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The 3000-day light curve of SN 2006gy 4369

Figure 2. Slit position orientation confirmation. Left: the HST/WFC3/F814W image with the planned slit orientation highlighted. Right: a simulated cross-
dispersion profile (blue) created by summing rows within the slit on the left-hand side. The green line represents the actual STIS cross-dispersion profile,
calculated by median-stacking the columns in the pipeline-reduced STIS spectrum (ocdd04010_crj.fits). The similarity of these two profiles indicates the SN,

highlighted by the grey bar just south of the galaxy nucleus, is centred in the slit.

Figure 3. The 2D spectrum of SN 2006gy obtained with the G750L grating (ocdd04010_crj.fits). The SN is highlighted by the faint trace just below the bright

galaxy nucleus. The H « line, highlighted by the inset, is the most obvious feature.

columns by setting their data-quality flags to 4. Fig. 4 plots the final,
background-subtracted spectrum.

2.2 Keck/NIRC2-AO-LGS

SN 2006gy was observed with Keck/NIRC2-AO-LGS (Wizinowich
et al. 2006) on 2014 December 7 ut using the wide-field camera
and K’ filter Fig. 5. The complete set of observations include two
repeats of the ‘bxy9’ pattern with 1 arcsec dithers, where each
frame consisted of three co-added 8 s exposures (i.e. 24 s frame).
To reduce the data, we subtracted a median bias frame, applied flat-
field corrections to each exposure, and corrected for astrometric
distortion.> A bright star present in all the images was used to align
and, ultimately, co-add the dithered images.

3 https://www2 keck.hawaii.edu/inst/nirc2/dewarp.html

The resulting data were analysed using standard IR analysis tech-
niques utilizing SExTrACTOR.* Given the steep gradient of the un-
derlying galaxy, we chose to subtract this contribution by using
GALFIT (Peng et al. 2002, 2010) to model NGC 1260 with a radial
Sérsic (1963) profile. We use a bright, isolated star as a model for the
point-spread function. We allowed the exponent n, half-light radius,
axis ratio, position angle, galaxy position, and sky background to
vary. Removing the principal source of variation in the background
yields a more robust local background subtraction. Calibration was
performed using field stars with reported fluxes in 2MASS (Skrut-
skie et al. 2006). Table 2 lists the new photometry and that reported

4 SEXTRACTOR can be accessed from http://www.astromatic.net/software.
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Figure 4. Background-subtracted HS7/STIS spectrum of SN 2006gy on day 3001 post-explosion, corrected for extinction assuming a reddening of E(B —
V) = 0.72 mag. The light blue plots the unsmoothed spectrum, while the dark blue plots the spectrum that has been 10-pixel boxcar smoothed. Grey bars
signify pixels flagged for having bad data quality. The spectrum is relatively featureless, flat, and noisy. We detect H « (shaded red), but no other obvious lines
can be identified.

Table 2. Keck AO Observations of SN 2006gy.

Date Epoch Filter Mag
(ur) (d (Vega)
2007 September 29 398 K 1491 £0.17
2007 December 2 461 H 16.8 £0.3
2007 December 2 461 K 15.02 £0.17
2008 August 25 723 K 1559 £0.21
2014 December 07 3024 K 18.10 £ 0.17

by Miller et al. (2010). Fig. 6 plots this photometry along with the
WEC3 photometry presented in Table 1.

2.3 Keck optical spectroscopy

For a comparative analysis in Section 5, we also present previ-
ously unpublished optical spectra of SNe IIn 2005ip and 2010jl at
similar late-time epochs, summarized in Table 3. The spectra were
obtained with the dual-arm Low Resolution Imaging Spectrometer
(LRIS; Oke et al. 1995) mounted on the 10-m Keck I telescope with
the slit aligned along the parallactic angle to minimize differen-
Figure 5. Keck/NIRC2/LGS-AO image of SN 2006gy obtained on 2014 tial light losses (Filippenko 1982). The spectra were reduced using
December 7 UT. standard techniques (e.g. Foley et al. 2003; Silverman et al. 2012).
Routine CCD processing and spectrum extraction were completed

MNRAS 454, 4366-4378 (2015)
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Figure 6. Light curve of SN 2006gy through day 3024, including data from Smith et al. (2008) and Miller et al. (2010). Dotted lines for the F625W and
F814W filters beyond day ~2300 illustrate the extrapolations used to calculate the photometry plotted in Fig. 7, corresponding to the single epoch of F390W

photometry on day 2379. Offsets are applied only for plot clarity.

Table 3. Summary of Keck/LRIS Optical Spectra.

SN D — Epoch Res. Exp.
2,450,000 (d) (A) (s)

2005ip 6778 3024 ~6 1200

20101 6778 1290 ~6 1200

with raF,> and the data were extracted with the optimal algorithm
of Horne (1986). We obtained the wavelength scale from low-order
polynomial fits to calibration-lamp spectra. Small wavelength shifts
were then applied to the data after cross-correlating a template-sky
spectrum to an extracted night-sky spectrum. Using our own IDL rou-
tines, we fit a spectrophotometric standard-star spectrum to the data
in order to flux calibrate the SN and to remove telluric absorption
lines (Wade & Horne 1988; Matheson et al. 2000).

3 A SCATTERED OPTICAL LIGHT ECHO?

The observed late-time optical emission from SN 2006gy has been
attributed previously to a scattered-light echo (Smith et al. 2008;
Miller et al. 2010), which is a product of scattered light from the SN
light curve emerging from a paraboloid of revolution with the SN
as its focus and its axis along the line of sight (e.g. Bode & Evans
1980; Dwek 1983; Chevalier 1986). We consider this scenario in
the context of the new data presented in this article.

Fig. 7 plots the optical SED of SN 2006gy on day 2379, which
corresponds to the single epoch of F390W observations. Although
data through the other filters were not obtained at this particular
epoch, we extrapolate the F625W and F814W photometry shown
in Fig. 6. This figure goes on to compare the photometry to the ex-
pected scattered echo spectrum, which is the cumulative scattering
of the whole light curve. To simulate this spectrum, we construct
a synthetic integrated spectrum by mean-combining the individual
spectra from day 36 (pre-peak), day 71 (peak), day 122, and day
177 (spaced roughly every 40 d; Smith et al. 2010). We then as-

3 IRAF: the Image Reduction and Analysis Facility is distributed by the Na-

tional Optical Astronomy Observatory, which is operated by the Association
of Universities for Research in Astronomy (AURA), Inc., under cooperative
agreement with the US National Science Foundation (NSF).

sume a 1~ wavelength dependence for the scattering, which can

be considered typical (e.g. Miller et al. 2010). Since the flux of
the scattered-light echo depends on the specific arrangement of the
dust, the precise scale factor is unknown. Instead, Fig. 7 scales the
spectra to the F814W photometry. Overall, the synthetic photometry
for a scattered-light echo with a ~A~%% wavelength dependence is
consistent with the observed SED on day 2379.

4 A THERMAL-IR LIGHT ECHO?

4.1 The peak of the thermal SED

Little late-time IR colour information exists for SN 2006gy given
that the observations require high-resolution ground-based AO or
HST photometry. Prior to this article, just one H- and four K’-band
observations existed at >1 yr post-explosion. The equilibrium dust
temperature and, thereby, the peak of the corresponding SED remain
relatively unconstrained. Both Smith et al. (2008) and Miller et al.
(2010) place a lower limit on the dust IR luminosity by assuming
that (1) all of the near-IR luminosity can be attributed to a thermal
light echo, and (2) the near-IR luminosity peaks in the K’ band given
the very red H — K’ colour observed on day ~400. Here we present
a quantitative analysis of the K'-band contribution to the total IR
luminosity in the thermal-IR echo scenario.

First, we calculate the equilibrium temperature of dust over a
range of distances from the SN following dust heating models out-
lined by Fox et al. (2010). Assuming 0.1 pm graphite dust grains,
Fig. 8(a) plots the dust temperature as a function of the central en-
ergy source (i.e. SN peak luminosity) for dust at distances ranging
from 0.2 to 4 ly. For any given luminosity, the dust is heated to
expectedly lower temperatures at larger distances. Fig. 8(b) plots
the dust temperature as a function of distance for the specific case
of the observed peak luminosity of SN 20068y (Lycak & 10" Lo).

Since the dust temperature can be written as a function of radius
from the SN, we can also plot the fraction of the total IR luminosity
emitted in K as a function of radius (Fig. 9). At larger distances,
where the dust temperature drops and the SED peak shifts to longer
wavelengths, the fraction of the total IR flux emitted in K’ decreases.

For the case of an IR echo, the quantitative relationship between
observation epoch and the emitting dust shell radius is not straight-
forward because the paraboloid intersects small fractions of many

MNRAS 454, 4366-4378 (2015)
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Figure 7. The optical SED of SN 2006gy on day 2379, which corresponds to the single epoch of F390W observations. Overplotted in grey (solid) is the
synthetic integrated spectrum of SN 2006gy around peak light, constructed by mean-combining the day 36 (pre-peak), day 71 (peak), day 122, and day 177
data. A 1799 wavelength dependence is assumed for the scattered-light peak spectrum (dashed grey). Both spectra are scaled to the F814W photometry. The
synthetic photometry of the scattered spectrum is consistent with the observed SED.
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Figure 8. Relationship between dust mass, dust temperature, and distance from the heating source. Left: the dust temperature as a function of the central
energy source (i.e. SN peak luminosity) for 0.1 pm graphite dust grains at distances ranging from 0.2 to 4 ly (dotted lines). Overplotted as a reference are the

luminosities corresponding to both the peak and late-time plateau of SN 2006gy. Right: the dust temperature as a function of distance for the specific case of

the observed peak luminosity of SN 20068y (Lpeax ~ 10" L))
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Figure 9. The fraction of K’ to total IR luminosity as a function of dust tem-

perature, which can be written in terms of radius (Fig. 8) or time ( = 2R/c¢),
assuming a thermal light echo model and 0.1 pm grains.
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thin shells at any given instant (see Dwek 1983). While modelling
the integrated flux from the many thin shells is beyond the scope
of this paper, the hottest dust at any epoch, ¢, is located at a radius
R = ct/2, where c is the speed of light. This radius therefore sets the
upper limit to the fractional K'-band emission (all other contribut-
ing shells in the paraboloid have lower temperatures). By writing
the observation epoch as a function of the hottest dust shell radius,
t = 2R/c, Fig. 9 also plots the maximum fraction of the total IR
luminosity emitted in K’ as a function of time post-explosion. The
fraction of K’-band flux at a given epoch is independent of the CSM
density or geometry. At early times, the K’ flux represents only
~15 per cent of the total IR flux, and by late times, this fraction
drops to <1 per cent.

4.2 Other potential K’-band flux sources

Besides the equilibrium thermal-IR emission, other potential emis-
sion sources may contribute to the K’-band flux at late times, in-
cluding (1) the scattered-light echo at 2 pm, (2) thermal emission
from hotter, smaller grains that are not in thermal equilibrium, and
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Figure 10. The scattered optical light echo from Fig. 7 extended into the
IR assuming a Rayleigh—Jeans tail. For a light-echo scenario, the K’-band
contribution would be insignificant compared to what is observed.

(3) H, line and CO band emission. Here, we consider possible
contributions from these sources.

Scattered-light echo at 2 um. Fig. 7 approximates the spec-
trum and SED of a scattered-light echo. Fig. 10 goes on to ex-
tend this SED into the IR by fitting the SED with a black-
body and extending the Rayleigh-Jeans tail to the K’ band. The
expected fraction of the K'- to R-band flux from an unred-
dened scattered-light echo would be only ~0.02. From Tables 1
and 2, we calculate the observed ratio on day 2303 (by in-
terpolating the K'-band fluxes and assuming a linear decline):
K'/R = 173 mag/209mag = (9.2 x 10~ ®ergs~' cm2 A1)/
(6.7 x 1078 ergs™! em~2A~1) & 1.38. We therefore rule out any
significant contribution from the light echo at 2 wm in our models.

Small, hot grains. Small grains do not radiate as blackbodies. At
a given distance from the SN, smaller grains will therefore be hotter
than the equilibrium blackbody temperature exhibited by larger
grains. Temim & Dwek (2013) show in their fig. 4, however, that
the dust grain temperature peaks and plateaus for dust grain sizes
a < 0.1 um (assuming a constant heating source). Our models in
Section 4.1 already assume grain sizes @ = 0.1 pm and include the
associated absorption and emission coefficients (see details in Fox
et al. 2010). The modelled fraction of the IR luminosity emitted in
K'-band flux (Fig. 9) therefore represents only an upper limit.

H, line and CO band emission. Finally, we note that additional
K’ emission may originate from either H; line or CO band emission,
but we assume the contribution is negligible in a broad-band filter
and do not consider these contributions in our models.

4.3 Energy budget

The integrated optical energy output from the SN photosphere
throughout the first ~200 d is ~2.5 x 10°! erg (Smith et al. 2010).
Assuming that the IR luminosity peaks in the K’ band and a constant
K’ luminosity of 2 x 108 L for 600 d, Miller et al. (2010) estimate
the total emitted IR energy at Ejg > 4 x 10*° erg. Making a sim-
ilar assumption about the thermal emission peak wavelength and
integrating over the observed K’ light curve in Fig. 6, we calculate
a similar total emitted energy through day 3000 (it turns out the
assumption of a K’-band luminosity of 2 x 10% Lpfor 600 d was
an overestimate).

Fig. 9 shows, however, that in the light-echo model the fraction
of the IR luminosity emitted in the K’ band is 15 per cent at day 400

The 3000-day light curve of SN 2006gy 4373

and <1 per cent by day 3000. Accounting for the fractional output
in K’, the lower limit on the total IR luminosity is actually Ejr 2
4 x 10°!' erg. This calculation sets only a lower limit because the
fractional K'-band output represents only the hottest dust shell. The
total radiated IR energy from the putative echo is therefore greater
than the total SN output, which is not even possible for a case of an
optically thick shell. This energetics argument alone suggests that
the IR echo argument is unfeasible at day 3000.

4.4 R-to-K’ band ratio

We also consider the colour evolution in the context of the light-
echo scenario. Specifically, we derive the ratio of the R and K’ bands,
which are both observables. The scattered optical and thermal-IR
fluxes can be approximated as a function of radius:

phot Atphot Tscat f(e )

L
Lr(R) = IR/ , 6]

and

L (R) _ LphotAtphotTd « LK’
K 2R/c L’

where Ly is the photosphere luminosity over a given time Afpp,
Tya 18 the dust scattering coefficient, 74 is the dust absorption
coefficient, f(#) is the fraction of forward-scattered electrons, and
L/ /Lg is the calculated IR fractional output in K’ (see Fig. 9). The
ratio of the R- to K'-band flux versus radius can then be written as

@

E(R) — TSClllf(e) % ﬂ
Ly Td Ly
Lir
=C . 3
x o 3)

While the values for T4, 74, and f{6) may require detailed deriva-
tions, they can all be considered constants for the purposes of this
analysis, since the ratio of these values will not change as a function
of the dust-shell radius.

Fig. 11 combines equation (3) with the analysis from Section 4.3
to plot the fraction of the R- to K’-band flux as a function of radius.
As the echo shifts to shells at larger radii, the fraction of thermal
echo emitted in K declines while the scattered optical light echo
remains constant. Overplotted are the measured ratio of the R- and
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Figure 11. For the light-echo model, the fraction of K’- to R-band flux as a
function of dust temperature, which can be written in terms of radius (Fig. 8)
or time (¢t = 2R/c) Overplotted in red are the actual observed value from
Fig. 6.
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