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ABSTRACT

We present photometric and spectroscopic studies of two core-collapse supernovae (SNe) 2008aq and 2019gaf in the optical
wavelengths. Light curve and spectral sequence of both the SNe are similar to those of other Type IIb SNe. The pre-
maximum spectrum of SN 2008aq showed prominent H« lines, the He lines started appearing in the near maximum
spectrum. The near maximum spectrum of SN 2019gaf shows shallow H « absorption and He lines with almost similar
strength. Both the SNe show transition from hydrogen-dominated spectra to helium-dominated spectra within a month
after maximum brightness. The velocity evolution of SN 2008aq matches well with those of other well-studied Type IIb
SNe, while SN 2019gaf shows higher velocities. Close to maximum light, the H « and He 1 line velocities of SN 2019gaf are
~ 2000 and ~ 4000 km s~! higher than other well-studied Type IIb SNe. Semi-analytical modelling indicates SN 2019gaf
to be a more energetic explosion with a smaller ejecta mass than SN 2008aq. The zero-age main-sequence (ZAMS) mass
of the progenitor estimated using the nebular spectra of SN 2008aq ranges between 13 and 20 Mg, while for SN 2019gaf,
the inferred ZAMS mass is between 13 and 25 M. The [O 1] to [Ca11] lines flux ratio favours a less massive progenitor star
in a binary system for both the SNe.

Key words: techniques: photometric —techniques: spectroscopic —supernovae: general —supernovae: individual: SNe
2008aq, 2019gaf — galaxies: individual: MCG -2-33-20.

depending on progenitor mass, structure and composition (E. M.

1 INTROD TI
NTRODUCTION Burbidge et al. 1957; S. A. Colgate & R. H. White 1966; H. A. Bethe

Core-collapse supernovae (CCSNe) represent the final stage in
the evolution of massive stars (2 8-10 M), occurring when their
core collapse under gravity (H. A. Bethe 1990; S. J. Smartt 2009;
H.-T. Janka 2012). Multiple collapse channels operate for CCSNe
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& J.R. Wilson 1985; S. E. Woosley & T. A. Weaver 1995; S. Woosley
& T. Janka 2005; H.-T. Janka 2012). Massive stars with zero-age
main-sequence (ZAMS) masses above roughly 10 Mg undergo
successive stages of nuclear burning, synthesizing progressively
heavier elements up to Fe core. Once an Fe core is produced, nu-
clear fusion ceases, the core then becomes unstable and collapses
under its own gravity, giving rise to an iron-core collapse SN
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(H. A. Bethe 1990; H.-T. Janka 2012). A distinct pathway is
electron-capture supernovae (ECSNe) from super-AGB progen-
itors (~8-10 M), with O-Ne-Mg cores. When the central density
exceeds a critical value, electrons begin to be captured by Mg,
resulting in decrease in degenerate pressure, and gravitational
collapse of O-Ne-Mg core (S. Miyaji et al. 1980; K. Nomoto et al.
1982).

Type IIb SNe are a subclass of stripped-envelope (SE) CCSNe,
in which the hydrogen envelope of the progenitor star is par-
tially stripped (A. V. Filippenko 1988; M. Modjaz, C. P. Gutiérrez
& 1. Arcavi 2019). They are also designated as transitional, as
their spectral evolution shows the transition from a hydrogen-
rich Type II-like spectrum during the early phase to a hydrogen-
poor Type Ib-like spectrum in the late post-maximum phase (S.
E. Woosley et al. 1994; A. V. Filippenko 1997; A. Gal-Yam 2017;
S. J. Prentice et al. 2019). The light curves of Type IIb SNe are
mainly powered by the radioactive decay chain of >°Ni synthe-
sized in the explosion. A wide range of *Ni mass (0.02-0.1 M)
is estimated in these explosions (S. J. Prentice et al. 2016). SESNe
display considerable variation in their light-curve shapes. Some
Type IIb SNe e.g. SNe 1993] (J. C. Wheeler et al. 1993), 2011dh (1.
Arcavi et al. 2011; D. K. Sahu, G. C. Anupama & N. K. Chakrad-
hari 2013; M. Ergon et al. 2014), 2011fu (B. Kumar et al. 2013;
A. Morales-Garoffolo et al. 2015), 2013df (T. Szalai et al. 2016),
2016gkg (I. Arcavi et al. 2017), 2017jgh (P. Armstrong et al. 2021),
ZTF18aalrxas (C. Fremling et al. 2019), 2020bio (C. Pellegrino
et al. 2023), exhibit two peaks separated by several days in their
light curves. The first peak is known to arise from shock cooling
emission (SCE; A. M. Soderberg et al. 2012), and the second peak
is mainly powered by the decay of *Ni. As the shock-breakout
followed by cooling dynamics, revolves around the characteristics
of the outermost layers of the progenitor, early observations can
yield valuable information about temperature, radius, and mass
pertaining to the envelope of the progenitor or surrounding ma-
terial (E. Nakar & A. L. Piro 2014; A. L. Piro, A. Haynie & Y. Yao
2021). The presence of SCE suggests that Type IIb SNe could arise
from explosions of stars possessing extended outer envelopes;
the duration of SCE depends on the size of this envelope (A. M.
Soderberg et al. 2012). The rise times generally fall within 10-20
d (S.J. Prentice et al. 2019), with mean peak absolute magnitudes
of My ~ —16.99+0.45 mag for Type IIb SNe (D. Richardson, D.
Branch & E. Baron 2006; D. Richardson et al. 2014).

The spectral evolution of Type IIb SNe exhibits an interesting
transition from Type II to Type Ib. Type IIb SNe display promi-
nent hydrogen features during the early time, which follows the
dominance of He lines later (A. V. Filippenko 2000). There have
been claims of hydrogen detection in some Type Ib SNe (G. C.
Anupama et al. 2005; J. Parrent et al. 2007; J. T. Parrent et al.
2016). The thin boundary between Type Ib and Type IIb SNe
highly depends on the progenitor’s hydrogen envelope at the time
of explosion. The mass of the hydrogen envelope varies widely
depending on how much mass is stripped away (S. C. Yoon, S. E.
Woosley & N. Langer 2010; S.-C. Yoon, L. Dessart & A. Clocchiatti
2017; D. Hiramatsu et al. 2021; A. Gilkis & I. Arcavi 2022; A.
Gangopadhyay et al. 2023; A. Ercolino et al. 2024). The post-
maximum spectral evolution of Type IIb SNe, prior to the neb-
ular phase, is dominated by helium features. During the nebular
phase, oxygen, calcium, and Iron Group Elements (IGEs) are the
most prominent features.

SESNe are known to ‘strip off’ the outer envelopes of the pro-
genitor before explosion (M. Modjaz et al. 2019). There are two
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scenarios proposed for a star to lose mass and end as an SESN:
a massive star that loses its outer envelope due to strong stellar
winds (G. Gréfener & J. S. Vink 2015) or a star stripping off its
outer envelope because of mass transfer in a binary system (P.
Podsiadlowski, P. C. Joss & J. J. L. Hsu 1992; B. V. Naiman et al.
2019). The most favourable progenitor scenario amongst these
two is still debated, but a less massive star in a binary system is a
more plausible explanation for SESNe (S. J. Smartt 2009; H. Sana
& C. J. Evans 2011). Pre-explosion images are useful for gaining
an insight into the associated progenitor system. To date, there are
five direct detections of the progenitor for Type IIb SNe reported
and those are for SNe 1993J (G. Aldering, R. M. Humphreys &
M. Richmond 1994), 2008ax (R. M. Crockett et al. 2008), 2011dh
(S. D. Van Dyk et al. 2011; J. R. Maund et al. 2011a), 2013df (S.
D. Van Dyk et al. 2014), and 2016gkg (S. D. Van Dyk et al. 2023).
For these SNe, various progenitor channels have been proposed
such as a KOIa star in a binary system with an early supergiant
as companion star for SN 1993J (A. V. Filippenko, T. Matheson
& L. C. Ho 1993; G. Aldering et al. 1994; J. R. Maund & S. J.
Smartt 2009), an extended yellow supergiant for SNe 2011dh and
2013df (S. D. Van Dyk et al. 2011; J. R. Maund et al. 2011b; M. C.
Bersten et al. 2012; S. D. Van Dyk et al. 2013, 2014; G. Folatelli
et al. 2014b; J. R. Maund et al. 2015), a Wolf Rayet (WR) star in
a binary system in the case of SN 2008ax (R. M. Crockett et al.
2008; A. Pastorello et al. 2008), and a binary system as well for
SN 2016gkg (M. C. Bersten et al. 2018; S. D. Van Dyk et al. 2023).
Thus, both channels, i.e. a less massive star in a binary system
and a single massive star, appear equally probable as progeni-
tors of Type IIb SNe (S. J. Smartt 2009; H. Sana & C. J. Evans
2011).

Both SNe, 2008aq and 2019gaf, are members of the Type IIb
subclass. An extensive analysis, using optical photometric and
spectroscopic data, of these two SNe is presented in this paper.
Section 2 provides details on the discovery, the observational cam-
paign carried out for both the SNe and the data reduction proce-
dure. The distance adopted for both the SNe, the extinction along
the line of sight to the SNe, and the epoch of explosion have been
estimated in Section 3. Section 4 deals with photometric analysis.
The spectroscopic analysis, evolution of the photospheric veloc-
ity, and spectral modelling are discussed in detail in Section 5.
A discussion of the explosion parameters and properties of the
progenitor is provided in Section 6 followed by a summary in
Section 7.

2 DISCOVERY, OBSERVATION, AND DATA
REDUCTION

SN 2008aq (R.A.(J2000.0) 12M"50m30%42, Dec. (J2000.0)
—10°52'0174) was spotted by Lick Observatory Supernova
Search on 27 February 2008 (J. Chu et al. 2008) and classified
as a Type IIb SN (M. Modjaz et al. 2014). Optical photometric
observations of SN 2008aq were initiated ~3 d post-discovery
using the Hanle Faint Object Spectrograph and Camera (HFOSC)
mounted on the 2m Himalayan Chandra Telescope (HCT; T. P.
Prabhu & G. C. Anupama 2010). Apart from the SN frames, we
obtained several calibration frames, e.g. twilight flats and bias
frames, during the observations. Several standard star fields from
A. U. Landolt (1992) were observed on four photometric nights
to calibrate a sequence of secondary standards in the SN field.
Pre-processing of the photometric data, e.g. bias correction, flat
fielding, etc., was done in a standard manner using various tasks
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Table 1. Optical photometric data of SN 2008aq.

SNe 2008aq and 2019gaf 3

Date JDe Phase? B 1% R I
(d) (mag) (mag) (mag) (mag)

01/03/2008 527.48 —3.92 16.55 + 0.01 16.09 + 0.01 15.83 & 0.01 15.86 & 0.02
02/03/2008 528.41 —2.99 16.45 4+ 0.01 16.00 & 0.01 15.72 4 0.01 15.69 + 0.03
04/03/2008 530.45 —0.95 16.35 £ 0.01 15.90 + 0.01 15.62 & 0.01 15.58 & 0.02
05/03/2008 531.40 0.0 16.34 4 0.01 15.87-+ 0.01 15.55 4 0.01 15.54 4+ 0.01
06/03/2008 532.34 0.94 16.34 + 0.01 15.84 + 0.01 15.55 & 0.01 15.47 +0.03
07/03/2008 533.38 1.98 16.37 4 0.01 15.84 4 0.01 15.52 4 0.01 15.47 4 0.02
09/03/2008 535.43 4.03 16.51+ 0.01 15.90 + 0.01 15.53 & 0.01 15.45 £ 0.02
14/03/2008 540.30 8.90 17.21 +0.08 16.20+ 0.01 15.73 4 0.01 15.57 4 0.02
20/03/2008 546.29 14.89 17.96 =+ 0.04 16.65 =+ 0.04 16.10 £ 0.02 15.79 & 0.04
29/03/2008 555.22 23.82 18.39 4+ 0.03 17.07+ 0.01 16.51 & 0.01 16.07 +0.03
04/04/2008 561.22 29.82 18.47 £ 0.02 17.20 £ 0.01 16.69 =+ 0.01 16.24 +0.05
13/04/2008 570.36 38.96 18.55 4+ 0.08 17.36 & 0.02 16.88 & 0.02 16.46 + 0.05
17/04/2008 574.28 42.88 18.55 =+ 0.04 17.46 + 0.02 17.01 £ 0.05 16.49 + 0.03
28/04/2008 585.20 53.80 18.65 + 0.02 17.68 & 0.01 17.22 4 0.01 16.69 + 0.03
01/05/2008 588.26 56.86 18.64 =+ 0.02 17.73 £ 0.01 17.28 & 0.01 16.75 £ 0.02
06/05/2008 593.11 61.71 18.67 & 0.02 17.81 4 0.01 17.36 & 0.02 16.86 & 0.02
10/05/2008 597.17 65.77 18.75 £ 0.02 17.89 + 0.02 17.44 £ 0.02 16.91 =+ 0.02
08/06/2008 626.18 94.78 19.09 + 0.02 18.41 4 0.01 18.05 =+ 0.01 17.49 + 0.04
03/07/2008 651.16 119.76 19.29 =+ 0.02 18.72 £ 0.02 18.32 £ 0.04 17.90 + 0.03

aJD 2454000+, P Phase has been calculated with respect to Bmax =2454531.40.

available in IRAF.! Aperture photometry at an optimal aperture
was used to estimate the magnitudes of the Landolt standards.
The optimal aperture was determined using the aperture growth
curve. The average value of atmospheric extinction for the site
(C. S. Stalin et al. 2008) and average colour terms for the system
were used to determine the photometric zero-points on individ-
ual nights. These were used to calibrate a sequence of secondary
standards in the SN frame. The mean BVRI magnitudes of sec-
ondary standards in the field of SN 2008aq were estimated. As SN
2008aq occurred in the outer region of the host galaxy, with vary-
ing background, we used profile-fitting photometry to estimate
SN magnitudes. The SN magnitudes were calibrated differentially
with respect to the local secondary standards in the field. The
photometric observations for SN 2008aq are shown in Table 1.

Spectroscopic observations of SN 2008aq were also made us-
ing HFOSC. The spectra were obtained at 13 epochs between ~
—4 and 120 d with respect to the date of maximum brightness.
The spectroscopic data reduction followed a series of standard
steps, including bias correction and flat-fielding. The optimal
extraction method (K. Horne 1986) was used to extract the one-
dimensional spectrum. Wavelength calibration was performed
using the dispersion solution obtained from arc lamp spectra,
with bright night sky emission lines employed to validate the
accuracy. Small corrections were applied whenever required. The
instrumental response was corrected using a response curve de-
rived from spectro-photometric standard stars, enabling flux cal-
ibration of the spectrum. The final spectrum was generated by
combining the flux-calibrated spectrum obtained in blue and red
regions, using a weighted mean. All the spectra of SN 2008aq
were adjusted to the absolute flux scale based on the correspond-
ing photometric magnitudes and corrected for redshift. Table 2
lists the spectroscopic observations for SN 2008aq.

LIRAF stands for Image Reduction and Analysis Facility, which was dis-
tributed by the National Optical Astronomy Observatories, operated by
the Association of Universities for Research in Astronomy, Inc., under a
cooperative agreement with the National Science Foundation.

Table 2. Log of spectroscopic observations for SN 2008aq from HCT.

Date JD¢ Phase?
(@
01/03/2008 527.43 —3.97
03/03/2008 529.44 —1.96
04/03/2008 530.46 —0.94
06/03/2008 532.36 0.96
07/03/2008 533.40 2.00
12/03/2008 538.32 6.80
20/03/2008 546.30 14.9
13/04/2008 570.32 38.92
23/04/2008 580.32 48.92
28/04/2008 585.24 53.84
01/05/2008 588.28 56.88
06/05/2008 593.34 61.94
03/07/2008 651.17 119.77

42454000+; ®Phase is calculated with respect to Bmax= 2454531.40.

SN 2019gaf (R.A.(J2000.0) 20"36™55'24, Dec.(J2000.0)
02°48'24748) was discovered by Asteroid Terrestrial-impact
Last Alert System (ATLAS, J. L. Tonry et al. 2018) on May 27,
2019 (J. Tonry et al. 2019). This SN was classified as a Type IIb
SN (A. Dahiwale, A. Dugas & C. Fremling 2019; C. Frohmaier
et al. 2019; E. Swann et al. 2019). SN 2019gaf exploded in the
outskirts of its anonymous host galaxy. The optical photometric
campaign of SN 2019gaf began ~ 8 d after discovery with
the telescopes of the Las Cumbres Observatory (LCO; T. M.
Brown et al. 2013) under the Global Supernova Project (GSP)
in UBgVri bands. The 1cogtsnpipe pipeline (S. Valenti et al.
2016) was used to estimate the SN magnitudes. Calibration
of the gri-band instrumental magnitudes was done using the
APASS catalogue (A. A. Henden et al. 2016).> The UBV -band
magnitudes were calibrated using the Landolt catalogue (A.

Zhttps://www.aavso.org/aavso-photometric-all-sky-survey-data-release-
1
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Table 3. Optical photometric data of SN 2019gaf.

Date ID® Phase? U B g 1% r i
(@ (mag) (mag) (mag) (mag) (mag) (mag)

2019/06/04 638.60 0.00 17.84 4 0.05 17.78 4+ 0.07 17.46 & 0.02 17.41 4 0.02 17.42 4 0.02 17.44 4+ 0.03
2019/06/04 638.60 0.00 17.75 £ 0.14 17.78 £ 0.04 17.46 + 0.02 17.42 4 0.02 17.46 & 0.02 17.44 4+ 0.03
2019/06/07 642.48 3.88 18.06 & 0.04 17.86 =+ 0.01 —t— 17.34 £ 0.01 R — —
2019/06/07 642.48 3.88 18.03 + 0.04 17.90 + 0.01 —t T —_— T
2019/06/11 645.57 6.97 18.30 & 0.07 18.08 4 0.02 17.69 & 0.01 17.45 4 0.01 — —
2019/06/11 645.57 6.97 18.15 £ 0.05 18.16 + 0.02 17.67 & 0.01 17.48 £ 0.01 —_— —_—
2019/06/13 647.54 8.94 18.51 4 0.06 18.16 4 0.02 17.78+ 0.01 17.45 4 0.02 17.26 4 0.01 —_—
2019/06/13 647.54 8.94 18.35 £ 0.06 18.21 + 0.02 17.81 £ 0.01 17.43 £ 0.01 17.26 & 0.01 —_—
2019/06/15 650.47 11.87 18.61 & 0.10 18.38 4 0.05 17.98 4 0.02 17.53 4+ 0.03 17.33 4 0.02 17.19 4 0.02
2019/06/15 650.48 11.88 —t— 18.41 £ 0.05 17.96 + 0.03 17.55 4 0.03 —_— 17.21 £+ 0.02
2019/06/20 654.62 16.02 —_— 18.88 4 0.08 18.32 4 0.05 17.76 4+ 0.03 17.54 4+ 0.03 17.50 & 0.07
2019/06/20 654.62 16.02 —t— 19.04 + 0.07 18.38 + 0.04 17.74 £ 0.04 17.58 & 0.04 —_——
2019/06/23 657.89 19.29 —_— 19.14 + 0.04 18.70 & 0.03 18.02 & 0.02 17.69 & 0.02 17.53 4 0.02
2019/06/23 657.89 19.29 — 19.29 + 0.04 18.64 + 0.03 18.07 £ 0.02 17.73 £ 0.01 17.52 4 0.02
2019/06/27 662.22 23.62 —_ 19.70 & 0.05 19.03 & 0.02 18.40 + 0.02 17.95 4 0.01 17.67 4 0.02
2019/06/27 662.22 23.62 — 19.63 £ 0.05 19.05 + 0.02 18.35 £ 0.02 17.96 & 0.01 17.66 & 0.02
2019/07/01 666.16 27.56 —_— 19.94 4 0.05 19.23 4 0.05 18.56 4 0.03 18.11 £ 0.07 17.97 4+ 0.06
2019/07/01 666.16 27.56 — 20.01 £ 0.06 19.27 £ 0.06 18.51 £ 0.05 18.20 & 0.03 18.15 4 0.08
2019/07/09 673.52 34.92 —_— 20.05 £ 0.07 — —t— —t— —t—
2019/07/10 674.83 36.23 — — 19.22 + 0.06 — —t— 18.24 £ 0.10
2019/07/10 674.84 36.24 _— —t— —t —t— —t 18.30 + 0.07
2019/07/13 678.40 39.80 — — 19.45 + 0.09 19.11 £ 0.10 — — —_
2019/07/13 678.40 39.80 —t— — 19.47 £ 0.09 19.09 £ 0.10 18.65 & 0.05 —t
2019/07/13 678.42 39.82 — — 19.53 £ 0.07 19.29 + 0.08 18.65 & 0.05 18.42 4 0.06
2019/07/13 678.42 39.82 —t— —t— —t— 19.14 + 0.09 18.68 & 0.05 18.47 4+ 0.05
2019/07/22 687.08 48.48 — 20.31 £0.10 19.84 + 0.05 19.34 + 0.04 18.91 & 0.03 18.56 & 0.04
2019/07/22 687.08 48.48 —t— 2044 +0.11 19.70 £ 0.05 19.29 + 0.04 18.89 4 0.03 18.52 4 0.03
2019/07/31 695.72 57.12 — 20.27 £ 0.04 19.71 £ 0.02 19.18 & 0.03 —_— —_—
2019/07/31 695.72 57.12 —t— 20.23 4 0.03 19.72 £ 0.02 19.20 & 0.02 _— —_
2019/08/09 705.45 66.85 — 20.35 £ 0.07 19.74 £ 0.03 —_ —_— —_
2019/08/17 713.47 74.87 —t— —t— —t —t _ 18.79 4 0.06
2019/08/17 713.48 74.88 — — — — — 18.94 4 0.08
2019/08/25 721.38 82.78 —t— 20.41 £ 0.05 20.01 £ 0.03 19.58 4 0.03 19.19 + 0.02 —_—
2019/08/25 721.39 82.79 — — — 19.58 + 0.03 19.12 + 0.02 —
2019/09/26 752.70 114.10 —t— 20.88 4 0.06 —t 20.18 + 0.04 19.65 =+ 0.04 19.77 £ 0.07
2019/09/26 752.70 114.10 — 21.02 £ 0.07 —_— —_— _— —_—
2019/10/22 778.88 140.20 —t— 20.68 =+ 0.07 20.40 + 0.04 20.23 +0.05 —_— —_—
2019/10/30 786.64 148.00 — — 20.68 =+ 0.04 20.72 £+ 0.05 —t— 20.16 £ 0.06
2019/10/30 786.65 148.00 —t— —t— —t— —t— 20.15 + 0.04 20.24 +0.06

aJD 2458000+, YPhase has been calculated with respect to Bmax = 2458638.60.

Table 4. Log of spectroscopic observations for SN 2019gaf.

Date D¢ Phase? Telescope
(@
05/06/2019 640.43 1.83 LCO
06/06/2019 641.27 2.67 HCT
09/06/2019 644.06 5.46 LCO
13/06/2019 648.01 9.41 HCT
13/06/2019 648.38 9.78 LCO
25/06/2019 660.00 21.41 LCO
02/07/2019 667.35 28.75 HCT
10/07/2019 674.98 36.38 LCO
05/09/2019 732.21 93.61 HCT
23/09/2019 750.21 111.62 HCT

92458000+; PPhase is calculated with respect to Bax= 2458638.60.

U. Landolt 1992), constructed from standard fields observed
with the same telescope and during the same nights as the SN
observations. The final photometry of SN 2019gaf is presented
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in Table 3. Spectroscopic follow-up of SN 2019gaf started ~9
d after discovery using the FLOYDS spectrograph on the 2m
Faulkes Telescope North (FTN) and HCT. We have used the
floydsspec *® pipeline to perform the spectral reduction. For
HCT data, we have followed a similar data reduction procedure
as described for SN 2008aq. Finally, all the spectra were scaled
with respect to the photometry and corrected for redshift. Details
of the spectroscopic observations for SN 2019gaf are presented
in Table 4.

3 DISTANCE, EXTINCTION, AND EXPLOSION
EPOCH

SN 2008aq exploded in galaxy MCG -2-33-20 at a redshift of 0.008
(I. Shivvers et al. 2019). There are several distance estimates rang-
ing from 30.8 to 33.8 Mpc for MCG -2-33-20 (R. B. Tully et al.

3https://www.authorea.com/users/598/articles/6566
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2013; J. G. Sorce et al. 2014; R. B. Tully, H. M. Courtois & J. G.
Sorce 2016). We have used the most recent distance measurement
(32.8 Mpc, R. B. Tully et al. 2016) and scaled it to Hy = 73 km
st Mpc™!. The measured distance for SN 2008aq is 33.70 Mpc.
SN 2008aq is located at the outskirt of the host galaxy MCG -
2-33-20, hence negligible host extinction is expected, which is
further supported by the absence of NaID line in the spectral
evolution. The reddening within the Milky Way towards MCG -
2-33-20is E(B — V') = 0.04 mag (E. F. Schlafly & D. P. Finkbeiner
2011), which corresponds to Ay = 0.122 mag assuming Ry = 3.1.
Our calculation is consistent with the extinction reported for SN
2008aq in F. B. Bianco et al. (2014). H. F. Stevance et al. (2016)
presented spectropolarimetry of SN 2008aq and estimated that
SN 2008aq was discovered ~ 8 d before maximum in Vband using
the light curves of SN 2008aq published in F. B. Bianco et al.
(2014). Assuming a V' band rise time of ~ 20 d (D. Richardson et
al. 2006), they estimated explosion date as February 16, 2008 (JD
= 2454512.75). The V band maximum estimated with our data
falls on March 06, 2008 (JD = 2454532.33+£1), which corresponds
to February 15, 2008 as the explosion date. Our estimates are
consistent with those published in H. F. Stevance et al. (2016).
Throughout this paper, we have used February 16, 2008, as the
explosion date for SN 2008aqg.

The redshift of SN 2019gaf is estimated to be 0.02, based on the
narrow H o emission line prominently visible in the ~36 d SN
spectrum. Assuming Hy = 73 km s™! Mpc~!, Q,, = 0.27, and Q,
= 0.73, the corresponding luminosity distance is calculated to be
83.4 Mpc. There is no prominent Na line in the spectral sequence
of SN 2019gaf. Hence, we use only Galactic extinction as the total
extinction to the line of sight, which is E(B — V) = 0.092 mag
(E. F. Schlafly & D. P. Finkbeiner 2011) and Ay = 0.284 using
Ry = 3.1. Considering the last non-detection (JD 2458629.061
> 18.86 mag) and first detection (JD 2458631.04, 18.64 + 0.07
mag) of SN 2019gaf in ATLAS-o0 band, the explosion epoch of SN
2019gaf was constrained to JD~ 245863041, which we consider
throughout for further analysis.

4 ANALYSIS OF THE LIGHT CURVE

4.1 Light curve and colour curve

Figs 1 and 2 present the light curve evolution of SNe 2008aq
and 2019gaf, respectively. The light curve of SN 2008aq is well
sampled around the peak, whereas for SN 2019gaf, the peak in the
bluer bands was missed in our observing campaign. The shock
cooling signature is not seen in the light curve of both the objects.
We used a polynomial fit to estimate the peak magnitude and
epoch of maximum light; the estimated parameters are presented
in Table 5. F. B. Bianco et al. (2014) reported the UBVri pho-
tometry of SN 2008aq, which are in agreement with the derived
magnitudes presented here.

Fig.3 shows the light curves evolution of SNe 2008aq and
2019gaf in BVRI bands and their comparison with a few other
Type IIb—SNe 2008ax (S. Taubenberger et al. 2011), 2010as (G.
Folatelli et al. 2014a), 2011dh (M. Ergon et al. 2014, 2015), 2013df
(T. Szalai et al. 2016; I. Shivvers et al. 2019), and 2015as (A.
Gangopadhyay et al. 2018). The r and i band magnitudes of SN
2019gaf were converted to R and I band magnitudes using the ex-
pressions provided in K. Jordi, E. K. Grebel & K. Ammon (2006).
The magnitudes for each SN are adjusted to their peak values in
the respective bands. The figure shows that in B and V bands, up
to 20 d since maximum, SNe 2008aq and 2019gaf share similar
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Figure 1. Light-curve evolution of SN 2008aq in BVRI bands.
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Figure 2. Light-curve evolution of SN 2019gaf as observed in the UBgVri
bands.

light curve evolution with each other and with SN 2015as. In the R
and I bands, the light curve evolution of SNe 2008aq and 2019gaf
is similar to other SNe compared in Fig. 3.

The evolution of B—V, V— 1,V — R, and R — I colours of SNe
2008aq and 2019gaf are shown in Fig. 4. We have also compared
it with other well-studied Type IIb SNe in the same figure. Colour
evolution of SNe 2008aq and 2019gaf appear consistent with the
patterns exhibited by other Type IIb SNe used for comparison.

4.2 Bolometric light curve

Fig.5 displays the evolution of pseudo-bolometric light curves of
SNe 2008aq and 2019gaf and their comparison with a few Type ITb

MNRAS 546, 1-14 (2026)
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Table 5. Light curve parameters of SNe 2008aq and 2019gaf.

SN 2008aq Bband gband V'band r/R band i/I band
JD of maximum light (2454000+) 531.40 £ 0.5 - 532.33+0.5 533.38 £ 0.5 535.43 £ 0.5
Magnitude at maximum (mag) 16.34 £ 0.01 - 15.84 4 0.01 15.53 4+ 0.02 15.45 4 0.02
Absolute magnitude at maximum (mag) —16.46 £ 0.01 - —16.95+0.01 —17.25+ 0.01 —17.30 £ 0.03
Am;js(mag)? 1.62 £ 0.04 - 0.86 £ 0.05 0.69 £ 0.04 0.44 £+ 0.07
SN 2019gaf
JD of maximum light (2458000+) 638.60 & 2.0 638.60 & 2 64249+ 1 647.55 £ 0.5 650.5 £ 0.5
Magnitude at maximum (mag) 17.79 £+ 0.08 17.46 + 0.02 17.35 4+ 0.02 17.27 £ 0.02 17.19 + 0.03
Absolute magnitude at maximum (mag) —17.26 £ 0.08 —17.58£0.21 —17.77 £ 0.02 —17.78 £0.02 —17.85+£0.03
Am;js(mag)? 0.92+ 0.1 0.64+ 0.08 0.70 £ 0.03 0.70 £ 0.02 0.70 £ 0.08
With respect to Bmax= 2454531.40 for SN 2008aq and Bmax= 2458638.60 for SN 2019gaf.
2008ax > 2013df  * 2008aq ' ‘ ' ‘ " 2008ax(BVRI)
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Figure 3. BVRI light curves for SNe 2008aq and 2019gaf, compared with
those of other Type IIb SNe.
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Figure 4. Colour evolution of SNe 2008aq and 2019gaf compared with
colour evolution of other well-studied Type IIb SNe.
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Days since Bpax

Figure 5. Evolution of the pseudo-bolometric luminosity for SNe 2008aq
and 2019gaf, along with a comparison to other Type IIb SNe.

SNe. We have used Superbol code (M. Nicholl 2018) to calculate
the pseudo-bolometric luminosities of SNe 2008aq and 2019gaf.
The pseudo-bolometric light curves of other SNe in Fig. 5 are con-
structed in a similar manner. The figure shows that the pseudo-
bolometric luminosity evolution of SN 2008aq lies between SNe
2011dh and 2013df. The pseudo-bolometric light curve evolution
of SN 2019gaf lies on the brighter side and matches well with SNe
2008ax and 2010as. Peak pseudo-bolometric luminosities of SNe
2008aq and 2019gaf are 41.92 4 0.02 and 42.17 & 0.01 erg s74,
respectively.

5 SPECTROSCOPIC PROPERTIES

5.1 Spectral features and comparison with other Type IIb
SNe

Figs 6 and 7 display the spectral time series of SNe 2008aq and
2019gaf, respectively. Spectral evolution of SN 2008aq covers
phase ~ 4 d before to ~ 120 d after the maximum light. P-Cygni
profile of H « and H B are clearly seen in the early spectral
sequence. The FeII lines near 5000 A are also present in the
spectrum obtained at ~ —4 d. The HeT line at 5876 A is seen in
the early spectrum. The flat-topped profile of the H @ emission
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Figure 6. Spectral evolution of SN 2008aq spanning from —3.9 d to
+119.7 d with respect to maximum light.
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Figure 7. This figure shows the spectral time series for SN 2019gaf,
extending from —2.5 to 111.6 d after maximum light. The narrow Ha
region used to estimate the redshift is indicated by the shaded green bar
in the plot.
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Figure 8. Comparison of the near maximum spectral features of SNe
2008aq and 2019gaf with those of other well-studied Type IIb SNe at
similar epochs.

observed in the spectral evolution of SN 2008aq is a result of the
weak blue-shifted absorption feature of He1 line at 6678 A (H. F.
Stevance et al. 2016). Similar to other Type IIb SNe, SN 2008aq
undergoes a transition phase approximately 15 d after maximum
brightness, characterized by the dominance of He lines. Around
the same time, emission due to Ca I1 NIR triplet also starts appear-
ing in the spectrum of SN 2008aq. The last four spectra at ~ 54,
57, 62, and 120 d exhibit signatures of [Ca1I] emission lines. In
the last observed spectrum at ~120 d, the [O1] lines at 6300 and
6364 A are also clearly present, indicating that the SN has entered
the nebular phase.

Spectral coverage of SN 2019gaf from maximum to ~+111.6 d
is presented in Fig. 7. The first spectrum of SN 2019gaf, prior to
its peak brightness, is obtained from the Transient Name Server
(C. Frohmaier et al. 2019). Similar to SN 2008aq, SN 2019gaf
also shows typical signatures of a Type IIb SN. SN 2019gaf ex-
hibits weak hydrogen features, implying that the progenitor star
preserved a thin hydrogen envelope prior to the explosion. The
transition from hydrogen dominated to helium dominated spec-
trum in SN 2019gaf occurs approximately 21 d after maximum
brightness. The two late phase spectra of SN 2019gaf, at 93 and
111 d post-maximum, show the emergence of [O1] and [Ca1I]
emission lines, which mark the transition to the nebular phase.

We have compared the spectra of SNe 2008aq and 2019gaf with
a few other well-studied Type IIb SNe, namely, SNe 2008ax (S.
Taubenberger et al. 2011; M. Modjaz et al. 2014), 2010as (G. Fo-
latelli et al. 2014a), 2011dh (D. K. Sahu et al. 2013; M. Ergon et al.
2014, 2015), 2013df (T. Szalai et al. 2016; I. Shivvers et al. 2019),
and 2015as (A. Gangopadhyay et al. 2018). Figs 8-10 present the
comparison of spectral features of SNe 2008aq and 2019gaf with
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Figure 9. This figure shows a comparison of the spectral features ob-
served post-maximum light.
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Figure 10. This figure compares the nebular phase spectra of SNe
2008aq and 2019gaf with those of other Type IIb SNe.

other Type IIb SNe in the near-maximum, post-maximum, and
nebular phases. Comparison of the near maximum spectra of SNe
2008aq and 2019gaf show that H « , H 8, He1line at 5876 A, and
Fe 11 lines near 5000 A are clearly visible in all the SNe (see Fig. 8).
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Figure 11. Spectra of SN 2008aq and their respective models obtained
through SYNAPPS are presented in this figure.

The He1 5876 A absorption in SN 2008aq appears weaker than
in other SNe. The Cai NIR feature is weak in SN 2019gaf as
compared to other SNe. Post-maximum spectral evolution (~one
month after maximum) of SNe 2008aq and 2019gaf is compared
with other SNe in Fig. 9. During this phase, these SNe showed
transition from hydrogen-dominated to helium-dominated spec-
tra, however, hydrogen lines are still seen in spectra of all the
objects. The Fe 11 lines near 5000 A, HeT1 lines at 5876 A, 6678 A,
and a clear hint of He line at 7065 A, are seen in all the spectra.
The emission component of the Calr NIR triplet is well devel-
oped. The comparison of nebular phase spectra of SNe 2008aq
and 2019gaf is shown in Fig. 10. At this stage, the spectra of
Type IIb SNe are mostly dominated by the Mg1] line at 4571 A,
Fe 11 lines near 5000 A, [O 1] lines at 6300, 6364 A, [Ca11] lines at
7291 and 7324 A, and Ca11 NIR triplet, with varying strengths.
Although the wavelength coverage of the nebular phase spectra
of SNe 2008aq and 2019gaf is limited and the spectra have a
poor signal-to-noise ratio, the Na1, [O1], [Ca11], and Ca1l NIR
triplet emission lines are clearly detected. It is worth noting that
the [O1] and [Ca11] lines in the last available spectra of SN
2019gaf are significantly broader than the other objects used for
comparison.

5.2 Spectral modelling

The spectra of SN 2008aq at ten epochs, from —3.9 to 53.8 d
relative to the B-band peak brightness, are modelled using the
spectrum synthesis code SYNAPPS (R. C. Thomas, P. E. Nugent
& J. C. Meza 2011), and are shown in Fig. 11. The photospheric
velocity in the best-fitting model drops from 12200 km s~! at
—3.9 d to 7900 km s~! at 53.8 d. The outer ejecta velocity used
in the modelling is 30 000 km s~!. The photospheric temperature
evolves from 11 200 K at —3.9 d to 6900 K at 53.8 d. The chemical
species used in the modelling are H, He, O, Na, Ca, Mg, and Fe;
specifically, H1, He1, O1, Nal, Ca1l, Mg1i, and FeII ionization
states were used. Most of the features are well-reproduced in the

920z 11dy |0 uo Jasn soisAydoaisy 1o a1nsu| ueipul Aq ¥829Z78/S606.1S/Z/9S/ao1e/seluw/wod dno-olwapeose//:sdiy Wolj papeojumo(]



T
—— SN 2019gaf

== model

Normalized Flux + Constant

1 1 1 1
5000 6000 7000 8000 9000
Rest Wavelength(A)

Figure 12. This figure displays the spectra of SN 2019gaf alongside their
corresponding models, as derived using SYNAPPS.

early phases, while the fit starts to deteriorate from 38.9 d when
the SN enters the nebular phase. This is expected as the LTE
assumption of SYNAPPS does not remain valid in the nebular
phase.

Similarly, we modelled four spectra of SN 2019gaf, from 1.8 to
21.4 d relative to the B-band peak brightness, using SYNAPPS
and the same chemical species and outer ejecta velocity as SN
2008aqg. The spectra and corresponding models are shown in
Fig. 12. In the best-fitting model, the photospheric velocity de-
creases from 15000 km s7! at 1.8 d to 12000 km s~! at 21.4
d. The photospheric temperature evolves from 11100 K at 1.8
d to 7200 K at 21.4 d. To fit the high-velocity HI and Hel
lines, the ‘detach’ parameter for these ions was activated, de-
taching the opacity component of HI and HeI from the pho-
tospheric velocity (Vpnot), which defines the inner boundary of
the line-forming region. This adjustment allows these lines to
form in the outer high-velocity ejecta. The velocities for H1 and
Her from the 1.8 d spectrum are 18100 and 16400 km s7%,
respectively.

5.3 Expansion velocity

We measure expansion velocities for SNe 2008aq and 2019gaf
using a Gaussian fit to the absorption minima of H & and Hel
lines (Fig. 13). The velocity evolution of a few other Type IIb SNe
is also shown in the same figure. The H « velocity evolution
of SN 2008aq is similar to SN 2011dh, slightly higher than SN
2013df, and lower than the rest of the SNe shown in Fig. 13. He1
line velocity of SN 2008aq shows similarity with SN 2010as till
maximum and then similar to SNe 2011dh and 2013df. Velocity
evolution of H « and He1 line for SN 2019gaf is higher than all
the Type IIb SNe included in Fig. 13. This is consistent with the
higher kinetic energy of SN 2019gaf inferred using the light-curve
modelling (Section 6.1.3).
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Figure 13. The figure demonstrates the evolution of photospheric ve-
locities for the He line and the He I line at 5876 Afor SNe 2008aq and
2019gaf. It also includes velocities estimated for other Type IIb SNe to
compare the photospheric velocity evolution of SNe 2008aq and 2019gaf.

6 EXPLOSION PARAMETERS AND
PROGENITOR PROPERTIES

6.1 Explosion parameters

6.1.1 Using Arnett’s approximation

In SESNe, the powering mechanism for the light curves is the
energy released from the radioactive decay of **Ni to **Co to
6Fe, which means that the peak bolometric luminosity is directly
related to the amount of >°Ni synthesized in the explosion (W.
D. Arnett 1982). To estimate the mass of **Ni we have followed
expression given by M. Stritzinger & B. Leibundgut (2005) (equa-
tion 3 of S. J. Prentice et al. 2016). For SNe 2008aq and 2019gaf,
the estimated mass of >°Ni are 0.04 and 0.07 M, respectively.
To account for the flux contribution from the missing passbands
i.e. UV and NIR, S. J. Prentice et al. (2016) quoted 24 per cent
contribution towards the peak luminosity. After adding this, the
mass of synthesized Ni for SNe 2008aq and 2019gaf are 0.05 and
0.08 M, respectively.

Using the formulations given by W. D. Arnett (1982), assuming
spherical symmetry, uniform density, and homologous expansion
in the ejecta, we have the following expression for 7, that defines
the effective diffusion time-scale of the light curve:

Tm = \[(2)(’(/(/3 * C))O‘S(Mej/vph)o‘s. (1)

In this equation, «, B, c, and v, are the opacity, constant of
integration (8 = 13.8, W. D. Arnett 1980, 1982), speed of light,
and photospheric velocity at maximum, respectively. In case of
SESNe, the opacity « is used as 0.07cm?g~! (R. A. Chevalier 1992;
N. N. Chugai 2000; Z. Cano 2013; F. Taddia et al. 2018). For uni-
form density and the assumptions mentioned earlier, the constant
of integration B is estimated as 13.8 by W. D. Arnett (1980, 1982).
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Also, the kinetic energy using the uniform density of a spheri-
cally symmetric ejecta is expressed by

Ey = 0.3M,; * vgh. (2)

In the case of SNe 2008aq and 2019gaf, t , are 20 and 17 d,
respectively (assuming the diffusion time-scale is equal to rise
time), the masses of ejecta are 4.9 and 4.8 M, respectively. Here,
rise times for both the SNe are calculated using explosion epochs
given in Section 3 and the bolometric maximum. Also, photo-
spheric velocities at maximum for SNe 2008aq and 2019gaf are
11200 and 15000 kms~, respectively.

6.1.2 Scaling relations

In absence of the detailed hydrodynamical modelling, the explo-
sion parameters can also be estimated using the scaling relation
as shown by P. A. Mazzali et al. (2013) and K. Medler et al.
(2021). For their objects, the physical parameters were estimated
by scaling the explosion parameters of SNe for which these pa-
rameters have been estimated using hydrodynamical modelling.
However, it is mentioned also that the rescaling method should
be applied with caution, especially if the data coverage is not
excellent. It was also emphasized that to have reliable estimates of
the explosion parameters, the reference objects should be chosen
carefully. There is a similarity in the bolometric light curve of SN
2008aq with SN 2011dh and SN 2019gaf with SN 2010as (Fig. 5).
So, we have taken SNe 20110as (G. Folatelli et al. 2014a), as the
reference SN for SN 2008aq and 2011dh (M. C. Bersten et al. 2012)
as reference SN for SN 2019gaf, in our analysis.

The kinetic energy Ex and ejecta mass M,; are determined
using the following scaling relations:

2 3 -1
Exi  TmaVpni
— =5 3
Von2 K2
M 2 Vong k2
ej,1 m,1 Vph,1 K1
= . 4)

) 2 )
M T2 Vph.2 K3

-2
Ek,Z Tm_z

Assuming the optical opacity to be the same for the reference
object and our SN, for SN 2008aq, ejecta mass and kinetic energy
are estimated as 2.24 M® and 1.4x10°! erg, respectively. Simi-
larly, for SN 2019gaf these parameters are 6.6 MO and 10.8 x10°!
erg using SN 2010as as reference.

6.1.3 Semi-analytical light-curve models

We attempt to model the light-curve evolution of SNe 2008aq
and 2019gaf using a two-component semi-analytical approach
presented in A. P. Nagy & J. Vinkd (2016). This is based on the
approach by W. D. Arnett & A. Fu (1989), which has been succes-
sively modified in numerous other works (see e.g. S. I. Blinnikov
& D. V. Popov 1993; D. V. Popov 1993; A. P. Nagy et al. 2014). In
these models, the ejecta are assumed to be in spherical symmetry
with a homologous expansion. In addition, the ejecta is supposed
to consist of two independent components, commonly referred
to as the inner core part, which has a constant (or flat) density
profile and an extended shell defined by an exponential or power-
law density profile (A. P. Nagy et al. 2014; A. P. Nagy & J. Vinkd
2016). The incomplete trapping of y—rays is incorporated by
A, parameter, which in the overall luminosity could be realized
as Lo = Lyi(1 — exp48/")) 4 L. We use this semi-analytical
approach to estimate the ejecta mass (M,;), nickel mass (My;),
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Figure 14. Top: Semi-analytical (A. P. Nagy & J. Vinké 2016) model fit to
the bolometric (LBB) light curve of SN 2008aq. The solid line represents
the model light curve obtained for the best-fitting parameters given in the
inset. The shaded region is bound by the variations in the parameters
constrained by the errors in the observed light curve. Bottom: Same as
above for SN 2019gaf. (The black solid line represents the models with
complete y —ray trapping.)

explosion energy (Ecxp), and progenitor radius (Ry). The errors in
the estimated parameters are obtained by varying the best-fitting
values to fit the upper and lower limits of errors in the observed
luminosities. With a lack of UV and NIR data, we utilize the
blackbody fitted luminosity (LBB) obtained using SuperBol as
the proxy to the bolometric luminosities (Lyo;) of SN 2008aq and
SN 2019gaf.

The models that best describe the observed luminosity are
shown in Fig. 14, and the core parameters are listed in the inset of
the figure. For SN 2008aq, the first observed luminosity epoch is
almost 15 d post-explosion, which restricts any constraint on the
initial light curve. This part of the light curve is mostly governed
by the shell component of the model (A. P. Nagy & J. Vink6 2016).
Due to a lack of early-phase data, we restrict ourselves to core
component modelling in the case of SN 2008aq. Hence, we fix the
shell component parameters for SN 2008aq so as to not affect the
light-curve altogether. It implies that the contribution from the
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Table 6. Best-fitting parameters obtained using two-component semi-
analytical approach.

SNe— SN 2008aq SN 2019gaf
Parameters| Core Shell Core Shell
Ro [10'2 cm] ~0.6 12 ~2.0 100
M,j [Mo] 2.075> 0.001 17103 0.5
My; [Mo] 0.070°3%5 - 0.0975:02

Exin [10%! erg] 55719 0.0001 12.0199 0.2
Emn [10%! erg] 12433 0.001 0.5799 0.04
Ag[103 d?] 7.0+1.5 - 14+3 -
k[cm? g71] 0.2 0.3 0.3 0.3

shell part is negligible to the total light curve. Hence, we do not
vary these parameters during our fitting procedure. For the case
of SN 2019gaf, ATLAS photometry has been utilized to obtain the
pre-maximum epoch. But again, with insufficient sampling in the
pre-maximum epochs, we cannot put any meaningful constraints
on the shell part. However, in this case, we do not fix the shell
parameters as done in SN 2008aq, owning to the data available
around +5 d since the explosion. We vary these as well to obtain
the best-fitting modelled light curve. However, to keep the bounds
physical, we try to restrict these values close to the parameters
obtained in A. P. Nagy & J. Vinko (2016) for the Type IIb cases.
Eventually, to model both these events, we have mostly focused
on the core component, which is also a major flux contributor in
the case of stripped progenitors of Type IIb SNe. The best-fitting
parameters obtained for both the SNe are presented in Table 6.
It can be seen that the estimates for M,;, arrived at using Ar-
nett’s approximation and semi-analytical modelling differ. This
could be due to the fact that the Arnett’s approximation holds
good for a negligible radius (R) and opacity mainly because of
electron scattering. Further, the values of « used in Arnett’s for-
mulation and the semi-analytical modelling are also different.
If we use « as 0.2 and 0.3 cm?g~! for SNe 2008aq and 2019gaf
(as used in semi-analytical modelling prescription), respectively,
the ejecta mass estimated using Arnett’s formulation are 1.72
and 1.12 Mg. These estimates agree with the values obtained
from semi-analytical modelling of the bolometric light curve.
Furthermore, the E; and M, obtained from the scaling relations
for SN 2008aq are quite similar to the semi-analytically derived
parameters. However, for SN 2019gaf we obtained a consistent
explosion energy but with lower ejecta mass when compared
with the values obtained from the scaling relations. In the case
of scaling relations, we assumed same « for both the reference
and observed SNe; however, the hydrodynamical models used in
the scaling relations are plausibly estimated at different opacities
than the average value taken in the semi-analytical formulation.
As seen from the equations (3) and (4), M.; is more sensitive for
a given set of opacities. Hence, this could be one of the plausible
cause of discrepancy in the respective ejecta masses. Additionally,
with strong correlation between ejecta mass and opacity there
could be a factor of 2 uncertainties in the values estimated from
semi-analytical method (A. P. Nagy & J. Vinké 2016).

6.2 Progenitor mass using late-phase spectra

Late nebular phase spectral features are an important tool for
probing progenitor properties. The ratio of the fluxes of [0 1] and
[Ca11] lines depends on the ZAMS mass of the progenitor and
does not depend upon temperature and density (C. Fransson &
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R. A. Chevalier 1989; A. Elmhamdi et al. 2004). H. Kuncarayakti
et al. (2015) presented the ratio of [O 1] and [Ca 11] lines for core-
collapse SNe and marked 1.5 as an arbitrary boundary between
the two possible progenitor channels viz., a massive single star
progenitor and a less massive star in a binary system. The mea-
sured value of [O 1]/[Ca 11] line ratio in our last observed spectrum
(at an epoch of ~ 120 d) of SN 2008aq is 0.82, indicating a binary
system as the plausible progenitor channel. For SN 2019gaf, at an
epoch of ~ 112 d, the measured [O 1]/[Ca 1] ratio is 0.7, indicating
that a less massive star in a binary system could be the progenitor
of this SN too.

The [O1] feature is believed to arise from a layer of oxygen
formed during the hydrostatic burning phase; hence, the ejected
mass of oxygen is directly related to the progenitor’s mass. The
mass of neutral oxygen can be calculated using the flux of the
[O1] line.

The mass of neutral oxygen Mo can be calculated as

Mo = 10% x D? x F([O 1]) x 2%/,

where D is the distance in Mpc, F[O 1] is the flux of [O1] line
in the units of erg s~'cm™2, and T is the temperature of the [O1]
line emitting region in the unit of 10* K and can be calculated
using the [O1] lines fluxes at 5577 and 6300 A. In the spectral
sequence of SNe 2008aq and 2019gaf, the [O1] line at 5577 A is
not clearly detected, so we have used an upper limit of <0.1 for the
ratio of [O1] lines at 5577 and 6300 A. There are two conditions
for this limit, one is low temperature (T, < 0.4 K) with high
density (N, > 10°cm~3) and another is high temperature (T, =
1.0 K) with low density (N, < 10° cm™3). Since low temperature
and high densities are consistent with the oxygen region, we
have used T, = 0.4 K. The measured fluxes of [O1] line for SNe
2008aq and 2019gaf are 1.93x107* erg s"'cm~2 and 1.6x10~1
erg s"lcm~2, respectively. The calculated mass of neutral oxygen
for SNe 2008aq and 2019gaf are 0.65 M, and 3.3 M, respectively,
using distance given in Section 3. Based on the results of F.-
K. Thielemann, K. Nomoto & M.-A. Hashimoto (1996), ZAMS
progenitor masses of 13, 15, 20, and 25 M, correspond to oxygen
masses of 0.22, 0.43,1.48, and 3.00 M, respectively. Moreover, F.-
K. Thielemann et al. (1996) presented estimates of helium core
masses for progenitor stars with masses of 13, 15, and 25 Mg,
yielding values of 3.3, 4.0, and 8.0 M, respectively.

The oxygen mass calculated for the SNe suggested that the
ZAMS mass of the progenitor for SN 2008aq lies between 15 and
20 Mg, and Helium core mass is between 4 and 8 My. For SN
2019gaf, the estimated neutral oxygen mass suggests a ZAMS
progenitor mass of ~25 My and a Helium core mass of 8 Mg,
The last spectrum of SN 2019gaf available to us has a very poor
signal-to-noise ratio. We tried estimating oxygen flux by heavily
smoothing this spectrum and hence, the derived oxygen mass and
progenitor mass should be taken with caution.

We also compare the late-time spectra of SNe 2008aq and
2019gaf with the models presented in A. Jerkstrand et al. (2015).
A. Jerkstrand et al. (2012) and A. Jerkstrand et al. (2014) provided
nucleosynthesis yields to constrain the progenitor mass of Type
IIP SNe. A. Jerkstrand et al. (2015) expanded the study to include
Type IIb SNe using some modifications. These models were con-
structed for progenitor masses of 12, 13, and 17 M, assuming a
*Ni mass of 0.075 M, and distance of 7.8 Mpc. Figs 15 and 16
show the comparison of SNe 2008aq and 2019gaf spectra with the
models of A. Jerkstrand et al. (2015). Our comparison shows that
the [O 1] luminosities of SN 2008aq closely match the model for a
13 Mg, progenitor. Meanwhile, the [O 1] line luminosities for SN
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Figure 15. Comparison of the nebular phase spectrum of SN 2008aq
with models for different progenitor mass is shown in this figure.
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Figure 16. Same as Fig. 15 but for SN 2019gaf.
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2019gaf fall between the models for progenitors with masses of
13 and 17 M, . Based on the comparison with the models of A.
Jerkstrand et al. (2015), we suggest that the ZAMS mass of the
progenitor of SN 2008aq lies between ~ 13 and 20 M. For SN
2019gaf, we propose that the ZAMS progenitor mass should range
between 13 and 25 M.

7 SUMMARY

In this paper, we conducted a detailed analysis of two Type IIb
SNe, 2008aq and 2019gaf. SN 2008aq (Mp = —16.461+0.01 mag)
belongs to the category of normal Type IIb SNe, while SN 2019gaf
(Mp = -17.26+0.08 mag) is situated near the upper luminos-
ity boundary. The B-band light curve decline rate of SN 2008aq
shows a faster decline compared to SN 2019gaf. The evolution
of colours in both SNe exhibits similarities with other Type IIb
SNe used for comparison. The spectral features of both SNe dis-
play typical characteristics observed in Type IIb SNe. SN 2019gaf
displays a weaker hydrogen feature than typical Type IIb SNe,
suggesting that the hydrogen envelope retained by the progenitor
before the explosion is thin and extended. Spectral modelling
with SYNAPPS provides a good fit for the spectral evolution of
SNe 2008aq and 2019gaf.

We also performed semi-analytical modelling for both the SNe
studied and obtained various explosion parameters. The mass of
5Ni, ejecta mass, and kinetic energy for SN 2008aq are estimated
as 0.071391° M@, 2.0755 M®, and 5.5779 x 10°! erg, respectively.
For SN 2019gaf estimated values of the corresponding parameters
are 0.09190 MO, 1.7751 MO, and 12.0%99 x 10°! erg. The **Ni
and ejecta mass, obtained for both are well within the range
obtained for other Type IIb SNe in the literature (S. Taubenberger
et al. 2011; D. K. Sahu et al. 2013; G. Folatelli et al. 2014a; K.
Medler et al. 2021), whereas the explosion energies are on the
higher side especially for the case of SN 2019gaf. However, it has
been observed that the semi-analytical modelling approach pro-
vides slightly higher energies when compared with other mod-
els (e.g. for SN 1993J case J. D. Lyman et al. (2016) estimate
~1 x 10°! erg as its Eey, whereas A. P. Nagy & J. Vinko¢ (2016)
estimate ~4 x 10 erg). Another caveat in this modelling is the
correlation among the «, Mj, and Eyi, parameters (A. P. Nagy
& J. Vinké 2016), hence only their combination could be well
constrained and not individual parameters. We try to vary « and
ejecta masses closely to the values estimated in the literature. In
addition to this, there is lack of good sampling data especially
around the peak for SN 2019gaf which also limit the model’s
ability to capture true peak and its corresponding phase. Regard-
less, these parameters could be used as an initial starting point
for more detailed hydrodynamical modelling which is beyond
the scope of this work. However, slightly higher energies for SN
2019gaf could be justified from the expansion velocities of SN
2019gaf which are high, attributing to its high kinetic energy and
low ejecta mass as inferred from the semi-analytical modelling.
But it is difficult to quantify these at this point.

Based on the nebular phase spectra of both SNe, we have esti-
mated the probable ZAMS progenitor mass to be between ~13
and 20 Mg for SN 2008aq and between 13 and 25 M, for SN
2019gaf. The flux ratio of [O1] and [Ca11] lines, favours a less
massive progenitor star in a binary system for both the SNe, how-
ever, detailed modelling of the light curve and spectral sequence
can further constrain the degree of core stripping, asymmetries
in the explosion, and potential contributions from interaction or
mixing processes.
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