Astronomy & Astrophysicenanuscript no. haloarxive © ESO 2010
July 19, 2010

Search for an extended VHE gamma-ray emission
from Mrk 421 and Mrk 501 with the MAGIC Telescope

J. Aleksi@, L. A. Antonelli, P. Antoran2, M. Backe$, C. Baixera®, J. A. Barrid, D. Bastieri, J. Becerra Gonzaléz
W. BednareR, A. Berdyugirt®, K. Berget?, E. Bernardint?, A. Biland!?, O. BlancH, R. K. Bock'37, G. Bonnol?,
P. Bordad?, D. Borla Tridort3, V. Bosch-Ramotf, D. Bosé, |. Braurt?, T. Bret2°, D. Britzgef3, M. Camar§,
E. Carmon&, A. Caros?, P. Colint3, S. Commichat?, J. L. Contrerd J. Cortind, M. T. Costad&18, S. Coving,
F. Dazzi"25, A. De Angelis’, E. De Cea del Po28, R. De los Reyés’®, B. De Lottd’, M. De Marid’, F. De
Sabat&’, C. Delgado MendéZ’, M. Doert, A. Domingue2®, D. Dominis PrestéF, D. Dornef?, M. Dord’,
D. ElsaesséP, M. Errandd, D. Ferené®, M. V. Fonsec, L. Fon®, R. J. Garcia Lopé2%, M. GarczarczyR,
M. Gaud, N. Godinovic?, D. HadascH, A. Herrer$ 16, D. Hildebrand?, D. Hohne-Mdnck®, J. Hosé?,

D. Hrupe&®, C. C. Hsd?, T. Joglet?, S. Klepset, T. Krahenbuhi?, D. Kranich'?2, A. La Barber3, A. Laille?!,
E. Leonardd, E. Lindford?, S. Lombardi, F. Longd’, M. LopeZ, E. Loren?%13, P. Majumdat!, G. Maneva?,
N. Mankuzhiyilt’, K. Mannhein®, L. Maraschf, M. Mariotti’, M. MartineZ, D. Mazint, M. Meucc?,

J. M. Mirand&, R. Mirzoyart3, H. Miyamoto'3, J. Moldort*, M. Moles!®, A. Moralejo!, D. Nietd?, K. Nilssor,
J. Ninkovid3, R. Orito'3, I. Oyéf, S. Paianb, R. Paoletfi, J. M. Paredé$, S. Partint, M. Pasanel, D. Pascoli,
F. Paus¥, R. G. Pegny M. A. Perez-Torre®, M. Persi¢”23, L. Peruzzd, F. Prad&’, E. Prandini, N. Puchadé's
l. Puljak?®, I. Reichardt, W. Rhodé, M. Rib6'4, J. Ricd*!, M. Risst?, S. RilgaméP, A. Saggior, T. Y. Saitd?,
M. Salvat?, M. Sanchez-Condé, K. Sataleck&, V. Scalzottd, V. Scapirt’, C. SchultZ, T. Schweizel?,

M. ShayduRk3, S. N. Shoré, A. Sierpowska-Bartosfk A. Sillanpaa®, J. Sitarek3°, D. Sobczynskd F. Spanief®,
S. Spird@, A. Stamerrd, B. Steinké?, J. C. Struebitp, T. Suric®, L. Takald®, F. Tavecchid, P. Temniko¥?,

T. Terzi®, D. Tescard, M. Teshima3, D. F. Torre$*18, H. Vanko?, R. M. Wagnet®, Q. Weitzel?, V. Zabalza?,
F. Zandanéf, R. Zanid,

and
A. Nerono®, and D. V. Semiko?

(Affiliations can be found after the references)

ABSTRACT

Context. Part of the very high energy-ray radiation coming from extragalactic sources is abstrthrough the pair production process on
the extragalactic background light photons. Extragatactignetic fields alter the trajectories of these cascads @aad, in turn, convert cosmic

background photons to gamma-ray energies by inverse Congagittering. These secondary photons can form an extersdedtound bright
VHE sources.

Aims. We searched for an extended emission around the brightrbl&& 421 and Mrk 501 using the MAGIC telescope data.

Methods. If extended emission is present, the angular distributime@onstructed gamma-ray arrival directions around thecsois broader than
for a point-like source. In the analysis of a few tens of hafrebservational data taken from Mrk 421 and Mrk 501 we useevayndeveloped
method that provides better angular resolution. This neethdoased on the usage of multidimensional decision treesmp@ring the measured
shapes of angular distributions with those expected froriatflike source one can detect or constrain possible ee@remission around the
source. We also studied the influence dfetient types of systematic errors on the shape of the disiiibof reconstructed gamma-ray arrival
directions for a point source.

Results. We present upper limits for an extended emission calcultetioth sources for various source extensions and emigsifiles. We
obtain upper limits on the extended emission around the Nk @irk 501) on the level ok 5% (< 4% ) of the Crab Nebula flux above the

energy threshold of 300 GeV. Using these results we discussilde constraints on the extragalactic magnetic fiet@smgth around a few times
10°G.

Key words. gamma-ray astronomy — Cherenkov telescope — AGN halo

1. Introduction tances through the extragalactic space filled with CMB (dosm

Blazars are well-known extragalactic sources of Very nggllcrowave Background) and EBL (Extragalactic Background

ht) photons and could be absorbed via the pair production
Energy (VHE)y-rays. Their radiation traverses over large d'spr%ce)sg This féect can lead to a change in the F;pec}:'zral shape

Send offprint requests to: corresponding authors J.  Sitarek of observed radiation and it can be used to constrain the EBL

(isitarek@mppmu.mpg.de), R. Mirzoyan (razmik@mppmu.gy ~ density (see e. g. Stecker el al. (1992), Mazin et al. (2007))
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A possible extended emission around extragalactic soureei be delayed and stretched to much longer time scales (up
of VHE y-rays was first discussed by Aharonian etial. (1994p ~ 10° years at~ 100 GeV energy forB ~ 107'? G,
y-rays with energies larger than 10 TeV are strongly absorlNeéronov & Semikdz [(2007/ 2009), see also Plaga (1995);
via a pair production process on EBL and CMB photons reDai et al. (2002); Murase etlal. (2008)). Thus the direct siois
atively close to the source. Secondaryays can be producedfrom the point source will be overlayed on the extended emis-
in a cascade initiated by those primary photons. Note that thion component. The latter can constitute a part of the ‘iuas
redshift dependent energy for which the gamma-ray opasitydonstant, quiescent emission.
equal 1 vary within a factor of 3 in different EBL models The first attempt to detect extended emission around extra-

' |.) 2004, _Stecker ei &l., 2006; Franceschili et galactic TeVy-ray sources was performed by the HEGRA in-
12008; | Gilmore et al.,_2008; Primack ef &l., 2009; Finke &t aktrument for Mrk 501. It yielded only an upper limit of 5-10%
). of the Crab Nebula flux (at energyl TeV) on angular scales of

Magnetic fields are very non-uniform and their strength cah5 to ¥, (Aharonian et dl[, 2001 a).
vary within many orders of magnitude depending on the loca- In this paper we report on our search for extended emission
tion in the large scale structure. So far they have been medsuof VHE y-rays from the bright blazars Mrk 421 and Mrk 501 us-
only in the galaxies with strength xG (Kulsrud & Zweibe€l, ing the 17m diameter MAGIC Imaging Atmospheric Cherenkov
12008; | Beck, 2008), the cores of galaxy clusters (within thHRelescope (IACT). The details of the telescope, its perforoe
inner 100 kpc)~ severaluG (Carilli & Taylod, [2002), and and the standard analysis chain are describ et al
near borders of few clusters with strength6- 10 G (on (2008d). Due to the large size of the mirror dish and improved
Mpc scales)/(Xu et all, 2006; Kronberg et al., 2007). On largight sensors, the MAGIC trigger threshold 60 GeV) is~ 2—-3
distance scales the magnetic field strengths are not knotirnes lower compared to other operating IACTS.
but they have to be much weaker (see e.g. de Angelis et al. This paper is structured in the following way: In section 2.

))- Moreover, the theoretical models predict very kveave describe the analysis method, which was used for search-
(B < 107'? G) extragalactic magnetic fields (EGMF) in voidsng for an extended emission. Also, we present a new method
in large scale structures, outside galaxies and galaxyertus that improves the angular resolution. In section 3. we parfo
(Kronberg, 1994 Grasso & Rubinstein, 2001; Widrow. 2002inalyses of possible systematiteets which can mimic the ex-
INeronov & Semikaz, 2009). It is believed that voids make ugtence of an extended emission. Then, in section 4. weithescr
a significant part of the space volume. the data sample used for the analysis. In section 5. we gresen

Development of a secondary gamma-ray cascade deperaktilts of the analysis: the upper limits on the extendedsion
on its original energy and the strength of surrounding mégnefrom Mrk 421 and Mrk 501. Finally, in section 6. we discuss
field. Two cases can be considered. First, if the TeV sournew those upper limits constrain the strength of the EGMis Th
is located in an intense magnetic field region and the majgé-followed by a short discussion on future prospects andloen
mal gamma-ray energy is largE{ax > 50 TeV), gamma-rays sions.
would produceete™ pairs directly near the source (within a few
Mpc). These will be isotropized in the strong magnetic field
which might exist around the source host galaxy or galaxg-cll2, Analysis method
ter (Aharonian et all, 1994). _ _ _ _

Second, the mean free path for gamma-rays of moder¥¥e parameterize the'm%ﬂ)f air showers by using the $edcal
energies E < 50 TeV) is longer, therefore they can traHillas parameters (Hillas. 1985). The angular distance/een
verse larger distances from the source. Theretses pairs the center of gravity of the image and the shower direction (s
will be produced in regions with much weaker magnetic fieldglled DISP) is correlated with geometrical and timing @ep
(Plagh,  1995{ Neronov & SemiKoZ, 2007; Elyiv et 4l.,_2009i€S of the image. The arrival direction for every event can b
[Dolag et al.[ 2009). In this case the deflections of the pair trestimated. The distribution of the squared angular distdres
jectories by EGMF are not large enough to make the secondi#§zen the estimated and the true source positiéni¢ narrow
cascade emission isotropic. Instead the inverse Comptatn s@nd has a peak at= 0 for a point-likey-ray source. In case of
tering of CMB photons bye*e~ pairs will produce secondary &n extended source this distribution shall be broader.
y-rays with a slightly diferent direction with respect to the pri-  The DISP parameter is proportional to the ellipticity 1
mary photons. The re-direction of the cascade photons o WVidth/Length) of the image. By including the dependence
field of view of the telescope can lead to the appearance of @h the possible truncation of the image at the edge of the
extended emission around the point-like source, even inabe camera and also on the parame$ére (sum of total charge
B < 10! G (Neronov & Semikdzl 2007; Elyiv et al., 2009;0f an image), one can improve the precision of DISP (see
[Dolag et al.[ 2009). In fact the extended emission would e pf2omingo-Santamaria et/al. (2005)).
duced between the source and the observer. For a distant ob-
server_that extended emis_sio_n will appear as superimpaoged 9 1 The novel Random Forest DISP method
the point source thus mimicking a halo.

The secondary-rays also can initiate cascades, provideBor this study we developed a novel method for the DISP estima
that the optical depths in the EBL radiation field are stifgka tion that along with standard Hillas parametanédth, Length,
enough. The energies of further generatio-o&ys may be be- Size) includes thd_eakage, the Time Gradient, and the depen-
low the energy threshold of VHE-ray instruments. dence on the zenith angle of observatidremkage is a measure

Blazars are known to be strongly variable in particular @f a truncation of images due to the camera edgects. It is
the y-ray energies (e.g._Aharonian et al. (2007), Albert et adlefined as the ratio of the charge in the last two rings of pixel

)). The extended emission component cannot followthe camera to the total charge. The paramé&tee Gradient
the original time profile of the emission. This is because thg defined as the derivative of signal arrival time in pixdtng
secondary cascade photons do not propagate along the s#menain axis of the image. For a given eventThee Gradient
path as the direcy-rays from the primary source. Instead iis strongly correlated with the impact parameter of the piare
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Fig.1. Comparison between thé? distributions of they- 005
ray excess obtained from 43h of Crab Nebula data with the
parametrized DISP value (blue shaded area), and the RF DISP
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DISP is a simple function of the impact parameter, one COWdy 5 - comparison of Monte Carlo cumulativ® distributions
expect to improve the DISP estimation, and as a result aiso Uﬂjpper panel) for a source with 80% point-like and 20% ex-

angular resolution by using the fast timing properties efith- o464 emission andfitrence between them (lower panel). The

age. The MAGIC telescope’s ultra-fast time response b&aws,,acteristic radius of the extension is equal.i Qred), 02°
of the parabolic reflector shape, SpECI(?ll PMTs and 2 Gsamplﬁgreen) or B (blue). The extended part of the emission is sim-
FADC readout enabled us to include fhigne Gradient parame- ||ated ‘as a flat disodN/d6? = const). The purely point-like

ter in our analysis thus enhancing the sensitivity of thesdpe o ;ce is shown as black line. A random mispointing up to.03

(Aliu etall, )- o . ._has been included in the simulations.
In order to combine information from both the geometrica

and timing properties of images in the mogfi@ent way, we

used multidimensional decision trees - the so-called Rand ;

Forest (RF) method. It is widely used for th¢hadron separa- 2.2. Source extension

tion and the energy estimation_(Bock et al., 2004; Alberi gt alf the characteristic extensigh, is much smaller than the tele-
2008¢t). A comparison between the novel RF method (hereafseope’s PSF, the distributions of a purely point-like andaa p
RF DISP) and the standard parametrized DISP is presentedidaily extended source are very similar. For larger extemnsi

fig. . The RF DISP provides a substantially narrowenis- clear diferences between the distribution shapes can be seen (see
tribution and improves the angular resolution (defined a&s tfig.[2).

40% containment radius for a point like source, equivalentt To investigate possible extended emission from blazars we
one standard deviation of a two dimensional gaussian blistri adopted a method similar to the one used_in_Aharonian et al.
tion) by ~ 20— 30%. This improvement is due to the usage of §20014). We calculated the ratio of event rates in éwanges:

Random forest method instead of simple parameterizatidn ap = %, and compared them with the ratio calculated for
1

b) Time Gradient information. This enhances the telescope peg point-like source. The; andé values are calculated with the
formance for the search for an extended emission. |y of Monte Carlo simulations searching for the most signi
The shape and the width oféé distribution for a point-like cant diterence between a purely point source and a source with
source depends on many factors, among them the energy of i€xtended emission for a given size and profile of extension
showers. For a higher energy shower, due to the large nUMRgF every considered flux, radius and profile of the extended
of particles in the shower maximum, one has a higher signal-kpission we calculated the value band of the corresponding
noise ratio, and theT resulting image has more premselyqatbﬂrgigniﬁcance of the extension with MC simulations.
parameters. For this reason we have selected events wih lar ™, ninimize the systematic errors in modeling a point source

Size (the total measured charge of the image), which improvgs, 1aye selected a data sample taken from the Crab Nebula
the precision of the reconstruction of the shower direction (normalized to the Mrk 421 or Mrk 501 flux). The extension
our analysis we used only showers wiee > 400 photoelec- ¢ ihe Crab Nebula in the VHE gamma-rays, as shown in

trons which allows us to determine ti#é with relatively high /Aharonian et d1.[(2000) is below @5, which makes it essen-
precision. This leads to an energy threshold (defined asdhie Py 5 point-like source for MAGIC. Also the mean spectral
of the Monte Carlo simulated filerential energy distribution) of slopes of both Mrk 501 and Mrk 421 in the considered data sam-

300 GeV. . . . 8Ie are rather similar to that of the Crab Nebula.
Let us consider a situation where the excess observed from

a hypothetical source is a mixture of a point source and a weak

extended emission with a given profile. The cumula@f/distri- 3. Analysis of the systematic effects
butions for point-like and extended sources are shown if2fig.
Using this figure, the angular resolution for this analysissti- Systematic fects can degrade the precision of the estimation of
mated to beg 0.1°. the arrival direction of-rays. Some of thosdfects, if not taken

o
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Fig. 3. Monte Carlo cumulative? distributions for a point-like Fig.4. Monte Carlo cumulativé? distributions for a point-like
source for two dierent values of the optical PSF of the reflecsource with a dferent spectral index:2.2 (blue),—2.4 (black)
tor: o = 0.036 (black),o = 0.044 (red) (upper panel), and a—2.6 (red) (upper panel), and afféirence between them (lower

difference between them (lower panel). panel).
g F
into account properly, can emulate an extended emissiamdro ~ 5,0-04F
the point-like source. Here we present a study of thékeets. §0 03i
NE
3.1. Optical PSF £0.02
=% r
The optical point spread function (PSF) of the telescopeassne é’ 0.01
out images. This increas&¥idth and Length of any given im- B
age, thus changingits ellipticity. Therefore the DISP roettvill oF
be afected and thé? distribution will become broader. Variation - } e
of the optical PSF will be reflected in the measured angukar re -0.01= . i = f
olution. The optical PSF varies across the field of view of the r ‘ i 7%
parabolic reflector of MAGIC. Also, varying gravitationaldds -0.02 il
of the mirror dish during observations produce small déwiest E /
of the optical PSF, which are corrected by active mirror oant -0.03 —
system of MAGIC. The largest observed variations of the PSF F NI
of MAGIC are in the range of 20 %. In fif] 3 we show the re- -0.04 1 | | | | | | | 1

sult of a study of the influence of optical PSF on the shape of 0,03 -0.02 001 0 001 002 003 004

the#? distribution. An increase of the optical PSF by e.g. 20% is Mispoint Az*sin(zd) [degree]

equivalent tog 2% admixture of an extended source with a char-

acteristic extension radius of 0.2Me conclude that thistectis  Fig. 5. Difference between the true and the estimated source po-

negligible for our study. sitions for Mrk 421 (red) and Crab Nebula (blue). Circleshwit
radii 0.02° and 003 show the characteristic mispointing scale

.(34
or
S

3.2. Spectral index

As mentioned bef_ore, the8 estimation is more precise for highers 5 Mispointing
energyy-rays. This means that a source with a harder spectru
will have a more peakeé? distribution than a source with aA factor which limit the ability of IACTSs to distinguish bewen
softer spectral index. point-like and extended sources is the possible mispajriin

In fig.[d we present a comparison of cumulati¥edistriou- the telescope. Using a strong source like the Crab Nebula or
tions for spectral indices2.2,-2.4 and-2.6. The broadening of Mrk 421 one can estimate the source position and then calcu-
the#? distribution that corresponds to a steepening of the splectiate the mispointing as a fiierence between the true and the
index by 0.2 (a typical systematic error in spectral indetede estimated positions. As it is shown in figl 5 the accuracy of
mination) is comparable to having a 3% admixture of extendéte source position reconstructiongs0.02 — 0.03° for these
emission with a characteristic extension of°0.2ompared to observations. This is in agreement with our previous stidie

the statistical errors of this study, thi§ect is small. (Albert et al., 2008d). Those values are well below the aagul
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resolution of the telescope and the investigated exteasibtine 20
AGN halos.

15
4. Observations

—&=

MAGIC, consisting of two 17m diameter telescopes, is lodate
on the Canary island of La Palma at the Roque de los Muchachos
Observatory (at 2200 m.a.s.l). The data presented in thgerpa
has been taken with the first MAGIC telescope. 5
Mrk 421 and Mrk 501 are nearby blazars and well-known
VHE vy-ray sources. Their spectra have been measured up to E SUNURIT = TP ,
~ 10— 20 TeV (e.gLAharonian et al. (1999b), Krennrich et al. 0 BRSRAR LR A L T E s T e
(2001)). At those energies absorption in EBL radiation §did- TR
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L
comes important so one may expect an extended emission com- 0 001 002 08 O e 00T 008 009
ponent due to an AGN halo. Both sources are strongly variable S
They are being monitored by various VHEay experiments for 151
nearly 20 years. During this time both quiescent states fliith 0,513|L * |1.|+| ! | 1H l‘l | +
as low as~ 0.15 C.U. (Crab unit) and giant flares with flux up to o | ' l_lTIT-T' L 'IT'I B 'r T i_h'.-:r“ i '-U.
~ 10 C.U. were observed. oo * lT lI 1T 'THTIL t

During 1995-1999 (with the exception of short time flares) 155 T +

the flux registered by the HEGRA instrument from Mrk 421 was b o 008 004005 006 067008 009

theta® [degree?]

well below 1 C.U. In 2000 it increased to a levell C.U., and
it further increased up te 2.5 C.U. in 2001 [(Aharonian et al. Fig. 6. Comparison of the exce#8 distribution for 26h of data
(2003)). Observed flux could be described using power-la wifrom Mrk 501 (red circles) and a point-like source (bluertria
a spectral index2.4 and an exponential cutffaat the energy of gles, 17h of Crab Nebula data) (upper panel) and tferdince
3.4 TeV. In MAGIC observations of Mrk 421 performed betweeof both distributions (lower panel).
November 2004 and April 2005 the flux varied between-02
C.U.. Also the cut-f energy In this time period seems to beThe opposite (with respect to the camera center) positias wa
at lower value~ 1.4 TeV (Alber .[(2007a)). In the low state o .
the source seems to hav(;ib'set_et'eef;eai Sl(p_eOEOt_‘rIur)% with a spedéal iysed for the_background estimation. Since the backgrou_taj da
~ —3 between 0.5 and 7 TeV (Aharonian et al., 2002, 2003) . Was taken S|multangously with the source data, t.he sysiemat
Observations of Mrk 501 are equally interesting. Histdhca €M70rs are small. A disadvantage of this approach is thetfiact
the strongest activity period for this source was in 1997e THf the source extension is as large-a9.4°, the signal and the
mean flux observed by the HEGRA, the Whipple and the cAjackground regions start overlapping. Thigeet, which can re-
telescopes in that year was 1.3 - 3 C.U. The same instrumefe the sensitivity, has been studied and included in thetélo
observed Mrk 501 in 1998-1999 in a low state~00.15 C.U. Carlo simulations. In the analyzed data sample Mrk 421 was in
The source became more active in 2000 resulting in a fI(Hgh state ¢ 1.3 C.U.). Its spectrum in the wide energy range is
measured by the HEGRA and Whipple instruments at a le st_fltted with a_flat (spectral index) power law with an expo-
of 0.35— 1.2 C.U. (see review of all those observations iff€ntial break point at the energy, = 2.1 TeV). In the limitted
Albert et al. (2007b)). MAGIC observations of Mrk 501 in 200551€rdy range of interest (0.3 — 3 TeV) the spectrum from this
resulted in a mean flux of 0.5 C.U. [Albert et al. [(2007b)), data sample can be also fitted with dfeetive power law with a
while observations performed in 2006 show a low state 2 SPectral index 0f-2.42+ 0.02sa+ 0.2syst
C.U. with a spectral index2.8 (Anderhub et a1.[(2009)). The _The02 distribution for a point like source was calculated by
spectra of Mrk 501 can be well described by a (possibly cyrvedsing the Crab Nebula data. We use 43h of wobble mode Crab
power-law (Albert et al. (2007by)). Nebula data, taken between October 2007 and March 2009, and
For studing the possible extended VHE gamma-ray emissibAh of ON mode data taken during December 2007 and January
we selected recent MAGIC observational data from Mrk 421 a#@08. This data-set can be described by a spectrur2d +
Mrk 501. To minimize systematic errors, only data taken @t [00-0Zstat = 0.2systfor the energy band (0.3 — 3 TeV).
(< 30°) zenith angles were used.
Data from Mrk 501 have been taken in Apilay 2008inthe ¢ poqits
so-called ONOFF mode (where the source is in the center of the
camera). After quality cuts 26h of ON data were selected. 56hdistributions obtained for Mrk 501 and Mrk 421 are presented
of OFF data were used for the background estimation. Mrk 5@1fig.[d and fig[¥.
was in a rather low state during the above-mentioned timeger  For both sources thé? distributions match with a corre-
(mean flux in the sample 15% C.U.). The entire spectrum cansponding point-like distribution. Using the first 12 binshiah
be well fitted with a single power law with a spectral index ofontain most of the excess events we calculgfgtqor=7.0/11
—2.42+ 0.035ar+ 0.25ys¢ After correcting for the absorption due(for Mrk 421) and 3.811 (for Mrk 501).
to the EBL, by using the_Franceschini et al. (2008) model, we The sensitivity for the detection of an extended emission de
obtain the source spectrum with an index-&£24 + 0.035:+ pends on the extension size and profile. In our calculatioms w
0.2syst assumed a power-law profile of the emissidiN(dé « ¢°) with
The Mrk 421 data was collected between December 200arious steepness indiges 1,0, -1, —2. We performed the cal-
- February 2009. After quality cuts 38h of data were selectecllations for extended emission radii up to0fér Mrk 501. In
The data was taken in the so called wobble mode, where the case of Mrk 421, the data were taken in wobble mode which
source position was shiftedd from the center of the camera.allowed the estimation of the background from the same @dta s
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Fig. 7. Comparison of the exces3 distribution for 38h of data 6. Discussion
from Mrk 421 (red circles) and a point-like source (bluerria
gles, 43h of Crab Nebula data) (upper panel) and tifergince As can be seen in fifl] 8 the most stringent upper limits for the
of both distributions (lower panel). halo search foE, ~ 300 GeV are achieved for a source exten-
sion of 0.2 — 0.25 for Mrk 501 (4% C.U.) and 0.2— 0.3 for
Mrk 421 (5% C.U.). We checked that the values of upper limits
for the emission profileN/dg « #°, 0.1° < 0 < Oy, 8 = =2 Or
B =0 are nearly the same as for the casg ef —1.
. i . For both sources, the best upper limits on the extended
We calculated the upper limits for the extension radii up.8.0 goyrce flux are at a level of about 30% of the quiescent point
In this case there is no overlap between the signal and the bag,rce flux. Also, it is interesting to note that for an extens
ground regions in the wobble mode observations. In[fig. 8 W~ 0.2° one can observe only a marginal dependence on the
present upper limits on the flux of the extended emissioruealGmission profile. Extension sizes0.2°, becoming comparable
lated for diterent extension radii and profiles for Mrk 501 (leftg e telescope’s PSF, provide worse upper limits.
figure) and Mrk 421 (right). The non-detection of extended emission around Mrk 501
Flux upper limits for an extended emission from Mrk 50and Mrk 421 in the 0.3-1 TeV energy range imposes restric-
for different energy thresholds are shown in[fig. 9. Depending tians on the properties of the highest-eneygyy emission from
the source profile the upper limit for the extension radiu2° these sources afat on the physical characteristics of the in-
ranges from~ 4%C.U. above 300 GeV to 6-7%C.U. above lergalactic medium around the sources. Cascade photohs wit
TeV. an energy o, ~ 300 GeV result from absorption of the pri-
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maryy-rays in the energy rande,, ~ 20[57/0.3 -re\/]l/2 TeV The non-detection of extended emissiorEat~ 300 GeV

. . _ could impose a bound on the EGMF only in the case when
which propagate over the distanbg = 40K[Em/20 Te\4 MpC  the time-averaged primary (beamed) source emission spectr

(Neronov & Semikaz, 2009). Here ~ 1 is a numerical factor extends to the energies abo, > 20 TeV (see above).
which accounts for uncertainty of the EBL models, which givgnfortunately, the specific of observations in the TeV band a
0.6 < x <25 forLKng_@ke_ej;_dl.I (2004); Stecker ef al. (2006)gxireme variability of TeV-emitting blazars do not alloweoto
IPrimack et al.|(2009); Franceschini et al. (2008). derive the time averaged spectra of the sources.

Assuming that the EGMF strength is much higher than . ,
B ~ 102 G. as in the halo model &QMt 94) In the case of Mrk 421, a high energy cut-in the spec-
the derived constraint on the extended source fluxes could® atEgy > 1 -5 TeV has been repeatedly reported
used to constrain the isotropic primary source power atpeer +2001) (see however, Konopelko et al. 00
above~ 20 TeV. Such a constraint is especially interesting ifi SUCh @ cut-@ is intrinsic and present in the time-averaged
the view of the recent discovery of Te}ray emission from SPEctrum, the source luminosity at 20 TeV is expected to be a
the nearby radio galaxies (Aharonian et al., 2006; Albeallet factor of> 15 lower than the luminosity at 300 GeV (assuming

[Acciari et ll, 2009: Aharonian ei al.. 2009). Wittie that the intrinsic power law photon indexlis=~ —1.7, close to

general AGN unification scherrie (Urry ef &L, 1991), the high € One measured yermi etal.[ 2009)). In this case the
ergy peaked BL Lacs (HBL), like Mrk 421 and Mrk 501, ardlux Of the extended cascade emission at the energaid GeV
believed to be the relativistically beamed versions of FiRokt ISa faptorz 15 Iower_th_an the_pomt source flux. This is consis-
radio galaxies, like M87 and Cen A. Following the logic of thdent _W'th the upper limits derived above. In the scenarionef i
AGN unification scheme, the detection of TeMay emission L1NSic cut-df in the Mrk 421 energy spectrum the upper bound
from M87 and Cen A indicates that HBLs produce both beam& €xténded emission around Mrk 421, derived from MAGIC
and isotropic TeV emission. Of course, the existence of suRServations, does not constrain the strength of the EGMF.

an isotropic component of VHE-ray emission from Mrk 421 On the contrary, the time-averaged spectrum of Mrk 501 ex-
andor Mrk 501 is dificult to verify, because the isotropic emistends, most probably to much higher-energies. No intrihigjb
sion would produce a much smaller contribution to the 0.B\XL T energy cut-ffs in the low or high activity state of the source were
band point source emission. However, if the isotropic eimiss reported. This implies that the source luminosity at thegies
spectrum of Mrk 421 andr Mrk 501 extends, similarly to M87 above 20 TeV can be of the same order as the luminosity at 300
(Aharonian et al., 2006), to energi&s, > 20 TeV, absorption GeV. At the same time, the bound on the extended source flux at
of the isotropically emitteg-rays on the EBL leads to the pro-a level of~ 0.04 C.U. at 300 GeV is by a facter 4 lower than
duction of an extended emission halo around HBL. The detage point source flux at the same energy. If the intrinsic s@ur
tion of an extended halo as discussed by Aharonian et al4§199ux at ~20 TeV energy will prove to be higher than one forth
would, therefore, provide a direct evidence for the exiséeof of the flux at 300 GeV, the bound on the extended source flux,
an isotropic multi-TeV emission from HBLs. derived from MAGIC observations, might impose constradnmts

In order to derive constraints on the isotropic emissiomfrothe strength of the EGMF within the regi@h~ D, ~ 40« Mpc
Mrk 501 and Mrk 421 from the limits on the extended emissioaround Mrk 501. In fact, the spectrum of Mrk 501 from the an-
flux, one needs to estimate the fraction of the halo flux withialyzed data sample after correction for the absorption loygus
the measurement region of the radiuk’6-0.5°. The observable thelFranceschini et al. (2008) model (which provides aixelt
angular size of the halos around Mrk 421 and Mrk 501 (both kmiw level of absorption) has a rather hard spectral indexa24.
the redshiftz ~ 0.03 and distanc® ~ 150 Mpc) at the energy This yields only a factor (20 TeX0.3 TeV)*?* = 2.7 decrease in
E, ~ 300 GeV is expected to l#& ~ D, /D ~ 15°«. Assuming a the SED from the energy of 0.3 to 20 TeV. However both the un-
surface brightness profitéN, /dQ ~ 1/6 like in/Aharonian et dl. certainties of the EBL absorption models and the mere faatt th
(1994), one could find that the regiérx 0.5° around the source Mrk 501 is known to be variable tells us that the time-avedage
contains~ 3% of the halo emission. The halo is expected to spectrum over a longer periods of time may be found, for exam-
more compact at 1 TeV® =~ 8.3%;, so that the centra#l < 0.5° ple, softer than what has been observed for the used data sam-
region contains- 6% of the halo flux. This means that the totaple. Measurement of the intrinsic time-averaged sourcedtux
isotropic luminosity of Mrk 421 and Mrk 501 is limited to be20 TeV will be possible only after precise measurements®f th
less thanLpao(Ey, > 20 TeV) =~ 1.3kLcra(E > 0.3 TeV) and EBL in the mid-infrared and regular monitoring of the souoce
Lhaio(E,, > 36 TeV)=~ 1.3«Lcra(E > 1 TeV). Itis clear that this year(s) time scale. Therefore we give below only a qualiati
limit is not very restrictive. Our analysis shows that thatiepic  estimate of the range of magnetic fields which might be con-
luminosity of HBLs could be moreficiently constrained via the strained by the Mrk 501 data.
search for an extended emission from a more distant sowrce (f
which the angular size of extended halos is smallery@anda
observations Wlth wider field of view instruments. of electrons with energieEs ~ E, /2 ~ 10 TeV, De =~

If the EGMF is much weaker than 1% G as already men- 30[Ee/10 TeVI! kpc, one can find that the size of the ex-
tioned, deflections of cascadee™ pairs are not strong enough to d ed PC, d Mrk 501 i ted t o
isotropize cascadg-ray emission. In this case no isotropicall)}en ed source aroun ,rl is expected to thgr =~
emitting halo around the point source is formed. The exténd@4° [r/35]™" |E,/300 Ge\| ~|B/107* G| wherer = D/D, is
cascade source should appear more compact depending orthibeoptical depth for the primary-rays with respect to the pair
EGMF strength. Non-detection of extended emission coimstraproduction on the EBL_(Neronov & Semikaz, 2009). The non-
possible range of EGMF strength. In this short discussion wetection of an extended source with® < G¢y < 0.5° at an
mention only limits on the EGMF with large correlation lehgt energy 300 GeV might constrain EGMF with a strength in the
These limits could be extended to the case of arbitrary eorrange 4x 10°*° < B < 1.3 x 107 G. A significant secondary
lation length of the EGMF in a straightforward way, using theascade emission at 1 TeV will be possible if there is no €lifo
formalism of Neronov & Semiko 9). the primary spectrum below 40 TeV. In this case non-detectio

Assuming that the correlation length of the EGMF is
much larger than the inverse Compton energy loss distance
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