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MAGIC TeV Gamma-Ray Observations of Markarian 421 during
Multiwavelength Campaigns in 2006
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ABSTRACT

Context. Wide-range spectral coverage of blazar-type active galaatlei is of paramount importance for understanding trtigde acceleration
mechanisms assumed to take place in their jets. The Majoogpireric Gamma Imaging Cerenkov (MAGIC) telescope padieid in three
multiwavelength (MWL) campaigns, observing the blazar kéaian (Mkn) 421 during the nights of 2006 April 28, 29, and8Qune 14.

Aims. We analyzed the corresponding MAGIC very-high energy olzgems during 9 nights from 2006 April 22 to 30 and on 2006eJl4. We
inferred light curves with sub-day resolution and nightsight energy spectra.

Methods. MAGIC detectsy-rays by observing extended air showers in the atmosphéreobtained air-shower images were analyzed using the
standard MAGIC analysis chain.

Results. A strongy-ray signal was detected from Mkn 421 on all observation tsighhe flux € > 250 GeV) varied on night-by-night basis
between (02+0.11) 10%m2s™1 (0.57 Crab units) and (31+0.15) 10*%m2s! (2.0 Crab units) in 2006 April. There is a clear indication fo
intra-night variability with a doubling time of 3& 104, minutes on the night of 2006 April 29, establishing once nraggd flux variability for
this object. For all individual nightg-ray spectra could be inferred, with power-law indices ragdrom 1.66 to 2.47. We did not find statistically
significant correlations between the spectral index andlthestate for individual nights. During the June 2006 cargpai flux substantially
lower than the one measured by the Whipple 10-m telescopedfits later was found. Using a log-parabolic power law fit wdited for some
data sets the location of the spectral peak in the very-higihgy regime. Our results confirm the indications of risieglpenergy with increasing
flux, as expected in leptonic acceleration models.

Key words. Gamma rays: galaxies — BL Lacertae objects: individual (M&h) — Radiation mechanisms: non-thermal

1. Introduction TeV y-ray emitting blazdll. So far, flux variations by more than

. . . one order of magnitude (e.q., Fossati etlal., 2008), and-occa
The active galactic nucleus (AGN) Markarian (Mkn) 421 was thgjona) flux doubling times as short as 15 min (Gaidos et al.,

first extragalactic source detected in the TeV energy raf&ieg [199¢: [Aharonian et al.| 2002;Schweizer, Wagner & Lorenz,
imaging atmospheric Cerenkov telescopes (IACTs; Punck.etignng) have been observed. Variations in the hardness of

1992;| Petry etall,_1996). With a redshift af = 0.030 it iS ha Tev - t during fl ted b )
the closest known and, along with Mkn 501, the best-studiede eV7y-ray Speciium Guring nares were reported Dy sev

Send offprint requests to: snruegam@astro.uni-wuerzburg.de, ! See, e.g/, httgwww.mpp.mpg.de-rwagnefsourceg for an up-to-
oya@gae.ucm.es, robert.wagner@mpp.mpg.de date list of VHEy-ray sources.
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eral groups (e.d. Krennrich etlal., 2002; Aharonian et &lQ%? Table 1. Some characteristic parameters of thfatent data

Fossati et all, 2008). Simultaneous observations in theyyand sets of the campaign.

very-high energy (VHEE % 100 GeV) bands show strong ev-

idence for correlated flux variability (Krawczynski ef €001 Night Observation Window [MJID] ter []  ZA[°]

Btazejowski et al., 2005; Fossati et al., 2008). With a Idvigt 20060422 53847/07679- 5384801460 0.76 18 -28

tory of observations, Mkn 421 is an ideal candidate for lomign 20060424 5384996428- 5385000669  0.99  16-28

and statistical studies of its emissian_(Tluczykont ¢t2007; 20060425  5385092813- 5385099607  1.53  10-26

Goebel et all, 20085; Hsu ef al., 2009). 20060426 5385192862—- 5385200383 1.64 10-29
Mkn 421 has been detected and studied at basically all wav 0060427  5385293474- 5385300047 142 12-28

lengths of the electromagnetic spectrum from radio wave® up 28828%8 ggggj‘;géﬁ: ggggggﬁig g%g 18 :i’f

VHE y-rays. Its wide-range spectral energy distribution (SED) B _

shows the typical double-peak structure of AGN. Mkn 421 is aggggggig gggggzg%_ gggggggggg 8:;8 ‘212 _ 2‘2‘
so-called blazar. These constitute a rare subclass of AGts W_~denotes the féective observation time. ZA gives the zenith angle
beamed emission closely aligned to our line of sight. In&l8z range of the observations.

the low-energy peak at keV energies is thought to arise domi-

nantly from synchrotron emission of electrons, while thigjior

of the high-energy (GeV-TeV) bump is still debated. The SED sea level, 285N, 17°54W). At the time of our observations
commonly interpreted as being due to the beamed, non-therma2006, MAGIC was a single-dish 17-m @ instrunteror
emission of synchrotron and inverse-Compton radiatiomfrothe detection of atmospheric air showers inducedgys. Its
ultrarelativistic electrons. These are assumed to be @atetd hexagonally-shaped camera with a field of view (FOV}@&.5°
by shocks moving along the jets at relativistic bulk speethean diameter comprises 576 high-sensitivity photonlidtip
For most of the observations, the SED can be reasonably weles (PMTs): 180 pixels of & @ surround the inner section of
described by homogeneous one-zone synchrotron-self-@ompthe camera of 394 pixels of I @ (= 2.2° @ FOV). The trigger is
(SSC) models (e.g. _Marscher & Gear, 1985; Maraschilet gbymed by a coincidence of 4 neighboring pixels. Presently the
1992; |Costamante & Ghisellini,, 2002). Hadronic modelaccessible trigger energy range (using the MAGIC standtyd t
(Mannheim et al), 1996; Micke etlal., 2003), however, cao alger;Meucci et al. 2007) spans from-560 GeV (at small zenith
explain the observed features. A way to distinguish betweangles) up to tens of TeV. Further details, telescope parame
the diferent emission models is to determine the position®rs, and performance information can be found in Baixefrag e
evolution and possible correlations (see, e.g.. Wagn€i8l20 (2004); Cortina et all (2005); Albert etlal. (2008a).

for a review) of both peaks in the SED, using simultaneous,

time-resolved data covering a broad energy range, e.g., as ) )

obtained in multiwavelength (MWL) observational campaign 3. Observations and data analysis

In this Paper we present results from Major Atmospheriﬁ]e observations were carried out durin .
; g dark nights, eyaplo
Gamma-ray Imaging Cerenkov (MAGIC) telescope ViHEay ing the so-called wobble mode (Daum etlal., 1997), in whiah tw

observations of Mkn 421 during eight nights from 2006 Apri posite sky directions, each 0.dff the source, are tracked al-

22 10 30, and on 2006 June 14. For most of the days, O rnatingly for 20 minutes each. The on-source data areetéfin

cal R—baSn_d oli:)servatlonts) weret_ conducted with dthe KVA telgsy calculating image parameters with respect to the sowse p
scope. Simultaneous observations were carried oufuzgku tion, whereas background control (ft) data are obtained from

(Mitsuda et al | 2007) and H.E.S.S., as well as®jM-Newton e same data set, but with image parameters calculatedeavith

(Jansen etal., 2001) on 2006 April 28 and 29, respec_:tivegg)ect to the position on the opposite side of the camerartiie
During both nights, we carried out particularly long, umint source position. The simultaneous measurement of signal and

{ppted or?szrvatlon? '? th‘:'. \:HE (;:‘r?er)g(y bart;d:czjf:%t h dura(; background makes additional background control data emec
lon €ach. An onset of activity In the A-ray band triggere aEary. In order to avoid an unwanted contribution frgravents

INTEGRAL-led target-of-opportunity (ToO) campaign, which, o sample, and to guarantee the statistical independence

took place from 2006 June 14 — 25 for a total of 829 lz? : . :

—— g . . etween the on and théfesamples in the signal region, events
(Lichti et al.,|2008). Within this campaign, MAGIC observeq, . ded in the signal region of the on sample were excluded
Mkn 421 at rather high zenith angles from 43 to 52 degrees%m the of sample and vice versa

parallel withINTEGRAL on 2006 June 14. The data were analyzed following the standard MAGIC anal-
In t_he follqwmg sections, we describe the data sets and SI?SS procedure (Bretz & Wagner, 2003; Bretz & Dorner, 2008).
analysis applied to the.VHE{-ray data, the determlnat!on OfAfter calibration (Albert et all, 2008c) and extracting tignal
spectra for all observation nights, and put the results jreo at the pulse maximum using a spline method, the air-shower im
spective W'th other VHEy-ray observations of _I\/Ikn 421. The.ages were cleaned of noise from night-sky background light b
interpretation of these data in a MWL context is carried out 'applying a three-stage image cleaning. The first stage resui
Acciari et al. (200) and subsequent papers. a minimum number of 6 photoelectrons in the core pixels and

VHE vy-ray observations in 2006 April and June have als}? : - :
: ! photoelectrons in the boundary pixels of the images (sge, e
been carried out by the Whipple telescope (Horanet al., 200?—‘egan, 1997). These tail cuts are scaled according to therlar

by the VERITAS (Fegan, 2008), and TACTIC (Yadav et al.,; . : ;
- D A b » v withooe 5128 of the outer pixels of the MAGIC camera. Only pixels with
2007) collaborations, although not simultaneously with at least two adjacent pixels with a signal arrival tim&etence

servations. lower than 1.75 ns survive the second cleaning stage. The thi
stage repeats the cleaning of the second stage, but requises
2. The MAGIC telescope one adjacent pixel within the 1.75 ns time window.

The VHE y-ray observations were conducted with the MAGIC 2 Since 2009, MAGIC is a two-telescope stereoscopic System
telescope located on the Canary island La Palma (2200 m ab@@ertina, Goebel & Schweizer, 2009).
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+XMM window

The data were filtered by rejecting trivial background esent—3 510" Suzaku window
such as accidental noise triggers, triggers from nearbynsya . 2"0"56451 . +
data taken during adverse atmospheric conditions (ewg.ate £ 3.0 er!
mospheric transmission). 12.7 hours out of the total 15Wd¢io = F
worth of data survived the latter quality selection and wesed = +
for further analysis. B

We calculated image parameters (Hillas, 1985) such 2.00 [Crab nebula flux
WIDTH, LENGTH, SIZE, CONC, M3LONG (the third mo- =, cb--s-o---ooomooee oo oo oo oo
ment of the light distribution along the major image axis):" C 4
and LEAKAGE (the fraction of light contained in the outer- 4q 7 *
most ring of camera pixels) for the surviving events. For the
vy/hadron separation, a SIZE-dependent parabolic cutin AREA 0.5
WIDTH x LENGTH x = was used (Riegel et al., 2005). The cut
parameters for the assessment of the detection signifioeeree 0.0 g4 53545 53850 53851 53853 53653 53854 53855 53858
optimized on Mkn 421 data from close-by days. For the data of Time [MJD]
the 2006 June 14 at rather large zenith angles, data of Mkn 501 ,
from 2006 October were used to determine the optimal cutg. ARi9- 1. VHE (E > 250 GeV) light curve for Mkn 421 observa-

significance in this work was calculated using Eq. 17 of Li & Ma&lons in April 2006. The data points represent average hight
(1983). fluxes. The observation windows of tBazaku (MJD 53853.28—

The primaryy-ray energies were reconstructed from th@3854.27) ankMM-Newton (MJD 53854.87-53855.35) MWL

image parameters using a Random Forest regression meth@dPa19ns are marked by the gray-shaded areas. A “mean
(Albert et al., [2008b, and references therein) trained witAW f'uxlo(SOHg' _“1”9:) was averaged over all data points below
Monte-Carlo simulated events (MC5; Knapp & Heck, 2004610 "cms™, i.e., excluding those data points marked by
Majumdar et al.[ 2005). The MC sample is characterized bytlg,!n open circles. The dashed I_|ne gives the Crab nebula flux
power-law spectrum between 10 GeV and 30 TeV with a difAlbertetal.; 2008a) for comparison.

ferential spectral photon index ef = —2.6, and a point-spread

function resembling the experimental one. The events were ge spectral index determined for the first three energy bfns
lected to cover the same zenith distance range as the datheFothe whole April dataset (i.eq; = —2.08). The flux normalization
spectrum calculation, the area cut parameters were oi@ for each night has been determined at 500 GeV by a fit to the
yield a constant MC cutfciency of 90% over the whole energyfirst three diferential spectral points, an energy range which is
range, increasing thgray event statistics at the threshold. reliable for all dfected nights.

The Mkn 421 observations presented here are among the firstTab [ summarizes the analyzed data sets. The statistieal si
data taken by MAGIC after major hardware updates in Apriificance of any detection is assessed by applying a c8#,in
2006 (Goebel et all, 2008b), which required us to thoroughlyhereg is the angular distance between the expected source po-
examine the data. Despite the hardware changes, the MAGJi§on and the reconstructedray arrival direction. The arrival
subsystems performed as expected with the exception of-an gilections of the showers in equatorial coordinates wekeuea
stable trigger behavior for some PMTs, leading to a sigmticajated using the DISP method (Fomin et al., 1994; L essard et al
loss of events in one of the six sectors of the camera. In or@&j01). We replaced the constant fia@ent& in the parameteri-
to proceed with the data analysis with serenity and to esémaation of DISP in the original approach by a term which is de-

the dfect caused by this inhomogeneity, a simple procedure Wgéndent on LEAKAGE, SIZE, and SLOPE,
applied to the data: The expected number of events, as a func- )
tion of energy, for the fliected sector was estimated as the medi o + §1 SLOPE+ & LEAKAGE + k&3 (109, SIZE - £4)°, (1)

of the number of events in the other five sectors of the camega. ( for log,o SIZE < &4 andk = 1 for log,, SIZE > &,. The co-

(A homogeneous distribution of events through the six $86% efjcients were determined using simulated data. The parameter
expected for normal conditions). Thefigrence was computedg| opE is a measure for the longitudinal arrival time evolati
using the whole data sample in order to havisient statistics. f the shower in the camera plane similar to the time paramete
We found a decrease of thefféirential photon flux of 5.7% be- GRADIENT inlAliu et all {2009). Instead of defining the param-
tween 250 and 400 GeV, 4.6% between 400 and 650 GeV, 2.2%y from a fit to the arrival time distribution, however, SEBis
between 650 and 1050 GeV ard1% for higher energies for getermined as an analytical solution of the fit. Note tha tigiw

the 2006 April data. Due to the higher zenith distance and egﬁrametrization makes DISP and theref@frsource dependent.
ergy threshold, the method was adapted for 2006 June 14 anda|| stated errors are statistical errors only; we estimate o
yielded a decrease of 5.2% between 450 and 670 GeV and 2 &4&ematic errors to be 16% for the energy scale, 11% for ab-
for higher energies. However the above mentioneloe s just  so|yte fluxes and flux normalizations, an @or the spectral

an average one, with estimated flux errors of up to 6.6% srg)W|g|0pes (Albert et all, 2008a), not including the additiosys-

up forindividual nights. tematic flux errors mentioned above.

To mitigate the &ect of the inhomogeneity, instead of an (al- A second, independent analysis of the data yielded compati-
ready increased) energy threshold of 250 GeV, higher tbtdsh e results to those presented here.

of 350 or 450 GeV were applied for some observation nights.
In this way we made sure that the estimated systematic ex¥or r
mains within reasonable limits. 4. Results
For the calculation of the individual light curves as well a ;
for the overall 2006 April lightcurve, the flux between 250\Ge 3.1 Results for 2006 April 22 - 30
and 350 GeV was extrapolated for the nights with higher thresMAGIC observed Mkn 421 from MJD 53847 to MJD 53855.
old. We assumed a power-law behavior in this energy rangle, wburing the observations, two MWL campaigns were carried out

Zs.

25

Esf50 GeV)

[mean low qux/
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Table 2. Analysis results.

Observation Night Nexcess Nbackgr S Ec[GeV]  F(E > Emin)  Xouconst fo a XedpL
200604/22 100 29 10.8 350 Q92+ 0.11 1.32 098+ 0.15 205+0.21 2.32
200604/24 419 69 25.6 250 232+0.13 2.72 245+ 0.14 225+ 0.09 2.03
200604/25 342 83 20.& 250 134+ 0.09 1.72 143+ 0.09 226+012 0.243
200604/26 225 62 16.4 350 108 + 0.09 1.34 121+011 235+ 017 0.4312
200604/27 615 56 335 350 321+ 0.15 1.94 337+0.18 207+ 0.07 4.84
200604/28 311 75 19.8 350 114+ 0.08 4.38 132+0.10 247+014 0.632
200604/29 514 169 23.& 250 104+ 0.06 4Y7 114+ 0.06 228+ 0.09 2.04
200604/30 69 11 10.3 250 239+ 0.33 216+ 0.34 166+ 0.20 1.41

200§06/14 95 87 1.t 450 034+ 0.06 241 0168+0.032 238+044 1.52

Number of excessNexcesy and backgroundNpackgr) €VENts, resulting significanc&s lower cuts in event energy, integral fluxeésaboveEy, =
250 GeV for the 2006 April data arf,, = 450 GeV for the 2006 June 14 data (in units of f@m2s?), fit quality of a constant-flux fit to the
individual observation nights (see Hig. 2), and power-lawesults for the dierential energy spectra oFddE = fy - (E/Eg)~® with Eg = 0.5 TeV
for the 2006 April data ané, = 1.0 TeV for the 2006 June 14 data, respectivdlyin units of 102° TeV-lcm2s™,

x10"°

1
g
=3

|

[t
]
T

F (,E>25£ Ge\Q [cm
+
+
_&_
jT_
-
+
——

+

-
o

B e =

Y | O I T | | S R R T T [ T P L

’ 47.98 48.00 49.98 50.00  50.94 50.96 50.98 51.00 51.94 51.96 51.98 52.00 52.94 52.96 52.98 53.00 53.90 53.95 54.00 54.90 54.95 55.00 55.976
MJD-53800

Fig.2. VHE (E > 250 GeV) light curve for Mkn 421 observations in April 200théTdotted line represents the Crab nebula flux
(Albert et al.,. 2008a), whereas the individual dashed liste®v the result of a fit to the time bins (average nightly fluk}re
corresponding nights.

simultaneously withSuzaku and with XMM-Newton on MJD details). The results of a spectral fit based on a simple pamer
53854 and MJD 53855, respectively. Mkn 421 was also obsery@l) of the form

as part of the monitoring program of the Whipple 10-m telgsco

(see Horan et al., 2009), albeit about 3.5 hours after the MAG
observations stopped, due to théelient longitudes of the two dF

E -
- 10 1 _2
instruments. E- fo- 10" TeV-cm“s (—) 2)

Eo

are also shown.

A strong y-ray Signa] from the source was detected in all The energy thresholds of the individual observations ae al
eight observation nights. In total, 3165 excess events wélen in Tab[2. As the analysis threshold is always lowentha
recorded over a background of 693 events, yielding an ovéte applied energy cut, the latter one defines the energsttble
all significance of 680-. Mkn 421 exhibited an average flux ofvalue.

F.250cev = (1.48+0.03)-10%cm2s™!. When comparedto ear-  The strongy-ray signal allowed to infer light curves with
lier observations (see, e.g. Albert etal., 2007a; Tluceyled al., a resolution below one hour for all of the observation nights
2007; Goebel et al., 2008a; Steele et al., 2008), our obseryich are shown in Fig2 (see Talll #r the light curve data).
tions indicate an elevated flux state of Mkn 421. We found highost light curves are compatible with a constant flux during
flux states in the nights of MJD 53856.250cev = (2.32+  the nightly observation time (see Tab. 2 for all constangij
0.13)- 10%cm2st, MJID 53853,F.250cev = (3.21+ 0.15)-  values), while on MJD 53855 a clear intra-night variabiigy
100cm?s™, and MJD 53856F.250cev = (239 + 0.33) -  apparent. A fit with a constant function yields an unacceptab
10*%m?s* (Fig. ). In the remaining nights (we assumeg?2 = 41/7 (P ~ 8- 10-°%) for this night, and the data suggest
nights with fluxes below 5 - 10-%m?s* as non-flare nights), a flux halving time of 36 104, minutes. Note that this interest-
Mkn 421 exhibited a low-flux average .2s50cev = (1.09+ ing observation window has also been covereXhM-Newton
0.03)- 10*°cm?s™%. The analysis results on a night-by-nighbbservations in the X-ray barld (Acciari et al., 2009).

basis are summarized in Tab. 2, and include the nightly nusnbe

for excess and background events, significances, and avierag
tegral fluxes above 250 GeV (where the nights with an energly cl® Table[2 is available only in the electronic edition of therjual,
of 350 GeV where extrapolated down to 250 GeV, see BEct. 3 faww.aanda.org
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600 1000 2000 L
Energy [GeV] B
1.6
Fig. 3. Differential photon spectrum for Mkn 421 for the obser- ] 4:
vation night of 2006 June 14 (black data points). A power-law "} L g0
fit to the spectrum results in a spectral slopeef —2.38+0.44 1.0 15 2.0 25 3.0 35 =~ 40
Fs00ev [TV cm2s7]

(See Tab[2 for the fit results). Also shown are spectral point
measured with the Whipple 10-m telescope (Lichti et al.,&00

during 2006 June 18-21, Fig.4. Spectral index vs. flux at.B TeV deduced from a sim-

ple power-law fit after EBL de-absorption for Mkn 421 in 2006
April. The y2 , for a constant it (spectral index uncorrelated with
flux level; solid line) amounts to 8 (P ~ 3%), while a linear

1 I = ~ 0,
4.2. Results for 2006 June 14 correlation (dashed line) has(éd =11/7, equal taP ~ 12%.

An onset of activity to~ 2 times the average quiescent-flux. Discussion
level of Mkn421 was measured in April 2006 by tiRXTE ) _ _
all-sky monitor (ASM) instrument. It triggered aiNTEGRAL In leptonic acceleration models, e.g., SSC models, a shifteo
ToO campaign from 2006 June 14 to 25 for a total of 829 K¥gh-energy peak (attributed to Inverse Compton radiation
(Lichti et all, [2008). This> 30 mCrab flux remained until the spectral energy distribution towards higher energiés an
September 2006. During the 9-day campaign, Mkn 421 was tiicreasing flux level is expected. In the VHE domain, suchifa sh
geted by various instruments in the radio, optical, X-rag arfan be traced by spectral hardening. Variations in the tesin
VHE wavebands. Results are reported in Lichti ét al. (2008). of the TeVy-ray spectrum during flares were reported by sev-
2006 June 14, MAGIC observed Mkn 421 at rather high zenigfal groups (e.g.. Krennrich et al., 2002; Aharonian e4105;
angles in parallel with the OMC, JEM-X, and IBIS measurd=0ssati etal.. 2008). We tested for a correlation of the tsplec
ments aboartNTEGRAL. Further VHE coverage was providedhardness with the flux level of the de-absorbed spectrumefi.e
by the Whipple 10-m telescope on 2006 June 18, 19, and 8 removing any attenuatiorfects caused by the Extragalactic
(Lichti et all,[200B). Background Light [EBL], cf. Nikishov 1962; Gould & Schréde
The MAGIC observations on 2006 June 14 lasted<go £966; Hauser & Dwek 2001) in our data (Fig. 4), but found

minutes. The high zenith angles of 43 to 52 degrees of thiesrebsth"z]lt the correlation neither can _be described by a constant fi
vations and the previously mentioned inhomogeneitiedtrasu (rea = 17/8, P ~ 3%) nor by a linear dependence of spectral
an energy threshold @presn = 450 GeV. In spite of the overall hardness and flux levetf,, = 11/7, P ~ 12%), giving no clear
rather dificult observational circumstances caused by the higeference for either. Although clear flux variations aresent
zenith angle observationis (Tonéllo, 2006; Albert éfalQé)pa In the data set, the overall dynamical range &fi8 flux might
firm detection on the B-o- significance level was achieved. ~ be too small to see a significant spectral hardening witress:

The corresponding tierential energy spectrum is shown ifnd flux.

; ; ; The individual night-by-night spectra during the campaign
Fig.[3. Bet 450 GeV and 2.2 TeV, it bed bed b . i .
silr?u[)zlie pgv\\:\(leer?lgw of thee fo?nq eV, ftcan be describe 3|(naApr|I 2006 are shown in Fid.]7. All spectral data points are

summarized in TafJ6 For the nights of 2006 April 22, 26, and
29, there seems to be evidence for a resolved peak, but a like-
3) lihood ratio test (e.g., Mazin & Goebel, 2007) yields sigrafit
curvature only for 2006 April 2[d.We used a logarithmic cur-
vature term, corresponding to a parabolic power-law (1ddrP
For comparison we also show the spectral points reported®yogE?dF/dE) vs. logE representation (Massaro et al., 2004),
the Whipple 10-m telescope averaged over the nights of 20@6d a power-law with exponential ctit¢PL+C) of the form
June 18, 19, and 21. Generally, there might be systematic dif
ferences between the Whipple and MAGIC measurements.dE
could, however, be shown that such inter-instrument systiem g
effects are rather small and under control, e.g. those between
MAGIC and H.E.S.S[(Mazin et Al., 2005). Particularly thegr and
nebula spectra measured by Whipple and MAGIC agree quige 1 1, . (E\" -E
well (Albert et al. 2008a). The Mkn 421 flux measured by thgg = fo- 107" TeV=em™s (E_o) eXP(F), ()
Whipple 10-m telescope four days after the MAGIC observatio
is substantially higher than our measurements (Hig. 3ntpoi 4 Table[® is available only in the electronic edition of the rjual,
ing to a clear evolution of the source emission level withia t www.aanda.org
INTEGRAL campaign. 5 the respective log-P values are 83%, 48%, 73%, and 96%.

g—g ~ (1.68+0.32). 10’11TeV’1cm’zs’l(

E \-238:044
10 TeV)

= fy- 101 TeV-tem2s™

( E )(“ﬁ log:o( & )) @

0
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Table 3. Special fit results.

Data Set Used Fit Eo [TeV] fo a B [TeV] XZredﬁt Likelihood Epeak [TeV]
PL 0.5 954+ 052 192+0.07 5.34

200604/27 log-P 0.5 115+09 026+0.17 12+0.2 0.483 96%
PL+C 0.5 113+ 12 144+024 26+13 0.343 96% 14+10
PL 0.5 453+ 0.07 207+0.04 165

All April Data log-P 0.5 484+0.16 041+011 069+0.06 1.24 99%
PL+C 0.5 536+031 177+009 36x11 1.84 99% 080+ 0.42
PL 0.5 819+ 0.28 193+0.05 6.04

High-State Nights log-P 0.5 R1+047 052+017 11+03 2.03 94%
PL+C 0.5 902+ 064 175+0.12 61+4.0 3.13 91% 15+12
PL 0.5 339+ 010 217+0.05 6.64

Low-State Nights log-P 0.5 H5+013 041+016 048+0.12 1.3 97%
PL+C 0.5 415+ 040 185+0.15 29+13 0.793 97% 045+ 0.47

Results of a log-parabolic power-law fit in apex form (Eh. Gfa power-law fit with an exponential cditq(Eq.8) -(E/Ep)?) in E2dF/dE
after EBL de-absorption for special data sdtsis given in units of 10 TeV-lcm2s1, @ andg are the fit parameters as stated in the text, and
Likelihood denotes the probability of a likelihood raticte

we determinedEpeax Of the log-P by using the apex form of the
parabola in a logarithmic representation:

2
/ O.SieV)) ©

dF E
l0g;, G- l0g;, (o) + 10g;, (@) (Ioglo(m

IC Peak Position [TeV]
T
L

which naturally yields bottEyeak and the flux at the peak #b

I and fp, respectively. Additionally, the spectral ctits naturally

o' I obtained from the PLC fit as the fit parametes. The results

C are shown in Tall.]3. The values Bfeak as determined using

the log-P and the PLC were compatible with each other for the
data sets averaging several nights and showed indicatoas f
increase of the peak energy with rising flux level, as predidt

the VHE radiation were due to SSC mechanisms. We compare
our results with historical values taken from Albert eti2D07a)

Fig. 5. Derived peak position using the log-P (8. 4) versus fluR Fig.[5. Our data confirm the previously suggested corirelat
at 1 TeV for the data sets presented in Tdb. 3. Historical,data The observation of a relation between flux (and thus, fluence)
taken from_Albert et &l.[ (2007 a), are shown in gray. Our dagnd the position of the VHE peak in the SED could be signalling
confirm the indication of a correlation between the two parama relation similar to the one suggested by Amati et al. (2602)
ters. observed by Sakamoto et al. (2006) for gamma-ray burstseSin
the TeVy-ray production is assumed to take place in a relativis-
tic jet, and many of the same radiative processes are indolve
(on a larger scale, of course) it might be a similar (or relate
mechanism at work on a fiierent scale. A trend towards a re-
respectively. The likelihood ratio test results in a cleaference lation between flux and spectral index in the TeV energy range
towards a log-P or a RLC compared to a simple power-law withhas also been noted by Wagner (2008a), studying 17 known TeV
a probability of~ 96% for both of them. Thq/fed values for blazars.
PL, log-P, and PLC fits on the individual night-by-nightspectra  Although the peak energy measured on 2006 April 27 ex-
in Fig.[7 are given in Taty]B Also the high statistics data setsceeds that of the All April Data and Low-State data set, it is,
defined by combining all data from April, all data from the fivelespite having a higher flux, comparable with that derived fo
low-state nights and all data from the three high-state tsighthe High-State data set. This discrepancy in terms of the ex-
clearly showed evidence for a parabolic or diighape of the pected behaviour in SSC models can be explained with the dif-
spectra. The results of the fits and the probability of aiii@d ferent nature of the data sets: The 2006 April 27 data repre-
ratio test are given in Tabl 3. For all these nights our datia dBent a rather particular,4.h long episode of an individual flare
not allow to prefer one model over the other. The fact thavfll event, whereas the High-State data set is an average ofithree
the high statistics data sets show a curved spectral shape iglividual flares. Due to the sparse sampling, most probaluly ea
indication of this feature being always visible for Mkn 42ida of these observations caughffdrent epochs of the individual
hence source intrinsic. flare evolutions, during which the spectral shape can change

The curved power laws enable to locate a peak in the deansiderably in terms of spectral index and curvature (seg,
absorbed spectrum &peak = Eo102 /@ for the log-P and Katarzynski et all, 2006). Hence the two data sets are rustsie
at Epeak = (2 - @)B if a < 2 for the PL+C fit. For simplicity ~sarily directly comparable.

The values of the derived cufcenergies are also suggest-
ing this behavior, showing, with the exception of 2006 April
27, an increase with rising flux and indicating a sourceiistc
rather than a cosmological reason for the €iifemature. Thisisin

=y

x101

EZ% [TeV s’ cm?] (at 1 TeV)

6 Table[B is available only in the electronic edition of therjual,
www.aanda.org
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—10° F night spectra. During three observation nights high fluxesaw
o E recorded, in which, however, no variability could be meadur
e - In two of these nights, rather hard spectral indices weradou
o B but this was also the case for the night with the lowest flux.
> B During the night of 2006 April 29 with a not particularly high
E o0l flux of F(E > 250GeV)= (1.04+ 0.06) 10°cm?s™! (~ 0.65
Ly c m Crab units), clear intra-night variability with a flux-ddliriy
o - ‘“’“\5\\.. time of 36+ 1045 Minutes was observed.
- ¢ et According to a likelihood ratio test, the spectra of someadat
- e \ | sets were better described by curved power laws than simple
11| SEDe rom Literature Y power laws, er_1ab|ing us to calculate peak and ﬂELﬂo_ergies _
107 £ ™ AGIC (2004-2005) in the VHE regime. The derived peak values are consisteht wit
T | A VERITAS (2008) an evolution of the peak energy with the flux, as suggested by
[ |© HEGRA (1999-2000) % historical data. Indications of an intrinsic ctitin the spectra of
| | HEGRA (2000-2001) Mkn 421, as found in former observations, are confirmed by our
HEGRA CT1 (2001) results.
10" Sﬁlgﬁﬁﬁ)’ During the INTEGRAL-triggered MWL campaign in 2006
- Whipple (2000-2001), high  This Work, 2006 April June we observed Mkn421 in one night at high zenith an-
L | v Whipple (2000-2001), low e High State gles. Our measurements complement the three-night observa
- [ HESS (2004) © Low State tions conducted by the Whipple 10-m telescope four days. late
N R ol Taking the MAGIC and Whipple results together, a variabil-
102 10° 10* ity of Mkn 421 also during thée NTEGRAL observations is ev-

Energy [GeV] ident. The energy coverage of the Whipple telescope spactru
: L A E =~ 600 GeV) was not diicient to assess any spectral evo-
Fig.6. EBL de-a_bsorbed historical spectra of Mkn421 (segtjon by comparing it to the MAGIC spectrum E =~ 2 TeV).
Albert etal., 20074, for references) along with selecteeCsp 115" getermined fluxes and spectra will be further used for

tra from the 2006 April campaign and the flare spectrum %tnhjdies of the SED taking into account data taken at othetiopho

Donnarumma et al! (2009). The solid line is the result of a e . - : .

. . L ergies in detailed MWL analyses (publications in prefiam
using Eq[#%. Note that the historical data were deabsorbed us 9 y (b P 2
:gg the model of F)IrITZa(;: :I)<9et a_\.h(Z(r]]OS), O(;Jrlditel‘(anq tkhogsLe[ fr?;&g(nowledgenmts We thank the Instituto de Astrofisica de Canarias for the

onnarumma et al: (2009) with the modellof Kneiske & Do Excellent working conditions at the Observatorio del Rodados Muchachos

(2008)- in La Palma. The support of the German BMBF and MPG, the HdlNFN and
Spanish MICINN is gratefully acknowledged. This work wascesupported by
ETH Research Grant TH A343, by the Polish MNiSzW Grant N N203 390834,
. . L and by the YIP of the Helmholtz Gemeinschaft.
accordance with the Kneiske & Dole (2008) lower-limit madel

predicting an EBL cutfi for Mkn 421 at around 13 TeV.
In Fig.[g, we compare “historical” spectra measured betwegfpferences
1998 and 2005 with the low-state and high-state spectrum de-
rived from the observations reported here. It is obvious t Acgg:{i;/hA#eétaal{l Q’ﬁggzﬁf ggﬁ’a’t\)"')“i'gogoﬂikf-)ég?%% Apa03, 169
our low-state spectrum represents one of the lowest flu&sta;‘haroman: F. et al. (HEGRA Collab.). 2004, ApJ, 614, 897
ever measured in VHE for Mkn421, whereas the high staf@aronian, F. et al. (H.E.S.S. Collab.), 2005, A&A, 437, 95
spectrum shows no exceptionally high flux level of this seurcAlvert, J., et al. (MAGIC Collab.), 2006, ApJ, 638, L101
Both spectra are harder than historical spectra with coapaflbert, J., etal. (MAGIC Collab.), 2007a, ApJ, 663, 125

. . Albert, J., et al. (MAGIC Collab.), 2007b, Nucl. Instrum. Me A583, 494
ble flux levels, in particular harder than the VERITAS spewatr Albert. J.. et al. (MAGIG Collab.), 2008a. ApJ, 674, 1037

(Donnarumma et al., 2009), enabling one of the best measuk@zt 3. et al. (MAGIC Collab.), 2008b, Nucl. Instrum. Me, A588, 424
ments of the turnover of the SED in a low flux state. While Aibert, J., et al. (MAGIC Collab.), 2008c, Nucl. Instrum. Me A594, 407
previous observation yielded a rather flat spectrum in th&VH\liu, E., etal. (MAGIC Collab.), 2009, Astropart. Phys.,, B3

regime (Aharonian et al., 2002), we conclude that we medsuft\-.misg;a'-s-v gt a('e-tv ;O?niAAGSltcrogbﬁ;ér?pgggi 3’\|9&|3|1nstrumem AS15. 188
a rather clear peak (flat_ structure in the SED). The Iow-stag sejowski, H., et al., 2005, ApJ, 630, 130 ’ '
spectrum has a shape similar to the one measured by HEGE&z, T. & wagner, R., 2003, in Proceedings of the 28th hational Cosmic
CT1, although at an approximately three times lower fluxlleve Ray Conference, Tsukuba, Japan, 5, 2947

The high_state Spectra| Shape resembles the h|gh_sta[]epmh| Bretz, T. & Dorner, D. (MAGIC Collab.), 2008, AIP Conf. Prab085, 664

spectrum, which in turn has an about three times higher fiferina. J. et al. (MAGIC Collab), 2005, in Proceedings tbé 29th
International Cosmic Ray Conference, Pune, India, 5, 359

This tendency can also be seen in [Ey. 5, which shows that $ina, J., Goebel, F. & Schweizer, T. (MAGIC Collab.), 800 Proceedings
fluxes we derive are systematically lower than historicabme of the 31st International Cosmic Ray Conference, todaamb (preprint:
surements for comparable peak energies. Within the SSGfram larXiv:0907.1211 [astro-ph])
work this diference in flux for comparable spectral shapes c%r%;ﬁm:“gé IL (ﬁgg';i"gg”gbv)201%29'7’*%2{&?):&5&% 61
be caused by, e.g., a lower number of electrons with the Safsnarumma, 1., et al. (AGILE Collab., GASP-WEBT Collab AIC Collab.,
energy distribution as in the high-flux case. VERITAS Collab.), 2009, ApJ, 691, L13

In summary, we followed the evolution of a sequence of mileegan, D. J., 1997, J. Phys. G, 23, 1013
flares of the blazar Mkn 421 during one week from 2006 April Zﬁe%ﬂvna-ckéviiﬁéi Ecoé'amriﬁgoa;’)‘(iséogeg‘éifgs of tih 3nternational
to 30, peaking aF(E > 250GeV)= (3‘21i0‘_15) 10%%cm s omin, V. P. etyal., 1994, As’tropart. i:’hys., 2,’ 137
(= 2.0 Crab units). The nocturnal observations lasted at least {ssati, G. et al., 2008, ApJ, 677, 906

about one hour and allowed for the reconstruction of night-bGaidos, J. A. et al., 1996, Nature, 383, 319
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Fig. 7. Differential energy spectra for Mkn 421 for April 2006 beforeafgpoints) and after (black points) correcting for EBL
absorption. For the apparently hard spectra on 2006 Aprie8227, and 29, log-P (EQ] 4) and PC (Eq.[5) fits were performed

(red solid and blue dashed curves, respectively).
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Table 4. Light curve data. Table 6. Energy spectra for all observation nights under study

after EBL de-absorption.

Observation

F.250Gev

[MJD] [10"%cm2s] E bounds Flux
20060422 [GeV] [TeVem 257!
53847.98307 D0+0.21 200604722
53847.99775 J0+0.23 —7
53848.00867 89+ 017 R
200604724 S ;
877 1389 (R9+0.79)-10°
53849.97136 %6<0.25 ;
23849 93618 DA 021 1389 2200 (51+0.93)-10°
53850.00033 37022 20090424 ,
200604725 250 435 (700+0.64)-10°
: o) 435 758 (769+0.76)- 1077
53850.96431 49+015 758 1320 (612+0.86)- 1077
53850.98652 26+ 0.15 1320 2297 (64+1.33)-107
20060426 2297 4000 (80 1.74)-107
53851.93677 ®7=0.20 20060425
53851.95255 D4+0.21 250 416 (436+0.43)-10°
53851.96726 25+ 0.20 107
53851.98190 D0=+0.18 416 693 (25+048)-107
23551 99680 131018 693 1154 (B6+0.62)-10°
00RO 1154 1922 (317+0.87)-107
53852.95502 39038 20090426 ,
53852.96823 ®5+0.31 350 572 (A1+041)-10
53852.98159 37+0.32 572 935 (346+0.49)-107
53852.99406 37+0.28 935 1529 (20+0.65)- 1077
20060428 1529 2500 (B8+0.75)- 1077
53853.88754 B6<0.25 200604727
ggggg-ggggg %g + 8%[71 350 549 (833:0.66)-107
. +0. . 6
53853.93984 D9+0.25 549 860 (107+009)-10°
860 1349 (109+0.12)-10°
53853.95457 18+0.24 .
1349 2115 (117+0.17)-10°
53853.96887 22+0.27 .
53853 98040 95+ 019 2115 3317 (103+0.26)- 10"
53853.99316 B2+0.21 3317 5200 (B9+276) 1077
53854.00687 12+0.18 20060428
20060429 350 635 (92+0.34)-107
53854.90199 D7 023 635 1153 (1+0.39) 107
53854.91620 42+019 1153 2093 (D6+0.57)-107
53854.95206 @6+ 0.16 2093 3800 (D6+0.79)-1077
53854.96625 11+0.17 200604729
53854.97974 27+018 750 387 (B7+032) 107
53854.99354 ®3+0.15 7
387 600 (R4+0.32)-10°
53855.00847 ®0+0.14 ;
53855.02879 B9+ 0.11 600 929 (X9+039)-10°
200604730 929 1438 (33+0.45)-107
53855.97595 29+ 033 1438 2228 (B1+053)-107
20060614 2228 3450 (D8+0.81)-107
53900.92797 @5=0.09 200§04/30
53900.94585 @6+ 0.08 250 572 (487+1.09)-10"
572 1310 (101+0.21)-10°
1310 3000 (01+0.33)-10°
200606714
450 669 (276+0.74)-10"
669 995 (161+0.67)- 1077
995 1480 (B4+0.79)-107
1480 2200 (180 0.85)- 1077

The two energy bounds specify the range in which the corredipg

flux was measured.
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Table5. szed values for the PL, log-P, and RIC fits performed in Fid.17

22 24 25 26 27 28 29 30
PL 222 193 0233 0.472 534 0592 234 1971
log-P | 0.141 0.0471 0.483 1.3
PL+C | 0.271 0.0761 0.343 0.873

The columns represent days in 2006 April.
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