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Abstract

We have performed photo-polarimetric observations of 42 blazars using the Kanata 1.5-m telescope
operated by Hiroshima University. We have obtained simultaneous optical and near-infrared (NIR) images
using the instrument, TRISPEC, attached to Kanata. The main aim of our observation was follow-up
observations of γ-ray flares of blazars detected with Fermi. Besides multi-wavelength studies with Fermi,
our optical–NIR monitoring data give us a chance to study the blazar variability in flux, color, and
polarization at the same time on a time-scale of days–months. Here, we summarize our findings from the
observation. We confirmed a strong correlation between the flux and color: objects become bluer when
they are brighter. This feature was observed in about 90% of objects. On the other hand, the correlation
between the flux and polarization is much weaker than the flux-color correlation. This is probably because
there are multiple variation sources with different time-scales.
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1. Introduction

Multi-wavelength observations are essential to study
blazars because their emission can be observed in a wide
range of wavelengths. The multi-wavelength study of
blazars has recently entered a new era owing to γ-ray ob-
servations obtained with the Fermi satellite (Abdo et al.
2010a; Abdo et al. 2010b). Among the multi-wavelength
study, optical data is important because optically-thin
synchrotron emission in this band allows us to estimate
basic physical parameters in the emitting region.

Aiming to provide follow-up ground-based observa-
tions of Fermi blazars, we executed photopolarimetric
monitoring of 42 blazars from 2008 to 2010. We obtained
simultaneous optical and near-infrared (NIR) data us-
ing the “Kanata” 1.5-m telescope. Our observation pro-
vides one of the largest data sets of blazars in terms
of variations in color and polarization on a time scale of
days–months (for details of observations, see Ikejiri et al.
2009). In this paper, we report on the results of simple
correlation studies between the flux, color, polarization
degree (PD), and polarization angle (PA).

2. Flux–Color Correlation

We presents examples of the light curves, color vari-
ations, and color-magnitude diagrams in figure 1.
Panel (a) shows those of 3C 371. The color-magnitude
diagram clearly indicates that the object became bluer
when it was brighter. This feature was typically ob-
served in our objects. We calculated the correlation co-
efficients using the whole data sets of all 42 blazars. We
found that 23 blazars had significant bluer-when-brighter
trends, like 3C 371.

Panel (b) of figure 1 shows the light curve and color-
magnitude diagram of 3C 454.3. As reported in Sasada
et al. (2010), this object exhibited a redder-when-
brighter trend when it was fainter than V ∼ 15, while
a bluer-when-brighter trend was observed when it was
brighter. This feature can be confirmed in figure 1. As
well as 3C 454.3, PKS 1510−089 also exhibited similar
color changes. It is widely accepted that the redder-
when-brighter trend is attributed to a strong contribu-
tion of thermal emission from an accretion disk (also see,
Smith et al. 1986; Hagen-Thorn & Yakovleva 1994; Pian
et al. 1999). The contribution of the thermal disk emis-



sion would definitely be small when the flux from the
jet increases. Hence, the bluer-when-brighter trends in
the bright states of 3C 454.3 and PKS 1510−089 prob-
ably have the same origin as those in ordinary objects.
Including 3C 454.3 and PKS 1510−089, the number of
objects that showed a bluer-when-brighter trend is 25.
Even in the other objects, bluer-when-brighter trends

were occasionally seen in a short period of time.
Panel (d) of figure 1 shows the variation in the mag-
nitude and color for PKS 0048−097. Our observation
of PKS 0048−097 covered two seasons, that is, in 2008
(JD 2454741–2454851) and 2009 (JD 2455068–2455097).
A significant bluer-when-brighter trend was detected
in the 2008 observation shown in the filled circles in
panel (d). A possible bluer-when-brighter trend can be
seen also in the 2009 observation shown in the open cir-
cles, while the number of observations is too small to
conclude it. It is important to note that, in the color-
magnitude diagram, the 2009 data apparently shows a
different bluer-when-brighter slope from the 2008 data.
This is the reason why no significant correlation was de-
tected when we performed a correlation analysis using
the whole data. A similar behavior can also be seen in
H 1722+119 and PKS 1502+106 (panels e and f of figure
1).
Our sample reduces to 32 blazars once we exclude 10

objects in which the number of V − J observations is
< 10. In these 10 objects, observations are too few
to conclude whether there is a significant correlation
between the light curve and color. Among those 32
blazars, in summary, 23 blazars showed significant bluer-
when-brighter trends in their whole data. Five blazars
showed temporary significant bluer-when-brighter trends
in short periods of time (QSO 0454−234, PKS 1510−089,
PKS 1502+106, 3C 454.3, and PKS 0048−097). Then,
we conclude that a total of 28 blazars, corresponding
to 88 % of the well-observed sample, had the bluer-
when-brighter trend. In the remaining four blazars, PG
1553+113, H 1722+119, S5 1803+784, and MisV1436,
we can see some hints of bluer-when-brighter trends, al-
though they were not statistically significant in our data.

3. Flux–Polarization Degree (PD) Correlation

We present examples of the light curves and variations
in PD in figure 2. Panel (a) of figure 2 shows those of
AO 0235+164. PD of this object became higher when it
was brighter. As in the last section, we calculated the
correlation coefficients with the V -band flux and PD.
We found that 10 blazars exhibited significant positive
correlations between the V -band flux and PD.
The flux–PD correlation was not simple in several ob-

jects even if they showed statistically significant corre-
lations. For example, panel (b) of figure 2 shows the
V -band light curve and PD of MisV1436. This is one

of objects that showed a significant positive correlation
between the flux and PD. However, PD in JD 2454817–
2454901 were much lower than those in JD 2455034–
2455085, although the V -band magnitudes in these peri-
ods were comparable. Similar behavior was also observed
in PKS 1749+096. The correlation was not universal in
those objects.
The sample reduces to 33 blazars once we exclude the

objects in which available polarization data were less
than 10. The numbers of objects with significant pos-
itive and negative correlation correspond to 30 % and
12 % of the sample, respectively. Thus, the correlation
between the flux and PD was weaker than that between
the flux and color.

4. Rotation in Polarization Angle

Possible rotations of polarization angle (PA) have been
reported and discussed both in optical and radio observa-
tions. However, a part of them was so sparsely sampled
that it can be explained by a result of a random walk
in the Stokes QU plane (e.g. Aller et al. 1981; Jones et
al. 1985; Kikuchi et al. 1988). Hence, polarimetric ob-
servations with high observation density are required to
establish real rotation events of polarization. Recently,
smooth rotations of optical polarization have been re-
ported in several blazars based on long-term polarimetric
observations (Marscher et al. 2008; Sasada et al. 2010a;
Marscher et al. 2010; Abdo et al. 2010c; Jorstad et
al. 2010). Our polarimetric observation allowed us to
perform a systematic search for such rotations.
A search for polarization rotation events is, however,

not straightforward. Two issues should be taken into ac-
count; one is an ambiguity of 180◦ in PA, and the other is
the presence of multiple polarization components. First,
we resolved the 180◦ ambiguity by assuming that objects
favor gradual changes in PA rather than rapid changes.
In other words, a difference in PA between neighboring
two observations should be smaller than 90◦. We added
−180◦ (or +180◦) to the observed PA in the case that
PAn > PAn−1 + 90◦ ( or PAn < PAn−1 − 90◦), where
PAi is the i-th observation.
Second, there are blazars in which a stationary or long-

term variation component of polarization has been pro-
posed (e.g. Moore et al. 1982; Villforth et al. 2010). Po-
larization rotations in such objects should be discussed
for each component, i.e., long- or short-term ones. In
this paper, we define the average QU as a stationary
polarization component. The averages of Q and U were
calculated iteratively; we first calculated an average of Q
(or U) using the whole data, and after discarding outliers
(> 3σ) from the sample, re-calculated it. The iteration
continued until no outliers remained.
Even after those two types of corrections were per-

formed, we could not find any clear universal correlations



between the light curve and any sets of corrected PA.
However, we found several noteworthy objects or flares
in which possible rotations of polarization were seen. We
describe the case of PKS 1510−089 here.
Figure 3 shows the temporal variation in the ob-

served and corrected PA and the QU distribution of
PKS 1510−089. The observed PA, shown in panel (b),
apparently varies randomly. However, as shown in
panel (c), we can see an increasing trend in the 180◦-
ambiguity corrected PA during an active phase of the
object. This rotation event has also been reported in
Marscher et al. (2010). The rotation event continued
for ∼ 90 d and its amplitude in PA was over 700◦. The
long duration and large amplitude of the rotation event
are definitely difficult to be explained by a result of a
random walk in the QU plane.
Similar rotation events having a long duration and a

large amplitude were seen only in two objects, 3C 454.3
and PKS 1749+096. All those rotation events have a
common feature that they were associated with active
phases or flares. This implies that the rotation events
were related to the variation in the magnetic field direc-
tion in the emitting region of the flares.
It should be noted that the 180◦-ambiguity correction

is sensitive to the sampling density of observations. Fur-
thermore, the results should be considered carefully if
there are multiple polarization components. The behav-
ior of PA in PKS 1510−089 apparently changes if the
origin of (Q,U) is shifted to their observed averages, as
shown in panel (d) of figure 3. The increasing trend in
PA is terminated earlier than that shown in panel (c).
The average (Q,U) was (3.9 × 10−14, 2.6 × 10−14) (in
erg s−1 cm−1 Hz−1), indicated by the filled circle in the
QU plane (panel e). This average (Q,U) corresponds to
a PD of ∼ 0.6% at V = 16.0. This result demonstrates
that the 180◦-ambiguity correction could be affected by
another polarization component even if it has a quite
small contribution to the total flux. The polarization ro-
tation in PKS 1510−089 probably started at the onset
of the active phase. It was, then, interrupted by a sharp
spike-like flare in ∼JD 2454960. After this spike, it is
unclear whether the rotation continued or not.

5. Discussion and Summary

The high fraction of bluer-when-brighter objects implies
that there is a major mechanism common to blazar vari-
ations. The most plausible explanation is the energy in-
jection scenario. The internal shock is a promising can-
didate for the mechanism of the energy injection to the
emitting region (Spada et al. 2001; Zhang et al. 2002).
If the internal shock results in aligned magnetic field in
the emitting region, a universal aspect of polarization
variations could be expected.
In contrast to the strong correlation between the flux

and color, the correlation between the flux and PD was
weak; 30 % and 12 % of the sample exhibited significant
positive and negative correlations, respectively. On the
other hand, these fractions of objects are too high to
conclude that the polarization variations are completely
random.
We propose that a universal law could be hidden in the

observed polarization although it was present. The weak
correlation of the flux and PD may be caused by the pres-
ence of two or more polarization components. Even if a
flare has specific PD and PA, they would disappear in the
observed PD and PA variations because of the superposi-
tion of another flares having different PD and PA. Based
on this picture, we have developed a method to separate
the observed polarization into two components: A short-
term variation component having a positive correlation
between the total and polarized fluxes, and a long-term
one (Uemura et al. 2010). Applying this method to our
blazar data, we found that the behavior of polarization
in OJ 287 and S2 0109+224 can be explained with this
two-component picture. The two-component picture is
also supported by the color behavior as described in sec-
tion 2.
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Fig. 1. Examples of the V -band light curve (top), V − J color variation (middle), and their color–magnitude diagram (bottom) of blazars.
Panel a: 3C 371, b: 3C 454.3, c: PG 1553+113, d: PKS 0048−097, e: H 1722+119, and f: PKS 1502+106. In the lower three panels,
different symbols represent observations taken in different periods of time.



 15

 16

 17

 18

V

a

 0

 10

 20

 30

 40

4700 4750 4800 4850 4900

P
D

 (
%

)

JD-2450000

 0

 10

 20

 30

 40

14.51515.51616.51717.518

P
D

 (
%

)

V

 15.5
 16

 16.5
 17

 17.5
 18

b

 0

 10

 20

 30

 40

4800 4900 5000 5100 5200

JD-2450000

 0

 10

 20

 30

 40

 50

15.51616.51717.518

V

 14.5

 15

 15.5

 16

 16.5

c

 0
 5

 10

 15
 20

4700480049005000510052005300

JD-2450000

 0

 5

 10

 15

 20

 25

14.51515.51616.5

V

Fig. 2. Examples of the time variation in the V -band magnitude (top) and polarization degree (middle), and the flux–polarization degree
diagram (bottom). Panel a: AO 0235+164, b: MisV1436, and c: OJ 49.
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Fig. 3. The variation in PA of PKS 1510−089 observed in 2009. Panels (a) the V -band light curve, (b) observed PA, (c) corrected PA for
the 180◦ ambiguity, (d) PA measured from the average (Q,U), and (e) the QU plane around the origin of QU . In panel (e), the average
(Q,U) is indicated by the filled circle.


