for an FSRQ with z > 5. No strong evi-
dence for a new population of misaligned FSRQs emerging
at lower redshifts is found.

It is interesting to compare the redshift distribution of
the LAT blazars (in particular, the FSRQs) with that of
the objects detected by BAT on Swift (Ajello et al. 2009).
Despite a fourfold increase in exposure time with respect
to the LBAS sample and a consideration of y-ray sources
with TS > 25 in the 1LAC compared with TS > 100
in LBAS, the number of LAT-detected blazars still drops
sharply at z ~ 2.5, and only two of the high-confidence
1LAC blazars have z > 3 (keeping in mind biases from the
lack of redshift measurements). This is very different from
the BAT survey, in which half of all FSRQs have z > 2
and the distribution extends to z ~ 4. This behavior may
be indicative of a shift in the SED peak frequencies to-
ward lower values (i.e., a “redder” SED) for blazars at
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Fig. 3. Flux (E > 100 MeV) vs. photon spectral index for
the sources in the clean sample. The solid curves represents
the T'S = 25 flux limit estimated for a Galactic position (I,
b) = (40°, 40°). FSRQs (solid circles), BL Lacs (open circles).

high redshifts. Indeed, the jets of the high-redshift BAT
blazars are found to be more powerful than those of the
LAT blazars and are among the most powerful known
(Ghisellini et al. 2010). The peak of the inverse Compton
flux for these objects, estimated to be in the MeV or even
sub-MeV range, is located closer to the BAT band than
to the LAT band, and the LAT instead samples the cutoff
region of the inverse Compton spectrum.

3. Flux and Spectral properties
3.1. Flux

The 11-month average photon spectral index is plotted
against the flux (E > 100 MeV) estimated from a power
law fit in Fig. 3 for blazars in the clean sample. As the
figure shows, the limiting flux corresponding to 7'S = 25
depends fairly strongly on the photon spectral index; the
solid curve corresponds to a simple analytical estimate
FSRQs (solid circles in Fig. 3) mostly cluster in the soft
spectral index region, while BL Lacs (open circles) primar-
ily occupy the hard spectral index region, confirming the
trend seen for the LBAS sources (Abdo et al. 2009a). This
implies that the limiting flux is different for FSRQs and
BL Lacs. The mean fluxes are 8.5x 10~® photonscm =2 s7!
and 2.9 x 108 photonscm~2s~! for FSRQs and BL Lacs
respectively. The faintest BL Lacs are about a factor of 3
fainter than the faintest FSRQs.

The high-flux ends of the EGRET and Fermi/LAT
flux distributions are found in reasonable agreement, while
the peak fluxes observed by EGRET are substantially
higher than those observed for the brightest 1LAC sources.
The main reason for the different peak fluxes observed by
EGRET and the LAT is probably the different time spans
over which the observations were conducted (4.5 years for
EGRET vs. 11 months for the LAT), enabling the sources
to explore a wider range of different states during the
EGRET era.
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Fig. 4. Photon spectral index distributions for the FSRQs
(top), BL Lacs (middle), and AGNs of unknown type (bot-
tom) in the clean sample. For BL Lacs, the dashed histogram
corresponds to the TeV-detected sources.
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Fig. 5. Photon spectral index vs. peak frequency of the syn-
chrotron component of the SED for FSRQs (solid circles) and
BL Lacs (squares: LSPs, triangles: ISPs, crosses: HSPs) in the
clean sample.

3.2. Photon index

The photon spectral index distributions for the clean sam-
ple, shown in Fig. 4, confirm the trend found for the LBAS
sources (Abdo et al. 2009a) and alluded to above, with a
clear difference between FSRQs and BL Lacs. Only 7% of

S0 3 % W M -
. H%

0 0.5 1 1.5 2 25 3 3.5
Redshift

Fig. 6. Photon spectral index vs. redshift for the FSRQs (solid
circles) and BL Lacs (squares: LSPs, triangles: ISPs, crosses:
HSPs) in the clean sample.

FSRQs (17/231) have a photon spectral index T' < 2.2,
and only two FSRQs have I' < 2 (with uncertainties of
~0.2). Thus, it is quite clearly established that LAT-
detected FSRQs exhibit soft ~-ray spectra. The 1LAC
BL Lac distribution is broader than that observed for
LBAS; it shows a larger overlap with the FSRQ distri-
bution. In Abdo et al. (2010c), the BL Lacs with T > 2.2
were found to be mostly LSP sources. This trend is also
confirmed for the 1LAC sources, as illustrated in Fig. 5,
which shows I' vs. I/Seak. Abdo et al. (2010c) also point
out that the BL Lac photon spectral index distribution
suffers from a bias since the high-spectral-index (i.e., soft)
end is cut off somewhat due to the TS threshold. The com-
pleteness of the sample is discussed elsewhere (Tosti, in
these proceedings). As expected, the TeV sources present
in the 1LAC have fairly hard spectra. Their photon index
distribution is depicted in Fig. 4 (middle panel, dashed
histogram).

The photon spectral index is plotted against redshift
in Fig. 6. For FSRQs, no significant evolution is visi-
ble. This behavior is compatible with what was previ-
ously observed for LBAS. The attenuation effect of the
extragalactic background light (EBL) would tend to intro-
duce spurious evidence of evolution, but the soft spectra
of FSRQs and the common presence of spectral breaks
at a few GeV (Abdo et al. (2010c)) both minimize this
effect. A stronger evolution is seen for BL Lacs: hard
sources are mostly located at low redshifts, while most
high-redshift sources are softer than average (though it
is important to bear in mind that most BL Lacs do not
have measured redshifts). This trend was less clear for the
LBAS BL Lacs Abdo et al. 2009a due to lower statistics.
The photon spectral index distributions for sources with
z < 0.5 and z > 0.5 are notably different. This provides
some insight into the properties of BL Lacs without mea-
sured redshifts. The distribution of BL Lacs with unknown
redshifts includes notably fewer hard sources than that for
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Fig. 7. Spectral curvature index vs. flux for FSRQs (solid cir-
cles) and BL Lacs (squares: LSPs, triangles: ISPs, crosses:
HSPs) in the clean sample.

BL Lacs with known redshifts. The distribution of BL Lacs
with unknown redshifts is similar to that of BL Lacs with
z > 0.5 (K-S probability of 0.54 that the two distributions
are drawn from the same underlying population) support-
ing the idea of some bias toward higher redshifts for this
class of objects.

3.3. Spectral break

While all AGNs spectra measured with EGRET were
consistent with single power law distributions, the ex-
tended energy range covered by the Fermi/LAT has en-
abled to discover the presence of a spectral break at a
few GeV for bright LBAS FSRQs and some LSP-/ISP-
BL Lacs (Abdo et al. (2010c)). So far, no break has ever
been found in the spectrum of any bright HSP-BL Lacs,
while if present it would have easily be detectable given the
relative hardness of these sources. The first evidence for
such feature was found in 3C 454.3 (Abdo et al. 2009¢),
which is still so far the best studied case thanks to its
high current brightness. The best model to the data ac-
cumulated over 6 months of operation is a broken power
law with a break energy of 2.5 GeV and a change in spec-
tral slope of 1.2. The break origin is still unknown, several
possibilities (feature of the underlying electron energy dis-
tribution, Klein-Nishina effect, intrinsic absorption within
the emitting blob...) are being actively discussed.

The departure of the spectrum from a power-law shape
can be estimated via a simple x? test on the five fluxes,
referred to as the curvature index (Abdo et al. 2010b).
Figure 7 displays the curvature index vs flux for the 1ILAC
sources. The trend found for the LBAS sources is of course
confirmed with the larger sample. One must keep in mind
that in order to show a high curvature index a source needs
both to have a spectrum deviating from a power-law dis-
tribution and be bright enough so that the observed de-
viation is statistically significant. Thus no conclusion can
be drawn for fainter sources.
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Fig. 8. Photon spectral index vs. v-ray luminosity for the
different AGN classes (solid circles: FSRQs, squares: LSP-
BL Lacs, triangles: ISP-BL Lacs, crosses: HSP-BL Lacs, stars:
radio galaxies) in the clean sample. The curves represent ap-
proximate instrumental limits for z = 0.2 (dashed), z = 0.5
(dot-dashed), and z =1 (solid).

4. Luminosity Distributions

The ~-ray luminosity L, is calculated as
L, =4nd2S(E1, E2)/(1 +2)' =2 where dj is the lu-
minosity distance, I' is the photon spectral index, S is
the energy flux, and E; and F, are the lower and upper
energy bounds (taken here to be 100 MeV and 100 GeV)
respectively.

Figure 8 shows the photon spectral index plotted
against the y-ray luminosity. It is important to bear in
mind two issues when interpreting this correlation: the
higher flux limit for soft sources and the difference in red-
shift distributions between FSRQs and BL Lacs. Given
their relative softness (and thus, high flux limit), FSRQs
are excluded from the soft-faint region. BL: Lacs are also
partly excluded because of their relatively low fluxes.
Luminosity limits calculated for different redshifts are dis-
played for reference in Fig. 8 and illustrate somewhat the
effect of the Malmquist bias (sources located at larger dis-
tances appear more luminous than closer ones since fainter
sources are below the detection threshold).

Furthermore, as noted by Ghisellini et al. (2009) and
seen in Fig. 8, the ~-ray blazars detected with the
Fermi-LAT separate into hard-spectrum, low-luminosity
sources, primarily consisting of BL Lac objects, and high-
luminosity, soft-spectrum sources, primarily consisting of
FSRQs and LSP-BL Lacs. Compared with the LBAS sam-
ple, the blazar divide now displays an extension of the
sample toward low-luminosity objects in each of the blazar
subclasses. In addition, we identify a third branch con-
sisting of radio galaxies, which are distinguished from the
aligned blazars by their soft spectra and very low ~-ray
luminosities.
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The finding that FSRQs in the 1LAC almost all have
soft (I' & 2.2) v-ray spectra suggests a connection between
the presence of strong emission lines and the non-thermal
electron maximum Lorentz factor or spectral shape.
It is consistent with scenarios (Ghisellini et al. 1998;
Béttcher & Dermer 2002) in which the strong ambient ra-
diation fields, as revealed by the presence of emission lines,
affects the acceleration and cooling of particles and con-
trols the formation of the blazar SED. The luminosity
dependence of the ~-ray spectral hardness is also con-
sistent with the blazar sequence (Ghisellini et al. 1998;
Fossati et al. 1998; Ghisellini & Tavecchio 2008), in which
the frequencies of the synchrotron and Compton peaks are
inversely correlated with the apparent isotropic luminosi-
ties of the blazars. This behavior has been interpreted in
terms of an evolution of FSRQs into BL: Lac objects as
the supply of matter fueling the accretion disk declines,
the surrounding external radiation fields become less
intense, and the jet weakens (Bottcher & Dermer 2002,
Cavaliere & D’Elia 2002, Ghisellini & Tavecchio 2008).

Important caveats must, however, be considered before
drawing firm conclusions about the blazar sequence from
the 1LAC sources. First, identification of the blazars used
to construct the blazar sequence is biased by the flux limits
and frequency ranges of the underlying radio and X-ray
samples (Giommi et al. 1999, Padovani et al. 2003), and
different conclusions about its validity can be drawn de-
pending on the catalogs used to examine the sequence.
Second, specific sources that do not conform to the se-
quence have been identified (e.g., Caccianiga & Marchi).
Third, the 1LAC is significance-limited rather than flux-
limited, which results in preferential detection of lower-
flux, harder-spectrum sources. This means that there is
a strong bias against detecting weak, soft-spectrum ~-ray
sources from low-luminosity LSP blazars that might vio-
late the sequence. On the other hand, hard-spectrum HSP
sources should be more easily detected, but there are no
high-luminosity HSP sources detected in the LAT band
(see Fig. 8), as all high-luminosity objects have SEDs of
the LSP type. This may, however, reflect the difficulty of
measuring the redshifts of BL Lacs. Even for sources as-
sociated with AGNs with high probabilities, a large frac-
tion of BL Lacs lack redshift measurements. It is possible
that a number of distant, high-luminosity HSP-BL Lacs
are included in the 1LAC sample. According to our SED
classification, ~20 BL Lacs with unknown redshifts are
already classified as HSPs. If they were all at high red-
shift (e.g., z = 2), and excluding those already detected
at very high energy (which indicates a low redshift due to
a lack of EBL absorption), ~7 objects could have ~-ray
luminosities L, 2 10%® erg s71.

The existence of such sources, though quite rare,
would be contrary to expectations from the blazar
sequence (Ghisellini et al. 1998,  Fossati et al. 1998,
Ghisellini & Tavecchio 2008). In the absence of redshift
measurements of possible high-luminosity, hard-spectrum
sources, we can only conclude that the Ferm: results seem
compatible with the sequence. Identifying hard-spectrum
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Fig. 9. Variability index versus flux for FSRQs (solid circles)
and BL Lacs (open circles) in the clean sample. The curves
display the evolution of the variability index for the FSRQ
3C 454.3 (solid) and the BL Lac object AO 0235+164 (dashed)
that would be observed for the same temporal variation but
lower mean fluxes.

blazar sources at high redshifts is also important for
studies of the cosmological evolution of the extragalactic
background light, which are hampered by their absence.

5. Variability

One of the defining characteristics of AGNs is their vari-
ability, measured at all time scales and at all wavelengths.
Through 2010 Jan 20, 43 1LAC sources (and one at low
latitude) have been the subjects of ATels from the LAT
team. They comprise 32 FSRQs (with redshifts as high
as z = 2.534, for B3 1343+451), 10 BL Lacs, and one
AGN of another type (CGRaBS J2250—2806, a narrow-
line radio galaxy). Doubling flux time scales as short as
6 hours have been reported for bright FSRQs as 3C454.3
and PKS15024106 in the Fermi/LAT band.

In the LBAS sample, 46 sources (35 FSRQs, 10
BL Lacs, and one blazar of unknown type) were flagged as
variable based on the results of a x? test applied to weekly
light curves covering the first three months of the LAT sky
survey. Recently, Abdo et al. (2010d) detected variability
in 64 LBAS sources by analyzing weekly light curves over
a period of 11 months. The 1FGL catalog also lists a vari-
ability index V, obtained using a simple x? test, that can
be used to determine the probability that a source is vari-
able. Sources for which V' > 23.21 have a 99% probability
(for 10 degrees of freedom) of being variable. Figure 9
shows the the variability index plotted vs flux for blazars
(BL Lacs and FSRQs) in the clean sample . For the same
reasons as for the curvature index, in order for a source
to be associated with a high variability index, it has to
be both variable and sufficiently bright. 189 blazars in
the clean sample are found to be variable. They comprise
129 FSRQs (68%), 46 BL Lacs (24%), five AGNs of other
types (NGC 1275, B20321+433B, 4C +15.54, B21722+40,
and CGRaBS J2250—2806), and nine blazars of unknown
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type. The 46 variable BL Lacs include 24 LSPs, nine
ISPs, 10 HSPs, and three BL Lacs (CRATES J0058+3311,
CGRaBS J02114+1051, and CRATES J130342433) for
which there are not enough multi-wavelength data to per-
mit an SED classification. These are quite bright sources
observed at energies higher than the peak energies of their
SEDs, where the amplitude of the variability is gener-
ally larger. No significant differences in the variability of
FSRQs and BL Lacs are observed for sources at compara-
ble fluxes.

6. Sources detected at other bands
6.1. EGRET sources

Ten years after EGRET, it is interesting to look at the
fraction of the AGNs that were active in the EGRET era
and are detected again by the LAT with a comparable flux.
We consider two sources to be “positionally coincident”
when the separation between their positions is less than
the quadratic sum of their 95% error radii. In the 1LAC
sample, 63 AGNs are positionally coincident with 3EG
sources. Of these, the 3EG catalog lists 51 sources as AGN
identifications and four as AGN associations. The 3EG
catalog listed a total of 62 sources as AGN identifications,
so there are 11 identified EGRET AGN that are not posi-
tionally coincident with 1LAC sources. 45 sources from the
1LAC have positions compatible with the revised EGRET
catalog (Casandjian & Grenier 2008), while 22 sources are
positionally coincident with sources from the high-energy
EGRET catalog. In all, 75 1LAC sources have coincident
detections from one or more of these three EGRET cata-
logs.

6.2. AGILE sources

11 of the sources in this catalog are included in the first
year AGILE catalog (Pittori et al. 2009). All 11 are iden-
tified as blazars by AGILE, and indeed, these 11 comprise
the total sample of blazars in the 1AGL catalog. Only
two of these AGILE-detected sources do not have similar
EGRET detections. In all, 77 1LAC sources have been cat-
aloged by other GeV instruments. These AGNs are com-
posed of 49 FSRQs, 21 BL Lacs, four AGNSs of other types,
and three AGNs of unknown types.

During its 4.5-year mission, EGRET found few sources
with flux (E > 100 MeV) less than 10 x 10~8 pho-
tonscm™2s7!. A large number of the 1LAC sources have
fluxes well below this value; such sources would not
have been visible to EGRET. Some sources, such as
1FGL J0428.6—3756 (associated with PKS 0426—380)
and 1FGL J2229.7—0832 (associated with PKS 2227—08),
have flux values well above the EGRET threshold but
were not seen by EGRET and yet are not noted as be-
ing variable in the 1FGL data. These examples continue
to demonstrate that long-duration variability is evident in
AGN ~-ray flux.

All of the EGRET sources seen at 100 significance and
associated with flaring blazars have been detected by the
LAT and appear with blazar associations.

6.3. Hard X-ray sources

The Swift-BAT and INTEGRAL-IBIS instruments have
been conducting surveys at hard X-ray energies, drasti-
cally improving our knowledge of the source populations in
this energy band; the most recent catalogs are the fourth
IBIS catalog (Bird et al. 2010) of 723 sources detected
at 17-100keV and the 54-month Palermo BAT catalog
(Cusumano et al. 2009) of 1049 sources detected at 14—
150keV. An initial comparison between the LBAS sources
and the fourth IBIS catalog by Ubertini et al. 2009
showed that only a small subset of the >250 INTEGRAL
AGNs, of which 19 are blazars, was detected by the LAT.

Restricting the catalogs to |b| > 10°, there are 291
IBIS sources and 736 BAT sources. If we consider all of
the 1LAC sources with associated counterparts that fall
within the error circles of the hard X-ray catalogs, 50 of
the 1LAC sources can be associated with known hard
X-ray sources. Of these 50 sources, one appears only in
the fourth IBIS catalog, 16 appear in both the fourth IBIS
catalog and the 54-month Palermo BAT catalog, and the
remaining 35 are detected only in the 54-month Palermo
BAT catalog. This is still a very small subset of AGNs de-
spite the depth of the LAT catalog and the sky coverage
of the BAT catalog.

The high-confidence 1LAC AGNs detected in hard
X-rays contains 27 FSRQs, 16 BL Lacs, and seven AGNs
of other types. Most of the AGNs (54%) detected in hard
X-rays are FSRQs; this is expected since the external
Compton peak of these high-luminosity objects reaches
a maximum at MeV energies and declines in the hard
X-rays, maintaining a substantial fraction of the emitting
power. The difference in the spectral shapes of BL Lacs
and FSRQs observed in hard X-rays indicates that this en-
ergy range probes the high-energy tail of the synchrotron
peak in BL Lacs and the ascending part of the Compton
peak in FSRQs.

6.4. TeV sources

Of the TeV AGNs, 28 are detected by Fermi as 1FGL
sources, with a mean photon spectral index of (I'gev) =
2.02 £ 0.01. Taking only the subsample of 25 GeV-TeV
BL Lacs, the mean index is (I'gey) = 1.92 £ 0.01 (op =
0.26), compared with 2.07+£0.01 (o = 0.28) for the larger
sample of Fermi BL Lacs, illustrating that the TeV sources
are among the hardest BL Lacs in the GeV regime. The
measured spectra of the majority of the GeV-TeV BL Lacs
are well described by power laws in both regimes. For
many of the sources, the photon spectral index of the
GeV emission differs significantly from that of the TeV
emission, which may be an indication of the presence of
a break in the -ray spectrum between the two regimes.
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However, most of the TeV spectra have not been measured
simultaneously with the GeV spectra, and caution is ad-
vised when comparing the spectra in detail. The largest
such break, consistent with AI' = I'teyv — gev ~ 2, is
evident in the spectra of 1ES 1101+496, H 14264428 and
PG 1553+4113. By contrast, the spectra of the nearby radio
galaxies M 87 and Cen A show no evidence of a spectral
break. The mean break index is (AI')=1.3. An apparent
deficit of sources with small AT is observed at high red-
shift which may partly be the effects of pair production
with the EBL, which is expected to introduce a redshift-
dependent steepening into the TeV spectra of extragalac-
tic objects.

The four TeV AGNs not detected thus far by Fermsi
are RGB J0152+017, 1ES 02294200, 1ES 0347—121 and
PKS 0548—-322, all HSP-BL Lacs. Extrapolating the mea-
sured power-law TeV spectra from all the TeV AGNs down
to 200 GeV, it is evident that these four have among the
smallest fluxes of all TeV AGN at this energy.

7. Conclusion

The 1LAC catalog has paved the way to a better under-
standing of y-ray blazars. The main results are:

— an increase by 5 of the number of known GeV blazars

— a low number of misaligned blazars, 6 radio galaxies

— redshift distributions peaking at z~1 for FSRQs and
at low redshift for BL Lacs with known redshifts

— a high BL Lac/FSRQ ratio, close to unity

— a high HSP/LSP ratio among BL Lacs

— a fairly strong correlation between photon spectral in-
dex and blazar class for the detected sources

By now, about twice as many Fermi/LAT data have been
accumulated. The 2LAC catalog should be released in the
Fall of 2010.
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Abstract. Radio and gamma-ray emission from active galactic nuclei (AGN) are thought to share a common
origin, related to the ejection phenomena in the vicinity of supermassive black holes. Thanks to its sensitivity,
surveying capability, and broad energy range, the Large Area Telescope (LAT) onboard the Fermi: Gamma-ray
Space Telescope has permitted us to discover and characterize several hundreds extragalactic gamma-ray sources.
These sources are typically associated with blazars, characterized by significant radio emission and flat spectrum.
The radio luminosity distribution is extended over 7 orders of magnitudes, with flat spectrum radio quasars clustered
at higher powers and BL Lacs more scattered. We present here a comparison of the gamma-ray and radio emission
properties during year 1 of the Fermi-LAT observations, using both archival and simultaneous radio observations.
We remark the need to consider different case studies (dividing by source class, origin of radio data, gamma-ray

energy band) and to discuss the statistical significance of the results with the use of Monte Carlo simulations.

1. Introduction

Around 10% of active galactic nuclei (AGN) are strong
sources of radio emission. This includes radio galaxies, ra-
dio quasars (flat or steep spectrum), and BL Lac type
objects. All these sources are generally referred to as ra-
dio loud (RL) AGN, whereas flat spectrum radio quasars
(FSRQ) and BL Lac objects are collectively known as
blazars. Interestingly, the vast majority of identified ex-
tragalactic sources in the third EGRET catalog (3EG,
Hartman et al., 1999) belong to the blazar class.

RL AGN, and blazars in particular, are by far the
most numerous and most luminous class of extragalactic
gamma-ray sources. Since these sources are bright in both
gamma-ray and radio, it is natural to expect a connection
between the emission processes in the two energy bands.
Radio emission from blazars (and RL AGN in general) is
generally accepted to be synchrotron radiation emitted by
relativistic electrons, while the physical processes respon-
sible for the y-ray emission are much less well constrained.
The presence of non-thermal synchrotron emission implies
the existence of a population of relativistic electrons. In
the presence of low energy seed photons and relativistic
beaming, Inverse Compton (IC) up-scattering of the pho-
tons is frequently invoked to explain the y-ray emission.

Indeed, in the well known blazar sequence (Fossati et
al., 1998; Ghisellini et al., 1998; Donato et al., 2001), it
is proposed that the synchrotron and inverse Compton
mechanisms give rise to a connection between the radio lu-
minosity and the peak frequencies and relative intensities

of the characteristic two-humped spectral energy distri-
bution (SED) of blazars. On the other hand, evidence for
a direct correlation between radio and ~y-ray flux density
or luminosity with EGRET data has been widely debated
(e.g., Stecker et al., 1993; Salamon & Stecker, 1994; Taylor
et al., 2007; Bloom, 2008) but not conclusively demon-
strated, when all the relevant biases and selection effects
are considered (e.g., Miicke et al., 1997).

The Large Area Telescope (LAT) onboard the Fermi
Gamma-ray Space Telescope, with its large field of view
and unprecedented sensitivity, is now putting us in the
condition of a better understanding of the extragalactic
~-ray source population. In anticipation of the launch of
Fermi, large projects in the radio band have been under-
taken (e.g., Healey et al., 2007; Fuhrmann et al., 2007;
Richards et al., 2009; Lister et al., 2009). The results
of these projects can now be exploited to gain insights
into the radio properties of this population (see also Max-
Moerbeck et al., 2009) and into the relation between ra-
dio and gamma-ray properties. Indeed, a number of pa-
pers (e.g., Abdo et al., 2009b; Kovalev et al., 2009) have
appeared discussing this topic as soon as the first list
of bright sources was announced (Abdo et al., 2009c¢);
a few more (Giroletti et al., 2010; Mahony et al., 2010;
Ghirlanda et al., 2010) have then addressed the same issue
considering the sources in the 1 year Fermi/LAT catalog
(IFGL, Abdo et al., 2010b).

We report in Sect. 2 the main results obtained after
three months of sky-survey operation (LAT Bright AGN
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Fig. 1. Peak gamma-ray flux vs. radio flux density at 8.4 GHz
for LBAS sources; the dashed lines show the CRATES flux
density limit and the typical LAT detection threshold in three
months. Filled circles: FSRQs; open circles: BL. Lacs; triangles:
blazars of unknown type; stars: radio galaxies.

Sample, LBAS, Abdo et al., 2009b). Some analysis per-
formed on the 1 year catalog sources is presented in Sect. 3.
A discussion and the conclusions so far are given in Sect. 4,
along with our future plans. We use a ACDM cosmol-
ogy with h = 0.71, Q, = 0.27 and Q, = 0.73, where
the Hubble constant Hy = 100h km s~! Mpc~! and de-
fine radio spectral indices « such that the flux density
S(v) xv—e.

2. Radio/gamma-ray connection in the LBAS

In its first three months of sky-survey operation, the LAT
has revealed 125 non-pulsar bright sources at |b] > 10°
with test statistic greater than 100 (7'S > 100, cor-
responding to a detection significance of ~ 100); 106
of these sources have high-confidence associations with
known AGN, 10 have lower-confidence associations, and
only 9 remain un-associated. Therefore, the fraction of
high-latitude bright v-ray sources associated with radio
loud AGN turns out to be as high as 93%! Of the 106
LBAS sources, 104 are blazars, consisting of 58 FSRQs
(including one narrow-line Seyfert 1, J0948+0022, Abdo
et al., 2009a); 42 BL Lacs; four blazars with unknown clas-
sification; and two radio galaxies (Centaurus A and NGC
1275).

By combining data in the radio archives and the LAT
measurements, the properties of the LBAS sources at low
and high energy were compared. The basic radio proper-
ties were obtained from the radio catalogs used for the as-
sociations, i.e., CRATES (Healey et al., 2007) and BZCat

Gamma—ray index
——
e ”E%
@

15 7

. .
39 40 41 42 43 44 45

Log L, [erg s7']
Fig.2. Gammarray photon index vs. radio luminosity for

LBAS sources. Symbols as in Fig. 1. The object in the top
left corner is the gamma-ray source associated to Cen A.

(Massaro et al., 2009). CRATES provides 8.4 GHz VLA
data for sources brighter than Sy s g, = 65 mJy, typically
with sub-arcsecond resolution. BZCat is a multi-frequency
catalog giving low frequency radio data, typically from the
NVSS.

Using these data, we show the peak y-ray flux vs. the
radio flux density in Fig. 1 and the radio luminosity vs.
~-ray spectral index plane in Fig. 2. These plots are also
discussed in detail in Abdo et al. (2009b). The calculation
of a simple Spearman’s rank correlation coefficient p for
the distribution in the flux-flux plane (Fig. 1) of the 106
objects yields p = 0.42. When FSRQs and BL Lacs are
considered separately, however, quite different results are
obtained (prsrq = 0.19, pBLLac = 0.49). The other rele-
vant plot for the comparison of radio and ~-ray properties
is the radio luminosity vs. y-ray spectral index plane (see
Fig. 2). The broad LAT energy range permits to read-
ily reveal the separation between BL Lacs and FSRQs,
with FSRQs at largest L, and softer indices and BL Lacs
at lower L, and harder indices. As far as the two radio
galaxies are concerned, NGC 1275 is similar to BL Lacs,
while Cen A is well displaced, having a much softer ~-ray
spectral index than other low-power radio sources.

3. Radio/gamma-ray connection in the 1LAC

After more than 1 year of scanning the gamma-ray sky, the
LAT First Year catalog! (Abdo et al., 2010b), including
more than 1400 sources, has been made public. About half
of these sources belong to the AGN class (1LAC, Abdo et
al., 2010a) with most of them identified via radio catalogs

1 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/1yr_catalog/
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Fig. 3. Histogram of radio luminosity distribution for sources
in the 1LAC catalog. Top panel: all sources; middle: FSRQs;
bottom: BL Lacs.

as for the LBAS. In particular, 599 high latitude 1FGL
sources have a single high confidence association with an
AGN, including 248 FSRQs and 275 BL Lacs. In the fol-
lowing, we consider this set of sources (also known as the
1LAC clean sample) for our analysis.

Whereas the LBAS results were based on sources with
TS > 100 in three months of survey, the 1LAC clean sam-
ple considered here is selected with T'S > 25 (significance
about 50). As a consequence, the explored space of pa-
rameters becomes significantly larger: thanks to the great
sensitivity and broad energy range of the LAT, Fermi has
already been successful in revealing faint «-ray sources and
in the characterization of their diverse photon indices.

However, although several gamma-ray sources are as-
sociated to blazars as weak as a few tens mJy, the ra-
dio properties of the 1LAC sources remain overall similar
to those found for the LBAS sources. For example, the
different distributions for the radio luminosity of FSRQs
and BL Lacs are confirmed, with log L, psrq [ergs™!] =
44.2 + 0.7 and log L, pLLac lergs™!] = 42.2 + 1.2, re-
spectively (see Fig. 3). In particular, the BL Lacs remain
spread over a wider interval of radio luminosities, reaching
as low luminosities as L, = 1040 erg s~ 1.

As far as the radio spectral properties are concerned,
the vast majority of sources have a flat spectrum ((a) =
0.06+0.23), including sources as weak as a few tens of mJy.
However, a small but significant tail of steeper spectrum
sources is also present, which are described in more detail
in dedicated works, such as the one on misaligned AGNs
by Abdo et al. (2010c).

Finally, the radio flux density vs. mean ~-ray flux
plane becomes more populated, as shown in Fig. 4. The

O N

N

Log Gamma—ray flux [1078 ph cm=2 s7']

Log Radio flux density [mJy]

Fig. 4. Preliminary distribution of 1-yr LAT sources in the
gamma-ray photon flux at £ > 1GeV vs. 8 GHz radio flux
density plane. Symbols as in Fig. 1.

Spearman’s rank correlation coefficient for the full sam-
ple changes to p = 0.39. Of course, the remarks noted
above still apply: different source classes sample differ-
ent regions of the plane, data are not simultaneous, and
observational biases could be present. For these reasons,
we have considered both archival and simultaneous ra-
dio data. The simultaneous radio data are available from
the Owens Valley Radio Observatory (OVRO) monitor-
ing program (Richards et al., 2009) for 199 sources, while
the archival radio data are from CRATES (Healey et al.,
2007) or CRATES-like programs, such as CLASS (Myers
et al., 2003).

For each of the two samples, we have also compared
the radio flux density to the 1-yr gamma-ray photon flux
in various energy bands, considering only the sources that
are significant in a given one. Moreover, we tested the two
populations of FSRQs and BL Lacs separately, since they
have different spectral properties and showed different be-
haviors in the preliminary analysis (Abdo et al., 2009b;
Giroletti et al., 2010).

Indeed, FSRQs and BL Lacs continue to reveal differ-
ent behaviors, with BL Lacs displaying larger values of p
than FSRQs. For example, in the £ > 1 GeV energy band.
we find p = 0.49 for BL Lacs and p = 0.34 for FSRQs,
which bracket the value obtained considering all the 599
sources (p = 0.39). Moreover, in FSRQs the correlation
coeflicient increases with the energy range, while BL Lacs
behave on the contrary.
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4. Discussion and an outlook

The correlation coefficients reported in the previous sec-
tion provide information about its apparent strength, but
a quantitative evaluation of its statistical significance can
only be obtained with Monte-Carlo tests. Pavlidou et al.
(2010) have devised a method to investigate how fre-
quently a sample of objects with intrinsically uncorrelated
gamma/radio flux densities will yield an apparent correla-
tion as strong as the one seen in the data, when subjected
to the same distance effects as the sample actually under
consideration.

While, we defer to other papers the details of
the method and its applications to the 1LAC sample
(Pavlidou et al., 2010; Abdo et al., 2010d), we just high-
light one result that shows the relevance of the effect of
the redshift range on the probability distribution of p for
the uncorrelated cases. Since BL Lacs have a much more
limited redshift range than FSRQs, FSRQs exhibit the ef-
fect of an induced correlation by the d% factor in a much
more pronounced way in our statistical tests. As a conse-
quence, and not simply because prsrq is actually lower,
it is harder to demonstrate a statistically robust correla-
tion for FSRQs. On the other hand, several BL Lacs lack
a measured redshift and including them in the statistical
test requires assumptions that have to be carefully pon-
dered.

All in all, thanks to its unique capabilities, Fermi
has revealed that the bright gamma-ray extragalactic sky
is dominated by radio loud AGN, and blazars in par-
ticular, even more than it could be probed during the
EGRET era. The presence of a correlation between the
observed radio and gamma-ray flux density for the Fermi
sources seems to hold, as also discussed by Kovalev et al.
(2009), Mahony et al. (2010), and Ghirlanda et al. (2010).
However, a statistically sound assessment of its signifi-
cance — as well as an understanding of its possible physi-
cal implications — can only be explored with Monte-Carlo
simulations (Pavlidou et al., 2010; Abdo et al., 2010d).
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The high-frequency radio sky, like the gamma-ray sky surveyed by the Fermi satellite, is dominated

by flat-spectrum radio quasars and BL-Lac objects at bright flux levels. To investigate the relationship between
radio and gamma-ray emission in extragalactic sources, we have cross-matched the Australia Telescope 20 GHz
survey catalogue (AT20G; Murphy et al. 2010) with the Fermi-LAT 1-year Point Source Catalogue (1FGL; Abdo
et al. 2010a). The AT20G survey is a blind radio survey of the southern sky (excluding the Galactic plane at
|b| < 1.5°) down to a limiting flux density of 40 mJy at 20 GHz. Observations for this survey were carried out using
the Australia Telescope Compact Array from 2004—2008. The high-frequency selection provides a clean catalogue
to search for extragalactic gamma-ray sources observed in the southern hemisphere, and as such provides a useful
database in identifying gamma-ray counterparts as the Fermi mission continues to discover many more of these

objects.

1. Introduction

The recent release of the First Fermi-LAT (1FGL;
Abdo et al. 2010a) catalogue provides an unprecedented
view of the gamma-ray sky. Many of these high energy
sources (particularly those at high Galactic latitudes) are
attributed to active galactic nuclei (AGN), where the
gamma-ray emission is thought to originate from colli-
mated jets close to the core (Blandford & Rees, 1978). As
a result, flat spectrum radio-loud QSOs (FSRQs) and BL-
Lac objects, where the jet is more closely aligned with
our line of sight, dominate the population of extragalac-
tic sources selected in gamma-ray surveys. Further prop-
erties of the AGN detected by Fermi are presented in
more detail in the First LAT AGN catalogue (1LAC;
Abdo et al. 2010Db).

The 1FGL catalogue lists AGN associations for 41%
of Fermi sources with |b| > 1.5°, but there are many that
remain unidentified. The relatively large uncertainty in
the Fermi positions (typically 540 arcsec) makes it neces-
sary to search at other wavelengths to identify the cor-
rect astronomical source, and the Fermi team have used a
Bayesian analysis method to cross-match the 1FGL with
a range of catalogues (Abdo et al. 2010a).

Searching high-frequency radio catalogues provides an
alternative and potentially more direct way to identify
the extragalactic Fermi sources. The dominant emission
at high radio frequencies originates from the radio jets
close to the central core, so provides a snapshot of the
most recent AGN activity (Mattox et al. 2001). This is
very different from lower radio frequencies near 1.4 GHz,
where extended radio lobes, built up over large periods of
time, dominate the emission. The source density of high-
frequency radio sources on the sky is also lower, greatly
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reducing the number of spurious radio sources within a
Fermi error box. Since most Fermi sources are expected to
have a flat radio spectrum, this makes radio identification
with a high-frequency catalogue much more straightfor-
ward and reliable.

This was recognized by Healey et al. (2008), who as-
sembled an all-sky catalogue of 8 GHz measurements of
candidate blazars (selected on the basis of their radio
spectral index at 1-5 GHz) to help identify Fermi sources.
The 20 GHz AT20G catalogue, which has no spectral pre-
selection, provides an independent check of radio-gamma-
ray associations for southern sources.

This talk is based on a publication which is in press
at the time of writing (Mahony et al. 2010, ApJ, 716 in
press).

2. The Australia Telescope 20 GHz (AT20G)
Survey

The Australia Telescope 20GHz (AT20G) survey
(Murphy et al. 2010) is a blind radio survey of the south-
ern sky (excluding the Galactic plane at |b] < 1.5°)
down to a limiting flux density of 40 mJy at 20 GHz.
Observations for this survey were carried out using the
Australia Telescope Compact Array from 2004-2008. Most
objects south of § < —15° also have near-simultaneous
flux density measurements at 4.8, 8.4 and 20 GHz pro-
viding accurate radio spectral information not affected by
variability.

Prior to this survey, the radio sky above 5GHz was
largely unexplored. Figure 1 shows the sensitivity limits
of a number of other large-area radio surveys. AT20G pro-
vides the most sensitive, large area survey at high-radio
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Fig. 1. Sensitivity limits of surveys covering at least a quarter
of the sky. The only other high-frequency large-area survey
is the WMAP Point Source Catalogue (Bennett et al. 2003;
Hinshaw et al. 2007) which is flux-limited at 1Jy at 23 GHz.
Figure from Sadler et al. (2008); see this paper for more details.

frequencies to date. There are many reasons for wanting
to complete a high-frequency radio survey. It is vital for
future CMB missions, such as the Planck satellite, in iden-
tifying contaminating foreground sources. It also provides
much needed calibrators for future millimetre telescopes
such as ALMA. In addition, the 20 GHz source population
is different to that seen at lower frequencies, and further-
more, cannot be predicted from low radio-frequency data
making it scientifically interesting in its own right.

Due to the high-frequency selection, the AT20G cat-
alogue is dominated by flat spectrum radio sources
(Sadler et al. 2006; Massardi et al. 2010, in preparation)
which is ideal in searching for Fermi counterparts. Whilst
the radio data provides a unique sample of objects, these
data alone are insufficient to completely constrain models
of radio source properties and the evolution of radio galax-
ies. The AT20G radio positions are accurate to ~ 1 arcsec,
allowing us to make optical identifications in a reliable
way, providing vital multi-wavelength information.

3. Cross-matching 1FGL with the AT20G
catalogue

Since the AT20G catalogue only covers the southern sky,
we used a subset of 1FGL sources south of the equator
(and excluding the Galactic plane |b| < 1.5°) for the cross-
matching. In addition, since the AT20G catalogue is best-
suited to identifying extragalactic AGN, sources classified
as Galactic! in the 1FGL catalogue were removed from
the sample.

Using this set of Fermi sources (referred to here as the
1FGL-South dataset), we then searched the AT20G cat-
alogue for radio sources within the 95% confidence ellipse
given in the 1FGL catalogue. This resulted in 233 (43%)
Fermi sources with AT20G counterparts. The majority of
these identifications are in agreement with the 1LAC cat-
alogue, with an addition of eight sources which are newly

1 We also excluded six sources in the LMC and SMC fields.
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Fig. 2. Fermi detection rate of AT20G radio sources as a func-
tion of 20 GHz flux density. The vertical error bars show the
counting errors for each bin while the horizontal error bars
indicate the bin size. Figure from Mahony et al. (2010).

identified as potential gamma-ray AGN. We did not search
for matches outside the 95% Fermi confidence region, since
our priority was to make a reliable set of matches which
provides a ‘clean’ sample. Monte Carlo testing revealed
that 4.4% could be chance associations. This results in
our final list of Fermi—~AT20G matches being 95% com-
plete and at least 95% reliable.

The Fermi detection rate for AT20G sources increases
with increasing 20 GHz flux density, as shown in Fig. 2.
Here we binned the AT20G catalogue in flux density and
plotted the percentage of AT20G sources detected in the
1FGL-South dataset for each bin plotted.

A total of 110 of the sources in the 1FGL-South
dataset are classified as variable in gamma-rays, with
a less than 1% probability of being a steady source
(Abdo et al. 2010a). Of these, 96 (87%) are detected at
20 GHz. On the other hand, only 138 (32%) of the non-
variable gamma-ray sources are detected in AT20G.

4. Radio—Gamma-ray Flux comparison

To investigate any correlations between the radio and
gamma-ray properties we plotted the 20 GHz flux density
against the gamma-ray flux density as shown in Fig. 3, re-
vealing a trend of increasing gamma-ray flux density with
increasing 20 GHz flux density. A similar trend has also
recently been noted by Ghirlanda et al. (2010). Some ad-
ditional scatter may be introduced due to the fact that the
AT20G observations were taken up to 2-5 years previous
to the Fermi observations. This figure also shows that the
variable Fermi sources have higher gamma-ray fluxes than
the non-variable sources. This can account for the higher
AT20G detection rate for the variable sources mentioned
in Section 3, as the correlation between gamma-ray and
20 GHz flux implies that a larger fraction of the brighter
gamma-ray sources will be above the 40 mJy flux limit of
the AT20G survey.
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Fig.3. 20 GHz flux density against Fermi flux density for
sources classified as variable in 1IFGL (‘4’) and those not classi-
fied as variable (‘x’). The Fermi sources not detected in AT20G
are shown as triangles at the 40 mJy flux limit of the survey
(also shown by the dashed line). The median gamma-ray fluxes
for the upper limits are denoted by the stars, but it should be
noted that these upper limits include a mixture of populations
and are not limited to AGN. Figure from Mahony et al. (2010).

Table 1. Results from spearman-rank correlation tests com-
paring the 20 GHz flux with the gamma-ray flux density. The
second column is the correlation coefficient (p) and the third
column is the probability of finding these coefficients by chance
(P). For comparison the results reported in Abdo et al. (2009)
using the Fermi-LAT Bright AGN Sample (LBAS) are also
listed which used the 8.4 GHz flux and the peak gamma-ray
flux above 100 MeV.

Fermi—-AT20G LBAS
Subset p P p P
All 049 75x107% 042 45x10°°
variable 0.44 9.0 x 107 - -
non-variable 0.46 1.5 x 1078 - -
FSRQ 0.31 0.0006 0.19 0.080
BL-Lacs 0.43 0.002 0.49 0.00055

Spearman-rank correlation tests show that these corre-
lations are statistically significant. Results for the variable
and non-variable sources, along with the FSRQ and BL-
Lacs are shown in Table 1. The correlation coefficients and
corresponding probabilities given in Abdo et al. (2009) for
the Fermi-LAT Bright AGN Sample are also given for
comparison.

These results indicate that the basic emission mecha-
nism for the radio and gamma-rays is coupled, with both
related to the relativistic jets of the AGN. The radio
emission results from synchrotron emission by relativis-
tic electrons while the gamma-ray emission is thought
to be created by inverse Compton scattering of pho-
tons by similar, or possibly the same, high energy par-
ticles (Maraschi et al. (1992), Ghisellini & Madau (1996),
Bloom & Marscher (2006)). A similar correlation between
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Fig. 4. AT20G detection rate binned in Galactic latitude. The
circles show the detection rate of AT20G sources in the 1IFGL—
South dataset (where known Galactic sources have been re-
moved) while the squares show the detection rate when these
sources are included. The lower plot shows the histogram of
sources defined as Galactic in the 1FGL catalogue that have
been added when plotting the squares. The dotted line denotes
the linear fit to the circles. The dashed line at |b| = 1.5° indi-
cates the limit of the AT20G survey and lower latitudes have
been excluded from this analysis. Figure from Mahony et al.
(2010).

the gamma-ray and high-radio frequency fluxes was
found in Kovalev et al. (2009), which compared the aver-
age 100 MeV—-1 GeV photon flux with quasi-simultaneous
VLBI 15 GHz flux measurements for objects in the Fermi—
LAT Bright Source Catalogue. There is also the possibility
that the Doppler boosting effects are similar in both the
radio and gamma-ray regimes. This could account for the
strength of the correlation seen in Fig. 3 given that the
observations were not simultaneous.

5. AT20G detection rate as a function of Galactic
latitude

Figure 4 shows the AT20G detection rate of sources in the
1FGL-South dataset binned by Galactic latitude. Due to
the much smaller area of sky at b > 0 in the southern
hemisphere, the data were binned in |b| rather than b to
improve the statistics. We also removed 37 1FGL sources
which are associated with Galactic objects such as pulsars
and pulsar wind nebulae (none of these 37 Galactic Fermi
sources are detected in the AT20G survey). This Figure
shows that the AT20G detection rate of 1IFGL sources
is not constant with Galactic latitude, but decreases at
lower Galactic latitudes. Here a linear regression fit has
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Fig. 5. The minimum number of Galactic Fermi sources needed
to make the AT20G detection rate constant with Galactic lat-
itude. Figure from Mahony et al. (2010).

a slope of 0.23 and we can rule out that the slope is flat
at the 99% confidence level. This strongly suggests that
the 1FGL catalogue contains a mixture of extragalactic
and (unidentified) Galactic sources, whose relative num-
bers change with |b|. The squares in Fig. 4 show the de-
tection rate when the known Galactic sources are added
back in to the 1IFGL-South sample.

To calculate the minimum number of Galactic sources
still unidentified, we assumed that there were no uniden-
tified Galactic sources towards the Galactic poles. Taking
the detection rate of 52% given in the last bin in Fig. 4
to be the expected AT20G detection rate across the whole
sky means that there are at least 50 high-latitude (|b] >
1.5°) Galactic gamma-ray sources in the southern hemi-
sphere that still remain to be identified. The estimated
distribution of these sources is shown in Fig. 5. Here the
total number of sources in each bin is the amount needed
to make the AT20G detection rate constant with Galactic
latitude (Fig. 4). The Galactic sources already identified
are shown by the solid line.

6. Conclusions

In summary, a blind survey at high radio frequencies (such
as AT20G) is an ideal catalogue to search for extragalactic
gamma-ray counterparts as, like the gamma-ray sky, it is
dominated by flat spectrum radio sources (either quasars
or BL-Lacs).

Cross-matching the 1IFGL catalogue with the AT20G
catalogue resulted in 233 (43%) associations within the
95% Fermi confidence ellipse. Monte Carlo tests show that
we expect 4.4% to be chance associations meaning that the
final catalogue of Fermi—AT20G matches is 95% complete
and 95% reliable. The detection rate of Fermi sources in
the AT20G catalogue increases strongly with 20 GHz flux
density. It ranges from approximately 1% at 100 mJy to
almost 100% at 20 GHz fluxes above 10 Jy. The majority

of these matches are in agreement with the Fermi AGN
source association. There are eight AT20G sources that
are newly identified as potential Fermi counterparts, all
at low Galactic latitude.

This confirms that the majority of gamma-ray sources
have flat radio spectra as the AT20G survey provides an
unbiased sample with no spectral pre-selection. It also ver-
ifies that there is not a missing gamma-ray population of
steep spectrum radio sources. We find a trend of increasing
gamma-ray flux density with 20 GHz flux density which is
slightly stronger for the non-variable Fermi sources.

The distribution of AT20G detections as a function of
Galactic latitude reveals that the percentage of AT20G
matches decreases towards the Galactic plane. We cal-
culate that there are at least 50 unidentified Galactic
gamma-ray sources in the southern hemisphere at lati-
tudes above |b| = 1.5°, as the AGN detection rate should
not vary with Galactic latitude.

The AT20G survey provides a clean catalogue to
search for extragalactic gamma-ray sources observed in
the southern hemisphere. As such it provides a useful
database in identifying gamma-ray counterparts as the
Fermi mission continues to discover many more of these
objects.
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Abstract. Most extragalactic jets in radio-loud Active Galactic Nuclei are bright and variable «-ray sources, which
are continuously monitored with Fermi/LAT. We present the «-ray properties of the MOJAVE and TANAMI
AGN samples of radio-loud AGN. Both programs provide properties of the parsec-scale radio jets using Very Long
Baseline Interferometry (VLBI) techniques. This information is important to understand the broad-band emission
mechanism of these sources. In this work we compare the radio and «-ray properties of the two samples and present

upper limits on the y-ray flux of the radio-brightest jet sources not yet detected by Fermi/LAT.

1. Introduction

Most extragalactic jets in radio-loud Active Galactic
Nuclei (AGN) are bright and variable ~v-ray sources. The
high luminosity and variability of blazars is explained
by a jet orientated close to the line of sight, in which
charged particles are moving with relativistic speed, thus
the emission is Doppler boosted (Blandford & Rees, 1978;
Maraschi et al., 1992). This model is supported by the
apparent superluminal motion which is typically found in
the inner radio-jets of blazars (Lister et al., 2009b, , and
therein).

Since 2008 August 11, the sky is monitored at ~y-ray
energies in the range from ~20 MeV to >300 GeV with the
Large Area Telescope (LAT), which is a pair conversion
detector on board the Fermi Gamma-Ray Space Telescope
(Atwood et al., 2009). Fermi/LAT scans the whole sky
every three hours and its sky-survey mode is optimized to
obtain a uniform exposure on longer time scales (> weeks).
A large number of AGN were detected and monitored with
Fermi/LAT (709 AGN during the first year of operation,
Abdo et al., 2010b).

In this work, we present the ~-ray properties of
two samples from the two largest ongoing Very Long
Baseline Interferometry (VLBI) AGN monitoring survey
programs: Tracking Active Galactic Nuclei with Austral
Milliarcsecond Interferometry (TANAMI; Ojha et al.,
2010) and Monitoring Of Jets in Active galactic nuclei
with VLBA Experiments (MOJAVE; Lister et al., 2009a).
The two samples are described in Sect. 2. For our anal-
ysis we use data obtained during the first year of Fermsi
operations.
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The combined analysis of radio and ~v-ray properties
is still in progress. The detailed presentation of the upper
limit analysis, a discussion of tentative new detections and
individual sources is in work and will be published in an
upcoming paper (Abdo et al., in prep.).

2. Sample

In our study, we investigate the y-ray properties of two
samples of extragalactic jets: the MOJAVE1 and the
TANAMI samples. MOJAVE 1 is a purely radio-selected
sample of all AGN at declinations § > —20°, whose
15 GHz radio flux density has exceeded 1.5Jy (2Jy for
sources with § < 0°) at any epoch between 1994 and 2004
(Lister et al., 2009a). In total, the MOJAVE 1 sample is
comprised of 135 AGN: 101 quasars, 22 BL Lac objects, 8
galaxies, and 4 unclassified objects. About two thirds of
the sources in the MOJAVE 1 sample have been monitored
since 1994 as part of the VLBA 2 cm Survey (Kellermann
et al., 1998) with the Very Long Baseline Array (VLBA;
Napier et al., 1994). Since 2002, the MOJAVE 1 sample
has been observed with the VLBA as part of the MOJAVE
program! (see Lister et al., these proceedings, p. 159 ).
TANAMI is a radio VLBI monitoring program of
currently 75 extragalactic jets south of —30° declina-
tion. The observations are performed approximately every
two months with the telescopes of the Australian Long
Baseline Array (LBA; Norris, 1988) in combination with
telescopes in South Africa, Antarctica and Chile. A de-
tailed discussion of the TANAMI program including a
description of the initial source sample, explanations of

! http://www.physics.purdue.edu/astro/MOJAVE/
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Table 1. Total number N of the MOJAVE1 and TANAMI
sources and the number of those detected with Fermi/LAT.

MOJAVE 1 TANAMI
Class N detected N  detected
Quasar 101 61 32 24
BL Lac 22 19 10 10
Galaxy 8 3 1 2
Unclassified 4 2 22 17

the observation and data reduction procedures, and brief
notes on the individual sources are given by Ojha et al.
(2010). TANAMI contains a radio-selected and a y-ray se-
lected sub-sample (see Ojha et al., 2010, for details). The
radio selected sub-sample supplements the MOJAVE 1
sample south of —30° declination. TANAMI observations
are made at 8.4 GHz and 22 GHz yielding spectral indices
of parsec-scale jet features (Miiller er al., these proceed-
ings, p. 229 ).

3. Analysis

To find associations of the AGN in the MOJAVE 1 and
TANAMI sample with Fermi/LAT-detected y-ray sources
we performed a positional-association analysis. For each
radio position of the sources in the sample we selected
the closest sources in the “Fermi Large Area Telescope
First Source Catalog” (Abdo et al., 2010a) inside the posi-
tion uncertainty region of the y-ray source. This approach
yielded unique results for the majority of sources. A com-
parison with the results of the automatic source associ-
ation pipeline of the LAT team (Abdo et al., 2009), in
which the class and physical expectations of the associa-
tion is taken into account, confirmed these results.

We used a maximum likelihood analysis (Cash, 1979;
Mattox et al., 1996) to analyze those AGN which could
not be associated with v-ray catalog sources. For the cal-
culation of upper limits on the ~-ray flux and the test
statistic (TS) measuring the significance we used data in
the range 100 MeV to 100 GeV obtained in the first year
of Fermi/LAT.

We used the standard Fermi/LAT ScienceTools and
the methods described by Bock et al. (2009) to obtain the
flux, photon index, and test statistic of each unassociated
source. For sources with TS < 25 we calculated upper
limits on the flux. Sources with TS > 25 were considered
as tentative new detections and in this case we modeled
the flux and the spectral index. For the sources with TS <
1 the upper limits can be underestimated, thus we do not
consider these sources in this work. Results for a Bayesian
approach following Abdo et al. (2010a) will be presented
in a following paper.

4. Results

Table 1 shows the number of quasars, BL Lacs, and galax-
ies in the MOJAVE1 and TANAMI sample which are
associated with ~-ray sources in the Fermi/LAT 1-year

source list (Abdo et al., 2010a). 85 out of the 135 AGN
in the MOJAVE 1 sample are detected with Fermi/LAT
during its first year of operation. With a detection rate
of 19/22 most BL Lac objects in the sample are detected.
61/101 quasars are detected and 2/4 unclassified objects.
At 3/8, the detection rate of the galaxies is the lowest.
In the TANAMI sample 24 out of 32 quasars are de-
tected with Fermi/LAT. The detection rates of unclassi-
fied sources is substantially higher in the TANAMI sample
than in the MOJAVE 1 sample. This is most likely due
to the inclusion of a ~-ray selected sub-sample and the
addition of sources detected by Fermi/LAT after three
months (Abdo et al., 2009). The detection rates for the
radio-selected TANAMI sub-sample consisting of 21 AGN
are: 9/13 Quasars, 3/3 BL Lac objects and 2/5 Galaxies,
which is comparable to the MOJAVE 1 sample.

For the analysis of the associated sources we used the
photon spectral indices from the Fermi/LAT first source
catalog calculated in the range of 0.1-100 GeV, since this
value can be obtained even for relatively weak sources
(Abdo et al., 2010b). Fig. 1 shows the distribution of flux
and photon spectral index averaged over 11 months. In
addition to the catalog values we present the values we
obtained for the tentative new detections.

Fig. 1 indicates a difference between the MOJAVE 1
and the TANAMI sample which is caused by the different
selection criteria. The y-ray selected TANAMI sub-sample
contains several hard sources, i.e., sources with relatively
small y-ray photon spectral index, including many BL Lac
objects and unassociated sources. BL Lac objects tend to
have on average harder 7-ray spectra than the quasars
(Abdo et al., 2009, 2010b).

Hard sources can be better localized with Fermi/LAT.
Thus the limiting photon flux for a TS > 25 detection
is significantly lower for BL Lac objects than for quasars
with softer spectra (Abdo et al., 2010b, Fig. 10). In Fig. 2
this effect is not visible as the hardest sources in the sam-
ple do not reach a photon spectral index of I' < 1.5 as it is
the case for the sources discussed by Abdo et al. (2010b).
In addition, they consider the photon flux above 100 MeV
instead of 0.1-100 GeV, which increases the photon flux
for soft sources significantly.

The distribution of spectral indices (Fig. 3) confirms
that BL Lac objects exhibit harder ~-ray spectra than
quasars and shows that the majority of the spectral in-
dices of the tentatively new detected sources is softer than
that of the associated sources, which is consistent with the
difficulty to detect soft weak sources with Fermi/LAT.

It is worth noting that all three BL Lac objects in
the radio-selected TANAMI sub-sample and the majority
of BL Lac objects in the MOJAVE 1 sample have v-ray
spectral indices I' > 2.2. Abdo et al. (2010c) found that
BL Lacs with T" > 2.2 are mostly low synchrotron peaked
(LSP) BLLAC:S (see also Abdo et al., 2010b, Fig. 14). It
might be expected that a radio-selected sample contains
more LSP BL Lacs than high synchrotron peaked ones, as
the LSP type is brighter at the radio frequencies used for
the selection.
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5. Summary radio-selected MOJAVE 1 sample and the radio-selected
TANAMI sub-sample BL Lac objects have the highest de-

The ~-ray properties of the MOJAVE1 and TANAMI tection rates, followed by the quasars, whereas only a
AGN samples were analyzed. The detection rates with small fraction of the radio galaxies in the samples are seen
Fermi/LAT depend on the source class. For the by Fermi/LAT. With a maximum likelihood analysis on
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sources which were not associated with y-ray sources in
the Fermi/LAT First Source Catalog, we obtained upper
limits on the «-ray flux of these sources and found tenta-
tive new detections.

The analysis of the upper limits and the tentative new
detections will be discussed in an upcoming paper.
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Abstract. Blazars are a small fraction of all extragalactic sources but, unlike other objects, they are strong emitters
across the entire electromagnetic spectrum. Recent data in the microwave region of the electromagnetic spectrum
have become available to allow for systematic studies of blazars over large cosmological volumes. This frequency
band is indeed particularly suited for the selection of blazars since at these frequencies the contamination from
radio extended components with steep spectra is no longer present and the emission from the accretion process is
negligible. In our study we investigate the possible relation between the microwave and gamma-ray emission for
the Fermi/LAT AGNs detected in the first year and belonging to WMAP Tth year bright source catalogue and
the study of the gamma-ray upper limits for the WMAPT sources not yet detected in the Fermi AGN catalogue.
We discuss some properties of the sample to understand if the non- detected sources by Fermi/LAT are different
from the detected ones. The absence of strong differences could imply that Fermi is still detecting flaring sources
or could be a hint of a multicomponent model for blazar emission.

1. Introduction

Blazars are rare extragalactic objects as they are a subset
of radio loud QSOs, which in turn are only =10% of radio-
quiet QSOs and Seyfert galaxies that are found in large
numbers at optical and at X-ray frequencies. Despite that,
the strong emission at all wavelengths that characterizes
blazars, makes them the dominant type of extragalactic
sources in those energy windows where the accretion onto
a supermassive black hole, or other thermal mechanisms,
do not produce significant radiation. For instance, in the
microwave band, Giommi et al. (2009) showed that blazars
are the largest population of extragalactic objects (see also
Toffolatti et al. (1998)). The same is true in the y-ray band
as seen in Abdo et al. (2009), Abdo et al. (2010a) and at
TeV energies where BL Lac objects are the most frequent
type of sources found in the high Galactic latitude sky.

Although blazars have been known and studied in dif-
ferent energy windows for over 40 years, many questions
still remain open about their physics and demographics.

We investigate these problematics using a multi-
wavelength approach through Wilkinson Microwave
Anisotropic Probe (WMAP) (p-wave) and Fermi (y-ray)
observations.

Primordial photons are redshifted to pu-wave frequen-
cies due to the Universe expansion and we see these pho-
tons as cosmic background in p-wave band. Tiny inhomo-
geneities in the early universe left their imprint on the
CMB in the form of small anisotropies in its tempera-
ture. These anisotropies contain information about basic
cosmological parameters (e.g., total energy density and
curvature of the universe). The ability of the present and
upcoming CMB experiments to determine the cosmolog-
ical parameters requires a careful cleaning of the CMB
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maps from the galactic and extra-galactic foregrounds .
This cleaning produces very useful bright source catalogs
useful to our scopes.

The microwave frequency range is, moreover, likely the
best region of the electromagnetic spectrum to pursue sta-
tistical studies of blazars since it is less affected by the
superposition of spectral components of different nature
like e.g., steep radio emission from the extended part of
the jet, non-nuclear optical emission from the host galaxy
or optical/UV and soft X-ray emission from an accretion
disk.

We have already studied a py-wave selected sample and
its X-ray properties in Giommi et al. (2007) and verified
that the p-wave flux is tightly correlated with the X-ray
one. Given the currently accepted emission mechanisms,
such as Synchrotron Self Compton, as responsible for the
broad-band blazar emission, we would like to investigate
a possible relation among p-wave and ~-ray fluxes.

Our strategy consists in building a complete sample
of blazars selected in the pu-wave band, starting from the
WMAP bright source catalogues periodically released by
the WMAP Team. Than we study the properties of this
p-wave selected sample of jet-dominated AGN looking for
synchrotron peak distribution of the sources, possible rela-
tions between p-wave fluxes and X-ray, vy-ray duty cycle,
oy~ - As in Pittori et al. (2007), we take into account
the constraints from the observed extragalactic gamma-
ray background on the maximum duty cycle allowed for
the selected sample of WMAP Blazars.
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2. Instruments

The WMAP satellite (Bennet et al. (2003)) provides an
all-sky survey of the millimeter-wave sky and its point
source catalogs are valuable for the study of flat-spectrum
radio sources. In this work we use the seven-year catalogue
of 471 foreground sources (WMAPT) (Gold et al. (2010)).
We define the complete sample as including all sources in
the WMAP7 catalogue with flux at 41 GHz higher than
0.9 Jy.

We define a flux limited sample using the source fluxes
as observed in the WMAP 41 GHz channel as compromise
between sensitivity, completeness and the need to use a
high frequency band, to avoid the steep radio components.
Highest frequency channels in WMAP survey (61, 94 GHz)
have less objects and are less deep in flux with respect to
lower frequencies (23, 33, and 41 GHz).

The Fermi Gamma-Ray Space Telescope is an interna-
tional mission dedicated for the study of «-ray emission
in the Universe. The LAT, the primary instrument, is an
imaging, wide field-of-view telescope, covering the energy
range from below 20 MeV to more than 300 GeV with a
sensitivity that exceeds EGRET by a factor of 30 or more.
Fermi satellite commonly observes the sky in scanning
mode: on a given orbit, the LAT will sweep the sky 35
degree away from the orbital plane, covering 75% of the
sky. At the end of the orbit, Fermi will rock to 35 degree
on the other side of the orbital. Therefore the entire sky is
covered every three hours providing an uniform sky cov-
erage within few orbit (Atwood et al. (2009)). Thanks to
the improved instrument performance (point spread func-
tion, effective area, large field of view, broad energy range)
blazar observations with Fermi/LAT are advancing our
understanding of blazars and AGNs.

The First LAT Active galaxies Catalog (1LAC,
Abdo et al. (2010a)) presents a wide study of the popula-
tion of AGNs in data set from the first year of Fermi scien-
tific operations. 1LAC includes 671 «-ray sources located
at high Galactic latitudes (|brr| > 10°) that are detected
with a test statistic greater than 25 and associated statis-
tically with AGNs. We use this catalog to find the gamma-
ray counterparts of the microwave selected sources.

3. WMAP-7 and Fermi/LAT 1LAC samples
cross-correlation

As in Giommi et al. (2009), we have carried out an ex-
tensive search to identify the counterparts of all the mi-
crowave foreground sources listed in the WMAP T7-year
catalogue using literature and archival data. Our results
allow us to define a flux limited sample of 267 high
Galactic latitude microwave sources (f41cgu, > 0.9Jy,
|brr] > 10°) which is virtually complete. From the anal-
ysis of classification in this complete sample we note that
there is a dominance of blazars (88%).

Most of these are Low Synchrotron Peaked blazars
(LSP, mainly FSRQ, 85% of the complete sample). This
is what we expect from a sample selected in microwave

band, in fact High Synchrotron Peaked Blazars (HSP) are
less frequent and are usually found in deeper samples. We
estimate the frequency of the synchrotron peak from the
values of the multi wavelength indexes ;o , aox as indi-
cated in Abdo et al. (2010b)

We perform a spatial cross-correlation between the
WMAP7 sample and the Fermi/LAT 1LAC, exploiting
the fact that 1LAC provides the coordinates of the radio
counterparts . We obtain 131 WMAP7 objects with known
microwave emission that are detected in the first year of
Fermi data acquisition. As expected, blazars make up
about 96% of this sample. In our work we use the inte-
grated gamma-ray flux evaluated in the energy range 1—
3 GeV, where are detected the vast majority of the LAT
photons.

This result shows that Fermi -LAT in one year has
detected 50% of the sources selected in microwave band.
For the other 136 sources in the WMAPT complete sam-
ple we compute the gamma-ray flux upper limit, us-
ing the 11 months dataset. The upper limit calculation
makes use of the profile likelihood method described in
details in Rolke et al.(2005). If the test Statistic of the
source is lower than 0 we used the method described in
Helene(1983) optimized for Fermi/LAT .

4. Detected vs Undetected sample properties

Are the WMAPT sources undetected by Fermi -LAT dif-
ferent from the detected ones? We compare the two sub-
samples properties (e.g., redshift, vpeax etc.) looking for
differences.

The redshift distributions of the two subsamples are
reported in Fig. 1. Undetected sources show lower redshifts
than the detected ones, however a Kolmogorov-Smirnov
test on these samples gives a probability of 96% that they
belong to the same parent distribution.

Looking at the position of the synchrotron peak fre-
quency (Fig. 2), we see that the two distributions are very

0.2

Fermi Undetected

0.2

Fermi Detected
0.1

o ke 1 1 1 1 1
0.5 1 1.5 2 25 3
Redshift

Fig. 1. Redshift distributions of Undetected (above) and
Detected (below) by Fermi -LAT
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similar, the detected sources seem to have a narrower dis-
tribution but the result of the K-S test does not give us a
proper indication on the parent population (P = 67%).

The next property we investigate is the microwave flux
at 41 GHz. Figure 3 shows an excess in the detected dis-
tribution at 1.7 Jy. Moreover, stronger microwave sources
seem favorite for a gamma-ray detection, being the high
flux side of the detected-sources distribution more sam-
pled.

To better understand this, we plot the microwave
flux versus gamma-ray flux (Fig. 4). Crosses are the
Fermi/LAT detections while arrows represent the gamma-
ray flux upper limit. We don’t see any strong correlation
between the two energy bands. However, in a recent pa-
per Kovalev et al. 2009 found a correlation between high
frequency radio (15 GHz) and 7-ray fluxes. In this work
the set of radio observations were quasi simultaneous to

Fermi Undetected

Fermi Detected

E 1
1000 2000 5000 104
Flux 41GHz

(mJy)

Fig. 3. Flux at 41 GHz distributions on Undetected (above)
and Detected (below) by Fermi -LAT

Fermi ~-ray ones. We are considering the possibility that
the ~v-ray high variability of blazars blurs the correlation
with the py-wave band. The upper limits are distributed at
low gamma-ray fluxes as expected but some of the faint
gamma-ray sources are indeed strong microwave emitters.
These sources can have a strong cutoff of the spectrum
at MeV energies and therefore not yet detected due the
sensitivity of Fermi/LAT in the first year of observation.

5. Conclusions

Fermi is detecting a significant number of powerful
microwave emitters. The p-wave to ~v-ray correlation is
blurred by large y-ray variability of blazars, specially with
non-simultaneous data. No strong differences in the stud-
ied properties are found. This could imply that, after 1
year of Fermi data taking, we are still detecting mainly
those LSP sources which undergone strong flares, or show
multiple components which allow them to be detected in
the GeV energy range, leading to the same conclusions
already showed in Abdo et al. (2010b). In other words,
Fermi/LAT is detecting those objects which show addi-
tional features with respect to a simple homogeneous SSC
and those 50% undetected could be driven by simple SSC
processes.

Planck data along with Fermi one, being both oper-
ated in survey mode, will give us unprecedented set of real
simultaneous data.

These two energy bands (u-waves and ~-rays) are in-
deed best suited to study blazars as their emission at these
frequencies is largely dominated by non-thermal radiation.
The combined study of blazars in the y-wave and in the -
ray energy bands will probably offer a unique opportunity
to understand many of the physical details of this class of
black hole-dominated cosmic structures.
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Abstract. We perform a multi-band statistical analysis of core-dominated superluminal active galactic nuclei (AGN)
detected with Fermsi Large Area Telescope (LAT). The detection rate of y-ray jets is found to be high for optically
bright AGN. There is a significant correlation between the 7-ray luminosity and the optical nuclear and radio
(15 GHz) luminosities of AGN. We report a well defined positive correlation between the y-ray luminosity and the
radio-loudness for quasars and BL Lacertae type objects (BL Lacs). The slope of the best-fit line is significantly
different for quasars and BL Lacs. The relations between the optical and radio luminosities and the «-ray loudness
are also examined, showing a different behavior for the populations of quasars and BL Lacs. Statistical results
suggest that the «-ray, optical and radio emission is generated at different locations and velocity regimes along the

parsec-scale jet.

1. Introduction

Extreme optical variability was a clear signature for some
blazars detected at v-ray energies during the EGRET
era (Fitchel et al. 1994). Using the Fermi/LAT improved
sensitivity, recent multi-wavelength variability studies on
individual sources have confirmed the tight connection
among the y-ray and optical variable emission (e.g. 3C 273
in Abdo et al. 2010a). So far there was no attempt to com-
pare optical continuum properties among y-ray blazars. In
this manuscript we take advantage of the unprecedented
sensitivity provided by the first bright source catalogue
(IFGL; Abdo et al. 2010b) to study the multi-band cor-
relations between optical, radio, and ~-ray emission in su-
perluminal AGN detected by Fermi/LAT during its first
11 months of operation. We adopt a flat cosmology with
Hy=71kms ! Mpc~t, Q,, =0.27, and Q4 = 0.73.

2. The MOJAVE sample

The sample consists of core-dominated AGN from the
MOJAVE (Monitoring of Jets in AGN with VLBA
Experiments) program. The MOJAVE-2 sample contains
about 250 core-dominated AGN (Kovalev et al. 2009)
most of which are currently monitored with the Very Large
Baseline Array (VLBA) at 15 GHz (for a detailed descrip-
tion of the sample see Lister et al. 2009). The 1FGL cat-
alogue includes about 190 sources from the MOJAVE-2
sample. Optical nuclear fluxes and redshift measurements
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Fig. 1. Distributions of optical nuclear fluxes for AGN from
the MOJAVE-2 sample (full line), 102 AGN detected as the
gamma-ray source (filled histogram) and non-detected with
Fermi/LAT during the 1FGL period (shaded histogram).

were available for a sample of 102 MOJAVE-2 sources
(Arshakian et al. 2010a) identified by Fermi/LAT (here-
after, M2-1FGL sample). Seventy six out of 102 sources
in the M2-1FGL sample are part of the statistically com-
plete MOJAVE-1 sample. We will refer to these 76 sources
as the M1-1FGL sample. The Kolmogorov-Smirnov (K-
S) test shows that the distribution of redshifts in the
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MOJAVE-1 sample and the M1-1FGL sample are drawn
from the same parent population indicating that the M1-
1FGL sample is not biased by redshift.

The M2-1FGL sample consists of 76 quasars, 24
BLLacs, and two radio galaxies which are excluded
from further statistical tests. We use the non-parametric
Kendall’s 7 test to analyze correlations between indepen-
dent variables, and the partial Kendall’s 7 test to account
for the common dependence on redshift in the correla-
tions between luminosities. Throughout the paper we as-
sume a correlation to be significant if a chance probability
P < 0.05.

3. Interplay between ~-ray, optical and radio
properties of superluminal AGN

The distribution of optical nuclear fluxes for the
MOJAVE-2 AGN detected and non-detected with
Fermi/LAT is presented in Figure 1. At first glance, the
Fermi/LAT detected sources seem to have higher opti-
cal fluxes than those with no-detection. This is further
supported by the K-S statistical test: there is a signifi-
cant difference (at a confidence level of 99.9 %) between
the distributions of optical fluxes of AGN detected and
non-detected by Fermi/LAT. When using the M1-1FGL
sample, the difference is significant at a confidence level of
96 %. We conclude that the detection rate of y-ray AGN
is high for sources having high optical nuclear fluxes.

We derive the optical nuclear luminosities (Lopt), to-
tal VLBA luminosities (Lyrpa ), and the rest-frame radio-
loudness (R o Svrpa/Sopt) using the fluxes given in
Arshakian et al. (2010a). y-ray luminosities were com-
puted using the Eq. (1) in Ghisellini et al. (2009), where
Sy (v1,v2) is the energy flux between 0.1 GeV and 100 GeV
from the 1FGL catalogue. Note that the y-ray, optical, and
radio luminosities are estimated from non-simultaneous
observations.
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Fig. 3. Optical nuclear luminosity against ~-ray luminosity
(top panel), and radio (15 GHz) luminosity against v-ray lu-
minosity (bottom panel) for AGN from the M2-1FGL sample.
Objects are symbol coded by optical spectral type, and the
labels in the top panel denote the corresponding population.

Optical-Radio emission. Arshakian et al. (2010a)
found a positive correlation in the Lope — Lyipa rela-
tion plane for AGN from the MOJAVE-1 sample. They
concluded that the correlation is due to the population
of quasars and that the optical emission is non-thermal
and generated in the parsec-scale jet. This is supported by
studies of individual radio galaxies, 3C 390.3 and 3C 120
(Arshakian et al. 2010b and Leén-Tavares et al. 2010) for
which the link between optical continuum variability and
kinematics of the parsec-scale jet was found. It was in-
terpreted in terms of optical continuum flares generated
at sub-parsec-scales in the innermost part of a relativis-
tic jet rather than in the accretion disk. We confirm the
Lops — Lviea positive correlation for a larger sample of
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Fig. 4. y-ray luminosity (L. ) versus radio-loudness (R) for M2-
1FGL AGN. The solid line represents the ordinary least-square
fit to the data.

M2-1FGL quasars as well as no-correlation for BL Lacs
(see Fig. 2 and Tables 1 and 2).

Gamma-ray—Optical emission. We find a positive cor-
relation between L., and Loy (Figure 3). The correlation
is significant for quasars from the M2-1FGL and M1-1FGL
samples and it is stronger for M1-1FGL quasars (Tables 1
and 2), suggesting for a single production mechanism for
~y-ray and optical nuclear emission.

Gamma-ray-Radio emission. Kovalev et al. (2009) re-
ported a significant correlation between v-ray and radio
VLBA (8 GHz) emission for sample of ~30 AGN. This cor-
relation holds at high confidence level (> 99.9 %; Figure 3)
for non-simultaneous measurements and a larger sample
(M2-1FGL) of AGN. This suggests that the powers aver-
aged over the long time scales are correlated and, hence,
the Doppler-factors of the parsec-scale jet in the gamma
and radio domains are not changing substantially on a
timescale of a few years. Pushkarev et al. (these proceed-
ings) found that the y-ray emission leads the radio emis-
sion of the parsec-scale jet at 15 GHz with time delay of
few months. They interpreted the observed time lag as
a result of synchrotron opacity in the jet: the radio and
~-ray emission are generated in the same region (pertur-
bation in the jet?) and become observable with some time
delay due to the opacity effects. If this scenario is correct
then the variable optical emission is also generated in the
perturbation moving upstream the jet, and we should ex-
pect that the optical emission leads the radio emission and
delays with respect to the y-ray emission.

The correlation in the Lyipa — L, relation plane is
apparently stronger than that in the L, — L, (Figure 3).
One may think that the corrected optical nuclear emis-
sion of some AGN (Arshakian et al. 2010a) might be con-
taminated by contribution of a stellar component thus
causing the large dispersion in the Lop; — L., diagram.
Contamination should be stronger in radio galaxies and

weaker in quasars and BL Lacs for which the contribution
of optical nuclear emission is dominant. The large disper-
sion in the Loy — L, relation plane can be due to non-
simultaneous optical /y-ray observations and stronger vari-
ability in the optical regime than that in the radio, and/or
wider range of Doppler factors in the optical regime com-
pared to the range of Doppler factors of the jet at 15 GHz,
if the bulk of optical emission is generated in the relativis-
tic jet and it is Doppler boosted.

We report a significant positive correlation (> 99 %)
between L. and radio-loudness for quasars and BL Lacs
(see Fig. 4 and Table 1). The solid line in Figure 5 repre-
sents the best fit to the data,

log L, = (0.95 +0.11) log R + (42.76 = 0.25). (1)

The L, o R relation suggests that the strong vy-ray jets
have progressively high Doppler factors (or faster speeds)
in the radio domain compared to those in the optical
regime. For quasars, the regression line is fitted by

log L, = (0.33 + 0.14) log R + (45.8 + 0.32), (2)

while for BL Lacs the best fit is,

log Ly = (0.98 +0.21) log R + (42.29 + 0.44). (3)
It is noticeable that the slope derived for quasars is shal-
lower than the slope fitted for BL Lacs. The L, — R cor-
relation is still significant for all AGN (> 99 %), quasars
and BLLacs (99 %) of the M1-1FGL sample (Table 2).
The best-fit parameters for the later sample are almost
unchanged.

Table 1. Kendall’s 7 correlation analysis between emission
characteristics of AGN from the M2-1FGL sample. A1 and A2
are the independent variables for which the Kendalls 7 cor-
relation analysis is performed, 7 is the correlation coefficient,
and P is the probability of a chance correlation. The correla-
tions are considered to be significant if the chance probability
P < 0.05 (or confidence level > 95%).

All Quasars BL Lacs

Al A2 T P T P T P

Lviet Lopt 02 7x107? 0.2 2x1072 0.1 0.4

L, Lopt 0.1 4x1072 01 5x1072 0.1 0.3
L, LviBa 04 6x107° 0.3 7x107° 05 7x107*
L, R 04 3x107° 02 8x107* 04 1x107*
Lops  Sy/Svisa —03 1x107° 0.2 4x1072 0.5 1x107%

Gamma-ray loudness. We define the y-optical loudness
and y-radio loudness as the S, /S,p; and S,/Sviga, re-
spectively. We find that the radio luminosity is indepen-
dent of ~-optical loudness (Figure 5, left panel). On the
other hand, there is a negative correlation in the Loy, —
S~ /Sviea relation plane (Figure 5, right panel), which
is much stronger for BL Lacs (confidence level 2 99.9 %;
Tables 1 and 2). For the M2-1FGL AGN, the best-fit re-
gression line is represented by Lopt o (Sy/Svrea) 7.
We interpret this relation as the optically weaker jets to
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Table 2. Kendall’s 7 correlation analysis between emission
characteristics of AGN from the M1-1FGL sample.

All Quasars BL Lacs

Al A2 T P T P T P

Lviea Lopt 02 1x1077 0.2 2x1077 0.1 0.6

L, Lopt 0.2 2x1072 02 1x107? 0.1 0.7
L, Lvipa 04 1x107° 03 1x107* 0.4 5x10-2
L, R 04 3x107° 02 1x1072 06 1x1072
Lopt  Sy/Sviea —0.3 1x107* 0.2 4x1072 05 2x107°

have higher Doppler factors (or Lorentz factors if outflows
radiating in optical and 7-ray bands have the same view-
ing angle) in the gamma domain compared to those in
the radio domain. The slope of the best-fit line is steeper
for BL Lacs (—0.89 £ 0.21) than for quasars (—0.24 +0.1)
and the difference is statistically significant. We suggest
that, on the average, the ratio between the Doppler fac-
tors in gamma and radio regimes varies slower for quasars
than for BL Lacs, indicating for different velocity regimes
in their jets.

The significant differences found between quasars and
BL Lacs are supported in recent studies (e.g. Ghisellini et
al. 2009, Sambruna et al. 2010, Tornikoski et al., in these
proceedings) suggesting the presence of different physical
conditions along the jet in quasars and BL Lacs. This and
other insights into the relationship between the y-ray, ra-
dio, and optical emission will be pursued in a more detail
in further studies.

4. Summary

Using the sample of 100 superluminal quasars and BL Lacs
detected by Fermi/LAT, we investigate relations between
their optical, radio, and y-ray emission available from non-
simultaneous observations. Our main results are summa-
rized as follows:

— The detection rate of y-ray superluminal AGN is high
for optically bright AGN.

— The known positive correlation between Lop: and
Lvyiga holds for the M2-1FGL quasars at a confi-
dence level of 98 %. The known correlation between
v-ray flux and radio flux density (measured quasi-

simultaneously) is also valid for non-simultaneous mea-
surements of L, and Lyrpa for quasars. The L, —
Lvyypa correlation is significantly stronger than that
in the L, — Lop relation plane.

— There is a correlation between Loy and L., which ex-
clusively holds for quasars. The correlation is signifi-
cant for the M2-1FGL quasars (at a confidence level of
99 %) and marginally significant for quasars from the
M1-1FGL sample (c.l. 95%).

— We report a statistically significant positive correla-
tion (c.l. > 99 %) between y-ray luminosity and radio-
loudness for both, quasars and BL Lacs. The slope of
the L, — R relation is found to be steeper for the pop-
ulation BL Lacs.

— We find that the radio luminosity at 15 GHz is in-
dependent of the v-radio loudness (S,/Svisa) for
quasars and BL Lacs. The y-optical loudness (.S, /Sopt)
and optical nuclear luminosity are negatively corre-
lated for quasars (c.l. 96 %) and BL Lacs (c.l. 99.9 %)
with the slope of the later being steeper.
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Abstract. The evolutionary stage of a powerful radio source originated by an AGN is related to its linear size. In
this context, compact symmetric objects (CSOs), which are powerful and intrinsically small (< 1kpc) radio sources
with a convex synchrotron radio spectrum that peaks around the GHz regime, should represent a young stage in
the individual radio source life. Their radio jets expand within the dense and inhomogeneous interstellar medium of
the host galaxy, which may influence the source growth. The radio emission is expected to evolve as a consequence
of adiabatic expansion and radiative and inverse Compton losses. The role played by the different mechanisms in

the radio and gamma regimes is discussed.

1. Introduction

Powerful (L; 4gm, > 10%° WHz™!) and intrinsically com-
pact (linear size LS < 1-20 kpc) extragalactic radio sources
are considered to represent an early stage in individual ra-
dio source evolution. Their main characteristic is the ris-
ing synchrotron radio spectrum which turns over at fre-
quencies from a few hundred MHz up to the GHz regime.
The mechanism responsible for the spectral peak is syn-
chrotron self-absorption (SSA; Snellen et al. 2000), al-
though an additional contribution from free-free absorp-
tion (FFA) is present in the most compact objects (Orienti
& Dallacasa 2008, Kameno et al. 2000).

When imaged with the high spatial resolution provided
by radio interferometers, these objects resemble a scaled-
down version of the classical edge-brightened FR II radio
galaxies (Fanaroff & Riley 1974). Given their compact and
two-sided structures, Wilkinson et al. (1994) termed these
sources “Compact Symmetric Objects” (CSO) and sug-
gested a possible evolutionary connection with the larger
radio galaxies. Conclusive evidence of the genuine youth
of this class of objects came from the determination of
both kinematic (Polatidis & Conway 2003) and radiative
(Murgia 2003, Murgia et al. 1999) ages, which were shown
to be in the range of 103-10° years.

Several studies of samples of compact radio sources
(O’Dea & Baum 1997) show an anti-correlation between
the peak frequency and the linear size: the higher the
peak frequency v, the smaller the source is. This anti-
correlation agrees well with an evolutionary scenario
where the peak, caused by SSA, moves to lower frequen-
cies as the source adiabatically expands. In this context we
can draw an evolutionary path linking the different stages
of source evolution: the smaller sources (LS < 1-50 pc),
with v, above a few GHz and known as high frequency
peakers (HFP), will evolve into the GHz-peaked spectrum
(GPS) sources, with LS ~ 1kpc and v, ~ 1 GHz, which
will become compact steep spectrum (CSS) objects (LS

29

~ 1-20kpc, and v ~ 100 MHz), i.e. the progenitors of
FRIIs.

Several evolutionary models (i.e Fanti et al. 1995,
Kaiser & Alexander 1997) have been developed to describe
the various steps of the source growth. Given the compact
sizes, these objects reside entirely within the host galaxy,
enshrouded by the dense and inhomogeneous interstellar
medium (ISM), where jet-cloud interaction may play a
role in the source growth (Jeyakumar 2009).

In this contribution we describe the role played by
the various mechanisms in the source evolution, such
as adiabatic expansion, energy losses, and their effects
on the source spectrum, in particular in the radio and
gamma regimes. Throughout this paper we assume Hy =
7T1kms~Mpc™!, Qum 0.27, Qa 0.73, in a flat

Universe. The spectral index is defined as S(v) oc v—.

2. Physical properties

The knowledge of the magnetic field has crucial implica-
tions to the determination of radio source evolution. The
models developed so far consider that the radio sources
are in a minimum energy condition, which corresponds
to equipartition between the particle energy and the mag-
netic field (Pacholezyk 1970). However, there is no a-priori
reason why a radio source must be in equipartition.

A direct way to measure the magnetic field is based
on observational parameters. In fact, in the case that
the spectral peak is produced by SSA, the magnetic field
H can be computed from the peak frequency v, peak
flux density S,, and angular size 6 by the relationship
(Kellermann & Paulinity-Toth 1981):
H ~ f()0*v3S 2 (1+12)"", 1)
where f(a) is a function weakly dependent on the spectral
index (f,=8 for a=0.5), and z is the redshift. The region
considered in Eq. 1 is assumed to be homogeneous and
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deviations from this assumption introduce uncertainties.
Studies of a few CSS sources carried out at low frequen-
cies (i.e., close to their peak frequency) were subject to
substantial uncertainties on the component size. The high
spatial resolution and the frequency coverage of the VLBA
match well the requirements for a proper study of the most
compact HFP sources, whose spectrum is reasonably fit-
ted by self-absorbed synchrotron emission from a homo-
geneous component. The magnetic field derived for a sam-
ple of very young and compact HFP (Orienti & Dallacasa
2008) has been found in good agreement with the equipar-
tition magnetic field, with values around a few tens of mG.

In the presence of such high magnetic fields, the radia-
tive losses are very severe, making the lifetime of the rel-
ativistic electrons responsible for the radio emission very
short, and causing a marked cut-off in the optically-thin
part of the spectrum. If the particle injection stops, the
radio spectrum rapidly shifts towards low frequencies, be-
coming undetectable by conventional observations, since
only low-energy electrons will be able to survive longer in
such high magnetic fields.

It should be noted that in a few source components,
the magnetic field computed directly from the observa-
tional parameters is very different from the equipartition
value. In these cases the analysis of their radio spectra in-
dicates that the optically-thick regime is too inverted to
be due to SSA (see Sect. 3), and an additional contribu-
tion from FFA is needed. This implies that the magnetic
field derived from observational parameters is physically
meaningless.

3. The ambient medium

The onset of radio emission is thought to be related to
merger or accretion events which feed the central active
galactic nucleus (AGN). For this reason, the interstel-
lar medium of galaxies hosting a radio source is rather
dense and inhomogeneous. Statistical studies of atomic
hydrogen in absorption of a sample of young radio sources
(Pihlstréom et al. 2003, Gupta et al. 2006) have shown an
anti-correlation between the linear size and the HI column
density (Npp): the larger the source, the smaller the HI col-
umn density is. This can be explained assuming that the
neutral hydrogen is settled in a circumnuclear torus/disk:
the HI absorption is detected against the receding jet
when our line of sight passes through the disk/torus along
its way toward the radio emission. This interpretation is
based on observations with poor spatial resolution. When
pc-scale VLBI observations have been performed, it has
been noted that in some compact sources, like 4C +12.50
(Morganti et al. 2005) the HI absorption is not produced
by an organized circumnuclear structure, but it probably
comes from an unsettled off-nuclear cloud located where
the jet bends.

Other evidence of an inhomogeneous medium en-
shrouding the radio sources arises from the distribution
of the ionized medium. VLBI studies of the compact HFP
sources 0Q 208 (Kameno et al. 2000), J0428+3259, and

J1511+0518 (Orienti & Dallacasa 2008) could locate FFA
against one lobe only, indicating an asymmetric distribu-
tion of the ionized gas. Given their intrinsically small lin-
ear size, young radio sources reside completely within such
a dense and inhomogeneous environment, where jet-ISM
interaction may influence the source evolution. Various
studies of young radio sources have pointed out that in
a large number of objects the brightest lobe is also the
closest to the core (Saikia et al. 2003, Orienti et al. 2007).
Such asymmetries are better interpreted in terms of jet-
ISM interaction instead of projection effects. Furthermore,
the detection of HI in absorption against only the bright-
est (and closest to the core) lobe of 3C49 and 3C 268.3
(Labiano et al. 2006) strongly supports this interpretation.
During the time the jet is piercing the cloud, its velocity is
considerably slowed down. The interaction prevents adia-
batic expansion and the radio luminosity is enhanced by
strong radiative losses.

4. High energy emission

Although young radio sources are preferentially studied in
the radio band, knowledge of their high energy emission is
crucial in providing us information on the central region
of the AGN and on their total energy distribution, i.e., a
key element in understanding the source fate.

X-ray detections of GPS/CSSs registered a dras-
tic increase with the advent of the XMM-Newton and
Chandra observatories. Observational campaigns on GPS
and CSS galaxies (Guainazzi et al. 2006, Vink et al. 2006,
Tengstrand et al. 2009) and quasars (Siemiginowska et
al. 2008) have been performed for the first time with de-
tection fractions of nearly 100% of the selected subsam-
ples. However, for most of the cases, the extreme com-
pactness of the sources combined with the spatial reso-
lution of the X-ray observatories (~ 1” in the best case
with Chandra) prevents resolving the X-ray morphology
and locating the site of origin of the high-energy emission.
Therefore, these studies rely mainly on analysis of the X-
ray spectral properties (presence of an intrinsic absorber,
evaluation of X-ray intrinsic luminosities), but the identi-
fication of the various spectral features is often controver-
sial. As a consequence, the origin of the X-ray and high-
energy emission remains still a matter of debate. Thermal
high energy/X-ray emission is expected from the accre-
tion disk’s hot corona or it could arise from interactions
between the expanding radio source and the interstel-
lar medium (Reynolds et al. 2001, Bicknell & Sutherland
2006). A significant contribution to the total X-ray flux
can be given by the extended components, namely jet,
hot spots and lobes, overpressured and powerful at the
initial stages. In this case, the mechanism at the basis
of high energy emission may be inverse Compton (IC)
of either the thermal UV/IR photons from the accretion
disk/circumnuclear torus by the lobes’ relativistic elec-
trons (Stawarz et al. 2008, Ostorero et al. 2010), or syn-
chrotron photons by a dominant jet component (Migliori
et al., in prep.). IC emission from the lobes should most
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Fig. 1. Modeled SED for a knot located at 100 pc from the core
(see text). The different curves show the modeled components:
synchrotron emission (synch., black solid line), SSC emission
(SSC, red dashed line), comptonized disc and torus photons
(EC/disk and EC/dust wiolet dot-dashed line and green dot-
double dashed line respectively), and IC emission of external
synchrotron photons from a blazar-like component (EC/synch.,
blue double-dot-dashed line).

likely be dominant in GPS galaxies, where projection ef-
fects should be marginal, while IC emission from jet com-
ponents is favored in more powerful GPS and CSS quasars.
In the former case, the intensity of the IC emission for a
given jet kinetic power, strictly depends on both the lobe
size (i.e. its compactness), and the thermal photons aris-
ing from the dense and inhomogeneous nuclear ambient
medium embedding the radio source. In the latter case,
the ingredients at the basis of the high-energy emission
are both the velocity of the emitting region, namely a jet
knot, and its direction (approaching or moving away) rel-
ative to the source of the external thermal/non-thermal
photon seeds. We note that while IC emission from the
lobes is isotropic, the emission from the jet can be strongly
beamed. More complexity is added when we consider a jet
with a velocity structure, either axial (see e.g., Ghisellini
et al. 2005) or radial (Celotti et al. 2001, Georganopoulos
& Kazanas 2003), and synchrotron photons of the fast
moving component are up-scattered by the electrons in
the slower one.

As an example, we show in Fig. 1 the results for a
synchrotron and IC modeled SED for a knot located at
100 pc from the nuclear region, emitting an intrinsic in-
tegrated luminosity L, ,; = 10% ergs™1. The expected
IC emission produced by the knot electrons with the lo-
cal synchrotron photons (synchrotron self Compton, SSC),
and the external Compton with UV /disc (EC/disc) and
IR/torus (EC/torus) photons are calculated. The bolo-
metric disc luminosity is L. = 10%6 ergs~—! and about
10% of the disc luminosity is reprocessed in the torus. The
knot is moving with a bulk motion I'y; = 1.1, and the elec-

tron energy distribution is described by a simple power law
(N(y) < v~P) with an energy spectral index p = 2.6 and
extremes Ymin = 10 and Ymax = 10°. A second knot, which
releases an intrinsic integrated synchrotron luminosity of
Ll ko = 10" ergs™ is located at the jet base and it has
a highly relativistic motion (I'kz = 15). The synchrotron
photons coming from this internal blazar-like component
are up-scattered by the electrons in the slow-moving outer
knot, (EC/synch., see Celotti et al. 2001 for a complete
description of the model). The jet axis has an inclination
of 60 degrees with respect to the observer line of sight. The
dominant contribution to the high energy emission is pro-
vided by the EC/synch. emission. Thus, the presence of a
velocity gradient along the jet seems to play a determining
role in the production of the high energy emission.

4.1. Non-thermal ~y-ray emission

An interesting aspect of the non-thermal scenarios, both
for lobes in galaxies and jets in quasars, is that compact
sources are also expected to be important v-ray emitters.
Observations in the v-ray band could be important for
several aspects:

— they should allow us to discriminate gen-
uinely young/compact sources from projected
sources/blazars. In particular, simultaneous, multi-
wavelength (radio to y-ray) observations carried out
at various epochs, are a powerful tool to catch the
elusive variability typical of blazars.

— they should be a decisive confirmation of the non-
thermal hypothesis, since high-energy thermal emis-
sion is expected to rapidly drop in the MeV-GeV en-
ergy bands. Anyway, on this regard it is worth not-
ing that at the current Fermi/LAT sensitivity only
the most powerful and near objects may be detected.
Certainly this introduces a fundamental bias, espe-
cially for the quasar class on average located at rel-
atively high redshifts.

— ~-ray emission from the jet could allow us to shed light
on the jet dynamics during the initial stages, whether
there is a single velocity or a more complex structure.
In this case, a comparison with the giant counterparts
detected by Fermi/LAT could also be important to
better understand the general evolutionary path.

5. Conclusions

Intrinsically compact radio galaxies represent a high frac-
tion (15%-30%) of the sources selected in flux-limited
radio catalogues. Their compactness, together with their
two-sided morphology, suggests that their radio emission
is still in a young phase and it will likely evolve into the
large, edge-brightened radio galaxies. This class of objects
is characterized by their peaked synchrotron spectrum,
likely produced by SSA. Their physical properties indi-
cate that they are in equipartition conditions with typical
values of the magnetic fields from a few mG to a few hun-
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dred mG in the most compact and brightest components.
Such high magnetic fields cause severe energy losses for
the relativistic electrons, thus producing steep optically-
thin spectra. The ambient medium enshrouding these ra-
dio sources is quite dense and inhomogeneous, where jet-
cloud interaction may take place and influence the source
growth, for example impeding the jet expansion.

Although these sources are mainly studied in the ra-
dio band, their X-ray emission has been detected with
the advent of Chandra and XMM-Newton observatories.
However, the insufficient spatial resolution prevented us
from constraining the site of the X-ray emission, since both
thermal and non-thermal models are degenerate in the
X-ray band. Non-thermal inverse Compton produced by
relativistic electrons from lobes or jet components with ei-
ther thermal photon seeds from the ambient medium (i.e.,
disc/torus), or non-thermal synchrotron photons from a
relativistic jet knot, may be at the origin of the high-
energy emission. Fermi/LAT observations in the v-ray
regime will help us in defining the actual region responsi-
ble for the high-energy emission, as well as the structure
of the newly born radio jets.
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Abstract. The MASIV 5 GHz VLA flat-spectrum radio source variability survey of the northern sky has discovered
that more than half of its 475 targets exhibited interstellar scintillation (ISS) at one or more of the four survey
epochs. We present the first results of the spectroscopic identifications of the sample. For 253 sources the spectro-
scopic identification is obtained and evaluated from the literature. For 76 sources in the RA range 13" -24" we
use data from our own observations with the Nordic Optical Telescope and the Palomar Hale Telescope. Based
on their optical spectrum and luminosity, the majority of the sources are QSOs. However there are many BL Lac
objects and some narrow line/weak AGN in the sample. The BL Lac fraction appears to be much higher amongst
the ISS than non-ISS sources and most other type of AGN than BL Lac or FSRQ are non-ISS sources, which
indicates a higher incidence of bright, compact cores in BL Lacs. Our results show that ISS sources have a flat
redshift distribution in comparison to the non-ISS sources. Particularly intriguing is a lack of z >2 ISS sources in
the MASIV sample, which may be explained by the scattering properties of the Intergalactic Medium. The radio
and optical luminosities of ISS and non-ISS sources are similar. Finally, we find that about 50% of the ISS sources

with S5 an, > 0.3Jy are LAT-detected in comparison to a 25% detection rate of the non-ISS sources.

1. Introduction

There is now considerable evidence that Short-Timescale
Variability (STV) results primarily from scintillation in
the turbulent ionized interstellar medium of our Galaxy.
This conclusion emerges from two lines of observational
evidence. Time delays have been detected between the ar-
rival times of the intensity fluctuations from STV sources
at two widely-spaced telescopes (e.g Bignall et al. 2006).
Further, annual cycles have been detected in the timescale
of STV sources (Jauncey et al. 2003), a periodic modula-
tion that most plausibly results from the change in the
relative velocity of the Earth and the scattering medium
through the course of a year. Though questions remain
(Jauncey et al. 2001 & Krichbaum et al. 2002), interstel-
lar scintillation is the only reasonable explanation of these
observations.

Though an extrinsic (as opposed to intrinsic) origin
for STV points to less extreme physical conditions for the
sources that exhibit this phenomenon, scintillators are still
among the most extreme and active radio AGN known.
For a source to scintillate its angular size must be com-
parable to that of the first Fresnel zone (Narayan 1992)
which implies microarcsecond angular sizes for screen dis-
tances of tens to hundreds of parsecs. Further, brightness
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temperatures of some scintillators are well in excess of
10" K (Macquart 2000) which implies Doppler factors of
several hundred or more (Readhead 1994) which is signif-
icantly higher than seen in VLBI surveys (e.g., Zensus et
al. 2003). Thus, an investigation of the properties of AGN
that exhibit STV is of considerable astrophysical interest.

In order to construct a large sample of scintillating
extragalactic sources with which to examine microarc-
second structure, parent population and the spatial dis-
tribution of scintillators, and to probe the turbulent
ISM responsible for the scintillation, the Microarcsecond
Scintillation-Induced Variability (MASIV) survey was un-
dertaken (Lovell et al. 2003).

2. The sample

The MASIV sample has its roots in two radio cata-
logues CLASS (Cosmic Lens All Sky Survey; Myers et
al. 1995) and JVAS (Jodrell Bank VLA Astrometric
Survey; e.g., Wilkinson et al. 1998). Compact sources,
unresolved at 8.4 GHz with the VLA, and having a flat-
spectrum (CLASS/JVAS vs NVSS catalog (NRAO VLA
Sky Survey; Condon et al. 1998) with a spectral index
lower limit of —0.3 (S o v*) were chosen. The sample
was next reduced into strong (Ss. 4 gr» > 0.6Jy) and weak
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subsamples (Ss.4cr. < 0.13Jy) of about 300 sources each.
Finally, the sources were selected to have uniform sky dis-
tribution in order to have the best possible coverage for the
Very Large Array (VLA) at 5 GHz observations (see Lovell
et al. 2003 for details). After removing sources with the
presence of structure or confusion we are left with the fi-
nal sample of 475 point sources common to all four epochs
of MASIV observations. Lovell et al. (2008) presented the
statistical analysis of the VLA data and found that the
STV properties are consistent with the ISS. About 43%
of the sources were variable in more than two epochs. The
majority of the scintillators appear to be “episodic” (vary-
ing only in some epochs) rather than “persistent” (varying
at all epochs) and “Rapid” scintillators with short intra-
hour timescales are remarkably rare. For the analysis be-
low, we compare the optical and radio properties to the
STV. Following Lovell et al. (2008), we label sources which
show STV in ‘X’ epochs, ‘STVX’ where X’ is zero for
non-STV sources and 1, 2, 3 or 4 for source that met the
MASIV variability criteria for one, two, three or all four
epochs and finally sources with two or more time showing
STV are grouped as ISS-sources.

3. Optical data

The main goal of this work is to present the spectroscopic
identifications and redshifts of the MASIV sample. The
majority of the radio strong sample sources have observed
spectroscopically and the results collected in NED (68%).
However this is not the case with the weak sample (22%).
In order to define the sample for optical spectroscopy
and select appropriate observing resources accurate op-
tical identification was a prerequisite.

For optical identification we used mainly the Sloan
Digital Sky Survey (SDSS DR 5 Adelman-McCarthy et al.
2007) and GSC 2.3 (Lasker et al. 2008). 165 sources were
identified from the SDSS DR5, which is complete down to
r=22.5 (Aeys ~6230A) with astrometric accuracy about
0”1 (Pier et al. 2003) and covers ~8000 square degrees,
essentially the Galactic gap and some smaller patches.
For 223 sources we used GSC 2.3 which is scans of the
POSS-II plates, and have F magnitudes (\.;; ~6500A)
down to 20.5 with poorer photometric (~0.15 mag) and
astrometric accuracy (073) than the SDSS.

The new redshift were obtained using the 2.56m
Nordic Optical Telescope (NOT) which is located at La
Palma and the 5m Palomar Hale Telescope. Most of the
NOT data was obtained during two observing runs (July
2005 and July 2006) supplemented by a few additional
nights. The Hale data was obtained during an observing
run on August 2007. At NOT, low resolution (dispersion
of 3A /pixel) spectra were obtained using ALFOSC with
grism 4 with practical wavelength coverage about 3800 -
8000A. At Hale, the Double Spectrograph (DBSP) was
used with continuous wavelength coverage from ~ 3400 to
9500 A, with dispersion of ~1A and ~4.9A per pixel for
blue and red arms respectively.
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Fig. 1. VLA versus galactic extinction corrected R-band flux
density. The diagonal lines indicate constant radio-optical flux
ratio where open symbols are non-ISS sources, crosses STV1
and filled ISS sources. The vertical line indicates upper limit.

The redshifts were determined from the narrow emis-
sion lines whenever possible or, in most cases, broad emis-
sion lines. On the basis of the optical spectrum the sources
have been divided into three main groups: weak line ob-
jects (mainly BL Lacs), objects with strong and broad
lines (mainly FSRQ) and objects with strong and narrow
lines (mainly Seyfert 2’s). Our spectroscopic classification
scheme is adapted from previous works e.g., Caccianiga et
al. (2002a).

4. Results, Sample properties

The optical identification rate is 86% (215) for the radio
“strong” and 77% (197) for the “weak” sample. The ap-
parent magnitudes are similar amongst the STV-groups
and there is no evidence of an STV apparent optical
brightness correlation. Figure 1 shows the optical versus
radio flux density with diagonal lines indicating constant
radio-optical flux ratio, suggesting that the “weak” sample
has a broader range of SEDs than the “strong” one.

We have measured 70 new redshifts with spectroscopic
identification and 6 new featureless spectrum BL Lacs
from our own observations. In addition we include 232
redshifts and 21 BL Lac objects from the literature. The
majority (79%, 261) of the sources have broad emission
lines (FSRQs, some Syls) the next largest group is BL Lac
objects (15%, 48) and the remaining 6% (20) are low lumi-
nosity AGNs (Sy2, PEG, LINER) and galaxies. There is
only little difference in the spectroscopic identification be-
tween the radio “strong” and “weak” samples. At redshift
z < 0.2, most of the “strong” sample objects are BL Lacs
or have broad emission lines in contrast to the “weak”
sample, where most low-z objects have narrow emission
lines or “galaxy” type of spectrum. Interestingly, only one
of the ISS 