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ABSTRACT

The BL Lac object 1ES 1014496 was discovered at Very High Energy (VHE; 00GeV)
v-rays by MAGIC in spring 2007. Before that the source wakelgtudied in different wave-
lengths. Therefore a multi-wavelength (MWL) campaign waggaaized in spring 2008. Along
MAGIC, the MWL campaign included the Metsahovi radio olvsgory, Bell and KVA op-
tical telescopes and tHewift and AGILE satellites. MAGIC observations span from March
to May, 2008 for a total of 27.9 hours, of which 19.4 hours ramad after quality cuts.
The light curve showed no significant variability yielding etegral flux above 200 GeV of
(1.3 £ 0.3) x 107! photons cm?s ™. The differential VHE spectrum could be described with
a power-law function with a spectral index aB3: 0.4. Both results were similar to those ob-
tained during the discover@wift XRT observations revealed an X-ray flare, characterized by

a harder-when-brighter trend,

as is typical for high syntion peak BL Lac objects (HBL).

Strong optical variability was found during the campaigat, bo conclusion on the connec-
tion between the optical and VHf=ray bands could be drawn. The contemporaneous SED
shows a synchrotron dominated source, unlike concludededwiqus work based on non-
simultaneous data, and is well described by a standard one-synchrotron self~-Compton
model. We also performed a study on the source classificafifrile the optical and X-ray
data taken during our campaign show typical charactesisfian HBL, we suggest, based on
archival data, that 1ES 102496 is actually a borderline case between intermediate myid h
synchrotron peak frequency BL Lac objects.

Key words: Galaxies: active —

nisms: non-thermal

1 INTRODUCTION

Blazars are active galactic nuclei (AGNs) with relativisti

jets oriented close to our line of sight. The blazar spec-
tral energy distribution (SED) is characterised by two lroa
peaks of which the lower energy one is believed to origi-
nate from synchrotron emission of electrons in the jet. The
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higher energy peak is most commonly explained by inverse-
Compton scattering of either the synchrotron (synchrotron
self Compton - SSC, see e.gMaraschi, Ghisellini & Celotti
(1992; Costamante & Ghisellini (2002) or external (ex-
ternal Compton - EC, Oermer & Schlickeiser 1993
Ghisellini, Tavecchio & Chiaberge 20p)5 seed photons by
the electrons and positrons in the jet. Hadronic models,revhe
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the y-rays are produced directly by proton-synchrotron emis-
sion or via pion decay Mannheim 1993 Miicke et al. 2003
Weidinger & Spanier 2015 have also been suggested. BL Lac
objects, a type of blazars with weak or no optical spectnaldj are
subdivided into low, intermediate and high synchrotronkpBa
Lac objects (LBL, IBL and HBL, respectively) according tceth
frequency of the first peak which in the case of HBLs is located
in the UV to hard X-ray regime (e.d?adovani & Giommi 1995
Sambruna, Maraschi & Urry 1996

Blazars show flux and spectral variability at all wavelesgth
on time scales ranging from a few minutes to several months
(e.g.Giommi et al. 1990Nieppola et al. 200;7Albert et al. 2007
Therefore, in order to shed light on the VHE emission medrasi
and its origin in blazars, simultaneous observations afélsurces
at different flux states and across multiple wavelengthsaaeired.

It is particularly important to study correlations betwetnx and
spectral variations in different energy bands.

The 1ES 1011496 MWL campaign discussed in this paper
took place in spring 2008 before the launch of #eemi satel-
lite, with MAGIC, AGILE, Swift XRT and UVOT, KVA, Bell
and Metsahovi telescopes observing the source. While ribeedb

The following section will be devoted to the instruments-par
ticipating in the MWL campaign, their observations as wslttzeir
data analysis description. The results of these analysagported
and compared to previous results in Section 3, and the MW lig
curve, quasi-simultaneous SEDs and source classificateodis-
cussed in Section 4. A summary of the findings presented & thi
paper and concluding remarks are given in Section 5.

2 MULTI-WAVELENGTH OBSERVATIONS AND
PARTICIPATING INSTRUMENTS

The campaign was centered around common observation window
of the AGILE satellite and the MAGIC telescope in spring 2008
Additional MWL coverage was provided by the Metsahovi cadi
telescope in the radio band, by the KVA and Bell telescopdken
optical waveband, and in the X-rays by tBgift satellite. The 2008
MWL campaign was the first to incorporate VHE coverage fos thi
source.

band SEDs of the source have been presented by severalsauthor

(e.g. Albertetal. (2007h; Tavecchio et al.(2010; Abdo et al.
(20103; Zhang et al(2012 andGiommi et al.(2012), these were
not based on simultaneous data or did not include \{H&y ob-
servations. Part of the results of this campaign have ajrbadn
published inReinthal(2011); Reinthal et al(2012h. Another sim-
ilar campaign was conducted in 2008 concentrating on the HBL
object 1ES 2344514 (Aleksic et al. 2013

1ES101%496 is a BL Lac object, first detected as an X-ray
source Elvis et al. 1992, located at a medium redshift p=0.212
(Albert et al. 2007h. It was discovered at VHE by MAGIC in 2007
following an optical high state reported by the Tuorla BlaZ@ni-
toring Program (Albert et al. 2007l At the time of the discov-
ery, 1IES 1011496 was the most distant source known to emit
VHE y-rays. Previous observations of this source at VHE showed
only a hint of a signal (see e.dAlbert et al.(20080) and the re-
sults presented here constitute the first follow-up obsienveof
1ES 101%496.

HBLs are the most numerous extragalactic VHEray
sourcesLister et al.(2011) found using MOJAVE 15 GHz Very
Long Baseline Interferometry (VLBI) data that these sosraee
distinguished from other blazar populations by lower-taaarage
radio core brightness temperatures and lack of high linear p
larization in the coreAbdo et al. (20100 found that the GeV
spectra of the HBLs are essentially compatible with powessla
1ES 1011+496 has multiple classifications in the literatithelti-
band monitoring between 2005 and 2010 by the McGraw-HikTel
scope revealed a peak located in the optical regin2e-8 eV), indi-
cating an IBL nature. A trend of the peak location shiftindnigher
energies with increasing flux was also identifieBottcher et al.
2010. Despite the long observing period, the authors note that
the source has been observed mostly in moderately fairgsstat
However, the object has historically been classified as ah HB
object Donato et al. 200INieppola, Tornikoski & Valtaoja 2006
Abdo et al. 2010p We combine the different archival observations
with data collected during our campaign in a new, consisteat-
pretation of the nature of the source.

1 http:/lusers.utu.fi/kani/im
2 www.physics.purdue.edu/MOJAVE/

2.1 MAGIC telescope

MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) is
a system of two 17 m Imaging Atmospheric Cherenkov Telestope
(IACTs) located on the Canary island of La Palma, Spain, at
~2200 m above sea level. At the time of the 2008 campaign the
second telescope was still under construction and obsemgat
were performed using MAGIC-I only, having been in operation
since 2004. Thanks largely to its 236 meflective area, MAGIC-

| achieved an energy threshold e60GeV — the lowest of any
IACT at the time. It reached a sensitivity ofl.6 per cent of the
Crab nebula flux (5~ in 50 h) >200 GeV with an energy resolution
of ~20-30 per cent and an angular resolutior06f1° (Albert et al.
20083.

MAGIC was able to observe the object on 25 nights between
2008 March 4th and May 24th. The observation period was plagu
by poor weather conditions at La Palma with frequent clotais;
fall, strong wind and calima (dust from the Sahara) towalnéseind
of the observation window. Nevertheless a total of 27.9 fiair
data between zenith angles of2thd 37 were collected, of which
8 hours had to be removed due to adverse weather conditibes. T
remaining 20 hours of data were not significantly affectedag
weather and survived the quality cuts. The observationg wen-
ducted in wobble mode with the telescope alternating betee
sky positions offset 04from the source, allowing for simultaneous
recording of ON and OFF datdDéum et al. 199y

The data were analysed using the MAGIC standard analysis
package "MARS” Moralejo et al. 2009 The images were cleaned
using the timing information of the showeliu et al. 2009 and
absolute cleaning levels of 6 photoelectrons (for the dleadtécore
pixels”) and 3 photoelectrons (for "boundary pixels”). T¢tleaned
images were then parametrised according to parametershoasc
in Hillas (1985. y-ray and background events were separated on
basis of a Random Forest regression methidbdt et al. 2008a
and a cut iny, the angle between the major shower axis and the line
determined by the centre of gravity and the source positiothe
camera. Energy look up tables were used for the energy reaons
tion. The results presented here have been confirmed ifi{elya
an independent analysis.

© 2016 RAS, MNRASDOQ, 1-13
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2.2 AGILE space telescope

AGILE (Astrorivelatore Gamma ad Immagini LEggero) is a seie
tific mission funded by the Italian Space Agency (ASI) detiida
to the observation of astrophysical sources of high enestrpa
physics Tavani et al. 200Q Launched on April 23, 2007 in a low-
Earth orbit optimized for low particle background (withtiai alti-
tude of about 550 km), AGILE is working nominally after alm8s
years of operations.

In this paper, we have analysed data collected during th& 200
MWL campaing by the main AGILE instrument, the Gamma-Ray
Imaging Detector (GRID). The AGILE-GRID consists of a silic
tungsten tracker, a cesium iodide mini-calorimeter and raita:
incidence system made of segmented plastic scintillasorg,it is
sensitive in the energy range from 30 MeV — 50 GeV. The usesf th
silicon strip technology allows to have good performancetiey—
ray GRID imager, approximately a small cube of about 60 cra,siz
which achieves an effective area of the order of 508 atseveral
hundreds MeV, an angular resolution (at 68% containmeritisad
of about 4.3 at 100 MeV, decreasing below for energies above
1 GeV (Chen et al. 2018 a large field of view of about 2.5 sr, as
well as accurate timing, positional and attitude informatf{source
location accuracy 5 — 10 arcmin for intense sources with>S10).

During its first period of data taking (about two years), the
AGILE satellite was operated in pointing observing model tre
corresponding AGILE data are grouped in Observation Blothe
time period covered by the 2008 MWL campaign includes the AG-
ILE Observation Blocks 5500, 5510, 5520 and 5530, publigaila
able from the AGILE Data Center (ADC) web page§he source
1ES 1011+496 was observed, on average, at abcub#xis
from the mean AGILE pointing direction in the two time windew
March 30 — April 10, 2008 and April 30 — May 10, 2008.

AGILE data were analysed using the latest scientific softwar
(AGILE SW 5.0 SourceCode) and in-flight calibrations (10p23
publicly available at the ADC site. Counts, exposure anéusé
vy-ray background maps were created for energies 100 MeV
including y-ray events collected up to 6®ff-axis. Events col-
lected during passages over the South Atlantic Anomaly,rand
gions within 10 from the Earth limb were rejected. In order to
derive the source flux (or flux upper limits) in the full AGILE-
GRID energy band (100 MeV — 50 GeV), we ran the AGILE point
source analysis software based on the Maximum Likelihool-te
nigue with a radius of analysis of 1.0

2.3 Swift XRT and UVOT

Swift is a MWL observatory launched into Low Earth Or-
bit in November 2004 Gehrels etal. 2004 The satellite is

equipped with three telescopes: the Burst Alert Telescope

(BAT, Barthelmy et al.(2009) covering the 15—150keV energy
range, the X-ray Telescope (XRTBurrows et al.(2005) operat-
ing in the 0.2—10keV energy band and the UV/Optical Telescop
(UVOT, Roming et al.(2009) for simultaneous UV and optical
observations between 180 and 600 nm.

Swift XRT observed the source for 10 days between April 28
and May 8, 2008 (the results are summarized in Tapldhe us-
able exposure times ranged fror200 s to 2 ks, while the shortest
exposure was insufficient for deriving an X-ray flux and was di
carded. The XRT data were processed with standard procedsire

3 http://agile.asdc.asi.it
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ing the FTOOLS task XRTPIPELINE (version 0.12.8) distrimlit
by HEASARC within the HEASOFT package (v.6.15). Events with
grades 0—12 were selected (&erows et al. 200band response
matrices ofSwift CALDB release 20071106 were used.

XRT observations were taken in photon-counting mode (PC)
and are affected by a moderate pile-up due to the sourcediavin
been brighter than expected. It was evaluated followingstae-
dard procedurt resulting in a piled-up region with a radius of
~ 7 arcsec. This region was masked extracting the signalmithi
annulus with inner radius of 3 pixels (7.1 arcsec) and owddius
of 25 pixels (59 arcsec).

The spectra were extracted from the corresponding evest file
and binned using GRPPHA to ensure a minimum of 25 counts per
energy bin, in order to guarantee reliahle statistics Gehrels
1986. Spectral analyses were performed using XSPEC version
12.8.1. The spectral index was determined using an absorbed
power-law fit (f x E™" x ) from 0.3—10keV, with the opti-
cal depthr being the product of the hydrogen column density
and the energy-dependent photoelectric cross seeti(i). Ny
was fixed to the Galactic value in the direction of the sourte o
8.4 x 10*° cm? evaluated from the Leiden/Argentine/Bonn (LAB)
survey of galactic HI Kalberla etal. 200b Since some daily
data sets showed hints of spectral curvature, also fits @sing-
parabola modelffx E‘(“ﬁbgw(a)xe‘T) were performed. However,
for the majority of the cases the log-parabola fit was notiiign
cantly preferred by a logarithmic likelihood ratio test otlee sim-
ple power-law model (see Tablg. Therefore, the simple power-
law results were used as a common basis.

Swift UVOT cycled through each of the optical and the UV
pass band¥/ B, U, UVW1, UVM2, UVW2. The source counts
were extracted from a circular region 6 arcsec-sized céndre
the source position, while the background was extractech fao
larger circular nearby source-free region. These data \pese
cessed with theivot maghi st task of the HEASOFT package.
The observed magnitudes have been corrected for Galatithc-ex
tion E(B — V) = 0.012mag Schlafly & Finkbeiner 201)Lusing
the extinction curve fronfritzpatrick (1999. The host-galaxy flux
contributes to the observed brightness inVheandB-bands, how-
ever no values for the contribution were found in the literat
Therefore, the contributions were estimated fromRHeand value
from Nilsson et al.(2007) (the host galaxy contribution in the-
band isFgr =0.49 mJy within an aperture of 7.5arcsec measured
with a seeing of 3.0arcsec) using the galaxy colourg at 0.2
from Fukugita, Shimasaku & Ichikawél995 resulting inFy =
0.27 mJy and~g = 0.07 mJy.

The magnitudes measured in the UV filters were converted
to units of ergcm? s using the photometric zero points as given
in Breeveld et al.(2011) and effective wavelengths and count-
rate-to-flux ratios of GRBs from th&wift UVOT CALDB 02
(v.20101130). Raiteri et al.(2010 noted that these ratios are not
necessarily applicable to BL Lac objects, due to their dfi
spectrum and 8-V value typically larger than the applicable
range and calculated a new calibration. Following the arntar
tion in Aleksit et al.(2013 we did not apply this new calibration,
but increased the error of théVW2 count-rate-to-flux ratio from
~ 2.2 to 13 per cent to account for a potential change in thiseval
as large as found byRaiteri et al.(2010. However the actual un-
certainty should be much below that, considering that safme{(

4 http://Mww.swift.ac.uk/analysis/xrt/pileup.php
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Table 1. Swift XRT flux and spectral results: and)(rzed/d.o.f. are the spectral index and redugédover the number of degrees of freedom of the simple
power-law fit.L denotes the likelihood ratio of this power-law fit when comgubto a log-parabolic fit.

Obs. ID MJD start Exposure Flux 0.5-10 keV r szed/d.o.f. L
[ks] [10-Mphent2s [%]
35012008 54584.8868 2.00 .78+ 0.18 228+ 0.06 1.06/55 98.0
35012009 54586.8250 0.19 .7§(1):g 2.00+0.30 1.2/3 53.5
35012011 54588.9118 0.86 .22+ 0.32 219+ 0.08 0.95/31 97.9
35012012 54589.8993 1.51 A9 +0.21 227+ 0.07 0.94/45 74.4
35012014  54590.8972 1.67 33+0.21 230+ 0.07 0.81/42 74.2
35012013 54591.9007 1.37 .64+ 0.19 237+ 0.06 1.81/48 98.9
35012015 54592.9049 1.79 B58+0.17 247+ 0.06 1.34/51 98.9
35012016  54593.0382 1.87 .62+ 0.14 241+ 0.06 1.22/54 98.5
35012017 54594.3306 1.77 .73+ 0.15 244+ 0.07 1.19/42
1ES 101%496 has been observed since the beginning of the pro-
gram.
o The KVA telescope consists of two tubes. The larger of

!

optical flux density [mJy]
S
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b B el
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L L L
53500 54000 54500

time [MJD]

52500 55000
Figure 1. Long-term optical light curve of 1ES 102496 until the end of
2008 from the Tuorla Blazar Monitoring Program (red dotsheTluxes
are measured in th&band and they have not been host-galaxy sub-
tracted. The horizontal dashed grey line represents thelffait flux from
Reinthal et al(20123 to which the host galaxy contribution has been added
to allow for direct comparison to the data points. The vattidue lines de-
note the beginning and the end of the MWL campaign. The insaus a
zoom into the MWL campaign from the beginning of the MAGIC ebh&-
tions on March 4 until the last Bell observation on June 5. Bak data are
represented by cyan filled squares. Both data are binned dail

most) of the difference between the ratios arises solely fusing
new effective wavelengths, which were not used in our work.

2.4 KVA telescope and the Tuorla Blazar Monitoring
Program

The bulk of the optical data presented in this paper wereigeav

by the Tuorla Blazar Monitoring Program, which is operated a
a support program to the MAGIC observations. The program was
started at the end of 2002 and uses the Tuorla 1 m telescaaegtb

in Tuorla, Finland) and the Kungliga Vetenskapsakadent@rij
telescope (located at the Roque de los Muchachos obsenator
La Palma) to monitor candidate (fron€ostamante & Ghisellini
(2002) and known TeV blazars in the optical waveband. The pur-
pose of this monitoring is to study the long-term optical d&gbur

of the selected sources and provide alerts to MAGIC on higtest

of these objects in order to trigger follow-up VHE obsereas.

the two, a 60cm reflector, is equipped with a CCD polarime-
ter capable of polarimetric measurementsBYRI bands using

a plane-parallel calcite plate and a super-achromyticretarder
(Piirola et al. 2005, while the smaller one, a 35cm Celestron
Schmidt-Cassegrain, is used for photometry. They are tgubra-
motely from Finland. The photometric measurements arellysua
done in theR-band. For this campaign thi& andV-band observa-
tions were also performed. During the campaign we also pedd
polarimetric observations on three nights without a filkantprove
the signal-to-noise ratio of the observations.

The observations have been conducted using different@l ph
tometry, i.e. by having the target and the calibrated compar
stars on the same CCD imagesFidrucci & Tosti 199§. The
magnitudes of the source and comparison stars are meassied u
ing aperture photometry adopting an aperture radius ofré¢sea
and converted to linear flux densities according to the fdamu
F=Fy x 10°%4mad Jy whereF is a filter-dependent zero poirfi{ =
3080 Jy in theR-band,Fo = 3640 Jy in the/-band and~y = 4260 Jy
in theB-band, from Bessell(1979).

The polarimetric data are analysed using the standard
procedures with a semiautomatic software specially deeslo
for polarization monitoring purpose. In short, the normmedi
Stokes parameters and the degree of polarization and gositi
angle were calculated from the intensity ratios of the ordi-
nary and extraordinary beams using the standard formuta (e.
Landi Degl'Innocenti, Bagnulo & Fossg2007)).

In order to obtain the AGN core flux, emission from the host
galaxy and possible nearby stars that contribute to theativilarx
have to be subtracted from the measured valiNilsson et al.
(2007 determined these contributions in the opti€aband for
many of the sources in the Tuorla monitoring list and in theeca
of 1IES101%496 a host galaxy flux of (0.42 0.02) mJy has to
be subtracted from the measurigdand flux. As discussed in the
previous section, host galaxy contributions in ¥heand B-bands
had to be estimated from tHe-band value and amounted E,
= 0.27 mJy and=g = 0.07 mJy, respectively. Also these observed
magnitudes have been corrected for Galactic extinda@V) =
0.012 mag $chlafly & Finkbeiner 201)lusing the extinction curve
from Fitzpatrick(1999.

At the time of the campaign there were no publistiedB-
andV-band magnitudes of the five comparison stars for the field
of 1IES101%496. We therefore calibrated the magnitudes our-

© 2016 RAS, MNRASDOQ, 1-13
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Table 2. Calibrated magnitudes of comparison stars.

Star B Vv R
1 1468+ 0.05 1387+0.04 1340+ 0.02
2 1500+ 0.05 1443+0.04 1404+ 0.02
3 1663+ 0.05 1588+0.04 1544+ 0.02
4 1462+ 0.05 1432+0.04 1401+ 0.02
5 1630+ 0.05 1573+0.04 1542+ 0.02

selves using the comparison stars of S5071B! with known
magnitudes observed in the same photometric nights. Thetses
are given in Table2, the numbering of the stars follows that of
Bottcher et al(2010. The derived magnitudes are in good agree-
ment with those in Bottcher et al (2010, deviating typically by
less than 2.

The source has shown strong variability ever since the begin
ning of the monitoring, as can be seen from the long-terncapti
light curve in Fig.1.

2.5 Belltelescope

Observations from the Western Kentucky University Bell &ta-

tory were obtained with a 60 cm telescope and an Apogee AP6ep
CCD camera, through @band filter. The source was observed on

8 nights between April 17 and June 5, 2008. Differential phwot

etry was performed between the blazar and published cosgpari
stars on the same CCD frame. The comparison stars and agsertur
used were the same as for KVA to ensure comparability between
the two instruments.

2.6 Metsahovi radio telescope

The 37 GHz observations were made with the Metsahovi radke t
scope located in Kylmala, Finland. The telescope has @rh3.

bservations of 1IES1011+496in Soring 2008 5

1ES 1011

800
700 +-,-++
I .

600 T TL: Ty,
500 ! #hy m&%ﬁ%ﬁw ;
400 S‘ ;
300 i— Obs time: t=19.43 h
200 E_ - ON events: N_on = 2932

F : OFF events: N_off = 2475
100 E H Significance: S = 7.67 ¢

S NI T I B I A B

10

8 90
Alpha [deg]

Figure 2. Distribution of a for ON-region and OFF-region data. ON-data
are marked by the red crosses while the filled region are the @fa. The
a cut is marked by the dashed line.

Flux [10‘11 ph cm? 5‘1]

I I I I I I I I I
54530 54540 54550 54560 54570 54580 54590 54600 54610
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Figure 3. VHE light curve of 1ES 1014496. The daily integral fluxes

diameter ESSCO design antenna placed inside a radome. Theabove 200 GeV are plotted as red filled { sigma) and grey filled<( 1

measurements were made with a 1 GHz-band dual beam receiveisigma) circles. The red arrows depict the 95 per cent confelavel upper
centred at 36.8 GHz with the antenna half power beam width of limits computed for the observations yielding flux measiweeta with less
2.4arcmin and a beam separation of 6.0arcmin. The telescopethan 1 sigma significance. The grey dashed line and the gray tepre-

detection limit at 37 GHz is~0.2Jy under optimal conditions.
For a more comprehensive overview of the telescope, the o
servation methods and the data analysis procedure, refemgto
Teraesranta et a(1998.

Metsahovi measurements were hindered by bad weather dur-
ing the campaign. The source was observed on two nightsglurin
the first half of 2008, January 27 and April 24.

b-

3 RESULTS
3.1 MAGIC

The MAGIC observations resulted in the confirmation of therse
as a VHE emitter. The-plot shows 2932 ON-events in thecut
region of 8 (see Fig2). This and all other cuts applied in the VHE
analysis were optimised on a sample of Crab Nebula data fnem t
same epoch. A single OFF region directly opposite the ONoregi
(with respect to the camera centre) was used to determineka ba
ground level of 2475 OFF-events applying the same eventtiahe
cuts. The calculated event excess corresponds to a statistnif-
icance of 7.% using equation (17) irLi & Ma (1983.
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sent the resulting fit to the data points with a constant flan@lwith its
statistical uncertainty

The daily VHE light curve of 1ES 1011+496 showing the in-
tegral flux above 200 GeV of the source throughout the MAGIC
observations can be seen in F3gln total, it consists of 476 excess
events over 3293 background events. A fit with a constanteo th
data points yieldg?/d.o.f. 305/19, corresponding to a probability
of 19.5 per cent. The measured flux at MID 54562 i80- away
from this fit, possibly indicating a higher flux on that nigfthe
mean flux above 200 GeV is.@+ 0.3) x 107! photons crm?s™.

The energy threshold of the analysis wa&00GeV en-
abling us to obtain a time-averaged VHE gamma-ray spectetm b
tween~120 and~900 GeV. The spectrum can be well described
(x¥?/d.o.f. = 0.7/3 corresponding to a probability of 88 per cent) by
a simple power law:

dN E
dE 200 GeV,
The resulting spectrum is shown in Fig.

The derived mean VHE flux of

—2 1

cm*~°s .
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) x 10 1°Tey
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Figure 4. Measured spectrum of 1ES 104496. The spectrum resulting
from the 2008 observations is shown by the red squares, hétldlid line
representing a power-law fit to the data. The cyan data peimtsv the
deabsorped spectrum. The dark grey butterfly gives therspecheasured
during the discovery. For comparison the MAGIC Crab Nebylacgum
(Albert et al. 2008gis shown (the grey dashed line).

10 TevViecm?st at 200 GeV is in a reasonably good agree-
ment to the one published in the discovery paper/Alpert et al.
(20079 who reported a flux of (B + 0.1) x 10 TeVtcm?2s?

at 200 GeV. Within the error bars also the spectral indices
Taiscovery = 4.0 + 0.5 andT'piswork = 3.3 + 0.4 agree. The flux is
approximately 10 times lower than reported from the source i
February 2014 Nlirzoyan 20134.

Finally, we calculate the intrinsic VHE-ray spectrum, taking
into account the absorption g/ e pair creation due to the in-
teraction with the extragalactic background light (EBL)ofins.
Using the model oDominguez et al(2011), one of the several
state-of-the-art EBL models, we derive an intrinsic spddtrdex
of [y =22+ 04.

3.2 MeV-GeV

AGILE did not detect the source during the campaign. The AG-
ILE maximum likelihood analysis of the AGILE-GRID data take
during the first observation window yields a 95% c.l. UL on the
flux above 100 MeV of B x 107" photons cm? s7* with an effec-
tive exposure of about:210’ cn?s. The effective exposure during
the second observation window was too short to derive a mgani
ful UL. A search for source flares on time scales of 7 as wellgas 2
days using the entire AGILE-LV3 archive at AD@p to the end of
2013, did not yield any detection with significance abowe 4
1ES1011+496 is not very bright in MeV-GeY-rays,
and in previous observations, EGRET did not clearly idgntif
1ES 101%496 during its entire missioHartman et al. 1999 The
source is detected by AGILE abover&ignificance level by in-
tegrating over a very long observation period of roughly @rge
corresponding to an effective exposure of about18° cn? s.
The estimated averaggray flux above 100 MeV is equal to
(5.4 + 1.4)x 10°8 ph cnT? s71, which is in agreement with the flux

5 The standard AGILE-LV3 archive is composed by counts, expgoand
diffuse y-ray background maps above 100 MeV generated on different
timescales, and obtained from the official Level-2 data islybhvailable

at the ADC site.

between 100 MeV and 100 GeV, as derived from the second Fermi-
LAT Catalog, (2FGLNolan et al. 2012 In theFermi-LAT era the
source has been included in the Bright AGN Sampibdpo et al.
2009 as well as in the first (1FGLAbdo et al. 2010pand sec-
ond (2FGL,Nolan et al. 2012 Fermi-LAT Catalog. Contrary to
1FGL, the source was characterized in 2FGL as significaratti¢ v
able, which becomes also evident from comparing the spetra
dices (1reL = 1.93+£0.04,T2rg. = 1.72+ 0.04) and integral fluxes
(Fi-100evareL = (8.7 +0.6) x 10°phemi?s™, Fi_jgocevareL =
(7.8 + 0.3) x 10°° ph cnT? s7%) derived from a simple power-law fit.
It should be noted, however, that in 2FGL a log-parabolic gow
law is the preferred description of the 1ES 162496 LAT spec-
trum, which cannot be attributed solely to absorption onetkiga-
galactic background lightAckermann et al. 2001

3.3 X-rays

At X-rays, the source has previously been detectecEingtein
(Elvis et al. 1992, ROSAT (Lamer, Brunner & Staubert 1996
Voges et al. 1998and, more recently, bgwift XRT (Massaro et al.
2008 Tavecchio etal. 2010Abdo et al. 2010a Giommi et al.
2012. Only Lamer, Brunner & Staube(1996 and Giommi et al.
(2012 reported a steep power-law spectrum to be found at X-rays,
the data of the remaining observations were better destiige

a broken power-law or log-parabolic fit. The reported peak en
ergies vary between 0.04 and 0.74keV. 1ES Q96 is char-
acterized by strong variability at X-rays, with nearly attac20
difference reported for the integral flux between 2 and 10 keV
(Fo-1okeviow = 0.36 x 107 ergem?s™, Fojokevhigh = 6.67 X
10" ergcent? st Massaro et al(2008; Giommi et al.(2012).

During this campaign an X-ray flare was clearly detected, as
can be seen in the light curve in Fig. The observation sampling
prevented to define a baseline flux level, therefore the risefall
times of the flare could not be evaluated from these measutsme
alone. Also the peak of the flare cannot be defined accurataty,
sidering that the highest flux point is consistent within #dreor
bars with the second-largest measurement. Compared tivarch
observations, the source was found in rather high flux stareg
ing from Fos_1okev = 3.73 x 10 ergcm?s™ to Fos_1okev =
6.70x 10 ergcnt?s71. The spectral index was not significantly
variable during the flare, a fit with a constant yielding?d.o.f.
of 15.3/8 (see Fig5). However, the integral flux variability seems
to be correlated with the spectral index(linear fit is fawamliover
the constant one with 98.8 per cent likelihood), as showridné:
Such a harder-when-brighter trend has often been foundlfdr=B
objects (e.gGiommi et al.(1990); Pian et al(1998); Acciari et al.
(2011), but is reported here for the first time for 1ES 10496.

Swift UVOT observed the source on all filteig B, U, UVW1,
UVM2, UVW2). The two shortest exposures were insufficient to de-
rive a flux for all but theU- andUVW1-band in case of the second
shortest exposure. Thé andB-band results were well compatible
with the contemporaneous KVA data (see below). Howevenifsig
icant variability could not be detected by UVOT in any bandig
the campaign (see Fi§), which can be ascribed to the rather large
uncertainty of the measurements.

3.4 Optical

The object shows variability in its optical brightness wétcore
flux increase detected by the Tuorla Blazar Monitoring Paogby
up to a factor 0i~2-3 over the lowest states during flares. During

© 2016 RAS, MNRASDOQ, 1-13
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Figure 5. MWL light curve of 1ES 1012496 with daily binning. The optical and UV data (includinggt®- andV-band) from the KVA, Bell and UVOT
telescopes are not host-galaxy corrected. InShidt spectral index and MAGIC plots the grey horizontal linesaterconstant fits to the data points. In the
bottom panel data shown in Fig. 3 are presented. The dasbgdenrtical line denotes the transition between April and/Na08.

bands followed in general the same trends as inRimand. The
optical observations by Bell were compatible with the KVAala
showing the same trend in flux density.

We also constructed optical SEDs using the KVA and UVOT
data that were not separated by more than 1 hour from each othe
The data were host galaxy subtracted and de-reddened (see Se
tions 2.3 and 2.4). The resulting SEDs are discussed inldetai
Section 4.3.

The three polarization measurements taken on MJD 54583,

the campaign the source was in a relatively high state inptiead
R-band with a mean flux of (33 + 0.06) mJy. This is~20 per
cent lower than the (44 + 0.04) mJy average measured in 2007
during the MAGIC discovery, which was triggered by an ogtica
flare (Albert et al. 2007p. Throughout the campaign, the optical
flux displayed on average an increasing trend and crossethtbe
threshold calculated iRReinthal et al(20123 around half-way into
the campaign. From the end of April to the beginning of May the
source was also observed in MeandB-bands. The fluxes in these

© 2016 RAS, MNRASDOQ, 1-13
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Figure 6. Simple power law spectral index determined between 0.3 and
10keV for theSwift XRT data as a function of the integral flux between 0.5
and 10 keV. A fit with a constant and a linear function is showthe grey
dashed and solid line, respectively.

54584 and 54593 all show a low polarization§2 0.9,2.2 + 0.8

and 25 + 0.4 per cent) and a rather stable electric vector position
angle (139« 10,165+ 10,153+ 4 degrees). The low polarization
is in agreement with previous observatioiVills, Wills & Breger
201D).

3.5 Radio

Previous observations of the source have reported vatjabil
the radio bands, with flux densities at 1.4 GHz varying betwee
~380mJy and~470 mJy Nakagawa et al(2005 and references
therein). At 37 GHz, the Metsahovi radio telescope detkthe
source only once from 12 pointings between 2002 and 2005; mea
suring a flux density of(0.56+ 0.12) Jy on December 1, 2002
(Nieppola et al. 20017 No detection was achieved five days later,
which may either be a sign of rather fast variability, or a s®mn
gquence of the observation condition-dependent detecitioit df
Metsahovi. Around this campaign 1ES 164D6 was not detected
by Metsahovi. For the second observation on 2008 April 24M
54580), an UL on the flux density at 37 GHz «f0.62 Jy (S/N

> 4) was calculated. This value is compatible with the detesti
achieved at the end of 200&{ch, ~ (0.45+ 0.10) Jy), where a
significant signal was observed on three occasions withéndays.
This is the kind of behaviour that both IBL and HBL sources-typ
ically show at 37 GHzlieppola et al. 200)7 They seem to spend
most of the time below the detection limit, and are only otmas
ally detected.

We also investigated archival and publicly available
VLBI data of the source. 1ES 101496 exhibits a core-jet
morphology typical for blazars, with no sign of a counter-
jet and a jet position angle well-aligned on pc and kpc
scales Augusto, Wilkinson & Browne 1998 Nakagawa et al.
2005. From two VLBI observations spanning 2.2years,
no obvious jet motion was visible Nakagawa etal. 2005
Kharb, Gabuzda & Shast(2008 report a fractional core polar-
ization of > 4 per cent, compared to3 per cent for other HBLs
studied. This rather high value is confirmed by studying joubl

MOJAVES polarization observations of the cefet, ranging from
2.9% to 8.1%.

4 DISCUSSION
4.1 Multi-wavelength light curve

Looking at the MWL light curve we see moderate variabilitytie
optical and X-ray bands with the observations in the lat@taring
part of the rise and decay phases of an X-ray flare. The flux ik VH
y-rays is consistent with being constant.

The investigation of the simultaneous light curves for eerr
lations between different energy bands is hindered by theera
sparse sampling and non-significant variability in the ViHeay
band. The few simultaneous data pairs are not sufficient&ksh
a meaningful connection between the optical and X-ray, Karad
VHE or optical and VHE light curves (see Fif). Serendipitous
observations byNTEGRAL ISGRI between MJD 54589 and MJD
54593 did not yield a significant detection of the source,clvhi
seems to be the case also fawift-BAT and RXTE-ASM’. How-
ever, the good coverage in energy allows to investigatedhtem-
poraneous broad-band SED of 1ES 16496.

4.2 Spectral energy distribution

Two separate data sets, 'high X-ray’ and 'low X-ray’, defired
cording to the X-ray flux state of the source on MJD 54588.8khi
and MJD 54592.9 (low) as can be seen in Fgand availabil-
ity of quasi-simultaneous+0.5 days) MWL data, were used to
construct quasi-simultaneous SEDs (see FjgThe VHE results
do not show significant variability in the course of the carmgpa
Therefore, to reduce the error bars of the measurementintiee t
averaged spectrum is used for the SED. Due to the small second
AGILE observation window, no AGILE upper limit could be ex-
tracted for the periods from which the SEDs were calculatet! a
the upper limit from first period is showrermi-LAT was not yet
operating at the time of the campaign. Although teemi-LAT
found 1ES 1011496 to be significantly variable after 24 month of
observations Nolan et al. 2012 we included the LAT 1FGL spec-
trum for SED modelling as an order of magnitude estimate ef th
flux in this energy regime.

From the SED a basically equal power emitted by both the
synchrotron and the SSC components can be seen. Even though
theFermi-LAT data were not measured simultaneously to the other
data, they connect well to the VHE spectrum which is comgdarab
to the discovery spectrum. At lower energies, the optical fhea-
sured by KVA was found to be lower by20 per cent, and the X-
ray flux was almost 10 times higher than the archival measemésn
used in the VHE discovery paper. The low (hon-simultaneds)
ray flux constraining the SED modelling ledlbert et al.(2007H
to the conclusion that in this source, the inverse-Comptonpo-
nent would dominate over the synchrotron component. Ondhe c
trary, the quasi-simultaneous SEDs from our MWL observegtio
indicate that this interpretation may not be correct, doorating
that this source is synchrotron dominated like most HBLs.

The data were modelled using a one-zone SSC model

6 http://www.physics.purdue.edu/MOJAVE/

7 judging from the publicly available quick-
look light curves [ttp://xte.mit.edu/ASMic.html,
http://swift.gsfc.nasa.gov/docs/swift/results/trienss/)
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Figure 7.MWL SEDs of 1ES 1014496. The triangles and squares depict the high and low Xteagsof MJID 54589 and MJD 54593, respectively. The KVA

low and UVOT data are corrected for Galactic absorpt®oh{afly & Finkbeiner 201)land the optical bands also for host-galaxy contributiditséon et al.

2007). The Metsahovi 37 GHz and AGILfzray upper limits from this campaign are shown with arrowilse Fermi-LAT data from the LAT 1-year Catalog
(Abdo et al. 2010palong with the other non-simultaneous data are addedlfstiftive purposes (grey symbols). The MAGIC data have lweerected for
EBL absorption using the model Bfominguez et al(2011). See main text for a description of the model curves.

Table 3.0ne-zone SSC model parameters for high X-ray and low X-ra@gst

Model B 0 R K P1 P2 Ymin  Ybreak  Ymax
[G] [108cm]  [ecm9 [10%] [10%] [109]
high X-ray 0.048 26 3.25 700 1.9 33 7.0 3.4 8.0
low X-ray  0.048 26 3.25 800 19 35 7.0 3.4 8.0

(Maraschi & Tavecchio 20031t assumes a relativistically moving
emission region characterised by its radRjsnagnetic field8 and
Doppler factors. The emission region contains an electron popu-
lation with normalizationK aty = 1 following a broken power-
law distribution with indexp; for ymin < ¥ < Ybreak @nd p, for
Yhreak < ¥ < Ymax- 1hiS one-zone model cannot reproduce the spec-
trum at the lowest frequencies, since the emission is fsibded
below the millimeter band. It is generally assumed that plaig of

the SED is due to outer regions of the jet.

Fig. 7 shows the results of the SSC modelling describing the
quasi-simultaneous high X-ray and low X-ray state SEDs.S8€
model parameters are reported in Table 3. The goodness of th
model is judged by eye and hence the curve represents only on
possible set of SED parameters, instead of being a real fiteto t
data. The small difference between the high X-ray and lova)x-r
state SEDs, is modelled as a slight steepening of the higlygne
electron spectrum and a slight increase in the electron sundn-
sity, which can be interpreted as cooling of the emittingtns
with a small injection, mostly related to the lowest enesgiensid-
ered here.

© 2016 RAS, MNRASDOQ, 1-13

The model curves describe the optical, X-ray and \VjHEy
data rather well. To reproduce the narrowness of the syircimro
peak in the low X-ray state a narrow electron energy distigiou
with largeymin and smallp, is required. Such narrow synchrotron
peaks have been found also previously, e.g. in 1IES4203
(Aleksic et al. 2012

The non-simultaneousermi-LAT data are not well described
by the model neither in the low nor in the high X-ray state. The
Fermi-LAT data would require the inverse-Compton peak to be
broader than the synchrotron peak which is difficult to med#in
the adopted one-zone model. Especially atjevay energies a dis-

ecrepancy with the model becomes evident. However, thatefisc
gancy is partly alleviated considering that the 1FGL is inagd
over several months and the shape is a sum of several flux and
spectral states. Additionally, a second, more Compton datad
component may contribute to the discrepancy. To invesitas,
simultaneougermi and MAGIC observations are needed and were
performed in 2011/2012M(eksic et al. 2015

Weidinger & Spanief2015 have used preliminary results of
this campaign to test their self-consistent and time-deeenhy-
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ing break they concluded that their one-zone SSC model ¢anno quencies during low to medium flux states and which seems to
reproduce the narrow shape of the synchrotron peak as long asdominate the (time-averaged) 2FGL HE spectrum, whereasglur

the magnetic field is weak. However, we note that the comditio
p. — p1 ~ 1 only holds in the case of shock acceleration and syn-
chrotron and/or inverse Compton (in Thomson regime) cgadima
perfectly uniform and homogeneous region. Furthermoeebthak

is not necessarily related to cooling, but can be intrinsite elec-
tron energy distributions, probably caused by a decreateief-
ficiency to accelerate the electrons at the highest eneigfiéls the
increase in the simultaneity and quality of the measured<SE@v-
ering now a larger portion of the electromagnetic spectramum-

ber of recent works showed the requirement of a change okinde
larger than the canonical value of 1 for a large number ofcsEsir
(e.g.Abramowski et al. 2013Aleksit et al. 2014@,b, 2015ha,c).

high flux states, the synchrotron peak shifts to frequencies-
acteristic of HBLs. It is known that in so-called extremeZzales,

the synchrotron peak may shift by more than an order of magni-
tude (e.gPian et al(1998; Giommi, Padovani & Perlma¢2000);
Costamante et a{2001)) during flares and therefore it is expected
that such objects would exist. To our knowledge the explanaif
these at first glance contradictory phenomena as an unaigiBL
nature of the object showing HBL features during high sthges

not been made before in the literature. However, it shoulddted
that 1ES 1011+496 was not the first source for which such fea-
tures have been reported, sinftigramowski et al(2013 observed

in PKS 0301-243 that the first peak is located at a very low fre-

Therefore, one-zone SSC models cannot be excluded in denera quency (assuming an HBL nature) and that the position isisgif

and with the set of parameters shown in Tablsuch a model re-

with increasing flux above the formal boundaries of IBLs toiga

produces well the shape of the SED of 1ES 1011+496 during high HBLs.

and low activity. Compared to values derived for a large darop
TeV detected BL Lac objects using a leptonic one-zone SSGmod
(Tavecchio et al. 200 most of the parameters do not deviate sig-
nificantly.

4.3 Source classification

Although historically classified as an HBLDénato et al. 2001
Nieppola, Tornikoski & Valtaoja 2006 Abdo etal. 2010n and
showing often hard X-ray spectra, the report Bgttcher et al.
(2010 of synchrotron peak frequencies in the optical range sug-
gests an IBL nature of 1ES 104496. Moreover, the deviation
from a simple power-law behaviour reported in 2FGlthe at
times steep X-ray spectra, the presence of a superluminebje-
ponent (ister et al. 2013 and the rather high core polarization
seen in the radioKharb, Gabuzda & Shastri 20PBoint to an IBL
rather than an HBL object. This ambiguity could be explained
considering that 1IES 103496 shows a trend of a higher peak
frequency with increasing flux in the optical as well as X-ray
regime. Hence it would be natural to assume that the basée cla
sification of the source is in fact IBL, as observed at optfoal

8 Out of 69 sources best described by a curved spectrum in tRigarge,
1ES 101%496 is the only HBL Ackermann et al. 2001

In order to shed light into the nature of the source, we con-
structed optical SEDs using the KVA and UVOT data that weite no
separated by more than 1 hour from each other. The resulfing 1
SEDs are shown in Fig. During all epochs the optical SED of
1ES 101%496 shows an increasing trend, suggesting that the syn-
chrotron peak is located at a frequency abov® Hy. This is in
agreement with the HBL classification and in contradictioithw
the results oBottcher et al.(2010, although the observations in
that paper are partially from the same period. We suggesttiba
contradiction might, at least partially, originate fromshgalaxy
subtraction, which was neglectedBttcher et al(2010.

We also studied the dependence of AR color index on the
brightness of the source using the same criterion for sefpthe
data pairs as described above. The resulting color-matgmidli
agram plotting theB-R color as a function oR-band magnitude
is shown in Fig.9. Unlike in Bottcher et al (2010 who noted a
bluer-when-brighter trend, no dependence on the B-R caldhe
source brightness was found. A fit with a constant to the detdsy
ay?/d.o.f. of 21.6/10 while a linear fit gives g?/d.o.f. of 21.1/9,
corresponding to probabilities ef 1-2 per cent for both fits. We
also searched for an evolution in time in the colour-magiatdia-
gram, but within the error bars no pattern was found.

We conclude that in our optical study the source behaves like
a typical HBL rather than IBL. It should be noted, howeveatth
both the color-magnitude diagram and the optical SEDs tatked
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in this paper cover a rather narrow brightness range (timnegbe-
tween MJD 54578 to 54595, for which we have multiband optical
UV observations) and are representative of a rather hige stfa
the source. Therefore in order to conclusively determiretitbe
classification of the source it should be studied with furthelti-
band optical observations covering a larger range of flbestdnan
presented here.

As reported in Mirzoyan (2014, the VHE activity of
1ES1011+496 increased by one order of magnitude in 2014,
which triggered further observations at different wavgtés. A
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We also constructed the first quasi-simultaneous broad band
spectral energy distribution of the source with VHE coverag
These observations show that, unlike concludedAibert et al.
(20071, the synchrotron and IC peaks have similar powers, i.e. the
source is not Compton-dominated and therefore a typical VHE
y-ray emitting BL Lac object. A one-zone SSC model describes
the observed contemporaneous SED relatively well, yigldather
typical values for a VHE BL Lac object despite the narrowness
of the synchrotron peak requiring a rather narrow electrergy
distribution, which restricted the SED model parametercepa

short study using the measured VHE spectra to constrain the However, we note that the spectral energy distribution riode

extragalactic background density has recently been phddis
Ahnen et al.(2016), but the results from the multi-instrument ob-
servations are not yet available. The study of the broadls#id

of 1IES 1011+496 during this very high activity period in 2014
together with a detailed comparison with the broadband S&D r
ported in this paper will help to understand better this \etgrest-
ing blazar.

5 SUMMARY AND CONCLUSION

In this paper we report the first MWL campaign including VHE
coverage on the blazar 1ES 16B6. The campaign was per-
formed regardless of the state of the source. Compared hivalc
data the source appeared to be in a rather high state duesg th
observations.

The MAGIC observations presented in this paper confirm the
source as a VHE-ray emitter. The VHE flux was found to be at
a similar level to that measured during the discovery andisen
tent with being constant. The Hfzray observations with AGILE
did not yield a detection of the source, with flux upper linmits
agreement with the average flux state observeBeomi-LAT.

In X-rays the source was variable during the campaign with
the observations catching part of the rise and decay phdsas o
flare and showed a harder-when-brighter behaviour as oéen s
for sources of this type. The X-ray emission was also shdhitiher
and harder than that of the archival data.

In the optical band the source was in a slightly lower staye (b
~20 per cent) than during the VHE discovery that was triggered
by an optical high state. However, a potential optical-VH-
nection cannot be assessed from these observations, k@9t
per cent difference detected at optical is well within theistical
uncertainties of these MAGIC observations.

We performed a detailed optical study of 1ES 16496 in
order to determine the IBL/HBL nature of the source suggekte
a study of archival data. The host galaxy subtracted SED& sho
a clear increasing trend indicating that the synchrotroakpis
not located in the optical band and no magnitude-dependehce
the B-R colour index was found, both contradicting the findings
of Bottcher et al(2010 and the suggested IBL nature. However,
the results presented here are derived from a relativetpwaange
of flux states and further multi-band optical observatioxtemrding
to both higher and lower source states are necessary to atigs/e
question. Despite that, itis clear that VLBI radio data arithHray
data (see 4.3.) point towards a behaviour untypical for HBhg
the source seems to be a borderline case between IBL and HBL. |
has been suggested that IBLs and HBLs are intrinsically dinges
objects with similar jet powers, the difference origingtifiom a
larger misalignment of the IBL jets to our line of sigh¥i¢yer et al.
2011 and therefore it would not be surprising if sources in the bo
derline existed.

© 2016 RAS, MNRASDOQ, 1-13

will highly benefit from simultaneous HE to VHE-ray observa-
tions, which were conducted in 2011 and 2012 as a follow-up of
this campaignAleksic et al. 2015
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