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ABSTRACT

Aims. We study the multi-band variability and correlations of Tie/ blazar Mrk 421 on year time scales, which can bring adii
insight on the processes responsible for its broadbandsemis

Methods. We observed Mrk 421 in the very high energy (VHE)ay range with the Cherenkov telescope MAGIC-I from Mar682

to June 2009 for a total of 96 hours dfective time after quality cuts. The VHE flux variability is autified with several methods,
including the Bayesian Block algorithm, which is applieddata from Cherenkov telescopes for the first time. The 2.3 lyewy
MAGIC light curve is complemented with data from tBeift/BAT and RXTE/ASM satellites and the KVA, GASP-WEBT, OVRO,
and Metsahovi telescopes from February 2007 to July 2008yialg for an excellent characterisation of the multi-baadiability
and correlations over year time scales.

Results. Mrk 421 was found in dferenty-ray emission states during the 2.3 year long observaticingieThe flux above 400 GeV
spans from the minimum nightly value of.8l+ 0.4) - 10-*cm2s™! to the about 24 times higher maximum flux of X3 0.1) -
10%m2s1. Flares and dierent levels of variability in thg-ray light curve could be identified with the Bayesian Blodgaaithm.
The same behaviour of a quiet and active emission was foutieiX-ray light curves measured IBpift/BAT and theRXTE/ASM,
with a direct correlation in time. The behaviour of the ogtiight curve of GASP-WEBT and the radio light curves by OVRO
and Metsahovi are fierent as they show no coincident features with the highengetie light curves and a less variable emission.
The fractional variability is overall increasing with eggr The comparable variability in the X-ray and VHE bands #relr direct
correlation during both high- and low-activity periods spang many months show that the electron populations riadidbhe X-ray
andvy-ray photons are either the same, as expected in the Syrmm®elf-Compton mechanism, or at least strongly coreelaas
expected in electromagnetic cascades.

Key words. astroparticle physics — (galaxies:) BL Lacertae objeaividual: Markarian 421 — radiation mechanisms: non+tradr
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1. Introduction Acciari etal. (20111); | Cao & Wang | (2013)] _Alekset al.
. . . (2015b)). Recently, Alekéiet al. (2015a) and Balokdvet al.
'V'?fka“a“ 421 (Mrk 42.1) ISa hlgh-ﬂﬁ%gl%ged BL L M) also reported the existence of this correlation rauri
object (HBL) at a redshift 0£=0.030 Waslow activity.[Btazejowski et dl[(2005); Horan et &l. (20)agere
the f|)rst extragalactic TeV emitter to be detected (Punchlet 8ble to constrain the correlation to timeffdrences below 1.5

) . . . . .days. These results are in agreement with the Synchrotetin-S
Blazars are Active Galactic Nuclei (AGN) where the jet igompton (SSC) model, where the photons from both X-ray and
aligned to our line-of-sight. This means that it is posstblpb-. y-ray energies are produced by the same electron population.
SEIVE very high energy (VHE)-rays _that are_produced_ln_5|de0ther authors reported orphan flares in TgVays without an
the jets and relativistically beamed in our direction. Ati- oy counterpart, which were observed in Mrk 421 during a
ally, AGN emit radiation over the whole electromagneticespe \ywi campaign in 2003 and 2004 (Blazejowski et/al. 2005)
trum, from radio wavelengths to VHgrays. , unable to be explained by the SSC model. In_Acciari bt al.
Blazars feature a spectral energy distribution _(SED) withva: ) a correlation between TeV and X-rays is not found,
bump structure. The low energy component is due to the sy 5 possible hadronic origin of the emission is discussed.
chrotron radiation caused by electrons of the relativiséam, owever. this correlation study relates to short obseovati
while the high energy peaked bump is attributed to otherint@yyq half-day long observations) with very low variabiliffhe
actions. This can be the Compton scattering of less energeliyay emission was accurately characterized with contirsuo
photons by the same electron population in leptonic scesari\\ opservations, and flux variations at the level of 10%
or these photons could be produced inside hadronic interact .o |q pe significantly resolved. Yet the TeMay measurements
of e.g. protons in the jet. In HBL objects as Mrk 421, the Syns,yered only a small fraction of the XMM observations, and ha
chrotron bump covers the energy range from radio to X-r@¥|atively large error bars. Therefore, the presented yhey
wavelengths while the peak can be found between UV and X-rg¥yrelation results il Acciari et al. (2009) were not cosite
wavelengths. The second bump extends from low-enem@ys  ang show very clearly the importance of having long, well

to VHE y-rays. , __sampled and sensitive Te)ray observations to perform this
A characteristic feature of blazars, and of Mrk 421 in paric kjnd of studies.

lar, is that they show states of high activity in which the ted

electromagnetic radiation can increase by more than oner 0r@ther energy bands are not evidently correlated with X-rays

of magnitude on time scales ranging from years down to mig-: : .
utes. guring high states blazars goft(gn shov?// significantteqdecgnd Tev y-ra@ﬂ%ﬂ.ﬂ%ﬁﬂgﬁ?ge
flux changes, f’ind up to some extent, correlated ﬂwf yar_iﬂtmn optical and UV emission to the X-ray and TeMray emission.
the low- and high-energy bumps. This blazar variabilityrisea- Confirming the trend of a strong correlation between X-rays a
f[raordlnary_opportunlty to break degeneracies betweer\_vahe VHE, the work ofl Balokowt et al. (2016) also reports a lack
lous emission models. Berent models produce flux variationg,¢ ¢ rrefation between optigdlV and X-rays, and moreover
_(at agwen energy band) \.N'th partlc;les offdrent energies, cool- ascribes the observed broadband variability featuresguow

ing times, and cross sections fofférent processes, and thus ctivity to in situ electron acceleration in multiple conspa

in principle distinguishable. It is also important to notat the regions. InHoran et &l (2009) a correlation with a time lag
blazar emission zone is unresolved for all instrumentsh(yr- between the optical and the Tepray light curves is found,

haps the excep_tior_w_of r_adio VLBAinterferometric o_bsertvaﬁ), once with the optical features leading the TeV features and
and hence Vaf'at?]"ty IS the” only way of probing its SUUelur ,n oo vice versa, but the likelihood to have observed thecalpti
Therefore, while “snapshot” multi-wavelength (MWL) Spect |04 4ing and lagging the TeV features by chance is 20% and
provide us with clues on the emission mechanisms and physiggo, respectively. In_Alekéiet al. (2015a) an anti-correlation
parameters inside relativistic jets, detailed studiesmétvari- po.vaan the optiéal and UV Iigﬁt curves with the X-ray light
ability bring us additional information on the emission hae ., es is reported, but with the possibility that might haeen
nisms and on the structure and the dynamics of the jet itself. ¢ 4 by chance, proposing a dedicated correlation arslysi
('\)/;r\lja?i%{] sh?iﬁw Zhs(zzvz\;?esegg?Zp(z:rtlfeiégSr;(\;irglgsi?ﬂa\)//aﬁgm%u over many years in order to properly characterize the teaipor

; > ! - ) evolution of the optical and X-rgyeV y-ray bands.
cations (e.g. Gaidos etlal. (1996); Cui (2004): Tluczyk An evidence of a correlation between radio gnday activity
(2010)). Mrk 421 has been the target of several past MWL caas reported ih Katarnski et al. (2003), where the study of a
paigns, with the correlation between X-rays and Te¥ays as gjngje radio outburst with a X-ray and Tepray counterpart

one of the key features under investigation. The detailién t, February-March 2001 is presented. The author models a

correlation between these two bands in Mrk 421 is crucial bgsanario in which the acceleration of electrons in the neiddl

cause it relates to the energy regions where most of the Gewet, -t of the jet describes well the temporal evolution of sach
emitted (approximately the peaks of the two SED bumps), a ltispectral flare

hence the regions of the SED which can best distinguish B#twe,, 1o more recént work of Lico ethll (2014) a marginally
different theoretical scenarios. significant correlation between radio and GeVays (without

A direct correlation between X-rays and TeY-rays (ime |ag) is reported. This study used observations spannin
has been reported multiple times during flaring activit any months from 2011, when Mrk 421 did not show any

. 1(1995);. Buckley etlal. (1996); Fossati et |4rin i ; ; :
5 - . = s g activity, hence suggesting a co-location of the aaahd
ZODJ),LAlb_QLLe_Ldl |(20071 Bartoli et b“ (2011) FOSHI&IJ. g/._ray emission of Mrk 421 during typlcal (lOW) aCthIty

(2008); [Donnarummaetal. | (2009)] Abdoetal! (2011

Corresponding  authors:  Ann-Kristin ~ Overkemping,  e-maif® different result is derived from the outstanding radio activity
ann-kristin.overkemping@tu-dortmund.de, Marina  Man- C_'bserved n Sept_ember 2012_1 Whe_re Mrk 421 Showe_d a par-
ganaro, e-mail: manganaro@iac.es, Diego Tescaro, e-mail: ticularly symmetric flare profile, with the highest radio flux
diego.tescaro@gmail.com measured in three decades, as reported in Max-Moerbeck et al
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(2014) and Hovatta et al. (2015). Both works assume that tiig the stand-alone operation of MAGIC-I was presented in
giant radio flare is physically connected to a laggeay flaring |Albert et al. (2008) and_Aliu et al| (2009). Stereoscopicadat
activity measured byermi-LAT about one month before, andwere taken after the second telescope, MAGIC-II, was commis
Max-Moerbeck et dl.[ (2014) uses this timdtdience to locate sioned in 2009, and a major upgrade of the MAGIC telescopes
the origin of they-ray emission upstream of the radio emissiorwas performed in 2012 (Alelsit all 20164lb).

Because of the above-mentioned complexity and someti
controversy in the multi-band flux variations and correlas ob-
served during relatively short (weeks to months) campaigms Mrk 421, one of the strongest and brightest extragalactiocs,
needs very long (multi-year) campaigns in order to put things observed by MAGIC on a regular basis. The source is observ-
into context. In this paper we report an extensive study ef thble from late November to June from the MAGIC latitude. In
multi-band flux variability of Mrk 421 during the 2.3 year Ign this analysis data of Mrk 421 of MAGIC-I in single telescope
period that spans from February 2007 to July 2009. We adoptgskration from 8th March 2007 (MJD 54167) to 15th June 2009

n?i Observations and data analysis

the methodology reported In Alekset al. (2015a), which had (MJD 54997), a time span of over two years, were examined.
been applied in a much shorter multi-instrument data set. ~ The overall amount of good quality data taken in Wobble mode
There are several publications that report studies withtHE  (Fomin et all 1994) are 95.6 hours distributed over 95 olaserv

y-ray emission of Mrk 421 during the above mentioned 2bn nights. The data cover a zenith angle range fréro%5 .
year long period; yet they typically relate to smaller temgbo Data with too bright sky conditions and bad weather conditio
intervals. For instance, Alekset al. (2012) reported MAGIC were excluded. The data analysis was carried out usingahe st
observations of a high active state performed from Decemkgird MAGIC analysis chain MARS (MAGIC Analysis and Re-
2007 to June 2008, and Abdo ef al. (2011) and Aleksial. construction Software] (Zanin et 13). During the cilé
(20155) reported results related to observations from a 4ife span an integral sensitivity as low as 1.6% of the Cralb-Ne
months long time interval from January to June 2009. A vepja flux is reached and the energy resolution 20% m

interesting study using Whipple 10m observations perfarmggQg).
from December 1995 to May 2009 was reporteﬂst al.

(2014), which allowed to study the duty cycle and to evaluate
the VHE emission and its correlation with the X-ray emissior-3- Measured VHE y-ray flux

The study that we report in this paper relates to a time periggg |i lic hi

: . : - S ght curve of Mrk 421 measured by MAGIC-I is binned
that is (almost) contained in Acciari et al. (2014), butibyides pighty and is shown in both Figuf@ 1 and in the top panel of
a large number of improvements such as the larger senymtl\@tigurd]_
of MAGIC with respect to Whipple 10m, which allows torye jight curve is naturally divided into three observatiyoles
resolve the VHE flux with smaller uncertainties, and hence {f,q g the observability gaps of Mrk 421 from the end of June to
Study the variability .and. its correlation on shorter tlmgleg the end of November each year with the MAGIC telescopes. The
(2-days). Moreover, in this paper we apply & more sophiitta i, e time periods will be called Period 1 for data from Feloyu
treatment to quantify variability and correlations (adapfrom 5457 1o August 2007, Period 2 for data from September 2007
oh : I(leQlﬂa)), and we ex_tenld thehstudy to extensiyeeginning of September 2008, and Period 3 for data from be-
ight curves collected at radio, optical and hard X-raysofeb fenning of September 2008 to July 2009. In Figlre 2 theseethre

15 keV), hence overall giving a more complete picture of tg,ioqs are marked. The light curve showsatent levels of
year-long multi-band flux variability of Mrk 421 than the 0N rce flux and variability in these three time spans. Inceti
given inlAcciari et al.[(2014). and in Period 3 the flux is clearly at a lower level than in Peélo

The paper is organised as follows. Sectldn 2 describes ¥ging period 1 the average flux of the six data points is at a

MAGIC observations, as well as the analysis and results qR;q| of (0.38:0.03) CUll. The flux is variable with variations
tained. SectiolI3 describes the application of the Bayeiark ;1 4 factor of 2 around the average flux. During Period 2 the

algorithm to the MAGIC data, and the resulting quantificatth ¢, ; hiah level of (1 2 it sel |
the flux variability and identification of several VHE flar8he f;élz;to%v 1|gCL<Ja. V$Laegﬁgﬁ;/ iucr)vé sﬁ(e)v(as )acrﬁg%n\?e;:i;%iﬂg/rm/t

Bayesian block is a well established methodology, but &iBé g, \ariations of about a factor of 3 around the average. The

first time that it is applied to VHE data. Sectibh 4 describms_tﬂux varies between the lowest value of (@041)CU on 17th

extensive observations of Mrk 421 performed at radio, @ptichacember 2007 and the maximum value of 08)CU on
and X-rays, and in Sectiofi$ 5 aH 6 we report the quantificgre; \arch 2008 (MID 54556). During Period 3 the average

tion of the multi-band variability and its correlationsnglly, in - \/4E +-rav flux is (0.610.01)CU with variations of up to a
Sectior Y anfll8 we summarise and discuss the results prdser]aa%toryofNyz_ ©. 01) P

2 MAGIC observations of Mrk 421 The time-averaged fluxes detected by MAGIC for the three
identified observation periods are comparable to the on@s me
2.1. The MAGIC telescopes sured by the Whipple 10m telescope for the seasons 2006-
) . . 2007, 2007-2008, and 2008-2009 respectively, which were re
The MAGIC (Major Atmospheric Gamma-ray Imagingyoried in Acciari et dl.[(2014). The Whipple telescope detgc
Cherenkov) telescopes are a system of two Cherenkov telgy of (0.28:0.02) CU for the 2006-2007 data, which is at a
scopes with a mirror diameter of 17 m each. They are S'tuate%ﬁmparable level with the (0.38.03)CU for Period 1 of the

the ORM (Observatory Rogue de los Muchachos) on the CangfG|c data (here it has to be noted that the Whipple obser-
Island of La Palma at a height of 2200 m above sea level.

In 2004 the MAGIC-I telescope was commissioned and startéda Crab Unit is defined here as a flux of8 - 1021 cm2st in the
its observations in single telescope mode. The performadmce energy range from 400 GeV to 50 TeV (Albert effal, 2008).
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vations cover a larger time span, which already starts ir6200definition is strongly biased by the prejudice of the tempora
Then an average flux of (1.46.09) CU is reported by Whip- bins used to produce the light curves. It is easy to miss fjarin
ple in 2007-2008, similar to the value of (188.02) CU for Pe- activities in light curves with “too large” temporal bing ¢the
riod 2, confirming the higher flux state. For the 2008-2009 seeariability occurs on small time scales) or in light curveishw
son, the Whipple flux was (0.59.03) CU, which is comparable“too small” temporal bins (if the flux values are dominated
to the average flux of (0.610.01) CU in Period 3 measured byby statistical uncertainties). In this context, the Bagasi
MAGIC. Block algorithm benefits from a more suitable temporal split
In summary, during the three observation periods coveréfdsn (according to the true variability), and hence it can be used
paper, Mrk 421 showed three clearly distinct VHE flux levels very dficient method to find flares. In the following, VHE
with different apparent levels of variability. A quantitative evaly-ray flares are defined as a flux rise of at least a factor of 2.
uation of the VHE flux variability in these three periods is reThis comparison is based on the block heights, i.e. the vieigh
ported in sections 3 and 5, following the prescriptions giire average flux of all data points in one block. A flare can include
IScarglz((1998), Scargle et al. (2013) and Aléletial. (2015c). several rising steps in a row, which add up to a local maximum
in flux. Subsequently, the flux decreases to a lower flux, which
can happen on a daily or longer time scale. By using this
flux-doubling threshold we could identify several flares,abh
We applied the Bayesian Block algorithrh (Scdrgle 1998fe reported in Tabld 1.
[Scargle et al. 2013) to the TeV light curve of Mrk 421. The al-
gorithm generates a block-wise constant representatiarsef \We estimate the flux-doubling times using the heigffiedence
quential data series by identifying statistically sigrafit vari- between consecutive blocks and the time between the lest dat
ations, and is suitable to characterize local variabilitastro- point of a given block and the starting point of the next block
nomical light curves, even when not evenly sampled. which is a conservative measure of the rise time betweerkbloc
The optimal segmentation (defined by its change points) maki the case of several consecutive flux rises among contsuou
mizes the goodness-of-fit with a certain model for the datmly blocks, the flux-doubling time reported in Talile 1 considers
in a block. The method requires a prior probability disttibn the rise as a single increase from minimum to maximum. It
parameter (nGpior) for the number of changing points ¢y, a can be seen that the flux doubles its value offiedeént time
kind of smoothing parameter derived from the assumption trggales. The flux-doubling can occur during just one niglg, e.
Nep < N, the number of measurements. A false-positive rafer the block starting on MJD 54502, but it can also take many
(o) is associated to the choice Rgp. days. Additionally, it should be noted that it cannot be dule
The false-positive rate was chosen to he@O01, leading to a out that the flux might fall between two measurements. All
NChrior=3.92. We obtained the 39 blocks representation for 9®termined flux-doubling times are subject to this posgjbil
data points shown as a red dotted line in Figdre 1 on top of ther the first entry in the table the flux-doubling time of 139sla
flux points measured by MAGIC (black dots). The height of ead# not meaningful because the time interval includes the lon
block is the weighted average of all integral fluxes beloggm observation gap from May to December 2007 where the source
it. behaviour iny-rays is unknown. Therefore, the flux-doubling
An advantage of the Bayesian Block algoritm is that it is abfémes reported in Tablgl 1 should be considered as uppeslimit
to identify significant changes in data series indepengesftl to the actual time needed to double the flux. That is, the &ctua
variations in gaps or exposure. Therefore, no informatiotree  flux-doubling times could be shorter than the ones reported.
or important flux changes is lost, as it can happen when apgplyi
other techniques where the data series is binned in predefifée flares identified by using the Bayesian Block algorithe ar
temporal intervals. marked in Figur&l2 by vertical dotted lines so that it is plolesi
This is the first time that the Bayesian Block algorithm was afo compare these positions with features in the light cuirvése
plied to a VHEy-ray light curve. We use the results to estimatether wavelengths.
the variability level of the light curve in the fierent observation
periods and to define flares. To quantify the variability facle
period, we can simply determine the ratio of resulting numbé. Observations at X-ray, optical and radio
of blocks and the number of data points. A higher ratio ingplie wavelengths
a higher flux variability. All six data points from Period 1 S )
belong to the same initial block. This ratio of6lindicates a T0 study the variability and correlation between the Tevay
low variability during this period. The lack of additionabicks ~data and other wavebands, data from several other insttsmen
during this period may also be related to the very low numbwere considered. In the X-ray range data fr@mift/BAT and
of data points. The high activity in Period 2 is evident by theXTE/ASM were selected. The optical data shown here is from
30 blocks detected for 56 data points during this time peridde GASP-WEBT consortium (which includes data from the
by the a|gorithm (See in|ay of F|gu@ 1) The resumng ratfo KVA telescop(_a located at the ORM close to MAG'C) Datz_i from
30/56, which is slightly above 0.5, shows that the light curve i§€ Metsahovi and OVRO telescopes are used in the radio range
substantially more variable than Period 1. In Period 3 weshav
an 8-block representation for 33 data points, which is a)ratjl 1. Hard X-
of ~0.24. This lower variability of the light curve during this
period shows a milder activity of the AGN than in Period 2. AThe Burst Alert Telescope (BAT) on board tBeift satellite ob-
additional discussion on the variability will be givenincBen[3. serves Mrk 421 in the hard X-ray regime, from 15 to 50 keV
(Krimm et all 201B). Thé@wift/BAT transient monitor results are
It is of great interest to identify flaring activities in ligburves, provided by theSwift/BAT teanfl. Considering only averaged
but the definition of a flare is somewhat arbitrary and, since
blazars vary on time scales from years down to minutes, 2ahttpy/swift.gsfc.nasa.ggresultgtransientgveakMrk421.|c.txt

3. Bayesian Blocks

ray observations with Swift/BAT
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Fig. 1. Bayesian Blocks representation of the MAGIC light curvea@ dots) from March 2007 to June 2009. The red dotted linemeefihe
different identified blocks. The inlay shows a zoomed versiothetime range from December 2007 to June 2008, the highedegviod 2. The
long flat lines with no sampling between a data point and a Heekldlo not guarantee a stable flux.

Table 1. Dates, factor of flux increase and flux-doubling times of 8gi@ind by the Bayesian Block algorithm for the MAGIC lightree. The
given MJD identifies the first day of the highest block. Seenitifin of VHE flare in the text.

MJD increase flux-doubling  notes

time [days]
54438 30+0.3 139* The flux rise follows the low flux in the beginning of 2007
54467 22+0.3 15 Two subsequent rises.
54481 25+0.3 3 Two subsequent rises.
54502 20+0.3 1 Flux rise in just one night.
54556 40+ 0.6 10 Rise to the overall maximum flux value. The last given gatiait before this block

was taken 19 days before.

54560 23+05 2

54613 55+17 20 The rise to the maximum takes place in three single sidpsfirst rise of a factor
of 2.1 follows an observation 21 days before. The followitack has a length of 19
days. Subsequently, the flux rises by a factor of 1.4 in justdays and by a factor of
1.9 during the same time interval.

54622 20+0.2 2

*: Includes an observation gap of about half a year.

daily rates with a rate to rate error ratio greater than twd,&d- 4.2. Soft X-ray observations with RXTE/ASM

ditionally discarding six measurements with negativeggtm . .

MJD 54288, 54476, 54638, 54750, 54914, and 54981), resyfify All-Sky Monitor (ASM) was an instrument on board the
in a total of 821 hours of data distributed over 168 nightlyflu=XTE satellite. It observed Mrk 421 in the energy range from 2

measurements between 23rd February 2007 (MJD 54154) dOkev (Levine et &l 1996). .
17th June 2009 (MJD 54999). The results shown here are provided by the ABKITE teams

at MIT and at theRXTE SOF and GOF at NASA's GSIECOnly
averaged daily count rates, each consisting of severaiedc
observation dwells of 90 s length, with a rate to rate errtora
greater than two are considered for the following studietdiA
tionally, two negative rates, on MJD 54371 and 54914, are dis
The Swift/BAT light curve of Mrk 421 is shown in Figuid 2. Thecarded. This results in a total of 532 daily flux measurements
overall hard X-ray flux behaviour is comparable to that of thgith a total observation length of 260 hours between 10thieb
MAGIC light curve, with a higher activity in Period 2 and sevary 2007 (MJD 54141) and 16th June 2009 (MJD 54998).
eral features that appear to be coincident, like the peaktsire
around MJD 54560. 3 xte.mit.edyasmIgASM.html

Article number, page 6 ¢f13



M. L. Ahnen et al.: Long-term multi-wavelength variabiliiyd correlation study of Markarian 421 from 2007 to 2009

s omE. B }g MAGIC

A MHRR

5o 1 BE= d ¢ A

o= 090152— P ‘&%q g §;' é *}~t,§ i b

m@%%; s Swift/BAT

U whes  tibt | whet W gghﬂﬁ LA e ﬁﬂ,“‘,,ﬁ

= ] I BT RXTE/ASM

°9 5

38

g% 5 s $

o Wk alivhn il

. wE- GASP-WEBT

2 BE M-

x 20;— .. ..

f e MgV
8:2%2 " Mets#dhovi

2 0 ﬁ{ | T - OVRO

2 oose by O A dke g w{...«]‘}* bus
03 # i el ?‘h L W‘“}mf
02 54200 54400 54600 54800 55000

5500
Time [MJD]
Fig. 2. Light curves of MAGIC,Swift/BAT, RXTE/ASM, GASP-WEBT, Metsahovi and OVRO from top to bottom in timee range from February

2007 to July 2009. The vertical dotted black lines denoteptigtion of the Te\i-ray flares as identified with the Bayesian Block algorithee(s
Sectior[B). The vertical black lines mark the division bedwéhe three time periods (Period 1, Period 2, Period 3).

The RXTE/ASM light curve of Mrk 421 is shown in Figuild 2. L'Ampolla, Lulin, KVA, New Mexico Skies (now called iTe-
The soft X-ray flux shows a similar behaviour to that of thechatescopes), Sabadell, St. Petersburg, Talmassons, Taaimb,
X-rays and VHEy-rays, which includes several overall flux lev-Tuorla observatories. It should be mentioned that the flua-me
els and peak structures that are present also iBti&BAT and surements are corrected for the contribution of the hostxyal
MAGIC light curves. (seelNilsson et al. (2007)) as well as for galactic extinctio
(Schiafly & Finkbeiner 2011).
The GASP-WEBT light curve shown in Figure 2 includes a total
of 815 observations distributed over 353 nights. When campa
The optical data in the R-Band shown here were recorded ibg the optical light curve to the-ray and X-ray light curves it

the KVA (Kungliga Vetenskapsakademien) telescope and-a cial important to note that the optical light curve cannot bgase
lection of telescopes, which work together in the GASP-WEBfRted into diferent activity phases as the other light curves. The
Whole Earth Blazar Telescoffe)consortium [(Villata et dl. flux varies by the same amount throughoutthe whole observati

). The KVA telescope is situated at the ORM on La Palnfength of more than two years. It can be seen that the features

close to the MAGIC telescopes. Photometric observatiotisan in the GASP-WEBT light curve are longer than and not coinci-
R-Band are made with a 35cm telescope. Observations are dant with those of the MAGIORXTE/ASM andSwift/BAT light

ried out in the same time intervals as MAGIC observationsurves.

Optical observations of Mrk 421 by the KVA telescope started
in 2002, and show a variable optical light curmt al
2008). 4.4. Radio observations with Mets&hovi

Mrk 421 is regularly monitored by telecopes of GASP-WEBT, _ ..
and KVA in particular. The optical data reported in this p —adl'\jl) ?a.t.?] ?/ti ?&7 (jinOaE)re :Sc;)r;je;jn %J‘i%oﬂe at
per relate to the period from 18th February 2007 (MJD 541 e _vietsahovi Radio Lbservatory a €

to 23rd July 2009 (MJD 55035), which were recorded )

the following instruments: Abastumani, Castelgrandemn@en, Considering only data points with a flux to error ratio greate
than four of the Metsahovi light curve, leaves 49 nightly flux

4 httpy//www.oato.inaf.itblazargweby measurements between 13th February 2007 (MJD 54144) and

4.3. Optical observations
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24th June 2009 (MJD 55006). The light curve is shownin Figu . _
[2. In comparison to the VHE-ray, the X-ray and the optical .~ 0.7 =

light curves mentioned above, the overall radio flux meashye E & ——
Metsahovi is rather stable, yet with a slight decrease ifoB&. 061 . E

0.5 »i&?.‘. —
4.5. Radio observations with OVRO E ]
The Owens Valley Radio Observatory, located in the USA, -opt 0'45 o NAGIC ]
ates a 40 m radio telescope measuring at 15 GHz. It started-ob 0.3 & SwIBAT i
vations in January 2008 and therefore does not cover theawh F s ! .
time span of MAGIC observatioRs(Richards et dl. 2011) 02F * RXTE/ASM 1 3
In the available data set, often two observations were made ¢ E M GAS?'W'_EBT 1
ing one day, which were only separated-by minutes. These 0.1F v Metsdhovi ) 4
data points were averaged, which results in a total of 118 d E A A OVRO ]
points. The light curve with data points between 8th Janue Ok10 — 1*5 — 2‘0 — 2*5 E—

2008 (MJD 54473) and 8th June 2009 (MJD 54990) is shov
in Figurel2. As it occurs with the Metséhovi light curve, thexfl

is rather stable, with a small decrease in Period 3. Fig. 3. Fractional variability E..;) as a function of the frequency for the
2.3 year long time range from February 2007 to July 2009. Tae-f
. L tional variability was computed in two fierent ways: using all the flux
5. Multi-band flux Variability measurements from the light curves reported in Fiflire Zi¢tiewith
In order to quantify the variability in the emission of Mrk 32 0PN markers), and using only those observations simuitanto the

. AT AP : : - VHE y-ray measurements from MAGIC (depicted with filled markers)
the fractional variabilityFvar, as it is given in equation 10 in Vertical bars denotedt uncertainties and horizontal bars indicate the

log [v/Hz]

Vaughan et al. (2003), is used. It is calculated using width of each energy bin.
S . . o
Fuar = —= (1) by the filled markers in Figurel 3, and remove potential biases

due to the somewhatfiiérent temporal coverage of the various

and represents the normalized excess variagcis. the stan- nstruments.

dard deviation and-2, the mean square error of the flux mealne overall behaviour of the fractional variability shows a
surementsx stands for the average flux. The uncertainty dfSing tendency with increasing frequency. Considerindy on

Fuar iS given by equation 2 in_Alek&ietal. (2015c), after the Fuar values determined with simultaneous multi-instrument

[ 8): observations (filled markers in Figufé 3), the highest vari-
ability occurs in the VHEy-ray band measured by MAGIC
(Fvar = 0.64+0.01), although it is quite similar to the variability
measured in the soft X-ray banB, = 0.50+ 0.01) and hard

where err¢?,.) is given by equation 11 Maligégﬁg%l?yﬁaﬁ 0.54+ +0.02) by RXTE/ASM andSwift/BAT
(2003): '

AFyar = [Féar + erroiys) — Fuar (2)

_ — 2 As mentioned in the previous sections (e.g. see Figlre &), th
2 2 oy 03 2Fvar overall flux levels and source activity appeaftelient for the
erroyxs) = N @ ~N % |- (3) three diferent observation periods. Figure 4 reports the multi-

band fractional variability determined separately foriéds 1,

. o . 2 and 3. The main trend observed in the 2.3 year long time
Here,N is the number of data points in a light curve. Note frona, reported in Figufd 3 is also reproduced when splittieg t
equation 1 thafFq is not deﬁned (and henc;e cannot be u_Serégéa in the three €lierent periodsf,, always increases with
when the excess variance is negative, which can occur in f}gsrqy with the highest variability occurring in the X-rapd
absence of variability, or \_/vhen the instrument sensitiistypot /g y-ray bands. Th&wify/BAT light curve with one-day tem-
good enough to detect it (i.e. large flux uncertainties). oral bins reported in FiguF@ 2 has large statistical uadsties,

Fuar is calculated for all the light curves shown in Figle gnich, hecause of the relatively low activity and low vaiii

and the results are shown in Figlie 3 with open markers. Ff\irk 421 during Periods 1 and 3, yielded a negative excess
MAGIC, Swift/BAT, RXTE/ASM, Metséhovi and OVRO, the \ariance, hence preventing the calcuiation of the fratioari-
shown light curves feature one data point per night. For GASKyyijity for these two periods. On the other hand, RXTE/ASM
WEBT, the light curve contains nights ywth more than one aﬁ@ht curve with one-day temporal bins reported in Figurea2éh
point. For the calculation dfvar, the multiple GASP-WEBT 0p- gomewhat smaller uncertainties and a better temporal ageer
tical fluxes related to single days were averaged, thusmh@i than, that ofSwift/BAT, which permitted the quantification of the

a single value. . , . fractional variability in the soft X-ray energy band for ttreee
In order to improve the direct comparison of the variabitigter- temporal periods considered.

mined for the various energy bands, we also comp&tgdus- . . —_
ing only the multi-instrument observations strictly sitanieous N Figurel4 it can also be seen that the variability for the MBG

to those performed by MAGIC. The values are depicted light curve is higher for Period 2 than in Period 1 and 3 as it
P y W P was already shown by the quantification of the variabilityhwi

5 www.astro.caltech.edovroblazargatadata.php the results of the Bayesian Block algorithm (see Se¢fioDag
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. : 2009 inAlekst et al. (2015a). In that publication a method to
MAGIC

E ° = determine confidence intervals for the resulting correfatias

- + Swift/BAT . been described in detail. Here, a short introduction to tagod
0'6§ * RXTE/ASM | will be given. For more detailed information on that methbod t

u —:t: ¢ GASP-WEBT | ] reader is referred to the cited publication and refererta®in.
0.5 = ¥ Metsshovi |1 The errors of the DCF values as stated[by Edelson & Krolik
04k A OVRO E (1988) might not be appropriate when the individual lightye

“F ] data points are correlated red-nfistata (Uttley et al[ 2003).

0.3 = Since this is not the case for the given light curves, a MoatidC

- e EEE ] based approach is applied here to determine confidenceatger
0.2 = for the DCF values. Therefore, 1000 light curves are sinedlat

- 1 for each telescope which feature the same sampling pattern a
01 - comparable exposure times as the original light curve. bfi-ad

e 2 . . tion, the power spectral density (PSD) should be as sim#ar a

0 possible to the PSD of the original light curve. Therefole t
2008 2009 light curves are simulated with PSDs following a power lavthwi

spectral indices in a range from -1.0 to -2.9 in steps of Otle T

Fig. 4. Multi-instrument fractional variability E,4,) for the three peri- light curves with the PSD, which match the PSD of the origi-

ods defined in Figurl 2. The fractional variability was coteplusing &l light curve best, are determined using the PSRESP method
only those observations simultaneous to the 4By measurements (Chatterjee et al. 2008).
from MAGIC. Vertical bars denoted uncertainties and horizontal barsThe DCF itself is calculated for sets of original light cusveVith
indicate the covered time span of each instrument. the calculated DCF of 1000 simulated light curves of one tele
scope and the original light curve of a second telescopélyfina

i i , the confidence bands can be determined. Here, the confidence
to the lower average flux in Period 1 compared to Period 3, tiiits are determined as the 1%, 5%, 95% and 99% quantiles of
fractional variability in Period 1 is higher than in Period 3 the 1000 resulting DCFs.
It is worth noticing that the fractional variability in theptcal |, the following plots, the black dots and error bars are t&FD
band is comparable to that at X-rays and VhEays during anq its error calculated after Edelson & Krolik (1088). Theeb
Period 3, which did not happen during Periods 1 and 2. Inspegh green lines represent the confidence limits of 95% and 5%
ing the light curves reported in Figuie 2, one can see that theq o 9996 and 1% respectively determined with DCFs of the
time scales involved in the reported variabilities are wifier- 1000 simulated light curves of the first telescope and thgi-ori
ent. While the X-ray and VHE-ray light curves show day-1ong nq| jight curve of the second telescope. A value above the 99%
flux variations on the top of a rather stable flux level, theé-0pt;qnfigence limit is considered as a significant correlatiosig-
cal flux shows many-day-long flux variations on the top of a flyiicant anti-correlation is given for a value below the 1%#iti
level that increases by about a factor of two throughoutiei - \ hinning of two days is chosen in this case. The reason fer thi
Therefore, despite the very comparablg, values during Pe- jq yho unequal binning of the light curves which might lead to

riod 3, the emission in the optical band is probably notB8dd  ghifs in the correlations by one day when the tim@edence in
that in the X-ray and VHE-ray bands. - the two light curves is larger than half a day. Time lags betwe
These results are consistent with results from previousiga _c5 404+50 days are examined. The time lagis defined as

tions. This includes the rising fractional variability ofrM421 . "vie diterence of the second i ot I

. . 9 - ght curve to the first light
from optical to X-ray energies in 2001 (Giebels €t al. 200 a . e (Instrumengvs. Instrumen.
the same increase from optical to X-ray energies in Marchi)zo?[

during a flare with a comparable variability of the VHE and th
X-ray light curves|(Alekst et al. 2015b). These results are co

year

fh the following subsections we report the results from audsg

MBn the correlation between the optical, X-ray and VhHEay
v Aleksiet al. (2015a) and Balokavet al. (2016 : A i
plemented by Alek 2015a) and Balok 2018), bands. The radio bands do not show significant variability an

which presented multi-wavelength data during the relgfila o 0 'the radio fluxes cannot be correlated to the fluxes in the
activity observed from January to June 2009 and from Jartua%th er bands

March 2013 respectively. These include results fromFireni-

LAT closing the gap between the X-ray and TeMay energy

bands. They report a low flux in radio energies, rising to a-mag.1. RXTE/ASM and MAGIC

imum in the X-ray energy band. For Gey}rays measured by . .

the Fermi-LAT the variability drops to a level comparable to theThe_RXTE/ASNI and MAGIC cross-correlations were examined
optical and UV wave band. The variability in the TeMay light at first for the whole time range from February 2007 to June

curves increases to a level comparable to X-rays, whichris c@009- This is reported in Figufé 5. _ _
sistent with the result from this study, that uses a muchelarg! N€re is positive and significant correlation for the entarge
time span. of time lags considered, that is frorb0 to+50 days. The main

cause of this positive correlation is the substantiallgéarflux

level in Period 2, in comparison to that in Periods 1 and Jhef t
6. Multi-band correlations light curves are shifted by a time lag smaller than the dorati

of these periods (e.g. 50 days), the pairing of VitEay fluxes

To quantify the correlation of two light curves, the Disyng x-ray fluxes occurs always (for all time lags) within the
crete Correlation Function (DCF), which was introduced by

EQB-LS-O-D—&-KLQW [19_-38): is used_ he_re. A study of the correla¢ Red noise data is characterised by a power spectral density p
tions of the MAGIC light curve with light curves of other wave unit of bandwidth proportional to /2, where f is the frequency.
lengths has already been done for Mrk 421 for the first half €hatterjee et al. 20112).
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Fig. 5. Discrete Correlation Function for the light curvesRXTE/ASM

and MAGIC for the 2.3 year long period (Period 1, 2 and 3). Time
lags from -50 to+50 days in steps of 2 days are considered. The r T T T T T ]
black dots represent the DCF values with the error bars leaéul as 10 s
in [Edelson & Krolik [1988). The green (blue) lines represtra 99% L ]
and 1% (95% and 5%) confidence limits for random correlatiesslt-

ing from the dedicated Monte Carlo analysis described itice@. 05F ~ T\ N -

&5 y . V'
observations from the same period, and hence one gets hi& 0.0 FTo % R IR S TN
VHE flux values related to high X-ray flux values, i.e. all from v ANV AN AN ’M\”m\ N
Period 2, and low VHE flux values matched with low X-ray flux 051 Vo ' 5
values, i.e. all from Periods 1 and 3. And thieet naturally
produces a positive correlation.

- [ RXTE/ASM vs. MAGIC (Period 3)

To remove the #ect of the substantially ferent flux levels
between the dierent periods, as well as to test the influence -40 -20 0 20 40
of the different states of activity and flux strength reported Time lag (days)
in the previous sections, the DCF is determined separately
for Periods 2 and 3. The MAGIC light curve in the quieFig. 6. Discrete Correlation Function for the light curvesSRXTE/ASM
Period 1 contains only six data points and is therefore naid MAGIC for Period 2 (top) and for Period 3 (bottom). Theatgs
included in this study. The results are shown in Figlre 6. Wien of data points and contours are given in the caption g
note that there is still an overall positive correlation fmth
Periods 2 and 3, however the DCF values are typically within ) N
the 95% confidence contours. This positive (but not significa around—6 days. The relatively broad structure of positive DCF
correlation for all time lags is due to the fact that the tughti values, extending from-10 days to+6 days, is dominated by
curves considered here have the same overall trends: indP2ri the remarkable and asymmetric flaring activity in the X-igit
the VHE/y_ray and the X_ray ||ght curves ShOW an overa” ﬂu)@l.:lrve na br(:)ad reg|0n around MJD 54556, Wh|Ch |_S C0|nd|Cent
increase throughout the entire period’ whereas in Per|d]@$ tW|th the relat|Ve|y short VHE flare at the same location.
both show an overall decrease.

. . . L . 6.2. SWift/BAT and MAGIC
The quiet Period 3 shows a marginally significant corretatio
around a time lag of zero, while the active Period 2 showsTae sensitivity and temporal coverage 8fift/BAT is some-
prominent correlation, with some structure around a tingeofa what lower than that dRXTE/ASM, which reduces the accuracy
zero. The DCF structure depicted in the top panel of Fiflirewth which one can study the correlation between the hardy-r
resembles that in Figufé 5, which indicates that the cdiogla band above 15keV and the VHErays. For Period 3, we only
in the high-activity Period 2 dominate the DCF values regirt could find a marginally significant correlation dominatedtbg
in Figure[®, which relate to the full 2.3 years time interdal. somewhat higher X-ray and VHE flux values in the MJD range
both cases, one finds a peakAt 0 andAt= —6 days. The from 54858 to 54864. In Figuifd 7 the correlation results ef th
first peak is due to the direct correlation dominated by simuBwift/BAT and the MAGIC light curves in the high-activity Pe-
taneous prominent features in both light curves (i.e. flares riod 2 are shown. When considering this period, we find DCF
MJD 54556 and 54622). On the other hand, the DCF peal6at values above the 95% confidence level for time lags betw&en
days is dominated by the remarkable 3-day long X-ray flarimays and+2 days, with two peaks above the 99% confidence
activity around MJD 54630, which is the highest flux value ifevel for the time lags of 0, and alsé8 and—6 days. The expla-
the RXTE/ASM light curve. There is no counterpart in the VHEhation of these two peaks is essentially the same that was giv
v-ray light curve because MAGIC did not observe around thidr the correlations betwedRXTE/ASM and MAGIC reported
date, but this prominent X-ray flaring activity is matchedhwi in Sectiof6.]l. The peak at= 0 is dominated by several fea-
the large VHE flaring activity around MJD 54622 for time ladis atures appearing simultaneously in both light curves, thek @
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15 _ Swift/BAT vs. MAGIC (Period 2) _ P _ GASP-WEBT vs. MAGIC (Period 2) E
-40 -20 0 20 40 -40 -20 0 20 40
Time lag (days) Time lag (days)

Fig. 7. Discrete Correlation Function for the light curvesSiwift/BAT  Fig. 8. Discrete Correlation Function for the light curves of GASP-
and MAGIC for Period 2. The description of data points andteors WEBT and MAGIC for Period 2. The description of data pointsian
are given in the caption of Fifl 5. contours are given in the caption of Hig. 5.

—6 to -8 days is dominated by the large 3-day long X-ray activ-
ity around MJD 54630 (where we do not have MAGIC observa- L ' ' ' '
tions), and the broad and somewhat asymmetric structufesin t 1.0¢
DCF plot is dominated by the large and broad and asymmetric

X-ray flaring around MJD 54556. 05 _ _
6.3. GASP-WEBT and MAGIC 0.0 ;@Mﬂw
The correlation between the GASP-WEBT and MAGIC ligh V\:Q‘W
curve for the high-activity Period 2 is shown in Figlie 8. e 05F ]
is a positive correlation for time lags between 0 ai28 days, as I ]
well as around-44 days, and a negative correlation for time lags [ GASP-WEBT vs. RXTE/ASM (Period 2)
around-28 and around-44 days. This alternation of correla- 1.0
tion and anti-correlation is caused by the fact that theamlity
in the optical and VHE emission is dominated by two to three -40 -20 0 20 40

prominent features. And hence the alternating presendses r )
and drops in flux in both light curves creates these features i Time lag (days)

the DCF. For instance, when shifting the optical light cubye g g piscrete Correlation Function for the light curves of GASP-

e.g.+24 days or-44 days, minima and maxima in both lightyEBT and RXTE/ASM for Period 2. The description of data points
curves get aligned yielding a significant correlation, whilhen and contours are given in the caption of Fib. 5.

the optical light curve is shifted by28 or +44 days, the min-
ima in one light curve are aligned with maxima in the othehtig
curve, hence yielding a significant anti-correlation. Altigh the
reported correlations for some time lags are significamhftioe
statistical point of view, they are based on the alignmembisr
alignment of only two to three prominent and relatively o
features, and these prominent features are not necessdailyd
to each other.

In the quiet Period 3, we find an overall anti-correlationidgr

the entire range of time lags proved. This result is produmed ali - : : :
) : gned. When shifting the light curve by the time lags, fdvieh
the overall flux decrease in the VHE light curve and the ovelyy; o eations are found, minima in the optical lightwziare

e e L e lgned wih maxima i he X2yl crves Agan, e
= i elations and anti-correlations might have been found laych.
/Aleksic et al. (2015a). 9 tayn

~DCF

sults are comparable to the results between GASP-WEBT and

MAGIC. This again shows the alternation of rises and drops in
Flux produced by the fact that the variability in the opticada
X-ray emission is dominated by only two to three promineatfe
tures. When shifting the optical light curve by the time |afgs
which correlations are found, maxima in both light curves ar

In Period 1 no correlations nor anti-correlations are seettiis
6.4. GASP-WEBT and RXTE/ASM pair of instruments. However, in Period 3 the GASP-WEBTigh

curve shows an overall anti-correlation with tRXTE/ASM
The DCF results of GASP-WEBT arRXTE/ASM in Period 2 light curve, which occurs due to the overall slow decreasb®f
are shown in Figurg]9. A correlation is seen for positive timé-ray rate and the flux increase in the optical light curveisTh
lags betweenr-6 and+30 days, as well as for negative time lagsesult is comparable to the overall anti-correlation fa ¥iray
between-50 and-38 days. Anti-correlations are seen betweesnd TeV+y-ray light curves discussed in_Aleksét al. (2015a),
—28 and-10 days and between44 and+50 days. These re- which used partially the same data set.
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