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ABSTRACT

Context. There is a general consensus that Long Gamma-Ray Burstsq)GRBluding X-ray Flashes (XRFs), are created by the
explosion of massive stars. However little is still knowroabthe geometry of such stellar explosions. In this papestudy the
optical polarimetric properties of an XRF dominated by tesaziated hypernova, in other words, an XRF with no contatirig
afterglow. The final scope of this study is to shed light ondtiéuncertain picture of the GRBs’ expansion geometry.

Aims. The main aim is to investigate the evolution of the lineaiagtpolarization of the X-ray flash XRF 0801/&N 2008D. As a
secondary product, we also report the polarization evaudf SN 2007uy, and discuss the properties of the host gatdeystellar
medium (ISM) towards the XRF.

Methods. We present &/-band linear polarization monitoring campaign carriedfoutthe X-ray flash XRF08019S$N 2008D and
SN 2007uy, which shone for weeks contemporaneously in NGO.2¥his fortunate coincidence brought us the opportumnitgh-
serve both objects simultaneously, and most importanttiy identical instrumental setups. The observations sga® days, starting
3.6 days after the X-ray flash and are distributed in 11 vigitaddition we performed observations in the millimetrex(hrange in
order to identify the dominant origin of the observed pdation.

Results. We report positive linear polarization detections at seMepochs for XRF 0801¢SN 2008 at a level 0£1%. For SN 2007uy
the measured polarization is around.5%. In both cases the observed linear polarization seemsdted by the host galaxy inter-
stellar polarization (HGIP), especially for the case of Sl2uy. Dust emission at 1.2 mm detected at and around the XREqn
supports this scenario. Despite the dominant HGIP, a Statisanalysis of the distribution of the XRF 080¥8% 2008D Stokes
parametres suggests that it could show a possible intnasiable polarization component. Moreover we show thatéhgooral evo-
lution of the intrinsic XRF 0801Q%$N 2008D polarization could be explained by an aspheridayexmetric expansion with variable
eccentricity, although other more complex geometric sgéegare also compatible. In contrast, the SN 2007uy patden could be
described by the HGIP plus a constant eccentricity expanmiche plane of the sky. We suggest that at least the prdjetteot the
intrinsic, geometry of XRF 0801@9N 2008D and SN 2007uy could befdirent.
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1. Introduction are rarely detected (Galama et al. 1998; Malesani et al.;2004

. . . Thomsen et al. 2004; Pian et al. 2006; Soderberg et al. 2008;
It is well established that long duration gamma-ray bursg%e also for a review Woosley & Bloom 2006). This is

(LGRBs) are produced by the explosive death of massive StfiScontrast to the hundreds of LGRBs discovered to date
(Hjorth et al. 2003; Stanek etal. 2003). The LGRBS with theion are dominated by their afterglows (see for instance,
lowest peak-energies are classified as X-ray flashes (XR Sinn et al. 2007. Kann et al. 2008 Fynbo et al. 2009, or J
Sakféngéo et "#] 20?5)'| ission dominated by th . tGreiner’s GRB list). In the same way, broad-band polar-
S Wr'] opﬂ|ca emlssd|on ommaﬁ y the assof'?_i‘gation observations have been carried out for a significant
supernova (hereafter named as pure hypemova, or P mount of afterglows (Covino etal. 1999; Hjorth et al. 1999;
1 Hereafter we use the term PHN to refer to a stellar explosi(ﬁov!no etal. 20025 Bers[er etal. 2003, .Bjornssorj etal.200 )
with detected prompt high-energy emissiondi/and X-rays) with a Covino etal. 2003;  Greiner etal. 2003;  Masetti et al. 2003;
negligible contaminating afterglow. Hence, for instand@B5030329 Rol et al. 2003; Gorosabel et al. 2004, see also the receptwrev

would not be a PHN, but instead GRB 031203, GRB 980425 and XRE
060218 would be considered as PHNe. 2 Available athttp://www.mpe.mpg.de/~jcg/grbgen.html
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by Covino 2009), however broad-band polarization detestiodue to the host galaxy interstellar polarization (HGIP)e Tlon-

of PHNe have been very sparse (Gorosabel etal. 2006) driution of additional polarization components (variabine

therefore potentially valuable. polarization, irruption of the stellar core, variable HGé#®c...)
Given the very few broad-band polarimetric studies caean distort this rough ellipsoidal stellar picture, resgtin

ried out for PHNe to date, any new observation could coa- more complex geometrical configuration (see Maund et al.

tribute to gain an insight into the GRB phenomena. In the@009, and references therein). Asphericities in explosie#ar

unique cases the lack of a contaminating afterglow allows tteaths tend to be low, usually yielding optical polarizatial-

use PHNe to elucidate the expansion geometry of GRB praes below~ 1% (Wang & Wheeler 2008). However, counterex-

genitors. XRF0801Q$N2008D is one of those rare eventsamples exist, such as the Ic-Type SN 1997X (Wang et al. 2001)

Following the scheme proposed by Sollerman et al. (2008), the PHN XRF06021/8N2006aj (Gorosabel et al. 2006;

XRF 080109SN 2008D can be classified as a PHN with th#laund et al. 2007).

high-energy properties of an X-ray flash. Thus, the studytbh In this paper we report optical polarimetric observatiohs o

polarimetric data of the expansion geometry of events liIRERF080109SN2008D and SN 2007uy aimed at obtaining geo-

XRF 080109SN 2008D could shed light on the still uncertairmetrical information on the expansion of these events. ti-ad

geometrical configuration in the first stages of the GRB paia tion we show the results of millimetre (mm) observationsakhi

(Woosley 1993; MacFadyen & Woosley 1999). were used to infer information about the host galaxy exitmct
XRF080109 was serendipitously discovered oand consequently about the HGIP impact on the observed-polar

January 9.56446 UT bySwift as a bright X-ray out- ization.

burst during a scheduled observation of SN2007uy

(Berger & Soderberg 2008; Kong & Maccarone 2008, . .

Immler et al. 2008; Soderberg et al. 2008). In the optic  Observations and data analysis

both XRF0801085N2008D and SN2007uy shone con2.1. Optical observations

temporaneously for weeks in the neartey £ 0.007) spiral

galaxy NGC2770. This fortunate coincidence brougﬂ-lable 1 displ_ays the log of our optical ob_servations. AIId_iwa
us the opportunity to observe both objects simultan¥.ere taken in the/-band. The observations were carried out

ously, and most importantly, with the same instrument¥fith the 2.2m Calar Alto telescope (CAHA), the 2.5m Nordic
setup. XRF080109 was attributed to the shock breakdgptical Telescope (NOT) and the 8.2m Unit Telescope 2 of the
emission from SN2008D, classified as a He-rich Ibc s)Yery Large Telescope (VLT). _

pernova (SN) (Soderberg et al. 2008; Malesani et al. 2009; 1€ NOT observations were performed with ALFOSC,
Modjaz et al. 2009). XRF 0801@8N2008D represents athrough a calcite and g2 wave retarder plate. Fourolmages of
transition between the most energetic hypernovae (linki field were acquired, rotating the retarder plate°ata.s,

to canonical LGRBs) and standard core-collapse SNg-O and 67.5. The calcite plates reduce the ALFOSC field
(Mazzali etal. 2008). It is noticeable that spectroscopfd View (FoV) to 140 in diameter (pixel scale of"Q9pix).
observations of XRF 080108N 2008D suggested an aspheric N 2007uy was left out of the NOT images due to this reduced
expansion geometry (Modjaz et al. 2009; Tanaka et al. 200

In fact it has been proposed that XRF 080192008D is a " The CAHA observations were based on the CAFOS instru-
side-viewed, bipolar explosion with a viewing anglesefsc ~ Ment. The CAFOS polarization unit uses a Wollaston prism in-
from the polar direction (Tanaka et al. 2009). stead of a calcite plate and has a strip mask on the focal plane

id accidental overlapping on the CCD. The total FoV of
Recently Maund et al. (2009) have reported a spectropoldff-2v0!d ppINg : -
metric study of XRF 080108N 2008D based on data acquireAFOS is composed by 14 strips of 9 18" each, providing

on January 31.22 and February 15.18 UT, close to two of g&arge enough FoV to image both XRF 0802819 2008D and

eleven observing epochs. One of the main advantages of spad-2007uy simultaneously. . .
tropolarimetry of PHNe with respect to broad-band polarime, The VLT observatpns were done with FORS, with a setup
try is its ability to infer geometric and dynamical inforrrt  Similar to CAFOS. As in CAFOS, the large FoV of FORS1 al-

for the diferent chemical constituents of the explosion. Broad@Wed us to image simultaneously XRF 080188 2008D and

band polarimetric observations construct a rougher pgatfithe N 2007uy. In Some of the FQRS:L ViSiFS we used thé bin .
stellar death, but require lower signal-to-noise rati@thpec- read-out mode in order to avoid saturation of SN 2007uy while

tropolarimetry. So broad-band polarimetric observaticars be K€€PINg & high signal to noise ratio for XRF 08015R 2008D.

extended to objects at higher redshiftgaod they allow to en- We note that, in aq_dition to the CCD binning, the seeing and
hance the polarimetric coverage and sampling of the lighi&gu transparency conditions varied significantly from nighbight.

; ; : ‘hhis made it impossible to have a bright unsaturated field sta
especially at epochs distant from the maximum when the PH@ pos g
is gimrlne)r/. P I ximumw common to all our images. Apart from XRF 080188! 2008D,

: P i : N 2007uy was the object most frequently imaged, being ptese

The dominant intrinsic polarization in PHNe, is thought t(§ ; :
originate by the same mechanism as in standard SNe; Thomp % ZOV Of.?}” Lhe FORS1 _andfCA_FOSSllln;%%e;s. This fact
photon scattering through an aspherical photosphericrexp rovided us with the opportunity of using uy as a po-

sion (Hoflich etal. 1991). If the PHN photosphere projermtiogggegizc) reference star on the Stokes plane (see disnussi

on the sky plane is an ellipse, in general a non-cancelled li , . .
y b b 9 The images were reduced using standard procedures running

ear polarization is expected perpendicular or paralleh&ma- S .
: : : Lo under IRAF. The master flat field image was created combin-
jor axis (Kasen et al. 2003). If the expansion ellipticityobies . g sky flat field frames taken without polarization units fret

with time, keeping the direction of both axes, then the StokH!
parametres should also move on a straight line of the Stokes |grar is distributed by the National Optical Astronomy
plane (Wang et al. 2001). Once the Milky Way Galactic inteobservatory, which is operated by the Association of Ursiiers
stellar polarization (GIP) has been corrected, this sttaipe for Research in Astronomy (AURA) under cooperative agre@mith

is expected to be displaced from the origin of the Stokeseplathe National Science Foundation.
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Table 1. Polarimetric observations of XRF 080J8™N 2008D and SN 2007uy.
Date Telescope Exposure Seeir XRF080109SN 2008D SN 2007uy
2008, UT (Instrument) time (s) ) P+op 0+o0y V+oy P+op 0+0y V+oy
Jan 13.1644 NOHWKALFOSC) 1X600 0.7 0.95+0.20 1149+59 1844+0.05
(0.95+0.20) (1149+5.9)
Jan 13.2642 VLT{FORS1) 2336 1.0 0.68+0.22 1192+95 1839+0.05| 1.45+0.25 1786 +4.6 1578+ 0.05
(0.65+0.33¢ (1245+133) (1.59+0.04) (1774+0.7)
Jan 15.0780 NOHWKALFOSC) 1600 0.9 0.85+0.28 1061+94 1828+0.05 —_— D D
(0.85+0.28) (1061 +9.4)
Jan 17.2518 VLT{FORS1) &285 1.0 0.84+0.45 1383+81 1790+005| 1.43+0.14 1825+51 1569+0.05
(1.14+051) (1410+7.2) (1.59+0.04) (1774+0.7)
Jan 30.1858 VLT{FORS1) 4285 0.8 1.05+ 0.06 1353+ 17 1731+0.05| 1.64+0.06 1785+ 11 1639+0.05
(1.11+0.08) (1340+2.0) (1.59+0.04) (1774+0.7)
Jan 30.2022 VLT{FORS1) 4285 0.8 1.28+0.06 1325+ 14 1727+0.05| 1.56+0.06 1761+ 11 1636+0.05
(1.21+0.08) (1333+1.9) (1.59+0.04) (1774+0.7)
Feb 11.9326 CAHA{CAFOS) 1X%400 2.0 158+ 0.97 1266 + 164 1782+0.09 | 0.92+0.88 1798+260 1709+0.11
(1.19+1.51) (1316+205) (1.59+0.04) (1774+0.7)
Feb 26.1107 CAHA{CAFOS) 16600 1.9 <276 1852+ 0.09 | 181+063 1735+144 1756=+0.08
(< 2.94" (1.59+0.04) (1774+0.7)
Feb 26.9444 NOWALFOSC) 16400 1.3 0.98+0.80 1246 + 232 1879+ 0.08 —_—
(0.98+0.80) (1246+232)
Mar 2.1102 VLTGFORS1) 4525 1.1 142+ 0.46 1390+9.1 1880+0.05| 1.83+019 1746+32 1755+0.05
(1.17+051) (1347=+114) (1.59+0.04) (1774+0.7)
Mar 28.0207 VLT{FORS1) 4&525 1.1 0.75+ 057 1112+219 1942+0.05| 158+042 1796+7.6 1798+0.05
(0.73+£0.78) (1127 +210) (1.59+0.04) (1774+0.7)

a Mean observing epoch.
b For the NOT visits SN 2007uy was out of the FoV, so the degrdieedr polarizationP), the position angled), and the magnitude/) could not be determined.
¢ Calibration based on Malesani et al. (2009). The photometriors include the zero point uncertainty.
d The polarimetric cycle was interrupted and restarted setienes. The SN 2007uy observing epoch and the exposureatienglightly diterent from the XRF 08019SN 2008D ones,

corresponding to Jan 13.2708 UT and 990 seconds, resggctive
e The XRF 0801085N 2008DP andé values given for VLT and CAHA in between parentheses assucamstant SN 2007uy polarization given {B) = 1.59 + 0.04 and(d) = 1774 £ 0.7.

f 1o upper limit.

light path. This process was applied separately for the Buns for the NOT GIP correction remained the same. This assures in
ments. In principle, the host galaxy background might pgse-a ternal consistency of the position of the NOT Stokes paregset
tential problem for the photometry accuracy of SN 2007uy arwh the Stokes plane. Thus, a potential relative shift (oviong
XRF 080109SN 2008D. Thus we double checked the impact afifferent GIP corrections) of the NOT Stokes parametres with
the host galaxy background level determination by perfogmi respect to each other was minimized. This fact will havests r
aperture photometry with radii ranging from 0.5 to 2.5 tittes  evance in the further discussion since, as argued in S&g, 3.
FWHM (Full Width at Half Maximum), and varying the innerthe polarimetric data might suggest the existence of a sytngme
radii of the background annuli from 3 to 5 times the FWHM. Thaxis which is consistently determined byfdrent instrumental
annuli widths were also varied from 2.5 to 4 times the FWHNMsetups.
We verified that the resulting Stokes parametres were consis

tent within error bars, independent of the apertures andlann ~ The wider FoV of FORS1 and CAFOS provided a larger
used. Then the apertures and annuli yielding minimum errdgfgmber of stars for the GIP correction than with ALFOSC. Due
were adopted (typically the apertures and the inner radidusto different observing conditions (seeing, transparency and CCD
were the FWHM and 3-4 times the FWHM, respectively). In anjinning) at VLT and CAHA the stars varied from one night to an-
case, in order to account for potential dismissed photdmettr  Other. This was not critical for the FORS1 and CAFOS images,
ror sources, the statistical analysis of Sect. 3.2.1 watictued Since the GIP correction for both XRF 0801881 2008D and
considering also photometric errors augmented by 20%. SN 2007uy were always c_:alculated using the same set of stars
For the ALFOSC and CAFOS data the determination &@r each epoch. And mostimportantly, given that SN 2007uy wa
the Stokes parametres was done by fitting 8(¢) function Vvery well detected in all the VLT and CAHA images, we could
with the corresponding Milky Way GIP normalization factotse this object (justified by a statistical analysis, se¢. Se2.1)
(di Serego Alighieri 1997). The GIP normalization factorswads a secondary calibrator and keep it fixed on the Stokes plane
calculated using Galactic field stars. In the case of FORS1 tfsee Sect. 3.2.2).
Stokes parametres were calculated via Fourier expansian; i
der to include the instrumental polarization dependencesac
the FoV (see FORS1 mandhpl

Itis important to stress that the GIP corrections appligti¢o
different data-sets were very similar since the Galactic ebidimc

Due to the reduced ALFOSC FoV only two unsaturatefgWards NGC 2770 is onlgv = 0.1 mag (Schlegel et al. 1998;

bright field stars were available for the GIP correction of thCardelli etal. 1989). So in all cases the GIP corrections ap-

NOT data. Fortunately for the three NOT epochs the stars u%i?d were IO_W (“ 02 — 9‘3%)’ in agreement with the
alactic polarization prediction®gax = 2.9 x Ay = 0.29%;

Serkowski et al. 1975; Cardelli et al. 1989). In fact, the G-

4 Doc. N. VLT-MAN-ES0-13100-1543 Issue 82.1, Dat¢@}2008.
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rections were always well below the typical level of our pela Table2. Log of the millimetre observations.
ization detections< 1 — 1.5%).
Verification of the photometry, calibration and the re

duction was done by observation of polarimetric standard$at€ Telescope  Field Integratiom Flux density
The standard stars observed were NGC 2024-1 and \@8a1_2008, UT time (min) mm_[mJpeam]
at VLT (Fossati et al. 2007; Whittet et al. 1992), HD19820 atjan 25.931 IRAM 30m SN2008D 320 1.2 2.46+0.54
CAHA (Wolff, Nordsieck & Nook, 1996) HD94851, BD25727, Jan 28.200 IRAM 30m SN2008D 20 1.2 2.291.20
HD251204, and G191B2B at NOT (Turnsheketal. 1990Jan 30.171 IRAM 30m SN2008D 220 1.2 1.44+0.60
Schmidt et al. 1992). Table 1 shows the inferfednd P val- ~ Jan 25.931-30.171 IRAM 30m SN2008D x@0 1.2 2.03:0.38
ues, once they were corrected for the GIP and the statiftias jgg gi-ggg :Sﬁm ggm ﬁgg gi 12 13 ggi 8-;(1)
(multiplying P by y1 - (op/P)?) due to the fact thaR is a pos- 553552 PdE  SN2008D 460 3.3 0.65:0.15
itive quantity (Wardle & Kronberg 1974). Nov 9.336 PdB  SN2008D %111 2.9 0.03:0.10

For some observing epochs we explored maximising the;
time re_soluuon of our pqlarlmetnc monitoring at the expermf b Weighted average of the three previous table lines.
enlarging the polarimetric errors. This was done, wheniplss . g a —o9' 09" 30085, Dec=+33' 08 29798 (32000).
by splitting the polarimetric data of one night in cycles otif d R.A=09"09" 31211, Dec=+33 08 10725 (J2000).
images, i.e., the minimum block of images necessary to get a
polarimetric point. Unfortunately most of the polarizatidetec-
tions showed modest significance levels (betweé&n and 4.7
), so we could not split the data. Only for the VLT data taken In addition, a 43¢ detection was achieved on January 23 at
on January 30 the data could be divided in two cycles of fod3 mm with the Plateau de Bure (PdB) interferometer cedtere
images, whereas still keeping high-significance polaiopade- 0n XRF0801085N 2008D (see Table 2) with an observing beam
tections (above 17.5 for each of the two cycles). We verifiedsize of 275X 1711. The last millimetre observation was carried
that the joint data acquired on January 30 (composed of two @t with the PdB on Nov 9.336 UT at 2.9 mm, yielding & 3
cles of four images) yields Stokes parametres consistenthé upper limit of 0.30 mJgbeam. This non-detection suggests that
ones obtained when the data of that night are split in twodsalv the flux detected at 3.3 mm on January 23 mostly originated fro
This provided an extra high-quality data-point for theistatal XRF 080109SN 2008D and not from the host galaxy dust.
analyses carried out in Sect. 3.2.1 and Sect. 3.2.2.

The V-band polarimetry values synthesized by pagyits
Maund et al. (2009) for XRFO080108N2008D on January
31.22 and February 15.18 UT, bring us the opportunity tosros3.1. Properties of the polarizing ISM towards
check our results. Our two closest observations, carrig¢dou XRF 080109/SN 2008D

January 30.2022 and February 11.9326 UT, yRel&hdé values . . .
fu!ly consister_ﬁ with M_aund etal. (2009_). We are aware th ?e_Gglggtzlg rSeCCflﬁeegéT%ttg\lNngs8;\l?n?pﬁ;;% '\z_\éz;y dlgfi(n_c-
this comparative exercise, although satisfactory, is ¢imijted etlion of only Ay = 0.1 mag (Cardelli et al. 1089). So the con-

to two epochs close to the lightcurve maximum and exclugivel >, ' - . _
focused on XRF 08010SN 2008D, since Maund et al. (zoog)trlbunon of the Galactic dust to the measured 1.2 mm flux is

did not observe SN 2007uy.

Mean observing epoch.

negligible. Thus, assuming that most of the 1.2 mm emission
comes from optically thin dust emission in the host galaxy
interstellar medium (ISM) towards XRF 0801/@\ 2008D, it
2.2. Millimetre observations is possible to roughly estimate the host optical extinctsn
Ay = (1.086S1.2)/(B12(Taus) Qmb) X (kv/k1.2). B12(Tqus) is the

XRF 080109SN 2008D was observed at 1.2 mm on January 2Blanck function of the dust at a temperatdigs; Qmp iS the
28, and 30, 2008 with the MAMBO Il bolometer on the IRAMmain-beam solid angleS;, is the flux density per beam at
30m Telescope (see Table 2). The data were reduced follow2 mm, andky/«1 2 is the ratio of the visual extinction coef-
ing the standard procedure with theopsicdata reduction soft- ficient to the 1.2 mm dust opacity, which was estimated to be
ware. In order to estimate the NGC 2770 contribution at 1.2 mR, /1 ,) = (4 + 2) x 10* (Kramer et al. 1998).
to our previous XRF080108N 2008D observations we mea- |n order to estimateAy a value of Tgst has to be as-
sured, on January 31, the flux of two adjacent regions (Adglimed. Domingue et al. (1999) inferr@d,s; = 21 + 2K for
and Adj2). Such regions bracket the XRF 080/B192008D po- the colder dust component of a set of three spiral galaxias si
sition in the radial direction towards the NGC 2770 nucleuiar to NGC 2770. On the other hand, the spectral energy dis-
both at a distance of 10" from XRF 080109SN 2008D (beam tribution (SED) of NGC 2770 integrated over the entire gglax
FWHM at 1.2mm~ 11”). They were selected ficiently yieldsTy,s = 30+ 5K (Thone et al. 2009). So we adopted both
close to XRF0801Q0%N 2008D to have a good estimate oOffy, =21+ 2K andTqysi= 30+ 5K.
its background emission, but ffigiently far to avoid most of Using S;» = (2.03 = 0.38) mJybeam (average of the 3
the XRF 0801085N 2008D flux within the beam. The adjacenXRF 080109SN 2008D 1.2 mm pointings in Table 2) and both
1.2mm pointings yielded fluxes consistent with those olet&in T, o = 21+ 2 K andTgusi= 30+ 5K, we obtainAy = 0.43+0.31
at the XRF 080108N 2008D position (see Table 2), implyingand A, = 0.27 + 0.15, respectively. However, &, corre-
that the 1.2 mm data are very likely dominated by the NGC 27%ponds to the flux integrated in the beam along the projected
background flux and not by XRF 0801/&N 2008D. thickness of the host galaxy (which includes contributiconf
ISM located beyond the XRF), we can only provide an upper

5 We note that Maund et al. (2009) only report the mean values oflimit to Ay. To be conservative, we will assume an extinction
i.e., do not report errors fa. However, the) mean values they infer are of Ay < 0.43 + 0.31 = 0.74, obtained withTgust = 21+ 2K.
well within our error bars for both epochs. This Ay value is~ 0.5 — 1.8 mag lower than the line-of-sight
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Ay values inferred by other authors based on a broad di
sity of techniques (Mazzali et al. 2008; Soderberg et al820
Malesani et al. 2009; Modjaz et al. 2009). An unrealistic e i e
perature ofTgust ~ 10 K would be necessary to have Ag 0.02\- SN008DVLT3a
value in agreement with the above authors. L ooy
This apparent disagreement can be explained by the im| 0.01~ SN20OEDMLTE
sibility to resolve a clumpy host galaxy ISM with our 1.2 mi SN2008D-CAHA2
beam (FWHM:=11"). The clumpy ISM would show three mail SnzoosDoT
propertiesj) an ISM composed by cells overimposed on a low - 0
extinction backgroundji) cells displaying typical angular size B i~ 7

SN2008D-NOT2

O SN2008D-NOT3

smaller than the beam siz#,) typical angular separation be -0.01+—
tween cells small enough to allow the beam to contain sewv L % i
cells. Given that the extinction determined by the 1.2 mnad - |
. X . . 0.02
is an average of the integrated flux received in the beam, XRF080109/SN2008D
scenario would explain the higher extinction derived altimg
XRF line-of-sight (i.e., spectroscopy). On the other hasah- LI I PR L S . .
dition iii) would explain the fact that the pointings around tl AN cAHA
XRF 080109SN 2008D position yielded similar 1.2 mm fluxe: 0.02 -~ [ | Nor
and hence extinction values. N O swoman

We can estimate a rough upper limit of the typical c 0.01 ° SN2007uy 2 SN2007uLT2
sizes as follows. First, we assume that the fluXedences (or ' AN < SrcoomanTan
internal dispersion) between our three 1.2 mm pointinge ( SN2007uy-VLT4
Table 2; weighted flux average of XRF 08018812008D, Adj1 D Oor YV SN2007ugLTS
and Adj2) were entirely due to the statistical fluctuatiomghie L e o
average number of celldj contained in each beam. In our cas -0.01
the three 1.2 mm pointings yield@ + 0.38, 239+ 0.70 and
2.81+ 0.71 mJybeam, so the dispersion is 0.41 nhaam. If
the cells are identical and randomly distributed, then #teor 'O-OZT(RFOSONQ,SNZOOSD
between the average flux and the dispersion of the 3 pointi -
would be approximatelyVN. In our case the average flux c T N VL
the 3 pointings (calculated by weighting with the corregting -0.02-0.01 0 0.01 0.02
flux errors) is 2.24 mJpeam, so this yieldsl ~ 30 cellgbeam. Q
However, the dispersion is very likely not only due to statis
cal fluctuations ofN, i.e, the dispersion has probably also aFig.1. Top panel:Stokes parametres of XRF 080188 2008D and
instrumentakalibrationphoton-noise component. So the statisSN 2007uy, once the GIP correction was included. The cloud of
tical fluctuations due tdN would be likely lower than 0.41 Mmeasurements representing SN2007uy seems to be more d¢ompac
mJybeam and therefore we can only set a lower limiNof 30. than the XRF 080108N 2008D oneBottom panel:Stokes parame-
On the other hand, in order to match thederived from the 1.2 res of XRF080108N 2008D and SN 2007uy, if SN 2007uy is kept

. . . . fixed at its barycentre. The fiierent lines represent the linear fits
mm flux with the spectroscopiéy values reported in the lit- to the XRF08010%8N 2008D Stokes parametres obtained when the

erature, the emitting region (the total area covered by @l ¢ capA (dot-dashed), VLT (continuous), NOT (dotted) and Ak data
within the beam solid angle) should fill 0fffL0-30% 0fQmb. (VLT +CAHA+NOT, long-dashed) are considered. The directions of all
This would explain the lowAy < 0.74 mag derived using the the straight lines are statistically consistent (see Taplesuggesting
1.2 mm flux (Kramer et al. 1998) for cells having a line-offdig an instrumental-independent dominant symmetry axis ptesethe
spectroscopic extinction ofy = 1.2 — 2.5 mags. Thus, as- XRF 080109SN 2008D data.
suming identical circular cells, a NGC 2770 distance of 27cMp
(Soderberg et al. 2008), andXy, filling factor of 30%, we can
impose a maximum cell diameter &f < 0.16 kpc. Adopting
a beam filling factor of 10%, we would obtain smaller cells, s9.2.1. |s XRF 080109/SN 2008D polarimetrically variable?
we consider 0.16 kpc as a robust upper limit. We note that the
dominantP is the result of all the material integrated along th&he Stokes parametres of XRF0801882008D and
line-of-sight, so we can not conclude tHais due to the XRF SN 2007uy, corrected for the GIP, are plotted in Fig. 1.
circumstellar dust. Both events show polarization levels of -1 1.5%, signifi-
cantly lower than the one measured in XRF 0603N820063aj
. (Gorosabel et al. 2006; Maund et al. 2007). Assuming both a

3.2. Properties of XRF 080109/SN 2008D and SN 2007uy on  G|p |aw and a Galactic extinction law (Serkowski et al. 1975;

the Stokes plane Cardelli et al. 1989) for NGC 2770, thay, values reported in
The P and ¢ values displayed in Table 1 were corthe literature ¢ 1.2—2.5 mag) would yield a conservative HGIP

rected for the GIP and the polarimetric statistical bigolarization upper limit 0Pmay=2.9xAy ~ 3.5-7.3%, consis-
(Wardle & Kronberg 1974). The further polarimetric anadysitem with the polarization measured for XRF 080A%19 2008D
will deal with the properties o€ andU of both objects on the @nd SN 2007uy.

Stokes plane, so tHebias correction factor (included in Table 1)  AS seen in the top panel of Fig. 1, the cloud of points cor-
will not be considered. responding to SN 2007uy seems to be more clustered than the

one of XRF080108BN2008D. For the two stellar explosions
6 For dust temperatures ranging fram= 21 toT = 30K. we quantified the probability that the Stokes parametreaidist

SN2007uy

ooépoe
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all the field stars by 20%. If we do that, the probability thatib
Q andU are constant are 0.791 for SN 2007uy and 0.021 for

2‘; eww— % " ] XRF080109SN2008D, respectively.
S yr dof =4 N We have verified if due to some uncontrolled reason the
5 [ |- cAHA+wT+NOT.doi=0 ] (Q,U) distribution on the Stokes plane is just the result of mix-
N 7 ing data acquired with étierent telescop@astruments. In order
< ok /_'_'_ --------------------- - toinspectthe existence of this potential instrumentéficat, we
0.55 T T T - redid the statistical analysis separating the images thatai
of ‘; \.“.;—..T’T N R 1‘ both objects according to the telescope used (hence the 8IOT i
3 s . 1 excluded from this comparative study between SN 2007uy and
o s 7 XRF080109SN 2008D since SN 2007uy was not imaged by the
= 06| - 4 NOT). Thus we determined separately for the VLT and CAHA
§ ol --~"l',"" \\ 1 the probabilities of having constant Stokes parametres.
e/ R N e ] Using only the VLT data points, we determined that the prob-
02/ e - ability that bothQ andU are constant are 0.295 for SN 2007uy
o o v i Cvew oo -7 and 0.007 for XRF0801¢8N 2008D, respectively. If we en-
8080 A0 B tion (degrzeoes) 40 60 80 large the photometric errors by 20% the probabilities wdagd

then 0.53 and 0.05, for SN 2007uy and XRF 08Q8092008D,
Fig.2. Top panel:The evolution of the linear fi¢?/dof as a function respectively. Considering exclusively the CAHA data-s&t w
of the fitted line orientation. The minima correspond to tipgiroal ~can not reach strong conclusions given the reduced number of
orientation of the straight lines displayed in the Fig. 1ttt panel, visits (2) and large error bars. However, even with the lim-
also given in Table 3. As seen the global shape of the evalditiothe ited CAHA data, SN 2007uy shows higher probabilities than
three independent data-sets (VLT, NOT and CAHA) are quiteveg  XRF 080109SN 2008D of being polarimetrically constant, 0.46
lent, their minima being systematically located at simitagative an- yersus 0.40. If the CAHA photometric errors are augmented by

gles. The long-dashed line shows §ffg¢dof evolution when all the data 20%, then the probabilities are 0.53 and 0.42 for SN 2007dy an
are jointly considered. We note that in the case of CAHA, wgitteat XRF 080109SN 2008D, respectively.

dof=0, y?/dof represents actually?. Bottom panel:The evolution of . ..
the normalized probability associated to the above paretigplayed Independent of the data subset considered and the additiona

the three independent data-sets show their probabilitynreaat a com- Photometric uncertainty introduced, XRF 080158 2008D re-
parable orientation angle. The maximum is reinforced whithedata iteratively displays lower probabilities than SN 2007uy -
are combined (long-dashed line). Given that=elbfor CAHA, the cor- ing polarimetrically constant. In fact, it is not obvious ¢a-
responding probability distribution was obtained throagflonte Carlo plain how non-accounted photometdalibratioriinstrumental
method. We refer the reader to the main text for further imiation. uncertainties could systematicallffect only to the values de-
rived for XRF 0801085N 2008D and not those of SN 2007uy,
which shows consistently a higher degree of clustering @n th

butions are consistent with no time evolution. First, weldeu Stokes plane. All the above arguments seem to suggest that
checked using Monte Carlo methods that, for the average nufiRF 080109SN 2008D could show an intrinsic variable polar-
ber of counts of our images, bofiandU follow Gaussian dis- iZation component added to the dominant HGIP. This suggesti
tributions. This fact assures that th&test is an appropriate sta-iS reinforced when SN 2007uy is used as a secondary polarimet
tistical tool. Second, we determined the barycentre of we t "C standard (see Sect. 3.2.2).

objects on the Stokes plang&), (U)). Then we calculated for

theQ andU of the two events thg?/dof value with respect to 3.2.2. A symmetry axis for XRF 080109/SN 2008D?

(Q) and(U), respectively.

For SN2007uy the distribution ofQ (U) shows Given that both SN2007uy and XRF 080188I2008D were
y?/dof=4.19/7 (y?/dof=4.32/7) with respect to(Q) ((U)). imaged simultaneously with VLT and CAHA, we can use
For XRF 0801086N2008D the distribution of) (U) yields SN 2007uy as a reference star with constant Stokes paramnetre
x?/dof=19.06/10 (y?/dof=22.96/10), clearly larger than the In other words, we can assume, justified by the above probabil
x?/dof value of SN 2007uy. These values)gf/dof were used ities, a constant projected geometry for SN 2007uy plus a con
to obtain the corresponding probabilities. For SN 2007wy tlstant HGIP. As an additional argument, it is also interestm
probability thatQ and U are constant are 0.758 and 0.742)ote that the agreement between the synthetic broad-bamis po
respectively. XRF 080198N 2008D shows lower probabilities,reported by Maund et al. (2009) and our data is even bettenwhe
0.040 and 0.011, respectively. Thus the probabilities@anhd SN 2007uy is fixed on the Stokes plane.

U are simultaneously constant are 0.563 for SN 2007uy and Thus, using SN2007uy as calibrator, a linear fit to the
4.3 x 10~ for XRF 080109SN 2008D. XRF080109SN 2009 data yields a satisfactogf/dof=0.21

We are aware that fierent error sourcedfacting the mea- (dof=9, long-dashed straight line of Fig. 1 bottom panel). Hence,
surements (background determination uncertainties, #d fi the XRF 0801085N 2008D Stokes parametres might suggest the
correction inaccuracies, no instrumental polarizatiorrexion existence of a dominant symmetry axisfset from the origin
available along the FoV for the CAHA and NOT images,.... due to the HGIP. Furthermore, as seen in the first three lines
might still not be included in the error bars, so the values of Table 3 the inferred symmetry axes show a preference to
x?/dof could be overestimated for both sources (and hence thegative orientations independent of the teleseamstrument
above probabilities underestimated). Thus, we repeateéxh employed in the observatichsThis efect can be seen in the
ercise augmenting the photometric error bars of both abpaud

PRy Uy 8 We define the orientation as the angle of the fitted straigktwith
7 xg/dof = Tio(<57)? / (K= 1) andyf /dof = 3iCo(S55)? / (K= respect to the horizontal axis represent@@n the Stokes plane. The
1), k being the number of visits and ddf — 1 the degrees of freedom. orientation ranges between -90 ar@0 degrees.
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Table 3. Linear fits on the Stokes plane of XRF 080188 2008D. The linear fits are shown in the bottom panel of Figvliere we used
SN 2007uy as a reference star with constant Stokes paran€whimn 1 displays the telescope used and column 2 the mwhbisits or points
on the Stokes plane. Column 3 provides tRgdof of the optimal linear fit. Column 4 shows the orientatiomgles at the minima (maxima) of
the Fig. 2 upper (bottom) panel. Columns 5 and 6 provide tived@nd upper error bars around the orientation angle ofrtkar fit. As seen the
three independent data-sets (CAHA, NOT and VLT) show oaigoris well consistent within errors. Last table line répdne results when all the
data are combined.

Telescope Number of Minimum  Orientation angle Lower Errar B Upper Error Bar
visits x?/dof (degrees) (degrees) (degrees)

CAHA 2 0? -76.1 49.3 48.8

NOT 3 0.0011 -64.8 46.7 46.0

VLT 6 1.1984 -54.8 52.1 51.8

CAHA+VLT +NOT 11 1.929 -42.6 23.2 22.9

a In this particular casg;? = 0 and do£0 for the minimum, sq/?/dof could also be formally represented bj00
b Errors obtained through Monte Carlo methods.

bottom panel of Fig. 1, which shows the linear fits carried ogetup used to determine it. It is interesting also to remhak t
both when the data are considered separately (CAHA, VLihe NOT Stokes parametres, which did not use SN2007uy as
NOT) and jointly (CAHA+VLT +NOT). The linear fits were ob- a secondary calibrator (so they might apply a slightiffedent
tained minimizingy?, which is defined as the weighted distanc&IP correction), are also satisfactorily fitted by a straidye.
perpendicular to the fitted life We considered thig? defi- Furthermore, the orientation of the NOT linear fit agreewit
nition because the variables to be fitte@,J) and their cor- the ones inferred based on the VLT and CAHA data. All these
responding errors are treated symmetrically (Boogs et901 arguments strengthens the reality of this possible synyraats.
Babu & Feigelson 1996). The existence of a symmetry axis on the Stokes plane could
In order to quantify the degree of consistency that the syre explained by an axisymmetric explosion where the dacti
metry axes of the 3 data-sets could show, we mapped the evafithe symmetry axis is constant, but the eccentricity ez®lv
tion of the linear fity?/dof when the orientation of the symme-in time. We stress that our polarimetric data can providduexc
try axis is varied from-90 to +90 degrees. The upper panel obively information about the projected geometry on the g@lan
Fig. 2 shows this evolution. We warn the reader that in the paf the sky. Thus, we can not discard that the constant Stokes
ticular case of CAHA dof0, so what is plotted for CAHA in the parametres of SN 2007uy could be caused by a variable eccen-
Fig. 2 upper panel represents actugflyAs seen all the three in- tricity expansion when it is viewed exactly pole-on.
dependent data-sets show thefdof minima approximately at
the same orientation. The position of all i dof minima were ) )
positively confirmed using théi texy routine implemented by 3-3- Discussion

Press et al. (1992). The lower panel of Fig. 2 shows the Ny, ng et al. (2009) report a variation in the position angdle o
malized probabilities corresponding to th#/dof values of the o He 115876 line based on comparison of their two observ-

above panel. _ ing epochs. Thus, we have to be cautious to explain the origin
_For the case of CAHA, given that ded, the plotted proba- 4 the possible XRF 0801¢9N 2008D polarization variability.
bility evolution was obtamed_ by simulating mock CAHA Stske The XRF 0801085N 2008D polarization variation suggested by
parametres created by a weighted Monte Carlo method asgumfk, analysis of the broad-band data could not be explained, t
Gaussian errors fo@ andU. Then given two simulated, U) gy or partially, just by an axisymmetric expansion. We cat
CAHA pairs the orientation of the line passing through thosgscard that the polarization variability could be at soregree
Stokes parametres is detern_wmed. The repetition c_)f th|sq$$ caused by the changing relative strengths in thediminuum
allowed us to construct the histogram of the I|_ne orle_ntEtlﬁnr emission, only one of which may be polarized, as discussed by
the CAHA data. Thus, the lower panel of Fig. 2 displays fqaund et al. (2009). Thus whil-band polarimetric data alone
CAHA the histogram of orientations for % 10° Monte Carlo  can not resolve these potential components, in principlg on
simulations®. _ spectropolarimetry could study the impact of this, and oplos-

For each data-set the upper and lower error bars in the djip|e efects, on the evolution of the Stokes parametres. However,
entation angle (displayed in Table 3, columns 5 and 6) welre Cghe |imited time-coverage of the spectropolarimeric dataly(
culated by integrating the34.145% percentile of the probabil- o epochs available, covering 2 weeks around the lighteurv
ity distribution around the corresponding maximum. As sieen maximum) makes no possible to set strong conclusions about
Table 3 the axes inferred from the three independent d&®s® potential éfects which could impact our eleven visits spanning
consistent within errors. Hence, the inferred symmetrysae _ 75 days. We can only conclude that our data suggest a prefer-
statistically consistent in all cases, regardless of tezumental ence to an approximately axisymmetric configuration, altffo
. ) ~ we can not exclude deviations from axisymmetry towards a&mor

® Also known asveighted total least squarg®/TLS), weighted rig- complex geometry, as discussed by Maund et al. (2009).
orous least squaresor weighted orthogonal regressiomethod (see Since SN 2007uy occurred earlier than

Lemmerling & van Hifel 2002, and references therein).
10 This Monte Carlo method, used for determining the probigtulis- XRF080109SN2008D, we have checked to what degree

tribution for CAHA, is not optimal for the VLT and NOT data. Fthe a possible early _faSt'eVOIV.ing epc_)ch of SN 2(_)07uy was missed
VLT and the NOT a set of simulated Stokes parametres do net-detdY OUr observations. An inspection of the lightcurves of the
mine a line passing through them (they contain more thanisyand two events shows that our data cover the rising phase, the
a formal fit is necessary. So, the histogram of orientatiopslymix maximum and the decay of both objects. The polarization
linear fits with diferent qualities. inferred for SN 2007uy in these 3 phases is consistent with
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being constant. Obviously, we can not discard that SN 2007dg configurations, as possible deviations from axisymynetr
showed polarization variability earlier than our first epplater Our results are consistent with the XRF 0804%192008D as-
than the last epoch or in the unavoidable temporal gaps lkeetw@hericity inferred from spectroscopic data (Modjaz et 802,
observations. So, we stress that our conclusions on SN 3007Tanaka et al. 2009). We suggest that at least the proje€isat, i
and XRF 080108N 2008D only refer to the time covered bythe intrinsic, geometry of the two explosive events couldiife
our observations. ferent.

Under the mentioned limitations, the distribution of
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