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ABSTRACT

Context. After years of modest optical activity, the quasar-type blazar 4C 38.41 (B3+B&23 experienced a large outburst in 2011, which was
detected throughout the entire electromagnetic spectrum, renewing interest in this source.

Aims. We present the results of low-energy multifrequency monitoring by the GASP project of the WEBT consortium and collaborators, as we
as those of spectropolarimetidpectrophotometric monitoring at the Steward Observatory. We also analyse high-energy observatioBsifif the
andFermi satellites. This combined study aims to provide insights into the source broad-band emission and variability properties.

Methods. We assemble optical, near-infrared, millimetre, and radio light curves and investigate their features and correlations. In the optical,
also analyse the spectroscopic and polarimetric properties of the source. We then compare the low-energy emission behaviour with that at
energies.

Results. In the optical-UV band, several results indicate that there is a contribution from a quasi-stellar-object (QSO) like emission compone
in addition to both variable and polarised jet emission. In the optical, the source is redder-when-brighter, atReasi6orThe optical spectra
display broad emission lines, whose flux is constant in time. The observed degree of polarisation increases with flux and is higher in the
than the blue. The spectral energy distribution reveals a bump peaking arousid#rel. The unpolarised emission component is likely thermal
radiation from the accretion disc that dilutes the jet polarisation. We estimate its brightnesRggdbe 17.85-18 and derive the intrinsic jet
polarisation degree. We find no clear correlation between the optical and radio light curves, while the correlation between the optiagl and
flux apparently fades in time, likely because of an increasing opticafréy flux ratio.

Conclusions. As suggested for other blazars, the long-term variability of 4C 38.41 can be interpreted in terms of an inhomogeneous bent j
where diferent emitting regions can change their alignment with respect to the line of sight, leading to variations in the Doppl&rexter

the hypothesis that in the period 2008-2011 all thay and optical variability on a one-week timescale were due to changgghis would

range betweer 7 and~ 21. If the variability were caused by changes in the viewing afglaly, thend would go from~ 2.6° to ~ 5°. Variations

in the viewing angle would also account for the dependence of the polarisation degree on the source brightness in the framework of a shock-i
model.

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

1. Introduction be explained by assuming that their emission is relativistically
beamed, which occurs if the emitting plasma jet, produced by
The Compton Gamma Ray Observatory (CGRO) launched dny,yermassive black hole fed by an accretion disc, is directed
1f99dl rev%?led 2731-ray source§,| on?fourth of which welre idenyoyard us. The polarised, low-energy emission (from the radio
t'l'ef as azz;rs ‘_Hartrznan etal.,_1999), i.e. active gr? actic iy e optical-X-ray band) is likely synchrotron radiation pro-
clei (AGNSs) showing the most extreme properties. They are iy, coq py relativistic electrons in the jet, while the high-energy

variability (IDV), by high radio to optical polarisation, and byenergy photonsfbthe same relativistic electrons. Whether these
the superluminal motions of radio knots. The observations C@lv-energy photons come from the jet itself (synchrotron self-

: . Compton, or SSC, models) or from the AGN environment (ex-
* = - - - 1 1

The radio-to-optical data collected by the GASP-WEBT coIIabﬂig,naI Compton, or EC, models), and in the latter case whether

ration are stored in the GASP-WEBT archive; for questions regard f h ; . h i . h
their availability, please contact the WEBT President Massimo Villafi€Y cOme from the accretion disc, the broad line region, or the
dusty torus, is still a matter of debate.

(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 quasi-stell&©10 November 30 yielded gray flux Fe.1pomev = (28 =
object (QSO) like broad emission lines, as well as a bl x 108phcnt?s™. This flux is consistent with the value re-
and unpolarized continuum that is presumed to be the sigmerted 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 al., 199%ata, along with a search for possible short-term variability,
Raiteri et al.| 2007; D’Ammando etlal., 2009). In contrast, Bwill be presented in Vercellone et al. (2012, in preparation).
Lacertae objects may have by definition at most weak lines, evdnltifrequency observations of 4C 38.41 during theay flares
if sometimes these sources challenge their classification (eafgserved 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 vaxtion between a disturbance travelling down the jet and the 43
ability by analysing the multifrequency behaviour of these olésHz VLBI core.
jects extended over the broadest possible energy range with
data sampling and quality that is as high as possible (see
e.J. Marscher et al., 201() Jorstad et al., 12010 AgUdO et @:,Optica| and near-infrared photometry
2011&,b). The international collaboration known as the Whole
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 of se-
infrared observatories. The WEBT campaigns have produdegtedy-loud blazars during the observations of the AGILE and
low-frequency light curves of extraordinary sampling, and the§&rmi y-ray satellites. In the optical, GASP data are collected
results have often been analysed in conjunction with higithe R band only. However, for this paper we also added data
frequency data from satellites (see €.g. Villata étlal., 200@&ken by the GASP-WEBT observers in tBgV, andl bands.
Raiteri et al.,| 2008b,c|_Larionov etlal., _2008; Bottcher ét alGalibration of 4C 38.41 was achieved by performinfietien-
2009;| Villata et al.| 2009b; Raiteri etlal., 2009, and referenctigl photometry with respect to stars A and B in the source field,
therein). whose standard magnitudes in tBeV, andR bands were de-

Renewed interest in blazars occurred with the launch &yed byl Villata et al.|(1997). We obtained standard magnitudes
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 & Gaskell
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 thg H, andK bands, where calibration
WEBT started the GLAST-AGILE Support Program (GASPis performed according to the photometric sequences obtained
see e.gl Villata et all, 2008, 2009a; D’Ammando étlal., 20094th the AZT-24 telescope at Campo Imperalfore
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 runniggiod 2008—2011 are shown in Figl 1. The GASP-WEBT
at the Steward Observatory (Smith et al., 2009), providing supbservations were performed by the following observatories:
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 all, 1992) and provides publicly available speltaidanak, Roque (KVA and Liverpool), Rozhen, Sabadell, San
tropolarimetry, spectrophotometry, and calibrated broad-baRddro Martir, St. Petersburg, Teide (IAC80 and TCS), Tijarafe,
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 Sec(.13). The figure also displays optical data acquired by
target list of both the GASP and the Steward Observatory mghe UVOT instrument onboard tiift satellite (see Sedt. 5.1).
itoring programmes. The period of observations presented hereLight curves were carefully checked and cleaned by reducing
includes a big optical outburstin 2011 (Raiteri etlal., 2011b) thite data scattering through binning data close in time from the
was also detected atray energies byermi (Szostek, 2011), same telescope, when possible, and by removing clear outliers
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 variability over most Substantial variability characterises the source behaviour, es-
of the electromagnetic spectrum. pecially in 2009 and 2011. The near-IR light curves were more

4C 38.41 had already been observediirays by the coarsely sampled than the optical ones, but show the same trend.
Energetic Gamma Ray Experiment Telescope (EGRET) instin-particular, they confirm the sharp brightness fall following the
ment onboard CGRO several times, and from these data ptsak of the 2011 outburst. The range of magnitude spanned over
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. This is a
above 100 MeV was (103 + 9.6) x 108phcnt2st in mid  well-known feature of FSRQs, which is ascribed to a mixture of
September 1981 AGILE observed 4C 38.41 several times. Irvariable emission from a jet and almost constant emission from
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—-2011 built with GASP-WEBT data (blueSiafs)JVOT data
(red crosses), and data from the Steward Observatory (green plus signs). TheiB&dd points have been shifted b9.1 mag
to match the ground-based data.

2.1. Colour analysis burst of mid 2011 the source returned to its previous brightness
levels of 1995 and 199'R(< 15).
The contribution of thermal radiation from the accretion disc is \ve derivedB - R colour indices by coupling the highest-
expected to lead to a redder-when-brighter spectral behavigulity R andB data (with errors smaller than 0.05 and 0.1 mag,
in the optical band. We verified this by performing a colowespectively) acquired by the same telescope within 20 minutes.
analysis. Figuré]2 shows the souiRéand light curve and the \we obtained 372 indices, with a mean time separation between
B — R colour behaviour since 1995. Pre-GASP data were prgandR exposures of about 6 minutes. The lack &-hand light
vided from the Abastumani, Calar Alto, Crimean, Mt. Maidanalgyrve with sampling equivalent to tieband one makes tHg—
Torind], and St. Petersburg observatories. The historical lightversus time plot rather discontinuous. In particular, most of
curve in the top panel shows that the source was very activeiiig colour indices were derived during faint states of the source,
1995-1998 and subsequently fade®te 16 until 2007, whenit a5 jllustrated by the dierence between the average magnitude
reachedk ~ 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 indicesR = 16.98). The minimum and maximum
values of the colour index are 0.39 and 1.04, respectively, and

6 Data taken at the Torino Observatory in 1995-1996 were publishga_a\(l)elrzge value is B~ R >= 0.64, with a standard deviation

inVillata et al. (1997) and Raiteri etial. (1998), but for the present pgz . .
per we reprocessed all the frames with both aperture photometry and 1h€ dependence of the colour index on brightness appears
Gaussian fitting of the PSF; in particular, we carefully re-analysed te@mplex, with a large dispersion in faint states. However, a gen-
observations of 1995 June 27-28 that led to the detection of the optiesdl redder-when-brighter trend is recognisableRok 16; in
outburst announced by Bosio ef al. (1995). brighter states, the colour index may even decrease. This is rem-
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iniscent of the “saturationfeect” first noticed by Vilataetal. .22 2000 2095 2010
(2006) for another FSRQ: 3C 454.3. The shift from a redder- 5 g
when-brighter to a bluer-when-brighter trend as the brightness,; 5
increases would mark the transition from a quasar-like to a BL 4
Lac-like spectral behaviour, the latter occurring when the syf- o £ bt e
chrotron radiation dominates over the thermal emission. The dis- ., , = %

- +o»

persion in the data points during faint states is apparently caused:'g
by at a given magnitude the source appearing to be redder durings
active periods than in more quiescent phases, as the comparison, ;-
between the upper and middle panel of Elg. 2 suggests. However,

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

not overlap in time. Q‘q

Furthermore, assuming as a first approximation that the 06
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 and 0.030 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). The 1.2
range of colour index values cited above then translates into a
range of energy index values from 0.17 to 1.76. Thus, in the
usual spectral energy distribution (SED) representationvfog( % o
versus log, the optical spectrum of 4C 38.41is flatwhBr R o
is low, i.e. in general during faint states, while it becomes steep °6
for B— R > 0.73, which usually corresponds to bright levels.
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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
anel). Blue dots indicate the data used to deriveBth& colour
dices shown both as a function of time (middle panel) and as
function of magnitude (bottom panel). The black dotted and

We analysed thB-band light curve presented in Fig. 1 to searc
for the most noticeable intraday variability (IDV) episodes, in2
volving changes of more than 0.3 mag in less than six houfd

We found six nights where such rapidly occurring episodes w ¢ . . re )
observed: on JD= 2455065, Tijarafe observations foIIowinge?ﬁJe dashed lines in the top panelindicate the average magnitude

St. Petersburg ones revealed a brightening of 0.32 mag in 2 82e \.Nhfle da;ase; ar|1d the dlatﬁ usled for tr?e (iplour inEic%s,
hours (0.113 matyour); on JD= 2455699, a very dense rnon_respectlve y. In the middle panel, the blue dashed line marks the

itoring at the Mt. Maidanak Observatory showed a fading sverage 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 wig2 hours on JD= 2455700—-2455702 and in 72 hours on 3D
respect to St. Petersburg observations about four hours befag5805-2455808.

(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 revealed vari-spectrophotometry

?tDlor;s 20 £5%$ggmaa?/elpyL:gpilzjogrrif;rg(t)e.gi?nzg%gi f'rgggy’inongolarlmetnc data for the present paper were provided by the

hours was inferred by comparing Crimean with Mt. Maidana teward., Crlmhean, Lowell, Calar Alto, alnd St. P?tersburg ob-
data, which implies an impressive rate of 0.42 yhagr. A care- lservatones.dT e Stewz;rd Observ(;;ltory also supplied spectropo-
ful check of the corresponding frames and photometry confirmﬁmlgiet{l}r/e?g sﬁg\?v(;trtﬁz t?éﬂr:veiggr c?ft?ﬁe observed dearee of op-
the results, so we conclude that this extreme variability episogiicc:eaI golarisatiorP as well as that of the position an %e of thep
is most likely genuine. A similarly rapid variability episode wa Iarri)sation vecto® as a function of time El)'o solve th§180°n
reported by Raiteri et al. (2008c) for another quasar-type blaz%g,lb. S id v d ; hicR

3C 454.3, in January 2008 (0.40 nflagur), and an even more &1'0IgUIty In ©, we consider only data for whicR/op > 5
extreme episode was discussed_by Raiterilet al. (2008a) for then require that the change across contiguous epochs be

same object, which brightened by 1.1 mag in 1.5 hours and the 0. Vis.ual inspection of the figurg revealsf that in gengral pe-
dimmed by 19 mag in one hour in becember 2'007 rfods of high flux correspond to periods of high polarisation de-

o X . - glree, so that there is some correlation betwand brightness,
Moreover, 4C 38.41 exhibited extraordinary optical activityich is investigated further below. For the polarisation position

in 2011_, with flux variations of several tenths of a magnitude %hgle, there appears to be a smooth rotation of abotft 200

a day timescale, as shown by Fig. 3. The most noticeable 1§'years, from 2008.4 to 2009.0, followed by an ever increas-

was a dimming of 0.77 mag in 13.81 hours observed on=JDjq yotation 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.
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period of monitoring, there is little evidence of significant
emission-line variability in 4C 38.41. Data are derived from the
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:
CIVA1550 and C1IR1909. In Fig.[h, we plot the emission-
line fluxes measured on 116 nights from 2008 October to 2012
January against both time and the optical brightness of 4C 38.41.
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 consistent with
the line fluxes being constant, the scatter in the measurements
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 the equivalent
widths of the lines in 4C 38.41 (ranging fromB83 to —11 A

for C V) are consistent with only the continuum having varied
since 2008 August. The size of the broad-line region in quasars
(Kaspi et al., 2000) and the added delay in variability caused by
the redshift of the object make significant line variability impos-
sible on timescales as short as a week, so the scatter in the data is
a reflection of the systematic uncertainties in the spectrophoto-
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 theéR band (top panel), per- its relatively small equivalent width, especially when 4C 38.41
centage of polarised flux (middle panel), and polarisation pogs-bright, and its larger FWHM relative to C IV is likely caused
tion angle (bottom). Data are from the following observatorieby the inclusion of Al [1111858 within the fitted line profile.
S_teward (blue circles), Crimean (red diamonds), Lowell (black

triangles), Calar Alto (green squares), and St. Petersburg (oraggf Continuum flux and colour

crosses). The:18C°’n ambiguity in® is solved by using only

data for whichP/op > 5 and then requiring that the changerhe Steward spectrophotometry can be used to examine how

across contiguous epochs H&C°.

<9>

the optical continuum of 4C 38.41 varies with time and flux
as shown in Fid.12, but avoiding the non-variable emission fea-
tures that fall within the standard photometric-filter bandpasses.
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Fig. 6. The continuum colour of 4C 38.41 as a function of the.

: : : : ig. 7. The observed degree of optical polarisation plotted
source brightness. The continuum colour is approximated by hggainst the brightness of 4C 38.41 in Réand. Data are from

gg’éé%?ﬂ?;:éhoebg"é?\/gg?e'?‘;\gg(e;ebf'rr;%zemred on 4800 A antﬁ]e following observatories: Steward (blue circles), Crimean (red
. diamonds), Lowell (black triangles), Calar Alto (green squares),
and St. Petersburg (orange crosses). Only data h&/ing > 5
Figure® shows the colour of 4C 38.41 as a function of brightne®k 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- | Ty |
ing a redder measurement would include uncorrected terrestrial S
oxygen and water absorption features and would corrupt the de-1 A -

termination of the continuum flux ratio. The trend in Higj. 6 of
the continuum becoming redder as the object brightens confirms

the broad-band filter results shown in Hig. 2. Despite a range R - t+

in wavelength of only 640 A between the flux bins in the rest | - e *%& |
frame of the object, the correlation between colour and bright- | - *+ f?’f’; |
ness is pronounced, and suggests that the dominant source of + i + o4
continuum light is diferent when 4C 38.41 is bright than when ﬁ.

the blazar is faint.

‘
+
—+

+

Lol

3.3. Polarisation and flux

. . . . 1.0 1.2 1.4 1.6 1.8
A strong correlation between the degree of optical linear polari- Fuaoo i/ Fasoo i
4800 A 6600 A

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 correlation ide@ptical continuum colour (as defined in Hig. 6) of 4C 38.41. The
tified between optical continuum colour and brightness in Sepplarisation and flux ratio measurements are simultaneous, with
[3.2, the trend observed betweRmnd brightness translates intothe polarisation data being derived from the median value within
a strong correlation between optical colour and degree of polar5000-7000 A bin from the Steward Observatory spectropo-
isation. This correlation is shown in Fig. 8, with the continuurtarimetry.
flux ratio of the 4800 A to 6600 A bins used as the measure of
optical colour. High polarisation in 4C 38.41 is associated with
a redder continuum. This result is further evidence that the do#e optical polarization peaked, whiein 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 the core
bright than when it is faint, as suggested by the observed refiifer 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 consistent with
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 and opti
flux, colour, andP. No apparent correlations were found.
Jorstad et al. | (2011) found that at least from June fdhe striking correlations observed in 4C 38.41 between the opti-
November 2009 there was good agreement between the poai-flux, colour, and polarisation have been noted in other strong
tion angle of optical polarisation and that of polarisation in themission-line blazars (see elg. Sitko etial., 1985; Smith et al.,
43 GHz core, and between the general behavio®iofthe two 11986, 20111) and have been found to be in the same sense. That
bands, except for the time when, according to the VLBA imagss, as objects fade, they become bluer and are generally not as
a superluminal knot was passing through the core. At this tim@ghly polarised. During optical flares, a redder and more highly

(?Jl Wavelength dependence of the optical polarisation
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Fig. 10. The median flux (blue), polarised flux (red), and nor-

larisation in the blue to red bins and colour, defined as in Fiﬂialisedq’ andu St(_)kes (green) spectra for 4C-: 38'-41' These
5. Riah I relationship b heFel ' b h Qpectra were compiled from 144 spectropolarimetric observa-
. Right panel: relationship between t fence between e ¢ of the blazar. The polarised flux spectrum is derived by

polarisation position angles in the blue and red bins, and C°|°Hfultiplying the flux spectrum by and displays a featureless

power-law as expected from a synchrotron source. The polarised
IX spectrum is scaled by a factor of 10 for clarity. See the text
r a full description of they andu’ spectra. Telluric absorption

polarised source of continuum flux appears to dominate the c§
h ; o .
atures are identified with symbols.

tical continuum. The short (daily) variability timescales and t
power-law spectrum at optical wavelengths of the variable co
ponent indicate that this is the beamed synchrotron continuum
from the relativistic jet in these sources. As a flaring object fades,
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 evolution of the jef, andu’, whereu’ averages to 0 over the entire spectrum. The
or if fainter emission contributions, not directly associated witfeSultingg’ 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 how tfidewere obtained. An important advantage of usihgnstead
linear polarisation varies with wavelength. We used 144 avaflf P is that the Stokes parameters have normal error distribu-
able spectropolarimetric observations of 4C 38.41 obtained B@ns, 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 birfgg.[10 and identify the likely cause of the general decrease in
(defined in SecE_312) plotted against the ratio of the observed f§iae polarisation toward the blue end of the spectrum. In addition
larisation in the same bins. As the blazar becomes bluer (faintég)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 IV and CIl1]. This in-
in the red bin. The strength of this wavelength dependenceditates that the broad emission lines are not highly polarised, if
P generally increases as the object becomes bluer (fainter), atlall. 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 H&IIII]
sult in relatively large uncertainties ,g004/Pggooa- Figure[® emission feature close to the red wing of C IV and suggests that
also shows the dlierence between the polarisation position arthe observed wavelength dependence is caused by the dilution of
gles determined in the two continuum bins. Most observatiottge polarised flux by an unpolarised spectrum that is similar to
are consistent with no wavelength dependenc®.iiThis gen- that of an optically selected QSO. The flat, featureless spectrum
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 position angle
inates at any given time. If a second non-thermal source of geiransitory and typically not strong.
larised flux that has a significantlyftrent spectral index and  Figure[10 also displays the median flux,§ and polarised
polarisation position angle becomes bright enough to compéitex (o' x F,) spectra of 4C 38.41. Here, the nature of the source
with the original source, then a strong wavelength dependerufepolarised flux becomes evident. The median polarised spec-
in ® can occur (see e.g. Holmes et al., 1984; Sitko et al..|198%)m is featureless and well fit by a power-law with a spectral
although this does not seem to happen often (Sitkolet al.| 198%ex —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 polaritsised continuum is identical to that of the synchrotron contin-
flux have similar spectral indices giod polarisation position an- uum under the assumption that the intrinsic jet polarisati (
gles within the spectral region being observed. is independent of wavelength over this spectral region. Since
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 the monitdecreases into the blue. The amount of dilution and the strength
ing period. This was done by rotating each polarisation spectrurithe 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 unpolarised, non-
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varying (at least on timescales measured in months to years) [

emission from the QSO component and the highly variable non- - . . ) % 1
thermal emission from the relativistic jet and its spectral index. | . ..-" PR ,..;.o.éﬁ M [éfg |
This model not only successfully explains the wavelength de- 4';.@:0 %‘ o N aogc-‘% R
pendence of the observed polarisation, but also explains the cor- '5..;.; 300 §e KO8T Padhn o0 o
relations seen in 4C 38.41 between continuum flux, colour, and'® Ty @:% C%om'%‘_%'o'cgf o e o, B
level of polarisation because the bluer QSO component con- ¢ _':'gso_'f LR A fccfc@oc e, s ]
tributes more strongly to the optical spectrum when the objectis e ‘C.@;f o° ° ° ]
faint. The same general model has also been shown to applyto | C;%@@; o %: e ]
lower-redshift blazars with strong emission lines, suchas 3C 345 | oo e, i
(Smith et al. [ 1986), PKS 15427 [Smith et dl.[ 1994), and e T, e :
PKS 1222216 (Smith et al., 2011). The results for 4C 38.41 °op o
extend the evidence of the two-component nature of these types, | ° Reso=17.85 |
of blazars into the ultraviolet down to C M 550. - ° o ]
With the polarisation and flux information in hand, it is im- T
possible to distinguish the optical spectrum of the object into 175 17.0 165 16.0 15.5 15.0
polarised power-law synchrotron and unpolarised components R [mag]

since it is mpqs&blt—_z to break the degeneracy between the I"—r?g']. 11. The intrinsic polarisation of the optical synchrotron
trinsic polarisationPy; assumed to be constant with wavelengt
gf%

and its brightness unless the SED of unpolarised componen missionPy (red filled symbols) as a function of the brightness

4. Th bl h ; bl irai C 38.41. For comparison, the observed polarisation measure-
assumed. 1nhe problem, NOWEVET, 1S reasonably constraine ts (Figll) are also shown (blue empty symbols). Correcting
the unpolarlsed component cannot b_e SO b”ghﬂﬂa?"; drlven_ for unpolarised emission from a QSO-like component with
to excessively high values. The intrinsic polarisation certainjy _ 17.85 yieldsP, (see text)

must be< 100%, butPy < 40-45%, which is the observed
maximum for blazars (see elg. Impey etial., 1982; Mead|et al.,

199()), is likely to be the upper I.imit. _In addition, giventhe longes there are no casesP 5% being observed when 4C 38.41
timescales observed for variations in AGNs that are not blazagsin a major optical outburst, bRy approaching 20—-30% can

the unpolarised component cannot be brighter than the optiggkyr when the object is near its faintest flux levels during the
photometric minimum observed in the light curves shown in Figqonitoring period.

[Mand Fig[2 (roughyR ~ 17.8).

Two methods have been used to breakRpédrightness de-
generacy to estimate the true polarisation of the optical syf-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 component ] . ]
can be estimated from the strengths of the C IV and C Il1] emi¥Ve analysed radio data provided to the GASP project by the
sion lines based on the line-to-continuum flux ratios of a stagubmillimeter Array (SMA, 230, 275, and 345 Gijjand by the
dard template spectrum for radio-quiet QSOs (e.g. Francis et E2dio telescopes of Medicina (5, 8, and 22 GHz), Metsahovi (37
1991). For C 1V, this yields aR-band magnitude for the QSOGH?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(_)r this
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 spectropolarimetr{®. 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 a@§ 22, 37, and 87 GHz data acquired with the Metsahovi and
leaving the non-thermal spectral index, QSO brightnessPand Crimean radio antennas and published_in_Salonen et al. |(1987)
as free parameters’ we find an avengBagnitude of 17.85 for and_ Terésranta etlal. (1992 1998, 2004 2005) The IOng-term
the QSO. The median spectral index of the polarised power-1&@gio light curves of 4C 38.41 at the best-sampled wavelengths
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 densities are compared 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 \/_Vlth decreasm_g frequency (with the exception of thg 230 GHz
light curve dificult to explain because 4C 38.41 often becomdight curve, which lacks data before 2002), suggesting that the
fainter. The estimates based on C 11] and the model fits are cdifresponding jet emitting regions become larger. The shape of
sistent with the observed light curve. The intrinsic polarisation §t€ major eventin 2001-2003, clearly visible at 37, 22, and 14.5
the synchrotron continuum is given B = Pgps X Fops/(Fobs — GH_z, cha_nges with wavele_ngth: 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 blazar, assumin iy . 1 T3
R=1785 for ;he unpola_lrised QSO component. Similar resuI%garzrggiégttfgﬁogéﬁnfyg (Ac'gﬁ \?ngflzl_l et Bl.. 2007) as well as part
are obtz_imed ”R. = 18 is assumed, but with S_ma_ller_ COITEC- o \RAM 30m data were acquired as part of the POLAMI
tions being required between the observed and intrinsic polarigsg|arimetric AGN Monitoring with the IRAM-30 m-Telescope) and
tions. The correction oP for the non-beamed nuclear emissioap| (Monitoring AGN with Polarimetry at the IRAM-30m-
greatly lessens the correlation betwd®and optical brightness Telescope) programmes. Data reduction was performed following the
displayed in Figll7. The correlation is not completely destroyguiocedures described(in Agudo et al. (2006, 2010).

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 radio light curvedtardnt frequencies in 1994-2011. Blue dots refer

to data collected in the ambit of the GASP project, complemented by 230 GHz data from the IRAM 30 m telescope (purple crosst
Black plus sign symbols are historical data taken from the participating observatories’ archives and from the literature (see text
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 tffea of two curves (Fig[IR) reveals a lack of general correlation: the big
overlapping events. Cross-correlation of the 37 and 14.5 GHatbursts that occurred at high radio frequencies in 2001-2003
light curves by means of the discrete correlation function (DCBhow no optical counterpart. Moreover, the big optical outbursts
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 remains
peak at 360 days (see Figl13), indicating a time delay of sevettst 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 timescales than
feature in blazars and suggests that lower-frequency photonsexpected for this kind of objects. While we need to wait to see
produced downstream in the jet from the higher-frequency onesether a big radio outburst will follow the 2011 optical event,
we note that the systematically higher radio flux in 2009-2011,

<13>



C. M. Raiteri et al.: Variability of the blazar 4C 38.41 (B3 B3382) from GHz frequencies to GeV energies

T — T 1 2007 2008 2009 2010 2011

i ; i 17.5E 3

1oF | ] 18:0F & 2

; ol ] e AR

A Tl

: A A ;

i i 1 17.0F v

N b %{ . 175 . S A

5 [ g .1 wisor TP A

a [ H Hﬁ £ 185 =k . t“% =

0.4 123 ‘ g 19.0F 2

- 2. 1 195E E

i it | | 1eof ;3

L 3t s ] 165F . Lol

o= #§ } 15 mos "2 . Rl

oy I3 A ;

0.0 oo AR — 18.5 & 3

L I [ i I I | %gg E . 3

—600 —400 —200 0 200 400 600 16:0 ; . a\ é

™ [days] 3 165F ’ TR

. . . . 17.0F & S -y E

Fig. 13. Discrete correlation function between the 37 GHz and 1Z8E 4

14.5 GHz light curves shown in Fig.112. 155¢ 5
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unusually at all wavelengths, may be related to the renewed oop-%g E . N 3

tical activity of the past years. 189 ) * N 3

In the framework of a geometrical interpretation of blazar |55¢ T2

variability previously proposed for other objects (see e.g. 16.0% &«

Villata & Raiterl,[1999] Villata et dll, 2007, 200¢b; Raiteri et al.,> 1552 . o

2009, 12010, 2011a), one could assume an inhomogeneous~.s = H » : E

curved jet, where the optical and radio emitting regions were 180 # i E
more misaligned in the past. In particular, a closer alignment 4000 4500 5000 5500

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

have made the optical radiation more relativistically beamed tByy. 14.0ptical and UV light curves of 4C 38.41 built witwift-
ward us, while in 2001-2005 the radio-emitting region woulghyOT data.

have been better aligned, with the consequent greater Doppler
enhancement of the radio flux. The increased activity of the past

few years at both radio and optical frequencies would then ingragnitude spanned in the various bands are about 2.3, 2.0, 1.6,
cate that the radio-optical misalignment has decreased and that 1.4, and 1.4 mag going from tieo theuw?2 filter. Hence,

both emitting regions are seen at small viewing angles. An anfi{e source variability decreases as the frequency increases, ex-
ysis of the variations in the viewing angle of the parsec-scale jghding the trend already observed in the near-IR-optical band
will be performed in Jorstad et al. (2012, in preparation). in Sect[?2.

To clarify whether there are any emission contributionsin the
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 introduced by
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 kefitters. We calculated the (small) Galactic extinction in the vari-
and the UltraviolgOptical Telescope (UVOT;_Roming etlal.ous bands by convolving the Cardelli et al. (1989) laws (setting
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. The source

SEDs are shown in Fig.15.

5. Swift observations

5.1. UVOT observations

The UVOT observations were performed in the opticd, and 5.2. XRT observations

u bands, as well as in the UV filtensswl, uvm2, anduww2  Although a few SEDs have a wavy shape, likely because of the
(Poole et all, 2008). We reduced the data with the HEAsoft pagkata 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 withuvotimsum, and aperture photometry wassource brightness increases. Correction for the small flux con-
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, whi{gould not change the SED shape appreciably. This again sug-
background counts were estimated in a neighbouring source-fge&ts that there is a thermal contribution from the accretion disc,
circular region with a 10 arcsec radius. The results are shown in

Fig.[12 (and in Fig: 11, where theband points have been shifted 1© From the NASAIPAC Extragalactic Database,

by —0.1 mag to match the JohnsoWsband data). The ranges ofhttp://ned.ipac.caltech.edu/
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The lower panel shows the ratio of the data to the folded model.

log (VvF,)
S i

Bt

—12.5 8
" EF 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-
*130 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 model

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

: o . .__invalue than that of the data. Moreover, we compared the results
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 synyer was applicable. We obtained robust spectral fits (excluding
chrotron emission becomes fainter, the contribution of the thefie cases in the tails of the goodness distribution) in about 70%
mal radiation from the accretion disc emerges, peaking aroyf(-ases. These cases indicate a hard spectrum, with the photon
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 agreement

which peaks around theband (as expected because of the hi ith th(? “harder-when-brighter” trend often observed in blazars
source redshift) and emerges when the jet synchrotron contribg-9-2’Ammando et al., 2011, and references therein).
tion weakens. In particular, the data acquired on 2011 May 15 (3D

We processed the XRT event files acquired in pointing modg>5697), corresponding to the X-ray peak visible in Eig. 16,
using the HEASoft package version 6.11 with the calibratigif® Pest-fitted by a power-law with = 1.31+ 0.07, 1 keV
files 2011091&. We considered the observations with expdi€-absorbed flux densitys ey = (1.46 = 0.09)udy, and ob-
sure times longer than 5 minutes, including 65 0bservations?ﬂ":lr‘llleaE1 flux le)e_tilveen 0.3 keV and 10 keV of @+ 0.14) x
photon-counting (PC) mode. The tasktpipeline was run ergcnt<s . The result of the goodness testis 54%, which
with standard filtering and screening criteria, in particular s@SSures us that the observed spectrum is well-reproduced by the
lecting event grades 0-12. Source counts were extracted frBiide!- The corresponding spectrum and the folded model is
a 25 pixel circular region{ 60 arcsec) centred on the source3OWn in FigLLy.
and background counts were derived from a surrounding annu-
lar region with radii of 100 and 150 pixels. The count rate Was ~ o <s-correlations from radio to v-
always lower than 0.5 courf$s so no correction for pile-up was ™" 0SS CO_ efations from radio to y-ray
needed. Therrtmkarf task was used to generate ancillary re- frequencies

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

gions, vignetting, and PSF corrections. The X-ray light CurV§es in the period 20082011, 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.[18 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 tlepec package. the corresponding weekbyray light curv&®; 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 é%-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 absorlieitp://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 at the ISDC
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Fig. 16.Light curves of 4C 38.41 at filerent frequencies in 2008—2011. From top to bottom: 1) the gaiby 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 counts while
black squares represent 1 keV de-absorbed flyx@g (which are filled in orange when resulting from robust spectral fits; 4) the
de-absorbe®wift-UVOT flux density light curve in thevwl band (mJy); 5) the de-absorbed GABBand flux-density light curve
(mJy) with the cubic spline interpolation through the 7-day binned data; 6) the millimetre radio light curve at 230 GHz (Jy).

curve fromSwift-XRT (net count rate, as well as de-absorbede also plotted cubic spline interpolations through the weekly
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. We note
R-band de-absorbed flux densities (mJy); 6) the millimetre radioe 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 veg 19 A | f Ei in 2011. The bink ical
tical line marks the epoch of one of the SEDs shown in[Eiy. 2 -TI]%'S r?w.arl?tﬁg erogoecrﬂgr(l)tf cs)ix OI%GS'EDSS%W”?”FE@_ \éezr.nca

— 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 botl-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 visiblE'9:[20) peaking at zero time lag, but the centroid of the bump,

at 230 GHz. which provides a more robust estimate of the timellag (Peterson,
— Flareb occurred during solar conjunction so that the opt;ZOO:_L), appears shifted toward positive time-lags. Hence, the cor-

cal coverage is almost null. However, the few contemp{)@lat'on_ between th@-ray andloptlcal .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 those imthe

Interestingly, the millimetre light curve shows a bump simu-2ys, but the broadness of the DCF bump would suggest that this

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

— In flare d, the most active phase iprays and X-rays pre- with the y va}riations lagging by 5 3 dz;ys. To investigate in
cedes that in the optical band and the mm flux reaches gieater detail the matter, we thus restrict the calculation of the
maximum value. DCF to the period investigated by Jorstad etlal. (2011), and es-

— A shift between the/-ray and optical smoothed-trend fluxSentially confirm their result. As shown in Fig.121, we find a
maxima also occurs in flare where furthermore the last peak at zero time-lag, indicating that there is a strong correlation

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

In conclusion, the correlation between the source emissionrgsolution, istcen = —2.5 days, which means that theray
v-rays and optical (and maybe millimetre) frequencies is cleagriations would follow the optical ones by 2.5 days. We de-
because flares are observed to occur in the same periods and teainine the uncertainty in this result by performing Monte Carlo
strength increases from 2009-2010 to 2011 at both frequencamulations according to the “flux redistributipandom subset
This would suggest that the jet regions where photons at theséection” method (FRSS; Peterson etlal., 1998; Raiteri €t al.,
frequencies are produced either coincide or are very close. 2@3), which tests the importance of sampling and data errors.
more coarsely sampled X-ray and UV light curves indicate sonrd@énong 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 froeonclude 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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Fig. 20. Discrete correlation function between the dajyray
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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Fig. 21. Discrete correlation function between the dajyray
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{‘h round-based data in theband, especially in the fainter
squares represent the case where the light curves are stopp%&f !
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Variability of the blazar 4C 38.41 (B3 B3382) from GHz frequencies to GeV energies

7. Pair-production optical depth

In the emitting plasma jef;-ray photons should be absorbed be-
cause of collisions with lower-energy photons, mostly X-rays,
which lead to pair production. Relativistic beaming of the emit-
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 comoving
frame

Sow = [5x 107 (1427 (1+2- V142 i Ts x

(Frev/wdy) ™ (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 = 146y (see Seck. 5.2E, = 0.1GeV, and

by considering a variability timescale of 12—24 hours, we obtain
dow = 4.1-3.7. This is the lower limit to the Doppler factor af-
fecting the radiation emitted from the jet region wherettend
X-ray photons are produced.

8. Broad-band SED

Broad-band SEDs of 4C 38.41 are presented in[Elg. 22 for seven
epochs characterised byfidirent brightness levels and good
broad-band data coverage (see also Figs. 18§ ahd 19). They are
obtained with simultaneous data at near-IR, optical, and higher
frequencies, where flux variations are faster, while in the radio
band we searched for data within a few days. Near-IR, optical,
UV, and X-ray flux densities are corrected for Galactic extinction
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 lower than

. 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 around the
u band. The shape of the low-energy bump traced by the data

ing period, including the 2011 outburst, the result changes cofifloWn in Fig[2P suggests that the synchrotron peak lies in the
pletely (see Fig21). The peak is stillkat 0 days, but the corre- far-IR—sub-mm frequency range.

lation weakens (DCfzak = 0.50), and the centroid indicates that

The spectral analysis of the X-ray data acquire®bift has

the optical variations follow the: ones by about 7 days. ThisP€en presented in Sect.5.2. All the five X-ray spectra shown in
result is strongly fiected by the presence of the optical flarEi9- (22 are the result of statistically valid spectral fits, whose

without y-ray counterpart at J>- 2455767. If we indeed stop SPectral indices are indicated in the figure.

the light curves at J&= 2455763, the resulting DCF still shows ,
a weak correlation, but now the peak and the centroid coincigBleFermi-LAT dat
att = 0 days. The reason for the lack of a strongptical cor-

relation in 2011 has probably to be ascribed to the increas
the optical toy-ray flux ratio starting from JD~ 2455700 and

culminating with the last “sterile” optical flare.
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 polarisatiéyderived

To obtain they-ray spectra, we reduced the publicly avail-
corresponding to the epochs of interest.
The data reduction is based on the unbinned likelihood analy-

eSig With python using the ScienceTools software package ver-

sion vor23pftl. We extracted the data from a circular region of

15§ = [Tp(1-p cosh)] ™, wherel, is the Lorentz factor of bulk motion

light, and# is the viewing angle.

in Sect[8. The corresponding DCF, which is shown in the righ® http://Fermi.gsfc.nasa.gov/
panel of Fig[ 2D, does not provide evidence of any significar http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/

correlation.
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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 by keepeurce using the test statistic (TS) based on the likelihood ratio
ing only the “source class” events (event class 2). The energgt. 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 a zeridb5296, 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 mBiel States. We created nine customised energy bins to ensure more
for the extragalactic diuse emission (isp7v6source.txt), Photons per bin. The tool creates an exposure map and an event
which includes the residual cosmic-ray background. The instrie for each of the energy bins. We used the final fit from our
ment response function (IRFs) valid for the isotropic spectrufif€linood analysis to fit individual bins and, as before, kept pa-
(P7SOURCEV6) were used for data sets with front and backameters of all sources fixed except for the integral factor and
events combined to carry out the spectral analyses. photon index of 4C 38.41. The source exhibits a slight spectral

.. variation during the seven time intervals. The individual photon-

For each of the seven epochs, we calculateq the “Vet'rﬁ}%ex values for all seven epochs are displayed in[Eif. 22, with

cube, exposure map, andffdise response of the instrument

! : . ! . errors indicated by their respective bow-tie patterns.
and applied the algorithm as prescribed by the unbinned like- As displayed in FigC22, the results of the above analysis

lihood analysis with python. We used the user contributed tor(gveal 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\&tlf_]in thde IF?II of\;l\,/C 38.4 ually found for quasar-like blazars. This also seems to be true
ant tr?e?er? € teI?.?geSp?tr.‘ mt% rtnol € (Ijei e Car”‘?wg\en the jet emission is faint and the thermal contribution pre-
outthe nrst spectral lit by setting the Spectral model CorreSpongly s i, the optical band, as shown by the 32455296 SED.

ing to 4C 38.41 to “PowerLaw?2” in the file and keeping the N0 oreover, by comparing thg-ray spectra with the X-ray ones,

malisation or integral factors and photon indices of all sourc : : )
along with the normalisation factors of the Galactiffuse and e (S:ar;ifgﬁ; ht?]tehé%rt]? Srﬁégs:;ﬁrs]g)trhrgi?ggs (;[? tﬂgutiagrh)-(ernagrgy

_ _ ne
isotropic components as free parameters. The XML model a%g p is located in the 28-10?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 ow-
ing to the energy-dependent size of the point spread function of
the instrument. For these additional sources, normalizations anjscussion

index were kept fixed to the values of the Secdiedmi LAT

Catalog/(Nolan et al., 2012). The first fit was then used to obtaf discussed in Se¢tl 6, in 2009 we found a stresgptical cor-

the final spectral fit after fixing all the free parameters of this figlation, 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. (2011). In con-
trast, in the 2011 outburst the correlation was weak, and the flux
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 variations
BackgroundModels.html after they-ray ones was found by Hayashida et al. (2012) when
15
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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 ratio of thee would have obtained weaker constrains. Hence, we sug-
external radiation to the magnetic energy densities along the st that Doppler factor variations of a geometric nature pro-
which shifts the location where the optical luminosity reachesvéde the most likely explanation of tHeng-termflux variability
maximum downstream from where thduminosity peaks. As of this source, as already proposed for other blazars (see e.g.
we saw in Sec{]8, 4C 38.41 also has a strong Compton doiMilata et al.,[2009b; Larionov et al., 2010; Raiteri et al., 2011a,
nance, which is at the basis of the Hayashida et al. (2012) 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 optical dence of polarisation on brightness (Fip. 7) that cannot be com-
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). The intrinsic
y-ray counterpart. A similar situation was found by Raiteri et apolarisation variability can be interpreted by various available
(20114) 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 facté, = 3.7— ing angle discussed above to explain the flux variations can also
4.1 to avoid self-absorption of theradiation| Savolainen etlal. provide a plausible explanation of the variations in the polarisa-
(2010) combined apparent jet speeds derived from highPen degree. If we suppose that for a statistically significant part
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 monitoringecause of relativistic aberration the angle between the line of
data acquired at the Metsahovi Radio Observatory to estimatght and the direction of the normal to the shock-wave front can
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 W = arctan¢ Sinf )
tolJorstad et al! (20111) theray emitting region is close to the I (cost — /1 - 1";2)
millimetre one, we can investigate whetherthe Savolainen et al.
(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). Taking@.g..Hughes et al., 1985). Hepes the degree of compression
into account the uncertainty in both the emitting region structued the shock wave and is the optical spectral index (see Sects.
and the value ofr, we can assume a flux density dependence @and3). The results of the model are shown in Eig. 23 for an
62. 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 af. They can closely reproduce the

Under the hypotheses thitax = 21.3 from/Savolainen et al. behaviour of the intrinsic degree of polarisation of the jet emis-
(2010) and that all the variability shown by theay and optical Sion Po derived in Sec{13 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 contribution and
this maximum value andm, = 8.0 to explain the weekly- Galactic extinction). Most of the data point dispersion can be ac-
ray lightcurve. In the optical band, an uncertainty comes frogpunted for by varying the compression parameter fjosnl. 15
the subtraction of the QSO contribution derived in Sect. 3 frota 1.7. We note that choosilyso = 18, which was obtained as
the R-band flux densities. If we consider the weekly-binfed a possible alternative value for the unpolarised emission compo-
band lightcurvegmin = 6.7 if Roso = 17.85, whiledmin = 7.5if nent in Sect 3, would shift the points toward the bottom-right,
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 correzspondlng variatioy ~onclusions
in the V|eW|n_g anglej = arcco:ii;[l"b_é _1]/[ Vrb 16]}_ under We have presented the results of a huge obsenfiiogt®n the
the assumption that all the var|ab.|I|ty is of a geometrical natqr,gSRQ 4C 38.41, carried out by the GASP-WEBT and collab-
Adoptmg}"b = 311 after| Savolainen et al. (2010), we obtairy ators from 2007.5 to 2011.9 and by the Steward Observatory
Omin = 2.6° corresponding tmay = 21.3 for both th?y—ray and - ¢rom 2008.8 to 2012.1. Earlier data were also collected, so that
optical emitting regions, while we deritiay = 4.8° forthey  yhe gntical and radio light curves cover in total about 17 years.
radiation, anthmax = 5.‘0 or 5.3 for the optical wherRgso = Moreover, we also analysed the UV and X-ray data acquired
180 0r 17.85, respectlvely. ) _ . ....in 2007-2011 by th&wift satellite and the/-ray data taken in

In conclus!on, the h_ypothe3|s that all t.he flux variabilityngg_2011 byFermi. Light curves from the near-IR to the UV
on a weekly timescale is due to changes in the Doppler fagsnd, spanning a facter 11 in frequency, show a quite impres-
tor does not contradict the observations. Had we considegs correlation, presumably because this whole range is in the
shorter variability tlmescales,_we would have obtained IOW%bper part of the synchrotron bump. In the near-IR-to-UV spec-
Smin Values, down t@min = 4.3 in the extreme case that we aty | range, the presence of a QSO-like emission contribution in

tributedall the R-band flux density variations to changesdn 4qgition to the synchrotron emission from the jet, is revealed by
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 energetic naturethe maximum flux-variation amplitude decreases with in-
such as shocks propagating downstream in the jet. In contrast,creasing frequency;
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frequencies change with time. The correlation was strong during
2009, but became weaker in 2011, likely because of an increased
activity in the optical band.

We analysed broad-band SEDs of 4C 38.41 built with con-
temporaneous data inftérent 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 selected epochs
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= 1785 and polarisation variability, which is able to fairly account for the
: observational data. In this view, at least the long-term flux vari-
N T S ations can be ascribed to changes in the Doppler boosting fac-
0.0 0.5 1.0 15 2.0 25  tor produced by changes in the viewing angle. In particular, the
Fier [my] weeklyy-ray and optical light curves would imply changessin

andd in the ranges of 7-21 and~ 2.6°-5°, respectively. When

: : L using these values in the framework of a shock-in-jet model,
g]sssuergg%ga\rge(;?)lir?eedjg:i ;I#tﬁ%nosiylygt?f g Eég(rjr.e\é\t/eforr]?k\l/g where the direction of the wave front, and hence the polarisa-
QSO-like unpolarised emission contribution théieats both the g?n 2%%:;8“’ tcfg??hgeetsrea:g?)rfdIg?a:%gt]igr:/l/(\a/\i/t\lr:nt?riarr]l%zs\ge could
flux and polarisation degree observed. The blue lines represer%f) P 9 )
the results of a shock-in-jet model where the direction of the
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Fig. 23.The intrinsic polarisation of the jet emissi®l derived
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ABSTRACT

Context. We downloaded data for the comet 81P/Wild 2 for May and June 2004 from the ESO archive and monitored this comet
from January to August 2010 during its 6th perihelion passage since its discovery in 1978. Photometric data were used to monitor the
comet’s gas and dust activity as a function of heliocentric distance. Non-photometric data were used for an analysis of the evolution
of the dust coma morphology.

Aims. The goal of the analysis of the observational data was to characterize the evolution of the cometary activity as the nucleus
approaches the Sun. We also aimed to assess the gas and dust production rates for the last two apparitions and investigated the
evolution of the dust coma morphology during the last passage in 2010.

Methods. The long-slit spectra data were acquired with the EFOSC2 instrument mounted at the 3.6. m ESO telescope in Chile, while
narrowband and broadband images were obtained using the 1-m telescope at the Lulin Observatory in Taiwan. Image enhancing
techniques were used to investigate the evolution of the dust coma morphology in the R-broadband images, and we modeled the
evolution of these dust jets. Where possible, we studied the dust and gas production rate, and the radial profiles of the dust brightness
in the Sun-anti-sunward directions.

Results. The morphological analysis helped us to detect the jet structures in the dust coma by using the Larson-Sekanian filter. In May
2004, only one feature had been found on the sunward side. In 2010, one of the jet features had been switched-off after January, and at
least four new jets were found from April to May. The physical properties show an average reddening between 4420 A and 6840 A of
8.4% per 1000 A and the average resulting log of the C,-to-CN production rate ratio is —0.454 + 0.13, which would place Wild 2 in the
“depleted” category according to the taxonomic classification. The slope of the radial dependence of the gas production rates for CN
and C, is very consistent with observations of many other Jupiter-family comets. The slopes of the surface brightness lie between 0.98
and 1.38 in the images taken at the Lulin observatory, whose the range interval from 2000 km to 30 000 km is roughly consistent with
the p~! law. However, the gradient of the radial profile in the sunward direction in the outer region (4.0 < log p(km) < 4.5) is slightly

steeper than that in the inner region (3.3 <log p(km) <4.0).
Key words. comets: individual: 81P/Wild 2

1. Introduction

Comet 81P/Wild 2 (hereafter Wild 2) is a Jupiter-family comet
(JCF) discovered by Paul Wild in early January, 1978. Owing to
a close encounter with Jupiter in 1974 at a distance of 0.006 AU
from the planet, the orbital parameters changed such that the per-
ihelion distance decreased by 3.5 AU, from 4.9 AU to 1.4 AU,
allowing the cometary surface to receive a higher amount of ra-
diation from the Sun. The orbital period of comet Wild 2 also
changed from 57 years to 6.4 years (Sekanina 2003). This rel-
atively young photometric age of 13 cy, a parameter related
to cometary activity, was estimated by using the secular light
curves obtained in the 1990, 1997, and 2003 apparitions (Ferrin
2007). As a consequence of this young age, comet Wild 2 has
probably encountered fewer intense heating episodes than other
JFCs, therefore we can expect to detect new and pristine material
in future apparitions.

Comet Wild 2 was the target of NASA’s Stardust mission,
with a close encounter on 2 January 2004. The Stardust project
was primarily a dust sample return mission whose primary goal

* Based on observations made with the European Southern
Observatory telescopes obtained from the ESO/ST-ECF Science
Archive Facility.

Article published by EDP Sciences

was to collect sub-millimeter particles for laboratory analysis
(Brownlee et al. 2004). During its flyby, Stardust also obtained
many high-resolution images. These images revealed large num-
bers of jets projecting around almost the entire perimeter of the
nucleus. The highly collimated jets indicate that the source re-
gions on the cometary surface or subsurface were small. This
phenomenon was also seen in the comet 19P/Borrelly (Yelle
et al. 2004; Soderblom et al. 2004). Unfortunately, the observing
conditions of ground-based telescopes during the 2003 perihe-
lion and flyby time were extremely poor, because the comet was
in conjunction with the Sun. Under these poor conditions, very
little data were obtained at very high airmass (Farnham et al.
2005). In addition, most of the quality data were taken in May
and June of 2004.

In 2010, comet Wild 2 was only 0.67 AU distant from Earth.
This represented a good chance to obtain relatively good spatial
resolution and was an opportunity to study the dust and gas prop-
erties in the cometary coma. In addition, we also downloaded
Wild 2 data from the ESO archive for May 1 and June 16, 2004,
which we compared with the comet’s at long heliocentric dis-
tance. In this paper, we present the photometric and spectropho-
tometric results from our analysis of the data acquired during the
last two apparitions.
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Table 1. Log of Observations performed at the ESO and Lulin observatories.

Date TH A PsAng a Pixel scale  Observatory
(AU) (AU) (deg) (deg)  (km)

2004

May 1 253 204 2593 223 464.6 ESO
June 16 2.81 1.85 2553 8.4 421.3 ESO
2010

January 14 1.64 1.10 2927 355 410.8 Lulin
January 15 1.64 1.09  292.6 35.4 407.1 Lulin
January 16 .64 1.08 2925 354 404.0 Lulin
January 17 1.64 1.07 2925 354 399.7 Lulin
January 18 1.64 1.06 2924 353 384.7 Lulin
February 26 1.60  0.78  286.8  28.7 291.3 Lulin
April 7 1.66 067 2648 103 250.3 Lulin
April 24 1.71 070  180.5 4.8 264.2 Lulin
May 4 1.74 075 1392 8.7 281.0 Lulin
May 20 1.81 0.86 1222 16.1 322.0 Lulin
May 31 1.86 096 117.8  20.1 358.9 Lulin
August 1 219 1.80 106.6 273 672.7 Lulin

Notes. 1, and A are the geocentric and heliocentric distances in AU. PsAng is the position of the extended Sun-comet vector, measured from north

toward east. « is the phase angle Sun-comet-observer.

2. Observations and data reduction
2.1. Instrumentation

The first set of observations from 2004 are available worldwide
from the European Southern Observatory (ESO) Archive, ob-
tained with the 3.6 m telescope of the ESO, in La Silla, Chile,
using the EFOSC2 instrument (1030 x 1030 pixels, binned pixel
size: 0.314”, FOV 5.39” x 5.39’). A spectrograph covering the
wavelength ranges from 319 nm to 1095 nm at a dispersion of
6.6 A/pixel was used for this relatively faint comet on May 1
and June 16. The maximum magnitude measured in 2004 was
a hundred times less than that in 2010, because of the differ-
ence between the heliocentric and geocentric distances. The slit
width was 2.0 arcsec and the slit length was 4.1 arcmin with a
spatial scale of 0.157”/pixel. The spatial scale used in this study
is 0.314” /pixel, because of the pixel binning. Notice that the slit
used here was oriented along the north-south line, which was
nearly perpendicular to the Sun-comet direction.

The second observational program, using the one-meter tele-
scope at Lulin Observatory in Taiwan, was planned from January
14 to August 1, 2010. During this observational period, the
comet passed through its perihelion (1.598 AU) on February
22 and made its closest approach to Earth (0.673 AU) on
April 5, 2010. The observations were carried out using an Asahi
R-broadband filter and the narrowband filters of the Rosetta fil-
ter set. The specifications of these narrowband filters are de-
scribed as follows: CN (387/6 nm), C, (514/12 nm), blue contin-
uum (445/4 nm), and red continuum (687.4/6 nm). The camera
(PI 1300B) had a pixel scale of 0.516” and a field of view of
11.2" x 11.6’. Details of our observations of comet Wild 2 are
given in Table 1.

2.2. CCD images and reduction

The data reduction followed standard procedures. In the outline,
the procedure began with bias subtraction in the ESO images
and dark-current subtraction in the Lulin images. Then we flat-
field corrected of all frames followed by the subtraction of the
night sky contribution. For the observations obtained at the ESO
in 2004 and the Lulin observatory in 2010, the night sky levels
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were determined from parts of the cometary images that do not
contain contributions from the cometary coma. The extinction
coefficients of the narrowband and broadband R-filters were de-
termined for all nights based on the photometric sky conditions,
using photometric stars, like Feige 67, observed at various air-
masses during the night. These data were used to convert the
measured counting rates into physical units; for details see Lin
et al. (2007).

2.3. Spectra and reduction

The spectrum taken on May 1, 2004, at ESO is shown in Fig. 1
(left-panel). The spectroscopic data were reduced following the
standard procedure, including bias and flat-field corrections and
cosmic-ray removal. Owing to the relatively faint brightness of
comet Wild 2 in 2004, the sky background can be determined by
averaging directly at both sides of the spatial directions (Fig. 1,
middle-panel). Using this averaged image, the sky-background
of the spectrum of comet Wild 2 can be subtracted. Wavelength
calibration was performed based on helium-argon lamps ex-
posed at both the beginning and the end of the observations every
night, after which the atmospheric extinction effect (using the
standard extinction curve for La Silla) was corrected. Finally,
flux calibration of each spectrum was conducted based on ob-
servations of the spectro-phometric flux standard star LTT7987
(Hamuy et al. 1992) as a flux calibrator in the range of 330 nm
~1000 nm.

3. Data analysis and results
3.1. Gas production rate

In order to determine the gas production rates from cometary
frames in 2010, the mean radial emission profiles of CN and
C, were derived from the images with the continuum subtracted
(Lin et al. 2009). We fitted the mean radial brightness profiles
of CN and C, using the Haser model (Haser 1957), which de-
scribes the isotropic emission of cometary neutral molecules and
their daughter molecules and radicals. The parameter used for
the parent velocity is v, = 0.85 r™%° kms™! (Fray et al. 2005)
and for the daughter velocity it is 1 kms™'. The fluorescence
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s

Fig. 1. Spectrum of comet 81P/Wild 2 with sky-background reduction and subtraction: a) the spectrum reduced for bias and flat. The region of
the sky-background can be measured directly at both sides (arrows) of the spectrum. b) The average sky-background spectrum. ¢) The cometary

spectrum with the sky-background subtraction.

Table 2. Emission and continuum bands extracted from the spectra.

Spectral Species Blue-side Red-side
region A) continuum (A)  continuum (A)
3830-3950 CN 3700-3815 3910-3970
4860-5185 C, 4780-4850 5195-5295

efficiency factors (g-factors) of CN are 3.1x 10~'3 in January
and 4.2 x 10713 in May (Schleicher et al. 2010) and C, in January
and May are 4.5 x 10~'% (A’Hearn et al. 1995). The scale-lengths
used here for ryg at 1 AU, [, and /g, are 1.3 x 10*km, 2.1 x 10° km
for CN and 2.2x 10* km, 6.6x 10* km for C,, respectively
(A’Hearn et al. 1995). The results indicated in Fig. 2 with open-
circle symbols.

From the spectra obtained in 2004, the spectral range of CN,
C, and the continuum at both sides of the gas emission are spec-
ified and listed in Table 2 (Lara et al. 2001). Here, we used the
red- and blue-side continuum for linear fitting, and based on the
fitting results subtracted the underlying continuum in the gas
emission bands. After subtraction, we integrated the spectral re-
gions for Haser profile fitting. The g-factor used in the spectra of
CN is 4.1 x 10713 (Schleicher 2010) and for C, it is 4.5x 10~13
(A’Hearn et al. 1995). The results of the production rate in these
two apparitions are also indicated by the open triangles in Fig. 2.

In Fig. 2 we plot the logarithm of the production rates for
CN and C; as a function of the heliocentric distance (ryg). The
data points including those obtained by Farnham et al. (2005)
for pre-perihelion and post-perihelion observations and the ESO
and Lulin results are presented here. There are three implicit as-
sumptions made in Fig. 2 with multiple apparitions: there are
no secular variations from one apparition to another, the Haser
scale lengths are nearly the same, and the rotational variations in
the production rates are small. We used the linear fitting to es-
timate the slope of the radial dependence of the gas production
rate, Q ~ r* (Fig. 2, dashed line), and the slopes (@) of CN and
C, are —3.68 and —4.39, respectively. The measurements of gas
and dust production rate in 1978 were significantly higher than
for the other apparitions because of the evolution effect. This
effect was associated with Wild 2’s first approach to the Sun af-
ter its orbit was changed in 1974. (Farnham et al. 2005). We

therefore discarded the data taken by Farnham in 1978 (opened
squares in Fig. 2). The slopes of CN and C, would consequently
change from —3.68 to —2.58 and from —4.39 to —2.60, respec-
tively (Fig. 2, solid-line). This result is completely consistent
with the observations of many other Jupiter-family comets, i.e.
O(gas) ~ ry 27 (A’Hearn et al. 1995).

3.2. Composition

The mean value in the log [Q(C;,)/Q(CN)] for typical comets
is approximately +0.13 and for depleted comets approximately
—0.11 in A’Hearn et al. (1995). The average value in this work
(Table 3) is —0.45+0.13, which would place Wild 2 in the
“depleted” category according to this taxonomic classification.
However, the value is about four times lower than the mean
value for depleted comets but is similar to the average value
(—=0.58 £ 0.15) estimated by Fink et al. (1999), which was mea-
sured to be (—0.34 +0.17) by Farnham et al. (2005). The data of
log [Q(C,)/Q(CN)] for the interval from 1978 to 2010 is plotted
in Fig. 3.

3.3. Dust coma properties

We used the Afp parameter (A’Hearn et al. 1984) to character-
ize the dust activity of Wild 2. The derived values for January to
August 2010 at several cometocentric distances are presented in
Table 4. The derived Afp values for the narrowband filter can be
taken to estimate the color of the cometary dust (Jewitt & Meech
1986) as the normalized gradient of the Afp product between the
blue (BC, 1y = 4430 A) and red (RC, 1y = 6840 A) continuum
filters. The dust colors can be converted to percentage of red-
dening per 1000 A, allowing for the different locations of the
band passes between the two filters sets, and is defined by the
following relation:

RCagp — BCasp 2000
6840 — 4430 RCag, + BCag

ey

color =

The color examined between the blue- and red-continuum fil-
ters on January 15 and May 4 is 8.2% and 8.6%, respectively.
These values agree with those presented by Schulz et al. (2003)
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Fig. 2. Log of production rates for CN (left) and C, (right) plotted as a function of the log of the heliocentric distance. Different symbols come from
different data sets; opened square, filled symbols and opened inverse-triangle are the data from four apparitions (1978 ~ 2003) taken by Farnham
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Table 3. The results and ratio of gas production rates.

CN G Log[Q(C2)/Q(CN)]

Date 0Q(10** molecules/s)  Q(10* molecules/s)

2004 May 1 56+1.1 20+1.6 -0.447

2004 June 16 55+23 1.8+£0.7 -0.482

2010 Jan. 15 155+2.1 3.8+0.5 -0.607

2010 May 4 59+1.0 3.1+0.5 -0.280

Table 4. Dust coma properties.
Date o a Afp®  Afp? Slope(-m)
(AU) (deg) (cm) (ecm) (33<logp<45) (B3<logp<4.0) (4.0<logp<4)s)

2004 (ESO)
May 1 2,53 223 1.71¢, 1.31¢ 1.62¢, 1.40¢ 1.47¢,0.98¢
June 16 3.81 1.85 1.74¢, 1.07¢ 1.71¢, 1.22¢ 1.99¢, 1.01¢
2010 (Lulin)
January 14 1.64 355 8684 782.8 2.08¢; 1.024 1.27¢; 1.08¢ 3.38¢; 0.99¢
January 15 1.64 354 5663 538.1 1.38%; 0.99¢ 1.29¢; 1.05¢ 1.55¢,0.97¢
January 16 1.64 354 566.2 534.8 1.34%;0.99¢ 1.26%; 1.03¢ 1.51¢;0.95¢
January 17 1.64 354 6133 573.1 1.37¢,0.98¢ 1.34%; 1.047 1.46°; 0.96¢
January 18 1.64 353 608.3 5709 1.38¢; 1.04¢ 1.21¢1.10¢ 1.63¢;0.97¢
February 26 1.60  28.7 1.21¢; 1.04¢ 1.13¢; 1.13¢ 1.46°;0.99¢
April 7 1.66 10.3 1.13¢1.174 1.20¢; 1.14¢ 1.24¢; 1.22¢
April 24 1.71 4.8 604.2 531.6 1.23¢;1.23¢ 1.27¢,1.19¢ 1.13¢;1.27¢
May 4 1.74 8.7 569.9 532.0 1.06; 1.19¢ 1.10°; 1.134 1.01¢; 1.27¢
May 20 1.81 16.1 1.12¢; 1.167 1.17¢; 1.09¢ 1.02¢; 1.28¢
May 31 1.86  20.1 1.09¢; 1.17¢ 1.17¢;1.10¢ 1.03¢; 1.30¢
August 1 2.19 273 1923 1950 1.09¢; 1.18¢ 1.23¢; 1.10¢ 1.01¢; 1.42¢

Notes. Afp values are derived for a photometric circular aperture. “ The radius in aperture is 10 000 km; ® the radius in aperture is 20 000 km; © is
measured from the sunward direction; ) is refers to tailward direction. Errors estimated here are 5% for the Afp and 4% in slopes, respectively.

from broadband BVR images and those found by Farnham et al.
(2005) from narrowband filters with intervals [4450 A—5260 A].

3.4. Dust brightness profiles

To analyze the overall brightness distribution of the coma, one-
dimensional profiles were obtained directly from the Sun-tail di-
rection. In the double logarithmic representation, the radial coma
profiles should be straight lines with a slope of m = —1 (Jewitt &
Meech 1987) under a steady-state situation. Our measurements,
based on the ESO 2004 and Lulin 2010 observations, are listed
in Table 4. The slopes lie between 0.98 and 1.38 with a range
interval from 2000 km to 30000 km and are roughly consistent
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with the p~! law (p is the projected radial distance from the nu-
cleus in the plane of the sky). The slopes in the sunward direction
for January 14, 2010, are also drived.

The slope on January 14, 2010, shows an interesting knee-
like feature in the sunward direction (Fig. 4), with a slope of 1.27
in the inner region [2000 km ~ 10 000 km] and 3.38 in the outer
region [10000 km ~ 30000 km]. These steeper slopes may be
caused by non-steady state dust emission or possibly by dust
grain fading or destruction (Baum et al. 1992). If this is the case,
the dust grains associated with high Afp (Table 4) could have
come from an earlier outburst or other event. Unfortunately, no
observations are available before January 14, which prevents a
conclusion about whether we witnessed an outburst or if there
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on January 14, 2010. The slope of the sunward direction shows a very
different knee-like phenomenon, wiht a slope 1.27 (solid line) in the
inner region [2000 km ~ 10 000 km] and 3.38 (dashed line) in the outer
region [10 000 km ~ 30 000 km].

was some earlier event. However, if we obtain the profile in the
tailward direction, the results in the inner and outer tailward re-
gion and in the inner region are consistent with the p~! law.

Apart from this interesting feature on January 14, we find
that the gradient on January and February 2010 in the outer sun-
ward region is also steeper than that in the inner sunward region.
These steep profiles could be influenced by one or more fac-
tors: radiation pressure acting on the dust, or temporal changes
in the optical properties of the grains, i.e. the sublimation of the
ice grains (Jewitt & Meech 1987), changing either their size or
albedo.

4. Morphology of coma structures
4.1. Morphology

We describe the morphology and evolution of coma structures
acquired during the last two apparitions. During the period in
2004, the nucleus showed less activity because of the long he-
liocentric distance. In contrast, the nucleus displayed a lot of
activity in the last apparition between January 14 and August 1,
2010, characterized by the presence of dust jets in the coma.
These structures can be treated with routine procedures. Here
we applied two independent methods: (1) Adaptive Laplace fil-
ter (Bohnhardt & Birkle 1994); and (2) Larson-Sekanina al-
gorithm (Larson & Sekanina 1984). The first filter applies a

Laplacian kernel to a logarithmized image, which can remove
all gradual variations in linear and second order gradients.
Adaptive filtering means to look for the spatial frequency band
containing the relevant signal, especially to enhance particularly
the structure in this band. Here we applied the MIDAS proce-
dure FILTER/ADAPTIVE with the Laplace filter with the pa-
rameters chosen after extensive tests. The second technique is
a direct subtraction between the rotated/shifted frame and the
original frame. The results of the Larson-Sekanina filtered (an-
gle = 10 degree) can be found in Fig. 5.

In case of doubt, we used additional techniques, such as
mean-median profile subtraction or unsharp masking to clearly
separate morphological features from artifacts. We also made a
comparison with the processed images and isophotes of the orig-
inal images (Fig. 6). Since the contribution of light from gas and
ion emissions is small in the R-band, we interpret the observed
structures as dust reflecting sunlight. We can therefore clearly
identify the dust tail and coma fan structures produced by active
dust-emitting sources on the rotating nucleus, as described by
Sekanina (1987).

In addition to the dust tail (Iabeled T in Fig. 5) we identified
up to seven different dust structures including two sub-structures
in our images, as summarized in Table 5. Notice that the posi-
tion of the coma structures in Table 5 does not correspond to
the values that we found in the active regions located at the nu-
cleus. From 14 to 18 January, 2010, a broad northeast jet, which
can be divided into two substructures and a narrow southeast
jet (labeled A, B, and C in Fig. 5) were detected in the solar
direction. The difference between substructure A and B is the
curvature feature. Substructure A extends first toward the Sun
before bending in the tail direction. The apparent broadening
away from the nucleus could be caused by the size-sorting of
grains through radiation pressure. Substructure B and structure
C do not display the same curvature, although this is very likely a
projection effect. Notice that substructure B is very close to sub-
structure A in the images and as the jet broadens when particles
move away from the nucleus, the bent part of structure B can-
not be distinguished from structure A. In the image taken on 26
February, only substructures A and B (northeast jet) are detected.
Because we have a very good signal-to-noise ratio in these im-
ages, the disappearance of structure C is not a bias in our ob-
servations but rather indicates a change in activity, probably the
switching-off of one active region. Notice that the Earth-comet
observing geometry in January and February remained relatively
constant. From early April to late May 2010, at least four new
jets appear in addition to substructures A and B (labeled D, E,
F, G in Fig. 5). There were three new identifiable jets in April
and one new additional jet was found at PA 8 degrees in May.
The last image in May suffers from the low signal/noise ratio so
the structures can barely be noticed, although they might still be
present. In August, only one jet can be found in the inner coma,
which might have been present all the time from May to August,
because their morphology and the orbital configuration did not
change during these months.

Images obtained in 2004 are not included in Fig. 5 and
Table 5. There were only a few usable images from that period
because of the poor tracking. However, we were lucky to find the
feature in the images we have. In Fig. 7 we can see the features
processed in the dust tail, extending to the southwest, and the jet
feature, bending to the south. Unfortunately, the image does not
reveal how many features there were in the sunward direction
owing to the low signal/noise ratio.
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Fig. 5. Images after processing by the Larson-Sekanina algorithm taken on January 14, 17 and 18, (top, from left to right) February 26, April 7, 24
(middle, from left to right) May 4, May 20, August 1 (bottom, from left to right). In all images, north is up, east is to the left. The field of view is
5.85" x 3.87". The arrow points in the solar projection direction. Structures are identified with capital letters, and T marks the position of the dust
tail. All images were obtained with a broadband R-filter.

——

Fig. 6. Isophote of the original image, Larson-Sekanina filtered, adaptive-laplace filtered and divided by mean radial profile (from left to right)
images of comet 81P/Wild2 displaying several coma structures on February 26, 2010. Structures are identified with capital letters, T marks the
position of the dust tail. North is up, East is to the left., the field of view is 2.92" x 1.94

Table 5. Position of structures in the dust coma in 2010.

Date ra (AU) A (AU) PsAng(®) A() B(¢) CC) DC) EC) FC) G
Jan.-14 1.64 1.10 292.7 55 80 105 - - - -
Jan.-15 1.64 1.09 292.6 55 80 105 - - - -
Jan.-16 1.64 1.08 292.5 55 80 105 - - - -
Jan.-17 1.63 1.07 292.5 55 80 105 - - - -
Jan.-18 1.63 1.06 292.4 55 80 105 - - - -
Feb.-26 1.59 0.78 286.8 55 80 - - - - -
Apr.-07 1.65 0.67 264.8 40 67 - 140 200 320 -
Apr.-24 1.70 0.70 180.5 40 67 - 140 200 328 -
May-04 1.74 0.74 139.2 43 69 - 140 200 320 8
May-20 1.80 0.85 122.2 - 65 - 130 200 328 8
May-31 1.85 0.95 117.8 - - - 130 - - -
Aug.-01 2.19 1.80 106.6 — — — 120 — —

Notes. Identification of the coma structures as shown in Fig. 5. The given position angles refer to the center lines of the structures and may have
a maximuma uncertainty of +10°. North =0°, East=+90°. PsAng is the position of the extended Sun-comet vector. The dash indicates that the
structure was not detected.
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Fig. 7. Left panel: the isophote of the original image taken on May 1, 2004; right panel: same image after image processing by the Larson-Sekanina
algorithm. To increase the signal-to-noise ratio, we used a binnned image in the right panel. Besides the dust tail, the jet feature was also detected.

North is up, east is to the left. The field of view is 53" x 35”.

Fig. 8. Left panel: filtered image of comet 81P/Wild 2 showing the presence of dust coma structures on January 14, 2010; right panel: same image

with simulated structures as a white overlay.

4.2. Modeling and interpretation

The fact that we detected several dust coma structures in 2010
does not come as a surprise; comet 81P/Wild 2 is known to be
very active with many jets and active regions that were observed
during its encounter with the spacecraft Stardust in January 2004
(Sekanina 2004). We aimed to investigate whether we were able
to use our observations to localize the sources of activity at the
surface of the nucleus, and determine whether there had been any
changes with respect to what was observed in situ by Stardust
six years ago. The analysis was made with the simulation code
presented in Vincent et al. (2010), which creates images of dust
jets emitted from discreet active regions at the surface of a three
dimensional shape model of a cometary nucleus. We first used
an ellipsoid to represent the nucleus, and then we refined the
analysis by using a more complex model (Farnham et al. 2005).
We did not infer the orientation of the spin axis from our images,
but instead used the latest value of RA: 110+3° and Dec: —13+3°
published by Duxbury et al. (2004).

Figure 8 shows an example of a simulation for an image
acquired on January 14, 2010. In order to reproduce the coma
structures, we needed three different active regions at latitudes of
—-30°,-10°, and +30°, emitting particles ranging in size from um

to a few tenths of um. The activity is restrained to the equatorial
region of the nucleus, and this result agrees with the localization
of sources by Sekanina (2004) from the images obtained by
Stardust. These three regions are active only during the day, any
night-time activity during this epoch would produce different
patterns than the observed ones. The switch-off of jet C after
January 2010 is not connected to a change in illumination con-
ditions at the surface, but could be explained for instance by the
depletion in sublimating material in the associated active region.
From April to the end of May 2010, many more dust structures
were detected, and can be explained by the presence of new ac-
tive regions in the same equatorial region.

5. Summary

The jet features of comet 81P/Wild 2 have been detected dur-
ing the last two apparitions. The large A (~2 AU) and long per-
ihelion distance (~2.5 AU) in 2004 might be the reason why
we cannot detect any more jet features for this active comet. In
addition, we observed the switch-off of jet C after January 2010.
This phenomenon can be explained by the depletion of the sub-
limating material in the associated active region. Unfortunately,
we did not have the Afp variations in between these two months
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because of the bad weather conditions in February. From April to
the end of May 2010, many more dust structures were detected,
and can be explained by the presence of new active regions in
the same equatorial region.

We find that the dust brightness radial profile and dust pro-
duction rate (Table 4) for January 14 are very distinct, with
Afp being higher in a factor of 1.5 compared to other days.
Unfortunately, no observations are available before January 14,
so we are unable to draw a conclusion about whether we wit-
nessed an outburst or if there was some other earlier event.
Aside from this date, as can be seen in the images taken at the
Lulin observatory, the slopes lie between 0.98 and 1.38, with
a range interval from 2000 km to 30000 km, and are roughly
consistent with a ,o‘1 law. However, the gradient of the radial
profile for the sunward direction in the outer region (4.0 <log
p(km) <4.5) is slightly steeper than that in the inner region
(3.3 <log p(km) <4.0). These steeper profiles could be caused
by the effect of the radiation pressure, which acts on the dust
when considering the longer cometocentric distance p.

The average color estimated from the imaging is very
consistent with the results from former apparitions. In addi-
tion, the resulting log of the C,-to-CN production rate ratio is
—0.454 +0.13, from which is inferred Wild 2 belongs to the
depleted class. The slope of the radial dependence of the gas
production rates for CN (-2.58) and C, (-2.60) is very consis-
tent with those from observations of many other Jupiter-family
comets (Q(gas) ~ ry~>7) if we ignore the 1978 data.
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Lightcurves of two Jupiter Trojan asteroids with long period M.D:Melital, F. dos Reis!, F. Yoshida2, S.
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Introduction: We determined the light curves of two
Jupiter Trojan asteroids, (16070) 1999 RB101 and (1867)
Deiphobus. We synchronized over 9 nights of observations
in total, made in telescopes of the Observatory of Sierra
Nevada and Maidanak
(Uzbekistan), to try to determine a curve that contains most

(Spain), Lulin (Taiwan)
of the phase of these objects. The reduction was performed
using photometric Landolt standard stars. In cases where
the standard reduction was not possible standard, we used
field stars with values in the R filter contained in the
catalog NOMADI. For (16070) 1999 RB101 we found
periods of 52.80hs or 26.40hs and for (1867) a value of
51.70hs, which does not exactly match the value given in
the appearance 1994 (Mottola et al 2011). The amplitudes
found were 0.3 and 0.4 mag respectively.

Methods: To calibrate the images we used the
"Image Reduction and Analysis Facility" (IRAF).
Usual calibration was performed with bias, dark
(when present) and flat images. The photometry was
performed using the tasks PHOT and DAOFIND from
the DAOPHOT package, with a circular aperture that
was set analyzing the profiles of objects for each
night of observation. When standard photometry was
not possible we used the average instrumental
magnitude of 8 stars in the field and adding the
average  magnitude of the same catalog
NOMAD(Naval Observatory Astrometric Dataset
Mergered (see Table 2).

Once the time series was obtained, it was analyzed
with methods for detecting periodicity in a series with
data not equally spaced in time. We used a method
that minimizes a givenentropy function, such as the
Phase ispersion Minimization (Stelingwerf 1978) and
method based on Fourier analysis such as the
modified periodogram of Lomb - Scargle (Lomb
1976). Since our data have a significant dispersion, is
the "smoothed" using a median filter with sliding
window, thus high spurious periods were removed.

Results: The following section discusses the results
for both objects. The figures below show our results
with a sin plot with the corresponding period and
amplitude.

(1867) Deiphobus: At the 1994, Mottolla et al. (2011)
determined a period of 58.66hs and amplitude of 0.27
mag. We find that the period that best fits the data of
each night is 51.7 hours with an amplitude of 0.4mag.

Furthermore, this value of period corresponds
approximately to twice the peak power of Lomb-
Scargle periodogram and a minimum coefficient
PDM, although this ratio appears to be very
degenerate for values over 48 hours.
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(16070) RB101: This is the first determination period
for this object. The curve has peaks which are not
symmetrical or amplitude or time. We found that the
peak of the Lomb-Scargle periodogram suggests a
period of two peaks of different heights of just over
26hs. If this proves a double peak structure of 1 single
maximum, the period would then 52.80hs. 28hs a
period of approximately corresponds to an overall
minimum and has a coefficient PDM local mininmo
around 52.80hs. In the light curve can be seen as the
peak corresponding to the observations of AZT
(1.5m) of 04/08/201 not be synchronized exactly with
a period of 26.4hs, suggesting that the period is
actually twice that value.
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ABSTRACT

We present observations of the recently discovered comet-like main-belt object P/2010 R2 (La Sagra) obtained by
Pan-STARRS1 and the Faulkes Telescope-North on Haleakala in Hawaii, the University of Hawaii 2.2 m, Gemini-
North, and Keck I telescopes on Mauna Kea, the Danish 1.54 m telescope (operated by the MiNDSTEp consortium)
at La Silla, and the Isaac Newton Telescope on La Palma. An antisolar dust tail is observed to be present from
2010 August through 2011 February, while a dust trail aligned with the object’s orbit plane is also observed from
2010 December through 2011 August. Assuming typical phase darkening behavior, P/La Sagra is seen to increase
in brightness by >1 mag between 2010 August and December, suggesting that dust production is ongoing over
this period. These results strongly suggest that the observed activity is cometary in nature (i.e., driven by the
sublimation of volatile material), and that P/La Sagra is therefore the most recent main-belt comet to be discovered.
We find an approximate absolute magnitude for the nucleus of Hg = 17.9 £ 0.2 mag, corresponding to a nucleus
radius of ~0.7 km, assuming an albedo of p = 0.05. Comparing the observed scattering surface areas of the dust
coma to that of the nucleus when P/La Sagra was active, we find dust-to-nucleus area ratios of A;/Ay = 30-60,
comparable to those computed for fellow main-belt comets 238P/Read and P/2008 R1 (Garradd), and one to two
orders of magnitude larger than for two other main-belt comets (133P/Elst-Pizarro and 176P/LINEAR). Using
optical spectroscopy to search for CN emission, we do not detect any conclusive evidence of sublimation products
(i.e., gas emission), finding an upper limit CN production rate of Qcy <6 x 10?* mol s~!, from which we infer
an H,O production rate of Qp,0 < 10?® mol s~!'. Numerical simulations indicate that P/La Sagra is dynamically
stable for >100 Myr, suggesting that it is likely native to its current location and that its composition is likely
representative of other objects in the same region of the main belt, though the relatively close proximity of the
13:6 mean-motion resonance with Jupiter and the (3,—2,—1) three-body mean-motion resonance with Jupiter and
Saturn mean that dynamical instability on larger timescales cannot be ruled out.

Key words: comets: general — comets: individual (P/2010 R2 (La Sagra)) — minor planets, asteroids: general

Online-only material: color figures

1. INTRODUCTION

* Some data presented herein were obtained at the Isaac Newton Group of

telescopes on La Palma as part of Program I/2010B/P14, at the Gemini

Observatory under program GN-2011B-Q-17, with the Danish 1.54 m . Comet P/2010 R2 (La .Sagra)’ her@after P/La Sagra, was
telescope at the ESO La Silla Observatory, and at the W. M. Keck Observatory. discovered by J. Nomen in images obtained on 2010 September
The Keck Observatory is operated as a scientific partnership among the 14.9 (UT) using the 0.45 m La Sagra Observatory in southern
California Institute of Technology, the University of California, and the

National Aeronautics and Space Administration, and was made possible by the 20 N 13
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Table 1
Comet-like Main-belt Asteroids

Name Type? ab € i T,° Pt Hg2h Pl (Ad/AN)max™ Discovery DateX
133P/Elst-Pizarro MBC  3.160  0.162 1386  3.184 562  15.49+0.05[1] 1.9 0.7 [8] 1996 Aug 7 [12]
238P/Read MBC  3.165  0.253 1266  3.153 563  19.05+0.05[2] 0.4 21 [2] 2005 Oct 24 [13]
176P/LINEAR MBC  3.194  0.194 0238  3.166  5.71 15.10 £ 0.05 [1] 2.0 0.3 [9] 2005 Nov 26 [14]
P/2008 R1 (Garradd) MBC 2726 0342 15903 3217 450 20.3£0.1[3] 0.2 28 [3] 2008 Sep 2 [15]
P/2010 A2 (LINEAR) DA 2201 0.124 5255  3.583 347 21.940.1[4] 0.06 . 2010 Jan 6 [16]
P/2010 R2 (La Sagra) MBC  3.099  0.154 21395  3.099 546 17.94 0.2 [5] 0.7 60 [5) 2010 Sep 14 [17]
(596) Scheila DA 2928 0165 14661 3209  5.01 8.54 [6] 56.67 2.2[10] 2010 Dec 10 [18]
P/2006 VW 39 MBC  3.052  0.201 2438 3203 533 159 [7] 1.7 1.1[11] 2011 Nov 05 [19]

Notes.

 Object classification as main-belt comet (MBC) or disrupted asteroid (DA).
b Osculating semimajor axis, in AU.

¢ Osculating eccentricity.

4 Osculating inclination, in degrees.

¢ Tisserand parameter.

f Orbital period, in years.

& Absolute R-band magnitude of nucleus, assuming solar colors, in the IAU H, G system.

h References. [1] Hsieh et al. 2009a; [2] Hsieh et al. 2011c; [3] Maclennan & Hsieh 2012; [4] Jewitt et al. 2010; [5] This work; [6] Tedesco et al. 2004; [7] JPL Small
Body Database (http://ssd.jpl.nasa.gov/sbdb.cgi); [8] Hsieh et al. 2010b; [9] Hsieh et al. 2011b; [10] Jewitt et al. 2011; [11] Hsieh et al. 2012b; [12] Elst et al. 1996;
[13] Read et al. 2005; [14] Hsieh et al. 2006; [15] Garradd et al. 2008; [16] Birtwhistle et al. 2010; [17] Nomen et al. 2010; [18] Larson 2010; [19] Hsieh et al. 2011a.

! Estimated effective radius of nucleus, from same works referenced for Hg, in km.

1 Peak observed dust-to-nucleus scattering surface area ratio.
k Discovery date of comet-like activity.

Spain (Nomen et al. 2010). With a semimajor axis of a =
3.099 AU, an eccentricity of e = 0.154, an inclination of
i = 21239, and a Tisserand parameter (with respect to Jupiter)
of T, = 3.099, it was immediately suspected to be a member
of the recently identified class of main-belt comets (MBCs;
Hsieh & Jewitt 2006), which are objects that exhibit cometary
activity likely due to the sublimation of volatile ice, yet are
dynamically indistinguishable from main-belt asteroids. Prior
to the discovery of P/La Sagra, four MBCs — 133P/Elst-
Pizarro, 176P/LINEAR, 238P/Read, and P/2008 R1 (Garradd)
—were recognized, while a sixth possible MBC (P/2006 VW 39)
has just recently been identified (Hsieh et al. 2011a). Two
other comet-like main-belt objects—P/2010 A2 (LINEAR) and
(596) Scheila—have also been observed, but as their comet-
like morphologies are believed to be due to impact-generated
ejecta clouds (Jewitt et al. 2010, 2011; Snodgrass et al. 2010;
Bodewits et al. 2011; Yang & Hsieh 2011; Hainaut et al. 2012),
and not cometary (i.e., sublimation-driven) dust emission, they
are better characterized as disrupted asteroids. Orbital elements
for the currently known MBCs and disrupted asteroids are listed
in Table 1, and also plotted in Figure 1.

Observationally distinguishing MBCs and disrupted asteroids
is not straightforward as both types of objects exhibit visible
dust emission in the form of comet-like features like comae
and tails. Distinctive morphological features helped betray the
true natures of P/2010 A2 and Scheila, however (Hsieh et al.
2012a and references within). In the case of P/2010 A2, a gap
between what appeared to be the nucleus of the “comet” and the
dust tail indicated that the observed dust emission was possibly
an impulsively generated ejecta cloud that was produced by
an impact onto P/2010 A2’s surface and was then drifting
away. This hypothesis was later corroborated by numerical dust
modeling and other physical arguments (Jewitt et al. 2010;
Snodgrass et al. 2010). In the case of Scheila, no gap was
seen between the nucleus and its emitted dust, but instead of
forming a single tail, the dust emitted from Scheila appeared to
form multiple plumes. Hsieh et al. (2012a) considered various

scenarios that could produce multiple dust plumes, finding
scenarios for sublimation-driven dust emission to be physically
implausible as they required multiple active sites, which were
argued to be unlikely on Scheila. Instead, a simpler scenario
in which a single oblique impact caused dust emission in the
form of a hollow cone which was then pushed back in the
antisolar direction by radiation pressure was favored (Ishiguro
et al. 2011a, 2011b). In this scenario, what appeared to be
multiple plumes of dust were proposed to simply be optical
projection effects (i.e., limb brightening of the hollow dust
structure).

Early observation reports for P/La Sagra indicated that it
exhibited a largely classical cometary morphology, with a visible
coma and tail (Nomen et al. 2010), suggesting that it could be
a true comet (Hsieh et al. 2012a), and was therefore likely to
be just the fifth MBC to be discovered at that time. Numerical
modeling by Moreno et al. (2011) furthermore showed that
the evolution of P/La Sagra’s dust tail was consistent with
sublimation-driven dust emission, though they did not explicitly
test impulsive impact-driven emission scenarios. In this paper,
we seek to further assess whether P/La Sagra’s dust emission
is likely to be cometary (sublimation-driven) in nature, or if the
object could instead be a disrupted asteroid. We also conduct
observational and dynamical characterization analyses of the
object to place it in the context of the small but growing known
population of comet-like objects in the main asteroid belt.

2. OBSERVATIONS

Imaging observations of P/La Sagra were made in pho-
tometric conditions on multiple occasions in 2010 and 2011
(Table 2; Figure 2) by the 2.0 m Faulkes Telescope North (FTN)
on Haleakala in Hawaii, the University of Hawaii (UH) 2.2 m
telescope, the 8 m Gemini-North Observatory, and the 10 m
Keck I telescope, all on Mauna Kea in Hawaii, the 1.54 m
Danish telescope at La Silla Observatory in Chile, and the
2.5 m Isaac Newton Telescope (INT) at the Roque de los

<>


http://ssd.jpl.nasa.gov/sbdb.cgi

THE ASTRONOMICAL JOURNAL, 143:104 (16pp), 2012 May

HSIEH ET AL.

Eccentricity
o o o
[ w »

=
-

’ABLE B3 AR DL DAL BN L

. a
\ : Jup

: : !

\ 1

N

: "
Jupiter—crossing

_' ' '/orblll.a.l::'_-.

N 5]
o o

Inclination (deg)
)

£V I S e e~ e e

156 2 25

PETEREE S B A A AT ST | A ATAT AT AT AR AR A

' . l"ll | I ll\: [

3.5 4 45 5

Semimajor Axis (AU)

Figure 1. Plots of eccentricity (upper panel) and inclination (lower panel) vs. semimajor axis showing the distributions in orbital element space of main-belt asteroids
(black dots), MBC:s (red circles), and likely disrupted asteroids (blue circles). Also marked with dotted lines are the semimajor axes of Mars (awmars) and Jupiter (ayup),
the semimajor axis of the 2:1 mean-motion resonance with Jupiter, and the loci of Mars-crossing orbits and Jupiter-crossing orbits.

(A color version of this figure is available in the online journal.)

Muchachos Observatory on La Palma in the Canary Islands
(Spain). In addition, precovery observations of P/La Sagra were
also obtained with the 1.8 m Pan-STARRS1 (PS1) survey tele-
scope on Haleakala. To ensure proper calibration of PS1 data,
we also obtained calibration observations using the Lowell Ob-
servatory 31” telescope in Flagstaff, Arizona.

PS1 is a wide-field synoptic survey telescope that employs a
1.4 gigapixel camera consisting of a mosaic of 60 orthogonal
transfer arrays (OTAs), each consisting of 64 590 x 598 pixel
CCDs, giving a total field of view 3.2 deg in diameter (image
scale of 0726 pixel~!). PS1 observations were made using a
Sloan Digital Sky Survey (SDSS) r’-band-like filter designated
rp; (Stubbs et al. 2010). Gemini observations (obtained as part
of program GN-2011B-Q-17) were made using the Gemini
Multi-Object Spectrograph (GMOS; Hook et al. 2004) in
imaging mode. GMOS employs three 2048 x 2048 EEV CCDs
behind a SDSS-like 7'-band filter, and has an image scale of
071456 pixel ! when using 2 x 2 binning as we did for our
observations of P/La Sagra. Keck observations were made
using the Low Resolution Imaging Spectrometer (LRIS; Oke
et al. 1995) in both imaging and spectroscopic mode. LRIS
employs a Tektronix 2048 x 2048 CCD with an image scale of
07135 pixel ™! and standard Kron—Cousins B-band and R-band
filters. The Danish 1.54 m telescope is currently exclusively
used by the Microlensing Network for the Detection of Small
Terrestrial Exoplanets (MiNDSTEp) consortium. Observations
on the Danish 1.54 m were made using the Danish Faint Object
Spectrograph and Camera (DFOSC) focal-reducing imager
behind a standard Kron—Cousins R-band filter. The DFOSC
imager has pixel dimensions of 2102 x 2102 and a pixel
scale of 0739 pixel!. FTN observations were made using a

1024 x 1024 e2v CCD with an image scale of (/2785 pixel !
behind a Bessell R-band filter.

Except for observations with PS1, FTN, and the INT, all other
observations were conducted using non-sidereal tracking at the
apparent rate and direction of motion of P/La Sagra on the sky.
Sidereal tracking was used by PS1 because this was the standard
mode of operation for survey operations. FTN observations were
obtained using its web-based remote control interface, through
which non-sidereal tracking is not possible. The INT is normally
capable of tracking solar system objects non-sidereally, but was
unable to do so during our observing run due to mechanical
problems.

We performed standard image preparation (bias subtraction
and flat-field reduction) for UH 2.2 m, Gemini, Keck, Danish
1.54 m, and INT data using Image Reduction and Analysis Facil-
ity (IRAF) software. For Keck data, flat fields were constructed
from images of the illuminated interior of the Keck I dome,
while for the other telescopes, dithered images of the twilight
sky were used to construct flat fields. PS1 data were reduced
using the system’s Image Processing Pipeline (IPP; Magnier
2006) and then calibrated using field stars imaged later by the
Lowell 31" telescope. Calibration of Gemini data was performed
using field star magnitudes provided by the SDSS (York et al.
2000). Photometry of Landolt (1992) standard stars and field
stars was performed for all data using IRAF and obtained by
measuring net fluxes within circular apertures, with background
sampled from surrounding circular annuli. Conversion of mag-
nitudes measured from PS1 and Gemini data obtained using
SDSS-like r’-band filters to their Kron—Cousins R-band equiva-
lents was accomplished using the transformation equations de-
rived by R. Lupton and made available on the SDSS Web site
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Table 2
Observation Log

UT Date Telescope® Moon® Seeing® Nd t*° Filter Rt A2 of v PA. o PA._ K apll
2010 Jun 26 Perihelion . ... . .. . 2.623 2.228 22.3 0.0 241.2 242.8 -0.5
2010 Aug 16 PS1 N+6 1.0 2 80 r 2.631 1.793 15.0 12.9 203.3 243.7 9.4
2010 Sep 8 PS1 N 0.9 1 40 r 2.641 1.739 12.0 18.5 162.1 241.1 —-11.7
2010 Sep 19 (1) Dk1.54 N+11 1.4 20 2400 R 2.649 1.756 12.3 21.3 138.8 239.7 —12.0
2010 Sep 19 (2) UH2.2 N+11 1.6 5 1500 R 2.649 1.756 12.3 21.3 138.0 239.7 —12.0
2010 Sep 29 FIN N-9 1.5 3 450 R 2.652 1.790 134 23.7 119.9 238.7 —11.7
2010 Oct 5 Keck N-2 0.9 2 240 BR 2.659 1.824 144 252 110.7 238.2 —11.3
2010 Oct 5 Keck N-2 0.9 4 3600 Spec. 2.659 1.824 144 252 110.7 238.2 —11.3
2010 Oct 19 UH2.2 N+11 1.1 3 900 R 2.666 1.922 16.8 28.5 94.5 237.7 -9.8
2010 Nov 26 UH2.2 N-9 1.8 6 1800 R 2.698 2.343 21.1 37.8 71.3 239.6 —4.0
2010 Dec 12 UH2.2 N+6 0.8 21 6300 R 2.713 2.535 21.3 413 65.7 241.4 —1.5
2011 Dec 31 INT N-3 1.1 4 1200 R 2.733 2.793 20.5 45.9 60.5 243.9 1.2
2011 Feb 3 Keck N 0.8 2 360 BR 2.772 3.210 17.0 535 534 248.7 4.4
2011 Aug 26 Keck N-3 1.0 4 1200 BR 3.066 3.289 17.9 95.1 270.9 291.6 -5.7
2011 Aug 31 Gemini N+2 0.8 6 1800 r 3.073 3.231 18.2 96.0 270.8 292.5 —6.0
2013 Mar 13 Aphelion 3.570 2.758 10.5 180.0 76.6 302.8 7.5
2015 Nov 30 Perihelion 2.620 2.946 19.3 0.0 67.0 238.0 —-2.8
Notes.

2 Telescope used (PS1: 1.8 m Pan-STARRSI telescope; Dk1.54: Danish 1.54 m telescope; FTN: 2.0 m Faulkes Telescope North; Gemini: 8 m Gemini-North telescope;
Keck: Keck I 10 m telescope; UH2.2: University of Hawaii 2.2 m telescope; INT: 2.5 m Isaac Newton Telescope)

b Phase of moon expressed in offset from new moon (“N”) in days.
¢ Approximate average seeing (FWHM) in arcsec.

4 Number of images.

¢ Total effective exposure time in seconds.

f Heliocentric distance in AU.

¢ Geocentric distance in AU.

h Solar phase angle (Sun—P/La Sagra—Earth) in degrees.

! True anomaly in degrees.

1 Position angle of the antisolar vector, as projected in the plane of the sky, in degrees east of north.
k Position angle of the negative velocity vector, as projected in the plane of the sky, in degrees east of north.
! Orbit-plane angle (between observer and object orbit plane as seen from object) in degrees.

(http://www.sdss.org/). Comet photometry was performed us-
ing both rectangular and circular apertures as described below,
where to avoid dust contamination from the comet itself, back-
ground sky statistics are measured manually in regions of blank
sky near, but not adjacent, to the object. Several (5-10) field
stars in the comet images were also measured to correct for any
extinction variation (typically negligible) during each night.

In addition to imaging observations, we also secured op-
tical spectra of P/La Sagra on 2010 October 5 with LRIS
on Keck. We adopted LRIS’s 170-wide long-slit mask, the
400/3400 grism, and the 460 dichroic on the blue side, giv-
ing a dispersion of 1.08 A pixel~! and a spectral resolution of
approximately 7 A. A total of 3600 s of data were obtained from
four integrations on the comet while it was at an air mass of
~1.1. Unfortunately, when taking calibration images, our ob-
servations were interrupted due to fog and we were forced to
close the dome for over three hours. As such, we were only able
to record a spectrum of a flux standard star and failed to ob-
tain any spectra of nearby G-type standard stars, complicating
our reduction and analysis (Section 3.3.1). Data reduction was
accomplished using IRAF.

3. RESULTS AND ANALYSIS
3.1. Morphological Analysis

For each night during which observations were obtained,
we construct composite images by aligning each night’s set
of images on the object’s photocenter and adding them together.
We see that P/La Sagra is clearly morphologically cometary

between 2010 August and 2011 February (Figure 2), with a
dust tail extending up to ~30” (~4 x 10* km at the geocentric
distance of the object at the time) from the nucleus’s photocenter.
The projected orientation of this dust tail on the plane of the
sky is seen to rotate counterclockwise throughout this period,
lagging slightly behind the similarly rotating antisolar vector
(as projected on the sky). From 2010 August through 2010
November, we observe a single dust tail aligned with the
projection of the antisolar vector in the sky, while between 2010
December and 2011 February, an apparent dust trail aligned with
the projection of the heliocentric velocity vector (i.e., the plane
of the object’s orbit) appears in addition to the antisolar dust tail.
By 2011 August (Figure 3), active dust emission appears to have
ceased, though a residual dust trail (presumably consisting of
large dust particles ejected during earlier activity) aligned with
the projection of the object’s heliocentric velocity vector in the
sky is observed extending at least ~1 arcmin (~1.5 x 10> km
at the geocentric distance of the object at the time) from the
nucleus. This dust trail peaks in brightness well away (~20")
from the nucleus.

In the formulation of dust dynamics outlined by Finson &
Probstein (1968), the trajectory of an emitted dust particle
depends on the orbit of the emitting comet, the particle’s ejection
time, its ejection velocity, and the ratio, 8, of solar radiation
pressure, Fr,4, to solar gravity, Fery, on the particle. In cases
where B is small (i.e., for massive particles), radiation pressure
is negligible, causing particles to follow orbits very close to
that of the comet. Over time, these large grains will spread out
along the comet’s orbit to form a potentially observable trail.
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Figure 2. Orbital position plot of P/La Sagra observations detailed in Table 2.
The Sun is shown at the center as a solid dot, with the orbits of Mercury, Venus,
Earth, Mars, P/La Sagra, and Jupiter (from the center of the plot outward) shown
as black lines. Solid squares mark positions where P/La Sagra was observed
to be active in 2010 and early 2011, while an open square marks the position
where P/La Sagra was observed to be inactive in 2011 August. Perihelion (P)
and aphelion (A) positions are marked with crosses. Observations plotted were
obtained on (a) 2010 August 16, (b) 2010 September 8-19, (c) 2010 October
5, (d) 2010 November 25-28, (e) 2010 December 12, (f) 2010 December 31,
(g) 2011 February 3, and (h) 2011 August 26-31.

(A color version of this figure is available in the online journal.)

In cases where $ is large (i.e., for small particles), radiation
pressure is dominant over solar gravity, giving particles nearly
directly antisolar motion in the rest frame of the comet. In
the case of P/La Sagra, we observe both limiting cases: a tail
consistently oriented in the antisolar direction (likely composed
of small, high-8 particles) from 2010 August through 2011
February (Figure 2), and a trail confined to the orbit plane
(likely composed of large, low-f particles) from 2010 December
through 2011 August (Figures 2 and 3). This assessment is
in agreement with the modeling results obtained by Moreno
et al. (2011) who found dust grain sizes ranging from ~5 pum
to ~1 cm. Similar dust structures comprising widely varying
particle sizes have also been observed for comets 2P/Encke
(Reach et al. 2000; Lisse et al. 2004) and C/Austin 1990 V
(Lisse et al. 1998).

Due to the ease by which they are accelerated by radiation
pressure, the small particles comprising an antisolar tail are
expected to dissipate quickly (on timescales of several weeks at
the distance of the main belt; see Hsieh et al. 2004) unless
they are continually replenished. No such separation of the
antisolar tail from the nucleus is observed at any time from 2010
August through 2011 February, a span of 5.5 months, strongly
suggesting that continuous dust production was ongoing over
this time period, consistent with cometary activity. We note that
the persistence of the orbit-aligned dust trail until 2011 August
does not mean that dust production continued up until this time
as well. In this latter case, the longevity of the dust trail is instead
likely due to the large sizes, and therefore slow dissipation rates,
of the particles in the trail (see P/2010 A2; Jewitt et al. 2010;
Snodgrass et al. 2010), not continuous replenishment.
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Qualitatively, we find that P/La Sagra’s morphological ap-
pearance and evolution strongly suggest that its dust emission is
cometary in nature. We caution however that more detailed dust
modeling (similar that performed by Moreno et al. 2011, but
also considering impulsive emission scenarios) will be required
for quantitative confirmation of the conclusions reached here.

3.2. Photometric Analysis
3.2.1. Nucleus Size, Shape, and Color

Vigorous activity, such as that exhibited by P/La Sagra during
the majority of our 2010 and 2011 observations, normally
interferes with the measurement of physical properties for
cometary nuclei (e.g., size, rotation period, and phase darkening
behavior) due to obscuration caused by coma when such activity
is present. As such, in order to accurately measure the physical
properties of comet nuclei, it is typically necessary to observe
them once activity has mostly or entirely ceased, as we did
with P/La Sagra in 2011 August using the Keck I and Gemini
telescopes (Table 2). We measure a mean apparent R-band
magnitude (averaged in flux space and weighted by nominal
uncertainties) of m = 23.9 £ 0.1 mag, with a magnitude
variation between the two nights of Am = 0.7 £ 0.1 mag
(mayg = 24.1£0.1 mag on 2011 August 26, and m,y, = 23.4 &
0.1 mag on 2011 August 31). Provided that the photometric
variation between these two nights is real (intranight variations
are on the order of ~0.2 mag, with observations on each night
only spanning 30 min or less) and due to rotation, the minimum
ratio of the axes of the body as projected in the plane of the sky
is then given by

aN/bN — 100.4Am (l)

giving us a lower limit (due to unknown projection effects) to
the axis ratio for P/La Sagra of ay /by = 1.9 = 0.3. Given the
extremely limited data set on which this calculation is based, this
axis ratio should of course be considered as a preliminary result
only. Better constraints on the shape and structure of the nucleus
of P/La Sagra will require additional observational sampling
of the object’s light curve (likely requiring large telescopes,
given the small size of the object), ideally at multiple observing
geometries.

Using the range of slope parameter (G) values in the IAU
H, G photometric system computed for fellow MBCs 133P,
176P, 238P, and P/Garradd (—0.03 < G < 0.26; Hsieh et al.
2009a, 2011c; Maclennan & Hsieh 2012), we find an estimated
absolute magnitude of Hg = 17.9 £ 0.2 mag, consistent with
the size estimate made by Bauer et al. (2012). Adopting a R-band
albedo of pr = 0.05 (as measured for 133P and 176P; Hsieh
et al. 2009a), we then find an approximate effective nucleus
radius of ry = 0.7 £ 0.1 km, making it comparable in size
to 238P, about three times larger than P/Garradd, and about
three times smaller than 133P and 176P (Table 1). Using the
approximate axis ratio derived above and assuming a triaxial
ellipsoidal shape, we find semimajor and semiminor axes for
the nucleus of ay = 1.0 km and by = 0.5 km, respectively.

We note that photometric variations on the scale of Am =
0.7 mag were not seen at any time while P/La Sagra was active
(2010 August through 2011 February) for any observations that
were comparably closely spaced in time as the 2011 August
observations analyzed above. For example, observations on
four separate occasions between 2010 September 8 and 29
exhibited a maximum variation of just ~0.1 mag (Table 3).
This lack of corroborating detections of significant photometric
variation during that period does not invalidate our detection
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Figure 3. Composite images of P/La Sagra (at the center of each panel) constructed from data obtained on (a) 2010 August 16 (80 s of effective exposure time on PS1
in r’-band), (b) 2010 September 8 (40 s on PS1 in r’-band), (c) 2010 September 19 (2400 s on the Danish 1.54 m in R-band), (d) 2010 September 19 (1500 s on the
UH 2.2 m in R-band), (e) 2010 September 29 (450 s on FTN in R-band), (f) 2010 October 5 (240 s on Keck I in R-band), (g) 2010 October 19 (900 s on the UH 2.2 m
in R-band), (h) 2010 November 26 (1800 s on the UH 2.2 m in R-band), (i) 2010 December 12 (5400 s on the UH 2.2 m in R-band), (j) 2010 December 31 (1200 s on
the INT in R-band), and (k) 2011 February 3 (360 s on Keck I in R-band). All panels are 60” x 60" in size with north (N), east (E), the antisolar direction (—©®), and
the negative heliocentric velocity vector (—v), as projected on the sky, marked.

Table 3
Photometry Results

UT Date ””lavgé1 mavg(l 1, O)h Mot mior(1, 1, O)d Ag/AN® Adf M48 Afph
2010 Aug 16 18.49 + 0.05 14.25 + 0.15 18.3 1+ 0.1 14.0 £0.2 30+ 10 40 + 15 7+2 4246
2010 Sep 8 18.26 + 0.05 14.20 £ 0.15 18.0 + 0.1 13.9+0.2 30+ 10 45+ 15 T+2 45+6
2010 Sep 19 (1) 18.28 + 0.02 14.15 £ 0.15 17.9 £ 0.1 13.8+0.2 30+ 10 45+ 15 8+2 46 + 6
2010 Sep 19 (2) 18.23 +0.02 14.10 £ 0.15 17.8 £ 0.1 13.7+0.2 30+ 10 45+ 15 8+2 48+ 6
2010 Sep 29 18.39 + 0.02 14.19 £ 0.15 18.0 £ 0.1 13.8 £0.2 30+ 10 45+ 15 8+2 4+ 6
2010 Oct 5 18.34 £ 0.03 14.05 £ 0.20 18.0 £ 0.1 13.7+0.2 35+ 10 50 £ 20 8+3 49 +£7
2010 Oct 19 18.47 £+ 0.03 13.97 £ 0.20 18.1 £ 0.1 13.6 0.2 35+ 10 55+20 9+3 50+8
2010 Nov 26 18.89 + 0.03 13.80 £ 0.20 18.4 + 0.1 13.3+0.2 45+ 15 65 + 20 11+4 49+9
2010 Dec 12 18.78 + 0.02 13.50 £ 0.20 18.4 + 0.1 13.1 £0.2 60 + 20 85+ 30 14+£5 60+ 11
2010 Dec 31 18.93 + 0.04 13.45 £ 0.20 18.2+0.2 127+ 0.2 60 + 20 85+ 30 15+5 57 + 10!
2011 Feb 3 19.53 + 0.08 13.85 £0.20 19.1 £ 0.1 13.44+0.2 40 £ 10 60 + 20 10+3 34+6
2011 Aug 26 24.1 £0.1 18.1 +£0.3 0.7 £0.1
2011 Aug 31 23.4+0.1 174+ 0.3 1.24+0.2
Notes.

4 Mean apparent magnitude inside a 5”0 photometry aperture.
b Mean magnitude, normalized to R = A =1 AU and o = 0°, assuming —0.03 < G < 0.26.

¢ Total apparent magnitude inside rectangular aperture enclosing entire comet (nucleus and dust tail).

4 Total magnitude, normalized to R = A =1 AU and o = 0°, assuming —0.03 < G < 0.26.

¢ Inferred ratio of scattering surface area of dust to nucleus scattering surface area.

f Inferred scattering surface area of dust, in 100 m2, using ry = 0.6 km.
2 Estimated dust mass, in 10° kg, assuming 10 zzm radius grains and p = 1300kg m~3.
" Dust contribution (computed using a 570 photometry aperture), as parameterized by A’Hearn et al. (1984), in cm.
i Computed from data in which comet was trailed by 4”1, and as such, represents a lower limit.
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of a Am = 0.7 mag variation in 2011 August, however, since
rotational variations for a nucleus obscured by a steady-state
coma (assumed to be optically thin) will be effectively damped
by that coma. The extent of this damping can be determined
using

Fobsmax FNmax+Fd
Amgps = 2.5log =22 =2.51og <—) )]
o obs, min FN,min+Fd

where Amgyp, is the observed photometric range, Fops max and
Fibs, min are the maximum and minimum fluxes observed for the
active comet, Fiy_ max and Fy min are the maximum and minimum
fluxes for which the nucleus is responsible, and the flux due to
dust, F, is assumed to be constant (Hsieh et al. 2011b).

Assuming that the nucleus and dust grains have similar albe-
dos, flux terms in Equation (2) can be considered equivalent to
the corresponding scattering surface areas of the comet com-
ponents being considered. We find in the following section
(Section 3.2.2) that the ratio of scattering surface areas of
dust and the nucleus during the four September observa-
tions discussed above was A;/Ay ~ 30 (Table 3). Thus, using
AN, max = Tanry, Ay min = Thyry, and Ay = ry, we find
Amg,s = 0.025 mag. In other words, during this period, even
the minor ~0.1 mag photometric variation we observed for the
object is unlikely to be due to the rotation of the nucleus. In-
stead, we surmise that the observed variation is more likely due
to fluctuations in the seeing conditions between the different
nights, causing fluctuations in the amount of coma contained
within the fixed 5”0 photometry apertures we used to measure
the near-nucleus flux of the comet in all of our images. We
also conclude that our non-detection of significant photometric
variations in data obtained when P/La Sagra was active is not
inconsistent with our apparent detection of a significant photo-
metric variation while the object was inactive.

Multi-filter observations using LRIS on Keck I also permitted
us to measure a B — R = 0.9 £ 0.1 mag color for P/La
Sagra’s inactive nucleus, which within our uncertainties, is
consistent with the color of the Sun (B — R = 1.03 mag;
Hartmann et al. 1982, 1990). The colors we measure for P/La
Sagra’s dust coma while it was active are also approximately
solar (B — R = 1.02 £ 0.05 mag on 2010 October 5 and
B — R = 0.94 £ 0.05 mag on 2011 February 3), in good
agreement with colors measured for the other MBCs (Jewitt
et al. 2009; Hsieh et al. 2009b, 2010b, 2011b).

3.2.2. Activity Strength

Using the nucleus size computed above in Section 3.2.1,
the expected apparent nucleus magnitude for P/La Sagra at
the time of our first observations in 2010 August is mz =
22.2 mag, not mg = 18.49 mag as measured (Table 3). This
discrepancy indicates that there was significant near-nucleus
dust contamination even during our earliest observations of
P/La Sagra. Assuming that the phase behavior of P/La Sagra’s
dust coma is similar to that of the nuclei of other MBCs whose
phase functions have been measured (see Section 3.2.1; since
we lack other meaningful constraints), we calculate the comet’s
corresponding absolute magnitudes, mq(1, 1, 0), at heliocentric
and geocentric distances of R = A = 1 AU and phase angles
of « = 0° for each set of photometric measurements (using
photometry apertures with radii of 570) of the nucleus (Table 3).
By comparing these absolute magnitudes to our estimated
absolute magnitude for the nucleus, we then compute the ratio
of the scattering surface area of dust in the coma, A, to that of
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the nucleus, Ay, using

Ay 1 — 10040ma(1. 1.0~ Hy)
= : 3)

A_N 100'4(’”10((1,1,0)—HR)

Then, assuming Ay ~ 773 and a = 10 um radius grains with
bulk densities of p = 1300kg m~ (see Hsieh et al. 2004; Jutzi
et al. 2008), we estimate the total dust mass, My, in the coma

using
- 3 A ( )
Md pa AN N . 4

We list the values we compute for A;/Ay and M, using the
above procedures in Table 3. Comparing the minimum and
maximum values of M, during our observations, we find that
P/La Sagra’s coma increases in mass at an average net rate of
My ~0.1kgs™! (likely precise to an order of magnitude, at best)
between 2010 August and December. This net increase in total
dust mass represents the sum of the positive contribution of new
dust production from the nucleus and the negative contribution
of dust dissipation as individual grains disperse beyond the
photometry aperture. As such, it represents a lower limit to
the true dust production rate of the nucleus.

In addition to performing nucleus photometry, we also mea-
sure the total flux from the comet in our composite images from
each night. We do so by using rectangular photometry apertures
enclosing the entire visible dust cloud and oriented to avoid field
star contamination. Background sky levels were then measured
from nearby areas of blank sky and subtracted to obtain net
fluxes, which were then calibrated using standard stars to ob-
tain absolute photometry (my). Unfortunately, the faintness of
the residual dust trail observed on 2011 August 26 and 31, and
extensive contamination by nearby bright field stars means that
we are unable to perform these measurements for data obtained
on those dates. Repeating the mass production rate analysis de-
scribed above, we find that P/La Sagra’s coma and tail increase
in mass at about twice the rate measured for the near-nucleus
coma, or an average net rate of My ~0.2kg s~

Since this analysis does not rely on a fixed aperture size,
this net mass loss rate is closer to the true dust production
rate of the nucleus than that computed above, though it still
represents a lower limit due to the unknown dissipation rate
of the dust as individual grains disperse from the coma and tail
and become undetectable above the sky background. Comparing
with other MBCs, we nonetheless find that P/La Sagra has a
dust production rate comparable to or larger than that of 238P
(Hsieh et al. 2009b), and at least an order of magnitude larger
than those of 133P and 176P (Hsieh et al. 2004, 2011Db).

For reference, we also use our measurements of the near-
nucleus flux of the comet (using 570 photometry apertures) in
each set of observations to estimate the dust contribution as
parameterized by Afp (A’Hearn et al. 1984). These results are
also shown in Table 3, and again indicate significantly stronger
activity for P/La Sagra as compared to 133P, for which Afp
was also systematically tabulated (Hsieh et al. 2010b).

We also attempt to reproduce our observed photometry using
a sublimation model similar to that used by (Hsieh et al. 2011c¢)
to analyze the activity of 238P. This effort was hampered,
however, by our lack of observational constraints on the start
time of activity and the rate of its eventual decline. We do
find that steadily increasing activity during the post-perihelion
portion of P/La Sagra’s orbit cannot be modeled by surface
ice sublimation, indicating that the ice must instead reside at
some depth below the surface of the nucleus, similar to what
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Figure 4. Composite images of P/La Sagra (point-like object in the lower left of each panel) constructed from data obtained on (a) 2011 August 26 (1200 s on Keck I
in R-band) and (b) 2011 August 31 (1800 s on Gemini in r’-band). Panels are 120" x 60", with north (N), east (E), the antisolar direction (—@), and the negative

heliocentric velocity vector (—v), as projected on the sky, marked.

was found for 238P (Hsieh et al. 2011c). Unfortunately, the
numerous free parameters that can be modified in our model
mean that this finding is the only meaningful result that can be
derived at this time. Better sampling of the activity over a longer
time baseline will be required to gain additional insight into the
nature of P/La Sagra’s activity via this method, and as such,
should be considered an observational priority during its next
expected period of activity (likely beginning in mid-2015).

We note that if P/La Sagra exhibits activity over a period
of ~1 year during each of its perihelion passages (similar to
133P; Hsieh et al. 2004), assuming an average mass loss rate
of M; = 0.2kg s~!, a total mass loss of ~10” kg per orbit
would be expected. Assuming a nucleus size of ry = 0.7 km
(Section 3.2.1) and p = 1300kg m~3, such a mass loss rate
should consume the entire nucleus over the next ~103 orbits, or
<10 yr. However, activity in MBCs (even over just a portion
of their orbits) is expected to be transient (see Hsieh et al.
2004), perhaps amounting to just 1% of an object’s total lifetime
(Hsieh 2009). As such, we expect a timescale for nucleus
disintegration due to cometary activity closer to ~10% yr
(Hsieh 2009), or approximately comparable to the ~108-10° yr
collisional lifetime expected for a main-belt asteroid the size of
P/La Sagra’s nucleus (Bottke et al. 2005).

3.2.3. Comparison to Other MBCs

To further understand P/La Sagra’s place among the pop-
ulation of known MBCs, we plot A;/Ay for the first five
known MBCs as functions of true anomaly, v (Figure 5(a)).
We note a few interesting features of this plot. First, we find
quantitative confirmation that for their nucleus sizes, 238P and
P/Garradd exhibit far more dust when active than 133P and
176P (also see Table 1). This fact has of course always been
qualitatively apparent. The observed morphologies of 238P and
P/Garradd, when active, resemble those of highly active comets
(Hsieh et al. 2009b, 2011c; Jewitt et al. 2010), whereas the
nuclei of 133P and 176P dominate the surface brightness profiles
of those objects, even at the peaks of their active periods. Only
comparatively faint dust tails and small amounts of photometri-
cally detected unresolved near-nucleus dust have attested to the
cometary natures of these latter MBCs (Hsieh et al. 2004, 2010b,
2011b). As for P/La Sagra, we find that it exceeds even 238P and
P/Garradd in the amount of dust it produces for the size of its
nucleus, producing ~3 times as much dust relative to its nucleus
size at its peak as 238P and P/Garradd produced at their peaks,
which in turn were ~50 times as productive relative to their
nucleus sizes as 133P and 176P.

We caution that given the different geocentric distances
at which the observations in question were made, the near-
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Figure 5. Comparisons of (a) dust-to-nucleus ratios (by scattering cross-section)
and (b) total dust scattering cross-sections, in 10° km?, as functions of true
anomaly measured for the five known MBCs: 133P (red symbols; Hsieh et al.
2010b), 176P (green symbols; Hsieh et al. 2011b), 238P (orange symbols;
Hsieh et al. 2011c), P/Garradd (purple symbols; Jewitt et al. 2009; Maclennan
& Hsieh 2012), and P/La Sagra (blue symbols; This work). Observations where
activity was detected either visually or from photometry are marked with circular
symbols, while observations where no activity was detected are marked with
squares. For points where no error bars are visible, the amount of uncertainty is
equal to or less than the size of the plotted symbol.

(A color version of this figure is available in the online journal.)

nucleus photometry performed for each MBC measures dust
contained within different physical distances from the nucleus.
As such, considering that other physical characteristics of the
dust emission (e.g., grain sizes, bulk grain densities, and ejection
velocities) for each MBC are unknown and likely also vary from
object to object, these comparisons are best interpreted in terms
of orders of magnitude. We therefore find 238P, P/Garradd, and
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Figure 6. Plots of the sky-background-subtracted and flux-calibrated spectrum
of P/La Sagra (solid black line), and the scaled spectrum of the solar analog,
the G2V star HD 91163 (blue dashed line). The shaded region indicates the
wavelength region where the CN emission band is expected. We note that
the spectrum of P/La Sagra closely resembles that of HD 91163 and thus no
emission features are observed within the uncertainties of our measurements.

(A color version of this figure is available in the online journal.)

P/La Sagra to have similar levels of activity which are 1-2 orders
of magnitude higher than those of 133P and 176P, implying
similar ratios of fractional active surface areas for these objects.

To quantify the total amount of ejected dust exhibited by each
comet, we also multiply the A;/Ay values for each comet by
estimates of A for each object (derived from nucleus radii listed
in Table 1) to obtain absolute values for A;. We plot the results
as functions of true anomaly in Figure 5(b). Interestingly, we
find that despite the high A;/ Ay values measured for 238P and
P/Garradd, the total absolute amount of dust in those comets
is approximately comparable to the amounts of dust present
for 133P and 176P, which visually appear far less active in
comparison. P/La Sagra is seen to produce roughly an order of
magnitude more dust in absolute terms than any of the other
MBCs (assuming similar particle size distributions).

We therefore find the interesting result that within an order of
magnitude, all five MBCs considered here exhibit similar total
amounts of visible dust in their comae and tails, despite the wide
variation in their observed morphologies. Determining whether
this finding is physically significant will require similar dust
mass measurements for newly discovered MBCs to investigate
whether this trend is maintained as the sample of known objects
grows. We suggest that future research investigating the validity
and implications of this possible trend may provide valuable
insights into the origin and evolution of MBC activity.

3.3. Spectroscopic Analysis
3.3.1. Data Reduction

In the optical region of the electromagnetic spectrum, the
emission band of the CN radical at 3880 A is among the strongest
among cometary gaseous species and therefore is considered to
be the most sensitive probe for detecting gas resulting from
sublimating ice. We search for evidence of the presence of the
CN band in a one dimensional spectrum extracted from the
spectral image using a 170 x 7’5 rectangular aperture centered
on the continuum. We use a relatively wide extraction aperture
to incorporate as much light as possible from the surrounding
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Figure 7. Spectrum of P/La Sagra with the underlying solar continuum

removed. The three red error boars show the u10 uncertainties inn the three
wavelength regions (3760-3830 A, 3830-3900 A, and 3900-3970 A).

(A color version of this figure is available in the online journal.)

coma. The sky background is reconstructed and subtracted using
flanking regions extending from 9” to 15” from the nucleus.

In Figure 6, we present the spectrum of P/La Sagra in
the relevant spectral region from ~3700A to ~4000 A. The
continuum of the comet consists of scattered sunlight from
dust particles in the inner coma and shows several absorption
features in the Solar spectrum, such as the prominent Ca H
and K absorption lines at 3933 A and 3966 A (Figure 6). The
shaded spectral region from 3830 A to 3905 A indicates where
we expect to detect CN emission if any is present (Cochran et al.
1992).

In order to correct for solar spectral features, the spectrum of
a G2V solar analog star is needed. As discussed in Section 2,
we were not able to observe a G2V star at the time of our
P/La Sagra observations due to poor weather conditions. We
instead adopt a flux-calibrated spectrum of G2V star HD 91163
which was obtained using the same instrument but was recorded
a few months later on UT 2010 December 17 (Hsieh et al.
2012a). This spectrum was observed using the 600/4000 grism
and thus has a higher spectral resolution than our P/La Sagra
data, however, so the additional step of binning the HD 91163
spectrum to the same spectral resolution as our P/La Sagra
spectrum is required. The scaled spectrum of HD 91163 is shown
as the blue dashed line in Figure 6. We note that the spectra of
P/La Sagra and HD 91163 are quite similar, particularly in the
shaded region. However, minor discrepancies are observed at
wavelengths A <3800 A and A > 3980 A. These discrepancies
may be due to the time and air-mass differences between the
comet observations and standard star observations. We find no
evidence of CN emission in the shaded wavelength region.

3.3.2. Upper Limits on Gas Production Rates

The continuum-removed spectrum of P/La Sagra is shown
in Figure 7. In principle, this spectrum shows emission from
atoms and molecules in the inner coma. We measure the
standard errors in the residual spectrum in three wavelength
regions 70 A in width: 3760 A-3830 A, 3830 A-3900 A, and
3900 A-3970 A. The standard errors on either side of the
expected CN band are 5.1 x 107!8 and 2.8 x 10~"¥ ergcm™2
s~' A~!, respectively, shown as red error bars in Figure 7.
The standard error in the region of the expected CN band is
4.2 x 1078 ergem=2 s~! A~1. We choose the largest standard
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error of 5.1 x 10~ ergcm=2 s~! A~! as a conservative estimate
of our observational uncertainty in the region of the expected
CN emission band. We therefore estimate a 3o upper limit of
1.5x 1077 ergem 2 s~ A1,

We calculate the integrated CN band flux by summing the
estimated emission flux in the shaded N region, obtaining
fon =3.7x 107" ergcm™2 s~!. We then convert the integrated
flux to the total number of CN molecules using

Len = 4 A? fox )
Len

Neny = ——, 6

CN «R) 6)

where Ncy is the number of CN molecules, A and R are the
geocentric and heliocentric distances, respectively, and g(R)
is the resonance fluorescence efficiency, which describes the
number of photons scattered per second per radical for an
optically thin coma, in erg s~ molecule™ at a heliocentric
distance of R. At the time of our observations, P/La Sagra
had a radial velocity of R = 1.1 km s~! for which g(R =
1 AU) = 2.86 x 10~!3 (Schleicher 2010). Substituting fey =
3.7 x 10710 erg em2 57!, R = 2.66 AU, and A = 1.82 AU,
we find an upper limit of N = 8.3 x 10> CN molecules in the
extraction aperture.

A simple Haser model (Haser 1957) was used to derive the
CN production rate based on the number of CN molecules. The
details of the model are described in Hsieh et al. (2012a). We
find an upper limit to the CN production rate of Qcn <6 X
10?* mol s~!. Taking average ratios measured for previously
observed comets (log[ Qcn/ Qoul = —2.5; Qon/ On,0 = 90%)
(A’Hearn et al. 1995), we estimate an upper limit on the water
production rate of Qy,0 < 10%° mol s~!. Incorporating the Afp
value calculated from data taken at the same time as these
spectra (Section 3.2.2; Table 3), we find a lower-limit dust-to-
gas ratio of log[Afp/Qcn] 2 —22, similar to values measured
for other Jupiter-family comets (A’Hearn et al. 1995). As this
resultis only a lower limit, however, it is not possible to ascertain
from these data the degree to which P/La Sagra is depleted in
volatiles relative to other classical comets from its apparently
long residence time in the inner solar system (Section 3.4.1).

3.3.3. Estimation of Effective Active Area

We can estimate the effective active area of the nucleus of
P/La Sagra by comparing the observed mass loss rate with
theoretical rates obtained from applying a simple thermal model.
To calculate the sublimation rate of surface ice, we solve the
energy balance equation for the equilibrium temperature on the
object’s surface:

ii%—QJw)zaﬂf+L¢a», (7
where S = 1360 W s~! is the solar constant, p = 0.05 is the
albedo, R = 2.66 AU, J(0) is a function of the solar zenith angle
0 which describes the ratio between the absorbing and radiating
area, ¢ = 0.9 is the emissivity, o is the Stefan—Boltzmann
constant, L = 2.68 x 10° J kg~! is the latent heat and T, is the
effective surface temperature. The specific sublimation rate,
(in kg m~2 s!), of water is given by

= P(T). |2 8
Y = P(T,) kT, (8)
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where m i1s the mass of a water molecule, k£ is Boltzmann’s
constant, and P(7,) is the saturated vapor pressure (Fanale &
Salvail 1984).

In the fast rotator approximation (which yields the coldest
surface temperature), the nucleus is considered isothermal and
J = (cosf) = 1/4. The hottest surface temperatures are
derived in the sub-solar point (i.e., slow rotator) approximation,
where the absorbing and radiating areas are identical and
therefore J = 1. We obtain sublimation rates of 1.3 x 107°
kg m™2 s7! and 6.1 x 1073 kg m~2 s~! for the cold and hot
scenarios, respectively. Assuming an average mass loss rate
of M;~0.2kgs™! (Section 3.2.2), we estimate active areas of
1.5 x 10° km? and 3.3 x 103 km?, corresponding to total active
surface fractions of ~3% and ~0.05% (likely precise to an order
of magnitude, at best), for the cold and hot cases, assuming dust-
to-gas mass ratios of unity. These derived active surface fractions
are comparable to those of other Jupiter-family comets measured
by A’Hearn et al. (1995). For comparison, both 133P and 176P
are estimated to have active areas of ~102-~10° m? (Hsieh et al.
2004; Hsieh 2009), corresponding to active surface fractions of
0.0002-0.002%, several orders of magnitude smaller than for
P/La Sagra.

3.4. Dynamical Analysis
3.4.1. Stability Analysis

To better understand the likely origin of P/La Sagra, we also
consider its dynamical properties. Jewitt et al. (2009) raised
the possibility that MBC P/Garradd could have originated in a
different part of the asteroid belt from where we see it today.
As such, an important issue to consider is whether P/La Sagra
is dynamically stable at its present location, or whether it is
possible that it may have also originated elsewhere.

To assess P/La Sagra’s dynamical stability, we randomly
generate three sets of 100 test particles, each set with
Gaussian distributions in orbital element space, centered on
P/La Sagra’s JPL-tabulated osculating orbital elements, where
each set is characterized by a o value equal to the JPL-tabulated
uncertainties (as of 2011 January 1) for each orbital element. To
investigate the stability of the region (in orbital element space)
surrounding P/La Sagra, we also generate three additional sets
of 100 Gaussian-distributed test particles each, where each set is
again centered on P/La Sagra’s osculating orbital elements but
is characterized by a o value equal to 100x the JPL-tabulated
uncertainties. We then use the N-body integration package,
Mercury (Chambers 1999), to integrate the orbits of each set
of test particles forward in time for 100 Myr (limitations on
available computing resources unfortunately prevent us from
conducting these simulations over significantly longer time pe-
riods, e.g., 1-2 Gyr, in a reasonable amount of time), where we
treat the eight major planets as massive particles and all test
particles are considered to be massless.

Performing these integrations for all six sets of test particles,
we find that 7% of the objects in the three 1o test particle sets are
ejected (i.e., reach a heliocentric distance of >50 AU) from the
asteroid belt over the course of 100 Myr (Figure 8), and 11%
of the objects in the three 1000 test particle sets are ejected
(Figure 9). P/La Sagra itself is found to be stable over the
100 Myr test period, consistent with its Lyapunov time (Zyap),
estimated by us to be ~200 kyr (computed using the procedure
described in Tsiganis et al. 2003), where a body is generally
considered to be stable for Tiy,p, > 100 kyr. The 1o test particles
that are ejected are not localized to particular regions of orbital
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Figure 8. Plots of semimajor axis vs. eccentricity (left) and inclination (right) showing initial osculating elements of test particles in three sets of 100 Gaussian-
distributed particles each of which are subjected to a 100 Myr dynamical integration (Section 3.4.1). Each set of test particles is centered on the current osculating
orbital elements of P/La Sagra (red circle) and characterized by a o value equal to the object’s JPL-tabulated uncertainties. Particles ejected in less than 20 Myr,
between 20 Myr and 50 Myr, and between 50 Myr and 100 Myr are plotted with orange X symbols, yellow asterisk symbols, and green triangles, respectively, while
particles that are not ejected after the 100 Myr test period used in our simulations are marked with blue squares.

(A color version of this figure is available in the online journal.)
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Figure 9. Same as Figure 8 for three sets of 100 Gaussian-distributed particles each, where each set is characterized by a o value equal to 100x P/La Sagra’s JPL-
tabulated uncertainties. The locations of the (3, —2, —1) three-body mean-motion resonance (with Jupiter and Saturn) at a = 3.0790 AU and the 13:6 mean-motion

resonance (with Jupiter) at a = 3.1063 AU are plotted with dashed lines.
(A color version of this figure is available in the online journal.)

element space near P/La Sagra, suggesting that their ejection
may be a consequence of stochastic encounters with a weak
mean-motion resonance (or multiple resonances), rather than
the effect of a single dominant resonance. Nearby resonances
include the “moderate-order” 13:6 mean-motion resonance with
Jupiter ata = 3.1063 AU and the (3, —2, —1) three-body mean-
motion resonance (with Jupiter and Saturn) at a = 3.0790 AU
(Nesvorny & Morbidelli 1998). Both resonances are more
than 1o away in a, given the uncertainties for P/La Sagra’s
osculating elements, but could conceivably affect the object as
its osculating elements fluctuate over time (Figure 10).

In our 1000 test particle simulations, the effect of the
(3, —2, —1) three-body resonance is clear, with ~70% of
the ejected test particles in those simulations having initial
semimajor axes within 0.01 AU of the resonance. The effect

of the 13:6 resonance is comparatively less pronounced, with
only ~20% of the ejected particles in these simulations starting
within 0.01 AU of the resonance, despite the fact that this
resonance is closer to P/La Sagra than the (3, —2, —1) resonance
and therefore lies in a more highly populated region of our
initial test particle distribution. P/La Sagra itself has an initial
osculating semimajor axis 0.06 AU of the 13:6 resonance, and
even occasionally crosses the resonance during our simulations
(Figure 10), yetis found to be stable over the 100 Myr test period
considered here, suggesting that this resonance only weakly
affects objects in this region of orbital element space.

We conclude from this analysis that the region in orbital
element space occupied by P/La Sagra is largely stable, im-
plying that the object is likely to be native to its present-day
location. As such, its physical properties may be reflective of
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Figure 10. Plot of P/La Sagra’s semimajor axis (AU) as a function of time
(Myr), marked with a black solid line, as simulated in the numerical integrations
described in Section 3.4.1, where the semimajor axes of the 13:6 mean-motion
resonance with Jupiter and the (3, —2, —1) three-body mean-motion resonance
with Jupiter and Saturn are marked with red dashed lines.

(A color version of this figure is available in the online journal.)

other objects in this region of the asteroid belt. However, be-
tween the nearby 13:6 mean-motion resonance with Jupiter and
the (3, —2, —1) three-body mean-motion resonance with Jupiter
and Saturn, enough dynamical instability is imparted to the re-
gion that a non-negligible fraction of simulated test particles es-
cape in less than 100 Myr. Due to the non-negligible instability
of this region, we therefore cannot definitively conclude that P/
La Sagra formed in situ (and did not dynamically evolve onto its
present-day orbit from elsewhere in the main belt, or even else-
where in the solar system), particularly over timescales longer
than the 100 Myr test period considered in this analysis. We fur-
ther note that our analysis does not consider non-gravitational
effects such as the Yarkovsky effect or the effects of asymmetric
mass loss such as that associated with cometary jets. As such,
in future investigations of this object, particularly those which
pertain to the comparison of its physical properties to those of
other MBCs, the possibility that P/La Sagra may not be native
to its current location cannot be discounted.

3.4.2. Family Search

Having investigated the dynamical stability of P/La Sagra
and its surroundings, we seek to further characterize the ob-
ject’s dynamical environment by searching for evidence of an
associated asteroid family, i.e., a grouping of dynamically linked
asteroids likely to be the result of either the catastrophic frag-
mentation of a larger parent asteroid (Hirayama 1918), or a sig-
nificant cratering event on a still-existing asteroid (e.g., Vesta;
Asphaug 1997). Such a search is particularly crucial for this
object because of studies suggesting that MBCs may preferen-
tially be found among families (Hsieh et al. 2004; Haghighipour
2009), and possibly specifically among extremely young fami-
lies (Nesvorny et al. 2008; Hsieh 2009). The latter hypothesis
is based on the facts that MBC 133P appears to be a member of
the <10 Myr old Beagle family (Nesvorny et al. 2008), and col-
lisional devolatilization of near-surface ice of km-scale MBCs
(such as 133P and 176P) is expected to occur at rates incom-
patible with the existence of present-day activity, unless those
MBC:s are recently produced fragments of larger asteroids with
significant interior ice reservoirs (Hsieh 2009).

Due to P/La Sagra’s high inclination, we cannot search for
an associated dynamical asteroid family using analytically de-
termined proper orbital elements (Milani & KneZevi¢ 1994), as
can be done for objects at lower inclinations. The complication
stems from the fact that analytically computed proper elements
are significantly less accurate for objects with high eccentric-
ities or inclinations. The development of numerical methods
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Table 4
P/La Sagra Cluster Members

Object a,? ep® sin(i,)°  Hy®  Tiyap®

18901 (2000 MRs) 3.0942 0.1223 0.3791 12.1 683
106020 (2000 SS294) 3.0928 0.1146 0.3812 14.4 480
106064 (2000 SA373) 3.0931 0.1215 0.3824 14.5 781
131501 (2001 SX272) 3.0889 0.1177 0.3831 14.2 999
(2002 RQ261) 3.0887 0.1150 0.3824 15.4 900
P/2010 R2 (La Sagra) 3.1001 0.1148 0.3817 18.3 270

Notes.

4 Proper semimajor axis, in AU.
b Proper eccentricity.

¢ Sine of proper inclination.

d Absolute magnitude, in V-band.
¢ Lyapunov time, in kyr.

for computing so-called synthetic proper elements for charac-
terizing the long-term behavior of high-inclination and high-
eccentricity objects resolved this problem (KneZevi¢ & Milani
2000), an advance that was employed by Gil-Hutton (2006)
and Novakovic et al. (2011) to conduct systematic searches for
families among high-inclination asteroids.

For our analysis of P/La Sagra, we first compute the object’s
own synthetic proper elements—proper semi-major axis (aj),
proper eccentricity (e,), and proper inclination (i,)—using
the procedure described in Knezevi¢ & Milani (2000) and
osculating orbital elements from the JPL. Small-Body Database
Browser. We list these results in Table 4. We then plot these
newly computed synthetic proper elementsina, —e, anda, —i,
space along with the synthetic elements of all of the families
(as well as smaller or less-significant groupings designated
as clumps or clusters) identified by Gil-Hutton (2006) and
Novakovié et al. (2011) to check for plausible close associations
of P/La Sagra with any of these previously identified groupings
(Figure 11). We find no such associations.

Finding no link between P/La Sagra and any currently known
asteroid families, we turn to our own search for dynamically as-
sociated asteroids to determine whether a clustering specific to
P/La Sagra may have missed simply because this newly discov-
ered object was not considered in previous family searches. To
do so, we add our computed proper elements for P/La Sagra to
an updated list of synthetic proper elements for high-inclination
asteroids (Novakovi¢ et al. 2011), and then employ the Hierar-
chical Clustering Method (HCM; Zappala et al. 1990, 1994) to
search for dynamically associated asteroids. Results from this
analysis are plotted in Figure 12, where we show the number
of asteroids associated with P/La Sagra as a function of cutoff
“distance” (which, despite its name, has units of velocity).

We find just six objects in P/La Sagra’s dynamical vicin-
ity (including P/La Sagra itself) within a cutoff distance of
120 m s~! (Table 4). Confirming our search (described above)
for associations of P/La Sagra with previously identified group-
ings, none of these objects belong to any of the families, clumps,
or clusters found by Gil-Hutton (2006) or Novakovié et al.
(2011). According to the criteria used by Novakovi¢ et al. for
the outer belt region, this group of objects is neither compact
nor large enough to be classified as a family or clump. At best, it
can be classified as a cluster, defined by Novakovié et al. (2011)
as a compact group of objects that could share a common phys-
ical origin, but does not formally satisfy the criteria for being a
family or clump, usually because the number of members that
it contains is too small.
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Figure 11. Synthetic orbital element plots of eccentricity (upper panel) and sine of inclination (lower panel) vs. semimajor axis of outer main-belt asteroids (small
black dots), where the central bodies of families and clumps identified by Gil-Hutton (2006) are marked with blue and green triangles, respectively, and central bodies
of families, clumps, and clusters identified by Novakovic¢ et al. (2011) are marked with blue, green, and orange circles, respectively. The location of P/La Sagra in

synthetic proper element space is plotted with a red circle.
(A color version of this figure is available in the online journal.)
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Figure 12. Number of objects associated with the P/La Sagra cluster. The six members determined to belong to this cluster are all linked within 95 m s~!, with no
more linkages found to other asteroids until 125 m s~! when the group merges with the local background population. Our choice for the nominal cutoff distance for

—1

the cluster of 110 m s™" is marked.

To obtain a quantitative assessment of the likelihood that
members of the P/La Sagra group share a common physical ori-
gin, we use a method employed by Nesvorny & Vokrouhlicky
(2006) to estimate the probability that a certain cluster of
objects is the result of random chance. Confining our anal-
ysis to the high-inclination region of the outer main belt
(2.825<a, <3.278 AU, e, <0.4, 0.3 <sin(i,) <0.55), we
generate 10,000 random distributions of 9569 synthetic objects

(the same number of objects currently known to populate
this region) in proper orbital element space. We then perform
HCM analysis on these synthetic populations to search for
possible groupings with at least six objects within cutoff dis-
tances of 95 m s~!. The results of this analysis show that there
is a significant probability (~30%) that the P/La Sagra clus-
ter could in fact be due to chance. While these results still
leave a ~70% chance that this grouping is not random and
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Figure 13. Average differences (AQ) of the longitudes of the ascending nodes
for members of the P/La Sagra cluster. Three significant clusterings at 4.9, 6.2,
and 18.2 Myr in the past are marked with arrows.

therefore could have a physical origin, more information is cer-
tainly needed to establish whether or not this clustering can be
considered real.

We compute Lyapunov times for members of the P/La Sagra
group (Table 4), finding the orbits of all six bodies to be stable
(Tiyap >100 kyr). This fact provides an opportunity to apply the
backward integration method (BIM; Nesvorny et al. 2002) to
this group. BIM is a means for estimating the age of a <20 Myr
old family that is based on the premise that immediately after the
disruption of a parent body, the orbits of the resulting fragments
must have been nearly the same, and has been successfully
applied to estimate the ages of the Karin cluster and Veritas
family (Nesvorny et al. 2003).

In the case of the group of asteroids surrounding P/La Sagra,
the purpose of the BIM analysis is twofold. If a suspicious
clustering in the longitude of the ascending node (€2) or the
longitude of perihelion (z) can be found, this analysis would
not only allow us to estimate the age of the group, but would
also provide support for the hypothesis that these objects share
a physical origin in the first place. In the outer belt, however,
application of this method is generally complicated by large
gradients of secular frequencies with a,, particularly when
considering o in the vicinity of the 2:1 resonance with Jupiter
(Nesvorny et al. 2003). Although the P/La Sagra group is not
particularly close to this resonance, the gradient dg/da,, where
g is the frequency of the longitude of perihelion, is still relatively
large in this region (~0°1 yr~' AU™"). As such, for the purpose
of our study we only consider Q.

To investigate whether or not a clustering in € exists, we
numerically integrate the orbits of all six known members of
the P/La Sagra group for 20 Myr backward in time. We then
calculate the average difference, (AQ), calculated for all possible
combinations of objects, where AQ = Q; — Q;, and i and j
denote two bodies under consideration. Plotting the results of
this analysis (Figure 13), we find three clusterings within 60 deg.
The clusterings at about 4.9 and 18.2 Myr ago are less significant
than the one occurring about 6.2 Myr ago. This implies that the
age of the cluster is likely close to 6.2 Myr, but due to the
small number of asteroids involved, it is not possible to draw
a definitive conclusion about the physical significance of this
cluster.

The results shown in Figure 13 are obtained in a purely
gravitational model. Including other forces (e.g., the Yarkovsky
effect) could affect the positions and depths of various minima
(see Novakovi¢ 2010). We believe, however, that such an
analysis should be deferred pending the discovery of more
members of the cluster so that more statistically meaningful
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results can be obtained than are currently achievable with just six
possible cluster members. In the meantime, the determination
of colors or acquisition of spectra of the currently suspected
cluster members could provide some preliminary insights into
the likelihood that these objects are physically related.

4. DISCUSSION

To date, the only published analysis of P/La Sagra prior
to this work was presented by Moreno et al. (2011), who
focused on numerical modeling of object’s dust emission. They
found that the activity can be plausibly modeled by an episode
of continuous dust emission, consistent with a sublimation-
driven dust ejection process and inconsistent with impulsive
dust ejection as would be expected from an impact, beginning
shortly before the object’s perihelion passage and persisting
over >7 months. Furthermore, they found that the dust cloud’s
morphology was best reproduced by anisotropic dust emission
and indicated that their modeling suggests that P/La Sagra’s
activity could be seasonally modulated in a manner similar
to that of other MBCs (e.g., Hsieh et al. 2004, 2011b). In
our photometric analysis of the dust cloud (Section 3.2.2),
we found steadily increasing dust mass between 2011 August
and December, indicative of ongoing dust production, and
consistent with the conclusion by Moreno et al. (2011) that
P/La Sagra’s dust emission appears to have persisted over an
extended period of time, and therefore was likely to be cometary
(i.e., sublimation-driven) in nature.

While the conclusion that P/La Sagra’s dust emission is
driven by the sublimation of volatile ices appears to be at odds
with the results of our spectroscopic analysis (Section 3.3), we
note that the extreme difficulty of detecting sublimation products
in a cometary coma at the distance of the main belt means
that the non-detection of gas emission in such observations
cannot be considered conclusive evidence against the presence
of gas (see Hsieh et al. 2012a). Rather, such non-detections
should only be interpreted as evidence that the levels of gas
emission for all MBCs for which spectroscopy has been obtained
to date (133P, P/Garradd, and P/La Sagra; Licandro et al.
2011; Jewitt et al. 2009, and this work) have simply been
below the sensitivity levels of those observations. However,
the aforementioned observations were all obtained using large
ground-based telescopes (the European Southern Observatory’s
8 m Very Large Telescope in Chile, and the 10 m Keck I telescope
in Hawaii), and so future attempts to detect gas in MBCs may
need to focus on significantly more active MBCs (i.e., with
higher gas emission levels) since significantly more powerful
observing facilities are not currently available. It may also be
possible that given the large distances and low activity levels
(relative to other comets observed at much smaller heliocentric
and geocentric distances) of the MBCs, conclusive evidence
of gas emission may only ever be obtainable from a close-
approaching spacecraft equipped to make such measurements.

Despite the lack of a successful gas detection (Section 3.3), we
conclude from the numerical modeling of Moreno et al. (2011)
and the morphological and photometric analyses presented in
this work (Sections 3.1 and 3.2) that P/La Sagra’s activity is
likely to be sublimation-driven. As such, the object is likely to
be a bona fide MBC such as 133P, 176P, 238P, and P/Garradd,
where dust is ejected via gas drag from sublimating ice, and not
as ejecta from a recent impact as is suspected in the cases of
disrupted asteroids, P/2010 A2 and (596) Scheila (e.g., Jewitt
etal. 2010, 2011; Snodgrass et al. 2010; Bodewits et al. 2011).
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Definitive criteria for identifying the true nature of comet-like
activity remain elusive, however (see Hsieh et al. 2012a). In the
case of P/La Sagra, Moreno et al. (2011) show that comet-like
dust emission can plausibly explain the appearance of P/La
Sagra’s dust tail, but by no means show that their solution is
unique, a common weakness in virtually all dust modeling ef-
forts where models are underconstrained by available observa-
tions. Given the case of P/2010 A2’s long-lived dust tail (Jewitt
etal. 2010; Snodgrass et al. 2010), the longevity of P/La Sagra’s
activity is likewise not incontrovertible evidence of sublimation-
driven dust emission. Even the apparently steadily increasing
dust mass in P/La Sagra’s coma and tail (Section 3.2.2) could
be considered inconclusive evidence of sublimation given the
potential that fragmenting dust particles ejected in an impulsive
event could mimic ongoing dust production as in the case of the
2007 outburst of comet 17P/Holmes (Hsieh et al. 2010a).

At this time, recurrent activity, separated by intervening pe-
riods of inactivity, appears to be the only reliably observable
indicator of sublimation-driven dust emission that cannot also
be plausibly explained by a scenario involving impact-driven
dust ejection (Hsieh et al. 2011a). Repeated impacts on individ-
ual asteroids are unexpected from either theoretical calculations
or empirical observations. The tendency of episodes of repeated
activity to occur over similar arcs of each object’s orbit makes
such behavior even more difficult to explain as the action of
random impacts rather than the effect of periodic cometary sub-
limation. Two of the six currently known MBCs have been
observed to exhibit recurrent activity to date (133P and 238P;
Hsieh et al. 2004, 2010b, 2011c¢), while 176P is expected to ex-
hibit renewed activity shortly (Hsieh et al. 2011b). Confirmation
of renewed activity in 176P will be crucial for supporting the
hypothesis that its activity is cometary in nature. The remaining
three MBCs (P/Garradd, P/La Sagra, and P/2006 VW 39), on
the other hand, were actually discovered so recently that they
have not yet completed full orbits since being discovered, but
as they do (P/Garradd in early 2013, P/La Sagra in mid-2015,
and P/2006 VW39 in mid-2016), observations to search for
recurrent activity are highly encouraged.

5. SUMMARY AND CONCLUSIONS

We present a wide-ranging study of the recently discovered
comet P/2010 R2 (La Sagra) including photometric and spec-
troscopic observations and dynamical analyses of the object.
Key results are as follows.

1. A year-long observational monitoring campaign of
P/La Sagra from 2010 August to 2011 August shows that
the morphology of its dust cloud undergoes substantial evo-
lution, exhibiting a strong coma and a single tail from 2010
August to November, and a coma and two tails from 2010
December to 2011 February, before diminishing to a faint,
detached dust trail by 2011 August. A long-lived antiso-
lar dust tail and the steadily increasing scattering surface
area measured for the dust cloud over much of this period
suggests that dust production was ongoing over a period
of several months, exhibiting behavior consistent with dust
ejection via the sublimation of volatile ice and inconsistent
with dust ejection via the impulsive action of an impact on
the surface of P/La Sagra.

2. We estimate that the nucleus of P/La Sagra has an absolute
magnitude of Hg = 17.9 & 0.3 mag, corresponding to an
approximate effective radius of ry = 0.7 £ 0.1 km. The
B — R color of the nucleus (B — R = 0.9 £ 0.1 mag) is
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approximately solar, as are the B — R colors of the active
comet measured on two separate occasions in 2010.

3. Optical spectroscopic observations of the active P/La Sagra
20 days after it was discovered reveal no evidence of CN
emission. Based on the sensitivity of our observations, we
find upper-limit CN and H, O production rates of Qcn < 6 X
10% mol s~! and Qn,0 < 10%° mol s~!, respectively.

4. Numerical integrations show that P/La Sagra is largely
dynamically stable, indicating that it is likely native to its
current location in the main belt. The surrounding region
in orbital element space, however, is moderately unstable
with two resonances, the 13:6 mean-motion resonance
with Jupiter and the (3,—2,—1) three-body mean-motion
resonance with Jupiter and Saturn, present nearby.

5. We find that P/La Sagra is not associated with any known
asteroid families, though we do find a small cluster of
asteroids in its dynamical vicinity. Due to the small number
of objects in this cluster at the current time, however, we
cannot confirm whether members of this cluster in fact
resulted from the recent fragmentation of a larger parent
asteroid, or if they are simply clustered in orbital element
space by chance.

Despite our unsuccessful attempt to detect gas emission from
P/La Sagra, we conclude from the long-lasting and steadily
evolving morphology of the object’s dust cloud that its activity
is likely to be sublimation-driven, and unlikely to be the result
of an impulsive impact. As such, it is likely to be a genuine
comet, making it just the fiftth MBC discovered (out of a total of
six known to date). Numerical simulations indicating that P/La
Sagra is likely to be native to its current location in the main belt
mean that its physical composition is likely to be representative
of other objects in the same region. A search for other MBCs in
this region of orbital element space could prove fruitful. It has
been hypothesized, however, that present-day MBC activity may
require triggering by small impacts that excavate near-surface
ice and expose it to the Sun (Hsieh et al. 2004; Hsieh 2009).
As such, we caution that the lower rate of potential activity-
triggering impacts at high inclinations (Farinella & Davis 1992)
means that, overall, the rate of currently active MBCs in this
region is likely to be lower than at lower inclinations.

In any event, the presence of P/La Sagra in a completely
disparate region of orbital element space from the other MBCs
underscores the caveat by Hsieh (2009) that the currently known
population is far too small to make any conclusions about the
abundance and distribution of such objects in the asteroid belt.
Current and upcoming systematic searches of the entire asteroid
belt for MBCs, now starting to see success in the case of PS1
(Hsieh et al. 2011a, 2012b), will be critical for ascertaining the
true abundance and distribution of icy objects in the inner solar
system.
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ABSTRACT

The main-belt asteroid (300163) 2006 VW 39 (later designated P/2006 VW 39) was discovered to exhibit comet-like
activity by the Pan-STARRS1 (PS1) survey telescope using automated point-spread-function analyses performed
by PS1’s Moving Object Processing System. Deep follow-up observations show both a short (~10") antisolar dust
tail and a longer (~60") dust trail aligned with the object’s orbit plane, similar to the morphology observed for
another main-belt comet (MBC), P/2010 R2 (La Sagra), and other well-established comets, implying the action
of a long-lived, sublimation-driven emission event. Photometry showing the brightness of the near-nucleus coma
remaining constant over ~30 days provides further evidence for this object’s cometary nature, suggesting it is in
fact an MBC, and not a disrupted asteroid. A spectroscopic search for CN emission was unsuccessful, though we
find an upper limit CN production rate of Qcn < 1.3 x 10** mol s™!, from which we infer a water production rate of
On,0 < 10% mol s~!. We also find an approximately linear optical spectral slope of 7.2% /1000 A, similar to other
cometary dust comae. Numerical simulations indicate that P/2006 VW39 is dynamically stable for >100 Myr,
while a search for a potential asteroid family around the object reveals a cluster of 24 asteroids within a cutoff
distance of 68 m s~'. At 70 m s~!, this cluster merges with the Themis family, suggesting that it could be similar
to the Beagle family to which another MBC, 133P/Elst-Pizarro, belongs.

Key words: comets: general — minor planets, asteroids: general

Online-only material: color figures

1. INTRODUCTION

Main-belt comets (MBCs) exhibit cometary activity indica-
tive of ice sublimation yet are dynamically indistinguishable
from main-belt asteroids (Hsieh & Jewitt 2006). Much of the
current interest in studying MBCs lies in the possible role of
main-belt objects in the primordial delivery of terrestrial water
(e.g., Morbidelli et al. 2000). Of the first five known MBCs, one
(176P/LINEAR) was discovered via a targeted search (Hsieh
2009), while the other four were discovered serendipitously
or by untargeted surveys (Elst et al. 1996; Read et al. 2005;
Garradd et al. 2008; Nomen et al. 2010). Using MBCs as trac-
ers of ice in the asteroid belt to ascertain its potential for water
delivery will require a much larger sample of these objects, and
as such, discovering more MBCs, ideally in untargeted surveys

16 Hubble Fellow.
17 Michael West Fellow.

(e.g., Gilbert & Wiegert 2009; Sonnett et al. 2011), is a high
priority.

Recently, main-belt objects P/2010 A2 (LINEAR) and (596)
Scheila have exhibited comet-like dust emission, but these
events are likely due to impact-generated ejecta clouds (Jewitt
et al. 2010, 2011; Snodgrass et al. 2010; Bodewits et al. 2011;
Yang & Hsieh 2011; Ishiguro et al. 2011; Hainaut et al. 2012).
As such, these objects are better characterized as disrupted aster-
oids. Hsieh et al. (2012a) considered the problem of distinguish-
ing MBCs and disrupted asteroids, and concluded that recurrent
activity separated by periods of inactivity to be the strongest
observable indicator that activity is sublimation-driven, par-
ticularly when the timing of active episodes corresponds
closely to an object’s orbital period (cf. 133P/Elst-Pizarro and
238P/Read; Hsieh et al. 2004, 2010, 2011c). Evaluating this
criterion requires monitoring an object for many years, how-
ever. When observations of only one active episode for an ob-
ject are available, Hsieh et al. (2012a) suggested that steady or
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increasing activity and morphological indicators could be used
as preliminary evidence of sublimation. Direct spectroscopic
detection of sublimation products (i.e., gas) in an MBC would
immediately confirm its cometary nature. Given the difficulty of
obtaining sufficiently high-quality spectroscopy of such distant
and weakly active comets and of timing observations to coincide
with peak gas production though, the absence of gas detections
to date (Jewitt et al. 2009; Hsieh et al. 2012b) should not be
considered confirmation of the absence of sublimation.

2. OBSERVATIONS

Observations of activity in P/2006 VW39 were first obtained
by the 1.8 m Pan-STARRSI1 (PS1) wide-field synoptic survey
telescope on Haleakala. PS1 employs a 3°2 x 3°2 1.4 gigapixel
camera, consisting of a mosaic of 60 orthogonal transfer arrays,
each comprising 64 590 x 598 pixel CCDs, and Sloan Digital
Sky Survey (SDSS) i’- and z’-band-like filters designated ip;
and zp; (Tonry et al. 2012).

Follow-up imaging was performed using the 2.0 m Faulkes
Telescope North (FTN) on Haleakala and Faulkes Telescope
South (FTS) at Siding Spring, the University of Hawaii (UH)
2.2 m telescope on Mauna Kea, the 1.8 m Perkins Telescope
(PT) at Lowell Observatory, the 2.0 m Himalayan Chandra
Telescope (HCT) at the Indian Astronomical Observatory on
Mt. Saraswati, the 4.2 m William Herschel Telescope (WHT;
Program SW2011b20) at La Palma, the 3.54 m New Tech-
nology Telescope (NTT; Program 185.C-1033(K)) operated by
the European Southern Observatory (ESO) at La Silla, and the
Lulin One-meter Telescope (LOT) in Taiwan. We employed
4096 x 4096 pixel Fairchild CCDs and either SDSS or Bessell
filters for Faulkes observations, a 2048 x 2048 pixel Textronix
CCD and Kron-Cousins filters for UH observations, the Perkins
ReImaging System and Kron—Cousins filters for Perkins obser-
vations, a 2048 x 2048 pixel E2V CCD and Bessell filters for
HCT observations, the WHT’s auxiliary-port camera (ACAM;
Benn et al. 2008) and SDSS filters on the WHT, the ESO
Faint Object Spectrograph and Camera (Buzzoni et al. 1984)
and Bessell filters on the NTT, and a VersArray:1300B CCD
(Kinoshita et al. 2005) and Bessell-like filters on the LOT.

We performed standard bias subtraction and flat-field reduc-
tion (using dithered twilight sky images) for all data, except
those from PS1, using Image Reduction and Analysis Facility
(IRAF) software. PS1 data were reduced using the system’s
image processing pipeline (IPP; Magnier 2006). Photometry
of Landolt (1992) standard stars and field stars was per-
formed by measuring net fluxes within circular apertures, with
background sampled from surrounding circular annuli. For
data obtained under non-photometric conditions, absolute cal-
ibration was accomplished using SDSS field star magnitudes
(Aihara et al. 2011). Conversion of r’-band PS1, FTN, FTS,
and WHT photometry to R-band was accomplished using trans-
formations derived by Tonry et al. (2012) and by R. Lupton
(http://www.sdss.org/). Comet photometry was performed using
circular apertures with varying radii depending on the nightly
seeing, where background statistics were measured in nearby,
but non-adjacent, regions of blank sky to avoid dust contamina-
tion from the comet.

We also obtained long-slit spectroscopy with ACAM
(3500-9400 10%) on the WHT, as well as with the Gemini Multi-
Object Spectrographs (GMOS; 3600-9400 A; Hook et al. 2004)
on the 8 m Gemini North (GN; Program GN-2011B-Q-16) and
Gemini South (GS; Program GS-2011B-Q-51) observatories.
For ACAM observations, we employed a 2”0 wide slit, giving
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a spectral resolution of R ~ 300, aligned with the object’s dust
tail. For GMOS observations, we employed B600 dispersers,
2 x 2 binning, and 170 wide slits, giving R ~ 850, aligned with
the dust trail. Reduction of GMOS data was performed using an
IRAF package provided by Gemini.

3. RESULTS
3.1. Discovery of Cometary Activity

All PS1 moving object detections are screened for potential
cometary activity by automated point-spread function (PSF)
analyses executed nightly by PS1’s Moving Object Processing
System (MOPS). This screening process divides the measured
second PSF moment of each transient source by the expected
PSF width as determined from the median of all stellar PSFs
in the field. This “psfextent” parameter is then plotted as
a function of a detection quality parameter (“psfquality”)
ranging from O to 1, roughly corresponding to a normalized
signal-to-noise ratio. Sources that show comet-like psfextent
parameters and psfquality > 0.5 (to screen out faint sources
for which measured PSF moments are unreliable) are flagged
for human inspection and possible observational follow-up
(Figure 1).

PS1 observations on 2011 November 5 showed that the
PSF of the known main-belt asteroid, (300163) 2006 VW39
(semimajor axis, a = 3.052 AU; eccentricity, e = 0.201; and
inclination, { = 3924), had an FWHM of 173, while nearby
stars had PSFs with FWHMs of 170 (Hsieh et al. 2011a).
Precovery observations also obtained by PS1 showed that the
object exhibited a similar PSF excess on 2011 August 30. At
the time, however, the object was too faint (psfquality < 0.5)
and was not flagged for inspection. In both the relatively shallow
August and November PS1 data, no extended cometary features
were seen. Deeper follow-up observations (Table 1), however,
revealed the presence of both an antisolar dust tail and an orbit-
aligned dust trail (Figure 2; Section 3.2), leading to the object’s
re-designation as P/2006 VW 3g.

3.2. Morphological and Photometric Analysis

The morphology observed for P/2006 VW39 from mid-
November 2011 through 2012 January (shortly after perihelion)
remains approximately constant (Figure 2). We observe the
presence of a short dust tail (~10") pointed in the antisolar
direction, a longer dust trail (~60") aligned with the object’s
orbit plane, and a coma with an intrinsic FWHM of ~0”7 when
deconvolved with the seeing. This morphology is similar to that
observed for MBC P/2010 R2 (La Sagra) (Hsieh et al. 2012b),
as well as other well-established comets (e.g., 2P/Encke,
C/Austin 1990 V; Lisse et al. 1998; Reach et al. 2000). Detailed
dust modeling will be required to confirm the nature of the
observed dust features, but a simple syndyne plot (Figure 2;
cf. Finson & Probstein 1968) indicates that the antisolar tail is
likely composed of small particles with short dissipation times
(requiring recent emission to still be present), while the orbit-
aligned trail is composed of large particles with slow dissipation
times (likely requiring months to traverse the observed distance
from the nucleus). The contemporaneous observation of both
recent and old dust emission implies the action of a prolonged
event, consistent with sublimation and inconsistent with an
impulsive impact. We furthermore compute that particles with
radii of a; = 0.1 um should move 10” from the nucleus in just
22 days, creating an observable gap between the antisolar tail
and the nucleus. No such gap is observed between November
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Figure 1. (a) Flowchart detailing PS1 comet screening procedures. (b) Difference image (left) and screening plot (right) for sample PS1 observations of 48P /Johnson
where comet candidates (“selected”) are plotted as red dots and “unselected” detections (generally consisting of inactive asteroids and false detections) are plotted as
gray dots. (c) Image and screening plot for precovery observations of P/2006 VW39 on 2011 August 30. (d) Image and screening plot for discovery observations of
P/2006 VW39 on 2011 November 5.

(A color version of this figure is available in the online journal.)
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Figure 2. Orbital position plot (left) and composite images (upper right) constructed from observations detailed in Table 1, with the Sun (black dot) at the center, and
the orbits of Mercury, Venus, Earth, Mars, P/2006 VW39, and Jupiter shown as black lines. Perihelion (P) and aphelion (A) are marked with crosses. Plotted positions
and images correspond to observations from (a) 2011 August 30, (b) 2011 November 5, (c) 2011 November 12-14 (November 14 UH composite image shown),
(d) 2011 November 22-December 4 (December 4 NTT composite image shown), (e) 2011 December 16-19 (December 19 UH composite image shown), and (f) 2012
January 7. Each panel is 90” x 90” with the object at the center, and north (N), east (E), the antisolar vector (—®), and the negative heliocentric velocity vector (—v)
marked with arrows. Also shown is a syndyne plot (lower right) for the 2011 November 22-December 4 period for a range of dust grain radii.

(A color version of this figure is available in the online journal.)
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Table 1

Observations
UT Date Tel®2 NP r¢ Filter R4 A® of Ve PA_o"  PA_/ api m(R, A, a)* mg(1,1,0)
2011 Jul 18 Perihelion...................... 2438 2293 246 0.0 249.3 2473 0.8 .. ...
2011 Aug 30 PSI 2 60 Zp1 2447 1806 214 12.2 253.7 248.5 1.7 20.16+0.14 156 +0.3
2011 Nov 05 PSI 2 90 ip1 2496  1.517 4.6 30.7 50.5 247.9 1.4 19.00 + 0.09 151402
2011 Nov12  FIN 11 660 r 2505  1.555 8.0 32.9 59.8 247.8 1.1 18.69 £ 0.09 151402
2011 Nov 14 UH 8 2400 R 2506  1.561 8.4 33.2 60.4 2477 1.1 18.62 + 0.05 151402
2011 Nov 14  FIN 3 540 R 2506 1.561 8.4 332 60.4 2477 1.1 18.64 £ 0.05 151402
2011 Nov 18 PT 19 11100 R 2510 1586 100 34.3 62.2 2477 0.9 18.60 + 0.10 150402
2011 Nov19  HCT 22 11400 R 2512 1596 106 34.6 62.8 247.6 0.9 18.64 £ 0.02 150402
2011 Nov22  WHT 3 780 r 2516  1.621 119 35.5 63.8 247.6 0.8 18.89 + 0.02 151402
2011 Nov22  WHT 3 2700  spec 2516 1621 119 35.5 63.8 247.6 0.8 ... ...
2011 Nov 30 UH 5 3000 R 2525  1.685 144 37.4 65.4 2475 0.5 19.04 + 0.02 151402
2011 Dec 02 GN 8 4800  spec 2527 1704 150 38.0 65.7 2475 0.4 ... ...
2011 Dec 04  NTT 2 1200 R 2530 1724 156 38.5 66.0 247.4 0.4 19.12 £0.03 151402
2011 Dec 04  NTT 1 600 B 2530 1724 156 38.5 66.0 247.4 04  20.18+0.03
2011 Dec 05 GS 6 3600  spec 2531 1735 159 38.8 66.2 247.4 0.3 ... ...
2011 Dec 16 FTS 12 720 r 2546 1861 187 41.7 67.4 247.4 0.0 19.70 £ 0.09 153402
2011 Dec 19 UH 3 900 R 2549  1.895 192 424 67.7 2474  —0.1 19.68 + 0.03 153402
2012 Jan 07 LOT 8 1440 R 2577 2152 217 474 69.2 2476  —0.6  204340.10 157402
2014 Mar 13 Aphelion......................... 3.660  2.697 45 1800 278.6 2041  —12
2016 Nov 08 Perihelion....................... 2436 1823 213 0.0 65.1 2482 1.1
Notes.

2 Telescope.

b Number of exposures.

¢ Total integration time, in seconds.

d Heliocentric distance, in AU.

¢ Geocentric distance, in AU.

f Solar phase angle (Sun—object—Earth), in degrees.

€ True anomaly, in degrees.

h Position angle of the antisolar vector, in degrees east of north.
1 position angle of the negative velocity vector, in degrees east of north.
i Orbit plane angle, in degrees.

K Mean apparent magnitude in specified filter.

! Absolute R-band magnitude (at R = A = 1 AU and « = 0°), assuming solar colors and IAU H, G phase-darkening where G = 0.15, where the listed

uncertainty is dominated by the estimated uncertainty in G.

and January, implying continuous replenishment of the tail over
this period, again consistent with cometary activity.

The disrupted asteroid (596) Scheila exhibited a 30% decline
in coma brightness in 8 days (Jewitt et al. 2011). Meanwhile,
other established MBCs exhibited steady or increasing coma
brightness over longer periods of time (cf. Hsieh et al. 2012b).
Photometry of P/2006 VW39 (Table 1) shows no decline
in near-nucleus brightness over 29 days between November
and early December (though does show a 40% decline over
34 days between December and January). Coupled with
our morphological analysis, the coma’s photometric behavior
over this period provides further support for the observed activ-
ity’s sublimation-driven nature.

For reference, we compute the dust-to-nucleus scattering
surface area ratio, A;/Ay, determined for other MBCs (cf.
Hsieh et al. 2012b). Lacking independent constraints at this
time, we use the absolute R-band magnitude, Hgy = 16.4 mag,
computed by Spahr et al. (2009) only using observations
obtained well before activity was discovered, and find A; /Ay ~
2.5 during the object’s peak observed activity in November. This
level of dust production relative to nucleus size is comparable
to that of 133P and 176P, but an order of magnitude lower than
for other MBCs, 238P, P/2008 R1 (Garradd), and P/La Sagra
(Hsieh et al. 2012b). Multi-filter NTT observations (Table 1)
indicate that the near-nucleus coma has an approximately Solar
color of B — R = 1.06 £ 0.04, similar to other MBCs (Jewitt
et al. 2009; Hsieh et al. 2009b, 2010, 2011b, 2012b)

3.3. Spectroscopic Analysis

WHT spectroscopy was extracted using an aperture 10” long
along the slit centered on the target. A spectrophotometric
standard, Feige 15, and a G2V solar analog star, HD 28099,
were observed to allow removal of atmospheric absorption
features and calculation of the relative reflectance spectrum.
The resulting spectrum (Figure 3(a)) is approximately linear
with a red slope of 7.2%/1000 A, similar to that seen in other
cometary dust comae (Kolokolova et al. 2004).

Gemini spectroscopy was extracted using an aperture 571
long along the slit. A G5V solar analog star, HD 10097, was
observed for approximate flux calibration and to calculate the
relative reflectance spectra. The resulting GN and GS spectra
(Figure 3(b)) are very similar. Given its slightly higher signal-
to-noise ratio, however, we use the GN spectrum to compute
gas production rates.

We measure the standard errors in three wavelength regions
70 A in width and adopt the largest o of 0.057 as the ob-
servational uncertainty of the violet CN emission band. We
then employ a simple Haser (1957) model to derive the CN
production rate (cf. Hsieh et al. 2012a; Jewitt & Guilbert-
Lepoutre 2012), using a resonance fluorescence efficiency of
g[1AU] =3.63x 10713 erg s~ ! molecule~! (Schleicher 2010).
We find an upper limit to the CN production rate of Qcn < 1.3 %
10?* mol s—!. No physical constraints on the CN to water produc-
tion rate ratio in MBCs are currently available, but adopting the
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Figure 3. (a) Relative reflectance spectrum of P/2006 VW39 from the WHT.
(b) Relative reflectance spectra of P/2006 VW39 from GN (upper panel) and
GS (lower panel). Shaded regions indicate the wavelength region where the CN
emission band is expected. Red error bars show 1o uncertainties in the CN band
region and in adjacent wavelength regions.

(A color version of this figure is available in the online journal.)

average ratio in other observed comets (log[Qcn/Qonl =
—2.5; Qon/0Qun,0 = 90%; cf. Hsieh et al. 2012a), we infer
a water production rate of Qg0 < 10%° mol s~!.

3.4. Dynamical Analysis

To ascertain whether P/2006 VW3 is likely to be native
to its current location, we analyze its dynamical stability (cf.
Jewitt et al. 2009; Hsieh et al. 2012a, 2012b). We produce nine
randomly generated sets of 100 Gaussian-distributed massless

HSIEH ET AL.

test particles in orbital element space, centered on the object’s
current osculating orbital elements, where three sets are char-
acterized by o values of o, = 0.0001 AU, o, = 0.0001,
and o; = 0°001. These o values are chosen to adequately
explore the stability of the region. As a numbered asteroid,
P/2006 VW 39’s true orbital element uncertainties are actually
~100x—-1000x smaller. Another three sets are characterized
by o values 10x as large, and the final three sets are charac-
terized by o values 100x as large. Treating the eight major
planets as massive particles, we then use the N-body integration
package, Mercury (Chambers 1999), to integrate the orbits of
these test particles forward in time for 100 Myr. Limitations on
computing resources unfortunately prevent us from conducting
significantly longer integrations (e.g., 1 Gyr) in a reasonable
amount of time.

We find that 5% of the lo test particles, 3% of the 100
test particles, and 10% of the 1000 test particles exceed a
heliocentric distance of 50 AU, and are effectively ejected
from the asteroid belt, within 100 Myr (Figure 4). P/2006
VW39 itself is found to be stable over the 100 Myr test
period (neglecting non-gravitational forces), consistent with its
Lyapunov time of Tiyap > 1 Myr, where a body is considered
stable if Tiy,p > 100 kyr (Tsiganis et al. 2003). No systematic
distribution is evident for ejected 1o or 100 test particles, though
44% of 1000 test particles with a < 3.04 AU are ejected,
perhaps due to the 9J:4A mean-motion resonance with Jupiter at
3.029 AU (Figure 4(b)). For reference, P/2006 VW 39 fluctuates
between a = 3.047 AU and a = 3.069 AU over the course of
our simulations.

As two MBCs (133P and 176P) belong to the ~2.5 Gyr old
(Nesvorny et al. 2003) Themis asteroid family, and 133P ad-
ditionally belongs to the young < 10 Myr Beagle sub-family
(Nesvorny et al. 2008), we perform a search for any family
associations that P/2006 VW 39 may have. Employing hierar-
chical clustering method (Zappala et al. 1990) analysis and an-
alytically determined proper orbital elements retrieved on 2011
December 1 from AstDyS (http://hamilton.dm.unipi.it/astdys/),
we compute the number of asteroids dynamically linked to
P/2006 VW39 as function of cutoff distance, d, (in velocity
space). At d, = 63ms~!, we find a statistically significant
clustering of 24 asteroids, which then merges with the Themis
family at d. = 70ms~! (Figure 4(c)). This possible P/2006
VW39 sub-family is separated from the main Themis fam-
ily by several two- and three-body mean-motion resonances
(11J:5A, 3J-2S-1A, and 1J+3S-1A) with Jupiter and Sat-
urn, though our dynamical simulations indicate these reso-
nances may be only weakly destabilizing (Figure 4(b)). P/2006
VWi30’s association with the Themis family is interesting be-
cause of the family’s aforementioned association with 133P,
176P, and possibly 238P (Haghighipour 2009), though more
detailed study is needed to clarify the nature of this association,
as well as the significance of the possible sub-family.

4. DISCUSSION

While spectroscopy did not reveal any evidence of gas
emission (Section 3.3), morphological and photometric analyses
(Section 3.2) strongly suggest that the activity of P/2006 VW39
is cometary in nature, and not impact-driven. We conclude
that this object is likely an MBC, making it the sixth such
object discovered to date. The discovery circumstances of the
known MBCs suggest that many more must exist, particularly
in the outer main belt (Hsieh 2009). Therefore, we expect that
current and next-generation all-sky surveys like Pan-STARRS
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Figure 4. (a) Plots of semimajor axis versus eccentricity (top) and inclination (bottom) showing initial osculating elements of three 1o sets of Gaussian-distributed
test particles whose orbits are integrated for 100 Myr (Section 3.4), with the current osculating orbital elements of P/2006 VW39 shown as a red circle at the center
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(A color version of this figure is available in the online journal.)
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will reveal more of the true extent of the population in the
coming years, provided that techniques can be deployed to
efficiently screen for such objects amid the enormous amounts
of data produced by these surveys. Thorough physical and
dynamical investigations of each new discovered object will
then be essential for first determining the most likely cause of the
observed activity (cf. Hsieh et al. 2012a; Jewitt 2012), and then
ascertaining the global properties of the population of objects
confirmed as MBCs to better understand their implications for
understanding terrestrial water delivery.

Additional observations of P/2006 VW3 itself are encour-
aged until the end (in 2012 March) of the 2011-2012 observing
window to monitor the decline of activity for comparison to
other MBCs (cf. Hsieh et al. 2011c, 2012b). Observations dur-
ing the 2012-2013 observing window, when the object may be
largely inactive, should be useful for determining its nucleus
properties. By adding to our knowledge of the properties of
inactive MBC nuclei (cf. Hsieh et al. 2009a; Licandro et al.
2011), the latter observations will help us better understand the
relationship of active MBCs to the inactive main-belt popu-
lation, perhaps facilitating the development of more powerful
search methods, such as targeted monitoring of extremely likely
MBC candidates. Furthermore, robust protocols for identifying
icy objects, even in the absence of activity (which is transient
even for known MBCs), will be crucial for ascertaining the true
abundance and distribution of ice in the asteroid belt.
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ABSTRACT

doi:10.1088/0004-637X/748/1/44

We present a study on GRB 071112C X-ray and optical light curves. In these two wavelength ranges, we have
found different temporal properties. The R-band light curve showed an initial rise followed by a single power-law
decay, while the X-ray light curve was described by a single power-law decay plus a flare-like feature. Our analysis
shows that the observed temporal evolution cannot be described by the external shock model in which the X-ray
and optical emission are produced by the same emission mechanism. No significant color changes in multi-band
light curves and a reasonable value of the initial Lorentz factor (I'y = 275 % 20) in a uniform interstellar medium
support the afterglow onset scenario as the correct interpretation for the early R band rise. The result suggests that
the optical flux is dominated by afterglow. Our further investigations show that the X-ray flux could be created by an
additional feature related to energy injection and X-ray afterglow. Different theoretical interpretations indicate the
additional feature in X-ray can be explained by either late internal dissipation or local inverse-Compton scattering

in the external shock.

Key word: gamma-ray burst: individual (GRB 071112C)

1. INTRODUCTION

The Swift Gamma-Ray Explorer, launched in late 2004, has
provided accurate positions for many gamma-ray bursts (GRBs),
enabling a number of early X-ray and optical observations. The
onboard X-Ray Telescope (XRT) data revealed that many GRBs
have complicated evolutions (e.g., flare and shallow decay)
and that their X-ray temporal evolution could be described
by a three-component generic broken power law with an
initial steep power-law decay (F(v,t) o t—3~7), followed
by a very shallow decay (F(v,t) o< t7%7) or a flare, finally
changing to a steep decay (F(v,t) oc t~%9~~13; Nousek
et al. 2006; Zhang et al. 2006). These properties could be
characterized by prompt emission from GRBs or a mixture
of different emission components contributing to the observed
X-ray emission (Willingale et al. 2007; Zhang 2007; Liang et al.
2009; Nardini et al. 2010). Early optical afterglow behaviors
also show more diverse properties compared to the simpler late
time evolutions. Panaitescu & Vestrand (2008) presented early
afterglow behaviors of 28 known-redshift GRBs and grouped
those GRBs as (1) fast-rising with peaks at about 100 s,
(2) slow-rising with peaks after 100 s, (3) fast decay, and
(4) plateau. They proposed that the angular asymmetry of the
GRB ejecta viewed along different lines of sight generates the
diversity of early optical afterglow light curves. A similar study
with more samples was carried out by Kann et al. (2010) as well.

They concluded that about 60% of early optical detections are
the forward-shock-dominated afterglows.

Comparisons of X-ray and optical light curve have clearly
shown that the evolutions for the two wavelengths are generally
different (Panaitescu et al. 2006; Huang et al. 2007b). Signif-
icantly, there are GRBs whose decay indices during late-time
evolution could not be explained by the external shock model
in which X-ray and optical emission must be produced by the
same emission mechanism (Urata et al. 2007). These studies
suggest that the X-ray and optical emission are generated by
different outflows. To explain possible emission mechanisms
and provide reasonable interpretations, Ghisellini et al. (2007)
proposed a late prompt emission scenario. They suggested that
the late internal shocks with lower power could be created and
superposed on the real afterglow emission of prompt GRB emis-
sion. However, it s still unclear how the early temporal evolution
is affected by prompt emission and how long the prompt emis-
sion can sustain the overall temporal evolution. More extensive
coverage of X-ray and optical observations are essential to solve
this problem.

Recently, Liang et al. (2010) analyzed 32 GRBs with early
smooth bumps in their early optical or X-ray light curves
and investigated a possible relation with the initial Lorentz
factor. They found that early bright X-ray emissions are usually
dominated by non-forward shock components, but sometimes
the forward shock emissions are observable in the X-ray
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wavelength, and an achromatic feature in X-ray and optical is
observed. In the study, they also discovered a good correlation
between the initial Lorentz factor and the GRB apparent
isotropic energy. Here, we examine our optical measurements of
GRB 071112C as well as the corresponding simultaneous X-ray
observations to explore their possible emission mechanisms.

On 2007 November 12, the Swift Burst Alert Telescope (BAT)
detected GRB 071112C at 18:32:57 UT. This burst showed
a single fast rise exponential decay peak and the measured
Top (15-350 keV) was 15 £ 12 s. The 80% total fluence
in the 15-150 keV band was (3.0 & 0.4) x 10 ®ergem2,
which corresponded to a lower limit of isotropic energy
E = 5.3 x 107! erg at a redshift z = 0.823 (assume
Hy = 70kms~' Mpc™!, Qy = 0.3,andQ, = 0.7). The XRT
started to observe this burst from 84 s after the BAT triggered.
The XRT observations showed a smooth re-brightening around
t = 500 s after the burst and followed a simple decay (Stratta
et al. 2007). Two robotic optical telescopes, the ROTSE-IIIc
and the TAOS, responded to this burst at 65 s and 93 s after the
burst, respectively (Yuan et al. 2007; Huang et al. 2007a). In
addition, the optical afterglow was observed by a number of
ground telescopes in the V, R, I, J, and K bands (Uemura et al.
2007a; Wang et al. 2007; Klotz et al. 2007; Burenini et al.
2007; Chen et al. 2007; Nugent et al. 2007; Dintinjana
et al. 2007; Ishimura et al. 2007; Greco et al. 2007; Stefano et al.
2007; Yoshida et al. 2007; Uemura et al. 2007b; Minezaki et al.
2007). The spectral measurements of the optical afterglow by
the Very Large Telescope and the Gemini North telescope indi-
cated that the redshift of this burst was 0.823 (Jakobsson et al.
2007; Cucchiara et al. 2007).

2. OPTICAL AND X-RAY TEMPORAL ANALYSIS

The ROTSE-IlIlc and TAOS optical observations started
around ¢ = 60 s. The ROTSE-IIIc telescope (Akerlof et al. 2003)
detected the GRB 071112C optical afterglow with brightness
R = 171 £ 02 at t = 90.9 s. At the same time, the
optical afterglow was also detected by TAOS-A and TAOS-B
telescopes (Lehner et al. 2009) with sequences of 1 s and 5 s
exposures, respectively. Subsequently, a series of optical multi-
band follow-up observations were also carried out by Xinglong
0.8 m and 1.0 m telescope in China (Zheng et al. 2008), the
Lulin One-meter telescope (LOT) in Taiwan (Huang et al.
2005; Urata et al. 2005), and the 0.5 m MITSuME telescope
in Japan (Kotani 2005). About one year after the burst, the
host galaxy of GRB 071112C was clearly detected with the
3.8 m Canada—France—Hawaii Telescope (CFHT). The log of
our optical observations is summarized in Table 1.

The optical images were processed by a standard proce-
dure including bias and dark subtraction and flat-fielding using
IRAF. The DAOPHOT package was used to perform point-
spread function (PSF) photometry. Seven bright stars in the
images were used to create the PSF model. The absolute
photometric calibration for GRB field was determined us-
ing Landolt (Landolt et al. 1992) field SA 92, SA 95, and
PG 0231+051 with a range of airmass. For calibration, we
use 17 reference stars with colors similar to the afterglow
(V — R ~ 0.4). Both photometric and systematic errors were
included in the magnitude error. Besides our own observations,
we re-calibrated the reported afterglow measurements by using
the reference stars in the GRB 071112C field. Several measure-
ments in GCN reports were calibrated by USNOB stars; the
USNORB stars are on average 0.05 brighter than the stars of our
calibration. Since the reference stars were provided by Burenini
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Table 1
Observation Log of the GRB 071112C Optical Afterglow

Tmid(s) Exposure (s) Mag Telescope
738.7 1% 300s x 1 18.45 £ 0.10 Xinglong-1m
948.9 Vv 300s x 1 18.60 £ 0.10 Xinglong-1m
1252.8 14 300s x 1 19.13 £0.12 Xinglong-1m
1578.5 \%4 300s x 1 19.74 £ 0.15 Xinglong-1m
1887.8 vV 300s x 1 19.77 £0.15 Xinglong-1m
2204.9 \%4 300s x 1 19.67 £ 0.15 Xinglong-1m
2522.0 14 300s x 1 19.67 £0.15 Xinglong-1m
2839.1 \%4 300s x 1 20.15 £ 0.15 Xinglong-1m
3157.1 14 300s x 1 20.35 £0.25 Xinglong-1m
3474.1 \%4 300s x 1 20.18 £ 0.25 Xinglong-1m
3791.2 14 300s x 1 20.05 £0.25 Xinglong-1m
4425.4 \%4 300s x 3 20.67 £ 0.20 Xinglong-1m
5377.5 14 300s x 3 20.31 £0.20 Xinglong-1m
7454.6 Vv 600s x 5 20.89 £ 0.30 Xinglong-1m
90.9 CR Ssx5 17.10 £ 0.20 ROTSE-IIIc
147.0 CR S5sx5 17.40 £ 0.30 ROTSE-IIIc
2733 CR 20s x5 17.10 £ 0.10 ROTSE-IIIc
96.2 R Ssx1 16.79 £ 0.15 TAOSB
104.4 R Ssx1 17.01 £0.17 TAOSB
112.6 R Ssx1 16.83 £0.14 TAOSB
120.8 R Ssx1 17.05 £ 0.15 TAOSB
129.0 R Ssx1 17.00 £ 0.16 TAOSB
137.2 R Ssx 1 16.86 £ 0.17 TAOSB
145.4 R Ssx 1 16.96 & 0.16 TAOSB
157.7 R Ssx2 17.17 £0.12 TAOSB
174.1 R S5sx2 17.17 £ 0.18 TAOSB
190.5 R Ssx2 16.96 £+ 0.14 TAOSB
206.9 R Ssx2 17.11 £ 0.15 TAOSB
2233 R Ssx2 17.14 £0.12 TAOSB
231.7 R Ssx2 17.16 £ 0.12 TAOSB
256.1 R Ssx2 17.11 £0.14 TAOSB
272.5 R Ssx2 17.42 +£0.18 TAOSB
288.9 R Ssx2 17.14 £ 0.16 TAOSB
309.5 R S5sx3 17.52 +£0.22 TAOSB
330.3 R Ssx3 17.28 £0.13 TAOSB
359.7 R S5sx3 17.63 £ 0.15 TAOSB
384.6 R Ssx3 17.48 £0.17 TAOSB
409.2 R S5sx3 17.45 +0.22 TAOSB
437.9 R Ssx4 17.75 £ 0.18 TAOSB
470.7 R Ssx4 17.57 £ 0.15 TAOSB
520.3 R Ssx4 18.42 £ 0.31 TAOSB
573.2 R Ssx7 17.81 +£0.19 TAOSB
630.7 R Ssx7 18.14 £ 0.24 TAOSB
701.1 R Ssx7 18.15 +£0.22 TAOSB
824.7 R S5sx20 18.36 £ 0.22 TAOSB
1112.4 R 5s x50 19.01 £0.29 TAOSB
1894.6 R S5s x 140 19.23 +£0.26 TAOSB
124.4 CR 20s x 1 17.13 £0.12 TNT-0.8m
160.7 CR 20s x 1 16.82 £ 0.10 TNT-0.8m
184.0 CR 20s x 1 17.30 £ 0.12 TNT-0.8m
206.5 CR 20s x 1 17.04 £ 0.12 TNT-0.8m
228.9 CR 20s x 1 17.37 £0.15 TNT-0.8m
2523 CR 20s x 1 17.31 £ 0.15 TNT-0.8m
274.8 CR 20s x 1 17.26 £0.15 TNT-0.8m
297.2 CR 20s x 1 17.43 £0.15 TNT-0.8m
343.0 CR 20s x 1 17.42 £0.15 TNT-0.8m
366.3 CR 20s x 1 17.48 £0.15 TNT-0.8m
388.8 CR 20s x 1 17.62 £ 0.15 TNT-0.8m
412.1 CR 20s x 1 17.35 £ 0.15 TNT-0.8m
434.6 CR 20s x 1 17.68 £ 0.15 TNT-0.8m
457.0 CR 20s x 1 17.87 £0.20 TNT-0.8m
480.4 CR 20s x 1 17.80 £ 0.20 TNT-0.8m
502.8 CR 20s x 1 17.87 £0.20 TNT-0.8m
525.3 CR 20s x 1 17.66 £ 0.25 TNT-0.8m
548.6 CR 20s x 1 18.44 £ 0.30 TNT-0.8m
571.1 CR 20s x 1 18.12 £ 0.25 TNT-0.8m
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Table 1
(Continued)
Tmia(s) Filter Exposure (s) Mag Telescope
632.4 R 60s x 1 18.00 + 0.15 TNT-0.8m
711.1 R 60s x 1 18.28 +0.20 TNT-0.8m
789.7 R 60s x 1 18.34 £0.20 TNT-0.8m
867.5 R 60s x 1 18.46 + 0.20 TNT-0.8m
946.2 R 60s x 1 18.40 £ 0.20 TNT-0.8m
1063.6 R 60s x 2 18.72 £ 0.15 TNT-0.8m
1262.3 R 60s x 3 19.13 £ 0.20 TNT-0.8m
1740.1 R 300s x 2 19.11 £ 0.10 TNT-0.8m
2376.0 R 300s x 2 19.67 £0.15 TNT-0.8m
3170.0 R 300s x 3 19.51 £0.15 TNT-0.8m
4123.0 R 300s x 3 20.03 £ 0.20 TNT-0.8m
5243.6 R 300s x 4 20.03 £ 0.20 TNT-0.8m
186.0 Rc 60s x 1 17.11 £ 0.11 MITSuMe
280.5 Rc 60s x 2 17.46 £ 0.11 MITSuMe
536.5 Rc 60s x5 18.03 £ 0.15 MITSuMe
911.5 Rc 60s x5 18.49 £ 0.23 MITSuMe
1934.5 Rc 60s x 19 19.21 £ 0.25 MITSuMe
6372.0 Rc 300s x 6 20.34+0.3 LOT
69620.3 Rc 300s x 12 22.74+0.2 LOT
3.3x107 r’ 300s x 4 24.27 +0.19 CFHT
187.0 Ic 60s x 1 16.57 £ 0.12 MITSuMe
289.0 Ic 60s x 1 16.81 £ 0.15 MITSuMe
331.0 Ic 60s x 1 16.73 £ 0.14 MITSuMe
514.5 Ic 60s x 2 17.22 £ 0.14 MITSuMe
816.0 Ic 60s x 6 17.87 £ 0.17 MITSuMe
1707.5 Ic 60s x 6 19.03 + 0.32 MITSuMe
LT T T TR R (This Work)
L R (GCN) :
O V+1mag (This Work)
L 0] V+imag (GCN 7094)
<= I-1mag (This Work)
15 | # |-1mag (GCN 7135) |
'ﬂ”“ﬁﬁh = J-1mag (GCN 7094,7135)
N e K-1mag (GCN 7094,7135H

magnitude

25 MR | M | M | MR | M

10 100 1000 104 105
Time since BAT trigger (sec)

Figure 1. Optical light curves of GRB 071112C: the solid line presents the best
fit by the single power-law model [ F' o< t~*] for the Vband («y = 1.02£0.05),
J band (ay = 0.99 £ 0.04), and the K band (@y = 0.83 £ 0.04). The dashed
and dotted lines indicate the best fit by the broken power law [F(v,t) =
Fr/l(t/ )™ + (t/tp)*2]] with the R band (ar1 = —1.54 + 0.62, ary =
0.92 £ 0.02, and trp, = 99.4 £ 7.3 s) and with the 7 band (ay; = —1.54 (fix),
ap = 1.01 £0.04, and 1, = 138.3 +32.7 ), respectively. The dot-dashed line
shows r’-band brightness of GRB 071112C host galaxy.

et al. (2007) and Uemura et al. (2007a, 2007b), we measured
these stars from our LOT R-band and Xinglong V-band im-
ages and obtained their averaged magnitude and rms errors. The
results were then used to re-calibrated the reported afterglow
magnitude. The uncertainties with 1o level confidence were
adopted in this paper.

As shown in Figure 1, the V-, R-, and I-band light curves
of GRB 071112C can be expressed in terms of a power law
with F(t) oc 7%, Here, each oy is the power-law index in
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Figure 2. Observed X-ray and the R-band light curves and the expected
X-ray flux from external shock model: the dashed line shows the best R-band
fit presented in the Figure 1. The solid line presents the best fit with X-ray
by a single power-law decay plus a Gaussian function. The dot-dashed line
presents the maximum expected X-ray flux from external shock model(Fx exp X
Fopt(vx/vo)_o'(’1 ). The dotted line shows the expected X-ray flux in the region
of vo < Ve < Vx (Fxexp & Fopt (vc/vo)’o‘ﬁl(vx/vc)*l‘lz); here the value
ve = 107 Hz is from Uehara et al. (2010).

each optical band. We find ay = 1.02 £ 0.05 (x2/v = 1.51 for
v = 28) from V-band data, ag = 0.85 4 0.02 (x2/v = 2.16
for v = 76) from R-band data, and oy = 0.96 £ 0.05
(x2/v = 1.79 for v = 5) from I-band data. Besides our optical
data, we also analyzed the calibrated NIR measurements by
Uemura et al. (2007b) and Minezaki et al. (2007). The J- and
K-band light curves could be expressed by a single power law
with index oy = 0.9940.04 (x2/v = 0.38 for v = 8) and
ak = 0.834+0.04 (x2/v = 0.18 for v = 3), respectively.

Note that the R-band light curve demonstrates a plateau
in the early evolution. We next fit the R-band measurements
with a broken power-law function, F(v,t) = F}/[(t/trp)™™ +
(t/trp)*®*], where tgy, is the break time in R-band light curve, ag;
and g, are the power-law indices before and after the R-band
break time frp, and F) is the flux at frp,. We obtain ar; =
—1.54+0.62, gy = 0.924+0.02, and g, = 99.4+£7.3 s
(x2/v = 1.25 for v = 74). The smaller chi-square value
indicates that the broken power-law function is a reasonable
fitting function to explain the R-band evolution in GRB 071112C
and implies a rising behavior in early R-band light curve.

Figure 2 shows the R-band and XRT light curves of
GRB 071112C. The XRT 0.3-10 keV light curve was down-
loaded from the Swift/XRT GRB light curve repository (Evans
et al. 2007). To plot the R-band and X-ray light curves on a
consistent scale, we converted the afterglow brightness to units
of mly. It is clear that a Gaussian-shaped flare appeared in the
XRT light curve around ¢+ = 500 s after the burst. The XRT
light curve can be fit with a single power law plus a Gaussian
function (F(t) = Ag x t = + A} x e~ 1=42"/243) \where Ay is a
constant value, oy is the single power-law index, A; is peak in-
tensity at peak position A, and A3 is the width of the Gaussian
feature. The best-fit parameters are oy = 1.36 £0.02, Ay =
23.514£2.12, A} = 4.23+0.5udy, Ay = 763.13+35.05 s,
and A; = 274.914+33.44 s (x2/v = 1.27 for v = 117). If we
exclude the flare component, the overall XRT light curve could
be well fit by a single power law with anindex oy = 1.36 £0.02.
The afterglow decayed with an index of —1.36, consistent
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with the analysis of Uehara et al. (2010). A flare occurred
around + = 500 s following the burst and approached the
original maximum brightness of 4.23 uJy. After the flare emis-
sion became weak, the afterglow emission again dominated the
X-ray light curve and continued to decay with the same index
(ox = 1.36) to the end of the XRT observations. The X-ray
flare seems superposed on the X-ray decelerated temporal evo-
lution and did not change the overall X-ray afterglow evolution
significantly.

This analysis of X-ray and R-band light curve of
GRB 071112C shows that the X-ray light curve was composed
of a single power-law (o ~ 1.36) decay plus a small flare while
the R-band light curve exhibits a bump followed by a shallower
single power-law decay (o, ~ 0.92).

3. DISCUSSION
3.1. Early Bump in Optical Light Curve

In the Swift era, many early optical afterglows show localized
peaks, plateaus, or simple power-law decay behavior. A simple
power-law decay is usually associated with a relativistic blast
wave decelerated by its interaction with the ambient medium.
Unfortunately, the nature of localized peaks and plateaus are
unclear. Panaitescu & Vestrand (2008) proposed that the peak
and plateau features could be caused by a structured outflow seen
at different directions from the GRB ejecta. The different oft-
axis viewing angles produce different features in early optical
light curves. The afterglows with plateaus have larger viewing
angles than those with sharper peaks.

Alternatively, the afterglows with plateaus could be simply
produced by long-lived GRBs which display shallow decay in
the light curves and continue for up to 10* s after the GRB onset
(Panaitescu & Vestrand 2011; Kann et al. 2010). Besides the
interpretations we mentioned above, the optical afterglow peaks
could also be produced by the onset of a normal afterglow or
the passage of the synchrotron typical peak frequency.

Our analysis shows that the GRB 071112C R-band light
curve peaked around 99 s after the burst and then decayed
with an index of 0.92 until 6.9 x 10* s. The observed temporal
evolution is not consistent with observers located off-axis of the
GRB jet (Granot et al. 2002), which should peak thousands
of seconds after the initial occurrence. For the scenario of
long-lived GRBs, energy from the GRB ejecta could continue
to supply and power the ambient medium surrounding the
burst. The afterglow emission from the ambient medium could
continuously be supplied and display plateaus or shallow decays
in afterglow light curves. Similar features should be found in
both the X-ray and optical light curves. Although the rising part
in the R band was not visible in our measurements, the short
duration peak in GRB 071112C implies that it is unlikely an
example of the long-lasting plateau feature of long-lived GRBs
(Zhang et al. 2006; Panaitescu & Vestrand 2008). In addition,
in Figure 2, a comparison of X-ray and R-band light curves
of GRB 071112C shows very different temporal evolutions for
the two wavelengths. This indicates that the mechanism of long-
lasting shallow decay produced by long-lived GRB ejecta cannot
explain the observed X-ray and optical temporal evolution.

For the case of synchrotron frequency passage, the external
shock model (Sari et al. 1998) predicts that the optical temporal
light curve (F; ., ~ t~*v=F) will show an initial increase
with %3, until the synchrotron peak (t,) after which a power-
law decay #3P~1/4 will follow. Here, p is the electron spectral
index and the ambient medium is assumed uniform. This model
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predicts that the passing times at different wavelengths should
follow t; /2 o< (v1/v,2)=*/?. Chromatic breaks and color change
are two significant clues in multi-band light curves to verify the
passage of the synchrotron peak frequency.

Our R-band light curve is composed of a possible power law
rising with index ar; = —1.54 & 0.62, a peak of brightness
at gy = 99.4 £ 7.3 s followed by a decay with index ag, =
0.92 £ 0.02. The I-band measurements could not be well fitted
with a single power-law decay, which implies it has similar
temporal property to that observed in the R band. To model
the I-band measurements with more complicated formulae, we
first fixed the rising power-law index, oy; = —1.54, to be the
same as the R band and then fit the /-band light curve with
a broken power-law formula. We found that the break time
in the 7 band is t, = 138.3 4= 32.7 s after which follows a
power-law decay a; = 1.01 & 0.04 (x2/v = 1.04 for v = 4).
This fit is better than the single power-law fit. If the R-band
peak was produced by the passage of the synchrotron peak
frequency, the estimated /-band break time from external model
will be at f; = 115.5 £ 8.5 s. The result is consistent with the
break time from a broken power-law fit. However, few I-band
measurements yielded large error of /-band break time and given
the uncertainties to confirm the synchrotron peak frequency at
I'band. Fortunately, there is no significant color change between
our R- and /-band measurements. An achromatic NIR evolution
was also reported by Uehara et al. (2010), and which supports
our optical results and indicates achromatic evolution in the R-
and /-band light curves. The peak in the R band is thus unlikely
due to the passage of the synchrotron peak.

In the scenario of afterglow onset, achromatic evolution is
predicted in the multi-band light curves. Such GRBs are gen-
erated from high relativistic injection fireballs (MeS$zafos 2002;
Zhang & Meszaros 2004; Piran 2004). The fireball maintains
constant velocity until it sweeps up a significant amount of am-
bient medium and then is decelerated by the ambient medium
to produce a smooth local peak in the afterglow light curve.
During this process, the Lorentz factor, I', decreases. The peak
time of the bump, from theoretical prediction, demonstrates that
roughly half of the fireball energy is transferred to the medium
and is detectable in the early afterglow light curve. For some
bursts, in which the reverse shock component would not show
up in the optical band, the smooth local peak signals the decel-
eration feature of the fireball and can be used to constrain the
initial Lorentz factor and the deceleration radius (Sari & Piran
1999; Zhang et al. 2003; Kobayashi & Zhang 2007; Liang et al.
2010). In addition, this theory predicts that the peak should be
sensitive to the initial Lorentz factor 'y but is insensitive to other
parameters.

Molinari et al. (2007) studied the NIR early peaks of
GRB 060418 and GRB 060607A and concluded that such
features could be explained by the onset of afterglows. Their
estimated values of initial Lorentz factor (I'y) are consistent
with predictions (50 < Ty < 1000) from the standard fire-
ball model (Piran 2000; Soderberg & Ramirez-Ruiz 2002;
Meszafos 2006). With the formula in Molinari et al. (2007),
we calculated the expected time for the R-band light curve
to reach its maximal brightness for GRB 071112C. The peak
time Zpesk = fo(—aR1/otR)!/@2 1) is 123 + 8 5. The initial
Lorentz factor I'y is ~257 % 20 for a constant density medium
and ~69 £ 6 for a wind environment. In the wind environ-
ment, the interstellar medium (ISM) density distribution around
a massive star can be defined as n(r) = A x (r)~2cm 3, where
A is a constant. The estimated initial Lorentz factor is consistent
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Figure 3. Correlation between I'g and Ejs,. The open stars shows optical selected
samples from Liang et al. (2009) and the open circle presents the value of
GRB 071112C derived from our R-band measurements. The solid and dashed

lines are Ty =~ ISZE%SS;SOQM and 20, respectively (Liang et al. 2009). This

diagram shows that the derived initial Lorentz factor (I'g) and isotropic energy
are fit in with other GRBs with bump-like feature in early optical light curves.

with the theoretical prediction at the lower end. On the other
hand, Liang et al. (2010) found that when GRBs show onset
feature in their early optical or X-ray light curves, their initial
Lorentz factor, Iy, and GRB isotropic energy, Ejis,, follow an
empirical relation Iy ~ 182E2ﬁ§5ﬁ;°'03. Here Ejg, 52 is the GRB

isotropic energy in units of 10°? erg and a uniform GRB ambient
medium is assumed. Our estimation shows the initial Lorentz
factor of GRB 071112C is I'y ~ 260. Figure 3 depicts the em-
pirical correlation between Ty and Ei 52. With the isotropic
energy at z = 0.823, isotropic energy (Eisx 52 ~ 0.53 erg) of
GRB 071112C follows the empirical relation within the 2o
range. This analysis thus further supports the conclusion that
the bump in GRB 071112C is most likely the onset afterglow at
optical wavelengths.

3.2. Different Origin of X-ray and Optical Emission

As we have discussed, optical and X-ray light curves in
GRB 071112C have different evolutions and the rising part of
the R-band light curve is likely related to the onset of afterglow.
In fact, several observations and studies show that the X-ray and
optical light curves are often different and inconsistent with the
external shock model in which X-ray and optical emission are
produced by the same emission mechanisms (Panaitescu et al.
2006; Urata et al. 2007; Liang et al. 2009). Those GRBs usually
have complicated and diverse temporal evolutions.

Urata et al. (2007) investigated the late temporal properties of
14 GRBs and found that a fraction of the events are outliers of
the external shock model at normal decay phase in which neither
the delayed energy injection nor time dependency of shock
microphysics were considered. Uehara et al. (2010) studied the
NIR to X-ray spectral energy distribution of GRB 071112C and
concluded that the observed NIR to X-ray SEDs is consistent
with the expectation from the normal afterglow component
and that the cooling break (v.) is between the optical and
X-ray bands. In other words, spectral evolution of the observed
GRB 071112C should be in the region of v, < v, < Ve < vy
and follow the relationships predicted by external shock models,
oo — 0y > —1/4 for uniform ambient median or o, — 0t < 1/4
for stellar wind with a density variation p o »~2 (Urata et al.
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2007). The X-ray temporal power-law decay index, excluding
the flare component, is @y ~ 1.36, and the optical decay index
(after the bump feature) is o, ~ 0.92. The observed difference of
power-law indices, o, — oy = —0.44 +0.03 for GRB 071112C,
is an outlier of the external shock model and suggests different
origins or radiation processes for X-ray and optical emissions.

Nearly half of all Swift bursts have distinct X-ray flares and
they are most likely due to late prompt emission caused by
late central engine activity (Zhang et al. 2006; Falcone et al.
2007). Chincarini et al. (2010) and Bernardini et al. (2011)
investigated early- and late-time X-ray flares and concluded that
the internal shock origin is the most promising explanation for
X-ray flares. Those studies give strongly indications that X-ray
flares have a common origin with gamma-ray pulses. Besides,
the presence of an underlying continuum with same slope before
and after the flaring activity excluded the possibility that flares
are related to the afterglow emission by forward external shocks.
These investigations implies that additional energy is needed to
produce the chromatic temporal properties in X-ray and optical
wavelengths.

To explain the origin of both X-ray and optical evolutions
constantly, Ghisellini et al. (2007) proposed that the observed
X-ray and optical fluxes could be modified by two emission
components. One is the afterglow emission produced by forward
shocks. Another is late prompt emission, which has same
origin as prompt emission, but is created at late times with
smaller power and smaller I'. In this interpretation, if the
X-ray flux is dominated by late prompt emission and the optical
flux is dominated by afterglow emission, the light curves in
the two wavelengths will evolve independently and show no
simultaneous break. A faint X-ray flare found around r = 500 s
following the GRB 071112C burst could provide a clue that late
prompt emission plays a role in the X-ray emission.

To further explore late internal dissipation in X-ray emission,
we assume that the observed optical emission in GRB 071112C
is the real afterglow predicted by the external shock model.
In this model (v, < v, < V. < vx), the optical emission
would follow F; , , ~ t~*v=F ~ 3p=D/4y=(1=P)/2 Jeading to
a relation, oy = 1.5 x B,. With the observed R-band power-
law index, ag = 0.92, we estimate spectral index is 8, = 0.61
for the optical band and calculate the electron spectral index
p = 2.24. Next we assume p is constant in the afterglow phase
and calculate the X-ray spectral index produced by the external
shock model, fx = 1.12. In Figure 2, the dotted line shows
the expected X-ray emission from external shock model in the
region of vy < Vo < Ve (Fxexp X Fopt(Vx/v0)~%%!). Here, we
adopt the value v, = 107 Hz from Uehara et al. (2010). In
addition, we also plot the maximum value of expected X-ray
flux (the dot-dashed line in the Figure 2). It is clear that the
observed X-ray flux is brighter than the expected flux from
external shock. This supports the conclusion that the observed
X-ray and optical emissions from GRB 071112C are caused by
different emission mechanisms. The X-ray flux is created by
late internal dissipation and X-ray afterglow emission while the
optical flux is dominated by afterglow. In addition, the expected
X-ray flux in the Figure 2 implies that the late prompt emission
could last until 3000 s after the burst or even longer (~10* s).
This is consistent with late flares or shallow decay in some
bursts, which are generally believed to be related to the late
activity of the central engine (Burrows et al. 2005; Nousek et al.
2006; Zhang et al. 2006; Falcone et al. 2006).

Recently, Panaitescu & Vestrand (2011) proposed another
interpretation. They proposed that the X-ray and optical
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evolution could be decoupled by additional energy added to
external shock in a wind-like medium. They suggested that the
optical emission is from synchrotron and the X-ray emission is
from local inverse-Compton scattering. In the internal-external
model, the fireball ejecta collides with the ambient ISM and
produce synchrotron afterglow emission in X-ray and optical
wavelengths. At this moment, if additional energy is supplied
into the ejecta, the low energy photons from synchrotron pro-
cesses will obtain energy from relativistic electrons through
inverse-Compton scattering and enhance the X-ray flux. In this
scenario, the X-ray flux is predicted to have faster decay than
the optical flux and no achromatic breaks will be found in the
two wavelengths.

Panaitescu & Vestrand (2011) assumed that an energy injec-
tion (E ~ t°) and a power-law distribution of electrons with en-
ergy dN/dy ~ y~P for the synchrotron self-Compton model.
With the conditions, they derived the predicted optical (from
synchrotron) and X-ray (from inverse-Compton) power-law de-
cay indices. For a wind-like medium, the expected synchrotron
decay indexisa, = 1/4x [3p—1—(p+1De]atv, < v, < v
and the inverse-Compton decay index is ax = p — 1 — (pe/2)
at vic < vx. Using our results on GRB 071112C (o, = 0.92
and ax = 1.36), we derived a relation between energy injec-
tion and electron spectral index p = e — 0.04. Applying the
electron spectral index p = 2.24 from optical observation, we
obtain e = 2.2 for the GRB 071112C. This result is consistent
with other afterglows in which their decoupled X-ray and opti-
cal light curves can be explained by synchrotron self-Compton
model (GRB 080129 with e >~ 2.0, GRB 090424 with e ~ 1.0,
and GRB 090510 with e =~ 2.4).

We investigated the X-ray and optical temporal evolution of
the GRB 071112C. Our analysis shows that different emission
mechanisms produce the decoupled X-ray and optical evolution.
The optical flux is dominated by afterglow, which is produced
by synchrotron emission. However, the X-ray flux is created
by an additional feature related to energy injection and X-ray
afterglow emission. Different theoretical interpretations indicate
that the additional feature in X-ray can be explained by either late
internal dissipation or inverse-Compton scattering in external
shocks.

4. CONCLUSION

We analyzed X-ray and optical light curves of GRB 071112C
and found that the X-ray light curve was described by a single
power-law plus a flare-like feature, while the R-band light
curve showed an initial rise followed by a power-law decay.
No significant color changes and a value of I'y = 257 £ 20
for initial Lorentz factor indicates that the afterglow onset
scenario is likely the correct interpretation for the early R band
rise. Based on the result, we conclude that the optical flux of
the GRB 071112C is dominated by afterglow. Furthermore,
compared with X-ray temporal evolution, we found that the
observed temporal properties in the two wavelengths cannot be
described by the external shock in which the X-ray and optical
emission are produced by the same emission mechanism. An
additional energy contribution in X-rays is thus necessary. The
X-ray flux could be created by a additional feature related to
energy injection and X-ray afterglow emission. The faint X-ray
flare supports the scenario of energy injection and our analysis
indicates either late internal dissipation or inverse-Compton
scattering in external shocks is the possible interpretation for the
additional feature by energy injection. More such samples with
adequately sampled X-ray and optical light curves are important
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to investigate and understand the detailed emission mechanism
for the two wavelengths.
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ABSTRACT

We present a comprehensive analysis of a bright, long-duration (799 ~ 257 s) GRB 110205A at redshift z = 2.22.
The optical prompt emission was detected by Swift/UVOT, ROTSE-IIIb, and BOOTES telescopes when the
gamma-ray burst (GRB) was still radiating in the y-ray band, with optical light curve showing correlation with
y-ray data. Nearly 200 s of observations were obtained simultaneously from optical, X-ray, to y-ray (1 eV to
5 MeV), which makes it one of the exceptional cases to study the broadband spectral energy distribution during
the prompt emission phase. In particular, we clearly identify, for the first time, an interesting two-break energy
spectrum, roughly consistent with the standard synchrotron emission model in the fast cooling regime. Shortly after
prompt emission (~1100 s), a bright (R = 14.0) optical emission hump with very steep rise (o ~ 5.5) was observed,
which we interpret as the reverse shock (RS) emission. It is the first time that the rising phase of an RS component
has been closely observed. The full optical and X-ray afterglow light curves can be interpreted within the standard
reverse shock (RS) + forward shock (FS) model. In general, the high-quality prompt and afterglow data allow us to
apply the standard fireball model to extract valuable information, including the radiation mechanism (synchrotron),
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radius of prompt emission (Rgrg ~ 3 x 10'3 cm), initial Lorentz factor of the outflow (I'y ~ 250), the composition
of the ejecta (mildly magnetized), the collimation angle, and the total energy budget.

Key word: gamma-ray burst: individual (GRB 110205A)

Online-only material: color figures

1. INTRODUCTION

Gamma-ray bursts (GRBs) are extremely luminous explo-
sions in the universe. A standard fireball model (e.g., Rees &
Mészaros 1992, 1994; Mészaros & Rees 1997; Wijers et al.
1997; Sari et al. 1998; see, e.g., Zhang & Mészaros 2004;
Meészaros 2006 for reviews) has been developed following their
discovery in 1973 (Klebesadel et al. 1973) to explain their obser-
vational nature. Generally, the prompt emission can be modeled
as originating from internal shocks or the photosphere of the
fireball ejecta or magnetic dissipation from a magnetically dom-
inated jet, while the afterglow emission originates from external
shocks that may include both forward shock (FS) and reverse
shock (RS) components (Mészaros & Rees 1997, 1999; Sari &
Piran 1999).

The leading radiation mechanisms of the GRB prompt
emission are synchrotron radiation, synchrotron self-Compton
(8SC), and Compton upscattering of a thermal seed photon
source (e.g., Zhang 2011 for a review). All these mechanisms
give a “non-thermal” nature to the GRB prompt spectrum. Ob-
servationally, the prompt spectrum in the y-ray band can be
fit with a smoothly broken power law called the Band func-
tion (Band et al. 1993). Since this function is characterized by
a single break energy, it cannot adequately fit the spectrum if
the spectral distribution is too complex. For example, the syn-
chrotron mechanism predicts an overall power-law spectrum
characterized by several break frequencies: v, (self-absorption
frequency), v, (the frequency of minimum electron injection en-
ergy), and v, (cooling frequency) (Sari & Esin 2001). However,
due to instrumental and observational constraints, it is almost
impossible to cover the entire energy range and re-construct the
prompt spectrum with all three predicted break points. Thus,
despite its limited number of degrees of freedom, the Band
function is an empirically good description for most GRBs.

The Swift mission (Gehrels et al. 2004), thanks to its rapid
and precise localization capability, performs simultaneous ob-
servations in the optical to y-ray bands, allowing broadband
observations of the prompt phase much more frequently than
previous GRB probes. This energy range may also span up to
six orders of magnitude (e.g., GRB 090510, Abdo et al. 2009; De
Pasquale et al. 2010) if a GRB is observed by both the Swift and
Fermi satellites (Atwood et al. 2009; Meegan et al. 2009). Some
prompt observations have shown signatures of a synchrotron
spectrum from the break energies (v,,,v.) (e.g., GRB 080928,
Rossi et al. 2011). Prompt optical observations can also be used
to constrain the self-absorption frequency v, (Shen & Zhang
2009), but, so far, no GRB has been observed clearly with more
than two break energies in the prompt spectrum. Meanwhile,
early-time observations in the optical band provide a greater
chance to detect RS emission, which has only been observed for
a few bursts since the first detection in GRB 990123 (Akerlof
et al. 1999).

Here we report on the analysis of the long-duration GRB
110205A triggered by the Swift/BAT (Barthelmy et al. 2005).
Both prompt and afterglow emissions are detected with good

data sampling. Broadband energy coverage over six orders of
magnitude (1 eV to 5 MeV) during prompt emission makes this
GRB arare case from which we can study the prompt spectrum
in great detail. Its bright optical (R = 14.0 mag) and X-ray
afterglows allow us to test the different external shock models
and to constrain the physical parameters of the fireball model.

Throughout this paper, we adopt a standard cosmology model
with Hy=71kms™! Mpc’1 ,Q =0.27,and Q) =0.73. We use
the usual power-law representation of flux density F(v) oc t*v—F
for the further analysis. All errors are given at the 1o confidence
level unless otherwise stated.

2. OBSERVATIONS AND DATA REDUCTIONS
2.1. Observations

At 02:02:41 UT on 2011 February 5 (Tp), the Swift/BAT
triggered and located GRB 110205A (trigger=444643;
Beardmore et al. 2011). The BAT light curve shows many over-
lapping peaks with a general slow rise starting at 7p—120 s,
with the highest peak at 7()+210 s, and ending at Tp+1500 s. Tog
(15-350 keV) is 257 + 25 s (estimated error including system-
atics). GRB 110205A was also detected by WAM (Sugita et al.
2011, also included in our analysis) on board Suzaku (Yamaoka
et al. 2009) and Konus-Wind (Golenetskii et al. 2011; Pal’shin
2011) in the y-ray band. A bright, uncataloged X-ray afterglow
was promptly identified by the X-Ray Telescope (Burrows et al.
2005a) 155.4 s after the burst (Beardmore et al. 2011). The
UVOT (Roming et al. 2005) revealed an optical afterglow 164 s
after the burst at location R.A. (J2000) = 10"58™31512, decl.
(J2000) = +67°31'312 with a 90% confidence error radius of
about 0.63 arcsec (Beardmore et al. 2011), which was later seen
to re-brighten (Chester & Beardmore 2011).

ROTSE-IIIb, located at the McDonald Observatory, Texas,
responded to GRB 110205A promptly and confirmed the optical
afterglow (Schaefer et al. 2011). The first image started at
02:04:03.4 UT, 82.0 s after the burst (8.4 s after the GCN
notice time). The optical afterglow was observed to re-brighten
dramatically to 14.0 mag ~1100 s after the burst, as was also
reported by other groups (e.g., Klotz et al. 2011a, 2011b;
Andreev et al. 2011). ROTSE-IIIb continued monitoring the
afterglow until it was no longer detectable, 1.5 hr after the
trigger.

Ground-based optical follow-up observations were also per-
formed by different groups with various instruments, some
of which are presented by Cucchiara et al. (2011) and
Gendre et al. (2011). In this paper, the optical data in-
clude Global Rent-a-Scope 005 telescope at New Mexico
(Hentunen et al. 2011); 1 m telescope at Mt. Lemmon Op-
tical Astronomy Observatory (Im & Urata 2011; Lee et al.
2010); Lulin One-meter Telescope (LOT; Huang et al. 2005;
Urata et al. 2011); 0.61 m Lightbuckets rental telescope LB-
0001 in Rodeo, NM (Ukwatta et al. 2011); 2 m Himalayan
Chandra Telescope (HCT; Sahu & Anto 2011); Zeiss-600 tele-
scope at Mt. Terskol observatory (Andreev et al. 2011); and
1.6 m AZT-33IK telescope at Sayan Solar observatory, Mondy
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Figure 1. Prompt light curves of GRB 110205A from Swift BAT (green), XRT (red), and UVOT (blue). Arbitrary scale. For the UVOT data, the first data point is in v
but has been normalized to white band, the rest of the data are in white. The vertical lines partition nine intervals for constructing the prompt spectra, where Int A and

B are averaged ones.

(A color version of this figure is available in the online journal.)

(Volnova et al. 2011), as well as Burst Observer and Optical
Transient Exploring System (BOOTES 1 and 2 telescopes),
1.23 m and 2.2 m telescope at Calar Alto Observatory, and
1.5 m OSN telescope, which are not reported in the GCNs.

The redshift measurement of GRB 110205A was reported by
three independent groups with z = 1.98 (Silva et al. 2011), z =
2.22 (Cenko et al. 2011; Cucchiara et al. 2011), and z = 2.22
(Vreeswijk et al. 2011). Here we adopt z = 2.22, for which two
observations are in very close agreement.

2.2. Data Reductions

The data from Swift and Suzaku, including UVOT, XRT,
BAT, and WAM (50 keV to 5 MeV), were processed with the
standard HEAsoft software (version 6.10). The BAT and XRT
data were further automatically processed by the Burst Anal-
yser pipeline*® (Evans et al. 2007, 2009, 2010), with the light
curves background subtracted. For the XRT data, Windowed
Timing (WT) data and Photon Counting (PC) data were pro-
cessed separately. Pile-up corrections were applied if necessary,
especially at early times when the source was very bright. The
UVOT data were also processed with the standard procedures.
A count rate was extracted within a radius of 3 or 5 arcsec
depending on the source brightness around the best UVOT
coordinates. The data in each filter were binned with §t/t =
0.2 and then converted to flux density using a UVOT GRB spec-
tral model (Poole et al. 2008; Breeveld et al. 2010, 2011). The
UVOT photometry result is listed in Table 1.

For the ground-based optical data, different methods were
used for each instrument. For the ROTSE data, the raw images
were processed using the standard ROTSE software pipeline.
Image co-adding was performed if necessary to obtain a reason-
able signal-to-noise ratio. Photometry was then extracted using
the method described in Quimby et al. (2006). Other optical
data were processed using the standard procedures provided by
the IRAF*! software. A differential aperture photometry was

40 http://www.swift.ac.uk/burst~analyser/

41 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

applied with the DAOPHOT package in IRAF. Reference stars
were calibrated using the photometry data from Sloan Digital
Sky Survey (Smith et al. 2002). Clear(C) band data were cali-
brated to R band. All ground-based photometry results are listed
in Table 2.

The spectral fitting, including WAM, BAT, XRT, and optical
data, was performed using Xspec (version 12.5). We constructed
a set of prompt emission spectra over nine time intervals during
which the optical data were available. Data from each instrument
were re-binned to the same time intervals. In the afterglow phase,
spectral energy distributions (SEDs) in four different epochs
were constructed when we have the best coverage of multi-band
data from optical to X-rays: 550 s, 1.1 ks, 5.9 ks, and 35 ks.
All the spectral fittings were carried out under Xspec using x>
statistics, except the 1.1 ks SED of the afterglow, for which
C-statistics was used.

3. MULTI-WAVELENGTH DATA ANALYSIS
3.1. Broadband Prompt Emission from Optical to y-Rays

Thanks to its long duration (799 =257 £ 25 s), GRB 110205A
was also detected by XRT and UVOT during the prompt
emission phase starting from 155.4 s and 164 s after the trigger,
respectively. Both XRT and UVOT obtained nearly 200 s of
high-quality and well-sampled data during the prompt phase.
ROTSE-IIIb and BOOTES also detected the optical prompt
emission 82.0 s and 102 s after the trigger, respectively. Together
with the y-ray data collected by BAT (15-150 keV) and
Suzaku/WAM (50 keV to 5 MeV), these multi-band prompt
emission data cover six orders of magnitude in energy, which
allow us to study the temporal and spectral properties of prompt
emission in great detail.

Figure 1 shows the prompt light curves from Swift BAT
(green), XRT (red), and UVOT (blue). The BAT light curve
shows multiple peaks until at least 7y + 300 s with a peak
count rate at 7o + 210 s. The XRT data show a decay phase
from a very bright peak at the start of XRT observations,
followed by smaller peaks with complicated variability. The
UVOT observations were performed mainly in the white band,
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Table 1
Photomertric Observations for GRB 110205A from Swift/UVOT

T—-Ty Error Count Error Filter T—T Error Count Error Filter
(s) (s) (s) (s)

169.0 5.0 3.905 0.890 white 24517.0 149.9 1.133 0.130 white
179.0 5.0 2.807 0.812 white 24734.3 63.5 1.037 0.198 white
189.0 5.0 2.963 0.840 white 35675.8 149.9 0.654 0.122 white
199.0 5.0 3.326 0.877 white 35979.3 149.9 0.653 0.123 white
209.0 5.0 9.487 1.203 white 36284.1 149.9 0.474 0.089 white
219.0 5.0 7.664 1.120 white 75564.8 149.9 0.234 0.080 white
229.0 5.0 4.538 0.939 white 75868.3 149.9 0.256 0.081 white
239.0 5.0 4.255 0.916 white 76171.9 149.9 0.316 0.083 white
249.0 5.0 2.964 0.845 white 87890.9 92.9 0.177 0.099 white
259.0 5.0 2.689 0.831 white 99845.1 88.9 0.085 0.100 white
269.0 5.0 2.722 0.829 white 110704.6 3224 0.106 0.052 white
279.0 5.0 2.633 0.802 white 117007.3 147.4 0.008 0.075 white
289.0 5.0 3.229 0.858 white 122512.3 237.9 0.028 0.059 white
299.0 5.0 3.095 0.863 white 128037.7 322.4 0.097 0.052 white
308.9 49 2.720 0.826 white 133882.8 299.9 0.100 0.054 white
611.8 9.9 20.129 1.184 white 139643.2 305.9 0.034 0.052 white
784.5 9.9 63.173 2.257 white 145379.3 3194 0.047 0.051 white
950.3 74.8 88.866 1.043 white 151192.4 308.4 0.167 0.055 white
1190.9 9.9 95.569 3.037 white 156929.3 321.9 0.038 0.051 white
1365.9 9.9 78.130 2.615 white 162706.6 321.4 0.041 0.051 white
15384 9.9 64.515 2.290 white 168487.5 320.9 0.042 0.051 white
1711.7 9.9 52.993 2.027 white 185834.0 315.4 0.006 0.051 white
5166.4 99.9 10.865 0.283 white 203156.9 319.9 0.088 0.052 white
6602.8 99.9 7.511 0.246 white 209526.6 120.9 0.019 0.083 white
11906.7 149.9 2.834 0.152 white 220477.0 3229 0.022 0.050 white
122104 149.9 2.752 0.150 white 232055.5 315.9 0.042 0.052 white
12513.8 149.9 2.755 0.151 white .. . .. .. white
150.5 49 1.107 0.449 v 52773.8 149.9 0.077 0.039 v
661.9 9.9 6.853 0.643 v 53077.3 149.9 0.067 0.038 v
834.2 9.9 13.718 0.903 v 71192.4 18.0 0.069 0.121 v
1066.4 9.9 19.918 1.096 v 80344.4 149.9 0.004 0.035 v
1241.8 9.9 18.517 1.053 v 80648.3 149.9 0.047 0.037 v
1415.6 9.9 11.828 0.837 v 111203.5 169.5 0.063 0.036 v
1588.3 9.9 11.398 0.820 v 122914.8 158.1 0.038 0.035 v
1761.6 9.9 10.388 0.788 v 128677.6 310.6 0.049 0.026 v
5576.8 99.9 1.641 0.115 v 134477.4 288.0 0.013 0.026 v
7013.2 99.9 1.123 0.101 v 157567.5 309.5 0.018 0.025 v
16773.0 149.9 0.338 0.051 v 163345.1 309.6 0.015 0.024 v
17076.6 149.9 0.302 0.050 v 169123.9 308.7 0.018 0.025 v
17380.0 149.9 0.337 0.051 v 192030.6 102.3 0.039 0.045 v
41428.4 149.9 0.048 0.037 v 203748.6 264.3 0.050 0.028 v
41731.9 149.9 0.082 0.039 v 221119.4 312.7 0.016 0.024 v
42035.4 149.9 0.126 0.041 v 232682.9 304.9 0.013 0.025 v
52470.2 149.9 0.053 0.037 v . .. . s v
587.4 9.9 6.547 0.659 b 75259.9 149.9 0.114 0.050 b
760.2 9.9 20.774 1.144 b 87035.9 149.9 0.116 0.050 b
1164.5 9.9 33.987 1.501 b 87339.4 149.9 0.052 0.048 b
1341.7 9.9 28.043 1.347 b 87642.9 149.9 0.034 0.047 b
1514.1 9.9 21.021 1.154 b 99662.9 88.9 0.012 0.060 b
1686.7 9.9 18.354 1.076 b 110054.4 3224 0.075 0.034 b
1860.6 9.9 15.713 1.035 b 116707.9 147.4 0.024 0.047 b
6397.2 99.9 2.714 0.148 b 122031.6 237.9 0.098 0.040 b
10993.9 149.9 0.958 0.093 b 127387.6 322.4 0.051 0.032 b
11297.6 149.9 1.020 0.094 b 133277.3 299.9 0.056 0.033 b
11601.7 149.9 1.102 0.095 b 139026.1 305.9 0.038 0.033 b
23604.9 149.9 0.332 0.059 b 144734.8 319.4 0.059 0.033 b
23908.6 149.9 0.405 0.061 b 150570.4 308.4 0.026 0.033 b
24212.1 149.9 0.359 0.060 b 156280.2 321.9 0.057 0.033 b
30146.5 149.9 0.265 0.056 b 162058.5 3214 0.047 0.033 b
30449.9 149.9 0.308 0.058 b 167840.3 320.9 0.019 0.032 b
30676.6 73.1 0.192 0.085 b 190956.6 319.9 0.086 0.034 b
34763.7 149.9 0.194 0.054 b 196608.1 144.9 0.009 0.046 b
35067.2 149.9 0.063 0.049 b 202511.7 319.9 0.003 0.031 b
35370.8 149.9 0.167 0.053 b 209280.3 120.9 0.045 0.053 b
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Table 1
(Continued)

T—To Error Count Error Filter T—-Ty Error Count Error Filter
(s) (s) (s) (s)

59136.9 149.9 0.053 0.047 b 219825.9 3229 0.006 0.032 b
59440.3 149.9 0.106 0.050 b 225640.3 3159 0.040 0.032 b
74652.2 149.9 0.012 0.045 b 237196.2 315.9 0.008 0.032 b
336.9 15.0 0.311 0.170 u 65363.9 68.7 0.067 0.055 u
366.9 15.0 0.263 0.175 u 86123.4 149.9 0.047 0.032 u
396.9 15.0 0.453 0.187 u 86730.7 149.9 0.027 0.031 u
426.9 15.0 0.843 0.223 u 109403.9 3224 0.029 0.021 u
456.9 15.0 0.618 0.199 u 114916.8 56.3 0.029 0.051 u
486.9 15.0 1.113 0.239 u 116407.8 147.4 0.031 0.031 u
516.9 15.0 1.753 0.288 u 126736.9 3224 0.037 0.021 u
546.9 15.0 2.956 0.352 u 138408.5 305.9 0.002 0.020 u
566.8 4.9 3.160 0.632 u 144090.4 319.4 0.002 0.020 u
735.3 9.9 12.198 0.843 u 149947.9 308.4 0.030 0.022 u
1140.4 9.9 21.735 1.144 u 161409.7 3214 0.028 0.021 u
1315.2 9.9 18.643 1.052 u 167193.0 320.9 0.003 0.020 u
1489.0 9.9 15.334 0.949 u 184561.2 3154 0.047 0.022 u
1661.8 9.9 13.044 0.871 u 190310.9 319.9 0.029 0.022 u
1835.9 9.9 11.387 0.833 u 196145.9 311.4 0.003 0.020 u
6192.1 99.9 1.905 0.114 u 201865.8 319.9 0.009 0.020 u
7590.9 62.7 1.557 0.146 u 209033.6 120.9 0.008 0.033 u
22692.2 149.9 0.340 0.048 u 2135514 300.9 0.009 0.021 u
22995.8 149.9 0.251 0.044 u 219174.3 3229 0.033 0.021 u
23299.6 149.9 0.267 0.044 u 225002.7 315.9 0.004 0.020 u
29233.0 149.9 0.174 0.039 u 230780.7 315.9 0.029 0.021 u
29536.8 149.9 0.163 0.039 u 236558.5 315.9 0.017 0.021 u
29841.2 149.9 0.101 0.035 u 254513.9 859.1 0.005 0.012 u
47582.1 149.9 0.080 0.034 u 260333.6 859.3 0.018 0.012 u
47885.6 149.9 0.095 0.036 u 266093.7 859.3 0.012 0.012 u
48069.1 29.9 0.277 0.111 u 271853.7 859.2 0.030 0.013 u
58224.4 149.9 0.068 0.033 u 277673.7 859.3 0.022 0.013 u
58527.9 149.9 0.063 0.033 u 282893.6 319.2 0.002 0.020 u
58831.6 149.9 0.112 0.036 u 317849.0 104.0 0.027 0.037 u
710.9 9.9 0.481 0.174 uvwl 5987.1 99.9 0.110 0.030 uvwl
1115.9 9.9 1.735 0.309 uvwl 7423.1 99.9 0.107 0.031 uvwl
1290.9 9.9 0.869 0.226 uvwl 18825.6 383.8 0.024 0.011 uvwl
1464.7 9.9 0.452 0.173 uvwl 28626.8 449.9 0.013 0.008 uvwl
1637.4 9.9 0.918 0.235 uvwl 46975.9 449.9 0.007 0.008 uvwl
1811.6 9.9 0.525 0.183 uvwl 57618.1 449.9 0.010 0.008 uvwl

except for the first point that was observed in the v band but has
been normalized to white using the late-time UVOT data. The
UVOT light curve shows only two major peaks. The first small
peak (146-180 s) shows weak correlation with the BAT. After
~40 s, it re-brightens to its second and brightest peak at 209 s,
coinciding with the brightest y-ray peak in the BAT light curve.
Overall, the optical data are smoother and trace the BAT data
better than the XRT data.

Several vertical lines shown in Figure 1 partition the light
curve into nine different intervals according to the UVOT signifi-
cance criterion to obtain time-resolved joint-instrument spectral
analysis using the XRT, the BAT, and the WAM data. Since
the prompt emission of GRB 110205A is observed by multiple
instruments, the systematic uncertainty among the instruments
to perform the joint analysis must be carefully understood.

The energy response function of XRT has been examined
by the observations of supernova remnants and active galac-
tic nuclei with various X-ray missions such as Suzaku and
XMM-Newton. According to the simultaneous observation of
Cyg X-1 between XRT (WT mode) and Suzaku/XIS,** the pho-

42 http://swift.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/xrt/
SWIFT-XRT-CALDB-09_v16.pdf

ton index and the observed flux agree within ~5% and ~15%,
respectively. The spectral calibration of BAT has been based
on Crab Nebula observations at various boresight angles. The
photon index and the flux are within ~5% and ~10% of the as-
sumed Crab values based on Rothschild et al. (1998) and Jung
(1989). Similarly, the WAM energy response has been investi-
gated using the Crab spectrum collected by the Earth occultation
technique (Sakamoto et al. 2011a). The spectral shape and its
normalization are consistent within 10%—15% with the result of
the INTEGRAL SPI instrument (Sizun et al. 2004). The cross-
instrument calibration between BAT and WAM has been inves-
tigated deeply by Sakamoto et al. (201 1b) using simultaneously
observed bright GRBs. According to this work, the normaliza-
tion of the BAT-WAM joint fit agrees within 10%—15% to the
BAT data. The cross-instrument calibration between XRT (WT
mode) and BAT has been investigated by the simultaneous ob-
servation of Cyg X-1. Both the spectral shape and the flux agree
within the 5%—10% range between XRT and BAT.*} In sum-
mary, based on the single instrument and the cross-instrument
calibration effort, the systematic uncertainty among XRT, BAT,

43 The presentation in the 2009 Swiff conference:
http://www.swift.psu.edu/swift-2009/.
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Table 2
Photomertric Observations for GRB 110205A from Ground-based Telescopes

T—-T Exp Mag Error Filter T—-T Exp Mag Error Filter
(s) (s) (s) (s)

ROTSE-IIIb
135.5 107.0 17.79 0.42 C 1695.7 60.0 14.84 0.06 C
340.2 282.2 16.42 0.11 c 1765.0 60.0 14.89 0.08 c
520.5 60.0 16.33 0.20 C 1834.2 60.0 15.04 0.09 C
589.6 60.0 15.75 0.12 c 1903.0 60.0 15.01 0.07 c
658.4 60.0 15.25 0.09 C 1971.8 60.0 15.22 0.08 C
7217.5 60.0 14.81 0.06 c 2040.7 60.0 15.28 0.08 c
796.6 60.0 14.50 0.06 C 2109.5 60.0 15.23 0.07 C
865.7 60.0 14.27 0.05 c 2178.4 60.0 15.44 0.11 C
935.1 60.0 14.19 0.04 C 2247.2 60.0 15.40 0.11 C
1004.3 60.0 14.08 0.03 c 2384.7 60.0 15.51 0.11 c
1073.5 60.0 14.06 0.03 C 2453.9 60.0 15.46 0.11 C
1142.7 60.0 14.14 0.05 c 2660.7 60.0 15.71 0.11 c
1211.9 60.0 14.18 0.04 C 2868.0 60.0 15.83 0.12 C
1281.0 60.0 14.31 0.06 c 2937.2 60.0 16.02 0.13 c
1350.3 60.0 14.40 0.06 C 3075.3 60.0 15.82 0.15 C
1419.5 60.0 14.53 0.05 c 3144.5 60.0 15.96 0.15 c
1489.1 60.0 14.53 0.05 C 3213.4 60.0 16.00 0.13 C
1558.0 60.0 14.55 0.06 c 3593.1 680.0 16.15 0.05 c
1626.6 60.0 14.67 0.06 c -

LOT (AB magnitude)
39647.6 180.0 20.95 0.07 g 43061.7 300.0 19.49 0.06 7
42062.9 300.0 21.05 0.05 g 39856.7 180.0 20.32 0.05 r’
45217.0 600.0 20.93 0.03 g 42392.9 300.0 20.47 0.04 r
48824.2 600.0 20.90 0.02 g 45846.0 600.0 20.35 0.04 r’
52111.7 600.0 21.07 0.03 g 49453.2 600.0 20.42 0.03 r
55478.8 600.0 21.25 0.03 g 52740.7 600.0 20.51 0.02 r’
58774.9 600.0 21.33 0.04 g 56108.6 600.0 20.70 0.03 r
62047.7 600.0 21.44 0.04 g 59404.8 600.0 20.80 0.03 r’
65421.7 600.0 21.55 0.04 g 62677.6 600.0 20.97 0.04 r
40064.1 180.0 19.97 0.06 i’ 66052.4 600.0 20.98 0.03 r
42720.4 300.0 20.19 0.05 i’ 68767.1 600.0 21.08 0.04 r’
46474.1 600.0 20.11 0.03 i’ 69377.1 600.0 21.10 0.04 r
50079.6 600.0 20.13 0.03 i’ 69987.9 600.0 21.22 0.05 r’
53368.0 600.0 20.31 0.03 i’ 129844.0 600.0 22.50 0.17 r
56735.0 600.0 20.45 0.04 i’ 130563.0 600.0 22.54 0.15 r’
60032.0 600.0 20.62 0.04 i’ 131174.0 600.0 22.36 0.11 r
63304.9 600.0 20.69 0.05 i’ 133798.0 600.0 22.47 0.09 r’
66678.8 600.0 20.81 0.04 i’ 134409.0 600.0 22.38 0.09 r
40287.9 180.0 19.68 0.09 7 135019.0 600.0 22.60 0.12 r’
HCT
67639.0 1080.0 21.00 0.04 R 72379.0 600.0 21.15 0.04 R
69019.0 540.0 21.00 0.05 R -
0.61 m Lightbuckets

20747.0 300.0 18.67 0.02 C 27549.9 300.0 19.19 0.08 R

GRAS 005
3536.8 600.0 15.98 0.02 c 4248.7 600.0 16.44 0.02 R
5327.4 300.0 16.51 0.02 C 5857.5 600.0 16.89 0.03 R
6902.9 600.0 17.02 0.03 c 6378.8 300.0 17.10 0.04 R
8366.9 300.0 17.33 0.04 C 7992.8 300.0 17.62 0.08 R

1.5 m OSN
10152.2 300.0 18.93 0.03 B 12747.2 90.0 18.15 0.02 R
11527.2 300.0 19.07 0.03 B 13337.9 90.0 18.18 0.03 R
12426.7 150.0 19.17 0.03 B 14361.8 90.0 18.34 0.03 R
13091.5 150.0 19.21 0.03 B 14856.1 90.0 18.32 0.03 R
14115.7 150.0 19.32 0.03 B 85598.9 3300.0 20.89 0.05 R
14610.0 150.0 19.38 0.04 B 10489.4 300.0 18.67 0.06 U
76574.1 400.0 21.87 0.17 B 11871.4 500.0 18.96 0.06 U
9871.3 240.0 17.22 0.02 1 135923 500.0 19.22 0.06 U
11278.2 240.0 17.41 0.02 1 9644.8 180.0 18.04 0.02 1%
12840.2 200.0 17.59 0.02 1 11094.4 180.0 18.35 0.02 1%
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Table 2
(Continued)
T—-Ty Exp Mag Error Filter T—-T Exp Mag Error Filter
(s) (s) (s) (s)
13430.8 120.0 17.65 0.03 I 12653.7 90.0 18.55 0.02 Vv
14454.7 120.0 17.77 0.03 1 13244.3 90.0 18.61 0.03 \%4
14949.0 120.0 17.78 0.03 I 14268.5 90.0 18.71 0.04 Vv
77630.9 300.0 20.56 0.19 1 14762.8 90.0 18.66 0.04 \%4
9409.4 180.0 17.59 0.02 R 76977.2 350.0 21.68 0.19 Vv
1 m LOAO
13101.0 720.0 19.32 0.16 B 12846.0 180.0 18.16 0.03 R
11974.0 180.0 18.14 0.03 R 13273.0 180.0 18.22 0.03 R
12416.0 180.0 18.11 0.03 R -
BOOTES-1
219.4 117.0 17.43 0.38 C 2715.2 49.0 15.66 0.07 C
1603.5 48.0 14.61 0.05 C 2832.0 64.0 15.74 0.07 C
2118.2 48.0 15.18 0.05 C 3096.5 197.0 15.81 0.04 C
2218.1 48.5 15.29 0.05 C 3709.1 413.0 16.21 0.04 C
2317.5 48.0 15.45 0.06 C 4621.4 495.5 16.54 0.05 C
2417.5 48.5 15.44 0.06 C 5615.5 495.5 16.88 0.08 C
2516.8 48.0 15.35 0.05 C 6658.3 545.0 17.15 0.08 C
2615.8 48.0 15.51 0.07 C 8066.6 859.5 17.59 0.10 C
BOOTES-2
939.3 5.0 14.40 0.04 R 6300.8 363.5 17.19 0.04 R
994.7 5.0 14.24 0.04 R 7149.9 484.5 17.42 0.04 R
2015.1 72.5 15.26 0.05 R 8362.6 727.0 17.65 0.04 R
2375.1 63.0 15.63 0.08 R 9818.1 969.0 17.98 0.05 R
5120.9 189.5 16.67 0.04 R 11758.0 969.5 18.16 0.06 R
5373.4 187.0 16.83 0.04 R 13940.7 1212.0 18.52 0.08 R
5748.5 187.0 17.10 0.05 R
1.23 m Calar Alto
2467.0 60.0 15.59 0.06 R 9692.0 60.0 17.88 0.08 R
2582.0 60.0 15.64 0.06 R 10202.0 60.0 17.91 0.05 R
4198.0 60.0 16.48 0.05 R 10712.0 60.0 18.02 0.05 R
4661.0 60.0 16.60 0.04 R 11215.0 60.0 18.05 0.05 R
5107.0 60.0 16.73 0.05 R 11336.0 60.0 18.10 0.05 R
5559.0 60.0 16.85 0.05 R 11835.0 60.0 18.15 0.05 R
6008.0 60.0 16.99 0.05 R 12337.0 60.0 18.26 0.06 R
6461.0 60.0 17.05 0.05 R 12844.0 60.0 18.26 0.07 R
6909.0 60.0 17.23 0.04 R 13353.0 60.0 18.28 0.05 R
7358.0 60.0 17.41 0.05 R 13905.0 60.0 18.34 0.05 R
7804.0 60.0 17.49 0.05 R 14018.0 60.0 18.41 0.05 R
8670.0 60.0 17.73 0.05 R 14128.0 60.0 18.35 0.05 R
9182.0 60.0 17.75 0.05 R 14239.0 60.0 18.45 0.06 R
2.2 m Calar Alto
9475.0 100.0 17.67 0.03 R 12388.0 500.0 18.13 0.03 R
10064.0 500.0 17.76 0.03 R 12962.0 500.0 18.18 0.03 R
10639.0 500.0 17.88 0.03 R 13535.0 500.0 18.26 0.03 R
11214.0 500.0 17.97 0.03 R 14109.0 500.0 18.33 0.03 R
11787.0 500.0 18.04 0.03 R 14706.0 500.0 18.41 0.03 R
15281.0 500.0 18.49 0.03 R —
1.6 m AZT-331IK
37988.0 3060.0 19.97 0.08 R 62132.0 6600.0 20.94 0.07 R
Zeiss-600
794.0 60.0 14.47 0.04 R 2006.2 60.0 15.26 0.06 Vv
853.6 60.0 14.18 0.03 R 2068.4 60.0 15.55 0.06 Vv
918.4 60.0 14.08 0.02 R 2128.0 60.0 15.52 0.06 \%
1022.1 60.0 14.03 0.02 R 2230.0 2.0 15.27 0.05 R
1081.7 60.0 14.00 0.02 R 2350.9 2.0 15.46 0.05 R
1142.2 60.0 14.07 0.02 R 2742.3 2.0 15.54 0.06 R
1204.4 60.0 14.09 0.02 R 3133.7 2.0 15.92 0.09 R
1264.0 60.0 14.34 0.02 R 3284.9 2.0 16.06 0.08 R
1323.7 60.0 14.29 0.03 R 3436.1 2.0 16.08 0.04 R
1385.9 60.0 14.37 0.02 R 3557.9 2.0 16.11 0.04 R
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(Continued)

T—-Ty Exp Mag Error Filter T—-Tp Exp Mag Error Filter
(s) (s) (s) (s)

1446.3 60.0 14.48 0.03 R 3678.9 2.0 16.04 0.06 R
1506.0 60.0 14.52 0.03 R 3799.9 2.0 16.16 0.05 R
1568.2 60.0 14.59 0.03 R 3921.7 2.0 16.19 0.05 R
1627.8 60.0 14.58 0.03 R 4042.7 2.0 16.19 0.05 R
1688.3 60.0 14.74 0.03 R 4163.6 2.0 16.30 0.06 R
1814.4 60.0 14.84 0.03 R 4345.9 4.0 16.36 0.05 R
1886.1 60.0 15.16 0.09 14 4588.7 4.0 16.44 0.05 R
1945.7 60.0 15.38 0.04 Vv 4830.6 4.0 16.59 0.06 R

and WAM should be within 15% in both the spectral shape and
its normalization of the spectrum. To accommodate systematic
uncertainties, we include a multiplication factor in the range
0.85-1.15 for the flux normalization for each instrument.

We first applied the spectral analysis to the time-averaged
interval B (intB; see Figure 1 for interval definition) and find
that the photon index in a simple power-law model derived
by the individual instrument differs significantly. The photon
indices derived by the XRT, the BAT, and the WAM spectra
are —1.12 £0.03, —1.71 £ 0.04, and —2.27t%?227, respectively
(also listed in Table 3; spectral fitting errors in Table 3 and in this
section are given in 90% confidence). Since these differences are
significantly larger than the systematic uncertainty associated
with the instrumental cross-calibration (the systematic error
in the photon index is +0.3 for the worst case as discussed
above), the apparent change of spectral slope is very likely
intrinsic to the GRB. Thus, the observed broadband spectrum
requires two breaks to connect the XRT, the BAT, and the WAM
data.

According to the GRB synchrotron emission model, the over-
all spectrum should be a broken power law characterized by
several break frequencies (e.g., the self-absorption frequency
V4, the cooling frequency v, and the frequency of minimum
electron injection energy v,,). However, the well-known Band
function, which only includes one break energy, cannot repre-
sent the shape of the more complex spectrum of this particular
event; therefore, we extended the analysis code, Xspec, to in-
clude two additional spectral functions. The first one is a double
“Band” spectrum with two spectral breaks, which was labeled
bkn2band:

AE®exp(—E/E). If E< £~ p)
Al B =] el — B exp(—E/E),
=) ¥7 E°E' i@ —B) <E<(B-y)E
-
AlEE @ =B exp(p - o)

[(B—y)E11P77 exp(y — B)E?,
if E>(B—vy)E

ey
where A is the normalization at 1 keV in units of photons
ecm™2 s~ keV~!; @, B, and y are the photon indices of the three
power-law segments; and Ey and E| are the two break energies.
However, when fitting the spectrum using this new bkn2band
model, the third power-law index, y, is poorly constrained
mainly due to the poor statistics in the high-energy WAM data
above 400 ke V. For this reason, the second new model, bandcut,
replaces the third power-law component with an exponential

cutoff:*

AE%exp(—E/Ey), if E < EOE‘ g —p)

TE=N At~ 5] explh — B exp(—E/Ey)
if E> 75— B).
2

Note that the exponential cutoff in the new bandcut model
introduces a second break, E1, although different from the break
in a doubly broken power-law model or bkn2band model. The
new bandcut model can well characterize the prompt emission
spectra of GRB 110205A. Hereafter, we use “two-break energy
spectrum” to represent the bandcut model spectrum. Figure 2
shows the XRT, BAT, and WAM joint fit spectral analysis of
intB based on the bandcut model and the Band function fit. The
systematic residuals from the best-fit Band function are evident
especially in the WAM data. The best-fit parameters based on
the bandcut model are o = —O.SOJ:%%%, Ey = 5.0Jj'0'_'8 keV,
B =—154"%10, and E; = 33372 keV (x?/dof = 529.8/503).
On the other hand, the best-fit parameters based on the Band
function are @ = —0.59’:%%68, B = —1.72t%%13, and Epeac =
9.5%% keV (x?/dof = 575.7/504). Therefore, Ax? (= Xpuna —
Xiandeur) DEtween the Band function and the bandcut model is
45.9 for 1 dof. To quantify the significance of this improvement,
we performed 10,000 spectral simulations assuming the best-
fit Band function parameters by folding the energy response
functions and the background data of XRT, BAT, and WAM.
Then, we determine in how many cases the bandcut model fit
gives x? improvements equal to or greater than Ax? = 45.9
for 1 dof over the Band function fit. We found equal or higher
improvements in none of the simulated spectra out of 10,000.
Thus, the chance probability of having an equal or higher Ax?
of 45.9 with the bandcut when the parent distribution is actually
the Band function is <0.01%. A caveat for this simulation is
that the statistical improvement of the joint fit may be not as
high as this simulation indicates if the calibration uncertainties
among the instruments are included.

The same method is then applied to perform the joint spectral
fitting to the remaining time intervals. Table 3 shows the best-
fit results from the bandcut model. This is the first time that
two spectral breaks are clearly identified in the prompt GRB
spectra. The two breaks are consistent with the expectation of
the broken power-law synchrotron spectrum (see discussion in
Section 4.1).

4 Both bkn2band and bandcut new models can be downloaded from the
following Web site: http://asd.gsfc.nasa.gov/Takanori.Sakamoto/personal/.
They can be used to fit future GRBs with similar characteristics.

<>


http://asd.gsfc.nasa.gov/Takanori.Sakamoto/personal/

THE ASTROPHYSICAL JOURNAL, 751:90 (21pp), 2012 June 1

ZHENG ET AL.

T %MMWWMM sl il WMMWWW W e v
<Ampm i SRR R

100
Energy (keV)

100
Energy (keV)

1000

Figure 2. XRT (black), BAT (red), and WAM (green and blue) count spectra of intB with the bandcut model (left panel) and the standard Band function (right panel)
fit. The improvement using the bandcut model can be easily seen in the residual panel at the bottom.

(A color version of this figure is available in the online journal.)

Best Spectral Fit Result from XRT, BAT, :331&71M Joint Fitting with the bandcut Model

Int f n o Eo B E| x?2/dof XRT BAT WAM

intl 146 155 —0.407%43 4947 —1.454013 207+458 126.4/137 = 0.92 —1.05*91% —1.6849% —2.24+048
int2 164 194 —0.227%15, 44144 —1.617%10 258761 269.7/256 = 1.05 —0.947%0% —1.817%%¢ —2.727063
int3 194 204 —-0.41793) 5.5, —1.447%13 264+33¢ 138.5/145 = 0.96 —0.99*%10 —1.62008 —2.14793%
int4 204 214 —0.26*93% 4.1%8% —1.26*%LL 299*L75 107.6/146 = 0.74 —0.91+909 —1.454905 —2.221020
int5 214 224 —-0.377%3% 5.8776 —1.397%13 273+1% 144.5/144 = 1.00 —0.877%0% —1.58+0,0¢ —2.421043
int6 224 234 —0.34*9% 4.4%3L —1.53*913 289730 146.9/142 = 1.03 —1.00*9%) —1.7249% —1.98%038
int7 234 284 —0.617%15, 4.74%3, —1.657957 34298 248.8/233 = 1.07 —1.247%0¢ —1.7879% —2.00795%
intA 164 254 —0.32%9,19 4.7+5L —-1.524%19 34622, 430.9/437 = 0.99 —1.00%9%, —1.68+%08 —2.28%0.0
intB 164 314 —0.50*%% 5.0tLL —1.547%10 33325 529.8/503 = 1.05 —1.127903 —1.717%04 —2.271%22

Note. The last three columns show the photon index from each single instrument fitting. Errors are given in 90% confidence.

Figure 3 shows the evolution of different parameters from
the time-resolved spectral fitting between 146 s and 284 s.
The two break energies, Ey and E;, remain almost constant
during this time range, with Ey ~ 5 keV and E; ~ 300 keV.
However, the large errors for Ey and E prevent us from drawing
a firmer conclusion regarding the temporal evolution of the two
break energies. The low-energy photon index, «, also shows
no statistically significant evolution. However, the high-energy
photon index, 8, does show a weak evolution: it becomes slightly
harder during the brightest BAT peak around 210 s. Over all, the
« value during the time range is around —0.35 and 8 is around
—1.5. The peak energy derived from interval B (intB) is E, =
(2 + BE; = 1532 keV.

Although the UVOT optical data are not included in the
spectral fitting, they are shown in the best-fit spectra in Figure 4.
For all the intervals, the optical data are above the extrapolation
of the best spectral fits for high energies. A speculation may
be that the observed « is somehow harder than the expected
value of the synchrotron model. However, even if we set « to the
predicted value, —2/3, the optical data are still above the best-fit
spectra in some intervals. This suggests that the optical emission
may have a different origin from the high-energy emission (see
Section 4 for more detailed discussion).

3.2. Afterglow Analysis
3.2.1. Light Curves

Shortly after the prompt emission, the optical light curve
is characterized by a surprisingly steep rise and a bright peak

around 1100 s. The early steep rise, starting around 350 s, is
observed by both ROTSE and UVOT, and the peak, which is
wide and smooth, reaches R = 14.0 mag at 1073 s after the
burst. Such a bright peak around this time with such a steep rise
is rare and unusual (Oates et al. 2009; Panaitescu & Vestrand
2011) and has only been reported in a few cases (e.g., Volnova
et al. 2010; Nardini et al. 2011). A peak brightness of R =
14.0 mag at ~1100 s after the burst ranks the optical afterglow
as one of the brightest ever observed in this same time range
(Akerlof & Swan 2007). Following the peak, the light curve
decays monotonically, as shown in Figure 5, and displays a
slight flattening around 3000 s. Around 5 x 10 s, there is a re-
brightening feature observed in the g’, r’, i’, 7’ bands by LOT
(Figure 6), and a final steepening is observed after ~10° s.
Overall, no substantial color evolution is observed in the optical
band.

The X-ray data show a different temporal behavior (see also
Figure 5). Shortly after the prompt emission, the light curve has
a very steep decay, between 350 s and 700 s. This is followed
by a small re-brightening bump around 1100 s, the peak time of
the optical light curve, and a monotonic decay afterward. There
might be a late X-ray flare around 5000 s, but the lack of X-ray
data just before ~5000 s prevents any robust conclusion from
being drawn.

The light curves were fit with one or the superposition of two
broken power-law functions. The broken power-law function
has been widely adopted to fit afterglow light curves with both
the rising and decay phases (e.g., Rykoff et al. 2009) and works
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Figure 3. Time evolution of different parameters from the time-resolved spectral
fitting of GRB 110205A. Top panel has the same key as Figure 1. The two
horizontal dotted lines in « and B panels are the predicted synchrotron photon
index value for fast cooling phase from the standard GRB fireball model. Errors
are given at 90% confidence except the top panel.

(A color version of this figure is available in the online journal.)

well for most cases (e.g., Liang et al. 2010). The function can
be represented as
1/s

¢ o ¢ s(al—a2) | ™
=@ - G) Y

where f is the flux, #, is the break time, @l and «2 are the
two power-law indices before and after the break, and s is a
smoothing parameter. According to this definition, the peak
time #,, where the flux reaches maximum, is

al 1/s(el—a2)
t, =1t —_— . 4
p b (—OlZ) ( )

If a multiple broken power-law function is required to present
more than one break time, Equation (2) in van Eerten &
MacFadyen (2011) is adopted. We first tried one broken power-
law component and found that it could not fully represent the
feature near the optical peak, mainly because of its unusually
late and steep rising feature, which was not observed in previous
GRBs, and a slight flattening feature around 3000 s after the
peak shown in R band. Noticing that there is a peak in both
the optical and the X-ray light curves around 1100 s and that
the optical light curve flattens around 3000 s, we speculate that
there is a significant contribution of emission from the RS. An
RS contribution to the X-ray band has not been well identified
in the past. Theoretically, the RS synchrotron emission peaks
around the optical band so that its synchrotron extension to the
X-ray band is expected to be weak. In any case, under certain
conditions, it is possible that the RS synchrotron (Fan & Wei
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Figure 4. Best-fit prompt spectra of GRB 110205A, different colors present
different intervals (see Figure 1 for interval definition). Note that WAM data
above 400 keV are not shown in the figure due to large uncertainties when
transforming counts to flux density in Xspec above this energy range. Intervals
2-7 are shifted by a factor of 10=2 accumulatively for the purpose of clarity.
UVOT optical data are not included during the fitting, but they are shown in
the best-fit spectrum. Solid lines present the observed data, while dashed lines
present the prediction of the best-fit bandcut model. The two vertical lines show
the mean value of Ey and E; from the fitting.

(A color version of this figure is available in the online journal.)

2005; Zou et al. 2005) or SSC (Kobayashi et al. 2007) emission
would contribute significantly to the X-ray band to create a
bump feature. In order to account for both the FS and the RS
components, we fit both the optical and X-ray light curves with
the superposition of two broken power-law functions. For the
X-ray light curve, an additional single power-law component
was applied for the steep decay phase, as usually seen in Swift
afterglows (e.g., Tagliaferri et al. 2005).

Two light-curve models have been adopted. The standard
afterglow model predicts that the blast wave enters the decel-
eration phase as the RS crosses the ejecta (Sari & Piran 1995;
Zhang et al. 2003). If the FS v,, is already below the optical
band at the crossing time, both the FS and the RS would have
the same peak time (#,) in the optical band. This defines our first
scenario, in which the optical peak is generated by both the RS
and the FS. If, however, v, is initially above the optical band at
the deceleration time, the FS optical light curve would display a
rising feature (o #1/2; Sari et al. 1998) initially, until reaching a
peak at a later time When v, crosses the optical band. This is our
second scenario. In this case, the early optical peak is mostly
dominated by the RS component. This is the Type I light curve
identified in Zhang et al. (2003) and Jin & Fan (2007). We now
discuss the two scenarios in turn.

Scenario 1. We performed a simultaneous fit to both optical
R-band data and X-ray data by setting the same break time in the
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Figure 5. GRB 110205A light curves from XRT data (pink cross) and optical data, including C band (red diamond) and R band (blue square). Two scenarios are
considered. Both scenarios consider superposition of FS (dashed line) and RS (dotted line) contribution. The main difference is that Scenario I (left panel) considers
the optical peak as dominated by both FS and RS combination while Scenario II considers the optical peak as dominated by RS only. The dot-dashed line represents
the steep decay phase for X-ray data. The solid line represents the combination of all components.

(A color version of this figure is available in the online journal.)
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Figure 6. Optical light curves of GRB 110205A re-scaled from R-band best fit. The early fast rise behavior in optical band can be better explained by Scenario 11

(right panel) than Scenario I (left panel).
(A color version of this figure is available in the online journal.)

two bands. A late time break is invoked to fit both the R-band
and X-ray light curves. However, we exclude the re-brightening
feature around 5 x 10 s in the optical band and the steep decay
phase of X-rays before 400 s, which is likely the tail of the
prompt emission (Zhang et al. 2006). For the FS component, the
rising temporal index is fixed to be 3 based on the slow cooling
interstellar medium (ISM) model during the pre-deceleration
phase® (e.g., Xue et al. 2009; Shen & Matzner 2012). The
rising slope of the RS component is left as a free parameter to
be constrained from the data. The best simultaneous fit results
are summarized in Table 4 and shown in Figure 5 (left panel).
The red dot and blue dashed lines represent the RS and FS
components, respectively. The black solid line is the sum of all
the components.

Next we apply the same best R-band fit parameters and re-
scale to the optical data in other bands. The results are shown in
Figure 6 (left panel). Light curves in different bands are properly

45 In the coasting phase of a thin shell decelerated by a constant density
medium, the forward shock has the scalings v,, 1% v x t72, and Fym .
For vy, < vopt < Ve, one has F,, o 3.

shifted for clarity. As we can see, the model quite adequately
describes most light curves. The only exception is the UVOT-u
band, in which the model curve overpredicts the early-time flux
between 300 s and 600 s.

Scenario II. In this scenario, the bright peak around 1100 s
and the steep rise phase at early times in the optical band
are contributed by the RS only. The FS component shows up
later. According to the afterglow model, the FS component is
characterized by a double broken power law with a rising index
+3 before the deceleration time (#, of the RS), +0.5 before the
FS peak, and a normal decay (decay index to be fit from the
data) after the FS peak (e.g., Sari et al. 1998; Zhang et al. 2003;
Xue et al. 2009). For the RS component, the rising index is fixed
to be 5.5, which is the mean value of a single power-law fit to
the R-band data (¢ ~ 5) and the UVOT-u band data (¢ ~ 6)
only. In the X-ray band, we still use a similar model as Scenario
I with a superposition of an RS and an FS component. The
model parameters are not well constrained, especially for the
X-ray peak around 1100 s due to its narrow peak. We tried to
fix several parameters in order to reach an acceptable fitting for
this scenario. The best simultaneous fit results for both R-band
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Table 4
Best-fit Result from R-band and X-Ray Light Curves
Scenario [ Scenario 11

Par Optical X-ray Optical X-ray
FS FS
afy 34 34 3% —0.52 32
1 (9) 1064 + 42 1064° 3.64+£1.0x 10> 1021 4+26
F,dy) 496 x 1073 1.32 x 1076 435 x 1074 1.42 x 1077

14.48 mag 17.12 mag
ap —1.504£0.04 —15440.10 —1.01=%0.01 —1.00
i (s)  1.0£02x10° 1.0x10®° 544 +£02x 10" 544 x 10%
o3 —2.1840.38 —2.054+0.5 —2.0540.7 —175+£1.0
RS RS
o 332412 519+ 1.3 5.5% 5.5
1,(8) 1064° 1064° 1021° 1021°
F,Jy) 247 x 1073 4.40 x 1076 7.19 x 1073 3.59 x 107¢

15.24 mag 14.07 mag
o —590+10 —826+13 —2.10° —2.10°

Steep decay Steep decay

s —4.18+£0.2 —4.16£0.2

Notes.

2 This indicates that the parameter is fixed during the fitting.

b This indicates that the parameter is simultaneously fit for both optical and
X-ray data.

and X-ray band data are also summarized in Table 4 and shown
in Figure 5 (right panel). Similar to Scenario I, we then used
the same model and parameters derived from the R-band fit re-
scaled to other light curves. The results are shown in Figure 6
(right panel), again with shifting. This scenario can well explain
the early fast rise behavior in all bands.

Comparing the two scenarios, we find that Scenario I can
represent most optical data and can better account for the
X-ray data than Scenario II. However, it cannot well match the
early very steep rise in the UVOT-u band. On the other hand,
Scenario II can represent the early fast rising behavior in the
optical band (including UVOT-« band), but the fits to the X-ray
data are not as good as Scenario I. We note that our Scenario
II is similar to another variant of Scenario II recently proposed
by Gao (2011), but we conclude that the optical data before ~
350 s are generated by the optical prompt emission.

3.2.2. Afterglow SED Analysis

In order to study the SED of the afterglow, we selected four
epochs when we have the best multi-band data coverage: 550 s,
1.1 ks, 5.9 ks, and 35 ks. Since no significant color evolution
is observed in the optical data, we interpolate (or extrapolate if
necessary) the optical band light curve to these epochs when no
direct observations are available at the epochs. The optical data
used for constructing the SED are listed in Table 5. The X-ray
data are re-binned using the data around the four epochs. The
spectral fitting is then performed using Xspec software. During
the fitting, the Galactic hydrogen column density, Ny, is fixed
to 1.6 x 10% cm~2 (Kalberla et al. 2005), and the host galaxy
hydrogen column density is fixed to 4.0 x 10?! cm™2. These are
derived from an average spectral fitting of the late-time XRT PC
data. We tried both the broken power-law and the single power-
law models for the afterglow SED. For the broken power-law
model, we set I, =T'; — 0.5, assuming a cooling break between
the optical and X-ray bands. Meanwhile, we also investigated

Table 5
SED Data (in magnitude) at Four Different Epochs

Time 550's 1.13 ks 59ks 35ks
uvwl 20.13 £+ 0.50 1691 £+ 0.18 19.71 £ 0.30 22.50 &+ 0.70
u 17.13 £ 0.20 14.98 £+ 0.06 17.50 £ 0.10 20.47 £ 0.30
b 17.54 £ 0.16 15.23 +£0.05 17.92 £+ 0.07 20.97 £+ 0.30
v 17.13 £ 0.30 14.68 £+ 0.06 17.45 +£0.14 20.63 £+ 0.50
white 17.80 £+ 0.12 15.25 £ 0.05 17.92 £+ 0.05 20.74 £ 0.22
U 17.74 £ 0.1 20.69 £ 0.1
B 18.05 + 0.1 20.86 £+ 0.1
Vv 17.24 £ 0.1 20.20 £ 0.1
R 16.07 £+ 0.20 14.10 £ 0.06 16.84 + 0.1 19.73 £ 0.1
I 16.39 £ 0.1 19.21 £ 0.1
g 20.76 £+ 0.07
r 20.12 £ 0.05
i 19.76 £+ 0.06
b4 19.46 £ 0.09

100.00 g T T T
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Figure 7. Afterglow SED of GRB 110205A at 35 ks. Black points are the
observed data; red points are the predicted value from the model. Dotted line is
the original power-law model without absorption or extinction.

(A color version of this figure is available in the online journal.)

the use of three different extinction laws, namely, the Milky
Way (MW) and, Large and Small Magellanic Clouds (LMC and
SMC), for the host galaxy extinction model. The E(B — V)
from the Galactic extinction is set to 0.01 (Schlegel et al. 1998)
during the fitting. The best-fit results are listed in Table 6.

The 5.9 ks and 35 ks (see Figure 7) SEDs have the best data
coverage, and they are ascribable to the FS component only.
We therefore use these two SEDs to constrain the extinction
properties of the afterglow. We find that the SMC and LMC
dust models provide acceptable and better fits than the MW
dust model. The data are equally well fit by the broken power-
law and the single power-law model. For the broken power-law
model, the break energy is found to be within the optical band
(0.0025 £ 0.0006 ke V). Within the 3¢ error, one cannot separate
the optical and X-ray data to two different spectral regimes. The
lack of clear breaks in optical light curves between 5.9 and 35
ks also disfavors the possibility of the break energy passing
through the optical band.

3.3. Host Galaxy Search

We have performed a deep search for the host galaxy of the
GRB. Observations were performed with the 2.2 m Calar Alto
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Table 6
SED Fitting at Different Epochs
Model Time EB-V) I Ep (keV) I=I'1+0.5 Norm x?2/dof
MW Bknplaw
550's 0.11+992 1.36+9,933 0.41+907% 1.86 0.23+0.05% 124.8/81 = 1.54
113 ks 0.1979,99, 2.10%9021 4.944% 2.60 0.038743E3 13.6/4 =36
5.9ks 0.16*%% 1.59*40100 LOOE-03*353, 2.09 0.086+ 555~ 20.2/23 = 0.88
35ks 0.13+0,99% 1.577901L 1.70E-03*356E 3, 2.07 4.03E-03*% 2E 4 38.9/22 =177
MW plaw
550's 0.26 1.70 0.14 179.8/82 = 2.19
1.13%s 0.19+9.99%9 2.10%9022 0.038+0,004 13.6/5=2.72
59%ks 0.169,920 2.0949.027 0.0277 154 20.2/24 = 0.84
35ks 0.13 2.07 1.59E-04 55.6/23 = 2.42
LMC Bknplaw
550's 0.107%%21 1.3910033 0.36*%0%! 1.89 0.2519076 116.1/81 = 1.43
113 ks 0.167%013 1.6474013 2.881550L°3 2.14 0.72995 8.5/4=2.13
59%ks 0.1319,018 1.6179%% 2.87E-03+70E 4 2.11 0.0514%7 16.1/23 = 0.70
35ks 0.109,%% 1.5570.016 2.07E-03*%L4E 2.05 3.70E-03*5 3855 26.4/22 = 1.20
LMC plaw
550's 0.24+9923 1750033 0.141%353E 3 162.5/82 = 1.98
113 ks 0.14+9%0¢ 20919021 0.0397443E 3 13.9/5=2.78
5.9ks 0.10%9%1, 2.04749% 2.71E-03*4% 19.4/24 = 0.81
35ks 0.07+9%%¢ 2.0149015 1.65E-047L 0L 39.0/23 = 1.70
SMC Bknplaw
550's 0.08+%.016, 1.38+0.032 0.37*9%, 1.88 0.25*0.068 114.3/81 = 141
113 ks 0.11+9%05 20649920 505745 2.56 0.039%%E3 24.7/4 = 6.18
59ks 0.09+5,99%, 1.56+4,92¢ 2.74B-03*%4E 74, 2.06 0.052*37E73, 17.3/23 =075
35ks 0.08+4%0% 1.5470,016 243E-03*53E 2.04 342033 8E 243/22=1.1
SMC plaw
550's 0.19 175 0.136 189.5/82 = 2.31
113 ks 0.11+5,%9 2.06*%%L 0.039%4405 3 247/5=4.14
59ks 0.07+9,%97 2.0174917 2.68E-03* 354 22.5/24 =094
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Figure 8. Host galaxy searching from 2.2 m Calar Alto telescope taken in r’
band. The center of the circle indicates the afterglow location. No clear source
is detected down to r’ ~ 24.8 within 5” of the afterglow location.

(A color version of this figure is available in the online journal.)

telescope 3.7 months after the burst. Images were taken with
the BUSCA instrument in the u’, g’, r’, and i’ bands under good
seeing condition, with image resolution of ~ 0”79. Co-adding was
applied to a set of individual images in order to obtain a deeper
limiting magnitude. Figure 8 shows one of the images taken

in the r’ band. The center of the circle indicates the afterglow
location.

No clear source was detected near the afterglow location
within a radius of 5”. The typical 30 upper limits (AB magni-
tudes) are u’ ~ 24.1, g/ ~24.4,r ~ 248, andi’ ~252. A
non-detection of the GRB host galaxy at r’ ~ 24.8 is not sur-
prising since a lot of GRB host galaxies are faint (e.g., Savaglio
et al. 2009) or not detected at all (e.g., Ovaldsen et al. 2007).
It is also superseded by the much deeper observation reported
by Cucchiara et al. (2011) down to an upper limit of r’ ~
27.21 mag. Atredshift z =2.22, a magnitude of ' ~ 27.2 corre-
sponds to an absolute magnitude M, ~ —19.1; the upper limit is
fainter than 70% of the GRB host galaxies compared with large
host galaxy samples searched systematically by some groups
(see Figure 3 in Jakobsson & Fynbo 2010; Pozanenko et al.
2008).

4. THEORETICAL MODELING

The high-quality broadband data of GRB 110205A allow
us to model both prompt emission and afterglow within the
framework of the standard fireball shock model and derive a set
of parameters that are often poorly constrained from other GRB
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Table 7
Spectral Indices from Synchrotron Spectrum Prediction

Fast cooling

V< Vg <V < Ve Ve <V <y Yy <V
2 1/3 -1/2 —p/2
Slow cooling
V< Vg <V <y VU <V < Ve Ve <V
2 1/3 ~(p—D2  —p2
Observed mean® ~0.6 ~—0.5

Note. ?Spectral index =T + 1, i.e., « and 8 in bandcut model + 1.

observations. In the following, we discuss the prompt emission
and afterglow modeling in turn.

4.1. Prompt Emission Modeling
4.1.1. General Consideration

The mechanism of GRB prompt emission is poorly known.
It depends on the unknown composition of the jet, which af-
fects the energy dissipation, particle acceleration, and radiation
mechanisms (Zhang 2011). In general, GRB emission can be
due to synchrotron, SSC in the regions where kinetic or mag-
netic energies are dissipated, or Compton scattering of thermal
photons from the photosphere. Within the framework of the
synchrotron-dominated model (e.g., the internal shock model;
Rees & Mészaros 1994; Daigne & Mochkovitch 1998, or the
internal magnetic dissipation model, e.g., Zhang & Yan 2011),
one can have a broken power-law spectrum. Two cases may
be considered according to the relative location of the cooling
frequency v, and the synchrotron injection frequency v,,: fast
cooling (v, < v,,) or slow cooling phase (v,, < v.). The spectral
indices are summarized in Table 7 (e.g., Sari et al. 1998).

For GRB 110205A, one may connect the two observed
spectral breaks (Ey and E) to v, and v, in the synchrotron
model. Since the spectral index above E is not well constrained
from the data, we focus on the regime below E;. The expected
spectral density (F,) power-law index is —0.5 or —(p — 1)/2,
respectively, for the fast and slow cooling cases. The observed
photon index B ~ —1.5 matches the fast cooling prediction
closely. It is also consistent with slow cooling if the electron
spectral index p = 2. For standard parameters, the prompt
emission spectrum is expected to be in the fast cooling regime
(Ghisellini et al. 2000). Slow cooling may be considered if
downstream magnetic fields decay rapidly (Pe’er & Zhang
2006). The data are consistent with either possibility, with
the fast cooling case favored by the close match between the
predicted value and the data.

Below Ej (which corresponds to v, for fast cooling or vy,
for slow cooling), the synchrotron emission model predicts a
spectral index of 1/3. The observed mean value is ~ 0.60, which
is harder than the predicted value. Considering the large errors of
the spectral indices, this is not inconsistent with the synchrotron
model. Furthermore, if the magnetic fields are highly tangled
with small coherence lengths, the emission may be in the “jitter”
regime. The expected spectral index can then be in the range of
0-1, consistent with the data (Medvedev 2006).

Overall, we conclude that the observed prompt spectrum
is roughly consistent with the synchrotron emission model in
the fast cooling regime. This is the first time that a clear two-
break spectrum is identified in the prompt GRB spectrum that

ZHENG ET AL.

is roughly consistent with the prediction of the standard GRB
synchrotron emission model.

The detection of bright prompt optical emission in
GRB 110205A provides new clues to GRB prompt emission
physics. The optical flux density of GRB 110205A is ~20 times
above the extrapolation from the best-fit X /y -ray spectra. On the
other hand, the optical light curve roughly traces that of y-rays.
This suggests that the optical emission is related to high-energy
emission but is powered by a different radiation mechanism or
originates from a different emission location. The case is similar
to that of GRB 080319B (Racusin et al. 2008) but differs from
that of GRB 990123 (Akerlof et al. 1999), where the optical
light curve peaks after the main episodes of y-ray emission and
is likely powered by the RS (Sari & Piran 1999; Mészaros &
Rees 1999; Zhang et al. 2003; Corsi et al. 2005).

In the following, we discuss several possible interpretations
of this behavior, i.e., the synchrotron + SSC model (Kumar &
Panaitescu 2008; Racusin et al. 2008); the internal reverse +
forward shock model (Yu et al. 2009); the two-zone models
(Li & Waxman 2008; Fan et al. 2009); and the dissipative
photosphere models (e.g., Pe’er & Waxman 2005; Pe’er et al.
2006; Giannios 2008; Lazzati et al. 2009, 2011; Lazzati &
Begelman 2010; Toma et al. 2011; Beloborodov 2010; Vurm
et al. 2011). We conclude that the synchrotron + SSC model
and the photosphere model are disfavored by the data while the
other two models are viable interpretations.

4.1.2. Synchrotron + SSC

Since the spectral shape of the SSC component is similar to
the synchrotron component (Sari & Esin 2001), the observed
two-break spectrum can be in principle due to SSC, while
the optical emission is due to synchrotron. This scenario is,
however, disfavored since it demands an unreasonably high
energy budget. The arguments are the following:

We take interval 2 as an example since its flux varies relatively
slowly. Let hvgy ~ 107> keV and hv, , = Eo ~ 10°7 keV, the
latter being the peak frequency of F, for the SSC component.
Observations suggest that F, ,/F, o ~ 20 (see Figure 4 and
Table 3). Define v, ¢y, as the synchrotron F, peak frequency
and B,y as the spectral index around vop (F), vPor). Then, the
Compton parameter can be written as

Y = v]/,pFUV_p/(Up,Syanp.syn) ~ 104.3(])])5}’11/])013[)7lilBﬂp‘~ (5)

The inverse-Compton (IC) scattering optical depth is 7, ~
Fvy,p/va,syn ~ va,syn/vy.p ~ 101'3(Vp,syn/vopt)7ﬁ“pl~

One constraint ought to be imposed for the SSC scenario, that
is, the high-energy spectrum of the synchrotron component at
the lower bound of the X-ray band, i.e., vy = 0.3 keV, must
be below the observed flux density there. Since the spectral
indices below and above v, , are consistent with 1/3 and —1/2,
respectively, and the synchrotron spectral slope above its peak
resembles that of its SSC component, one can express this
constraint in terms of F, _ (vx/vpen) /> < F,, (vx/v, )"
With numbers plugged in, this translates to a lower limit on the
Compton parameter:

Y > 10%7 (V) syn/Vopt) /% (6)

The inferred high Y (Equation (5)) and 7, values would
inevitably lead to an additional spectral component due to
the second-order IC scattering (Kobayashi et al. 2007; Piran
et al. 2009). The second IC F, spectrum peaks at hAvicp, ~
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hv, )Y/ % ~ 10%7(v, gn/Vop)™' MeV, with a flux density
~t.F,,, ~ 10" 3F,,y »(Vpsyn/Vopt)™ P The nice fit of the
bandcut model to the XRT-BAT-WAM spectrum rules out
a second IC peak below 1 MeV (see Figure 4), which poses a
constraint vy, syn/Vopt < 5.

We then get a constraint ¥ > 10* and 7, > 10! This would
lead to a serious energy crisis due to the second IC scattering.
For vp syn/vopr < 1, the second IC scattering might be in
the Klein—Nishina regime and then be significantly suppressed,
but the synchrotron peak flux density would be self-absorbed,
causing the seed flux to be insufficient for the first IC scattering
(Piran et al. 2009). In conclusion, the SSC scenario is ruled out

due to the high Y value inferred.
4.1.3. Internal Reverse—Forward Shocks

Next we consider the internal shock model by calculating
synchrotron emission from the RS and FS due to the collision of
two discrete cold shells (e.g., Rees & Mészaros 1994; Daigne &
Mochkovitch 1998; Yu et al. 2009). If the two shells have high
density contrast, the synchrotron frequencies would peak around
the y-ray (reverse) and optical (forward) bands, respectively.

We first derive the frequency and flux ratio between the two
shocks (Kumar & McMahon 2008). We define shell “1” as the
fast-moving, trailing shell and shell “2” as the slower, leading
shell. We use subscript “s” to represent the shocked region. The
pressure balance at the contact discontinuity gives (e.g., Shen

et al. 2010)
(T5, = D1 = (T3, = Dy, %

where I'j; and I'; are the Lorentz factors (LFs) of the unshocked
shells, respectively, measured in the shocked region rest frame,
and n;, n, are the unshocked shell densities measured in their
own rest frames, respectively. This equation is exact and is valid
for both relativistic and sub-relativistic shocks. Using Lorentz
transformation of LFs, the above equation can give the shocked
region LF I’y for given n, /n,, I'j, and I',.

We assume that €., €p, and p are the same for both RS and
FS. In the shocked region, the magnetic field energy density
is Up = B?/8m = 4I(T — l)egn, where T is the relative
LF between the downstream and upstream of the shock, which
corresponds to I'j; and I'ys for RS and FS, respectively. Since the
internal energy density is the same in the RS and FS regions (due
to pressure balance at contact discontinuity), it is obvious that
the two shocked regions have the same B’, independent of the
strengths of the two shocks. The injection energy and the cooling
energy of the electrons are y,, o (I' — 1) and y, o< 1/(Upt"),
respectively. Since synchrotron frequency v o T'yB’y?, one
finds the frequency ratios to be

Vm,1 _ (Fls - 1)2

=7 8
V2 (1—‘23‘ - 1)2 ( )
Vel
L, )
Ve,2

Thus, the injection frequency ratio can be determined for given
I'}, I;, and shell density ratio n;/n,. We numerically calculate
Vm.1/Vm.2 as a function of n;/n, and plot it in Figure 9, and
we find that for different shell LF ratios v,, ; /v, > lies between
(n1/n2)~" and (ny/ny) ™2

The maximum flux density is F, nx o I'sN.B’, where
N, is the total number of the shocked electrons. So one has
Fymax,1/ Fomax2 = mi/my, where m is the shock swept-up
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mass. We calculate the mass ratio in the rest frame of the shocked
region. In this frame the density of the shocked fluid is 4I'n; the
rate of mass sweeping is proportional to the sum of the shock
front speed and the unshocked fluid speed. We then get

ﬂ _ lenl(ﬂm,s + ﬂlx)
my  Togna(Bsgs + Bos)’

where the speeds 8 are all defined positive and are measured
in the shocked fluid rest frame; the subscripts “rs” and “fs”
refer to the RS and FS front, respectively. From the shock jump
conditions (e.g., Blandford & McKee 1976), one gets

_ G —Dp
Brss = 1+1/Ty, " an

(10)

where 7 is the adiabatic index for a relativistic fluid. Using an
empirical relation y = (4T" + 1)/(3T) to smoothly connect the
sub-relativistic shock regime to the relativistic shock regime,
we obtain (B, s + B15) = 4B15/3. A similar result applies to the
FS front. Thus, Equation (10) becomes

Fv,max,l _ ﬂ _ 1—‘lsﬂlsnl _ (n_l)l/2 (12)
Fv,max.Z my FZS/ngnZ ny ’
where we have used Equation (7). This result is also numerically
plotted in Figure 9.

According to Figure 9, in the internal RS—FS model, the
optical emission shell must have a higher pre-shock density
and a larger shock swept-up mass and hence should have
a higher F, .. The analysis of GRB 110205A prompt X/
y-ray spectrum suggests that the characteristic synchrotron
frequencies are hv., ~ 5 keV and hv,, ~ 300 keV (see
Section 3.1); then we have F), max .,/ Fy,opt ~ 20 and vy, ,, /vope ~
6 x 10*. Therefore, if the internal RS—FS model would work for
this burst, the maximum flux density of the optical producing
shell F, max must be > F), op; since the cooling frequencies of
the two shells are equal (Equatlon (9)), the optical shell must be
in the slow cooling (v,, < v.) regime.

In order to have the observed F), o, much smaller than the
optical shell F, max, €ither voy has to be far below or far above
vy, or the self-absorption frequency has to be v, > vy, Or
both. In the following, we use the observed F), max,y / Fv,opt and
Vim,y [ Vopt as constraints and v, /vep (for the optical shell) as a free
parameter and derive the permitted relation between vy, , /V opt
and n,, /nop, where n,, /nqpy is the density ratio of the y -ray shell
over the optical shell and is given by the maximum flux density
ratio of the two shells (Equation (12)). We then overlay the
permitted relations onto the internal RS—FS model predictions
shown in Figure 9, right panel, in order to find the permitted
model parameter values, i.e., shell LF ratio Ity /Tsjow, shell
density ratio 1, /nopt, and Vg /Vop.

For the optical shell, the relation between F, o5 and F), max
is determined according to the standard broken power-law
synchrotron spectrum (e.g., Sari et al. 1998; Granot & Sari
2002), depending on the free parameter v,/voy, Which varies
from <1 to >1. In addition, we impose an additional constraint
that the high-energy spectrum of the optical producing shell
emission should not exceed the observed flux density at the
lower bound of the X-ray band, i.e., at vy = 0.3 keV, so that the
spectral slope there would not be inconsistent with the observed
one. The final results are shown in Figure 10.

From Figure 10, we conclude that the prompt SED data of
GRB 110205A can be reproduced by the internal RS-FS syn-
chrotron model under the following conditions: v, 5 /Uy, opt =
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Figure 9. Ratios of the shock swept-up masses and synchrotron injection frequencies between the pair of shocks due to collision of two cold relativistic shells. The
results are valid for both sub-relativistic and relativistic shocks and are insensitive to I"; as long as I'; >> 1. Note that these results can be extrapolated to the region of

ny > ny, and each result is symmetric about the (1, 1) point.
(A color version of this figure is available in the online journal.)
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Figure 10. GRB 110205A-permitted Vi, y /Vin,opt VS. 1y /Nope Telations for
varying v, /vop values (black lines), superimposed on the internal RS—FS model
predictions (colored lines, from the right panel of Figure 9). The locations where
the data-permitted and the model-predicted relations intersect correspond to
the specific model parameter values with which the model could work for
GRB 110205A. Electron index p 3 is assumed. The shaded region is
forbidden because there the flux density at vy = 0.3 keV in the emission
spectrum of the optical producing shell will exceed the observed value of F, x,
causing the spectral slope to be inconsistent with the observed one. Note that
for v, < vop the data-permitted Vy,y /Vm,opt VS. Ny /Nopt relations have no
intersection with the internal RS—FS predictions unless 7, / nqp is unreasonably
small.

(A color version of this figure is available in the online journal.)

10107, n,, /gy ~ 10741073, and v, /vop & 2-6 for the op-
tical shell; and the LF ratio between the two shells falls into
a wide range ~4—100. In Figure 10, the electron index p = 3
has been adopted. A smaller p value only increases the inferred
Ui,y /Vm,opt and decreases n,, / nqp both by a factor <10, without
affecting the conclusion.

4.1.4. Emission Radius

The distance of the GRB emission region from the central
engine (Rgrs) has been poorly constrained. If prompt opti-

cal data are observed, one may apply the constraint on the
synchrotron self-absorption frequency (v,) to constrain Rgrp
(Shen & Zhang 2009). One needs to assume that the optical and
y-ray emissions are from essentially the same radius in order to
pose such a constraint. This is the simplest scenario and is valid
for some scenarios we have discussed, e.g., the internal RS-FS
model as discussed in Section 4.1.3. In the following, we derive
the emission radius based on the one-zone assumption, bearing
in mind that optical and gamma-ray emissions can come from
different zones.

For GRB 110205A, the synchrotron optical emission from the
optical producing shell is self-absorbed and has the following
frequency ordering: v,, < vop < v, < v, (Section 4.1.3). For
such a frequency ordering, v, is determined by (Shen & Zhang

2009)
D> (1+2)
2Vamevf = Fva (?L) %,

where Dj is the luminosity distance, F,, is the observed
flux density at v,, and y, = [16m.c(1 + 2)v,/(3eB'Ty)]'/?
is the LF of electrons whose synchrotron frequency is v,.
Expressing F,, in terms of the self-absorbed optical flux density,
Fy, = Fyop(va/ vopt)s/ 2. we find that v, is canceled out in the

a

above equation:

16m.c\"* [ R \* (1+2)?
2m, — ) ——
3eB’ Dy rg/ 2
For an observed average F, oot & 10" 1y, hvgy ~ 10723 keV,
and other numbers for GRB 110205A, we obtain
Ty

3/4 1/4
Rerp ~ 2.8 x 1013 <ﬁ> ( ) cm. (15)

We have normalized T’y to 250 and B’ to 10° G. The for-
mer normalization can be justified from the afterglow data
(Section 4.2.1). The value of B’ is loosely determined and
may be estimated by B’ ~ 10° Ls;R;3T, G, where ¢ < 1
is a constant parameter (Zhang & Mészéaros 2002). This gives

13)

-5/2
v,0pt vop[

(14)

B/
100G
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B’ ~ 10° G for the parameters of GRB 110205A. Interpreting
E; as v,, would also give rise to B’ ~ 10° Gif Ty, ~ 3 and
€, ~ 0.1. We note that Rgrp is a weak function of B’, so that
an estimate Rgrg &~ 3 x 10" cm is robust. This radius is con-
sistent with the expectation of the internal shock model (e.g.,
Piran 2005).

Note that in the Shen & Zhang (2009) method one has
to assume that both the optical and y-rays belong to the
same continuum component and partly rely on the y-ray low-
energy spectral slope to constrain the v, location. However,
this assumption is discarded in the case of GRB 110205A: it is
inferred that in the internal RS—FS model the optical shell has
Vopt < Vg (Section 4.1.3), for which Rgrp is worked out without
the aid of the y-ray spectral information.

4.1.5. Two-zone Models

The GRB 110205A prompt observations might be also
interpreted if the optical emission region is decoupled from the
y-ray/X-ray emission regions. There are models that envisage
that the y-rays are produced in internal shocks at small radii
between shells with large LF contrasts, while the optical
emission is generated in internal shocks at larger radii by
shells with lower magnetic fields and smaller LF contrasts.
This can happen in two scenarios. According to Li & Waxman
(2008), even after collisions and mergers of shells with large
LF contrasts, the outflow still comprises discrete shells with
variations, though with reduced relative LFs, which could lead
to the “residual” collisions at larger radii. Fan et al. (2009)
considered a neutron-rich GRB outflow in which free neutrons
are decoupled from the proton shells until decaying at large
radii. Violent collisions among the proton shells occur at smaller
radii, while some later-ejected, slower, proton shells catch up
with the decayed neutron shells at large radii and give weaker
collisions. Both scenarios might work for GRB 110205A, since
in either case, the large-radii collisions would bear a similar
temporal information as the small-radii collisions, rendering a
coarse optical-y-ray correlation. A defining property of these
two-zone scenarios is that the optical pulses should display
a larger variability timescale §¢ than the y-ray pulses, and
they should lag behind the y-ray pulses by ~Rgn/2I%c ~

0.2sRopt, 1515 g s. These predictions could be tested by future,
high temporal resolution, prompt optical observations of similar
bursts.

4.1.6. Dissipative Photosphere Emission Model

Recently, several independent groups (e.g., Giannios 2008;
Tomaetal. 2011; Beloborodov 2010; Lazzati & Begelman 2010;
Vurm et al. 2011) have developed an improved version of the
photosphere emission model of GRB prompt emission. This
model invokes energy dissipation in the Thomson-thin layer of
the photosphere, so that the photosphere spectrum deviates from
the thermal form through IC upscattering. The same electrons
also emit synchrotron photons, which may account for the
optical excess. A difficulty of this scenario is that the low-energy
spectral index below E, is too hard (e.g., @ = +0.4; Beloborodov
2010) to account for the observations (¢ = —1.5). The data
of GRB 110205A (double breaks and spectral slopes) of the
X/y-ray component do not comply with the predictions of this
model but are rather consistent with the standard synchrotron
model (see Section 4.1.1). We conclude that the dissipative
photosphere model does not apply at least to this burst.
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4.2. Afterglow Modeling
4.2.1. Initial Lorentz Factor

For both Scenarios I and II, the optical peak time #, = 1045 £
63 s corresponds to the deceleration time. Since this time is much
longer than Tyg (~257 s), it is pertinent to consider a “thin” shell
regime (Sari & Piran 1995). The peak time can then be used to
estimate the initial Lorentz factor of the ejecta (e.g., Mészaros
2006, Molinari et al. 2007) ro ~ 560(Ey’150,52/1’]0,2”01‘;.Z,])1/8,
where E, is0 52 is the isotropic equivalent energy in units of
102 erg s~ no.2 is the radiative efficiency in units of 0.2, ng
is local density in units of cm™, and 7, . is the peak time
corrected for cosmological time dilation in units of 10 s. For
GRB 110205A, with redshift z = 2.22 and fluence of 2.7’:%_74 X
1073 erg cm~2 (15-3000 keV; Sakamoto et al. 201 1¢), we derive
the rest-frame 1 keV-10 MeV isotropic energy E,, jso = 46’:47 X

10°% erg. With 7, . = 32.4 £ 1.8, we finally estimate

To = 245%p(n02n0) "%, (16)
This value follows the empirical relation I’y ~ 182E%f§gf3

recently found by Liang et al. (2010) within the 20 range.

4.2.2. Light Curves

Scenario 1

In this scenario, the optical bump around 7, is mostly
contributed by the FS. Fitting the light curves, one can constrain
the temporal slopes of the RS component. In the R band, the
temporal indices are «,; =3.32 &+ 1.2 (rising phase) and o, =
—5.90 + 1.0 (decaying phase), while in the X-ray band, they are
oy = 5.19 & 1.3 (rising) and «,, = —8.26 £ 1.3 (decaying).
The steep rising slope (~4) is consistent with the expectation in
the thin shell ISM RS model (e.g., Kobayashi 2000; Zhang et al.
2003). The decaying slopes look too steep as compared with the
theoretically expected values (e.g., roughly —2 — 8 for the so-
called curvature effect; Kumar & Panaitescu 2000). However,
strictly speaking, the expected decay index is valid when the
time zero point is placed to f,. The results are therefore not
inconsistent with the theoretical expectations. Compared with
other GRBs with the RS emission identified (which typically
peaks around or shortly after the Toy duration), an RS emission
peaking at ~1100 s after the burst is rare and has not been
seen before (though previously, the optical brightening in the
ultra-long GRB 091024 was claimed by Gruber et al. 2011 to
be caused by the rising RS, but its data coverage is very sparse
and the RS origin was not exclusively determined, e.g., it could
also be due to the FS peak in a wind medium).

For the FS component, the rising index is set to +3 during the
fitting for both the optical and X-ray bands. The decay index
after the peak is fitted to o, 7 = —1.50 &= 0.04 in the optical band
and axs> = —1.54 0.1 in the X-ray band. We also constructed
two SEDs at the epochs 5.9 ks and 35 ks during the decay
phase. We find that the only model that satisfies the closure
relation (e.g., Sari et al. 1998; Granot & Sari 2002; Zhang &
Mészaros 2004) is the ISM model in the v,, < v, < v, < Vv,
spectral regime. For example, our SED at 5.9 ks gives a spectral
slope B ~ —1.01 & 0.02 across the entire energy band. The
optical temporal decay index o, = —1.50 £ 0.04 matches the
expected closure relation « = (3/2)p8 well. The X-ray decay
slope ax r» = —1.54 £ 0.1 within 1o error is consistent with the
closure relation. The electron energy index, p = —28+1 ~ 3.0,
is also consistent with its value derived from the temporal
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index p = (—4a +3)/3 = 3.0 £+ 0.08 derived from «, and
p = 3.05 £ 0.14 derived from «,.

At late times around ~10°s, the decay index becomes
steeper in both the optical and X-ray bands, which is proba-
bly caused by a jet break. The simultaneous fit suggests a t;;, =
1.04£0.2 x 10° s from the two band light curves. The post-break
temporal indices are consistent with a jet break without signif-
icant sideways expansion, which is predicted to be steeper by
3/4. But the conclusion is not conclusive due to large errors.
The jet angle can be calculated using (Sari et al. 1999) 6 =
1/6(1‘.]'1,/1 + Z)S/S(I’lUO.z/EV‘iSO'SQ)l/S. Takmg tip = 1.0x10° s =
1.2 days and E, js,50 = 46.0, we derive 6 = (4.1’:31'%)". With a
beaming factor of 62 /2, the corresponding jet-angle-corrected
energy is E, = 1.2 x 10°! erg.

Scenario 11

In this scenario, the early steep rise and bright peak are
dominated by the RS component only. It can also be well
explained by an ISM model in the thin shell regime. Within
this scenario, the FS component shows up and peaks later. The
FS peak is defined by v,, crossing the optical band. There should
also be a break time in the FS light curve at the RS peak 7, which
is caused by the onset of the afterglow. After the FS peak, the
afterglow analysis is similar to Scenario I. We find that the best
afterglow model for this scenario is the ISM model assuming
Vy < Ve < v, < V. From the spectral index g = —1.01, one
can derive p = 2.02. Since o ~ 1.0 for both optical and X-ray,
the closure relation o = (38+1)/2 is well satisfied.

The X-ray bump around 1000 s is also consistent with being
the emission from the RS. Our SED fit (see Table 6) near the
peak at 1.13 ks shows that the best fits are a single power-law
(LMC and SMC model) or a broken power-law model (LMC
model) with the break energy ~2.9 keV. The result suggests
that the optical and X-ray bands belong to the same emission
component with v,, < vopr < Vx < V. (for single power law)
Of Uy, < Vopy < Ve < vy (for broken power law). In the case of
a thin ejecta shell and ISM, the synchrotron cooling frequency
at the time when the RS crosses the ejecta, #,, can be estimated
to be v.(t,) = 2 x 10T (epn)/*(1 + )1, Hz (also see
Kobayashi 2000). Adopting I" ~ 250, z = 2.22, and ¢, = 1.1
ks, which are relevant for GRB 110205A, this would require
egn ~ 107 cm™3. Such a value, although in the low end of
the generally anticipated parameter distribution range, is not
impossible.

The jet break time derived from this scenario is somewhat
earlier than Scenario I, which is ~(5.44 4 0.2) x 10* s from the
simultaneous fitting. Adopting this break time, we derived a jet
angle for this scenario of 6 = (S.Zt%%)o, which corresponds to

a jet-angle-corrected energy of E, = 7.2 x 10% erg.

4.2.3. RS Magnetization

The composition of the GRB ejecta is still not well con-
strained. Zhang et al. (2003) suggested that bright optical flashes
generally require that the RS is more magnetized than the FS,
namely, the ejecta should carry a magnetic field flux along with
the matter flux (see also Fan et al. 2002; Panaitescu & Kumar
2004 for case studies). Since GRB 110205A has a bright RS
component, it is interesting to constrain the RS parameters to
see whether it is also magnetized. For both Scenarios I and
I, since the peak time and maximum flux of both FS and RS
can be determined (also shown in Table 4), one can work out
the constraints on the RS magnetization following the method
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delineated in Zhang et al. (2003). The same notations are
adopted here as in Zhang et al. (2003).

For Scenario 1, the FS peaks at 7., where v,, y < vg < vy,
and then decays as F, ; o t—3Pr=1/4 For Scenario II, in the
FS, one has vg < vy, r < v 5 at t.. The FS light curve still
rises as #'/2, until reaching 7, ¢, where vg = v, ; < v 7. We
define (¢, ,, F\ p ) and (¢, s, F, ,, ) as the peak times and peak
flux densities in optical for RS and FS, respectively. Similar to
those presented in Zhang et al. (2003), it follows naturally from
the above that

5 — by |1 for Scenario I 17
T, l"i/3f)i£2/3ﬂ{v_2/3, for Scenario II
oy L
Fopr 7R, My 7, for Scenario I

N F=E — = pr—1
Fops RN, 7, for Scenario II.
(18)
Note that Scenario I is actually a special case of 9%, = 1 of
the more general Scenario II. The results are identical to those
in Zhang et al. (2003) except that we do not use the RS decay
slope «,. » after 7, as one of the parameters. This was to avoid the
ambiguity of the blastwave dynamics after the shock crossing.
Instead, we keep p, in the formulae and determine p, from the
better-understood RS rising slope before #,: ;) = (6p, —3)/2.
For Scenario I, one can derive %, ~ 1, p, = 2, py =~ 3,
and Nr = 0.5. Note that the entire optical peak around 7,
is contributed mainly from the FS, which means p, is poorly
constrained. So we take p, = py ~ 3. Then from Equation (18)
we get
Ry~ T3 ~ 7.7, (19)
For Scenario II, %, ~ 3.6, Mg =~ 16.5, and p, ~ 2.3.
Plugging in numbers and from Equation (17), we have R g), ~
I'2 /6.8. Combining it with Equation (18) and canceling out 9},
we get
Rp ~ 7Y ~7.2. (20)

The numerical values are obtained by taking I',, = T'y/2 ~ 120.

In both scenarios, the magnetic field strength ratio Xz =
B, /By is ~7. This suggests that the RS is more magnetized
than the FS. Since the magnetic field in the FS is believed to
be induced by plasma instabilities (Weibel 1959; Medvedev &
Loeb 1999; Nishikawa et al. 2009), a stronger magnetic field
in the RS region must have a primordial origin, i.e., from a
magnetized central engine.

4.2.4. Discussion

Comparing with the other recent work on GRB 110205A
(Cucchiara et al. 2011; Gao 2011; Gendre et al. 2011), our
Scenario II analysis, which concludes that the bright optical
peak around 1000 s is dominated by the RS emission, agrees
with that by Gendre et al. (2011) and Gao (2011). Our Scenario
I analysis, though close to the conclusion by Cucchiara that it is
dominated by the FS emission, has slight difference, as we also
consider the RS contribution in our Scenario I.

Both scenarios in our analysis can interpret the general
properties of the broadband afterglow. However, each scenario
has some caveats. For Scenario I, as explained above, the best-fit
model light curve is not steep enough to account for the data in
the UVOT-u band (o ~ 5 for R and o ~ 6 for UVOT-u if we
apply a single broken power-law fitting). Since the inconsistency
only occurs in the bluest band with adequate data to constrain
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the rising slope, we speculate that the steeper rising slope may
be caused by a decreasing extinction with time near the GRB.
No clear evidence of the changing extinction has been observed
in other GRBs. In any case, theoretical models have suggested
that dust can be destructed by strong GRB X-ray and UV flashes
along the line of sight, so that a time-variable extinction is not
impossible (e.g., Waxman & Draine 2000; Fruchter et al. 2001;
Lazzati et al. 2002a; De Pasquale et al. 2003). For Scenario II,
the model cannot well fit the X-ray peak around 1100 s. The
main reason is that the required RS component to fit the optical
light curve is not as narrow as that invoked in Scenario I. It is
possible that the X-ray feature is simply an X-ray flare due to
late central engine activities, which have been observed in many
GRBs (e.g., Burrows et al. 2005b; Liang et al. 2006; Chincarini
et al. 2007).

In the late optical light curve around 5 x 10* s, there is
a re-brightening bump observed by LOT in four bands. Such
bumps have been seen in many GRBs (e.g., GRB 970508,
Galama et al. 1998; GRB 021004, Lazzati et al. 2002b; GRB
050820, Cenko et al. 2006; GRB 071025, Updike et al. 2008;
GRB 100219A, Mao et al. 2012), which are likely caused by the
medium-density bumps (e.g., Lazzati et al. 2002b; Dai & Wu
2003; Nakar & Granot 2007; Kong et al. 2010). Microlensing
is another possibility (e.g., Garnavich et al. 2000; Gaudi et al.
2001; Baltz & Hui 2005), although the event rate is expected to
be rather low.

Interestingly, linear polarization at a level of P ~ 1.4% was
measured by the 2.2 m telescope at Calar Alto Observatory
(Gorosabel et al. 2011) 2.73-4.33 hr after the burst. During this
time, the afterglow is totally dominated by the FS in Scenario
I or mostly dominated by the FS (with a small contamination
from the RS) in Scenario II. The measured linear polarization
degree is similar to several other detections in the late afterglow
phase (e.g., Covino et al. 1999, 2003; Greiner et al. 2003; Efimov
et al. 2003), which is consistent with the theoretical expectation
of synchrotron emission in external shocks (e.g., Gruzinov &
Waxman 1999; Sari 1999; Ghisellini & Lazzati 1999).

5. SUMMARY

We have presented a detailed analysis of the bright
GRB 110205A, which was detected by both Swift and Suzaku.
Thanks to its long duration, Swift XRT, UVOT, ROTSE-IIIb,
and BOOTES telescopes were able to observe when the burst
was still in the prompt emission phase. Broadband simultane-
ous observations are available for nearly 200 s, which makes
it one of the exceptional opportunities to study the SED during
the prompt phase. The broadband time-resolved spectra are well
studied. For the first time, an interesting two-break energy spec-
trum is identified throughout the observed energy range, which
is roughly consistent with the synchrotron emission spectrum
predicted by the standard GRB internal shock model. Shortly
after the prompt emission phase, the optical light curve shows
a bump feature around 1100 s with an unusual steep rise (o ~
5.5) and a bright peak (R ~ 14.0 mag). The X-ray band shows a
bump feature around the same time. This is followed by a more
normal decay behavior in both optical and X-ray bands. At late
times, a further steepening break is visible in both bands.

The rich data in both the prompt emission and afterglow phase
make GRB 110205A an ideal burst to study GRB physics, to
allow the study of the emission mechanisms of GRB prompt
emission and afterglow, and to constrain a set of parameters
that are usually difficult to derive from the data. It turns out
that the burst can be well interpreted within the standard fireball
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shock model, making it a “textbook” GRB. We summarize our
conclusions as follows:

1. The two-break energy spectrum is highly consistent with
the synchrotron emission model in the fast cooling regime.
This is consistent with the internal shock model or the
magnetic dissipation model that invokes first-order Fermi
acceleration of electrons.

2. The prompt optical emission is ~20 times greater than
the extrapolation from the X/y-ray spectrum. Our analysis
rules out the synchrotron + SSC model to interpret the
optical + X/y-ray emission. We find that the prompt
emission can be explained by a pair of reverse/forward
shocks naturally arising from the conventional internal
shock model. In a two-shell collision, the synchrotron
emission from the slower shock that enters the denser shell
produces optical emission and is self-absorbed, while that
from the faster shock entering the less dense shell produces
the X/y-ray emission. The required density ratio of two
shells is ~10~* to 1073,

3. If the optical and gamma-ray emissions originate from the
same radius, as is expected in the internal forward/reverse
shock model, one can pinpoint the prompt emission radius
to R ~ 3x 10" cm by requiring that the synchrotron optical
photons are self-absorbed.

4. The data can be also interpreted within a two-zone model
where X/y-rays are from a near zone while the optical
emission is from a far zone. The dissipative photosphere
model is inconsistent with the prompt emission data.

5. The broadband afterglow can be interpreted within the
standard RS + FS model. Two scenarios are possible:
Scenario I invokes both FS and RS to peak at 1100 s, while
Scenario II invokes RS only to peak at 1100 s, with the
FS peak later when v, cross the optical band. In any case,
this is the first time that a rising RS—before its passage
of the GRB ejecta (not after, when the RS emission is fast
decaying, like in GRB 990123 and a few other cases)—was
observed in great detail.

6. In either scenario, the optical peak time can be used to
estimate the initial Lorentz factor of GRB ejecta, which is
found to be I'y ~ 250.

7. From the RS/FS modeling, we infer that the magnetic
field strength ratio in reverse and forward shocks is iz =
B,/By ~ 7. This suggests that the GRB ejecta carry a
magnetic flux from the central engine.

8. Jet break modeling reveals that the GRB ejecta are colli-
mated, with an opening angle ~4°1 (Scenario I) or ~322
(Scenario II). The jet-corrected y-ray energy is E, ~
1.2 x 10° ergor E, ~ 7.2 x 10% erg.
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W. P. CHEN', S. C.-L. Hu! 2, R. ERRMANN?, CH. ADAM?>, S. BAAR?, A. BERNDT?, L. BUKOWIECKT?, D. P. DIMITROV?,
T. E1seNBEIR?, S. FIEDLER?, CH. GINsKI®, C. GRAFE®9, J. K. Guo', M. M. HoHLE?, H. Y. Hs1ao!, R. JaNuLIs’, M. KiTZE?,

H. C.Lin!, C. S. LiN', G. MACIEJEWSKE 4, C. MARKA®, L. MARSCHALL®, M. MoUALLA?, M. MUGRAUER?,

R. NEUHAUSER?, T. PRIBULLA"?, ST. RAETZ?, T. R6LL?, E. ScuMIDT?, J. ScHMIDT?, T. O. B. SCHMIDT?,

M. SEELIGER?, L. TREPL?, C. BRICERO'?, R. CHINI!!, E. L. N. JENSEN!2, E. H. NIKOGOSSIAN'?,

A. K. PANDEY'?, J. SPERAUSKAS’, H. TAKAHASHIY, F. M. WALTER!®, Z.-Y. Wu!7, AND X. ZHOU!?
! Graduate Institute of Astronomy, National Central University, 300 Jhongda Road, Jhongli 32001, Taiwan
2 Taipei Astronomical Museum, 363 Jihe Rd., Shilin, Taipei 11160, Taiwan
3 Astrophysikalisches Institut und Universitits-Sternwarte, FSU Jena, Schillergdichen 2-3, D-07745 Jena, Germany
4 Torufi Centre for Astronomy, Nicolaus Copernicus University, Gagarina 11, PL87-100 Torusi, Poland
3 Institute of Astronomy and NAO, Bulg. Acad. Sc., 72 Tsarigradsko Chaussee Blvd., 1784 Sofia, Bulgaria
6 Christian-Albrechts-Universitit Kiel, LeibnizstraBe 15, D-24098 Kiel, Germany
7 Moletai Observatory, Vilnius University, Lithuania
8 Gettysburg College Observatory, Department of Physics, 300 North Washington St., Gettysburg, PA 17325, USA
9 Astronomical Institute, Slovak Academy of Sciences, 059 60, Tatranskd Lomnica, Slovakia
10 Centro de Investigaciones de Astronomia, Apartado Postal 264, Merida 5101, Venezuela
T Instituto de Astronomia, Universidad Catélica del Norte, Antofagasta, Chile
12 Department of Physics and Astronomy, Swarthmore College, Swarthmore, PA 19081-1390, USA
13 Byurakan Astrophysical Observatory, 378433 Byurakan, Armenia
14 Aryabhatta Research Institute of Observational Science, Manora Peak, Nainital, 263 129, Uttarakhand, India
15 Institute of Astronomy, The University of Tokyo, 2-21-1 Osawa, Mitaka, Tokyo, 181-0015, Japan
16 Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
17 Key Laboratory of Optical Astronomy, NAO, Chinese Academy of Sciences, 20A Datun Road, Beijing 100012, China
Received 2011 December 12; accepted 2012 March 23; published 2012 May 14

ABSTRACT

GM Cephei (GM Cep), in the young (~4 Myr) open cluster Trumpler 37, has been known to be an abrupt variable
and to have a circumstellar disk with a very active accretion. Our monitoring observations in 2009-2011 revealed
that the star showed sporadic flare events, each with a brightening of <0.5 mag lasting for days. These brightening
events, associated with a color change toward blue, should originate from increased accretion activity. Moreover,
the star also underwent a brightness drop of ~1 mag lasting for about a month, during which time the star became
bluer when fainter. Such brightness drops seem to have a recurrence timescale of a year, as evidenced in our data
and the photometric behavior of GM Cep over a century. Between consecutive drops, the star brightened gradually
by about 1 mag and became blue at peak luminosity. We propose that the drop is caused by the obscuration of the
central star by an orbiting dust concentration. The UX Orionis type of activity in GM Cep therefore exemplifies the
disk inhomogeneity process in transition between the grain coagulation and the planetesimal formation in a young
circumstellar disk.

Key words: occultations — planets and satellites: formation — protoplanetary disks — stars: individual (GM Cephei)

— stars: pre-main sequence — stars: variables: T Tauri, Herbig Ae/Be

Online-only material: color figures

1. INTRODUCTION

The current paradigm suggests that stars are formed in dense
molecular cores, and planets are formed, almost contempora-
neously with the star, in circumstellar disks. The grain growth
process already initiated in the parental molecular cloud con-
tinues to produce progressively larger solid bodies. Details
are still lacking on how grain coagulation proceeds to even-
tual planet formation in a turbulent disk. Competing theories
include gravitational instability (Safronov 1972; Goldreich &
Ward 1973; Johansen et al. 2007) and planetesimal accretion
(Weidenschilling 2000). In any case, density inhomogeneities
in the young stellar disk mark the critical first step in the process.
Measurements of the fraction of stars with infrared excess—aris-
ing from thermal emission by circumstellar dust—indicate a
clearing timescale of optically thick disks in less than ~10 Myr
(Mamajek et al. 2004; Briceno et al. 2007; Hillenbrand 2008).
Observationally, this epoch corresponds to the pre-main se-
quence (PMS) stellar evolution from disk-bearing classical

T Tauri stars (CTTSs) to weak-lined T Tauri stars with no opti-
cally thick disks.

The open cluster Trumpler 37 (Tr 37), at a heliocentric
distance of 870 pc (Contreras et al. 2002), is associated with
the prominent H 11 region IC 1396 and is a part of the Cepheus
OB?2 association. With a disk frequency of ~39% (Mercer et al.
2009) and an age of 1-4 Myr (Marschall et al. 1990; Patel et al.
1995; Sicilia-Aguilar et al. 2005), Tr 37 serves as a good target to
search for and to characterize exoplanets in formation and early
evolutionary stages (see Neuhduser et al. 2011 and references
therein on Tr 37).

GM Cephei (GM Cep; R.A. =21:38:17.3,Decl. =+57:31:23,
J2000) is a solar-type variable in Tr 37. The star has a spectral
type of G7 to KO, an estimated mass of 2.1 M, and a radius of
3-6 Ry (Sicilia-Aguilar et al. 2008). The youth of GM Cep is
exemplified by its emission-line spectrum, prominent infrared
excess (Sicilia-Aguilar et al. 2008), and X-ray emission (Mercer
et al. 2009), all characteristics of a CTTS. The star has a
circumstellar disk (Mercer et al. 2009) with an accretion rate
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Figure 1. R-band light curves of GM Cep (top) and of a comparison star (bottom, offset by 1.5 mag for display clarity) from mid-2009 to mid-2011. Typical photometric

errors (0.005 mag) are smaller than the sizes of the symbols and are not shown.

up to 107® M, yr~!, which is two to three orders higher than
the median value of the CTTSs in Tr 37 (Sicilia-Aguilar et al.
2006). It is also one of the fastest rotators in the cluster, with
vsini ~ 43.2 km s~ (Sicilia-Aguilar et al. 2008).

Most PMS objects are variables. Herbst et al. (1994) classified
such variability into three categories. One class of variation is
caused by the rotational modulation of cool star spots. Another
class of variation arises because of the unsteady accretion onto a
hot spot on the stellar surface; stars of this type are called EXors,
with EX Lupi being the most extreme case. Stars with the third
kind of variation, called UX Orionis-type variables or UXors,
are those that experience variable obscuration by circumstellar
dust clumps. About a dozen UXors have been identified so far,
with some showing cyclic variability with periods ranging from
8.2 days (Bouvier et al. 2003) to 11.2 years (Grinin et al. 1998).

GM Cep is known to be an abrupt variable, but interpretations
about its variability have been controversial. Sicilia-Aguilar
et al. (2008) collected photometry of the star from 1952 to
2007 in the literature, supplementing with their own intensive
multi-wavelength observations, and suggested GM Cep to be an
EXor-type variable, i.e., with outbursts and accretion flares.
Xiao et al. (2010) measured archival plates taken between 1895
and 1993, and concluded otherwise—that the variability in the
century-long light curve is dominated by dips (possibly from
extinction) superposed on quiescent states. If this is the case,
GM Cep should be a UXor-type variable, as also claimed by
Semkov & Peneva (2011).

GM Cep has been observed by the Young Exoplanet Transit
Initiative (YETT) collaboration, a network of small telescopes
in different longitude zones (Neuhduser et al. 2011). In ad-
dition to the YETI data, the observations reported here also
included those collected during non-YETI campaign time, by
the SLT 40 cm telescope at Lulin in Taiwan, the Tenagra II
81 cm telescope in Arizona, USA, the Jena University Observa-
tory 25 cm and 90/60 cm telescopes in Germany (Mugrauer &
Berhold 2010), and the 1.5 m telescope of Moleitai Observatory
in Lithuania. For the list of the YETI telescope and instrument
parameters, please refer to Neuhiuser et al. (2011). While the

primary goal of the YETI campaigns, each with uninterrupted
monitoring of a target cluster for 7-10 days, is to search for
exoplanet transit events in young open clusters—hence possi-
bly finding the youngest exoplanets—the continuous and high-
cadence observations produce data sets also valuable for a young
stellar variability study that is very relevant to planet formation
(Bouvier et al. 2003). Here we present the light curve of GM Cep
from 2009 to 2011 which reveals T-Tauri-type flares and
UXor-type variability, with the possible detection of cyclic oc-
cultation events by a dust clump in the circumstellar disk.

2. LIGHT CURVES AND COLOR VARIATIONS

All the CCD images were processed by the standard proce-
dure of bias, dark, and flat-field correction. The photometry of
GM Cep was calibrated by a linear regression with the seven
comparison stars listed by Xiao et al. (2010). Images taken under
inferior sky conditions were excluded in the analysis. Figure 1
shows the light curves of GM Cep and one of the comparison
stars observed from mid-2009 to mid-2011. The variability of
GM Cep is obvious. The star experienced a sharp brightening
soon after our observations started in mid-2009, prompting us
to follow this star closely beyond the YETI campaigns. Our in-
tense monitoring started in 2010. A brightness dip with a depth
of AR ~ 0.82 mag lasting for 39 days occurred, followed by
a gradual brightening (by ~1 mag) and fading. The falling and
rising parts of the dip are roughly symmetric. In 2011, a dip
also happened, but with rapid fluctuations. The star fluctuated
some AR ~ 1.7 mag in 2010 and also in 2009. We conclude
that the sharp brightening in 2009 corresponded to the rising
part of the dip seen in 2010. If so, the recurrent timescale of
the dip would be 346 days, and the minimum of the dip bright-
ened from 2009 (R ~ 14.2 mag), to 2010 (R ~ 13.9 mag), to
2011 (R ~ 13.2 mag). When this trend is taken out, the gradual
brightening and fading is more or less symmetric in time with
the peak luminosity happening between two consecutive dips,
much like the round-topped light curves seen in contact binaries.
Such repeated dips plus a slow brightening and fading can be
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Figure 2. Light curves of GM Cep in the B (red circles), V (black triangles), and R (blue squares) bands between late 2006 and 2011. The symbols with larger sizes,
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the brightness dips.

(A color version of this figure is available in the online journal.)

seen in the long-term light curve reported by Xiao et al. (2010),
who claimed no periodicity in the data perhaps because of the
sparse sampling.

Figure 2 shows the light curves of GM Cep inthe B, V, and R
bands since late 2006, with additional data taken from Sicilia-
Aguilar et al. (2008) and AAVSO. Analysis by the NStED
(NASA/IPAC/NExScl Star and Exoplanet Database) Peri-
odogram Service, based on the Lomb—Scargle algorithm, shows
the first-ranked period to be 311 days with a broad peak in
the power spectrum suggesting a quasi-periodicity as shown
in Figure 3. Such a recurrence timescale of 310-320 days in-
deed seems to coincide with the minima in the light curve (see
Figure 2), at least for the last five cycles for which sampling
has been sufficiently dense (Hu et al. 2012). In addition, su-
perimposed on the above light variations, there are sporadic
flaring-like episodes with an amplitude less than 0.5 mag, each
lasting for about 10 days, characteristic of T Tauri activity.

While the YETI campaigns are carried out in the R band, our
intensified observations of GM Cep since 2010 also included
those taken in the V band. The color changes during the dip,
as well as during the brightening and fading episodes, are
particularly revealing. Figure 4 shows the R-band light curve and
V — R color variations in 2010/2011. The dip in the beginning
has a depth of about AV ~ 0.68 mag, so while the star became
fainter (depth in R was 0.82 mag), the V — R value decreased,
i.e., its color turned bluer. During the general brightening, the
star also became bluer.

To summarize, the light curve of GM Cep is characterized by
(1) a brightness dip of about 1 mag lasting for a month, with a
recurrence timescale of about a year, (2) in between the dips,
a gradual brightening of about 1 mag, followed by a roughly
symmetric fading, and, superimposed on both (1) and (2), (3)
intermittent flares <0.5 mag, each lasting for several days.

3. DISCUSSION

The abrupt behavior in GM Cep’s light curve is not uncom-
mon among Herbig Ae/Be stars with modulations of various

timescales, i.e., “cyclic, but not exactly periodic” (Herbst &
Shevchenko 1999, p. 7), superimposed on the deep minima. A
flare with a blue color can be accounted for by the enhanced ac-
cretion of clumpy material. Semkov & Peneva (2011) published
the B, V, R, and I light curves of GM Cep from mid-2008, i.e.,
one year earlier but in lower cadence than our data. Their data
showed R ~ 12 mag in 2008 with no obvious dips, an obscu-
ration event in 2009, and another one in 2010. These authors
proposed that GM Cep is a UXor variable. At the end of their
observations, in early 2011, the star again reached R ~ 12 mag,
also shown in our data.

The most striking feature of the light curve of GM Cep is
the month-long dips. There are various possible mechanisms
for producing such a phenomenon, e.g., by star spots or a
rotating accretion column, which has a typical timescale of a
few hours to days. A notable case, the T Tauri star AA Tau,
is known to show deep fading (~1.4 mag) lasting for about a
week and believed to be caused by occultation by a warp in
the magnetospheric accretion disk (Bouvier et al. 1999) with a
quasi-cyclic timescale of 8.2 days (Bouvier et al. 2003, 2007).
The dip phenomenon appears to be common among young stars
with inner dusty disks (Herbst & Shevchenko 1999). In a study
by the CoRoT satellite of the young star cluster NGC 2264,
Alencar et al. (2010) found a fraction of 30%—40% young stars
exhibiting obscuration variations.

We propose that the month-long dip seen in GM Cep is a
manifestation of obscuration by an orbiting dust concentration
in the circumstellar disk, i.e., GM Cep is a UXor-type variable, as
reported by Xiao et al. (2010) and by Semkov & Peneva (2011).
If so, the orbital period of the dip gives information on the
distance of the clump from the star, whereas the duration of the
obscuration and amount of starlight extinction give, respectively,
the size and the column density of the clump. The mass of
the star is uncertain for this PMS star, but assuming 2.1 Mg
(Sicilia-Aguilar et al. 2008), a Keplerian motion, and a period
of P = 320 days, the orbital distance of the clump would be
r ~ 1.2 AU. The duration of the obscuration, ¢t ~ 39 days, is
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Lomb-Scargle algorithm, peaking at 311 days. (Bottom) The phased light curve
with the 311 day period.

related to the half-size of the clump R. by t/P = (2R.)/(2rr);
hence R, ~ 0.4 AU, or about 15-30 stellar radii (Sicilia-Aguilar
et al. 2008).

The extinction A, at wavelength A is related to the
amount of obscuring dust along the line of sight, i.e., A, =
1.086 N,y 04 Qcxi, Where Ny is the column density of the dust
grains, o; = ma’ is the geometric cross-section of a grain
of a radius of a, and Q.4 is the dimensionless extinction ef-
ficiency factor. Stars as young as GM Cep should have large
grains settled into the midplane, but because the disk is inclined
(Sicilia-Aguilar et al. 2008), we assume that the obscuration
is caused mostly by small dust grains with an average radius
of a ~ 0.1 um. Thus Q¢ ~ 1, and we cautiously note the
possibility of abnormal dust sizes in the disk (Sicilia-Aguilar
et al. 2008, or along the line of sight, Clayton & Fitzpatrick
1987). It follows from the observed obscuration of 0.68 mag
in the V band that N; = 2.0 x 10° cm™2. This amount of in-
tervening dust is hardly excessive. The flux drop during the
dip phase, ~1 mag, is comparable to the extinction of the star
Ay ~ 1.5 (Contreras et al. 2002; Sicilia-Aguilar et al. 2004), a
value commonly seen among CTTSs. The moderate extinction
also indicates a line of sight out of the disk plane. What is in-
triguing in GM Cep, of course, is the distinct on—off behavior

CHEN ET AL.

of the obscuration. The column mass density is, given the same
amount of extinction, proportional to the dust size a and in this
caseis X ~ 2.9 x 10 gcm™2. Even for @ = 10 um grains, the
column mass density would still be several orders less than the
minimum solar nebula, for which X is a few thousands gcm‘2
at 1 AU (Weidenschilling 1977).

It is not clear whether the clump has a line-of-sight (radial)
dimension comparable to its transverse size (2R.) or is merely
a ringlet. Even if it is spherical, thus yielding the maximum
mass, the mean volume density would be n; = Ny/2R, =
1.7 x 10~*cm™ at the clump’s center. Given the proximity
of the clump to the star (r = 1.2 AU), we assume the dust
composition to be mostly silicates, having an average density
of p = 3.5 g cm™>. This leads to an estimated mass of
My = 2.3 x 10?! g for the clump, which is about that of an
asteroid, if the mass is uniformly spread. For a clump this
substantial in size, our line of sight does not need to line up to
the orbital plane in order to detect the occultation. From the fast
rotation, the infrared spectral energy distribution, and the Ho
profile, an intermediate inclination angle was inferred (Sicilia-
Aguilar et al. 2008). A clump extending in a radial direction
would have been tidally unstable. The clump is thus extended
along the orbit, but short radially.

The blueing phenomenon during the obscuration is most
puzzling. It has been seen in UX Ori itself (Herbst & Shevchenko
1999) and other UXors (Grinin et al. 2001). Semkov & Peneva
(2011) also reported the “color reversal” or the blueing effect in
GM Cep, and attributed it to possible anomalous dust properties,
or disk geometry such as self-shadowing or a piled up wall in
the inner disk (Dullemond et al. 2003). One appealing proposal
by Grinin et al. (1994) is that blueing happens when dust along
the line of sight completely dims the star, and dust particles
near the line of sight scatter preferentially blue light into
view, a mechanism supported by increased polarization during
maximum extinction. In GM Cep when the clump blocks out the
star, either the hot boundary layer—a region between the star
and the active accretion disk—or the magnetospheric accretion
column must have contributed much to the emission during the
dip phase.

It is interesting to note that, except for the flare events,
the light curve of GM Cep, namely the repeated occultation
modulated by gradual, symmetric brightening and fading, bears
resemblance to that of an eclipsing binary or an exoplanet transit
with phase variations (Borucki et al. 2009), though the time
and flux change scales are vastly different. In GM Cep the
flares are caused by enhanced accretion activity and the dip,
as we propose here, by the occultation of the central star by a
patch of dust in the circumstellar disk. The gradual brightening
and fading, then, is the result of the orbital modulation of
reflected starlight, as witnessed in high-precision light curves of
eclipsing binaries or transiting exoplanets (Borucki et al. 2009).
Without the shape information of the clump, it is difficult to
quantify this effect, but the amount of reflected light allows us
to estimate the height of the clump. If the yearly brightening
trend in 2009-2011 is removed, the gradual brightening in
2010 amounted to ~0.7 mag, meaning approximately an equal
contribution between the reflected light and the direct starlight.
Without knowledge of the density distribution and optical
properties of dust, we made a simple analogy of dust grains
as a translucent mirror, made up of a total number of Ny
particles. Assuming the Bond albedo ap, the reflected light
is (L,/4mr?) ma*apNy, and an ensemble of dust on the
back side of, and 1.2 AU away from, the star would yield
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Figure 4. R-band light curve (left y-axis) and the V — R color variations (right y-axis, redder to the top) of GM Cep from mid-2010 to mid-2011. Note that the star

became blue when faintest and brightest.
(A color version of this figure is available in the online journal.)

Nt ~ 3x10%° /apg. Arudimentary estimate, assuming an albedo
of 4% (cometary nuclei), thus gives a height not much less than
the perimetric dimension.

If our hypothesis that the same clump has been responsible
for the yearly dip holds, the clump must be dynamically stable.
The mass we derived is only for the dust, and there is no
evidence, even with a sufficient amount of associated gas, that
the clump is on the verge of gravitational instability (Chang
& Oishi 2010). In any case, the density of the clump is not
likely to have a high contrast relative to the rest of the disk.
In other words, it may be just a density inhomogeneity, such
as a local dust concentration in a warped, spiral-armed disk or
density enhancement by a companion star (Grinin et al. 1998),
that gives rise to the characteristic light curve seen in GM Cep.

In conclusion, our photometric monitoring of GM Cep
confirms its UXor nature. Moreover, the light curves and
color variations suggest a density inhomogeneity of dust in
the young stellar disk. Such enhanced density contrast may
be a signpost of the transition phase from grain growth to
the onset of planetesimal formation. GM Cep may not be an
isolated example, and intense monitoring should be carried
out for young stars known to exhibit abrupt light variations.
Further characterization of the clumpy disk of GM Cep, e.g., by
polarization, infrared spectroscopy, and high angular resolution
submillimeter imaging, at epochs in and out of the occultation,
should shed light on our hypothesis of this interesting young
star.
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ABSTRACT

We present time-resolved broadband observations of the quasar 3C 279 obtained from multi-wavelength campaigns
conducted during the first two years of the Fermi Gamma-ray Space Telescope mission. While investigating the
previously reported y-ray/optical flare accompanied by a change in optical polarization, we found that the optical
emission appears to be delayed with respect to the y-ray emission by about 10 days. X-ray observations reveal a
pair of “isolated” flares separated by ~90 days, with only weak y-ray/optical counterparts. The spectral structure
measured by Spitzer reveals a synchrotron component peaking in the mid-infrared band with a sharp break at the far-
infrared band during the y-ray flare, while the peak appears in the millimeter (mm)/submillimeter (sub-mm) band
in the low state. Selected spectral energy distributions are fitted with leptonic models including Comptonization of
external radiation produced in a dusty torus or the broad-line region. Adopting the interpretation of the polarization
swing involving propagation of the emitting region along a curved trajectory, we can explain the evolution of the
broadband spectra during the y -ray flaring event by a shift of its location from ~1 pc to ~4 pc from the central black
hole. On the other hand, if the y-ray flare is generated instead at sub-pc distance from the central black hole, the far-
infrared break can be explained by synchrotron self-absorption. We also model the low spectral state, dominated by
the mm/sub-mm peaking synchrotron component, and suggest that the corresponding inverse-Compton component
explains the steady X-ray emission.

Key words: galaxies: active — galaxies: jets — gamma rays: galaxies — quasars: individual (3C 279) — radiation
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mechanisms: non-thermal — X-rays: galaxies
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1. INTRODUCTION

Blazars are active galactic nuclei characterized by highly lu-
minous and rapidly variable continuum emission at all observed
bands. The most commonly accepted scenario has their broad-
band emission Doppler-boosted by a relativistic jet pointing
close to our line of sight (e.g., Ulrich et al. 1997). While the jet
emission usually dominates the observed broadband spectrum,
the optical/ultraviolet (UV) and infrared (IR) spectra often also
reveal signatures of the central engine: broad emission lines, and
in some cases, quasi-thermal optical/UV emission and IR dust
emission, indicating the presence of an accreting supermassive
black hole. Most viable current models for the origin of such jets
involve conversion of the gravitational energy of matter flow-
ing onto the black hole to the kinetic energy of the relativistic
outflow or tapping the rotation energy of a spinning black hole.
However, the conversion process itself is not well understood,
and many additional questions regarding the dissipation region
of the jet’s energy into radiation and, in particular, its location
remain unanswered.

Major advances in understanding blazars came as a result of
the discovery by the EGRET instrument on board the Compton
Gamma-Ray Observatory (CGRO) that they are strong y-ray
emitters, with y-rays dominating radiative output (Hartman
et al. 1999). With this, multi-band observations, including the
y-ray band, hold the promise of answering many outstanding
questions regarding the structure of the relativistic jets of
blazars.

3C 279 (z = 0.536; Lynds et al. 1965) is in fact one of the
first y -ray blazars discovered by EGRET in 1991 (Hartman et al.
1992). The y-ray signal had been significantly detected in each
observation by EGRET since its discovery (see, e.g., Hartman
et al. 2001a), with the flux having ranged over roughly two
orders of magnitude, from ~10~7 up to ~10~> photons cm 2 s~!
above 100 MeV (Maraschi et al. 1994; Wehrle et al. 1998),
and a factor of two variation on timescales as short as 8 hr.
The photon index in the EGRET y-ray band ranged from
1.8 to 2.3 (Nandikotkur et al. 2007). On a few occasions,
3C 279 was also detected at lower energies by CGRO’s OSSE

(50 keV-1 MeV; McNaron-Brown et al. 1995) and COMPTEL
(0.75-30 MeV; Hermsen et al. 1993; Collmar et al. 2001)
instruments, indicating that the y-ray emission forms a broad
peak in the v F, representation. In 2008 July, the AGILE satellite
observed a y-ray flare associated with the source with 11.1o
significance (Giuliani et al. 2009), with an average flux above
100 MeV of (21.0 £ 3.8) x 10~7 photons cm~2 s~! and the
photon index of 2.22 4+ 0.23 between 100 and 1000 MeV. In
the very high energy (VHE) y-ray regime above 100 GeV,
the imaging atmospheric Cherenkov telescope MAGIC detected
flares twice in 2006 February (Albert et al. 2008) and in 2007
January (Aleksi¢ et al. 2011), which made this source the most
distant currently known VHE y-ray emitter.

Optical and UV observations of the source in relatively low
states—when the jet emission was relatively faint—allowed a
study of the accreting black hole and the associated accretion
disk. The luminosity of the accretion disk was estimated to be
Lp ~ 2 x 10% erg s~! (Pian et al. 1999). The mass of central
supermassive black hole was estimated to be in the range of
(3-8)x 10% M, using the luminosity of optical broad line (Woo
& Urry 2002) or the Hg line width (Gu et al. 2001). Those values
are similar to the estimates based on the luminosity of the host
galaxy (Nilsson et al. 2009).

3C 279 contains a compact radio core, associated with time-
variable jet-like structure. Radio observations at 43 GHz by Very
Long Baseline Array (VLBA) between 1998 March and 2001
April revealed superluminal motion of the jet with apparent
speeds that range from 5S¢ to 17¢ (Jorstad et al. 2004, 2005).
Those observations also allowed an estimate of the Lorentz
factor of the jet flow of I} = 15.5 £ 2.5 and of the viewing
angle of the jet ©y = 2°1 & 121, corresponding to a Doppler
beaming factor of § = 24.1 & 6.5. A change of the trajectory
of a jet component has also been reported in radio observations
with VLBA (Homan et al. 2003). Those authors estimated the
jet component to be moving with a Lorentz factor I'; 2 15 at an
initial viewing angle of <1°.

The broadband spectral energy distribution (SED) of the
source is characterized by a two-bump structure, similar to
many other y-ray blazars. In the context of widely accepted
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leptonic models, the lower-frequency bump, peaking at the
far-IR and extending to the extreme UV band, is commonly
ascribed to synchrotron radiation from relativistic electrons in
the jet. The second bump, spanning from the X-ray to the
y-ray band with a peak in the MeV-GeV range, is believed
to be generated via inverse-Compton scattering, presumably
by the same population of particles that radiate at lower
energies via the synchrotron process. The seed photons for the
Compton scattering can be synchrotron photons (synchrotron
self-Compton: SSC; Maraschi et al. 1992; Bloom & Marscher
1996), accretion disk photons (external Compton scattering
of direct disk radiation: ECD; Dermer et al. 1992; Dermer
& Schlickeiser 1993) and accretion disk photons re-scattered
by the broad-line region clouds/intercloud medium (ECC;
Sikora et al. 1994; Blandford & Levinson 1995), or infrared
radiation from a torus located beyond the broad-line region
(ERC-IR; Sikora et al. 1994). Specific to 3C 279, multi-
wavelength snapshot observations for several epochs including
y-rays were presented in Hartman et al. (2001a). Those authors
explained the overall spectra using the leptonic model, where the
X-ray photons are mainly produced by SSC, and both ECD and
ECC contribute to the y-ray emission. Spectral variability was
explained by variations of the bulk Lorentz factor of the jet,
accompanied by changes in the spectral shape of the electron
distribution.

The optical variability of 3C 279 is extreme: in 1937,
it showed optical (B) magnitude of 11.27 (Eachus & Liller
1975), making it one of the most luminous active galaxies ever
recorded. The strong variability recorded in all bands provides
an opportunity to establish the relationship between emission
in those bands, and thus can be used to constrain theoretical
models of physical regions of the jet responsible for such
emission. Many such multi-wavelength campaigns have been
conducted (see, e.g., Maraschi et al. 1994; Wehrle et al. 1998;
Larionov et al. 2008; Collmar et al. 2010), but they have not
revealed a simple relationship between the variability in various
bands: radiation in different spectral regimes does not always
rise and fall simultaneously, although the periods of increased
rapid activity in all bands seem to last for several months, and
take place when the source is relatively bright. A recent paper by
Chatterjee et al. (2008) presents the results of the monitoring of
3C 279 for 11 years in radio, optical, and X-rays, and discusses
the details of the jet structure based on multi-band correlation
studies. However, due to the lack of deployed instruments,
long-term monitoring observations could not include the y-ray
regime, where the source often shows stronger variability than
in other bands.

The launch of the Fermi Gamma-ray Space Telescope on 2008
June 11 has rejuvenated multi-band studies of blazars. The Large
Area Telescope (LAT; Atwood et al. 2009) instrument on board
Fermi can monitor all y-ray sources on the sky with its a wide
field of view and a much larger effective area compared to ear-
lier y-ray missions. Taking advantage of this new instrument for
y-ray observations, we have organized intensive multi-
wavelength campaigns for 3C 279 from radio to the high-energy
y-ray energy ranges. Many ground-based telescopes (cm, mm,
near-IR, and optical) and various satellites (IR, UV, X-ray, hard
X-ray, and high-energy y -ray) participated in this campaign. We
reported the first results of the campaign in Abdo et al. (2010b,
hereafter Paper 1), where we discovered the dramatic change of
the optical polarization coincident with the y-ray flare. Here,
we provide details of the multi-band observations and the inter-
pretation of those data for the two-year interval between 2008
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August and 2010 August. In Section 2, we present and briefly
discuss the features of the LAT y-ray data; in Section 3, we
present the data in lower energy bands. Section 4 highlights the
features of time series measured in various bands including their
cross-correlations, and the general properties of the broadband
SED. In Section 5, we provide viable emission models for the
source in the context of leptonic scenarios.

2. FERMI-LLAT DATA AND RESULTS

Fermi-LAT is a pair-production telescope with large effective
area (8000 cm? on axis at 1 GeV for the event class considered
here), and large field of view (2.4 sr at 1 GeV), sensitive to y-rays
in the energy range from 20 MeV to >300 GeV. Information
regarding on-orbit calibration procedures is given in Abdo et al.
(2009a). Fermi-LAT normally operates in a scanning “sky-
survey” mode, which provides a full-sky coverage every two
orbits (3 hr). For operational reasons, the standard rocking angle
(defined as the angle between the zenith and the center of the
LAT field of view) for survey mode was increased from 35° to
50° on 2009 September 3.

2.1. Observation and Data Reductions

The data used here comprise two-year observations
obtained between 2008 August 4 and 2010 August 6
(MJD 54682-55414). We used the standard LAT analysis soft-
ware, ScienceTools v9r21. The events were selected using
so-called diffuse class events. In addition, we excluded the
events with zenith angles greater than 100° to avoid the contami-
nation of the Earth-limb secondary y radiation. The events were
extracted in the range between 200 MeV and 300 GeV within
a 15° acceptance cone of the region of interest (ROI) centered
on the location of 3C 279 (R.A. = 1952047, decl. = —5°789,
J2000). Below 200 MeV, the effective collection area of LAT
for the diffuse class events drops very quickly and thus larger
systematic errors are expected. The y-ray flux and spectrum
were calculated using the instrument response function (IRF)
of “P6_V11_DIFFUSE” by an unbinned maximum likelihood
fit of model parameters. We examined the significance of the
y-ray signal from the sources by means of the test statistic (TS)
based on the likelihood ratio test.>* The background models in-
cluded a component for the Galactic diffuse emission along the
plane of the Milky Way, which was modeled by the map cube
file “gll_iem_v02_P6_V11_DIFFUSE.fits.” An isotropic com-
ponent (isotropic_iem_v02_P6_V1I1_DIFFUSE.txt) was also
included to represent the extragalactic diffuse emission and
residual instrumental background. Besides those components,
the model in our analysis also included the emission from all
nearby point sources inside the ROI from the first Fermi-LAT
catalog (1IFGL: Abdo et al. 2010c). The spectra of those sources
were modeled by power-law functions except for a pulsar IFGL
J1231.1-1410 (=PSR J1231-1411), for which we included an
additional exponential cutoff in its spectral modeling. During
the spectral fitting, the normalization factors of the Galactic
diffuse and isotropic components and the nearby sources were
left as free parameters, and the photon indices of the nearby
sources were fixed to the values from the 1FGL catalog except
for 3C 273, whose photon index was allowed to vary freely. In
the light curve analysis, we considered only two bright sources in
the background model as nearby point sources, namely, 3C 273

54 TS = 25 with two degrees of freedom corresponds to an estimated ~4.6¢
pre-trials statistical significance assuming that the null-hypothesis TS
distribution follows a x? distribution (see Mattox et al. 1996).
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Figure 1. Gamma-ray light curves of 3C 279 during the first two years of the Fermi-LAT observations from 2008 August to 2010 August, plotted in (a) one day
intervals at energies above 200 MeV, (b) three day intervals at energies above 200 MeV, (c) one week intervals at energies above 200 MeV, (d) one week intervals at
energies between 200 MeV and 1 GeV, (e) one week intervals at energies above 1 GeV. The panel (f) shows the history of the photon index at energies above 200 MeV

in one week intervals, while the panel (g) shows arrival time distribution of >20 GeV

events associated with 3C 279. The vertical axis of the panel (g) represents the

estimated energy of events. The highest energy photon corresponds to 30.8 GeV at MJD 54891. The dotted lines and capital letters represent time intervals where

y-ray spectra are extracted (see also Table 1).
(A color version of this figure is available in the online journal.)

and 1FGL J1231.1-1410, because other nearby sources had a
negligible contribution to y-ray signal, especially in such rela-
tively short timescales (shorter than a week) for the light curves
considered here. The fluxes used for the light curve were calcu-
lated by a simple power-law model fit using data in the given
energy ranges.

2.2. Temporal Behavior

The y-ray light curve measured by Fermi-LAT can be seen
in Figure 1. The figure shows the flux history above 200 MeV
averaged over (a) one day intervals, (b) three day intervals, and
(c) one week intervals. It also includes one week light curves
of (d) the flux between 200 MeV and 1 GeV, (e) the flux above
1 GeV, and (f) the photon index in the range above 200 MeV.

The y-ray flux clearly shows variability. The source showed
high-flux states between MJD 54700 and 54900, in which two
prominent flares can be seen: one of the flares at ~MJD 54800
and the other at ~MJD 54880. During the second flare, a change
in the optical polarization associated with a y-ray flare was dis-
covered (Paper I). We detected some flux variability between
MIJD 55000 and 55120, but after that, the source remained in
a relatively low activity state until the end of the period con-
sidered in this paper. During this two-year period, the highest
integral flux above 200 MeV occurred on MJD 54880 in the
one day interval light curve with flux of Fg.opomev =(11.8 &
1.5) x 1077 photons cm™2 s~ and TS =306. By extrapolat-
ing the spectrum down to 100 MeV, an integral flux above
100 MeV on that day yields Fg-iopomev =(31.0 £ 6.0) x
10~7 photons cm™2 s~!, which is still a factor of 3—4 times lower

<92>



THE ASTROPHYSICAL JOURNAL, 754:114 (22pp), 2012 August 1

LOG rms?/(mean? day™)

-2 E 1 1 1 13- ]
-3.0 25 2.0 -1.5 -1.0 -0.5
LOG FREQUENCY (day™)

Figure 2. Power density spectrum of 3C 279 for the three day binned y-ray
light curve. The white noise level has been subtracted. The solid line histogram
describes the PDS averaged in logarithmic frequency bins while the dotted curve
describes the raw PDS before binning. The dashed line represents a linear fit to
the binned PDS.

than the flux of the brightest flare (~1 x 10~ photons cm ™2 s~!)
detected during the EGRET observations of the source (Wehrle
et al. 1998; Hartman et al. 2001b).

We quantified the flux variability using one week interval
data for energies above 200 MeV (full band), between 200 MeV
and 1 GeV (soft band), and above 1 GeV (hard band). This
is based on the “excess variance” method (Nandra et al. 1997,
Edelson et al. 2002) after subtracting the contribution expected
from measurement errors (oe;). Using the mean square error
(0err.i)» the excess variance Fy, can be described as (Vaughan
et al. 2003)

52 — (Uen,i)z

Foor = (F>2

, ey

where S is the variance of the flux, and (F) is the mean value
of the flux. The definition of associated error can be found in
Vaughan et al. (2003). In the calculation, we excluded bins of
8, 82, 87, and 90 because the fit in the hard band failed due
to poor statistics of the data samples. Resulting F\, values
are 0.695 £ 0.015, 0.648 £ 0.017, and 0.839 =+ 0.030 for the
full, soft, and hard bands, respectively. The resulting values
indicate that the flux of the hard band showed significantly
stronger variability than that of the soft band. For comparison,
Fyar = 0.79 £0.02 for £ > 300 MeV has been reported during
the first 11 months of the Fermi scientific mission (Abdo et al.
2010f), when the source has clearly been more active.

A power density spectrum (PDS) for the three day binned
light curve was calculated using a Fourier transform and is
shown in Figure 2. The power density was normalized to
fractional variance per frequency unit (rms®> 172 day~') and
the PDS points were averaged in logarithmic frequency bins.
The white noise level was estimated from the rms of the flux
errors and was subtracted from the PDS. A slope of 1.6 0.2
was obtained from a linear fit to the binned PDS for frequencies
up to 0.1 day~'. The main uncertainty in the estimated PDS
slope is due to the stochastic nature of the variability which
leads to variations in the determined slope between different
time-limited observations. An additional effect which can cause
a systematic bias in the observed PDS slope is the red noise
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leakage (e.g., Chatterjee et al. 2008). In the present analysis this
effect is not taken into account.

Figure 3 shows plots of flux versus photon index (I') based
on the weekly light curve results above 200 MeV (full band),
between 200 MeV and 1 GeV (soft band), and above 1 GeV
(hard band). The data that have TS > 10 were selected for the
plots and are shown in gray points. An average photon index was
calculated by fitting a constant value in each plot, corresponding
to I'oopomev = 2.334 £+ 0.015, I'ygomev—iGgev = 2.20 = 0.03,
and I'. | gev = 2.48 £ 0.04 for the full, soft, and hard bands,
respectively. The average photon index in the soft band shows
a significantly harder spectrum than that in the hard band.

We also derived photon indices resulting from an analysis
where the data were sorted in five bins using week-long fluxes
for each energy band, and plotted the results as red points. Those
photon indices of each flux bin are also shown in the insets in
Figure 3. For the full band, although the change of the photon
index is rather small (AT" ~ 0.2) compared to the flux varia-
tion (spanning about an order of magnitude), a weak “harder
when brighter” effect can be seen. Such an effect was also
measured in other LAT blazars (Abdo et al. 2010e). The soft
band also shows the weak “harder when brighter” effect with
a slightly larger change of the photon index (A" ~ 0.4). On
the other hand, the photon index of the hard band changes only
sightly (A" ~ 0.1) and is statistically consistent with a constant
value.

2.3. Highest Energy Photons

During the two year observations, the highest energy photon
associated with 3C 279 was detected at MJD 54891.60745 with
an estimated energy of 30.8 GeV. The event was converted in
the front-thin layers (so-called front event) of the LAT detector
and still remains even when we apply the cleanest event se-
lection (so-called data clean event), which was developed for
studying extragalactic y-ray background (Abdo et al. 2010g).
The reconstructed arrival direction of the event is 5.7 (= 02095)
away from 3C 279, and is within the 68% containment radius
of the LAT point-spread function (PSF; 02114 in the IRF of
“P6_V11_DIFFUSE”) for front events at 30.8 GeV. Based on
our model fit of the epoch which contains that highest energy
photon, we find the probability that the photon was associated
with 3C 279 (as opposed to all other sources in the model in-
cluding the diffuse emission and nearby point sources) is 88.6%.

In total, we found 10 events with estimated energies higher
than 20 GeV within an 0225 radius centered at 3C 279. All
events lie within a 95% containment radius of the LAT PSF
from 3C 279 and remain even after the “data clean selection”
applied. The number of expected background events above
20 GeV within the 0225 radius at the location of 3C 279 for
the two year observations is only 0.16 events. The bottom panel
of Figure 1 plots the arrival time distribution of those 10 events.
All events except for two were detected between MJD 54780 and
54900 during the high-activity states. No photon above 20 GeV
associated with 3C 279 has been detected after MJD 54914
during the two year observations.

2.4. Gamma-Ray Spectra

We extracted the y-ray spectra using data for the entire
two-year period and following eight sub-periods (see also
Table 1): (A) the initial quiescent state in the y-ray band
(MIJD 54682-54728), (B) the first y-ray flaring state (MJD
54789-54809), (C) an intermediate state (MJD 54827-54877),
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(A) > 200 MeV

(B) 200 MeV - 1 GeV

(C)>1GeV
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Figure 3. Plots of the integrated y-ray flux vs. photon index of 3C 279 measured in week-long bins for energies above 200 MeV (A), between 200 MeV and 1 GeV
(B), and above 1 GeV (C). Only points with TS > 10 are plotted (gray points). The blue dotted horizontal lines indicate average photon indices of those data for each
energy band. Red points show the photon indices resulting from an analysis where the data were sorted in five bins using week-long fluxes for each energy band. For
the red points, the horizontal bars indicate the ranges of the week-long flux bins while the vertical bars indicate 1o statistical errors. The insets show enlarged views
of the red points as well as the average photon index of each energy band.

(A color version of this figure is available in the online journal.)

Table 1

Results of Spectral Fitting in the y-Ray Band Measured by Fermi-LAT
Period Gamma-Ray Spectrum (Fermi-LAT) Flux (>100 MeV)
(MID) Fitting Model® T'/a/Ty B/ Epr (GeV) TS —2ALb (1077 photons cm=2 s~ 1)
2 years PL 2.38 +£0.02 .. 20272 . 6.10 £ 0.13
2008 Aug 4-2010 Aug 6 LogP 2.18 £0.03 0.08 £ 0.01 ... 20267 46.5 5.18 £0.16
(54682-55414) BPL 2.314+0.02 295 +0.12 35+03 20286 43.0 5.76 £ 0.15
Period A PL 2.30 £ 0.07 ... 797 N 3.7+04
2008 Aug 4-2008 Sep 19 LogP 2.19 £ 0.15 0.04 £ 0.05 . 797 0.7 33+£05
(54682-54728) BPL 2.21 £0.09 2.82 £ 0.40 34+£08 798 2.5 34+04
Period B PL 2.28 £0.04 .. 3209 . 19.0+ 1.1
2008 Nov 19-2008 Dec 9 LogP 1.95 £0.10 0.13 £0.04 ... 3214 13.6 150+ 13
(54789-54809) BPL 2.00 £ 0.10 2.61 £0.11 1.0+02 3215 13.7 158+1.3
Period C PL 2.25+0.04 ... 4107 ... 10.0£0.5
2008 Dec 27-2009 Feb 15 LogP 2.05£0.08 0.08 £ 0.03 ... 4110 8.2 8.6 £0.6
(54827-54877) BPL 2.07 £0.08 2.43 £0.08 1.0£0.2 4109 8.2 89+0.6
Period D PL 2.36 £ 0.08 ... 1236 . 23.6£2.3
2009 Feb 18-2009 Feb 23 LogP 2.16 £0.16 0.09 £ 0.06 ... 1234 2.0 202+28
(54880-54885) BPL 225+0.12 291 £0.61 23+21 1235 29 21.8£2.6
Period E PL 2.64 £0.32 ... 61 ... 63+£25
2009 Mar 7-2009 Mar 10 LogP 2.64 £0.32 0.00 £ 0.00 61 0.0 63+25
(54897-54900)
Period F PL 2.54+0.24 .. 85 . 35+12
2009 Apr 29-2009 May 9 LogP 2.544+0.24 0.00 & 0.00 85 0.0 35+12
(54950-54960)
Period G PL 2.44 4+0.13 ... 460 . 18.8+£2.9
2009 Jul 30-2009 Aug 2 LogP 2.37+£0.25 0.03 £0.10 460 0.1 17.7£4.0
(55042-55045)
Period H PL 283 £0.11 ... 398 ... 37+05
2010 Feb 13-2010 May 3 LogP 2.56 +0.23 0.16 £0.13 . 399 1.9 29+0.6
(55240-55319) BPL 272 £0.43 3.47 £0.57 1.6 £0.5 399 1.6 34+1.7

Notes.

2 PL: power-law model; LogP: log parabola model; BPL: broken power-law model. See definitions in the text.
b AL represents the difference of the logarithm of the likelihood of the fit with respect to a single power-law fit.

(D) the first five days of the second y-ray flaring event
(MJD 54880-54885), (E) the last three days of the second
y-ray flaring event (MJD 54897-54900), (F) during the isolated
(first) X-ray flaring event (MJD 54950-54960; see Section 4),
(G) during the second X-ray flaring event (MJD 55042-55045;
see Section 4), and (H) a quiescent state (MJD 55240-55319).
Those sub-periods were also selected taking into account ob-

servations in other energy bands. SEDs in the y-ray band for
each sub-period are presented in Figure 4. Each y-ray spectrum
was modeled using a simple power-law (PL; dN/dE o E™"),
a broken power-law (BPL; dN/dE ET for E < Epg
and dN/dE o E~2 otherwise), and a log parabola (LogP;
dN/dE o (E]Ey)~*#leE/E)) model. In the case of LogP
model, the parameter B represents the curvature around the
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Figure 4. Gamma-ray spectral energy distributions of 3C 279 of each period as
defined in the text or Table 1. Two-year averaged (black filled circles), Period A
(magenta open circles), Period B (brown filled triangles), Period C (orange open
triangles), Period D (red filled squares), Period E (green open squares), Period
F (pink filled diamonds), Period G (cyan open diamonds), and Period H (blue
crosses). The vertical bars indicate 1o statistical errors while the horizontal bars
indicate energy ranges of each bin. The best-fit spectral models are plotted as
dotted lines for each period and their parameters are summarized in Table 1.
We use the broken power-law model for the spectra of two years, Period B,
and Period C because significant improvements in the spectral fits can be seen
compared to the simple power-law model (see Table 1) while the simple power-
law model is used for other periods. The lower panel shows the residuals, plotted
as x (= (data — model)/data error) from the best-fit models. A “dip” feature at
~1-2 GeV in the spectrum of Period G (the third point in cyan) is a < 20 effect
from the best-fit model, thus not statistically significant.

(A color version of this figure is available in the online journal.)

peak. We note that the choice of the reference energy Ej in the
LogP model does not affect the determination of the other two
model parameters, and hence we fixed it at 300 MeV.

The best-fit parameters calculated by the fitting procedure are
summarized in Table 1. The integral fluxes above 100 MeV>>
derived using each spectral model are also included. The
averaged y-ray spectral shape for the two year observation
significantly deviates from a single power law. A LogP model
is favored to describe the y-ray spectral shape over the simple
PL model with the difference of the logarithm of the likelihood
fits’°—2AL = 46.5 (corresponding to a significance level of
~7U),57 and a BPL fit yields —2AL = 43.0. Even in some
individual periods as defined above, the spectra deviate from
a single power law: for example, the spectrum in the Period
B yields —2AL = 13.6. This is consistent with our finding
in Section 2.2 that the spectrum above 1 GeV is significantly

55 Although we use photon data from 200 MeV, the integral fluxes are
extrapolated down to 100 MeV, which is convenient to compare with other
y-ray results.

36 _2AL = —21log(L0/L1), where LO and L1 are the maximum likelihood
estimated for the null and alternative hypothesis, respectively.

57 Because the LogP model has one more free parameter than the PL model
has, the —2AL distribution follows a X2 distribution with one degree of
freedom.
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softer than the spectrum below 1 GeV. We thus conclude that the
y-ray spectrum significantly deviates from a simple power law.
The spectral break in 3C 279 is not as pronounced as that seen
in the spectra, e.g., of 3C 454.3 (Ackermann et al. 2010). One
the other hand, the BPL model returns break energies within
a few GeV range regardless of the flux levels as observed in
other bright FSRQs, such as 3C 454.3 and 4C+21.35 (Tanaka
et al. 2011). Such a spectral feature could be due to y—y
absorption to pair production by He1r Lyman recombination
continuum UV photons from the emission line region (see, e.g.,
Poutanen & Stern 2010), or a break in the electron distribution
(Abdo et al. 2009b). We consider the y-ray emission region to
be located significantly beyond the broad emission region (see
the Discussion in Section 5), and this implies that the break in
the electron energy distribution is the more likely explanation.

3. MULTI-WAVELENGTH OBSERVATIONS
AND DATA REDUCTION

3.1. X-Ray and Hard X-Ray: Suzaku

The Suzaku X-ray satellite (Mitsuda et al. 2007) observed
3C 279 as a part of multi-band studies of the object. The obser-
vations took place in two segments, with an interruption lasting
roughly 1.5 days: (1) between 2009 January 19, 23:19:00 and
2009 January 22, 22:32:00 UTC (sequence number 703049010),
and (2) between 2009 January 23, 20:45:00 and 2009 January
25, 03:00:00 UTC (sequence number 703049020). “Period C”
(see Table 1) includes both Suzaku observations. The goals of
the Suzaku observations were to monitor the soft-medium X-ray
flux (0.3-12 keV) of the source with the X-ray Imaging Spec-
trometer (XIS; Koyama et al. 2007) and to take advantage of the
data from the Hard X-ray Detector (HXD; Takahashi et al. 2007).
The HXD consists of PIN silicon diodes for the lower energy
band (10-70 keV) and GSO scintillators for the higher energy
band (40-600 keV), to extend the spectral bandpass beyond the
energies accessible with imaging instruments (>10 keV). The
HXD nominal position was used for the observations to maxi-
mize its effective area. In the following analysis, the HXD/GSO
data were not used because there was no significant detection of
the source.

Although the observation conditions were nominal, the XIS1
data suffered from somewhat high and variable background, re-
sulting in the total apparent counting rate ranging from one to
three counts s~! in source-free regions for the entire chip. Still,
the background-subtracted spectrum determined from the XIS1
data below 8 keV was entirely consistent with that from XISO
and XIS3 and thus we included the background-subtracted XIS1
data in the spectral fitting. The total duration of good data accu-
mulated by the XIS instruments was 191 ks. We used the stan-
dard ftools data reduction package, provided by the Suzaku
Science Operations Center, with the calibration files included in
CALDRB ver. 4.3.1. For the analysis of spectra and light curves,
we extracted the counts from a region corresponding to a circle
with 260" radius, centered on the X-ray centroid; we used a
region of a comparable size from the same chip to extract the
background counts. The net count rates were 0.47, 0.63, and
0.56 count s~! for XISO, XIS1, and XIS3, respectively, with
the typical count rate uncertainty in the entire observations of
~3%. The data indicate no significant variability during the
Suzaku observations.

The source was also detected in the HXD/PIN data, although
the signal was relatively weak. We used the standard cleaned
events, processed using the standard criteria applicable to
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the rev. 2.13 of the Suzaku HXD data processing software.
This yielded 95.4 ks of good data, with a total count rate
of 0.3 counts s~'. For the background subtraction, we used
the standard background files provided by the Suzaku team
through HEASARC. We applied the standard tool hxdpinxbpi
which accounts for the particle background as well as for the
contribution of the cosmic X-ray background as appropriate
for the effective area and the solid angle of the HXD. The net
counting rate was 0.02 counts s~!, with the formal statistical
uncertainty of ~10%. We note that this formal uncertainty
is probably lower than the standard systematic error due to
the background subtraction of 3% of the average background
(corresponding to 0.01 counts s~!). Nonetheless, even if the
additional uncertainty is included, the source was still detected
by the HXD/PIN.

For the spectral analysis, we used the XSPEC spectral analysis
software. For the spectral fitting of the XIS data, we used the
standard redistribution files and mirror effective areas generated
with Suzaku-specific tools xisrmfgen and xissimarfgen.
In the spectral fits, we used the counts corresponding to
the energy range of 0.5-10.0 keV for XISO and XIS3, and
0.5-8.0 keV for the XIS1. We used all three XIS detectors
simultaneously, but allowed for a small (a few %) variation
of normalization. For the HXD/PIN data, we considered the
data in the range of 20-50 keV and used the response file
ae_hxd_pinhxnome5_20080716.rsp.

The source spectrum was modeled as an absorbed power law,
with the cross-sections and elemental abundances as given in
Morrison & McCammon (1983); other absorption models give
similar results. The best-fit absorbing column was (3.1 +0.5) x
1029 ¢cm~2, and the photon index was 1.76 & 0.01. Inclusion of
the HXD/PIN data in the fit did not change the fit parameters
perceptibly. The x?2 for the fit including the three XIS detectors
and the HXD/PIN was acceptable, with 5061 for 5023 channels.
The absorption inferred from the simple absorbed power-law
model is marginally greater than the value inferred from the
radio measurements of the column density of the material in the
Galaxy of 2.0 x 10%° cm~2 (with an estimated error of ~10%;
Kalberla et al. 2005). We deem the difference not significant,
since at such small column densities, it can be accounted for
by even small systematic uncertainty in the knowledge of the
effective area of the XIS instruments at the lowest end of the
XIS bandpass. Furthermore, a modest additional column density
is expected in the host galaxy of 3C 279. The observed model
2-10 keV flux is 8.0 x 107'% erg cm™2 s~!, with the statistical
error of <2%, which is probably smaller than the systematic
error resulting form the calibration uncertainty of the Suzaku
instruments. We plot the Suzaku 3C 279 spectra in Figure 5.

3.2. X-Ray: XMM-Newton

XMM-Newton observed 3C 279 once starting on 2009 January
21, 17:28 UT. The observation was largely devoid of flares
(except for the period close to the end of the observation), and
the total length of good data accumulated in the pointing was
16.8 ks. We used the standard Scientific Analysis System (SAS)
data reduction package, provided by the XMM-Newton Science
Operations Center. Since 3C 279 is a relatively bright source, we
considered only the pn-CCD data. We note here that the spectra
and light curves taken by MOS-CCDs were entirely consistent
with the results inferred from the pn-CCD data.

For the analysis of spectra and light curves, we extracted the
counts from within 40” radius of the source; we used a region
of the same size, from the same pn-CCD chip, to extract the
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Figure 5. Count spectra of 3C 279 measured by Suzaku XIS0 (black), XIS1(red),
XIS3 (green), and HXD/PIN (blue). The model plotted with the data is a broken
power law obtained by fitting these three XISs and HXD/PIN data. The lower
panel shows the residuals for this broken power-law model.

(A color version of this figure is available in the online journal.)

background counts. The data indicate no significant variability
during the XMM-Newton observation. The spectral analysis
was performed using the XSPEC v.12 spectral analysis software
with the standard redistribution files and mirror effective areas
included in the SAS package. We used the counts corresponding
to the energy range of 0.5-10.0 keV in our spectral fits.

The source spectrum was first modeled as an absorbed power
law; the best-fit absorbing column was (2.2 40.6) x 102 cm~2,
and the photon index was 1.77 £ 0.03, with X2 of 588 for
517 dof. The result is consistent with the spectral analysis results
of the Suzaku observations as described in the previous section,
which were performed during the same period as the XMM-
Newton observation. We also considered a broken power-law
model and found that the overall intrinsic source spectrum
hardens with increasing energy. The absorbing column was
(3.440.7) x 10*° cm~2, and the low- and high-energy indices
were, respectively, 1.83 4 0.05 and 1.55 £ 0.2 with the break
energy of 4.1 4 0.8 keV. The resulting x> was 563, for 515 dof.
The broken power-law model is statistically only marginally
superior to the simple power-law model, especially given that
the absorption inferred form the simple power-law model is
closer to the value inferred from Kalberla et al. (2005). For
either model, the 2-10 keV flux is 7.7 x 10! erg ecm™2 57!,
with a statistical error of 5%, which is probably smaller than
the systematic error resulting form the calibration uncertainty
of the XMM-Newton pn-CCD.

3.3. X-Ray: RXTE-PCA

RXTE carried out 321 observations between 2008 July 3
(MJD 54650) and 2010 August 12 (MJD 55420). Those include
52 observations based on the Cycle 12 Guest observer (GO)
program and 269 observations based on the Core program in
Cycles 12-14. The fluxes resulting from the Cycle 12 GO
observations have been already reported in Paper I. Most of
the individual observations have exposure times in a range
from 1.0 to 2.5 ks. We analyzed the data from the Proportional
Counter Array (PCA) following standard procedures using the
rex script in HEASOFT v.6.9. Only signals from the top layer
(X1L and X1R) of PCU2 were extracted for data analysis. The
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data were screened with the following data selection: source
elevation above the horizon >10°, pointing offset smaller than
0202, at least 30 minutes away from a South Atlantic Anomaly
(SAA) passage and electron contamination smaller than 0.1.
The background was estimated with standard procedures, and
the detector response matrices were extracted with the RXTE
tools (command PCARSO v.11.7.1). For the spectral analysis
we re-binned the spectra into 11 channels. The spectra from the
channels corresponding to nominal energies of 2.6-10.5 keV
are adequately fitted by a single power-law model, absorbed by
a fixed Galactic column density of 2.2 x 10%° cm~2 using the
XSPEC v.12 software package. The value of the column density
is based on our XMM-Newton results (in Section 3.2) and is also
consistent with the value based on Kalberla et al. (2005).

3.4. X-Ray: Swift-XRT

In the HEASARC database,’® there are 80 publicly available
Swift X-Ray Telescope (XRT) observations between 2008 July 3
(MJD 54650) and 2010 August 12 (MJD 55420), which include
32 pointings based on an approved GI proposal in Cycle 4
(Proposal number: 5080069). The results of the flux history
based on the data until 2009 May 31 have already reported
in Paper 1. Effective exposure times of these observations
range between 1 and 3 ks, but some have longer exposure
times, for example, 8.9 ks for ID:35019007 (MJD 54795),
22.5 ks for ID:35019009 (MJD 54797), 20.2 ks for ID:35019010
(MJD 54799), and 15.4 ks for ID:35019011 (MJD 54800). The
XRT was used in the photon counting mode, and no evidence of
pile-up was found. The XRT data were reduced with the standard
software xrtpipeline v.0.12.6, applying the default filtering
and screening criteria (HEADAS package, v.6.10). The source
events were extracted from a circular region, 20 pixels in radius,
centered on the source position. Exposure maps were used to
account for PSFlosses and the presence of dead pixels/columns.
The background was determined using data extracted from a
circular region, 40 pixels in radius, centered on (R.A., decl.:
J2000) = (12"56™26°, —05°49'30"), where no X-ray sources
are found. Note that the background contamination is less than
1% of source flux even in the faint X-ray states of the source.
The data were rebinned to have at least 25 counts per bin, and the
spectral fitting was performed using the energy range between
0.3 keV and 10 keV using XSPEC v.12. The Galactic column
density is fixed at 2.2 x 10%° cm™? during the fittings as is the
case in the RXTE data analysis.

Figure 6 shows a scatter plot between photon index and flux
in the X-ray band as measured by Swift-XRT and RXTE-PCA.
Generally, a “harder-when-brighter” trend can be seen. Only
the highest flux point measured by Swift-XRT shows the photon
index significantly harder (smaller) than 1.5.

3.5. Ultraviolet: Swift-UVOT

The Swift Ultra-Violet/Optical Telescope (UVOT; Roming
et al. 2005) data used in this analysis included all of the obser-
vations performed during the time interval MJD 54650-55420.
The UVOT telescope cycled through each of the six optical and
ultraviolet filters (V, B, U, W1, M2, W2). The UVOT photo-
metric system is described in Poole et al. (2008). Photometry
was computed from a 5” source region around 3C 279 using
the publicly available UVOT FTOOLS data reduction suite. The
background region was taken from an annulus with inner and

38 http:/heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
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Figure 6. Scatter plot of flux vs. photon index of 3C 279 in the X-ray band with

the data taken by Swift-XRT (magenta) and RXTE-PCA (cyan). The horizontal
dotted line represents the photon index value of 1.5.

(A color version of this figure is available in the online journal.)

outer radii of 27”5 and 35", respectively. Galactic absorption
in the direction of 3C 279 was adapted as given in Larionov
et al. (2008), namely, Ay = 0.093, Az = 0.123, Ay = 0.147,
Aw1 = 0.195, Ay = 0.285, and Ay, = 0.271. The measured
magnitudes in each band during the two year observations are
my = 15.6-18.7 (75 data points), mp = 16.0-18.8 (80 data
points), my = 15.1-18.0 (88 data points), my; = 15.3-18.0
(84 data points), myp = 15.4-18.2 (76 data points), and
my, = 15.5-18.0 (81 data points). All observed data points
are shown in Figure 7.

3.6. Optical, Near-infrared, and Radio
Observations by GASP-WEBT

The GLAST-AGILE Support Program (GASP; Villata et al.
2008, 2009) is a project initially originating from the Whole
Earth Blazar Telescope® (WEBT) in 2007. It is aimed to provide
long-term monitoring in the optical (R band), near-IR, and
mm-—cm radio bands of 28 y-ray-loud blazars during the lifetime
of the AGILE and Fermi y-ray satellites.

The observations of 3C 279 in the period considered in this
paper were performed by the observatories listed in Table 2.
The calibrated R-band magnitudes of the source were obtained
through differential photometry with respect to the reference
stars 1, 2, 3, and 5 by Raiteri et al. (1998). Near-IR data in the J,
H, and K filters were acquired at Campo Imperatore and Roque
de los Muchachos (Liverpool). When converting magnitudes
into flux densities, optical, and near-IR data were corrected for
Galactic reddening using Ap = 0.123 mag (Schlegel et al.
1998). We adapted the extinction laws by Cardelli et al. (1989),
and the zero-mag fluxes by Bessell et al. (1998).

For the observations between 2008 August and 2010 August,
the measured R-band magnitude ranged from 14.87 to 17.81
(673 data points). The R-band data have the best time coverage
among the IR-optical-UV bands in our data thanks to the
participation of a number of telescopes. The emission shows
strong variability and the excess variance (Fy,; Equation (1))
of the source R-band flux (i.e., in linear scale) is 0.853 - 0.001.
The near-IR magnitudes in the J, H, and K bands were measured
in ranges of m; = 14.91-15.59 (20 data points), my =
12.04-14.90 (68 data points), and mg = 11.19-13.45 (20 data

3 http://www.oato.inaf.it/blazars/webt
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Figure 7. Light curves of all observed UV-optical-near-IR bands of 3C 279 in measured magnitude scale from 2008 August to 2010 August, including W2
(Swift-UVOT), M2 (Swift-UVOT), W1 (Swift-UVOT), U (Swift-UVOT), B (Swift-UVOT), V (Katana, Swift-UVOT), R (Abastumani, Calar Alto, ST-7, GRT, MDM,
L’ Ampolla, Perkins, SLT, KVA, LT, San Pedro, St. Petersburg, Tijarafe), J (AZT-24, Kanata), H (AZT-24, LT), and K (AZT-24, Kanata) bands.

points). Those data points are shown in Figure 7. The radio flux
densities were measured in ranges of Fsgy, = 8.5-12.4 Jy
(109 data points), Fggu, = 9.1-15.5 Jy (124 data points),
Fl4s5ca, = 10.3-19.4 Jy (118 data points), Fpgu, = 10-22 Jy
(16 data points), Fz;gn, = 10-20 Jy (168 data points),
Fy36u, = 10-22 Jy (20 data points), Fazogn, = 5.1-10.5 Jy
(62 data points), and Fzs5cu, = 6.0-6.8 Jy (7 data points). The
light curves of the radio flux densities in those bands are plotted
in Figure 8.

3.7. Optical and Near-infrared: The Kanata Telescope

We performed the V-, J-, and Ks-band photometry and po-
larimetry of 3C 279 using TRISPEC installed to the 1.5 m
Kanata telescope located in the Higashi—Hiroshima Observa-
tory.

TRISPEC has a CCD and two InSb arrays, enabling pho-
topolarimetric observations in an optical and two near-IR bands
simultaneously (Watanabe et al. 2005). We obtained 64, 42 and
17 photometric measurements in the V, J, and Ks bands, respec-
tively. A unit of the polarimetric observing sequence consisted
of successive exposures at four position angles of a half-wave

plates: 0°, 45°, 2225, 67°5. The data were reduced according to
the standard procedures of CCD photometry. We measured the
magnitudes of objects with the aperture photometry technique.
We performed differential photometry with a comparison star
taken in the same frame of 3C 279. Its position is R.A. =
12P56™16:90, decl. = —05°50'43"0 (J2000) and its magnitudes
are V=13.660,J = 12.377, and Ks = 11.974 (Raiteri et al. 1998;
Cutri et al. 2003). The photometric data have been corrected
for the Galactic extinction with Ay = 0.093, A; = 0.026,
and Ags; = 0.010. The measured optical and near-IR mag-
nitudes by Kanata in the V, J, and Ks bands during the two
year observations spanned my = 15.54—17.27 (56 data points),
my; = 13.00-14.58 (37 data points), and mg, = 11.21-11.47
(17 data points). Those data points are also shown in Figure 7.
We confirmed that the instrumental polarization was smaller
than 0.1% in the V band using the observations of unpolarized
standard stars. Hence, we did not apply any corrections for
it. The zero point of the polarization angle is corrected as
standard system (measured from north to east) by observing the
polarized stars, HD19820 and HD25443 (Wolff et al. 1996).
The polarization shows clear variability and the degree of
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Table 3
Results of GROND Observations

Table 2
List of Observatories that Contributed Data to the Campaign
Observatory Detector/Telescope Band
(diam.)
Gamma ray
Fermi LAT (survey mode) >200 MeV
X-ray
Suzaku XIS 0.5-10 keV
HXD/PIN 15-50 keV
XMM-Newton PN 0.5-10 keV
RXTE PCA 3-10 keV
Swift XRT 0.6-7 keV
Ultraviolet, optical, infrared
Swift uvoT w2, M2, W1,U, B,V
Spitzer IRS 5-38 um
IRAC 3.6,4.5,5.8,8.0 um
MIPS 24,70, 160 um
Abastumani, Georgia® (70 cm) R
Calar Alto™P R
Campo Imperatore, Italy® AZT-24 (110 cm) J,H, K
Crimean, Ukraine? ST-7 (70 cm) R
Goddard, USA? GRT R
Hiroshima, Japan Kanata (150 cm) V, J, Ks, polarization (V)
Kitt Peak, Arizona, USA? MDM (130 cm) R
La Silla, Chile GROND (220 cm) g, riz,J,H K
L’ Ampolla? R
Lowell (Perkins)? Perkins R
Lulin, Taiwan® SLT (40 cm) R
Roque, Canary Islands® KVA (35 cm) R, polarization (no filter)
Roque, Canary Islands? LT (200 cm) R, H
San Pedro Martir® (84 cm) R
St. Petersburg, Russia® (40 cm) R
Tijarafe® (35cm) R
Radio
CARMA, USA (array) 92.5,227.5 GHz
Mauna Kea, USA? SMA (8 x 6 m) 230, 345 GHz
Medicina, Italy® (32m) 5, 8,22 GHz
Metsahovi, Finland?® (14 m) 37 GHz
Noto, Italy® (32 m) 43 GHz
Owens Valley, USA OVRO (40 m) 15 GHz
UMRAO, USA? (26 m) 5,8, 14.5 GHz
Notes.
2 GASP-WEBT.

b Calar Alto data were acquired as part of the MAPCAT project: http:/www.iaa.
es/~iagudo/research/ MAPCAT.

polarization was measured in the range of 3%—-36% during our
two year observational campaign. As we reported in Paper I, we
found a rotation of the polarization angle by 208° together with
a sharp drop of the degree of polarization from ~30% down to
a few %. The event was coincident with a y-ray flare (Periods
D and E). In the second half of the two year observations, the
source was generally in a quiet state in the optical band, and the
degree of polarization was also relatively low.

3.8. Optical and Near-infrared: GROND

The Gamma-Ray burst Optical/Near-infrared Detector
(GROND; Greiner et al. 2008) mounted at the MPI/ESO 2.2 m
telescope at LaSilla observatory in Chile observed the field of
3C 279 in two nights of 2008 July (2008 July 30 and 2008 July
31) and four nights in 2009 January (2009 January 19 to 2009
January 22). In each observation, a total of 4 images in each

Filter 2008 Jul 31 2009 Jan 19-22
AB Magnitude Flux (mJy) AB Magnitude Flux (mJy) A/A(V)*

g 17.62 £ 0.05 0.324 £0.015 16.06 £0.05 1.37+0.06 1.23
r’ 17.24 £0.05 0462 £0.021 1549 £0.05 231 £0.11 0.80
i’ 16.83 £ 0.05 0.671 £0.031 15.05+0.05 3.47 £0.16 0.62
4 16.67 £0.05 0.776 £0.036 14.80 £0.05 4.37+0.20 0.45
J 16.05+0.06 1.387 £0.077 14.16 £0.06 7.86+0.44 0.29
H 15.60 £0.07 2.098 £0.133 13.62£0.07 1290+0.81 0.18
K 15.18 £ 0.09 3.062£0.249 13.194+0.09 19.18 £1.56 0.14

Notes. Results of both AB magnitude and flux are corrected for Galactic
extinction. No significant daily variability was observed during the observations
in 2009 January.

2 Dereddening factors for correction of Galactic extinction.

Table 4
Spitzer Observation Log

Instrument Start Time (MJD) Duration ObsID
(UTC) (minute)

MIPS 2008.7.31 11:09:06.3  54678.4647 9.19 27434240
2009.2.15 07:08:08.6  54877.2973 14.61 27438592
2009.2.16 23:12:32.0  54878.9670 14.61 27438080
2009.2.17 20:42:36.5  54879.8629 14.61 27438848
2009.2.18 19:39:30.8  54880.8191 14.60 27438336
2009.2.19 14:19:04.4  54881.5966 14.60 27439360
2009.2.20 09:23:37.4  54882.3914 14.60 27439104

IRS 2008.8.16 14:32:42.6  54694.6060 17.92 27425024
2009.3.3 12:22:35.7 54893.5157 18.15 27435776
2009.3.4 19:53:03.5 54894.8285 18.15 27437312
2009.3.6 10:50:02.7 54896.4514 18.16 27436544
2009.3.7 00:46:03.4 54897.0320 18.16 27435520
2009.3.8 12:08:53.5 54898.5062 18.18 27437056
2009.3.9 18:39:51.2 54899.7777 18.18 27436288

IRAC 2008.8.17 06:57:26.3  54695.2899 10.64 27429632
2009.3.10 19:26:05.5  54900.8097 10.69 27433216
2009.3.11 22:05:54.7  54901.9208 10.70 27432448
2009.3.13 05:13:56.9  54903.2180 10.71 27433728
2009.3.14 04:12:41.8  54904.1755 10.72 27432960
2009.3.1503:04:16.9  54905.1280 10.73 27433984
2009.3.16 14:58:46.6  54906.6241 10.75 27433472

g'r'i’'7 filter with integrations times of 35 s and 24 images of

10 s exposure in each JHK; were obtained simultaneously.
GROND optical and near-IR data were reduced in standard
manner using pyraf/IRAF (Tody 1993) similar to the procedure
outlined in Kriihler et al. (2008). The stacked images of each ob-
servation were flux calibrated against GROND observations of
SDSS fields (Abazajian et al. 2009) taken immediately before or
after the field of 3C 279 for the optical g'r’i’z’, and magnitudes of
2MASS field stars (Skrutskie et al. 2006) for the JHK filters. All
data were corrected for the expected Galactic foreground red-
dening of Eg_y) = 0.029 according to Schlegel et al. (1998).
Results of GROND observations are summarized in Table 4.

3.9. Infrared: Spitzer

We observed 3C 279 with Spitzer Infrared Spectrograph
(IRS), Multiband Imaging Photometer for Spitzer (MIPS), and
Infrared Array Camera (IRAC) at several epochs in 2008 and
2009 under the Spitzer program PID50231 (PI: A. Wehrle; see
Table 3). The observations were conducted once with each
instrument in 2008 July and August and approximately daily
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Figure 8. Radio light curves of 3C 279 from 2008 August to 2010 August measured at all observed radio frequencies: 345 GHz (SMA), 230 GHz (CARMA, SMA),
93 GHz (CARMA), 43 GHz (Noto), 37 GHz (Metsahovi), 22 GHz (Medicina), 15 GHz (OVRO), 14.5 GHz (UMRAO), 8 GHz (Medicina, UMRAO), and 5 GHz

(Medicina, UMRAO).
(A color version of this figure is available in the online journal.)

during the instrument campaigns in the 2009 February—March
visibility window.

For the IRS observations, high-accuracy blue peakup obser-
vations on a nearby star were used to center the spectrograph slit
on the target. 3C 279 was observed with the low-resolution SL2,
SL1, LL2, and LL1 modules, for three cycles of 14 s at each
of two nod positions. Spitzer-IRS data reductions began with
S18.7 Spitzer Science Center pipeline-processed, background-
subtracted data. The background was removed by subtracting
the alternate nod for each pointing. Additional processing steps
were applied to clean bad data, remove fringes, and match and
trim spectral orders. First, we cleaned bad, rogue pixels us-
ing the Spitzer Science Center procedure IRSCLEAN V2.0.
One-dimensional spectra were then extracted using the standard
point-source aperture and flux calibration in SPICE ver. 2.3. We
used a custom spectral defringing tool to remove fringes intro-
duced by the pointing-dependent instrumental flat field. This
tool uses a predetermined flat-field fringing correction function,
which is shifted to match and remove the observed fringes in
the spectrum. Spectral orders were trimmed, and the SL.2 and
SL1 orders were scaled up by a factor of 1.06 to empirically

correct for pointing-dependent point-source slit losses. Finally,
the nod-spectra were averaged and combined into a single spec-
trum covering 5.2-35 pum rest wavelength. Figure 9 shows the
reduced IRS spectra in the v F, representation.

We used the pipeline MIPS images (ver. 18) for aperture
photometry using 13”, 35”, and 50" radius for 24, 70, and
160 um bands, respectively, with aperture corrections from
Tables 3.13, 3.14, and 3.16 of the MIPS Data Handbook (ver.
3.2). No 160 um data were obtained in 2008 August because
the array was not cooled during that campaign. 3C 279 has very
low ecliptic latitude (0°2), hence the observed transients can be
attributed to passing asteroids which appeared in various MIPS
images. We used 6” radius apertures for IRAC photometry on
the pipeline data (ver. 18) with aperture corrections tabulated in
Table 5.7 of the IRAC Data Handbook (ver. 3.0).

The Spitzer-MIPS photometric repeatability and absolute
calibration uncertainties at 24 pum are, respectively, 0.4% and
4%; at 70 pum, 4.5% and 5%; and at 160 um, 5% and 12%
(Engelbracht et al. 2007; Gordon et al. 2007; Stansberry et al.
2007). We therefore adopt overall uncertainties of 10%, 10%,
and 20% at 24, 70, and 160 pm, respectively. No color correction
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Figure 9. Spectral energy distribution of 3C 279 in the infrared band measured
by Spitzer-IRS. IRS spectra from highest to lowest are on 2009 March 3, 2009
March 4, 2009 March 5, 2009 March 6, 2009 March 7, 2009 March 9, and 2008
August 16. Representative flux data points measured by Spitzer-MIPS (circles)
and Spitzer-IRAC (triangles) are also included.

(A color version of this figure is available in the online journal.)
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Figure 10. Light curve of 3C 279 at 24 um, 70 pm, and 160 um measured by
Spitzer-MIPS. The error bars correspond to 10%, 10%, and 20%, respectively,
for each band as mentioned in the text in Section 3.9. Optical R-band data taken
by the ground-based telescopes are also plotted in red color for comparison.

(A color version of this figure is available in the online journal.)

has been applied to the data because the slope and smoothness
of the spectrum over the bandpasses are not known. Figure 10
describes the MIPS flux history during the six epochs from 2009
February 15 to 20 together with R-band flux for comparison. No
significant flux variation is found in all MIPS bands during those
epochs, which include period D.

The Spitzer-IRAC calibration uncertainty is 3% overall and
has photometric repeatability of 1.5% (Reach et al. 2005).
We adopt the overall IRAC calibration uncertainty of 3%, but
note the following characteristics of our images. In our IRAC
frames, two standard comparison stars used in blazar monitoring
were visible in the 3.6 wm images (Star 1 and Star 2).% One
comparison star, Star 2, was visible in the 4.5, 5.8, and 8 um
images, located at the interstice of the chopping regions where
the data are noisier than elsewhere. The spacecraft orientation,
and hence the chopping orientation, was 180° different between
2008 July—August and 2009 March. The standard deviations in
comparison Star 2’s measurements in 2009 March at 3.6, 4.5,
5.8, and 8 um are 0.68 mJy, 0.08 mJy, 0.08 mJy, and 0.09 mJy
(5%, 1%, 2%, and 3%), respectively. The high 3.6 um standard
deviation was affected by a single high value on 2009 March

0 See http://www.lsw.uni-heidelberg.de/projects/extragalactic/
charts/1253-055.html (Raiteri et al. 1998; Villata et al. 1997).
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Figure 11. Light curve of 3C 279 at 3.6 um, 4.5 um, 5.8 um, and 8.0 um

measured by Spitzer-IRAC. The error bars correspond to 3% for all IRAC

bands as mentioned in the text in Section 3.9. Optical R-band data taken by the

ground-based telescopes are also plotted in red color for comparison.

(A color version of this figure is available in the online journal.)

11, for which we found no obvious cause; excluding that value
resulted in a standard deviation of 0.06 mJy (0.5%). In contrast,
the flux of 3C 279 shows a steady decrease of 10%, 12%, 14%,
and 13% at 3.6, 4.5, 5.8, and 8.0 um, respectively, during the
six epochs from 2009 March 10-16 as shown in Figure 11.

3.10. Radio: CARMA

Observations were obtained at mean frequencies of 92.5
and 227.5 GHz using the Combined Array for Research in
Millimeter-wave Astronomy (CARMA; Bock et al. 2006). In all
cases, the nominal signal to noise ratio exceeded 400 and cali-
bration uncertainties dominated the errors. The source is bright
enough to permit self-calibration on timescales of less than a
minute and so atmospheric decorrelation was not expected to af-
fect our results significantly even at the long baselines. However,
observations in poor weather were not used due to the difficulty
of reliably measuring pointing offsets in these conditions.

Data calibration and analysis was done with the MIRIAD
software package (Sault et al. 1995). Flux densities were
determined by first using phase self calibration with a short
enough averaging interval to avoid any atmospheric phase de-
correlation, then the flux density was determined from the
vector average fringe amplitude at the position of 3C 279
over all baselines. For a strong point source such as 3C 279
this provides very robust and unbiased amplitude estimate
independent of the weather or the interferometer baselines. We
rely on regular system temperature measurements to provide
flux calibration relative to the fixed system sensitivity. The
absolute flux calibration of CARMA observations is usually
quoted as 10%—15%. However, based on measurements made
on the blazar 3C 454.3 we estimated the relative flux calibration
at each frequency to be within 5% at 3 mm and 10% at 1 mm.
The radio fluxes at 92.5 and 227.5 GHz measured by CARMA
correspond to For s, = 11.7-19.7 Jy (14 data points) and
Fri56H, = 6.3-9.2 Jy (14 data points). Figure 8 includes the
flux history of those radio data.

3.11. Radio: OVRO 40 m

The Owens Valley Radio Observatory (OVRO) 40 m radio
data were collected as part of an ongoing long-term, fast-
cadence y-ray blazar monitoring campaign, described in detail
in Richards et al. (2011). Flux densities were measured in a
3 GHz bandwidth centered on 15.0 GHz using dual, off-axis
2’5 FWHM beams with 12/95 separation. Dicke switching
against a blank sky reference field to remove gain fluctuations
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Figure 12. Multi-band light curves of 3C 279 for two years from 2008 August to 2010 August. (a) Gamma-ray flux above 200 MeV averaged over three days. (b) X-ray
flux between 2 and 10 keV measured by Swift-XRT and RXTE-PCA. (c) UV-optical fluxes in R band (red), V band (blue), and W2 band (magenta). (d) Polarization

degree in the optical band. (e) Polarization angle in the optical band. The hori
band (magenta), 37 GHz band (orange), 15 GHz band (blue), and 5 GHz band

(A color version of this figure is available in the online journal.)

and atmospheric and ground contamination were used. Flux
densities from this program are found to have a minimum
uncertainty of 4 mJy (mostly thermal) and a typical uncertainty
of 3% for brighter sources. During the period included here,
3C 279 was observed as a pointing calibrator. The flux density
scale was referred to the value for 3C 286 (3.44 Jy at 15 GHz;
Baars et al. 1977) with a scale uncertainty of about 5%. The
radio flux at 15 GHz measured by OVRO was ranging from
11.1 to 18.0 Jy among 124 data points during the two year
observations. The light curve of the OVRO radio data is also
plotted in Figure 8.

4. RESULTS OF THE MULTI-WAVELENGTH
OBSERVATIONS

4.1. Correlations of Light Curves in Various Bands

The multi-band light curves of 3C 279 are presented in
Figure 12. They include (a) y-ray flux above 200 MeV
(Fermi-LAT), (b) 2—-10 keV X-ray flux measured by Swift-XRT

<

zontal dashed lines refer to the angle of 50° and —130°. (e) Radio fluxes in 230 GHz
(green). All X-ray, UV, and optical data are corrected for the Galactic absorption.

and RXTE-PCA, (c) optical-UV fluxes in R band (GASP), V
band (Swift-UVOT and Kanata), and W2 band (Swift-UVOT),
(d,e) degree and angle of optical polarization (Kanata and KVA),
and (f) radio fluxes in the 230, 37, 15, and 5 GHz bands (GASP,
CARMA, and OVRO). We note that the X-ray fluxes determined
by Suzaku and XMM-Newton are entirely consistent with those
plotted in Figure 12. The extensive data set obtained in many
bands for 3C 279 allows us to make general statements regard-
ing the relative flux variability in various spectral bands, and
the relationship of the time series to each other. The first such
feature of the multi-band light curves is a general—although
not exact—trend where the IR through optical emission seems
to be correlated with the y-ray flux. We calculated the discrete
correlation function (DCF; Edelson & Krolik 1988) to quantify
the correlation of the flux variations between the y-ray and other
bands, and to determine whether we can measure any clear lag
between the bands.

For the DCF calculations, we use the y-ray fluxes averaged
over an interval of 1 day as shown in the top panel of Figure 1.
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Figure 13. Discrete correlation function (DCF) derived for the y-ray and optical
R bands. Positive values of “t” correspond to flux variations in the y-ray band
lagging flux variation in the optical band. The red curve represents a Gaussian
fit to the data between —30 and 5 days. See the text for the fitting results.

(A color version of this figure is available in the online journal.)

The resulting DCF between y-ray and optical R-band fluxes is
shown in Figure 13. Positive values of “t” correspond to flux
variations in the y-ray band lagging flux variations in the other
bands. In the DCF between y-ray and optical R-band fluxes, a
peak can be seen close to zero lag. We fit the DCF data points in
the range between —30 and 5 days using a Gaussian function of
the form DCF(7) = Cpax X expl(t — 79)? /%], where Cpyay is the
peak value of the DCF, tj is the time at which the DCF peaks,
and o is the Gaussian width of the DCF. The fit yields a position
of the peak at 7p = —10.7 = 0.7 days, corresponding to a value
of Cax = 1.0740.03 with a dispersion of 0 = 19.4+ 1.4 days.
The result implies that the optical emission is possibly delayed
with respect to the y-ray emission by about 10 days.

In the framework of the one-zone synchrotron + external-
radiation Compton (ERC) models, the same electron population,
of roughly the same energies, is responsible for the radiation
in both the optical and y-ray bands. There, the observed lag
can result from different profiles of the decreasing magnetic
and radiation energy densities along the jet: we show that idea
quantitatively in the Appendix. As is shown there, a very steep
drop of the external radiation energy density is required to
explain the lag in a conical jet with magnetic field B’ « 1/r,
where r is the distance along the jet. This condition can be
relaxed in the scenario involving the re-confinement of a jet (e.g.,
Daly & Marscher 1988; Komissarov & Falle 1997; Nalewajko
& Sikora 2009). In such a case, the magnetic field intensity can
drop more slowly than 1/r. If the lag of the optical emission is
confirmed, the application of the results in the Appendix to the
~10 day lag may imply the location of the active “blazar zone”
at distances of a few pc in agreement with those postulated to
explain the optical polarization swing (Periods D and E) in terms
of a region containing an enhanced density of ultra-relativistic
electrons propagating along a curved trajectory (Paper I). It is
worth noting that similar y-ray/optical lags have been reported
during the outbursts of 3C 279 in early 1999 Hartman et al.
(2001b), of PKS 1502+106 in 2008 (Abdo et al. 2010d), of PKS
1510—089 in early 2009 (Abdo et al. 2010a; D’ Ammando et al.
2011), and of AO 0235+164 in late 2008 (Agudo et al. 2011b;
Ackermann et al. 2012). On the other hand, no significant lags
between y-ray and optical signals have been detected in 3C
454.3 in late 2008 (Bonning et al. 2009; Jorstad et al. 2010), in
3C 66A in 2008 October (Abdo et al. 2011), and in OJ 287 in
2009 October (Agudo et al. 2011a). Based on investigations of
long-term light curves of 3C 454.3 during 2008-2010, Raiteri
etal. (2011) have shown that the optical and y -ray flux variations
are not always simultaneous and have proposed a geometrical
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Figure 14. DCF between derived for the y-ray and X-ray bands. Positive values
of “7” correspond to flux variations in the y-ray band lagging flux variation in
the X-ray band.

scenario to explain the change in the y /optical flux ratio during
the outburst peaks in 3C 454.3. It is expected that the on-going
multi-band monitoring of blazars will enable us to quantify such
lags and find out how common they are.

Different behavior is apparent in the radio flux, where the
energies of radio-emitting electrons are very different from the
energies of the electrons involved in producing the observed
optical and y-ray emission. Variability appears to be much
less rapid, and the excess variance (F\y,; see definition in
Equation (1)) in the radio regime is quite modest; for instance,
0.145 + 0.004 at 37 GHz, 0.165 &+ 0.001 at 15 GHz, and
0.104 + 0.001 at 5 GHz. Those values are significantly less
than ones in the y-ray or optical bands. This suggests that
the synchrotron emission from the y-ray emitting region is
self-absorbed at these wavelengths. The observed radiation is
produced at much larger distances, where the light-travel effects
smear out the sharp, rapid variability patterns observed in the
optical and y -ray bands.

Perhaps the most surprising behavior—and difficult to ex-
plain in the context of simple, one-component, single-zone
models—is the relationship of the X-ray light curve to those
in the IR-optical or y-ray bands. In Paper I, we reported that
the X-ray time series exhibits a relatively rapid, symmetrical
flare at ~ MJD 54950 (Period F) with a duration of ~20 days,
which is not accompanied with any prominent IR/optical or
y-ray flares. As we argued in Paper I, the hard (rising in v F,
representation) X-ray spectrum is unlikely to be the “tail” of
the synchrotron emission, but instead, it is more likely to be
produced by the low-energy end of the electron distribution
radiating via inverse-Compton process.

The continuing monitoring of the object in the X-ray band
revealed another X-ray flare at ~MJD 55040 (Period G),
~90 days after the first X-ray flare. The separation of the two
X-ray flares is remarkably close to the temporal separation
of the two y-ray flares, with the two pairs delayed with
respect to each other by ~155 days. Figure 14 presents the
calculated DCF between y-ray and X-ray fluxes, which shows
a modest peak at ~—155 days with a correlation coefficient
of 0.6-0.7 and indicates no correlation between the y-ray and
the X-ray bands with zero lag. While confirming the physical
connection of the two pairs would be very important, we cannot
currently envision any situation where the two would be causally
connected; the 155 day lag would imply the distance of the
X-ray flare production ~155T7 It-day ~ 50(I';/20)* pc and at
such a distance should be accompanied by radio flares, which
are not seen in our data. In such a scenario, the X-ray flares
should be significantly broadened compared to the y-ray flares;
however, we observe a similar temporal structure in both bands.
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Figure 15. Time-resolved broadband spectral energy distributions of 3C 279 measured in Periods A-H (as defined in Table 1) and on 2008 July 31 (MJD 54678),
covered by our observational campaigns in 2008-2010. X-ray, UV-optical-near-IR data are corrected for the Galactic absorption. Five-digit numbers in the panel
indicate MJD of the periods. For comparison, the gray open circles in the very high energy y -ray band represent measured spectral points by MAGIC in 2006 February

(Albert et al. 2008).

Furthermore, we note that there are some optical and y-ray
peaks that might well be associated with the second X-ray flare.
Hence, it is possible that the two prominent y -ray/optical flares
(Periods B and D), together with the subsequent two X-ray flares
(Periods F and G), form a sequence of four events separated by
a similar time intervals. Those intervals, in turn, can be possibly
determined by instabilities in the jet launching region. Here, the
different broadband spectra during these events may result from
small changes of parameters, such as the jet direction, Lorentz
factor, and/or location and geometry of the dissipation event.

A weak (and sporadically almost absent) correlation be-
tween X-rays and other spectral bands can also result from
such processes that preferably contribute to radiation in the
X-ray band. They can be related to the following three
mechanisms/scenarios.

1. Bulk-Compton process. This involves Compton-scattering
of ambient optical /UV light by the cold (non-relativistic)
electrons in the jet. This mechanism is most efficient close
to the accreting black hole where the processes responsible
for the variability of X-rays may operate independently of
those at larger distances and producing there variable non-
thermal radiation (Begelman & Sikora 1987). A drawback
of this scenario can be that the bulk-Compton spectrum is
predicted to have a similar shape as the spectrum of the
external radiation field (Ackermann et al. 2012), which sig-
nificantly differs from what we observe in the X-ray band.

2. Inefficient electron acceleration. Acceleration of the rel-
ativistic electrons at proton-mediated shocks is likely to
proceed in two steps: in the first one low-energy electrons
may be pre-accelerated via, for example, some collective
processes involving protons; in the second step, they may
participate in the first-order Fermi acceleration process. If
under some conditions the electron—proton coupling is inef-
ficient, the fraction of electrons reaching the Fermi phase of
acceleration will be small. In this case the X-rays, originat-
ing from lower energy electrons, are produced efficiently,
while the y-rays and optical radiation that involve more
relativistic electrons are not.

. The X-rays can be also contributed by hadronic processes,
specifically by the pair cascades powered by protons losing
their energy in the photo-mesonic process (Mannheim &
Biermann 1992). For this process to be efficient, it requires
extreme conditions (Sikora et al. 2009; Sikora 2011);
however, operating in the very compact central region, at
distances less than few hundred gravitational radii, it may
occasionally dominate in the X-ray band.

4.2. Broadband Spectral Energy Distribution

Figures 15 and 16 show broadband SEDs of 3C 279 in all
periods as defined in Table 1. In addition, we also extracted an
SED using data taken on 2008 July 31 (MJD 54678), which has
a good energy coverage of the synchrotron emission component
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Figure 16. Time-resolved broadband spectral energy distributions of 3C 279 in each period (A-H), covered by the campaigns. The data points are the same as ones in
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(A color version of this figure is available in the online journal.)

including Spitzer and GROND data, although the y-ray data
by Fermi-LAT are not available at that time because this was
before the beginning of normal, all-sky science observations
with Fermi-LAT. Both SEDs for Period D (2009 February;
corresponding to the brightest y-ray flare coincident with
the optical polarization swing) and Period F (2009 April;
corresponding to the first isolated X-ray flare) have already
been partially reported in Figure 2 of Paper 1. New Spitzer-
MIPS data points are included in the SED for Period D in this
paper. In Period C, there are observations by MAGIC, which
provide upper limits above 100 GeV (Aleksi¢ et al. 2011). For
comparison, we also include VHE y-ray fluxes detected with
the MAGIC telescope in 2006 February as gray points (Albert
et al. 2008) in Figure 15.

This is the richest set of time-resolved spectra ever collected
for this source. The spectral coverage of the synchrotron bump is
unprecedented, allowing us not only to constrain the parameters
of the emission models, but also to study their time evolution.
As we discussed in Section 2.4, the shape of the y-ray spectrum
deviates from a simple power law, in similarity to other FSRQ
blazars. Strong variability, over one order of magnitude, is

evident in near-IR /optical/UV and y-ray bands. This contrasts
with the moderate variability in the radio/mm and X-ray bands.

Particularly interesting is the behavior of this source in the
mid-IR band, around ~10'* Hz, where significant spectral
variability is observed. In the low state in Period A, the
mid-IR spectrum is relatively soft and can be extended with
a power-law shape to the optical/UV band. In this case,
the synchrotron component peaks in the mm/sub-mm band
(~10'"-10'> Hz). However, in the high state in Periods D
and E, the mid-IR spectrum is much harder and shows a
significant curvature. In Period D, there is a clear spectral
break at ~3 x 10'2 Hz (~100 pm). The spectral index between
the 70 um (~4.3 x 10'2 Hz) and 160 um (~1.9 x 10'2 Hz)
points is a79_160 = 0.35 £ 0.23, taking into account systematic
errors described in Section 3.9. The synchrotron peak is located
in the mid-IR band, at a frequency one order of magnitude
higher than in the low state. This indicates that there are two
independent synchrotron bumps, possibly produced at different
locations. The mid-IR-peaking component, seen only in the
IR /optical/UV flaring state, is characterized by a strong and
rapid variability. The mm/sub-mm peaking component is more
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persistent and dominates when the source is in the low state.
The complex shape of the SED between the mm band and
the 70 um point in Period D requires a coexistence of these
two components. A similar scenario of multiple synchrotron
components was investigated in the case of 3C 454.3 by Ogle
etal. (2011).

In the X-ray band, despite the smaller variability amplitude,
we observe some spectral changes. In particular, in Periods
F and G, which represent the two isolated X-ray flares, the
spectrum is very similar and harder than on average. Figure 15
shows that these flares are not energetically important. If we
extrapolate the X-ray spectra with power laws to the y-ray
band, we underpredict the observed y-ray flux in Periods B, C,
D, and H. Periods B, C, and D coincide with the high-activity
y-ray state. This indicates that the X-ray flux cannot originate
from the same emission component as the y-ray flux, at least
in the flaring state. Because the y-rays are correlated with the
optical flux but not with the X-ray flux, the y-rays can be related
to the mid-IR-peaking synchrotron bump while the X-rays may
correspond to the mm/sub-mm peaking synchrotron bump. We
explore this possibility when modeling the SEDs at Periods A
and D in Section 5.2.

5. MODELING THE BROADBAND EMISSION

We have fitted selected SEDs with one-zone leptonic models
described in Moderski et al. (2003), including synchrotron
emission and self-absorption, Comptonization of the local
synchrotron radiation (SSC component) and external photons
(ERC component), but also including the opacity due to internal
pair-production. The external radiation includes broad emission
lines (BEL) and infrared dust emission (IR). Their energy
densities in the jet comoving frame as functions of the distance
r along the jet are approximated by the formulae:

o) gBELrszD @
Uner () =
BEL 3rdg cll + (r/rpeL)Poe ]

, &rTS Lp

uR(r) = 3)

3rrkell + (r/rr)Pr]’

where £ggr. = 0.1 and &g = 0.1 are the fractions of the disk lu-
minosity Lp =~ 2 x 10% ergs~! reprocessed into emission lines
and into hot dust radiation, respectively, rggr, = 0.1(L D,4(,)1/ 2 pc
and rr = 2.5(Lp 46)"/? pc [Lpas = Lp/10*] are the charac-
teristic distances where such reprocessing takes place, and T'j is
the jet Lorentz factor. The external radiation fields are approxi-
mated in the jet comoving frame by Maxwellian spectra peaked
at photon energies Egp ~ 10eV x Tjand Efy ~ 0.3 eV x Tj.
While the radiation density profile in the frame external to the
jet should satisfy Bgrrar) < 2, it is not applied to the profile in
the jet comoving frame. This is because the transformation of
radiation density depends on the angular distribution of external
radiation, with radiation arriving at small incidence angles to
the jet velocity vector being actually deboosted. This can result
in a steeper profile of the radiation density in the jet comov-
ing frame. Here, we adopt Bggr = 3 (Sikora et al. 2009) and
Bir = 4 (see Section 5.1). We assume a conical jet geometry;
the magnetic field, assumed to be dominated by the toroidal
component, is taken to decline with distance r as B’ o 1/r.
Electrons are injected with a double-broken power-law distri-
bution Q(y) « y~? with p = p; for y < Y1, p = p» for
Yorl < ¥ < Vor2, and p = p3 for y > 0. Their evolution,
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including injection at a constant rate as well as radiative and
adiabatic cooling, is followed over a distance Ar = r/2, where
r is the position at which the injection ends. The emission is
integrated over spherical thin shells within a conical region of
opening angle 6; = 1/T7. The observer is located within the jet
opening cone, i.e., Ogps S 6.

We begin by modeling the SED in Period D, which is
the highest y-ray state reached by the source during our
observational campaigns. In Paper I, we showed that the flare
event was accompanied by an optical polarization swing and
proposed two interpretations of this event. The first one involved
a cloud containing ultra-relativistic particles propagating along
a curved trajectory. The duration of the polarization swing
constrains the location of the cloud to be at a few parsecs
from the central supermassive black hole, in the region where
external radiation is dominated by the infrared dust emission. In
Section 5.1, we present an ERC-IR model describing the SED in
Period D and a physically related model of the SED in Period E.
The second interpretation of the polarization swing involved the
jet precession, which allowed arbitrary location of the emitting
region, including the broad-line region. In Section 5.2, we
present an ERC-BEL model of the SED in Period D. We show
that in this scenario the far-IR break arises due to synchrotron
self-absorption. We also show an ERC-IR model of the SED in
Period A, which can explain the mm/far-IR and X-ray emission,
as well as the low-state optical and y-ray flux levels.

We assume the scenario where the X-ray emission is unrelated
to the flaring component, since it showed little variability during
the correlated y-ray/optical flares. Our one-zone models of the
flaring states are fitted only to the IR/optical/UV and y-ray
data, treating the simultaneous X-ray spectrum as only an upper
limit to the SSC component and the ERC component from the
low-energy electrons. The large y-ray/X-ray luminosity ratio
forces us to adopt a very hard electron energy distribution at
low energies (p = 1), which can be alternatively obtained by
imposing a minimum electron Lorentz factor ypi, > 1.

5.1. Propagation Scenario for the Emitting Region

An intrinsically spherically symmetric emitting region is
expected to produce the observed electric polarization vector
aligned with the projected velocity of the emitting region.
Nalewajko (2010) presented a simple model of its trajectory
to explain the event of simultaneous smooth variations of the
polarization degree and angle during the polarization swing
which has been reported in Paper I. This model adopts a constant
jetLorentz factor I'y = 15 and can be used to predict the viewing
angles for a given observation time. For Period D we estimate
Oobs,.p ~ 1°5, while for Period E: 84,5 g ~ 2°4. Between Periods
D and E (At ~ 15 days), the emitting region propagates over a
distance Ar ~ l"jzc(At) ~ 2.8 pc.

In Figure 17 we show Model D1 fitted to the SED in Period
D at r = rir and Model E1 fitted to the SED in Period E at
r = rr + Ar. Model parameters are listed in Table 5. Both
models use the magnetic field scaled to the same value at
the distance of 1 pc. In order to explain the difference in the
luminosity ratio of the ERC component and the synchrotron
component, which decreased by factor ~4 between Model D1
and Model El1, we assume a distribution of the comoving
IR radiation energy density dropping steeply with distance,
adopting Bir ~ 4. This corresponds to a strongly stratified torus
structure, with a significant concentration of hot dust very close
to the sublimation radius (see, e.g., Mor & Netzer 2012). We
should note that, although the relatively soft y -ray spectrum was
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Figure 17. Emission models D1 (red line) and E1 (blue line) fitted to the spectral
states at Periods D and E, respectively. Periods D and E correspond to the first
five days and the last three days of the y-ray flaring event accompanied by an
optical polarization change, respectively. Those models adopt our “propagation
scenario,” where external radiation is dominated by infrared dust emission.
We assume that the X-ray emission is not related to the flaring component,
and consider the X-ray fluxes as only upper limits to the SSC and the ERC
components during the flaring event. See the text in Sections 5 and 5.1 for
details of the models and Table 5 for model parameters.

(A color version of this figure is available in the online journal.)

Table 5

Parameters of Emission Models
Model D1 El D2 A2
Ext. rad.? IR IR BEL IR
r (pc) 1.1 3.9 0.045 39
R (pc)® 0.07 0.26 0.0023 0.19
T 15 15 20 20
0; [(°) 3.8 3.8 2.9 2.9
Oobs (°) 1.5 24 1.7 1.7
B pe (G)° 0.14 0.14 0.15 0.15
uly, (107* erg cm=3)¢ 78 0.97 8 x 10* 1.8
Yorl 800 800 170 440
Vbr2 6500 5000 1000 .
P1 1 1 1 2.2
P2 2.5 2.6 2.4 34
D3 6 4.2 7
Notes.

2 A dominant component of the external radiation. IR: infrared dust emission,
BEL: broad emission lines.

b Radius of source emission region.

¢ Magnetic field intensity at the distance of 1 pc.

d Energy density of the dominant component of the external radiation in the jet
comoving frame at the given distance r.

observed at Period E (I' = 2.64 4 0.32, see Table 1), the peak
of the ERC-IR component in the Model E1 falls at ~800 MeV,
in the Fermi-LAT band.

The far-IR spectral break in Period D requires a sharp break
in the electron distribution function at y,,; = 800. As the
cooling break is expected at y. ~ 3m.c*/(2or Rul,) ~ 660
(where R is a radius of source emission region and u.,, is the
energy density of the external radiation in the jet comoving
frame), p4,1 1s located just within the fast-cooling regime. The
electron distribution in the fast-cooling regime cannot be harder
than p = 2, hence the resulting synchrotron spectral index
o = (p — 1)/2 should be larger than 0.5. In fact, the mean value
of the observed spectral index between 70 um and 160 pum
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Figure 18. Emission Models A2 (green line) and D2 (red line) fitted to the
spectral states at Periods A and D, respectively. Period A represents a quiescent
state, and Period D corresponds to the y-ray flaring event accompanied by an
optical polarization change. Those models adopt our “jet precession scenario,”
which assumes the y-ray flaring event (Period D) occurs within the broad-line
region while the low-steady emission component (Period A) is generated outside
the broad-line region. See the text in Sections 5 and 5.2 for details of the models
and Table 5 for model parameters.

(A color version of this figure is available in the online journal.)

is smaller than 0.5 (a70-160 = 0.35 £ 0.23), which cannot
be explained if the electron cooling is efficient. However, the
uncertainty of the measurement does not allow us to reject this
scenario.

5.2. The Jet Precession Scenario:
Two Synchrotron Components

Alternatively, if the jet precession can cause the observed
y-ray flare event with the polarization swing, the y-ray/optical
emission can be generated much closer to the central black
hole, even within the broad-line region (see also in Paper I).
Therefore, we also attempted to model Period D placing the
emitting region at rpgr. For I'; = 15, with model parameters
fitted using the synchrotron and ERC components, the X-ray
flux is overproduced by the SSC process. To alleviate this
problem, we increased the jet Lorentz factor to Iy = 20. In
Figure 18, we show Model D2 with parameters listed in Table 5.
The magnetic field strength scaled to the distance of 1pc is
almost the same as the value in Model D1. Because of a smaller
size of emission region and higher energy density of the locally
produced synchrotron radiation, the synchrotron self-absorption
is able to produce a spectral cutoff at a higher frequency of
~3 x 10'2 Hz (~100 pum), consistent with the far-IR break.
This interpretation has an advantage that it also could explain
the observed hard spectral index between 70 um and 160 um,
even smaller than 0.5, independently of details of the electron
energy distribution.

The low-energy synchrotron component, dominating the
mm/sub-mm band, must be produced in a much larger region,
placing it far outside the broad-line region. In Figure 18, we
present Model A2, fitted to the SED at Period A. We kept the
Lorentz factor and the magnetic field consistent with Model
D2, but we set the source at the distance ~4 pc, the same as in
Model E1. This low-state model of Period A can reproduce both
observed X-ray and y-ray spectra by a single broken power-
law electron distribution. The y-ray spectral index is consis-
tent with the IR/optical/UV spectral index. The synchrotron
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self-absorption is effective at ~10'! Hz and the spectral peak is
located in the mm/sub-mm band.

Those results suggest the existence of two synchrotron
components: one peaking in the mm/sub-mm band and the
other peaking in the mid-IR band. The component with the peak
in the mid-IR band is more variable, and can be produced at
shorter distances, within the broad-line region, where the far-IR
break can be explained by the synchrotron self-absorption.

6. CONCLUSIONS

This paper reports details of the multi-band campaigns on
the well-known blazar 3C 279 during the first two years of
the Fermi mission between 2008 and 2010. Some key results
were already presented in Paper I. Most important of them
was the coincidence of a dramatic y-ray/optical flare with a
change in the optical polarization, which we interpreted as the
result of a compact emitting region: either propagating along
a curved relativistic jet or located at a constant distance in a
precessing jet. In addition, we reported on an “isolated” X-ray
flare, an event without a clear counterpart in other bands, and
taking place a few months after the y-ray/optical flare. Here, we
extended the observation epoch until 2010 August yielding the
best coverage of time-resolved SEDs ever collected for 3C 279
from radio through high-energy y-ray bands. Based on those
data, we arrived at several new conclusions about the structure
and emission models of the relativistic jet in the quasar.

1. In the high-energy y-ray band measured by Fermi-LAT,
the source exhibited two prominent flares reaching as high
as ~3 x 107 photons cm™2 s~! above 100 MeV in the
first year while it was in a relatively quiescent state in the
second year. No significant correlation between flux and
photon index has been measured in similarity to other LAT
blazars. The two year averaged y -ray spectral shape above
200 MeV clearly deviates from a single power law. The
broken power-law model returns a break energy within a
few GeV range, which does not appear to vary with the
source flux. Such behavior is similar to that observed in
other bright FSRQs.

2. The superb temporal coverage allowed us to measure in
detail the cross-correlation of the y-ray and optical fluxes.
The optical signals appear to be delayed with respect to the
y-ray signals by ~10 days. Such a lag can be explained
in terms of the simple synchrotron and inverse-Compton
model, in the scenario where a cloud containing ultra-
relativistic electrons propagates down the jet through the
regions where the ratio of the external radiation energy to
the magnetic energy densities decrease with distance. We
have verified this idea qualitatively (see the Appendix), but
it still needs specific numerical modeling to be confirmed
quantitatively.

3. X-ray observations reveal a pair of pronounced flares
separated by ~90 days. Those are not contemporaneous
with a pair of bright y-ray/optical flares—also separated
by ~90 days—but instead, are delayed with respect to
the y-ray/optical flares by about 155 days. Because of
such a long delay, it seems implausible that these events
are causally related. Instead, the possible scenarios of the
X-ray flares may involve changes of the source parameters
such as the jet direction, Lorentz factor, and/or location
of the dissipation event, or may require more “exotic”
solutions, for instance, bulk-Compton process, inefficient
electron acceleration above a given energy, and hadronic
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processes. At this stage we cannot discriminate among any
of those scenarios.

4. The spectral coverage of the infrared band with Spitzer
enabled us to probe the detailed structure of the low-energy
spectral bump, attributed to the synchrotron radiation.
Significant spectral variability, with soft/power-law spectra
in the low state and hard/curved spectra in the high state, as
well as the detection of a sharp far-IR spectral break in the
high state, strongly suggest the existence of two synchrotron
components: one peaking in the mm/sub-mm band and the
other peaking in the mid-IR band. The component with a
peak at the mid-IR band can be responsible for emission
during y -ray flaring states.

5. We have applied our leptonic emission model for the SEDs
during the y-ray flaring state with a polarization change.
Adopting the interpretation of the polarization swing in-
volving the propagation of the emitting region—that sug-
gested in Paper [—we can explain the evolution of the
broadband SEDs from Periods D to E during the y-ray flar-
ing event by a shift of the position of the emitting region and
a change of the viewing angle that are consistent with its
trajectory. We used the same distribution of magnetic fields
and only slightly changed electron spectra, but required a
rather steep stratification of the external radiation density
in the form of thermal emission from the dusty torus. In
this case, the far-IR spectral break requires a break in the
electron distribution. The observed Spitzer-MIPS spectral
index a79—160 = 0.35 £ 0.23 is marginally consistent with
the synchrotron emission in the fast-cooling regime.

6. We also discussed the model in which the y-ray flare is
generated within the broad emission line region at sub-
pc scale from the central black hole according to the jet
precession scenario. This model explains the mid-IR break
during the flaring state of Period D by synchrotron self-
absorption. Here, we also discussed the low-state SED in
Period A where the mm/sub-mm band peaking synchrotron
component can be dominant. The model shows the related
ERC component can explain the steady X-ray emission.
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APPENDIX

POSSIBLE EXPLANATION OF A LAG BETWEEN
THE y-RAY AND OPTICAL FLARES

As we discussed in Section 4.1, the multi-band time series
imply that during the flaring activity detected in 3C 279 the
optical emission appears to be delayed with respect to the
y-ray emission. In the context of radiation models adopted
here (Section 5), the same electron population produces optical
synchrotron photons and also inverse-Compton y-rays in the
fast-cooling regime. A lag between the optical and y-ray flares
may therefore result from different profiles of decrease of the
magnetic energy density u}; () and the external (target) radiation
energy density u., () with the distance » along the jet, convolved
with a non-monotonic profile of the electron injection rate within
the outflow.

In the fast-cooling (FC) regime, the power injected into the
relativistic particles Pe inj is immediately radiated away and de-
termines the total broadband luminosity produced by the cooled
electrons L pc. Assuming a strong inverse-Compton domi-
nance, i.e., the observed inverse-Compton peak (y-ray) lumi-
nosity ~~L,, being much larger than the observed synchrotron
peak (optical) luminosity Loy, one has

Pe,inj(r) & Lot re(r) =~ Ly(r) + Lopt(r) ~ Ly(r)v (A1)
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while the optical luminosity is

ug(r)

Uexe (1)

where we assumed § = I'j being independent on the position r
along the jet. Hence, it is clear that while a maximum of L., (r) is
determined solely by the injection rate P iyj(7), a maximum of
L opi(r) may in general be quite different, depending on particular
radial profiles of P, iyj(r) and of the ratio [uy/u_,] (r).

As a specific illustrative example, let us assume that the
dissipation region propagating down the jet injects non-thermal
energy into radiating particles at the rate being a broad Gaussian
function of distance r with a maximum at ro and a width of
r0//2,

ug(r)

Loy (r) >~
" Uexe (1)

Ly(r) (0.8 Pe, inj(r)s (A2)

Peinj o exp [ — (r — r0)* /73], (A3)

and that magnetic field and external photon field energy densities
scale with r as power laws with indices g and Bext,

up(r) ocr ™ and  ul (r) oc r e (A4)

Then one can find that L,, has a maximum atr = r, as expected,
whereas Lo, attains a maximum at

For = %‘) 5 (1+ /142 (Bot — o)) (A5)

which is larger than ry as long as Bexe > Bp and thus results in
the optical flare lagging the y-ray flare. This is due to the fact
that with the magnetic energy density decreasing less rapidly
in the jet comoving frame than the external radiation energy
density, the drop in the injection rate P, jj(r) between ro and 7,
is compensated by the increase in the ratio [ug/ul, ] (r).

Let us further consider the particular values of g = 2 and
Bext = 4 discussed in Section 5. With such, assuming again
the electron injection rate being a broad Gaussian function
of the distance r along the jet as in the example above, the
observed time lag between the optical and y-ray flares Az, can
be evaluated as roughly

0.6 79 I
At gps = ~3 L — ) days. A6
obs cl“j2 x (15) (lpc as (A6)

It is encouraging that a 10 day lag is expected for I'; >~ 15 and
ro =~ 3 pc, which are the bulk Lorentz factor and the location
of the dissipation region comparable to that inferred from our
ERC-IR modeling.
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ABSTRACT

We report on an analysis of 308.3 hr of high-speed photometry targeting the pulsating DA white dwarf
EC14012-1446. The data were acquired with the Whole Earth Telescope during the 2008 international observing run
XCOV26. The Fourier transform of the light curve contains 19 independent frequencies and numerous combination
frequencies. The dominant peaks are 1633.907, 1887.404, and 2504.897 Hz. Our analysis of the combination am-
plitudes reveals that the parent frequencies are consistent with modes of spherical degree [ = 1. The combination am-
plitudes also provide m identifications for the largest amplitude parent frequencies. Our seismology analysis, which
includes 2004-2007 archival data, confirms these identifications, provides constraints on additional frequencies, and
finds an average period spacing of 41 s. Building on this foundation, we present nonlinear fits to high signal-to-noise
light curves from the SOAR 4.1 m, McDonald 2.1 m, and KPNO 2 m telescopes. The fits indicate a time-averaged
convective response timescale of 7p = 99.4 £ 17 s, a temperature exponent N = 85+ 6.2, and an inclination angle
of 6; = 3229 £ 3°2. We present our current empirical map of the convective response timescale across the DA
instability strip.

Key words: asteroseismology — stars: evolution — stars: individual (EC14012-1446) — stars: oscillations — white
dwarfs

Online-only material: color figures
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1. INTRODUCTION

Stellar seismology, also known as asteroseismology, provides
us with a unique tool for probing the interiors of stars, allowing
us to study fundamental problems in stellar evolution such
as energy transport, thermodynamics, and magnetism. White
dwarfs, the evolutionary endpoint of most stars, are particularly
important targets for asteroseismology. They are structurally
simple: an electron degenerate carbon/oxygen core surrounded
by thin non-degenerate layers of hydrogen and helium. DA white
dwarfs represent ~80% of all white dwarfs (Eisenstein et al.
2006), and they have a nearly pure layer of hydrogen on top of
a layer of helium. DB white dwarfs lack this hydrogen layer,
having a layer of nearly pure helium overlying a carbon/oxygen
core. Lacking substantial nuclear reactions, white dwarfs simply
cool as they age, passing through specific temperature ranges
(the DBV and DAV instability strips) within which they pulsate.
These pulsators are otherwise normal objects, so what we learn
about their structure can be applied to the entire population of
stellar remnants and further applied to our understanding of their
main-sequence progenitors.

In this paper, we focus on combining asteroseismology of
the DAV EC14012-1456 with nonlinear analysis of its light
curve to provide an empirical description of its convection
zone. Convection is one of the largest remaining sources of
theoretical uncertainty in astrophysical modeling. Convection
is traditionally treated through mixing length theory (MLT;
Bohm-Vitense 1958). MLT is a simple, local, time-independent
description first applied to stellar modeling by Biermann (1932).
It describes the motions of “average” convective cells with a
mean size [ = a H,, where H, is the local pressure scale height
and « is an adjustable free parameter. MLT is clearly incomplete;
we know turbulent flows are complex and there is no reason
why « should remain constant throughout the convection zone
of a single star, and certainly not for stars of different masses,
chemical compositions, or evolutionary phases. As an example
for white dwarfs, Bergeron et al. (1995) and Tremblay et al.
(2010) show that model parameters such as flux, line profiles,
energy distribution, color indices, and equivalent widths are
extremely sensitive to the assumed MLT parameterization.
Bergeron et al. (1995) find systematic uncertainties ranging from
25% for effective temperatures to 11% for mass and radius. The
use of MLT to treat convective energy transport in white dwarf
atmospheres thus represents a significant source of physical
uncertainty in calculations of their atmospheric structure. We
rely on these models to supply the information about white
dwarf interiors, masses, and temperatures needed to calibrate
white dwarf cooling sequences. This in turn produces detailed
age estimates for white dwarfs (Ruiz & Bergeron 2001) and an
estimate of the age of the Galactic disk (Winget et al. 1987;
Harris et al. 2006). An observational test of MLT that leads to
an improved description of convection is an important goal that
will have implications beyond the study of white dwarfs.

Brickhill (1992) was the first to realize that a pulsating
white dwarf’s photospheric flux is modulated relative to the
flux entering at the bottom of the convection zone by an
amount that depends on the convection zone’s thickness. The
local convection zone depth is a function of the local effective

* Based on observations obtained at the Southern Astrophysical Research
(SOAR) telescope, which is a joint project of the Ministério da Ciéncia,
Tecnologia, e Inovagido (MCTTI) da Republica Federativa do Brasil, the U.S.
National Optical Astronomy Observatory (NOAO), the University of North
Carolina at Chapel Hill (UNC), and Michigan State University (MSU).
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temperature, and this varies during a pulsation cycle. The result
is a distortion of the observed light curve, with narrow peaks and
wider valleys (Figure 1). Convective light curve fitting exploits
these nonlinearities to recover the thermal response timescale
of the convection zone. Mathematical details of this technique
can be found in Montgomery (2005¢) and Montgomery et al.
(2010b). For our purposes, applying convective light curve
fitting to a target star requires three ingredients: (1) a pulsator
with a nonlinear light curve, (2) precise knowledge of the star’s
pulsation frequencies and (/, m) values, and (3) high signal-to-
noise light curves for use in the actual fitting process.

Asteroseismology provides the tools to identify white dwarf
pulsation (I, m) values. White dwarfs are g-mode pulsators, and
each pulsation mode can be described by a spherical harmonic
of degree [, radial overtone k, and azimuthal number m, where
m takes integer values between —/ and /. Given a sufficient
sample of excited pulsation modes, we can match the observed
frequencies with theoretical models. An important diagnostic
for g-mode pulsators is the mean period spacing between modes
of the same (I, m) but consecutive radial overtone k (e.g., the k
and k + 1 modes). The mean period spacing depends mainly on
stellar mass. Deviations of individual spacings from this mean
value provide information on the thickness of the hydrogen
and/or helium layers and on the chemical profile of the core
(Montgomery 2009). We note here that the actual value of the
radial overtone k cannot be determined observationally, but must
be inferred from theoretical models.

A second diagnostic is given by the presence of multiplets.
The multiplet components have the same (k, /) and are further
described by the azimuthal index m, which takes integer values
between —/ and [. To first order, the frequency difference
relative to the m = 0 component of the multiplet is given by
8Vm = —m Q (1 — Cy;), where Q is the rotation period and
Cy, is a coefficient that depends on the pulsation eigenfunctions
evaluated in the nonrotating case. In the high-k asymptotic limit
for g-modes, Cy; ~ 1/4(€ + 1), although models predict it to
vary by 210% over the range of observed periods in EC14012.
Multiplet structure is a strong indication of a mode’s / value.
We expect a triplet for [ = 1, a quintuplet for / = 2, and
so on. The observed frequency differences (splittings) are a
measure of the stellar rotation rate as sampled by a given
mode. Deviations from equal frequency splitting within a single
multiplet and changes in splittings from one multiplet to the next
reveal information about differential rotation and magnetic field
strength.

Applying convective light curve fitting to a wide sample of
pulsating white dwarfs provides an empirical map of how the
convective response timescale varies as a function of effective
temperature, and this can be compared with theoretical models,
both MLT and hydrodynamic. The Whole Earth Telescope
(WET) is engaged in a long-term project to provide such
a description of convection across the hydrogen atmosphere
DAV (T =~ 11,100-12,200 K) and the helium atmosphere
DBV (T ~ 22,000-29,000 K) instability strips. We present
here our results for the DAV pulsator EC14012-1446. Our
goals are three-fold: determine accurate frequency and (I, m)
identifications, obtain several nights of high-quality light curves,
and apply convective light curve fitting to obtain EC14012-
1446’s convective response timescale. In the following, we
present the resulting data set and our analysis of the Fourier
transforms (FTs), discuss the identified frequencies and (I, m)
values, perform nonlinear light curve fits, and present the
convective parameters for EC14012-1446.

<112>



THE ASTROPHYSICAL JOURNAL, 751:91 (19pp), 2012 June 1

PROVENCAL ET AL.

0.1

0.05

Fractional Intensity (mmi)

-0.05

14000

15000 16000

Time (s)

Figure 1. Portion of a high signal-to-noise SOAR light curve of EC14012-1446, showing the narrow peaks and broader valleys indicative of convective mixing. The

error bars for each point are indicated by the size of the points. The dominant pulsation period is

~600 s (1 mmi ~1 mmag).

T T T ‘ T T T T | T T T T | T T T | T T T ‘ T T T T | T T T T | T T T T
A5
[ |
p
1
— 5
E
E
>
‘B
c
o [
= g
[1+]
c
9 '1-1
©
o
; ﬁ iﬁ‘
13 13.5
W li m h
) [ | |
| ' 165 ' "7 1 7 1?5 ' LY T "IES' L Tgs5'!
A5 |
4 N i“ﬂiﬁiﬂﬂl“liﬁ Hilﬁil
|

0

Time (x 100000 s)

Figure 2. Final light curve of EC14012-1446 from XCOV26, representing the combination of all data listed in Table 1. The top five panels cover 400,000 s (4.63 days)
each. The bottom panel displays the entire light curve, with time in days. The dominant pulsation period is ~600 s.

2. OBSERVATIONS AND REDUCTIONS

EC14012-1446 (WD1401-147, B 15.67) is a high-
amplitude, multiperiodic DAV pulsator discovered by Stobie
et al. (1995) and observed extensively by Handler et al. (2008).
Our XCOV26 observations span 2008 March 25 to April 29,
achieving 80% coverage during the central five days of the
run (Figure 2). Twenty-seven telescopes distributed around the
globe participated in XCOV26, 15 of which contributed a total
of 71 runs (Table 1) on EC14012-1446. The observations were
obtained with different CCD photometers, each with distinct
effective bandpasses. We minimize the bandpass issues by using

CCDs with similar detectors where possible and employing a red
cutoff filter (BG40 or S8612) to normalize wavelength response
and reduce extinction effects.

Standard procedure for a WET run calls for observers to
transfer raw images and calibration files to WET headquarters
for analysis at the end of each night. CCD data reduction follows
the steps outlined in Provencal et al. (2009). We corrected each
image for bias and thermal noise, and normalized by the flat
field. Aperture photometry using the IRAF photometry pipeline
described by Kanaan et al. (2002) was performed on each image,
utilizing a range of aperture sizes for the target and selected
comparison stars. We used the WQED pipeline (Thompson
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Table 1
Journal of XCOV26 Observations EC14012-1446

Run Name Telescope Detector Date Length

(m) (hr)
hawa20080325-09 Hawaii 2.2 E2V ccd47-10 2008 Mar 25 6.2
$a2020080326-21 SAAO 1.0 UCT CCD 2008 Mar 26 59
tene20080327-20 Tenerife 0.8 TK1024 2008 Mar 27 3.0
$a2020080327-20 SAAO 1.0 UCT CCD 2008 Mar 27 7.5
$22020080328-20 SAAO 1.0 UCT CCD 2008 Mar 28 7.3
$a2020080329-20 SAAO 1.0 UCT CCD 2008 Mar 29 72
tene20080330-03 Tenerife 0.8 TK1024 2008 Mar 30 29
$a2020080330-20 SAAO 1.0 UTC CCD 2008 Mar 30 7.5
$a2020080331-20 SAAO 1.0 UTC CCD 2008 Mar 31 7.1
mcdo20080401-05 McDonald 2.1 E2V ccd57-10 2008 Apr 1 6.1*
$22020080401-20 SAAO 1.0 UTC CCD 2008 Apr 1 5.4
10ia20080403-00 Loia 1.52 EEV 1300x1340B 2008 Apr 3 1.1
¢ctio20080403-01 CTIO 0.9 Tek2K3 2008 Apr 3 7.5
50ar20080403-02 SOAR 4.1 2K x4K MIT/Lincoln Lab CCD 2008 Apr 3 7.6*
sara20080403-05 SARA 1.0 CCD 2008 Apr 3 6.3
mcdo20080403-08 McDonald 2.1 E2V ccd57-10 2008 Apr 3 3.0
$aa2020080403-20 SAAO 1.0 UCT CCD 2008 Apr 3 6.8
salt20080403-21 SALT 10.0 CCD 2008 Apr 3 1.0
50ar20080404-01 SOAR 4.1 CCD 2008 Apr 4 7.7*
salt20080404-02 SALT 10.0 E2V 44-82 2008 Apr 4 0.7
ctio20080404-02 CTIO 0.9 Tek2K3 2008 Apr 4 7.0
mcdo20080404-05 McDonald 2.1 E2V ccd57-10 2008 Apr 4 5.4*
sara20080404-10 SARA 1.0 CCD 2008 Apr 4 0.6
$a2020080404-21 SAAO 1.0 UTC CCD 2008 Apr 4 6.4
5alt20080404-21 SALT 10.0 E2V 44-82 2008 Apr 4 1.0
50ar20080405-01 SOAR 4.1 2K x4K MIT/Lincoln Lab CCD 2008 Apr 5 4.7*
salt20080405-02 SALT 10.0 E2V 44-82 2008 Apr 5 1.0
cti020080405-03 CTIO 0.9 Tek2K3 2008 Apr 5 6.3
mcdo20080405-09 McDonald 2.1 E2V ccd57-10 2008 Apr 5 1.7
mtjo20080405-11 Mt. John 1.0 E2V ccd57-10 2008 Apr 5 33
b02020080405-14 BOAO 1.8 SITe SI424AB CCD 2008 Apr 5 44
salt20080405-21 SALT 10.0 E2V 44-82 2008 Apr 5 1.0
$a2020080405-22 SAAO 1.0 UTC CCD 2008 Apr 5 3.1
salt20080406-01 SALT 10.0 E2V 44-82 2008 Apr 6 1.0
50ar20080406-02 SOAR 4.1 2K x4K MIT/Lincoln Lab CCD 2008 Apr 6 7.3*
mcdo20080406-09 McDonald 2.1 E2V ccd57-10 2008 Apr 6 2.0
ctio20080407-02 CTIO 0.9 Tek2K3 2008 Apr 6 6.2
mcdo20080407-08 McDonald 2.1 E2V ccd57-10 2008 Apr 7 3.1
b02020080407-15 BOAO 1.8 SITe SI424AB CCD 2008 Apr 7 4.0
$aa2020080407-20 SAAO 1.0 UTC CCD 2008 Apr 7 5.9
salt20080407-20 SALT 10.0 E2V 44-82 2008 Apr 7 1.0
salt20080408-01 SALT 10.0 E2V 44-82 2008 Apr 8 1.0
ctio20080408-02 CTIO 0.9 Tek2K3 2008 Apr 8 1.8
mcdo20080408-09 McDonald 2.1 E2V ccd57-10 2008 Apr 8 1.5
1uli20080408-14 Lulin 1.0 E2V CCD36-40 2008 Apr 8 2.6
$aa2020080408-20 SAAO 1.0 UTC CCD 2008 Apr 8 49
cti020080409-02 CTIO 0.9 Tek2K3 2008 Apr 9 6.6
mcdo20080409-09 McDonald 2.1 E2V ccd57-10 2008 Apr 9 0.6
cti020080410-02 CTIO 0.9 Tek2K3 2008 Apr 10 6.9
b0a020080410-14 BOAO 1.8 SITe SI424AB CCD 2008 Apr 10 3.0
ctio20080411-02 CTIO 0.9 Tek2K3 2008 Apr 11 6.6
mcdo20080411-09 McDonald 2.1 E2V ccd57-10 2008 Apr 11 1.5
mcdo20080412-06 McDonald 2.1 E2V ccd57-10 2008 Apr 12 0.3
kpno20080412-07 KPNO 2.0 E2V ccd47-10 2008 Apr 12 3.7
ctio20080413-02 CTIO 0.9 Tek2K3 2008 Apr 13 4.4
mcdo20080413-06 McDonald 2.1 E2V ccd57-10 2008 Apr 13 4.7
cti020080414-02 CTIO 0.9 Tek2K3 2008 Apr 14 7.1
kpno20080414-04 KPNO 2.0 E2V ccd47-10 2008 Apr 14 24
1ash20080414-08 Las Cumbres 2.0 E2V CCD42-40 2008 Apr 14 34
mcdo20080414-09 McDonald 2.1 E2V ccd57-10 2008 Apr 14 1.7
1uli20080414-17 Lulin 1.0 E2V CCD36-40 2008 Apr 14 2.4
ctio20080415-02 CTIO 0.9 Tek2K3 2008 Apr 15 6.6
1ash20080415-09 Las Cumbres 2.0 E2V CCD42-40 2008 Apr 15 3.8
1uli20080415-16 Lulin 1.0 E2V ccd36-40 2008 Apr 15 43
mabu20080415-20 Mt. Abu 1.2 TEK CCD 2008 Apr 15 1.3
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Table 1
(Continued)

Run Name Telescope Detector Date Length

(m) (hr)
mabu20080416-20 Mt. Abu 1.2 TEK CCD 2008 Apr 16 2.2
kpno20080417-09 KPNO 2.0 E2V ccd47-10 2008 Apr 17 2.8
kpno20080418-07 KPNO 2.0 E2V ccd47-10 2008 Apr 18 39
braz20080426-04 LNA 1.6 WI106 CCD 2008 Apr 26 2.1
braz20080427-05 LNA 1.6 WI106 CCD 2008 Apr 27 1.9
braz20080428-04 LNA 1.6 WI106 CCD 2008 Apr 28 1.9
braz20080429-05 LNA 1.6 WI106 CCD 2008 Apr 29 1.2

Note. * High signal-to-noise light curves used for light curve fitting. All other observations were used to obtain accurate frequency information.

& Mullally 2009) to examine each nightly light curve for
photometric quality, remove outlying points, divide by a suitable
comparison star, and correct for differential extinction. Our
observational technique is therefore not sensitive to oscillations
longer than a few hours. The result is light curves with amplitude
variations represented as fractional intensity (mmi). The unit is
a linear representation of the fractional intensity of modulation
(1 mmi ~1 mmag). We present our FT's in units of modulation
amplitude (1 mma =1 x 102> ma = 0.1% = 1 ppt).

The final reduction step combines the individual light curves
to produce the complete light curve for EC14012-1446. We as-
sume EC14012-1446 oscillates about a mean light level. This
assumption allows us to carefully assess overlapping segments
from different telescopes and identify and correct any vertical
offsets. As discussed in detail in Provencal et al. (2009), we
find no significant differences between the noise levels of am-
plitude spectra using (1) the combination of all light curves
including overlapping segments from different telescopes,
(2) the combination of light curves where we retain only higher
signal-to-noise observations in overlapping segments, and
(3) combining all light curves using data weighted by telescope
aperture.

The final XCOV26 light curve contains 308.3 hr of high-
speed photometry. Our coverage is not complete, and this incom-
pleteness produces spectral leakage in the amplitude spectrum.
To quantify this, we sampled a single sinusoid using exactly
the same times as the original data. The resulting amplitude
spectrum, or “spectral window,” is the pattern produced in the
XCOV26 FT by asingle frequency. The FT and spectral window
of the complete light curve are given in Figure 3.

3. FREQUENCY IDENTIFICATION
3.1. Stability

Following Provencal et al. (2009), we begin by examining the
stability of EC14012-1446’s pulsation amplitudes and frequen-
cies throughout the run. Amplitude and/or frequency variations
produce artifacts in FTs, and greatly complicate the identifica-
tion of intrinsic pulsation frequencies (Kepler et al. 2003). We
divide the data set into three chunks, each spanning ~185 hr
(7.8 days). The FT of each chunk is given in Figure 4. Several
of the dominant frequencies are consistent to within measure-
ment error, but we do find evidence of amplitude variations in a
number of frequencies.

We calculated spectrograms for the five largest amplitude
frequencies to further explore the nature of these amplitude
variations (Figure 5). A spectrogram quantifies the behavior
of frequencies and amplitudes as a function of time. Our
spectrograms are generated by dividing the total light curve into

multiple 5 day segments, each of which overlap by 4.95 days.
The FT of each segment is a measurement of frequencies and
amplitudes centered on a specific time. Each panel in Figure 5 is
an amalgam, where each segment FT corresponds to a vertical
line. The x-axis is time, the y-axis is frequency, and amplitude
is represented by color and is normalized to an amplitude of
1. The bottom panel in Figure 5 gives the pattern generated
by a single sinusoid sampled with exactly the same times as
the segment light curves (a time-dependent spectral window).
The results show a slow 18¢ increase in the amplitude of the
dominant 1633.907 uHz (612 s) peak, from 222 to ~31 mma,
over the course of the run. We also find a similar increase in the
1548.146 nHz (645 s) peak. The 2308 pHz (433 s) peak shows
a 25% decrease in amplitude during the middle of the run and a
large apparent decrease at the end of the run. The amplitudes of
the remaining two frequencies are consistent to within 3o'.

3.2. The XCOV26 Fourier Transform

Armed with amplitude stability information for the five
largest peaks, we are ready to take a careful look at EC14012-
1446’s XCOV26 FT. We use Period04 (Lenz & Breger 2005) for
Fourier analysis and nonlinear least-squares fitting to select the
statistically significant peaks in the XCOV26 FT. As detailed in
Provencal et al. (2009), we adopt the criterion that a peak must
have an amplitude at least four times greater than the mean
noise level in the given frequency range. We define “noise”
as the frequency-dependent mean amplitude after prewhitening
by the dominant frequencies. This is a conservative estimate,
as it is impossible to ensure that all of the “real” frequencies
are removed when calculating the noise level. This is certainly
true for EC14012-1446, where the peaks above 23000 uHz are
mainly combination frequencies. Figure 6 displays the mean
amplitude, specified as the square root of the simple mean
power using a boxcar of 100 uHz, after prewhitening by 62
frequencies, as a function of frequency. Our noise is somewhat
frequency dependent, but is near 0.2 mma.

To confirm our uncertainty estimates, we calculated Monte
Carlo simulations using the routine provided in Period04. This
routine generates a set of light curves using the original times,
the fitted frequencies and amplitudes, and added Gaussian noise.
A least-squares fit is performed on each simulated light curve,
with the distribution of fit parameters giving the uncertainties.
Our Monte Carlo results are consistent with our mean amplitude
noise estimates of ~0.2 mma.

Our frequency selection procedure involves identifying the
largest amplitude resolved peak in the FT, fitting a sinusoid
with that frequency to the data set, subtracting the fit from
the light curve, recomputing the FT, examining the residuals,
and repeating the process until no significant power remains.
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Figure 3. FT of the 2008 EC14012-1446 photometry observations (note vertical scale in each panel). Solid dots label 14 modes containing 19 independent frequencies.
Arrows indicate a sample of combination frequencies (for example F14+F2). Unlabeled peaks are second-order (for example F1+F2) and third-order (for example
F1+F2+F3) combinations. The spectral window is plotted in the last panel. Tables 2 and 3 list exact frequency identifications.

This technique, known as prewhitening, must be employed
with an abundance of caution, especially since we are aware
of amplitude and/or frequency modulation in our data set. The
modulation will create artifacts that masquerade as additional
frequencies. To illustrate, let us examine the region of dominant
power at 1633.907 uHz (Figure 7). Comparison of the original
FT (top panel) with the spectral window (bottom panel) demon-
strates that most of the signal is concentrated at 1633.907 uHz.
We fit a sinusoid to the data to determine frequency, ampli-
tude, and phase, and subtract the result from the original light
curve. The second panel of Figure 7 shows the prewhitened FT.
Careful examination reveals two residual peaks (at 1633.450
and 1624.015 uHz identified with arrows) that are clearly not
components of the spectral window. A third peak at 1622 uHz
is part of a window pattern associated with 1633.450 uHz,
but the alias pattern is asymmetric. Panel 3 shows the re-
sults of prewhitening by a simultaneous fit of 1633.907 and
1633.450 uHz. Both frequencies are removed, and 1622 wHz is
diminished, leaving 1624.015 uHz. We next subtract a simul-
taneous fit of 1633.907, 1633.450, and 1624.015 uHz, with the
results displayed in panel 4 of Figure 7. No significant power
remains. However, a red flag is raised: the separation between
1633.907 and 1633.450 uHz is 0.457 uHz, the inverse of which
is the run length. The 1633.450 uHz peak is a manifestation of

the amplitude changes observed in Figure 5 and is not included
in our final frequency list.

Similar analyses of several other frequencies turned out to be
unexpectedly complex. The power at 1775 uHz (labeled “5” in
Figure 3) is unresolved. Figure 8 establishes that prewhitening
this peak requires four closely spaced frequencies, with fre-
quency differences very similar to the inverse of the run length.
This is a clear signature of amplitude and/or frequency instabil-
ity. Figure 9 shows the spectrogram of this region using the same
criteria as the spectrograms in Figure 5. Unlike the slow ampli-
tude increase observed with the 1633 uHz peak, the 1775 uHz
peak undergoes remarkably sudden variations, on timescales of
a few days. We also find a decrease in its frequency of 1.2 uHz
(50) over the course of the run. A second region of power at
1860 Hz displays similar behavior. Both peaks are labeled in
Table 2.

Our final identifications result from a simultaneous nonlinear
least-squares fit of 19 independent frequencies, amplitudes, and
phases as well as 68 combination frequencies. Combination
frequencies are fixed with respect to their parents but their
amplitudes and phases are allowed to vary. Table 2 lists 19
identified independent frequencies, with consideration to those
exhibiting amplitude and/or frequency modulation. The list
includes a doublet with a splitting of 9.9 uHz associated with the
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chunk. The black points in the bottom panel identify the five largest amplitude modes. Some changes in each FT can be explained as differences in the window structure
and effective resolution for each chunk. In particular, the final chunk has the least data coverage. We do find evidence of amplitude and/or frequency variations during

the run. All peaks with frequencies higher than ~3000 ;Hz are combination peaks.

1633.907 uHz peak (labeled 1 in Figure 3), a triplet at 1887 uHz
with an average splitting of 3.8 uHz (labeled 2 in Figure 3),
and a second doublet with a splitting of 3.1 uHz at 2504 uHz
(labeled 4 in Figure 3). Table 3 presents the largest amplitude
combination frequencies (see Section 4.1).

4. MODE IDENTIFICATION

Our ultimate goal is to use EC14012-1446’s nonlinear
light curve to extract the star’s convective parameters. The
requirements for convective light curve fitting include precise
knowledge of the target star’s frequencies and amplitudes, as
well as a good idea of the (I, m) values for these frequencies.
The parameter space to be explored to determine the best
convective light curve fit is greatly constrained by knowledge of
(I, m) indices for the excited pulsations. Montgomery’s first
application of this technique focused on the DA pulsators
G29-38 and GD154 (Montgomery 2005a). In the data sets used,
these objects were dominated by a single pulsation mode, so
the number of potential (/, m) identifications was small enough
that all possibilities could be explored. Montgomery et al.
(2010b) recently expanded this work to the multiperiodic
pulsator GD358, a well-studied object with detailed (/, m) iden-
tifications of its pulsation modes (Provencal et al. 2009; Metcalfe
et al. 2000; Winget et al. 1994). While XCOV26 provided pre-

cise frequencies and amplitudes for the modes in EC14012-1446
(see Table 2), we lack prior (I, m) identifications. Even limiting
ourselves to [ = 1 and 2, as these are the spherical degrees most
often observed in pulsating white dwarfs, yields a total num-
ber of possible combinations of order (2/ + 1)!°, a very large
number indeed. In this section, we will rely on analysis of the
combination frequencies and the support of asteroseismology to
constrain (I, m) identifications in EC14012-1446.

4.1. Combination Frequencies

Combination frequencies are typically observed in the FTs
of moderate to large amplitude pulsators (e.g., Provencal et al.
2009; Dolez et al. 2006; Handler et al. 2002); they are identified
by their relationships, which must be exact within measurement
error. Combination frequencies can be integer multiples of
a single parent (harmonics) or sums (or differences) of any
two modes. These frequencies are not independent, but result
from nonlinear effects most likely associated with the surface
convection zone (Brickhill 1992; Brassard et al. 1995; Wu 2001
Ising & Koester 2001). Wu (2001) shows that the observed
amplitudes of combination frequencies depend on geometric
factors such as the (I, m) indices of the parent(s) and the
inclination of the pulsation axis to the line of sight. EC14012-
1446’s FT contains a rich distribution of combinations that
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Figure 5. Spectrogram of the five largest amplitude modes in EC14012-1446’s
FT, arranged in order of decreasing period. The bottom panel gives the time-
varying spectral window for a sample frequency at 1000 ;Hz (the pattern given
by a single sinusoid sampled at exactly the same times as the data). Each
panel is normalized to an amplitude of 1. We find a slow amplitude increase
in the 1633.907 uHz (612 s) and 1548.146 wHz (645 s) peaks. In addition, the
2308 Hz (433 s) peak shows a decrease in amplitude during the middle of the
run.

(A color version of this figure is available in the online journal.)

involve 13 of the 19 independent frequencies listed in Table 2.
Our goal is to exploit the geometric sensitivities to provide (I, m)
constraints for these frequencies.

Wu (2001) and Yeates et al. (2005) lay the foundations
for our analysis by describing analytical expressions for the
predicted amplitudes and phases of combination frequencies.
These quantities depend on the inclination angle 6 of the
pulsation axis to the line of sight, the (I, m) indices of the
parent mode(s), the amplitudes of the parent mode(s), and
parameters describing the convection zone. To minimize the
dependence on the convective parameters and focus on the
geometric factors (I, m) and 6, our analysis follows Yeates
et al. (2005) and considers only combination frequencies that
are the sum of two parent frequencies. We combine a genetic
algorithm (Charbonneau 1995) with Wu’s (2001) formulae, and
incorporate an improved treatment of limb darkening taken
directly from the models of Koester (Montgomery et al. 2010b).
For a single run of the code, the best simultaneous fit to the
observed amplitudes of the parent and combination frequencies
utilizes multiple generations and minimizes the root-mean-
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Table 2
Table of XCOV27 Independent Frequencies
D Frequency Period Amplitude S/N Notes
(1uHz) (s) (mma)

7 935.3799 £ 0.002 1069.085 27+0.1 9
10 1021.139 £ 0.002 979.299 1.7+0.1 8
9 1104.252 £+ 0.001 905.591 22402 10
11 1155.925 £+ 0.002 865.108 1.94+02 8
14 1241.403 £ 0.002 805.540 1.24+02 5
13 1418.369 + 0.002 705.035 1.24+02 5
3a 1521.575 + 0.002 657.214 22+02 9 a

1548.146 £ 0.001 645.933 79+0.1 32
la 1624.015 £ 0.003 615.758 31+02 13 a
1 1633.907 £ 0.001 612.030 2577+0.1 104
5 1774.989 £ 0.100 563.384 72+£03 9 b
8 1860.248 4 0.400 537.563 6.4+04 11 b
2a 1883.555 4 0.003 530911 1.5£02 5 a
2 1887.404 + 0.001 529.828 20.7+0.1 79
2b 1891.142 4+ 0.002 528.781 38+02 14 a
6 2304.745 £+ 0.001 433.887 4740.1 23 b
4 2504.897 £ 0.001 399.218 12.7 £0.1 71
4a 2508.060 £ 0.002 398.715 2.1+£02 12 a
12 2856.155 £ 0.002 350.121 20+0.2 9

Notes.
2 Frequency IDs with small letters indicate components of the same multiplet.
b Frequencies displaying long timescale amplitude modulation.

Table 3
Table of Combination Frequencies
Frequency Period Amplitude S/N Parents
(uHz) (s) (mma)

253.466 £ 0.002 3945.302 29402 9 2—1
2569.286 £ 0.002 350.121 0.6 £0.2 4 1+7
2738.153 £+ 0.002 365.210 09+0.2 4 1+9
3096.255 £ 0.002 322971 0.6+0.2 3 2f3
3182.045 £ 0.002 314.263 2.7+0.2 12 1+3
3267.794 £ 0.002 306.015 43+£02 13 2f1
3408.939 £ 0.002¢ 293.346 1.6 £0.2 5 6+5
3409.912 £ 0.002¢ 293.263 1.7+£0.2 4 1+5
3435.538 £ 0.002 291.075 20+£02 6 243
3494.064 £ 0.002¢ 286.152 0.8+£0.2 4 1+8
3521.306 £ 0.002 283.986 7.0+0.2 33 1+2
3525.050 £ 0.002 283.684 09402 5 1+2b
3774.810 £ 0.001 264.914 21+£02 12 212
3938.646 £ 0.002 253.894 09402 5 1+6
4026.445 £ 0.002 248.358 14+0.2 7 4+3a
4053.043 £ 0.002 246.728 0.7+£0.2 4 3+4
4138.800 £ 0.002 241.616 20£02 8 1+4
4192.150 £ 0.002 238.541 0.7+0.2 4 2+6
4279.907 £ 0.002* 233.650 2.6+0.2 10 4+5
4365.040 £ 0.002* 234.464 09402 4 4+8
4365.608 £ 0.002* 229.063 1.3£02 5 4+8
4392.348 £ 0.002 227.669 1.5+02 7 2+4
4396.055 £ 0.002 227.477 1.8+0.2 8 2b+4
4743.561 £ 0.002 210.812 09402 5 2+12
4809.633 & 0.002 207.916 22402 12 4+6
5009.696 £ 0.002 199.613 0.7+0.2 4 2f4
5155.187 & 0.002 193.979 22402 8 1+142
5361.052 £ 0.002 186.531 1.24+02 6 3+10
5408.698 £ 0.002 184.887 1.3+£02 6 3+3+1
5913.800 £ 0.002 169.096 1.4+02 7 1+4+5

Note. * Combination including parent with amplitude modulation.

squared residuals, Res;s, between the predicted and observed
amplitudes. In practice, we run the code 1000 times and select
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Figure 6. Mean noise as a function of frequency for XCOV26. The data set was prewhitened by the 62 largest amplitude frequencies. Our noise is frequency dependent,
but is near 0.2 mma. This is a conservative estimate, as we have probably not prewhitened by all the combination frequencies.
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Figure 7. Prewhitening of the dominant 1633.907 uHz mode in the 2008 FT. We begin with the removal of the largest amplitude resolved peak (top panel), a careful
comparison of the residuals in the next panel with the spectral window (last panel), and the subsequent removal of additional frequencies. The fourth panel shows the
residuals after simultaneously removing 1633.907, 16233.450, and 1624.017 uHz. The 1633.450 uHz component (right arrow in the second panel) is the result of

amplitude changes.

the solutions having Res;,s below a limiting value. This process
produces a sample of best-fit solutions whose distribution
provides information on the range of values allowed for these
parameters.

To test that this approach recovers known input, we used the
nonlinear light curve fitting code of Montgomery et al. (2010b)

to generate a synthetic light curve based on EC14012-1446’s
parent frequencies. The nonlinear light curve fitting code is
discussed in more detail in Section 5. For our purposes in this
test, the importance of using synthetic light curves generated by
this code rather than a simple simulation employing multiple
sine functions is that the synthetic light curve will include
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Figure 8. 1775 nHz (563 s) mode in the 2008 FT. This power is unresolved and requires at least four closely space frequencies for prewhitening, with frequency
differences very similar to the inverse of the run length. This is a clear signature of amplitude and/or frequency instability.
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Figure 9. Spectrogram of the 1775 ;tHz region in the 2008 FT. This region of power exhibits remarkable amplitude changes on a timescale of days. The bottom panel
gives the time-dependent window. The spectrogram amplitudes (colors) have been normalized to a value of 1.

(A color version of this figure is available in the online journal.)

combination frequencies produced via nonlinear effects due to
convection (Montgomery et al. 2010b). Our purpose is to recover
the input frequency identifications using these combination
frequencies. We assigned reasonable (/, m) values to the input
frequencies, chose values for 6, the time-averaged convective
response time 7y, and A,, where A, describes the response of

the stellar material to the pulsations and includes a bolometric
correction factor (Wu 2001), and added noise. Using the method
outlined in the previous paragraph, we successfully recovered
(I, m) for all large-amplitude input parent frequencies, while
experiencing some disagreement with low-amplitude parents.
This is because low-amplitude modes have even lower amplitude
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Figure 10. Probability distribution (from O to 1) of /, m, 6, and A, for the 1633.907 uHz (612 s) and the 2504.897 uHz (399 s) variations. The solutions are from
individual runs with Res;s < 0.38 mmi. The top panel gives the probability distributions of # and A, found for all frequencies, with preferred values of 6 ~ 32° and
A, ~ 20, respectively. The middle and lower panels give the / and m identification distributions for the 1633.907 uHz (612 s) and 2504.897 uHz (399 s) modes. The
amplitudes of EC14012-1446’s observed combination frequencies argue that 1633.907 uHz is [ = 1, m = 0, while 2504.897 uHzisl = 1,m = 1.

combination frequencies, which are difficult to detect and so
are not as numerous. Since our method treats both the high-
amplitude parent modes and the low-amplitude combination
frequencies equally in the fits, this has the effect of de-
emphasizing the importance of low-amplitude combination
frequencies.

Figure 10 shows the resulting probability distribution of
I, m, 6, and A, values for fits having Res;,s < 0.38 mmi,
for EC14012-1446’s 1633.907 uHz (612 s) and 2504.897 uHz
(399 s) variations. For 1633.907 uHz (612 s), the analysis of
combination amplitudes strongly argues that the variations are
best represented as spherical degree / = 1 and azimuthal index
m = 0, with an inclination angle of 30° & 10°, and a value of
A,= 20 £ 2. We find nearly identical results for 1887.404 uHz
(529 s) and 1548.146 Hz (646 s). For 2504.897 nHz (399 s),
we find the same distributions for 6 and A,, but in this case
(I, m) = (1, 1) is strongly preferred. As we found previously,
the statistical significance of (/, m) identifications determined
by combination amplitudes is amplitude dependent and we do
not find unambiguous identifications for the lower amplitude
frequencies. The complete list of (/, m) identifications derived
from the combination amplitudes are given in Table 4.

Our analysis of EC14012-1446’s combination amplitudes
indicates that nine of the dominant independent frequencies
are consistent with spherical degree [ = 1; in Table 4 we list
the most likely (/, m) identifications for these modes. We would
like to constrain the identifications of the remaining independent
frequencies to improve our chances of success with nonlinear
convective light curve fitting. Using the combination analysis as
a basis, we now turn to asteroseismology to provide constraints
on the identifications of the remaining frequencies.

4.2. Asteroseismology
4.2.1. Period Spacing

As mentioned in the introduction, we look for two clues to
indicate (/, m) identifications of pulsations in white dwarfs. The
first is the expectation that g-mode pulsations of a given / corre-
sponding to successive radial overtones k will be approximately
equally spaced in period, provided £ is large enough (Unno et al.
1989). For the simple example of a homogeneous star, we find

Pu=kAI[I(+D]'? + C, (D)
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Table 4
Frequency (I, m) Identifications

Frequency Period Combination Asteroseismology Final Nonlinear Fit
(nHz) () (I, m) (I, m) (I, m)
935.3799 + 0.002 1069.085 (1, any) 2,-1
1021.139 £ 0.002 979.299 (1, any) 2,2)
1104.252 £ 0.001 905.591 (1, any) 2,1)
1155.925 + 0.002 865.108 (1, any) 2,2)
1241.403 £+ 0.002 805.540 (1, any) 2,2)
1418.369 + 0.002 705.035 (2, any) 2,1
1521.575 £ 0.002 657.214 (1,1 L1
1548.146 + 0.001 645.933 (1,0) (1, any) (1,0)
1624.015 £+ 0.003 615.758 (L, 1) (LD (L, 1)
1633.907 + 0.001 612.030 (1,0) (1,0/1) (1, 1)
1774.989 + 0.100 563.384 (1, -1 (1, any) (L, 1)
1860.248 + 0.400 537.563 (2, any) 2,0)
1883.555 + 0.003 530911 (LD (1, 1)
1887.404 + 0.001 529.828 (1,0) (1, 0) (1,0)
1891.142 + 0.002 528.781 (1, -1 (1, -1 (1, -1
2304.745 £+ 0.001 433.887 (1, -1 (2, any) (1,0)
2504.897 £ 0.001 399.218 (1, 1) (L, D (1,0)
2508.060 % 0.002 398.715 (1/2,1/0) (1,0) (1, -1
2856.155 £ 0.002 350.121 (2,0/1) (2, any) 2,0)
where AIl is a uniform period spacing, Py, is the period for a Table 5

given mode (k, /), and C is a constant (Tassoul et al. 1990). The
mean period spacing AIT for a series of modes of a given [/ and
consecutive k is an important asteroseismic measure of stellar
mass and effective temperature that is mostly independent of
internal composition (Unno et al. 1989).

A white dwarf has a host of available pulsation frequencies.
For reasons that are not understood, in most cases only a subset
are observed at any given time (Corsico et al. 2002). This is true
for EC14012-1446. The 19 independent frequencies detected
during XCOV28 show no obvious evidence of equal period
spacing so we are lacking consecutive radial overtones for
any / value. A good strategy to identify the complete set of
available modes is to combine results from multiple seasons
of observations. Handler et al. (2008) present an analysis
of EC14012-1446 observations spanning 2004-2007, during
which the star exhibited different subsets of excited modes.
Figure 11 shows a schematic representation of excited modes
for the combined observations spanning 2004—2008. Figure 12
focuses on the obvious groupings between 800 and 500 s
(1250 and 2000 Hz). Since we are searching for equal period
spacings, we present these figures using period as the x-axis. The
large groupings at 768 s (1302 uHz), 721 s (1387 uHz), 682 s
(1466 wHz), and 612 s (1633 Hz) have a decreasing observed
width with shorter period. This decrease translates into an equal
width in frequency space of ~24 yHz.

We calculated a simple average period for each group, which
is given in Table 5. A statistical test for the presence of uniform
period spacing is provided by the Kolmogorov—Smirnov (K-S)
test (Winget et al. 1991). The K-S test calculates the probability
that an input list is randomly distributed. Any statistically
nonrandom period spacing will therefore appear as a minimum
value in the output. In our case, we use the test to determine
the probability that the list of average periods in Table 5 is from
a uniform distribution for a given period spacing AIT (Kawaler
1988). Figure 13 shows the results, finding a period spacing of
~41 s, consistent with the expectations for / = 1 (Bischoff-Kim
& Metcalfe 2012). We find no significant period spacings at
~23 s as predicted for / = 2 modes.

Table of Average Frequencies (2004-2008)

Period Frequency No. of peaks Radial Overtone
(s) (uHz)

2856.164 350.120 1

2738.076 365.220 1 ko — 6
2505.405 399.137 6 ko —5
2304.854 433.865 2

1887.505 529.800 10 ko —2
1860.431 537.510 2

1774.954 563.395 2 ko — 1
1633.597 612.146 16 ko
1548.155 645.930 2 ko +1
1463.668 683.215 8 ko +2
1418.353 705.040 1

1384.903 722.072 14 ko +3
1332.851 750.249 1

1298.863 769.904 6 ko +4
1219.836 819.782 2 ko +5
1163.163 859.710 2 ko +6
1136.538 879.865 4 ko +7
1104.240 905.600 1

1035.443 965.770 2 ko +9
964.748 1036.540 3 ko + 11
935.375 1069.090 1

821.254 1217.650 1

Notes. This table gives the simple average frequencies for the groupings in
Figures 11 and 12. The column “No. of peaks” gives the number of frequencies
contained within each group. The radial overtone k is impossible to determine
observationally, so we give values relative to 1633 uHz, defined to have k,. The
relative k values denote a series of nearly consecutive modes of spherical index
[ = 1 with a period spacing of ~41 s.

Using 1633.907 uHz as our reference point, we assigned
relative radial overtone values to the frequencies listed in
Table 5. We plot the expected locations of consecutive radial
overtones for / = 1 in Figures 11 and 12. These points in the
bottom of both figures are given with bars representing the
24 nHz “grouping” width. For periods above 900 s, the grouping
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Figure 11. Schematic representation of EC14012-1446’s independent frequencies for data from 2004 to 2008. The bottom points indicate the expected locations of
consecutive / = 1 modes with a mean period spacing of 41 s. The associated bars illustrate the “grouping width” of +24 uHz. Frequencies within this range should

belong to the given k multiplet. Note that the x-axis is period, not frequency.
(A color version of this figure is available in the online journal.)
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Figure 12. Zoom-in of Figure 11 to periods in the range 800-500 s. The bottom points give the expected locations of consecutive / = 1 modes with a mean period
spacing of 41 s. The period width denoted by the bars represents the 24 uHz “grouping width” of the modes. Frequencies found within this range should belong to the

given k multiplet. Please note that the x-axis is period, not frequency.
(A color version of this figure is available in the online journal.)

widths for consecutive radial overtones overlap, illustrating
the difficulty of assigning relative k values to modes with
periods longer than this value. Nonetheless, we find that most
of EC14012-1446’s pulsation frequencies can be identified as
=1

Unlike our simple example of a homogeneous star, white
dwarfs are compositionally stratified, so the individual period
spacings will not be uniform. We can retrieve detailed infor-
mation about interior structure from the distribution of excited
pulsation frequencies. A long-standing problem with the aster-
oseismology of DA pulsating white dwarfs is the lack of objects
with rich pulsation spectra (Bischoff-Kim & Metcalfe 2012).
In this respect, EC14012-1446 immediately reveals its poten-

tial. Using our calculated average periods from Table 5, we
show how individual period spacings AP differ as a function of
period (and relative k value) in Figure 14. We use “forward dif-
ferencing,” where AP is defined as AP = Py — Pyy;. The filled
points represent the periods between ~900 and 500 s that we
are certain are consecutive radial overtones of / = 1. The open
circles represent those periods above ~900 s with ambiguous
k identifications. The roughly cyclic behavior in Figure 14 is
a sign of mode trapping. Mode trapping occurs in composi-
tionally stratified stars when there is a resonance between a
pulsation frequency and a surface layer. In theoretical models,
a resonance occurs when a radial node coincides with a transi-
tion layer. In a DA white dwarf, transition zones occur at the
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Figure 14. AP vs. P for EC14012-1446, using the average periods from Table 5. We use forward differencing (AP = Px — Pi+1), where the radial overtone k increases

to the left. The solid points represent those frequencies with / = 1 identifications. The open points represent those where our identification is uncertain.

boundary of the hydrogen and helium layers, the helium layer
and the carbon/oxygen core, and at points in a possibly chem-
ically stratified core (Montgomery 2005b). The trapping cycle
(the number of frequencies from minimum to minimum) is most
sensitive to the location of the trapping layer, e.g., the base of
the surface hydrogen layer. In addition, the trapping amplitude
(the depth of the minima) is sensitive to the density gradient
in the composition transition zone. In general, a larger gradi-
ent produces a larger trapping amplitude. Work is underway to
determine EC14012-1446’s detailed mass and internal structure
(Bischoff-Kim & Metcalfe 2012).

4.2.2. Multiplet Structure

A second clue to constrain (I, m) identifications of pulsations
in white dwarfs is the presence of rotationally split multiplets.
The multiplet components have the same (k, /) and are further

described by the azimuthal index m, which takes integer values
between —/ and [. To first order, the frequency difference
relative to the m = 0 component of the multiplet is given by
SVum = —m Q (1 — Cy;), where Q is the rotation period and
Cy is a coefficient that depends on the pulsation eigenfunctions
evaluated in the nonrotating case. In the high-k asymptotic limit
for g-modes, Cy; ~ 1/£(€ + 1), although models predict it to
vary by ~10% over the range of observed periods in EC14012.
We adopt the convention that a positive value of m represents
a prograde mode; retrograde modes are denoted by negative m
values (Winget et al. 1994). An additional important diagnostic
is given by the ratio of splittings for / = 1 and / = 2, where we
expect 8vy—; /8vi—p =~ 0.6 for g-modes (Winget et al. 1991).
For EC14012-1446 during XCOV26, we find one triplet
(1887 uHz) and two doublets (1633 and 2504 ©Hz) among our
list of 19 frequencies (Table 2). We begin by assuming that the
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1887 wHz triplet is a rotationally split multiplet. Our combina-
tion analysis argues that the central component (1887.404 uHz,
529.828 s) is (1, 0) and the 1891.142 uHz (528.781 s) compo-
nent is (1, —1). The 1883.555 uHz (530.911 s) component is
low amplitude and is not identified as a parent of any detected
combination frequencies. We cannot constrain its (/, m) iden-
tification via that method. Given (I, m) identifications for the
first two modes, the 1883.555 wHz component should be (1, 1).
The average multiplet splitting of 3.8 uHz implies a rotation
period as sampled by these modes of 1.53 &+ 0.01 days. This is
a perfectly reasonable result, as spectroscopic studies of white
dwarfs reveal upper limits of v sin i = 10 km s~2, consis-
tent with rotation periods of order days or longer (Berger et al.
2005).

In the limit of uniform slow rotation, we expect additional
! = 1 multiplets to exhibit similar splittings and / = 2 modes
to have splittings near 6.3 uHz (Winget et al. 1991). Recalling
that every m component is not necessarily excited, we turn to
the doublet at 1633 uHz (612 s). Period spacing argues that this
doublet is / = 1, and our combination analysis indicates that
the 1633.907 uHz (612.03 s) mode is (1, 0). The 1624.015 uHz
(615.758 s) component is not found as a parent of any de-
tected combination frequencies. If 1633.907 uHz is indeed the
central component of an / = 1 triplet, then 1624.015 uHz is
m = 1 and we do not detect the m = —1 component. How-
ever, the splitting of 9.89 uHz differs significantly from the
expected value of ~3.8 Hz found for the 1887 uHz triplet. A
second possibility is that the combination analysis is incorrect
and we are missing the multiplet’s central component. In this
case, the 1633.907 uHz mode is (1, —1) and the 1624.015 uHz
is (1, 1), resulting in an average splitting of 4.95 uHz (9.89/2).
Moving to the 2504 uHz (399 s) doublet, period spacing again
argues that this multiplet is / = 1. Our combination analysis in-
dicates that the 2504.987 uHz (399.204 s) component is (1, 1).
Again, the 2508.060 uHz (398.715 s) component is not identi-
fied as a parent of any detected combination frequency. The fre-
quency splitting between the two components is 3.16 uHz and
by comparison with the splitting of the 1887 uHz triplet, we can
argue that these modes have consecutive m values, identifying
the 2508.060 wHz component as (1, 0).

Multiplet splittings may also be used to eliminate the pos-
sibility that EC14012-1446’s frequencies represent a mixture
of I = 1 and [ = 2 modes. Assuming the 1887 uHz triplet
is I = 1, we do not find evidence for I = 2 splittings of
dvi—> = (3.8/0.6) = 6.3uHz as predicted in the limit of slow,
uniform rotation. Although both the period spacing and the com-
bination analysis argue against it, to play devil’s advocate we
consider the possibility that the 1887 pHz triplet is actually an
| = 2 quintuplet, since all m components are not necessarily ex-
cited to observable levels. In this case, then the expected [ = 1
multiplet splitting is v;=; = 3.8 x 0.6 = 2.3 uHz. We find no
examples of multiplet splittings near this value. Finally, we must
consider that §vs 16/8v4.95 = 0.64. Based on multiplet structure
alone, we could argue that the 1633.907 i Hz frequency is [ = 2,
and 2504.897 uHz is I = 1, but this is not supported by either
the period spacings or the combination analysis and leaves no
clear explanation for the 1887 uHz triplet.

Clearly, the multiplets found in EC14012-1446’s XCOV26
data set are not well explained based on the simple model of
rotational splitting. Multiplet structure should be determined by
the star’s rotation rate and structure. We expect this to remain
unchanged over time. The classical example is PG1159-035,
which exhibits triplets and quintuplets corresponding to [ = 1
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and / = 2 (Winget et al. 1991). However, complex multiplets
are not unusual for white dwarf pulsators. In some instances,
the assumption of rigid rotation is clearly violated (Cdrsico
et al. 2011). In cooler pulsators with moderate amplitudes and
well-developed convection zones, observed multiplet structure
can exhibit complicated behavior. For example, Provencal et al.
(2009) show changes in the DBV GD358’s multiplet structure
that cannot be explained with simple rotational splitting. For
this same star, Winget et al. (1994) show a dependence of
multiplet splittings that is not explained by expected variations
of Cy. Processes that may play a role in multiplet structure
of cooler pulsators include changing weak magnetic fields
similar to the solar cycle, oblique pulsation, and differential
rotation. Our XCOV26 data on EC14012-1446 provide us with
a single snapshot of this star’s multiplet structure. We need more
observations to understand their behavior.

We turn again to the combined observations from 2004 to
2008. The four large groupings at 768 s (1302 uHz), 721 s
(1387 uHz), 682 s (1466 uHz), and 612 s (1633 uHz) in
Figure 12 all show indications of multiplet structure within
their groups. We extracted an average multiplet for each of
the four large groupings in Figure 12 by calculating a simple
average frequency value for the m = 1, m = 0, and m = +1
components. The results are presented in Figure 15. In each
case, the prograde (m = +1) mode splitting is larger than the
m = —1 mode, and both the splittings and the asymmetries
increase with increasing radial node k.

The qualitative behavior of the low-k and high-k modes can
be explained in terms of a very general model. g-modes are
standing waves of buoyancy in a spherical cavity and can be
thought of as superpositions of traveling waves bouncing back
and forth between an inner and outer turning point. In general,
low-k (shorter period) modes have deeper outer turning points
while high-k (longer period) modes have turning points closer
to the stellar surface, meaning that these modes sample the
outer regions of the star more than do low-k modes. Figure 15
shows that the unknown process affecting EC14012-1446’s
multiplet structure acts more dramatically on the high-k modes,
arguing that the structural perturbation must be in the outer
layers. A surface magnetic field and/or the convection zone
are obvious candidates. In addition, we should consider both
radial and latitudinal differential rotation. Work is underway to
improve our understanding of multiplet structure in pulsating
white dwarfs (J. Dalessio 2012, private communication).

Asteroseismology of EC14012-1446’s distribution of excited
frequencies shows that the observed pulsations are dominated
by a series of [ = 1 modes. If [ = 2 modes are present, the
modes are low amplitude and will not greatly affect the nonlinear
light curve fitting process. For the 1887, 1663, and 2504 uHz
multiplets, we are able to constrain the m identifications as
well. The combination of these results with the combination
amplitude analysis (Table 4) gives us a strong foundation on
which to proceed to nonlinear light curve fitting.

5. NONLINEAR ANALYSIS

Montgomery (2005a) and Montgomery et al. (2010b) give
a detailed description of fitting observed non-sinusoidal light
curves of white dwarfs to extract the time-averaged thermal
response timescale of the convection zone. To summarize, the
aspect of the convection zone sampled by the pulsations is
the thermal response timescale, 7., which is directly related
to the convection zone’s mass and depth, and therefore its
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Figure 15. Average multiplet structure associated with the large groupings at 770 s (1302 uHz), 722 s (1387 uHz), 612 s (1633 uHz), and 399 s (1887 uHz). The
m = +1 (prograde) splitting is always larger than the m = —1 splitting, and the asymmetry increases with increasing k.

(A color version of this figure is available in the online journal.)

heat capacity. A DAV such as EC14012-1446 will experience
local temperature excursions of 2250 K. In response, the local
mass and depth of the convection zone will vary throughout a
pulsation cycle.

MLT predicts that 7. should scale as

e ~ 10(Tete/ Tetr.0) ", )

where T is the instantaneous effective temperature, T, is the
equilibrium T, T is the time-averaged convective timescale,
and N describes the sensitivity of 7. to changes in T.g. For
DAs, MLT predicts N =~ 90 (Montgomery 2005a; Wu 2001;
Brickhill 1992). The convection zone’s mass, depth, and heat
capacity are therefore extraordinarily temperature sensitive, and
can vary by a factor of ~10 throughout a pulsation cycle. This
modulation of depth and heat capacity is the source of the
large nonlinearities in white dwarf light curves. We focus on
these observed nonlinearities to determine the time-averaged
convective timescale tp, the temperature sensitivity parameter
N, and the inclination of the pulsation axis to the line of sight 6.

Our analysis follows the approach of Montgomery et al.
(2010b). EC14012-1446 is a multiperiodic pulsator, and because
of nonlinear effects, a pulse shape obtained by folding its light
curve at a period of interest is not equivalent to a pulse shape
obtained in the absence of additional frequencies (Montgomery
2007). Therefore, we use the accurate frequencies and (/, m)
identifications obtained for the 2008 WET campaign to calculate
point by point nonlinear light curve fits to light curves obtained
during XCOV26. High signal-to-noise light curves (S/N =
1000) are vital, since we are interested in the nonlinear portion
of the data, which is smaller than the linear component. We
chose the SOAR 4 m light curves and the two longest runs
from the McDonald 2.1 m (selected runs are marked with
“*” in Table 1). These six runs span 3 days, a timebase long
enough to constrain the phases of the closely spaced frequencies,
yet short enough to avoid possible implications of amplitude
modulation found in our frequency analysis (see Section 3.1).

The dominant frequencies can be considered to be stable over
a 3 day timescale. Using model atmosphere tables provided
by D. Koester, we calculate the conversion from bolometric
to the observed bandpass as described in Montgomery et al.
(2010b), assuming the following parameters for this star: To g =
11768 £ 23 K and log g = 8.08 £ 0.008 in cgs units (Koester
et al. 2009).

We began the fitting process by including the frequencies
in Table 4 with firm (/, m) identifications. We then included
the additional frequencies with strong (I, m) constraints. It is
prudent to point out that this fitting process is nonlinear. Adding
additional frequencies based on criteria such as amplitude is not
necessarily the best procedure. We experimented extensively by
computing numerous fits encompassing a wide range of (/, m)
identifications for the lower amplitude frequencies. The values
of 1y for all fits range from 99 to 230 s, indicating that 79 is not
strongly dependent on these identifications.

Our investigation does reveal that the temperature parameter
N can be highly sensitive to the input m identification for large
amplitude modes. Numerous attempts to fit EC14012-1446’s
light curve while assigning the 1633.907 uHz mode an (I, m)
identification of (1,0) as derived from our combination analysis
(see Section 4.1) yielded 9 = 171 s, 0 = 28°, and N = 39.
While the values of 7y and 0 are reasonable values based on
MLT, the value of N implies a temperature sensitivity that is far
below the predictions of MLT (Montgomery et al. 2010b); this is
not a physically relevant fit. We also experimented by assigning
a spherical index / = 2 to this mode, resulting in the following
fit parameters: tp = 228 s, N = 26, and 6 = 15°. Again, the
value of N obtained remains too low. Ising & Koester (2001)
warn that a perturbation analysis of combination amplitudes
(Wu 2001) may have difficulties for photometric variations of
high amplitude, and this mode has the largest amplitude in
the data set. In addition, the asteroseismology analysis of the
1633 nHz multiplet structure cannot solidly constrain the m
value for this mode (see Section 4.2). Following this reasoning,
we experimented by assigning the 1633.907 uHz mode an (I, m)
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Figure 16. Simultaneous fit of the periods of 19 modes (solid line) to the light curves from mcdo080401, soar080403, and soar080405 (filled circles). Note the change

in the x-axis for each plot.
(A color version of this figure is available in the online journal.)

value of (1, 1). The resulting fit finds N = 85, in much
better agreement with MLT predictions (Wu 2001; Montgomery
2005a).

The final simultaneous nonlinear fit to the six high signal-
to-noise light curves includes the frequencies and (I, m) iden-
tifications given in Table 4. This fit produced the following
parameters: to = 99.4+£12s, N = 85+ 6,and 6 = 32°9+3°2.
Figure 16 shows the ability to reproduce the essential features
of the light curves.

6. DISCUSSION

Convective energy transport in stellar environments is
typically modeled using MLT. A particular version by Bohm
& Cassinelli (1971), denoted as ML2, includes reduced hori-
zontal energy loss relative to the formulation of Bohm-Vitense
(ML1; 1958), increasing the overall convective efficiency. ML2
has been the standard convection model adopted for stellar
atmosphere fits of white dwarfs for the past 20 years, with
a = 0.6 the preferred value for the mixing length (Bergeron
et al. 1995). Tremblay et al. (2010) recently re-calibrated the
assumed convective efficiency for white dwarf models, using
model spectra incorporating an improved treatment of Stark
broadening (Tremblay & Bergeron 2009). Tremblay et al. (2010)
fit an improved set of Hubble Space Telescope and International
Ultraviolet Explorer ultraviolet (UV) and near UV spectra, vary-
ing o until reaching agreement between the optical and UV
temperatures. They find the best internal consistency between
optical and UV effective temperatures and log g measurements
using ML2 with « = 0.8. This is a much more efficient ver-
sion of MLT than found by Bergeron et al. (1995), but is in
closer agreement with that required by nonadiabatic models to
fit the observed blue edge of the DA instability strip (Fontaine &
Brassard 2008). This convective parameterization is becoming
the standard for DA model atmospheres (Freytag et al. 2012;
Kilic et al. 2012).
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Figure 17. Comparison of EC14012-1446’s derived convective parameters
with values expected from ML2 convection. The additional labeled points are
individual objects taken from Montgomery (2005a), Montgomery et al. (2010a),
and Provencal et al. (2011). The curves represent ML2 theoretical calculations
of the thermal response time 7y for various values of the mixing length «
(log g = 8.0).

(A color version of this figure is available in the online journal.)

One of our goals is to produce an empirical map of the time-
averaged convective timescale 1 at the base of the convection
zone as a function of T and log g for a population spanning
the DAV instability strip (~11,100-12,200 K) and compare
this with MLT predictions of tp. As an individual DA white
dwarf cools through the instability strip, the base of its surface
hydrogen convection zone will deepen, increasing its total mass
and the value of 7p. MLT makes specific predictions for the
behavior of 7y given different choices of input parameters. For
instance, Figure 17 shows that ML2 with o = 1.0 predicts 19
values ranging from ~1 s at the blue edge of the instability strip
to ~6000 s at the red edge.
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Table 6
Stellar Parameters
Star Tett log g Period 70 Prax 0 N
(K) (s) (s)

Gl117-B15A 12010 % 180 8.33 215.2 30+ 10 188 + 63 - -
EC14012-1446 11768 + 23 8.11 612.3 99+ 12 624 £ 75 33+3 85+ 6
G29-38 11690 £ 120 8.11 615.2 187 £ 20 1177 £ 126 66 £ 3 95 +8
WDJ1524-0030 11660 + 180 8.06 697.3 163 £ 35 1024 £+ 220 58+ 10 95+ 15
GD154 11270 &+ 170 7.95 1185.9 1169 +£ 200 7345 £ 1257 10+ 10 127 £ 25

Notes. T.sr measurements are from Koester et al. (2009), Koester & Holberg (2001), and Koester & Allard (2000). Given pulsation periods are for the
largest amplitude frequency. Entries marked with “~” did not have unique values determined by the fits.

In Figure 17 we also plot current determinations of ty versus
T for five DAVs, including our solution for EC14012-1446;
the derived stellar parameters are listed in Table 6. To ensure a
uniform treatment of all the stars in our sample, we have used
Tesr determinations that do not include the recent updates to
the line profile calculations by Tremblay & Bergeron (2009);
rather, the plotted effective temperatures and horizontal error
bars are based on earlier spectroscopic fits employing ML?2
(Koester et al. 2009; Koester & Holberg 2001; Koester &
Allard 2000). Overlaid on this figure are the 7, predictions
of ML2 convection for various values of the mixing length
parameter «. Our current results do indicate an increase in o
(and hence an increase in depth and mass of the convection zone)
with decreasing temperature and are marginally consistent with
o = 1.0. Decreasing the T error bars, either through higher
signal-to-noise spectra and/or new model atmosphere fits, will
provide more precise constraints on convection in these stars.

Finally, we point out that convective light curve fitting ex-
tracts the value of 7 at the base of the convection zone. There
is no reason why the same value of « should describe both the
photosphere and the deeper convective layers, so our results
do not necessarily have to agree with the results of Tremblay
et al. (2010) or Bergeron et al. (1995). For instance, Ludwig
et al. (1994) use sophisticated two-dimensional hydrodynamic
simulations to show that, while MLT is a reasonable approxi-
mation to predict the rough photospheric temperature structure
of DA white dwarfs, the deeper layers have a higher convective
efficiency than predicted by MLT.

Our treatment of the nonlinearities in white dwarf light curves
is based on the larger picture of how a surface convection zone
leads to driving in these stars. In particular, Brickhill (1991) and
Goldreich & Wu (1999) demonstrate that excitation of g-mode
pulsations should occur when the convective driving exceeds the
radiative damping, and that this condition is given by wty = 1.
In terms of period, this relation states that g-modes should be
driven when P < Py, where Pp,x = 27 19 and P is the
period of a given mode. In Figure 18 we compare the dominant
oscillation period in each of the DAVs we have fit with their
theoretical value of P,,,x, as calculated from each star’s value of
7p. The agreement is good for 7y < 100 s, but the values diverge
for larger values of tp. Given that 7y is related to a star’s T (see
Figure 17), this says that the agreement is good from the blue
edge to near the middle of the instability strip, but that from this
point to the red edge another effect is operating that prevents
the dominant mode periods from increasing as rapidly as Pp,x.

It is natural to assume that the cause of this behavior is
related to whatever unknown phenomenon produces the red
edge of the instability strip. Wu & Goldreich (2001) point out
that a deepening convection zone attenuates the flux variations
entering at its base, so that for deep enough convection zones
the surface amplitudes will be below detection limits. However,
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Figure 18. Comparison of the dominant observed pulsation period in a star
(dot-dashed curve, red squares) with the theoretical value of Ppax (dashed line,
blue circles) for each DAV star with a measured value of 7. Cooler stars are to
the left, hotter stars to the right. While simple theory predicts that these curves
should be very similar, we find a significant departure for cooler stars.

(A color version of this figure is available in the online journal.)

this is an amplitude effect and does not predict that the
dominant periods should be different from Pyax. Brickhill
(1991), Goldreich & Wu (1999), and Wu & Goldreich (2001)
also discuss the importance of turbulent damping in a narrow
shear layer at the base of the convection zone; damping from
this region may be more significant for cooler stars. Another
possibility is that the maximum period for which complete
surface reflection of g-modes can occur is much lower than
expected; typical estimates place this number on the order of
~5000 s for / = 1 modes and ~3000 s for / = 2 modes (Hansen
et al. 1985), although it is possible that improved treatment of
the surface layers could alter these estimates. At any rate, this
phenomenon is likely related to the deepening of the convection
zone toward the red edge; we are exploring other phenomena
that could lead to this behavior.

7. CONCLUSIONS

Until the advent of convective light curve fitting, our Sun
was the only star with empirical constraints on its convection
zone depth. Determinations of the time-averaged convective
timescale 7y and the temperature sensitivity parameter N can
now potentially be obtained for any white dwarf pulsator of
moderate amplitude (Montgomery et al. 2010b); approximately
two-thirds of all white dwarf pulsators show significant non-
linearities in their light curves. Our ultimate goal is to map 1o
as a function of Ti o and log g for a population spanning the
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instability strips of both the DAV and DBV white dwarfs. Such a
map will provide important empirical constraints on convection
for white dwarfs and eventually other types of pulsating stars.

We have taken the first steps in this direction with our investi-
gation of EC14012-1446. XCOV26 produced 308.3 hr of data,
and our analysis has identified 19 independent frequencies dis-
tributed in 14 multiplets. Combined with archival observations,
we have identified a series of / = 1 modes with an average period
spacing of 41 s. EC14012-1446 is now one of the few DAVs
with over a dozen identified modes in its pulsation spectrum.
The large number of modes means that asteroseismology can be
used to provide constraints on its interior structure.

Future goals focus on the determination of 7y and N for
additional white dwarf pulsators. An increased sample size
will improve our empirical map of 7y as a function of Tg
and also allow us to further explore the observed behavior of
P and P« as a function of 75. Our goals also include the
reduction of errors associated with spectroscopic temperatures.
Convective light curve fitting demands uniform treatment of
convection between the spectroscopic temperatures we choose
and the temperatures we use to calculate the light curve fits.
Since WD1524-0030 was not included in the new temperatures
of Gianninas et al. (2011) that incorporate recent updates
to line profile calculations, we use a consistent set of older
published temperatures for the objects presented in this work.
Incorporating the new temperatures will be a first step toward
reducing the spectroscopic errors. We must recalculate our
existing nonlinear light curve fits using these updated T,s and
log g determinations. On average, the temperatures of Gianninas
et al. (2011) increase over older published values by ~500 K.
Preliminary work indicates that the empirical value of 7y will
not change significantly with such an increase. However, the
theoretical MLT predictions for g will change; larger values of
a will be needed to keep 7y and the convection zone depth the
same for these higher values of Te.
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ABSTRACT

We present deep optical and X-ray follow-up observations of the bright unassociated Fermi-LAT gamma-ray source
1FGL J1311.7-3429. The source was already known as an unidentified EGRET source (3EG J1314-3431, EGR
J1314-3417), hence its nature has remained uncertain for the past two decades. For the putative counterpart, we
detected a quasi-sinusoidal optical modulation of Am ~ 2 mag with a period of ~1.5 hr in the Rc, r’, and g’ bands.
Moreover, we found that the amplitude of the modulation and peak intensity changed by =1 mag and ~0.5 mag,
respectively, over our total six nights of observations from 2012 March to May. Combined with Swift UVOT
data, the optical-UV spectrum is consistent with a blackbody temperature, k7T >~ 1 eV and the emission volume
radius Ry, =~ 1.5 x 10* dype km (dype is the distance to the source in units of 1 kpc). In contrast, deep Suzaku
observations conducted in 2009 and 2011 revealed strong X-ray flares with a light curve characterized with a power
spectrum density of P(f) oc f~20%%4 but the folded X-ray light curves suggest an orbital modulation also in
X-rays. Together with the non-detection of a radio counterpart, and significant curved spectrum and non-detection
of variability in gamma-rays, the source may be the second “radio-quiet” gamma-ray emitting millisecond pulsar
candidate after 1FGL J2339.7-0531, although the origin of flaring X-ray and optical variability remains an open

question.

Key words: gamma rays: stars — pulsars: general — X-rays: general

Online-only material: color figures

1. INTRODUCTION

The Large Area Telescope (LAT; Atwood et al. 2009) on
board the Fermi Gamma-Ray Space Telescope is a successor
to EGRET on board the Compton Gamma-Ray Observatory
(Hartman et al. 1999), with much improved sensitivity, resolu-
tion, and energy range. The second Fermi-LAT catalog, based
on the first 24 months of all-sky survey data (2FGL; Nolan et al.
2012), provides source location, flux, and spectral information,
as well as light curves on month time bins for 1873 y -ray sources
detected and characterized in the 100 MeV-100 GeV range.
Thanks to their small localization error circles (or ellipses) with
typical 95% confidence radii, ro5 >~ 021-0°2, for relatively bright
sources, 69% of the 2FGL sources are reliably associated or
firmly identified with counterparts of known or likely y-ray
producing sources. In particular, more than 1000 sources are
proposed to be associated with active galactic nuclei (AGNs;
of mainly the blazar class) and 87 sources with pulsars (PSRs),
including 21 millisecond pulsars (MSPs), which are a new cate-
gory of y-ray sources discovered with Fermi-LAT (Nolan et al.
2012; Abdo et al. 2009a). Other sources, albeit of a relative mi-
nority compared to AGNs and PSRs, also constitute important
categories of new GeV sources like supernova remnants (SNRs;
Abdo et al. 2009b, 2010a, 2010b, 2010c), low-mass/high-mass
binaries (Abdo et al. 2009¢c, 2009d, 2009e), pulsar wind nebula
(Abdo et al. 2010d, 2010e), one nova (Abdo et al. 2010f),

7 Resident at Naval Research Laboratory, Washington, DC 20375, USA.

normal and starburst galaxies (Abdo et al. 2010g, 2010h), and
the giant lobes of a radio galaxy (Abdo et al. 20101).

Despite such great advances in the identification of Fermi-
LAT sources, 575 (31%) sources in the 2FGL catalog still remain
unassociated. Note that a substantial fraction of the unassociated
sources (51%) have at least one analysis flag due to various
issues, while only 14% of the associated sources have been
flagged (Nolan et al. 2012). This may suggest that some of
unassociated sources are spurious due to complexity/difficulty
of being situated in a crowded region near the Galactic plane.
Nevertheless, many of them are bright enough to be listed in the
one year Fermi-LAT catalog (IFGL; Abdo et al. 2010j) and some
of them are even listed in the bright source list based on the first
3 months of data (OFGL; Abdo et al. 2009f). By comparing the
distribution of associated and unassociated sources in the sky, a
number of interesting features in the map were reported (Nolan
etal. 2012). For example, (1) the number of unassociated sources
decreases with increasing Galactic latitude, (2) the number of
unassociated sources increases sharply below Galactic latitudes,
|b| < 10°, and (3) the fraction of sources with curved gamma-ray
spectra among the unassociated sources is greater (28%) than
the fraction of curved spectra sources among the associated
sources (16%). Further extensive studies based on a statistical
approach in an effort to correlate their gamma-ray properties
with the AGN and PSR populations was presented for IFGL
unassociated sources (Ackermann et al. 2012).

In this context, 1FGL J1311.7-3429 (or 2FGL name,
2FGL J1311.7-3429) is a classical unassociated gamma-ray

<130>


http://dx.doi.org/10.1088/0004-637X/757/2/176
mailto:kataoka.jun@waseda.jp

THE ASTROPHYSICAL JOURNAL, 757:176 (9pp), 2012 October 1

source situated at high Galactic latitude (I = 30726859, b =
2821951), and was first discovered by EGRET about 20 years
ago as 3EG J1314-3431 (Hartman et al. 1999) or EGR J1314-
3417 (Casandjian & Grenier 2008). The source was also re-
ported by Fermi-LAT in the OFGL list with a gamma-ray
flux Fyj—20Gev = (11.7 & 1.1) x 10~% photons cm™2 s~!,
which is marginally consistent with the gamma-ray flux de-
termined by EGRET, Fy_scev = (18.7 £ 3.1) x 10~ pho-
tons cm~2 s~!, within the 20 level. In the 2FGL catalog, the
detected significance of 1FGL J1311.7-3429 is 43.10, which
is one of the brightest sources with an UNID flag. Based on
the one-month binned >100 MeV gamma-ray light curve of
1FGL J1311.7-3429 over two years of data as published in the
2FGL catalog,® no statistically significant variability was ob-
served (VARIABILITY_INDEX = 19.09; Nolan et al. 2012). The
gamma-ray spectrum is significantly curved with curved signif-
icance SIGNTF_CURVE of 6.33 (Nolan et al. 2012).°

The first X-ray follow-up observation of 1FGL J1311.7-3429
was conducted as a part of Suzaku X-ray observations of 11
unidentified Fermi-LAT objects at high Galactic latitude, |b| >
10° (Maeda et al. 2011; Takahashi et al. 2012). The X-ray source
associated with 1FGL J1311.7-3429 showed a very rapid X-ray
flare with the count rate changing by a factor of 10. Subsequent
Chandra ACIS-1 (2010 March 21 for a 19.87 ks exposure, obsID
11790) and Swift XRT observations (2009 February 27 for a
3.34 ks exposure, obsID 31358; see also Table 1) confirmed that
the brightest X-ray source within the Fermi-LAT error ellipse is
the most credible counterpart and that the X-ray source is also
variable on month-to-year timescales. The unabsorbed X-ray
flux observed with Chandra was 1.03 x 10713 ergcm™2 s~ ! in
the 0.5-8 keV band, with a differential photon spectral index,
I =1.26"%3¢ (Cheung et al. 2012).

Motivated by the initial X-ray results, we conducted further
deep observations of 1FGL J1311.7-3429 with Suzaku, together
with deep optical observations using a 105 cm Ritchey—Chrétien
telescope (g’, Rc, and I ¢ bands) at the Ishigakijima Astronom-
ical Observatory (IAO) in Japan, as well as the 1 m telescope
(v’ band) at Lulin Observatory in Taiwan. In Section 2, we
describe the details of the Suzaku observations and optical
observations and data reduction procedures. Very recently,
Romani (2012) reported quasi-sinusoidal optical modulation of
this source with a 1.56 hr (5626 s) period, suggesting that the
source is another black-widow-type MSP like that recently dis-
covered for 1FGL J2339.7-0531 (Romani & Shaw 2011; Kong
et al. 2012). Our paper confirms some of those optical findings
for 1FGL J1311.7-3429, plus provides results from multiple
epoch optical monitoring between 2012 March and May and
completely new X-ray data based on a long Suzaku observa-
tion conducted in 2011 together with our previously published
archival 2009 data. The results of these observations are given
in Section 3. Based on our new observational data in optical and
X-ray, and various observed gamma-ray parameters compiled in
the 2FGL source catalog, we support that 1FGL J1311.7-3429
could be a “radio-quiet” gamma-ray emitting MSP candidate

8 http://heasarc.gsfc.nasa.gov/FTP/fermi/data/lat/catalogs/source/
lightcurves/2FGL_J1311d7m3429_lc.png

9 As detailed in Nolan et al. (2012), the VARIABILITY_INDEX is an indicator
of the flux being constant across the full 2 year period. A value

of VARIABILITY_INDEX > 41.6 is used to identify variable sources at a 99%
confidence level. Similarly, the SIGNIF_CURVE parameter is an indicator of the
spectrum being curved, by comparing the likelihood values calculated for a
LogParabola and a single power-law function. SIGNIF_CURVE is distributed as
XZ with 1 degree of freedom, and SIGNIF_CURVE > 16 corresponds to 4o
significance of curvature.
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Figure 1. Tri-color optical image of 1FGL J1311.7-3429 constructed from data
taken in the g’, Rc, and I¢ bands by the TAO 1.05 m telescope (Table 1). The
four reference stars used in the analysis of the IAO data are denoted as Ref 1-4,
while two reference stars used in the analysis of the LOT data are shown as
boxes.

(A color version of this figure is available in the online journal.)

like 1FGL J2339.7-0531. The variable optical/X-ray source is
posited as the counterpart to the gamma-ray source and through-
out, we refer to it simply as 1FGL J1311.7-3429.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Optical/ UV

As discussed in Cheung et al. (2012), the brightest X-ray
source within the Fermi-LAT error ellipse, CXOU J131145.71-
343030.5, is the most credible counterpart and exactly the
one detected in our previous (AO4; below) Suzaku observation
(Maeda et al. 2011). The source was also detected with the Swift
XRT (observation ID 31358). Within the Chandra error circle
(076 at 90% level), there is a R = 17.9 mag, B = 20.5 mag
star in the USNO A-2.0 catalog (Muslimov & Harding 2003),
that is 0”56 apart from CXOU J131145.71-343030.5. The same
star is also listed as R = 18.8 mag, B = 21.0 mag in USNO-
B1.0 catalog, suggesting a hint of temporal variability (a typical
uncertainty of these measurements is ~0.3 mag; Muslimov &
Harding 2003). The same optical source is also seen in the
DSS (Digital Sky Survey), but its optical magnitude is unclear.
Moreover, Swift UVOT observations taken simultaneously with
the XRT detected the source. Our analysis using archival Swift
UVOT data indicate: v > 19.51 (upper limit only), b = 20.10 &
0.30,u=20.77+0.27, uvwl =21.70 £ 0.31, uvm2 =21.58 +
0.24, and uvw?2 = 22.05 + 0.22.

We made further deep follow-up observations of the field
of CXOU J131145.71-343030.5, centered at (R.A., decl.) =
(1972940400, —342508306), with the 105 cm Ritchey—Chrétien
telescope at the Ishigakijima Astronomical Observatory in
Japan. These observations were obtained on 2012 May 25
and started at 12:31:11:13 and ended 15:41:11:63 (UT). The
telescope in IAO is equipped with a tricolor camera that
performs simultaneous imaging in the SDSS-g’ (hereafter, g’),
Rc and Ic¢ bands. The total net exposure amounts to 8400 s
(300 s x 28 frames; see Table 1 for the observation log).
All images were flat field and bias corrected. The absolute
magnitudes were calibrated against the four reference stars
shown in Figure 1. In the Rc and /¢ bands, the reference star
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Table 1
Observation Log of 1FGL J1311.7-3429 Analyzed in This Paper
Obs Start (UT) Obs End (UT) Observatory Band Exposure
2009-08-04 04:56:35 2009-08-05 07:18:14 Suzaku XIS X-ray 33.0 ks
2011-08-01 16:48:20 2011-08-03 17:40:15 Suzaku XIS X-ray 65.2 ks
2009-02-27 18:41:59 2009-02-27 22:04:57 Swift UVOT uv 276/276/276/552/742/1106*
2012-03-24 17:45:37 2012-03-24 19:38:35 LOT 1 m r’ 5 min x 21
2012-03-25 17:48:26 2012-03-25 19:26:33 LOT 1 m r’ 5 min x 12
2012-03-26 17:25:14 2012-03-26 18:29:59 LOT 1 m r’ 5 min x 12
2012-04-12 16:35:08 2012-04-12 18:24:30 LOT 1 m r’ 5 min x 21
2012-05-24 13:00:49 2012-05-24 15:34:44 LOT 1 m r’ 5 min x 29
2012-05-25 12:31:11 2012-05-25 15:41:11 TAO 105 cm g’ Re, Ic 20 min x 7
Note. * Swift UVOT exposures for the v/b/u/uvwl/uvm?2/uvw?2 bands in seconds.
magnitudes were based on the NOMAD catalog (Monet et al. 3. RESULTS

2003). Because the target area was not covered by the SDSS,
we employed a system conversion formula of USNO-B B¢ and
Rc magnitudes (Sesar et al. 2006) for the four reference stars
to obtain g’ magnitudes. Moreover, the observed magnitudes
were corrected for Galactic extinction using Ay = 0.247 mag,
Age = 0.167 mag, and A;. = 0.120 mag.

We also conducted optical SDSS-#" (hereafter r’) band
monitoring observations with the Lulin One-meter Telescope
(LOT; Huang et al. 2005). Observations were conducted on five
nights between 2012 March and May (see Table 1). Photometric
images with 300 s exposure were obtained using the PI11300B
CCD camera. We performed the dark-subtraction and flat-
fielding correction using the appropriate calibration data. For
these LOT data, the four reference stars used in the IAO
photometry were saturated in the detector and therefore could
not be used. Instead, the LOT photometric results are presented
as differential magnitudes against two other fainter reference
stars (boxed in Figure 1).

2.2. Suzaku XIS

As noted above, the first X-ray follow-up observation of
IFGL J1311.7-3429 was conducted in 2009 as a part of
AO-4 Suzaku program (PI: J. Kataoka; OBS_ID 804018010)
aimed at observing an initial four out of 11 unidentified Fermi-
LAT objects at high Galactic latitude, |b| > 10° (Maeda et al.
2011; see also Takahashi et al. 2012). To further investigate the
nature of the detected variable X-ray counterpart, we conducted
the second Suzaku observation of 1FGL J1311.7-3429 in 2011
as a part of AO-6 program (PI: J. Kataoka, OBS_ID 706001010).
The observation started at 2011 August 1 16:48:20 and ended at
August 3 17:40:15. The total exposure amounted to 65.2 ks, and
is almost twice as long as that obtained in AO-4 (see Table 1).
For both the AO-4 and AO-6 data analysis, we excluded the
data collected during the time and up to 60 s after the South
Atlantic Anomaly (SAA), and excluded data corresponding to
less than 5° of the angle between Earth’s limb and the pointing
direction. Moreover, we excluded time windows during which
the spacecraft was passing through the low cutoff rigidity (COR)
of below 6 GV. We set the same source region to within a
I’ radii around the respective X-ray flux maximum and the
selection criteria for the data analysis for the two data sets were
completely the same. Although Suzaku also carries a hard X-ray
detector (HXD), consisting of the PIN and GSO, hereafter, we
do not use the data because the source is too faint to be detected
with HXD/PIN or GSO.

3.1. Optical/ UV

Figure 1 shows a multicolor image of 1FGL J1311.7-3429
constructed from the IAO g’ (blue), Rc (green), and I ¢ (red) data
from 2012 May 24. The optical counterpart of the X-ray source
is clearly detected in the image, but apparently the source is
rather “blue” compared with reference stars and nearby galaxies.
Aperture photometry yielded average magnitudes of the source,
g =2097 £ 0.13, Re =21.17 £ 0.16, and I¢ < 18.38 3o
upper limit). We also checked the temporal profile of the optical
emission for the TAO data (Figure 2). Relative photometry for the
TAO images against the four field stars shows large amplitude
(Am ~ 2 mag) quasi-sinusoidal modulation in the g’ and Rc
bands with a timescale of 1.5 hr, as suggested by Romani (2012).

To search for possible long-term variability, Figure 3 (top)
compares the r’-band light curve reconstructed only from LOT
data between 2012 March and May. The differential magnitudes
are derived by comparison with two reference stars in the field
(see Figure 1). Note, the r’-band magnitude of the reference stars
remain constant within Am = 0.068 mag over the five nights
of observations. Interestingly, the amplitude of modulation
and the light-curve profile seems to have changed among the
five nights of observations. Specifically, a clear modulation of
Am ~ 2 mag is visible in the May 24 data, while Am ~ 1 mag
in the March 24 data, and almost unseen (Am < 0.2 mag) in the
March 26 data. Moreover, the peak magnitude differs by Am ~
0.5 mag among the five nights, much larger than the fluctuations
in the magnitudes of reference stars. Figure 3 (bottom) shows
the folded light curves of differential r’-band magnitudes with
a best-fit period of 1.56278 hr (5626 s) proposed by Romani
(2012). Phase zero is defined here as MJD 56010.76808, so that
the time of the observed minimum r’-band magnitude in the
May 24 data is set at orbital phase ¢ = 1.0. The peak r’-band
magnitude is around ~~20.5 for five nights of data from 2012
March to April. Note, this is exactly consistent with what has
been observed with IAO on May 25 (Figure 2, right). To further
investigate the temporal variability /flaring in the UV data, we
also reanalyzed the archival Swift UVOT data. However, the
UVOT exposures for each filter (b, u, uvwl, uvm?2, uvw?2)
were too short to search for variability (see Table 1).

3.2. Suzaku XIS

During the AO-4 observation, significant X-ray variability
was detected at the beginning of the observation, where the
count rate changed by a factor of 10 (Maeda et al. 2011).
Figure 4 compares the Suzaku XIS FI (XIS0+3) images in
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Figure 2. Multi-band optical light curves of IFGL J1311.7-3429 observed with the IAO 1.05 m telescope on May 25 (g, Rc, and I ¢ bands). Data are binned by 1200 s
(300 s x 4 frames) for the IAO data. The source is not detected in the /¢ band and 3o upper limits are provided.

(A color version of this figure is available in the online journal.)

the 0.5-10 keV range, reconstructed by using the data during
the first 20 ks (top) and the last 74 ks (bottom). The images
are corrected for exposure and vignetting, and are non-X-ray
(detector) background subtracted. The images were also
smoothed by a Gaussian function with o = 0!17, following
the procedure given in Maeda et al. (2011). Note that the source
is clearly detected in the first 20 ks, but almost unseen in the last
74 ks. Also Cheung et al. (2012) argues that the 0.3—10 keV Swift
XRT count rate of (6.1 & 1.8) x 1073 counts s~! is equivalent
to a 0.5-8 keV flux of ~3.1 x 107!% erg cm~2 s7!, indicating
a ~3x brighter source about one year prior to the Chandra
observation, and providing further evidence of long-term X-ray
variability in this source.

Figure 5 summarizes the X-ray light curve of 1IFGL J1311.7-
3429 thus obtained during the AO-6 observation and compares
them with those obtained in the AO-4 observation. All the XISO,
1, 3 count rates are summed in the various energy bands of
0.4-1keV, 1-2keV, 24 keV, and 4-8 keV (from top to bottom).
Note that X-ray variability is clearly seen above 1 keV, but not
in the 0.4—1 keV light curve. To see this more quantitatively, we
calculated the normalized excess variance o3yg (Vaughan et al.
2003; see also Kataoka et al. 2007) for the AO4 and AO6 light
curves and for the combined AO4+AO6 light curves. The O'I\ZIXS
parameter is an estimator of the intrinsic source variance after
subtracting the contribution expected from measurement errors.
As shown in Figure 6 (top), o1y is consistent with zero for the
0.4-1 keV band, while almost constant (within error bars) and
significantly positive above 1 keV.!?

Figure 6 (bottom) presents the normalized power spectrum
density (NPSD; Hayashida et al. 1998), which is a technique for
calculating the PSD of unevenly sampled light curves. Note that
data gaps are unavoidable for low Earth orbit X-ray satellites
like Suzaku. Since the orbital period of Suzaku is ~5760 s,
Earth occultations create artificial periodic gaps every 5760 s in

10 The fractional root mean square variability amplitude, Fy, is often chosen
in preference to UI%XS, although the two convey exactly the same information.
Here, we prefer UI%XS simply because variability is not significant for the
0.4-1 keV light curve and negative values of GIEXS are possible.

the data, even when the source is continuously monitored. To
calculate the NPSD of our data sets, we made light curves of two
different bin sizes of 256 s and 5760 s for each of the AO4 and
AOG light curves (Kataoka et al. 2001). The NPSD calculated
for each light curves is well represented by a steep power law
with P(f) Cxf72.00:|:0.32 (AO4) and P(f) o f72.04:i:0.44 (AO6)
Note that the amplitude of the NPSD is larger for the AO4
(red) data than in the AOG6 (blue) data. This is due to large flare
observed in the first 20 ks of the AO4 observation (Figure 4)
and is consistent with the larger value of 0%y compared with
variability during AO6 observation (Figure 6, top).

Figure 7 shows the folded X-ray light curves from the Suzaku
AO4 (top) and AO6 (bottom) data sets. The XISO, 1, and 3 data
are all summed in 0.4-10keV band. The phase zero is defined as
MJD 56010.76808 as in the optical folded light curves shown in
Figure 3 (bottom). The vertical axis represents the source counts
divided by the average source intensity in the frame. Although
there is a regular exposure gap for phases ¢ = 0.3-0.4 due to
Earth occultations, there appears to be a clear excess at phases
¢ = 0.4-0.6 in AO4 data (see also Romani (2012)). Moreover,
we found similar structure in the AO6 data, but at different
phases of ¢ = 0.6-0.8 with much smaller amount of excess. To
check that this excess is not due to artifacts caused by periodic
gaps due to Earth occultation, we also made the folded light
curves of the nearby X-ray source in the same field of view (src
B in Maeda et al. 2011, or CXOU J131147.0-343205 in Cheung
et al. 2012; see Figure 4), whose X-ray flux is comparable to the
average X-ray flux of 1IFGL J1311.7-3429. The results presented
as dashed lines in Figure 7 show no clear excess for the nearby
source. This suggests that the X-ray excesses in the folded light
curves are most likely due to orbital motion of 1FGL J1311.7-
3429 itself.

Finally, Figure 8 compares the unfolded X-ray spectrum for
1FGL J1311.7-3429 averaged over the AO4 (red) and AO6
(blue) observations. The best model fits for both observations
consist of power-law continua with photon indices, I' >~ 1.3—1.7.
Significant curvature (or deficit of photons below 2 keV) was
observed only in the 2009 data, which was tentatively modeled
by an excess value of Galactic column density Nyg; Ny is,
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Figure 3. (Top) Temporal variations in the differential r’-band magnitudes derived by comparison with a reference star in the field, observed with the Lulin 1 m
telescope from 2012 March to May. The r’-band magnitude of reference star remains constant within Am = 0.068 mag. Note that the modulation profile differs largely
among five nights of observations. (Bottom) Folded light curve of the differential '-band magnitudes with a best-fit period of 1.56278 hr (5626 s) proposed by Romani
(2012). The phase zero is defined as MJD 56010.76808. Note that both the amplitude of the modulation and the peak intensity changed by 21 mag and ~0.5 mag,

respectively, over the five nights of observations.
(A color version of this figure is available in the online journal.)

Table 2
Fitting Parameters of Suzaku Data for the Power-law Model
Parameter AO4 AO6
Value and Errors® Value and Errors®

Ny (102 cm™2) 0.33*0,13 <0.07

0.18 0.08
r L7145 1.26%5.57
Flux (0.5-2 keV)® 0.99+9.27 0.83+0.098
Flux (2-10 keV)P 1.780.16 2.96 +0.15
xZ (dof) 17.4 (15) 17.6 (15)
P(x?) 0.29 0.29
Notes.

2 All errors are lo.

Y In unit of 10713 erg cm™2 s~ 1.

however, consistent with zero for the 2011 data. The model
fitting results are summarized in Table 2. Although the nearby
X-ray source (src B in Maeda et al. 2011, or CXOU J131147.0-
343205 in Cheung et al. 2012; see Figure 4) is located only

176 apart to the south, contamination from this source and other
nearby faint sources is estimated to be less than 5% for the
applied region of interest of 1’.

4. DISCUSSION AND CONCLUSIONS

During the first (AO4; 2009) and second (AO6; 2011)
Suzaku observations, we detected significant variability in IFGL
J1311.7-3429 characterized by repeated flaring activity, with a
timescale of ~10 ks. The variability is only clearly seen above
1 keV. The NPSD is well characterized by P(f) o< f72, as is
the case for the X-ray variability of various classes of AGNs
including Seyferts and blazars (e.g., Hayashida et al. 1998;
Vaughan et al. 2003). The latter class constitutes the majority
of Fermi-LAT sources but the X-ray variability timescales
of blazars are in general somewhat longer, typically ~1 day
(e.g., Kataoka et al. 2001). Such “red-noise” PSD behavior is
also observed in X-ray (Galactic black hole and neutron star)
binary systems, but on much shorter time scales. For example,
variability as short as ~1-10 ms has been observed for the
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Figure 4. Suzaku XIS FI(XIS0+3) images of the 1FGL J1311.7-3429 region in the 0.5-10 keV photon energy range using the data during the first 20 ks (top; flare)
and the last 74 ks (bottom; after the flare) in the 2009 observation obtained in AO4. The image shows the relative excess of smoothed photon counts (arbitrary units
indicated in the color bar) and is displayed with linear scaling. The thick solid ellipse denotes the 95% position error of 1FGL J1311.7-3429 in the 2FGL catalog,
while the dashed ellipse shows that reported in the 1FGL catalog. Note that the faint source to the south presented (and denoted as src B) in Maeda et al. (2011) is

outside the 2FGL error circle.
(A color version of this figure is available in the online journal.)

famous Galactic black hole source Cyg X-1 (e.g., Meekins et al.
1984; Hayashida et al. 1998).

Significant variability has also been observed in the optical
(g/, Re, '), where it is rather a quasi-sinusoidal flux modu-
lation with a 1.56 hr period, as recently reported by Romani
(2012). Moreover, we also found that the modulation profile,
including the amplitude of modulation and peak intensity, has
changed largely among the six nights of observations. The ap-
parent modulation of magnitude observed in both the IAO and
LOT data is quite similar to those observed in 1FGL J2339.7-
0531, which is characterized by a 4.63 hr orbital period in op-
tical and X-ray data (Romani & Shaw 2011; Kong et al. 2012).
Note that 1FGL J2339.7-0531 is now suggested to be a “radio-
quiet” gamma-ray emitting black-widow MSP with a ~0.1 M

late-type companion star, viewed at inclination i ~ 57°. More-
over, this compact object companion in 1FGL J2339.7-0531
is strongly heated, with T varying from ~6900 K (superior
conjunction) to <3000 K at minimum (Romani & Shaw 2011).

In this context, the spectral energy distribution (SED) of
1FGL J1311.7-3419 from radio to gamma-rays (Figure 9,
top) may provide some hints on the nature of this mysterious
source. IFGL J1311.7-3419 has been the subject of both radio
pulsar counterpart searches and blind searches for gamma-ray
pulsations, but to date no pulsed emission has been detected
(Ransom et al. 2011), and the situation is quite similar to
the case for 1FGL J2339.7-0531. There are no NVSS radio
sources catalogued within the 2FGL ellipse of 1FGL J1311.7-
3429 down to 1.4 GHz flux completeness limit of ~2.5 mJy
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Figure 5. Multi-band Suzaku X-ray light curves of IFGL J1311.7-3429 obtained
during AO4 (2009) and AOG6 (2011) observations: 0.4—1 keV, 1-2 keV, 2—4 keV,
and 4-8 keV (from top to bottom). The XIS-0, 1, 3 data are summed.

(A color version of this figure is available in the online journal.)

(Condon et al. 1998), which is given as an arrow in Figure 9
(top). From the 0.1-100 GeV gamma-ray flux listed in the 2FGL
catalog, F, = Foi-100cev =~ 6.2 x 107" erg em™2 s7!, we
obtain F, /Fx ~ 300, F,/Fg >1.7 x 10° for 1FGL J1311.7-
3429, where Fx and F are the X-ray and radio fluxes measured
in 2-10 keV and at 1.4 GHz, respectively. Note, these values
are almost comparable to those measured in 1FGL J2339.7-
0531, with F, ~ 3.0 x 107" erg cm? s7!, F, /Fx ~ 150 and
F,/Fg>8.7 x 10°. Although its flat spectrum X-ray continua
and relatively high y-ray-to-X-ray energy flux ratio (of =100)
is typical of the subclass of blazars (FSRQ; Nolan et al. 2012),
the non-detection in the radio as well as its curved gamma-ray
spectrum seems to strongly disfavor an AGN association for
1FGL J1311.7-3429.

To further support the MSP association of 1FGL J1311.7-
3429, Figure 9 (bottom) shows a close-up of the SED of 1FGL
J1311.7-3429 in the optical /UV bands, reconstructed from IAO
and Swift UVOT data. Observed magnitudes were converted to
flux density based on Fukugita et al. (1995). Red dashed line
indicates a tentative fit with a blackbody model of 7~ 1.2 x
10* K (or kT ~ 1 eV) assuming an emission volume radius
of Ry, >~ 1.5 x 10* dypc km, where d is the distance to the
source in units of 1 kpc. Therefore, the optical/UV spectrum
of 1IFGL J1311.7-3429 seems compatible with what is expected
from a companion star of a radio-quiet MSP like 1FGL J2339.7-
0531. A slightly higher temperature than 1FGL J2339.7-0531
(kT ~ 0.3-0.6 keV; Romani & Shaw 2011) may indicate x2
smaller orbital radius, ~5 x 10° km, for the IFGL J1311.7-3429
binary system, assuming that the mass of the companion star is
0.1 M, and the pulsar spin-down luminosity is L ~ 103 erg s~!
(parameters suggested for 1FGL J2339.7-0531 binary system,;
Romani & Shaw 2011). A change of the modulation profile
observed in the ' band may be accounted for by rapid changes
in the companion star temperature, but this remains uncertain.

Since both the optical and X-ray light curves in the case of
1FGL J2339.7-0531 clearly exhibits a 4.63 hr orbital modulation
(Romani & Shaw 2011; Kong et al. 2012), the detection of
periodicity in the X-ray light curve of 1FGL J1311.7-3429 is
also likely. In fact, the folded X-ray light curve exhibits an excess
feature around ¢ = 0.5. As indicated by Romani (2012), this
is presumably a pulsar superior conjunction, although both the
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Figure 6. (Top) Energy dependence of X-ray variability of IFGL J1311.7-3429.
The variability parameter, excess variance was calculated for the total exposures
in AO4 (2009; red) and AO6 (2011; blue) in four energy bands (see Figure 5).
(Bottom) Normalized PSD (NPSD) calculated from the X-ray light curves of
1IFGLJ % %l 1.7-3429. The dotted line shows the best-fitting power-law function
of oc f .

(A color version of this figure is available in the online journal.)

normalized intensity as well as the phase peak appear to have
changed substantially between the 2009 (AO4) and 2011 (AO6)
observations. We therefore expect that X-ray variability consists
of at least two different components—one associated with the
binary motion as for the optical data, and the other a rather
random fluctuation well represented by the NPSD of P(f)
72, whose physical origin is still unknown but possibly related
with perturbations associated with shock acceleration.

Such flaring X-ray variability has not yet been observed for
1FGL J2339.7-3429, but solely in 1FGL J1311.7-3429. In a
review of X-ray emission from MSPs, Zavlin (2007) describes
three primary sources of X-ray emission: (1) intrabinary shock,
(2) the neutron star (NS) itself, and (3) pulsar wind nebula
outside the binary system (see also Archibald et al. 2010). In
fact, thermal emission of kT ~ 0.1-0.2 keV is often observed
from MSPs, which is thought to arise from the surface of the NS
and is steady with time (e.g., Marelli et al. 2011; Maeda et al.
2011). More recently, thermal emission of k7 >~ 0.1 keV was
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(A color version of this figure is available in the online journal.)
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Figure 8. Comparison of the average X-ray spectra of 1FGL J1311.7-3429

observed in 2009 (AO4; red) and 2011 (AO6; blue) Suzaku observations. The

X-ray data points represent the weighted mean of XIS0, 1, and 3. In addition,

a bow-tie shows the best-fit parameters of the corresponding Chandra source,
CXOU J131145.7-343030, observed in 2010 (Cheung et al. 2012).

(A color version of this figure is available in the online journal.)

also detected from 1FGL J2339.7-0531 (Kong et al. 2012, in
prep), which is again steady despite the large flux modulation
associated with binary motion being observed above 2 keV.
Therefore, the fact that X-ray variability is not clearly seen below
1 keV may suggest that there could be some contribution from
the surface of the NS, although from the spectral fitting it is not
statistically significant. Then the variable, hard X-ray emission
could arise from the intrabinary shock rather than the nebula
because variability as short as ~10 ks is unlikely to originate

KATAOKA ET AL.

10-10 |

Fermi—LAT -
T e,
“ Swift
Y 012 | K
£
o % o
o 2
2 10-14 | Suzaku AO6 |
a Suzaku AO4
('
B
5
o

10-16 [ Nvss i

T

10-6 103 100 103 106 10° 1012
log: Energy [eV]

5 T T T T T
|IAO © — EpcO Epet Epc3 Epc4
Swift UVOT X
—
T, 10712}
o le Re v g'b u uvwl uvw2
1 Sr uvm2
: bl
)
e _,$‘ """ * ------- *~*
S 0B $ X ~
a g N,
X st - N
e ,” ‘\‘
> g N
1 kT = 1eV
10 F Ryp = 1.5x10*d 0 km
5 . R
1 2 3 S 7 10

log: Energy [eV]

Figure 9. (Top) Broadband spectrum of 1FGL J1311.703429. The X-ray data
are as presented in Figure 8. The gamma-ray data points are taken from the
2FGL catalog (Nolan et al. 2012). The radio upper limit of 2.5 mJy at 1.4 GHz
is taken from the NVSS catalog (Condon et al. 1998). The optical and UV data
represents Swift UVOT data (see Maeda et al. 2011 and Cheung et al. 2012).
(Bottom) Close-up of the broadband spectrum in the optical-UV range. Epochs
0-6 (1200 s each) correspond to time ranges defined in Figure 2. Note that the
optical-UV spectrum is well fitted by a blackbody model of kT ~ 1 eV with
a radius of the emission volume of Ry, >~ 1.5 x 10* dypc km, where dypc is
distance to the source in unit of 1 kpc.

(A color version of this figure is available in the online journal.)

from the extended pulsar wind nebula.!' Such a shock could
readily produce gamma-ray emission (Arons & Tavani 1993).
If localized, it could easily account for the orbital modulation
as seen in the X-ray emission from 1FGL J2339.7-0531. But if
material leaving the companion star, either through Roche lobe
overflow or a stellar wind is non-uniform or patchy, we might
expect random flaring activity as we see in the X-ray data of
1FGL J1311.7-3429.

We can also speculate on the nature of 1FGL J1311.7-3429
based solely on the gamma-ray properties, an approach already
applied to the 1FGL unIDs in Ackermann et al. (2012). Figure 10
(top) presents a comparison of the 2FGL associated (either
AGNs (blue) or PSRs (green)) and unassociated sources (red) in
the VARIABILITY_INDEX and SIGNIF_CURVE plane. Apparently,
1FGL J1311.7-3429 is situated in the typical PSR regions
of this diagnostic plane. Similarly, Figure 10 (bottom) plots
the distribution of PSRs and AGNs in the PHOTON INDEX
versus Fo | _j00gev plane. In this case, 1IFGL J1311.7-3429 is at

11 Variability has been observed in some pulsar wind nebula in X-rays and
gamma-rays, but with typical timescales of a week to months (e.g., Pavlov
et al. 2001; Abdo et al. 2011).
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Figure 10. (Top) Comparison of the 2FGL Variability Index vs. Curvature
Significance for associated sources (AGN: blue, PSR: green) and unassociated
sources (red). (Bottom) Comparison of the 2FGL Photon Index vs. 0.1-100 GeV
Flux for the associated sources and unassociated sources. In both panels, a
separation between the AGN and PSR populations is evident. Note that 1IFGL
J1311.7-3429 is situated in the typical PSR region in the top panel, whilst at the
boundary of AGN/PSR sources in the bottom panel.

(A color version of this figure is available in the online journal.)

the boundary of AGN and PSR sources, so is still consistent with
a PSR association. For comparison, we also plot the gamma-ray
parameters for IFGL J2339.7-0531. In both panels, the gamma-
ray properties of 1FGL J1311.7-3429 and 1FGL J2339.7-0531
are quite similar. Again, this supports the idea that 1FGL
J1311.7-3429 is a black-widow system and may be a second
example of a “radio-quiet” MSP after 1IFGL J2339.7-0531.
Finally, if the rapid X-ray flaring variability observed with
Suzaku may be due to inhomogeneity of shock material and/or

KATAOKA ET AL.

rapid changes in the beaming factor, this could be expected to
occur also in gamma-rays, as suggested by a smooth connec-
tion of the spectrum between X-ray and gamma-ray energies.
Moreover, we may see correlated variability also in the optical,
which may be related to the change of modulation profile in
the r’-band magnitudes that we see in Figure 3. Unfortunately,
such fast variability is difficult to observe in gamma-rays as we
mentioned for the one-month binned light curve in Section 1, de-
spite the excellent sensitivity of Fermi-LAT. The low gamma-ray
statistics also make it difficult to run a cross-correlation in order
to measure any possible correlated optical, X-ray and gamma-
ray variability. Further continuous investigation is necessary to
confirm the origin of “variable” X-ray emission observed in the
IFGL J1311.7-3429 system.
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ABSTRACT

The blazar AO 0235+164 (z = 0.94) has been one of the most active objects observed by Fermi Large Area Telescope
(LAT) since its launch in Summer 2008. In addition to the continuous coverage by Fermi, contemporaneous
observations were carried out from the radio to y-ray bands between 2008 September and 2009 February. In this
paper, we summarize the rich multi-wavelength data collected during the campaign (including F-GAMMA, GASP-
WEBT, Kanata, OVRO, RXTE, SMARTS, Swift, and other instruments), examine the cross-correlation between the
light curves measured in the different energy bands, and interpret the resulting spectral energy distributions in the
context of well-known blazar emission models. We find that the y-ray activity is well correlated with a series of
near-IR /optical flares, accompanied by an increase in the optical polarization degree. On the other hand, the X-ray
light curve shows a distinct 20 day high state of unusually soft spectrum, which does not match the extrapolation of
the optical/UV synchrotron spectrum. We tentatively interpret this feature as the bulk Compton emission by cold
electrons contained in the jet, which requires an accretion disk corona with an effective covering factor of 19% at
a distance of 100 R,. We model the broadband spectra with a leptonic model with external radiation dominated by
the infrared emission from the dusty torus.

Key words: BL Lacertae objects: individual (AO 0235+164) — galaxies: active — galaxies: jets — gamma rays:
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galaxies — radiation mechanisms: non-thermal
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1. INTRODUCTION

Blazars are a class of active galactic nuclei (AGNs) char-
acterized by high flux variability at all wavelengths and com-
pact (milliarcsecond scale) radio emission of extreme bright-
ness temperatures, often exceeding the Compton limit (Urry
1999). Their radio spectra are generally well described by a
power-law shape, with a “flat” spectral index « < 0.5 (where
the flux density F), o v~*). Multi-epoch Very Long Baseline
Interferometry (VLBI) observations often show superluminal
expansion, and the radio and optical emission is usually highly
polarized. These general properties are well described as arising
in a relativistic jet pointing close to our line of sight (Blandford
& Rees 1978). The jet, presumably deriving its power from
accretion onto a supermassive, rotating black hole (BH) sur-
rounded by an accretion disk, contains ultrarelativistic electrons
(with particle Lorentz factors y, reaching 10°~10°, depending
on the object). These relativistic electrons produce soft photons
from radio up to UV (or in some cases, soft X-rays) through syn-
chrotron emission, and high-energy photons up to TeV energies,
via the inverse Compton process which involves scattering of
synchrotron photons (the SSC scenario), as well as scattering of
externally produced soft photons (the External Radiation Comp-
ton, ERC, scenario). A contribution to the high-energy radiation
can also be provided by synchrotron radiation of pair cascades
powered by hadronic processes and by synchrotron emission
of ultra-high-energy protons and muons (see reviews of radia-
tive models of blazars by Sikora & Madejski 2001; Levinson
2006; Bottcher 2007). Noting difficulties of hadronic models
to explain the spectra of luminous blazars (Sikora et al. 2009;
Sikora 2011), we investigate in this paper only leptonic mod-
els, i.e., the models which involve production of radiation by
directly accelerated electrons. Densely sampled, simultaneous
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monitoring observations throughout the entire electromagnetic
spectrum from the radio to y-ray bands can provide important
constraints on such models.

When emission lines are absent or weak, with an equivalent
width (EW) less than 5 A in the rest frame (see, e.g., Stickel
etal. 1991), a blazar is classified as a BL Lac object; otherwise,
it belongs to the class of flat-spectrum radio quasars (FSRQs).
While in a majority of BL Lac objects—especially in those
with the v F, spectral energy distribution (SED) peaking in the
far UV-to-X-ray range (the so-called HSP or high-synchrotron-
peaked BL Lac objects)—detection of emission lines is rare,
and if detected, the lines are extremely weak (for recent
measurements, see, e.g., Stocke et al. 2011), in the objects where
the SED peaks in the infrared or optical range (the so-called LSP
or low-synchrotron-peaked BL Lac objects), easily discernible
emission lines have been detected often. When detected, such
lines provide a measurement of redshift, but also yield crucial
information about the details of accretion in the central source. In
some cases such as AO 0235+164 (Raiteri et al. 2007), discussed
in this paper, and even BL Lacertae (Vermeulen et al. 1995;
Corbett et al. 2000), the prototype of the BL Lac class, the
EW of emission lines can vary from one observational epoch to
another. This is primarily due to the large-amplitude variability
of the nonthermal continuum, which becomes brighter or fainter
with respect to the presumably less-variable emission lines.
Regardless, the detailed properties of the emission lines are
crucial in establishing the radiative environment encountered by
the jet emerging from the nucleus, and thus are indispensable in
establishing the most likely source of seed-photon population for
inverse Compton scattering. While the most compelling scenario
has the internal jet photons dominating this population in the
HSP sub-class, and the external