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A nod to our sponsors 
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Blazars 

beamed & boosted 

fast variability 
superluminal motions 

high-energy emission 
high apparent luminosity 



5 

Blazar Spectra 

PKS 1502+106, Abdo et al. 2010 



Blazar Variability 
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A. Abdo et al. (2010) 

3C279 

Polarization rotation 



Many interpretations 

7 

l  A wealth of theoretical ideas: 

 

•  A multitude of phenomenological possibilities. 
ü  large rotations, small rotations, rotations of all sizes 
ü  all blazars, many blazars, only few blazars do it 
ü  happens only during flares, happens all the time 

Propagation through jet bend  
Nalewajko et al.  
cartoon from Young 2010 

Precessing jet  
Blandford et al. 
cartoon from Heinz & 
Sunyaev 2002 

Turbulent plasma crossing 
standing shock 
Marscher et al. 
cartoon from Marscher 2014 

Propagation of shock along jet B-field 
Konigl et al. 
cartoon from Konigl & Choudhuri 1985! 
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The RoboPol Program 

ü  Observe large, well-defined sample of blazars in optical linear 
polarization with high cadence 

ü  Identify rotations with uniform criteria 

ü  Systematically answer questions regarding optopolarimetric 
properties of blazars: 

 
    -- Are γ-ray—loud and γ-ray quiet blazars different  
       in optical polarization? 
    -- Do all blazars exhibit polarization rotations? 
    -- Are polarization rotations coherent events or the result of random    
       walks in polarization angle? 
 -- Are polarization rotations related to γ-ray flares? 
 



  

The Project

Our approach: 
- a lot of telescope time (4 nights / week) for 3 years
- a dedicated instrument (no moving parts)
- well de8ned sample of blazars (~100 sources)
- automated operation
- adaptive observing strategy 
- broadband data ( + radio and gamma)
  OVRO, Effelsberg, Torun

King et al. 2014, MNRAS 445, L114

1.3 m Skinakas observatory
1750 m.a.s.l.
 Median seeing 0.7'' (DIMM)
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Program Features 

ü RoboPol polarimeter: unique design, no moving parts,  
low systematics, high sensitivity 

ü  Telescope time: 4 nighs/week for 3 years at 
 Skinakas 1.3 m telescope  
(1750m, median seeing 0.53 arcsec) 

ü Observing strategy: adaptive, self-triggering.  
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The Sample 

ü  Main: 62 γ-ray – loud blazars, R<17.5m 

ü  Control: 15  γ-ray – quiet blazars, similar in  
radio flux, spectra, variability with main 

ü  24 additional interesting objects 
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γ-loud vs γ-quiet 

  

The Sample

Main: 62 γ-ray–loud blazars (2FGL)  R<17.5m

Control: 15 γ-ray–quiet blazars (CGRaBS\2FGL)

24 additional interesting objects

Polarization fraction follows exponential
distribution, for both γ-ray–loud and
γ-ray–quiet

Mean p = 6.4% γ-ray–loud
Mean p = 3.2% γ-ray–quiet
different at ~3.5 σ (K-S test)

Pavlidou et al. 2014, MNRAS 442, 1693

  

The Sample

Main: 62 γ-ray–loud blazars (2FGL)  R<17.5m

Control: 15 γ-ray–quiet blazars (CGRaBS\2FGL)

24 additional interesting objects

Polarization fraction follows exponential
distribution, for both γ-ray–loud and
γ-ray–quiet

Mean p = 6.4% γ-ray–loud
Mean p = 3.2% γ-ray–quiet
different at ~3.5 σ (K-S test)

Pavlidou et al. 2014, MNRAS 442, 1693

No rotations seen in γ-ray quiet blazars 
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Detected Rotations 

  

EVPA rotations

Prior to RoboPol:  16 rotations in 10 blazars were know
RoboPol has added 34 in two seasons

Observed frequency:  
γ-ray–loud blazars show 1 rotation with Δθ/Δt < 10 O/day every 730 days
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EVPA rotations

CTA 102 3C 454.3



Rotators / Non-rotators 
RoboPol: EVPA rotations in blazars 9

Figure 4. Cumulative distribution functions of ∆θmax lengths
and average rates for the main sample rotators, the main sam-
ple non-rotators and control sample sources (see Sec. 3.4 for
details).

in the main sample with rates < 15◦/day and < 20◦/day
as one rotation in ∼ 490 days (4912/10) and ∼ 180 days
(2363/13), respectively.

3.4 EVPA variability in blazars of different

samples

In order to address the question whether “the EVPA vari-
ability is different in objects where rotations were de-
tected compared to the rest of the main sample and to
the control sample” we collate all EVPA “swing” events
and measure their ∆θmax and rates. We define an EVPA
“swing” as any continuous change of the EVPA curve,
without a lower limit in its ∆θmax or in the number of
measurements. As before, start and end points of a swing
event are defined by a change of the EVPA curve slope
by a factor of five or a change of its sign.

We identified all such events for all blazars of the
main and control samples within the 10◦/day “detection
box” in Fig. 1, and measured their amplitude, ∆θmax, and
mean rotation rate. The cumulative distribution function
of the EVPA swings ∆θmax and rotation rates for blazars
in the main sample which showed rotations (“rotators”),
blazars in the main sample, which did not show rotations
(“non-rotators”), as well as for blazars in the control sam-
ple, are shown in Fig. 4.

We performed a 2 sample Kolmogorov-Smirnov (K-
S) test pairwise for 3 samples of collected swing am-
plitudes and rates with the null-hypothesis that these
samples are drawn from the same distribution. The null-
hypothesis is rejected for rotators and non-rotators with
the p-value = 1.2 · 10−5, and for rotators and the con-
trol sample (p-value = 5 · 10−3). At the same time the
distribution of swing amplitudes in the non-rotators and
control sample sources is indistinguishable according to
the test (p-value = 0.35). The maximum difference be-
tween the CDFs of non-rotators and rotators D = 0.29
is reached at ∆θmax ≈ 25◦. Even if we exclude the 14
rotations (i.e. the largest ∆θmax swings) of the main sam-
ple blazars, rotators still remain different from the non-
rotators (p-value = 2 · 10−3).

A similar analysis for the distributions of EVPA
swing rates leads to the same conclusion. The null-
hypothesis is rejected for the rotators and the non-
rotators (p-value = 1.4 ·10−6) and rotators vs. the control
sample (p-value = 5 · 10−3), while it can not be rejected
for the non-rotators and control sample (p-value = 0.18).

We therefore conclude that blazars with detected ro-
tations show significantly larger ∆θmax and faster EVPA

variations when compared to blazars with no detected ro-
tations. This difference cannot be attributed to differences
in the sampling properties of the data sets. Therefore the
lack of detection of EVPA rotations in the “non-rotators”
member of the main sample, as well as the blazar in the
control sample, may have a physical origin. Most of the
non-rotators in the main and control samples may never
show an EVPA rotation.

4 RANDOM WALKS AS THE ORIGIN OF

EVPA ROTATIONS

4.1 Monte-Carlo simulations of EVPA swings

Potentially EVPA swings can be explained by a stochas-
tic process, which is physically justified by a presence
of many independent cells in the emission region (e.g.
Jones et al. 1985; D’Arcangelo et al. 2007). According to
this interpretation, the magnetic field is turbulent and
apparent rotations result from a random walk of the full
polarization vector direction as new cells with random
magnetic field orientations appear in the emission region
(Marscher 2014). In order to estimate the probabilities
that the EVPA rotations we observed with RoboPol are
produced by this kind of multicell random walk process we
performed Monte-Carlo (MC) simulations of the stochas-
tic variability of the polarization vector on the QU plane
following Kiehlmann et al. (2013).

For each blazar where an EVPA rotation event was
observed, we created 104 artificial light curves, each one
with duration Tobs. The time steps ∆ti between consec-
utive points were drawn from a truncated power-law dis-
tribution, which approximates well the distribution of the
time steps in all observed lightcurves. The parameters of
this distribution (∆tmin, ∆tmax and the power-law index)
were determined by fitting it to the distribution of ob-
served ∆ti for each object.

The total unpolarized flux density Ii emitted at each
time step ∆ti, was drawn from a log-normal distribution.
Such a distribution approximates reasonably well the dis-
tribution of the observed flux densities for all blazars. The
mean and variance of the log-normal distribution was set
equal to the sample mean and variance of the distribution
of the flux density of each blazar.

The maximum possible fractional polarization pro-
duced by a uniform magnetic field is Pmax = (α+1)/(α+
5/3) ≈ 0.78 (Pacholczyk 1970). In the case of unresolved
emission region comprising N independent cells with a
uniform magnetic field, but randomly oriented among
them, the average fractional polarization is given by the
equation (Hughes & Miller 1991):

⟨Pobs⟩ ≈
Pmax√

N
. (1)

We used this equation and the observed average polar-
ization fraction, ⟨Pobs⟩, to estimate the number of cells,
N , for each blazar. Each cell was assigned an unpolar-
ized flux density Ii,k (which was set equal to Ii/N for all
cells at each time step) and a set of Qi,k and Ui,k Stokes
parameters. They were found by a renormalization with

the factor Pmax/
√

(Q0
i,k)

2 + (U0
i,k)

2 of two numbers Q0
i,k

and U0
i,k drawn from a standard normal distribution. The

sums Qi =
∑N

k=1 Qi,k and Ui =
∑N

k=1 Ui,k determine the
total Stokes parameters of the emitting region at each
time step.

At each time step the Stokes parameters of Nvar(∆ti)

c⃝ 2015 RAS, MNRAS 000, 1–16

  

Variability of rotators and non-rotators

K-S p-value = 4x10-3Rotators vs. non-rotators:
- Δθ/Δt  K-S p-value = 1.4x10-6

- Δθ        K-S p-value = 2x10-3
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Random walk in EVPA? 

  

Are they random walks?

MC simulations following
Kiehlmann et al. 2013

All together are RW with
               P = 1.5%

Similar simulations:
Jones et al. 1985, ApJ 290, 627
D'Arcangelo et al. 2007, ApJL 659, L107



γ-ray – related? 

  

Association with γ-ray +ares

14 D. Blinov et al.

Figure 9. Cumulative distibution functions of the time lags
bewteen the EVPA rotations middle points and tp of the closest
gamma-ray flares for the main sample rotators. Black line -
observed time lags, thin grey lines - 104 simulated values for
the whole sample of rotations (see text for details).

of any physical connection between the EVPA variability
and high-energy activity is an unfavorable interpretation.

5.4.2 Rotators as a population

In order to assess the probability that the entire set of
the time lags appeared in the main sample rotators in a
random way, we run the following simulation. Repeating
the procedure described in Sec. 5.2 we identified and fitted
all flares in the gamma-ray photon flux curve (54683 !

MJD ! 57065) of each blazar from the main sample with
a detected rotation. Then placing a simulated rotation at
a random position on each of the gamma-ray curves, we
defined the shortest time lag between the central point
of the rotation and tp of the nearest flare. After this the
CDF of absolute values of the simulated time lags was
constructed for the set of 14 events.

Repeating the routine 106 times we found that only
one out of every 5000 simulations produces a CDF which
is in its entirety located closer to zero or coincides with
the CDF of observed time lags (see Fig.9). Thereby we
estimate the probability that all 14 delays together were
produced by chance as 2 × 10−4. When we repeat this
procedure for all 16 rotations together including two non-
main sample events, the estimated probability decreases
to 5 × 10−5. Therefore it is very unlikely that none of
the observed EVPA rotations is related physically to the
flaring activity in gamma-rays.

6 CONCLUSIONS

During the first season of operation of the RoboPol
project, we detected 16 rotations of the polarization plane
in optical emission of blazars. These detections double the
existing list of such events. All EVPA rotations are ob-
served in blazars which are detected by Fermi, in agree-
ment with previous experiments, which have detected
similar events in the same class of objects. Our strategy
of monitoring both gamma-ray–loud and quiet samples,
suggests that the lack of EVPA rotations detection by
RoboPol in gamma-ray–quiet objects cannot be due to
a difference in the sampling pattern. Combining our re-
sults with those reported in the literature we found that

Table 8. Modeling results for the connection between EVPA
rotations detected by RoboPol in 2013 and gamma-ray flares.
(1) - blazar identifier; (2) probability of an accidental time
lag; (3) - combined probability of a rotation being produced
by the random walk and located as close to the corresponding
gamma-ray flare as it was observed.

Blazar ID P(τobs) P(RW+τobs)

RBPLJ0136+4751 0.75 0.08
RBPLJ0259+0747 0.03 0.02
RBPLJ0721+7120 0.04 0.01
RBPLJ0854+2006 0.23 0.08
RBPLJ1048+7143 0.14 0.11
RBPLJ1555+1111 0.72 0.72
RBPLJ1558+5625 0.20 0.10
RBPLJ1806+6949 0.10 0.02
RBPLJ1806+6949 0.49 0.27
RBPLJ1927+6117 0.08 0.08
RBPLJ2202+4216 0.21 0.04
RBPLJ2232+1143 0.14 0.01
RBPLJ2232+1143 0.19 0.17
RBPLJ2243+2021 0.48 0.44
RBPLJ2253+1608 0.78 0.67
RBPLJ2311+3425 0.56 0.41

rotations can be detected in both TeV and non-TeV emit-
ters. Our results also indicate that all subclasses of blazars
show rotations of the EVPA (regardless of the position
of the synchrotron peak maximum or the BL Lac/FSRQ
dichotomy). We expect that the results after the 3-year
planned RoboPol monitoring campaign will allow an ac-
curate determination of the rotations rate in the various
blazar subclasses.

Analysis of the first-year data shows that blazars with
detected rotations have significantly faster and longer
EVPA swings when compared to non-rotators. This sug-
gests that rotations of EVPA may be specific for a partic-
ular activity state or for a subclass of blazars with peculiar
properties.

The fact that EVPA rotations have been detected
only in gamma-ray–loud objects already suggests a phys-
ical relation between gamma-ray and optical polarization
variability in blazars. Nevertheless, we used extensive MC
simulations to investigate whether the EVPA rotations we
observed can be produced by a random walk process of
the polarization vector. We found that a random walk
process can result in EVPA rotations with ∆θmax,simul as
large as ∆θmax,obs for the given ∆t-median and Tobs of
the individual RoboPol data sets. However, we also found
that it is unlikely (probability is ! 1.5 × 10−2), that all
the rotations that we observed in the first RoboPol season
are due to a random walk process.

The average gamma-ray photon fluxes do not show
any significant systematic increase during the rotation
events. We also found that, the time lags between rota-
tions of the EVPA and nearest gamma-ray flares follow a
Gaussian distribution with a mean ∼ zero.

We performed a second set of MC simulations in or-
der to assess the randomness of the observed time delays.
Our results suggest that, on an individual basis, the time
lags we observe do not necessarily suggest a physical link
between EVPA rotations and gamma-ray flares. On the
other hand, when we consider the rotators as a popula-
tion, it is highly unlikely (p = 2×10−4) that the proximity
of EVPA rotations to gamma-ray flares is accidental in all

c⃝ 2015 RAS, MNRAS 000, 1–16

P=2x10-4 



Rotations Summary 

ü  In two seasons, RoboPol has > TRIPLED the number of 
observed polarization rotations in blazars 

ü  With one season rotations only:  
Are γ-ray—loud and γ-ray quiet blazars different in optical 
polarization?   

   YES  
   γ-ray—loud are more polarized 
   all rotators are γ-ray—loud  

 
Do all blazars exhibit polarization rotations? NO 
 
Are polarization rotations coherent events? SOME  
 
Are polarization rotations related to γ-ray flares? YES 
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Outlook 

ü  DATA: 3rd year of monitoring under way,  
expect > 50 rotations total 

ü  ANALYSIS: 2nd year rotations analysis under way, confirm / 
strengthen 1st season results, additional analyses 

ü  INTERPRETATION: full dataset public soon for theorists to 
tackle  
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Fig. 7.— Flaring scenario 1 (change of direction and strength of the magnetic field) for

PKS 1510-089. Upper left: SEDs of PKS 1510-089 including the external photon field con-
tribution, at approximately the beginning of the flare (black), before peak (red), peak (green),

after peak (blue) and back to equilibrium (cyan), with the dashed line for the external pho-
ton field contribution. Upper right: The light curves including the external photon field

contribution, at radio (black), infrared (red), optical V band (green), UV (blue). Lower

left: The synchrotron SEDs, including the external photon field, from 3DPol (top), with the
dashed line for the external photon field contribution; and the polarization percentage vs.

photon energy with the external photon contamination considered (bottom), where dashed
lines represent the polarization percentage without the contamination. Lower right: The po-

larization percentage vs. time with external contamination (top), and PA vs. time (bottom).
23

  

EVPA rotations

CTA 102 3C 454.3

Zhang, Chen & Boettcher 2014  Blinov et al. 2015 



Other science 

A lot of other exciting science underway with RoboPol: 
 
Mapping B-field in ISM cloud envelopes (Tassis talk, Psaradaki poster) 
 
GRB followup (King et al. 2014) 
 
Highest-polarization ever Be/X-ray binary (Reig et al. 2014) 
 
Inflationary B-modes: foreground removal! (talk to Tassis) 
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Summary 

22 V. Pavlidou 


