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ABSTRACT

Context. The radio galaxy IC 310 has recently been identified asray emitter based on observations at GeV energies katmi-LAT and at

very high energies (VHE, £100 GeV) with the MAGIC telescopes. Originally classified as a head-tail radio galaxy, the nature of this object is
subject of controversy since its nucleus shows blazar-like behavior.

Aims. In order to understand the nature of IC 310 and the origin of the VHE emission we studied the spectral and flux variability of IC 310 frot
the X-ray band to the VHE-ray regime.

Methods. The light curve of IC 310 above 300 GeV has been measured with the MAGIC telescopes from October 2009 to February 201
ContemporaneouBermi-LAT data (2008-2011) in the 10-500 GeV energy range were also analyzed. In the X-ray regime, archival observe
tions from 2003 to 2007 witlKMM-Newton, Chandra, andSwift-XRT in the 0.5-10 keV band were studied.

Results. The VHE light curve reveals several high-amplitude and short-duration flares. Day-to-day flux variability is clearly pr&sentThe

photon index between 120 GeV and 8 TeV remains at the Jalue2.0 during both low and high flux states. The VHE spectral shape does not
show significant variability, whereas the flux at 1 TeV changes by a facterfofermi-LAT detected only eighy-ray events in the energy range

10 GeV-500 GeV in three years of observation. The measured photon indiex df.3 + 0.5 in the Fermi-LAT range is very hard. The X-ray
measurements show strong variability in both flux and photon index. The latter varied .ff6m Q.07 to 255+ 0.07.

Conclusions. The rapid variability measured iprrays and X-rays confirms the blazar-like behavior of IC 310. The multi-FJedy emission
seems to originate from scales of less than 80 Schwarzschild radii (for a black hole mas46f ) within the compact core of its FR | radio

jet with orientation angle ¥0- 38°. The spectral energy distribution resembles that of an extreme blazar, albeit the luminosity is more than tw
orders of magnitude lower.

Key words. Galaxies: active — Galaxies: individual: IC 31Q-+ays: galaxies — X-rays: galaxies

1. Introduction

Send offprint requests to: Dorit Eisenacher
(Dorit.Eisenacher@astro.uni-wuerzburg.de) and  Pierre  Colirhe galaxy IC 310 (redshift of = 0.0189] Bernardi et al. 2002)
(colin@mppmu.mpg.de) is one of the brightest objects of the Perseus cluster of galaxies
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at radio frequencies as well as at X-ray energies. It has beenWe present a re-analysis of the MAGIC stereo-observation
detected in the high energyray band above 30 GeV with thetaken during the period of strong activity between 2009 Geto
Fermi Large Area Telescopd-érmi-LAT; Neronov et al. 2010) and 2010 February allowing faster sampling of the light eurv
and above 260 GeV with the MAGIC telescopes (Aleksit et and more accurate spectral analysis. We also investigate
[20710). ray data of therermi-LAT instrument between 2008-2011 and
IC 310 was originally classified as a head-tail radio galaxd chival X-ray observations witkMM-Newton (2003) Chandra
(HTRG; [Sijbring & de Bruyn 1998) based on the radial align{2004 and 2005) anBinift-XRT (2007). In Sect. 2, the-ray and
ment of its radio jet on kiloparsec scale with the radiallj- or X-ray observations and methods of data extraction and aisaly
ented pressure gradient in the surrounding intraclustefiume are presented, while the resulting light curves and eneugg-s
(ICM). The radio morphology of such radio galaxies consists2 are reported in Sect. 3. Finally, the observational figsiare
of a bright “head”, located at the core of the host galaxy, arfiscussed in Sect. 4. _
“tails” pointing away from the center of the cluster. In treese of We adopt a cosmology wit,n = 0.27,Q, = 0.73 and
IC 310, the jet bending was assumed to be large, giving rigesto Ho = 71kms* Mpc™.

classification as a narrow-angle HTRG (Ryle & Windram 1968;
Sijbring & de Bruyn 1998; Miley 7980;_Lal & Rao et al. 2005; . .
Féretuget al 193%_ Y ’ 2. Data: observations and analysis

A recent detailed investigation of the radio structure d?.1. VHE y-ray data: The MAGIC telescopes

IC310 using VLBA observations (Kadler et 4l 2012) ques\—/HE observations of IC 310 were carried out with the MAGIC

tions this classification. Inside the “head”, a parsecescale-jet X . .

structure was detected with no significant detection of anteu telescopes which are two_Imaging Atmospheric Che_renkov

jet. The parsec-scale jet appears oriented in the sametidirec | €/€ScOPes located on the island of La Palma at an altitude of

as the kiloparsec structure (the “tail”). This morphologg-d 2200m. Both.telesco‘pes consist Of. a mirror dish of 17m di-

agrees with the classification as a HTRG since there is no fl'éter associated with a fast imaging camera.bf 8eld of

dication for a jet bending process that determines the titmrec Y/EW- The trigger thresh(())ld 1550 GeV and the sensitivity above

of the tail. Instead, the missing counter-jet implies thappler- 290 GeV (in 50 h) is-0.8% of the Crab_,NebuIa flux with an an-

boosting or other anisotropies play a significant role is gt~ 9Ular resolution better than@r” (Aleksic et al[2012b).

ject. Relativistic beaming is commonly found in blazams,,iac- From 2009 October to 2010 February, the Perseus cluster
was observed with MAGIC in the so-called wobble mode, i.e.

tive galactic nuclei (AGN) with their jets pointing very de to - . "
the line of sight. Thus, IC 310 appears to be more similarhenot pointing alternatively to two positions4y away from the center

AGN detected in the very high energy regime (VHE00 GeV) of the cluster (NGC 1275). Since IC 310 is locate@’Grom the

that are mostly blazars (Ackermann et al. 2011). cluster center, it appeared as dfiraxis source in these observa-
On the other hand, if there is no bend, the@00kpc tions. The position of the source i28° and T away from the

. S amera center in the two wobble positions, respectivelpun
scale (projected) radio jef (Sijbring & de Bruyn 1998) wouldhoioys publication on IC 310 (Alepksif: etMIPO) onlygaf
indicate at least a moderately large angle between theﬂ

: : fi& closest wobble position were used to construct the digihte
and thel line th S'gk?t' IC3;110 “WOUI%I ther: fglNong to tz%nd the spectrum. Here, we used an improved analysis method
same class as the three other “non-blazar etectedyqll; -an handle the data of both wobble positions and hemee pr
VHE, M87 (Aharonian etal. 2003;|_Aharonian et al. ZDOG\;IideS more accurate results.

%ﬁ%@o 9) 8):Alek3|cceetr2?uzruls£ Aft_er data quality selection mainly based on the _atmpspheri
(I—Oh. h = riif‘rR'I ’I FR D radi LH ies H iC310€)Jnd|tlons, the data sample corresponds to 43fBdttve time,
which are Fanar®-Riley | (FR I) radio galaxies. Hence, IC 310, _ ‘rpe grective time of single MAGIC observations is reported
may be considered either the closest TeV blazar or the lesght,) Tab[l. The calibration, image cleaning, parametexizatind
radio galaxy a.t.Te\./ energies. ) N _event reconstruction as well as the ganfmaaron separation

The classification of 1C310 in a transitional populatiofyere performed with the standard analysis software MARS de-
between BL Lac objects and FR | radio galaxies was sucribed i Moralejo et al. (2009). The background estinmaiso
gested by Rector et al. (1999), based on its optical, radib afone separately for each wobble position. For the closebieob
X-ray properties. Its weak optical emission lines are simil position 2 OFF (signal-free) regions a26° away from the cam-
to those typically found in FR | radio galaxies but the nonera center were used and for the wobble position further &wvay
thermal continuum from radio to the X-ray range is compar®FF regions were chosen with affset of T. They-ray sig-
ble to a low-luminosity BL Lac[(Owen etal. 1996) . In X-raysnal is calculated by subtracting the estimated backgrorord f
the object is strongly dominated by the non-thermal pdke-l the on-source region events. Theeetive arealr, of MAGIC
emission coincident with the radio *head” (Schwarz et aB2:9 strongly depends on the distance from the camera centeedti
[Rhee etal. 1994; Sato et al. 2005). A faint X-ray halo has begmated separately for each wobble position using MontdaCar
observed byChandra extending in the direction of the radio tailsimulations ofy rays initiated at the same distance from the cam-
(BDunn et al. 2010). era center as the source position.

Aleksic et al. [[2010) reported the detection of IC 310 dur- The spectrum and the light curve from both wobble positions
ing observations of the Perseus cluster with MAGIC takenglaare combined by calculating the sum, over two wobble pasitio
between 2008 November and 2010 February. A hard spectrofrthe total number of excess everit,, measured during each
(F « ETT with T = 2.0+ 0.14) between 150 GeV and 7 TeV andvobble observation weighted by the correspondifigative area
indications for flux variability on time scale of months arehys and dfective time.
were reported. The variability time scales of years is coeditoy Because IC 310 is not located in the central position, the sys
the non-detection of the source reported in 2010 August 120tematic errors can be higher than reported for the standdtd O
February [(Aleksic et al. 201Pa) as well as by a re-detedtion wobble observation by Aleksic et al. (201.2b). In order tadst
more recent MAGIC observations (ATel #4583). the systematic féects, we analyzed Crab Nebula observations
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taken at diferent dtfsets from the camera center (fron20to decade in energy starting at 10 GeV, and an angular binning of
1.4°) with the same analysis chain. The Crab spectra measu@@5® and 01° for y-rays that converted in the thin and thick
at different dfsets, e.g. with @° and T, are in good agreementtungsten layers of the tracker, respectively. Followirgglobal
with the standard observation result. The systematicemothe fitting over the full energy range, we extracted photon flures
flux normalization and photon index are estimated to be beldtwee energy bands: 10-30 GeV, 30—100 GeV and 100-500 GeV
~17% and~0.2, respectively (instead of 11% and 0.15 for starpy fixing the photon indices (to those from the overall spactr
dard wobble observations; Aleksic et[al. 20112b). The syatie fit) and leaving free only the normalizations in the fits. Besa
uncertainty on the energy scale is evaluated to be 15% (#leksf the low statistics, the flux errors are strongly domindtgd
et al[2012D). Poisson fluctuations and so are not symmetric. In this maimisc

we report separated uncertainties toward lothigh fluxes ob-

2.2. HE y-ray data: Fermi-LAT tained via MINOS in the MINUIT package.

The Fermi-LAT is a pair-conversion telescope sensitive
to photons between 20 MeV and several hundred Ge¥3. X-ray data: Chandra, XMM-Newton, Swift-XRT
(Atwood et al. 2009| Ackermann et al. 2012). Since August 5,

2008 it has operated primarily in sky survey mode, scanni . .
the entire sky every three hours. The data used in this pdiC_ Chandra observations of IC310 were taken with the
per were taken between August 5, 2008 and July 31, 2 gvanced CCD Imaging Spectrometer (ACIS) in the 0.5-8 keV

(MJD 54683-55773), overlapping the MAGIC observation .and (ACIS-| Obse_rvation ID 5596 and 5597)' The data sets
The Fermi-LAT results presented here were obtained witfi€ Ot &ected by pile-up or detector heating. The observations
the analysis pipeline used to produce the “The First Fer ere made within four months of each other: December 26, 2004

” ; jith effectively 25.2ks for Obs. D 5597 and March 23, 2005
qLﬁT:kgrfﬁai Long of |S;ngr§§STﬁgO;§a&gics; ?N\;é ngflgr?ﬁé%dwil;ﬁ'with 1.5ks for Obs. ID 5596. The data were analyzed with the
ScienceTools software backage version v9r26p02. Thetses ha”d"?‘ Interactive Analysis of Opser\{atlons (C1AO 4.4)-s0
presented here were obtained with “Clean” class eventiarth W%r__e using \r/]erS|ont4.tA;.8fggle cé':ltl)lbr?go%glgss. 'I('jhg Z)&m
ergy range 10-500 GeV from the region centered at (R.A.,)De ab" Y\gg%geosen 0 be 4.940r Dbs. and 2.4olor
= (52927, 41634) (J2000), and has a radius afl88. Only S: ’

data for time periods when the spacecraftrocking angle®ss | 546 opservation of IC 310 with an exposure of 22.6 ks was

than 52 were used, and events with zenith angles larger thal) an on February 26, 2003 (Obs. ID 0151560101) With\I-

105> were excluded in order to reduce the contamination from‘ewton. Here, we analyzed only data taken with the pn detector

Earth limby-rays, which are produced by cosmic rays interacfs tne European Phofon Imaging Camera (EPIC-pn) covering

ing with the upper a}tmosphere. ) ) _the energy range 0.2—-15keV (Striuder et al. 2001). Data meere
In the analysis, the Galactic and extragalactic d,'éuced using th&MM-Newton Software Analysis System (SAS
fuse backgrounds were parameterized with the filgS)1 0 .0)and the newest calibration files. For the soureets,
gal.2yearp7vé.v0.fits and iso.p7véclean.txt, which e ysed a circular region of 30adius, centered on the source.
are publicly availab® Because of the relatively small size ofrpe background was extracted from an equally large cirele, b
the region, the limited photon count, and the relatively maqcated outside any distinct source of radiation. Only Erapd

effective energy range (mo_st photons cluster in_ the en_erg%mme events were used to derive the spectrum.
range 10-100 GeV), there is some degeneracy in the simul-

taneous characterization of the Galactic and isotropfiuisk Swift consists of several instruments covering a
components, so we fixed the normalization of the isotropigoad spectral range including the X-ray telescope (XRT;
component to the best-fit value over the entire sky, and te& f [Burrows et al. 2005) operating in the 0.2-10keV band. The
the normalization of the Galactic component. observation of IC310 was performed on February 19, 2007
The region analyzed contains only two sources detect@fth an efective observation time of 4.1ksec. The data were
above>10 GeV, which based on close positional agreemergduced with XRTPIPELINE (V 0.12.6). For the source region,
we have associated with IC 310 and NGC 1275. The sourgeircle with a radius of 47was used. The background region
positions used in the spectral fit were the optimized pasitiowas created using an annulus centered on the source coeslina
from the LAT analysis, which are (4869, 41.322) for IC 310 with an inner radius of 1¥8and an outer radius of 185The
and (49977, 41507) for NGC 1275. These positionsftér extraction of events was done in XSELECT (V2.4b), using
from the actual source positions byO@® and Q02 respec- event grades 0-12.
tively for IC 310 and NGC 1275, which are well within the 95%
confidence regions (error ellipses) for these two objec0 The X-ray data analysis was performed with théeractive
and 003. The source associated with NGC 1275-R0 times Spectral Interpretation SysteiHouck & Denicola 2000). In or-
brighter than IC 310 at GeV energies and separated by oulgr to allow for a reasonable spectral fitting, we re-binrfe t
~0.65°. We note that above 10 GeV the 68% containment rdata according to a signal-to-noise criteria for each bighte
dius of the point-spread function of the LAT is abol@Qwhich for Swift and XMM-Newton, and four in the case of the two
means that the sources are resolved, and in particular #ee sgChandraobservations). For the spectral fitting, we used data be-
trum of IC 310 can be separately measured. tween 0.5keV and 10keV for all three instruments. The photon
We used simple power-law models to characterize the spétdexI” and the column density of the neutral hydrogen absorp-
tra of the sources. The spectral fitting was performed with tition was determined by the spectral fitting. As IC 310 is ledat
binned likelihood method using the RB_CLEAN instrument 0.6° away from the center of the cluster, the contribution of the
response functions (see Ackermann et al. 2009), ten bins gegrmal ICM emission to the X-ray signal is very small, and
therefore, it was not necessary to include it when modelieg t
1 Seéhttp://fermi.gsfc.nasa.gov/ssc/data/access/lat/Backi@tamndModels.html
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Fig. 1. Light curve of IC 310 above 300 GeV from 2009 October to 201Br&ary. The arrows are 95% confidence level upper

limits calculated for days compatible with no signal. Theltzd line shows the constant flux fit to all flux points not tgkimo
account the upper limitg€/d.o.f= 102/32).
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3.1. VHE light curve o 20 7
£

The integral VHEy-ray flux of IC310 has been derived as- = November 2009

suming a diferential spectrum for the calculation of thee- §15

tive area following a power-law with a photon indEx= —-2.0 8

as found in Aleksi¢ et al.[(2010). However, the dependence g”

of the resulting light curve on the index is only minor. The & 10
flux above 300 GeV measured during 33 individual days be-
tween 2009 October and 2010 February is shown [Hig. 1 and
listed in Tablell. Integral upper limits have also been calcu
lated for days showing an excess below one standard daviatio
(o). The upper limits are determined by applying model 4 of

Rolke et al. (2005), using a confidence level (c.l.) of 95% and 0
30% systematic uncertainty. The mean flux above 300 GeV dur-

ing this period isPmean = (3.62 + 0.40) x 10 12cm2s~* which

is in good agreement with the mean flux reported previously, S | | | 1 ]
Dmean= (3.1+ 0.5) x 10*?cm2s7?, using only the ®5° wob- 55142 55144 55146 55148 55150 55152
ble position (Aleksic et al. 2010). The best fit of the flux s Time [MJD]

i.e. not including the upper limits, with a constant flux (ded
line, ®csirit = (2.52+ 0.37)x 10 2cm2s1) has ay? test value Fig.2. Daily light curve of 1C310 above 300GeV in 2009
of 102 for 32 degrees of freedom corresponding to a protigbilNovember. The black dashed line shows the best constant fit
of 3.10x 1079 that the source is not variable. Note, that sincef the data. The thick grey line shows the constant plus an
the highy? value rejects the validity of the constant flux fit, thixponential component corresponding to the doubling tifne o
value cannot be interpreted as the average flux of the somirceoy,uL=0.55d providing an acceptable fit of the data (5% of
the observed time span. The variability of the source is thmis probability).
tected with a confidence level of 578
Three days show a flux 30~ above the constant flux fit:
November 16, 2009 (MJB 55151), January 8 (MJB 55204) than six times higher than the constant fit flux. Excludings¢he
and February 9, 2010 (MJB 55236f. The mean flux during three days, the light curve is compatible with a constant flux
these three days is @+ 0.17)x 10-* cm2s™%, which is more (probability of 36%). The three flares are isolated and seem t
be restricted to a single day bin. The most significant one hap

2 Observations were taken around midnight UTC. The datesigive Pened in 2009 November. Figure 2 shows a zoom-in of the daily
this paper correspond to the following day. Exact obsemwaiimes are light curve for this month. IC 310 was observed every day from
given in TabldL. 9 to 16 except for November 11. The probability of a constant
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Table 1. Results from individual days of MAGIC observations. - | T tishstate measured
[ —Jll— High state EBL corrected
—&— Low state measured
b ko 11 —@— Low state EBL corrected

Used dat‘a MJD start E?\f:fl [10_'252)3;:0(:?;\_/2 s_l] NE 10 E —~— Aleksic et al. 2010

all data 43.32 %2+ 040 °
2009-10-19 55123.02 2.43 I+ 179 >
2009-10-20 55124.05 111 .BD+293)< 1252 ﬂ
2009-10-21 55125.02 158 .@¥+167)<5.74 T
2009-11-09 55143.96 0.80 -842+3.09)<5.11 RS 107E
2009-11-10 55144.97  1.19 3B+ 183 Z
2009-11-12  55146.98 0.99 A +2.86 W
2009-11-13 55147.98  1.17 &+214
2009-11-14 55148.98 1.11 .65+ 3.03
2009-11-15 55149.94 2.61 7B+ 157 1018 : T R T : T T
2009-11-16 55150.94 2.34 BB+ 240 200 1000 2000 10000
2009-12-06 55170.89  0.44 @ +525 E [GeV]
2009-12-07 55171.89 144 .(B+194)<6.95 . .
2009-12-08 55172.88 2.51  .(B:+ 1.39)< 4.06 Fig. 3. Measured (open markers) anq EBL-absorptlon c_orrected
2009-12-09 55173.89 3.18 .(D+125)<5.25 (filled markers) spectral energy distribution for IC 310aibed
2009-12-10 55174.88 2.40 .@®+ 1.44)< 4.83 by MAGIC in high and low states together with their power-law
2009-12-11 55175.88 0.54 1B+ 4.23 fits in dashed line (measured) and solid line (EBL corrected)
2010-01-05 55200.83 0.81 .(B+240)< 1002 Fit parameters are given in Talfle 1. For comparison, we show
2010-01-08  55203.89  0.78 23+519 the result reported in Aleksi¢ et al. 2010 (grey triangweighout
2010-01-11  55206.87  0.62 .(9+4.00)<1009 EBL de-absorption) for the whole period using only the ciise

2010-01-12 55207.90 0.61 .gD=+3.85)< 1219

2010-01-13 55208.88 0.86 —-2.91+ 259)< 4.42 pointing observations.

2010-01-14 55209.84 1.47 LA+ 122

2010-01-15 55210.83 1.46 2B+ 254

2010-01-16 55211.83 1.90 .(0B+ 166)< 4.63 3.2. VHE spectra

ggigg;ég gg%gj igg 0 i_é'i?fss"se’ For the spectral analysis, we split the MAGIC data set into tw
2010-02-07 55233.87  0.60 _5.19'1150'% 571 samples corresponding tofi#irenty-ray emission states. We
2010-02-08 55234.85  0.90 6654 247 define a “high state” containing the three measurements with
2010-02-09 55235.85 1.38 BB+ 284 Fes300Gey > 1.1 X 10 em2st (MJD 55151, 55204 and
2010-02-10 55236.87 0.62 T +291 55236, t4=4.5h), which are the three days with the single-
2010-02-11 55237.86  0.87 @+232 night flux measurements that deviate by more thanwdth
2010-02-13 55239.84 0.92 .GB+1.74)<7.95 respect to the average flux, as shown in Eig. 1. The remain-
2010-02-14  55240.84  1.24 6B+ 2.38 ing observationst{=38.8 h) were grouped to produce a spec-

. . . trum for the non-flaring or “low state”. The reconstructeésp
Notes. @ Dates in MAGIC night notation®® Measured flux above {5 petween 120GeV and 8.1 TeV for both states are shown
gggﬁ(zz\n/gg l‘g\]/': of 10" ph cnTs™%. Upper limits are given with 95% j, Fig. 3. Due to the absorption of VHE rays by the
' Extragalactic Background Light (EBL) through pair creatithe
observed spectra of extragalactic sources are softenedo¥ie
rected the spectra for the EBL absorption according fi@idnt
EBL models (Dominguez et &l. 2011; Franceschini et al. 2008;
[Kneiske & Dole 2010) which all provide comparable results
within the systematic errors. The EBL correction appliedehe
flux during this period is 1€. The flare appeared during the lastises the model by Dominguez et al. (2011). Due to the proxim-
day of observation in November and no evidence of an incceadty of IC310 (z = 0.0189), the &ect of the absorption is rel-
flux was seen before. The variability time scale might be tgor atively modest, reducing the flux above 1 TeV by 15-20% and
than the daily-scale sampling of the light curve but, dudrte | steepening the photon index b{.1.
ited statistics intra-night variability could not be edisibed. Both observed and de-absorbed spectra can be well de-

The characteristic flux doubling time during a flare can bsecrlbed by a simple power law for both emission states:

estimated by fitting the data with a constant plus an expaglentyg E \T[ 1012
increase. However, in the night just before the flare in Ndvem ——= = fo ( ) .
1TeV/ |cmisTeV

the flux was particularly low and the best fit doubling time goedE

to zero. To estimate the flux-doubling time, we fit the datdhwitgegyits for the flux normalization at 1 Te¥s, and the photon
fixed d_oub_llng times and calculate the probablllt_y of_each hYndex,l“, are summarized in Tablg 2. Changesirby a factor
pothesis with the method. The largest flux-doubling time pro-f 7 hetween the low and high states had been observed, but no
viding a fit probability above 5% isnoy,uL =0.55d (thick line in significant change in the photon index.

Fig.[2).

The 2010 January and February flares provide much les$ o mif AT results
constraining results because of a sparse time coverageiada
and a much less significant flare in February. For the rest Biie three year data taken witermi-LAT resulted in the detec-
the paper, we consider only the upper limit obtained from th®n of IC 310 above 10 GeV with a test statistic of 527.0
November data. (4.50). The integrated flu¥ 10500 between 10 and 500 GeV is

1)
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Table 2. Results of power-law fit of the 0.12-8.1TeV spectrargies where the absorption takes place, i.e; atkeV. Thus, a

measured with MAGIC. break in the spectrum is potentially mimicked by the absompt
Our analysis shows that between 2003 and 2007, flux vari-
state fo £ fstae £ Toyst I' £ Dstar Dsyst ability is present in the low energy regime (0.5-2 keV) asl wel
x10TeV*ecm?s!] as in the higher energy range (2—10 keV) on timescales osyear

high  observed 28+021+073 196+ 010+ 020 Thjs variability is accompanied by changes in the photoind
intrinsic 514+ 028+ 0.90 185+011x020 andNy. A problem with this kind of analysis is that there is a
low Qt)tsgryed chgii 8'8221 8‘%411 igii 8‘%51 8’38 well known correlation between the parameters, i.e., sefiec-
intrinsic i i tra with larger absorption columns cannot be distinguishea
harder spectra with slightly smaller absorption. The rigand
Table 3. Arrival timestamps and energiespftandidates above panel of Fig.# shows confidence contours betwieandNy for
10GeV (from the first three years dfermi-LAT accumu- all observations. While th8wift data have too low a signal-to-
lated data) from a @° radius circle centered at the positiomoise ratio to make a statement on changes in the specteahpar
of IC310. The energy resolution of thieermi-LAT instru- eters, a statistically very significant change in photoreindnd
ment at the energies reported for these events is about 18B&orption column is present when comparing the higher-qual

(Ackermann et al. 2012). ity XMM-Newton andChandra data. The change in the spectral
shape cannot be explained solely by a change in absorptibn, b
MJD Energy [GeV] the intrinsic spectrum of the source appears to have chareed
54720.03 96.4 tween the dferent observations.
54833.95 112.1 We conclude that the intrinsic source spectral index varies
54846.64 22.2 varies betweed” = 2.5 (soft) andI' = 1.8 (hard). During
ggg;i'i? ég'g the Chandra observation the absorption column was consistent
55118 56 148.3 with the Galactic value towards IC 310, bw was significantly
55247 01 121 higher during theXMM-Newton observation, which could be due
55462.98 46.3 to anincrease in the source intrinsic absorption. A possialise

for a change in the internal absorption of the source could be
e.g., the presence of material close to the black hole. Sach v
ation has been seen in a few other active galaxies. For exam-
gle, a long-term variation of the intrinsic absorption bygfas

een observed in Centaurus/A (Benlloch et al. 2010), where re
cent observations also found evidence for a short term pheor
event that lasted for170d [Rivers et al. 2012).

measured to be (8+3.3)x 10 cm?s™L. The spectrum in this
energy band can be fitted by the following power-law formul
with a very hard photon index @f = 1.3+ 0.5:

dF F10_500(—r + :I.)E_r 1 (2)
dE Emagt — E1+1 [cmzs Gev] ’ _ _
4. Discussion
Here,Enin andEqa« are the lower and the upper boundary of th
energy bins in GeV, respectively.

The estimated fluxes in three energy bands (10-30 GeV, 30ke MAGIC observations establish IC 310 as a source of vari-
100 GeV and 100-500 GeV) are shown in Eig. 5. Because of takle VHE y-ray emission down to time scales of the order of
low statistics, the flux errors are strongly dominated bysBain one day. The observations rule out the previously discusged
fluctuations. Thus, they are asymmetric. In this manusevipt gin of the VHE emission at a bow shock driven into the ICM by
report separated uncertainties toward lofhigh fluxes obtained the radio jets[(Neronov et al. 2010), as this should prodlice a
via MINOS in the MINUIT package. most steady-state emission. Causality allows us to candtra

In Fermi-LAT data, seven of the eight photons detectethdius of a spherical emission region from the observedldri
above 10 GeV arrived within the first 1.5 years of observatidty time scalery,r (in units of days)

see arrival times in Tab[g 3). This also suggests variglsiien _
i(f the low statistics do not aII)ow acertain cggclusion.t\%lé dot R<26x10°745(1+2) 7 cm 3)

find any relation between thigermi-LAT photon arrival times \yherez denotes the cosmological redshift afithe Doppler fac-
and the MAGIC flares. tor accounting for relativistic bulk motion. Using the upfienit

for the doubling time of the 2009 November flare withy,,uL =
0.55 andz = 0.0189, it follows thaiR < 1.4 x 10 scm. For a
black hole mass oMgy =~ 2 x 10°M,, inferred from the cen-
Table[2 and Fid.J4 summarize the analysis results of arciival tral velocity dispersion of IC 310 (McElroy 1995) and the M-
ray data for anXMM-Newton, two Chandra and aSwift-XRT ¢ relation (Glltekin et al. 2009), we can compare the sizé wit
observations. The photon inddx, and the absorption column,the Schwarschild radiuRs yielding R < 20§ Rs. Adopting a
Ny, are derived from fits of power-law models to the 0.5—-10 keBoppler factor of§ ~ 3 — 4 consistent with the properties of the
data. Because intrinsic absorption due to material clofestX- pc-scale radio jet (Kadler et al. 2012), the inferred sowsize
ray source in excess of the neutral Galactic absorptionratsvabecomesR < (60— 80)Rs. This is the scale on which jet for-
IC310 Ny = 0.12x 10%?cm?; Kalberla et al._2010) cannot bemation is expected to take place, close to the light cylirafer
excludedNy is left as a free parameter in these fits. Note that tleerotating magnetosphere surrounding the central comgmact o
obtainedN\y values are compatible with the Galactic absorptigect (McKinney andfor , Punsly 1). Alternatiye
except forXMM-Newton. We also tried an analysis of tbdM-  substructures within the jet such as a current-carryinépsar
Newton data with a broken power law and a fixBd. It resulted sheet/(Appl & Camenzind 1993) or mini-jets due to magnetic re
in a goody?/d.o.f. but the break energy was found to be at ewonnection events (Giannios 2013) also could be possilile. T

§.1. Size and energetics of the emission region

3.4. X-ray behavior
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Table 4. Results of the analyzed X-ray observations.

instrument date  exposure Fos-2kev® Fo_10keV” Ie Ny ¢ x?/d.o.f.
[MJD] [ks] [10°keVsicm?] [103keVsicm? [10%2cm2?]
XMM-Newton 52697 226 1.0070.012 0.82807% 25558 0.14500% 124104
Chandra ObsID 5596 53456 1.5 1.4D.13 2.50.4 2.010.20 O.OZ%7 62/78
Chandra ObsID 5597 53363 25.2 0.626.019 1.320.08 1.7&0.07 0'0898:(’;? 97/78
SWift-XRT 54152 4.1 0.820.10 1.208 2.0%5 0.0735 1216

Notes. @ Measured flux between 0.5 and 2 keV determined by a simple rplawefit. ® Measured flux between 2 and 10 keV determined by a
simple power-law fit© Photon indexF o« E-T. @ Absorption with a equivalent column of hydrogen.

T T T ] T 1 T T
32| Chandra 5596
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s b Swift g
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2 A, 2.2 _
2 —
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Fig. 4. Left Top panel: Measured spectral energy distribution of IC 310 in the X{vapd in diferent time period<handra Obs. ID
5596 (green)XMM-Newton (blue),Chandra Obs. ID 5597 (red) an8wift-XRT (orange). The solid lines show the absorbed power-
law fit and the dashed lines show the de-absorbed fit, respiclieft Bottom panel: Residuals of thg? fit. Right panel: Contour
plot between the intrinsic column densMy and the X-ray photon indei for the spectra depicted in the left panel. The contours
for each observation are given at 68%, 90%, and 99% confidemek For comparison, the Galactit; value is 012 x 107 cm2,

emission from small (compared to the jet diameter) substrts thermal photons would not significantly increase theagbt
tures would, however, imply extremely high local photon -demepth at multi-TeV energies due to the fait-of the pair pro-
sities and thus risk-ray absorption by pair production on theduction cross section above threshold.

low-energy photon fields. This would be in conflict with thé=ermi acceleration of electrons with time scalg. ~ 6r_/c
optically thiny-ray spectrum up to energies efl0 TeV ener- is possible up to the electron Lorentz factorsyotx 10’ for
gies. In turn, the optically thip-ray spectrum can be used toany plausible magnetic field strength in the jet, and the syn-
constrain the local near-infrared (NIR) photon densityhinit chrotron emission of the accelerated electrons could be re-
the emission region, presumably due to synchrotron radiatisponsible for the observed (non-simultaneous) X-ray spect

of accelerated electrons. Approximating theay energye, ~ (Tammi & Duffy 2009). The observed range of spectral indices
45%(mec?)?/enir Where the fective cross sectiomr,, ~ 0.20r  is suggestive of an underlying power-law particle disttido

is maximized for target photons of energyr, the condition with a variable cooling break. The comoving frameay lumi-

7,, < 1 leads to the constraint nosity of ~ 10*ergs* inferred from the shock-in-jet scenario
96 N 4 amounts to only a small fraction of the total jet luminosit+d
Leyn S 10%6° tyarerg st < Loum = 2x 10*ergs (4)  termined from the large-scale radio jgt; = 2 x 10*ergs?

whereL,,m denotes the observed NIR luminosity of the h0<‘j'SI bring & de Bruyn 1998), consistent with the observedemp

galaxy[(Skrutskie et al. 2006). Adopting = 4, the allowed ‘turbed morphology of the radio jet.

nonthermal low-energy emission component may reach up to

Lsyn ~ 2%Laum in the NIR, thus allowing only very weak, but 4 o comparison with other VHE-emitting AGN

still detectable, brightness variations. Such a non-tlaéoom-

ponent extending into the X-ray regime could explain the o€ 310 shows the spectral energy distribution (SED) andtshor
served X-ray luminosity. Even if the source of multi-TeV phovariability time scale characteristic of blazars, but wéth ap-
tons is located in the central galaxy, where the isotropfiared  parent luminosity of 1€#*3ergs?, i.e. two to three orders of
photons from the gas and dust torus of radigg provide a magnitude lower than typical TeV blazars (Fig. 5). The very
target for pair production, the photons can escape freelyesi hard TeV spectrum of IC 310 is reminiscent of extreme high
7,,(10 TeV) = 0.025(Lz0,m/10%%erg s1)(rqusy Lkpc)* < 1in- frequency peaked BL Lacs (HBL) similar to 1ES 142@8
terpolating the mid-IR luminosity from the observed lumsiro (Wolter et al. 2008), seemingly extending the blazar seqgeen
tiesLigum < 9.8 x 10*2ergs?t andLiogum = 4.7 x 10%ergs?  claimed by Fossati et al._(1998) and Ghisellini et @l. (19@8)
(IRAS, [Beichman et al. 1988). If an accretion disk is presentery low luminosities. The low apparent luminosity of thatdr
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Fig.5. Spectral energy distribution from X-rays to VHEays. In X-ray, butterflies of the observations are showre giay, open
triangle and the gray upper limits are obtained fromRlemi-LAT second source catalog (Nolan et al. 2012). Filled wgias depict
the results from the dedicated high-energy analysis regdrére. The MAGIC results (EBL corrected) for the high anvd $tates
are marked as full squares and full circles, respectivdtg dorresponding apparent luminosity is given at the rigig. &or the
calculation, the luminosity distance of 81 Mpc obtainedrirthe Cosmology Calculator (Wright 2006) has been used.

in IC 310 could be the consequence of a relatively large angigongly dfect the conclusions drawn in the previous paragraph.
between the line of sight and the jet. For example, an anglekddwever, the observed constancy of the spectral shape is un-
6 = 8.5° and bulk Lorentz factor of, = 15 corresponding to expected in this scenario. Although variations in the aéamne
a Doppler factor ob ~ 5, would imply that the same source, ifrate of an advection-dominated accretion flow and corregpon
viewed under an angle ~ I';* would look one hundred times ing variations in the gap size can readily explain the flizkgr
more luminous. Indeed, Ghisellini & Tavecchio (2008) haxe-p behavior of they-ray flux, the sensitive dependence of the pair-
dicted a large population of weak blazars with angle to the li creation optical depth on the accretion rate, and also teeggn
of sighto = 4° — 7°. dependence of the photospheric radius should lead to motabl
It must be noted, however, that the X-ray and VHE data dispectral variability.
cussed here are non-simultaneous, and the SED peak valises th Another alternative explanationjsray emission associated
uncertain. Therefore, conclusions have to be drawn with cadith cloud passage through the jet, and vice versa, as origi-
tion especially with respect to flaring episodes presentoith b nhally proposed by Blandford & Konig[(1979) to explain vari
data sets. The blazar component in IC 310 dominates at X-&pility and mass entrainment. Such a scenario has been con-
y-ray energies but is only marginal at infrared-to-optica¢le Sidered to explain the day-scale VHE flare of M87 as the con-
gies where the host galaxy is at least two orders of magnitusguence of proton-proton interactions in the collidinguds
more luminous. Giommi et al_(2012a) argue tha®0% of the (Barkov et al. 2010, 2012). Bednarek & Protheroe (1997) pro-
moderately beamed blazars in the local Universe 0.07) are Posed stellar-wind-jet interactions leading to highlysaiopic
known as radio-galaxies since their blazar componentsidre ssecondary radiation to explain the rapiday variability in AGN
luminous compared to the host galaxies. Moderate beaming déts, and this could also be of relevance in IC 310 if star form
responding to a viewing angle of 1& ¢ < 38 can indeed ex- tion inits central region can supply the short-lived masstars
plain the one-sidedness of the jet in IC 310 (Kadler €t al2201 With strong winds at a dticiently high rate[(Araudo et al. 2013).
If there is no bending of the jet, as suggested by the closelmat
between the observed orientation angles of the radio jetdsat
pc and kpc scales the lower limit restricts the length of the

projected jet from exceeding the extreme end of the jet lengh this paper we presented the re-analysis of the IC 310 data
distribution of radio galaxies at 1 Mpc (Neeser et al. 1995t  taken with the MAGIC telescopes between 2009 October and
length in excess of 1 Mpc would also conflict with the jet lifeo010 February. Using an improved analysis taking into astou
time of ~ 10°yrs (Sijbring & de Bruyn 199§; de Young 2002). the data from both wobble positions, we revealed day-saate fl
On the other hand, the VHE variability of 1C 310 is notariability for this object. The size of the emission regiisn
faster than the variability of other TeV radio galaxies, 8487 thereby constrained to be smaller than 60-80 Schwarzsedid
(Aharonian et al. 2006; Abramowski et al. 2012) or NGC 1278f the central supermassive black hole powering the jet B1C
(Colin et al. 201R), which have relatively large angles lesw (for a black hole mass of 2 10° M,).
the jet and the line of sight. This may indicate that the bulk A high and a low state spectrum of the source were defined
Lorentz factor is lower in these radio galaxies than in hiszaand investigated independently. The photon indices of vette
and that the shock-in-jet scenario becomes inappropiade+ comparable within the error bars whereas the flux at 1 TeV is
commodate for the short variability time scales. Pulsaety ~7 times higher in the high state compared to the low state. The
models for emission from the immediate vicinity of the cenmanalysis ofFermi-LAT data above 10 GeV from 2008 August to
tral object (Levinson & Rieger 2011) might be a viable optior2011 August shows very faint emission. At X-ray photon ener-
since anisotropies in the particle and photon distribiti@ould gies, archival data fror@handra, XMM-Newton and Swift-XRT

¢2- Summary and Conclusions
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show clear evidence for flux and spectral variability on meappl, S., & Camenzind, M. 1993, A&A 270, 71
scales of years. In the X-ray band, both hard and steep speétgudo, A. T., Bosch-Ramon, V., & Romero, G. E. 2013, MNRAS643626

with slopesI’ = 1.76—255 were found, but due to their non-

simultaneity, it is unclear whether the hard spectral sisga-
deed representative of the SED during theay observations,
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ray energies, the slope of the spectrum measurdeelyi-LAT

above 10 GeV is B + 0.5, while the one measured by MAGIC

above 120 GeV and reaching almost 10 TeV.540.1.
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tributions.
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