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ABSTRACT
We present results from four years of twice-weekly 15 GHz radio monitoring of about 1500
blazars with the Owens Valley Radio Observatory 40 m telescope. Using the intrinsic modu-
lation index to measure variability amplitude, we find that,with >6σ significance, the radio
variability of radio-selected gamma-ray-loud blazars is stronger than that of gamma-ray-
quiet blazars. Our extended data set also includes at least 21 months of data for all AGN with
‘clean’ associations in theFermi Large Area Telescope First AGN catalogue, 1LAC. With
these additional data we examine the radio variability properties of a gamma-ray-selected
blazar sample. Within this sample, we find no evidence for a connection between radio vari-
ability amplitude and optical classification. In contrast,for our radio-selected sample we find
that the BL Lac object subpopulation is more variable than the flat spectrum radio quasar
(FSRQ) subpopulation. Radio variability is found to correlate with the synchrotron peak
frequency, with low- and intermediate-synchrotron-peaked blazars varying less than high-
synchrotron-peaked ones. We find evidence for a significant negative correlation between
redshift and radio variability among bright FSRQs.

Key words: BL Lacertae objects: general – galaxies: active – quasars: general – radio
continuum: galaxies

1 INTRODUCTION

Active galactic nuclei (AGN) are among the most energetic ob-
jects in the universe. In an AGN, a variety of energetic phenomena
are driven by a supermassive black hole (SMBH), fuelled by ac-
cretion from its host galaxy. Many AGN produce relativisticjets:
collimated structures visible at parsec through kiloparsec scales.
Relativistic beaming effects in the jets enhance the intrinsically
anisotropic appearance of the AGN, adding considerable compli-
cation to their identification and to the interpretation of observa-
tions. Statistical studies involving large samples are thus essential
to the study of AGN, and careful attention must be paid to selec-
tion effects (e.g., Lister & Marscher 1997).

When the jet axis of an AGN is aligned very closely to our
line of sight, Doppler-enhanced jet emission dominates other emis-
sion processes and the source is classified as a blazar. Blazars emit
brightly across the entire electromagnetic spectrum, witha spec-
tral energy distribution (SED) characterized by two broad peaks.

⋆ E-mail: jlr@purdue.edu

The lower peak, spanning the radio through the optical, ultravio-
let, or soft X-ray bands, is widely believed to be due to synchrotron
emission from relativistic electrons. The upper peak, which often
extends to GeV and sometimes TeV gamma-ray energies, is of less
certain origin. It is most commonly ascribed to inverse Comp-
ton scattering of low-energy seed photons by the synchrotron-
emitting electrons in the jet, but other models remain viable (e.g.,
Böttcher 2007, 2012; Dimitrakoudis et al. 2012). The source of the
low-energy seed photons is uncertain. Certainly some of thesyn-
chrotron radiation from within the jet is reprocessed and emitted
at higher energies, and models in which this process is predomi-
nant are known as synchrotron self-Compton (SSC) models. The
alternative is a source of seed photons external to the jet, such as
from the broad-line region, and models in which this is important
are known as external Compton (EC) models.

Blazars are customarily divided into two optical subclasses,
the flat-spectrum radio quasars (FSRQs) and the BL Lac objects
(BL Lacs). Blazars with strong optical broad lines are classified as
FSRQs, while those with no lines or weak lines are classified as
BL Lacs. Although the BL Lac and FSRQ classes do seem to rep-
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2 J. L. Richards et al.

resent at least two distinct populations, there is evidencethat this
classification scheme does not accurately reflect intrinsicphysi-
cal differences between sources. For example, the homogeneity of
the BL Lac class has been questioned (e.g., Marchã et al. 1996;
Antón & Browne 2005) and several nominal BL Lacs have been
observed to meet the FSRQ definition in some epochs (Shaw et al.
2012). It remains unclear how best to define physically meaningful
classes. Several alternative classifications have been proposed in
recent years (e.g., Landt et al. 2004; Ghisellini et al. 2011; Meyer
et al. 2011; Abdo et al. 2010c; Giommi et al. 2012).

A promising and currently popular method is to classify
blazars based on the frequency of the synchrotron peak in the
SED (Padovani & Giommi 1995; Abdo et al. 2010c). Blazars
are divided into low-, intermediate-, and high-synchrotron peaked
(LSP, ISP, and HSP) sources, defined by synchrotron peaksνpk

below 1014 Hz, between 1014 and 1015 Hz, and above 1015 Hz, re-
spectively. FSRQs are almost exclusively found to be LSP objects,
while BL Lac objects are found in all three spectral classes.HSP
BL Lac objects show clearly distinct gamma-ray and radio prop-
erties from FSRQs (e.g., Abdo et al. 2010b,c; Ackermann et al.
2011; Lister et al. 2011; Linford et al. 2012). HSP BL Lacs display
higher ratios of gamma-ray to radio luminosity, lower radiocore
brightness temperatures, and appear to have lower jet Doppler fac-
tors (Lister et al. 2011). There is also evidence that LSP BL Lacs
remain a distinct class from FSRQs, though they appear to be
sometimes misidentified (Lister et al. 2011; Linford et al. 2012).

A connection between the radio and gamma-ray emission in
blazars has long been suspected, and has received renewed atten-
tion during the era of theFermi Large Area Telescope (LAT) (e.g.
Jorstad et al. 2001a; Kovalev et al. 2009; Ghirlanda et al. 2010;
Mahony et al. 2010; Ackermann et al. 2011). It is straightforward
to demonstrate a statistically significant correlation between ob-
served gamma-ray and radio luminosities or flux densities, as was
done during the era of the EGRET instrument (e.g., Stecker etal.
1993; Padovani et al. 1993). However, because of distance effects,
Malmquist bias, and the strong variability exhibited in blazars,
such an apparent correlation may or may not correspond to an
interesting intrinsic correlation (e.g., Mücke et al. 1997). Recent
studies using LAT data and concurrent or nearly concurrent radio
data provide strong evidence for an intrinsic correlation (Kovalev
et al. 2009; Ackermann et al. 2011). The data concurrency reduces
or eliminates spurious effects from variability, and MonteCarlo
statistical methods demonstrate that the correlation is not due to
other biases (Ackermann et al. 2011; Pavlidou et al. 2012). If the
connection between radio and gamma-ray emission is tight enough
to produce correlated variability, cross-correlations between light
curves in the two bands could constrain the relative locations of
the emission. A search for statistically and physically significant
time-domain correlations using our data set finds a few examples,
but longer time series are needed to rule out chance correlations in
most cases (W. Max-Moerbeck et al. submitted).

In this paper, we present results from our continuing inves-
tigation of the connection between the gamma-ray loudness of a
blazar and its radio variability. In Richards et al. (2011),we used
two years of data from our 15 GHz monitoring programme to find
strong evidence that gamma-ray-loud blazars in our radio-selected
sample were more radio variable than their gamma-ray-quietcoun-
terparts. We also found significant differences in variability ampli-
tudes between the radio-selected FSRQ and BL Lac populations,
with the latter more radio variable. The present paper re-examines
these findings using an additional two years of radio data, for a

total of four years. Our monitoring sample during this extended
period now also contains a complete gamma-ray-selected sample,
the First LAT AGN Catalogue (1LAC; Abdo et al. 2010b), which
allows us to compare the gamma-ray-selected FSRQ and BL Lac
populations.

2 THE MONITORING PROGRAMME

Since late 2007, we have operated a fast-cadence 15 GHz ra-
dio blazar monitoring programme using the 40 m telescope at
the Owens Valley Radio Observatory (OVRO). Full details of the
observing programme are given in Richards et al. (2011) and
Richards (2012). Total intensity flux density measurementsare
performed using a combined Dicke-switching and beam-switching
‘double switching’ procedure to remove receiver gain fluctuation,
atmospheric, and ground pick-up effects. Each flux density is mea-
sured in about 70 s, including 32 s of on-source integration time.
With a total system temperature of about 55 K at zenith, includ-
ing receiver, atmosphere, and cosmic microwave backgroundnoise
temperature contributions, this yields a typical measurement un-
certainty of about 3 mJy, which is measured from the scatter of the
samples in each observation. Accurate pointing is achievedby reg-
ularly peaking up on a relatively bright programme source. Resid-
ual pointing errors and other sources contribute an additional 2 per
cent uncertainty, added in quadrature with the measured error for
each measurement. The flux density scale is determined from reg-
ular observations of 3C 286 assuming the Baars et al. (1977) value
of 3.44 Jy at 15.0 GHz, giving a 5 per cent overall scale accuracy.

The monitoring sample began with the 1158 sources north
of −20◦ declination from the Candidate Gamma-Ray Blazar Sur-
vey (CGRaBS, Healey et al. 2008). The CGRaBS sources were
systematically selected to resemble AGN (mostly blazars) asso-
ciated with EGRET gamma-ray detections based on their radio
spectral index, radio flux density, and X-ray flux. In addition to the
CGRaBS sample, we have added the radio sources associated with
Fermi-LAT gamma-ray detections to our programme. The sources
included in the 1LAC catalogue compose a gamma-ray-selected
sample. About 44 per cent of the sources in the 1LAC sample
are in the CGRaBS sample (263 of 599 at all declinations, 199
of 454 above−20◦). These have been monitored since the incep-
tion of the programme. Some non-CGRaBS sources were added
after appearing in the LAT Bright AGN Sample (LBAS) based on
the 3-monthFermi-LAT results (Abdo et al. 2009). Any remaining
1LAC sources in our declination range not already being moni-
tored were added to the programme in March 2010.

In late 2011, we added sources in the Second LAT AGN
Catalogue (2LAC; Ackermann et al. 2011) to our observing pro-
gramme. Although many were already in our programme, the ob-
servation period described here does not include sufficientdata to
obtain robust results for some sources in the complete 2LAC sam-
ple. We therefore use 1LAC as our gamma-ray selected sample in
the studies that follow. We do, however, use the 2LAC sample to
identify the subset of CGRaBS sources that are gamma-ray loud.

The CGRaBS andFermi samples differ substantially in the
ratio of the FSRQs to BL Lacs. The CGRaBS sample is domi-
nated by FSRQs (70 per cent FSRQs vs. 11 per cent BL Lacs),
similar to the ratio found by EGRET (Hartman et al. 1999; Der-
mer 2007).Fermi-selected blazar samples are more evenly split,
both for 1LAC (40 per cent FSRQs vs. 49 per cent BL Lacs) and
2LAC (45 per cent FSRQs vs 46 per cent BL Lacs). This differ-
ence results from a selection effect caused by the differentspectral
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Radio variability of gamma-ray blazars 3

sensitivities of the EGRET and LAT instruments, particularly to
photons above about 1 GeV (Abdo et al. 2010a,c).

To compare the radio variability of gamma-ray-loud HSP,
ISP, and LSP objects, we use our 1LAC sample and adopt the spec-
tral classifications from the 1LAC catalogue (Abdo et al. 2010b).
Our 454-source 1LAC sample comprises 99 HSP (22 per cent), 57
ISP (13 per cent), and 181 LSP (40 per cent) sources, with 117
sources (26 per cent) unclassified1. Of these, the BL Lacs are pre-
dominantly HSP (98 sources, 44 per cent) with sizable fractions of
ISP (53 sources, 24 per cent) and LSP (37 sources, 17 per cent),
and 35 sources (16 per cent) unclassified. The FSRQs are almost
exclusively LSP (134 sources, 73 per cent), with no HSP, one ISP,
and 49 sources (27 per cent) unclassified.

For most objects we have adopted the redshift and op-
tical classifications from the CGRaBS, 1LAC, or 2LAC cata-
logues (Healey et al. 2008; Abdo et al. 2010b; Ackermann et al.
2011). Where these disagreed, we adopted the 2LAC classifica-
tion. In a few cases, we have adopted updated redshifts or opti-
cal classifications based on an optical blazar spectroscopycam-
paign (Shaw et al. 2012, 2013). Our numerical values forνpk are
those used for classification in the 2LAC catalogue (B. Lott per-
sonal comm.; Ackermann et al. 2011). Source names and associ-
ated properties are listed in Table 1.

3 RESULTS

In this paper, we report results based on the four years of data
collected between 2008 January 1 and 2011 December 31, inclu-
sive. The light curve data used in these analyses are listed in Ta-
ble 2; up-to-date data are available from the programme website2.
The data reduction pipeline has undergone several revisions to
improve computational performance, better reject unreliable mea-
surements, and fix several programming errors. This has resulted
in slight differences between the 2008–2009 data in this paper and
that published in Richards et al. (2011). None of these differences
affect any of our conclusions.

3.1 Variability Amplitude Trend

We begin by comparing the variability amplitudes found for each
source from the four-year data set with those reported for the two-
year data set. To characterize the variability amplitude, we use the
intrinsic modulation index,m, computed as described in Richards
et al. (2011). The intrinsic modulation index is a maximum-
likelihood estimate of the standard deviation of the sourceflux
density divided by its mean,σS/〈S〉. The uncertainty is also es-
timated, accounting for measurement errors and varying numbers
of measurements per source. As before, we assume a Gaussian dis-
tribution of true flux density samples from each source. Although
there are several examples where this distribution is a poorfit to
the data, our results are not sensitive to this particular choice. For
each source, this method produces an intrinsic modulation indexm
and its uncertainty, reflecting the propagation of observational un-
certainties intom. We also compute a maximum-likelihood mean
flux density,S0, and its uncertainty for each source. Sources for
which more than 10 per cent of the measured flux densities were

1 These percentages do not sum to exactly 100 per cent due to rounding.
2 http://www.astro.caltech.edu/ovroblazars

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Two-year m

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

F
o
u

r-
y
e
a

r
m

Figure 1. Scatter plot of four-year versus two-year modulation indices for
1134 CGRaBS sources. The dashed line shows the 1:1 relationship for
reference. Sources for which the difference in intrinsic modulation index
is less than 3σ are plotted in grey.

non-detections at 2σ , for which the mean flux density was nega-
tive, or for which the ratio of the mean flux density to its error was
less than two were deemed too faint for variability analysisand
excluded. These criteria excluded 7 of the 1158 CGRaBS sources
and 76 of the 454 1LAC sources in our samples. Mean fluxes and
intrinsic modulation indices are listed in Table 1.

Intuitively, we expect that additional data will tend to increase
the variability amplitude on average. Many sources are observed to
switch between periods of relatively steady quiescence andperiods
of active variability. The addition of a period of steady fluxto a
source with a history of strong variability will reduce its intrinsic
modulation index only slightly because the amplitude of variability
is dominated by the largest excursions. On the other hand, a source
that has only been observed in a weakly variable state will see a
large increase in its intrinsic modulation index if it begins to vary
strongly. With additional observations, we expect some sources
with weak or no apparent variability in the first two years will ‘turn
on’ and exhibit significant increases in variability.

The data confirm our expectations. Between the two-year and
four-year data, the change in the intrinsic modulation index for
each source is an increase of 0.044 (mean) or 0.029 (median).In
Fig. 1 we plot the four-yearmvalues against the two-yearmvalues
for the 1134 CGRaBS sources with measuredm in both data sets.
The black points represent the 598 of 1134 sources that exhibited
more than a 3σ change. Our calibration sources are consistent with
no change, except for 3C 274 (which went from 0.009±0.001 to
0.017± 0.001) and 3C 286 (which went from 0.006± 0.001 to
0.011±0.001). The former is known to vary slowly, so this may re-
sult in part from real variation. For both sources, the intrinsic mod-
ulation indices in both data sets are below our cutoff for inclusion
in population comparisons (0.02). For one source, J1154+1225,
we found a single very large outlier in the two-year light curve
that resulted in an erroneously high intrinsic modulation index in
Richards et al. (2011). When we reanalyse the light curve with
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4 J. L. Richards et al.

Table 1.Source properties and results.

CGRaBS Name 1FGL Name 2FGL Name Opt. Class SED Classz m S0 Faint?
(Jy)

... J0000.9-0745 J0000.9-0748 BLL ISP ... 0.037±0.004 0.169±0.001
J0001-1551 ... ... FSRQ ... 2.044 0.146±0.007 0.236±0.002
J0001+1914 ... ... FSRQ ... 3.100 0.138±0.007 0.260±0.002
J0003+2129 ... ... ... ... 0.450 0.113+0.008

−0.007 0.081±0.001
J0004-1148 ... ... BLL ... ... 0.252±0.013 0.618±0.010
J0004+2019 ... ... BLL ... 0.677 0.152±0.007 0.355±0.003
J0004+4615 ... ... FSRQ ... 1.810 0.327+0.017

−0.016 0.174±0.004
J0005-1648 ... ... ... ... ... 0.060±0.005 0.160±0.001

Names of sources in the CGRaBS and 1LAC samples are specified in the first and second columns, respectively. CGRaBS sourceswith a
corresponding entry in the ‘2FGL Name’ column are considered gamma-ray loud. Sources that were dropped from variability analysis by
our faintness criteria are indicated with an ‘F’ in the ‘Faint?’ column. (This is a table stub. The full table is availableonline in electronic
form.)

Table 2.15 GHz light curve data.

CGRaBS Name 1FGL Name MJD Flux Density
(days) (Jy)

... J0000.9-0745 55310.785035 0.166±0.006
55320.769120 0.154±0.008
55324.757593 0.158±0.004
55331.738160 0.161±0.006
55337.715532 0.173±0.007
55340.706921 0.175±0.006
55349.623113 0.165±0.005
55352.608426 0.164±0.005
55355.600590 0.164±0.008
55361.581215 0.168±0.011

This is a table stub. The full table is available online in electronic form.

this outlier removed, we obtain an upper limit slightly below the
four-year intrinsic modulation index. Because upper limits are not
plotted in Fig. 1, this source is not included.

This systematic increase in the variability index suggeststhat
the two year interval was insufficiently long to capture the full
range of behaviors in many CGRaBS sources: variability on time-
scales longer than two years is apparent. This is not surprising.
Based on more than 25 years of monitoring at the University of
Michigan Radio Astronomy Observatory and the Metsähovi Ra-
dio Observatory in Finland, typical flaring time-scales of 4–6 years
were found, sometimes with evidence for changes on time-scales
of 10 years or longer, and typical flare durations of 2.5 yearswere
reported at 22 and 37 GHz (Hovatta et al. 2007, 2008). Long-time-
scale variability is also found in the gamma-ray band. For example,
variability on few-year time-scales led to lower ratios between the
peak and mean gamma-ray fluxes detected by the LAT during its
first 11 months than were found by EGRET during its 4.5 year
lifetime (Abdo et al. 2010b). Thus, as our monitoring programme
continues, additional data will likely continue to increase the in-
trinsic modulation index for some sources. However, the affected
sources will be distributed randomly among the subpopulations
we use in our studies, so this trend will not create false apparent
correlations.
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Figure 2. Grey points show modulation index data computed with the ad-
dition of an extreme outlier data point plotted against the modulation index
for the same source calculated from the actual data. The dashed line shows
the idealy = x line. The solid line shows the effect of adding 0.066 in
quadrature with the measured modulation index.

3.2 Outlier Contamination

Although our automated data quality filters reject most unreliable
observations, our flux density light curves still contain some out-
lier data points. These are mostly attributable to poor observing
conditions or pointing offset measurement failures, and donot rep-
resent actual astronomical source variations. These outliers will
artificially increase the intrinsic modulation index we compute for
an affected source, so we must account for their effect. We can-
not simply delete these points from the light curves on the basis
that the flux density value differs from neighboring measurements:
blazars are strongly variable objects, and such deletion would bias
our results toward our preconception of ‘reasonable’ variability. To
avoid such biases, we instead quantify how the presence of outliers
affects our calculated intrinsic modulation indices.

The most common extreme outliers are near-zero flux density
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values reported for normally bright sources. These are probably
due to mis-pointing. High outliers do occur occasionally, though
less frequently because they are more effectively removed by our
data quality filters. To measure the effect of outliers, we computed
the intrinsic modulation indices for each source with the addition
of a single ‘false outlier’ flux density value that was twice the av-
erage error above zero. High outliers are rarely more than twice
the true flux density of a source, so their impact on the intrinsic
modulation index is similar to that of the near-zero outliers. We
performed this test using modulation indices computed fromthe
first 3.5 years of data for each source. The result is approximately
described by a quadrature increase of the intrinsic modulation in-
dex by 0.066, as shown in Fig. 2.

We estimate that about 8 per cent of our sources are affected
by such outliers (Richards 2012). Because of this low incidence,
sources affected by multiple outliers are rare (.2 per cent). The
impact of a second outlier is smaller than that of the first because
the intrinsic modulation index is dominated by the largest excur-
sion from the mean. In Richards (2012), addition of a second sim-
ulated outlier was found to increase the intrinsic modulation by a
mean of only 0.001. We therefore use the effect of a single outlier
to estimate the impact on our modulation index results. The inci-
dence of outlier data points should not be correlated with physical
properties of the sources, so the net effect of outliers is toincrease
the average variability of a population, slightly reducingour sen-
sitivity to differences between subpopulations.

3.3 Trends with SED Peak Frequency

When the intrinsic modulation index is plotted againstνpk in
Fig. 3, the result appears familiar. Its form strongly resembles
equivalent plots of radio core brightness temperatures andfrac-
tional polarizations (Lister et al. 2011), gamma-ray variability in-
dices (Ackermann et al. 2011), and optical intrinsic modulation
indices (Hovatta et al. 2013). Fig. 3 differs from these in that there
is a rather abrupt decrease in the apparent upper envelope above
1015 Hz, where the others show a smoother transition in the ISP
region (for the gamma-ray variability indices and optical modula-
tion indices) or a step decrease at a slightly lowerνpk value (nearer
to 1014.5 Hz for the radio core brightness temperatures and frac-
tional polarizations). We note that removal of only a few high-
m, high-νpk ISP sources would eliminate the abrupt decrease in
our plot, so this could be the result of incorrectνpk values. Us-
ing the two-sample Kolmogorov–Smirnov test to compare them
values for the three classes, we find that neither the LSP nor the
ISP sample is consistent with the null hypothesis of being drawn
from the same distribution as the HSP sample (p≈ 7×10−4 and
p≈ 0.002). For the LSP and ISP samples, we cannot reject the
null hypothesis (p≈ 0.6). As shown in Fig. 4, sources with lower
νpk values tend to have higher mean flux densities. This relation-
ship matches that found for parsec-scale 15 GHz flux densities by
Lister et al. (2011). Because HSP sources are found at lower flux
densities, we measure a value form for proportionally fewer of
these sources. We have not accounted for upper limits in thisanal-
ysis, but doing so would likely increase the difference between the
HSPs and the other classes.

In Fig. 5, we plot the isotropic radio luminosity computed as

LR =
4πD2

L∆νS0

1+z
, (1)

where DL is the luminosity distance (assuming a flatΛCDM

12 13 14 15 16 17

log(νpk/1 Hz)

0.0

0.5

m

LSP ISP HSP

Figure 3. Intrinsic modulation indexm versusνpk for the 258 sources in
the 1LAC sample with both measured 15 GHz modulation indicesin this
work andνpk values in Ackermann et al. (2011). BL Lacs are plotted as
blue circles, FSRQs as red diamonds, and other classifications as black
squares. CGRaBS sources are plotted as filled symbols.

cosmology with ΩΛ=0.726 and H0=70.5 km s−1 Mpc−1),
∆ν=3 GHz is the bandwidth,S0 is the maximum-likelihood mean
flux density, andz is the redshift. Bothνpk and LR are strongly
correlated with redshift (for the entire sample, we find Kendall’s
τ =−0.44 andτ = 0.70, respectively, both withp< 10−16)3. To
account for this mutual correlation, we compute the partialcor-
relation coefficient forLR versusνpk while controlling forz. We
find a highly significant correlation for BL Lacs (τ =−0.48 with
p< 10−7) and no significant correlation for FSRQs (τ =−0.10
with p< 0.10). Partial correlations using flux densities instead of
isotropic luminosities give the same results. Although theluminos-
ity correlation is not formally significant for FSRQs, we note that
they do coincide with the low-νpk end of the BL Lac trend. A cor-
relation among FSRQs may simply be difficult to detect because
of the narrow range ofνpk values found in these sources.

4 POPULATION COMPARISONS

To compare the variability amplitude between source populations
in our sample, we apply a likelihood maximization method that
requires we specify a parent distribution for the modulation in-
dices. An exponential distribution,f (m) = m−1

0 exp(−m/m0), is a
qualitatively reasonable fit to the observed distribution of modula-
tion indices in our sample (Richards et al. 2011). This distribution
is a monoparametric distribution characterized by its mean, m0.
Because of this, numerical integrations are required in only one
dimension, making it convenient for our likelihood analyses.

As in Richards et al. (2011), we estimatem0 for a population
via likelihood maximization using an analysis that avoids bias by
excluding regions of the(S0,m) parameter space where we do not
adequately measurem. For a sourcei, the likelihood of observing
a modulation indexmi with a Gaussian uncertaintyσi drawn from

3 Kendall’s tau correlation and partial correlation coefficients were com-
puted in R using method=‘kendall’ with the native cor.test() function and
the pcor.test() function from thePPCORpackage (R Core Team 2013; Kim
2012).

c© 0000 RAS, MNRAS000, 000–000
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Figure 4. Maximum likelihood mean flux density,S0 versusνpk for the
248 BL Lacs and FSRQs in the 1LAC sample with both 15 GHz mean
flux density values in this work andνpk values in Ackermann et al. (2011).
BL Lacs are plotted as blue circles, FSRQs as red diamonds, and other clas-
sifications as black squares. CGRaBS sources are plotted as filled symbols.
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Figure 5. Isotropic radio luminosity,LR versusνpk for the 186 BL Lacs
and FSRQs in the 1LAC sample with 15 GHz mean flux density values
in this work, known redshifts, andνpk values in Ackermann et al. (2011).
BL Lacs are plotted as blue circles, FSRQs as red diamonds, and other clas-
sifications as black squares. CGRaBS sources are plotted as filled symbols.

an exponential distribution with meanm0 is

ℓ[mi ] =
1

2m0
exp

[

− mi

m0

(

1− σ2
i

2m0mi

)]

×
{

1+erf

[

mi

σi
√

2

(

1− σ2
i

m0mi

)]}

. (2)

If we have excluded data wheremi < mL for some lower limitmL ,
then we must correct this calculation to reflect this. This gives

ℓcuts[mi ,mL ] =
H(mi −mL)ℓ[mi ]
∫∞
mL

ℓ[m′
i ]dm′

i
, (3)

whereH is the Heaviside step function. In the population stud-
ies described here, we consider only sources for which we found a
mean 15 GHz flux densityS0 > 60 mJy and for whichm> 0.06 (if
S0 < 400 mJy) orm> 0.02 (if S0 ≥ 400 mJy). This corresponds
to two separate cuts, one atmL = 0.06 and the other atmU = 0.02.
With S0 = 400 mJy as a threshold, we divide the sources into two

Table 3.CGRaBS subpopulation intrinsic modulation indices.

Subpopulation m0

gamma-ray loud 0.175+0.012
−0.011

gamma-ray quiet 0.099+0.004
−0.003

BL Lac 0.163+0.016
−0.014

FSRQ 0.112±0.004

FSRQ (z< 1) 0.123+0.008
−0.007

FSRQ (z≥ 1) 0.106±0.005

A source is included in the gamma-ray loud subpopulation if it has a clean
association in the 2LAC catalogue (Ackermann et al. 2011).

Table 4.1LAC subpopulation intrinsic modulation indices.

Subpopulation m0

BL Lac 0.150+0.015
−0.014

FSRQ 0.181+0.014
−0.013

HSP 0.036+0.010
−0.008

ISP 0.175+0.031
−0.025

LSP 0.177+0.014
−0.013

HSP BL Lac 0.036+0.010
−0.008

ISP BL Lac 0.178+0.033
−0.026

LSP BL Lac 0.155+0.036
−0.027

groups, withNL andNU members. Of the 1151 CGRaBS sources
bright enough for variability analysis, we drop 9 sources because
S0 < 60 mJy, 95 becausem< mL , and 4 becausem< mU. Of
the 378 1LAC sources bright enough for variability analysis, we
drop 36 becauseS0 < 60 mJy, 18 becausem< mL , and 2 because
m< mU. We treat the groups as separate experiments and the total
likelihood to observem0 is simply the product of the individual
likelihoods,

L (m0) =
NL

∏
i=1

ℓcuts[mi ,mL ]
NU

∏
i=1

ℓcuts[mi ,mU] . (4)

Results are tabulated in Table 3 for the CGRaBS sample and Ta-
ble 4 for the 1LAC sample. For each subpopulation, the reported
value is the most likely value in the distribution. The upperand
lower uncertainties correspond to the equal-likelihood points be-
tween which the integrated area under the distribution contains
68.26 per cent of the total. The likelihood distribution of the dif-
ference in the mean intrinsic modulation index between two sub-
populations,∆m0, is given by the cross-correlation of the individ-
ual likelihood distributions. The results of these comparisons are
listed in Table 5.

4.1 Gamma-ray Loudness

Using our population comparison method, we now investigate
whether the connection between gamma-ray emission and radio
variability we reported in Richards et al. (2011) persists in our
longer data set. We define a CGRaBS source to be gamma-ray loud
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Table 5.Population variability comparison results.

Parent Pop. Subpop. A Subpop. B ∆m0 Signif.

CGRaBS gamma-ray loud gamma-ray quiet 0.075+0.013
−0.012 6σ

CGRaBS BL Lac FSRQ 0.050+0.017
−0.015 4σ

1LAC BL Lac FSRQ −0.031±0.020 <2σ

BL Lac CGRaBS 1LAC 0.013±0.021 <1σ

FSRQ CGRaBS 1LAC −0.068+0.014
−0.015 6σ

1LAC HSP ISP −0.136+0.027
−0.032 5σ

1LAC HSP LSP −0.139±0.017 5σ

1LAC ISP LSP −0.002+0.033
−0.029 <1σ

1LAC HSP BL Lac ISP BL Lac −0.139+0.028
−0.034 4σ

1LAC HSP BL Lac LSP BL Lac −0.116+0.029
−0.037 4σ

1LAC ISP BL Lac LSP BL Lac 0.022+0.044
−0.045 <1σ

CGRaBS FSRQ (z≥ 1) FSRQ (z< 1) −0.018±0.009 <2σ

The ∆m0 column tabulates the most likely value ofm0,A −m0,B. A source is
included in the gamma-ray loud subpopulation if it has a clean association in the
2LAC catalogue (Ackermann et al. 2011).

if it has a ‘clean’ association with a LAT gamma-ray source inthe
2LAC catalogue. The likelihood distributions for the gamma-ray-
loud and quiet subpopulations are shown in Fig. 6. To evaluate the
significance of the separation between the distributions, we com-
pute the likelihood distribution for the difference between the true
population means, also shown in Fig. 6. The two distributions are
not consistent with each other at the 6σ confidence level with a
most likely difference of 7.5 per cent. As before, gamma-ray-loud
sources exhibit higher variability amplitudes than do gamma-ray-
quiet sources.

4.2 Optical Classification

We next examine radio variability amplitude as a function ofop-
tical classification, comparing the BL Lac and FSRQ subpopula-
tions. In Fig. 7, we show the likelihood distributions form0 for
sources in the CGRaBS sample. The CGRaBS BL Lacs are found
to be more variable at a significance of about 4σ , with a most likely
difference of 0.050+0.017

−0.015. This is consistent with the results previ-
ously reported for the two-year data set (Richards et al. 2011).

The situation is quite different for the 1LAC sample. Like-
lihood distributions form0 for the BL Lac and FSRQ subpopu-
lations of the 1LAC sample are shown in Fig. 8. We find only
weak evidence for a difference inm0 between the BL Lac and
FSRQ subpopulations (most likely difference 0.031±0.020, cor-
responding to<2σ significance). Although the difference is not
statistically significant, we note that the mean modulationindex
for BL Lacs is formally lower than that for FSRQs, while for the
CGRaBS sample we find the variability among FSRQs to be sig-
nificantly higher.

As a further test, we compare the variability amplitudes of
the CGRaBS and 1LAC samples in Fig. 9 (for BL Lacs) and
Fig. 10 (for FSRQs). Note that the individual likelihood distribu-
tions shown in Figs. 9 and 10 are the same as those in Figs. 7
and 8, but are plotted in different pairs. We find no evidence that
the BL Lacs in the 1LAC and CGRaBS samples differ in variabil-
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Figure 6. Top: Likelihood distributions form0 for CGRaBS sources that
are gamma-ray loud (solid line) and gamma-ray quiet (dashedline). The
most likely value of the mean modulation index for each distribution and
for the difference between the two are listed in Tables 3 and 5. A source
is considered gamma-ray loud if it is has a clean associationin the Fermi
2LAC catalogue (Ackermann et al. 2011). Bottom: Likelihooddistribution
of the difference between the mean modulation indices. Thisdistribution
is inconsistent with a zero mean with about 6σ significance.

ity amplitude, with a most-likely difference of 0.013± 0.021. In
contrast, 1LAC FSRQs are more variable than the CGRaBS FS-
RQs with a most-likely difference of 0.068+0.015

−0.014, a difference sig-
nificant at the 6σ level. Thus, the difference in radio variability
between gamma-ray-loud and gamma-ray-quiet CGRaBS blazars
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Figure 7.Likelihood distributions form0 for CGRaBS BL Lacs (solid line)
and FSRQs (dashed line). The most likely values for the mean modulation
index for each distribution and for the difference between the two are listed
in Tables 3 and 5. The two distributionsare notconsistent with having the
same mean modulation index with about 4σ significance.

reflects a large variability difference between FSRQs in themostly
radio-selected CGRaBS sample and the gamma-ray-selected sam-
ple. BL Lacs in either sample exhibit similar radio variability.

4.3 Spectral Classification

Comparing the HSP, ISP, and LSP populations in the 1LAC sam-
ple, we find that the HSP population is less variable than either
of the others, while the LSP and ISP populations are not dis-
tinguishable. The likelihood distributions are plotted inFig. 11.
The most likely difference between HSP and LSP populations
is 0.139± 0.017 and between the HSP and ISP populations is
0.136+0.032

−0.027, both significant at about the 5σ level. Between the

ISP and LSP populations, the difference is only 0.002+0.029
−0.033.

In Fig. 12, the modulation index likelihood distributions are
plotted for the HSP, ISP, and LSP BL Lacs in the 1LAC sample.
After excluding the FSRQs, we find essentially the same result as
before. The values for the three bins change by less than 1σ , al-
though because the FSRQs are predominantly LSP, the uncertainty
for the LSP bin increases substantially due to the reduced number
of sources. The HSP population, which is entirely BL Lacs, isless
variable than either the ISP or LSP populations at the 4σ level.
The ISP and LSP BL Lac populations differ by less than 1σ .

From our 1LAC sample, we measured intrinsic modulation
indices for 258 sources that also haveνpk values in the 2LAC
catalogue (Ackermann et al. 2011). These are plotted in Fig.3.
BL Lacs and FSRQs clearly occupy different regions of this plot,
with FSRQs confined to the left edge but reaching high levels of
variability, while BL Lacs are plentiful across the full range of
νpk values with only low intrinsic modulation indices at highνpk
values. We note that the sources with the three highest intrinsic
modulation indices, J0238+1636, J0654+4514, and J0050−0929,
are all highly compact radio sources on parsec scales, whichlikely
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Figure 8. Likelihood distributions form0 for 1LAC BL Lacs (solid line)
and FSRQs (dashed line). The most likely values for the mean modulation
index for each distribution and for the difference between the two are listed
in Tables 4 and 5. The two distributionsareconsistent with having the same
mean modulation index at the 2σ level.
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Figure 9. Likelihood distributions form0 for BL Lacs in CGRaBS (solid
line) and 1LAC (dashed line). The most likely values for the mean mod-
ulation index for each distribution and for the difference between the two
are listed in Tables 3–5. The two distributionsare consistent with having
the same mean modulation index at the 1σ level.
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Figure 10. Likelihood distributions form0 for FSRQs in CGRaBS (solid
line) and 1LAC (dashed line). The most likely values for the mean modula-
tion index for each distribution and for the difference between the two are
listed in Tables 3–5. The two distributionsare notconsistent with having
the same mean modulation index with about 6σ significance.

indicates that these sources are viewed very nearly along their jet
axes (Lister et al. 2009b, 2011, 2013).

4.4 Redshift Trend

Based on the two-year results, we found evidence that the intrin-
sic modulation indices for CGRaBS FSRQs in our sample de-
creased with increasing redshift (Richards et al. 2011). InFig. 13,
we plot with black circles the mean four-year intrinsic modulation
indices among bright (S0 > 400 mJy) CGRaBS FSRQs as a func-
tion of redshift. Although the trend suggested by the two-year data,
shown here with grey diamonds, remains visible, the scatterof the
data within each bin has increased, particularly at higher redshifts.
None the less, the correlation is significant (Kendall’sτ =−0.15
with p< 5×10−5). This is not due, e.g., to mutual correlation
with flux density. We do find a significant correlation between
redshift andS0 (τ =−0.15, p< 5×10−3) but no correlation be-
tweenS0 and intrinsic modulation index (τ = 0.04, p< 0.48). In
Fig. 14 we plot the likelihood distributions for CGRaBS FSRQs
at high (z≥ 1) and low (z< 1) redshift, including those fainter
than 400 mJy. Although we continue to find a larger most-likely
value ofm0 for FSRQs at lower redshift (most likely difference
0.018±0.009), the significance of the separation is less than 2σ
and has fallen slightly compared to the two-year result.

As discussed in Richards et al. (2011), there are several
competing effects that will contribute to such a trend. Due to
cosmological time dilation, equal-length observations will cor-
respond to different source-frame time intervals according to
∆tsource= (1+z)−1 ∆tobs. Because, as we showed in section 3.1,
the intrinsic modulation index increases with the observation
length, this will tend to decreasem with increasing redshift. This
effect explains at least part of our observed redshift trend. Richards
(2012) used a subset of the OVRO data set to investigate this ef-
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Figure 11. Likelihood distributions form0 for 1LAC HSP sources (solid
line), ISP sources (dashed line), and LSP sources (dot-dashed line). The
most likely values for the mean modulation index for each distribution and
for the differences between the pairs are listed in Tables 4 and 5. The ISP
and LSP distributionsare consistent with having the same mean modu-
lation index at the 1σ level. The HSP distributionis not consistent with
either of the others with about 5σ significance.
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Figure 12.Likelihood distributions form0 for 1LAC BL Lac sources clas-
sified as HSP, (solid line), ISP (dashed line), and LSP (dot-dashed line).
The most likely values for the mean modulation index for eachdistribution
and for the differences between the pairs are listed in Tables 4 and 5. The
ISP and LSP distributionsareconsistent with having the same mean mod-
ulation index at the 1σ level. The HSP distributionis not consistent with
either of the others with about 4σ significance.
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Figure 13. Mean modulation indices for bright (S0 > 400 mJy) CGRaBS
FSRQs in redshift bins with∆z= 0.5. Horizontal error bars indicate bin
widths, vertical error bars indicate the statistical uncertainty in the plotted
means. Black circles indicate data points computed from thefour year data
set, grey diamonds from the two year data set. The vertical dashed line
indicatesz= 1.

fect by comparing the variability in equal rest-frame time periods.
Accounting for this reduced the most likely difference between the
z≥ 1 andz< 1 samples slightly, although the change was within
the uncertainty.

At higher redshifts, the 15 GHz observed frequency corre-
sponds to a higher rest frame emission frequency. Although blazar
variability indices do not differ significantly between 8 GHz and
90 GHz, the source-frame characteristic time between blazar flares
at 15 GHz is somewhat longer than at 37 GHz (Hovatta et al. 2007,
2008). Thus, lower redshift blazars will likely have undergone
fewer flares in a given source-frame time period. This will tend
to reduce the observed intrinsic modulation index, particularly be-
fore the source’s range of behavior has been completely measured.
The overall increase in intrinsic modulation indices between the
two- and four-year data sets, illustrated in Fig. 1, suggests that we
have not yet achieved this. This will tend to increase the intrin-
sic modulation index with redshift, in opposition to our detected
trend.

Other effects, such as Doppler and Malmquist biases will also
contribute to the redshift trend (Lister & Marscher 1997). Deter-
mining whether an intrinsic component to this apparent evolution
is present will require Monte Carlo simulation to assess thenet
contributions of the various biases.

5 DISCUSSION

We have presented and examined the results of four years of twice-
weekly 15 GHz radio monitoring of more than 1400 blazars, in-
cluding systematically radio- and gamma-ray-selected samples.
Using the intrinsic modulation index to quantify the variability
amplitude for each source, we find that on average, gamma-ray-
loud CGRaBS sources are significantly more radio variable than
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Figure 14. Likelihood distributions form0 for the CGRaBS FSRQs with
known redshift in our monitoring sample withz≥ 1 (solid line) andz<
1 (dashed line). The most likely values for the mean modulation index
for each distribution and for the difference between the twoare listed in
Tables 3 and 5. The two distributionsare consistent with having the same
mean modulation index at the 2σ level.

gamma-ray-quiet CGRaBS sources, confirming our previous re-
sult (Richards et al. 2011). This reflects a significant difference
in variability between FSRQs in the radio-selected CGRaBS and
gamma-ray-selected 1LAC samples. This indicates that among
FSRQs, there is clearly a connection between gamma-ray emis-
sion and radio variability. The 1LAC sample contains primarily
strongly radio-variable FSRQs. The CGRaBS sample also con-
tains many FSRQs that are both gamma-ray-loud and strongly
radio-variable, but it also contains a substantial gamma-ray-quiet,
weakly radio-variable FSRQ population. BL Lac objects show
similar radio variability in both the gamma-ray- and radio-selected
samples.

Within the 1LAC sample, the radio variability amplitude is
connected to the frequency of the synchrotron SED peak,νpk. HSP
blazars, withνpk > 1015 Hz, show significantly less radio variabil-
ity than do either ISP or LSP blazars. This result persists when FS-
RQs are excluded and only BL Lac objects are considered. In fact,
the variability of both the ISP and LSP BL Lacs is the same as that
of FSRQs to the 1σ level. This agrees with and quantifies a previ-
ous report that HSP BL Lac objects tend to have moderately low
modulation indices in the OVRO 15 GHz data, while many LSP
and ISP sources vary at higher levels (Lister et al. 2011). Wedo
not find evidence for a difference in radio variability amplitude be-
tween the ISP and LSP blazars, and among BL Lacs find a slightly
lower level of variability among LSPs, although the uncertainties
are relatively large and the difference is less than 1σ .

Hovatta et al. (2013) examined blazar optical variability and
found a monotonic increase from HSP to ISP to LSP sources. A
continuous trend in gamma-ray variability index versusνpk was
also found by Ackermann et al. (2011). The ability to detect such
a trend in these bands benefits from the substantially stronger vari-
ability there than at 15 GHz. In gamma-rays in particular, sources
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are typically undetected when quiescent, whereas the presence of
extended radio emission provides a steady background that dilutes
the fractional variability measured by the intrinsic modulation in-
dex. We find that the steady flux density background increasesat
lower νpk values. If there is an upper limit to the component of
the flux densities that is variable on the week-to-year time-scales
we probe with this programme, this would lead to a saturationef-
fect: as the steady flux density increases, the intrinsic modulation
index corresponding to the maximum variable flux density will
decrease. A limit on the variable flux density is likely because we
expect limits on intrinsic brightness temperatures (Readhead 1994;
Kellermann & Pauliny-Toth 1969).

These results suggest that, among FSRQs, there is a con-
nection between detectable gamma-ray emission and radio vari-
ability. No evidence for such a connection is found for BL Lacs.
This finding is similar to the results of several other recentra-
dio blazar studies. Compared to their gamma-ray-quiet counter-
parts, LAT-detected gamma-ray-loud FSRQs have been found to
exhibit faster parsec-scale jet speeds (Lister et al. 2009a) and
larger core brightness temperatures, incidence of polarization, and
parsec-scale opening angles (Linford et al. 2011; Linford et al.
2012). In most cases, no significant difference has been found
between gamma-ray-loud and gamma-ray-quiet BL Lac popula-
tions. Linford et al. (2011) did report gamma-ray-loud BL Lacs to
have longer jet lengths and Linford et al. (2012) found they had a
slightly higher incidence of core polarization.

The presence of this connection in FSRQs and its appar-
ent absence in BL Lacs may result from different sources of in-
verse Compton seed photons in these classes. High-energy pho-
tons produced by the EC process are beamed more strongly com-
pared to photons produced by either the synchrotron or SSC pro-
cesses (Dermer 1995), so for a single Lorentz-factor jet, gamma
rays produced via EC will be emitted into a smaller solid an-
gle than SSC gamma rays. Several studies have found evidence
that BL Lac sources are typically dominated by the SSC process
while FSRQs chiefly emit via the EC process (e.g., Abdo et al.
2010c; Lister et al. 2011), and it seems that more powerful jets
like those found in FSRQs are more likely to exhibit EC (Meyer
et al. 2012). There do, however, seem to be exceptions to this
rule (e.g., Böttcher 2012). Still, if this connection is generally
correct, then the gamma-ray-loud subset of FSRQs would consist
of those whose line of sight falls within the narrow gamma-ray
emission cone, which would be the higher-Doppler factor sources.
Higher Doppler factors are associated with increased radiovari-
ability (e.g., Lähteenmäki & Valtaoja 1999; Jorstad et al. 2001b;
Hovatta et al. 2009), so this would lead to gamma-ray-loud FSRQs
being more radio variable than the overall average, as we find. In
BL Lacs, on the other hand, SSC gamma-ray emission would be
subject to the same beaming factor as the radio emission, so this
selection bias toward higher Doppler factors will be weakeror ab-
sent. The population of BL Lacs that exhibit substantial gamma-
ray emission would primarily be determined by factors otherthan
beaming effects, as suggested by Lister et al. (2009a).

We caution, however, that we may be over-interpreting our
BL Lac result: a selection effect may bias our variability aver-
age for this class. The CGRaBS and 1LAC BL Lac samples differ
strongly in the proportion of HSP sources in each. Although we
do not have uniform SED classifications for the CGRaBS sample,
of the 60 that do have classifications only 11 are HSP. For 1LAC,
85 of the 168 with classifications are HSP. Since HSP BL Lacs are
much less variable than either ISP or LSP BL Lacs, it is surpris-

ing that we find overall similar intrinsic modulation indices for the
CGRaBS and 1LAC BL Lac samples. This happens because HSP
sources are fainter and less variable in radio, and so are more likely
to be dropped by our cuts inS0 andm. As a result, HSP BL Lacs
are under-represented in the determination of the mean intrinsic
modulation index for the 1LAC sample, leading to an overestimate
of m0.

Finally, the observed trend of decreasing variability ampli-
tude with increasing redshift among CGRaBS FSRQs appears still
to be present in our longer data sets, albeit with reduced signif-
icance when we compare the mean intrinsic modulation indices
of high and low redshift objects. The correlation betweenm and
z for bright FSRQs is highly significant (p< 5×10−5), however.
There are several effects and biases that will contribute tosuch a
trend, so determining whether a cosmological evolution compo-
nent is present will likely require simulations.
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