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ABSTRACT

We present optical photo-polarimetric observations wigfhttemporal resolution of the blazar
A0 0235+164. Our data, the first to test the photo-polarimetric b&havof this object at
very short time-scales, show significant micro-variapilit total flux, colour index, linear
polarization degree, and position angle. Strong intehnigriations are also detected for
these parameters. Although no correlation between cohalén and total flux was found, our
data seem to support the general bluer-when-brighter agaddy known for this object. The
polarization degree, in turn, shows no correlation witlakétix, but a clear trend in the sense
that colour index is redder (the spectrum is softer) whemtkasured polarization is higher.
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1 INTRODUCTION

The BLLacertae object AO023364 is one of the most in-
tensively monitored and variable blazars (¢.g. Webb|et@88)
Very rapid changes in its flux density have been reported
across the entire electromagnetic spectrum, from radeuérecies
(Quirrenbach et al. 1992; Romero ellal. 1997; Kraus et alS )1 89
gamma-ray energies (Hartman et al. 1999).

At optical wavelengths, rapid variations of a few tenths of
a magnitude within a single night have been repeatedly thatec
(Rabbette et al.. _1996; Heidt & Wagher 1995; Noble & Miller
1996). Romero et al! (2000) found the most extreme vartgbili
event ever reported for this object: changes up to 0.5 maben t
R andV bands were detected within a single night, whereas night-
to-night variations reached up to 1.2 mag.

The historical optical light-curve of AO 023364 has been
compiled by Fan & Linl(2000), while several internationaldu-
up campaigns have provided detailed multiwavelength rodniy
for this object|(Raiteri et al. 2001, 2005). Those data ssggkthe
existence of a- 5.7 yr quasi-periodical behaviour, then leading to
an interpretation in terms of a binary supermassive blad $ys-
tem at the core of the source (Romero et al. 2003; Ostorerfo et a
2004). Recent multifrequency observations by Raiteri gP8I06),
however, have suggested a longerg(yr) periodicity.

On the other hand, since the optical emission in blazars is
expected to be dominated by synchrotron radiation from éhe r

* Based on observations collected at the Centro AstronorHispano
Aleman (CAHA), operated jointly by the Max-Planck Insfittiir As-
tronomie and the Instituto de Astrofisica de Andaluci&iC)
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ativistic jet, optical polarimetry is a useful tool to protie inner-
most regions of these objects, especially when high tirselugion
data are obtained (Andruchow etlal. 2003). In spite of thi§ fao-
larimetric observations of blazars are still scarce, amdfittst at-
tempts to characterise the polarimetric micro-variapitif differ-
ent blazar classes have just recently been done (Andruchalv e
2005). In the particular case of AO 028564, previous studies re-
vealed high degrees of optical polarization (e.g., Mead.41990),
with inter-night random fluctuations (Takalo etlal. 1992)t both-
ing was known about its polarimetric behaviour on very skiore-
scales.

In this Letter we present the first insight into the polaririoet
micro-variability of AO 0235-164. Our high-temporal resolution
data show significant variations both in the linear poldiarade-
gree and the position angle at intra-night as well as at-imgnt
time-scales. Simultaneousfidirential photometry (at thB andR
bands) shows that no apparent correlation exists betwetivas
in polarized and total flux. However, there is a clear trenthim
sense that theB— R) colour gets redder (i.e., the spectrum gets
softer) when the polarization degree is higher.

We present our observational data in Secfibn 2, we give the
photometric and polarimetric variability results in Seeti3, and
we close with a short discussion and our conclusions in &dti

2 OBSERVATIONSAND DATA REDUCTION

We observed AO 0235164 along 6 nights in November 2005 and
two additional nights in December 2005, using the Calar Akt
Object Spectrograph (CAFOS) in its imaging polarimetry eycat
the Calar Alto (Spain) 2.2 m telescope. In this instrumesédlip,
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a polarizer unit, consisting of a Wollaston prism plus a taitée
half-wave plate, is inserted into the light beam, thus poatiy two
orthogonally polarized images of each object on the focahel
separated by 18.9 arcsec. The detector was a SITE#1d CCD, wit
2k x 2k 24um pixels, a gain of 2.3 electrons aduand a read-out
noise of 5.06 electrons.

In order to avoid any possible overlapping of the ordinary (O
image of one object with the extraordinary (E) image offéedéent
object, a mask with alternate blind and clear stripes isquldefore
the detector. Hence, each polarimetric frame consiststefrelte
O and E~ 20 arcsec wide stripes. This procedure also enhances
the SN ratio by reducing the sky contribution to half its othergvis
value, although, as a drawback, half of the field of view is.los

Four frames, each taken with affdrent position of the
half-wave plate (0, 225°, 45, 67.5°) are needed to obtain
the normalised Stokes parametets Q) for linear polarization.
The relevant expressions fay and Q can be found in, e.g.,
Lamy & Hutsemekers| (1999) and Zapatero Osorio etlal. (2005).
From them, the degree of linear polarization and its coordmg
position angle are calculated in the usual way:

P=Q@+U2, 1)
1 u
0= > arctar(a). 2)

On the other hand, by adding the fluxes corresponding to the
O and E images of the same object within each frame, photomet-
ric data are also obtained. This allowed us to simultangaisdy
both the photometric and the polarimetric behaviours of tawr
get with time. Hence, our observational program consisfathit
blocks with the following form:

e Four consecutive frames, with the polarizer unit in, wittf-ha
wave plate angles°0225°, 45, and 675°, respectively, all ob-
tained trough arR (Cousins) filter. From these we obtained one
polarimetric data point and 4 photometrie¢band, data points.

e OneB frame, without the polarizer unit. This gave us a photo-
metric B-band data point.

A sequence ofN such 5 frames blocks was obtained for
AO 0235+164 each night, with 3< N < 11, depending on the
observing conditions. This procedure gaveNuipolarimetric K-
band) data pointd\ photometricB data points, andM photomet-
ric R data points per night. The exception is the night of J08v
04, 2005, when just two photometifitdata could be obtained, due
to bad weather. Individual integration times ranged frond 36
450 s forB, and between 240 and 360 s ®Ri(all 4 R-band frames
within a given polarimetric block were obtained with ideatii ex-
posure times). Several standard highly-polarized and lanped
stars from_Turnshek et al. (1990) were also observed (at teas
polarimetric cycles each) for calibration purposes.

Atmospheric conditions were dissimilar along the whole ob-
serving time, ranging from high-quality photometric nighio
rather mediocre conditions due to poor seeing@amngiassing cirrus.
However, given that both polarimetry andfdrential photometry
are robust against poor observing conditions, these hagisters-
atic impact on our data, except for a loose jiNSatio. We shall
further discuss this below (see Secfidn 3).

All science frames were bias-corrected using a master bias
prepared from 30 individual bias frames, and flat-fieldedgi$ivi-
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Figure 1. Polarimetric frame of the observed field-band). For each mea-
sured object, red and blue circles mark the ordinary andesdinary im-
ages, respectively. AO 023364 (A) as well as stars used forfidirential
photometry are labelled. East is up, North is to the right.

light sky flats. Standard routines within thmﬂpackage were used
for image processing and all subsequent data extraction.

We obtained the instrumental magnitudes corresponding to
both the O and E images of AO 028564 on each frame, using the
aperture photometry tasiepnor. The same was done for 9 stars
evenly distributed on the field and suitably placed withia thask
stripes (i.e., we rejected stars close to the edge of a ktiijese
stars were used to evaluate the instrumgiataground polariza-
tion, while two of them were used to construct thfetiential pho-
tometry light-curves (see Sectidh 3). All the measured aibj&n
the field are shown in FidLl 1; for each object, red and bludesrc
mark the O and E images, respectively. Our target (AO 6284)
as well as the two stars used foffdrential photometry (see Sec-
tion[3.1) are labelled.

A 3 arcsec radius aperture was always used. Blazars photo-
polarimetry can beffected by spurious variations due to the host
galaxy (Cellone et al. 2000; Andruchow 2006), but this stogdt
be relevant for AO 0235164 given its relatively high redshifz &
0.94). However, a possible error source is an AGN lyin@ arc-
sec south of AO 0235164 (named ELISA in Raiteri et &l. 2005),
which we resolve on our best-seeing images, but appearsetherg
with our target on the rest. We checked for any spuridieceéon
the photo-polarimetric variability of AO 0238.64 by comparing
data obtained through fiiérent apertures against each other. Ex-
cept for a change in/8 ratio, there was no significantftiérence.
We also checked for any correlation between photo-poldrime
variability and changes in the seeing full-width at halfximaum
(FWHM), finding none. Hence, we conclude that no systematic e
rors due to this nearby object significantlfexct our variability re-
sults. However, constant shifts are expected in total ahariged
flux due to ELISA and a faint absorbing galaxy 1’3 east from

1 IRAF is distributed by the National Optical Astronomy Obsxbpries,
which are operated by the Association of Universities foséech in As-
tronomy, Inc., under cooperative agreement with the NSR.US
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Figure 2. R-band diferential light-curve for AO 0236164 vs. comparison
star (upper panels) and for control-star vs. comparisan(letaer panels)
for the whole campaign (left: Nov. 2005, right: Dec. 2005).
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Figure 3. Same as Fid.]13 for thB-band.

A0 0235+164 (G1 in Nilsson et al. 1996), respectively. We shall
return to this point in Sectidd 3.

A local sky value was measured, as usual, within an annu-
lus surrounding each aperture. Since both O and E imagesof th
same source are close 20 arcsec) to each other on the polarimet-
ric frames, all pixels corresponding to the E image (inahgdsky)
were masked out when measuring the O image, and vice-versa.

3 RESULTS
3.1 Photometry

The diferential light-curve for AO 0235164 was obtained in the
usual way, using a non-variable star (here named star 2gifiethd
as comparison (e.g., Howell & Jacoby 1986), while anothar st
(3) was used to construct a seconffatiential light-curve against
star 2, to be used for control purposes (see[Big. 1). Thesetaws
are the same ones we used in our previous studies of AO{1Z2b
(Romero et all 2000, 2002); star 2 is also star 8 in _Smithlet al.
(1985) and star 10 in Gonzalez-Pérez et al. (2001).

The results are shown in Figures 2 did 3 for Bhend B
bands, respectively. Strong inter-night as well as sigmifidintra-
night variations are clearly seen, with similar behavior$&oth
bands. Note the stability of the control light-curves (loywanels).
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Table 1. Variability parameters for thR light-curve on diferent nights.

Night N  oa2 o032 cr-!'  Variable?
mag mag
Nov/02-03 32 0.026 0.004 6.559  vEs
Nov/03-04 2 0.256 0.003 102.992 vEs
Nov/04-05 12 0.026 0.007 3.980  vEes
Nov/05-06 44 0.042 0.004 11.065  vEs
Nov/06-07 40 0.030 0.004 7.698  vEs
Nov/08-09 28 0.008 0.004 1942 no
Deq05-06 20 0.008 0.005 1570 n~o
Deq06-07 16 0.013 0.005 2556 n~o
Whole campaign 194 0.357 0.005 78.327  vEs

The statistical significances of intra-night variationgevassessed
followingHowell et al. (1988), i.e. defining a scaled confide pa-
rameteiCI"~* which depends on the dispersions of both light-curves
(target—comparison and control-comparison) and on a cttvee
factor that equalises their respective instrumental sr(see also
Cellone et all 2007). Tablg 1 gives the date (column 1), numbe
of R-band data points (column 2), target—comparison light:eur
dispersion (column 3), control-comparison light-curvepéirsion
(column 4), scaled confidence parameter (column 5), andhi&ri

ity classification, which is¥es” whenCI'™! > 2.576 (column 6).

For the #, 4", and ¥ nights we have well-sampled light-
curves displaying significant intra-night variability. Vget a for-
mally very high value o€I'-* for the 2 night, although with only
two data points ifR. Despite this poor sampling due to bad weather,
these data follow the inter-night trend: AO 02364 brightened by
~ 0.95mag from the % to the 3¢ nights. During the last night in
November and both December nights, AO 02364 displayed no
significant intra-night variability.

We also calculatedR and B magnitudes for AO 0236164
in the standard system. To do so, we used photometry of
field stars from our own previous data (star R,
15.828,|Romero et al. 2000) and from the literature (Smith et al.
1985; | Gonzalez-Pérez et al. _2001). During our obsemstio
AO 0235+164 ranged between 65 R < 17.4 mag; i.e., it was
at a state of moderate brightness as compared to its hestbght-
curve, and about 2 mag fainter than during its major outbyest.,
Raiteri et all 2005)B — R colour-indices were calculated by inter-
polatingR and B magnitudes to common time instants.

We verified that subtracting the flux contribution from ELISA
and correcting for Galactic plus foreground absortion doet
change our micro-variability results in any significant wexycept
for nearly constant shifts in the light curves (.2 and~ 1.8 mag
brighter inR andB, respectively). However, colour index is signifi-
cantly dfected. We thus obtained a corrected colour indgx R)o
following |Raiteri et al. |(2005), and we transformed it to cpal
indexa (F, « v %), usingdg = 0.44um, Ag = 0.64um (Bessell
1979).

3.2 Polarimetry

We obtained the linear polarization percentaBegnd position an-
gle @©) for AO 0235+164 using equation§l(1) arid (2), as outlined
in Sectior2. The contribution from instrumental polariaatwas
derived from data on unpolarized standard stars, whilegfotend
polarization was estimated from star 2, which lies at 76ercs
from AO 0235+ 164. Foreground polarization is smail 0.5 %), in
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Figure 4. R-band polarization (upper panels) and position angle (t@ae-
els) against time for the whole campaign.
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Figure 5. Evolution of the polarization on the Stokes plane fi€rent
colours are used for data corresponding téedéent nights.

agreement with the low Galactic extinction towards AO 02B64.

We also checked for any dependence of instrumental potamiza

with position on the CCD. Stars near the border of the fieldl ten

to display relatively largd® values; however, since AO 023564
was always centrally placed on the field, no systemadfiece is
expected on our polarimetric curves. The position angletveass-
formed to the Equatorial system using data from highly poéat
standard stars.

Fig.[d shows the behaviour & and® along the whole cam
paign. The degree of polarization was high.8l% < P < 24.0 %)
and clearly variable, both at intra- and inter-night tinoades. The
position angle was also variable, although no clear coirette-
tween the behaviours of both parameters can be seen. lisdect
of the nights AO 0235164 displayed conspicuous variability h

without any significant change @, while the converse is also true.

The significance oP and® variability for AO 0235+164 can

be assessed by comparing it with the behaviour of these same p

rameters for field stars. We found that the dispersions oPthad

O curves against time for the stars strongly depend on thegnma
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Figure 6. Spectral index against polarization.fi@rent colours are used for
data corresponding to flierent nights. The total least-squares fit (Hg. 3) is
shown with a dashed line.

tudes, as expected since in this case any variability sHmuttlie to
errors. From these relations, we estimated the dispergigrdar-
ization degree and position angle for AO 023%4, expected just
from errors, to be A0% < op < 0.39% and @3 < 0g < 0.84°,
respectively. As a result, 5 out of 7 nights with polarimetlata
available show statistically significant @o) microvariability inP,
while just two of them show significant microvariability & Note
that intra-night variability amplitudes up WP ~ 4.4% (~ 8c7p)
andA® =~ 5° (~ 60g) were detected. Dust absortion from the fore-
ground galaxy G1 would introduce a constant shifPiamounting
to, at the very most: 2.8 %, but with no variability &ect.

The behaviour of AO 0235164 on the Stokes plane is shown
in Fig.[H. Note the dferent location of the D¢2005 data Q ~
-13%,U ~ -5%) as compared to those at the beginning of our
campaign, despite their simild® values. This underscores that
there is no correlation betwe&hand®. Neither there is any corre-
lation betweerP and the source brightness or the variability gradi-
ent of the observed flux.

A well-defined correlation appears to exist, instead, betwe
P and the corrected colour inde®B ¢ R)o (or spectral index).

As shown in Fig[b P tended to be lower when the spectrum was
harder, although the relation displays a significant scatte

4 DISCUSSION AND CONCLUSIONS

Fan & Lin (2000) suggest a two-component origin for the agtic
emission of AO 0235164, given that its colour index vs. magni-
tude relation seems to show twdierent behaviours, depending on
the overall flux level of the source. Previous micro-vaiigpdata
(Romero et al. 2000) have suggested, although with a low confi
dence level, a mean trend in the sense that the optical @emissi
of AO0235+164 became brighter when its spectrum was harder.
Our present data span rather limited ranges both in magniand
colour index AR =~ 1.4 mag;A(B — R)g ~ 0.19 mag], so this may
be the reason why we did not detect any definite trend between
colour index and magnitude. In any case, our data fall atdghe |
luminosity end of the relation shown in_Raiteri et al. (20€eir

fig. 7), which displays a redder-when-fainter behavioure Tal-
atively large scatter of this relation would thus be intithsince
micro-variations usually do not follow the general trend.

As mentioned in the previous section, we did not detect any
clear correlation between polarization degree and total fltnis
lack of correlation seems to be a common feature of micratdri
ity in blazars (e.gl, Tommasi etlal. 2001). However, a wefiited
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relation between polarization degree and spectral indes ghow
up from our data (Fid.]6). Note that this relation is in the ogife

sense as expected if the decrease in polarization degreeduer
to a higher relative contribution from the (redder, unpiaked) host
galaxy light.
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jointly by the Spanish Ministerio de Educacion y Ciencier(fier
Ministerio de Ciencia y Tecnologia) and Universidad denJaVe
also acknowledge support by DGI of the Spanish Ministeri&de
ucacion y Ciencia under grants AYA2004-07171-C02-02, ERD
funds and Plan Andaluz de Investigacion of Junta de Andialas

The spectral index ranged from 1.91 to 2.38, and we obtained research group FQM322.

the following linear relation against polarization degree

P(%) = (56.3 + 1.4)a — (1037 = 3.1). 3)

This relation is in qualitatively good agreement with thdsend
for 3C 66A (Efimov & Primakl 2006) and OJ 287 _(Efimov et al.
2002), suggesting that, despite th&elient time-scales involved in
those studies, a similar mechanism could be operating itk
objects| Efimov & Primak (2006) propose that the polarizatie-
gree decreases when the ratio between the strength of thiareg
and the chaotic components of the magnetic field decreasewdu
blobs moving along the jet, thus breaking up the orderedtire
of the field. The higher degree of disorder in the magnetid fiédo
leads to a hardening of the spectrum.

Alternatively, | Ballard et &l. | (1990) suggested that the- fre
guency dependency of the polarization can be interpretéetins
of an inhomogeneous model, with two components contrigutn
the optical emission. One is a polarized component with &-hig
energy cut-@ that could be identified with the radiation produced
by shock accelerated electrons in the compressed magnatic fi
lines. The other component would have a steeper spectt st
slight polarization and could correspond to the underlya@mis-
sion. Changes in the cuffpdue to variable energy losses, would
lead to a harder spectrum (lowe)y when the unpolarized compo-
nent dominates the optical emission.

Raiteri et al. |(2006) have recently presented observdtiona
support for an additional component, in the form of a UV — soft
X-ray bump, lying between the synchrotron and inverse Compt
peaks in the spectral energy distruibution of AO 02364. They
suggest this extra component may arise from a thermal ameret
disk or from a distinct region in an inhomogeneous jet. Iesit
case, changes i, spectral index and total flux are expected.

In the present Letter we have reported the existence of ex-

tremely rapid variability in the optical flux and, for the fitime,
in the optical polarization of the blazar AO 028564. There is no
correlation between the variability of both parameters,ealear
correlation is observed between the spectral index anddiaeipa-
tion, in the sense that the polarization is lower when thetspm
is harder. Such a behaviour might be tHeeet of shocks moving
through the inner jet of the source. These shocks could maddr
by collisions of relativistic plasma outflows withftérent veloci-
ties. Alternatively, a two-component model, particulafithe UV
— soft X-ray bump has a thermal origin, could naturally leaddar-
related variability in polarization and spectral indexnigeterm po-
larization observations could reveal whether this phenmiogy is
present on other timescales, yielding then useful infoienab fur-
ther constrain the éierent models.
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