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gamma-ray loud:  
2FGL: 

➡ integrated photon flux F (> 100 MeV) 

➡ F (> 100 MeV) > 2 × 10−8 cm−2 s−1, 
➡ we exclude the galactic plane: |b| 10◦ 
➡ non-biasing cuts: 62 GL sources  


gamma-ray quiet:  
OVRO monitoring:

➡ intrinsic modulation, m>= 0.05 

➡ mean flux density, S>= 0.06 Jy 

➡ non-biasing cuts: 15 GQ sources  


season 2013 season 2014



assuming a power law distribution:

- GL: ⟨p0⟩ ~ 0.092 ± 0.008

- GQ: ⟨p0⟩ ~ 0.031 ± 0.008


from June 2013 survey

- GL: 0.064 (+0.009-0.008)

- GQ: 0.032(+0.02-0.011)


Pavlidou et al. 2014, MNRAS.442.1693P
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Figure 1. The cumulative distribution function of the median polarization

fraction for the GL (black) and GQ samples (blue lines). Lower: same for the

intrinsic polarization fraction p0. The orange triangles indicate the sources

that switched from the GQ sample to the GL in the 3FGL catalogue.

GL sources classified as “bzb” are found at systematically lower

redshifts (median 0.308) as opposed to “bzq” sources that are lo-

cated clearly farther with a median of around 0.867, in accordance

with what systematic studies of blazar samples have shown (e.g.

Massaro et al. 2009). The GQ sources on the other hand are al-

most uniformly distributed over a broad range of redshifts reaching

up to 3.18. Hence, their cosmological distance cannot explain – at

least not alone – their gamma-ray silence. Their median redshift is

around 0.5. The orange triangles mark the positions of the two GQ

that appeared in the 3FGL (Acero et al. 2015).

The fact that the quasar subset of blazars (FSRQs) are ob-

served at larger redshifts implies that the blazar sub-class (FSRQ or

BL Lac) is a weak function of redshift (see Fig. 2 in Massaro et al.

2009 and Fig. 1 in Xiong et al. 2015). If the degree of polarization

were depending on the source class, one would expect an implicit de-

pendence of the polarization fraction on the redshift. Furthermore,

the apparent dominance of quasars in the GQ sample (Table 1)

would impose a similar dichotomy between GL and GQ samples.

Figure 3 shows p̂ versus z separately for the GL and GQ sam-

ples. In order to test whether p̂ depends on z we calculated the

Spearman’s rank correlation coefficient, ρ. The method assesses

the possibility for the existence of a relation between the variables
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Figure 2. The redshift distribution of the main source classes in Table 1.

The bin size is set to 0.2. The grey area shows the distribution of all sources

in Table 1. The GL subset is shown separately for “bzq” and “bzb” sources

following the 2FGL classification. The GQ sources (control sample) is shown

in blue. The orange triangles show the redshifts of the two sources which

were initially selected as control sample sources but eventually appeared in

the 3FGL list.
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Figure 3. The median polarization fraction versus the source redshift for GL

and GQ sources. The plot shows no evidence for a monotonous correlation.

in the form of a monotonous function. Generally, ρ takes the value

of −1 or +1 in the ideal case of a monotonous relation between

the two variables and 0 in the total absence of such. The case of p̂

and z gives a ρ of only 0.18 (p-value: 0.065), lending no support

to the hypothesis that there is significant correlation between the

two. The same conclusion is reached when using the intrinsic mean

polarization fraction p0. However, Spearman’s test evaluates only

the likelihood of a monotonous relation between two variables, so

a more complicated relation cannot be excluded.

Since no strong correlation between redshift and polarization

fraction has been identified, we find no indication that a difference

in the redshift distribution between GL and GQ samples can be the

source of their polarization dichotomy.
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All the data products discussed hereon are based on data sets that

have passed all these checks.

3 DATA PRODUCTS

In this section, we present minimal-processing data products for all

sources included in Table 1.

Table 2 lists polarimetry and photometry data products for the

sources observed and is available online. For polarization angles

we adopt the IAU convention: the reference direction is North, and

the angle increases Eastwards (Saikia & Salter 1988). The Table

columns include number of times N each source has been observed

to be significantly polarized (p/σp ≥ 3), the average time between

two such consecutive measurements ⟨τ⟩, the median polarization

fraction p̂, the minimum and maximum polarization fractions ever

observed for each source (pmin and pmax, respectively), a flag in-

dicating whether the source is of “high polarization” (HP) or “low

polarization” (LP) (with HP indicating that the source has at some

point been observed to have a polarization fraction higher than

0.03), and the median polarization angle, χ̂. Polarization angles

have been corrected for instrumental rotation.

Concerning photometry data products, Table 2 lists the mean

R-band magnitude for each source< R >, averaged over all observa-

tions with significant photometry measurements, and the catalogue

used for the photometry calibration.

3.1 Intrinsic mean flux density and modulation index

We have used the maximum-likelihood analysis presented in

Richards et al. (2011) on the R-band flux densities in order to esti-

mate best-guess values for the intrinsic mean flux density S0 and its

modulation index mS , as well as uncertainties for these quantities.

The analysis assumes that, discarding timing information, the under-

lying distribution of fluxes – that the source is capable of producing

– is Gaussian. Observational uncertainties in R-band flux density

measurements as well as finite sampling are explicitly accounted

for. Table 3 summarizes the results of our analysis and is provided

online.

3.2 Intrinsic mean polarisation and intrinsic modulation

index

In a similar fashion, we have used a maximum-likelihood analysis to

compute best-guess estimates of the average intrinsic polarization

fraction p0 and the intrinsic polarization fraction modulation index

mp (p−distribution standard deviation divided by p−distribution

mean), as well as uncertainties for these quantities. Physically, p0

and mp correspond to the sample mean and sample modulation in-

dex that one would measure for a source using an infinite number of

fair-sampling, zero-observational-error data points. For this analy-

sis, we have used all measurements, regardless of the signal-to-noise

ratio of the polarization fraction.

The details of the method are described in Appendix A of

Blinov et al. (2016). The underlying assumptions are that: (a) a

single polarization fraction measurement from a source follows the

Rice distribution (and, implicitly, that the Stokes parameters Q and

U have Gaussian, approximately equal uncertainties); and (b) the

values of the polarization fraction that a source can produce follow

a Beta distribution (chosen because it is defined in a closed [0,1]

interval, as is the polarization fraction):
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with Var the variance of the distribution.

An essential advantage of this approach is that it provides

estimates of both uncertainties and, when appropriate, upper limits.

The method has been applied only in cases with at least 3 data points

out of which at least 2 had p/σp ≥ 3. All the results of our analysis

are shown in Table 3.

4 ANALYSIS

Our analysis is focused on the behavior of the polarization fraction

p and its variability for GL and GQ sources. We first examine the

median polarization fraction p̂ of each source computed from mea-

surements with p/σp ≥ 3. This quantity has the advantage that it

is very straight forward to define and compute. However, it clearly

only characterizes sources during their stages of significant polar-

ization, ignoring non-detections and the associated cycles of low

polarization. For this reason, we also include a realistic analysis

which accounts for limited sampling, measurement uncertainties,

and Ricean bias, by applying a maximum-likelihood analysis to

compute the intrinsic mean polarization fraction p0 and its associ-

ated intrinsic modulation index mp (Sect. 3.2), together with uncer-

tainties for these quantities. A similar approach is followed in for

the photometry (Sect. 3.1), where a maximum-likelihood approach

is used to compute the intrinsic mean R-band flux density S0 and

its intrinsic modulation index mS . The scope of the section can be

summarized in (a) quantifying the difference in the amount of polar-

ization seen on average in GL and GQ sources and its variability, (b)

searching for parameters they may depend on, and (c) investigating

the possible scenarios that would explain that difference.

4.1 The polarization of the GL and GQ samples

On the basis of mostly single-measurement data sets collected dur-

ing the instrument commissioning phase around 2013 May–July,

we showed that the polarization fraction of the GL and GQ targets

cannot be drawn from the same parent distributions (see Survey

Paper). Assuming an exponential distribution for both classes the

mean values ⟨p⟩were 6.4+0.9
−0.8
× 10−2 for GL and 3.2+2.0

−1.1
× 10−2 for

GQ sources.

Here, we address the same questions using our monitoring data

and in particular p̂ and p0 for each source. In the upper panel of

Fig. 1 we show the cumulative distribution function for the median

polarization fraction p̂ of each source. The median is computed from

measurements satisfying the condition p/σp ≥ 3. That leaves 116

GL and 14 GQ sources. The median of median polarization fractions

is found to be 0.074±0.007 for the GL sample and 0.025±0.009 for

the GQ ones. The null hypothesis that the two samples come from

MNRAS 000, 1–15 (2015)
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estimates of both uncertainties and, when appropriate, upper limits.

The method has been applied only in cases with at least 3 data points
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are shown in Table 3.
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which accounts for limited sampling, measurement uncertainties,
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ated intrinsic modulation index mp (Sect. 3.2), together with uncer-

tainties for these quantities. A similar approach is followed in for

the photometry (Sect. 3.1), where a maximum-likelihood approach

is used to compute the intrinsic mean R-band flux density S0 and

its intrinsic modulation index mS . The scope of the section can be

summarized in (a) quantifying the difference in the amount of polar-

ization seen on average in GL and GQ sources and its variability, (b)

searching for parameters they may depend on, and (c) investigating

the possible scenarios that would explain that difference.

4.1 The polarization of the GL and GQ samples

On the basis of mostly single-measurement data sets collected dur-

ing the instrument commissioning phase around 2013 May–July,

we showed that the polarization fraction of the GL and GQ targets

cannot be drawn from the same parent distributions (see Survey

Paper). Assuming an exponential distribution for both classes the

mean values ⟨p⟩were 6.4+0.9
−0.8
× 10−2 for GL and 3.2+2.0

−1.1
× 10−2 for

GQ sources.

Here, we address the same questions using our monitoring data

and in particular p̂ and p0 for each source. In the upper panel of

Fig. 1 we show the cumulative distribution function for the median

polarization fraction p̂ of each source. The median is computed from

measurements satisfying the condition p/σp ≥ 3. That leaves 116
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• highly variable, strong jet dominance due to:
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Savolainen et al. 2010; Lister et al. 2015)
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particle acceleration


• optical from smaller volumes hence higher 
polarization


GQ:

• objects with:


- less extreme Doppler boosting or

- impulsive episodes less efficient,


• optical from larger volumes hence lower 
polarization

mildly relativistic shock,

particle acceleration (DSA or reconnection)


B-field compression
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Figure 7. The distribution of EVPA for a close-to-uniform case (highly random, RBPLJ1653+3945 left) and one case far-from-uniform (low randomness,

RBPLJ1751+0939 right). Upper row: The distribution of EVPA. Lower row: The cumulative distribution function of the EVPA for those two cases (solid line)

and the one of uniform distribution (dashed line). There are 46 data angle measurements for RBPLJ1751+0939 and 51 for RBPLJ1653+3945.

high-synchrotron peaked (LSP, if Log(νs) < 14, ISP if 14 ≤
Log(νs) < 15 and HSP if Log(νs) ≥ 15, respectively). Then we se-

lected 0.1 as the limiting value of χ2
red for a source to be considered

as non-uniform. We then found that: 11/14 (79%) LSP, 7/14 (50%)

ISP and 3/8 (38%) HSP sources, have χ2
red below 0.1. Despite the

small number statistics, this result indicates that HSP sources are

more likely to have a preferred and less variable EVPA than LSP

sources.

Second, the green markers in Fig. 6 show the mean χ2
red in

each of five synchrotron-peak frequency bins. The vertical error-

bars show the spread of the values in the bin (1σ). A linear fit to

the binned data – the green dashed line – gave a significant slope of

0.037 ± 0.010.

We conclude that the randomness of the EVPA depends on the

synchrotron peak frequency. The EVPA of HSP sources is concen-

trated around preferred directions. The EVPA of LSP sources, on

the other hand, is more variable and less likely to have a preferred

direction. In § 5 we argue that these two findings may indeed be

evidence for a helical structure of the magnetic field.

4.6 Polarization and source variability

Depending on the mechanism producing the variability, it is likely

that the degree of polarization relates to the degree of variability

at different bands. Here we examine the role that the radio and the

optical modulation indices may play.

In Fig. 8 we plot the median polarization fraction versus the

variability amplitude at 15 GHz from Richards et al. (2014), as that

is quantified through the intrinsic modulation index introduced by

Richards et al. (2011). As it is seen there, the two are correlated

with Spearman’s test to be giving a ρ ∼ 0.35 and a p-value of about

3× 10−4. The GQ sources have preferentially low radio modulation

indices as it was already found by Richards et al. (2011). However,

the GQ sources have average polarization fractions that are low even

compared to GL sources with comparable radio modulation indices.

In Fig. 9 we examine the dependence of the polarization frac-

tion on the variability amplitude of the R-band flux density. In

the upper panel we plot the observed median polarization frac-

tion p̂ and the R-band flux density modulation index mS . In this

case Spearman’s ρ, when including both GL and GQ sources, is

around 0.38 with a p-value of 10−4, indicating a rather significant

correlation. Similarly, in the lower panel we show the maximum-

likelihood intrinsic mean polarization fraction p0 and the mS which

gave a Spearman’s ρ ≈ 0.38 with a p-value of 8× 10−4. Again, GQ

sources are systematically less polarized on average than sources

with comparable optical modulation indices.

Finally, in Fig. 10 we examine whether p0 depends on the am-

plitude of its variability quantified through the intrinsic polarization

modulation index mp . Spearman’s test gave a ρ of around −0.31

with a significance of p-value 0.013.

We conclude that the variability amplitude, in both radio and

optical flux density, affects the mean observed polarization. With

comparable Spearman’s test results, the higher polarization is as-

sociated with stronger variability in either the optical or the radio

light curves. Finally, there is also a weak indication that stronger

variability in optical polarization associates (on average) with lower

polarization although of lower significance. Nevertheless, these cor-

relations cannot explain GL-GQ polarization dichotomy.
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We conclude that the randomness of the EVPA depends on the

synchrotron peak frequency. The EVPA of HSP sources is concen-

trated around preferred directions. The EVPA of LSP sources, on

the other hand, is more variable and less likely to have a preferred

direction. In § 5 we argue that these two findings may indeed be

evidence for a helical structure of the magnetic field.

4.6 Polarization and source variability

Depending on the mechanism producing the variability, it is likely

that the degree of polarization relates to the degree of variability

at different bands. Here we examine the role that the radio and the

optical modulation indices may play.

In Fig. 8 we plot the median polarization fraction versus the

variability amplitude at 15 GHz from Richards et al. (2014), as that

is quantified through the intrinsic modulation index introduced by

Richards et al. (2011). As it is seen there, the two are correlated

with Spearman’s test to be giving a ρ ∼ 0.35 and a p-value of about

3× 10−4. The GQ sources have preferentially low radio modulation

indices as it was already found by Richards et al. (2011). However,

the GQ sources have average polarization fractions that are low even

compared to GL sources with comparable radio modulation indices.

In Fig. 9 we examine the dependence of the polarization frac-

tion on the variability amplitude of the R-band flux density. In

the upper panel we plot the observed median polarization frac-

tion p̂ and the R-band flux density modulation index mS . In this

case Spearman’s ρ, when including both GL and GQ sources, is

around 0.38 with a p-value of 10−4, indicating a rather significant

correlation. Similarly, in the lower panel we show the maximum-

likelihood intrinsic mean polarization fraction p0 and the mS which

gave a Spearman’s ρ ≈ 0.38 with a p-value of 8× 10−4. Again, GQ

sources are systematically less polarized on average than sources

with comparable optical modulation indices.

Finally, in Fig. 10 we examine whether p0 depends on the am-

plitude of its variability quantified through the intrinsic polarization

modulation index mp . Spearman’s test gave a ρ of around −0.31

with a significance of p-value 0.013.

We conclude that the variability amplitude, in both radio and

optical flux density, affects the mean observed polarization. With

comparable Spearman’s test results, the higher polarization is as-

sociated with stronger variability in either the optical or the radio

light curves. Finally, there is also a weak indication that stronger

variability in optical polarization associates (on average) with lower

polarization although of lower significance. Nevertheless, these cor-

relations cannot explain GL-GQ polarization dichotomy.
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Figure 11. The intrinsic modulation index mp for the GL and GQ samples.

In cases where the mp was not available 2σ upper limits have been included

instead.
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Figure 12. The intrinsic modulation index of the polarization fraction versus

the redshift. The arrows indicate 2σ upper limits. The y-axis has been

truncated at 3 excluding three GL upper limits close to 3.5, 4 and 7.

lation, implying that the amplitude of the 15 GHz total intensity

variability, is not connected to the variability amplitude of the opti-

cal polarization fraction. The validity of this conclusion of course,

relies on the assumption that the radio and optical data sets used

carry the characteristics of the variability mechanisms although they

are not contemporaneous.

A weak indication for a possible mild correlation appears be-

tween the intrinsic polarization variability index mp and the flux

density variability index mS as it is shown in Fig. 15. Using the

GL sources alone gave a ρ around 0.3 although with a significance

below the 2.5σ level (p-value≈ 0.016).

5 SUMMARY AND DISCUSSION

We have presented the average polarimetric and photometric prop-

erties, as well as the variability parameters, of GL and GQ sources

observed with RoboPol during the first two observing seasons. Our

analysis concentrated on (a) quantifying the possible difference in
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Figure 13. The R-band intrinsic modulation index mS versus that at 15

GHz, m15.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
m15

0.0

0.5

1.0

1.5

2.0

2.5

3.0

m
p

GL

GQ

GL: 2σ upp. limit

GL: 2σ upp. limit

Figure 14. The intrinsic polarization modulation index mp versus that at

15 GHz, m15. The arrows mark 2σ upper limits. The y-axis is truncated at

3 excluding one upper limit around 7.

the polarization of the GL and GQ sources that was first found by

Pavlidou et al. (2014); and (b) investigate its possible causes. We

also examined whether the polarization variability shows a similar

dichotomy for GL and GQ sources. We have found that:

The average polarization does not depend on luminosity. While in

the Survey Paper the un-polarized starlight contribution of the host

galaxy was suggested as being possibly responsible for the apparent

de-polarization of the brightest sources, a more detailed analysis in

luminosity space revealed that sources that are both very luminous

and highly polarized are possible (see Fig. 4).

The average polarization fraction of GL and GQ sources differs.

The two samples have different mean polarization fractions: the

distributions of p̂ are different at an almost ∼ 4σ level, while those

of the intrinsic mean polarization fraction p0 yielded a significance

of ∼ 3σ. A Gehan’s generalized Wilcoxon test applied on a dataset

using also 2σ upper limits in p0, yields a similar result (Fig. 1 lower

panel). A log-normal distribution fit to the two distributions of p0

MNRAS 000, 1–15 (2015)
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KS test: p-value: 0.255


ρ = 0.43 (p-value: 10-3) 

no correlation

weak indication: 

ρ = 0.3 (p-value: 0.016 ~ 2.5σ) 

➡ GL and GQ are indistinguishable for mp

➡  the polarization variability amplitude mp 

increase with cosmic distance 

➡ weak dependence of polarization variability 

in optical variability and no in radio



➡ GL more polarized than GQ sources

➡ the polarization decreases with the synchrotron peak frequency

➡ the polarization spread decreases with the synchrotron peak frequency


- mildly relativistic shock in a jet with helical and a turbulent component may 
explain the observations


➡ the EVPA clearly shows a preferred direction for HSP sources 

➡ the EVPA is randomly orientated in LSP sources


- ???


➡ LSPs dominate the deterministic rotations with small lags to the gamma activity 

- possibly with plasmoids traveling in regions with helical field


➡ stronger variability in optical or radio causes higher polarization

➡  the more variable the polarization the less polarized


➡ GL and GQ are indistinguishable for mp


