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A B S T R A C T 

We present photometric and spectroscopic studies of two core-collapse supernovae (SNe) 2008aq and 2019gaf in the optical 
wav elengths. Light curv e 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 α lines, the He lines started appearing in the near maximum 

spectrum. The near maximum spectrum of SN 2019gaf shows shallow H α absorption and He lines with almost similar 
strength. Both the SNe show transition from hy drogen-dominat ed spectra t o helium-dominat ed spectra within a month 

after maximum brightness. The velocity evolution of SN 2008aq matches well with those of other well-studied Type IIb 

SN e, while SN 2019g af shows higher v elocities. Close t o maximum light, the H α and He i line velocities of SN 2019g af ar e 
∼ 2000 and ∼ 4000 km s −1 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 progenit or estimat ed using the nebular spectra of SN 2008aq ranges between 13 and 20 M �, while for SN 2019gaf, 
the inferred ZAMS mass is between 13 and 25 M �. The [O i ] to [Ca ii ] lines flux ratio favours a less massiv e progenit or star 
in a binary system for both the SNe. 

Key w ords: t echniques: phot ometric – techniques: spectroscopic – supernov ae: gener al – supernovae: individual: SNe 
2008aq, 2019g af – g alaxies: individual: MC G -2-33-20. 
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 INTRODUCTION  

ore-collapse supernovae (CCSNe) represent the final stage in 

he evolution of massive stars ( � 8 –10 M �), occurring when their
ore collapse under gravity (H. A. Bethe 1990 ; S. J. Smartt 2009 ;
.-T. Janka 2012 ). Multiple collapse channels operate for CCSNe 
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epending on progenitor mass, structure and composition (E. M. 
urbidge et al. 1957 ; S. A. Colgate & R. H. White 1966 ; H. A. Bethe
 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
ain-sequence (ZAMS) masses above roughly 10 M � undergo 

uccessive stages of nuclear burning, synthesizing pr ogr essively 
eavier elements up to Fe core. Once an Fe core is produced, nu-
lear fusion ceases, the core then becomes unstable and collapses 
nder its own gravity, giving rise to an ir on-cor e collapse SN
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H. A. Bethe 1990 ; H.-T. Janka 2012 ). A distinct pathway is
lectr on-captur e supernovae (ECSNe) from super-AGB progen-
tors ( ∼8–10 M �), with O-Ne-Mg cores. When the central density
 x ceeds a critical value, electrons begin to be captured by Mg,
 esulting in decr ease in degenerate pr essur e, and gravitational
ollapse of O-Ne-Mg core (S. Miyaji et al. 1980 ; K. Nomoto et al.
982 ). 

Type IIb SNe are a subclass of stripped-envelope (SE) CCSNe,
n which the hydrogen envelope of the progenitor star is par-
ially stripped (A. V. Filippenko 1988 ; M. Modjaz, C. P. Gutiérrez
 I. Arcavi 2019 ). They are also designated as transitional, as

heir spectral evolution shows the transition from a hydrogen-
ich Type II-like spectrum during the early phase to a hydrogen-
oor Type Ib-like spectrum in the late post-maximum phase (S.
. Woosley et al. 1994 ; A. V. Filippenko 1997 ; A. Gal-Yam 2017 ;
. J. Prentice et al. 2019 ). The light curves of Type IIb SNe are
ainly powered by the radioactive decay chain of 56 Ni synthe-

ized in the explosion. A wide range of 56 Ni mass (0.02–0.1 M �)
s estimated in these explosions (S. J. Prentice et al. 2016 ). SESNe
isplay considerable variation in their light-curve shapes. Some
ype IIb SNe e.g. SNe 1993J (J. C. Wheeler et al. 1993 ), 2011dh (I.
rcavi et al. 2011 ; D. K. Sahu, G. C. Anupama & N. K. Chakrad-
ari 2013 ; M. Ergon et al. 2014 ), 2011fu (B. Kumar et al. 2013 ;
. Morales-Garoffolo et al. 2015 ), 2013df (T. Szalai et al. 2016 ),
016gk g (I. Ar cavi et al. 2017 ), 2017jgh (P. Armstr ong et al. 2021 ),
TF18aalrxas (C. Fremling et al. 2019 ), 2020bio (C. Pellegrino
t al. 2023 ), exhibit two peaks separated by several days in their
ight curves. The first peak is known to arise from shock cooling
mission (SCE; A. M. Soderberg et al. 2012 ), and the second peak
s mainly powered by the decay of 56 Ni. As the shock-breakout
ollowed by cooling dynamics, revolves around the characteristics
f the out ermost lay ers of the progenit or, early observations can
ield valuable information about temper ature, r adius, and mass
ertaining to the envelope of the progenitor or surrounding ma-
erial (E. Nakar & A. L. Piro 2014 ; A. L. Piro, A. Haynie & Y. Yao
021 ). The presence of SCE suggests that Type IIb SNe could arise
r om e xplosions of stars possessing extended outer envelopes;
he duration of SCE depends on the size of this envelope (A. M.
oderberg et al. 2012 ). The rise times generally fall within 10–20
 (S. J. Prentice et al. 2019 ), with mean peak absolute magnitudes
f M B ∼ −16 . 99 ±0.45 mag for Type IIb SNe (D. Richardson, D.
ranch & E. Baron 2006 ; D. Richardson et al. 2014 ). 
The spectral evolution of Type IIb SNe exhibits an interesting

ransition from Type II to Type Ib. Type IIb SNe display promi-
ent hydr ogen featur es during the early time, which follows the
ominance of He lines later (A. V. Filippenko 2000 ). There have
een claims of hydrogen detection in some Type Ib SNe (G. C.
nupama et al. 2005 ; J. Parrent et al. 2007 ; J. T. Parrent et al.
016 ). The thin boundary between Type Ib and Type IIb SNe
ighly depends on the progenit or’s hy drogen env elope at the time
f explosion. The mass of the hydrogen envelope varies widely
epending on how much mass is stripped away (S. C. Yoon, S. E.
oosley & N. Langer 2010 ; S.-C. Yoon, L. Dessart & A. Clocchiatti

017 ; D. Hiramatsu et al. 2021 ; A. Gilkis & I. Arcavi 2022 ; A.
angopadh ya y et al. 2023 ; A. Ercolino et al. 2024 ). The post-
aximum spectral evolution of Type IIb SNe, prior to the neb-

lar phase, is dominated by helium features. During the nebular
hase, o xy gen, calcium, and Ir on Gr oup Elements (IGEs) ar e the
ost prominent features. 
SESN e ar e known to ‘strip off’ the outer envelopes of the pro-

enitor before explosion (M. Modjaz et al. 2019 ). There are two
NRAS 546, 1–14 (2026) 
cenarios proposed for a star to lose mass and end as an SESN:
 massive star that loses its outer envelope due to strong stellar
inds (G. Gräfener & J. S. Vink 2015 ) or a star stripping off its
ut er env elope because of mass transfer in a binary system (P.
odsiadlowski, P. C. Joss & J . J . L. Hsu 1992 ; B. V. Naiman et al.
019 ). The most favourable progenitor scenario amongst these
wo is still debated, but a less massive star in a binary system is a

or e plausible e xplanation for SESN e (S. J. Smartt 2009 ; H. Sana
 C. J. Evans 2011 ). Pr e-e xplosion images ar e useful for gaining

n insight into the associated progenitor system. To date, ther e ar e
ve direct detections of the progenitor for Type IIb SNe reported
nd those are for SNe 1993J (G. Aldering, R. M. Humphreys &
. 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.
. Van Dyk et al. 2014 ), and 2016gkg (S. D. Van Dyk et al. 2023 ).
or these SNe, various progenitor channels have been proposed
uch as a K0Ia star in a binary system with an early supergiant
s companion star for SN 1993J (A. V. Filippenko, T. Matheson
 L. C. Ho 1993 ; G. Aldering et al. 1994 ; J. R. Maund & S. J.
martt 2009 ), an extended yellow supergiant for SNe 2011dh and
013df (S. D. Van Dyk et al. 2011 ; J. R. Maund et al. 2011b ; M. C.
ersten et al. 2012 ; S. D. Van Dyk et al. 2013 , 2014 ; G. Folatelli
t al. 2014b ; J. R. Maund et al. 2015 ), a Wolf Rayet (WR) star in
 binary system in the case of SN 2008ax (R. M. Crockett et al.
008 ; A. Pastorello et al. 2008 ), and a binary system as well for
N 2016gkg (M. C. Bersten et al. 2018 ; S. D. Van Dyk et al. 2023 ).
hus, both channels, i.e. a less massiv e star in a binary syst em
nd a single massive star, appear equally probable as progeni-
ors of Type IIb SNe (S. J. Smartt 2009 ; H. Sana & C. J. Evans
011 ). 

Both SNe, 2008aq and 2019gaf, are members of the Type IIb
ubclass. An ext ensiv e analysis, using optical photometric and
pectroscopic data, of these two SNe is presented in this paper.
ection 2 provides details on the discovery, the observational cam-
aign carried out for both the SNe and the data reduction proce-
ure. The distance adopted for both the SNe, the extinction along
he line of sight to the SNe, and the epoch of explosion have been
stimated in Section 3 . Section 4 deals with photometric analysis.
he spectroscopic analysis, evolution of the photospheric veloc-

ty, and spectral modelling are discussed in detail in Section 5 .
 discussion of the explosion parameters and properties of the
rogenitor is provided in Section 6 followed by a summary in
ection 7 . 

 D I S COVE RY,  O B S E RVAT I O N,  AND  DATA  

EDUCTION  

N 2008aq (R.A.(J2000.0) 12 h 50 m 30 . s 42 , Dec. (J2000.0)
10 ◦52 ′ 01 . ′′ 4 ) w as spot ted by Lick Observ atory Supernov a

earch on 27 February 2008 (J. Chu et al. 2008 ) and classified
s a Type IIb SN (M. Modjaz et al. 2014 ). Optical photometric
bservations of SN 2008aq were initiated ∼3 d post-discovery
sing the Hanle Faint Object Spectrograph and Camera (HFOSC)
ounted on the 2m Himalay an Chandr a Telescope (HCT; T. P.

rabhu & G. C. Anupama 2010 ). Apart from the SN frames, we
btained several calibration frames, e.g. twilight flats and bias
r ames, during the observ ations. Sever al standard star fields from
. U. Landolt ( 1992 ) w ere observ ed on four photometric nights

 o calibrat e a sequence of secondary standards in the SN field. 
Pr e-pr ocessing of the photometric data, e.g. bias correction, flat

elding, etc., was done in a standard manner using various tasks
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Table 1. Optical photometric data of SN 2008aq. 

Date JD 

a Phase b B V 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 ± 0.01 16.00 ± 0.01 15.72 ± 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 ± 0.01 15.87 ± 0.01 15.55 ± 0.01 15.54 ± 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 ± 0.01 15.84 ± 0.01 15.52 ± 0.01 15.47 ± 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 ± 0.01 15.57 ± 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 ± 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 ± 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 ± 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 ± 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 ± 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 
a JD 2454000 + , b Phase has been calculated with respect to B max = 2454531.40. 

a
w
T
c  

(  

w
u
s  

o  

2  

i  

S
w  

p

i
−  

T
s
e  

d
u
w
a
i
r
i
c
r  

w  

i
l

1

t
t
c

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

Date JD 

a Phase b 
(d) 

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 
a 2454000 + ; b Phase is calculated with respect to B max = 2454531.40. 
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vailable in IRAF. 1 Aperture photometry at an optimal aperture 
as used to estimate the magnitudes of the Landolt standards. 
he optimal aperture was determined using the aperture growth 

urv e. The av er age v alue of atmospheric extinction for the site
C. S. Stalin et al. 2008 ) and average colour terms for the system
ere used to determine the photometric zero-points on individ- 
al nights. These were used to calibrate a sequence of secondary 
tandards in the SN frame. The mean BVRI magnitudes of sec-
ndary standards in the field of SN 2008aq were estimated. As SN
008aq occurred in the outer region of the host galaxy, with vary-
ng back gr ound, we used pr ofile-fitting phot ometry t o estimat e
N magnitudes. The SN magnitudes w ere calibrat ed differentially 
ith respect to the local secondary standards in the field. The
hotometric observations for SN 2008aq are shown in Table 1 . 
Spectroscopic observations of SN 2008aq were also made us- 

ng HFOSC. The spectra were obtained at 13 epochs between ∼
4 and 120 d with respect to the date of maximum brightness.
he spectroscopic data reduction followed a series of standard 

teps, including bias correction and flat-fielding. The optimal 
xtraction method (K. Horne 1986 ) was used to extract the one-
imensional spectrum. Wavelength calibration was performed 

sing the dispersion solution obtained from arc lamp spectra, 
ith bright night sky emission lines employed to validate the 

ccuracy. Small corrections were applied whenever required. The 
nstrumental response was corrected using a response curve de- 
ived from spectro-photometric standard stars, enabling flux cal- 
bration of the spectrum. The final spectrum was generated by 
ombining the flux-calibrated spectrum obtained in blue and red 

egions, using a w eight ed mean. All the spectra of SN 2008aq
 ere adjust ed t o the absolut e flux scale based on the correspond-

ng photometric magnitudes and corrected for redshift. Table 2 
ists the spectroscopic observations for SN 2008aq. 
 IRAF stands for Image Reduction and Analysis Facility, which was dis- 
ributed by the National Optical Astronomy Observ atories, oper ated by 
he Association of Universities for Research in Astronomy, Inc., under a 
ooperative agreement with the National Science Foundation. 

A  

m

2

1

SN 2019gaf (R.A.(J2000.0) 20 h 36 m 55 . s 24 , Dec.(J2000.0) 
2 ◦48 ′ 24 . ′′ 48 ) was discovered by Asteroid Terrestrial-impact
ast Alert System (ATLAS, J. L. Tonry et al. 2018 ) on May 27,
019 (J. Tonry et al. 2019 ). This SN was classified as a Type IIb
N (A. Dahiwale, A. Dugas & C. Fremling 2019 ; C. Frohmaier
t al. 2019 ; E. Swann et al. 2019 ). SN 2019g af e xploded in the
utskirts of its anonymous host galaxy. The optical photometric 
ampaign of SN 2019g af beg an ∼ 8 d aft er discov ery with
he telescopes of the Las Cumbres Observatory (L C O; T. M.
rown et al. 2013 ) under the Global Supernova Project (GSP)

n UBgVri bands. The lcogtsnpipe pipeline (S. Valenti et al. 
016 ) was used t o estimat e the SN magnitudes. Calibration
f the gri -band instrumental magnitudes was done using the 
PASS catalogue (A. A. Henden et al. 2016 ). 2 The U BV -band
agnitudes w ere calibrat ed using the Landolt catalogue (A. 
MNRAS 546, 1–14 (2026) 
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M

Table 3. Optical photometric data of SN 2019gaf. 

Date JD 

a Phase b U B g V r i 
(d) (mag) (mag) (mag) (mag) (mag) (mag) 

2019/06/04 638.60 0.00 17.84 ± 0.05 17.78 ± 0.07 17.46 ± 0.02 17.41 ± 0.02 17.42 ± 0.02 17.44 ± 0.03 
2019/06/04 638.60 0.00 17.75 ± 0.14 17.78 ± 0.04 17.46 ± 0.02 17.42 ± 0.02 17.46 ± 0.02 17.44 ± 0.03 
2019/06/07 642.48 3.88 18.06 ± 0.04 17.86 ± 0.01 —- ±—- 17.34 ± 0.01 —–± —- —–±—- 
2019/06/07 642.48 3.88 18.03 ± 0.04 17.90 ± 0.01 —- ±—- —–±—- —–± —- —–±—- 
2019/06/11 645.57 6.97 18.30 ± 0.07 18.08 ± 0.02 17.69 ± 0.01 17.45 ± 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 ± 0.06 18.16 ± 0.02 17.78 ± 0.01 17.45 ± 0.02 17.26 ± 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 ± 0.05 17.98 ± 0.02 17.53 ± 0.03 17.33 ± 0.02 17.19 ± 0.02 
2019/06/15 650.48 11.88 —–±— 18.41 ± 0.05 17.96 ± 0.03 17.55 ± 0.03 —–±—– 17.21 ± 0.02 
2019/06/20 654.62 16.02 —–±— 18.88 ± 0.08 18.32 ± 0.05 17.76 ± 0.03 17.54 ± 0.03 17.50 ± 0.07 
2019/06/20 654.62 16.02 —–±— 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 ± 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 ± 0.02 
2019/06/27 662.22 23.62 —–±— 19.70 ± 0.05 19.03 ± 0.02 18.40 ± 0.02 17.95 ± 0.01 17.67 ± 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 ± 0.05 19.23 ± 0.05 18.56 ± 0.03 18.11 ± 0.07 17.97 ± 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 ± 0.08 
2019/07/09 673.52 34.92 —–±— 20.05 ± 0.07 —- ±—- —- ±—- —- ± —- —- ±—- 
2019/07/10 674.83 36.23 —–±— —–±—- 19.22 ± 0.06 —–±—- —- ± —- 18.24 ± 0.10 
2019/07/10 674.84 36.24 —–±— —–±—- —–±—- —–±—- —- ±—– 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 —–±— —–±—- 19.47 ± 0.09 19.09 ± 0.10 18.65 ± 0.05 —- ±—- 
2019/07/13 678.42 39.82 —–±— —–±—- 19.53 ± 0.07 19.29 ± 0.08 18.65 ± 0.05 18.42 ± 0.06 
2019/07/13 678.42 39.82 —–±— —–±—- —–±—- 19.14 ± 0.09 18.68 ± 0.05 18.47 ± 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 —–±— 20.44 ± 0.11 19.70 ± 0.05 19.29 ± 0.04 18.89 ± 0.03 18.52 ± 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 —–±— 20.23 ± 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 —–±— —–±—- —–±—- —–±—- —–±—– 18.79 ± 0.06 
2019/08/17 713.48 74.88 —–±— —–±—- —–±—- —–±—- —–±—– 18.94 ± 0.08 
2019/08/25 721.38 82.78 —–±— 20.41 ± 0.05 20.01 ± 0.03 19.58 ± 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 —–±— 20.88 ± 0.06 —–±—- 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 —–±— 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 —–± —- 20.16 ± 0.06 
2019/10/30 786.65 148.00 —–±— —–±—- —–±—- —–±—- 20.15 ± 0.04 20.24 ± 0.06 
a JD 2458000 + , b Phase has been calculated with respect to B max = 2458638.60. 

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

Date JD 

a Phase b Telescope 
(d) 

05/06/2019 640.43 1.83 L C O 

06/06/2019 641.27 2.67 HCT 

09/06/2019 644.06 5.46 L C O 

13/06/2019 648.01 9.41 HCT 

13/06/2019 648.38 9.78 L C O 

25/06/2019 660.00 21.41 L C O 

02/07/2019 667.35 28.75 HCT 

10/07/2019 674.98 36.38 L C O 

05/09/2019 732.21 93.61 HCT 

23/09/2019 750.21 111.62 HCT 

a 2458000 + ; b Phase is calculated with respect to B max = 2458638.60. 
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. Landolt 1992 ), constructed from standard fields observed
ith the same telescope and during the same nights as the SN
bservations. The final photometry of SN 2019gaf is presented
NRAS 546, 1–14 (2026) 
n Table 3 . Spectroscopic follow-up of SN 2019gaf started ∼9
 aft er discov ery using the FL OYDS spectr ograph on the 2m
aulkes Telescope North (FTN) and HCT. We have used the
oydsspec 3 pipeline to perform the spectral reduction. For
C T data, w e hav e follow ed a similar data r eduction pr ocedur e

s described for SN 2008aq. Finally, all the spectra were scaled
ith respect to the photometry and corrected for redshift. Details

f the spectroscopic observations for SN 2019gaf are presented
n Table 4 . 

 D I STA N C E ,  EXTINCTION,  AND  E X P LO S I O N  

P O C H  

N 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-
ng from 30.8 to 33.8 Mpc for MCG -2-33-20 (R. B. Tully et al.

https://www.authorea.com/users/598/articles/6566
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Figure 1. Light-curve evolution of SN 2008aq in BVRI bands. 

Figure 2. Light-curv e ev olution of SN 2019gaf as observ ed in the UBgVri 
bands. 
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013 ; J. G. Sorce et al. 2014 ; R. B. Tully, H. M. Courtois & J. G.
orce 2016 ). We have used the most recent distance measurement
32.8 Mpc, R. B. Tully et al. 2016 ) and scaled it to H 0 = 73 km
 

−1 Mpc −1 . The measured distance for SN 2008aq is 33.70 Mpc.
N 2008aq is located at the outskirt of the host galaxy MCG -
-33-20, hence negligible host extinction is expected, which is 
urther supported by the absence of Na ID line in the spectral
volution. The reddening within the Milky Way towards MCG - 
-33-20 is E(B − V ) = 0.04 mag (E. F. Schlafly & D. P. Finkbeiner
011 ), which corresponds to A V = 0.122 mag assuming R V = 3.1.
ur calculation is consistent with the extinction reported for SN 

008aq in F. B. Bianco et al. ( 2014 ). H. F. Stevance et al. ( 2016 )
r esented spectr opolarimetry of SN 2008aq and estimated that 
N 2008aq was discovered ∼ 8 d before maximum in V band using
he 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
l. 2006 ), they estimated explosion date as February 16, 2008 (JD
 2454512.75). The V band maximum estimated with our data 

alls on March 06, 2008 (JD = 2454532.33 ±1), which corresponds
o February 15, 2008 as the explosion date. Our estimates are 
onsistent with those published in H. F. Stevance et al. ( 2016 ).
hroughout this paper, we have used February 16, 2008, as the
xplosion date for SN 2008aq. 

The r edshift of SN 2019g af is estimat ed t o be 0.02, based on the
arrow H α emission line prominently visible in the ∼36 d SN 

pectrum. Assuming H 0 = 73 km s −1 Mpc −1 , �m 

= 0.27, and �v 
 0.73, the corresponding luminosity distance is calculated to be 

3.4 Mpc. There is no prominent Na line in the spectral sequence
f SN 2019gaf. Hence, we use only Galactic extinction as the total
xtinction to the line of sight, which is E(B − V) = 0.092 mag
E. F. Schlafly & D. P. Finkbeiner 2011 ) and A V = 0.284 using
 V = 3.1. Considering the last non-detection (JD 2458629.061 
 18 . 86 mag) and first detection (JD 2458631.04, 18.64 ± 0.07
ag) of SN 2019gaf in ATLAS- o band, the explosion epoch of SN

019gaf w as constr ained t o JD ∼ 2458630 ±1, which w e consider
hroughout for further analysis. 

 ANALYSIS  OF  T H E  L I G H T  C U RVE  

.1 Light curve and colour curve 

igs 1 and 2 present the light curv e ev olution of SNe 2008aq
nd 2019g af, r espectiv ely. The light curv e of SN 2008aq is w ell
ampled around the peak, whereas for SN 2019gaf, the peak in the
luer bands was missed in our observing campaign. The shock 

ooling signature is not seen in the light curve of both the objects.
e used a polynomial fit to estimate the peak magnitude and 

poch of maximum light; the estimated parameters are presented 

n Table 5 . F. B. Bianco et al. ( 2014 ) reported the UBVri pho-
ometry of SN 2008aq, which are in agreement with the derived 

agnitudes presented here. 
Fig. 3 shows the light curves evolution of SNe 2008aq and 

019gaf in BVRI bands and their comparison with a few other
ype IIb—SNe 2008ax (S. Taubenberger et al. 2011 ), 2010as (G. 
olatelli et al. 2014a ), 2011dh (M. Ergon et al. 2014 , 2015 ), 2013df 
T. Szalai et al. 2016 ; I. Shivvers et al. 2019 ), and 2015as (A.
angopadh ya y et al. 2018 ). The r and i band magnitudes of SN
019g af wer e converted to R and I band magnitudes using the ex-
r essions pr ovided in K. J or di, E. K. Gr ebel & K. Ammon ( 2006 ).
he magnitudes for each SN are adjusted to their peak values in

he respective bands. The figure shows that in B and V bands, up
o 20 d since maximum, SNe 2008aq and 2019g af shar e similar
ight curv e ev olution with each other and with SN 2015as. In the R
nd I bands, the light curve evolution of SNe 2008aq and 2019gaf 
s similar to other SNe compared in Fig. 3 . 

The evolution of B − V, V − I , V − R , and R − I colours of SNe
008aq and 2019g af ar e shown in Fig. 4 . We have also compared
t with other well-studied Type IIb SNe in the same figure. Colour
volution of SNe 2008aq and 2019gaf appear consistent with the 
att erns exhibit ed by other Type IIb SNe used for comparison. 

.2 Bolometric light curve 

ig. 5 displays the evolution of pseudo-bolometric light curves of 
Ne 2008aq and 2019gaf and their comparison with a few Type IIb
MNRAS 546, 1–14 (2026) 
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Table 5. Light curve parameters of SNe 2008aq and 2019gaf. 

SN 2008aq B band g band 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 ± 0.01 15.53 ± 0.02 15.45 ± 0.02 
Absolute magnitude at maximum (mag) −16 . 46 ± 0.01 – −16 . 95 ±0.01 −17 . 25 ± 0.01 −17 . 30 ± 0.03 
�m 15 (mag) a 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 ± 2 642.49 ± 1 647.55 ± 0.5 650.5 ± 0.5 
Magnitude at maximum (mag) 17.79 ± 0.08 17.46 ± 0.02 17.35 ± 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 
�m 15 (mag) a 0.92 ± 0.1 0.64 ± 0.08 0.70 ± 0.03 0.70 ± 0.02 0.70 ± 0.08 
a With respect to B max = 2454531.40 for SN 2008aq and B max = 2458638.60 for SN 2019gaf. 

Figure 3. BVRI light curves for SNe 2008aq and 2019g af, compar ed with 
those of other Type IIb SNe. 

Figure 4. Colour evolution of SNe 2008aq and 2019gaf compared with 
colour evolution of other well-studied Type IIb SNe. 

Figure 5. Evolution of the pseudo-bolometric luminosity for SNe 2008aq 
and 2019gaf, along with a comparison to other Type IIb SNe. 
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Ne. We have used Superbol code (M. Nicholl 2018 ) to calculate
he pseudo-bolometric luminosities of SNe 2008aq and 2019gaf.
he pseudo-bolometric light curves of other SNe in Fig. 5 are con-
tructed in a similar manner. The figure shows that the pseudo-
olometric luminosity evolution of SN 2008aq lies between SNe
011dh and 2013df. The pseudo-bolometric light curve evolution
f SN 2019gaf lies on the brighter side and matches well with SNe
008ax and 2010as. Peak pseudo-bolometric luminosities of SNe
008aq and 2019g af ar e 41.92 ± 0.02 and 42.17 ± 0.01 erg s −1 ,
espectively. 

 S P E  CTR  O S COP I C  P R  O P E RT I E S  

.1 Spectral features and comparison with other Type IIb 

Ne 

igs 6 and 7 display the spectral time series of SNe 2008aq and
019g af, r espectiv ely. Spectral ev olution of SN 2008aq cov ers
hase ∼ 4 d before to ∼ 120 d after the maximum light. P-Cygni
rofile of H α and H β are clearly seen in the early spectral
equence. The Fe ii lines near 5000 Å are also present in the
pectrum obtained at ∼ −4 d. The He i line at 5876 Å is seen in
he early spectrum. The flat-topped profile of the H α 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. 

Figure 7. This figure shows the spectral time series for SN 2019gaf, 
e xtending fr om −2.5 t o 111.6 d aft er maximum light. The narrow H α

region used to estimate the redshift is indicated by the shaded green bar 
in the plot. 

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. 
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bserved in the spectral evolution of SN 2008aq is a result of the
 eak blue-shift ed absorption feature of He i line at 6678 Å (H. F.

tevance et al. 2016 ). Similar to other Type IIb SNe, SN 2008aq
ndergoes a transition phase appr o ximately 15 d after maximum
rightness, characterized by the dominance of He lines. Around 

he same time, emission due to Ca ii NIR triplet also starts appear-
ng in the spectrum of SN 2008aq. The last four spectra at ∼ 54,
7, 62, and 120 d exhibit signatures of [Ca ii ] emission lines. In
he last observed spectrum at ∼120 d, the [O i ] lines at 6300 and
364 Å are also clearly present, indicating that the SN has entered
he nebular phase. 

Spectr al cover age of SN 2019gaf from maximum to ∼+ 111.6 d
s presented in Fig. 7 . The first spectrum of SN 2019gaf, prior to
ts peak brightness, is obtained from the Transient Name Server 
C. Frohmaier et al. 2019 ). Similar to SN 2008aq, SN 2019gaf 
lso shows typical signatures of a Type IIb SN. SN 2019gaf ex-
ibits weak hydrogen features, implying that the progenitor star 
reserved a thin hydrogen envelope prior to the explosion. The 
ransition from hydrogen dominat ed t o helium dominated spec- 
rum in SN 2019gaf occurs approximately 21 d after maximum 

rightness. The tw o lat e phase spectra of SN 2019gaf, at 93 and
11 d post-maximum, show the emergence of [O i ] and [Ca ii ]
mission lines, which mark the transition to the nebular phase. 

We have compared the spectra of SNe 2008aq and 2019gaf with
 few other well-studied Type IIb SNe, namely, SNe 2008ax (S.
aubenberger et al. 2011 ; M. Modjaz et al. 2014 ), 2010as (G. Fo-

atelli et al. 2014a ), 2011dh (D. K. Sahu et al. 2013 ; M. Ergon et al.
014 , 2015 ), 2013df (T. Szalai et al. 2016 ; I. Shivvers et al. 2019 ),
nd 2015as (A. Gangopadh ya y et al. 2018 ). Figs 8 –10 present the
omparison of spectral features of SNe 2008aq and 2019gaf with 
MNRAS 546, 1–14 (2026) 
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M

Figur e 9. This figur e shows a comparison of the spectral features ob- 
served post-maximum light. 

Figur e 10. This figur e compar es the nebular phase spectra of SNe 
2008aq and 2019gaf with those of other Type IIb SNe. 
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Figure 11. Spectra of SN 2008aq and their respective models obtained 
through SYNAPPS are presented in this figure. 
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ther Type IIb SNe in the near -maximum, post -maximum, and
ebular phases. Comparison of the near maximum spectra of SNe
008aq and 2019gaf show that H α , H β , He i line at 5876 Å, and
e ii lines near 5000 Å are clearly visible in all the SNe (see Fig. 8 ).
NRAS 546, 1–14 (2026) 
The He i 5876 Å absorption in SN 2008aq appears weaker than
n other SNe. The Ca ii NIR feature is weak in SN 2019gaf as
ompared to other SNe. Post-maximum spectral evolution ( ∼one
onth after maximum) of SNe 2008aq and 2019gaf is compared
ith other SNe in Fig. 9 . During this phase, these SNe showed

ransition fr om hydr ogen- dominated to helium- dominated spec-
ra, how ev er, hy dr ogen lines ar e still seen in spectra of all the
bjects. The Fe ii lines near 5000 Å, He i lines at 5876 Å, 6678 Å,
nd a clear hint of He line at 7065 Å, are seen in all the spectra.
he emission component of the Ca ii NIR triplet is well devel-
ped. The comparison of nebular phase spectra of SNe 2008aq
nd 2019gaf is shown in Fig. 10 . At this stage, the spectra of 
ype IIb SNe are mostly dominated by the Mg i ] line at 4571 Å,
e ii lines near 5000 Å, [O i ] lines at 6300, 6364 Å, [Ca ii ] lines at
291 and 7324 Å, and Ca ii NIR triplet, with varying strengths.
lthough the wavelength coverage of the nebular phase spectra
f SNe 2008aq and 2019gaf is limited and the spectra have a
oor signal-to-noise ratio, the Na i , [O i ], [Ca ii ], and Ca ii NIR
riplet emission lines are clearly det ect ed. It is worth noting that
he [O i ] and [Ca ii ] lines in the last available spectra of SN
019g af ar e significantly br oader than the other objects used for
omparison. 

.2 Spectral modelling 

he spectra of SN 2008aq at ten epochs, from −3.9 to 53.8 d
elativ e t o the B -band peak brightness, are modelled using the
pectrum synthesis code SYNAPPS (R. C. Thomas, P. E. Nugent
 J. C. Meza 2011 ), and are shown in Fig. 11 . The photospheric

elocity in the best-fitting model drops from 12 200 km s −1 at
3.9 d to 7900 km s −1 at 53.8 d. The outer ejecta velocity used

n the modelling is 30 000 km s −1 . The photospheric temperature
v olv es from 11 200 K at −3.9 d to 6900 K at 53.8 d. The chemical
pecies used in the modelling are H, He, O, Na, Ca, Mg, and Fe;
pecifically, H i , He i , O i , Na i , Ca ii , Mg ii , and Fe ii ionization
tat es w ere used. Most of the features are well-reproduced in the
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Figur e 12. This figur e displays the spectra of SN 2019g af alongside their 
corresponding models, as derived using SYNAPPS. 
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Figure 13. The figure demonstrates the evolution of photospheric ve- 
locities for the H α line and the He i line at 5876 Åfor 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. 
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arly phases, while the fit starts to deteriorate from 38.9 d when
he SN enters the nebular phase. This is expected as the LTE
ssumption of SYNAPPS does not remain valid in the nebular 
hase. 
Similarly, we modelled four spectra of SN 2019g af, fr om 1.8 to

1.4 d relative to the B -band peak brightness, using SYNAPPS
nd the same chemical species and outer ejecta velocity as SN 

008aq. The spectra and corresponding models are shown in 

ig. 12 . In the best-fitting model, the photospheric velocity de- 
r eases fr om 15 000 km s −1 at 1.8 d to 12 000 km s −1 at 21.4
. The phot ospheric t emperature ev olv es from 11 100 K at 1.8
 to 7200 K at 21.4 d. To fit the high-velocity H i and He i

ines, the ‘detach’ parameter for these ions was activated, de- 
aching the opacity component of H i and He i from the pho-
 ospheric v elocity (v phot ), which defines the inner boundary of 
he line-forming region. This adjustment allows these lines to 
orm in the out er high-v elocity ejecta. The velocities for H i and
e i from the 1.8 d spectrum are 18 100 and 16 400 km s −1 ,

espectively. 

.3 Expansion velocity 

e measur e e xpansion velocities for SN e 2008aq and 2019gaf 
sing a Gaussian fit to the absorption minima of H α and He i

ines (Fig. 13 ). The v elocity ev olution of a few other Type IIb SNe
s also shown in the same figure. The H α velocity evolution 

f SN 2008aq is similar to SN 2011dh, slightly higher than SN
013df, and lower than the r est of the SN e shown in Fig. 13 . He i
ine velocity of SN 2008aq shows similarity with SN 2010as till

aximum and then similar to SNe 2011dh and 2013df. Velocity 
volution of H α and He i line for SN 2019gaf is higher than all
he Type IIb SNe included in Fig. 13 . This is consistent with the
igher kinetic energy of SN 2019gaf inferred using the light-curve 
odelling (Section 6.1.3 ). 
 E X P LO S I O N  PARAMETERS  AND  

R  OGENITOR  P R  O P E RT I E S  

.1 Explosion parameters 

.1.1 Using Arnett’s approximation 

n SESNe, the powering mechanism for the light curves is the
nergy released from the radioactive decay of 56 Ni to 56 Co to
6 Fe, which means that the peak bolometric luminosity is directly 
elat ed t o the amount of 56 Ni synthesized in the explosion (W.
. Arnett 1982 ). To estimate the mass of 56 Ni w e hav e follow ed
 xpr ession given by M. Stritzinger & B. Leibundgut ( 2005 ) (equa-
ion 3 of S. J. Prentice et al. 2016 ). For SNe 2008aq and 2019gaf,
he estimated mass of 56 Ni are 0.04 and 0.07 M �, respectively.
o account for the flux contribution from the missing passbands 

.e. UV and NIR, S. J. Prentice et al. ( 2016 ) quoted 24 per cent
ontribution towards the peak luminosity. After adding this, the 
ass of synthesized 

56 Ni for SNe 2008aq and 2019gaf are 0.05 and
.08 M �, respectively. 

Using the formulations given by W. D. Arnett ( 1982 ), assuming
pherical symmetry, uniform density, and homologous expansion 

n the ejecta, we have the following e xpr ession for τm 

that defines
he effective diffusion time-scale of the light curve: 

m 

= 

√ 

( 2)( k/ ( β ∗ c )) 0 . 5 ( M e j /v ph ) 0 . 5 . (1) 

In this equation, κ , β, c, and v ph are the opacity, constant of 
ntegration ( β = 13.8, W. D. Arnett 1980 , 1982 ), speed of light,
nd photospheric velocity at maximum, respectively. In case of 
ESNe, the opacity κ is used as 0.07cm 

2 g −1 (R. A. Chevalier 1992 ;
 . N . Chugai 2000 ; Z. Cano 2013 ; F . T addia et al. 2018 ). For uni-

orm density and the assumptions mentioned earlier, the constant 
f int egration β is estimat ed as 13.8 by W. D. Arnett ( 1980 , 1982 ).
MNRAS 546, 1–14 (2026) 
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Figure 14. Top: Semi-analytical (A. P. Nagy & J. Vinkó 2016 ) model fit to 
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Also, the kinetic energy using the uniform density of a spheri-
ally symmetric ejecta is e xpr essed by 

 k = 0 . 3 M e j ∗ v 2 ph . (2) 

In the case of SNe 2008aq and 2019g af, τ m 

ar e 20 and 17 d,
espectively (assuming the diffusion time-scale is equal to rise
ime), the masses of ejecta are 4.9 and 4.8 M �, r espectively. Her e,
ise times for both the SNe are calculated using explosion epochs
iven in Section 3 and the bolometric maximum. Also, photo-
pheric velocities at maximum for SNe 2008aq and 2019g af ar e
1 200 and 15 000 kms −1 , respectively. 

.1.2 Sc aling r elations 

n absence of the detailed hydrodynamical modelling, the explo-
ion parameters can also be estimated using the scaling relation
s shown by P. A. Mazzali et al. ( 2013 ) and K. Medler et al.
 2021 ). For their objects, the physical parameters were estimated
y scaling the explosion parameters of SNe for which these pa-
amet ers hav e been estimat ed using hy dr odynamical modelling .
ow ev er, it is mentioned also that the rescaling method should

e applied with caution, especially if the data coverage is not
 x cellent. It was also emphasized that to have reliable estimates of 
he explosion parameters, the reference objects should be chosen
ar efully. Ther e is a similarity in the bolometric light curve of SN
008aq with SN 2011dh and SN 2019gaf with SN 2010as (Fig. 5 ).
o, w e hav e taken SNe 20110as (G. Folat elli et al. 2014a ), as the
 efer ence SN for SN 2008aq and 2011dh (M. C. Bersten et al. 2012 )
s r efer ence SN for SN 2019g af, in our analysis. 

The kinetic energy E k and ejecta mass M e j are determined
sing the following scaling relations: 

E k , 1 

E k , 2 
= 

τ 2 
m, 1 v 3 ph , 1 κ

−1 
1 

τ 2 
m, 2 v 3 ph , 2 κ

−1 
2 

, (3) 

M ej , 1 

M ej , 2 
= 

τ 2 
m, 1 v ph , 1 κ

−2 
1 

τ 2 
m, 2 v ph , 2 κ

−2 
2 

. (4) 

Assuming the optical opacity to be the same for the r efer ence
bject and our SN, for SN 2008aq, ejecta mass and kinetic energy
re estimated as 2.24 M � and 1.4 ×10 51 erg, respectively. Simi-
arly, for SN 2019gaf these parameters are 6.6 M � and 10.8 ×10 51 

rg using SN 2010as as r efer ence. 

.1.3 Semi-analytical light-curve models 

e attempt to model the light-curve evolution of SNe 2008aq
nd 2019gaf using a two - component semi-analytical approach
resented in A. P. Nagy & J. Vinkó ( 2016 ). This is based on the
pproach by W. D. Arnett & A. Fu ( 1989 ), which has been succes-
ively 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

hese models, the ejecta are assumed to be in spherical symmetry
ith a homologous expansion. In addition, the ejecta is supposed

o consist of two independent components, commonly r eferr ed
o as the inner core part, which has a constant (or flat) density
rofile and an extended shell defined by an exponential or power-

aw density profile (A. P. Nagy et al. 2014 ; A. P. Nagy & J. Vinkó
016 ). The incomplete trapping of γ−rays is incorporated by
 g parameter, which in the overall luminosity could be realized

s L bol = L Ni (1 − exp 

(−Ag/t 2 ) ) + L Rec . We use this semi-analytical
pproach t o estimat e the ejecta mass ( M e j ), nickel mass ( M Ni ),
NRAS 546, 1–14 (2026) 
xplosion energy ( E exp ), and progenitor radius ( R 0 ). The errors in
he estimated parameters are obtained by varying the best-fitting
alues to fit the upper and lower limits of errors in the observed
uminosities. With a lack of UV and NIR data, we utilize the
lackbody fitted luminosity ( L BB ) obtained using SuperBol as
he pr o xy to the bolometric luminosities ( L bol ) of SN 2008aq and
N 2019gaf. 

The models that best describe the observed luminosity are
hown in Fig. 14 , and the core parameters are listed in the inset of 
he figure. For SN 2008aq, the first observed luminosity epoch is
lmost 15 d post-explosion, which restricts any constraint on the
nitial light curve. This part of the light curve is mostly governed
y the shell component of the model (A. P. Nagy & J. Vinkó 2016 ).
ue to a lack of early-phase data, we restrict ourselv es t o core

omponent modelling in the case of SN 2008aq. Hence, we fix the
hell component parameters for SN 2008aq so as to not affect the
ight-curv e alt ogether. 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 
R 0 [10 12 cm ] ∼0.6 12 ∼ 2 . 0 100 
M e j [M �] 2 . 0 +0 . 5 

−0 . 2 0.001 1 . 7 +0 . 1 
−0 . 0 0.5 

M Ni [M �] 0 . 070 0 . 015 
−0 . 010 – 0 . 09 +0 . 02 

−0 . 01 –
E Kin [10 51 erg ] 5 . 5 +1 . 0 

−1 . 1 0.0001 12 . 0 +0 . 0 
−1 . 0 0.2 

E Th [10 51 erg ] 1 . 2 +1 . 3 
−0 . 2 0.001 0 . 5 +0 . 0 

−0 . 1 0.04 
A g [10 3 d 2 ] 7 . 0 ± 1 . 5 – 14 ± 3 –
k [ cm 

2 g −1 ] 0.2 0.3 0.3 0.3 
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hell part is negligible to the total light curve. Hence, we do not
ary these parameters during our fitting pr ocedur e. For the case
f SN 2019gaf, ATLAS photometry has been utilized to obtain the
re-maximum epoch. But again, with insufficient sampling in the 
re-maximum epochs, we cannot put any meaningful constraints 
n the shell part. How ev er, in this case, we do not fix the shell
arameters as done in SN 2008aq, owning to the data available 
round + 5 d since the explosion. We vary these as w ell t o obtain
he best-fitting modelled light curv e. How ev er, t o keep the bounds
hysical, we try to restrict these values close to the parameters
btained in A. P. Nagy & J. Vinkó ( 2016 ) for the Type IIb cases.
v entually, t o model both these ev ents, w e hav e mostly focused
n the core component, which is also a major flux contributor in
he case of stripped progenitors of Type IIb SNe. The best-fitting
arameters obtained for both the SNe are presented in Table 6 . 
It can be seen that the estimates for M ej , arrived at using Ar-

ett’s appr o ximation and semi-analytical modelling differ. This 
ould be due to the fact that the Arnett’s appr o ximation holds
ood for a negligible radius ( R ) and opacity mainly because of 
lectr on scattering . Further, the values of κ used in Arnett’s for-
ulation and the semi-analytical modelling are also different. 

f we use κ as 0.2 and 0.3 cm 

2 g −1 for SNe 2008aq and 2019gaf 
as used in semi-analytical modelling pr escription), r espectively, 
he ejecta mass estimated using Arnett’s formulation are 1.72 
nd 1.12 M �. These estimates agree with the values obtained 

rom semi-analytical modelling of the bolometric light curve. 
urthermore, the E k and M ej obtained from the scaling relations 

or SN 2008aq are quite similar to the semi-analytically derived 

aramet ers. How ev er, for SN 2019gaf w e obtained a consist ent
xplosion energy but with lower ejecta mass when compared 

ith the values obtained from the scaling relations. In the case 
f scaling relations, we assumed same κ for both the reference 
nd observed SNe; however, the hydrodynamical models used in 

he scaling relations are plausibly estimated at different opacities 
han the average value taken in the semi-analytical formulation. 
s seen from the equations ( 3 ) and ( 4 ), M e j is more sensitive for
 given set of opacities. Hence, this could be one of the plausible
ause of discrepancy in the respective ejecta masses. Additionally, 
ith strong correlation between ejecta mass and opacity there 

ould be a factor of 2 uncertainties in the values estimated from
emi-analytical method (A. P. Nagy & J. Vinkó 2016 ). 

.2 Progenitor mass using late-phase spectra 

ate nebular phase spectral features are an important tool for 
r obing pr ogenitor pr operties. The ratio of the flux es of [O i ] and
Ca ii ] lines depends on the ZAMS mass of the progenitor and
oes not depend upon temperature and density (C. F r ansson &
. A. Chevalier 1989 ; A. Elmhamdi et al. 2004 ). H. K uncara yakti
t al. ( 2015 ) presented the ratio of [O i ] and [Ca ii ] lines for core-
ollapse SNe and marked 1.5 as an arbitrary boundary between 

he two possible progenitor channels viz., a massive single star 
rogenitor and a less massive star in a binary system. The mea-
ured value of [O i ]/[Ca ii ] line ratio in our last observed spectrum
at an epoch of ∼ 120 d) of SN 2008aq is 0.82, indicating a binary
ystem as the plausible progenitor channel. For SN 2019gaf, at an
poch of ∼ 112 d, the measured [O i ]/[Ca ii ] ratio is 0.7, indicating
hat a less massive star in a binary system could be the progenitor
f this SN too. 

The [O i ] feature is believed to arise from a layer of o xy gen
ormed during the hydrostatic burning phase; hence, the ejected 

ass of o xy gen is dir ectly r elat ed t o the progenit or’s mass. The
ass of neutral o xy gen can be calculated using the flux of the

O i ] line. 
The mass of neutral o xy gen M O can be calculated as 

 O = 10 8 × D 

2 × F ([ O i ]) × e (2 . 28 /T 4 ) , 

where D is the distance in Mpc, F[O i ] is the flux of [O i ] line
n the units of erg s −1 cm 

−2 , and T 4 is the temperature of the [O i ]
ine emitting region in the unit of 10 4 K and can be calculated
sing the [O i ] lines fluxes at 5577 and 6300 Å. In the spectral
equence of SNe 2008aq and 2019gaf, the [O i ] line at 5577 Å is
ot clearly det ect ed, so w e hav e used an upper limit of ≤0.1 for the
atio of [O i ] lines at 5577 and 6300 Å. Ther e ar e two conditions
or this limit, one is low temperature ( T 4 ≤ 0.4 K) with high
ensity ( N e ≥ 10 6 cm 

−3 ) and another is high temperature ( T 4 =
.0 K) with low density ( N e ≤ 10 6 cm 

−3 ). Since low temperature
nd high densities are consistent with the o xy gen r egion, we
ave used T 4 = 0.4 K. The measur ed flux es of [O i ] line for SN e
008aq and 2019g af ar e 1.93 ×10 −14 erg s −1 cm 

−2 and 1.6 ×10 −14 

rg s −1 cm 

−2 , respectiv ely. The calculat ed mass of neutral o xy gen
or SNe 2008aq and 2019gaf are 0.65 M � and 3.3 M �, respectively,
sing distance given in Section 3 . Based on the results of F.-
. Thielemann, K. Nomoto & M.-A. Hashimoto ( 1996 ), ZAMS
rogenitor masses of 13, 15, 20, and 25 M � correspond to o xy gen
asses of 0.22, 0.43, 1.48, and 3.00 M �, r espectively. Mor eover, F.-
. Thielemann et al. ( 1996 ) presented estimates of helium core
asses for progenitor stars with masses of 13, 15, and 25 M �,

ielding values of 3.3, 4.0, and 8.0 M �, respectively. 
The o xy gen mass calculated for the SNe suggested that the

AMS mass of the progenitor for SN 2008aq lies between 15 and
0 M �, and Helium core mass is between 4 and 8 M �. For SN
019gaf, the estimated neutral oxygen mass suggests a ZAMS 
rogenitor mass of ∼25 M � and a Helium core mass of 8 M �.
he last spectrum of SN 2019gaf available to us has a very poor
ignal-to-noise ratio. We tried estimating o xy gen flux by heavily
moothing this spectrum and hence, the derived o xy gen mass and
rogenitor mass should be taken with caution. 
We also compare the late-time spectra of SNe 2008aq and 

019gaf with the models presented in A. Jerkstrand et al. ( 2015 ).
. Jerkstrand et al. ( 2012 ) and A. Jerkstrand et al. ( 2014 ) provided
ucleosynthesis yields to constrain the progenitor mass of Type 
IP SN e. A. J erkstrand et al. ( 2015 ) e xpanded the study to include
ype IIb SNe using some modifications. These models were con- 
truct ed for progenit or masses of 12, 13, and 17 M � assuming a
6 Ni mass of 0.075 M � and distance of 7.8 Mpc. Figs 15 and 16
how the comparison of SNe 2008aq and 2019gaf spectra with the
odels of A. Jerkstrand et al. ( 2015 ). Our comparison shows that

he [O i ] luminosities of SN 2008aq closely match the model for a
3 M � progenitor. Meanwhile, the [O i ] line luminosities for SN
MNRAS 546, 1–14 (2026) 
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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. 

Figure 16. Same as Fig. 15 but for SN 2019gaf. 
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019gaf fall between the models for progenitors with masses of 
3 and 17 M � . Based on the comparison with the models of A.
erkstrand et al. ( 2015 ), we suggest that the ZAMS mass of the
rogenitor of SN 2008aq lies between ∼ 13 and 20 M �. For SN
019g af, we pr opose that the ZAMS pr og enitor mass should rang e
etween 13 and 25 M �. 

 SUMMARY  

n this paper, we conducted a detailed analysis of two Type IIb
N e, 2008aq and 2019g af. SN 2008aq ( M B = −16.46 ±0.01 mag)
elongs to the category of normal Type IIb SNe, while SN 2019gaf 
 M B = -17.26 ±0.08 mag) is situated near the upper luminos-
ty boundary. The B -band light curve decline rate of SN 2008aq
hows a faster decline compared to SN 2019gaf. The evolution
f colours in both SN e e xhibits similarities with other Type IIb
Ne used for comparison. The spectral features of both SNe dis-
lay typical characteristics observed in Type IIb SN e. SN 2019g af 
isplays a weaker hydrogen feature than typical Type IIb SNe,
uggesting that the hy drogen env elope retained by the progenitor
efore the explosion is thin and extended. Spectral modelling
ith SYNAPPS provides a good fit for the spectral evolution of 

Ne 2008aq and 2019gaf. 
We also performed semi-analytical modelling for both the SNe

tudied and obtained various explosion parameters. The mass of 
6 Ni, ejecta mass, and kinetic energy for SN 2008aq are estimated
s 0.07 +0 . 015 

−0 . 010 M �, 2.0 +0 . 5 
−0 . 2 M �, and 5.5 +1 . 0 

−1 . 1 × 10 51 erg, respectively.
or SN 2019gaf estimated values of the corresponding parameters
re 0.09 +0 . 02 

−0 . 01 M �, 1.7 +0 . 1 
−0 . 0 M �, and 12.0 +0 . 0 

−1 . 0 × 10 51 erg. The 56 Ni
nd ejecta mass, obtained for both are well within the range
btained for other Type IIb SNe in the literature (S. Taubenberger
t al. 2011 ; D. K. Sahu et al. 2013 ; G. Folatelli et al. 2014a ; K.
edler et al. 2021 ), whereas the explosion energies are on the

igher side especially for the case of SN 2019gaf. How ev er, it has
een observed that the semi-analytical modelling approach pro-
ides slightly higher energies when compared with other mod-
ls (e.g. for SN 1993J case J. D. Lyman et al. ( 2016 ) estimate
1 × 10 51 erg as its E exp whereas A. P. Nagy & J. Vinkó ( 2016 )

stimate ∼4 × 10 51 erg). Another caveat in this modelling is the
orrelation among the κ, M ej , and E kin parameters (A. P. Nagy
 J. Vinkó 2016 ), hence only their combination could be well

onstrained and not individual parameters. We try to vary κ and
jecta masses closely to the values estimated in the literature. In
ddition to this, there is lack of good sampling data especially
round the peak for SN 2019gaf which also limit the model’s
bility to capture true peak and its corresponding phase. Regard-
ess, these parameters could be used as an initial starting point
or more detailed hydrodynamical modelling which is beyond
he scope of this w ork. How ev er, slightly higher energies for SN
019gaf could be justified from the expansion velocities of SN
019g af which ar e high, attributing to its high kinetic energy and
ow ejecta mass as inferred from the semi-analytical modelling.
ut it is difficult to quantify these at this point. 
Based on the nebular phase spectra of both SNe, w e hav e esti-
ated the probable ZAMS progenitor mass to be between ∼13

nd 20 M � for SN 2008aq and between 13 and 25 M � for SN
019gaf. The flux ratio of [O i ] and [Ca ii ] lines, favours a less
assiv e progenit or star in a binary system for both the SNe, how-

ver, detailed modelling of the light curve and spectral sequence
an further constrain the degree of core stripping, asymmetries
n the explosion, and potential contributions from interaction or

ixing processes. 
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