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Multiwavelength observations of Mrk 501 in 2008
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ABSTRACT

Context: Blazars are variable sources on various timescales overaal lenergy range spanning from radio to very high enesgy00 GeV, here-
after VHE). Mrk 501 is one of the brightest blazars at TeV gie=r and has been extensively studied since its first VHEtletein 1996. However,
most of they-ray studies performed on Mrk 501 during the past yearsedtaflaring activity, when the source detection and charaetion with

the availabley-ray instrumentation was easier to perform.

Aims. Our goal is to characterize in detail the sousceay emission, together with the radio-to-X-ray emissidaring the non-flaring (low)
activity, which is less often studied than the occasionairfta(high) activity.

Methods: We organized a multiwavelength (MW) campaign on Mrk 501 fetwMarch and May 2008. This multi-instrumeffoet included the
most sensitive VHE-ray instruments in the northern hemisphere, namely thgiimgeatmospheric Cherenkov telescopes MAGIC and VERITAS,
as well asSwift RXTE the F-GAMMA, GASP-WEBT, and other collaborations and iiastents. This provided extensive energy and temporal
coverage of Mrk 501 throughout the entire campaign.

Results: Mrk 501 was found to be in a low state of activity during the pangn, with a VHE flux in the range of 10%—-20% of the Crab neffluba
Nevertheless, significant flux variations were detectedl watrious instruments, with a trend of increasing variapilith energy and a tentative
correlation between the X-ray and VHE fluxes. The broadbaedtsal energy distribution during the twdldirent emission states of the campaign
can be adequately described within the homogeneous oresymichrotron self-Compton model, with the (slightly) hégistate described by an
increase in the electron number density.

Conclusions: The one-zone SSC model can adequately describe the brahdpactral energy distribution of the source during the tvemtins
covered by the MW campaign. This agrees with previous ssudliehe broadband emission of this source during flaring amdflaring states.
We report for the first time a tentative X-ray-to-VHE corit@a during such a low VHE activity. Although marginally sificant, this positive
correlation between X-ray and VHE, which has been reportadyntimes during flaring activity, suggests that the medmasithat dominate
the X-rayVHE emission during non-flaring-activity are not substalhyi different from those that are responsible for the emission giéming

activity.
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1. Introduction 2. Details of the campaign: participating
instruments and temporal coverage

Almost one third of the sources detected at very high energyie list of instruments that participated in the campaigreis

(>100 GeV, hereafter VHE) are BL Lac objects, that is, actieorted in Tabl&ll. Figuig 1 shows the time coverage as a imcti

galactic nuclei (AGN) that contain relativistic jets pomg ap- of the energy range for the instruments and observatiortstose

proximately in the direction of the observer. Their spdatra  produce the light curves presented in [Fig. 2 and the SEDsshow

ergy distribution (SED) shows a continuous emission with twin Fig.[22

broad peaks: one in the UV-to-soft X-ray band, and a secoad on

in the GeV-TeV range. They display no or only very weak emis-

sion lines at opticaUV energies. One of the most interesting.1. Radio instruments

aspects of BL Lacs is their flux variability, observed in aé-f

guencies and on fierent timescales ranging from weeks dowin this campaign, the radio frequencies were covered by vari

to minutes, which is often accompanied by spectral vaiigbil ous single-dish telescopes: thffétsberg 100 m radio telescope,

the 32m Medicina radio telescope, the 14 m Metsahovi radio

telescope, the 32m Noto radio telescope, the 26 m University
f Michigan Radio Astronomy Observatory (UMRAQ), and the
00 meter ring radio telescope RATAN-600. Details of the ob-

serving strategy and data reduction are given by Fuhrmaain et
2008); LAngelakis et al. | (2008, fEelsberg),| Terasranta et al.

{”’1998, Metsahovi), Aller et al! (1985, UMRAQ), Venturi dif a

Og%OOZL, Medicina and Noto), and Kovalev et al. (1999, RATAN-

0).

Mrk 501 is a well-studied nearby (redshift= 0.034) BL
Lac that was first detected at TeV energies by the Whipple ¢
laboration in 1996/ (Quinn et al., 1996). In the following y&a
it has been observed and detected in \j4Eys by many other
Cherenkov telescope experiments. During 1997 it showed-an
ceptionally strong outburst with peak flux levels up to tenes
the Crab nebula flux, and flux-doubling timescales down to
day (Aharonian et al., 1999). Mrk 501 also showed strongftari
activity at X-ray energies during that year. The X-ray spatt
was very hard¢ < 1, with F, o« v™®), with the synchrotron
peak found to be at 100 keV, about 2 orders of magnitud

higher than in previous observations (Pian etal.. 1998Jhén The coverage at optical frequencies was provided by various

following years, Mrk 501 showed only log-ray emission (of tgjescopes around the world within the GASP-WEBT program

about 20-30% of the Crab nebula flux), apart from a few sifg 4 Vilata et al.. 2008, 2009). In particular, the foiag ob-

gle flares of higher intensity. In 2005, the MAGIC telescope 0 seryatories contributed to this campaign: Abastumanijniul

served Mrk501 during another high-emission state which, oque de los Muchachos (KVA), St. Petersburg, Talmassons,

though at a lower flux level than that of 1997, showed flux varia g the Crimean observatory. See Table 1 for more details. Al

tions of an order of magnitude and previously not recorded fluihe gpservations were performed at Réand, using the cal-

doubling timescales of only few minutes (Albert etal., 207 ipration stars reported by Villata etlal. (1998). The Gatact
extinction was corrected for with the déieients given by

Mrk501 has been monitored extensively in X-ray (e.gSchlegel et al (1998). The flux was also corrected for thie est

Beppo SAX 1996-2001, Massaro et al. (2004)) and VHE (e.gnated contribution from the host galaxy, 12 mJy for an apertu

Whipple 1995-1998, Quinn etlal. (1999), and HEGRA 1998adius of 7.5 arcsec (Nilsson et al., 2007).

1999, Aharonian et al. (2001)), and many studies have baen co

ducted a posteriori using these observations (e.g., Gleizl.,

2006). With the last-generation Cherenkov telescopesotbef2.3. Swif/UVOT

the new generation of Cherenkov telescopes started to gp— ) i )

erate in 2004), coordinated multiwvavelength (MW) observde Swift Ultra Violet and Optical Telescope (UVOT,

tions were mostly focused on high VHE activity states (e.gkoming etal.| 2005) analysis was performed including &l th

Krawczynski et all, 2000; Tavecchio ef &l., 2001), with fewre available observations between MJD 54553 and 54599. The in-

paigns also covering low VHE states (elg., Kataoka et a919 Strument cycled through each .of the three optical pass bdnds

Sambruna et all, 2000). The data presented here were taRednd U, and the three ultraviolet pass bands UVW1, UVMZ,

between March 25 and May 16, 2008 during a MW Cama;nd Uvwz. The observations were per_formed with exposure

paign covering radio (Eelsberg, IRAM, Medicina, Metsahovi, times ranging from 50 to 900 s with a typical exposure of 150 s.

Noto, RATAN-600, UMRAO, VLBA), optical (through var- Data were taken in thiemage modewhere the image is directly

ious observatories within the GASP-WEBT program), U\Accumulated onboard, discarding the photon timing infdiona

(SWIffUVOT), X-ray (RXTEPCA, SwifyXRT and SwifyBAT), and hence reducing the telemetry volume.

andy-ray (MAGIC, VERITAS) energies. This MW campaign  The photometry was computed using an aperture of 5 arc-

was the first to combine such a broad energy and time coverage following the general prescription/of Poole etlal. (008

with higher VHE sensitivity and was conducted when Mrk 50froducing an annulus background region (inner and outei rad

was not in a flaring state. 20 and 30 arcsec), and it was corrected for Galactic extincti
E(B-V) = 0.019 magl(Schlegel etlal., 1998) in each spectral band

The paper is organized as follows: In Sddt. 2 we descriffgiizpatrick, 1999).
the participating instruments and the data analyses. ®estH, Note that for each filter the integrated flux was computed
[, andb are devoted to the multifrequency variability and caby using the relatedfiective frequency, and not by folding the
relations. In Secf.]6 we report on the modeling of the SED ddilier transmission with the source spectrum. This mightipie
within a standard scenario for this source, and in $éct. 7iste da moderate overestimate of the integrated flux of about 10fé. T
cuss the implications of the experimental and modelingltgsu total systematic uncertainty is estimated ta<ti8%.

e2.2. Optical instruments
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Fig. 1: Time and energy coverage during the multifrequeacyaign. For the sake of clarity, the shortest observing tilaplayed
in the plot was set to half a day, andidrent colors were used to displayfdrent energy ranges. The correspondence between
energy ranges and instruments is provided in Table 1.

2.4. Swift/XRT XSPEC commandetplot rebin The error associated to each

. . inned SED dat int Iculated adding i dratere th
The Swift X-ray Telescope (XRT;_Burrows etlal., 2005) pomtegInne a:a Poiiit was raic faec adeing i quagratere

to Mrk 501 18 times in the time interval spaning from I\/lJDDrrors of the orlgmal bins. The X-ray fluxes in the 0.3-10 keV
54553 to 54599. Each observation was about 1-2 ks long, w, ndtwere r(_atrlet\r/]ed;rsopnég © Iog-pﬂa&bola function fittethto
a total exposure time of 26 ks. The observations were peddrm ectrum using the comm
in windowed timing (WT) mode to avoid pile-up, which could
be a problem for the typical count rates from Mrk 501, whioh ar2.5. RXTE/PCA
about~5 cps (Stroh & Falcone, 2013). ) o
The XRT data set was first processed with the XRTDAS soft '€ RossiX-ray Timing Explorer RXTE [Bradtetal., 19€3)
ware package (v.2.8.0) developed at the ASI Science DateCefatellite performed 29 pointings on Mrk501 during the time i
(ASDC) and distributed by HEASARC within the HEASoftterval from MJD_ 54554 to 54601. Egch pointing lasted 1.5 ks.
package (v. 6.13). Event files were calibrated and cleangd wj Ne data analysis was performed usingkieoLS v6.9 and fol-
standard filtering criteria with thertpipelinetask. lowing the procedures and filtering criteria recommendethley
The average spectrum was extracted from the summd TEGuest Observer Facilfyafter September 2007. The aver-
cleaned event file. Events for the spectral analysis weeetgsl 29€ netcountrate from Mrk 501 was about 5 cps per propoitiona
within a circle of 20 pixel £46 arcsec) radius, which enclose§ounter unit (PCU) in the energy range-20keV, with flux
about 80% of the PSF, centered on the source position. variations typically lower than a factor of two. Consequgnt

The ancillary response files (ARFs) were generated with tHi oPservations were filtered following the conservative-p
dures for faint sources. For details on the analysis ot fai

matrices (v. 014) available in thewift CALDB were used. ysis, only the first xenon layer of PCU2 was used to increase
Before the spectral fitting, the 0.3-10 keV source energyc-spéhedqlfar']'tybOf tl?e Slgndal.hWe usliad the pack@gaba(ljckest to
tra were binned to ensure a minimum of 20 counts per bin. TH¥J€! the background, the packageextrct to produce spec-

; ; tra for the source and background files and the sgréatrsp
spectra were corrected for absorption with a neutral hyeinog . X . .
column densityNy fixed to the Galactic 21 cm value in the!© Produce the response matrix. As with BwifyXRT analysis,

direction of the source, namely 1580°%cm2 (Kalberla et al., €€ We glsqzused a hydrogen-equivalent column denkitgf
2005). When calculating the SED data points, the originatsp 1'56:;102 cm (Kalbe‘r(la ef ;‘l" 2?05)' H%v\\;e\r/éer, since the '.DfCA
tral data were binned by combining 40 adjacent bins with yhandpass starts at 3 keV, the value used\iprdoes not signif-

1 The CALDB files are located at 2 http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/k
http://heasarc.gsfc.nasa.gov/FTP/caldb 3 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.ht
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icantly dfect our results. Th&RXTEPCA X-ray fluxes were re- Arizona, USA (31.7 N, 110.9 W). Full four-telescope operas
trieved from the power-law function fitted to the spectrurimgs began in 2007. All observations presented here were takign wi
the XSPEC commanitux. all four telescopes operational, and prior to the relocatibthe
first telescope within the array layout (Perkins et al., J088ch
2 6. Swift/BAT VERITAS camera contains 499 pixels (each with an angular di-
e ameter of 0.19 and has a field of view of 3°5VERITAS is
The Swift Burst Alert Telescope (BAT: Barthelmy etldl., 2005)€nsitive over an energy range of 100 GeV to 30 TeV with an
analysis results presented in this paper were derived with @nergy resolution of 15%-20% and an angular resolution (68%
the available data during the time interval from MJD 54548 teontainment) lower than (" Jer event.
54604. The seven-day binned fluxes shown in the light curves The VERITAS observations of Mrk 501 presented here were
were determined from the weighted average of the daily fluxt&ken on 16 nights between 2008 April 1 and 2008 May 13.
reported in the NASASwifyBAT web pagB. On the other hand, After applying quality-selection criteria, the total exqume is 6.2
the spectra for the three time intervals defined in Séct. 2wdir live time. Data-quality selection requires clear atniesjc
produced following the recipes presented by Ajello &t 00, conditions, based on infrared sky temperature measursment
2009b). The uncertainty in thBwifyBAT flux/spectra is large and normal hardware operation. All data were taken during
because Mrk 501 is a relatively faint X-ray source and is¢hermoon-less periods in wobble mode with pointings of Grom
fore difficult to detect above 15 keV on weekly timescales.  the blazar alternating from north, south, east, and weshto e
able simultaneous background estimation and reduce sgtem
ics (Aharonian et all, 2001). Data reduction followed thehme
2.7. MAGIC ods described by Acciari etlal. (2008). The spectrum obthine

MAGIC is a system of two 17 m diameter imaging atmospherR’,"th the full dataset is described by a power-law functiothwi
Cherenkov telescopes (IACTs), located at the Observatdijectral index (-2.4%0.10) and normalization factor (at 1 TeV)
Rogque de los Muchachos, in the Canary island of La Palma (28f49-4+0.6)x10“cm s TeV " (see Appendik A). In the cal-

N, 17.8 W, 2200 m a.s.l.). The system has been operatingqfl,latlon of the photon flu>_<es integrated above 30_0 GeV for the
stereo mode since 2009 (Aleksic et al., 2011). The obsent single VERITAS observations, we used a photon index of 2.5.
reported in this manuscript were performed in 2008, henaawh

MAGIC consisted on a single telescope. The MAGIC-I camer3a .

contained 577 pixels and had a field of view of 3.5he inner - Light curves

part of the camera (radiusl.1°) was equipped with 397 PMTS giqurd2 shows the light curves for all of the instruments tha
with a diameter of 0.1each. Tt‘e outer part of the camera waggarticipated in the campaign. The five panels from top todmott
equipped with 180 PMTs of 0"diameter. MAGIC-I working present the light curves grouped into five energy rangesorad
as a stand-alone instrument was sensitive over an energg ragtical, X-ray, hard X-ray, and VHE.

of 50 GeV to 10 TeVv Q’V'th an energy resolution of 20%, an an- The myltifrequency light curves show little variabilityug
gular PSF of about 0°(depending on the event energy) and fq this campaign there were no outbursts of the magnituele ob
sensitivity of 2% the integral flux of the Crab nebula in 50 hr oggryved in the past for this object (elg., Krawczynski &24100;

observation (Albert et al., 2008b). , Albert et al.] 2007). Around MJD 54560, there is an increase i
MAGIC observed Mrk501 during 20 nights between 200§, X-rays activity, with aSwifyXRT flux (in the energy range
March 29 and 2008 May 13 (from MJD 54554 to 54599). Th6.3_10 keV) of~1.310°10 erg cnr2s! pefore, and~1.7-10710

observations were performed in ON mode, which means that% cnt2st after this day. The measured X-ray flux during this
source is located exactly at the center in the telescope RIVHF ¢ campaign is well below-2.01072° erg cn?st, which is the
era. The data were analyzed using the standard MAGIC a”é\'/'erage X-ray flux measured wiSwiffXRT during the time in-
ysis and reconstruction software MARS (Albert et al.. 20088y 4] of 2004 December 22 through 2012 August 31, which was
Aliu et all, [2009;| Zanin et al., 2013). The data surviving th?eported i Stroh & Falcohé (2013). In the VHE domain, the
quality cuts amount to a total of 30.4 hours. The derived SP&&y flux above 300 GeV is rﬁostly below2-10-1! ph cnr2st
trum was ur}folded to correct for thefects_ of th_e limited en- pefore MJID 54560, and above2-10-1! ph cnr2s! after this
ergy resolution of the detector and possible bias (Albeatlet oy The variability in the multifrequency activity of thewce
2007¢) using the most recent (March 2014) release of tR&jiscussed in Seéf 4, while the correlation among eneagd®
MAGIC unfolding routines, which take into account the dis;g reported in Sedkl5.

tribution of the observations in zenith and azimuth for a-cor  £or the spectral analysis presented in S&ct. 6, we divided th
rect dfective collection area recalculation. The resulting spegxia set into three time intervals according to the S(-raylﬁmel
trum is characterized by a power-law function with spectr%{e_, lowhigh flux beforgafter MID 54560) and the data gap at

index (-2.420.05) and normalization factor (at 1 TeV) of. st fre ae P ;

By ~ . guencies in the time interval MJD 54574-54579 (Wwhic
(7.4+0.2)x107* cm 2571 TeV" (see AppendiiCA). The photon i qye to the diiculty of observing with IACTS during the nights
fluxes for the individual observations were computed for @-ph,,;ith moonlight).

ton index of 2.5, yielding an average flux of about 20% of tifat o
the Crab nebula above 300 GeV, with relatively mild (typligal
lower than factor 2) flux variations. 4. Variability

We followed the description given hy Vaughan et al. (2003) to
2.8. VERITAS guantify the flux variability by means of the fractional \atyil-

VERITAS is an array of four IACTs, each 12 m in diameterly Parametef=,,. To account for the individual flux measure-

located at the Fred Lawrence Whipple Observatory in sonthdPent errors ¢er;;), the ‘excess variance’ (Edelson et al., 2002)
was used as an estimator of the intrinsic source flux variance

4 http://swift.gsfc.nasa.gov/docs/swift/results/transiertdlg is the variance after subtracting the contributionessted
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InstrumentObservatory Energy range covered Web page

MAGIC 0.31-7.0TeV http://wwwmagic.mppmu.mpg.de/

VERITAS 0.32-4.0TeV http://veritas.sao.arizona.edu/

SwiffBAT 14-195 keV http://heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html/
RXTHPCA 3-20keV http://heasarc.gsfc.nasa.gov/docs/xte/rxte.html
SwWiffXRT 0.3-10keV http://heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html
SwiffUVOT V, B, U, UVW1, UVM2, UVW2 http://heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html
Abastumarii R band http://www.oato.inaf.it/blazars/webt/

Crimean R band http://www.oato.inaf.it/blazars/webt/

Lulin* R band http://www.oato.inaf.it/blazars/webt/

Roque de los Muchachos (KVA) R band http://www.oato.inaf.it/blazars/webt/

St. Petersburg R band http://www.oato.inaf.it/blazars/webt/

Talmasson's R band http://www.oato.inaf.it/blazars/webt/

Noto 43 GHz http://www.noto.ira.inaf.it/

Metsahovi* 37GHz http://www.metsahovi.fi/

Medicina 8.4 GHz http://www.med.ira.inaf.it/index_EN.htm

UMRAO* 4.8,8.0,14.5GHz http://www.oato.inaf.it/blazars/webt/

RATAN-600 2.3,4.8,7.7,11.1, 22.2 GHz http://www.sao.ru/ratan/

Effelsberg 2.6,4.6,7.8,10.3,13.6, 21.7, 31 GHzhttp: //www.mpifr-bonn.mpg.de/div/effelsberg/index_e.html/

Table 1: List of instruments participating in the multifteepcy campaign and used in the compilation of the light cuiared SEDs
shown in Fig[2 an®2 The instruments with the symbai™observed Mrk501 through the GASP-WEBT program. The energy
range shown in column 2 is the actual energy range coverédlgitive Mrk 501 observations, and not the nominal energyeanig
the instrument, which might only be achievable for brightrees and excellent observing conditions. See text fonéwmtomments.

from measurement statistical uncertainties. This analgsies
not account for systematic uncertainti®€se, was derived for
each participating instrument individually, which coveen en- i
ergy range from radio frequencies-a8 GHz up to very high 0.3 ]

Fvar
T
1

energies a+10 TeV.F 4 is calculated as + —a—
S2- < g2 > 0.2 T 7

Fvar = TCE. -2 (1) - ]
R o Cde T ]

A —

where< F, > denotes the average photon flsthe standard r ++ 1
deviation of theN flux measurements and o2, > the mean C o ]
squared error, all determined for a given instrument (enieiry). o~ {-'*- ]
Theuncertaintyof:varisestimatedaccordingto O b b b b b b Lo by 1y

8 10 12 14 16 18 20 22 24 26

LogE[HZ]
AFyar = \ F\%ar + err(o-ﬁxs) -Fvar (2

Fig. 3: Fractional variability parametét,,r VS energy covered
whereerr(o2,.c) is given by equation 11 i Vaughan et alby the various instrumentB,,r was derived using the individual

(2003), single-night flux measurements except&wifyBAT, for which,
because of the limited sensitivity, we used data integraten
) 2 one week. Vertical bars denoterluncertainties, horizontal bars
5 2 <03 > < 0% > 2Fya indicate the approximate energy range covered by the instru
emoins) = | VN<F, 2] T|[\"N < 5|  © mens.

. ; ‘ 3 . i
As reported in Sect. 2.2 [n Poutanen €t al. (2008), this PIEWifyBAT, whose X-ray fluxes correspond to a seven-day inte-
scription of ComputindFv: is more appropriate than that givery ation because of the somewhat moderate sensitivity ®frthi
by equation B2 in_Vaughan etlal. (2003), which is not corre%{rumem to detect Mrk 501. ConsequenBiffBAT data can-
when the error in the excess variance is similar to or largzn t '

the excess variance. For this data set, we found that therjpes not probe the variability on timescales as short as the ather
tion from|[Poutanen et al. (2008), which is used here, leads guments, and hende,, might be underestimated for this in-

AF 4 that are~40% smaller than those computed with equatioS ument. We obtained negative excess varianaef, > larger

. ; ﬁHanSZ) for the lowest frequencies of several radio telescopes. A
Bpam Vagghan et all(2003) for the_ energy bands with the Id)Wer?egative excess variance can occur when there is littlabaity
AF,,+ While for most of the data points (energy bands) the errofig “comparison with the uncertainty of the flux measurenjents
are only~20% smaller, and for the data points with the highegingor when the errors are slightly overestimated. A negative
AF%Z, they are only few % smaller. excess variance can be interpreted as no signature fobitaria

Fig.[3 shows thd= values derived for all instruments thatity in the data of that particular instrument, either beeaa$
participated in the MW campaign. The flux values that wethere was no variability or b) the instrument was not seresiti
used are displayed in Figl 2. All flux values correspond to-meanough to detect it. Figl 3 only shows the fractional varésioe
surements performed on minutes or hour timescales, exoeptifistruments with positive excess variance.


http://wwwmagic.mppmu.mpg.de/
http://veritas.sao.arizona.edu/
http://heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html/
http://heasarc.gsfc.nasa.gov/docs/xte/rxte.html
http://heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html
http://heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html
http://www.oato.inaf.it/blazars/webt/
http://www.oato.inaf.it/blazars/webt/
http://www.oato.inaf.it/blazars/webt/
http://www.oato.inaf.it/blazars/webt/
http://www.oato.inaf.it/blazars/webt/
http://www.oato.inaf.it/blazars/webt/
http://www.noto.ira.inaf.it/
http://www.metsahovi.fi/
http://www.med.ira.inaf.it/index_EN.htm
http://www.oato.inaf.it/blazars/webt/
http://www.sao.ru/ratan/
http://www.mpifr-bonn.mpg.de/div/effelsberg/index_e.html/
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1.0r ] 5. Multifrequency cross-correlations

We used the discrete correlation function (DCF) proposed by
Edelson & Krolik (1988) to study the multifrequency cross-
correlations between theftérent energy bands. The DCF quan-
tifies the temporal correlation as a function of the time lag b
tween two light curves, which can give us a deeper insiglat int
the acceleration processes in the source. For example, tilves
7 lags may occur as a result of spatially separated emission re
ok 1 gion; of the indiyidual flux components (as expected, fonexa
’ _2‘0 _1‘0 (‘) 1‘0 2‘0 ple, in external inverse Compton models), or may be _caused by
. the energy-dependent cooling time-scales of the emittiag-e
Time lag [days] trons.
() RXTEPCA vs.SwifyXRT There are two important properties of the DCF method. First,
it can be applied to unevenly sampled data (as in this campaig
1.01 ] meaning that the correlation function is defined only forslag
i ] for which the measured data exist, which makes an interpola-
tion of the data unnecessary. The result is a correlatioctim
that is a set of discrete points binned in time. Second, the er
rors in the individual flux measurements (which contribotthie
dispersion in the flux values) are naturally taken into aotou
The latter characteristic is a big advantage over the conynon
used Pearson correlation function. The main caveat of thé DF
, ] method is that the correlation function is not continuous duat
1.0F. ‘ ‘ ‘ L] care needs to be taken when defining the time bins to achieve a
20 10 0 10 20 reasonable balance between the required time resolutibaan
Time lag [days] curacy of DCF. Given the many two-day (sometimes three-day)
(b) RXTEPCA vs. MAGIC & VERITAS time gaps in the X-ray and VHE observations _from fchls MW
campaign (see FigEl 1 aqdl 2), we selected a time bin of three
Fig. 4: Discrete correlation function for time lags from -g1 days to compute the DCF with minimal impact of these obser-
+21 days in steps of 3 days. The (black) data points and ¥Ational gaps. Moreover, given the relatively low varidpite-
rors are the DCF values computed according to the presmmiptPorted in FigL2, an estimation of DCF would not benefit from a
given by[Edelson & Krolik [(19€8). The (blue) dashed and th@maller ime bin. o _ _
(red) dotted curves depict the 95% and 99% confidence inter- USing the data collected in this campaign, we derived

vals for random correlations resulting from the dedicatexhié the DCF for all diferent combinations of instruments and
Carlo analysis described in Sdt. 5. energy regions and also for artificially introduced timeslag

(ranging from -21 to+21 days) between the individual light

curves. Significant correlations were found only for therpai

RXTEPCA - SwiffXRT and also (less significanBXTEPCA

with MAGIC and VERITAS (Figs[4la and4b). In both cases,

the highest DCF values are obtained for a zero time lag, with a

value of 071+ 0.22 RXTEPCA - SwifyXRT ) and 045+ 0.15

At radio frequencies, there is essentially no variabilall: (RXTEPCA - MAGIC and VERITAS), which implies positive

bands and instruments shdws,, close to zero, with the excep-correlations with a significance of 3.2 and 3.0 standardadevi
tion of the of RATAN (22 GHz) and Metsahovi (37 GHz), whichtions.
showFyayr ~ 7 + 2%. A possible reason for thiapparently As discussed in_Uttley et al. (2003), the errors in the DCF
significant variability is unaccounted-for errors due toiahle computed as prescribed in Edelson & Krolik (1988) might not
weather conditions, which can easily add a random extrauflucbe appropriate for determining the significance of the DCF
ation (day-by-day) of a few percent. However, it is worth merwhen the individual light-curve data points are correlated-
tioning that this flickering behavior has been observed redvenoise data. Depending on the power spectral density (PSD)
times with Metsahovi at 37 GHz, for example, in Mrk501 andnd the sampling pattern, the significance as calculated by
also in Mrk421, while it is rare in other types of blazar oltgec [Edelson & Krolik [1988) might therefore overestimate thalre
hence there is a chance that the measured fractional Myigbi significance. To derive an independent estimate of the igal s
dominated by a real flickering in the high-frequency radidgsem nificance of the correlation peaks we used the dedicated é/ont
sion of Mrk501. More studies on this aspect will be reporte@arlo approach described below.
elsewhere. First we generated a large set of simulated light curvegusin
the method of Timmer & Koenig (1995) following the prescrip-
tlon of[Uttley et al. [(2002). As a model for the PSD we assumed
2 simple power-law shafeand generated for each observed
light curve and for each PSD model (we varied the PSD slope in
the range -1.0to -2.5 in steps of 0.1) 1000 simulated lightes

05F

DCF

00F

05F

05F

DCF
o
o

T

During the 2008 campaign on Mrk 501, we measured va
ability in the optical, X-ray, and gamma-ray energy bandse T
plot also shows some evidence that the observed flux vatiabi
increases with energy: in the optiddband (ground-based tele-
scopes) and the three UV filters frddwiffUVOT the variability
is ~3%, at X-rays it is~ 13%, and at VHE it is-20%, although 5 The shape of the PSD from blazars can be typically charaetri
affected by relatively large error bars (because of the statlst with a power lawP, o« v with spectral indices between 1 and 2 (see
uncertainties in the individual flux measurements). Abdo et al.| 201d; Chatterjee et al., 2012).
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The simulated light curves were then resampled using the sam

L LY B L B B
pling pattern of the observed light curve. By applying pseesp T s i
method|(Uttley et al., 2002) we tried to determine the beshd — 1
model for the PSD. This involves the following steps in aidadit T A ]
to the light-curve simulation and resampling: the PSD ofdhe N ]
served light curve, as well as the PSD of each simulated light IE .
curve, is calculated as the square of the modulus of theedescr o w © MAGIC "
Fourier transform of the (mean subtracted) light curve,ras p 2 4 Swift-BAT .
scribed in Uttley et al! (2002). &2 analysis is then used to deter- 2 LRE I
mine the model that best fits the data. Given the short freguen B> @ f Loty
range, the uneven sampling and the presence of large gaps (pa > ! n A GASP (w/o host galaxy) !
ticularly in the VHE data), it was not possible to constrdie t @ ] " UMRAG ]
PSD shape very tightly. The best-fitting models are poweslaw L .
with indices 1.4 (VHE) and 1.5 (X-rays), however, any power L R ]
law with an index between 1.0 and 1.9 fits the data reasonably ]
well. TheRXTEPCA light curve is sampled more often and reg- o P1 (MJD 54545-54560) |
ularly than the other VHE and X-ray light curves, and morepve T
Kataoka et al.(2001) found an X-ray PSD slope similar to ours =
(1.37+ 0.16) in the frequency range probed here. Therefore we N L
used the simulate®XTEPCA light curves with a PSD slope i
of -1.5 to ascertain the confidence levels in the DCF calcula- =~ = h
tion. We cross-correlated each of the 1000 simul&&dEPCA no i
light curves with the observed VHE (MAGIC&VERITAS) and ¥ ]
SwifyXRT light curves. The 95 and 99% limits of the distribution E « @ VERITAS .
of simulatedRXTEPCA light curves when correlated with the o T T
real VHE andSwifyXRT light curves are plotted in Figs.4a and E A RXTE
[ 41 as blue dashed and red dotted lines, respectively. Thelaor s ® |
tion peaks at time lag 0 are higher tha 99% of the simulated =N .' :gﬁgg o host o N
data for the DCF foRXTEPCA correlated wittBwifyXRT, and ) n = Effe|sbévrvgo ostgae) i
~99% for the simulated data for the DCF fRXTEPCA with S 1 = UMRAO 1
VHE (MAGIC&VERITAS). Given that a 99% confidence level -’Iﬁ =
is equivalent to 2.5 standard deviations, this result agrea- [ i
sonably well with the significancges of3 standard deyia’gions i P2 (MID 54561-54574) |
estimated from the Edelson&Krolik DCF errors, thus indicgt o I I O T A
that in this case the red-noise nature and the sampling dftite S
curve do not have a very strong influence. There are no other [N L VR B B
peaks or dips in the DCF between VHE and X-rays that appear 1
significant. - . ]
The positive correlation in the fluxes froBwiffXRT and w7 7]
RXTEPCA is expected because of the proximity (and over- « .
lap) of the energy coverage of these two instruments (see £ @ VERITAS ]
Tabld1), while the correlated behavior betwdSTEPCA and :’o = @ MAGIC
MAGIC/VERITAS suggests that the X-ray and VHE emis- 5 L reBAT I
sion are co-spatial and produced by the same population of — [
high-energy particles. The correlation between the X-nag a o # 4 GASP i
VHE band has been reported many times in the past (e.g., :n 't = 4 GASP (w/o host galaxy) 1
Krawczynski et al., 2000; Tavecchio ef al., 2001; Gliozzhkt 3 ¥ = UMRAO ,
2006; Albert et al.l, 2007), but only when Mrk 501 showed flar- = N
ing VHE activity with VHE fluxes higher than the flux of the : = Effelsberg .
Crab nebula. An X-rag¢/HE correlation when the source shows ]
a VHE flux below 0.5 Crab has never been shown until now. , P3 (MJD 54579-54604)

6. SED modeling

Using the multifrequency data, we derived time-resolve®SE

-15

15 . 20 25
Log v [Hz]

for three diferent periods that were defined according to the obig. 5: Spectral energy distributions for Mrk 501 in the #he-
served X-ray flux during this campaign (see Sect. 3). St rods described in Se¢ll 3. The legend reports the corregme
RXTE MAGIC, and VERITAS spectral results for the three pebetween the instruments and the measured fluxes. Furtfaisdet
riods are reported in AppendiX A. The X-ray spectral restdts about the instruments are givenin SEbt. 2. The verticat ears
ported in TableE AL arild Al 2 show that Mrk501 became brightéythe data points denote therIstatistical uncertainty. The black
and harder in PP3 than in P1. The VHE spectra reported i§urve depicts the one-zone SSC model fit described in Sect. 6,
TabledA3 an@ Al show that the MAGIC and VERITAS specVith the resulting parameters reported in Table 2.

tral results agree with each other within statistical utaier

ties (despite the slightly eferent temporal coverage). The VHE



J. Aleksit et al.: Multiwavelength observations of Mrk 50612008

spectral results do not show any significant spectral hamden  We noted that the three SEDs can be described with mini-
when going from P1 to FP3. This could be due to the low VHE mal changes in the environment paramet&ss( B) and max-
activity of Mrk501 and the moderate sensitivity that MAGIGa imum energy of the EEDynayx). Therefore, we decided to test
VERITAS had in 2008. In any case, MAGIC measures a VHizhether we could explain the modulations of the SED by sim-
spectrum for PP3 that is significantly brighter than that meaply changing the shape and normalization of the EERD rf1,
sured for P1. N2, yprea While keeping all the other model parameters con-

The SED of the inner jet was modeled using a singlstant. The collected multi-instrument data contain neittigh-
zone synchrotron self-Compton (SSC, Tavecchio et al., [1998quency $£43 GHz) interferometric observations, néermi
Maraschi et dl.| 2003) model, which is the simplest theeretiAT data and hence it is fficult to constrain the model pa-
cal framework for the broadband emission of high-synclmtr rameterymin. In fact, we noted that a one-zone SSC model can
peaked BL Lac objects like Mrk501. To reproduce the doubftescribe the experimental data equally well wijthi,=1 and
bump shape of the SED, we assumed that the electron eneygy=1000. Both numbers have been used in the literature, and
distribution (EED) can be described by a broken power lawh withe multi-instrument data from this campaign cannot be used
indicesn; andn,, below and above the breakfeay), ymin and to distinguish between them. In this work we decided to use
vmax being the lowest and highest energies, #the normal- ymin=1000, which is motivated by two reaso(i§:the preference
ization factor. The emission region is assumed to be a sgilerifor a largeymin in the one-zone SSC model fits in the Mrk 501
plasmon of radiug, filled with a tangled homogeneous magSED reported in Abdo et al. (2011), where the experimenia co
netic field of amplituded, and moving with a relativistic Doppler straints are tighter (because of usage of VLBA &edmi-LAT
factor ¢, such that = [I'(1 — Bcos8)] %, whereg = v/c, T'is data); and(ii) the preference for reducing the electron energy
the bulk Lorentz factor, and is the viewing angle with respectdensity (which largely depends omi, for soft-electron energy
to the plasmon velocity. spectra) with respect to the magnetic energy density. We not

The SED modeling was performed usingminimized fit- that even with the choice ofmin=1000, the kinetic (electron)
ting algorithm, instead of the commonly usege— ball pro- energy density resulting from the SED model fit is about two
cedure. The algorithm uses the Levenberg-Marquardt meth@y@ers of magnitude larger than the magnetic energy density
- which interpolates between inverse Hessian method and The one-zone SSC model fits of the threffatient periods
steepest-descent method. In the fitting procedure, a sgitemare shown in FigZ2 The resulting SED model parameters of
uncertainty of 15% for optical data sets, 10% for X-ray deta,s the two scenarios are reported in Table 2. The relativelyllsma
and 40% for VHE data sets was added in quadrature to the-stat@fiations in the broadband SED during this observing cagmpa
tical uncertainty in the dierential energy fluxes. The details ofcan be adequately parameterized with small modificatiotissin
the fitting procedure can be found(in Mankuzhiyil et al. (Zp11parameters that describe the shape of the EED, naypgly N1,

We note that the addition in quadrature of the systematic afg andK. The one-zone SSC model parameters are determined
statistical errors to compute the overgdlis not correct from a by the shape of the low-energy bump together with the overall
strictly statistical point of view. Therefore, thé was used as energy flux measured at VHE, and they are not sensitive td exac
a penalty function for the fit, and not as a measure of the trg®pe of the VHE spectra. This is mostly due to the relatively
goodness-of-fit. Consequently, even though the fittingritlym  large uncertainties in the reported VHE spectra.

allows us to rapidly converge to a model that describes thee da

well, t_he parameter errors provided by the fit are not stesiy 7 Discussion

meaningful, and hence were not used.

The radio emission is produced by low-energy electronis the SSC framework, the observed flux variability contams
which can extend over hundreds of pc and even kpc distandesmation on the dynamics of the underlying population df re
which is many orders of magnitude larger than the typica siativistic electrons. In this context, the general vari@piirend
of the regions where the blazar emission is produeelD(*~ reported in Fig[B suggests that the flux variations are domi-
10! pc). Given the relatively low angular resolution of thenated by the high-energy electrons, which have shorteiirepol
single-dish radio telescopes (in comparison with intenfieet- timescales, which causes the higher variability amplitode
ric radio observations), these instruments measure theflox served at the highest energies.
density of Mrk501 integrated over the whole source extansio Mrk 501 is known for its strong spectral variability at
Consequently, the single-dish radio data were used as upyeiE; although these spectral variations typically occuewthe
limits for the blazar emission modeled here. ThwiffUVOT source’s activity changes substantially, showing a charise
data points below 110 Hz (those in the V, B, U filters) tic harder-when-brightebehavior (e.g!l, Aharonian etlel., 2001;
are dominated by the emission from the host galaxy and hei#deert et al.,[ 2007, Abdo et al., 2011). During this MW cam-
they are considered only as upper limits in the procedured-of fpaign the flux level and flux variability at VHE was low (see
ting the SED. The otheBwiffUVOT data points (those from Fig.[2 andB), and neither MAGIC nor VERITAS could detect
the filters UVW1, UVM2, and UVW2) were used in the SEDsignificant spectral variability during the three tempapali-
model fit. The optical data in the R band from GASP-WEB®Dds considered (see Tables]A.3 andlA.4). This is partially du
were corrected for the host galaxy contribution using the prto the moderate sensitivity of MAGIC and VERITAS back in
scriptions from_Nilsson et al. (2007), and the VHE data frorR008. On the other hand, in the X-ray domain the instruments
MAGIC and VERITAS were corrected for the absorption irBwifyXRT andRXTEPCA have stficient sensitivity to resolve
the extragalactic background light (EBL) using the modeifr Mrk 501 very significantly in this very low state, and they ot
Franceschini et al. (2008). We note that, because of thedow r detect a hardening of the spectra when the flux increases from
shift of this source, many other prescriptions (e.g., Fiekal.,, P1 to P2 (see Tablés_A.1 ahd A.2); this confirms tizeder-
2010; Dominguez et al., 2011) provide compalibésults at en- when-brightebehavior reported previously for this source (e.g.,

ergies below 10 TeV. Gliozzi et al.| 2006).
The three SEDs from the 2008 multi-instrument campaign
6 At 5 TeV, most models predict an absorption-df.4-0.5. can be adequately described with a one-zone SSC model in
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Period YVmin YVbreak YVmax n n, B[G] K [cm~3] R[cm] ) Electron energy
density [erg cm?]

P1 1.<10° 8.3x10* 2.8x10° 222 3.43 44102 2.1x100 9.7x10"° 22.8 1.1x1072
P2 1.c10° 4.6x10* 2.8x10° 223 3.09 44102 3.3x10* 9.7x10° 22.8 1.3x107?2
P3 1.<10°  7.3x10* 2.8x10° 226 3.21 44102 3.6x10*0 9.7x10"° 22.8 1.3x107?2

Table 2: Model parameters obtained from gffeminimized SSC fits and the calculated electron energy tevaiues.

which the EED is parameterized with two power-law functiondex ~2.3, which matches the power-law index predicted by the
(i.e., one break). Such a simple parameterization was ret s8SC model well, that isy2.3 at 300 GeV and-2.5 at 1 TeV.
cessful in describing the SED from the 2009 multi-instrute®n the other hand, the VHE spectra determined with HEGRA
campaign, which required an EED described with three powaata from 1996 March to 1996 August (hence not strictly simul
law functions [(Abdo et all, 20111). Thisfierence is related to taneous to the 1996 March MW campaign) was parameterized
the reduced instrumental energy coverage of the 2008 dbgerwvith a power-law function with index.8 + 0.4 above 1.5 TeV,
campaign in comparison to that of 2009. In particular, th®SEwhich poorly matched the value 6f3.8 predicted by the SSC
reported in Abdo et al. (2011) benefitted from 43 GHz VLBA inmodel used in_Kataoka etlal. (1999). Kataoka et al. (1999) als
terferometric and 230 GHz SMA observations, as well as fropostulated (based on comparisons of the low-activity nreasu
FermiLAT, which helped substantially to characterize the higlin 1996 with the large flare from 1997) that the variability in
energy (inverse Compton) bump. Therefore, the SEDs showtve SED of Mrk 501 could be driven by variations in the num-
here have fewer experimental constraints than those showrbéer of high-energy electrons. Based on the collected braradib
Abdo et al. (2011), and this might facilitate the charaai®ri SEDs of Mrk501 from 1997 to 2009, which were characterized
tion with a simpler theoretical model. In addition, the sevhat with a one-zone SSC scenario, Mankuzhiyil et al. (2012) also
higher activity of Mrk 501 during 2009 than in 2008 is also Whor suggested that the variability observed in this sourceagty
mentioning, which might also contribute to thigfdrence in the related to the variability in the high-energy portion of t8ED.
SED modeling results.

The obtainedyyreax is ~10 smaller than theyeax €xpected :
from synchrotron cooling, which suggests that this break-s 8. Conclusions
trinsic to the injection mechanism. We note that thisak is We reported the results from a coordinated multi-instrunobr
comparable (within a factor of two) to the firgteax Used in servation of the TeV BL Lac Mrk501 between March and May
Abdo et al. [(201/1), which was also related to the mechanis2808. This MW campaign was planned regardless of the activit
responsible for accelerating the partitles of source to perform an unbiassed (by the high-activityyaba

Using the one-zone SSC model curves presented in Seetization of the broadband emission.

B, we calculated the observed luminosity,s = fVmaxy F(v) Mrk 501 was found to be in a relatively low state of activ-

with v = 109 and v — 10?"5 Hz. and cori1nverted it ity with a VHE vy-ray flux of about 20% the Crab nebula flux.
min  — max — )

into jet power in radiationlL, = Lops/6%, as prescribed in

gs(l)%tﬁs&wgr elsae I>I<|nl|0142108(:g)gil' h7e5r>a<1dl|8}le grjge gﬁogf dr ;Zrihfofle ergy was also observed. We found a positive correlation éetw

ergs? for the periods 1, 2, and 3 respectively; that is, the ra&E; ac;twg;y of the fs,’[ﬁwce n Itht? X-ray antd VtH%ra)_{[hband§.
ated jet power increased from P 1 to P 2 and remained the sahi§ Significance of this correlation was estimated with taae+
from P 2 to P 3. Given the model parameter values reportednﬁndent methodsi) the prescription given in Edelson & Krolik

: . L -2 (1988), and(ii) a tailored Monte Carlo approach based on
Table[2, the increase in the luminosity of the source is nrNA ! ; ;
by a growth of the electron energy density. In particulae, thoey etal. (2002). In both cases we found a marginally sig-
change from P 1 to P2 may have been produced by an inj&:f-'cant (-30) positive correlation with zero time lag. A X-
tion of more electrons. On the other hand, although in P 3 W tO.VEE cor;(—i‘jlatllon ;‘Ior.Mrkk?O%] h;s be%n r(ip?[rted many
postulate slightly higher values & andyyreakthan in P 2, the Imes in the past during flaring (high) X-rayHE activity (e.9.,

softening of the electron spectrumy) nullifies the dfect, such Krawczynski et al., 2000; Tavecchio et al., 2001; Gliozzakt

: Lo 12006; Albert et al., 2007); but this is the first time that thés
tmhg;[ntrgineslg:;:on energy density, and hence the luminasiy, havior is reported for such a low X-rAyHE state. Therefore this

It is worth mentioning that the low X-ray and VHE activityresun suggests that the mechanisms dominating the XAy

reported in this paper is comparable to the one reportechéor mission during non-flaring activity do noti.fﬁr. substqntially .
MW campaign from 1996 March (Kataoka et al., 1999). In thi or_n_those that are responsible for the emission duringnfiari
case, however, we could describe the measured SED using a&‘fgwy' | h dthat a h hrot
zone SSC with only one break (instead of two) in the EED, and € also snowed that a NOMOJGENeous one-zone syncnrotron
with a better data-model agreement at VHE. The MAGIC a If-Compton model can describe the Mrk501 SEDs measured

VERITAS spectra, after being corrected for the absorpticthé . uring the two_slightly cfferent emission states observed dur-
EBL, can be parameterized with a power-law function with 9 this campaign. The ﬂerence_ bgtween the low (P1) and the
slightly higher (P2 and P3) emission states can be adeguatel
7 The second break in the EED usedin Abdo éfal. (2011) wasklatmodeled by changing the shape of the electron energy distrib
to the synchrotron cooling of the electrons. tion. But given the small variations in the broad band SEbebt

Nevertheless, significant flux variations were measureavn s
eral energy bands, and a trend of variability increasing wit-
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Period K a B ¥2/ndf
[102cm? st keV1]

P1 2.65:0.03 2.0%0.01 0.240.03 331308

P2 3.12:0.03 1.850.01 0.230.02 322336

P3 3.230.03 1.8%0.01

0.26:0.02 409354

Table A.1: Parameters resulting from the fit with a log-patal

(E) = K - (E/keV)~*#109E/keV) tg the SwiffXRT spectra.

Period K a x2/ndf
[102cm? st keV-1]

P1 4.3&0.21 2.36:0.03 2419

P2 4.690.18 2.190.02 1819

P3 4.78&0.10 2.230.01 2419

Table A.2: Parameters resulting from the fit with a power i) = K - (E/keV)™ to theRXTEPCA spectra.

Period K a x2/ndf
[102 cm? st Tev-1]
P1 5.30.5 2.49%0.20 53
P2 9.10.8 2.44:0.17 53
P3 7.20.3 2.3%0.05 94
All 7.4+0.2 2.42:0.05 24

Table A.3: Parameters resulting from the fit with a power RB{)
correction for the EBL absorption)

= K- (E/TeV)™ to the measured MAGIC spectra (without

Appendix A: X-ray and +y-ray spectra

Th

is section reports the spectral parameters resultimg fhe fit

to the X-ray andy-ray spectra.
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Period K a x2/ndf
[102cm? s Tev-1]

P1 — — —
P2 6.0:0.9 255022 74
P3 8.%:1.5 244028 14
All 9.4+0.6 247010 138

Table A.4: Parameters resulting from the fit with a power B{i) = K - (E/TeV)™* to the measured VERITAS spectra (without
correction for the EBL absorption)

* Corresponding authors: David Paneque
(dpaneque@mppmu.mpg.de), Konstancja Satalecka
(konstancjas@googlemail.com), and Nijil Mankuzhiyil

(mankuzhiyil.nijil@gmail.com)
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Fig. 2: Multifrequency light curve for Mrk 501 during the dmtcaMrhIgaign period. The panels from top to bottom show thera
optical and UV, X-ray, hard X-ray, and VH{=ray bands. The thick black vertical lines in all the panedBrdit the time intervals

corresponding to the threeftiirent epochs (P1, P2, and P3) used for the SED model fits in@elhe horizontal dashed line in
the bottom panel depicts 10% of the flux of the Crab nebula@B60 GeV(Albert et al., 2008b).
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