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ABSTRACT

Context. Since 1997, BL Lacertae has undergone a phase of high optitaity, with the occurrence of several prominent outtirStarting from
1999, the Whole Earth Blazar Telescope (WEBT) consortiumdrganized various multifrequency campaigns on this blardlecting tens of
thousands of data points. One of the main issues in the sfutlisduge dataset has been the search for correlationgbstthie optical and radio
flux variations, and for possible periodicities in the lighirves. The analysis of the data assembled during the firlsicBimpaigns (comprising
also archival data to cover the period 1968-2003) reveafai aptical-radio correlation in 1994—2003, with a deldytlee hard radio events of
~ 100 days. Moreover, various statistical methods suggékeedxistence of a radio periodicity ef8 years.

Aims. In 2004 the WEBT started a new campaign to extend the datashetmost recent observing seasons, in order to possiblrroand
better understand the previous results.

Methods. In this campaign we have collected and assembled about I#00ptical observations from twenty telescopes, plus-tHRand radio
data at various frequencies. Here, we perform a correlatiatysis on the long-terfR-band and radio light curves.

Results. In general, we confirm the 100-day delay of the hard radio events with respect to thieapines, even if longer~( 200-300 days)
time lags are also found in particular periods. The radicsgpariodicity is confirmed too, but the “period” seems togmessively lengthen from
7.4 t0 9.3 years in the last three cycles. The optical andraehaviour in the last forty years suggests a scenario vgemnmetric ects play a
major role. In particular, the alternation of enhanced ampsessed optical activity (accompanied by hard and sdib rvents, respectively) can
be explained in terms of an emitting plasma flowing along athog helical path in a curved jet.

Key words. galaxies: active — galaxies: BL Lacertae objects: genegalaxies: BL Lacertae objects: individual: BL Lacertae fages: jets —
galaxies: quasars: general

1. Introduction sensitive to the long-term brightness trend, but to srifctliow

IeyT . the short-term flux variations, becoming bluer when brighte
BL Lacertae ¢ = 0.0688:+ 0.0002;[Miller & Hawley|1977) is The authors suggested that the essentially achromatic lmodu
the prototype of a class of active galactic nuclei (AGNSE g of the flux base level on long time scales is due to a variat
BL Lac objects, which are well known for their pronounced e re|ativistic Doppler beaming factor, and that thisiagion
variability at all wavelengths, from the radio to tljrer_ay_ band is likely due to a change of the viewing angle. In contrag, th
(see e.g. Villata et al. 2002 for an extended descriptiothf t o0 1y chromatic fast variability may be the result ofimsic
object). It has been one of the favourite targets of the Whoz%ergetic processes. The data of this WEBT campaign on BL
Earth Blazar Telescope (WEBT)which has organized several ;¢ \yere compared to the X-ray data taken in the same period

multifrequency campaigns on this source. Two short cammsaig,y, BennoSAX and RXTE by Bottcher etlal. (2003), who found
took place in 1999, in conjunction with observations of the X;ome hint of correlation. )

ray satellites ASCA and BeppoSAKX (Ravasio etlal., 2002). The ) ) )
campaign carried out in May 2000 — January 2001 was particu- A subsequent campaign was carried out in 2001-2003. On
larly successful, with periods of exceptionally dense sargp that occasion, historical optical and radio light curvesave-
that allowed Villata et 41.[(2002) to follow the intranightii constructed back to 1968, and both colour and time serids ana
variations in detail. The optical spectrum was found to bakiie Yses were performed. Colour analysis on a longer time pe-
riod confirmed the conclusions by Villata et al. (2002), ahd a
Send offprint requests to: M. Villata lowed|Villata et al. [(2004b) to quantify the degree of chrema
* The radio-to-optical data presented in this paper are dgtioréhe tism of both the short-term and long-term variability corpo
WEBT archive; for questions regarding their availabiljfiease contact nents. The optical spectral behaviour was further analysed
the WEBT President Massimo Villataillata@oato.inaf.it). Papadakis et al. (2007), who interpreted the bluer-whéghter
! http://www.oato.inaf.it/blazars/webt/ mild chromatism of the long-term variations in terms of Digp
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factor variations due to changes in the viewing angle of aedir and complemented by data from the VM. BA Polarization
and inhomogeneous jet. Calibration Databale

The time series analysis performediby Villata etlal. (2004a) The top panel of Fig.]1 shows the opti€aband flux-density
showed that the main radio outbursts repeat eveByyears (see light curve starting from 1994 (12418 data points). It wasgtbu
also Ciaramella et al., 2004), with a possible progressie¢ch- with data collected by the WEBT in five campaigns (blue dots),
ing of the period. Moreover, when considering the best-dachp including the 2002—2005 one, as well as with literaturefiaed
time interval 1994-2003, the optical light curve was found tdots). The flux densities have been corrected for the Galacti
correlate with the radio hardness ratios, with a radio tirkayl extinction and the host galaxy contribution has been sotetda
of about 100 days. Thus, Villata et al. (2004a) proposed a se&ecording ta_Villata et al| (2002, see also Villata et al. 260)0
nario where the variability mechanism propagates dowastre Radio light curves at 22, 14.5, and 5 GHz are shown in the fol-
in the jet, crossing less and less opaque regions. In the iene lowing three panels, together with cubic spline intergolz
gions it produces connected optical and hard radio evemige w through the 30-day binned data. These splines are reported i
in outer zones it gives rise to softer events that are apfigrenhe last two panels, to compare the 22 and 14.5 GHz varidiions
uncorrelated with the former ones. The WEBT light curvesavethe 5 GHz ones. Following Villata et al. (2004a), we define the
then used by Bach etlal. (2006) for a comparison with the tinardness ratidl,, as the ratio between the 22 and 5 GHz flux
evolution of the VLBI core and jet structure on parsec and sutiensities. Analogously14 is the ratio between the 14.5 and 5
parsec scales. The authors showed that sometimes prorj@hernGHz flux densities. The events where these hardness ratos ar
features can become as bright as, or even brighter thangtbe cgreater than 1 are highlighted in yellow and called “harcéres.
which complicates the cross-correlation analysis betvileena- “Soft” events are characterized by higher flux densitiesater
dio light curves and those at other frequencies. Howevey; thfrequencies.
found that the radio hardness ratios derived from the WEgHtli After a period of moderate activity (1981-1996; see Fig.
curves can trace the variability of the VLBI core. Their anali in |Villata et al.,[ 2004a), from 1997 the source has shown
ysis then confirmed the optical-radio time lags of Villat@kt several prominent outbursts in the optical band. In contras
(20044). Jet bending was invoked to explain both the mogest ¢he radio activity in the last 25 years does not present a cor-
tical variability in the period 1981-1996 with suppressadio- responding change of behaviour. In particular, the majer ra
optical correlation, and the low-emission region in theajetund  dio outburst of 1995-1996 occurred during a “quiescent” op-
1 mas from the core. tical phase, and it was stronger at longer wavelengths. én th

In this paper we present optic&t band) and radio data takenfollowing years the reverse was observed, with outbursts ap
during the WEBT campaign covering the 2002-2005 p8riochearing enhanced at the higher radio frequencies. This be-
Their addition to the historical light curves allows us ta-fu haviour led| Villata et al. [(2004a) to distinguish the soft ra
ther investigate both the radio quasi-periodicity and thees  dio events, with no optical counterpart, from the hard esent
lation between optical flux and radio hardness ratio found yhich are correlated with the optical outbursts. Indeed, a
Villata et al. (20044a). cross-correlation analysis with the discrete correlationc-

A new campaign on BL Lacertae was organized by th#on (DCF; see Edelson & Krolik, 1938; Hufnagel & Bregran,
WEBT in the 2007-2008 observing season, including thrg®92:| Peterson etlal., 1998) method yielded a fair corosati
pointings by the XMM-Newton satellite as well as spectrggco (DCF ~ 0.5) between the optical fluxes amb,, with a time
observations with the Telescopio Nazionale Galileo (TNIBe delay of the latter of about 100 days.
results of this further WEBT féort on BL Lac will be presented One of the main purposes of the new WEBT campaign in

elsewhere (Raiteri et al., in preparation). 2002-2005 was to check if this result would have been con-
firmed by the data of the new period. In the top panel of Hig. 1
the solid line represents the average betwégrandHi4, Hnean
shifted in time by-100 days and properly scaled. It allows us

During the 2002-2005 WEBT campaign, we assembled abégtrecognize that most qptical outbursts have their copater
11000 observations in the optici)BVRI bands from 16 N the Hmean curve, but with a less clear corr_espondenpe in the
obser\\(/atories l\(/|20 l\EIeI%scopkes')A;\bin order ch: _Iongitud_? tr}gg:\l/%dv;itiol-?z_zoveg.gb'gaeg rcersojl‘?((;?g:#agg?stir:weF%ﬁ?tlg‘)alvhegrgt
. , Mt. Maidanak, Abastumani, Crimean, Tuorl&Y" mean _ -

zl\i/lrgntegggar,&rmenzano Perugia, Torino, Sabadell Bordeau?)km”ar to that ofl Villata et al.| (2004a), with the DCF peak at
Roque de los Muchachos (KVA,’ Liverpo'OI, NOT, and TNG) " 100 days slightly enhanced 0.55), and a secondary peak at
Boltwood, Capilla Peak, Lowell (Hall and Perkins), and KitﬁlbOUt 200 days now more pronounced. Hence, it seems that the
Peak (SARA).JHK data were collected from 3 observato! ard radio events can lag behind the optical ones with tfferdi
ries: Campo Irﬁperatore, TIRGO, and Roque de los MuchacHy¥ time delays. To see whether a change of behaviour octurre
(NOT). Radio observations were carried out between 1 aﬁgsome stage, we divided the optical light curve in two peri-
43 GHz at: SAO RAS (RATAN-608) MetsahoW, Noto, 9dS- The first period runs from 1994 to 2005, with the exclusio
Medicin&, MDSCC (PARTNeR), and UMRAO. O[:’Jtical andof the time interval where we noticed a lack of correspondenc
near-IR data were processed as explainéd in Villatal t@QZR betvzggri;)pztg:gélla;d r?]q'?] events, "?' ﬁ?z‘lsmi%_zifgioqrhe
Radio data were collected as already calibrated flux deBSItE)Tue il d_circles: iz{ ;‘:g'ﬁz srﬁgﬁﬁg SD CFebsei\fvc()aen Ft)he op'tical

2 The radio-to-optical data presented in this paper are dtior¢he data in the first period anHmean The peak at- 100 days ap-
WEBT archive; for questions regarding their availabilipjease con- pears strongly enhancexl 0.7), while the second one is essen-
tact the WEBT President Massimo Villatai(l1ata@oato.inaf.it).

2. Observations and results

More information ahttp://www.oato.inaf.it/blazars/webt/\ 6 http://www.vla.nrao.edu/astro/calib/polar/
* See e.d. Korolkov & Parijskil (1979): Kovalev et al. (1999). 7 Besides the papers already cited in Villata eét/al. (2004texature
4 See e.d. Terasranta et al. (2005) and references therein. data were taken frorn_Hagen-Thorn et al. (2004), ZhanglePaD%),

5 See e.d. Bach etlal. (2007). and Gu et al.[(2006).
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Fig. 1. R-band flux-density light curve (top, mJy) and radio lightwes (Jy) at 22, 14.5, and 5 GHz with their cubic spline intéapo
tions underplotted; grey horizontal and vertical lineséhagen drawn to guide the eye through the flux variations; fitesfind sixth
panels show the 22 GHz (blue line) and the 14.5 GHz (gree $ipines compared to the 5 GHz (red) one; the regions where th
higher-frequency spline exceeds the lower-frequency ane been highlighted in yellow. In the top panel the solie lispresents
the average betwedit,, andHi4, Hmean raised to 3.5, multiplied by 10, and shifted in time-b300 days, for an easier comparison
with the optical light curve.

tially unchanged. On the other hand, the red empty circles/shlay appears to increase in the range 200-300 days, untiieso
the radio delays in the second period: the main peaks are noack to the original value in 2004—2005.

at about 200 and 300 days. Thus, the hard radio outbursts seem . . . . . o

to lag behind the optical ones by about 100 days in 1997—2001 Another issue to be investigated is the quasi-periodieit§ (

with a possible lengthening te 200 days, while later the de-years) of the main radio outbursts, particularly evidenthia

longer-wavelength light curves (ske Villata et al., 20044)is

result is based on the presence of three events peakingdaroun
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Fig.2. Discrete correlation functions between the optical flux . ) )
densities and the radio hardness ratigean (See text) for dif- Fig.3. Auto-correlation functions on subsequent pairs of ra-

ferent optical time intervals: total 1994—2005 light cutgeeen dio outbursts at 8 GHz. Blue filled circ_les refer to the period
dots), total period excluding the interval JB 2452150— JD = 2443000-2449000, green empty circles toJR2446000—

2453200 (blue filled circles), and this interval alone (respgy 2452000, and red filled circles to 3©2449000-2454000.

circles). The grey vertical bars indicate the typical tinedags
of 100, 200, and 300 days.
(larger) viewing angle, this yields a shorter (longer) gadfithe
i radio events with respect to the optical ones. However, the o
1980, 1988, and 1996. Moreover, Villata et al. (2004a) also ntjca| light curve in the period 2002-2004.5 does not show any
ticed a possible stretching of the period: the separatiowd®n pecuyliar behaviour that may suggest a significant changeeof t
the first two outbursts is noticeably less than 8 years, améblh [k orientation of the optical emitting region. Hence, thenge
lowing time interval is slightly longer than 8 years. The B6C i orientation must have occurred outward in the jet, tovthed
rence of the radio outburst observed in 2005 seems to confifggio region, i.e. the jet changed its curvature. Indeethbking
an increasing time separation between the events, than@st tat the radio light curves in Figl 1, we can see that the minimum
interval being of at least 9 years (see Eig. 1). ~radio level is achieved just around 2003, and the followiagrh
To quantify the fect, we auto-correlated the 8 GHz lightiadio outburst of the same year is the most delayed one with
curve (the best sampled one) by means of the DCF, taking #@pect to its optical counterpart of late 2002.
main radio outbursts two by two. In Fig. 3we show the reswolts f A yto-correlation analysis performed on the historical 82GH
the time intervals JD= 2443000-24490004 19766-1993.0; |ight curve revealed a progressive lengthening of the tiage |
blue filled circles), JD= 2446000-2452000(19848-2001.2; petween subsequent major radio outbursts: 7.4, 8.1, and 9.3
green empty circles), and JB 2449000-24537004 19930 yeqrs. If we assume that the intrinsic period is constastpth
2005.9; red filled circles). By considering the centroid 0 t gerved stretching might be due to increased light travet.tim
peak distribution (see e.g. Raiteri &: al.. 2003), the st OUt-  Eyen considering that the distance between the emittinigmeg
bursts are found to be separated by 2701 days.@ years), and the AGN core does not vary, a change in the orientation of
the second pair by 2949 days .1 years), and the last eventshe former departing from the AGN line of sight would aug-
present a time lag of 3400 days 9.3 years). ment the distance to us and hence the light travel time. High-
resolution VLBA maps of BL Lacertae at 43 GHz presented by
Marscher et al.| (2008) show that the resolved jet structuag m
have typical length scales of the order of a light year. Thiise
In this paper we have analysed new (unpublished) as welldas tances may imply much longer de-projected lengths, so tinat o
multifrequency data collected by the WEBT consortium dgrinhypothesis of a 1-year increase of the light travel time appears
various campaigns on BL Lacertae to address two main issutesbe reasonable.
i) the correlation and time delay between the optical andbrad As a general view of the BL Lac multiwavelength emission
flux variations and ii) the possible quasi-periodicity of tmain behaviour in the last about forty years, we can distinguisbe
radio outbursts. different phases. In 1968-1980 the source appears to be active
We have found that the hard radio events lag behind the dp-both the optical and radio bands, and this phase culmgnate
tical outbursts with time scales varying from about 100 t6 30and ends with the exceptional 1980-1981 radio outbursghvhi
days. In particular, the longest delays occurred in theogeripresented a particularly hard spectrum in its first majokggsae
2002-2004.5. A possible explanation for this variablegath- Fig. 1 inlVillata et al.| 2004a). In the second phase, 1989619
lay can be found in an inhomogeneous jet scenario, where the reverse is observed: low optical levels and variakélidgom-
mechanism producing the flux enhancement propagates dowanied by a reduced and softer radio activity, which howeukr
stream, triggering optical and then radio outbursts asoss#s minates in the large, soft radio outburst of 1995-1997. Tilrd t
the corresponding emitting regions. If the jet changesriisne phase seems more similar to the first one, with strongly erddhn
tation with respect to the line of sight, relativistifects pro- optical activity and hard radio events. This behaviour magk-
duce a variation in the observed time scales. In particifldre plained by an orientation change of the emitting jet, whaee t
jet portion emitting the optical-to-radio radiation hasmaadler optical and hard-radio emitting regions are better aligmét

3. Discussion
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Fig.4. Sketch of a curved jet model
with a rotating helical path.

l.o.s. for enhanced optical activity‘ \

m.v.a. zone moving along the jet

au
7
(X
\Q
&b
the line of sight during the first and third phases, the safiie with respect to the yellow line of sight yields a Doppler embex
part of the jet having a larger viewing angle. The oppositéife ment of the optical activity. In contrast, when the jet mosad
second phase. the line of sight is represented by the blue arrow, the aligmtrof
In addition to this scenario, we also observe the radio “p#ie optical emitting region changes and consequently ttieadp
riodicity”, where the major periodic events maintain thechar activity is suppressed. At the same time the soft-radiotérgit
soft nature of the phase they belong to. In other words, whaggion now has a smaller viewing angle and hence the soi-rad
ever the periodicity mechanism is, the 1980-1981 outburst @ctivity increases. This bulk jet motion would thus expldie
curred when the radio region was very well aligned, esplgciahlternate epochs of optical (and hard-radio) and softeradiiv-
in the harder part. During the second, 1987—-1988 outbumst, ity noticed in the historical light curves.
radio (especially hard) region was probably more poortyradd,
while the very soft 1995-1997 event occurred when the loweicknowledgements. The St. Petersburg team acknowledges support from

frequency emitting regions had a smaller viewing angle. Th?éjssian Foundation for Basic Researches, grant 09-022000BT-24 obser-

. . S vations at Campo Imperatore are made within an agreementbéetPulkovo,
last, hard radio outburst is located well inside the hardjaase. Rome and Teramo observatories. This research has made dagadfom the

The radio periodicity we observe is much better seen at longgiversity of Michigan Radio Astronomy Observatory, whishsupported by
radio wavelengths, which are lesexted by the “noise” of the the National Science Foundation and by funds from the Usiiyeof Michigan.
optical and hard-radio activity so that the relative am‘dé of This work is partly based on observations with the Medicind loto radio tele-

. . - . scopes operated by INAF —Istituto di Radioastronomia. Tiierpool Telescope
the four major outbursts is probably essentially due to tvese is operated on the island of La Palma by Liverpool John Mobir@gersity in the

spondi_ng emitting region Orientf'ﬂion- ~ Spanish Observatorio del Rogue de los Muchachos of theutstie Astrofisica
Inside this long-term behaviour, probably of geometric orile Canarias with financial support from the UK Science andhifelogy
gin, one can wonder what the nature of the single events frgcilities Council. Y. Y. Kovalev is a Research Fellow of thtexander von

; ; : umboldt Foundation. RATAN-600 observations are partlppguted by the
i.e. whether the optlcal and correlated radio events shown ussian Foundation for Basic Research (projects 01-022,&%5-02-17377, 08-

Fig.[I are due to intrinsic or geometric \_/ariations- \ﬁ”a_taal- 02-00545). The Metsahovi team acknowledges the suport the Academy of
(2004b) argued that the poor chromatism of the optical owinland. This work is partly based on observations made thigtNordic Optical
bursts compared to the strong chromatism of the fast flaiges stlielescope, operated on the island of La Palma jointly by DekmFinland,
gests a geometric origin of the former. In this view. the mEChlceland, Norway, and Sweden, in the Spanish Observatotidkdgue de los

. duci the fl h t that t Is d t Muchachos of the Instituto de Astrofisica de Canariass Wurk is partly based
nism producing the 1lux enhancemen at travels downstregiiyservations made with the Italian Telescopio Naziofsbleo (TNG) op-

would be the Doppler boosting arising from a rotating helisrated on the island of La Palma by the Fundacion Galiledebaf the INAF

cal path (see e.q. Villata & Raiteri, 1999; Ostorero et @04). (Istituto Nazionale di Astrofisica) at the Spanish Obsemiatdel Roque de los

The portion of the helical path having the smallest viewing aMuchachos of the Instituto de Astrofisica de Canarias.

gle successively crosses and lights up thedent emitting re-

gions. Alternatively, the existence of physical disturt@sgoing

through the jet may also explain the observed correlatedtsye References
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