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1 INTRODUCTION

ABSTRACT

We present first results from RoboPol, a novel-design optical polarimeter operating at the
Skinakas Observatory in Crete. The data, taken during the 2013 May—June commissioning of
the instrument, constitute a single-epoch linear polarization survey of a sample of gamma-ray-
loud blazars, defined according to unbiased and objective selection criteria, easily reproducible
in simulations, as well as a comparison sample of, otherwise similar, gamma-ray-quiet blazars.
As such, the results of this survey are appropriate for both phenomenological population studies
and for tests of theoretical population models. We have measured polarization fractions as low
as 0.015 down to R-mag of 17 and as low as 0.035 down to 18 mag. The hypothesis that the
polarization fractions of gamma-ray-loud and gamma-ray-quiet blazars are drawn from the
same distribution is rejected at the 30 level. We therefore conclude that gamma-ray-loud and
gamma-ray-quiet sources have different optical polarization properties. This is the first time
this statistical difference is demonstrated in optical wavelengths. The polarization fraction
distributions of both samples are well described by exponential distributions with averages of
(p) = 6.410% x 1072 for gamma-ray-loud blazars, and (p) = 3.273" x 10~ for gamma-ray-
quiet blazars. The most probable value for the difference of the means is 3.4755 x 1072, The
distribution of polarization angles is statistically consistent with being uniform.

Key words: polarization — galaxies: active — galaxies: jets — galaxies: nuclei.

the physics of jet launching and confinement, particle acceleration,
emission, and variability remain unclear, despite decades of intense

Blazars, which include BL Lac objects and flat spectrum radio
quasars (FSRQs), represent the class of gamma-ray emitters with the
largest fraction of members associated with known objects (Nolan
et al. 2012). They are active galactic nuclei with their jets closely
aligned to our line of sight (Blandford & Konigl 1979). Their emis-
sion is thus both beamed and boosted through relativistic effects, so
that a large range of observed properties can result from even small
variations in their physical conditions and orientation. As a result,

* E-mail: pavlidou@physics.uoc.gr

© 2014 The Authors

theoretical and observational studies.

Blazars are broad-band emitters exhibiting spectral energy distri-
butions ranging from cm radio wavelengths to the highest gamma-
ray energies (e.g. Giommi et al. 2012) with a characteristic ‘double-
humped’ appearance. While the mechanism of their high-energy
(X-ray to gamma-ray) emission remains debatable, it is well estab-
lished that lower energy jet emission is due to synchrotron emission
from relativistic electrons. Linear polarization is one property char-
acteristic of the low-energy emission.

Polarization measurements of blazar synchrotron emission can
be challenging, yet remarkably valuable. They probe parts of the
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radiating magnetized plasma, where the magnetic field shows some
degree of uniformity quantified by %, where By is a homogeneous
field and B is the total field (e.g. Sazonov 1972). The polarized ra-
diation then carries information about the structure of the magnetic
field in the location of the emission (strength, topology and unifor-
mity). Temporal changes in the degree and direction of polarization
can help us pinpoint the location of the emitting region and the
spatiotemporal evolution of flaring events within the jet.

Of particular interest are rotations of the polarization angle in
optical wavelengths during gamma-ray flares, instances of which
have been observed through polarimetric observations concurrent
with monitoring at GeV and TeV energies, with Fermi-LAT (At-
wood et al. 2009) and MAGIC (Baixeras et al. 2004), respectively
(e.g. Marscher et al. 2008; Abdo et al. 2010a). If such rotations were
proven to be associated with the outbursting events of the gamma-
ray emission, then the optopolarimetric evolution of the flare could
be used to extract information about the location and evolution of
the gamma-ray emission region.

Such events have stimulated intense interest in the polarimetric
monitoring of gamma-ray blazars (e.g. Hagen-Thorn et al. 2006;
Smith et al. 2009; Ikejiri et al. 2011). These efforts have been fo-
cusing more on ‘hand-picked’ sources and less on statistically well-
defined samples aiming at maximizing the chance of correlating
events. Consequently, although they have resulted in the collection
of invaluable optopolarimetric data sets for a significant number
of blazars, they are not designed for rigorous statistical studies of
the blazar population; the most obvious one being the investigation
of whether the observed events are indeed statistically correlated
with gamma-ray flares, or are the result of chance coincidence. The
RoboPol programme has been designed to bridge this gap.

The purpose of this paper is twofold. First, we aim to present the
results of a survey that RoboPol conducted in 2013 June which is the
first single-epoch optopolarimetric survey of an unbiased sample of
gamma-ray-loud blazars. As such, it is appropriate for statistical
phenomenological population studies and for testing blazar pop-
ulation models. Secondly, we wish to alert the community to our
optopolarimetric monitoring programme and to encourage com-
plementary observations during the Skinakas winter shutdown of
December—March.

After a brief introduction to the RoboPol monitoring programme
in Section 2, the selection criteria for the 2013 June survey sam-
ple and the 2013 July—November monitoring sample are reviewed
in Section 3. The results from the 2013 June survey are presented
in Section 4, where the optical polarization properties of the sur-
vey sample and possible differences between gamma-ray-loud and
gamma-ray-quiet blazars are also discussed. We summarize our
findings in Section 5.

2 THE RoboPol OPTOPOLARIMETRIC
MONITORING PROGRAMME

The RoboPol programme has been designed with two guiding prin-
ciples in mind:

(1) to provide data sets ideally suited for rigorous statistical stud-
ies;

(i1) to maximize the potential for the detection of polarization
rotation events.

To satisfy the former requirement, we have selected a large sample
of blazars on the basis of strict, bias-free, objective criteria, which
are discussed later in this paper. To satisfy the latter, we have se-
cured a considerable amount of evenly allocated telescope time;
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we have constructed a novel, specially designed polarimeter — the
RoboPol instrument (Ramaprakash et al., in preparation, hereafter
‘instrument’ paper); and we have developed a system of automated
telescope operation including data reduction that allows the im-
plementation of dynamical scheduling (King et al. 2014, hereafter
‘pipeline’ paper). The long-term observing strategy of the RoboPol
programme is the monitoring of ~100 target (gamma-ray-loud)
sources and an additional ~15 control (gamma-ray-quiet) sources
with a duty cycle of about three nights for non-active sources and
several times a night for sources in an active state.

2.1 The RoboPol instrument

The RoboPol instrument (described in the ‘instrument’ paper) is a
novel-design four-channel photopolarimeter. It has no moving parts,
other than a filter wheel, and simultaneously measures both linear
fractional Stokes parameters ¢ = Q/I and u = U/I. This design
bypasses the need for multiple exposures with different half-wave
plate positions, thus avoiding unmeasurable errors caused by sky
changes between measurements and imperfect alignment of rotat-
ing optical elements. The instrument has a 13 arcmin x 13 arcmin
field of view, enabling relative photometry using standard catalogue
sources and the rapid polarimetric mapping of large sky areas. It is
equipped with standard Johnson—Cousins R- and /-band filters from
Custom Scientific. The data presented in this paper are taken with
the R-band filter. RoboPol is mounted on the 1.3-m, f/7.7 Ritchey—
Cretien telescope at Skinakas Observatory (1750 m, 23°53'57"E,
35°12'43”N; Papamastorakis 2007) in Crete, Greece. It was com-
missioned in 2013 May.

2.2 The first RoboPol observing season

In 2013 June, RoboPol performed an optopolarimetric survey of a
sample of gamma-ray-loud blazars, results from which are presented
in this paper. Until 2013 November, it was regularly monitoring
(with a cadence of once every few days) an extended sample of
blazars, described in Section 3. These sources were monitored until
the end of the observing season at Skinakas (2013 November).
The results of this first-season monitoring will be discussed in an
upcoming publication.

2.3 Multiband monitoring of the RoboPol sources

All of our sources (including the control sample) are monitored
twice a week at 15 GHz by the Owens Valley Radio Obser-
vatory (OVRO) 40-m telescope blazar monitoring programme
(Richards et al. 2011). 28 of them are also monitored at 30 GHz
by the Torun 32-m telescope (e.g. Browne et al. 2000; Peel
et al. 2011). Additionally, our sample includes most sources mon-
itored by the F-GAMMA programme (Fuhrmann et al. 2007;
Angelakis et al. 2010) that are visible from Skinakas; for these
sources, the F-GAMMA programme takes multiband radio data
(total power, linear and circular polarization) approximately once
every 1.3 months. By design, Fermi-LAT in its sky-scanning mode
is continuously providing gamma-ray data for all of our gamma-
ray-loud sources. In this way, our sample has excellent multiband
coverage. These multiwavelength data will be used in the future to
correlate the behaviour of our sample in optical flux and polarization
with the properties and variations in other wavebands.
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Table 1. Selection criteria for the gamma-ray-loud and the control sample. A summarizing chart is shown in Fig. 1.

Property Allowed range for the June survey Allowed range for the 2013 monitoring
Gamma-ray-loud sample

2FGL F(>100) MeV >2x 1078 cm 257! >2x 1078 cm2s7!

2FGL source class agu, bzb, or bzq agu, bzb, or bzq

Galactic latitude |b| >10° >10°

Elevation (Elv) constraints®

Elv > 30° for at least 30 min in June

Elvmax > 40° for at least 120 consecutive
days in the window June—-November
including June

R-mag <182 <17.5¢
Control sample
CGRaBS/15 GHz OVRO monitoring Included Included
2FGL Not included Not included
Elevation constraints® None Elvimax > 40° constantly in the window
mid-April-mid-November
R-mag <18 <17.5°
OVRO 15 GHz mean-flux density N/A >0.060 Jy
OVRO 15 GHz intrinsic modulation index, m  >0.02 >0.05
Declination >5428 (circumpolar) N/A

“Refers to elevation during Skinakas dark hours.
b Archival value.

¢Average value between archival value and measured during preliminary RoboPol Skinakas observations in 2012 June (when

applicable).
3 SAMPLE SELECTION CRITERIA

3.1 Parent sample

We construct a gamma-ray flux-limited ‘parent sample’ of gamma-
ray-loud blazars from the second Fermi-LAT source catalogue
(Nolan et al. 2012) using sources tagged as BL Lac (bzb), FSRQ
(bzq), or active galaxy of uncertain type (agu). The parent sample
is created the following way:

(i) for each source, we add up Fermi-LAT fluxes above 100 MeV
to obtain the integrated photon flux F(>100MeV),

(i) we exclude sources with F(>100MeV) less than or equal to
2x 108 cm 257!, and

(iii) we exclude sources with galactic latitude |b| < 10°.

This leaves us with 557 sources in the parent sample. We have
verified that the sample is truly photon-flux limited since there is
no sensitivity dependence on spectral index or galactic latitude with
these cuts. Of these 557 sources, 421 are ever observable from
Skinakas: they have at least one night with airmass less than 2,
(or, equivalently, elevation higher than 30°), for at least 1 h, within
the dark hours of the May—November observing window. Archival
optical magnitudes were obtained for all 557 sources in the parent
sample mostly in the R-band using the BZCAT (Massaro et al. 2009),
CGRaBS (Healey et al. 2008), LQAC 2 (Souchay et al. 2011) and
GSC 2.3.2 (Lasker et al. 2008) catalogues.'

3.2 2013 June survey sample

The 2013 June survey sample was constructed of parent sample
sources with a recorded archival R-mag less than or equal to 18
(R < 18) which were visible from Skinakas during dark hours in
the month of 2013 June for at least 30 min at airmass less than
2. The selection criteria for the candidate sources in this sample

' Two sources were found in the V band, eight in the B band and two in the
N band (0.8 pm).

are summarized in Table 1. This selection resulted in 142 sources
potentially observable in the month of June which constitute a sta-
tistically complete sample. The sources were observed according to
a scheduling algorithm designed to maximize the number of sources
that could be observed in a given time window based on rise and set
times, location of sources on the sky, and resulting slewing time of
the telescope. At the end of the survey, 133 of these sources had been
observed. Because the scheduling algorithm was independent of in-
trinsic source properties, the resulting set of 133 observed sources
is an unbiased subsample of the statistically complete sample of the
142 sources (summary in Fig. 1). The completeness of the sample
is 93 per cent for sources brighter than 16 mag, 95 per cent (81/85)
for sources brighter than 17 mag, and 94 per cent (133/142) for
sources brighter than 18 mag.

To identify sources suitable for inclusion in the ‘control’ sam-
ple, a number of non-2FGL Candidate Gamma-Ray Blazar Survey
(CGRaBS; Healey et al. 2008) blazars were also observed during the
June survey. CGRaBS was a catalogue of likely gamma-ray-loud
sources selected to have similar radio and X-ray properties with
then known gamma-ray-loud blazars. However, because Fermi has
amuch improved sensitivity at higher energies than its predecessors,
Fermi-detected blazars include many sources absent from CGRaBS,
with harder gamma-ray spectra than CGRaBS sources, especially
at lower gamma-ray fluxes. To ensure that non-CGRaBS sources
among our gamma-ray-loud sample do not affect our conclusions
when populations of gamma-ray-loud and gamma-ray-quiet blazars
are found to have significantly different properties, we will also
be performing comparisons between our ‘control’ sample and that
fraction of our gamma-ray-loud sample that is also included in
CGRaBS.

Candidate sources for these observations were selected according
to the criteria listed in Table 1. There, the radio variability amplitude
is quantified through the intrinsic modulation index m as defined
by Richards et al. (2011), which measures the flux density standard
deviation in units of the mean flux at the source. For the sources
discussed in Section 4, m is reported in Table 3. The criteria of
Table 1 result in a statistically complete sample of 25 in principle

MNRAS 442, 1693-1705 (2014)
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CGRaBS ‘|
Table 1: Table 1:
Control Sample criteria Control Sample criteria
column 2 column 3

2FGL

Table 1:
Gamma-ray—loud criteria
rows: 1,2,3

Parent sample
557 sources
(Section 3.1)

Table 1:
Gamma-ray—loud criteria Table 1: o
column 3, rows 4,5 Gamma-ray—Iloud criteria
column 2, rows 4.5

Statistically complete
June 2013 control sample
25 sources
(Section 3.2)

Statistically complete sample
22 sources
(Section 3.3)

Statistically complete sample

Statistically complete
June 2013 survey sample
142 sources
(Section 3.2)

59 sources
(Section 3.3)

observed in June 2013

field-quality cuts and

location on the sky criteria

observed in June 2013

) Unbiased
Unb@;e:asutrlg:imp'e gamma-quiet subsample
10 sources

(Section 3.2)

(Section 3.3)

Unbiased Unbiased subsample
gammas—‘iloslglu?g::ample 133 sources
(Section 3.3) (Section 3.2)

quality-control criteria

quality-control criteria

Current paper's

Monitoring sample

gamma-ray—quiet dataset 85 sources gamma-ray-loud dataset
15 S_OUI'CGS (Section 3.3) 89 S_OUI'CGS
(Section 4.1) (Section 4.1)

Current paper's

Additional high-interest
sources
24 sources
(Section 3.3)

Current paper’s dataset
104 sources
(Section 4.1)

Figure 1. Flow chart indicating the steps for the selection of (a) left-hand half: the gamma-ray-quiet ‘control’ sample and (b) right-hand half: the gamma-ray-
loud sample, separately for the monitoring programme of 2013 and the current paper’s study.

observable, circumpolar, gamma-ray-quiet sources. Of these, 17
sources were observed (71 per cent), in order of decreasing polar
distance, until the end of our June survey. Since the polar distance
criterion is independent of source properties, the resulting gamma-
ray-quiet sources are again an unbiased subsample of the statisti-
cally complete sample of 25 sources. This unbiased subsample is
86 per cent (6/7) complete for sources with R-mag <16, 92 per
cent (11/12) for sources with R-mag <17 and of course 71 per cent
(17/24) for sources with R-mag <18.

Our gamma-ray-loud sources are (by construction of CGRaBS)
similar in radio and X-ray flux, and radio spectra. Their R-mag span
a similar range and have a similar distribution as can be seen a pos-
teriori (see Fig. 3). The radio modulation indices have been shown
to be systematically higher for gamma-ray-loud sources in general
(Richards et al. 2011); to counter this effect, we select, among the
gamma-ray-quiet candidates, only sources with statistically signif-
icant radio variability, as quantified by the modulation index (see
Table 1). The gamma-ray-loud sample has fractionally more BL
Lacs (about 50 per cent) than the gamma-ray-quiet control sample
(about 10 per cent), which is expected when comparing gamma-ray-
loud with gamma-ray-quiet samples, but which should, however, be
taken into account when interpreting our results.

The 2013 June survey results are discussed in Section 4.

MNRAS 442, 1693-1705 (2014)

3.3 Monitoring sample

The data collected during the survey phase were used for the con-
struction of the 2013 observing season monitoring sample which
was observed from 2013 July until the end of the 2013 observing
season, with an approximate average cadence of once every 3 d. It
consists of three distinct groups.

(i) An unbiased subsample of a statistically complete sample
of gamma-ray-loud blazars. Starting from the ‘parent sample’ and
applying the selection criteria summarized in Table 1, we obtain a
statistically complete sample of 59 sources. Application of field-
quality cuts (based on data from the June survey) and location-on-
the-sky criteria that optimize continuous observability results in an
unbiased subsample of 51 sources.

(i) An unbiased subsample of a statistically complete sample
of gamma-ray-quiet blazars. Starting from the CGRaBS, excluding
sources in the 2FGL, and applying the selection criteria summarized
in Table 1 results in a statistically complete sample of 22 sources.
Our ‘control sample’ is then an unbiased subsample of 10 blazars,
selected from this complete sample of gamma-ray-quiet blazars
with field-quality and location-on-the-sky criteria.

(iii) 24 additional ‘high interest’ sources that did not otherwise
make it to the sample list.
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These observations will later allow the characterization of each
source’s typical behaviour (i.e. average optical flux and degree of
polarization, rate of change of polarization angle, flux and polar-
ization degree variability characteristics). This information will be
further used to:

(i) improve the optical polarization parameters’ estimates for
future polarization population studies,

(ii) develop a dynamical scheduling algorithm, aiming at self-
triggering higher cadence observing for blazars displaying inter-
esting polarization angle rotation events, for the 2014 observing
season,

(iii) improve the definition of our 2014 monitoring sample using
a contemporary average, rather than archival single epoch, optical
flux criterion along with some estimate of the source variability
characteristics in total intensity and in polarized emission.

For the June survey control sample sources, circumpolar
sources were selected so that gamma-ray-quiet source obser-
vations could be taken at any time and the gamma-ray-loud
sources could be prioritized. In contrast, the gamma-ray-quiet
sources for the monitoring sample were selected in order of in-
creasing declination, to avoid as much as possible the northern-
most sources which suffer from interference in observations by
strong northern winds at times throughout the observing season
at Skinakas.

The steps followed for the selection of the June survey sample
and the first-season monitoring one are summarized schematically
in Fig. 1. The complete sample of our monitored sources is available
at robopol.org.

The 2nd Fermi gamma-ray catalogue, from which the parent
gamma-ray-loud sample is drawn, represents a ‘from-scratch’ all-
sky survey in >100 MeV gamma-rays, so the limit in gamma-ray
flux should in principle result in a clean, flux-limited sample. One
possible source of bias however is the process of characterization
of a source as a ‘blazar’, in which case other catalogues of blazars
(principally from radio surveys) are used for the identification and
classification of sources. Given that 575 of the 1873 Fermi catalogue
sources are unassociated, that bias may in fact be non-trivial: we do
not know how many of the unassociated sources are blazars, and we
cannot a priori be certain that the properties of any blazars among the
unassociated sources are similar to those of confidently associated
blazars. Unassociated sources are not however uniformly distributed
among fluxes and Galactic latitudes. Brighter sources, sources in
high Galactic latitudes, and sources with hard spectra tend to have
smaller positional error circles and are more easily associated with
low-energy counterparts (because of more photons available for lo-
calization, lower background, and better single-photon localization
at higher energies, respectively). The first of these two factors lower
the fraction of unassociated sources among the 2FGL sources that
satisfy our Galactic latitude and gamma-ray-flux cuts, from ~30
to ~20 per cent. The effect of possible biases due to the presence
of unassociated sources in 2FGL can be further assessed, as part
of theoretical population studies, under any particular assumption
regarding the nature of these sources, as well as if, at some point
in the future, a large fraction of these sources become confidently
associated with low-energy counterparts.

Any other minor biases entering through our choices of limits
in gamma-ray flux and R-mag can be accounted for in theoreti-
cal population studies given the cuts themselves, the uncertainty
distribution in the measured quantities (which can be found in the
literature), and some knowledge of the variability of these sources
(obtainable from Fermi data in gamma rays, and, at the most basic

RoboPol: blazar optical polarization survey — 1697

level, from comparing historical magnitudes with magnitudes from
this work in the R band).

4 RESULTS OF 2013 JUNE SURVEY

4.1 Observations

The June survey observations took place between June 1 and 26.
During that period, we conducted RoboPol observations, weather
permitting, for 21 nights. Of those, 14 nights had usable dark hours.
The most prohibiting factors have been wind, humidity, and dust,
restricting the weather efficiency to 67 per cent, unusually low based
on historical Skinakas weather data. During this period, a substantial
amount of observing time was spent on system commissioning
activities. In the regular monitoring mode of operations, a much
higher efficiency is expected.

During the survey phase, a total of 135 gamma-ray-loud tar-
gets (133 of them comprising the unbiased subsample of the 142
source sample and 2 test targets), 17 potential control-sample
sources, and 10 polarization standards, used for calibration pur-
poses, were observed. For the majority of the sources, a default
exposure time of 15—17.5 min divided into three exposures was
used to achieve a polarization sensitivity of SNR, = 10 : 1 for a
17 mag source with polarization fraction of 0.03, based on the in-
strument sensitivity model. Shorter total exposures were used for
very bright sources and standard stars, and their duration was esti-
mated on-the-fly. Typically, we observed two different polarimetric
standards every night to confirm the stability of the instrument
(see ‘pipeline’ paper).

In summary, we observed 133 + 17 blazars belonging to the
unbiased subsamples of the gamma-ray-loud and gamma-ray-quiet
complete samples, respectively. Of these sources, 89 gamma-ray-
loud and 15 gamma-ray-quiet sources passed a series of unbiased,
source-property-independent quality-control criteria to ensure ac-
curate polarization measurements (see Fig. 1).

The RoboPol results for these 89 + 15 sources are shown
in Table 2. These results include: the R-mag, calibrated with
two different standards [the Palomar Transient Factory (PTF) R-
band catalogue (Ofek et al. 2012, whenever available) or the
USNO-B catalogue (Monet et al. 2003)]; the polarization frac-
tion, p = y/u? 4 ¢?; and the polarization angle, x = % arctan(g),
measured from the celestial north counter-clockwise. In that ta-
ble, target sources are identified by the prefix ‘RBPL’ in their
RoboPol identifying name. Additional archival information for
these sources are given in Table 3, available as online as
Supplementary Material.

The images were processed using the data reduction pipeline de-
scribed in the ‘pipeline’ paper. The pipeline performs aperture pho-
tometry, calibrates the measured counts according to an empirical
instrument model, calculates the linear polarization fraction p and
angle x, and performs relative photometry using reference sources
in the frame to obtain the R-band magnitude. Entries in Table 2 with
no photometry information are sources for which PTF data do not
exist and the USNO-B data were not of sufficient quality for relative
photometry. Polarimetry, for which only the relative photon counts
in the four spots are necessary, can still of course be performed
without any problem in these cases. The photometry error bars are
dominated by uncertainties in our field standards, while the polar-
ization fraction and angle errors are photon-count dominated. For
the few cases where multiple observations of a source were obtained

MNRAS 442, 1693-1705 (2014)
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Table 2. Photometric and polarization results of the RoboPol 2013 June optical polarization survey of gamma-ray-loud blazars and the gamma-ray-quiet
control sample sources. Note that the polarization angle x has been corrected for instrumental rotation of 2231 £ 034 as discussed in ‘pipeline’ paper. The
error in the instrumental rotation is accounted for in the final error estimate through formal error propagation. This table is also available electronically as

Supplementary Material.

RoboPol ID R P X Date?  RoboPol ID R p X Date?
(mag) (fraction) (deg) (mag) (fraction) (deg)
Target sample
RBPL J0841+7053 16.6 £0.1°  0.020 +0.006 —19.1 + 9.0 J24 RBPLJ1637+4717 18.1+0.1  0.042+£0.010 —123 £ 6.5 JOI,J0O6
RBPL J0848+4-6606 18240.1° 0.014 4+ 0.021 82 £ 433 J21 RBPLJ1642+43948 17.6+0.1  0.031 £0.012 619 £ 109 JO8
RBPL J0956+2515 176 £0.1  0.020 £0.024 —65.3 £ 36.9 J10 RBPLJ1643—0646 169+0.2  0.028 £ 0.015 14.1 £ 15.1 J08
RBPL J0957+5522 157£0.1  0.057 £ 0.008 47 £ 42 J25 RBPLJ1649+5235 17.0+0.5 0.090 £0.004 —30.8 £ 1.3 J09
RBPL J1014+2301 1704+ 0.1  0.009 +£0.010  30.1 + 31.3 J11 RBPLJ1653+3945 13.7 +0.02" 0.027 4 0.001 1.8 £ 08 JO1,J127
RBPL J1018+3542 17.1+£0.1  0.014 £0.013 —61.5 £ 28.1 J19 RBPLJ1722+1013 17.6+0.3  0.257 £0.022 —304 £ 2.8 710,127
RBPL J1032+43738 179+0.2  0.098 £0.022 478 £ 6.3 J25 RBPLJ172744530 17.3+£0.2  0.063 + 0.021 50.4 £+ 9.1 J10
RBPL J1037+5711 162+ 0.04 0.037£0.005 429 + 3.6 J22,J24 RBPLJ174847005 15.7+0.2 0.160£0.002 672 £ 0.5 J19
RBPL J104140610 16.74+0.1° 0011 4+0.012 —544 + 212 JO8 RBPLJ1749+4321 17.4+04 0214£0012 —13 £ 1.6 J09
RBPL J1048+7143 159 403" 0.070 £0.005 —44.1 + 2.1 J24 RBPLJ1754+43212 16.6+0.3  0.060 £0.005 —6.0 £ 2.5 J18
RBPL J1054+4-2210 177 £0.1° 0.073+£0.013 —49 + 54 JO8 RBPL J1800+7828 16.3+0.2 0.047 £0.005 —72.4 £ 3.2 21
RBPL J1058+5628 149 £0.3° 0.036 £0.004 —57.0 + 2.9 J21 RBPLJ18064+6949 142 +£0.1  0.088+0.002  81.6 £ 0.6 M26,J19
RBPL J1104+4-0730 . 0.149 £ 0.007 38.0 + 1.4 J09,J25 RBPLJ1809+2041 19.5+0.8 0.065£0.010 —32.2 £ 45 J08
RBPL J1121-0553 184 +£0.1" 0.037 +£0.038 —49.4 + 30.7 J09 RBPLJ181340615 16.1 £0.2  0.161 £ 0.005 39.6 £ 1.0 J12,J24
RBPL J1132+40034 178+ 0.1  0.071 £0.012 —82.5 £ 4.7 J11,J26 RBPLJI813+3144 16.1 £0.1  0.050 £0.004  51.1 £2.2  J03,J24
RBPL J1152—-0841 18.0+0.2  0.007 £0.049 —62.6 £ 197.1 J11 RBPLJ1824+45651 155+0.1 0.031 £0.004 —51.9 + 3.8 M31,J09
RBPL J1203+6031 15.6 £0.04” 0.014 4+ 0.005 38.8 + 10.6 J19 RBPLJ1836+3136 17.0+0.6  0.120 £0.006 —23.9 £ 1.4 J08
RBPL J1204—-0710 164+04 0.028£0.006 —78 £9.2 J06 RBPL J1838+4802 15.6+0.1> 0.059 + 0.003 37.1 £ 1.3 J03
RBPL J121743007 14.7 £0.02” 0.109 +£0.002 —11.7 £ 0.5 J22,724 RBPL J1844+45709 17.3+0.2  0.040 £0.008 —49.7 £ 5.9 122
RBPL J1220+0203 153 +£0.1  0.008 £ 0.003 11.0 £+ 10.0 J23 RBPL J1849+6705 18.6+0.2  0.066 £ 0.023 13.5 £ 10.1 120
RBPL J1222+40413 18.040.1 0.108+0.030 —91.2 &+ 5.9 J23 RBPLJ1903+45540 15.7+0.5 0.101 £0.003  41.7 £ 0.9 J22
RBPL J1224+2436 158401 0089 4+0.003 21.7 £ 1.1 J23 RBPLJ1927+6117 17.7+0.6° 0.088 £0.008 —40.6 £ 2.7 122
RBPL J1230+2518 150£0.2 0.055+£0.002 —73.8 £ 09 J23 RBPL J1959+6508 14.4+0.3  0.052+£0.005 —25.1 £ 2.5 120
RBPL J1238—1959 16.7£0.2 0.184+£0.017 599 + 2.7 J21 RBPLJ2000—1748 17.5+0.3  0.130 £ 0.025 128 £ 53 J09
RBPL J1245+5709 169403 0.169 4+ 0.013 9.7 £ 2.1 J22 RBPL J2005+7752 15.5+£0.3  0.047 £ 0.003 80.8 £ 2.2 122
RBPL J1248+5820 150+£0.1  0.044 +£0.003 —34.8 + 2.2 J19 RBPLJ2015-0137 169 +0.3  0.149 £0.006 59.0 £ 1.3 J09
RBPL J1253+5301 16.440.02> 0.1394+0.003  39.8 &+ 0.8 J22,J24 RBPLJ2016—0903 17.1 £0.3  0.025£0.008 —1.0 £ 8.6 J10
RBPL J1256—0547 153 +£0.03” 023240002 39.6 + 0.4  M30,J23 RBPLJ2022+7611 16.0+0.1  0.202+0.004 352 + 0.7 122,125
RBPL J1337—1257 177£0.1  0.123+£0.026 803 £ 5.5 J21 RBPLJ2030—0622 15.0+0.5 0.014 £0.002 —17.7 £ 3.8 J10
RBPL J1354—1041 16.6 £0.2 0.004 +£0.010 719 + 75.8 J21 RBPLJ2030+1936 182+04  0.096 £0.014 —323 £ 45 J19
RBPL J1357+0128 17.1+£0.1  0.137£0.010 —10.1 £ 2.1 J24,J26 RBPL J2039—1046 17.4+0.2  0.020 £ 0.008  44.6 = 11.4 120
RBPL J1419+5423 14.6 +0.01> 0.039 +0.003 —65.8 &+ 1.9 J22 RBPLJ2131—-0915 17.0 +0.04* 0.082 +0.014  71.9 + 4.7 124
RBPL J1427+2348 13.74£0.04”> 0.0354+0.001 —54.6 £ 0.9  M31,J11 RBPLJ2143+1743 15.8 4+ 0.04" 0.020+0.003 —43 + 4.5 J10
RBPL J1510—0543 17.1+£0.02> 0.0144+0.010 39.6 & 21.8 J11 RBPLIJ2146—1525 17.0+0.1  0.028£0.018  55.5 £ 19.1 124
RBPL J1512—-0905 159403 0.028+£0.006 299 + 6.2 JI1 RBPLJ21474+0929 184 +0.2° 0.0374+0.020 488 + 16.8 J19
RBPL J1512+0203 16.74+0.1°  0.079 +£0.007 —29.4 + 2.7 J11 RBPL J2148+0657 15.7 +0.02° 0.013 £ 0.003 137 £ 59  J10,J23
RBPL J1516+1932 18240.1° 0.01240.020 722 + 46.1 J0O6 RBPLJ2149+40322 15.6+£0.1  0.120 £ 0.023 50.6 + 11.2 J11
RBPL J1542+6129 14.8 +0.03” 0.092 +£0.003 —25.1 &+ 1.0 J19 RBPL J2202+4216 14.0 +£0.01> 0.085 +£0.001 —11.3 £ 0.5  J19,126
RBPL J1548—-2251 158+0.5 0.027£0.011 —69.0 £ 11.6 J11 RBPLJ2217+42421 17.9+0.1 0.183£0.016 —249 £ 25 J19
RBPL J1550+40527 18.14£02 003940.021 —429 4 17.1  J10,J26 RBPLJ2232+1143 16.24+0.2 0.063+0.005 —7.0 £ 1.9 123
RBPL J1555+1111 142401 003040002 —61.3 & 1.7 M31,J10 RBPLJ2253+1608 152+0.1  0.012+0.007 —39.6 + 16.1 J21
RBPL J1558+5625 170+ 0.5  0.071 £0.007 —19.7 £ 2.8 J09 RBPL J232142732 18.6 +0.05" 0.0434+0.026 —10.9 + 164 J23,J25
RBPL J1604+5714 17.84+0.1° 0.028 +£0.010 —26.8 & 10.6 J19 RBPLJ2325+43957 17.0+0.5  0.036 £ 0.033 21.6 + 26.5 122
RBPL J1608+1029 18.140.1° 0.01740.024 722 4 39.6 M31,J11 RBPLJ23404+8015 16.6+04  0.093 +0.008 —36.2 + 2.7 J21
RBPL J1635+3808 16.54+0.01> 0.0224+0.004 —7.7 +53 M31,J06
Control sample candidates
JOO17+8135 164+0.6 0.011 £0.005 72.0 £ 13.0 J23 J1603+5730 17.0+£0.01 0.018 £0.006 —7.7 £ 10.0 125
1070248549 183+03 0.011 £0.013 —31.3 £ 35.6 126 1162346624 182+0.5 0.032+£0.013 —36.1 £ 10.9 125
J1010+8250 162+04 0.098 £0.011 —19.0 £+ 3.3 126 1162445652 177+0.1  0.146 £0.010 40.8 £ 1.9 125
J1017+6116 164+£03 0.015+£0.020 —37.2 + 40.0 125 J1638+5720 16.5+£02 0.0134+0.003 —20.7 + 7.6 126
J1148+5924 13.8 +£0.02 0.025 + 0.001 129 + 14 125 J1854+7351 163+0.2  0.020 £0.004 —22.0 £ 5.1 126
J1436+6336 158+0.6 0.012+£0.004 —7.5+ 105 125 J1927+7358 15,6 £0.1  0.021 £0.005 —30.2 £+ 6.5 125
1152646650 173+0.2  0.013+£0.012 —43.6 £ 27.1 127 J2042+7508 143+£02 0.018+0.001 —9.6 + 1.7 123
J1551+5806 16.7+£0.04 0.025 £0.005 —25.5 £ 5.6 125

“Photometry based on USNO-B1.0 R2 unless otherwise noted.
bPhotometry based on PTF.

“Photometry based on USNO-B1.0 R1.

”’Day of 2013 June (JXX) or May (MXX) in which the observation took place. In cases of multiple measurements we report the dates of the first and the last

observations, respectively.
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In CGRaBS

17

VI

91.5
33.0
84.7
234
33.0

r
2.95+0.07
1.96 £ 0.16
2.39 £ 0.07
1.83 £0.03
2.54 £0.16

15+ 16

14
F(>100MeV)
(108 cm2s7 1)
6.0
2.0
2.5
8.4
24

—-12

11+13
(fraction)
+0.009
0.192% 5009

0.003
0.028% 5003
0.004
0.085%4 004

(S15)6-8
dy)
2.337 £ 0.018
0.020 + 0.002
1.377 £ 0.022
1.166 4+ 0.007
1.246 4+ 0.005

9410

Programmes
BzZQ O,T,Fl1,2

BZ?
BZQ O
BZQ O,T
BZQ O

Class

56
22184
0.708”
0.8964
0.565¢

Dec.
(J2000)
+70°53/41"9
+66°06'0976
+25°15'1579
+55°22/570
+23°01'1579

RA
(J2000)
08"41m2452
08M48m5436
09"56m4958
09h57m38%1
10M14™4659

GB6 J0848+6605

4C +71.07
OK 290

4C +55.17
4C 423.24

Table 3. Additional archival information for the 89 high-quality sources as well as the control sample ones. The table presents only the first five lines of the full table which is available online as Supplementary
Survey ID

Material. The column numbers correspond to individual columns in the online version of the table. Column description: 1: the RoboPol identification name — 2: a common survey name — 3, 4: RA, Dec. — 5: redshift
— 6: reference for redshift (see table footnotes) — 7: BZCAT class as of 2013 November 14 with ‘BZB’ denoting BL Lac objects, ‘BZ?” BL Lac candidates, ‘BZQ’ FSRQs and ‘BZU’ blazars of uncertain type — 8:

other monitoring programmes with ‘O’ for OVRO 15 GHz, “T” Torun 30 GHz and F1 and F2 F-GAMMA monitoring before or after 2009 June — 9: flux density at 15 GHz averaged over 2013 June—August — 10:
its uncertainty — 11: the intrinsic modulation index as computed by Richards et al. 2011 — 12, 13: the lower and upper uncertainty — 14: photon flux above 100 MeV — 15, 16: the spectral index and its uncertainty

as given in the 2FGL — 17: the variability index as given in the 2FGL — 18: flag indicating whether the source is in the CGRaBS catalogue.

References: “Shaw et al. (2013); ?Shaw et al. (2012); ¢ Ackermann et al. (2011); ?Abdo et al. (2010b); “Healey et al. (2008); /Shaw, personal communication

RBPLJ0841+7053
RBPLJ0848-+6606
RBPLJ0956+2515
RBPLJ0957+5522
RBPLJ1014+2301

ROBOPOL ID

1

RoboPol: blazar optical polarization survey — 1699

in June, weighted averaging of the g and u has been performed. The
quoted uncertainty follows from formal error propagation assuming
that ¢ and u follow normal distributions and that the polarization
has not changed significantly between measurements.

4.2 Debiasing

The p-values and uncertainties o, shown in Table 2 are the raw
values as produced by the pipeline without any debiasing applied
to them, and without computing upper limits at specific confi-
dence levels for low p/o, ratios. Debiasing is appropriate for
low signal-to-noise measurements of p because measurements of
linear polarization are always positive and for any true polariza-
tion degree py we will, on average, measure p > py. Vaillan-
court (2006) gives approximations for the maximum-likelihood
estimator of py at various p/o, levels, and describes how to
calculate appropriate upper limits for specific confidence lev-
els. He finds that the maximum-likelihood estimator is well
approximated by

0 for p/o, < V2

pP= . ()
p?—o2 for p/o, 2 3

For p/o, 2 3, the assumption of a normal distribution for
p-measurements is also acceptable (and it is a good assumption
for p/o, 2 4). Debiasing is not necessary for polarization angles
X, as the most probable measured value is the true x and as a result
the pipeline output is an unbiased x estimator.

Whenever in the text debiased p-values are mentioned, we are
referring to a correction using Pacpiased ~+/r>—o3 down to p/o, =
/2 and 0 for lower signal-to-noise ratios (a choice frequently used
in the literature), despite the fact that below p/o, ~ 3 this recipe
deviates from the maximum-likelihood estimator. When a good
estimate of the uncertainty is also necessary (i.e. in our likelihood
analyses), we only use measurements with p/o, > 3, for which not
only the debiasing recipe we use is close to the maximum-likelihood
estimator, but also the uncertainty calculated by the pipeline o, is a
reasonable approximation to the 68 per cent uncertainty in the value
of p.

4.3 Polarization properties of gamma-ray-loud versus
gamma-ray-quiet blazars

As the unbiased nature of our samples allows us to address issues
related to the blazar population, we wish to ask the question: are the
measured polarization fractions of gamma-ray-loud and gamma-
ray-quiet blazars consistent with having been drawn from the same
distribution?

Because our observing strategy and data processing pipeline is
uniform across sources, if the intrinsic polarization fractions of
gamma-ray-loud and gamma-ray-quiet sources were indeed drawn
from the same distribution, then the resulting observed distribu-
tions of p would also be consistent with being the same. Each of
them might not be consistent with the intrinsic p-distribution of
the blazar population, because of biasing, and because at low p/o,
values what is being recorded is in general more noise than infor-
mation; however, biasing and noise would affect data points in both
populations in the same way and at the same frequency, and the
resulting observed distributions, no matter how distorted, would be
the same for the two subpopulations.

For this reason, we compare the observed raw p-values
(as they come out of the pipeline) of the two samples of
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Figure 2. CDFs of raw p-values for all 89 gamma-ray-loud blazars (solid
line) and 15 gamma-ray-quiet blazars (dashed line) with observations in
2013 June that passed all our quality cuts. The maximum difference between
the two (=0.6) is shown with the double arrow. The hypothesis that the two
samples are drawn from the same distribution is rejected at the 4 x 10~
level (3.50).

89 gamma-ray-loud sources and 15 gamma-ray-quiet sources. Fig. 2
shows the cumulative distribution functions (CDFs) of raw p-values
for the gamma-ray-loud blazars (solid line) and the gamma-ray-
quiet blazars (dashed line). The maximum difference between the
two CDFs (indicated with the double arrow) is 0.58, and a two-
sample Kolmogorov—Smirnov test rejects the hypothesis that the
two samples are drawn from the same distribution at the 4 x 10~
level (3.50). The observed raw p-distributions are therefore in-
consistent with being identical, and, as a result, the underlying
distributions of intrinsic p cannot be identical either.

As discussed in Section 3.2, while the gamma-ray-quiet sample
is a pure subsample of CGRaBS, the gamma-ray-loud sample con-
tains many (47) non-CGRaBS sources, which, in practice, means
that the fraction of BL Lac objects (bzb) is much higher. To test
whether this is the source of the discrepancy, we have repeated the
same test between the 42 CGRaBS sources in our gamma-ray-loud
sample, and the 15 sources in our gamma-ray-quiet sample. The
maximum difference between the two CDFs in this case is 0.54,
so the hypothesis that the two distributions are identical is again
rejected at the 3 x 1073 level (30).

We conclude that the optical polarization properties of gamma-
ray-loud and gamma-ray-quiet sources are different.

4.4 Polarization fraction versus R-mag

We next turn our attention to the behaviour of the polarization
fraction with R-mag. In Fig. 3, we plot the debiased value of the
polarization fraction as a function of the measured R-mag for each
source. Sources for which p/o, < 3 are shown with red colour.
There are two noteworthy pictures in this plot: the clustering of low
signal-to-noise ratio measurements in the lower-right corner of the
plot, and the scarcity of observations in the upper-left part of the
plot.

MNRAS 442, 1693-1705 (2014)
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Figure 3. Debiased polarization fraction versus R-mag. Above the solid
line, we assume that we can measure polarization independently of source
brightness (for details see Section 4). Black circles correspond to measure-
ments with p/o, > 3, and red squares to measurements with p/o, < 3.
Filled symbols correspond to gamma-ray-loud sources and open symbols to
gamma-ray-quiet sources.

The first effect is expected, as low polarization fractions are
harder to measure for fainter sources with fixed time integration.
This is a characteristic of the June survey rather than the RoboPol
programme in general: in monitoring mode, RoboPol scheduling
features adaptive integration time to achieve a uniform signal-to-
noise ratio down to a fixed polarization value for any source bright-
ness. For source brightness higher than magnitude of 17, we have
measured polarization fractions down to 1.5 x 1072: most mea-
surements at that level have p/o, > 3. For source brightness lower
than magnitude of 17, the same is true for polarization fractions
down to 3.5 x 1072. These limits are shown with the thick solid
line in Fig. 3, and they are further discussed in Section 4.5 in the
context of our likelihood analysis to determine the most likely in-
trinsic distributions of polarization fractions for gamma-ray-loud
and gamma-ray-quiet sources.

The second effect — the lack of data points for R-mag lower than
16 and polarization fractions higher than 1.25 x 107! as indicated
by the dotted lines — may be astrophysical in origin: in sources where
unpolarized light from the host galaxy is a significant contribution
to the overall flux, the polarization fraction should be on average
lower. This contribution also tends to make these sources on average
brighter. We will return to a quantitative evaluation and analysis of
this effect when we present data from our first season of monitoring,
using both data from the literature as well as our own variability
information to constrain the possible contribution from the host for
as many of our sources as possible.

4.5 Intrinsic distributions of polarization fraction

In Section 4.3, we showed that the intrinsic distributions of polar-
ization fraction of gamma-ray-quiet and gamma-ray-loud blazars
must be different; however, that analysis did not specify what these
individual intrinsic distributions might be. We address this issue in
this section. Our approach consists of two steps. First, we will deter-
mine what the overall shape of the distributions looks like, and we
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Figure 4. Histogram (upper panel) and CDF (lower panel) of debiased
p-values for all 89 gamma-ray-loud (thin solid lines) and 15 gamma-ray-
quiet (dashed lines) blazars that pass quality cuts. The typical measurement
uncertainty is shown in the upper panel with the arrow; the uncertainty spread
is ~10 per cent of that value. Thick solid and dashed lines correspond to the
PDF and CDF of exponential distributions with average equal to the sample
average of each population.

will thus select a family of probability distribution functions (PDFs)
that can best describe the intrinsic probability distribution of polar-
ization fraction in blazars. Next, we will use a likelihood analysis
to produce best estimates and confidence limits on the parameters
of these distributions for each subpopulation.

4.5.1 Selection of family of distributions

In order to determine the family of distributions most appropriate
to describe the polarization fraction of the blazar population, we
plot, in the upper panel of Fig. 4, a histogram — normalized so that
it represents a probability density — of all the debiased p-values in
the gamma-ray-loud and gamma-ray-quiet samples, independently

RoboPol: blazar optical polarization survey 1701

of their p/o, ratio (89 and 15 sources, respectively). It appears that
these histograms resemble exponential distributions. Indeed, in the
upper panel of Fig. 4, we also overplot the exponential distributions
with mean equal to the sample average of p for each sample, and
we see that there is good agreement in both cases. To verify that our
choice of binning does not affect the appearance of these distribu-
tions; we also plot, in the lower panel of Fig. 4, the CDF of each
sample as well as the CDFs corresponding to each of the model
PDFs in the upper panel. The agreement is again excellent. We con-
clude that the PDFs of the polarization fraction of gamma-ray-quiet
and gamma-ray-loud blazar subpopulations can be well described
by exponential distributions.

4.5.2 Determination of distribution parameters

In this section, we seek to determine the best estimated values and
associated confidence intervals for the parameters of the intrinsic
PDFs of polarization fraction for our two blazar subpopulations. All
values of p used in this section are debiased as described in Section
4.2. Based on the results of our previous discussion, we will assume
that the probability distribution of p in a sample of blazars can be
described as

Pap = o exp (~ L) ap. @
(p) (p)

In order to be formally correct, there should be a factor of 1 — e~/
in the denominator of equation (2) to correct for the fact that p is
defined in the [0, 1] rather than the [0, co) interval; the correction
is however small for the values of (p) that are of interest here. The
mean, (p), is the single parameter of this family of distributions,
and it is the quantity that we seek to estimate from our data for each
subsample.

In the population studies that follow, we will include only sources
with p/o, > 3. However, in order to avoid biasing our statistics by
this choice, we apply sharp cuts in p-space that exclude most, if not
all, of our low p/o, measurements; these cuts can then be explicitly
corrected for in our analysis (which will assume that sources below
a certain p-value do exist, in numbers predicted by the exponential
distribution, but cannot be measured). These selection criteria are
visualized by the thick solid line in Fig. 3.

We thus split each population into two subsamples, along the
(measured) R-mag 17 line, and, for each population, we consider
each subsample to be a distinct ‘experiment’ with a different data cut
(1.5 x 1072 for bright sources and 3.5 x 1072 for faint sources). We
then use a likelihood analysis to estimate the maximum-likelihood
value of the average (p) for each population, in a fashion similar to
the one implemented for population studies in Richards et al. (2011).
The sources for which no photometry information is available are
considered part of our second experiment and the stricter cut is
applied to them. In all our calculations below, we use debiased
values of p.

The likelihood of a single observation of a polarization fraction
pi of (approximately) Gaussian uncertainty o; drawn from the dis-
tribution of equation (2) with mean (p) can be approximated by

_ (l’*m)z]
2 2

o= dp-! P eXP[ o
"‘/,,:o TR <_®) W
O )
"2 P\ 2002
SR
Uiﬁ ﬁ(P) ’

MNRAS 442, 1693-1705 (2014)

9107 ‘97 A[nf uo suuesne Jo AJNsIoAru() Je /310" sfeuInolpioyxo-seruwy/:dyy woiy popeofumo(g


http://mnras.oxfordjournals.org/

1702 V. Pavlidou et al.

Extending the upper limit of integration to co instead of 1 simplifies
the mathematics while introducing no appreciable change in our
results, as the exponential distribution approaches 0 fast at p < 1
for the data at hand. This can be directly seen in Fig. 4.

In order to implement data cuts restricting p; to be smaller than
some limiting value p;, the likelihood of a single observation p; will
be given by equation (3) multiplied by a Heaviside step function,
and renormalized so that the likelihood ¢; . to obtain any value of
pi above p; is 1:

Zi,culs (P]) = M .
f pi=pi dpili

This renormalization ‘informs’ the likelihood that the reason why
no observations of p; < p; are made is not because such objects
are not found in nature, but rather because we have excluded them
‘by hand’. We are, in other words, only sampling the p > p; tail
of an exponential distribution of mean (p). The likelihood of N
observations of this type is

@

N

LApy) =[] t.cus () ©)
i=1

and the combination of two experiments with distinct data cuts,

described above, will have a likelihood equal to

N; Ny
£Up) =[] s @) [ Ccons (P 6)
i=1 Jj=1

where N, (equal to 42 for the gamma-ray-loud sources and 6 for the
gamma-ray-quiet sources) is the number of p/o, > 3 objects with
R-mag <17 surviving the p; = 0.015 cut, and N,, (equal to 21 for the
gamma-ray-loud sources and 1 for the gamma-ray-quiet sources) is
the number of p/o, > 3 objects with R-mag >17 or no photometry
information surviving the p, = 0.035 cut. Maximizing equation (6),
we obtain the maximum-likelihood value of (p). Statistical uncer-
tainties on this value can also be obtained in a straight-forward way,
as equation (6), assuming a flat prior on (p), gives the probability
density of the mean polarization fraction (p) of the population under
study.

The upper panel of Fig. 5 shows the likelihood of (p) for the
gamma-ray-loud (solid line) and gamma-ray-quiet (dashed line)
populations. The maximum-likelihood estimate of (p) with its 68
per cent confidence intervals is 6.470 x 1072 for gamma-ray-
loud blazars and 3.2%3¥ x 1072 for gamma-ray-quiet blazars. The
maximum-likelihood values of (p) differ by more than a factor of
2, consistent with our earlier finding that the two populations have
different polarization fraction PDFs. However, because of the small
number of gamma-ray-quiet sources surviving the strict signal-to-
noise cuts we have imposed in this section (only seven objects), the
gamma-ray-quiet (p) cannot be pinpointed with enough accuracy
and its corresponding likelihood exhibits a long tail towards high
values. For this reason, the probability distribution of the difference
between the (p) of the two populations, which is quantified by the
cross-correlation of the two likelihoods, has a peak, at a difference
of 3.1 x 1072, which is less than 2o from zero. This result is shown
in the lower panel of Fig. 5.

The accuracy with which the gamma-ray-quiet (p) is estimated
can be improved in two ways. First, by an improved likelihood anal-
ysis which allows us to properly treat even low p/o,, sources (e.g.
Simmons & Stewart 1985; Vaillancourt 2006). And secondly, by an
improved survey of the gamma-ray-quiet population (more sources
to improve sample statistics, and longer exposures to improve the
accuracy of individual p measurements). A more difficult-to-assess
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Figure 5. Likelihood of (p) for each population (upper panel) and of the
difference of (p) between the two populations (lower panel). The most
probable values differ by about a factor of 2.

uncertainty, especially at low values of p, is the effect of interstellar
polarization. However, because of the ability of the RoboPol instru-
ment to measure polarization properties for all sources in its large
13 arcmin x 13 arcmin field of view, the amount of interstellar-dust-
induced polarization can, in principle, be estimated studying the
polarization properties of field stars in the vicinity of each blazar.
We will return to this problem in the future with further analysis of
our already-collected data.

4.6 Polarization angles

In this section, we assess the consistency of the measured polar-
ization angles x, with an expected uniform distribution. For this
reason, we plot in Fig. 6, the histogram (normalized so that it
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Figure 6. Upper panel: histogram of polarization angles x for all sources
with p/o, > 3. The double arrow represents the typical uncertainty on x;
the associated spread in uncertainties is about 10 per cent of that value.
Lower panel: cumulative distribution of the polarization angles x. The PDF
and CDF of a uniform y distribution are overplotted in the upper and lower
panel, respectively, with the thick solid line.

corresponds to a PDF) and the CDF of the polarization angles
X, for all sources with p/o, > 3 (72 sources). The difference from
the (overplotted) uniform distribution is not statistically significant:
the maximum difference between the two CDFs is 0.132 and a
Kolmogorov—Smirnov test finds the two distributions consistent at
the 15 per cent level. The agreement further improves to the 1o level
if we only include sources that satisfy the additional requirement
that p > 3 x 1072 (56 sources, dashed lines in Fig. 6).

The reason for the difference between the uniform distribution
and that of the measured x when sources with low (but high signif-
icance) p-values are included is likely astrophysical. For low po-
larization sources, any foreground polarization picked up by their
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optical light during propagation would be a larger fraction of the
overall polarization, and any preferred direction in the foreground
polarization would affect more significantly the final value of x.
Indeed, half of the sources removed by the p = 3 x 102 have
polarization angles covering only a small range of values, between
—20° and 0° (close to the maximum of the solid-line histogram in
the upper panel of Fig. 6). This is exactly the behaviour that would
be expected from low-level foreground polarization in a preferred
direction (see discussion in Section 5).

5 SUMMARY AND DISCUSSION

‘We have presented first results from RoboPol, including a linear po-
larization survey of a sample of 89 gamma-ray-loud blazars, and a
smaller sample of 15 gamma-ray-quiet blazars defined according to
objective selection criteria, easily reproducible in simulations, and
additional unbiased cuts (due to scheduling and quality of observa-
tions, independent of source properties). These results are therefore
representative of the gamma-ray-loud and gamma-ray-quiet blazar
populations, and as such are appropriate for populations studies.
Our findings can be summarized as follows.

(i) The hypothesis that the polarization fractions of gamma-ray-
loud and gamma-ray-quiet blazars are drawn from the same distri-
bution is rejected at the 3o level.

(i) The PDFs of polarization fraction of gamma-ray-loud and
gamma-ray-quiet blazars can be well described by exponential dis-
tributions.

(iii) Using a likelihood analysis, we estimate the best-estimated
values and lo uncertainties of the mean polarization fraction of
each subpopulation, which is the single parameter characterizing an
exponential distribution. We find (p) = 6.470;3 x 1072 for gamma-
ray-loud blazars, and (p) = 3.272% x 10~ for gamma-ray-quiet
blazars.

(iv) The large upward uncertainty of (p) for gamma-ray-quiet
blazars is a side effect of the strict cuts we have applied in our
likelihood analysis, leaving us only with seven useable sources for
the gamma-ray-quiet sample. This is the reason why the statistical
inconsistency between the two populations cannot be also verified
with this method. This problem can be improved with a larger
gamma-ray-quiet blazar survey, longer integration times, and a more
sophisticated analysis.

(v) Polarization angles, y, for blazars in our survey are consistent
with being drawn from a uniform distribution.

It is the first time a statistical difference between the average
polarization properties of gamma-ray-quiet and gamma-ray-loud
blazars is demonstrated in optical wavelengths. The difference is
consistent with the findings of Hovatta et al. (2010) for the radio
polarization of gamma-ray-loud and, otherwise similar, gamma-
ray-quiet sources. It, thus, appears that the gamma-ray-loud blazars
overall exhibit higher degree of polarization in their synchrotron
emission than their gamma-ray-quiet counterparts. One interpreta-
tion for this finding may involve the degree of uniformity of the
magnetic field over the emission region, which is an important fac-
tor affecting the degree of polarization. The bulk of synchrotron
in gamma-ray-loud blazars might therefore originate in regions of
higher magnetic field uniformity than the emission from gamma-
ray-quiet blazars. It is possible that shocks that are strong/persistent
enough to accelerate particles capable of gamma-ray emission are
also better in locally aligning magnetic field lines and producing re-
gions of high-field uniformity, hence a higher polarization degree.
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We have found hints of depolarization at high-optical fluxes, an
effect that may be attributable to the contribution of unpolarized
light to the overall flux by the blazar’s host galaxy. The statistics
of BL Lac hosts at least are consistent with this idea: in about 50
per cent of the sources studied by Nilsson et al. (2003), the host
would have a contribution of more than 50 per cent the core flux
inside our typical aperture. We will examine the effect quantitatively
and in more detail using our full first-season data in an upcoming
publication.

Inclusion of sources of low (but significantly measured) polar-
ization fraction in the empirical distribution of polarization angles
generates some tension (although still not statistically significant)
between that distribution and an expected uniform one. This may be
aresult of foreground polarization at a preferred direction, which, al-
though small and not important for high-polarization sources, tends
to align lower polarization sources. Although the sources in the
RoboPol sample have been selected to lie away from the Galactic
plane so foreground polarization due to interstellar dust absorption
should be at a minimum, nearby interstellar material might also in-
duce some degree of foreground polarization. For example, such an
effect, at the p ~ 0.8 x 1072 level, has been seen in the southern sky
by Santos et al. (2013). A similar level of foreground polarization,
p~ 0.9 x 1072, has been suggested by Sillanpii et al. (1993) for the
vicinity of BL Lac (which however lies at relatively low Galactic
latitude b ~ —10°). A cut at p > 3 x 1072 ensures that sources are
intrinsically at least twice as polarized as that, so the effect in mea-
sured x is minimized. Because the 13 arcmin x 13 arcmin fields
around sources in our monitoring programme accumulate exposure
during our observing season, we will be eventually able to measure
the polarization properties of non-variable, intrinsically unpolarized
sources induced by foregrounds to higher accuracy, and better study
and correct for this effect in the future.

For the remainder of the 2013 season, we have been monitor-
ing a three-element sample in linear polarization with RoboPol: an
unbiased gamma-ray-loud blazar sample (51 sources); a smaller,
again unbiased, gamma-ray-quiet sample (10 sources); and a list
of high-interest sources that have not made our cuts (24 sources).
After the end of the 2013 season, we will present first light curves
and analysis of our sources in terms of polarization variability and
cross-correlations in the amplitude and time domains. Finally, we
will revisit our monitoring sample definition to strengthen the ro-
bustness of criteria (for example, using RoboPol average R-band
fluxes for the R-mag cuts), and to develop our automatic schedul-
ing algorithm which aims to self-trigger high-cadence observa-
tions during polarization changes that are unusually fast for a
specific source. In this way, we aim to better constrain the linear
polarization properties of the blazar population at optical wave-
lengths and to provide a definitive answer to whether a signifi-
cant fraction of fast polarization rotations do indeed coincide with
gamma-ray flares.
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Table 2. Photometric and polarization results of the RoboPol 2013
June optical polarization survey of gamma-ray-loud blazars and the
gamma-ray-quiet control sample sources.

Table 3. Additional archival information for the 89 high-quality
sources as well as the control sample ones (http://mnras.oxford
journals.org/lookup/suppl/doi: 10.1093/mnras/stu904/-/DC1).
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