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ABSTRACT

Incomprehensive knowledge on dust is hindering our studyefuniverse. For ex-
ample, the type la supernovae (SNe) cosmology requiresrlestimation of interstellar
extinction to reduce systematic uncertainties. The elitngroperties measured towards
type la SNe suggest the properties of extragalactic dust meayycompatible with the
Galactic dust, resulting in a systematic uncertainty inititeénsic luminosity and dis-
tances to the type la SNe. Additionally, the exact progersystems of type la SNe and
explosions remain unknown.

We present the results of our multi-band polarimetric mannig of SN 2014J at five
epochs between 277 days and 983 days afteBtimnd maximum light. The polariza-
tion measured at day 277 shows conspicuous deviations ftber epochs and this can
be identified as due to at leastl0~°M,, of dust located at a distance 65x10'7 cm
away from the SN. The presence of this circumstellar dust se@trong constraints on
the progenitor system that led to the explosion of SN 2014 a0 detected different
wavelength-dependencies of scattering in different ISkhgonents through the resolved
interstellar light echoes around SN 2014J. We found a stesfimction law in a dense
dust layer and a Milky Way-like extinction law in a diffusenald. This reveals the extinc-
tion law fluctuation of the extragalactic dust on parseces;and we consider systemat-
ically steeper extinction laws towards type la SNe do noehtavrepresent the average
behavior of the extinction law in the host galaxy. We alsdgmaed high-precision pho-
tometry withHST for SN 2014J from 277 days to 985 days past theband maximum
light. We found the reprocessing of electrons and X-raydteohby the radioactive decay
chain®”Co—°"Fe are needed to explain the significant flattening of botdF @511 -band

and the pseudo-bolometric light curves. The flattening coisfiprevious predictions that



the late-time evolution of type la supernova luminositeguires additional energy imput
from the decay of”Co (Seitenzahl et al., 2009).

Antarctic sites appear to be excellent sites for opticaR Nind THz astronomical ob-
servations. To understand and make the use of the long ‘wnigdt’ as well as other
remarkable observation conditions is one of the esseppats for future astronomy. Re-
lated to my PhD thesis, taking advantages of the long “winignt” as well as characteriz-
ing other remarkable observation conditions are spediigalportant to carry out future
SN and other time-domain surveys at Dome A. We present herm#asurements of sky
brightness with the Gattini ultra-large field of vie®0( x 90°) in the photometricB-,
V-, and R-bands, cloud cover statistics measured during the 200&n&@ason, and an
estimate of the sky transparency. These values were obtanoeind the year 2009 with
minimum aurora, and they are comparable to the faintest sgitmess at Mauna Kea and

the best sites of northern Chile.
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NOMENCLATURE

ACS Advanced Camera for Surveys
CSM Circumstellar Matter

HST Hubble Space Telescope

ISM Interstellar Medium

mag Apparent Magnitude

SED Spectral Energy Distribution
SN Supernova

SNe Supernovae (plural)

WFC Wide Field Channel

WFC3 Wide Field Camera 3 (WFC3)
WFC3/UVIS Wide Field Camera 3 Ultraviolet-Visible Channel
z Redshift
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1. INTRODUCTION

Studying cosmic dust has important consequence on unddistpa wide range of
astronomical process, i.e., ranging from star formatiogalaxy evolution. Probably the
most direct effect of dust is the extinction. Incompreheag&nowledge on dust is hinder-
ing our study of the universe. For example, The Type la sup&(SN) cosmology, which
uses Type la SNe as the most accurate distance indicattias ieen widely agreed that
the explosion of luminous hydrogen-poor Type la SNe areedirivy the thermonuclear
runaway of & 1M) carbon/oxygen white dwarfs (WDs Hoyle & Fowler, 1960) Abou
~0.1-1.QV/, amount of radioactivé®Ni fused during the accretion-induced explosion,
and the luminousity evolution can be explained by the cowtimn of radioactive decay
channels, together with the time-evolution of ejecta dyaciype la SNe cosmology,
which uses these ‘standard candels’ as the most accurasmaksindicators at redshifts
outtoz ~2 (Riess et al., 1998; Perlmutter et al., 1999; Riess et@L6R Amazingly, this
accuracy is achieved without knowing exactly the natureaofous progenitors.

Study the progenitor system and probe the optical progedialust in nearby ex-
tragalactic environments are both important to reduceegyatic uncertainties. The char-
acterization of dust in the diffuse ISM relies heavily on tieserved wavelength depen-
dencies of extinction and polarization (Patat et al., 20ddshchinnikov et al., 2012).
The observed wavelength dependence of interstellar ¢ixtmé,, contains information
on both the size and composition of the grains. The valuBwf= 3.1 (Cardelli et al.,
1989) has been often considered the Galactic standard,ittuawange from 2.2 to 5.8
(Fitzpatrick, 1999) for different lines of sight. There r&creasing evidence that extinc-
tion curves towards Type la SNe systematically favor a gtlelgw (R, <3, see Nobili

& Goobar, 2008; Cikota et al., 2016). This discrepancy hasaiged unexplained. These



steeper extinction laws derived from the extragalactigrenvnents resulting in a system-
atic uncertainty in the intrinsic luminosity and distant@she Type la SNe. Additionally,
the exact progenitor systems of Type la SNe and explosianaireunknown. Compre-
hensive understanding of (1) the extinction and opticapprtes of the extragalactic dust
grains, and (2) the mechanism and the progenitor for TypeNa$plosions, are both

essential.
1.1 Interstellar Light Echoes

Light echoes are from scattered light of a transient evese #rom dust clouds. They
are known as ‘astronomical time machines’ by preservingrtf@mation of the original
explosion. (Rest et al., 2008; Davidson & Humphreys, 20k5tRt al., 2012). However,
they also reveal the optical properties of the scatterirgj simce photons scattered by the
dust reach the observer in a slightly different path. Caeréig) the transient event as a
radiation flash, photons that directly traverse the dust f@ach the observer first, while
other photons travel a slightly different path and are scatt back to reach the observer
later. The extra path length of the two-segment trajectesylts in significant time-delay
and hence produces light echoes. The trajectories folldwetthe scattered photons are
confined in an ellipsoid. This iso-delay ellipsoid expandsrdime, mapping out the dust
traversed, and preserves the explosion information.

Such events have already provided substantial and exdtiemtific opportunities.
Examples are probing the progenitor properties of histbti@nsients (Rest et al., 2008;
Davidson & Humphreys, 2012) and in some cases the threerdim®al structure of the
explosion, see the examplespiCarinae (Rest et al., 2012), SN 1987A (Sinnott et al.,
2013) and Cassiopeia A (Grefenstette et al., 2014). Adthtlg, polarized light echoes
provide a unique opportunity to derive an independent g&eorgistance, i.e., as for the

galactic star V838 Monocerotis (Sparks et al., 2008).



Interstellar extinction caused by dust affects most asimunal observations. Cur-
rently a widely-used approach in determining the extintigthe ‘pair method’ - com-
paring spectrophotometry of two sources with the same sdemtergy distribution, one
of which has negligible foreground extinction. Howeverfommation acquired through
this pair method is limited to single sightlines. The saatige nature of the extragalactic
dust grains is poorly understood. Resolved light echoesigecadditional information
on interstellar dust extinction because they literallyeeflight-scattering properties and
reach the observer through multiple different paths. Tiloeee observations of the SN and
resolved light echoes provide a unique opportunity to mesthe extinction properties of
the dust along the line of sight and the scattering propemiéependently. This opportu-

nity, however, can be raredly offered by a second, nearbgcbbff suitable brightness.
1.2 Dust Around Type la Supernovae

The mass-loss history of the type la SNe progenitor befaditial explosion can be
revealed by the scattered light from ejecta close to the SINdikect evidence of circum-
stellar dust has ever been found previously around type k& 8khough several authors
have proposed that circumstellar dust scattering may b&ut@oto the surprisingly low
Ry values towards type la SNe (Wang, 2005; Patat et al., 2006b&p2008). For exam-
ple, recent observations of the highly reddened SN 2014J82 Mave found no convinc-
ing evidence of the presence of circumstellar dust (Patalt,e2015; Brown et al., 2015;
Johansson et al., 2017; see, however, Foley et al., 201431@817). The detection of
CSM s of critical importance for understanding the progersystems of type la SNe and
for the extinction correction of type la SNe used as standandiles.

Observations of the polarized scattered light and its tinoéution can be an effective
way of studying the CSM. Type la SNe are intrinsically vetildipolarized in broad-band
observations{ 0.2%, Wang & Wheeler, 2008), but the scattered light from CSM can



be highly polarized. As a SN fades, the portion of the scadtdight coming from CSM
increases and can contribute significantly to the total flogeoved from the SN. Light
scattered at large angles can be polarized 80%. For a spatially unresolved source, the
scattered light can contribute significantly to the totatgrated light. When the geometric
distribution of the dust particles is asymmetric, the inétgd polarization can be large and
can evolve rapidly with time and the polarization of the greged light can evolve rapidly

with time after the supernova evolves past optical maximimang & Wheeler, 1996).
1.3 Late-time Light Curves of Type la SN to Constrain the Progenitor System

Different effects of nucleosynthesis can be testable tindbe late photometric evo-
lution of Type la SNe and may be used to discriminate betwégsreht explosion models.
Two of the most favorable explosion channels: a delayedndgitan in a Chandrasekhar-
mass white dwarf (Khokhlov, 1991) and a violent merger of wapbon-oxygen white
dwarfs (Pakmor et al., 2011, 2012), will result in late-tifight curves behaving differ-
ently due to different amounts of ejecta heating frd@o and®>Fe (Ropke et al., 2012).

At around two year after the maximum light, the radioactieealy chain which dom-
inates the SN light curve at earlier pha¥®\i—°Co—°°Fe, is no longer be able to solely
explain the light curve flattening (Graur et al., 2016; Shegppt al., 2016; Dimitriadis
et al., 2017). Additional radioactive decay channels, i€o0—°"Fe and®Fe—°>Mn are
required (Seitenzahl et al., 2014). Different theoretinadels predict different amount of
isotopes produced during the explosion process (i.e., Réphkl., 2012; Seitenzahl et al.,
2013). Therefore, fitting the decline rate of the light cuavéate times provides a unique
opportunity to determine the mass of these other nuclideinduish between different
explosion mechanisms, and in turn, test the enigmatic mitmescenarios of Type la
SNe. Therefore, the nearby Type la SNe offers a rare opptyrtinstudy the physics of
thermonuclear SNe with high-precision photometry at entrly late phasesy 800 days).



1.4 Antarctic Site Testing As Pathfinders For Further Astronomical Studies

Antarctic sites appear to be excellent sites for opticaR,Ndnd THz astronomical
observations. To understanding and make the use of the leimger night’ as well as
other remarkable observation conditions is one of the ¢isséwpics for future astronomy.
Taking the advantages of the long ‘winter night’ as well aarelsterizing other remarkable
observation conditions are specifically important to camay future SN and other time-

domain surveys at Dome A.
1.5 Outline of the Dissertation

This dissertation is aiming to explore the properties ofély@ SN progenitors and
the dust properties in the host galaxy.

In Section 2, we discribe the interstellar-medium mappmyIB2 through resolved
interstellar light echoes around SN 2014J. We carry outipialepoch measurements of
the size and surface brightness of the light echoes from SM 2 the nearby starburst
galaxy M82. The images reveal the temporal evolution of astléwo major light-echo
components. The first one exhibits a filled ring structurehvpidsition-angle-dependent
intensity, and the second echo component appears as aolweresiminous quarter-circle
arc centered on the SN. The wavelength dependence of stgtieeasured in different
dust components suggests that the dust producing the lushisw@ favors smaller grain
sizes, while that causing the diffuse light echo may havesssmilar to the Milky Way
dust. This reveals the total-to-selective extinction fluctuation of the extragalactic dust
on parsec scales, and we consider systematically steefecten laws towards Type la
SNe do not have to represent the average behavior of theegatidaw in the host galaxy.

In Section 3, we proposes the constraints from a polarizecgsolved light echo
on the circumstellar dust around SN 2014J. We tested thamstellar environment of

SN 2014J by monitoring its late-time polarization with tmeaging polarimetry mode



of the Hubble Space Telescopd3T) ACS/WFC. We found the polarization of Type la
SN 2014J shows conspicuous deviation at day 277 from otrerhsp(Kawabata et al.,
2014; Patat et al., 2015). The observed time-deviation tdrfzation can result from
light scattered by silicate dust ejectal®f %)/, located 0.6 light years from the SN. The
location of this matter constrains the time history of thessnajection and is consistent
with an episode of nova-like ejection about 160 years befwe&N explosion for a typical
speed of 1,000 km/sec.

In Section 4, we report the progenitor constrains from tke-teme flattening of type
la SN 2014 light curves. We obtained five epochs of high mieaiphotometry with HST
for SN 2014J from 277 days to 985 days pastHiband maximum light. The reprocess-
ing of electrons and X-rays emitted by the radioactive deten’’Co—°"Fe are needed
to explain the significant flattening of both t#&0611 -(broadV’) band and the pseudo-
bolometric light curves. The flattening confirms previousdictions that the late-time
evolution of type la SN luminosities requires additionaérgy imput from the decay of
"Co (Seitenzahl et al., 2009). Astrometric tests based omthg-epochHST ACS/WFC
images reveal no significant circumstellar light echoesinveen 0.3 pc and 100 pc (Yang
etal., 2017a) from the SN 2014J. We concluded that the M@t Ni) /M (5°N3) ratio es-
timated from the late-time luminosity evolution of SN 20%dJors a near-Chandrasekhar
mass explosion model: W7 of Iwamoto et al. (1999).

In Section 5, we demonstrates our efforts in Antarctic wtding for future large-
scale astronomical observatories and transient survegs Eontinuous monitoring data
at the highest point on the Antarctic plateau if0a x 90° Field-of-View with the Gattini-
Dome A All-Sky Camera (Moore et al., 2008). We built a datauen pipeline and
measured thé&V R sky brightness, the cloud coverage, and estimated theamusbatis-
tics from 60,000 raw frames. Light curves eR600 stars brighter than 7.5 in for a

consecutive 120 days have also been obtained.
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2. INTERSTELLAR-MEDIUM MAPPING IN M82 THROUGH LIGHT ECHOES
AROUND SUPERNOVA 2014J

2.1 Introduction

Interstellar extinction caused by dust affects most asiminal observations. Light
traversing a certain distribution of interstellar mediu®N]) produces an integrated effect
on extinction. Extinction traces the dust grains, but aistimishes the starlight and limits
our ability to interpret the local and distant universe. Shely of interstellar dust provides
insight into the properties of the extinction. Since dust &rong coolant, it also plays a
critical role in controlling galaxy evolution and star foation.

Observations of interstellar extinction require a beadunisg through interstellar
material. In the Milky Way, a very large number of sightlirege available for this purpose,
while in external galaxies there are few point source beatwight enough to study the
local ISM. Supernovae (SNe) are the best, and often onlycehd.ight echoes provide
additional information because they literally reflect ligitattering properties and do not
reach the observer along exactly the same path. If SNe arbyhpesven resolved light
echoes may be observable.

The extinction (in magnitudes) at a certain wavelength erdpass,, is often ex-
pressed asl, = R, x E(B—V). The ‘total-to-selective’ extinctio®, = Ay, /E(B—V)
depends on the properties of the dust along the line of sightan be derived by compar-
ing the observed’(\ — V') with the extinction curves given by Cardelli et al. (1989nheT
observed wavelength dependence of interstellar extimctimtains information on both

the size and composition of the grains. The valué&pf= 3.1 (Cardelli et al., 1989) has

Reprinted with permission from Yang et al. 2017a, ApJ, 884, 6



been often considered the Galactic standard, but with seriog 2.2 to 5.8 (Fitzpatrick,
1999) for different lines of sight. There is increasing @ride that extinction curves to-
wards Type la SNe exhibit a steeper wavelength dependétice<( 3, see Cikota et al.,
2016 for a summary omy results of earlier studies). Patat et al. (2007) reported th
detection of circumstellar material (CSM) in the local enviment surrounding the Type
la supernova SN 2006X in the nearby galaxy M100. Wang (20P&dat et al. (2006),
and Goobar (2008), show that the scattered light from CSMgé¢a reduce the value of
R, in the optical. The effect oy, and the light curve shape, however, also depends
on the geometrical configuration and dust-grain prope(éesanullah & Goobar, 2011,
Brown et al., 2015). It is of critical importance to understavhether the lowR, values
are caused by (1) systematic differences from extragalaatrironments, or (2) inhomo-
geneities in the vicinity of the SN-Earth direct line of sigpLOS), or (3) modifications
by CSM scattering.

The mostreliable approach in determining the extinctidghespair method’ — com-
paring spectrophotometry of two sources with the same sgdemtergy distribution, one
of which has negligible foreground extinction. Extrag#ilaceddening can be measured
by comparing observed Type la SNe to a zero-reddening laegs, Riess et al., 1996;
Phillips et al., 1999). However, information acquired thgh this pair method is limited
to single sightlines. Photons scattered by dust travelghtyi different path compared
to the directly transmitted light. Therefore, scatteredtphs provide chances to test the

scattering properties of the dust in a bi-dimensional space
2.1.1 Light echoes

Light echoes are from scattered light of a transient eveisedrom dust clouds.
Here we consider the case of a SN and CSM/ISM. Because of gieititial brightness

of SNe, searches for late-time off-source flux excesses haga the main approaches



to detect light echoes residing close to the SNe, i.e., tbelglfading light curves of
SN 1991T (Schmidt et al., 1994; Sparks et al., 1999), SN 1998appellaro et al.,
2001), and SN 2006X (Wang et al., 2008). Outside the solaesysspatially resolved
light echoes have been rare events. The first one reported around Nova Persei 1901
(Kapteyn, 1901; Ritchey, 1901), followed by Nova Sagitta®36 (Swope, 1940). Echoes
were also found from the Galactic Cepheid RS Puppis (Hadl@r2) and, wittHST an-
gular sampling, from the eruptive star V838 Monocerotisi@et al., 2003). Vogt et al.
(2012) reported the detection of an infrared echo near th@oBasupernova remnant Cas-
siopeia A. Additionally, spectroscopic observations adnhg light echoes provide unique
opportunities to probe the progenitor properties of histitransients (Rest et al., 2008;
Davidson & Humphreys, 2012) and in some cases the threeniBmeal structure of the
explosion. For instance, an ancient eruption frgr€arinae (Rest et al., 2012), asym-
metry in the outburst of SN 1987A (Sinnott et al., 2013) andstapeia A (Grefenstette
etal., 2014). In recent years, the number of light echoeas frtragalactic SNe has grown
rapidly, mostly thanks t&iST. Table 2.1 provides an overview of the events recorded to
date, updated from Table 1 of Van Dyk et al. (2015).

Photons from spatially-resolved light echoes travel enslydifferent path compared
to the DLOS from the SN to Earth. Therefore, observationsresalved light echo around
a nearby SN provide a unique opportunity to measure theadimproperties of the dust
along the DLOS and the scattering properties of the echdymiag dust independently
and simultaneously. As the SN fades, outer echoes (echdlesarger angular diameter)
associated with ISM at large distances to the SN will becoess tontaminated by its
bright light, and any inner echoes associated with ISM atllstigtances to the SN, and
even the CSM, will become detectable. The expansion witk tifrthe light echoes maps
out the 3D structure of ISM along and close to the line of sight

Detailed introductions to the relation between 2-dimenaidight echoes and 3-
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Table 2.1. Spatially resolved supernova light echoes

SN Type Host Distance References
Galaxy (Mpc) a

1987A  ll-Peculiar LMC 0.05 1,3,16,17,23
1991T  1a91T-lke NGC 4527 15.2 11,12
1993J Ib m81 3.6 6,13
1995E la NGC 2441 49.6 10
1998bu la M96 9.9 2
1999ev II-P NGC 4274 9.9 7
2002hh II-P NGC 6946 5.5 8,22
2003gd II-P M74 9.5 14,18
2004et II-P NGC 6946 55 9
2006X la M100 15.9 21
2007af la NGC 5584 225 5
2008bk II-P NGC 7793 37 19
2012aw II-P M95 10.0 20
20149 la m82 35 4
2016adj Ib NGC 5128 3.7 15

2 (1) Bond et al. (1990), (2) Cappellaro et al. (2001) (3) Gr¢1988)
(4) Crotts (2015) (5) Drozdov et al. (2015) (6) Liu et al. (28 (7)
Maund & Smartt (2005) (8) Meikle et al. (2006) (9) Otsuka et(2012)
(10) Quinn et al. (2006) (11) Schmidt et al. (1994) (12) Spaek al.
(1999) (13) Sugerman & Crotts (2002) (14) Sugerman (200&) $liger-
man & Lawrence (2016) (16) Suntzeff et al. (1988) (17) Spyitionet al.
(1995) (18) Van Dyk et al. (2006) (19) Van Dyk (2013) (20) VaygkD
et al. (2015) (21) Wang et al. (2008) (22) Welch et al. (20@3) (Xu
et al. (1994)
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Figure 2.1 Schematic diagram identifying the geometrieabmeters used in this paper.
The paraboloid represents the iso-delay light surface atesarbitrary epoch after the
supernova explosion. The observer located along the zaaxieyond the right edge of
the diagram would see light echoes in the x-y plane (the ynsegpelicular to the drawing).
The SN is located at the origin afidlenotes the scattering angle.

dimensional scattering dust distributions has been givewarious studies (Chevalier,
1986; Sparks, 1994; Sugerman, 2003; Tylenda, 2004; P&@%)2 Here, we just briefly
define the geometry used through this paper, also shown urd=@ 1, which considers
the SN event as an instantaneous flash of radiation. The tdanstant light travel time
is an ellipsoid with the supernova at one focus which we refexrs an iso-delay surface.
The ellipsoid grows with time as the light propagates in spac

The angular radius of the light echa)(can be easily measured in two-dimensional
images. The SN is centered at the origin of the planezthedy give the coordinates of
the scattering materials in the plane of the sky. The pregedistance{ = \/W) of
scattering material to the SN perpendicular to the DLOSIa&ted to the distancel) to

the SN asana = p/D, ¢ gives the position angle (PA). Becaubds significantly larger
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compared to other geometric dimensions, the light echo earety well approximated by

a paraboloid, with the SN lying at its focus.can be obtained by

p=/ct(2z+ ct). (2.1)

wheret is the time since the radiation burstgives the foreground distance of the scatter-
ing material along the line of sight, ardlenotes the speed of light. The distanad the
scattering material from the SN is:

1(p?
=—|—+ct 2.2
r 2<Ct+c) (2.2)

The scattering angle can be obtained frewk 0(p,t) = z/(z + ct), or,tanf = p/z.
2.1.2 Supernova 2014J in M82

The nearby Type la SN 2014J in M82 (3:53.04 Mpc, Dalcanton et al., 2009) of-
fers the rare opportunity to study the physical properties spatial distribution of dust
particles alongand close to the DLOS and as well in the vicinity of the SN. SN 2014J
suffers from heavy extinction4;, = 2.07, Foley et al., 2014) and is located behind a large
amount of interstellar dust (Amanullah et al., 2014). Audhially, the absorption profiles
of Na and K lines from high-resolution spectroscopy exhibdre than ten extragalactic
absorption components, indicating the extinction alorgbh.OS is caused by the com-
bined presence of a large number of distinct interstellat diouds along the DLOS (Patat
et al., 2015). SN 2014J was discovered on Jan 21.805 UT bye¥essl. (2014). Later
observations constrained the first light of the SN to Jan/3.4T (Zheng et al., 2014;
Goobar et al., 2014).

SN 2014J reached it®—band maximum on Feb. 2.0 UT (JD 2,456,690.5) at a

mgnitude of 11.850.02 (Foley et al., 2014). Continuous photometric and spscbpic
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observations through late phases have been made by vatiougsg(Johansson et al.,
2017; Lundqvist et al., 2015; Bonanos & Boumis, 2016; Staast al., 2016; Porter
et al., 2016; Sand et al., 2016).

There is clear evidence that the strong extinction meadooed SN 2014J is caused
primarily by interstellar dust (Patat et al., 2015; Browrakt 2015), although a mix of
interstellar and circumstellar dust is also possible (feleal., 2014; Bulla et al., 2016).
Several independent studies, including photometric chiting from Swift/UVOT and
HST (Amanullah et al., 2014), near-UV/optical grism spectagscfrom Swift UVOT
(Brown et al., 2015)HST STIS spectroscopy and WFC3 photometry (Foley et al., 2014),
reddening curve fitting near the SN maximum using the séigatphite model (Gao et al.,
2015), as well as optical spectroscopy from Goobar et all4pfund anR,, ~ 1.4 to-
wards SN 2014J. Moreover, ground-based broad-band imgmtagimetry (Kawabata
et al., 2014; Srivastav et al., 2016) and spectropolaryr(@atat et al., 2015; Porter et al.,
2016) have shown that the polarization peak due to intéaisghlist extinction is shortward
of ~ 0.4um, which indicates that this line of sight has peculiar Sergkvparameters (see
Patat et al., 2015). This polarization wavelength depecglean be interpreted in terms
of a significantly enhanced abundance of small grains (Ratak, 2015). Models con-
sidering both interstellar dust and circumstellar dustgiameously and fitted to observed
extinction and polarization (Hoang et al., 2015) find thaigaidicant enhancement (w.r.t.
the Milky Way) in the total mass of small grains: (0.1 um) is required to reproduce
low values ofRy,. Multiple time-invariant Na | D and Call H&K absorption feaes as
well as several diffuse interstellar bands (DIBs) have bksen identified (Graham et al.,
2015b; Jack et al., 2015). Those are most likely associaitddmultiple dust components
of interstellar material along the DLOS.

The nature (amount and distribution) of circumstellar matés of interest when

probing the possible diversity of progenitors of type la S for accurately correcting
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the extinction when using type la SNe as standard candldmndson et al. (2017) find
no evidence for heated dust in the CSM of SN 2014J withl0'” cm (~ 39 light days).
Graham et al. (2015b) reported variable interstellar K é$inn high-resolution spectra,
which may form about 10 light years-(10'° cm) in front of the SN.

The extremely dusty environment in M82 and its relative proty to Earth lead to
the expectation of complex and evolving light echoes if SN4&Dexploded inside the
galactic disk. In fact, Crotts (2015) discovered the firgihtiechoes surrounding SN 2014J
in HST images from September 5 2014, 215.8 days paband maximum light (referred
to as +216 d hereafter) on JD = 2456690.5 (Foley et al., 2014g. echo signal tends to
be associated with pre-explosion nebular structures in (@8atts, 2015).

In the following, we present the evolution of multiple lighthoes of SN 2014J as
revealed by newST ACS/WFC multi-band and multi-epoch imaging around77 days
and~416 days pasB-band maximum (referred to as +277 d and +416 d below). We wiill
also qualitatively discuss similar archival WFC3/UVIS iges obtained on +216 d and
+365 d.

2.2 Observations and Data Reduction

Late-time observations of the light echoes around SN 20istiislsed in this paper
result from aHubble Space Telescope (HST) Wide Field Camera 3 UVIS channddH§T
WFC3/UVIS) program#13626; PI:Crotts) to observe properties of the light eclevesb
progenitor environment around SN 2014J and an Advanced f@afoe Surveys/Wide
Field Channel IST ACS/WFC) program#13717; PI: Wang) to probe the dusty environ-
ment surrounding SN 2014J in M82. A log of observations igexsed in Table 2.2.

We use bright HIl regions to align exposures in differenefilcombinations and
epochs througfweakreg in the Astrodrizzle package (Gonzaga et al., 2012). Observa-

tions obtained with three polarizers are needed to cakeule Stokes vectors, but the

14



Table 2.2. Log of observations of SN 2014J witBT WFC3/UVIS and ACS/WFC

POLV
HST . . Date of15t Obs. Exp. Time Epoch Date of2¢ Obs. Exp. Time  Epoch
Filter polarizer
Camera (UT - 2014) (s) (Days) (UT - 2015) (s) (Days)

WFC3/UVIS®  F438W N/A 09-05 19:12:57 864 215.8 02-02 05:24:41 32128 365.2
F555W N/A 09-05 19:29:44 A64 215.8 02-02 05:06:06 ¥32 365.2

F555W N/A 09-05 22:05:11 832 215.9 N/A N/A N/A

F814W N/A 09-05 20:32:05 864 215.9 N/A N/A N/A
ACS/WFC FA75W POLOV 11-06 00:24:42 3130 276.5 03-25 01:56:17 3400 415.6
F475W  POL120V 11-06 00:42:24 »3130 276.5 03-25 03:22:43 >300 415.6
FA75W  POL60V 11-06 01:00:03 »3130 276.5 03-25 03:53:40 3400 415.7

F606W POLOV 11-06 01:18:11 240 276.6 03-27 10:17:38 360 417.9

F606W  POL120V 11-06 01:59:48 240 276.6 03-27 11:10:48 X360 418.0

F606W  POL60V 11-06 02:13:58 240 276.6 03-27 11:30:17 360 418.0

F775W POLOV 11-06 02:23:28 »230 276.6 03-27 11:50:26 x320 418.0

F775wW  POL120V 11-06 02:37:21 X155 276.6 03-27 12:58:00 x320 418.0

F775W  POL60V 11-06 02:41:46 X155 276.6 03-27 13:02:17 »320 418.0

aDays after B maximum on 2014 Feb. 2.0 (JD 2 456 690.5).

bObservations result frol ST WFC3/UVIS, program (#13626; PI: Crotts)
¢QObservations result frordST ACS/WFC, program (#13717; Pl: Wang)

intensity maps (Stokes 1) are the only input to this analysis
2
I= g[r(POLO) + r(POL60) + r(POL120)],

wherer(POLO0), etc. are the count rates in the images obtained througihtée polariz-
ers. Figure 2.2 shows the field around SN 2014J.

We perform background subtraction to better reveal the famal time-variant light
echo signals. For observations on +277 d and +416 d W&h ACS/WFC and filters
F475W, F606W, and F775W, we found no pre-SN Hubble imagekefeégion through
filters consistent with our observations. The most reeisitimages of SN 2014J obtained
on April 8 2016, (+796 d) with the same photometric and patetric filter combinations
were subtracted from the observations on +277 d and +416rdh&observations on +216

d and +365 d wittHST WFC3/UVIS in passbands F438W, F555W, and F814W, pre-SN
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FA75W, +277d | FA75W, +416d |

Figure 2.2HST ACS/WFC F475WW images of SN 2014J obtained at different epochs as
labeled. Each square measuré28 54 pc along its sides (North is up, East is left). The
distance between little tick marks correspondstd.0

images obtained on March 29 2006 (progr#10776; Pl:Mountain) wittHST ACS/WFC
in the F435W, F555W, and F814W were used as background tessptaspectively. For
each band, the background templates were scaled and sattfamn the intensity map.
The resulting images (Figure 2.3) clearly reveal the shédpleedight echoes around
SN 2014J. Negative signals (black in Figure 2.3) repredeatiight echoes on +796 d
while positive (white) signals trace the light echoes onA2@nd +416 d, respectively. In
each subpanel of Figure 2.3, we show the light echoes witkgvaand removed (labeled
‘Image’ at bottom), the scaled and distortion-corrected Pi8beled ‘PSF’ on the left),
and the residual around the SN after PSF subtraction (ldbRkes’ on the right). Point-
spread functions (PSF) appropriate to the SN position weregted for each bandpass
and epoch with TinyTim (Krist, 1993; Krist & Hook, 2008). Thgper row displays the
observations at earlier epoches (+216 d fai38WW and F'555W, +277 d for F475W,
F606W, andF775W), and the lower row depicts the observations at later ep@38&5 d
for F438W andF'555W, +416 d forF475W, F606W, andF'775W). For better visibility,
Figure 2.4 provides a zoom-in of the PSF-subtracted imaBes’) in each panel of Figure

2.3.
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2.3 Analysis and Results
2.3.1 Total flux of the SN

Photometry of SN 2014J at four epochs was performed in thiegpacnd subtracted
images described above, and shown in Table 2.3. Measuremerg made with a circular
aperture of 04 (8 pixels in the ACS/WFC FOV and 10 pixels in the WFC3/UVIS\BO
in the WFC3/UVIS F438W, F555W, F814W images from +216 d, drel F438W and
F555W images from +365 d. We applied aperture correctioosrding to Hartig (2009)
and Sirianni et al. (2005) to estimate the total flux from SN2D The photometric un-
certainties in Table 2.3 include the Poisson noise of theasjghe photon noise of the
background, the readout noise contribution (3.75 elesfpxel for ACS/WFC), and the
uncertainties in aperture corrections. These quantitees wdded in quadrature. The mag-
nitudes are presented in the Vega system with zero points fhe CALSPEC archive.
The total flux of the source within the aperture equals thelpcoTotal Countsk PHOT-
FLAM, where PHOTFLAM is the inverse sensitivity (in erg cisec! angstrom~—! and
representing a signal of 1 electron per second). For WFCBAviages, we adopted the
values of the PHOTFLAM keyword in the image headers. Howefegrthe ACS/WFC
polarizer images, which were corrected for the throughptithe polarizers to generate
the intensity maps, we discarded the default PHOTFLAM walliestead, we adopted the
most up-to-date PHOTFLAM values in the ACS filter bands foages obtained with-
out polarizers (Bohlin, 2012). This is required by the misthabetween (i) the polarizer
throughput curves used by SYNPHOT for unpolarized sounsdgig the values found by
comparing unpolarized sources in both the polarizing andpuarizing filters (Cracraft

& Sparks, 2007). Therefore, the PHOTFLAM keywords in ACSAVpolarized images

http://www.stsci.edu/hst/observatory/cdbs/calsped,tor http://www.stsci.edu/hst/acs/analysis/zeropsi#vega
and http://www.stsci.edu/hst/wfc3/phot_zp_lbn
http://www.stsci.edu/institute /software_hardwarsdsis/synphot
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Table 2.3. HST photometry of SN 2014J and light echoes (total echo profile)

t F438Ws n F555Ws n F814Ws x FA38W.p  F555Wp

2158  17.618:0.016 16.446:0.011 15.30%0.011 22.03:0.36 21.12:0.06

365.3 19.733:0.011 18.71%0.013 N/A 21.53:0.13  20.87%0.06
t FA75Wa n F606Ws nr F775Ws v FA7SWLz  FBOBW. 1

276.5 17.46%0.002 17.3430.002 16.3540.005 21.16:0.03 20.73:0.08
415.6° 19.568£0.002 19.516:0.004 17.8880.008 21.37#0.02 20.98-0.05

aDays afterB maximum, 2014 Feb. 2.0 (JD 245 6690.5).

bSN 2014J was not observed 8141V at +365 d.
€+417.9 d forF606W, +418.0 d forF'775W .

are not applicable to intensity maps derived from polarine@hes. Polarization properties

of SN 2014J will be discussed in a separate paper (Yang & @kep.).
2.3.2 Residual images

Two main echo components are evident. In Figure 2.4 we shamnabus quarter-
circle arc and a diffuse ring at angular distance larger a8 from the SN. Closer to
the SN, uncertainties in the PSF correction prevent radialgitections. On +277 d, the
most notable features of the light echoes in F475W are tluaébus clumps at angular
radiusa. = 0”.60 and PAs 80, 120, and 150, measured from north { through east
(90°). These clumpy structures are already present on +216 @ atiine PAs but appear
smoother and more extended. They eventually evolve intdrlg faontinuous luminous
guarter-circle arc seen on both +365 d and +416 d extendomg RA = 60-170°. Images
obtained on +216 d witlF438WW and F'555W show the luminous arc at angular radii
a = 0".54 anda = 0”.69, over roughly the same range in PA, in agreement with Crotts
(2015). However, for the arc we find a foreground distancehefdcattering material,
which ranges from 226 to 235 pc in the four epochs (Table 2nd)leas a mean value

of 228t7 pc. This is different from the foreground distance~of330 pc discussed for
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Table 2.4. Geometric properties of (unresolved) luminargslight-echo (LE)

components
LE EpocH  Angular Radius Offset Foreground Distance  Projected RadiuScattering Angle
# (Day) a (") @ z (pc) p (pc) 0(°)
Arc 215.8 0.532-0.020 0.002-0.014 234.6:18.2 9.22:0.36 2.25:0.20
276.5 0.592-0.014 0.006:0.015 226.311.8 10.25-0.27 2.6@:0.15
365.3 0.682-0.020 0.01%0.014 226.414.1 11.79-0.37 2.98:0.21
415.6 0.735%:0.012 0.012-0.010 226.6:9.0 12.58:0.25 3.18:0.14

I Days afterB maximum on 2014 Feb. 2.0 (JD 245 6690.5).

this prominent echo component by Crotts (2015). This dsamey may be due to the
difficulties and uncertainties in subtracting the PSF idieaepoch when the SN is still
bright, or in distinguishing the multiple light echo commmts identified in our multi-

epoch data.

F555W, 4216 d S -~ FATSW, 4277 d s o et ) o A - F775W, 4277 .d:

Ty

~lmage. - < Image

Figure 2.3 Background-subtracted images of the SN (‘Imagleé TinyTim PSF (Krist,
1993; Krist & Hook, 2008), and the residuals around the SEr&SF subtraction (‘Res’).
Background structures in F438W and F555W were removed hyastilmg scaled pre-SN
archival F435W and F555W HST images. Background#t5W, F606W, and F775W
was corrected for by subtracting the respective most reeéd6 d image; therefore, the
+796 d echoes appear as negative structures. Note thedifferentations.
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Figure 2.4 A zoom-in view of the background-corrected lighhoes shown in Fig. 2.3.
North is up and East is left. The distance between eachtiithenark is0”.1. Each square
measures’34= 58 pc along its sides. The diffuse and radially extendgd &cho profiles
can be clearly identified in all panels exceptfot381W (+216 d) and-'775W (all epochs).
Note the uneven signal distribution with position angleha tings and the consistency of
the overall patterns at different epochs. A luminous ardsibie in the lower left quadrant
and not resolved in the radial direction. This is at varianith the appearance of the
complete, radially diffuse rings.

To enable a more quantitative description of the light eshaed their evolution,
we performed photometry on them in backgound-subtractey@s (Figure 2.4). We
measured the surface brightness of the light echo profiléfateht radii and over different
ranges in PA. Fan-shaped apertures centered on the SN veetéousample the intensity.
The width in PA of each aperture #°. Contrary to the luminous arc, the diffuse echo
can be seen over the full range in PA fromtd 360. But it does not exhibit a common
radial profile (Figures 2.5 and 2.6).

In the following subsections, we will use these measuresteritivestigate the evolv-
ing profile of the light echoes, conduct geometric and phetoimanalyses, and estimate
the dust distribution and scattering properties respdmgdy the observed light echoes

along and close to the DLOS. A function characterizing thapprties of the scattering
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Figure 2.5F475W band radial surface-brightness profile centered on SN 281277
days afterB-band maximum. Different curves in each panel show the sersightness
of the background-subtracted image (black), the TinyTirR B8d), and the residual after
PSF subtraction (blue). Each panel depicts a differeftséstor in PA as labeled. The
lower subpanels of each pair display the residuals afterda@Hoackground subtraction;
the luminous arc at- 0”.6 is prominent in the PA bins from 450 180. The diffuse light
echoes can be identified at other PAs, by continuous positiyels from the early epoch
of +277 d and continuous negative signals due to the suldracf the intensity map on
+796 d. Surface brightnesses are in units®f'erg s~ tangstromtarcsec 2. The inserts
display the radial run of the functions (identified by thestars) over the innermost'(®.
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o W o o
= 0.4 » 0.4 x 0.4 =
10 10 10 10
sooroers | 03 casomas | 0-3 swonoors ] 03 SwmoT0aTs
0.2 0.2 0.2
0.1 0.1 0.1
O0.0F pass—a0 0.0F pago—i3s" 0.0F patssiso
F B { 0.4 H H 04 B H 04 p H
0 1 0 0 9
_2) 2| 2| 2|
-3 -4 -3 -3
[ 005010015 4 0.2 005010015 4 0.2 oos010015 4 (0.2 005010015
0.0 0.0
-0.2 -0.2
0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
P % % P
2 0.4 20 0.4 P 0.4 2
10 10 10 10
smomwons | 0-3 cmorwors | 0:3 smonons | 0-3 Smo.10013
0.2 0.2 0.2
0.1 0.1 0.1
P.A.180'-225" O.0F pazes—270" 0.0F pa270-315" 0.0F pa3is™360°
4 4 4 4
: 0.4 : 0.4 §-|_\_’_ 0.4 gL
4 4 b 4
L 005010015 4 (0.2 005010015 1 (0.2 o0.2F 0050.100.15
o 0.0 0.0
L ] -0.2 -0.2L ]
0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
Radius ["] Radius ["] Radius ["] Radius ["]

22



material is constructed to represent the brightness avaloff the observed light echoes

on +277 d and +416 d.
2.3.3 Geometric properties of the light echoes

A comprehensive discussion of the formation of light echcsds available from
Tylenda (2004). In the context of this paper, it is sufficiemtecall that a circular light
echo is created from the intersection of the dust slab wighigb-delay parabaloid. Any
uneven distribution of material in the slab results in anvemeflux distribution along
the circle, and the light echo may be composed of incomplete aA dust slab always
produces a (complete or incomplete) circular light echespective of its inclination with
respect to the line of sight. When a dust slab is not perpefatito the line of sight, the
center of the light echo circle will not coincide with the SMgition, and it moves with
time.

The luminous arc echo is unresolved with a full width at had#iximum (FWHM)
of the radial profile approximately that of the SN measurethansame images, i.ev
0”.1 (2 pixels). Therefore, we consider the luminous arc waséal by a thin dust slab
intersecting the line of sight. We have fitted circles to tlesipons of the luminous arc
at all available epochs. None of them are significantly dered from the SN. This
implies that the dust slab producing the arc echo is fairlpeedicular to the line of sight.
Table 2.4 summarizes the geometric properties measuredthe luminous arc.

In addition to the luminous arc, a radially extended andug#f structure is identi-
fied, which on +277 d is present 4751/ and FF'6061/ and spread ovett = 0”.40 to
a = 0”.90. This structure can also be noticed on +365 d“B81W and F'555W (from
a = 0".47toa = 17.03). It appears more clearly on +416/417 dAd75W and F6061/

(froma = 0”.50 to o = 1”.08) because for these observations longer exposure times were

used. The epochs of observation and the exclusion of the Gfrelimit the foreground
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distances explored from = 100 pc toz = 500 pc. On +216 d, the diffuse component
cannot be identified iF"'438W but is marginally seen i#'5551/. However, the inner
and outer radii of the diffuse structure cannot be well deteed because of uncertain-
ties in the PSF subtraction. The diffuse light echo obseored277 d can be produced
by a dust cloud intersecting the iso-delay surface over a& waghge in foreground dis-
tance. The line-of-sight extent of this diffuse dust closdndicated by the filled profile
of the echoes. Therefore, a continuous dust distributi@n acertain range of foreground
distances along the line of sight is required.

In each panel of the radial profiles in Figures 2.5 and 2.6rdldelly-resolved pos-
itive flux excesses (on +277 d and +416 d), and also the rgebatended negative flux
due to the subtraction of the light echo on +796 d, suggesptégence of an extended
and inhomogeneous foreground dust distribution. Outs$ide-t0”.3 region, as discussed
earlier, the imperfect PSF subtraction makes the deteofiechoes unreliable. The most
prominent structure with an intensity peak at the secondtlaimd curve near the top in
Figure 2.5 can be seen clearly on +277 d with an angular radivs0”.60, which at the
distance of M82 (3.530.04 Mpc, Dalcanton et al., 2009) is at a radius 10.3 pc from
the SN in the plane of the sky. By +416 d, the radius has ineckts~ 0”.735 or p = 12.6

pc from the SN. The scattering angles are5 and3°.2, respectively.
2.3.4 Light echo mapping of the foreground dust distributian

To our knowledge, and with the exception of SN 1987A in the LKCZotts, 1988,
Suntzeff et al., 1988), this is the first radially-extendigthl echo detected from any SN.
For epochs discussed in this paper, the diffuse echo companeund SN 2014J reveals
the SN-backlit ISM over 40 pcx 40 pc around the DLOS. Standard methods for estimat-
ing the optical properties of the ISM towards the supernaug oonsider the extinction

along the DLOS. They include the spectrophotometric comparbetween the observed
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SN and an unreddened SN or template, and comparing the atgelgecho flux with the
surface brightness calculated from the scattering prigseof various dust models. But
the resolved dust echoes of SN 2014J and their temporal temolun the gas-rich and
very nearby galaxy M82 provide an unprecedented oppoyttmio better. In the follow-
ing, we take advantage of this to measure the scatteringeprep of the ISM at different
foreground distances and PAs relative to SN 2014J.

We assume that dust scattering follows the Henyey—Greaeammstase function (Henyey

& Greenstein, 1941):
1 — g2
(1+ g2 — 2gcosh)3/?

®(0) = (2.3)

whereg = cosfl is a measure of the degree of forward scattering. Wijtft) as the number
of photons emitted per unit time by the SN at a given wavelengt(t) = Ly (t)/4rD? is
the number of photons observed at timeD is the distance to the SN. For the modeling
of our observations, t is the time of the light-echo obseovat. denotes the time when
photons emitted by the SN would be directly observed aloegthOS, andF)(t — t.)
is the brightness of the SN &t — ¢.). At t, the photons emitted at the same time as
but experiencing scattering leading to a light echo, amivibe observer with a time delay
(t —te).

For a single short flash of light of duratiak¢, emitted by the SN at., F,,(t—t.) =0
fort # t, andfot F,(t —t.)dt. = F,(t — t.)|i=¢, At.. Then, the surface brightness, of
a scattered-light echo at frequeneynd arising from an infinitely shoré function) light

pulse is given by:

[V F,(t —t.)dt,

F,(t — to)]i=t. At 0
47r?

dZ
S0 (p, 6, 1) = ngQeog —~
1/( s @y ) Ngq d A 7’2

dt

dz

dt

®(0) = n4Qs04q ®(6)

(2.4)

Wheren, is the volume number density of the scattering material itswf e —3; Q, is
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a dimensionless number describing the scattering effigiehthe dust grainsy, is the
geometric cross-section of a dust grai() is the unitless scattering phase function. This
means that the surface brightness at a certain instance bttt echo at = ¢, + (t —¢.)
is determined by the flux emitted from the SNtat together with the local geometric
properties of the iso-delay surfacetat ..

In reality, the SN emission has a finite duratidf)(t — t.) is no longer & function,
and the surface brightness of the light echo unit at a ceftaguencyy, is the time

integral of F,,(t — t.) from 0 to ¢:

(0.6, = Lot [Nl |02y 25)
Recalling that
z = 2p—; - %t (2.6)
one can easily find:
%:—g<£+l),r:z+ct:%<c§—;+l) (2.7)
Therefore,
(0.0, = L2 [ 100 D) o~ i, @)

Because of the relative proximity of M82, some light echaesiad SN 2014J are resolved
by HST at late phases, and each pixel represents the surfacerasghof the light echo
multiplied by the physical area covered by the pixel in thg sk

Therefore, in order to compare the model flux distributionhwthe flux in a 2-

dimensional image, one needs to integrate the model fluxtbegohysical depth covered
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by the pixel. Since each pixel has sizaAy, andAz = Ay, this implies:
:Jc+% y+%
Iy t)= [ [ Sy tdady 2.9
=5 Jy=F

The geometric factor is determined by the radial distandee¢dSN,p = \/Wy?
Therefore, in the tangential direction inside each pixed, approximate the integration
by assuming that,(z, y, t) is invariant over the anglé&.¢ subtended by a single pixel.
Furthermore, the angular size of each ACS/WFC pixél'i85. At the distance oD =

3.53 + 0.04 Mpc, the corresponding physical pixel size in the sky is:
pizscale = (3.53 + 0.04) Mpc x tan(0”.05) = (0.86 £ 0.01) pc = Az = Ay (2.10)

Recall the geometric configuration of the iso-delay lighfate at +277 d presented
by Figure 2.1. In Figure 2.7, we modify this schematic diagta demonstrate how we
use a 2-dimensional image to map the ISM in 3D. The gray-ghédkls on the vertical
axis show the pixelation of the sky view by the camera, witbhepixel measuring 0.86
pc on both sides. Az is the position-dependent line-of-sight extent of the dgooeind
column covered by each pixel. Gray-shaded rectangles isuypesed to the iso-delay
light surface mark columns of ISM which would be responsibteespective light echoes
as projected onto the sky. The fixed size of the sky pixelsddad/aried lengths of the
foreground columns of ISM. If the ISM is homogeneously distted in thez/y plane,
the total per-sky-pixel extinction of the scattering metisras revealed by the light echo
can be estimated by summing up the extinction along eachmnguatar column of ISM
intersecting the iso-delay light paraboloid. Comparisbthe extinction by the scattering
materials to the extinction along the DLOS (marked by thg ¢jree on the z axis in Figure

2.7) may reveal if they are caused by the same dust mixturgarithps even the same
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Figure 2.7 Schematic diagram from Figure 2.1 adapted tosezdé. The paraboloid rep-
resents the iso-delay light surface~aR77 d. The gray-shaded squares on the vertical axis
indicate the pixelation of echo signals measured from irmagjehis epoch. Rectangles
at the same observed angular distance delineate the razgewer which dust can pro-
duce an unresolved light echo. Different gray levels ontye¢o distinguish immediately
neighboring pixels.

28



dust cloud.

FA75W, +277 d, Res FQOGW, +277 dyRes F475W,+415 d, Res FGO?W, +417 d, Res
¢ £ 'y L

g

¢

.

Figure 2.8 Intensity maps of the backgound- and PSF-subttamages (labeled ‘Res’)
and scaled volume number-density maps (‘nd’) showing tla¢ive column density calcu-
lated from the flux and location in space of each pixel. Nostbp and east is left. Epoch
and passband of the observations are labeled. Dashedsdiate the dust slab at~228
pc, which is responsible for the luminous echo arc appeawiitly different diameter at
different epochs. Overdensities can be identified at PAs-@GB0 along the lunimous arc
and also at PAsO- 60° and larger radii inf'475W and F'606\W +416/+417 d.

Now we can compare the intensity map obtained from the obtens with the light

echo modeled at each physical position for a given tirakethe observation as follows:

wC’ewtc :H—% ¢ nd(flf, Y, t)
Imy(l‘, Yy, t) = o Az . dz ; m@(@)Fy(t — te>dte (211)
T

2.3.5 Extinction of the scattering materials

The optical properties of the dust grains responsible ferlipht echoes around

SN 2014J can be deduced within each observed pixel. We dstifma extinction prop-
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erties of the scattering materials based on a single-sicagtplus-attenuation approach
(see Section 5 of Patat, 2005 for more detai@nversions from the intensity map to the
number-density map (' nd’) are presented by Figure 2.8 based on Equation 12. We follow
the sampling in Figures 2.5 and 2.6 and present the dedudedigmroperties of the dust
grains for the PA sector 45 90°, which includes the brightest part of the luminous arc,
and PA sector 315 360°, which covers the diffuse echo ring observed with the highes
S/N. They are shown in Figure 2.9 f614 7511 and Figure 2.10 foF'60611/, both on +277

d. In these diagrams, rectangular coordinatesdy are replaced with polar coordinates
p andg, and the abscissa corresponds to the physical distandes jateine of the sky. The
left ordinate represents the quantity’...nq(p, ¢,t), which is determined by the optical
properties of the dust grains. The right ordinate shoWs,;n,dz = wr, wherer is the
optical depth of the dust mapped onto a single pixel. By Iogkit the entire echo profile,
we found that a major part of the luminous-arc echo spreaeis4® - 180° in PA, and the
diffuse echo ring attained the highest S/N over2360 in PA. For completeness, on-line
Figures 2.14 and 2.15 present the same diagrams over the eigfit bins in PA.

We applied a Galactic extinction model with,=3.1 to the scattering materials and
compare the reproduced extinction properties with thenetitn along the DLOS. Dis-
crepancies between the derived quantities and the assumeel mill indicate that the
extinction properties of the scattering dust are diffeffenin the Milky Way dust with
Ry=3.1. For each photometric bandpass its pivot wavelengthusad in interpreting the
parameters from dust models. The extinction curve is obthirom Weingartner & Draine
(2001) and Draine (2003a,b) . Fot., the extinction cross section per hydrogen nucleon
H, we adopted.8 x 10722 cm?/H for F475W, and4.4 x 10~22 cm?/H for F606W ; for the
scattering phase function, we adoptee 0.555 for F'475W, andg = 0.522 for F606WV/,

andn, is the H volume number density in units of cim

ftp://ftp.astro.princeton.edu/draine/dust/ mix/kedbedo_ WD_MW_3.1_60_D03.all
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For a uniform dust distribution in the x/y direction (in thiape of the sky), integrating
wT over each position angle will provide a rough estimate ofiteeluct of the total optical
depth and the scattering albedo, which is the main valuediogiéhe separate analysis of
light echoes. We applied the same extinction measured alen§LOS to the scattered
light echoes and calculated the optical depth of the magefiam scattering. This is
labeled by the red text in the upper right of each panel of fegl2.9 and 2.10. The
inhomogeneity of the ISM in M82 has small scales as is inditdly the rapid variability
of the strength of the echo with PA along the rings as well dk tiine. The optical depth
along the DLOS has been measured by Foley et al. (2014) amaxdnum light asrg
=3.11(0.18) andy, = 1.91(0.17) based oA = 3.38(20),A = 2.07(18) and using the
relationA, = —2.5logo(e) 75" = 1.08675".

The hydrogen column number density along the line of sightis= [, ¢ n4(2)dz.
Therefore,ny can be obtained by dividing the total optical depth per bipasition an-
gle by wC,,; (Figure 2.9 forF'475W and Figure 2.10 fo#'6061/). For example, for
FAT5W and +277 d, the maximum value afr(p, ¢,t) in the luminous arc was ob-
served to be around 0.58. Using~ 0.65 for the Milky-Way dust model withR,, = 3.1
given by Weingartner & Draine (2001}, can be estimated to bey = 0.58/wC.yy =
0.58/(0.65 x 5.8 x 10722 cm?/H) ~ 1.5 x 10*! H cm~2 in the bin which shows the densest
part of the dust slab producing the luminous arc echo. Thislis times denser than the
scattering material in the foreground of the Type-II plat&N 2008bk (Van Dyk, 2013),
for which the visual extinction of the dust responsible fog €cho iy, ~ 0.05. Itis also
~ 4 times denser than the ISM in the foreground of the Type Itgala SN 2012aw (Van
Dyk et al., 2015), for which the dust extinction in the SN eowiment responsible for the
echo is consistent with the value that was estimated frorerebations of the SN itself at
early times, i.e.A,,=0.24.

Figure 2.12 presents the three-dimensional dust distoib@stimated for SN 2014J.
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Figure 2.9 Radial profiles at different PAs (as labeled) aifaa properties of the scattering
material. The calculations are based on the density mapsfoemed from the residual
image) in passband475WW on +277 d. The left panel shows the luminous arc echo, and
the right panel presents the diffuse ring echo. The x-axisvstthe physical distances in
the plane of the skyptdirection). Black histograms represent’.,;n,(p, ¢, t) in units of
10~%¢m~! as shown on the left ordinate and can be used to infer the \ehlensities.
Red histograms represent the dimensonlgss,;n,dz = wr and share the tick marks of
the left ordinate, from which column number densities cadd@uced. The optical depth
of the dust mapped onto a single pixel gives
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Figure 2.10 Same as Figure 2.9 exceptFGO61V .
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Data-points show the number densities as derived from tevdéday paraboloids. Scatter-
ing materials producing the luminous arc and the diffuseeoéspectively were mapped

out at epochs +277 d (inner layer) and +416 d (outer layer).
2.3.6 Scattering wavelength dependence of the ISM

From the scattering properties of the dust, its optical progs can be estimated by
comparing the quantityC,.;nq derived for £475W and F606WW. Figure 2.11 presents
the division of the profiles of Figure 2.9 by Figure 2.10. Tyields the wavelength depen-
dence of the extinction cross-section. As the ordinategiifé 2.11 we USeTr475w /WTreosw -
Overplotted histograms show (in red) the number densiti@tattering material derived
from the strength of the echoes 751 . The horizontal gray dashed lines mark the
value of Tpyrsw /Treosw = Ararsw /Arsosw =1.66, 1.30, and 1.19 for Milky Way-like
dust with Ry, =1.4, 3.1, and 5.5, respectively, according to the algorittatermined by
Cardelli et al. (1989). Similar diagrams over the entireheigins of PA are shown by
Figure 2.16 in the electronic version.

Plausible estimates ofrr475w /wTreosw €an only be made in high-S/N regions of
the echoes. In the left panel of Figure 2.11, the luminousaagc= 10~11 pc has an
average valuerrpyrsw /wrreosw ~1.7 (dimensionless), shown by the black histograms.
For the diffuse structure, the right panel indicates anayewralue~1.3. This difference
in the wavelength dependence measured from the scattguingalodepth indicates that
the size of the grains in the thin dust slab producing the hams arc are different from
the grains in the foreground extended dust cloud produdiagliffuse echo. While this
difference is significant, one should be cautious aboutrifexried absolute values &f

in this approach, considering the low signal-to-noiseoratid the large uncertainties.
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Figure 2.11 Radial run of the wavelength dependence of tagesing material charac-
terized bywrrirsw /wTreosw ON +277 d, shown by the black histograms. Red histograms
represent the dimensionless quantity,.;n,dz = wr, which is a measure of the strength
of the echoes. The abscissa measures the physical dist@mgey in the plane of the
sky. The upper, middle, and lower horizontal dashed linpeaient the values calculated
for Milky Way extinction laws withR,, = 1.4, 3.1, and 5.5, respectively. The left panel
includes the luminous arc echo@at 10~11 pc andurrsrsw /wTreosw ~1.7. The right
panel presents the diffuse ring echo, exposing a differewelength dependence of scat-
tering WithUJTF475w/w7'F606W ~ 1.3.
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Figure 2.12 The three-dimensional dust distribution dstifrom the light echoes around
SN 2014J. From left to right, the vertical axis corresporm¢he directions East-West,
North-South, and the DLOS (z). The color encoding of the neindensity of the dust
is indicated by the vertical bar. The measurements map awsityealong iso-delay para-
bloids as schematically depicted in Figure 2.1. They cpoed to epochs +277 d and
+416 d and are too close to one another to appear separately.

2.4 Discussion

The diffuse echo component favors a higigrthan the luminous arc, corresponding
to a less steep wavelength dependence of the extinctior uiffise echo compared to the
luminous arc. In general terms, this implies that the grairthe dust slab producing the
luminous arc are smaller than those in the extended, diffsige The Ry, value measured
from the diffuse echo ap ~ 10 — 14 pc to the position of SN 2014J, i.eR, ~ 3,
is close to that found by Hutton et al. (2015) by modelling éittenuation law based on
near-ultraviolet and optical photometry of M82 at large céiingly, the dust grains in the
extended foreground ISM producing the diffuse echo ringsaralar in size to those in the
Milky Way. Extinction in the luminous arc, however, favorsmaallerR,, value, similar to
the extinction law deduced from the SN itself, represented®p ~ 1.4. This similarity
indicates that the grain size distribution in the slab of I8Mducing the luminous arc is

similar to the ISM responsible for the extinction measumurds the SN at early epochs.
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The optical depth due to light scattered by the ISM can benedéd as follows. If
they have similar properties as Milky Way-like dust wilhy = 3.1, 747511 ranges from
0.3 at PA 225 - 270, covering part of the diffuse ring, to 0.9 at PA°4590°, where the
luminous arc is brightest. These optical depths are snthkerthat along the DLOS. One
possible explanation for the discrepancy can be an overatgiof the degree of forward
scattering. At +277 d, the scattering angle-i.6° for the luminous arc-producing dust.
A dramatic increase in forward scattering occurs with iasieg grain size while smaller
grains scatter light more isotropically, leading to a seralalue of the phase function, see
Chapter 5 of van de Hulst (1957). Therefore, to produce d &gho of the same strength,
smaller dust grains in the ISM responsible for the luminausraquire a higher optical
depth than larger Milky Way-like dust grains do.

To illustrate the dependence of the degree of forward stagten the optical depth,
we investigate the Heyney-Greenstein phase function ctaaraing the angular distribu-
tion of scattered light intensity as shown by Equation 2.Qufe 2.13 demonstrates the
fraction of scattered light at small scattering angle, 2&.6 as a function of scattering
asymmetry factorg. In this figure, values of = 0.439 andg = 0.345 are indicated for
astronomical silicate and graphite grains with radiug.@éfmicron according to calcula-
tions based on Draine & Lee (1984) and Laor & Draine (1993).

When the grains are significantly smaller than the wavelenfjtight, the classical
Rayleigh scattering limit is reached. The asymmetry faéborRayleigh scattering is
g = 0, and the phase function becomes unity, indicating no doeat preference of
scattering. This is the case for the luminous arc while thesptfunction has a value of
7.8 for Milky-Way dust withR,, = 3.1. This means that the optical depth calculated for
the case of Rayleigh scattering is 7.8 times larger than fikyMVay dust with Ry =
3.1. The densest part of the scattering material will attawalue of~ 7.0 in F475W,

significantly larger than the optical depth measured altveglLOS. On the other hand,
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6 = 2.6, F475W

(8)

Figure 2.13 Fraction of light scattered at the small angle @f as a function of the value
of the phase scattering function,as calculated from Equation 2.3. MW3.1, Gra, and Sil
represent the factors for Milky-Way dust withR,, = 3.1, graphite spheres with radius
0.1 m, and "astronomical silicate" spheres with radius .1
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for larger grains the asymmetry factgrapproaches unity, and the efficiency of forward
scattering increases substantially.

The grain size distribution in the extinction-producingter&al towards SN 2014J it-
selfis similar to that of the luminous arc-producing matkms inferred from the similarity
of Ry found in both of the two ISM components. Considering this IBwand the lower
optical depth found in the scattering material responditMie¢he luminous arc, we infer
that these scattering materials are also responsible éoextinction towards SN 2014J.
Our result is consistent with the relationship between th&t alaxy extinctio and
their measured?,, (Mandel et al., 2011), which for SNe with low extinctioA;, < 0.4,
Ry =~ 2.5—2.9is favored, while at high extinctiond,, = 1, low values ofR < 2 are fa-
vored. Due to the lack of knowledge about the detailed dhistion and optical properties
of the dust in M82, we cannot rule out the possibility that diféerent extinctions along
the scattering line of sight of the materials and the DLOS peayly also be caused by a
denser ISM along the DLOS. The extinction along the DLOS niag be due to dust at
small foreground distances which would produce light eshtoe close to the SN to be
detected. Additionally, it is possible that the extincticen be generated by interstellar
dust clouds placed too far in front of the SN. Recall Equati®ry and 2.8, the luminosity
of the light echo resulting from a dust slab intersectingh®©S decreases dgr (where
r is the distance between the SN and the dust slab). Congideuimerous Na, Ca, and
K features have been seen along the DLOS (Patat et al., 2@&53annot rule out the
possibility that there are dust clouds placed more than 50@nay from the SN and can
hardly be detected in current images.

The smaller grains found in the dense dust slab seem to besistent with the grain
size distribution in dense regions inferred by Cardelligfl®89) and Whittet et al. (1992),
who offered the qualitative explanation that coagulatimside the dense interstellar dust

clouds removes the smaller particles and results in higherlt is possible that the dense
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dust slab and the porous diffuse dust cloud belong to diftecemponents of the ISM,
which are formed by different mechanisms and at signifigadifferent episodes of the
history of M82. For instance, considering the possibilltattthe dense dust slab that
produced the luminous arc echo was formed more recently,areund an episode of
intense star formation at60 Myr ago (Gallagher & Smith, 1999), the size growth may
not be significant in the dense dust slab considering thévelalong time of the grain
growth, i.e., see Figure 8 of Mattsson (2016).

The presented light-echo model is necessarily only a sfraglapproximation of re-
ality. Our model attempts to reproduce the optical deptthefdcattering material over a
projected area of 40 pc x 40 pc in the plane of the sky, and compares it to the optical
depth measured for the DLOS. One major source of uncertanhe assumption of sin-
gle scattering (Wood et al., 1996; Patat, 2005). In view efldrge extinction measured
towards SN 2014J, a Monte Carlo simulation with variousrgesze distributions should
give a better representation of the real scattering proéessther uncertainty results from
the usage of the extinction measured along the DLOS aroumdman light also for the
echo-producing material. Additionally, the assumptioiafiacticR,, values may not be

realistic for M82.
2.5 Summary

The geometric and photometric evolution of resolved ligtitaes around SN 2014J
was monitored wittHST. Two main constituents were found. From a luminous arc, a
discrete slab of dust was inferred at a foreground distah@2&+7pc. In addition, a
resolved, diffuse ring-like light echo implies that anatlfi@reground ISM component is
widely distributed over distances ef 100-500 pc. If the scattering material suffers the
same extinction as along the DLOS, the densest part has aema®mbsity of~ 1.5 x 102!

cm~2, based on a single-scattering-plus-attenuation approBich scattering material is
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unevenly distributed with PA. The wavelength dependendb@tcattering optical depth
is steeper in the luminous arc than in the diffuse ring. Then&r favors a smalk, ~
1.4 as also measured along the DLOS, and the latter is mosastemnt with a 'normal’
Ry ~ 3. This suggests that the average grain size is smaller istieesponsible for the
luminous arc, and the more widely distributed scatteringemias have average properties
similar to Milky Way-like dust. This study reveals thg, fluctuation of the extragalatic
dust on parsec scales. We deduce that systematically stedpetion laws towards Type
la SNe do not have to represent the average behaviour of thretion law in the host
galaxy.

The optical depth of the scattering material estimated ftoenscattering properties
of Milky-Way-like dust with Ry, = 3.1 is smaller than the optical depth measured along the
DLOS. The optical depth along the DLOS is better reproducid smaller grains as also
indicated for the dust slab responsible for the luminous @his suggests that an exten-
sion of this dust slab, or a separate cloud with similar prioge is also responsible for the
extinction towards SN 2014J. More data will be collectedutufe observing campaigns
that will help additionally characterize the extinctiomwkmeasured within different light
echo components. Further constraints on the amount an@niegof the circumstellar
and interstellar material from polarimetry and very latee photometry will be discussed

in future work.
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Figure 2.14 Radial profiles at all eight PAs (as labeled) divapproperties of the scatter-
ing material. The calculations are based on the density tnapsformed from the resid-
ual image) in passbanB475W on +277 d. Black histograms represent.,nq(p, ¢, t)

in units of 10~2°cm ! as shown on the left ordinate and can be used to infer the \olum
densities. Red histograms represent the unitl€ss;n,dz = wr and share the same tick
marks as the left ordinate, which can be used to infer thenmoloumber densitiesr is

the optical depth of the dust mapped onto a single pixel.
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the plane of the sky. Each panel shows a different bin in jposéngle of widthd5° (as

labeled). The upper, middle, and lower horizontal dashesklrepresent the values calcu-
lated for Milky-Way dust withRy = 1.4, 3.1, and 5.5, respectively. The luminous arc in

PA bins from 45 to 180 appear ap = 10~11 pc andurpsrsw /wTreosw ~1.7. Diffuse

structures at large PAs expose a different wavelength dipee on scattering because

WTparsw | WTreoew ~ 1.3.
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3. MAPPING CIRCUMSTELLAR MATTER WITH POLARIZED LIGHT — THE
CASE OF SUPERNOVA 2014J

3.1 Introduction

The explosion of type la supernovae (SNe) is powered by #ratbnuclear runaway
of (~1M,) carbon/oxygen white dwarfs (C/O WDs, Hoyle & Fowler, 1960he homo-
geneity of type la SNe lightcurves (i.e., Barbon et al., %8s et al., 1981), and the
correlation between the decline rate of the light curve &ledaminosity at peak (Phillips,
1993) allows people using type la SNe as the most accuratndesindicators at redshifts
out to ~2 (Riess et al., 1998; Perlmutter et al., 1999; Riess et @lL6p However, the
exact progenitor systems of type la SN explosions remaimonvk.

A few pieces of evidence suggest a non-degenerate compscgmario in which a
compact WD accretes matters from a subgiant or a main segustguc Examples include
the time evolution of Na Bfeatures after th& —band maximum light of SN 2006X (Patat
et al., 2007) and the UV flash withia5 days after the explosion of iPTF14atg (Cao et al.,
2015). However, other observations favors a double degémacenario featuring the
merger of two WDs (Iben & Tutukov, 1984; Webbink, 1984), deeexample, SN 2011fe
Bloom et al., 2012). For the first few days after the explosimoilision between mate-
rial ejected by the SN and a non-degenrate companion stddvwooduce longer lasting
excess in optical/UV emission than the luminosity solelwpred by the radioactive de-
cay (Kasen, 2010). In particular, Kepler satellite monitgrof three normal type la SNe
during their entire rising phase (Olling et al., 2015) shawsevidence of interaction be-
tween SN ejecta and circumstellar matter (CSM) or compastiens. The absence of CSM
around type la SNe supports double degenerate progenitdels)ydhowever, searches for

CSM around type la SNe has been difficult and is in most casesaiusive.
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The merger of two compact stars is a very asymmetric proedssh should lead to a
strong polarimetric signature. By contrast, observatamssistently find a lack of intrinsic
polarization before optical maximum (Wang & Wheeler, 20@8und et al., 2013), which
seems to cast doubts on the double degenerate scenario &V¥&hgeler, 2008; Rimoldi
et al., 2016). Quantifying the amount of CSM is of criticalgartance for understanding
the progenitor system of type la SNe and for the extinctianemtion in using type la SNe
as standard candles.

Another major uncertainty in type la SN cosmology is the ection for interstel-
lar extinction. Better estimation of interstellar extiloct reduces systematic uncertain-
ties. Characterization of dust in the diffuse intersteftadium (ISM) relies heavily on
the observed wavelength dependence of extinction andipatimn (Patat et al., 2015;
Voshchinnikov et al., 2012). The observed wavelength dégece of interstellar extinc-
tion Ry contains information on both the size and composition ofjitaéns. The value of
Ry = 3.1 (Cardelli et al., 1989) has often been considered the Galsteindard, but with
a range from 2.2 to 5.8 (Fitzpatrick, 1999) for differentenof sight. There is increas-
ing evidence that extinction curves towards type la SNeesyatically favor a steeper law
(Ry < 3, see, i.e., Nobili & Goobar, 2008, and Cikota et al., 2016d@ummary ofR;,
results of earlier studies). This discrepancy has remaineaplained. It is of critical im-
portance to understand whether the systematically®gwalues towards type la SNe are
caused by (1) systematic differences from the optical ptaseof Galactic dust grains, or
(2) modifications by CSM scattering.

Several authors have proposed that circumstellar dusiesiogt may be a solution
to the surprisingly lowR, values towards type la SNe (Goobar, 2008; Patat et al., 2006;
Wang, 2005). The effect oRy, and the light curve shape, however, also depends on the
geometrical configuration and dust grain properties (Anlahw& Goobar, 2011; Brown

et al., 2015). For example, recent observations of the higdddened SN 2014J in M82
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have found no convincing evidence of the presence of cirteltasdust (Patat et al., 2015;
Brown et al., 2015; Johansson et al., 2017, see, howevey Ebhl., 2014; Hoang, 2017).

Observations of polarized light and its time evolution candn effective way of
studying the CSM. Type la SNe have low polarization in brbadd observationsJ
0.2%, Wang & Wheeler, 2008), whereas the scattered light from G3M be highly
polarized. Light scattered at large angles can be poladted 50%. For a spatially
unresolved source, the scattered light can contributdfgigntly to the total integrated
light and the polarization of the integrated light can eealapidly with time after the SN
evolves past optical maximum (Wang & Wheeler, 1996). Thetioa of polarized flux
from any not axisymmetric circumstellar dust increasestaniially as the SN dims and
scattered photons (often from light at optical maximum) daate the SN light curve at
late phases. The actual situation may be more complicatdebatust distribution can be
more uniform around the SN than the often assumed singlegcldimen, the effect on the
polarization and the light curve may be less dramatic. Ireganthe effect is qualitatively
stronger in the blue than in the red due to the higher scagiepacity in the blue. For
instance, at about 200-400 days past optical maximum,-agbte scattering of SN light
by circumstellar dust located on the plane of the sky at desta of around 200 - 400 light
days (5.%10'7 - 1.0x 10" ¢cm) from the SN becomes observable.

SN 2014J was discovered on Jan. 21.805 UT (Fossey et al.; R @t al., 2014),
and the first light has been constrained to be Jan. 14.75 U@n@hkt al., 2014; Goobar
et al., 2015). SN 2014J reached RBsband maximum at Feb. 2.0 UT (JD 2,456,690.5) at
a magnitude of 11.850.02 (Foley et al., 2014). Exploding in the nearby starbgasaxy
M82 at a distance of 3.530.04 Mpc (Dalcanton et al., 2009), SN 2014J was the nearest
SN since SN 1987A. The relative proximity of SN 2014J allowsatmuous photometric
and spectroscopic observations through late phases (Mkistdyg al., 2015; Bonanos &

Boumis, 2016; Porter et al., 2016; Sand et al., 2016; Savastal., 2016; Johansson et al.,
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2017; Yang et al., 2017b). SN 2014J suffers from heavy etitin@nd is located behind a
large amount of interstellar dust (Amanullah et al., 2084 .far, there is ample evidence
that the strong extinction is caused primarily by intetatedust (Patat et al., 2015; Brown
et al., 2015). However, high resolution spectroscopy dbesvsstrong evidence of time
evolving Kl lines that can be understood as due to photo &ium of materials located

at a distance of about 0cm from the SN (Graham et al., 2015b). No positive detection
of any material at distances within ¥0cm has been reported for SN 2014J, despite a
controversial claim of possible contributions of circuslstr dust to the total extinction
based on UV data (Foley et al., 2014; Brown et al., 2015; Batli., 2016). In this paper,
we present our late-timelST imaging polarimetry of SN 2014J and derive from it the

amount of circumstellar dust around SN 2014J.
3.2 Observations and Data Reduction

TheHST WFC/ACS camera has a polarimetry mode which allows for aateumag-
ing polarimetry. The filter-polarizer combinations seéetby us have recently been cal-
ibrated (Avila, 2017). We used the Advanced Camera for SisWeide Field Channel
(ACS/WFC) on board th&lIST to observe SN 2014J in imaging polarization mode on six
epochs (V1-V6) under multiplelST programs: GO-13717 (Pl: Wang), GO-14139 (PI:
Wang), and GO-14663 (PI: Wang). The observations were taknthree different fil-
ters: FA75W (SDSSg), F606W (broadV), and F775W (SDSSi), each combined with
one of the three polarizing filters (POL*V): POLOV, POL60WdAPOL120V. These polar-
izers are oriented at relative position angle99f60°, and120°. A log of observations is
presented in Table 3.1. Multiple dithered exposures wekentat each observing config-
uration to allow for drizzling of the images. Except for thesfiepoch with filterF'775W,
the observations were taken with two 30s exposures in POLYAY only single 55s ex-

posures for POL60V and POL120V.
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Table 3.1 Log of polarimetric observations of SN 2014J Wil ACS/WFC POLV
Filter Polarizer Date Exp Phase Date Exp Phase Date Exp Phase
(um (s) Days (um (s) (Days) (um (s) (Days)
F475W POLOV 2014-11-06 3130 276.5 2015-03-25 3400 415.6 2015-11-12 41040 648.5
F475W  POL120V  2014-11-06 3130 276.5 2015-03-25 3400 415.6 2015-11-12 41040 648.7
F475W POL60OV 2014-11-06 3130 276.5 2015-03-25 3400 415.7 2015-11-12 41040 648.8
F606W POLOV 2014-11-06 240 276.6 2015-03-27 360 417.9 2015-11-12 #4311 649.0
F606W  POL120V  2014-11-06 240 276.6 2015-03-27 360 418.0 2015-11-13 4311 649.0
F606W  POL60V ~ 2014-11-06 240 276.6 2015-03-27 360 418.0 2015-11-13 #4311 649.1
F775W POLOV 2014-11-06 230 276.6 2015-03-27 3320 418.0 2015-11-12 4100 648.5
F775W  POL120V  2014-11-06 X55 276.6 2015-03-27 X320 418.0 2015-11-12 %4100 648.7
F775W POL60OV 2014-11-06 55 276.6 2015-03-27 3320 418.0 2015-11-12 4100 648.9
F475W POLOV 2016-04-08 41040 796.2 2016-10-12 »41040 983.1 2017-04-28 41040 1181.3
F475W POL120V  2016-04-08 »41040 796.4  2016-10-12 »41040 983.3  2017-04-28 »41040 1181.4
F475W POL60OV 2016-04-08 1040 796.6 2016-10-12 »41040 983.4 2017-04-28 41040 1181.5
F606W POLOV 2016-04-08 ©311 796.8 2016-10-14 3360 985.1 2017-04-28 3360 1181.7
F606W POL120V  2016-04-08 311 796.8 2016-10-14 3360 985.1 2017-04-28 3360 1181.7
F606W POL60OV 2016-04-08 4311 796.9 2016-10-14 3360 985.1 2017-04-28 3360 1181.7
F775W POLOV 2016-04-08 4100 796.2 2016-10-12 4202 983.1 2017-04-28  »4202 1181.3
F775W  POL120V  2016-04-08 »4100 796.4 2016-10-12 4202 983.3 2017-04-28  x4202 1181.4
F775W  POL60V  2016-04-08 4100 796.6 2016-10-12  »4202 983.4  2017-04-28 4202 1181.5
2Days sinceB maximum on 2014 Feb. 2.0 (JD 245 6690.5).

The HST data were reduced following the usual routine of drizzlingewever pos-
sible to remove sensitivity to artifacts and cosmic raysr éach bandpass, one image
at each polarizer has been obtained. Bright HII regions énfigidd-of-view (FOV) were
used to align exposures in different bandpgsslarizer combinations and epochs through
Tweakreg in the Astrodrizzle package (Gonzaga et al., 2012). Large scale distortions
caused by a weak lens which corrects the optical focus of dhariping filters have been
removed by theAstrodrizzle software. All images were aligned to better than 0.25 pix-
els in bothx andy directions. This is in agreement with the small scale digior(+0.3
pixel) in the images caused by slight ripples in the polagainaterial (see the ACS Data
Handbook, Lucas, 2016).

The absolute throughput values of bandggsslarizer combinations listed in the
Synphot  software does not match those found in on-orbit calibrati&@orrection factors
by Cracraft & Sparks (2007) based on on-orbit calibraticogpams were used to remove

the instrumental polarization. The scaling factar$4;.,/) have been applied to images

http://www.stsci.edu/institute/software_hardwarsdsis/synphot
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obtained with each polarizer:(POL x V') = Cporsy * Im(obs)pory. The remaining
instrumental polarization can still be as much~&, and discrepant instrumental polar-
ization has been observed at different roll angles (i.e,Geacraft & Sparks, 2007 and
Lucas, 2016). To improve the measuring precision, we uselieervations from V1 and
V2 bright sources in the FOV to monitor the stability of thetimumental polarization. The
roll angles in the subsequent observing epochs were set ¢égud or to 180 different

from the roll angles in V1 and V2. We discuss this further ict®a 3.3.
3.2.1 Measuring the degree of polarization

We deduced the Stokes vectofgd,U) from the observations as follows:

I— %[T(POLO) + r(POLG0) + r(POL120)],

Q- g[Qr(POLO) — +(POL60) — r(POL120)], (3.1)

2
U= ﬁ[r(POL60) —r(POL120)],

Flux measurements were made with a circular aperturé.abq3 pixels in the ACS/WFC
FOV) to reduce the contamination from the extremely norfemm background. Aperture
corrections were calculated with the ACS/WFC encircledgyprofile for each bandpass
according to Sirianni et al. (2005). We perform the measergsof the SN on the images
obtained by each polarize(POL x V). We also deduce the Stokés(, U maps using
Equation 3.1, integrating within the aperture centereth@tSN on the deduced Stokes
@, U maps. In both cases, the background has been estimated tsirotpthe same inner
and outer radii as Yang et al. (2017b). The two approache=eagithin the uncertainties
when the signal-to-noiseS( V) ratio on each-(POL % V') of the SN>50. Figure 3.1
presents a color composite image of SN 2014J consistingeoStbkes/ data for each

bandpass and epoch. The images show resolved light echoasdeg over time, which
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Figure 3.1 Color images of SN 2014J froRST ACS/WFC F475W, F606W, and
F775W observations on days 277 (upper left), 416 (upper middlé®, @pper right),
796 (lower left), 985 (lower middle), and 1181 (lower rigafjer maximum light. North
is up, east is left, and the distance between big tick markesponds to’05 and 8.6 pc
projected on the plane of the sky. Reflection of SN light bydhst between the SN and
the observer creates arcs of light echoes which are prapggeith time. There may also
be unresolved light echoes at distances so close to theat&hirthat even thelST cannot
resolve. But imaging polarimetry can still detect theirgaece.

have been first identified by Crotts (2015). We only remarlelteat these multiple light
echoes are produced by dust clouds at a distance about 100500 t{poc away from the
SN 2014J. The dust is unlikely to be related to the SN progemivolution. Detailed
studies of these resolved light echoes were performed isghneHST data as those used
for the study and can be found in Yang et al. (2017a).

The degree of polarization and the polarization positiogi@nan be derived as:

V 2 + U? 1 ar + 1 er
p% = ¢ 7 X Tp — Tp P % 100% (3.2)
par perp
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PA. = %tan_l (%) +PA V3+x (3.3)

The SN fluxes measured in the different ‘bandpgsslarizer’ combinations were then
converted to polarization measurements followingld8 ACS manual (Avila, 2017) and
earlier work (Sparks & Axon, 1999). The cross-polarizatieakage is insignificant for
visual polarizers (Biretta et al., 2004). The factor comitag the parallel and perpendic-
ular transmission coefficients ., + Tperp)/(Tpar — Tperp) iS @about unity and has been
corrected in our data reduction. The degree of polarizg§péf) is calculated using the
Stokes vectors. These corrections together with the eaidor of the source count rates
vectorially remove the instrumental polarization of the @/f~ 1%). The polarization
position angle P A) is calculated using the Stokes vectors and the roll angteellST
spacecraft (PA_V3 in the data headers) as shown in Equati&nAnother parameter,
called y, containing information about the camera geometry whictiesved from the
design specification, has been considered when solving #texmio deduce the Stokes

vectors. For the WFCy = —38°.3 (Lucas, 2016).
3.2.2 Errors in polarimetry

The classical method proposed by Serkowski (1958, 1962Xfes aised for the de-
termination of the polarization and associated unceregnMontier et al. (2015) investi-
gated the statistical behavior of basic polarization faacaind angle measurements. We
use Equation 3.4 and 3.5 to describe the uncertaintycdnd P.A. The detailed derivation

is available in Appendix F of Montier et al. (2015).

1

o2 = T x (Q%0p + U?of, + p'IPo} +2QUoqu — 21Qp°o1q — 2IUp?07y,) (3.4)

202 + U202 — 2QUo
opa = \/Q v @~ 2QUoqu 0y (3.5)

X
Qzaé + U2} 4+ 2QUogu ~ 2p "
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Table 3.2 The polarization Degree of SN 2014J
Filter Phase p PA mag Phase p PA mag
Days % degrees Days % degrees
F475W 2765 3.820.12 40.3:t0.9 17.3630.001 | 415.6  4.56:0.21 37.#1.2 19.464:0.002
F606W  276.6  2.65%0.21 46.92.3 17.429-0.002 | 417.9 3.240.48 43.4:3.5 19.594-0.003
F775W  276.6 1.190.24  41.°#7.5 16.742-0.002 | 418.0 1.55%0.58 17.16.2 18.268-0.004
F475W 6485 4.680.44  33.32.6 22.3630.003 | 796.2 3.56:0.81 33.2:6.6 23.266:0.006
F606W  649.0 452058 47.#&3.7 21.962£0.005 | 796.8 0.7&1.19 73.243.6 22.91#0.009
F775W 6485 4.4%0.75 39.9:4.8 21.42#40.006 | 796.2 2.4@:1.48 54 1#17.5 22.492-0.011
F475W  983.1 227184 48.3:23.6 24.1620.014 | 11814 56%2.76 59.216.0 24.765:0.023
F606W  985.1 6.583.09 53.5£13.9 23.9340.024 | 1181.7 3.125.88  37.453.2 24.695-0.049
F775W  983.1  8.4%1.99 68.3:6.8 23.294:0.015 | 1181.4 7.6%4.19 104.6-15.5 24.2340.032

The Stoked vector gives the total intensity of the source. The AB magtes of the SN
were obtained by applying the ACS/WFC zeropoints.

The degree of polarization and the magnitudes of the SN fardifit filter bands are
shown in Table 3.2. The other sources of data used in thisrpagede three epochs of
observations using the Calar Alto Faint Object Spectrdy(&@AFOS, Patat et al., 2015),
mounted at the 2.2 m telescope in Calar Alto, Spain (Patat éb&aberger, 2011). The
spectropolarimetry used the low-resolution B200 grismpted with a 1.5 slit, giving a
spectral range 3300-8900 angstrom, a dispersion 4f7 angstrom/pix, and a full width
half maximum (FWHM) resolution of 21.0 angstrom. Spectiapmetry on Jan 28 (day -
6) and Mar 08 (day 33) 2014 have been obtained through pieeaenunication. The data
from Feb 03 (day 0) 2014 were already used by Patat et al. {20¥& also used broad-
band polarimetry taken with the Hiroshima One-shot Wid&fRolarimeter (HOWPOl,

Kawabata et al., 2008) around optical maximum as publisld¢dvabata et al. (2014).

3.3 Analysis

Figure 3.2 presents the wavelength dependence and timetievobf the newHST
data points together with ground-based polarimetry. HIS data can be compared to
ground-based polarimetry acquired around optical maxirtmstudy the temporal evolu-

tion of the polarization. Broad-band polarimetric obsénms of SN 2014J taken on Jan
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22.4 (-11 days relative tB-band maximum), Jan 27.7 (-6 days), Feb 16.5 (+14 days), Feb.
25.6 (+23 days) and Mar 7.8 (+33 days) detected no variglfiawabata et al., 2014).
Spectropolarimetry on Jan 28 (-6 days), Feb 03 (+0 day), aad(8, 2014 (+33 days)
indicates no temporal evolution either (Patat et al., 20T&g variability in ground-based
data was less than 0.2%, except at the bluest end where thevdet noisy but are still
consistent with constancy. At the 0.2% level, the intrinsiarization of the SN becomes
significant (Wang & Wheeler, 2008). This makes it difficultdetermine the contribution
from circumstellar dust. We conclude that the overall hig¥el of polarization at early
times is due to interstellar dust, and that there is no dabéetvariability at early times

down to the 0.2% level.
3.3.1 Interstellar polarizaion

So-called “Serkowski Law” provides an empirical waveldngependence of opti-
cal/near infrared (NIR) interstellar polarization (Seslgki et al., 1975). It can be written

as:

P(N) /Pmax = exp[—K In*(Apax/A)], (3.6)

where\,,., is the wavelength of the maximum polarizaripf\,,..x) and K is a parame-
ter describing the width of the polarization peak. We fittei relation to optical spec-
tropolarimetry at maximum light obtained by CAFOS (Patadlet2015). The interstellar
polarization wavelength dependence towards SN 2014J iexkilvery steep increase in
the blue (Kawabata et al., 2014; Patat et al., 2015). Herne@dsition of the polariza-
tion peak cannot be determined due to the lack of UV data. efbex, we employ the
canonical valud< = 1.15 according to Serkowski et al. (1975) and obtain a reasoridble
with A\ =0.25um andp(\L..x) =8.1%. Extrapolation of the interstellar polarization to
the effective wavelengths of the475W, F606WW, and F775W filters yields 4.9%, 3.3%,

1.8%, respectively.
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Figure 3.2 From top to bottom: the first panel presents thigalgtmaging polarimetry of
SN 2014J taken witlHST ACS/WFC on day 277, day 416, and day 649, compared with
earlier broad-band polarization (gray, solid squares, #ata et al., 2014) and spectropo-
larimetry (blue, open squares, Patat et al., 2015). Theeddsie presents the ‘Serkowski
law’ fitting of the interstellar polarization; the secondhehgives the difference between
our HST polarimetry and the interstellar polarization; the thimhpl displays the corre-
sponding polarization position angles; the bottom pahgdttates the filters transmission
curve for the broad-band polarimetry (Kawabata et al., 2@@ray lines), and théiST
F475W (blue line), broadrF'6061W (green line), and"775W (red line) filter band mea-
surements. The data around optical maximum exhibit liti@eion with time and the
polarization are consistent to within 0.2%. THET data on day 277 shows dipicts a con-
spicuously different degree of polarization in all thregefilbands compared to the other
data sets. At later epochs, the polarization returns to ahes\of the maximum light.
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In the HST data from day 277, th&'4751/ band degree of polarization has changed
from 4.9% near maximum light to 3.8%. THei751/-band data have the highestV.
The data inf'606W and F'7751W-band also show systematically different degrees of po-
larization. The data on day 416, however, are consistehttivdse from maximum light.
Polarimetry at later epochs suffers from larger uncerisrais the SN fades. However, it
is still broadly consistent with the interstellar polatiba. Sparks & Axon (1999) fitted
the errors of the polarization degree and the polarizatmsitipn angle with the average

S/N ratio and the degree of polarization:

10g10(0,/p) = —0.102 — 0.9898log, o (p(S/N);)
(3.7)

log,gop.a. = 1.415 — 1.068log;,(p(S/N);)

For example, exposures at each polarizer achie{®); ~ 500 yield relative uncer-
taintieso, /p = 3.3%, 4.9%, and 9.0% in thE475W, F606W, and F' 7751/ bandpasses,
respectively. ForS/N), ~ 100, the corresponding values asg/p = 16%, 24%, and
44% in theF475W, F606WW, and F775W bandpasses, respectively. The exposure time
in the 4751/ band at later epochs was longer. The polarization positigtes (P.A.) at

all visits are broadly consistent with the average poldiorgposition angle 42:20.3 deg

derived around maximum light (Patat et al., 2015).
3.3.2 Polarimetry of light scattered from an SN

Differences in observed polarization can be explained avitbn-uniform distribution
of circumstellar dust in the vicinity of SN 2014J. Modelirfietobserved polarization in
terms of dust scattering of SN light is usually an ill-defiqgdblem due to the lack of
knowledge about the geometric distribution of the dust amélsorption and scattering
properties. A unique solution is usually very difficult tohé&ve. However, important

constraints can be deduced based on simple and robust models
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The most efficient configuration for producing polarizedhtigs given by a single dust
clump near the location of the SN but offset from the SN on oselto the plane of the
sky. In such a configuration, the light incident on the dustrg is scattered near 9@nd
can be polarized at the 50-100% level. The degree of potaizdepends on the details
of the geometry and optical depth of the dust clump. For doitpl and without loss of

much generality, the amount of scattered light can be wrdtethe following equation:

Lult) = 752 0(0) / L(t — t)K( — ta)dt,. (3.8)

wheret andt, give the time after the SN maximum light and the time since $Nasion,
respectively,r is the optical depth of the dust clumg? is the solid angle the clump
subtends toward the SN,(¢) is the luminosity of the SN as a function of timg,is the
light travel time from the SN to the center of the dust cluts the scattering angle, and
®(0) is the scattering phase function. The functigns determined by the details of the
dust distribution. It reduces to an infinitely narrow Dir&function for an infinitely thin
layer of dust lying on the surface of the light travel isoajesurface (see Patat, 2005). For
a more realistic distributioni reduces to a broader function whose width characterizes
the radial extent of the clump. The lack of a precise geometadel of the dust clump
leads us to approximately describe the scattering pragseofi the clump with a Gaussian
function of the formK (t) = ﬁ exp(—%). Hereo, x c characterizes the radial extent
of the clump, and can be the average optical depth of the clump which is ligeatated

to the average column depth in the case of optical thin clufiye degree of polarization

is then
Lscat(t)
L(t) + Lscat(t)

p = po(0), (3.9)

wherep, is the polarization of light scattered with scattering &yl We adopt the Mie
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scattering (Mie, 1976) model for dust particles of radie®.1m size, comparable to that
of the wavelength of the filter bands. The scattering phasetions and optical properties
of dust particles were calculated using the OMLC Mie Scatte€alculator .

The expected amount of scattered light is given by Equatid®.3The lack of knowl-
edge of the geometric size of the clump makes it reasonalalssiome that the scattering
kernel is a function of the geometric width of the clump. Fairggle clump and a Dira&

function kernel, we found the following constraints on thestdmass:

_ p [L(0)/L(ty)] [r/(1 = cos(0))]®  pgr a 1 1
OMr 2 14110 7M®1_% [1.0E— 04} [ 11y. ] 2.5g/cm3 0.1um ®(6) ©(6)’
(3.10)

wherep is the observed amount of polarization evolutien,= ct, is the distance of
the clump to the SNJ is the scattering angle with respect to the line of sight,is the
physical density of grains, is the radius of the grainb(6) and©(0) give the scattering
phase function and the polarization degrees at scattenigig &, respectively.

The above model was applied to the observed data to deducartbent of dust
needed to produce the observed polarization at day 277. dhdts for Mie scattering
by smoothed UV astronomical silicate are shown in Figuref8t3ll the three bands
(Draine & Lee, 1984; Laor & Draine, 1993; Weingartner & Dr@jr2001). Based on our
measurement of'4751/ with the highestS/N ratio, a minimum mass of silicate dust
of 2.4 x 107%M,, is needed to reproduce the observed polarization evoludiba scat-
tering angle ofl14° with respect to the line of sight. We also considered the odise
graphite and Milky Way dust, which yield minimal dust masg&f + 0.4) x 1075M,
and(3.24+0.4) x 10~°M,,, respectively. Table 3.3 summarizes the amount of dustrade
from the difference in the polarization degree between @ysand 416. Figure 3.4 pro-

vides a schematic view of the single dust clump model whighae®s the time-dependent

http://omlc.org/calc/mie_calc.html
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Figure 3.3 Single dust clump models of the late-time polatignof SN 2014J. In the
upper panel, the blue, green, and red lines aref#r51V, F'606WW, and F775WW -band
data, respectively. The solid straight lines in each caldidate the average polarimetry
around optical maximum (Patat et al., 2015) in each filtetse 3olid lines represent the
models for an infinitely-thin dust distribution, and the kled lines illustrate the models
for a radially extended dust clump approximated by a Gangaiaction witho = 20 light
days. The upper inset panel shows the expected contribuatithre integrated light curves
by the hypothetical dust clump which can account for the okegkpolarization evolution.
The bottom inset describes the infinitely thin (Dir&function) and the Gaussian dust
kernels.
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polarization of SN 2014J.

Table 3.3 Dust mass constrained under strongest polarizgtbeng case

Epoch Dust 0o r Mass(8,az) Mass(Hgoe )
(Days) 0) (cm) (M) (M)
Milky Way 100 6.1 x 10'" (3.240.4) x 107 (3.6 £0.4) x 10™
t=277  Silicate 114 51 x 1017 (2.54+0.3) x 107% (3.740.4) x 1076
Graphite 92 6.9 x 107 (3.6+0.4) x 107¢ (3.6 +£0.4) x 1076
Milky Way 100 9.2 x 107 (3.7+£1.9) x 10 (4.14+£2.1) x 10°°
t=416  Silicate 114 7.7 x 107 (2.94+1.4) x 1077 (4.34+2.2) x 1077
Graphite 92 1.0x 10¥® (41421)x 1077 (4242.1)x 1077

A single dust clump close to the plane of the SN leads to thgetdrpossible po-
larization. Any more complex geometric distribution of tthest will be less efficient in
polarizing scattered light from the SN and therefore morst all be needed to achieve
the same degree of polarization. Nonetheless, the singieatlump model can provide
useful insights even for a more complicated geometry suchram-uniform dust distri-
bution. In such a case, the polarization will be related ®fthctuations of the column
depth of dust to the SN. In the optically thin case, the reggliftuctuation will be the same
as the optical depth required in the case of single dust clump

For dust distributed in a torus viewed edge-on, the amoutisf needed is 27/66
times larger than demanded by the single dust clump modklamtangular sizéd. Fig-
ure 3.5 presents the amount of dust demanded to accountefabderved change in po-
larization at different scattering angles. This allows $hegle dust clump to move along
the iso-delay light surface and provides a more universstrijgtion of the implied dust
mass. The minimum amount of dust that is compatible with assgeometry is still con-
sistent with constraints from NIR observations, i16:;° M, inside a radiug.0 x 10" cm

(Johansson et al., 2017). If we model the polarization im$eof a non-uniform spherical
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Figure 3.4 The left panel illustrates the geometrical camfitjon of a circumstellar light

echo around a supernova. The right panel provides a schediatjiram describing the
contribution from photons scattered by a circumstellart disud at large angle and the
time-variant polarization of the SN 2014J. Paraboloidsesent the iso-delay light sur-
faces at different epochs (as labeled).

shell, the required mass will be larger than or of the orde40f56* times of that for a
single dust clump. Such a large amount of dust is marginattgnsistent with the cited

NIR observations.
3.3.3 Stability check of theHST polarimetry

UnfortunatelyHST has obtained only few polarimetric observations of pointrses
that could be used to asses the quality of the observatioN&®.4J. To test the stability
of HST polarimetry, we have also measured the polarization of abeurof stars and neb-
ular sources in thélST WFC field. The positions of these stars and nebulae are marked
in Figure 3.6. The evolution of their polarization betweery @77 and day 416 is visu-
alized in Figure 3.7. The measured polarizations for threghtest reference sources are
compiled in Table 3.4. This demonstrates that the polaoadietween the two epochs is

stable to within 0.3%. Additionally, the polarization maesd in different regions of the
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Figure 3.5 The dust mass required to produce the observeddkpolarization as a func-
tion of scattering angle caused by the dust clump’s posiiong the iso-delay surface
at day 277 (when the deviant polarization was measured)hdrupper panel, the cases
of silicate, graphite, and Milky Way dust are representea Bglid purple, dotted-dashed
orange, and dashed pink line, respectively. The scattemgle dependency of scattering
phase functions and polarization efficiencies obtainechfYdeingartner & Draine (2001)
are overplotted in the middle and bottom panel, respegtivel
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Table 3.4 Measured polarizations of bright and polarizedsss

R.A.(J2000) Dec (J2000)  Aperture radius Tq q° ul u?

(h:m:s) (d:m:s) 0O (%) (%) (%) (%)
0.35 -0.61#0.08 -1.15:0.12 -3.79£0.08 -4.22-0.12
SN 2014J 09:55:42.11 69:40:25.90 0.40 -:6008 -1.13-0.12 -3.82£0.08 -4.24t0.12
0.45 -0.540.08 -1.22£0.12 -3.820.08 -4.34:0.12
0.65 0.410.17 0.72£0.10 -0.8@:0.17 -1.18:0.10
Source 1 09:55:47.29 69:40:48.37 0.70 =217 0.64:0.10 -1.03:0.16  -1.28-0.10
0.75 0.46£0.16 0.55£0.09 -1.13:0.16 -1.45:0.09
0.35 1.18-0.26 1.330.15 -2.64t0.26 -2.81#0.15
Source 2 09:55:46.51 69:40:43.37 0.40 1B24 1.38:0.14 -2.52:0.24 -2.85-0.13
0.45 1.15-0.23 1.3%0.13  -2.22£0.22 -2.96:0.13
0.65 3.55:0.06 3.66£0.03  -2.98:0.06 -3.29:0.03
Source 3 09:55:46.97 69:40:41.73 0.70 30006 3.53:0.03 -2.95:0.06  -3.24:0.03
0.75 3.43:0.06 3.46:0.03 -2.89:0.06 -3.23:0.03

IMeasurement of"'475W from epoch 1 at t=277 days.
2Measurement oF'475W from epoch 2 at t=416 days.

CCD agrees within 0.2% (Sparks et al., 2008). Therefore,amelade that the observed

change in polarization of the SN is not an artifact of therinsient.

3.4 Discussion

Compared to the dust detected at day 277, the amount of dst#t aloser distances
from the SN is constrained by the absence, at the 0.2% lelrghr@bility of the early
polarization. Following Yang et al. (2017a) and the defams on the relations between 2-
dimensional light echoes and 3-dimensional scatteringdigsibutions (Chevalier, 1986;
Sparks, 1994; Sugerman, 2003; Tylenda, 2004; Patat, 28@3)riefly define the geome-
try of circumstellar light echoes used through this papen aketched in the left panel of
Figure 3.4. The SN is placed at the origin of the sky planeattexing volume element
dV lies at radiug- from the SN, and gives the foreground distance of the scattering vol-
ume element along the line of sight. The light echo can be waly approximated by a
paraboloid, which focus coincided with the SN. Defindjngs the projected distance of

a scattering volume element to the SN perpendicular to tieedf sight (the: direction),
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Figure 3.6 The bright sources in thST images used for determining the stability of the
polarization measurements. Each source has been monwitte@ aperture sizes. The
SN is circled in black. The three brightest nebular blobsated in large red, green, and
blue, respectively. Fainter sources with larger errorcacted in white.
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Figure 3.7 Bright sources used to check the stabilitiA8T polarimetry. The horizontal

and vertical axes represent the difference betweer)thedU values respectively mea-
sured on days 416 and 277. SN 2014J and three brightest sareenarked with black

and colored circles as in Figure 3.6. Fainter sources witlelaerrors are presented in
light gray. The weighted mean difference of all sources &sented by the purple dot.
The brightest source, manifested in red, together with teighted mean, depict no time
evolution at the 0.2% level. This comparison suggests aigemavolution of the polariza-

tion of SN 2014J between days 277 and 416.
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the distance of the scattering volume element from the SN is:

1/ p?

wheret is the time sinece the SN radiation burst andenotes the speed of light. The

scattering angle is therefore given by:
cost(p,t) = z/(z + ct) (3.12)

Under the single-clump hypothesis, and considering thétesoag angle of114°
with respect to the line of sight which the minimum amount efrenomical silicate
dust is required, using Equation 3.11 and 3.12, the day 38reagons imply less than
2.6x10~ "M, at a distance around 23.5 light days (713'¢ cm). Similarly, theHST ob-
servations on day 416 constrain the mass of a single duspdiohess than 49107 M,

(1 o) at a distance around 296 light days (ID'" cm). Approximating the radial dis-
tribution of the clump with a Gaussian function @f= 20 light days generally increases
the amount of dust by a factor of 2 to 2.5 with respect to thevalassumed function. A
single dust clump is of course an over-simplification. Thvedolimit it places on the mass
on day 277 may be much larger if the dust is more uniformlyritisted, either in a thin
slab in the plane of the sky at the location of the SN 2014J arradially more extended
volume.

Around optical maximum as well as after day 416, the measpoéatizations are the
same to within the errors but different from those on day 2THe interpretation of these
data is highly model dependent, but the difference of poddion between these epochs
and at the SN maximum dipict that there is either no dust danées of~ 6.1 x 10'°

cm (day 33) and- 7.7 x 107 cm (day 416), or the dust distribution at these distances is
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extremely uniform, such that on the plane of sky the opaaitsttiation is less thax0.02.
From day~649 on, the errors of polarization measurements are mugérlauot the results
are still consistent with the polarization at maximum lighterefore, between days416
and~1181 the light from SN 2014J did not encounter significant am® of dust.

The distance 0f-5.1x10'" cm (~197 light days) between the dust and the SN can
be compared to a putative nova outburst of the progenitor poithe SN explosion. For
a typical nova ejection speed of 1,000 km/sec, this dist@censistent with an eruption
160 years ago. If the nova outburst was brief, the ejected maikely distributed in a thin
clumpy shell. This can explain the absence of dust closerddarther away from the SN.
In some other variant of the single-degenerate model, then&Nhave exploded inside a
planetary nebula shell (Wang et al., 2004; Tsebrenko & S&@&5). Also in the context
of a possible merger of two degenerate stars pre-explogeati@n of matter is possible.
The above inferred distance of dust from the SN permits the &#lapsed since this event
to be estimated. For both a single- or double-degeneragepitor, the distribution of the
pre-explosion ejecta will not be well described by a sindbeid.

The position angles at day 277 and day 416 exhibit no timaxieol, except in the-
band data taken on day 416, where the degree of polarizatiowiand the position angle
suffers larger uncertainties. A possible explanationas the dust particles in the scatter-
ing cloud(s) are asymmetric and aligned with the foregraidunst that is responsible for the
extinction. Itis unclear how such long-distance coordoraimight be physically possible,
but comparable dust alignment has indeed been found intgal&M regions (Andersson
et al., 2013). Alternatively, the magnetic field close to 8¢ may be highly coherent
and very efficient in quickly aligning dust particles. Thésgqualitatively discussed in the
following paragraphs.

When light from the SN is scattered by circumstellar dustrgrathe E-vector will

be perpendicular to the scattering plane so that the palawiz PA is only related to
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the location of the dust, here approximated by a single cluwp also assume that the
cross section of aligned dust grains is larger along thejonaxis, and the polarization is

strongest when the grains’ major axis is perpendicularéstattering plane. For instance,
needle-like grains at a right angle to the scattering plameproduce a significant amount
of polarization. If a large-scale magnetic field permeatath Ihe circumstellar dust and

the line-of-sight ISM, it may align the grains in the dustralmand in the ISM to the same
direction. Consequently, the E-vector of dichroicallyated light on the direct SN-Earth

line of sight is normal to that of the light scattered by cimatellar dust. Figure 3.8 gives
a schematic view of the net E-vector generated by circutastetattering and dichroic

extinction.

The scattered light will be polarized with the E-vector gergicular to the scattering
plane, whereas the transmitted light will have an E-vectefgrably absorbed in this di-
rection. If the dust grains in the foreground ISM and thewmstellar dust are both aligned
by the same local interstellar magnetic field, this explarhy the polarization decreases
as the unresolved circumstellar light echo studied in thjsgp emerges. Most efficiently
scattering (and polarizing) dust consists of particlegredd with the ambient magnetic
field. Under this assumption, the aligned interstellarmgalo not impose a rotation on
the integrated polarization of the SN point source: Eitlner $cattered light contributes
only a few percent to the total received light so that thetroteis small (i.e. barely mea-
surable) even in the more general case in which the scajtpalarization in the resolved
circumstellar light echoes and the direct line-of-sighérstellar polarizations are not per-
pendicular. Or the circumstellar light echoes are contiifgumore substantially to the
total signal. Then, a rotation in the integrated with respect to the interstellar direction
will happen if the polarizatio A in circumstellar light echoes is not perpendicular to the
local interstellar magnetic field.

This reasoning permits an independent limit to be set on thectntribution of the

66



Very small scattering cross-
section produces small amount of
scattered light. This clump does
not contribute to the polarization

E-Vector of scattered light

The most efficient polarizing clump

Figure 3.8 Schematic diagram explaining the consisterarmaition P A if the grains in
circumstellar dust clumps are aligned with the local irttdlar magnetic field. Red bars
illustrate dust grains aligned by an ad-hoc coherent magfietd, green dashed lines
represent light from the SN, blue arrows demonstrate trection of E-vectors of the net
polarized light. The observer is located outside the riglgteeof the figure.
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light echo. If the maximal change iR.A. is 5° and the polarization imparted by the
scattering is 50%, the contribution by a light echo to thaltobserved flux should not
exceed~ 2%. For the most efficient case of circumstellar polarizatiasn, by a single
clump of astronomical silicate witth= 0.1 ym at~114 (Section 3.3.2), the polarization
decrease observed on day 277 (fredh.9% to~3.8%) can be explained with-a2% flux
contribution from the light echoes in thié475WW-band as is also illustrated by the inset
panel in Figure 3.3.

Circumstellar dust composed of needle-like grains aligmigd the interstellar mag-
netic field has a net polarizing effect even if its spatiatritisition is spherically symmet-
ric. The reasons is that scattering in planes aligned wighgttains would produce zero
polarization. Therefore, it would not lead to a cancellatod the polarization produced
by scattering on planes perpendicular to the dust alignma@dta net polarizatiuon arises.
This further indicates that the polarization of light eck@@not necessarily an indication
of the ni=on-axisymmetry of the dust cistribution.

Itis also possible that the dust grains in pre-explosioatejare aligned neither with a
magnetic field nor the radiation torque of the SN, i.e., eitim& dominant directional pref-
erence. Instead of being elongated but randomly orientest, grains may alternatively
have nearly spherical shape with little polarizing powecaaese the difference between
minimal and maximal extinction efficiencies is small. Inthiése cases, the deviant inte-
grated degree of polarization and the invari&x observed on day 277 require the dust
to be at certain position angles relative to the SN, i.e.statering plane is perpendicular
to the interstellar magnetic field. This would introduce athogonal polarization com-
ponent to the integrated light. Under these circumstartbesyectorial combination of
the two components only affects the degree of polarizatiambt theP A as observed in
SN 2014J.

Polarization traces the magnetic field and enables a unjgomach to the study of

68



its interaction with asymmetric dust. Careful studies o$tdgrains aligned through the
‘radiative alignment torque’ (R.A.T.) are able to providastable predictions on various
properties (Lazarian & Hoang, 2007). Andersson & Pottell(@dound that dust sur-
rounding the Herbig Ae/Be star HD 97300 does not align withgtellar wind, ruling out
significant contributions to grain alignment through thellat wind or radiation pressure
of the star (the so-called Gold alignment, see, i.e., GA82). At a star-cloud distance of
~0.03 pc, a weak dependence of the grain alignment efficiendh®angle between the
magnetic field and the radiation field anisotropy is seen gkssbn & Potter, 2010). This
confirms the grain alignment predicted by the R.A.T modelt iBtemains still unclear,
whether an intrinsic magnetic field of the progenitor of SNL2Dor the ambient magnetic
field in the ISM of M82 could align the dust grains quickly egbuwithin the relatively
short time (estimated above atl60 years) between the pre-explosion mass ejection and
the SN explosion.

It is important to stress that resolved light echoes aroud@&14J caused by inter-
stellar dust (Crotts, 2015; Yang et al., 2017a) do not comise the inference of circum-
stellar dust from the evolution of not spatially resolvedgpization. The scattering angle
by foreground ISM ig) ~ \/2ct/> ~ 4°.5(3;L-*%)"/?, wheret denotes the time after
optical maximum and is the foreground distance of the dust to the SN. At so smattsc
tering angles, the polarization of resolved light echosslte from the dichroic extinction
by partially aligned non-spherical paramagnetic dustrgrar his interstellar polarization
can be determined from the SN polarization around maximght (Kawabata et al., 2014;
Patat et al., 2015). Moreover, any such polarization sitmetl at the distance of M82 is
unresolved byHST is expected to be constant with time. Therefore, it cannptaéx the
deviant measurement on day 277.

Spitzer mid-infrared observations have set an upper limittee amount of dust

around SN 2014J inside a radius of £X®'” cm (Johansson et al., 2017). The value
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of 107°M,, is consistent with the polarimetrically inferred amountof2 x 10750/, at

6 x 10" cm from the SN (Johansson et al., 2017). In addition, vasiatterstellar Kl
lines have been observed and may form about 10 light yearsim 6f the SN (Graham
et al., 2015b). Moreover, numerous Na, Ca and K featuresggaloem SN-Earth line of
sight were detected (Patat et al., 2015). Possible CSM coantse among them contribute
at most marginally to the late-time polarization becausthefsmall polarizing effect at

small scattering angles.
3.5 Summary

Monitoring with the imaging polarimetry mode of ti#ST ACS/WFC at six epochs
from 277 and 1181 days after maximum light has probed theistellar environment of
the Type-la supernova 2014J. The polarization exhibitednsgicuous deviation on day
277 from all other epochs. This difference can result fraghtliscattered by silicate dust
ejecta of> 10750, located~ 5 x 10'” cm (~0.5 light years) from SN 2014J. If attributed
to the progenitor of SN 2014J, the distance of the dust fra&iN constrains the time of
ejection. Itis consistent with a nova-like eruption abos® years before the SN explosion
for a typical speed of 1,000 km/sec.

The polarization at other epochs is consistent with thesteédlar polarization around
the optical maximum. This rules out significant circumsteliust at distances between
~1 light year and~3.3 light years to SN 2014J. The mass of the pre-explosiariaegnd
the time difference between such an event and the SN explas@also consistent with
most of the double-degenerate scenarios discussed in Miatal. (2014) and references
therein. Therefore, the polarimetry of SN 2014J contrib@ssential information for the
understanding of the nature and pre-explosion evolutidheprogenitors of Type-la SNe.
But in the case of SN 2014J it cannot discriminate betweaylesimnd double-degenerate

models.
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The single-event-like time dependence of the degree ofaleipation and the con-
stancy of the polarization angle can be understood if treuoistellar dust of SN 2014J is
aligned with the ambient interstellar magnetic field. Hoereboth grains with low asym-
metry and elongated grains aligned by the radiative torquthé progenitor’s radiation
could lead to the same effect if the dust cloud is located gjtd angle to the interstellar
polarization. Polarimetry of light echoes around Galastigae can enable critical tests of

the alignment mechanism of dust grains.
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4. LATE-TIME FLATTENING OF TYPE IA SUPERNOVA LIGHT CURVES:
CONSTRAINTS FROM SN 2014J IN M82

4.1 Introduction

The astronomical community widely agrees that luminousrbgen-poor Type la
supernovae (SNe) explosions are powered by the thermaruclaaway of & 1M..)
carbon/oxygen white dwarfs (WDs Hoyle & Fowler, 1960). Tleeration-induced explo-
sion fuses~0.1-1.0/,, of radioactive’*Ni. Type la SNe cosmology, which uses Type la
SNe as the most accurate distance indicators at redshifte eu~2 (Riess et al., 1998;
Perlmutter et al., 1999; Riess et al., 2016). Amazinglys #tdcuracy is achieved without
knowing exactly the nature of various progenitors.

Prior to maximum luminosity, the light curve of Type la SNepswered by the
energy generated by the decay of explosion-synthesizeda@de nuclei. The repro-
cessing in the ejecta converts the energy to longer wavidlengThe decay chain of
%6Ni—*Co—5°Fe provides the main source of energy deposition into thetaf Type |
SNe (Arnett, 1982). During the early phases, the optictilgk ejecta trap the energy. The
dominant process is Compton scattering-ofiys produced by the dec&iNi + e~ —Co
+ 7 + v, (ti2 ~6.08 days), which allows energy to escape as X-ray continoiuat-
sorbed by the material in the ejecta via the photoelectfece{see Milne et al., 1999;
Penney & Hoeflich, 2014 for comprehensive reviews). The peced®®Co decays to stable
%Fe, and thé°Co decay process, with half-life,» ~77 days, dominates after200 days,
when the expanding ejecta become more and more opticatlydhd the column density

decreases as? (e.g., Arnett, 1979; Chan & Lingenfelter, 1993; Cappellatal., 1997;

Reprinted with permission from Yang et al. 2017b, ManugakidS05033, arXiv:1704.01431
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Milne et al., 1999). Thé®Co decays Eighty-one percent of tH€o decays as follows:
electron capture’Co + e~ —%Fe+ ~ + v,, and the remaining through annihilation of
high energy positrons in the ejectéCo —*°Fe+ e™ + v + v..

Observations at extremely late phases provide unique tpptes to examine var-
ious models exploring the effects of a magnetic field. As lasgenergy deposition is
dominated by positrons being completely trapped by the mtagfield, the slope of the
bolometric light curve should match th&Co decay rate. On the other hand, Milne et al.
(1999) suggested a “radially combed” magnetic field, or ewanagnetic-field-free sit-
uation as no magnetic field in radial directions will leadsato increasing fraction of
positron escape, and the light curve should decline fabtam the rate of°Co decay.
The discrepancy between the “trapping scenario” with a ocardimagnetic field and the
case without magnetic field can be as significant as 2 maggstindthe photometric light
curves from 400 - 800 days (see Figure 9 of Milne et al., 198@nilar variations of the
late-time light curves have been found by Penney & Hoefli€dlf based on measuring
positron transport effects and their dependency on the etagield with late-time line
profiles. However, they drew different conclusions. As ti éhvelope undergoes ho-
mologous expansion, the morphology of the magnetic fielcares) but the Lamor radius
increased linearly with time. Therefore, the fraction aofagged photons would exhibit a
time-dependence due to the variations of the magnetic fléid light curve should decline
faster than the rate 6fCo decay.

Additonally, different effects of nucleosynthesis can égtéble through the very late
photometric evolution of Type la SNe and may be used to disoate between different
explosion models. Two of the most favorable explosion ceéra delayed detonation in
a Chandrasekhar-mass white dwarf (Khokhlov, 1991) andlanmionerger of two carbon-
oxygen white dwarfs (Pakmor et al., 2011, 2012), will resoltate-time light curves

behaving differently due to different amounts of ejectatimggfrom >’ Co and’>Fe (Ropke
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et al., 2012). Therefore, fitting the decline rate of the figlrve at extremely late times
provides a unique opportunity to test the enigmatic explosiechanisms of Type la SNe.

Increasing evidence shows the flattening of Type la SN liginves around 800 to
1000 days, i.e., SN 1992A-050 days; Cappellaro et al., 1997, Cappellaro et al., 1997),
SN 2003hv £700 days; Leloudas et al., 2009), and SN 20112630 days; Kerzendorf
et al., 2014). This flattening cannot be explained even bypteta trapping of thé’Co
positrons. Seitenzahl et al. (2009) suggested that additieeating from the Auger and
internal conversion electrons, together with the assediXtray cascade produced by the
decay of""Co—°"Fe {;/» ~272 days) and’Fe—"°Mn (¢;», ~1000 days), will signifi-
cantly slow down the decline of the light curve.

Only very recently, Graur et al. (2016) carried out an analgs the light curve
of SN 2012cg as late as 1055 days after the explosion and excluded the scenario in
which the light curve of SN 2012cg is solely powered by theioactive decay chain
%Ni—?Co—5%Fe, unless there is an unresolved light eehid magnitudes fainter than
the SN peak luminosity. Another very careful study on the-k&ne evolution of SN 2011fe
has already extended the observing effort to an unpreced@622 days past the—band
maximum light (Shappee et al., 2016). This analysis haglgleketected the radioac-
tive decay channel powered ByCo, with a mass ratio of 10§{Cof*Co)= —1.621)5%.
This abundance ratio is strongly favored by double degémemadels which require a
lower central density. The detection ©f-e is still unclear at these late epochs (Shappee
et al., 2016). Another study based on the pseudo-bolonigfhiccurve for the SN 2011fe
has measured the mass ratid@@o to°°Co to be 1.3 — 2.5 times the solar value, which is
broadly consistent with the ratios predicted for the detiagetonation models (Dimitriadis
et al., 2017). Additionally, spectroscopic informationtbé nearby SN 2011fe has been
obtained at 981 days (Graham et al., 2015a) and 1034 daybdibarger et al., 2015).

Strong energy input from the radioactive decay@o is required, without which the op-
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tical spectrum would be underproduced by a factordf(Fransson & Jerkstrand, 2015).
The mass ratio of’Ni to °Ni produced, which gives a strong constraint on the Type la
SN explosions, is found to be roughly 2.8 and 2 times of thargaitio for SN 2011fe and
SN 2012cq, respectively (Fransson & Jerkstrand, 2015; Gtzai., 2016).

SN 2014J was first discovered on Jan 21.805 UT by Fossey &0dl4) in the very
nearby starburst galaxy M82 (34£8.04 Mpc, Dalcanton et al., 2009). Later observations
constrained the first light of the SN to Jan. 14.75 UT (Zhenglet2014; Goobar et al.,
2014). This date is consistent with the early rising recdrdg the 0.5-m Antarctic Sur-
vey Telescope (AST) during its test observations (Ma et28114) as well as with other
pre-discovery limits reported by various groups (Denigeek al., 2014; Itagaki et al.,
2014; Gerke et al., 2014). SN 2014J reacheditsband maximum on Feb. 2.0 UT (JD
2,456,690.5) at a magnitude of 11:88.02 (Foley et al., 2014). Follow-up photometric
and spectroscopic observations have been made by variouggfJohansson et al., 2017;
Lundqvist et al., 2015; Bonanos & Boumis, 2016; Srivastaalet2016). The strength
of v-ray lines (Churazov et al., 2014; Diehl et al., 2015) and rmalydgic model fit to the
pseudo bolometric light curve (Srivastav et al., 2016) of ZN4J suggest that0.5-0.6
M., of °Ni has been synthesized in the explosion. In this paper, \weemt our late
time HST photometric observations of SN 2014J and fit bothAlt8611 (broadV’) band
and an estimate of the pseudo-bolometric luminosity elaiuwvith the Bateman equation
considering the luminosity contributed by the decay®@o, °"Co, and®>Fe. In addition
to following a similar approach presented in Graur et al1@0we provide a careful as-
trometric analysis to the time-evolution of the positior gmofile of the SN 2014J point

source at very late epochs.
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Table 4.1 Log of photometric observations of SN 2014J W8T ACS/WFC POLV
Filter Polarizer Date Exp Phase Date Exp Phase Date Exp Phase
(um (s) Days (um (s) (Days) (um (s) (Days)
F475W POLOV 2014-11-06 3130 276.5 2015-03-25 3400 415.6 2015-11-12 41040 648.5
F475W  POL120V  2014-11-06 3130 276.5 2015-03-25 3400 415.6 2015-11-12 41040 648.7
F475W POL60OV 2014-11-06 3130 276.5 2015-03-25 3400 415.7 2015-11-12 41040 648.8
F606W POLOV 2014-11-06 240 276.6 2015-03-27 360 417.9 2015-11-12 #4311 649.0
F606W  POL120V  2014-11-06 240 276.6 2015-03-27 360 418.0 2015-11-13 4311 649.0
F606W  POL60V ~ 2014-11-06 240 276.6 2015-03-27 360 418.0 2015-11-13 #4311 649.1
F775W POLOV 2014-11-06 230 276.6 2015-03-27 3320 418.0 2015-11-12 4100 648.5
F775W  POL120V  2014-11-06 X55 276.6 2015-03-27 X320 418.0 2015-11-12 %4100 648.7
F775W POL60OV 2014-11-06 55 276.6 2015-03-27 3320 418.0 2015-11-12 4100 648.9
F475W POLOV 2016-04-08 41040 796.2 2016-10-12 »41040 983.1
F475W POL120V  2016-04-08 »41040 796.4  2016-10-12 »41040 983.3
F475W POL60OV 2016-04-08 1040 796.6 2016-10-12 »41040 983.4
F606W POLOV 2016-04-08 ©311 796.8 2016-10-14 3360 985.1
F606W POL120V  2016-04-08 311 796.8 2016-10-14 3360 985.1
F606W POL60OV 2016-04-08 4311 796.9 2016-10-14 3360 985.1
F775W POLOV 2016-04-08 4100 796.2 2016-10-12  »4202 983.1
F775W  POL120V  2016-04-08 »4100 796.4 2016-10-12 4202 983.3
F775W  POL60V  2016-04-08 4100 796.6 2016-10-12  »4202 983.4
2Days sinceB maximum on 2014 Feb. 2.0 (JD 245 6690.5).

4.2 Observations and Data Reduction

We imaged the SN 2014J with thdubble Space Telescope Advanced Camera for
Surveys/Wide Field ChanneHST ACS/WFC) during five visits (V1-V5) under multiple
HST programs: GO-13717 (PI: Wang), GO-14139 (PI: Wang), and¥3663 (PI: Wang),
i.e., Vl~day 277, V2-day 416, V3-day 649, V4. day 796, and V5 day 983, relative
to its B—band maximum at a mgnitude of 11:86.02 on Feb. 2.0 UT (JD 2,456,690.5,
Foley et al., 2014). Figure 4.1 shows the field around SN 20A4dg of observations
is presented in Table 4.1. Exposures obtained with difteA&8 visual polarizers and in
different filter combinations and visits have been alignedughTweakreg in the Astro-
drizzle package (Gonzaga et al., 2012).

The throughput of each ACS/WFC polarizer being used bySmphot software
does not match the values determined by on-orbit calibratidVe corrected the polariz-

ers’ throughput with the values deduced by on-orbit catibres (i.e., Table 12 of Cracraft

http://www.stsci.edu/institute/software_hardwarsdsis/synphot
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Figure 4.1HST ACS/WFC F606W (upper panels) and associate@06WV — F'555W
(lower panels) images of SN 2014J obtained in differenttvias labeled. Each square
measures’32 = 54 pc along its sides (north is up, east is left). The distéeteeen little
tick marks corresponds td' (.

& Sparks, 2007, also see Biretta et al., 2004). Followingttivee polarizers case de-
scribed in earlier works by Sparks & Axon (1999), we dedudexi $tokes vectors from
the observations. In this work, we only discuss the obseftluedrom the SN 2014J, and

the intensity maps (Stokes I) are the only required inpudipater to this analysis.
I— g[r(POLO) + r(POLG0) + r(POL120)],

wherer(POLO), etc. are the count rates in the images obtained througthtie polar-
izers. The polarimetric properties of the SN 2014J amonigmrdiht late phases will be
discussed in a future work.

After ~600 days past maximum light, the SN became sufficiently dichtha count
rates at the central pixels of the SN PSF became comparalttes tbright part of the
nebulosity close to the SN. The field shows that the SN liematend of a dark lane,
and just west of a bright patch of nebulosity. A backgrounklisction procedure sig-

nificantly diminishes the time-invariant signals and imm@® the photometry of evolving
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faint sources. Unfortunately, we found no pre-SN Hubblege® either with or without
the polarizers, showing the same region using filters coitlgatith our observations. Im-
ages obtained on March 29 2006 (progrgh0776; Pl:Mountain) wittHST ACS/WFC in
the F435W, F555W, and F'814W were used as background templates for Bar5W,
F6061W, and F775W exposures, respectively. For each band, the backgrourulats
have been scaled and subtracted from the intensity map. uvesaents were made with
a circular aperture of 01 (2 pixels in the ACS/WFC FOV) with aperture corrections ac-
cording to Hartig (2009) and Sirianni et al. (2005). The mmoetry has been performed
using the IRAF APPHOT package. The residual of the background has been estimated b
the median pixel value of an annulus around the SN. Compingiztween determining
the local background residual with nearby pixels and exolyithe contamination from
resolved interstellar light echoes (Yang et al., 2017a)ch@ose the inner and outer radii
as 172 (24 pixels) and 15 (30 pixels) for V1 and V2, and 06 (12 pixels) and 08 (16
pixels) for V3, V4, and V5. Table 4.2 presents the AB magretad SN 2014J at five
late epochs. The photometric uncertainties include thedeai noise of the signal, the
photon noise of the background, the readout noise conioib8.75 electrons/pixel for
ACS/WFC), and the uncertainties in aperture correctioim®s€ quantities were added in
guadrature.

This photometry strategy has been carried out considdnatgektremely nonuniform
background structures dominate the error budget in thepladses of the SN 2014J pho-
tometry, especially in V4 and V5. For the scientific consadiemn of this study, which is
testing the models for the light curve evolution at very lpbases, the major concern in
the data reduction procedure is to obtain the correct dechte of the SN light curves.

Therefore, we conducted a sanity check to test the religlaifiour measurement by per-

IRAF is distributed by the National Optical Astronomy Observis, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., undeoperative agreement with the National Science
Foundation (NSF).
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Table 4.2HST ACS/WFC late-time photometry of SN 2014J

Filter FATSW F606W F75W

Visit | Phasé AB Magnitude| Phasé AB Magnitude| Phasé AB Magnitude
276.5 17.3630.002| 276.6 17.4290.002| 276.6 16.742-0.002
415.6 19.4640.002| 418.0 19.6020.004| 418.0 18.276:0.005
648.7 22.3630.006| 649.0 21.9620.008| 648.7 21.427#0.009
796.4 23.2660.011| 796.8 22.91#0.017| 796.4 22.492-0.019
983.3 24.1620.027| 985.1 23.9360.047| 983.3 23.2940.027

abrh wnN Pk

Table 4.3. HST Late-time light curve decline rate of SN 2014J

Period" \Filter F475W F606W F15W
(Days) (Amag/100 days) 4Amag/100 days) Amag/100 days)
277 —-416 1.5140.002 1.5370.003 1.085:-0.003
416 — 649 1.2440.003 1.0230.004 1.366-0.004
649 — 796 0.6130.009 0.646-0.013 0.7210.014
796 — 983 0.4820.016 0.548-0.026 0.429-0.018

aApproximate days afteB maximum, 2014 Feb. 2.0 (JD 245 6690.5).

forming photometry on differenced images from our obseovet obtained at different

epochs. This directly measures the differential fluxes dedefore the light curve de-

cline rate. The decline rates between all the epochs caédclifeom photometry shown in

Table 4.3 and measured by this sanity check agree witlZi%h and are smaller than the
photometric uncertainties.

We correct our measurements for both the interstellar dustation in the SN host
galaxy and the Galactic extinction towards the SN 2014Jaét, fany imperfection in the
extinction correction will only affect the individual maigndes but no the decaline rates
of the light curves. A peculiar extinction la®,, ~1.4 towards the SN 2014J line of sight
has been suggested by many studies (Amanullah et al., 20b#nBet al., 2015; Foley
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etal., 2014; Gao et al., 2015; Goobar et al., 2014). In thidystwe adopfz, = 1.44+0.03

and Ay = 2.040.18 from Foley et al. (2014) for the extinction from the hgataxy and

Ry =3.1andE(B — V) = 0.054 mag for the Galactic extinction following Foley et al.
(2014) based on Dalcanton et al. (2009) and Schlafly & Fimdrej2011). Extinction in
F475W, F606W, andF'775WW has been calculated for each component using a reddening
law from Cardelli et al. (1989) with the correspondiRg value. Both components are

added to account for the total extinction towards SN 2014&&chHST ACS bandpass.
4.3 Analysis

In this section, we will test different mechanisms powetting late-time light curve,
and whether the light curve behavior is consistent with thedigtion for the delayed-
detonation and the violent merger progenitor scenarideviihg a similar procedure as
Graur et al. (2016) for SN 2012cg. We assume that the ejectaotimteract with any
circumstellar material. The pseudo-bolometric light @ufer SN 2014J was calculated
over a wavelength range from 3500 - 9000 based on our muiii-optical photometry.
We briefly summarize the steps as follows:

(1) Based on the lack of significant spectral evolution of SN T¥e compared to a spec-
trum at 593 days (Graham et al., 2015a), we assume the MODOS3p8ctrum of SN 2011fe
at 1016 days (Taubenberger et al., 2015) represents the spaictral features of SN 2014J
on V3~day 649, V4-day 796, and V5day 983. The spectrum was downloaded from the
WISeREP archive .

(2) We then perform synthetic photometry from this spectfanthe F475W, F606W,
and F'775W bands.

(3) We calculate the differences between the syntheticgohetry of the SN 2011fe spec-

trum and our extinction-corrected, observed photometi§id2014J.

http://wiserep.weizmann.ac.il
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(4) We calculate the scale factors between the observedyatidesic magnitudes in each
filter.

(5a) We warp the spectrum using % 2rder polynomial fit to the scale factors at the ef-
fective wavelength .

(5b) Alternatively, for each epoch, we fit a single waveléngtdependent gray scale
across all wavelengths.

(6) We iterate steps (2) - (5) until the synthetic and obsgptleotometry match to better
than 0.02 mag in each filter for (5a), or the mean differenteden the synthetic and the
observed photometry converges to its minimum value for,(®hjch standard deviation
among the three filters gives 0.11 mag.

The pseudo-bolometric luminosity for each epoch was obthioy integrating the
scaled spectrum returned from (5a) or (5b) over the wavéteramge from 3500 - 9000.
The errors on the pseudo-bolometric light curve were coegbtitrough a Monte Carlo
re-sampling approach using photometric errors. The wgrpin(5a) aims at iteratively
producing spectra consistent with the photometry whiclofed a very similar procedure
as described in Shappee et al. (2016), while the scalinghbh ibless sensitive to the
extrapolation of the polynomial correction to the spectrdrhe pseudo-bolometric lumi-
nosities calculated from these two approaches agree withimt all epochs, compatible
with the uncertainties of the Monte Carlo approach. Ourysislof the bolometric evolu-
tion of SN 2014J is based on the bolometric luminosity oladiwith (5b). Qualitatively
similar results have been obtained by duplicating the emiiralysis based on (5a) as fol-
lows.

In Figure 4.2 we present the spectra with the warping praee@left panel) and with

the gray scaling (right panel). For comparison, in each uppeel, we overplotted the

http://pysynphot.readthedocs.io/en/latest/propetienl#pysynphot-formula-efflam
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Figure 4.2 The constructed late-time SED for SN 2014J. Déwmwsthe bandpass
monochromatic flux fromHST observations at their effective wavelengths. Solid lines
show the spectra with the warping procedure (left panel)vaitid the gray scaling (right
panel) as described in Section 3. The lower panels presertbthl bandpass through-
put curve HST + ACS) for our F475W, F606WW, and F'775W observations, showing the
spectral response corresponding to the monochromaticsfirateulated from the observed
photometry.

bandpass monochromatic flux calculated as the product Gatahts x PHOTFLAM |,
where PHOTFLAM is the inverse sensitivity (in erg chs~! ~1) representing a signal of
1 electron per second. The lower panels present the totdplaas throughput curvelST

+ ACS) for our F475W, F606W, and F'775WW observations. The spectra on the left
panel are iterated to agree quantitatively with the photom¥isual differences between
the monochromatic bandpass flux and the spectra arise leeP8IBTFLAM used for the
SED assumes a smooth AB spectrum, which is different thaBthspectrum (see Brown

et al., 2016 for a comprehensive discussion).

This can be obtained with the ACS Zeropoints Calculator tpishfacszeropoints.stsci.edu/
http://www.stsci.edu/hst/acs/analysis/throughputs

83



In the left panels of Figure 4.3, we present th&75WW, F606WW, and F'775W -band
luminosity of SN 2014J after the extinction correction. bdaion to fitting the pseudo-
bolometric light curve after-500 days with the contribution from three decay chains:
%6Co—5%Fe,"Co—5"Fe, and®Fe—>Mn (an ‘all isotopes’ model), we also fit the same
model to ourF 6061/ -band observations. Here we have assumed that %60 days
the F6061/-band, which is centered at wavelength 5888.8 and with ahwidt 2570,
captures the dominant Fe features ([Fe IlI] around 4700 af@,33ended [Fe IN7155
and [Ni [[]A7378 around 7200; Taubenberger et al., 2015) and to be gropalrto the
bolometric light curves ag'-band observations (Milne et al., 2001).

Limited by a small number of visits, we approximate the ‘abtopes’ model with
two free parameters: the mass ratit(>”Co)/M (°Co), and a scale factor to match the
F6061W photometry (or the pseudo-bolometric luminosity) with thedel-calculated val-
ues. Using the solution to the Bateman equation which dessrihe abundances and
activities in a decay chain as a function of time (followingjt8nzahl et al., 2014), and by
counting the decay energy carried by charged leptons arayX-the luminosity contri-

bution from a single decay chain gives:

C M MA) ¢ +qi
La(t) =2.221—
a®) Adays—! M, keV

exp(—Aate) x 10%3ergs™ (4.2)

where(' is a scaling factorA gives the corresponding atomic numbgy, is the inverse
mean lifetime which is\y = 7;' = In(2)/t1/2,4, M(A) is the total mass of a certain
decaying elementj, andq} are the average energies per decay carried by charged lep-
tons and X-rays, respectively, andis the time since explosion. Due to the limited data
points in our late-time photometry, we used a ratio\6f>”C'o) /M (**Fe) ~ 0.8 (model

rpc32; Ohlmann et al., 2014). The valuesXof, ¢4 andq} used here are obtained from

where the filter throughputis larger than 0.05%
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Figure 4.3 Luminousity evolution of the monochromatic flsxeom the broadband ob-
servations (left panel) and pseudo-bolometric flux (ricamgd) with possible mechanisms
explaining the flattening of the light curves of SN 2014J. Tgiepanel presents the fitting
and residuals of V3, V4, and V5 based B6061V -band observations while the right panel
shows a similar plot based on the constructed pseudo-bal@rheninosity. Thef'475W

and F'775WW-band observations in the left panel and @61V -band observations in the
right panel are shown for comparison. TRé061/ -band observations after500 days
have been assumed to be proportional to the bolometric ¢igitves (Milne et al., 2001)
and free from possible-ray photons. Only observations after 500 days have been fit-
ted with models accounting for all the listed isotopes®@o plus a faint, unresolved light

echo. One more visit around day 1180 will be obtained: thedgled date of observations
is marked by vertical dotted lines.
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Table 1 of Seitenzahl et al. (2009) and Table 2 of Seitenzahl.€2014). We justify
our assumptions as follows: (1) The total deposition fuorcis determined by both the
net deposition functions foy—rays and positrons. The—rays produced by the annihi-
lation of the positrons are subject to both deposition fiemst. By simply assuming the
radioactive source is confined to the center of a sphericatilition of ejecta yields a
fraction 1 — e~ of the energy produced by—rays would be left behind in the ejecta
(Swartz & Wheeler, 1991). The—ray optical depthr, drops significantly as~* and we
neglect contributions from-rays because the SN ejecta became transparentdgs at

t 2500 days (Milne et al., 2001); (2) Limited by a small numbempbbtometric point,
we begin by fitting Equation 4.1 assuming full trapping of ipesis/electrons. In other
words, we assume positrons, electrons, and X-rays aretfalbped, instantaneously de-
posited, and radiate their energy. One should also noteé¢natrecently, Dimitriadis et al.
(2017) found that the late-time bolometric light curve of @Bl1fe is consistent with
both models, namely positron/electron escape as well apletetrapping, that allow for
positron/electron escape, and models that have complstgguelectron trapping but do
allow for redistribution of flux to the mid-far IR.

The luminosity contribution from each decay channel is shawFigure 4.3. The
total luminosity given by these decay chains is represdoydatie pink dashed line. In the
left panel, we show that a mass ratioldf®”Co) /M (*Co) = 0.07675-503 gives the best fit
to the ‘all isotopes’ model based on th&0611-band observations after 500 days (V3,
V4, and V5). The dot-dashed gray lines show the model inolydne luminosity from
%Co decay and possible reflections from an unresotvédight echo (see Graur et al.,
2016). In the right panel, we show the same trend in a simttamdibased on the pseudo-
bolometric light curve, which the mass ratio givie&°”Co) /M (*°Co) = 0.09473517.

If light echoes dominate the late time signal from the SN, ves expect a significant

profile change or centroid drift if the circumstellar maitedistributed at sufficiently large
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distances from the SN. Light scattered by dust at such distacan produce measurable
distortions to the image profiles if the scattered light duaes the total observed flux.
At the distance of SN 2014J, 1 light year corresponds to 187 ACS/WFC pixels.
Depending on the dust distribution, we may expect the stplafiles to become non-
point like, or the centroid of the stellar profile to drift at¢ time. We have checked the
stellar profiles and found no significant deviations from apsource at all epochs of our
observations. In the following, we provide a comprehensheck on the centroid position
of the SN.

The barycenter of the stars and HIl regions around SN 20148 measured to esti-
mate a possible change in the relative position of the lighission of the SN. The preci-
sion is limited by the scarcity of stars in the immediate mityi of the SN, as well as the
uncharacterized field distortions caused by ACS/WFC pxdasi(see, i.e., Section 5.3 of
Gonzaga et al., 2012). Figure 4.4 presents the apparenirspdsition measured from our
observations inF'475W and F'6061/. The RA and Dec were calculated using the image
from V3, with the SN at the origin of the coordinates. The gaagows show the vector
difference of the originally measured positions of the statwo different epochs. The
black arrow shows the same vector after a 2-D linear regre$siremove the dependence
on RA and Dec, which may be caused by residual errors of astrometric igdidns. The
linear regression was found to be able to reduce the shififgigntly in all cases. The
reference objects for astrometric comparisons were sglegithin a radius of 500 pixels
of the position of the SN. The FWHM of the objects was restddb be less than 8 pixels.
Only a small number objects in the earliest V1 satisfy thegeri@a due to the relatively
short exposure time.

In Figure 4.4, the upper panels present the measuremergd baghe highest S/N
F475W-band exposures, and the lower panels present the samesfiguie60611. For

instance, the upper-left panel presents the comparisavebatV3 and V1. The SN ex-
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Figure 4.4 Astrometric comparisons of different visits.ethandy-axis are the position

of bright sources relative to SN 2014J, most of which are Hgjions in M82. The gray
and black arrows are the relative motion between differeitsvprior to and after a linear
regression with thé& A andDec. A 1-0 displacement calculated based on all the presented
sources and scales are provided at the bottom right of eaxeh. gdo significant positional
drift of the SN is found among all the cases, suggesting tserad®e of any circumstellar
light echoes around 1 light year from the SN on the plane okye
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hibits an apparent motion of'M50; after linear regression with theA and Dec, this
reduces to 0021. This is in agreement with all the other objects in th&lfigvhich
show an average distance shift @5 and an RMS 0f’'0013. The upper-middle panel
presents the comparison between V3 and V2. The SN exhibigpparent drift in posi-
tion of 0’.019; after linear regression this reduces 't@05. The field objects exhibit an
average drift of 0.013 and an RMS of’0009. This also implies that there is no apparent
position drift of the SN with an upper limit of'0014. The upper-right panel presents the
comparison between V3 and V4. The original images exhibibsitipn shift of @.009
for the SN. This is already too small to be a significant diftter linear regression with
RA and Dec, using the stars around the SN, the drift changes’'tol®. The mean drift
of objects in the field is’0012 with an RMS of 0.007. An upper bound on the centroid
position drift of the SN between V3 and V4 is thus observeda@h017. Similar results
were obtained foF'6061/ -band exposures. In all cases, we have not observed a sagnific
position drift of the SN. The absence of such drift sets angfrconstraint on the nature
of the late time emission from SN 2014J. If the significantéaing in 6061V is due to

light echoes, the dust must be lie withit@17 of the SN.
4.4 Discussion and Summary

Table 4.3 shows the decline rate of the light curves at diffeepochs. Before~600
days, the SN dims more rapidly than the light curve poweréelysby the>*Co decay.
The~-ray energy deposition becomes no longer significant af@90 days, therefore, a
substantial fraction of the flux may be shifting out of theiogitbands into the infrared.
Similar behavior has been discussed in the case of SN 208é&fedndorf et al., 2014) and
SN 2003hv (Leloudas et al., 2009). After-600 days, a slower decay can be identified in
all the F475W, F606W, and F'7751W -bandpasses.
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Some observations of nearby Type la SNe show that their betlaerlight curves at
late phases follow th&Co decay channel (Cappellaro et al., 1997; Sollerman e2G04;
Lair et al., 2006; Stritzinger & Sollerman, 2007; Leloudask, 2009). These observa-
tions suggest that a turbulent, confining magnetic fieldstridye positrons, resulting in
local energy deposition (see Chan & Lingenfelter, 1993niliét al., 1999, 2001; Penney
& Hoeflich, 2014). In contrast®Co positron escape has been suggested in some cases
(Milne et al., 1999, 2001). As the ejecta expand over time,dre-configured magnetic
field weakens to the point that the Larmor radius exceedsitieeos the turbulence (see
Penney & Hoeflich, 2014).

We fit both theF'6061/-band and a ‘pseudo-bolometric’ light curve using Baterman’
equation for the luminosity contribution of th&Co, 5"Co, and®*Fe decay channels. The
best fit to the pseudo-bolometric light curve and #H@611-band light curve give a mass
ratio M (°"Co) /M (*Co) = 0.09470017 and 0.0760:0%3, respectively. Assuming the same
mass ratio yields for isotopes of the same iron-group elésn@ee Graur et al., 2016,
based on Truran et al., 1967 and Woosley et al., 1973), ousuneaents correspond
to ~3.5 times theM (°"Fe) /M (°°Fe) ratio of the Sun (i.e.~0.0217, see Table 3 of As-
plund et al., 2009). This is higher than the solar ratib.8 predicted for the W7 model
(calculated from Table 3 of lwamoto et al., 1999), and theusmtio~1.7 predicted for
the near-Chandrasekhar-mass three-dimensional dethgtedation model N1600 (calcu-
lated from Table 2 of Seitenzahl et al., 2013). TH&>"Fe)/M (°°Fe) ratio in our mea-
surements is also higher compare to the rati@and~1.1 suggested by the late-time
guasi-bolometric light curve analysis on SN 2012cg (Gradwle 2016) and SN 2011fe
(Shappee et al., 2016). A higher metallicity progenitorldalecrease the production of
SNi and result in a higheb/ (°"Ni) /M (°°Ni) ratio (Seitenzahl et al., 2013). An enhance-
ment of neutron excess due to electron captures in the datilagmave could lead to the

same effect.
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It has been suggested that beyerslD0 days in the ejecta, energy is shifted from the
optical and near-infrared to the mid- and far-infrareddredd as the infrared catastrophe,
Axelrod, 1980, and see Fransson et al., 1996; Fransson &tdankl, 2015). Thé” or
optical luminosity may not represent the actual behaviathefbolometric light curves.
This has never been observed so far in any Type la SNe (e.terr8an et al., 2004;
Leloudas et al., 2009; McCully et al., 2014; Kerzendorf et 2014; Graur et al., 2016;
Shappee et al., 2016). However, Dimitriadis et al. (201 Qgssted that the evolution
of SN 2011fe, around 550 to 650 days, is consistent with batiodel that allows for
position/electron escape and a model allowing for a radigion of flux from optical
to the mid-far infrared. In our study, we fitted tl#&061/-band and optical bolometric
luminosity after~650 days and do not consider the infrared catastrophe. d-studies
based on a larger sample will be able to help distinguisteth@s possible scenarios.

In summary, our multi-band photometry of SN 2014J out to 98fsgast thés—band
maximum light clearly detected the flattening due to extraihosity contributions other
than the decay of°Co. We conclude that the high/(*"Ni)/M (°°Ni) ratio estimated
from the late-time luminosity evolution of SN 2014J favoraear-Chandrasekhar mass
explosion model such as W7 of lIwamoto et al. (1999). Any digaint circumstellar light
echoes beyond 0.3 pc on the plane of the sky can be excludedrtgstrometric anal-
ysis. The observations strongly suggest additional hgdtom internal conversion and
Auger electrons of’Co—5"Fe; however, one should be cautious on the high mass ratio of
>Ni to °Ni. Systematical uncertainties from the SED constructimtedure, especially
the missing information from NIR observations and the ipadation of the SED based
on limited bandpass coverage should not be ignored (i.e.Bsawn et al., 2016). Addi-
tionally, the reliability of approximating the bolometiieminosity evolution aftet ~500
days with theF'6061/ -band emission requires more careful justification. Timedoe

more visit at~1180 days past th8—band maximum has already been allocated. This
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will provide another chance to better characterize the masity evolution of SN 2014J.
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5. OPTICAL SKY BRIGHTNESS AND TRANSPARENCY DURING THE WINTE
SEASON AT DOME A ANTARCTICA FROM THE GATTINI-ALLSKY
CAMERA

5.1 Introduction

Over the past centuries, people’s growing demand for lasgi@@omical facilities
keeps pushing forward the progress of astronomical siecg8ehs. Some of the most
major considerations for ground-based optical and IR aetry include the seeing, at-
mospheric transparency and cloud coverage, number of miglts, wind speed, precip-
itable water vapor, and thermal backgrounds. Various siteeys in recent years have
revealed the advantages of the Antarctic plateau sites. drahstable count rates of sky
backgrounds in optical bandpasses have been measured & Od¢Kenyon & Storey,
2006), the South Pole (Nguyen et al., 1996; Ashley et al.6),28hd Dome A (Zou et al.,
2010; Sims et al., 2012a). High atmospheric transmissienbean inferred at Dome A
(Lawrence, 2004; Yang et al., 2009) and various AntarctessiLawrence, 2004). Good
average optical seeing above the boundary layer can beneltat the South Pole, i.e.
0”.37 atA = 2000 at 17-27 m above the ground (Marks et al., 1996), arfid28 at
A = 2.4 ym (Marks, 2002). At Dome C Lawrence et al. (2004) found seeiin@’®7,
while Agabi et al. (2006) determined @6 + 0”.19, Aristidi et al. (2009) found 036,
and Giordano et al. (2012) found0”.3 at~30 m above the ground. See also Vernin
et al. (2009) and Aristidi et al. (2015). Many astronomidagervations could benefit from
the consecutive periods of dark time at polar latitudes. famsons between different

astronomical sites among the Antarctic plateau are beirdgmegarding cloud coverage,

Reprinted with permission from Yang et al., 2016, ManudckipS03391R3, arXiv:1610.10094
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aurorae, thickness of the boundary layer, seeing, humiditd temperature (Saunders
et al., 2009).

The high-altitude Antarctic sites of Dome A (latitude°22’ S, longitude77°21’ E,
elevation 4093 m) offer intriguing locations for futuredarscale astronomical observato-
ries. Site testing work since 2008 has confirmed Dome A to bexaallent astronomical
site. The extremely thin turbulent boundary layer meastwdze 13.9 m near the ground
at Dome A enables a free-of-atmosphere observing conditioa telescope on a small
tower (Bonner et al., 2010). Some other advantages inajutimlow sky brightness mea-
sured in the SDSSband (Zou et al., 2010), the outstanding low cloud coveragepared
to other astronomical sites (Zou et al., 2010), and the mdhe low atmospheric water
vapor content (Sims et al., 2012b). Additionally, the awglnd aurorae at Dome A in the
optical and near-IR range during the 2009 winter season lb@ee characterized by Sims
et al. (2012b), and only 2% of the time during 2008 winter sagsolar minimum) has
shown strong auroral events in thband (Zou et al., 2010). Dome A also has exceptional
transmission and multi-day persistent superlative olisgrgonditions in the Terahertz
regime (Yang et al., 2010).

Time-series photometry has long been an essential toalitly she stellar properties
as well as other astrophysical phenomena involving tinteamaicelestial objects. Long-
term monitoring of stars to a very high degree of precisiosbps a wide range of fre-
guencies. Over the last decades, there has been rapid gsagmnsecutive, high-quality,
and high-cadence transiting surveys. Space-based msssidnding the Swift Ultravio-
let/Optical Telescope (Gehrels et al., 2004; Roming eR@Dp) is leading the high-energy
regime, the CoRoT satellite (Baglin et al., 2006) and thel&egatellite (Borucki et al.,
2010) are searching for Earth-size planets and perfornmstgy@seismology on the field
stars. A summary of ground-based untargeted transientanmble surveys can be found

in Table 1 of Rau et al. (2009).
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Consecutive monitoring for as long as months is not possblsingle-site mid-
latitude astronomical observatories. While space-basetsient surveys achieve better
accuracy due to the extremely low atmospheric absorptishyutence, and light pollution,
ground-based sites offer advantages such as unlimiteshcadiexible pointing, and the
feasibility of following brighter targets. Taking the adwages of the long “winter night”
as well as other remarkable observation conditions at Domleigh quality time-series
observations carried out with small telescopes have afrehthined, opening a window
for asteroseismology at Antarctica plateau sites.

Previous works demonstrated that high photometric acgucaa be acquired by
small aperture telescopes at Dome A. The first and comprafeestsidies on asteroseis-
mology and stellar physics at Dome A Antarctica have beermgoted by the 14.5 cm
diameter Chinese Small Telescope ARray (CSTAR, Yuan eR2@08), which has mon-
itored an area around the South Celestial Pole since 200&. nditure of the CSTAR
wide field design (FOV ofl.5° x 4.5° and the absence of a sidereal tracking system in-
troduced significant systematic uncertainties into st@lkeotometry. Various efforts have
been made to reduce the systematic errors and to push thenpdtoic precision below a
few mmag, including the modeling of the inhomogeneous &fe€ clouds (Wang et al.,
2012), the ghost images (Meng et al., 2013), and the sysiediatnal residuals (Wang
et al., 2014b). Based on the detrended light curves obtalnedg the 2008 winter sea-
son, comprehensive studies on exoplanet candidates (Wahgz914a), stellar variability
(Wang et al., 2015), eclipsing binaries (Yang et al., 2048} stellar flares (Liang et al.,
2016) have been carried out. Other independent studiegiathe variable sources (Wang
etal., 2011, 2013; Oelkers et al., 2015), and specific ssualighe pulsation modes of RR
Lyrae stars (Huang et al., 2015) andscuti variables (Zong et al., 2015) based on the
CSTAR observations in single or multiple years from 200®tigh 2010. We also note

the variable stars observed during the 2012 winter seasiogt @l., 2015) with a single

95



unit of the Antarctic Survey Telescopes (AST3, Yuan et &14). In addition, time-series
photometry studies have also been conducted at Dome C Ainggrior instance, careful
time-series multi-color photometry to study the stellalsption and evolution using the
Photometer Antarctica eXtinction (PAIX, Chadid et al., 202014, 2016).

These transient surveys at Antarctic sites withO cm class and larger telescopes
have measured the stars within a magnitude range®to ~15 with a FOV of < 20
square degrees. The multi-band ultra-wide FOV imaginginbthby Gattini-Dome A
camera during the 2009 winter season is also a valuablead&@ssidering its continuous
monitoring of the flux variation of the third to seventh magde stars. Multi-band pho-
tometric results for bright targets obtained during the@2@inter season by the Gattini-
Dome A camera will be discussed in a future paper.

In this paper, we analyze a multi-wavelength dataset delteat Dome A, Antarctica,
during the 2009 winter season. We have measured and celibtia¢ sky brightness in
three photometric bands. We estimate the transparencaticens and perform aperture
photometry for those targets in thémagnitude range-3.5 to~7.5. We focus on targets
in the sky south of declinatior-50°. The organization of this paper is as follows: In
Section 2 we describe the instrument and observationsioBettiscusses data reduction

pipeline. In Section 4 we give our results, and in Sectionboomclusions.
5.2 Importance of Sky Background Measurements

When doing astronomical photometry, the ideal result isett@iamine the brightness
of individual celestial objects. However, various souricetuding the scattered light from
the Sun, the Moon, the aurora and airglow, will contaminlag¢efiux from the astronomical
sources. A summary of the contributions to the light of thghbhisky has been provided
by Roach & Gordon (1973) and Kenyon & Storey (2006). Consigdethe case of aper-

ture photometry, the total flux integrated over the circiperture can be expressed as
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Fluz = Source + Sky + RN? + Dark. The terms on the right-hand side are the source
counts enclosed by the aperture from a celestial objectskipdackground, the readout
noise (RN?) , and the electron counts from the dark current, respdgtiieue to the
discrete nature of the electric charge, a Poisson procedglmthe counting process of
the photons, and the error is given by the square root of tia ¢ounts. By adding the

noise terms in quadrature, the signal-to-noise (S/N) fgeacbmeasured in aperture with

a radiusr can be written asiS/N = Source/+/Source + Sky + RN? + Dark. In a
sky limited case, i.e.s/Sky > 3RN, S/N ~ Source/\/Sky. The temporal variation
of the sky background significantly influences the efficieaogl detection capability of
ground-based astronomical facilities, especially in tve /N regime.

Given the critical role played by sky brightness in astrom@ahsite selection, the
measurement of the background light of the sky has beeredaoiit for over a century
using photographic plates, photomultiplier tubes, and enodligital detectors. A classic
monograph on the subject e Light of the Night Sky by Roach & Gordon (1973). A
comprehensive summary of the published sky backgrounststatis given by Benn &
Ellison (1998). Some useful background can also be foundipeps by Walker (1988),
Krisciunas (1997), Patat (2003), Krisciunas et al. (20ai}l references therein.

The daily and monthly variations of the sky brightness atiigi-altitude Antarctic
Dome A site are expected to be different than mid-latitutissi It can be shown that the
angle of solar elevationy, can be approximated in terms of the solar declination amgle
a given datej(d), the hour angle of observation at a given time during the &y, and

the observer’s latitudes:

o =sin"! (sin&(d)singb + Cosé(d)cos[h(t)]cosgb) (5.1)
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Whered is the day of the year with January Bsd = 1; given¢ = —80°22’' of Dome

A site, on the summer solstice & 172), the Sun obtains its lowest mean altitude over a
sidereal day, i.e/(t) from 0" to 24", o« ranges from-13°.8 to —33°.1. Therefore, even
continual darkness can be expected during the winter seds@ntarctic sites, however,
the latitude of Dome A never allows the Sun to stay more thankiow the horizon
for an entire sidereal day. The twilight due to the scattéigdat from the Sun and the
Moon without the additional scattering by clouds need to loel@ted to better understand
the scattering effect of the atmosphere at Dome A. For oiles, Krisciunas & Schaefer
(1991) present a model of tHé-band sky brightness when there is moonlight. Liu et al.
(2003b) also present a model of the brightness of moonliglat function of lunar phase
angle and elevation above the horizon. A much more advanaeohiight model, based

on spectra taken at Cerro Paranal, Chile, is presented leg &tral. (2013).
5.3 Instrument and Observations
5.3.1 Project goals

The multi-band sky brightness at Dome A, as well as the skyhimess among a
large area of the night sky, are unknown quantities. Thei@attoject was created to
unambiguously measure the optical sky brightness withimaredibly large90° x 90°
Field-Of-View (FOV), as well as the cloud coverage and aarof the winter-time sky
above such a high-altitude Antarctic site. The Gattini-2oMmAll-Sky Camera (GASC,
Moore et al., 2008) was installed on the PLATO (PLATeau Oe@ry) instrument mod-

ule, which is an automated self-powered astrophysicalrebs®my deployed to Dome A
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(Yang et al., 2009), as part of the Chinese-led expeditidhadighest point on the Antarc-
tic plateau in January 2008. This single automated widéd-fiaimera contains a suite of
Bessell photometric filtersH, V/, R) and a long-pass red filter for the detection and mon-
itoring of OH emission. We have in hand one complete winteetdataset (2009) from
the camera that was returned in April 2010. The extremegel&OV of the GASC allows
us to monitor the night sky brightness in tBe V', and R photometric bands and the cloud
cover beginning in the 2009 winter season at Dome A over a vedge of zenith angles
(0° to ~ 30°). Multi-band sky intensities measured by GASC in combmatvith spectra
obtained with the NIGEL instrument (Sims et al., 2010) wileo more comprehensive
statistics on aurora and airglow. In addition, photomefiyra@ht target stars in the GASC
FOV with an unprecedented temporal window function is paediby months of contin-
ual darkness during the Antarctic winter. An overview of thalti-band GASC FQOV is

shown in Fig. 5.1.
5.3.2 Dome A camera design and assembly

The Gattini Dome A All-sky camera was a novel low-cost patiéinthat ambitiously
set out to measure the multi-year sky properties of one ofithst remote and desolate
sites on the planet. It was assembled at Caltech during 20@B;onsists of a Nikon 10.5
mm /2.8 GED DX fisheye lens mated to an Apogee Alta U400 2K interline camera,
and filter wheel with an assortment of photometric filterse Bgstem is housed inside a
heated enclosure and controlled by a rugged PC based ssquesystem. The project cost,
including labor for fabrication and test but excluding ktigal costs, was approximately
$50,000 US dollars (in 2008). The system was pointing neaSP, without guiding or
field rotation. The system gives a mean plate scale of apmately 150 pixel~!, about
147 pixel~! near the center of the FOV and 155" pixel~! near the edges of the FOV.

The entire field is abouwi5° x 85°.In between the lens and the camera is a 5-position filter
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Figure 5.1 Multi-band images obtained by GASC on 21 June 2008 upper left, upper
right, lower right, and lower left panels present thefin V-, R-, and OH-band images,
respectively. The Milky Way runs from the top middle towattds lower right in each
panel, and the LMC and SMC can be identified in lower left qaatiof each panel.
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wheel containing BesselB, V, and R filters (Bessell, 1990). The remaining two slots
are for a long pass red filteA (> 650 nm) for the study of airglow (OH) emission and an
opaque mask for dark current tests.

The heat permits successful operation of the off-the-gteatfera as well as prevent-
ing and eradicating ice on the window surface. A conductngium tin oxide coating
was employed on the window surface as a method of de-icingieMer, it was found that
when operational this was not sufficient to remove ice tha elgosited in large amounts
due to the surface wind. Some images showed very few souveesmall uninterrupted
periods of time, ranging from hours up+e8 days. It is not possible to determine whether
the lack of astronomical sources was caused by ice and &owel on the cover window,
or because of the atmosphere. The internal heating wasisaoffio keep the window
ice-free during the rest of the winter period.

The experiment was controlled by a low-power computer inlectenics rack inside
the PLATO module. The continuous observation was operallipsimple and repeated
this sequenceB-band (100 s and 30 s)/-band (100 s and 30 si-band (100 s and
30 s),OH-band as a long pass red filter (100 s and 30 s), 100 s dark, asdrame.
During periods of bright twilight at the beginning and thelesi the 2009 winter season,
the camera adjusted its exposure time to adapt to the skygaurtruncated integrations

to prevent over-exposure.
5.3.3 The 2009 data set

The full dataset contains approximately 160,000 imagesiodt from 18 April 2009
to 10 October 2009. Unfortunately, the images obtainedrbeif® May 2009 were affected
by snow over more than one-third of the FOV. Considering thienown transmission
and reflection caused by the anisotropic snow coverageeg timages were discarded.

Additionally, the sky became continuously bright due to $um after 18 September 2009,
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so we excluded from the data reduction all the images oldaafter that date. Images
obtained prior to that date, however, with Sun’s elevatingla greater thar-10° and

median count rate above a certain threshold, have also bed#uded. Images with a
100 second exposure time have been used to inspect andatalthe sky brightness.
Approximately 11925 frames were obtained in each photamieénd for each exposure
time between 19 May 2009 and 18 September 260923 days), resulting in a total of
331.25 hours of 100 s exposures in each filter. The typicatmeel for theB, V, andR

band 100 s exposure sequences requiréd’ s.
5.3.4 Instrumental effects

GASC was set out to measure the multi-year sky propertiee®bbthe most remote
and desolate sites on the planet. Given the nature of thefigidedesign, combined with
an interline CCD and no sidereal tracking system, non-gdaé effects needed to be

modeled to process the data effectively. These effectsuanensrized as follows.
5.3.4.1 Absence of a sidereal tracking system

The camera was mounted in a heated enclosure, with fixedipgiimtthe direction
of the SCP. The absence of a mechanical tracking systemthergeith an extremely
large FOV, produces stellar images that exhibit a diffefoint Spread Function (PSF)
at different positions throughout the FOV. Over the courk¢he 100 s exposures the
stars produced elongated circular tracks owing to the EBambtation. This effect is most
obvious for stars furthest from the exact location of the S@ch was close to the center
of the GASC FOV. The observed largest elongations-a&eixels in theX direction and

~6 pixels in theY” direction for each 100s exposure frames.
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5.3.4.2 Angle between the optical axis and the south celestial pole

The optical axis of the camera was closely aligned with thE,S@iile the horizontal
axis of the cover window of the heated enclosure was fixed w@ligaed with the zenith.
Because stars obtain different zenith angles as a resutieafatation of the Earth, both
the optical path length through the material of the coverdeim and the thickness of the
Earth’s atmosphere changes with stellar azimuths andtedevangles, introducing a pe-
riodic, asymmetrical variation of the stellar light curyesen for stars of constant bright-
ness. Additionally, since the GASC camera was pointing tleaiSCP, while the cover
window was pointing at the zenith, the 10° offset between the SCP and zenith intro-
duced transmission differences as the light passed thritwegtover window. A schematic

of this set-up is presented in Figure 5.2.
5.3.4.3 \ignetting

In large field astronomical images, as well as photograptdy @ptics, vignetting
causes a reduction of flux at the periphery compared to thgensanter. In the optical
design of GASC, vignetting was necessary to minimize théeseal light from the Moon
when it is above the horizon. However, vignetting also gigantly reduces both the flux

from the stars and from the sky background, especially atdges of the GASC FOV.
5.3.4.4 Interlinetransfer sensor

The detector situated behind the multi-band filter wheeldK & 2K interline transfer
CCD. It has a parallel register that has been subdividedtimbostripes to create opaque
storage register fits between each pair of columns of piXdiese opaque masks occupy
a large portion of the area of the CCD. Although micro-lensage been annealed to
the CCD that focus light from a large area down to the photatelj when light beams are

incident at large angles, the micro-lens array will fail teedt all the photons directly down

103



Zenith
South Pole :

Cover Window

Heated
Enclosure

Interline
CCD Box

Figure 5.2 Schematic diagram showing the set-up of GASC.

104



to the photo-diode. For this reason, the CCD is less seagiigome incident directions
of light. As the stars move around the SCP this effect willseaperiodic fluctuations in
the resulting light curves. The amplitude of those varraics strongly correlated with a
star’s angular distance from the SCP. For the GASC opticgtksy, this effect can reach

~ 0.2 magnitude. Further test and analysis will be presented .ih.853.
5.4 Data Reduction

GASC has a large FOV, and the absence of a mechanical systenadking will
lead to star trails on the CCD over the course of the exposiitesinstrument is fixed in
orientation and stars sweep out circular arcs centeredeoBdhth Pole every sidereal day.
The illumination response of the GASC across the large FQ\gRly variable, at times
up to 30% from the center to the edge of the field, due to inhiepealities of the fish-eye
lens and due to mechanical baffling introduced to minimizedtattering of light due to
the Moon. In addition, there are sidereal variations on tideoof 0.2 magnitudes, due to
instrumental effects described in §5.3.4. A custom datactoih pipeline is comprised of
a set of routines written in IDL that processes th£1925 raw sky frames for each filter
band and produces calibrated sky brightness measureméhespipeline by necessity
also produces calibrated light curves of all the stars lbeigthan~7.5 in1/. An overview
of the essential steps is presented in Figure 5.3. Each stegtailed in the respective

sub-section below.
5.4.1 Pre-reduction

The overscan region of each frame was subtracted to remeveothsequences of
any voltage variations. In each half-day period of obséomat “master bias frame” was
made by combining single overscan-subtracted bias frafaseach half-day period of
observation, this “master bias frame” has been subtracbed the data frames to remove

the internal bias structure across the chip. The intermap&gature variations within the

105



e SO DAIFdY Loy Raw frame
processing

L Raw Bias Loverscansub

GASC overscan sub B

Images -——>|: Raw Dark RD sUbtract I_Dark .
overscansub [ ppv | Bias/DC corr- | divide :
Raw Image RI ~Obtract ected Image ci Image

overscan sub ' Fit 4th order polynomial
Lab Flat LF Flat

(%]

lab bias, dark

f divided into 10
: [ Rings concentric rings
7777777777777 photometry

Flux as a function | yes P i - . 1 subtract! Corrected
of PA on CCD é—ﬂls the star bright? |<—E—|L|ght curve of the sources| 2 Light curves

Calculate dFqu/dPA|

e

Combine dFlux/dPA for | Ring Correction i
bright stars, integrate - —
over the entire ring I—Ing COTEEET H

Figure 5.3 Flow chart showing the customized GASC data rsmlupipeline.
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heated enclosure may lead to implied (and artificial) vemnst of the sky brightness as well
as the photometry of bright targets. We tested the podsiltiilat the enclosure tempera-
ture and CCD temperature affect the photometric magnitbgeslculating any possible
cross-correlations between the enclosure temperat@w €@ temperature, together with
typical light curves for bright stars in the GASC FOV duritgtentire 2009 winter season.
No correlations between any pairs of those factors have igeerified, indicating a sta-

ble work state of GASC during the 2009 winter season and anedde bias subtraction
technique.

Acquisition of usable sky flats for this type of system is diift to perform on the
sky, due to the non-tracking capability of the system andstieer size of the FOV. We
measured the flat field illumination properties of the GASGhvé uniform illumination
screen after the system was returned to Caltech from the Domemulti-band lab flat
shows that the optical center of the lens is, fortuitousdyncident with the SCP. For each
photometric bandpass, a fourth order polynomial has beettti applied to fit the lab
flat. The lab flat was used as a method to remove global trapgmigariations across the
field, whereas, pixel-to-pixel variations were removed bynpiling a sky reference flat.
The pixel-to-pixel variations turn out to be negligibleg¢ethan~ 0.3%) when compared
to the photometric accuracy GASC is able to achieve. Howé@wsas not able to remove
the remaining<0.2 mag variations that were removed by the “ring correétienhnique,

which will be discussed in §5.4.3.
5.4.2 Image profiles and astrometry

The DAOFIND and APPHOT packages withinRAF were used to detect and perform

photometry on approximately 2600 bright stars in the GASG/F@ost of which are

IRAF is distributed by the National Optical Astronomy Observis, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., undeoperative agreement with the National Science
Foundation (NSF).
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between 3.5 to 7.5 magnitude in. Without tracking, stars trail along concentric rings
around the SCP and present elongated, curved PSFs on eawh fiagure 5.4 presents

the typical profiles of stars at different distances to th®.SC
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Figure 5.4 Typical profiles of stars at different distanaethe SCP.

The astrometry routine adopted in the GASC data reductipalipe makes use of
the almost-polar location of the instrument. We derotaltedphysical coordinates of the
sources in each image relative to known reference images.

To reduce the uncertainty caused by distortion and incris@saccuracy of matching,
as reference frames we selected 20 high quality frames lggpced in time over one
entire rotation cycle (i.e. one sidereal day). Given theetiof exposure of any other
frames, all stellar coordinates can be obtained by rotahnge 20 templates withift9

degrees. This provided a time economical solution for perfiog the astrometry required
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by the GASC science goals on the36,000 sample images. An overview of the GASC

FOV and field stars used to perform aperture photometry iwshio Fig. 5.5.

Figure 5.5 The stellar field in the GASC FOV obtained on 22 RO@9. The left panel
shows the central FOV and the right panel shows one corndredf©V. Sources chosen
to perform aperture photometry have been circled by 4 pixel apertures. The images
were taken in defocussed mode to account for the huge piakd.sthe right panel shows
significant star tracks near the corner of the FOV due to thithEaotation.

5.4.3 Ring correction

Due to the combined effect of the presence of the cover windiog/the different
response of the interline transfer CCD to different incidergles, light curves for 2600
stars imaged in the GASC FOV show asymmetrical siderealuéticins. The amplitude
of this variation grows as the distance of stars to the SCRases. We looked at the
behavior of bright, isolated stars which sweep out conaeritrgs in the GASC FOV. As

the “standard stars” have higher S/N, a weighted combinaifadheir light curves gives
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us feedback on the entire optical system. This feedbackebhenvalso applies for all the
other stars with a lower S/N.

Here we introduce a “ring correction” to remove the residnstrumental effects, to
the order of+0.2 mag in the raw photometry. The methodology is to congliefeatures
of the light curves for bright stars that have similar disesfrom the SCP, as they sweep
out paths along the same ring with different hour angles butlar declination. The
systematic light curve features do not change drasticalsfightly different radii. The
GASC FOV has been subdivided into 10 concentric rings, eatthawidth of 100 pixels,
with an exception of 60 pixels for the outermost ring. Figbré shows the concentric
rings dividing the GASC FOV. Within each ring we investightbe behavior of standard
stars which are non-variable stars with~ 3.5 — 5.5, mapped the gradient of its flux
variation over different position angle$ ) on the CCD chip relative to the SCP, i.e.,
dFluxz/dPA. Then, we combined the gradients calculated from each atdrstiar at each
P A over a continuous run of observations under good weatheatitboms, and applied a
spline interpolation to obtain a gradient map over that.riklge then integrate over the
P A and convert the integrated flux into a magnitude. This preducphase diagram of
magnitude variations within each ring, representing syat& behavior of the stars as
they trail along certain rings of the CCD chip.

We refer to this procedure as the “ring correction”. The tighrve corrections for
all the other stars can be obtained by subtracting the “rorgection” after proper time
phase matching. The “ring corrections” have been built dasea 4-day continuous run
of high-quality data obtained from 04:25 UT on 22 June 20093e17 UT on 26 June
2009. This has been applied successfully to the data oltaineng the entire season.
The “ring corrections” for typical stars within each one bétten rings are shown in Fig.
5.7, and they work well for most of the cases. Additionalhg &— magnitude diagram,

after applying both the pseudo-star correction and theaamgections is shown in Fig. 5.8.
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Figure 5.6 Concentric rings dividing the GASC FOV. Thenarks the physical position
of the zenith on the GASC FOV.

111



For instance, we obtained 3% photometric accuracy for stars with apparent magnitude
V = 5.5. In summary, with the ring correction procedure congalethe light curves have
been corrected for instrumental effects that cause irtienariations across the field and

as a function of time.
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Figure 5.7 The “ring corrections” fdr-band light curves for 10 different annuli are shown
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Figure 5.8 Photometric errors vs. stellar brightness. Heftrto right we show the pho-
tometric accuracy in the Bessédl-, V-, R-bands, respectively, after applying the “ring
corrections.” The photometric uncertainties were caledldrom data obtained on 4 con-

secutive days.
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5.4.4 Calibration for sky brightness
5.4.4.1 Determination of catalog magnitude

This step of the GASC data reduction pipeline converts umséntal magnitudes to
catalog magnitudes. Furthermore, the sky brightness caleteemined by applying this
offset to the GASC measured sky flux. If we define the “radidsach star as its distance
from the SCP (pixel coordinates = 1063,Y = 972), we find that the amplitude of the
daily fluctuation in a star’s light curve depends on (1) itdiug, (2) observing bandpass,
as shown in Fig. 5.9, together with (3) the mean value of tlfferéince between the
standard star’s catalog and instrumental magnitude. Assadcreases, the more stable
is the mean difference between a standard star’s catalognatmdmental magnitude, and
the less affected the standard star’s flux is due to instrtaheffects.

The upper panel in Fig. 5.9 shows a stable trend of the meé#eretice between
standard stars’ catalog and instrumental magnitudes iV thend R-bands, which means
that as stars travel around in the GASC FOQV, though the distémthe SCP varies for
different stars, it is still reasonable to treat the brighteagnitude in one cycle as the true
instrumental magnitude of that star. Instrumental effeetsome more significant near the
edges of the FOV. Strong geometrical distortions, as welhadarge incident angle near
the edges of the FOV, will cause an unexpected and non-riggligeduction of the flux
transmitted through the optical system. Giving speciakategration to the case of thg-
andV-bands, we set a cutoff radius of 700 pixels, corresponding 80° from the SCP,
and we use all the standard stars within this radius to @kithe sky brightness.

We rely on the linearity of the CCD and minimize th&value of the fit using the off-
set between the standard stars’ photometric magnitudethaindatalog magnitudes. We
consider data only within 700 pixels of the SCP and weightigyarea of each ring. This

gives us our multi-band sky brightness measures at Dome iBratdd by the standard
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Figure 5.9 A radius-magnitude offset diagram for the “rimgrection” for different radii.
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Table 5.1. Calibration models

Band Dome A medianmag Dome A brightest mag Palomar

B znst 9 02 znst 8 92 znst 9 52
V znst 8 67 znst 8 56 znst 9 00
R znst 9 21 znst 9 10

stars. Once GASC was shipped back to Caltech, we perfornseslaePalomar Observa-
tory. Table 5.1 gives th&V R photometric offsets from instrumental to calibrated value
The details of the Palomar GASC test are discussed in theseekibn. The offset in the
constant term between the Palomar and Dome A calibratiorehveas due to the absence
of the cover window in the Palomar test and the different sxpe times between two

observation epochs.
5.4.4.2 Determination of photometric conditions

Variations of global transparency, including weather ¢ea) possibly snow and frost
formed in front of the enclosure’s cover window, will draneatly affect many quantities
in measuring sky brightness, the fraction of the sky covésedioud, as well as photom-
etry of bright sources. This global effect can be subtraofédly introducing a “pseudo-
star”, with a count ratg”? and instrumental magnitude? = —2.5 x log,, f?, which has
been constructed from the observed count2660 target stars in each frame according

to:

fij P
fr= = , mP = —=25 xlog,,f* + ZP (5.3)
Z (Uj N2 4 (0, )2 10

wherei is the frame number in the observing sequence jaisdthe star number in each

ring

frame.o;" gives the standard deviation of the residuals in countdiy't star after the

ring correction during the 4-day continuous run of highdgyalata obtained from 04:25
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UT on 22 June to 03:47 UT on 26 Jung,; gives the measured photometric error for
the j** star in thei*” observationZ P” is the zero point for instrumental magnitude and
assigned to be 25. We subtraet from the rough photometric results to remove the global
variations in the entire GASC FOV. Furthermore, the vaniatf the pseudo-star can be
an indicator of transparency variations and further usesstonate the cloud coverage. A

more detailed discussion will be presented in the follovgagtions.
5.4.43 GASC Test at palomar observatory

To test the quality of GASC measurements and the calibraifosky brightness,
another experiment intended to measure and calibrate yHeigjhtness at an astronomical
site was implemented at Palomar Mountain Observatory. Kiieas Palomar during a
moonless night is sufficiently dark to check the Dome A measients. The Palomar
Night Sky Brightness Monitor (NSBM) allows a real-time coanjgon between the night
sky brightness measured by the two different instrumertis.Halomar NSBM consists of
two units deployed at Palomar Observatory. A remote photeniead and a base station
receive data from the remote head via a wireless spreadrgpetransceiver pair. The
remote head has two photometers that sample areas of the 5k57 in diameter at two
elevation angles. The photodetectors used to measure yHaigktness receive filtered
light to define a spectral response centered in the visugkramith a strong cutoff in the
near infrared.

One unit of the NSBM uses a 1.5-cm diameter photodetectaghuneasures the
brightness of the sky 5.6° in diameter at the zenith. Without rejecting stellar contam
inants the mean value for this region is taken to represenhitpht sky brightness. The

output data from the NSBM consists of the measured frequandyambient temperature

http://www.sao.arizona.edu/FLWO/SBM/SBMreport_MciKenApr08.pdf
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of each sensor. The sky brightness is calculated as:

Zenith magnitude = —2.5 log,o(Zenith reading — 0.012) + ZP . (5.4)

The detector output frequency (in Hertz) constitutes the data, as the NSBM uses a
light to frequency converter. The dark frequency to be suddéd for the zenith is 0.012
Hz. The zero point of the NSBM system adjusted to the Nati®aaks System from one
night’s data (4 July 2013), is 19.41 mag arcSeand for a band comparable to the Johnson
V-band is 18.89. Fig. 5.10 shows the time variations of thelsightness measured by
NSBM and GASC. The sky brightness measured by two differggttuments, with two
completely different calibration methods agrees ovecal #).12 mag arcsec?.

A separate test was conducted at Palomar to show that thezanmentation, specif-
ically the azimuth angle of the camera, results in a vamatiothe magnitudes of bright
stars. This test used exposures taken very close to oneegiriotiime. The results of this

test confirmed the variations we see in the original data.
5.5 Results and Discussion
5.5.1 Sources of sky brightness

Artificial light pollution is essentially nonexistent at D@ A, Antarctica. The main
contribution to the sky background is usually from the atpi@sic scattering of the light
from the Sun and the Moon. At Dome A (802 S, 77 21 E) there is some twilight time
even on the first day of the southern winter, as the Sun is tgugi° below the horizon
at local noontime. The closer the Sun is to the horizon atl legantime on other days of
the year, the greater will be the variation of the sky brigisg) even on days when the Sun

does not rise and set.

Zenith readings are available at: http://www.palomatezdl.edu:8000/maintenance/darksky/index.tcl
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Figure 5.10 Palomar night sky brightness measured andratdidb by NSBM (red dots)
and GASC (black dots) on UT 05 July 2013.
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Airglow persistently provides photon emission and givesdbminant component of
the optical and near-IR night sky brightness (Benn & Ellisb®98). The Antarctic sites
such as Dome A, however, are particularly prone to auroraiecdn be extremely bright
in the optical passbands. Broadband filters and low reswiugpectrographs covering
the auroral lines are sufficiently likely to be contaminabgdstrong emission lines from
aurorae, i.e., the Nsecond positive (2P) and;Nfirst negative (1N) bands dominating the
U and B bands, the [O I] 557.7 nm emission dominating theband, and the Nfirst
positive (1P), N Meinel (M) and Q atmospheric bands dominating tieand I bands
(Gattinger & Jones, 1974; Jones & Gattinger, 1975). Custedfilters or spectrographs
with a moderately high resolving power can minimize the aarihation from aurora and
airglow emissions. We refer to Sims et al. (2012b) for a mamagrehensive review of
airglow and aurorae as dominant sources of sky brightne&atiarctica sites.

Diffuse light from the Milky Way Galaxy could also contril®ito the sky brightness.
The Galactic Latitudé of the SCP is—27°.4, and part of the Galactic plane was included
in the GASC FOV. The plate scale of GASC is approximately”1g&r pixel, and the
sub-pixel stellar contamination needs to be calculatedrantbved from the measured
sky brightness data. Airglow, zodiacal light, and auroriae aontribute to the sky bright-
ness. The intensity and frequency of occurrence of auraperdd upon the solar activity.
Rayleigh (1928) and Rayleigh & Jones (1935) were the firsote a correlation between
the sky brightness and the 11-year solar cycle. This is dtieetairglow being brighter at
solar maximum and fainter at solar minimum (Krisciunas, Z,3isciunas et al., 2007).
The 10.7-cm radio flux of the Sun is widely used as an index larsactivity. The 2009
winter season occurred during solar minimum, so the sky am®#4 should have been
as dark as other sites at solar minimum,br= 22.8 mag arcse¢ andV ~ 21.8 mag
arcsec?. We do not expect that the Dome A measurements of 2009 aréicagly

affected by auroral events.
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An approach to determine the sky brightness and estimatgdhd cover is given in
the following subsections. Due to the extremely wide FOV tnadfisheye optical design
of GASC, scattered light from the edges of the optical systswell as the reflection and
refraction inside the optical system, is inevitable. Thaiakcontribution from the Sun
and the Moon cannot be well modeled when the sky becomes iglatbA rough model

of the Sun and the Moon'’s contribution to the sky brightnesidos discussed.
5.5.2 GASC measurements of sky brightness

The sky brightness is transformed from analog-to-digitatai(ADU) into units of
mag arcsec for each photometric band. The GASC instrumental magnitsidiefined
as:

my = 25— 2.5 log,o(ADU) (5.5)

The sky brightness in units of mag arcs&cwhich varies from band to band, can be
defined as:

Sy =a + bx[25 — 2.5 x log;,(ADU/pix?)] (5.6)

Where “pix” is the pixel scale in unit of arcsec pixél The constant term in the linear
calibration models i, and the coefficient scaling the instrumental magnitude i a
certain sky region we wish to calibrate, we draw a box andstigate the statistics of the
ADU values amongst all the pixels inside. We choose the ‘mealee to best represent
the sky brightness which is a more stable measurement dsssisiffected by contamina-
tion from the bright sources, the wide-spread PSF of staggalthe GASC optical system,
and other unexpected events such as bright local auroraee\téo, even the smallest pixel
scales in GASC are 147.3 arcsec pixear the center of the FOV, corresponding to a box
of 2.5 x 2.5’ on the sky. The measured sky brightness will inevitably beaminated by

the unresolved faint sources.
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We looked at several small regions which lack bright soutcegsduce the effect of
stellar contamination. For instance, a box centered at RA24™, DEC =—86°25" and
25x25 pixels in size £ 1° x 1°) was inspected. Th&-band andR-band magnitudes
of 9550 stars in this region were obtained from the USNO-A2@log. We estimated a
stellar contamination of 24.14 mag arcs&in the B-band. Using a meal-band con-
tamination of 23.31 mag arcsecand a calculated median color'éf- R = 0.4 mag based
on the catalog from Landolt (1992), we estimated ff#eand contamination to be 22.91
mag arcsec.

Fig. 5.11 shows the sky brightness variations during theO2fliserving season. At
such a southerly latitude as that of Dome A, the Moon is alviaiyly full when it is above
the horizon from April to August, leading to a strong cortela between lunar elevation
and sky brightness (Zou et al., 2010). There is a monthlyatian of sky brightness
which is strongly correlated with the lunar elevation andiee GASC sensitivity did not
allow data acquisition when the sky brightness was abovetaioghreshold. A dramatic
enhancement in the sky brightness can be identified by lgokirthe data obtained late
in the 2009 winter season. Fig. 5.12 is a zoomed in plot for émnsecutive days during
the midwinter of 2009. In Fig. 5.13, the Moon’s contributismegligible when it is more
than7° below the horizon. However, a variation of the sky brightnesmore than 1 mag

arcsec? can be identified which shows a strong correlation with thesSelevation angle.
5.5.3 Comparison with sky brightness at palomar

Additional tests of GASC were conducted at Palomar ObseryatThe “ring cor-
rection” to light curves and the fitting of calibration mosleinly works based on an entire
cycle of the track of the stars. This allows the determimatbthe position within a ring

where stars are least affected by instrumental effectsuding is not feasible to find the

Geographical coordinates of Palomar Observatory: latif3d 21’ 21" N, longitudel16° 51’ 50" W.
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Figure 5.11 Multi-band sky brightness within a 1 square degegion near the SCP, as
well as the Sun’s and Moon'’s elevation during the 2009 wistason. The upper and
lower left panels present the time series while the top antbboright-hand panels show
the histograms. The results for the Besdel] V-, and R-bands are represented by blue,
green, and red symbols, respectively. In the right panleéshistograms with solid thick
lines represent the statistics for sky brightness during tlame, when the solar elevation
angle is less than-18° and lunar elevation angle is less thégh Stellar contamination
has already been removed by subtracting the contributiantofal of 9550 stars in the
inspection area. Their magnitudes were obtained from tie@BA-2.0 catalog.
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Figure 5.13 Multi-band sky brightness vs. the Sun and Moewation. The upper panels
show the measurements in mag arcgeghile the lower panels show the data as ADU’s
per square arcsec. The left-hand panels show the relatiarebe the sky brightness and
the elevation angle of the Sun together with the model fromagn 5.7. Only the data
with Moon elevation less thabf have been included. The right panels show the relation
between the sky brightness and the elevation of the Moory tBaldata with Sun elevation
less than-18° have been included.
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maximum transmission for each star cycle from tests at Palowe can still point GASC
near the zenith and obtain different calibrations basedheninistrumental magnitudes
measured by GASC and the corresponding catalog magnitudes.

On 5 July 2013, GASC arrived at Palomar Observatory and wassesnbled. Two
tests were carried out. The first test was to compare GASGumed sky brightness with
Palomar NSBM measurements. We pointed the GASC at the zamitiset the exposure
time to 50 seconds for the Besséll 1, and R filters. The calibration was carried out
based on single frames of high image quality for each bars#fisa¥Ve used the instrumen-
tal magnitudes of the standard stars in one single highitgdedme per filter taken under
photometric conditions. This is different than the metheddifor data obtained at Dome
A, where the brightest instrumental magnitudes over theseoaf a day were adopted as
the throughput of the system.

For each star in the FOV of each single exposure, the orientaf its maximum
transmit position on the CCD chip is randomly distributedorder to compare the Palo-
mar calibration with the calibration of Dome A data (whoskaration models have been
based on the standard stars’ maximum transmitted flux), wenpeed another calibration
of Dome A data, based on the median instrumental magnituéadt standard star as it
tracks during one daily cycle to simulate the calibratioat tiise the stars’ flux at random
positions like the Palomar test. By treating either thelitegt or the median magnitude
of standard stars along complete circles in Dome A data astieimental magnitude,
an intrinsic offset of(—8.670) — (—8.564) = —0.11 magnitude is obtained due to the
different measures of instrumental magnitude. The diffeeein thel’-band median sky
brightness on the night of 5 July 2013 UT at Palomar Obseryas measured by NSBM
and GASC, was$20.880 — 20.653) = 0.23 mag arcsec®. Thus, GASC and NSBM agree

For the measurements at Palomar we note a roughly 0.5 magcafogriation of the sky brightness
over the course of the night due to the band of the Milky Waysjragsoverhead.
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within -0.11 + 0.23 = 0.12 mag arcseg and the “ring calibration” method gives a rea-
sonable calibration for the GASC data.

Usually, inland astronomical sites are affected to someegehy artificial light pol-
lution from populous cities. The sky brightness as a fumctibelevation angle obtained
from the Tucson lab sites shows that there is a significaféréifice in sky brightness
between the zenith and 2@levation (McKenna, 2008). At Cerro Tololo Inter-American
Observatory thé/-band sky brightness deviates from the model of Garstangl(18ue
to light pollution at elevation angles gf 10° in the direction of La Serena (Krisciunas
et al., 2010). Without accounting for stellar contaminatidable 5.2 presents the median
sky brightness for different regions at Dome A, Antarctibaring the 2009 winter season,
both for the dark time and whole season (the values withiemtheses). Five concentric
circular areas, of increasing radius and centered at the B&® inspected. Though the
regions were centered at the SCP instead of the zenith, frexamate 10 offset has
been ignored. From Table 5.3, no significant increase irhbmigss can be identified as a
function of increasing angular radius. This indicates thighin 30° of the SCP there is

dark sky that remains roughly constant in brightness.
5.5.4 Sun and moon model

Liu et al. (2003b) modeled the relationship between the sighiness and the phase
and elevation angle of the Moon. Independent to the scattefilight caused by reflection
and refraction in the GASC optical system, tBe, V-, and R-band data should exhibit

the same functional form relating to the Sun’s and Moon’s@#. We can write:

Foun = al0® + ¢, (5.7)

where k,,,, gives the sky flux when the Moon’s contribution is negligitdeda, b, andc

are constants determined for different bandpassisshe elevation angle of the Sun. The
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Table 5.2.

Sky brightness for different percentage of timles

Band

Value

80%

50%

20%

10% 5%

mode 21.68(10.17) 21.09(20.91) 22.22(21.95) 22.31 (32.132.37 (22.26)
B subtracted 22.01(19.20) 22.45(21.06) 22.82(22.40) ®@9.70) 23.10 (22.90)
corected  22.13(19.32) 22.57(21.18) 22.94(22.52) 222MBE) 23.22(23.02)
mode 20.93 (10.05) 21.22(20.61) 21.48(21.24) 21.50 (31.421.67 (21.56)
V  subtracted 21.07(19.08) 21.40(20.70) 21.72(21.42) @@8.65) 21.96 (21.81)
corected  21.19(19.20) 21.52(20.83) 21.84(21.54) 2D98F) 22.08 (21.93)
mode 20.13 (18.69) 20.44 (19.91) 20.75(20.49)  20.90 (30.7@0.99 (20.85)
R subtracted 20.21(18.71) 20.56 (19.98) 20.91(20.61) 8&(P6.85) 21.20 (21.03)
corrected  20.34 (18.54) 20.68(20.10) 21.03(20.73) 2120®7) 21.15(21.32)

2Values without parentheses are for dark time. Values inrheses are for the whole season.

bmode: the ‘mode’ value amongst all the pixels inside theéogd region; subtracted: the ‘mode’ value
subtracted for the stellar contaminations; ‘correctetie tsubtracted’ values further corrected for the offset
between the GASC and Palomar NSBM.

Table 5.3. Mode of sky brightness for regions of differergalar sizé

Diameter (deg) B % R
4.6 21.92 (20.41) 21.16(20.25) 20.40 (19.65)
20 21.90 (20.40) 21.16 (20.27) 20.39 (19.66)
40 21.90 (20.41) 21.17 (20.30) 20.40 (19.69)
60 21.96 (20.46) 21.24(20.37) 20.47 (19.77)

2Values without parentheses are for dark time. Values inrpare
theses are for the whole season.
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multi-band sky brightness has been fitted with a nonlinesstliequares method using the
images with good transparency and negligible contribstioom the Moon.

The model for the sky surface brightness due to the Moon’gitution involves fac-
tors such as the Earth-Moon distance and the Moon’s phaiewlitg Liu et al. (2003b),

the apparent magnitude of the Moon can be approximated bethpirical formula:

whereR is the Earth-Moon distance in astronomical unitss the lunar phase angle, and
P(®) is the function of the full Moon luminance. Following Zou ét @010), we apply
the same approach for the sky surface brightness contibbti the Moon.F,,.,, can be

expressed as a form of Equation 5.7 multiplied by the MoorsetiactorP(®). Then,

Frioon = AP(®)10%° + C | (5.9)

where© is the elevation angle of the Moon any B, C are constants determined for
each bandpass. For a more refined but slightly complicatgdsightness model one
can consult Krisciunas & Schaefer (1991). The multi-bandtsightness has been fitted
with a nonlinear least-squares method using images witl f@osparency and negligible
contribution from the Sun. The models for the Sun’s and th@i®effect are shown in

Table 5.4.
5.5.5 Astronomical twilight

When the Sun sets, civil twilight occurs, by definition, whee Sun is12° below
the horizon. Astronomical twilight ends when the Sun readl# below the horizon. If
the sky brightness changes when the Sun is further belowattiedm, it is due to changes

in the airglow contribution, aurorae, or stellar contantima However, the definition of
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Table 5.4. Sun and moon models for sky brightness

Band Sun model Moon model

B Fsun = 2.076 x 108 x 1093420 1 16.283  Fproon = 118.098 x P($)100-0170 _ 18,544
\Y; Fsun = 1.596 x 108 x 109-3600 135463  Fproon = 151.629 x P($)100-0158 _ 26,084
R Fgun = 2.158 x 10% x 1003539 1 75,622  Fpoon = 232.785 x P($)100-013© _ 31,993

Table 5.5. Sun elevation angles corresponding to incresigeldrightness

Fluxincrease B Vv R
20% -17.2 -15.0 -14.7
50% -16.00 -13.9 -13.6
100% -15.1° -13.r -12.7
200% 142 -12.2 -11.9

twilight depends not only on the photometric band pass, lsat the atmospheric condi-
tions at the site. Fig. 5.13 shows the relationship betwieerstun and the Moon elevation
on the sky brightness. The flux from the Moon, however, besosignificant only very
close to the time of moonrise. Table 5.5 roughly shows thetjiagive effect of the Sun’s
elevation below the horizon on the sky brightness.

Fig. 5.14 shows the measured sky brightnes®jri/, and R (the top panel). The
middle panel shows our model of the solar and lunar coniohatto the sky brightness.
The bottom panel shows the observed sky brightness minusotitebutions of the Sun
and Moon from our model. The residuals are predictably fldierause we have sub-
tracted off the contribution of the Moon when it is above tloeiron. Theoretically, the
contributions of the aurora and airglow can be estimateat afoperly removing the solar

and lunar contributions to the sky background. Howevergtieestill a significant fraction
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of scattered light that cannot be well modeled within theaavestudy20° in diameter,
especially when the Moon has a higher elevation angle. Hemeedo not provide any
guantitative estimate of aurora and airglow in our inspectirea. During the 2009 ob-
serving season there were few large enhancements of theigkyrtess when the Sun and

Moon had low elevation angles. We have minimal evidence ajrae in our data.
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Figure 5.14 Application of the sky brightness models to ecirthe effects of the Sun and
the Moon. Top panel: Measured sky brightness in ADU’s peasgarcsec. Middle panel:
Our Sun and Moon model in the same units. Bottom panel: Data the top panel minus
the Sun and Moon model shown in the middle panel.
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5.5.6 Extinction, transparency variations, and the estimton of cloud cover

The GASC FOV was centered near the SCP and extended to a aegithof 40.
The “air mass” X is the path length through the atmosphereaitlz anglez compared
to the path length at the zenith, and X = sgc(At z = 40°, X ~ 1.3. At the far south
latitude of Dome A any individual star withif0° of the zenith exhibits a small range of
zenith angle over the course of the night. GASC observed ratarg at any given time
over arange of 0.3 air masses. Moreover, the measurememio$pheric extinction with
GASC data is made more complicated by vignetting, the amgetponse of the interline
sensor, as well as the different paths of light transmisioough the cover window.

Atmospheric extinction is expected to be small at Dome A. feberence, at the
summit of Mauna Kea, Hawaii (which has a comparable elenati@d205 m), the meaB-
andV-band extinction values are 0.20 and 0.12 mag airmasespectively (Krisciunas
et al., 1987). Thekr-band extinction would be lower, about 0.10 mag airmasset A
be the difference of the instrumental magnitudes and theagpimagnitudes of stars of
known brightness. If the extinction at Dome A is comparabléhtat at Mauna Kea, over
the GASC FOV we would expeck to exhibit a range vs. air mass of roughly 0.06 mag
in the B-band, 0.04 mag in thE-band, and 0.03 mag in thie-band. No effect caused by
the range of airmass has been detected with GASC data g@hdatometric accuracy,
indicating a smaller atmospheric extinction coefficieribame A Antarctica compared to
Mauna Kea.

We used the “pseudo-star” described in 85.4.4.2 as an itedio&the relative trans-
parency variations to derive the likelihood of cloud coviebame A during the 2009 win-
ter season. The reduction in transparency could be due tmlseasonal atmospheric
variations, or even ice formed on the entrance transmisgindow. Some of those pairs

of effects can hardly be separated, as they produce the déuotie the change of the

132



. pséudo stor

14.8
— seasonal transparency

TTITHTTAT

14.9

15.0

1111

15.1

-

Pseudo star mag

P

§
q

T
BRI

i

: i : L+ pseudo star -
! : ¥ (corrected)

Pseudo star mag

19

o
>
o E
Q _:'
e =
3 3
o i =] ]
O AR : Pl 4 L H e . .
1.0E : ' . + cloud cover 3 binsize=0.05 |
0 20 40 60 80 100 120 500 10001500
Days since 2009-05-19 UT 09:40:31 N

Figure 5.15 The atmospheric transparency estimated frerfpgeudo-star” after correc-
tion of the long-term transparency variations. The blactsdio the top panel are inten-
tionally plotted with a small range of brightness of the pkestar. The red curve is a
polynomial fit to the upper envelope and shows a long-terrnmtie the atmospheric trans-
parency. The middle panel shows the variation of the “psetdd after removing the

seasonal transparency variation. The lower panel showsntgeseries diagram of the
implied cloud cover, with a histogram of the cloud cover datthe right. All magnitudes

are uncalibrated instrumental magnitudes.
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transparency. Therefore, our results represent the uppés ko the cloud cover. Fig.
5.15 shows the transparency and the estimated cloud cokiagdibie 2009 winter season.
A long-term variation in transparency inferred from thegbtness of the “pseudo-star” is
unlikely due to cloud coverage, but is more likely attriba&ato a seasonal variation of the
atmosphere above Dome A. A fifth-order polynomial has bee ts fit this long-term
trend, and the residuals were used to calculate the uppeolithe cloud coverage. The
estimation of the cloud coverage is also based on the “psstadtdafter applying a cor-
rection to this long-term variation. The brightest valuéthe “pseudo-star” indicate very
clear sky with cloud coverage estimated to be 0, and the teduof the “pseudo star”

magnitude, defined a&m, was correlated with the cloud coverage as follows:

fluxy
fluxs

Am = —2.5log = —2.5log(1 — cloud cover) . (5.10)

We find that the seasonal transparency degraded after JQ8edifxing which the Sun was
furthest below the horizon for the year. This agrees with oal. (2010) to some extent.
However, the possibility that such a long-term transpayergiation is due to a change
in the condition of the instrument cannot be ruled out. T&bégives the cloud coverage
percentages at Dome A from 19 May 2009 to 18 September 2009ughrcomparison
of the cloud coverage at Mauna Kea is given in Table 5.7. Thdkides the cloud cover
measured at the Gemini North Telescope and measuremeht€®IIAR in thel-band
at Dome A during the 2008 winter season (Zou et al., 2010). AE5pointed at the SCP
with a FOV of diameter.5° while the GASC FOV was5°. The results from 2008 and
2009 are comparable. At Dome A it is “cloudy” or worse 2% t0%.6f the time, while
at Mauna Kea this number is much higher, 30%. At Dome A thefess than 0.3 mag
of extinction 62-67% of the time, while at Mauna Kea the skghstometric only 50% of

the time.
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Table 5.6. Cloud cover at Dome A

Flux Extinction (mag) GASC2009 GASC2009 Cstar2008 Description
< 50% > 0.75 17.2% 19.9% 9% Thick
50% — 75% 0.31 —0.75 19.4% 27.2% 17% Intermediate

75% — 90% 0.11 — 0.31 29.1% 42.1% 23% Thin
> 90% <0.11 34.3% 10.8% 51% Little or none

2Values obtained without correcting for the long-term tgaarency variation.

Table 5.7. Cloud cover compared to Mauna Kea

Description Extinction (mag) Mauna Kea  DomeA (GASC2009) ni2oA (GASC2009) Dome A (Cstar2008)
Any other usable >3 10% 1.0% 1.1% 0%
Cloudy 2—-3 20% 2.5% 2.8% 2%
Patchy cloud 0.3—-2 20% 34.2% 45.1% 31%
Photometric <0.3 50% 62.4% 51.0% 67%

aValues obtained without correcting for the long-term traarency variation.

A simple but effectively reliable way to check the cloud cage estimated from the
“pseudo-star” is to look at the original frames for certaactions of cloud cover. Fig. 5.16
presents four sample images of cloud coverage of 0, 20, d®%apercent obtained on 26
June 2009 at 01:16:22, 04:10:56, 18:23:18, and 20:54:4IM4ify images estimated to
have high cloud cover in GASC data did not show obvious clopatghes. Instead, they
showed a reduction in transparency over the entire FOV.Harsl to determine whether
those extremely low transparency events were due to thersicg dormation on the en-
trance window. However, we can look at the sky brightnesdlamtransparency estimated
by the pseudo-star to see whether the estimation of tramispahas biased the sky back-
ground. Figure 5.17 shows the transparency-sky brightdeggam. The lower panel

shows that the transparency is independent of the sky Ibegktin seasonal statistics, in-
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dicating our estimation of the cloud coverage based on thequsstar is not biased by the

different sky background.

20% Cloud] 70% Cloud| 95% Cloud

Figure 5.16 Four sample images showing cloudless sky, 2@pecloud cover, 70 percent
cloud cover and 95 percent cloud cover, from left to righspextively.

5.5.7 Example light curves for bright stars

High-precision, high-cadence, time-series photometryeseas one of the major
technical requirements for conducting asteroseismoldgye search of exoplanets also
benefits from high-quality photometric monitoring of starStars within a magnitude
range of~8 to ~15 can be measured with10 cm class and larger telescopes. How-
ever, uninterrupted monitoring of stars that are even leighe. magnitude 3 to 7, has
not been feasible for previous Antarctic observations dudé very short time to reach
the saturation level of a detector.

Our “ring correction” techinque allows us to obtain a digpen level of~0.03 mag
for stars around 5.5 mag in four consecutive days. This sdulang-term, multi-color,
consecutive photometric dataset allows the study of aolidsinaries, Cepheids, and other
stellar variables. In Figure 5.18, we briefly present exanlight curves for a bright eclips-
ing binary( Phoenicis and a W Vir type Cepheid variakl®avonis with a short (4-day)
and a long (120-day) period, respectively. More than 60adeis have been monitored by
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Figure 5.17 Thé/-band sky brightness derived from the median ADU'’s withiacircle
centered at the SCP vs. the transparency (upper panel). libeibd red dots represent
the sky brightness for the entire season and during the dagk tespectively. The lower
panel shows the normalized histograms for theand sky brightness. The blue asterisks
with red dashed lines show the ratio of the bin counts of trehistograms. The bottom
panel shows that the transparency is independent of thergkytihess in seasonal statistics
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the GASC in theB, V, andR bands. The multi-band photometric studies of these bright

variables will be presented in another paper.
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Figure 5.18 TheB, V, and R band light curves for an eclipsing bina¢yPhoenicis (left
panel) and a W Vir type Cepheid variabld®avonis (right panel).

5.6 Conclusions

In 2009 the Gattini-Dome A All-Sky Camera was deployed at Bakin Antarctica
to monitor the sky background, the variation of atmosphteanrsparency, and to perform
photometry of bright targets in the field with an unpreceddmwindow function. About
36,000 scientific images with 100 second exposure time,roay¢he BesselB, V, and
R photometric bands have been used to quantifyBhel -, and R-band sky brightness,
and to estimate the upper limit of cloud coverage. In a sulesgicpaper, we shall present
photometry of more than 60 bright stars in our FOV that shawi§icant variability based
on GASC data after applying the method we developed to dofoedhe systematical
error.

The median value of sky brightness when the Sun elevatioesis than—18° and

the Moon is below the horizon is 22.45 mag arcSefor B-band, 21.40 mag arcsec
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for the VV-band, and 20.56 mag arcsédor the R-band. If we consider a cumulative
probability distribution, the darkest 10 percent of thedithe B-, V-, and R-band sky
brightness is 22.98, 21.86, and 21.68 mag arcseespectively. These are comparable
to the values obtained at solar minimum at other best astnaad sites such as Mauna
Kea and the observatories in northern Chile. For futurerumsénts operating at Dome
A, customized filters or high spectral resolution designgddeasily obtain better values
on a more routine basis. A test carried out with GASC at Patddiservatory indicated
that the GASC “ring correction” method agrees with the PaloMSBM within 0.12 mag
arcsec?. At Dome A the sky brightness is quite constant withiri 80the SCP.

A “pseudo-star” was constructed based on all the stars beeF©OV as an indicator
of transparency variations. The cloud coverage during 0@ 2vinter season has been
estimated. We found that the seasonal transparency warsedene. The transparency
changed considerably in June and July when the Sun was aniest below the horizon
for the year. About 63% of the time there was little or thinuddlaoverage, using the same
criteria for the cloud coverage adopted at the Gemini Notiségdvatory at Mauna Kea,
and also the cloud coverage estimation from CSTAR (Zou g2@l0).

Solar and lunar models for the flux contributions to the skgkiggound have been
fitted, and the different flux enhancements in the sky baakgptdor different bandpasses
have been obtained. Aurora and airglow are hard to quantify@ASC observations due
to limited photometric accuracy and unexpected instrualegitects. A visual inspection
of the sky background after removing the solar and lunarrdmuttons indicates a very

limited effect of auroral events during the recent solarimim.
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6. SUMMARY AND CONCLUSIONS

In this dissertation, we have presented a few work towarderstanding the nature
of the type la SN cosmology. The interstellar dust propsiitithe SN host galaxies, the
circumstellar environment of type la SN, and the progemitmstrains on the SN explosion
mechanism, together with the future opportunities to cahtarge surveys at Antarctica
have been discussed.

In Section 2, we present multiple-epoch measurements @lizeeand surface bright-
ness of the light echoes from supernova (SN) 2014J in théopestiarburst galaxy M82.
Hubble Space Telescope (HST) ACS/IWFC images were taken 277 and~ 416 days
after B-band maximum in the filters F475W, F606W, and F775W. Obsemnsareveal the
temporal evolution of at least two major light-echo compuge The first one exhibits a
filled ring structure with position-angle-dependent irsigyn This radially extended, dif-
fuse echo indicates the presence of an inhomogeneoudéti@rdust cloud ranging from
~100 pc to~500 pc in the foreground of the SN. The second echo compompgeaas
as an unresolved luminous quarter-circle arc centered®Bith The wavelength depen-
dence of scattering measured in different dust componagtgests that the dust producing
the luminous arc favors smaller grain sizes, while that iceuhe diffuse light echo may
have sizes similar to those of the Milky Way dust. Smalleirgg@an produce an optical
depth consistent with that along the supernova-Earth lfreght measured by previous
studies around maximum light. Therefore, it is possiblé¢ tha dust slab, from which the
luminous arc arises, is also responsible for most of thanetitin towards SN 2014J. The
optical depths determined from the Milky Way-like dust ie 8tattering matters are lower
than that produced by the dust slab.

In Section 3, we presented linear polarimetry of SN 2014J 82Msing theHST
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ACS/WEFC in the filter band$'475W, F606W, and F775W, in five epochs from-277
days to~983 days after thé3-band maximum. The polarization measured at day 277
shows conspicuous deviations from other epochs, and thistdm could be due to at
least~ 10-6M,, of dust located at a distance of 5 x 10" cm away from the SN. The
scattering dust revealed by these observations seem tadmedlwith the dust in the
interstellar medium that is responsible for the large redugtowards the supernova. The
presence of this circumstellar dust may set strong congsran the progenitor system that
led to the explosion of SN 2014J.

In Section 4, we measured and modelled the extremely late-éivolution of SN 2014J.
The reprocessing of electrons and X-rays emitted by theaative decay chaif Co—*"Fe
are needed to explain the significant flattening of bothAKie61V -band and the pseudo-
bolometric light curves. The flattening confirms previousdictions that the late-time
evolution of type la sn luminosities requires additionaémgy input from the decay of
’"Co (Seitenzahl et al., 2009). By assuming #6061/ -band luminosity scales with
the bolometric luminosity at+-500 days after thé3—band maximum light, a mass ratio
STNi/*Ni~0.076") 003 is required. This mass ratio is roughy3.5 times the solar ratio
and favors a progenitor white dwarf with a mass near the Qtaae#thar limit. A similar fit
using the constructed pseudo-bolometric luminosity givemss ratié” Ni/*Ni~0.09475-017.
Astrometric tests based on the multi-epdt8T ACS/WFC images reveal no significant
circumstellar light echoes in between 0.3 pc and 100 pc (ang., 2017a) from the
SN 2014J.

In Section 5, We present here the measurements of sky beghtnith the Gattini
ultra-large field of view §0° x 90°) in the photometrid3-, V-, and R-bands, cloud cover
statistics measured during the 2009 winter season, andiaraés of the sky transparency.
A cumulative probability distribution indicates that tharkest 10% of the nights at Dome
A have sky brightness of 5= 22.98, $ = 21.86, and $ = 21.68 mag arcseé. These
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values were obtained around the year 2009 with minimum aueord they are comparable
to the faintest sky brightness at Mauna Kea and the bestdifitesrthern Chile. Since

every filter includes strong auroral lines that effectivebntaminate the sky brightness
measurements, for instruments working around the aurioes | either with custom filters

or with high spectral resolution instruments, these vakmsdd be easily obtained on a
more routine basis. In addition, we present example lighvesi for bright targets to

emphasize the unprecedented observational window funatiailable from this ground-

based site.

We will apply our methods presented in this dissertation tmertype la SNe in the
future. The expected scientific results include (1) A systicrand more universal charac-
terization of the optical properties and associated sgteidutions and compositions of the
interstellar dust in nearby extragalactic environmerzsconstraints on the circumstellar
environment around a few nearby Type la SNe. We will compilereew understanding
of the dust into the current method of extinction correctionSN cosmology. The con-
straints on the CSM will further help to explore the mystag@xplosion physics of type

la SNe.
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