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ABSTRACT

Context. After years of modest optical activity, the quasar-typezbtadC 38.41 (B3 1633382) experienced a large outburst in 2011, which was
detected throughout the entire electromagnetic spectremewing interest in this source.

Aims. We present the results of low-energy multifrequency maimitpby the GASP project of the WEBT consortium and collabang as well
as those of spectropolarimetidpectrophotometric monitoring at the Steward ObservatWeyalso analyse high-energy observations of3ht
andFermi satellites. This combined study aims to provide insightis the source broad-band emission and variability progerti

Methods. We assemble optical, near-infrared, millimetre, and rédidiat curves and investigate their features and correfatién the optical, we
also analyse the spectroscopic and polarimetric propgesfithe source. We then compare the low-energy emissiorvimelawith that at high
energies.

Results. In the optical-UV band, several results indicate that thiggecontribution from a quasi-stellar-object (QSO) likeigsion component,
in addition to both variable and polarised jet emission.hie dptical, the source is redder-when-brighter, at leasRfa 16. The optical spectra
display broad emission lines, whose flux is constant in tifitee observed degree of polarisation increases with flux aridgher in the red
than the blue. The spectral energy distribution revealsnaphpeaking around the band. The unpolarised emission component is likely thermal
radiation from the accretion disc that dilutes the jet geltion. We estimate its brightness to Rgso ~ 17.85-18 and derive the intrinsic jet
polarisation degree. We find no clear correlation betweerofitical and radio light curves, while the correlation begw the optical ang-ray
flux apparently fades in time, likely because of an incregsiptical toy-ray flux ratio.

Conclusions. As suggested for other blazars, the long-term variabilftd© 38.41 can be interpreted in terms of an inhomogeneousjégn
where diferent emitting regions can change their alignment witheesto the line of sight, leading to variations in the Dopgéators. Under
the hypothesis that in the period 2008-2011 alltheay and optical variability on a one-week timescale were thuchanges i@, this would
range betweer 7 and~ 21. If the variability were caused by changes in the viewingl@d only, theng would go from~ 2.6° to ~ 5°. Variations
in the viewing angle would also account for the dependendkeopolarisation degree on the source brightness in theeframk of a shock-in-jet
model.

Key words. galaxies: active — galaxies: quasars: general — galaxiesags: individual: 4C 38.41 — galaxies: jets

1. Introduction be explained by assuming that their emission is relatcasitr
beamed, which occurs if the emitting plasma jet, produced b
The Compton Gamma Ray Observatory (CGRO) launched dny,,ermassive black hole fed by ar(1J aFl)ccretiorl1 disrz:, is dtﬂecty
1991 revealed 27§-ray sources, one fourth of which were idengqarq ys. The polarised, low-energy emission (from théorad
t|f|¢d as blazars (_Hartman etal.,_1999), i.e. active gaiaut- to the optical-X-ray band) is likely synchrotron radiatipro-
clei (AGNs) showing the most extreme properties. They are i ceq py relativistic electrons in the jet, while the higteegy
deeo_l charac.terlsed by violent activity at almost all frefqlm emission (from the X-ray to the-ray frequencies) is usually
on qnﬁ_a_rent tlmescale_s, from_long-term flux Ché}”g‘?s to 'mrad"f\é(terpreted as the result of inverse-Compton scatterinigvwef
variability (IDV), by high radio to optical polarisationnd by - gnergy photonsfbthe same relativistic electrons. Whether these
the superluminal motions of radio knots. The observatiars Clow—energy photons come from the jet itself (synchrotrolfi se
Compton, or SSC, models) or from the AGN environment (ex-
ternal Compton, or EC, models), and in the latter case whethe
they come from the accretion disc, the broad line regionher t
dusty torus, is still a matter of debate.

* The radio-to-optical data collected by the GASP-WEBT dzila
ration are stored in the GASP-WEBT archive; for questiomgreing
their availability, please contact the WEBT President NrassVillata
(villata@oato.inaf.it).
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Blazars include flat spectrum radio quasars (FSRQs) amdaging Detector (GRID) data between 2009 December 1 and
BL Lacertae objects. Frequently FSRQs exhibit quasiastell 2010 November 30 yielded gray flux Fe.10omev = (28 =
object (QSO) like broad emission lines, as well as a bl x 108 phcnt?s™. This flux is consistent with the value re-
and unpolarized continuum that is presumed to be the sigmeprted in the Seconigermi Large Area Telescope (LAT) Catalog
ture of the thermal emission from the accretion disc, the s(MNolan et al.,| 2012). A refined analysis of the AGIGRID
called “big blue bump” (e.g. Wills et al., 1992; Pian et aB99; data, along with a search for possible short-term varigbili
Raiteri et al., 2007; D’Ammando etlal., 2009). In contradt, Bwill be presented in Vercellone et al. (2012, in prepargtion
Lacertae objects may have by definition at most weak lines) ewultifrequency observations of 4C 38.41 during theay flares
if sometimes these sources challenge their classificatomn ( observed byrermi in 2009-2010, including Very Long Baseline
Vermeulen et all, 1995). Array (VLBA) images, was presented by Jorstad etlal. (2011).

Researchers are trying to understand the structure Tdfey conclude that high statesjatay energies are due to inter-
blazars and the mechanisms behind their emission and vartion between a disturbance travelling down the jet andtthe
ability by analysing the multifrequency behaviour of thede GHz VLBI core.
jects extended over the broadest possible energy range with
data sampling and quality that is as high as possible (see
e.g. Marscher et al., 201() Jorstad et al., 2010 AgUdO,et @: Opt|ca| and near-infrared photometry
2011&.b). The international collaboration known as the &ho
Earth Blazar Telescope (WEBT)was created in 1997 for As mentioned in the introduction, the GASP was started in
this purpose, and involves tens of optical, radio, and ne&007 to perform long-term optical-to-radio monitoring a-s
infrared observatories. The WEBT campaigns have produdegtedy-loud blazars during the observations of the AGILE and
low-frequency light curves of extraordinary sampling, dngse Fermi y-ray satellites. In the optical, GASP data are collected
results have often been analysed in conjunction with hightthe R band only. However, for this paper we also added data
frequency data from satellites (see €.g. Villata étlal., €200taken by the GASP-WEBT observers in tBgV, andl bands.
Raiteri et al.,[ 20080,c| Larionov etlal., 2008; Bottcheakt Calibration of 4C 38.41 was achieved by performinfetien-
2009:| Villata et al.] 2009h; Raiteri etlal., 2009, and refiers tial photometry with respect to stars A and B in the sourcéfiel
therein). whose standard magnitudes in tBeV, andR bands were de-

Renewed interest in blazars occurred with the launch @yed bylVillata et al.|(1997). We obtained standard magtési
the new-generatiop-ray satellites Astrorivelatore Gamma dn the | band from the Sloan Digital Sky Survey'sandi pho-
Immagini Leggero (AGILE) in 2007, and particularly with thatometry, after applying the transformations of Chonis & kls
of Fermi (formerly GLAST) in 2008, which operates in sur-(2008). In this way, we derivel= 1520+ 0.05 for star A and
vey mode. To acquire low-energy data to compare with the= 15.06 + 0.06 for star B. The GASP near-infrared (near-IR)
high-energy observations of AGILE arfeermi, in 2007 the data are collected in thé H, andK bands, where calibration
WEBT started the GLAST-AGILE Support Program (GASPis performed according to the photometric sequences atain
see e.gl Villata et all, 2008, 2009a; D’Ammando étlal., 20094th the AZT-24 telescope at Campo Imperalfbre
Raiteri et al.,| 2010, 2011a; D'Ammando et al., 2011). Since The optical and near-IR light curves of 4C 38.41 in the
2008, a ground-based monitoring programme has been runnirggiod 2008—2011 are shown in Figl 1. The GASP-WEBT
at the Steward Observatory (Smith et al., 2009), providing s observations were performed by the following observasorie
port for theFermi gamma-ray telescope. It uses the 2.3 m Bokbastumani, Calar Alfy Campo Imperatore, Crimean, Galaxy
and 1.54 m Kuiper telescopes with the SPOL spectropolariméew, Goddard (GRT), Lowell (Perkins), Lulin, Mount (Mt.)
ter (Schmidt et dll, 1992) and provides publicly availaljecs Maidanak, Roque (KVA and Liverpool), Rozhen, Sabadell, San
tropolarimetry, spectrophotometry, and calibrated brbadd Pedro Martir, St. Petersburg, Teide (IAC80 and TCS), Tigra
flux measurements for about 40 blaZars and Torino. TheV andR-band light curves are complemented

In this paper, we study the multifrequency behaviour of orfey data taken at the Steward Observatory in the framework of
blazar, namely the optically violent variable (OVV) FSRQ 4¢he monitoring programme in support of thermi observations
38.41 (1633-382) at redshifz = 1.814, which belongs to the (see Sect.13). The figure also displays optical data acqbiyed
target list of both the GASP and the Steward Observatory mdhe UVOT instrument onboard tf@ift satellite (see Sedt. 5.1).
itoring programmes. The period of observations presenéeel h  Light curves were carefully checked and cleaned by reducing
includes a big optical outburstin 2011 (Raiteri etlal., 2)ithat the data scattering through binning data close in time frioen t
was also detected atray energies byrermi (Szostek, 2011), same telescope, when possible, and by removing clear icutlie
and in the X-ray and UV bands by ti8ift satellite, providing as well as data with errors greater than 0.2 mag.
an excellent opportunity to study the source variabilitgionost Substantial variability characterises the source behayés-
of the electromagnetic spectrum. pecially in 2009 and 2011. The near-IR light curves were more

4C 38.41 had already been observedqrays by the coarsely sampled than the optical ones, but show the santk tre
Energetic Gamma Ray Experiment Telescope (EGRET) instin-particular, they confirm the sharp brightness fall foliogithe
ment onboard CGRO several times, and from these data ptsak of the 2011 outburst. The range of magnitude spanned ove
emission was found to vary significantly on a day timescathe whole period is 2.1-3.0 mag, depending on the band, and
(Mattox et al., 1993). The maximum flux detected by EGREIh general appears to be larger at lower frequencies. Thas is
above 100 MeV was (103 + 9.6) x 108 phcnt2s in mid  well-known feature of FSRQs, which is ascribed to a mixtifre o
September 1981 AGILE observed 4C 38.41 several times. livariable emission from a jet and almost constant emissiom fr
particular, a preliminary analysis of the AGILE Gamma Ragn accretion disc.

! http://www.oato.inaf.it/blazars/webt/ 4 lhttp://www.astro.spbu.ru/staff/vlar/NIRlist.html
2 http://james.as.arizona.edu/~psmith/Fermi/ 5 Calar Alto data were acquired as part of the MAPCAT project
3 http://cossc.gsfc.nasa.gov/cossc/egret/ http://www.iaa.es/~iagudo/research/MAPCAT
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Fig. 1. Optical and near-infrared light curves of 4C 38.41 in 2008:2built with GASP-WEBT data (blue dotSwift-UVOT data
(red crosses), and data from the Steward Observatory (gitaersigns). The UVOTW-band points have been shifted 9.1 mag
to match the ground-based data.

2.1. Colour analysis burst of mid 2011 the source returned to its previous brigégn
o o ~ levels of 1995 and 199°R(< 15).
The contribution of thermal radiation from the accretioscdis We derivedB - R colour indices by coupling the highest-

expected to lead to a redder-when-brighter spectral bebaviqyality R andB data (with errors smaller than 0.05 and 0.1 mag,
in the optical band. We verified this by performing a colouespectively) acquired by the same telescope within 20 teu
analysis. Figuré]2 shows the souRéand light curve and the \we obtained 372 indices, with a mean time separation between
B — R colour behaviour since 1995. Pre-GASP data were prg-andr exposures of about 6 minutes. The lack &hand light
vided from the Abastumar", Calar AltO, Cr|mean, Mt. Ma|db,na curve with Sampling equiva'ent to tieband one makes tHg—
TOI‘inCE, and St. Petel’SbUI’g observatories. The historical _Iightversus time p|0t rather discontinuous. In particu'ar’ mafst
curve in the top panel shows that the source was very activeiz colour indices were derived during faint states of thece,
1995-1998 and subsequently fade&te 16 until 2007, whenit as jllustrated by the ierence between the average magnitude
reacheR ~ 15.5. Other flares peaking &~ 15.5-16 occurred of the whole datasefR = 16.42) and that of the data used to
in 2009 and at the beginning of 2011, while during the big ouet the colour indices] = 16.98). The minimum and maximum
values of the colour index are 0.39 and 1.04, respectively, a

5 Data taken at the Torino Observatory in 1995-1996 were gl its average value i B — R >= 0.64, with a standard deviation

in Villata et al. (1997) and Raiteri et’al. (1998), but for thesent pa- ¢ = O-14- . .

per we reprocessed all the frames with both aperture phatpraad The dependence of the colour index on brightness appears
Gaussian fitting of the PSF; in particular, we carefully nedgsed the complex, with a large dispersion in faint states. Howeveea-
observations of 1995 June 27-28 that led to the detectidmeabptical eral redder-when-brighter trend is recognisableRok 16; in
outburst announced by Bosio ef al. (1995). brighter states, the colour index may even decrease. Tresis
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iniscent of the “saturationfiect” first noticed by Villataetal. .22 2000 2000
(2006) for another FSRQ: 3C 454.3. The shift from a redder- (5
when-brighter to a bluer-when-brighter trend as the brighs 15.5
increases would mark the transition from a quasar-like td.a B 4
Lac-like spectral behaviour, the latter occurring whenspe- = | =500 1 . i TR . S
chrotron radiation dominates over the thermal emissioe.dis- 17.0 :g -t e ,i,i;,@

to
+

persion in the data points during faint states is appareathged 175
by at a given magnitude the source appearing to be redderguri ;5o
active periods than in more quiescent phases, as the caopari | 5~
between the upper and middle panel of Eig. 2 suggests. Hayeve

we cannot rule out that at least part of thiteet is due to an un- 1.0
verifiable photometric ffset between dierent datasets that do « o

not overlap in time. Q‘J

Furthermore, assuming as a first approximation that the ©6
source spectrum in the optical band follows a power-1Byw «
v~?), we can derive the energy index= [(B - R) — 0.32]/0.41, ‘ ‘ ‘ ‘ ‘ ‘
where we adopted Galactic extinction values of 0.048 an8®.0 0 1000 2000 3000 ~ 4000 ~ 5000 6000
mag in theB and R bandd, respectively, and fiective wave- Julian Date - 2450000
lengths as well as zero-mag fluxes|by Bessell et al. (1998). Th 12
range of colour index values cited above then translat@sant
range of energy index values from 0.17 to 1.76. Thus, in the
usual spectral energy distribution (SED) representatigtvF,) % os
versus log, the optical spectrum of 4C 38.41is flatwhBrR R o
is low, i.e. in general during faint states, while it becorateeep 0.6
for B— R > 0.73, which usually corresponds to bright levels. 04
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2.2. Rapid optical variability R

ﬁig. 2. The R-band light curve of 4C 38.41 in 1995-2011 (top
panel). Blue dots indicate the data used to deriveBth& colour

: : X jndices shown both as a function of time (middle panel) and as
volving changes of more than 0.3 mag in less than six houa@function of magnitude (bottom panel). The black dotted and

We found six nights where such rapidly occurring episode!aweolue dashed lines in the top panel indicate the average ruaigni

observed: on JD= 2455065, Tijarafe observations followingf r the whole dataset and the data used for the colour indices
St. Petersburg ones revealed a brightening of 0.32 mag i ngs ectively. In the middle panel, the blue dashed line &
hours (0.113 magour); on JD= 2455699, a very dense mon- P Y. P '

itoring at the Mt. Maidanak Observatory showed a fading stverage colour index.

0.31 mag in 4.15 hours (0.075 magur); on JD= 2455702,

observations at the KVA revealed a 0.39 mag brightening wi2 hours on JD= 2455700—-2455702 and in 72 hours on 3D
respect to St. Petersburg observations about four housebef2455805-2455808.

(0.099 maghour); on JD= 2455715, we derived a 0.34 mag

change in 3.41 hours from the data of Goddard and Lowell ) i )

(0.100 maghour); on JD = 2455756, intense monitoring at3- Optical polarimetry, spectropolarimetry, and

the Mt. Maidanak and Abastumani observatories revealdd var spectrophotometry

?tDlor;s ;£5%$ggmaa?/elpyL:gpil’(;logrrisgrg(t)e.gi?nzgrﬁ?%].g'l ﬂr?]ggy’inongolarlmetnc data for the present paper were provided by the

hours was inferred by comparing Crimean with Mt. Maidana teward., Crimean, Lowell, Calar Alto, and St. P?‘eerUfg ob
data, which implies an impressive rate of 0.42 yhagr. A care- Servatories. The Steward Observatory also supplied syemstr

; . _larimetry and spectrophotometry data.
ful check of the corresponding frames and photometry coefirm : ;
the results, so we conclude that this extreme variabilitgate tica::Igj;er%a?ir(])%ségewgih::?htgtc())fftthheeOboSseitri\é id;inegllgegfczagp—
is most likely genuine. A similarly rapid variability epide was P : P 9

reported by Raiteri et al. (2008c) for another quasar-tyaeds, polarisation vecto® as a function of time. To solve thel80'n
3C 454.3, in January 2008 (0.40 niagur), and an even more"’lmblgulty in®, we consider only data for whicR/op > 5

extreme episode was discussed_by Raiterilet al. (2008ahéor ?nd then require that the change across contiguous epochs be

same object, which brightened by 1.1 mag in 1.5 hours and thfar?oo' Vis.ual inspection of the figurg revealg that in gengral pe-
dimmed by 19 mag in one hour in becember 2'007 rfods of high flux correspond to periods of high polarisatiten

o . _ .. gree, so that there is some correlation betwand brightness,

__Moreover, 4C 38.41 exhibited extraordinary optical agjivi yich is investigated further below. For the polarisatiosition

in 2011_, with flux variations of several tenths of a magmtude angle, there appears to be a smooth rotation of abouft 200

a day timescale, as shown by Fig. 3. The most noticeable (§'years, from 2008.4 to 2009.0, followed by an ever increas

was a dimming of 0.77 mag in 13.81 hours observed or=IDjq rotation of about 270in 0.6 years, from 2009.2 to 2009.8.

2455702-2455703, while variatiors 1 mag were detected in Thereafter® shows only smaller fluctuations between-100°

and 40in 2010 and 2011. Hence, the 2009 outburst occurred
7 From the NASAIPAC Extragalactic Database, during a phase of noticeable chang®irin contrast to the 2011

http://ned.ipac.caltech.edu/ one.

We analysed thB-band light curve presented in Fig. 1 to searc
for the most noticeable intraday variability (IDV) episadén-
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of which come from the Mt. Maidanak Observatory.

2008

2009 2010

2011

o~
o

30

— 20

10

300

200

100

® [degrees]

—100

—200

A
a

soef

LR

°

4600

.
5000 5200 5400
Julian Date — 2450000

.
4800

.
5600

5800

period of monitoring, there is little evidence of signifitan
emission-line variability in 4C 38.41. Data are derivedrthe
ongoing monitoring programme at Steward Observatory.

3.1. Emission lines

With a redshift ofz = 1.81, two prominent broad emission-lines
fall within the 4000-7550 A spectral window that is sampled
by the Steward Observatory spectrophotometry of 4C 38.41:
C1IVA1550 and C1IR1909. In Fig.[b, we plot the emission-
line fluxes measured on 116 nights from 2008 October to 2012
January against both time and the optical brightness of 4€138
The same trends for the line fluxes are observed as seen for
the Balmer lines in PKS 122216 (Smith et all, 2011) and 3C
454.3 (Raiteri et all, 2008c¢). That is, the data are condistéh

the line fluxes being constant, the scatter in the measurtsmen
seen within an observing campaign (about a week long) be-
ing roughly the same magnitude as during the entire monitor-
ing period. Likewise, the substantial variations in theiegjent
widths of the lines in 4C 38.41 (ranging fromB83 to —11 A

for C1V) are consistent with only the continuum having vdrie
since 2008 August. The size of the broad-line region in gqsasa
(Kaspi et al., 2000) and the added delay in variability cduse

the redshift of the object make significant line variabilitypos-
sible on timescales as short as a week, so the scatter inthhisda

a reflection of the systematic uncertainties in the spebotp
metric measurements. The average C IV line flux is measured to
be (302+0.28)x10 *erg cnt?s™L. For C Ill], the average flux is
(1.07+0.15)x 10 **erg cnt?s L. The line fluxes were measured
by fitting a single Gaussian to the line profiles. The Gaussian
fits yield an average full width at half maximum (FWHM) of
(4800+300) km s for C IV and (650G: 1200) km s* for C 11].

The large uncertainty in the measured width of CIII] is due to

Fig. 4. Optical flux densities in thdR band (top panel), per- its relatively small equivalent width, especially when 48481
centage of polarised flux (middle panel), and polarisatiosip is bright, and its larger FWHM relative to C IV is likely caube
tion angle (bottom). Data are from the following observegsr by the inclusion of Al [1111858 within the fitted line profile.

Steward (blue circles), Crimean (red diamonds), Lowelh¢kl
triangles), Calar Alto (green squares), and St. Petergouagge
crosses). The:18C°’n ambiguity in ® is solved by using only

3.2. Continuum flux and colour

data for whichP/op > 5 and then requiring that the changerhe Steward spectrophotometry can be used to examine how
across contiguous epochs &0 .

the optical continuum of 4C 38.41 varies with time and flux
as shown in Fid.12, but avoiding the non-variable emissian fe
tures that fall within the standard photometric-filter bpasises.
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Fig. 6. The continuum colour of 4C 38.41 as a function of th
source brightness. The continuum colour is approximateti®dy
flux ratio of the two 400 A-wide bins centred on 4800 A an
6600 A in the observed reference frame.

&ig. 7. The observed degree of optical polarisation plotted
gainst the brightness of 4C 38.41 in Réand. Data are from
e following observatories: Steward (blue circles), Gran (red
diamonds), Lowell (black triangles), Calar Alto (green args),
and St. Petersburg (orange crosses). Only data h&/ing > 5
Figure® shows the colour of 4C 38.41 as a function of brigbgneare included for clarity.
in theRband. The colour is determined by taking the ratio of the
fluxes within two 400 A-wide bins centred on 4800 A (“blue”) [ =~ = - - ]
and 6600 A (“red”). Although the spectra extend to 7550 A, us- | -
ing a redder measurement would include uncorrected teakest
oxygen and water absorption features and would corruptehe d R -
termination of the continuum flux ratio. The trend in Fig. 6 of '° i
the continuum becoming redder as the object brightens cosfir
the broad-band filter results shown in Hig. 2. Despite a range S
in wavelength of only 640 A between the flux bins in the rest | - T *353 1
frame of the object, the correlation between colour andhbrig | ~ *+ﬁh§ﬁ
ness is pronounced, and suggests that the dominant source of + ﬁHf*

continuum light is diferent when 4C 38.41 is bright than when

the blazar is faint. !

‘
+
—+

+

TR |

3.3. Polarisation and flux

. . . . 1.0 1.2 1.4 1.6 1.8
A strong correlation between the degree of optical linedamo Funoo i/ Foaos

sation,P, and theR-band optical brightness is evident from the
data and shown in Fig] 7. Generally, 4C 38.41 is more highly pbig. 8. The observed degree of polarisation plotted against the
larised when bright than when faint. Given the correlatien- optical continuum colour (as defined in Hig. 6) of 4C 38.41eTh
tified between optical continuum colour and brightness iot Sepolarisation and flux ratio measurements are simultaneutrs,
[3.2, the trend observed betweRmnd brightness translates intothe polarisation data being derived from the median valdleiwi
a strong correlation between optical colour and degree lafrpo a 5000-7000 A bin from the Steward Observatory spectropo-
isation. This correlation is shown in Fig. 8, with the comtim larimetry.
flux ratio of the 4800 A to 6600 A bins used as the measure of
optical colour. High polarisation in 4C 38.41 is associatetth
a redder continuum. This result is further evidence thatltire-  the optical polarization peaked, whifein the core was minimal
inant source of continuum flux is fiierent when the object is and the optical position angle and the position angle in dre c
bright than when it is faint, as suggested by the observed refliffer by ~ 90°. This implies that the core was optically thick,
tionship between the flux and colour. When bright, 4C 38.41 /8ost likely due to passage of the knot, which is consistettt wi
generally optically redder and more highly polarised. the knot kinematics.

In addition to the degree of polarisation, we searched for
correlations between the polarisation position angle aittal
flux, colour, andP. No apparent correlations were found.

Jorstad et al. | (2011) found that at least from June The striking correlations observed in 4C 38.41 between fitie 0
November 2009 there was good agreement between the poai-flux, colour, and polarisation have been noted in othrenst
tion angle of optical polarisation and that of polarisatiorihe emission-line blazars (see elg. Sitko etial., 1985; Smith et
43 GHz core, and between the general behaviofriofthe two 11986, 20111) and have been found to be in the same sense. That
bands, except for the time when, according to the VLBA images, as objects fade, they become bluer and are generallysnot a
a superluminal knot was passing through the core. At this timhighly polarised. During optical flares, a redder and mogélyi

3.4. Wavelength dependence of the optical polarisation
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. . . . Fig. 10. The median flux (blue), polarised flux (red), and nor-
Fig. 9. Left panel: relationship between the ratio of observed pPﬁinsedq’ andu Stokes Egree)n)pspectra for 4C(: 38).41. These

larisation in the blue to red bins and colour, defined as in Fig : : .
‘ : : o ectra were compiled from 144 spectropolarimetric olzserv
B. Right panel: relationship between théfeience between thetigns of the blazar.pThe polarised fﬁjx spgctrum is derived by

polarisation position angles in the blue and red bins, atalco multiplying the flux spectrum by and displays a featureless
power-law as expected from a synchrotron source. The gelari

polarised source of continuum flux appears to dominate the (%’X spectrum is scaled by a factor of 10 for clarity. See tix te
tical continuum. The short (daily) variability timescalsd the 10F @ full description of they" andu’ spectra. Telluric absorption
power-law spectrum at optical wavelengths of the variabla-c features are identified with symbols.
ponent indicate that this is the beamed synchrotron comimu
from the relativistic jet in these sources. As a flaring otfjades,
one can wonder whether the trends seen between flux, cold®rthe observed andu spectra were transformed (rotated) to
and polarisation are simply a reflection of the evolutiornefjet, 9 andu’, whereu’ averages to 0 over the entire spectrum. The
or if fainter emission contributions, not directly assoedwith esultingg’ spectra were then scaleddo= 0.1 (10% polarisa-
the beamed continuum, are becoming more dominant. A keytten) within the 6400-6800 A bin and then median Stokes spec-
understanding these trends has been investigations of few tfa were obtained. An important advantage of usingnstead
linear polarisation varies with wavelength. We used 144lavaof P is that the Stokes parameters have normal error distribu-
able Spectrop0|arimetric observations of 4C 38.41 obthbe tions, while P is biased since it is a positive, definite quantity
tween 2008 October and the end of 2012 January to examine (@8- Wardle & Kronberd, 1974).
optical spectra oP, ®, and the polarised flux. The mediary’ andu’ spectra for 4C 38.41 are displayed in
Figure[® shows the ratio of the fluxes in the blue to red biffgg.[10 and identify the likely cause of the general decréase
(defined in Seci_3]2) plotted against the ratio of the olesikpo- the polarisation toward the blue end of the spectrum. Intaufdi
larisation in the same bins. As the blazar becomes bluené®i to a decrease ig’ for the continuum aft < 6000 A, there are
the polarisation in the blue tends to be less titameasured marked decreases in the polarisation at C 1V and C Il1]. Tims i
in the red bin. The strength of this wavelength dependenceditates that the broad emission lines are not highly padris
P generally increases as the object becomes bluer (faimter),at all. Indeed, the spectrum appears to be very similar to an
though the low levels of polarisation and flux encountered raverted spectrum of a QSO down to the blended HeIllI]
sult in relatively large uncertainties ,g004/Pggoos: Figure[® emission feature close to the red wing of C 1V and suggests tha
also shows the dlierence between the polarisation position arthe observed wavelength dependence is caused by the ditiftio
gles determined in the two continuum bins. Most observatiothe polarised flux by an unpolarised spectrum that is sindar
are consistent with no wavelength dependenc®.iiThis gen- that of an optically selected QSO. The flat, featurelesstsp®c
eral trend of® being constant in wavelength suggests that theoé U’ supports the assertion that was made from[Hig. 9 that any
is only a single source of polarised flux from the jet that donwavelength dependence in the optical polarisation pos#tigle
inates at any given time. If a second non-thermal source of ge transitory and typically not strong.
larised flux that has a significantlyfiérent spectral index and  Figure[10 also displays the median flux,§ and polarised
polarisation position angle becomes bright enough to coenpdlux (g x F,) spectra of 4C 38.41. Here, the nature of the source
with the original source, then a strong wavelength depetelerof polarised flux becomes evident. The median polarised-spec
in ® can occur (see e.g. Holmes et al., 1984; Sitko et al.,|198%)ym is featureless and well fit by a power-law with a spectral
although this does not seem to happen often (Sitkolet al5;1981dex —1.25, which is generally redder than the continuum of
Smith et al.| 1987; Mead etlal., 1990). Much of the wavelengthe median total flux spectrum. The spectral index of the po-
dependence may of course be hidden if the sources of palaritarised continuum is identical to that of the synchrotrontoo
flux have similar spectral indices gliod polarisation position an- uum under the assumption that the intrinsic jet polarisetity)
gles within the spectral region being observed. is independent of wavelength over this spectral regioncein
To more clearly illustrate the spectral dependenc® ébr the synchrotron power-law is redder than the QSO-like emis-
an object as faint as 4C 38.41, we took a median of the 14ibn components (broad emission linesblue continuum)P
available polarisation spectra obtained throughout thaitne  decreases into the blue. The amount of dilution and the gttnen
ing period. This was done by rotating each polarisationtspet of the wavelength dependence of the polarisation are both a
so that all of the polarised flux is in tlgStokes parameter. Thatfunction of the relative brightness between the unpoldrisen-
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varying (at least on timescales measured in months toyears) [~ "~ 7T T T T T T
emission from the QSO component and the highly variable non- - . . ) 2. .
thermal emission from the relativistic jet and its spedimdex. | . ..-" 8 o :..;.o'.é&; . % i
This model not only successfully explains the wavelength de ge FeTia %‘: ) %'.O;c.cfég 2 sy
pendence of the observed polarisation, but also explatedt °g¢; e:z e 3008, TR o °
relations seen in 4C 38.41 between continuum flux, colowt, an 1°F .ﬁ@ : i,%‘ C%om’ﬁ‘,%;%“'ﬁ s e, 8 . E
level of polarisation because the bluer QSO component coa- | " %.'%Cge; 0" %oe Ta . O 8 1
tributes more strongly to the optical spectrum when thealige — B ‘O.@;f ot Tt ° ° 8
faint. The same general model has also been shown to apply*to | “ER. & O%QC e 7
lower-redshift blazars with strong emission lines, sucB@845 i ﬁ@ o,
(Smith et al., 1986), PKS 154®27 (Smith et al.| 1994), and rooe P 0 ]
PKS 1222216 (Smith et al., 2011). The results for 4C 38.41 °g o
extend the evidence of the two-component nature of thesstyp L ° Reso=17.85 |
of blazars into the ultraviolet down to C M 550. F © o 1
With the polarisation and flux information in hand, it is im- ]
possible to distinguish the optical spectrum of the objatt i 175 17.0 185 16.0 155 15.0
polarised power-law synchrotron and unpolarised compisnen R [mag]

tsrli?mz?clt (I)Talrrigg‘t)if)illgl?;gszrriglé :giedggggtzrnat%t%evt&gsgg :hf I"—r?g. 11. The intrinsic polarisation of the optical synchrotron
and itspbrightness uoﬁless the SED of unpolarised composgen missionPy (red filled sy_mbols) as a function of _the _brightness
assumed. The problem, however, is reasonably constrame f4§33(8|:'i£;1|j7|;O;r(;o;?spoagﬁg\?vﬁ?§|Ste)seer%ets 2;:?82?;)'0231:;%
the unpolarlsed component cannot b_e SO b”ghmaé.'s drl_ven P for unpolarised emission from a QSO-like component with
to excessively high values. The intrinsic polarisationtaiaty R = 17.85 yieldsP, (see text)
must be< 100%, butPy < 40-45%, which is the observed ’ 0 ’
maximum for blazars (see elg. Impey etial., 1982; Mead|et al.,
1990), is likely to be the upper limit. Inaddition, giveno@ger 5 there are no cases®fs 5% being observed when 4C 38.41
timescales observed for variations in AGNs that are noted®&z js in a major optical outburst, bRy approaching 20-30% can
the unpolarised component cannot be brighter than theapligccyr when the object is near its faintest flux levels durimey t
photometric minimum observed in the light curves shown @ Fi yonitoring period.
[ and Fig[2 (roughiR ~ 17.8).

Two methods have been used to breakRgédrightness de-
generacy to estimate the true polarisation of the optical sy4. Long-term observations at radio and millimetre
chrotron continuum throughout the monitoring period of 4C wavelengths
38.41. First, the brightness of the unpolarised QSO commone ] . ]
can be estimated from the strengths of the C IV and C II] emi¥Ve analysed radio data provided to the GASP project by the
sion lines based on the line-to-continuum flux ratios of a-staSubmillimeter Array (SMA, 230, 275, and 345 Gijand by the
dard template spectrum for radio-quiet QSOs (e.g. FraneB,e radio telescopes of Medicina (5, 8, and 22 GHz), Metsat®@wi
1991). For C 1V, this yields aR-band magnitude for the QSO GH?z), Noto (38 and 43 GHz), and UMRAQ (4.8, 8.0, and 14.5
component of 17.3, and for CIIIR ~ 180. The discrepancy GHz). Additional data at 86 and 230 GHz were supplied f(_)rthls
is caused by the C I II] line ratio in 4C 38.41 difering sig- Paper by the IRAM 30 m telescdfiéwe also collected archival
nificantly from the chosen template QSO, which cannot be eftata, which were supplied by the SMA (230 GHz), Medicina
plained by reddening. Alternatively, if each spectropiotetric (5, 8, and 22 GHz), Metsahovi (37 GHz), Noto (5, 8, 22 and 43
observation of 4C 38.41 is fit with a combination of the QS&Hz), and UMRAO (4.8, 8.0, and 14.5 GHz) telescopes, as well
template and polarised power-law, ignoring the line fluxes aas 22, 37, and 87 GHz data acquired with the Metsahovi and
leaving the non-thermal spectral index, QSO brightnessPan Crimean radio antennas and published in Salonen et al. f1987
as free parameters, we find an averRgeagnitude of 17.85 for and.Terasranta etal. (1992, 1998, 2004, 2005). The lomg-te
the QSO. The median spectral index of the polarised power-1&dio light curves of 4C 38.41 at the best-sampled wavelengt
from these 106 fits is 1.6, as compared te1.25 found from the are displayed in Fig. 12, starting from 3b2449500. The radio
median spectrum af’. flux densmes are comp_ared with the optiGaband ones.

The estimate of the QSO brightness based on the strength The variability maximum amplitudeFmax/ Fmin) decreases
of CIV can be ruled out, as it would make the ovefiband With decreasing frequency (with the exception of the 230 GHz
light curve dificult to explain because 4C 38.41 often becomdight curve, which lacks data before 2002), suggesting that
fainter. The estimates based on C IIl] and the model fits ane cOrresponding jet emitting regions become larger. Theshap
sistent with the observed light curve. The intrinsic palation of the major eventin 20012003, clearly visible at 37, 22, ah8 1
the synchrotron continuum is given By = Pops X Fops/(Fops— CHZ: changes with wavelength: it shows two peaks of simi-
flux within the R filter bandpass. In Fig._11, the intrinsic polar-
isation is plotted against the brightness of the blazayrasyy o C .
R = 17.85 for the unpolarised QSO component. Similar resul rzrzrggiégttfgﬁoggrﬁ:eM@ (Asgﬁ \?ngﬁ” et Bl.. 2007) as welpart
are obtz_iined "R. = 18 is assumed, but with S_ma_ller_ COITEC- 9 |RAM 30m data were acquired és part of the POLAMI
tions being required between the observed and intrins&r®al- (pojarimetric AGN Monitoring with the IRAM-30 m-Telescopand
tions. The correction oP for the non-beamed nuclear emissiofap| (Monitoring AGN with Polarimetry at the IRAM-30m-
greatly lessens the correlation betwd®and optical brightness Telescope) programmes. Data reduction was performedafiitpthe
displayed in Figll7. The correlation is not completely degtid procedures described(in Agudo et al. (2006, 2010).

8 These data were obtained as part of the normal monitoring pro
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Fig. 12.R-band optical flux densities (top) compared to the radiotlmhves at dierent frequencies in 1994-2011. Blue dots refer
to data collected in the ambit of the GASP project, complerethy 230 GHz data from the IRAM 30 m telescope (purple cig)sse
Black plus sign symbols are historical data taken from thégpating observatories’ archives and from the literat(see text for
details).

ond) peak prevails. It is hard to say whether we are seeing The comparison between the optical and radio-mm light
here the evolution of a single event, or rather tifee of two curves (Fig[IR) reveals a lack of general correlation: tige b
overlapping events. Cross-correlation of the 37 and 14.% GHutbursts that occurred at high radio frequencies in 200032
light curves by means of the discrete correlation funct@€FF; show no optical counterpart. Moreover, the big optical autts
Edelson & Krolik, 1988; Hufnagel & Bregman, 1992; Petersomf 1995 and 1997 do not seem to have been followed by major
2001) shows a first peak at a time lag of 120 days, and anothadio events on a few-month timescale. The possibility iema
peak at 360 days (see Figl13), indicating a time delay ofraévethat we either missed some important optical flare or that the
months of longer-wavelength flux variations. This is a commaadio-optical correlation occurs on much longer timesséan
feature in blazars and suggests that lower-frequency peatee expected for this kind of objects. While we need to wait to see
produced downstream in the jet from the higher-frequene@gonwhether a big radio outburst will follow the 2011 optical ate

we note that the systematically higher radio flux in 20094201
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In the framework of a geometrical interpretation of blazar |55¢ —

variability previously proposed for other objects (see.e.g 16.0= e« 7

Villata & Raiterl,[1999] Villata et all, 2007, 200¢b; Raitet all, = 155 ¢ . A

2009, 12010, 2011a), one could assume an inhomogeneous~s = H I 4

curved jet, where the optical and radio emitting regionsewer 18.0E # idd 3
more misaligned in the past. In particular, a closer aligmime 4000 4500 5000 5500

of the optical region with the line of sight in 1995-1998 wabul Julian Date — 2450000

have made the optical radiation more relativistically bedrto-  rig 14.0Optical and UV light curves of 4C 38.41 built wiswift-
ward us, while in 2001-2005 the radio-emitting region woulg\/oT data.

have been better aligned, with the consequent greater Boppl

enhancement of the radio flux. The increased activity of tst p

few years at both radio and optical frequencies would thei in magnitude spanned in the various bands are about 2.3, 8,0, 1.
cate that the radio-optical misalignment has decreasedratd 1.6, 1.4, and 1.4 mag going from thi¢o theuw? filter. Hence,
both emitting regions are seen at small viewing angles. At-anthe source variability decreases as the frequency incsease
ysis of the variations in the viewing angle of the parsedesfgd  tending the trend already observed in the near-IR-optiaatib
will be performed in Jorstad et al. (2012, in preparation). in Sect[2.

To clarify whether there are any emission contributionsan t
UVOT energy range, we compiled SEDs for all the 36 epochs
where good observations in all the six UVOT filters were avail
The Swift spacecraft (Gehrels etlal., 2004) carries three instrable. We took into account the calibration updates intreduzy
ments: the Burst Alert Telescope (BAT; Barthelmy et al. 2005Breeveld et al.|(2011), including in particular nely, count-
observing between 15 keV and 150 keV; the X-ray Telescopste-to-flux conversion factors, andfective areas for the UV
(XRT; Burrows et al. 2005), observing between 0.3 and 10 kefiiters. We calculated the (small) Galactic extinction ie trari-
and the UltraviolgOptical Telescope (UVOT;_Roming etlal.ous bands by convolving the Cardelli et al. (1989) laws ifsgtt
2005), acquiring data in the 170-600 nm range. Up to 20K} = 3.1 andA, = 0.031Y) with the new €ective areas, and
September 3®wift targeted 69 times 4C 38.41. used the results to obtain de-reddened flux densities. Tureeso

SEDs are shown in Fig.15.

5. Swift observations

5.1. UVOT observations

The UVOT observations were performed in the opti¢dl, and 5.2. XRT observations

u bands, as well as in the UV filtenssw1, uvm2, anduww2  Although a few SEDs have a wavy shape, likely because of the
(Poole et all, 2008). We reduced the data with the HEAsok-paciata imprecision, most SEDs have a common pattern, with a
age version 6.10, with the 20101130 release oB8ki#t/UVOTA  bump peaking in ther band in the faintest states turning pro-
CALDB. Multiple exposures in the same filter at the same epogfiessively into a steeper and steeper curved spectrum as the
were summed withivotimsum, and aperture photometry wassource brightness increases. Correction for the small ftu ¢
then performed with the taskvotsource. Source counts were tripution of the C IV emission line (see Selct.13.1) to theand
extracted from a circular region with a 5 arcsec radius, &hilyould not change the SED shape appreciably. This again sug-
background counts were estimated in a neighbouring sdueee- gests that there is a thermal contribution from the acanetisc,
circular region with a 10 arcsec radius. The results are slinw
Fig.[14 (and in Fig.11, where theband points have been shifted 1° From the NASAIPAC
by —0.1 mag to match the JohnsoVsband data). The ranges ofhttp: //ned.ipac.caltech.edu/

Extragalactic Database,
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1 Fig.17.The Swift-XRT spectrum of 4C 38.41 on 2011 May 15.
Data are fitted with a power-law with fixed Galactic absonptio
The lower panel shows the ratio of the data to the folded model

log (VF,)

—12.5 8
" 1 power-law model, where absorption is modelled according to
- 4 Wilms et al. (2000) and the hydrogen column is fixed to the
i | LABM Galactic valueNy = 0.111x 10?*cm 2. We tested the re-
7130 I ‘ I ‘ I ‘ I ‘ I ‘ SU|tS Of the CaSh StatIStICS Wlth tbeOdness Command, WhICh
14.7 14.8 14.9 15.0 15.1 152 performs Monte Carlo spectral simulations based on the mode

log v [Hz] and gives the percentage of them that have fit statisticslemal

: L . . __invalue than that of the data. Moreover, we compared thdtsesu
Fig. 15.Spectral energy distributions of 4C 38.41 in the opticalgs ine Cash method with those of tlp® statistics, when the lat-

UV frequency range compiled with UVOT data. As the jet Sy was applicable. We obtained robust spectral fits (exeiud
chrotron emission becomes fgmter, the contribution qftlhae— the cases in the tails of the goodness distribution) in aBOY%&
mal radiation from the accretion disc emerges, peakingrafolyt c4ses. These cases indicate a hard spectrum, with therphot
theu band. indexT ranging from 1.31 to 1.87, with a mean value of 1.62.
The lowest values correspond to the highest fluxes, in aggaem

which peaks around theband (as expected because of the higffith the *harder-when-brighter” trend often observed iazars

source redshift) and emerges when the jet synchrotronibantr (€-9-2’Ammando etal., 2011, and references therein).

tion weakens. In particular, the d_ata acquired on 2011 May 15 (3D
We processed the XRT event files acquired in pointing mod&t>2697), corresponding to the X-ray peak visible in Eig. 16

using the HEASoft package version 6.11 with the calibratidi{® Pest-fitted by a power-law with = 1.31+ 0.07, 1 keV

files 20110918, We considered the observations with expdi€-absorbed flux densitf ey = (1.46 + 0.09)uJy, and ob-

sure times longer than 5 minutes, including 65 observamnsser‘llleag flux Zbe_tiNeen 0.3 keV and 10 keV of @ + 0.14) x -

photon-counting (PC) mode. The tasktpipeline was run 10 +ergcm“s . The result of the goodness test is 54%, which

with standard filtering and screening criteria, in particute- 2SSUres us that the observed spectrum is well-reproduceby

lecting event grades 0-12. Source counts were extracted fr8'°del. The corresponding spectrum and the folded model is

a 25 pixel circular region{ 60 arcsec) centred on the source3hoWn in FigLLy.

and background counts were derived from a surrounding annu-

lar region with radii of 100 and 150 pixels. The count rate W8S ~ o<s-correlations from radio to v-

always lower than 0.5 couri$s so no correction for pile-up was ™" 0SS CO_ elations from radio to y-ray

needed. Thertmkarf task was used to generate ancillary re- frequencies

sponse _files (_ARF), which account forfidirent extrac.tion ré- Figure[I6 compares 4C 38.41 light curves afetent frequen-

gions, vignetting, and PSF corrections. The X-ray lightveur cies in the period 2008-2011, i.e. from the beginning of the
(net count rate and de-absorbed 1 keV flux density) is Showngg ;i . ray observations. From top to bottom, one can see: 1)
Fig.[16 and is discussed in the next section. the daily photon flux in the 100 MeV — 300 GeV energy range; 2)

We performed spectral analysis with thiepec package. the corresponding weeklyray light curv8; 3) the X-ray light
After “grouping” the data with the taslgrppha in order to

have a minimum of 20 counts per energy channel to apply the Kalberla et al.|(2005http: //www.astro.uni-bonn.de

x? statistics, only~ 20% of the spectra resulted in more thanis The unabsorbed flux is only 1% higher.

10 channels. We therefore used the Cash statistics, which ex The daily and weekly y-ray light curves were
tends they? statistics to the case of a low number of counisownloaded from the Fermi-LAT monitored source site
(Cash,1979; Nousek & Shue, 1989). We applied an absorlietp://Fermi.gsfc.nasa.gov/ssc/data/access/lat), but
their preliminary nature does noftfact the results of our analysis.
1 http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/Swift/The comparison with an independent analysis available e $SIDC
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Fig. 16.Light curves of 4C 38.41 at fierent frequencies in 2008—2011. From top to bottom: 1) thly garay light curve from
Fermi-LAT in the 100 MeV — 300 GeV range (10phcnt?s™?); 2) the corresponding weekly-ray light curve with its cubic
spline interpolation; 3) the X-ray light curve fro8wift-XRT, derived as explained in SeEf.5.2; blue dots are cosmts while
black squares represent 1 keV de-absorbed flyx&g (which are filled in orange when resulting from robustcégze fits; 4) the
de-absorbe®wift-UVOT flux density light curve in thevwl band (mJy); 5) the de-absorbed GARBBand flux-density light curve
(mJy) with the cubic spline interpolation through the 7-ti@iyned data; 6) the millimetre radio light curve at 230 GHg) (J

curve fromSwift-XRT (net count rate, as well as de-absorbede also plotted cubic spline interpolations through the kiyee
1 keV flux densities derived as explained in S&ci] 5.2); 4) thénnedy-ray and optical data, in the latter case to emphasize the
de-absorbed UV flux densities in thewl band (mJy); 5) the smoothed trend of the flux, beyond the fast variability. Wéeno
R-band de-absorbed flux densities (mJy); 6) the millimetdéora the following features:
light-curve at 230 GHz (Jy).

A zoomed image of the most interesting periods in 2009= In y-rays and in the optical band, where the sampling is

2010 and 2011 is displayed in Figs] 18 andl 19, respectively. dense enough, all events appear as a succession of several
To make the comparison among bands easier, we highlighted short-term flares.
five periods, corresponding to flaring statesirays. Moreover, — All events (more precisely: the envelope over the substruc-

ture) show a similar duration irrays and in the optical band

http://www.isdc.unige.ch/heavens/ indeed reveals a fair (apart from evenb that does not have enough optical cover-
agreement. age).
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Fig. 18.An enlargement of Fig. 16 in 2009-2010. The pink vel= 19 A | f Fi in 2011. The pink ical
tical line marks the epoch of one of the SEDs shown in[Eiy. 2 -TI]%'S r?w.arlr:tﬁg ngoecrﬂgr:)tfgix (;?%?SIED? Sh.OWheianﬂ.VZle.tlca

— At all frequencies, the maximum flux during the 2011 flare i .
is greater than the maximum flux during the 2009 and 2010 However, they-optical correlation is complex. The shape
flares. and relative brightness of the flaredtdr indeed considerably.
— Flare a is double-peaked in botly-rays and the optical. Cross-correlation of the-ray daily flux with theR-band flux by

However, the secondpeak is higher than the first one, whilgéans of the DCF yields a strong bump (Qedk = 0.93, see
in the optical the reverse is true. A little bump is also visib Fi9-[20) peaking at zero time lag, but the centroid of the bump
at 230 GHz. which provides a more robust estimate pf the timellag (Peters

— Flareb occurred during solar conjunction so that the opt2002), appears shifted toward positive time-lags. Heifeecor-
cal coverage is almost null. However, the few contempéelat'on_ between th@-ray and_optlcal _flu_xes is strong, an_d there
raneous data do not reveal an increase in the optical flik POSSibly a delay in the optical variations after thosenint-
Interestingly, the millimetre light curve shows a bump simuays, but the broadness of the DCF bump would suggest tisat thi

taneous with the: event. delay may be variable. Moreover, this result appears inrasht
— The shape of flare is similar aty-ray and optical frequen- © the findings of Jorstad etial. (2011), who found a strong cor
cies. relation between the optical andlux variations in 2009-2010,

— In flare d, the most active phase irays and X-rays pre- with they variations lagging by 5 3 dz;ys. To investigate in
cedes that in the optical band and the mm flux reaches gater detail the matter, we thus restrict the calculatibthe
maximum value. DCF to the period investigated by Jorstad etlal. (2011), @&1d e

— A shift between they-ray and optical smoothed-trend fluxsentially conf_lrm thelr_regult.. As shown in Fig.121, we _flnd a
maxima also occurs in flare, where furthermore the lastP€@K at zero time-lag, indicating that there is a strongatation

optical spike has no relevant counterparyagy energies. (DCFpeak = 0.95) with simultaneous flux variations. However,
the centroid of the distribution, which provides a highendi

In conclusion, the correlation between the source emissiorresolution, istcen = —2.5 days, which means that theray
v-rays and optical (and maybe millimetre) frequencies isugle variations would follow the optical ones by 2.5 days. We de-
because flares are observed to occur in the same periodssind termine the uncertainty in this result by performing Montzl6
strength increases from 2009-2010 to 2011 at both fregegncsimulations according to the “flux redistributipandom subset
This would suggest that the jet regions where photons attheglection” method (FRSS; Peterson etlal., 1998; Raiteri €t al.,
frequencies are produced either coincide or are very clidse. 2003), which tests the importance of sampling and data rror
more coarsely sampled X-ray and UV light curves indicateesorAmong the 1000 simulations, about 74% { o) of them yield
correlation with they-ray and optical ones, so that the X-ray andentroids betweer3 and-2 days, so we can conservatively
(the non-thermal part of) the UV radiation may also come fromeonclude that the delay of theflux variations after the optical
the same jet zone. ones is 5 + 0.5 days. If we then run the DCF for the follow-
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DCF

Fig. 20. Discrete correlation function between the dajlyray
flux andR-band flux density light curves shown in Fig]16 (left)
and between the daily-ray flux and the QSO-corrected polari-
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7. Pair-production optical depth

In the emitting plasma jet;-ray photons should be absorbed be-
cause of collisions with lower-energy photons, mostly Xs;a
which lead to pair production. Relativistic beaming of tmeite
ted radiation can explain why we actually observeay flux.
The minimum value of the Doppler faci§rs to avoid pair pro-
duction, i.e. to have an optical depth, = 1, was derived by
Mattox et al. (1993), and corrected by Madejski et al. (1996)
under the hypothesis that the X-ray aptlay emissions are co-
spatial and that the emission region is spherical in the aimgo
frame

Siow = [5x 107 (1427 (1+2- V1I+2) o5 Ts x

(Frev/udy) ™ (E,/GeV) @] Y@ )

where « is the X-ray energy spectral inde¥(E)
F1kev(E/keV)™® whose relationship with the photon spectral
ndexT is @ = T — 1, Ts is the flux variability timescale in
units of 10's, andE, is the minimum energy of the observed
y-ray photons. By setting;s = Ho/(75 kmsiMpct) = 0.95,

@ = 0.31,Fev = 1.46uJy (see Seck. 5.2E, = 0.1GeV, and
by considering a variability timescale of 12—24 hours, weaob
dow = 4.1-3.7. This is the lower limit to the Doppler factor af-
fecting the radiation emitted from the jet region wheretand
X-ray photons are produced.

8. Broad-band SED

Broad-band SEDs of 4C 38.41 are presented in[Fig. 22 for seven
epochs characterised byfigirent brightness levels and good

b T i j 4 broad-band data coverage (see also Figs. 18§ ahd 19). They are
0.0r 1 001 +f R . 4 + 71 obtained with simultaneous data at near-IR, optical, agtidri
: i & frequencies, where flux variations are faster, while in o
-02p ; 1-02r ; 1 band we searched for data within a few days. Near-IR, optical
s s s e UV, and X-ray flux densities are corrected for Galactic eotin
7 [days] ™ [days] as explained in the corresponding sections.

In the upper left inset, we show an enlargement of the near-

IR to UV frequency range. We note that in the SEDs correspond-
ing to JD = 2455296 and JD= 2455773, where ground and
space optical data overlap, the space data points are lbaer t

e ground-based data in theband, especially in the fainter

ED. This agrees with our need in Fig. 1 to shift thband

VOT data points by-0.1 mag to reconcile them with the
ground ones and does not change the conclusion of Sett. 5.1
that the thermal-emission contribution likely peaks abtime
u band. The shape of the low-energy bump traced by the data
ing period, including the 2011 outburst, the result charoges- shown in Fig[2P suggests that the synchrotron peak liesen th
pletely (see Fig.21). The peakis stillkat 0 days, but the corre- far-IR-sub-mm frequency range. o
lation weakens (DCax = 0.50), and the centroid indicates that The spectral analysis of the X-ray data acquire®ifthas
the optical variations follow the: ones by about 7 days. ThisPeen presented in Sect.5.2. All the five X-ray spectra shown i
result is strongly fiected by the presence of the optical flar§19- 22 are the result of statistically valid spectral fitdose
without y-ray counterpart at JB- 2455767. If we indeed stop SPectral indices are indicated in the figure. _ _
the light curves at JB- 2455763, the resulting DCF still shows 10 obtain they-ray spectra, we reduced the publicly avail-
a weak correlation, but now the peak and the centroid coincigiPleFermi-LAT data corresponding to the epochs of interest.
att = 0 days. The reason for the lack of a strongptical cor- T_he Qata reductlor_] is based on the unbinned likelihood analy
relation in 2011 has probably to be ascribed to the incremseS{S With python using the ScienceTools software package ver
the optical toy-ray flux ratio starting from JD~ 2455700 and Sion vor23plt]. We extracted the data from a circular region of

culminating \_N'th th_e last “sterile pptlcal fIare._ 15 § = [I'p(1-B cosh)] L, wherel'y, is the Lorentz factor of bulk motion
We also investigate the possible correlation betweernyther, = (1 - 212 g is the ratio of the plasma velocity to the speed of

ray flux and the QSO-corrected optical polarisatfyderived light, andé is the viewing angle.

in Sect[8. The corresponding DCF, which is shown in the right http://Fermi.gsfc.nasa.gov/

panel of Fig[ 2D, does not provide evidence of any significarf http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/

correlation. python_tutorial.html

Fig. 21. Discrete correlation function between the dajlyray
flux andR-band flux density light curves shown in Fig.]16 be
fore (left) and after (right) JD= 2455450 for a comparison
with the [Jorstad et all (2011) results (see the text). The bl
squares represent the case where the light curves are dtapp
JD = 2455763 to avoid the influence of the optical flare witho
any significanty-ray counterpart at JB 2455767.
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2 - 8 A 2 A 4 38.41 from the radio to the-ray frequen-
¥ _of "@c Z J - cies. Diferent colours correspond tofidirent
- r o / 1 epochs, whose JB2450000 is indicated in the
F® 2 1 lower inset together with thg and X-ray spec-
-e O R 5755, T, =240 1 tralindices. The near-IR to UV spectral band is
- e 5697, I,=2.36, Ty=1.31 1 enlarged in the upper inset. Filled (empty) cir-
-8 5640, ,=2.76, I=1.62 —  cles display ground (space) data. Radio to op-
E —— 5296, I,=2.32, I\=1.61 4 tical ground data were collected in the frame-
‘ ‘ R work of the GASP and collaborators; space op-
10 15 20 25 tical, UV, and X-ray data are fror@wift, y-ray

log v [Hz] data fromFermi.

interest (Rol) of radius 10Ocentred around the location of 4C  We explored the significance of theray signal from the
38.41 and included events with high photon probability bgpke source using the test statistic (TS) based on the likelitratd

ing only the “source class” events (event class 2). The gnergst. To ensure a high TS value, we carried out binning using
range used in data processing is from 200 MeV to 200 GeV. Weee diferent time intervals: (1) 14 days centred around=JD
also filtered the data by excluding photons observed at dlzver?455296, 2455640, 2455704, 2455765, and 2455773; (2) 3 days
angle of> 100 to reduce contamination from the Earth limkcentred around JB= 2455697, and (3) 5 days centred around
vy-rays that result from cosmic rays interacting with the uppdD = 2455755. The TS value for all seven time intervals are
atmosphere. well in excess of 100X 100).

The y-ray flux and spectrum were calculated us- Ve used the user contributed tool (likeSED.py) to obtain the
ing the ‘current public Galactic fluse emission model SPECtral points and butterfly plots for each of the seyeay
(gal.2yearp7vev0.fits) and the recommended isotropic mBflel States. We created nine customised energy bins to ensuee mor
for the extragalactic diuse emission (isp7v6source.txt), Photons perbin. The tool creates an exposure map and an event
which includes the residual cosmic-ray background. Thens file for each of the energy bins. We used the final fit from our
ment response function (IRFs) valid for the isotropic speat likelihood analysis to fit individual bins and, as beforepkpa-
(P7SOURCEV6) were used for data sets with front and backemeters of all sources fixed except for the integral factat a
events combined to carry out the spectral analyses. photon index of 4C 38.41. The source exhibits a slight spectr

variation during the seven time intervals. The individuabfon-

For each of the seven epochs, we calculated the liveti%%ex values for all seven epochs are displayed in[Eiy. 2& wi

cube, exposure map, andfidise response of the instrumenty < indicated by their respective bow-tie patterns.
and applied the algorithm as prescribed by the unbinned liké As displayed in Figl22, the results of the above analysis

lihood analysis with python. We used the user contributed 0 aveal that th
, e/-ray spectra are always very steep and that all
(make2FGLxml.py) to correctly model the background by i epochs are characterised by a strong Compton dominance, as

cluging all 0{ tgetr?ources of intglrestXV\'cItlr_]in thde II??II Of\;‘\'/C@B' - usually found for quasar-like blazars. This also seems tiouze
ant trg];e?er? € tel(]f.(t)rgeSp?tr.‘ mt% rtnol € (Ijei ¢ C;m en the jet emission is faint and the thermal contributicat p
outthe lirst spectral it by setling the Spectral model CEoes- s iy the optical band, as shown by the 32455296 SED.

ing to 4C 38.41 to “PowerLaw?2” in the file and keeping the NOK1oreover, by comparing thg-ray spectra with the X-ray ones,

malisation or integral factors and photon indices of allrses : .
) L T we can see that highefray states correspond to higher X-ray
along with the normalisation factors of the Galactiffue and s. Finally, the data suggest that the peak of the higtggne

; \ ne

isotropic components as free parameters. The XML model 3%8 p is located in the £8-10°2 Hz frequency interval, i.e. in
includes sources between 10 and 15 degrees from the tar ‘MeV range
which can contribute to the total counts observed in the Rol 0 '

ing to the energy-dependent size of the point spread fumatio
the instrument. For these additional sources, normatizatind g Discussion

index were kept fixed to the values of the Secdiedmi LAT

Catalog/(Nolan et al., 2012). The first fit was then used toinbta®s discussed in Se¢tl 6, in 2009 we found a stresgptical cor-
the final spectral fit after fixing all the free parameters ¢ fii  relation, with a delay in the-ray flux variations after the optical
except for those of 4C 38.41. ones of 2—3 days, in agreement with Jorstad et al. (2011prin ¢
trast, in the 2011 outburst the correlation was weak, anfluke
changes in the optical band apparently follow thosg-&tys by

18 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ about one week. A similar time lag of the optical flux variato
BackgroundModels.html after they-ray ones was found by Hayashida et al. (2012) when
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analysing the light curves of another FSRQ, 3C 279. These dad we considered variability timescales longer than a week
thors explain the time delay in terms of a decreasing ratih@f we would have obtained weaker constrains. Hence, we sug-
external radiation to the magnetic energy densities albaget, gest that Doppler factor variations of a geometric natue pr
which shifts the location where the optical luminosity Heesa vide the most likely explanation of tHeng-termflux variability
maximum downstream from where thduminosity peaks. As of this source, as already proposed for other blazars (gee e.
we saw in Sec{]8, 4C 38.41 also has a strong Compton doiviHata et al.,[2009b; Larionov et al., 2010; Raiteri et 20114,
nance, which is at the basis of the Hayashida et al. (2012i) argnd references therein).
ment, so the same explanation might hold for this source too.  Furthermore, in Secf] 3 we saw that there is a clear depen-
However, our analysis suggests that the apparent optieal dence of polarisation on brightness (Hip. 7) that cannotdme-c
lay may be due to an increase in the optical flux relative to thpletely explained in terms of a simple dilutioffect from an un-
in y rays, even leading to an optical flare without a significamolarised QSO-like emission component (Eigl. 11). Thernstd
y-ray counterpart. A similar situation was found by Raitérak: polarisation variability can be interpreted by variousikaze
(2011a) for the 2008—2009 outbursts of 3C 454.3. models. Here we investigate whether the changes in the view-
We obtained a lower limit to the Doppler factéy = 3.7— ing angle discussed above to explain the flux variations tzmn a
4.1 to avoid self-absorption of theradiation[ Savolainen etlal. provide a plausible explanation of the variations in theapish-
(2010) combined apparent jet speeds derived from highPn degree. If we suppose that for a statistically signiftqzart
resolution VLBA images from the MOJAVE project with fluxOf time we see shock waves propagating downstream in the jet,
densities at millimetre wavelengths derived from monitgri because of relativistic aberration the angle between treedf
data acquired at the Metsahovi Radio Observatory to ettimaight and the direction of the normal to the shock-wave foamt
the jet Doppler factors, Lorentz factofs, and viewing an- be expressed as
gles for a sample of 62 blazars. For 4C 38.41 they derived

Bapp = 29.5,6 = 21.3,T', = 311, andd = 2.6°. Since according ¥ = arctan¢ Sinf )
tolJorstad et al! (2011) theray emitting region is close to the I (cost — /1 - 1";2)
millimetre one, we can investigate whether the Savolaineh e
(2010) findings agree with ours. and the degree of polarisation

If the emission is isotropic in the jet rest-frame and the in-
trinsic spectrum follows a power-law with index, then the o a+l (1-772 sinzlp
observed flux density§,(v) = 6™ F/,(v), wheren = 3 for a 0% ot 5/3 2—(1-7572)sity

discrete, essentially point-like emission region, ang 2 for
a smooth, continuous jet (elg. Urry & Padovani, 1995). Takir(e.g..Hughes et al., 1985). Henes the degree of compression
into account the uncertainty in both the emitting regionature  of the shock wave and is the optical spectral index (see Sects.
and the value ofr, we can assume a flux density dependence @rand3). The results of the model are shown in Eig. 23 for an
82. If the flux density variations that we observe are only due tptical spectral index = 1.6 (but they are weakly dependent
variations ing, thens = dmax(F,/Fymad™>. on«) and diferent choices aof. They can closely reproduce the
Under the hypotheses thatax = 21.3 fromSavolainen et al. behaviour of the intrinsic degree of polarisation of thegetis-
(2010) and that all the variability shown by theay and optical Sion P derived in Sec{]3 as a function of brightness (here, the
lightcurves in Fig[Ilion a one-week timescale is due to varia- intrinsic jet flux density in theR band, which is obtained after
tions in the Doppler factor, we find thatshould range between correcting the observed flux for the QSO-like contributiom a
this maximum value andm, = 8.0 to explain the weekly- Galactic extinction). Most of the data point dispersion barac-
ray lightcurve. In the optical band, an uncertainty comesnfr counted for by varying the compression parameter fjosnl. 15
the subtraction of the QSO contribution derived in Sectodnfr to 1.7. We note that choosilhso = 18, which was obtained as
the R-band flux densities. If we consider the weekly-binfied a possible alternative value for the unpolarised emissionpo-
band lightcurvegmin = 6.7 if Roso = 17.85, whiledmin = 7.5if nent in Sect13, would shift the points toward the bottoniwig
Roso = 18.0. Hence, both the-ray and opticabmin are consis- worsening the agreement between data and model.
tent with, i.e. greater than, the lower lindit,, that we obtained.
Moreover, we can also estimate the corresponding variatiol ~onclusions

in the viewing angle) = arcco${T', 6 — 1]/[ /T2 — 1]} under
gang 9l VT I We have presented the results of a huge obsentfiiogt®n the

the assumption that all the variability is of a geometricatime. FSRQ 4C 38.41, carried out by the GASP-WEBT and collab-
Adopltlgg{b = 311 %ﬁer SavoliurZ]en ?t alt.) (ZhO%]O), we Obéa"brators from 2007.5 to 2011.9 and by the Steward Observatory
Omin _I 6" correspon 'ngtﬁ_rlnax - dl?’_ or O_t t ?)%—rayhan from 2008.8 to 2012.1. Earlier data were also collectedhab t
op(;[ca emlttlggg regions, whiie V‘f’e ﬁ”\‘%ﬂa% ‘|4'i OrtheY  the optical and radio light curves cover in total about 17rgea
radiation, anthmax = 5.‘0 Fr 5.3 for the optical wherRoso = Moreover, we also analysed the UV and X-ray data acquired
1800r 17.85, _respectlve Y. ) _ ... In 2007-2011 by th&wift satellite and the/-ray data taken in

In conclusion, the hypothesis that all the flux variabilityygog_2011 byFermi. Light curves from the near-IR to the UV
on a weekly timescale is due to changes in the Doppler fa¢ang, spanning a facter 11 in frequency, show a quite impres-
tor does not contradict the observations. Had we consideiggs correlation presumably because this whole rangetisein
shorter variability timescales, we would have obtainedelowupper part of thé synchrotron bump. In the near-IR-to-U\tspe
Smin Values, down t@min = 4.3 in the extreme case that we atyrg| range, the presence of a QSO-like emission contribtitio

tributedall the R-band flux density variations to changesdn 4qdition to the synchrotron emission from the jet, is resddly
and setRoso = 17.85. Even this case is still compatible withgeyera findings:

the estimated)o,. However, it is likely that the most rapid flux
changes are due to intrinsic processes of an energeticenatur the maximum flux-variation amplitude decreases with in-
such as shocks propagating downstream in the jet. In contras creasing frequency;
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frequencies change with time. The correlation was stromggu
2009, but became weaker in 2011, likely because of an inedeas
activity in the optical band.

We analysed broad-band SEDs of 4C 38.41 built with con-
temporaneous data inftiérent brightness states. A careful spec-
tral analysis of both the X-ray data fro8wift andy-ray data
from Fermi was also performed to obtain a reliable spectral
shape in the high-energy part of the SED. All the selectedlepo
show a strong Compton dominance, even when the jet emission
is weak and the unpolarised component clearly emerges in the
| 1 optical band.

We finally discussed a geometrical interpretation of the flux

i ° Raso=17.85 and polarisation variability, which is able to fairly aceddior the
: observational data. In this view, at least the long-term Hai-
N T S ations can be ascribed to changes in the Doppler boosting fac
0.0 0.5 1.0 15 2.0 2,5  tor produced by changes in the viewing angle. In partictier,
Fior [miy] weeklyy-ray and optical light curves would imply changessin

andd in the ranges of 7-21 and~ 2.6°-5°, respectively. When
using these values in the framework of a shock-in-jet model,
assumed an observed brightnBsso = 17.85 to correct for the \t,ivgnerdeeﬂ;gedIgi(glr?ne(s)fatsfo\r%?:e tf(r)otr;]té 3?80\'/\/?”8”;?] t?ee \?v%irc')sj
QSO-like unpolarised emission contribution théieats both the gree, 9 g to th wing angle,

o . also account for the trend of polarisation with brightness.
flux and polarisation degree observed. The blue lines reptes

he results of hock-in-jet model where the direction h )
']E e tesu ts ?] as ?hc Ilet. ,?de d ere the dbeCto I(m‘ ]EAcknO\Medgenmts We thank the referee, Robert Hartman, for his useful com-
ront wave, hence the polarisation degree, vary becau Fnents and suggestions. We are grateful to Stefano Vereelfon informa-

variation in the viewing angle. We adopted an optical sg@éCtrjon about the AGILE detection of 4C 38.41. We acknowledgarfiial con-
index of 1.6, as found in Se€l. 3. Values of the shock waveakegribution from the agreement ASI-INAF/00910/0. Partly based on obser-

of compressiom in the 1.15-1.7 range can account for most gptions with the Medicina and Noto telescopes operated byFIN Istituto
the data dispersion di Radioastronomia. The work at U. Michigan was supported\iBF grant
: AST-0607523 and NASAermi Gl grants NNX09AU16G, NNX10AP16G

and NNX11A013G. The Submillimeter Array is a joint projecttiveen the
. . Smithsonian Astrophysical Observatory and the Academigc&ilnstitute of

— the optical colour shows a redder-when-brightertrend;  Astronomy and Astrophysics and is funded by the Smithsohiatitution and
— the optical spectrum reveals unpolarised broad emissidhe Academia Sinica. This paper is partly based on obsenstiarried out at
lines with constant flux; the German-Spanish Calar Alto Observatory, which is jpintherated by the

. P ; ; MPIA and the IAA-CSIC. This paper is partly based on obséovat carried
- the optlcal polarlsatlon 1S hlghel’ in the red than in the blueout at the IRAM-30m Telescope, which is supported by INSNRS (France),

— the SEDs display a bump peaking arounddfiEand in faint mpG (Germany), and IGN (Spain). Acquisition of the MAPCATOBAMI,
states. and MAPI data is partly supported by CEIC (Andalucia) gra@8-FQM-4784
and by MINECO (Spain) grant and AYA2010-14844. This work &tly sup-
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v b f d i | bl b d dierdi and TCS operated by the Instituto de Astrofisica de Cananighe Spanish
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sively larger and more external jet regions. Optical andoradby Liverpool John Moores University in the Spanish Obsemiatdel Roque
light curves do not show a general correlation, at least ontho de los Muchachos of the Instituto de Astrofisica de Canasiat) funding
year timescales. One possible explanation, which hasct;’h,egom the UK Science and Technology Facilities Council. The Fetersburg
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