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Figure 8. Extinction-corrected color curves of SN 2021yja compared to other SNe II. Open markers for g — r and r — i are converted from V—R and R — I,
respectively, according to the relationships of Jordi et al. (2006). The bump in the color curves ending around 15 d happens around the same time that a change in
plateau slope is commonly observed in SNe II (Anderson et al. 2014), although such a change is not obvious in our light curve. Otherwise, the color evolution of
SN 2021yja is fairly typical.

(The data used to create this figure are available.)

Table 3

Shock Cooling Parameters
Parameter Variable Prior Shape Prior Parameters® Best-fit Value® Units
Shock velocity Vs Uniform 0 3 1.0+0.2 105 cms™!
Envelope mass® M., Uniform 0 10 0.6 £0.1 Mg
Ejecta mass x numerical factor® oM Uniform 3 100 60 £+ 30 Mg
Progenitor radius R Uniform 0 100 14+2 10" cm
Distance dy, Gaussian 234 4.9 25+5 Mpc
Extinction EB-YV) Gaussian 0.104 0.0155 0.10579389 mag
Explosion time to Uniform 59460 59464.6 59464.40 £ 0.06 MID
Intrinsic scatter o Half-Gaussian 0 1 48+0.2 Dimensionless
Notes.

The “Prior Parameters” column lists the minimum and maximum for a uniform distribution, and the mean and standard deviation for a Gaussian distribution.

b The “Best-fit Value” column is determined from the 16th, 50th, and 84th percentiles of the posterior distribution, i.e., median £ 1o.
%—[Z&" (we adopt n = % for

¢ Sapir & Waxman (2017) define the envelope of an RSG as the region where 6 = % < 1, where the density follows p,(0) = s

convective envelopes).
9 The ejecta mass and density profile do not have a strong effect on the light curve. Therefore this parameter is essentially unconstrained.

luminosity from ongoing circumstellar interaction, although the suggest a massive progenitor, according to the correlations of
decline slope we measure above suggests that °Co decay is the Eldridge et al. (2019). We discuss this possibility further in
dominant power source. An unusually large nickel mass may Section 4.2.
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Figure 9. Modeling the shock cooling emission of SN 2021yja using the model of Sapir & Waxman (2017). The parameters are described in Table 3. We find that the
first detection with MuSCAT3 occurred 5.4 + 1.4 rest-frame hours after the best-fit explosion time. We also find the best-fit progenitor radius to be 2030735) Ro. This
unusually large radius for an RSG can be lowered if we adopt a smaller extinction value or if we attribute some of the UV flux to interaction with CSM.

(The data used to create this figure are available.)

3.4. Spectral Features

The spectroscopic evolution of SN 202lyja=>6 days after
explosion is typical for a SNII: P Cygni lines of hydrogen and
helium superimposed on a cooling blackbody. Metal lines,
including Ball and Fell begin to appear several weeks after
explosion, blanketing the blue side of the spectrum. Its infrared
spectra (Figure 4) place it in the “weak” class of Davis et al.
(2019), with weak helium absorption at 1.083 ym in our > 100 d
spectra, a high-velocity component of the same line, and more
pronounced Sr1I absorption. As such, SN 2021yja is consistent
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with the correlation between slow plateau decline rates and weak
infrared helium absorption (Davis et al. 2019). No carbon
monoxide emission is detected at 100 days after explosion.
However, our earliest optical spectra, taken around 2 days after
explosion, are somewhat unusual in the sense that they do not show
the narrow high-ionization lines seen in many SNell this early.
These lines indicate short-lived circumstellar interaction, which ends
when the nearby circumstellar material (CSM) is swept up by the
expanding ejecta (Gal-Yam et al. 2014; Smith et al. 2015; Khazov
et al. 2016; Yaron et al. 2017; Bullivant et al. 2018; Hosseinzadeh
et al. 2018; Soumagnac et al. 2020; Bruch et al. 2021; Hiramatsu
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Figure 10. The profile of the unidentified feature around 450-480 nm (green)
in the first spectrum of SN 2021yja, compared to the profiles of Ha (blue) and
He 587.6 nm (orange). He 1I could be contributing at 468.6 nm, but the feature
is broad and has an irregular shape, unlike the other P Cygni profiles. As
suggested by Soumagnac et al. (2020) and Bruch et al. (2021), we suspect this
is a combination of several lines, possibly indicating a low level of
circumstellar interaction. However, its breadth cannot be fully explained by
the handful of narrow flash-ionized lines they suggest.

et al. 2021b; Terreran et al. 2022). Figure 2 compares the early
spectra of SN202lyja to other SNell with well-constrained
explosion dates and high-quality spectra taken within 6 days of
explosion. Some show narrow Hell, CTI, NI, and other lines:
SN 2013fs (Yaron et al. 2017; Bullivant et al. 2018), SN 2017ahn
(Tartaglia et al. 2021), SN 2018zd (Hiramatsu et al. 2021b), and
SN 2020pni (Terreran et al. 2022). SN 2017gmr (Andrews et al.
2019) and SN 2021yja do not show these lines, but instead show a
unique “ledge-shaped” feature around 450-480nm, which we
discuss below.

Figure 10 shows a detailed view of the ledge-shaped feature
in the earliest spectrum of SN 2021yja, compared to Ha and He
587.6 nm in the same spectrum. There are two lines of thought
about the identity of this feature in the literature, both related to
circumstellar interaction. Bullivant et al. (2018, their Figure 20)
and Andrews et al. (2019, their Figure 18) interpret it as very
broad, blueshifted Hell 468.6 nm (although there is also a
narrow component of this line present) produced in the
outermost layers of the SN ejecta. However, the line profile
is somewhat more symmetrical in these SNe than in
SN 2021yja. Soumagnac et al. (2020, their Figure 7) and Bruch
et al. (2021, their Figure 5) interpret this feature as a blend of
various flash-ionized lines from the CSM: NV 460.4 and
462.0nm, N1I 463.1 and 464.3 nm, C1V 465.8 nm, and He Il
468.6 nm.

Neither of these explanations is fully satisfactory. The
former (single, broad line) is difficult to reconcile with the
irregular profile of the feature, when other features have typical
P Cygni profiles. In addition, the implied velocity is nearly
30,000 km s ™! (as measured from the He II rest wavelength to
the blue edge of the feature), which is much higher than any
other feature in the spectrum. The latter explanation (blend of
several narrow emission lines) is inconsistent with the breadth
and strength of the feature. We suspect that the feature is
indeed a blend of several lines, possibly including He I1, CIII,
and N 111, although these must be either much broader or much
more numerous than the features suggested by previous work.
We discuss one such possibility in Section 4.1.
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3.5. Limits on a Pre-explosion Counterpart

Figure 11 (left) shows our high-resolution GSAOI image of
SN 2021yja, aligned to the pre-explosion WFPC2 F606W
image using three common astrometric sources in both frames,
resulting in an rms astrometric uncertainty of 0.08” (0.8
WFPC2 pixels) between both frames. In addition, we aligned
the GSAOI image to DECam and Spitzer/IRAC imaging,
using 4-6 common astrometric standards in both frames and
resulting in an rms uncertainty of 0.07-0.12" (Figure 11, right).

The position of SN 2021yja does not align with any counterpart
in the HST imaging. The closest source is 0.88" (11¢) away from
this position and detected at mpgew =24.05£0.06 mag
(previously discussed in Kilpatrick 2021). The same is true in
each of the other pre-explosion images as shown in Figure 11,
with no evidence for any significant, point-like emission within at
least 30 of the site of SN 2021yja.

Motivated by the depth of our imaging set, we place 3o
limits on the presence of a counterpart in each of our pre-
explosion images. We estimate the standard deviation of the
background variation within 2” of SN 2021yja and use this
value to estimate the maximum total flux that would not be
flagged as a 3o detection within one PSF width at this location.
The resulting limits are given in AB mag in Table 4, which we
consider the 30 limits on the presence of any counterpart in
each image.

To place these limits in context, we assume a blackbody
spectral energy distribution with a given luminosity and show
the region of the Hertzsprung-Russell diagram ruled out by our
limits assuming a source at 23.4 Mpc and the extinction we
derive in Section 2.5. We compare these limits to the expected
luminosities and temperatures of single-star models derived
from stars in MESA Isochrones & Stellar Tracks (MIST; Choi
et al. 2016). We can rule out all stars with initial masses >9 M,
as shown in Figure 12. This analysis is dominated by the
WFPC2 limit, which is significantly more constraining for the
MIST models than DECam and Spitzer.

Thus while we rely on the WFPC2 image from 26 March
1997, 24.5 yr before explosion, for our best constraints on the
nature of any progenitor star of SN 2021yja, we can place
meaningful constraints on that star at later times when the
DECam and Spitzer imaging were obtained. These limits are
informative in the scenario where that star was highly variable
and had a lower flux in F606W compared to its average flux (
i.e., similar to variability in « Ori and the recent detection of a
dimming RSG in M51 described in Levesque & Massey 2020;
Jencson et al. 2022). We further explore the implications of this
scenario below.

4. Discussion
4.1. CSM

Our analysis above gives rise to a somewhat confusing
picture with regard to CSM around the progenitor of
SN 2021yja. On one hand, we do not see some standard signs
of CSM, including pronounced, narrow emission lines in early
spectra, and, at first glance, the shock cooling model appears to
fit our observed light curve reasonably well. On the other
hand, the high UV luminosity, very blue colors, and persistent
high temperature (resulting in an overly large progenitor
radius from the shock cooling model), as well as the ledge-
shaped feature in the early spectra, do suggest some level of
early circumstellar interaction. HST UV-optical spectra from
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Figure 11. HST/WFPC2 F606W imaging of NGC 1325 from 1997 colorized using DSS imaging of the same field (left) and showing the explosion site of
SN 2021yja (white square). An inset panel shows GSAOI imaging of SN 2021yja obtained in Dec. 2021 in a 40”x40” region corresponding to the white frame. The
right-hand panels show the same region as seen in F606W, DECam grizY, and Spitzer/IRAC Channel 1 and 2, aligned using 3—6 common astrometric standards (blue
circles) and centered on the site of SN 2021yja (red circle). The lack of a counterpart is described in Section 3.5.

Table 4
Limits on a Pre-explosion Counterpart to SN 2021yja
Instrument Band Magnitude
WEFPC2 F606W >27.15
DECam g >24.50
DECam r >24.08
DECam i >22.90
DECam b4 >22.56
DECam Y >21.90
Spitzer/IRAC Ch1l >22.60
Spitzer/IRAC Ch2 >22.20

Note. All limits are given in AB magnitudes as described in Section 3.5.

Vasylyev et al. (2022) show no sign of circumstellar
interaction, but these were observed much later (7 days after
explosion) than our early spectra showing the ledge. In
addition, the detection of delayed radio emission (Alsaberi
et al. 2021) from SN 2021yja following an initial non-detection
(Ryder et al. 2021) can be taken as an indication of interac-
tion with a non-uniform CSM, similar to the conclusion
of Bostroem et al. (2019) for the SNII ASASSN-150z.
SN 2021yja was also observed in the very high-energy ~-ray
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domain (E>100 GeV) by the High Energy Stereoscopic
System (H.E.S.S.) Imaging Atmospheric Cherenkov Telescope
Array, which will yield complementary constraints on the CSM
density (H.E.S.S. Collaboration 2022, in preparation) following
the work presented by Abdalla et al. (2019) and the H.E.S.S.
Collaboration (2022).

One way to resolve this apparent contradiction is to infer a
small amount of CSM: less than is required to produce strong
emission lines, but still enough to affect the broadband light curve,
especially in the UV. We tumn to the literature to constrain the
mass-loss rate from both directions. By modeling a sample of
early SNII spectra with narrow emission lines, Boian & Groh
(2020) find CSM density parameters of order D~ 10°7'6
gem™ !, corresponding to mass loss of M = 4mu,D >
10~* Myyr—!, where v, is the terminal wind speed. Our mass-
loss rate must therefore be M < 104 Mgyr—!.

Dessart et al. (2017) propose a scenario in which the
interaction lines are both broadened and blueshifted, which can
potentially explain the ledge-shaped feature we discuss in
Section 3.4. This occurs when an RSG with radius R, = 501 R,
explodes into low-density CSM (M = 10-% Mgyr—!). They
term this the r1wl model. In this scenario, narrow emission
lines are not seen or disappear within hours of explosion, at
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Figure 12. Hertzsprung-Russell diagram showing the region that is ruled out
for a counterpart to SN 202lyja by our limits in Table 4 (red line) and
assuming E(B — V)pose = 0.0 mag and Dy = 23.4 Mpc. For comparison,

we show the same limits using the updated reddening value of E
(B — V)post = 0.085 mag and a total-to-selective extinction ratio of Ry =
3.1 (blue), and the limits assuming this reddening and a farther distance of
28.8 Mpc (gold; assumed distance + 1o). We also overplot MIST single-star
evolutionary tracks for stars with initial masses 8—30 M, (black lines) as well
as counterparts to Type Ib, IIb, and IT SNe from the literature (Cao et al. 2013;
Smartt 2015; Kilpatrick et al. 2021, and references therein). For our fiducial
host distance and reddening values, our limits rule out evolved massive
stars >9 M.,

which time we had not yet observed the spectrum of
SN 2021yja. When they add an extended atmosphere onto the
RSG (rl1wlh model; scale height H,=0.3R,), the spectro-
scopic evolution is similar, but the light curve rises faster and is
much more luminous in the UV (reaching Myyy, ~ — 19.5
mag). Such an extended atmosphere only requires a small
energy injection during the last year before explosion (Smith &
Arnett 2014; Morozova et al. 2020). Figure 13 compares the
early spectra of SN 2021yja to the r1w1l and r1wlh models of
Dessart et al. (2017). Notably, the extended atmosphere or
rlwlh could also lead to an overestimate of the progenitor
radius by a shock cooling model that was not designed to
account for it. Therefore, we believe this to be the most likely
scenario for the progenitor of SN 2021yja: an RSG with an
extended atmosphere exploding into low-density CSM.

4.2. Progenitor Star

Because of our skepticism about the inferred progenitor
radius (Section 4.1), the best constraints we have on the
progenitor are (1) the luminosity limit from direct imaging of
the field before explosion and (2) the inferred nickel mass from
the light-curve tail. Unfortunately, these are also somewhat in
conflict with each other: the very strict luminosity limit
suggests a very low-mass progenitor (with some caveats,
discussed below), whereas the very large nickel mass suggests
a massive progenitor (220 M; Eldridge et al. 2019). The
latter places SN 202lyja close to the upper limit for SNII
progenitors (Smartt 2015; Davies & Beasor 2018, 2020a,
2020b), implying that its progenitor star ought to have
My = —5 to —6 mag.

The limits from WFPC2 suggest that My > —4.4 mag,
consistent with a progenitor star of initial mass <9 M, (and
following the single-star models of Choi et al. 2016). We
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consider this a credible limit on the initial mass of the
progenitor star derived using the same distance and extinction
assumptions as SN 2021yja above, but we acknowledge that
there is some tension with the nature of the progenitor star as
inferred from the SN light curve. Our pre-explosion limit is
dominated by the single epoch of WFPC2/F606W imaging
from 1997, 24.5 years before explosion, which provides the
deepest limits. The tension between our pre-explosion
constraints on the progenitor star and those derived from
SN 2021yja could be partly eased if the star were extinguished
or variable on timescales of decades before core collapse.

A —0.6 to —1.4 mag discrepancy between this expectation
and our derived limits could be explained by variability in the
progenitor star V-band magnitude confined to a single epoch
24.5 yr prior to core collapse, similar to the variability observed
in RSGs such as Betelgeuse and M51-DS1 (Levesque &
Massey 2020; Jencson et al. 2022). The peak-to-peak
variability in Betelgeuse was ~1.2mag such that even a
fraction of this change in the SN 2021yja progenitor star would
completely obscure a <15M,, star in our WFPC2/F606W
imaging. We note, however, that these are extreme cases, and
evidence from RSGs observed in M31 (Soraisam et al. 2018)
and M51 (Conroy et al. 2018) suggests that the vast majority of
RSGs in the expected luminosity range for the SN 2021yja
progenitor star do not exhibit such extreme variability. Indeed,
assuming that all RSGs follow similar V- and /-band variability
to that observed in M51, those observed in Conroy et al. (2018)
suggest that <8% of those stars will undergo peak-to-peak
dimming at M; > — 0.6 mag. However, this likelihood is highly
uncertain for RSGs as a whole, and in particular, those that are
<25 yr from core collapse, which may be even more variable
than the overall population (e.g., Jacobson-Galan et al. 2022).

Alternatively, the CSM discussed above could significantly
obscure the progenitor star in F606W if it contained a
significant dust mass. Assuming Beasor et al. (2020) mass-
loss rates for an RSG in this mass range (~ 10~® M yr) and
corresponding wind speeds (20-25km s~ '), we consider the
implied effect on circumstellar extinction. Following methods
in Kilpatrick et al. (2018) for a uniform wind with carbonac-
eous dust grains, we infer that SN 2021yja would experience a
line-of-sight extinction Ay~ 0.1 mag, in which case circum-
stellar extinction could not explain an anomalously low optical
luminosity for the SN 2021ya progenitor star. However, we
note that this is strongly dependent on the assumed mass-loss
rate and wind composition, which could be significantly
different.

5. Summary and Conclusions

We have presented high-cadence, early photometric and
spectroscopic observations of the Type II SN 2021yja. These
have conflicting interpretations with respect to the progenitor
star and its CSM. On one hand, the light curve is very
luminous, especially in the UV, but on the other hand, we see
no narrow emission lines in the early spectra. The high
luminosity on the radioactive-decay tail of the light curve also
implies a large production of *°Ni (though with a large
uncertainty), which suggests a large progenitor mass. However,
we inspected archival HST imaging of the host galaxy of
SN 2021yja and found no coincident sources that could be the
progenitor. If stellar evolution models accurately describe the
end state of stars, these limits suggest the progenitor was
among the lowest-mass RSGs, <9 M,
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Figure 13. Comparing the early spectra of SN 2021yja to the r1wl and r1wlh models of Dessart et al. (2017), with lines labeled as in Figure 2. These models both
have low-density CSM from a mass-loss rate of order M ~ 10~® Mgyyr~'. The r1wlh model also includes an extended RSG atmosphere. Although not a perfect
match to the models, the ledge-shaped feature we observe around 450-480 nm could be explained by weak circumstellar interaction, in particular by broad, blueshifted
He 1l and N V.
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We conclude that the most likely progenitor is an RSG with
an extended envelope, and that this progenitor exploded into
low-density CSM produced via a mass-loss rate of order
M ~ 107° My yr—'. This CSM still has observable effects on
the light curve and spectra. We emphasize that the details of the
progenitor structure and CSM configuration must be considered
in analyzing CCSNe; these lead to a multidimensional phase
space of observables, i.e., a “zoo” of spectral features that do
not map straightforwardly onto mass-loss rate or CSM density.

As we discover CCSNe increasingly early, thanks to
specially designed survey strategies, detailed modeling of each
well-observed event will allow us to piece together the statistics
of the CCSN progenitor population. In particular, combining
multiple independent lines of analysis, e.g., light-curve
modeling, spectral modeling, and direct progenitor imaging,
will allow us to build a complete picture of each new event,
including mass-loss history, CSM density and composition,
and progenitor structure. With a sample of well-studied events,
we will gain a comprehensive view of the diversity of mass loss
in massive stars in their final years.
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Facilities: ADS, ARC (DIS), ATT (WiFeS), Blanco
(DECam), Bok (B&C), CTIO:PROMPT, FLWO:1.2 m
(KeplerCam), FTN (FLOYDS, MuSCAT3), FTS (FLOYDS),
Gemini:South (GSAOI), HST (WFPC2), Keck:I (HIRES),
Keck:II (KCWI, NIRES), LCOGT (Sinistro), LO:1 m (Lulin
Compact Imager), Meckering:PROMPT, MMT (Binospec,
MMIRS), NED, Nickel (Direct Imaging Camera), NTT
(EFOSC, SOFI), OSC, SALT (RSS), Shane (Kast), SOAR
(Goodman, TripleSpec), Spitzer (IRAC), Swift (UVOT),
Thacher

Software: Astropy (Astropy Collaboration et al. 2018),
BANZAI (McCully et al. 2018), Binospec Pipeline (Kansky
et al. 2019), corner (Foreman-Mackey 2016), DoPHOT
(Schechter et al. 1993), emcee (Foreman-Mackey et al.
2013), FLOYDS pipeline (Valenti et al. 2014), hst123
(Kilpatrick et al. 2021), IPython (Perez & Granger 2007), IRAF
(National Optical Astronomy Observatories 1999), 1cogtsn-
pipe (Valenti et al. 2016), Light Curve Fitting (Hosseinzadeh
& Gomez 2020), KCWI Data Reduction Pipeline (Rizzi et al.
2021), Matplotlib (Hunter 2007), MMIRS Pipeline (Chilingar-
ian et al. 2013), NumPy (Oliphant 2006), photpipe (Rest
et al. 2005), POTPyRI (K. Paterson et al. 2022, in preparation),
PyKOSMOS (Davenport 2021), PyRAF (Science Software
Branch at STScl 2012), PySALT (Crawford et al. 2010),
PyWiFeS (Childress et al. 2014), QFitsView (Ott 2012), SciPy
(Virtanen et al. 2020), Spextool (Cushing et al. 2004),
xtellcor (Vacca et al. 2003).

Appendix A
Photometry Reduction

Las Cumbres Observatory images are preprocessed by
BANZAI (McCully et al. 2018). We extracted aperture
photometry from images taken under the Global Supernova
Project using lcogtsnpipe, which is based on PyRAF
(Science Software Branch at STScI 2012). We calibrated UBV
magnitudes to images of Landolt (1992) standard fields (Vega
magnitudes) taken on the same night with the same telescope,
and we calibrated gri magnitudes to the Pan-STARRS1 (PS1)
37Survey (AB magnitudes; Chambers et al. 2016).
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Las Cumbres images (including MuSCAT3) taken under the
Young Supernova Experiment, as well as data from the Lulin
1 m telescope and Nickel 1 m telescope, were reduced using
photpipe (Rest et al. 2005). griz magnitudes were calibrated
to PS1 37, and u magnitudes were calibrated to SkyMapper
(Onken et al. 2019).

Thacher data were calibrated with nightly dark and bias
frames and master flat-field frames in each band. We used
DoPHOT (Schechter et al. 1993) to perform PSF modeling and
to obtain the counts in SN 2021yja as well as 12 reference stars
in the Pan-STARRSI catalog with r-band magnitudes between
13.7 and 16.6 mags. Preliminary magnitudes were calculated
for SN 2021yja using zero-points derived for each image based
on the reference star fluxes. Then a second pass was made on
the data to perform a first order color correction to account for
the bandpass mismatches between the Thacher and Pan-
STARRSI filters.

Unfiltered DLT40 light curves consist of aperture photo-
metry calibrated to r-band catalogs from the AAVSO
Photometry All-Sky Survey (APASS; Henden et al. 2009).

Swift data were analyzed using an updated version of the
pipeline for the SOUSA (Brown et al. 2014). Zero-points from
Breeveld et al. (2011) were used with time-dependent
sensitivity corrections updated in 2020 and an aperture
correction calculated for 2021.

We perform image subtraction on each KeplerCam image
with HOTPANTS (Becker 2015), using archival PS1 3wimages
as reference templates. Instrumental magnitudes were measured
using PSF fitting and calibrated to PS1 3.

MMIRS imaging data were reduced using a custom pipeline
(adapted from POTPyRI; K. Paterson et al. 2022, in prep-
aration) that performs standard dark-current subtraction, flat-
fielding, sky background estimation and subtraction, astro-
metric alignments, and final stacking of the individual
exposures. The images were photometrically calibrated with
aperture photometry of relatively isolated stars in the MMIRS
images with cataloged JHK -band magnitudes in the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006). We
then performed aperture photometry on SN 202lyja. The
measurement uncertainities are dominated by scatter in the
zero-point estimation from the 2MASS stars.

Appendix B
Spectroscopy Reduction

The optical and near-infrared spectra of SN 2021yja are
logged in Table 5. These will be made available on the
Weizmann Interactive Supernova Data Repository (Yaron &
Gal-Yam 2012) after publication.

FLOYDS spectra were reduced using the FLOYDS pipeline
(Valenti et al. 2014), which is based on PyRAF.

The Kast and Goodman spectra were reduced using standard
IRAF/PyRAF and Python routines for bias/overscan subtrac-
tions and flat-fielding. The wavelength solution was derived
using arc lamps while the final flux calibration and telluric lines
removal were performed using spectrophotometric standard
star spectra.

The EFOSC2 and SOFI spectra were reduced using the
PESSTO pipeline (Smartt et al. 2015).

Basic 2D reductions for the MMIRS standard long-slit zJ
single-order spectra were performed using the MMIRS data
reduction pipeline (Chilingarian et al. 2013), including flat-
fielding, subtraction of AB pairs to remove the sky background,
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Table 5
Log of Spectroscopic Observations

MID Telescope Instrument Phase Exposure Wavelength Resolution

(d) Time (s) Range (nm) A/AN
59466.507 FTN FLOYDS 2.1 600 335-930 380
59466.596 FTS FLOYDS 2.2 600 335-930 250
59467.643 FTS FLOYDS 32 900 335-930 250
59467.680 SSO 2.3 m WiFeS 33 3600 559-850 3000
59468.484 MMT Binospec 4.1 1440 383-920 650
59468.769 FTS FLOYDS 43 900 335-930 250
59469.480 MMT Binospec 5.1 1440 569-721 2900
59469.606 FTS FLOYDS 5.2 900 335-930 250
59471.312 NTT EFOSC 6.9 900 338-932 350
59471.590 FTS FLOYDS 7.1 900 335-930 250
59471.652 Keck II KCWI 72 60 350-560 1250
59472.653 FTS FLOYDS 8.2 1500 335-930 250
59474.485 Keck II NIRES 10.0 1200 965-2460 2700
59474.549 FTN FLOYDS 10.1 900 335-930 380
59475.734 FTS FLOYDS 11.3 900 335-930 250
59476.975 SALT RSS 12.5 1495 350-930 1000
59477.461 MMT MMIRS 13.0 1200 940-1510 960
59477.542 FTN FLOYDS 13.1 900 335-930 380
59478.484 FIN FLOYDS 14.0 600 335-930 460
59479.552 FTN FLOYDS 15.1 900 335-930 380
59479.969 SALT RSS 15.5 1495 350-930 1000
59480.641 FTS FLOYDS 16.1 600 335-930 270
59481.332 NTT EFOSC 16.8 900 338-932 350
59481.961 SALT RSS 17.5 1495 350-930 1000
59482.276 NTT SOFI 17.8 960 950-2520 600
59482.515 FIN FLOYDS 18.0 900 335-930 380
59483.490 Shane Kast 19.0 630/600 300-1050 600
59483.557 FTN FLOYDS 19.0 600 335-930 460
59486.549 FTN FLOYDS 22.0 600 335-930 460
59487.519 FTN FLOYDS 23.0 900 335-930 380
59488.550 FTN FLOYDS 24.0 600 335-930 460
59490.474 FIN FLOYDS 259 900 335-930 380
59490.721 FTS FLOYDS 26.2 600 335-930 270
59492.641 FTS FLOYDS 28.1 2400 335-930 250
59493.371 Bok B&C 28.8 1000 601-716 3400
59494.301 Bok B&C 29.7 1000 340-759 700
59494.634 FTS FLOYDS 30.1 600 335-930 270
59495.760 FTS FLOYDS 31.2 900 335-930 250
59496.726 FTS FLOYDS 32.1 600 335-930 270
59498.522 FIN FLOYDS 339 1500 335-930 380
59501.566 FTN FLOYDS 37.0 900 335-930 380
59504.475 FTS FLOYDS 39.8 600 335-930 270
59508.544 FTN FLOYDS 439 900 335-930 380
59509.457 Keck I HIRES 44.8 3001 364-799 50,000
59516.578 FTS FLOYDS 51.9 600 335-930 270
59516.668 SSO 2.3 m WiFeS 52.0 3600 350-900 3000
59517.522 FTS FLOYDS 52.8 900 335-930 250
59517.598 SSO 2.3 m WiFeS 529 3600 350-900 3000
59519.524 FTN FLOYDS 54.8 600 335-930 460
59524.458 FIN FLOYDS 59.7 900 335-930 380
59526.339 Shane Kast 61.6 1703/1698 300-1050 600
59533.355 Shane Kast 68.6 630/600 300-1050 600
59533.719 FTS FLOYDS 68.9 900 335-930 250
59543.294 Shane Kast 78.4 630/600 300-1050 600
59551.642 FTS FLOYDS 86.7 900 335-930 250
59560.422 FTS FLOYDS 95.5 900 335-930 250
59565.133 SOAR TripleSpec 100.2 960 940-2460 3500
59565.273 MMT MMIRS 100.3 1440 940-1510 960
59566.051 SOAR Goodman 101.1 600 300-705 850
59566.237 MMT MMIRS 101.3 1440 940-1510 960
59571.537 FTS FLOYDS 106.5 900 335-930 250
59580.564 FTS FLOYDS 115.5 900 335-930 250
59582.461 FTS FLOYDS 117.4 1000 335-930 250
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Table 5
(Continued)

MID Telescope Instrument Phase Exposure Wavelength Resolution

(d) Time (s) Range (nm) A/AN
59586.100 Shane Kast 121.0 630/600 300-1050 600
59593.488 FTS FLOYDS 128.4 1000 335-930 250
59605.103 Shane Kast 139.9 1230/1200 300-1050 600
59605.144 ARC 3.5m DIS 139.9 1800 380-950 1000
59611.128 Shane Kast 145.9 930/900 300-1050 600

Note. Wavelength range and resolution are approximate. Exposure times for Kast spectra are for the blue and red halves, respectively.

and wavelength calibrations. We then performed 1D spectral
extractions using standard tasks in IRAF. Flux calibrations and
corrections for the strong near-infrared telluric absorption
features were performed using observations of the AQV
standards HD 13165, HIP 25347, and HIP 25117 taken imme-
diately preceding each of the observations of the SN. We used
the method of Vacca et al. (2003) implemented with the IDL
tool XTELLCOR_GENERAL developed by Cushing et al.
(2004) as part of the Spextool package.

The SALT data were reduced using a custom pipeline based
on the PySALT package (Crawford et al. 2010).

Each WiFeS observation was reduced using PyWiFeS
(Childress et al. 2014) producing a 3D cube file for each
grating that has had bad pixels and cosmic rays removed, while
we combined our two 1800 exposures that we took on the
night. We extracted spectra from the calibrated 3D data cube
using QFitsView (Ott 2012) using an aperture similar to the
seeing on the night (average seeing of 1.1 — 1.6” on the night).
For background subtraction, we extract a part of the sky that is
isolated from the source using a similarly sized aperture.

Binospec data were reduced using the Binospec pipeline
(Kansky et al. 2019). While an internal flux calibration into
relative flux units from throughput measurements of spectro-
photometric standard stars is provided in the pipeline, we
obtained our own spectrophotometric standard observations
throughout the semester and created our own sensitivty
function for flux calibration.

Reductions of Bok B&C spectra were carried out using
IRAF including bias subtraction, flat fielding, and optimal
extraction of the spectra. Flux calibration was achieved using
spectrophotometric standards observed at an air mass similar to
that of each science frame, and the resulting spectra were
median combined into a single 1D spectrum for each epoch.

The DIS spectrum was reduced using PyKOSMOS (Daven-
port 2021) using standard techniques for bias/overscan
subtraction, flat-field correction, 1D extraction, and wavelength
calibration. Flux calibration was performed using the optical
flux standard star LTT2415. 1D observations were cleaned and
median combined to produce the final spectrum.

The HIRES spectra were reduced using the standard
procedure of the California Planet Search (Howard et al.
2010). We extracted the two orders of interest, containing the
DIB and the Na 1D lines. For each order, we median-combined
the four exposures, masked the lines of interest, and then
modeled the continuum by smoothing with a second-order
Savitzky & Golay (1964) filter with a width of 555 pixels.
Figure 5 shows this spectrum divided by the continuum.

The KCWI spectra were reduced following the standard
procedures used in the python version of the KCWI Data
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Reduction Pipeline (Rizzi et al. 2021). The spectra were
extracted from the data cube using QFitsView (Ott 2012).

The NIRES spectrum was reduced following standard
procedures described in the IDL package Spextool version
5.0.2 for NIRES (Cushing et al. 2004). The extracted 1D spectrum
was flux calibrated and also corrected for telluric features with
xtellcorr version 5.0.2 for NIRES (Vacca et al. 2003) making
use of observations of an AQV standard star.

We used the Spextool IDL package (Cushing et al. 2004)
to reduce the TripleSpec data, and we subtracted consecutive
AB pairs to remove the sky and the dark current. The pixel-to-
pixel gain variations in the science frames were corrected by
dividing for the normalized master flat. We calibrated 2D
science frames in wavelength by using CuHeAr Hollow
Cathode comparison lamps. To correct for telluric features
and to flux-calibrate the SN spectra, we observed the
HIP 19001 AOQV telluric standard after the SN and at a similar
air mass. After the extraction of the individual spectra from the
2D frames, we used the xtellcorr task (Vacca et al. 2003)
included in the Spextool IDL package to perform the telluric
correction and the flux calibration.
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