Blazar Optical SKy Survey -BOSS Project

(2013-2016)
and the long-term optical variability monitoring

Kosmas Gazeas

University of Athens Observatory - UOAO
Department of Astrophysics, Astronomy and Mechanics
National and Kapodistrian University of Athens, Greece

U@A@ HAP Workshop - Monitoring the non-thermal Universe Cochem, Germany, 7-9 December 2016




Blazar Optical Sky Survey (BOSS) project
\

Blazar Optical Sky Survey (BOSS) project is a dedicated observational survey which
aims to the long-term monitoring of known blazars in optical wavelengths.

The project started at the University of Athens Observatory (UOAO) i
under the coordination of Dr. Kosma '
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Blazar Optical Sky Survey (BOSS) project
\

BOSS project has immediately met international attention, attracting the interest of
several collaborators worldwide, such as:

« Purdue University (USA)
- Max Planck Institut - MPIfA
- University of
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Blazar Optical Sky Survey (BOSS) project
\

The blazar Mrk421 was the first target to be observed in the frame of BOSS
project and soon after, several blazars were added in the list of monitoring
targets. 1

Mrk421 0]287
Mrk501 3
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Main contribution of BOSS project
\

BOSS project can contribute in High Energy Astrophysics, in the field where:

there is lack of low energy (optical) follow-up observations

there is a need for cross-correlation studies

multi-wavelength studies are
rapid flux vari
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The robotic telescope at the University of Athens Observatory

Dome: 5 m (Observadome Inc, 1994)
Telescope: 0.4 m f/8 Cassegrain (DFM Engineering Group, 1997)

Operations since 2000 (first light in 1999)
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Robotic and remotely controlled

Since August 2012 the telescope and dome became robotic and remotely controlled.
Photometric observations can be performed entirely remotely, utilizing the network connection
between the telescope control room and the user.
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Results after the installation of the Auto Dome Remote Control Board in 2012

v" Since 2012 the annual observing nights have dramatically increased (almost doubled)
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The super massive binary black hole OJ 287
\

v Continuous monitoring of the supermassive black hole binary.
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The super massive binary black hole OJ 287
\

v Orbital precession of 0]J287 binary black hole and the predicted flare events between 2005-2023.
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Differential Magnitude

The super massive binary black hole OJ 287
\
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The super massive binary black hole OJ 287
\

PRIMARY BLACK HOLE SPIN IN OJ 287 AS DETERMINED
BY THE GENERAL RELATIVITY CENTENARY FLARE
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DETECTION OF POSSIBLE QUASI-PERIODIC OSCILLATIONS
IN THE LONG-TERM OPTICAL LIGHT CURVE OF THE BL LAC OBJECT O.J 287
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Search for QPOs in the light curve of the blazar O]J287:
preliminary results from 2015/16 observing campaign

. Zola 2, M. Valtonen >4, G. Bhattal, A. Goyall, Debski!, A. Barat_‘l?‘, J. Krzesinki?, M. Siwak?,
C'prllllq ©, A G npakumar H. ]errnal{ . Nilsson?, D. Reichart’, K. hlalsumulum
. Sa dal\ane"'_ K. Gazeas'!, M. Kidger'?, V. Piirola®*, F. Alicav uq””‘ K.S. Balivan'®, D. Bgn,d“‘ "'/
[

/‘




The highly active blazar Mrk421
\

v In 2013 the continuous monitoring of Mrk421 started, covering ~120 days in BVRI optical bands.

v" Luminosity variations in all bands are cross-correlated with each other and other monitoring campaigns.
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The highly active blazar Mrk421
\

v Continuous monitoring of Mrk421 for a total of 370 days (2013-2014) in R-band.

v" Luminosity variations of this highly active blazar can be cross-correlated with orbital data and/or other
monitoring campaigns in a wider range of energies.

v Over 98% of these observations were obtained remotely, using automated scripts.

® Mrkd21 (2013-2014)
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Mrk 421

\
Multiband sample of Mrk421 data, spreading

from y-rays (top) to radio signal (bottom).

Vertical lines represent the high energy flare
occurred on 12 April 2013 (MJD 56394) and
the corresponding signals detected a few
days later in lower energies.

A ~60 day time lag is detected, as a result of
electron cooling mechanism.
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Continuous optical monitoring of the highly active blazar Mrk421
K. Gazeas, M. Petropoulou, A. Mastichiadis

Department of Astrophysics. Astronomy and Mechanics. National and Kapodistrian University of Athens. GR 157 84 Zografos. Athens, Greece

Abstract. We present the recent photometric monitoring of blazar Mrk421, obtained from the Gerostathopouleio Observatory at University of Athens. Follow-up observations have been performed on this
source after a highly energetic flare which occurred on 12 April, 2013. The flare was observed in X- rays by Nustar & Swift and in GeV - mma-rays by the Fermi satellite and MAGIC/VERITAS
I\|t.»\u[\\ respectively. Continuous photometric monitoring in the optical BVRI bands during 3 months after the flaring activity reveals a qu.\»l-r\.mvdu variation. This is one of the few times that
Mrkd21 was observed for such a long period without large observational gaps in four different filters. We find a strong correlation between the different optical bands. Although we did not detect any signs
of intra-day variability, the optical flux is variable in longer time scales (days/weeks) with the relative amplitude of variations being approximately the same in all four bands

Observations or Mrk 421

Mrk 421 is one of the closest to carth blazars at redshift z=0.031 (Punch et al. 1992) and it is
classified as a high-peaked BL Lac object since the low-energy bump peaks in the UV/soft X-rays  fractior
gy band. It has been detected in all energies of the electromagnetic spectrum, i.c. from radio
wavelengths (c.g. Rebillot et al. 2006) up to Very High Energy (VHE) gamma-rays (Punch ctal. /.
1992) and it has been a target of simultancous multi- mmlu.gh (MW) observing campaigns, .g

ahashi et al. 2000, Gupta et al. 2008, Fossati et al. 2008, are the averag
Photometric observations were obtained with the 0.40 m 8 Cassegrain reflector at the
University of Athens Observatory (located in Athens, Greece), and a SBIG ST-10 XME CCD
camera, equipped with a set of U, B, V. R. I (Bessell) filters. The data span over a period of 135
ys between March  July 2013, covering the variabilty in al optical bands. During this period
Mrk 421 exhibited br activity in the X-rays up to the VHE gamma-rays, which
d our long-term optical monitoring of the blazar. Our optical data set is one of the longest almost uninterrupted photometric monitoring in the optical BVRI bands during 3.5 months
optical photometric observing run obtained for Mrk421, resulting in a dense and homogencous data  after the flaring activity in mid-April 2013 reveals a quasi-periodic light variation, gradually fading
sample,sinc only one telescope was used down towards the nominal optical flux of Mrk421

ntial aperture photometry was performed on all images, using the AIPAWIN software  Duc 1o the tight correlation between differ

(Berry \ Burnell, 2000). The comparison and check stars were chosen on the B-filter.
(1998). However, since these stars are quite faint in comparison to the b + Autocorrelation function (ACF): The autocorrelation coeflicients as a function of the lag are
Mrk421 during this period. the stars GSC 3010:0688 and GSC 3010:0762 were used as comparison shown in Fig. 2. Their slow decrease implies that the optical light curve is non-stationary and
and check stars respectively there is an underlying trend in the time-series
Photometric uncertainty was typically 0.03 mag in all filters. The light contribution from the Lag-Plot: If X(1) denotes B-mag at time #, then the lag-plot is simply a graph of X(®) vs X{(r-1)
nearby host galaxy was excluded from the overall magnitude estimation, since the photometr (see Fig. 3). Our data points are clustered along the diagonal (red line), i.c. the value at time ¢
aperture was chosen 10 be as small as 8 arcsec in radius, while the host galaxy is 10 arcsec can be predicted if a value at the previous time is known. Thus, our optical data are highly auto-
from Mrkd21. The resulting photometric light curves, which arc shown in Fig. 1, have been correlated.
obtained afler calibration to the standard system and converted into flux units (erg cm'sec'Hz"), Autoregressive modeling (AR): Due to the high degree of autocorrelation we assume that the

In order to quantify the variability amplitude in different wavelengths we calculated the
1 rms flux variability (/,,,). which s def

d as:

where 7. =¥ 5 and 5% . ——3 (¥, - F)
N v

flux and the variance of our sample light curve. Finally, ¢ = —¥ " is the m

error squared with o being the errors associated with cach flux measurement. Our results show
t the £, for each filter band is: B=0.136, V=0.139, R=0.131, 1=0.137.

t filters, in what follows, we will restrict our analysis

optical light curve is described by an 2 order AR process, which is best desct
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Fig. 2: Autocorrelation coefficients (k) as a function of the time lag k of the corresponding time-series in B filter.
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Optical Flux Variability &
Blazar variability timescales are often divided into three categories; the intra-day variability o
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(IDV) which ranges between a few minutes up to one day (Wagner & Witzel 1995), the short-term
variability (STV) which ranges between a few days 10 a few months and the long
(LTV), which covers all variations longer than a few months, up 1o several years (Gupta et al.
2004). With the data spanning over 3 months and with a hi IDV and STV can
be studied in detail, in comparison to the flare activity in X-ray and y-ray region. Summary

Fig. | clearly show STV with a strong correlation between all four optical bands. The data do * This study presents one of the most comprehensive observing campaign, in terms of dura
not show a clear IDV. A very weak IDV of 0.008 mag might be a weak indication of possible short- nporal coverage). temporal density (observations were obtained almost daily). wavel
scale flare events. On the other hand, STV is much more obvious. Several flares with amplitude of range and consistency homogeneity of data.
0.3 mag (even 0.5 mag in some cases) are resolved during the entire observing period. These o
flares are visible in all filter bands 2 the most prominent features, the most important are the
following

Xt

Fig, 3: Lag

for the optical (B-filter) light curve (points). Red

red

The observing campaign was obta
activity whi
Mrkd21, as

with the opportunity of the very recent strong flare
h occurred on 13 April 2013, in order to follow and study the optical beh
n active high-energy emitting source.

1) all four optical bands are highly correlated with cach other * No X-ray and VHE gamma-ray data were available for our observing period. Therefore, no
2) the overall brightness is getting lower with time (LTV) direct link between optical and X-ray flux was found during these days. A similar result was also

3) no IDV is observed within a 2-3 hour run, or it is very weak
4) time interval between peaks is getting progressively longer, and each peak lasts longer than the
previous one

extracted by Rebillot et al. 2006,

high degree of auto-correlation in all optical filters, This means

+ Time-series analysis revealed
h urements at a certain time strongly depend on their past values

that flux me

5) cach individual peak is followed by a secondary ane of lower amplitude and shorter duration
REFERENCES
Another featurc of the prescntcd light curves, which cannot be dircatly deduced from Fig.1, is the ey K., B, 1 2000 Th Mok of A ichmond (Vi Panch et 97 N, 35
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Multi-wavelength monitoring of the highly active blazar Mrk421
Investigating the high vs. low energy correlated variability

K. Gazeas', G. Bhatta?, W. Max-Moerbeck?, M. Petropoulou®, T. Hovatta’, G. Vasilopoulos®, A. Mastichiadis'

Department of Astrophysics, Astronomy and Mechanics, University of Athens, GR 15784 Zografos, Athens, Greece
Astronomical Observatory of the Jagiellonian University, Krakow, ul. Orla, 30-244, Poland
National Radio Astronomy Observatory, P.O. Box 0, Socorro, NM 87801, USA
# Purdue University, West Lafayette, Indiana, IN 47907-2036, USA
s Aalto University, Metsahovi Radio Observatory, Metsahovintie 114, 02540 Kyimala. Finland
Max-Planck-nstitus fi

extraterresirische Physik. Garching bei Muenchen, D-85741, Germany

Abstract. We present a long-term multi-wavelength monitoring of blazar Mrk421., obtained si ly with orbital and ground-based i Daily optical s from the University
of Athens Observatory started as a follow-up monitoring of the major v-ray flare of 12 April, 2013. This data set is compared with the 7-ray, X-ray and UV observations obtained with Fermi/LAT and

SWIFT satellite telescopes respectively, as well as with the 95 GHz and 15 GHz data from the CARMA and OVRO 40-m radio telescope. We investigate the existence of correlated variations among the
different wavebands using the discrete correlation function (DCF) techni

The observed time lags

Introduction

Mrk421 is one of the closest blazars to Earth (z=0.03) exhibiting large amplitude, rapid variations across the electromagnetic spectrum. It is extensively monitored in various wavelengths (e.g. Rebillot et al. 2006,
Fossati et al. 2008, Gupta et al. 2008, Horan et al. 2009, Aleksi¢ et al. 2012). Temporal correlations between two energy bands have been detected in the past (e.g.. Giebels et al. 2007: l"\)d“ et al. 2008, Hovatta et al.
2015). This behavior along with the fact that most campaigns with wide spectral coverage have shorter temporal coverage has motivated our long-term optical monitoring of Mrk 421

Multi-wavelength sample Discrete Correlation Function technique

Our sample consists of contemporary data in seven different energy bands: 7-rays (FERMI/LAT), hard X-rays (SwiftBAT), soft X-rays ~ We estimate the DCF using the method described by Edelson & Krolik
(SWIfXRT). UV (SWiftUVOT), optical (UoA). millimeter (CARMA) and radio (OVRO) wavelengths. The data sets extend over the  (1988). For every consecutive pair of data sets in our study, a DCF plot is
period of about 600 days (MID 56300-56900). The optical observations (R-band) were performed from the University of Athens created and shown in figures below. The minimum number of data points
Observatory in a daily basis. It is one of the most comprehensive optical observing campaigns, in terms of duration (temporal coverage).  used in order to calculate the comrelation at a given lag was limited to 10,
density of data (most observations were obtained on a daily basis) and homogeneity (data have been obtained with a single instrument). The DCF is a mathematical measure of the correlation between data series
The CARMA 95 GHz data were obtained as part of the Monitoring of y-ray Active galactic muclei with Radio, Millimeter and Optical ~ and does not reveal the responsible physical mechanism. In this study we
Telescopes (MARMOT) program (http://www.astro.caltech.edw/mammot/), while the OVRO 40-m 15 GHz data were obtained as part of  present the prel ary correlation results without taking into acc
an on-going blazar monitoring program where ~1800 blazars are observed with twice per week cadence (Richards et al. 2011). significance of the time lags found with the above technique.
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Caleudated DCF plots betecen FERMULAT, Swift BAT, Swift NRT and
Optical (R-band) data sets.

Caleulated DCF plos between Opicl (b, CARM
OFRO (15 GIt:) d

Results extracted from DCF plots
We find essentially no lag between y-rays and softhard X-ray
while there is a prominent lag between high-energies (y-and X-rays)
and low (UV to radio) encrgics. A negative lag means that the first
dataset (higher energy) is leading the second one (lower ener
top-left of cach plot).

Setting the peak time of the y-ray flare (MJD 56394) as zero time we
detect corresponding flares in lower energies (optical, millimeter and "
radio) a few days later (sce table below).

The sample of alldata sets used i this siudy. spreading over the enire
e fom i energis ;. FERMILAT, GeY)

y) (see

electromagneti

B'\‘ﬁ'::’:z“‘:"l"" rl':’l:;“'" '!"'\"‘d il G s AT O OB The R-band light curve shows a mult-peak behavior, which, in tum,
T o {3 A 363503y ot s vt 813 several peaks in the corresponding DCF plot. Such features are
MID 56394£1 SwiflvBAT o s ik Ko g g not visible in the DCF plots between other data sets due to the less

MID 5639551 SWIlvXRT dense sampling in other energy bar
MID 5643622 or 645322 Opiical We find only 1-day lag between y-rays and X-rays (FERMI/LAT and
[ MID 564612 CARMA. Swifl/XRT). Fossati et al. (2008) also found a very tight correlation
R S5 between TeV' y-rays and X-rays. This supports the idea that a single

electron distribution in one physical region is responsible for the
emission in both energy bands.
We detect several small-scale flares in optical light curve. Their
:RENCES appearance frequency is ~ 20 - 40 days. The flares rise timescale is

Subtracting the brightness peak time of each data set from the y-ray
flare time we get
RE!
Aleksié J. et al.
Edelson R. A, Krolik J. 1. 1988, Apl, 333, 646
%06

&A, 542, A100 510 days, while their decay time is longer (~20-25 days).
Preliminary calculations give a /e folding time of approximately 30

0 day lag between FERMI/LAT and Swift BAT (MJD 56394+1)

1 day lag between SwiftBAT and SwiftXRT (MJD 5639521 Fossati et al.. 2008, Apl. 6 days and they show that all flares share the same decay rate (see
41-58 day lg between SwR'XRT and Opical (MID 56435 is B, Dubus G. KNI B 2007, ARA. 462,29 similar results in Hovatta et al. 2015). Note that these small
S day lag between Optical and CARMA (MJD 56460:2) Gupta et al., 2008, ChIAA. timescale flares cannot be detected when sampling s relatively

Horan et al., 2009, Ap, 695, >a<» sparse (data acquisition every 3 days).
Hovatta et al., 2015, MNRAS, 448, We find a time lag between high and low energies of the order of 65-
Punch ct al.. 1992, Natur, 358, 477 90 days. A similar correlation was found by Hovatta et al. (2015)
Rebillot et al. 2006, Apl. 641, 740 when radio, millimeter and y-ray data sets of slightly longer duration
Richards ctal. 2011, ApJS. 194,29 were cross-correlated and it was found that a y

followed by a radio flare at 15 GHz after 40-70 days.

between CARMA and OVRO (MJD 56461+2)

As a consequence we see (also shown on last DCF plot):
65-90 day lag between FERMULAT and OVRO.

lare was




BOSS Project

current status

3C279, PKS1510-089, 1ES 1959+650
...observations started recently...

Mrk501

Collaboration initiated with:

Jagiellonian University of Krakow, Poland
Wiirzburg University, Germany

BL Lac, Mrk180
...waiting to be “adopted”...
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BL Lac — the prototype

\

v Continuous monitoring of BL Lac for a total of ~325 days (2014-2016) in R-band.
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Blazar Optical Sky Survey -BOSS Project

BOSS Project Link:

http://users.uoa.gr/~kgaze/boss_project.html

Contact info:

Kosmas Gazeas

Department of Astrophysics, Astronomy and Mechanics
Faculty of Physics el N e
National and Kapodistrian University of Athens b
GR-157 84, Zografos, Athens

Greece

email: kgaze@phys.uoa.gr

U@A@ - University of Athens Observatory



