World Scientific

International Journal of Modern Physics D \\p
www.worldscientific.com

Vol. 16, No. 7 (2007) 1219-1228
© World Scientific Publishing Company

CONSTRAINTS ON THE MASSIVE SUPERNOVA
PROGENITORS

BOJAN ARBUTINA
Astronomical Observatory, Volgina 7, 11160 Belgrade, Serbia

Department of Astronomy, Faculty of Mathematics,
University of Belgrade, Studentski trg 16,
11000 Belgrade, Serbia
barbutina@aob.bg.ac.yu

Received 17 May 2006
Communicated by IJMPD Editorial Office

The generally-accepted scheme distinguishes two main classes of supernovae (SNe): Ia
resulting from the old stellar population (deflagration of a white dwarf in close binary
systems), and SNe of type II and Ib/c whose ancestors are young massive stars (died in
a core-collapse explosion). Concerning the latter, there are suggestions that the SNe II
are connected to early B stars, and SNe Ib/c to isolated O or Wolf-Rayet (W-R) stars.
However, little or no effort was made to further separate SNe Ib from Ic. We have used
assumed SN rates for different SN types in spiral galaxies in an attempt to perform this
task. If the isolated progenitor hypothesis is correct, our analysis indicates that SNe Ib
result from stars of main-sequence mass 23Mg < M < 30M), while the progenitors
of SNe Ic are more massive stars with M 2 30Mg. Alternatively, if the majority of
SNe Ib/c appear in close binary systems (CBs) then they would result from the same
progenitor population as most of the SNe II, i.e. early B stars with initial masses of order
M ~ 10 M. Future observations of SNe at high-redshift (z) and their rate will provide
us with unique information on SN progenitors and the star-formation history of galaxies.
At higher-z (deeper in the cosmic past), we expect to see the lack of type Ia events, i.e.
the dominance of core-collapse SNe. Better understanding of the stripped-envelope SNe
(Ib/c), and their potential use as distance indicators at high-z, would therefore be of
great practical importance.
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1. Introduction

Interest in the study of supernovae (SNe) has been significantly increased following
the renewed searches for SNe in recent years. Now more than 3000 SNe have been
discovered since 1885, many of them at cosmological distances. Much effort has
been invested in the classification of SNe, in understanding their progenitors and
determining their SN rate (and rates for different SN and parent galaxy types).
Consequently, we arrived at the generally-accepted scheme with two distinctive
classes of SNe: Ia resulting from the old stellar population (deflagration of a C-O
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white dwarf in close binary systems), and SNe of type II and Ib/c whose ancestors
are young massive stars (died in a core-collapse explosion).

Historically, classification of SNe, according to their optical spectra, began by
recognizing SNe I, with no hydrogen lines, and SNe IT which do show hydrogen in
their spectra. In addition, SNe II were shown to exhibit much wider photometric
behavior than SNe I, which seemed to be a rather homogeneous class of objects.
Nevertheless, it was shown later that there are actually two spectroscopically and
photometrically distinct subclasses of SNe I: Ia which were only located in ellip-
ticals, and Ib which were found in H II regions and spiral arms, which strongly
suggested that their progenitors were massive young stars with their hydrogen
envelopes stripped. The third subclass, SNe Ic, discovered later, show no helium
lines either, and thus corresponds to the massive stars stripped of their H and He
envelopes. For a more detailed review, see Refs. 1-4.

There are suggestions that the SNe II are connected to early B stars, and SNe
Ib/c to isolated O or Wolt-Rayet (W-R) stars. However, little or no effort was
made to further separate SNe Ib from Ic. In the subsequent analysis, we will use
assumed SN rates for different SN types in spiral galaxies in an attempt to perform
this task. An alternative, according to which all core-collapse SNe result from the
same progenitor population is also discussed.

2. Analysis
2.1. Masses of supernova progenitors

The first constraints on the masses of supernova progenitors were put by
Kennicutt,” and later by van den Bergh,® from the assumed supernova and star
formation rates (SNR and SFR, respectively) for the core-collapse supernovae and
their progenitors. Because of the short life of massive stars, the number of core-
collapse events per century should be equal to the number of new born stars in the
same time period, within the appropriate mass range,

SNR = SFR, (1)

when converted to appropriate units. Star formation rate for the stars in the mass
range from My to My is given with

Mu
SFR o / FIMYAM, @)
My
where f is the initial mass function (IMF), f(M) = AM~# in Salpeter’s form.”
According to Ref. 6, progenitors of SN II have masses 8Mg < My S 18 Mg,
corresponding to early B stars, whereas isolated O or W-R stars with My, 2 18 M,
become SN Ib. SN Ic were not recognized separately from Ib at that time.®

2In his study, van den Bergh used the stripped-envelope (Ib) to total core-collapse (Ib+II) ratio
Vse [Vee ~ 0.26.6
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In order to calculate the limiting masses for SN Ib/c progenitors from the mass
spectrum of star formation, we need to know the IMF and the SNRs for these
particular classes of SNe. We will adopt, as the authors cited, the Miller—Scalo mass
function with 3 = 2.5,% the upper mass limit for the core-collapse SN progenitors
of My = 100Mg, and the fixed predetermined lower limit of M = 8 Mg, as is
consistent with theory.!*® Recently-determined supernova rates, i.e relative numbers
that we are interested in, are given in Table 1.

SNRs for a given SN and galaxy type is defined as:

Y= % (SN, (3)

where N is the number of SNe discovered in a given sample of galaxies during the
total control time 7', and supernova unit is 1 SNu = SNe per 10'°L¢, per century.
The total control time incorporates galaxy luminosity as a normalization factor,
since it has been shown that it correlates with the SNR, and the probability of SN
detection, depending on the photometric properties of the SN type in question (see
Refs. 3 and 10).

Our intent was to use entirely the study given in Ref. 10 since it provides a
well-defined control time. Control time is of utmost importance for the correct
determination of the SNR, which implies exclusion of all SNe discovered by chance
for which 7' is undefinable. However, statistics were not large enough to separate
stripped-envelope SNe, that, for this reason, were lumped together as Ib/c in Refs.
10 and 11.

Nonetheless, the majority of SNe Ib/c, as new types, were discovered in sys-
tematic SN searches, which means that, although unknown to us, there is a control
time calculable. The crucial thing is that this control time is the same for SNe Ib
and Ic, which are photometrically indistinguishable (or, at least, very much alike)!

Table 1. Supernova rates in SNu for different galaxies and SN types from Ref. 10.
h is the Hubble parameter h = Ho/(75 km s~!Mpc~!). Last but one column is the
stripped-envelope (Ib/c) relative to the total core-collapse SN rate (Ib/c+II). The last
column shows the SN Ib to Ic ratio found in this study.

Galaxy type v[SNu] Vse/Vee N/ Nie
Ib/c I
E-S0 < 0.01h2 < 0.02h2 — —
S0a~Sb 0.11 4 0.06h2 0.42 4+ 0.19h2 0.21 0.92¢
Sbc-Sd 0.14 £ 0.07h? 0.86 £ 0.35h2 0.14 0.45
Others® 0.22 4+ 0.16h2 0.65 4 0.39h2 0.25 0.42
All 0.08 £ 0.04h2 0.40 £ 0.19h2 0.17 0.534

¢ Others include types Sm, Irregulars and Peculiars.

d The ratio for i < 45° is 0.51, and 0.55 for i > 45°, and thus it is not effected by
galaxy inclination.

€ This high value is probably a consequence of the small-number statistics.
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In other words, the selection effects acting on SNe Ib/c would be the same and
therefore, for this initial study, we can assume

vih N Nip

= N —,
Vic NIC NIC

(4)

where N is the total number of recorded SNe. As a database, we used the October
2004 version of the Asiago Supernova Catalogue (hereafter ASC).'2 A cutoff at
redshift z = 0.03 has been induced to make the results consistent with the rates in
the local universe. The resulting numbers are given in the last column of Table 1.

If we adopt that approximately 83 per cent of all core-collapse events are
SNe IT and only 6 and 11 per cent are SNe Ib and Ic respectively, from

-/\;[Ib
M PAM
1%
= 6)
j/ MBam
My,
My
M PAM
1 Vic
=5 (©)
M Bam ¢
My,

we obtain My, ~ 24 M and M1, ~ 31 M.

If one uses near infrared (K band) instead of B luminosity of a galaxy as a
better tracer of its stellar mass, then the supernova rate per unit mass (SNuM)
can be calculated.'® Initial mass values for the progenitors of different types of
core-collapse SNe as a function of the host galaxy’s Hubble type, obtained by using
rates in SNuM from Ref. 13, are given in Table 2. The numbers in Table 2 are
probably too limited by a small number statistics to be useful, but the mean values
My, & 22M e, My = 29 M, roughly match those obtained previously.

These initial mass values correspond to the massive short-lived O stars. If these
are truly progenitors of SNe Ib/c they will die not far from the place where they
were born. Table 3 gives the number of O stars of different subclass out of, or in the
HII regions. It shows that early O stars are more likely to be located in HII regions
than the late O stars, with O8 being the intermediate class. The explanation of

Table 2. Initial mass values for the progenitors of different types of
core-collapse SNe as a function of the host galaxy’s Hubble type, obtained
by using rates from Ref. 13.

Galaxy  vse/Vec My (M) M, [Mg] Mie [Mg)]

type
E-S0 0.23 8 20 30 100
SOa—Sb 0.14 8 27 34 100

Sbc-Sd 0.24 8 20 24 100
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Table 3. Bright O stars and nebulosity from Ref. 6.

Location Spectral type
o5 06 O7 O8 09 095

In bright H II region 4 8 8 14 3 2
In faint H II region 2 2 2 6 6 3
Not in H II region 2 6 3 15 16 12

9.5 T T T T T T T T

8.5 .
log T [yr] = log? MIM®) - 3.6 log (MIM®) + 10

/

8.0

log T [yr]

7.5

7.0

6.5 T T T T T T T T T

Fig. 1. Stellar lifetime versus initial mass in the range 1-100 M. For the relation adopted, see
Ref. 14.

why this transition-like occurrence happens at about class O8 is offered in Fig. 1.
The figure gives the average lifetime of stars in the mass range 1-100 Mg. For
classes later than O8, the lifetime 7 starts to significantly increase, which gives
them enough time to abandon their birthplace.

The closest match to the obtained value for My, are exactly O8 stars with M =
23 M (from Allen’s Astrophysical Quantities, Ref. 15). Given the uncertainties in
the SNRs we may adopt the latter value as the lower limit for the stripped-envelope
core-collapse progenitors. The Ic progenitors would then correspond to the stars
earlier than O7 with masses My, 2 30M.

Theoretical models for a single non-rotating star predict a much higher minimum
SN Ib progenitor mass, My, = 30M .16 Rotation seems to lower this value, My, <
25M,1"18 which is consistent with the empirical value obtained here. On the
other hand, the amount of mass loss suffered during the star’s life, which will
ultimately determine the type of supernova, depends also on metallicity, and so
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does the minimum mass.'” These three parameters: mass, metallicity and rotation,
are the most important in single star supernova models.

A stronger association of SNe Ib/c and H II regions, that might be expected
if their progenitors are very massive stars, is, however, questionable,'? and along
with it the single star scenario. Alternatively, stripped-envelope SNe may appear
in close binary systems (CBs) as a consequence of the Roche lobe overflow and the
process of mass transfer to the companion star.

According to Ref. 20, presupernovae of SNe Ic thus may be the C-O stars in
CBs, formed after the two stages of mass transfer during which H and He envelopes,
respectively, had been lost. Similarly, SNe Ib may have progenitors in the He stars
in CBs (i.e. only the first stage of mass transfer had been invoked).?!

Principally, SNe Ib/c would then result from the same progenitor population as
most of the SNe II. Intuitively, however, Ic may again result from the more massive
stars. Very provisionally we may assume that, if the mass range for core-collapse
SNe 8-100 M), is to be applied to the stripped-envelopes, from

-A;tlb
MBAM
M VIb
T )
M Pam
MIb

M, would be around ~ 10M, (about class B2).

This is highly uncertain since there are many other important parameters that
must be taken into account for determining the presupernova formation rate in CBs,
such as the proximity of the companion (and rotation and metalicity, important
for a single star also). Consequently, there may be a considerable overlap in the
initial masses for these events. Perhaps these additional parameters may also be
related to the progenitor’s mass. However, this demands a more detailed and rather
complicated analysis dealing with the formation and evolution of CBs.

Whatever the exact supernova scenario is, only from the low Ib/c SNR and the
slope of the IMF, it may be conjectured that these are quite rare events. We can
simply follow the line of reasoning: (i) rare events, (ii) unique physics, (iii) tight
constrains on progenitors.

2.2. Supernova luminosities

All supernovae, with the exception of some Ic (hypernovae), are commonly believed
to release about ~ 10%! ergs in the form of kinetic energy (excluding the neutrinos).
In the case of the hypernovae, this number is believed to be larger, > 10°? ergs.
Only about 1 per cent of this energy is transformed into light and radiated in a SN
event.

Since this energy can be regarded as the released gravitational potential energy
of a star, it directly depends on the presupernova’s mass. SNe of a wide-mass-range

progenitors are thus likely to have a wider intrinsic luminosity distribution (such as
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it is with SNe II). Tight constraints on progenitors (their mass, metalicity, binarity,
etc.) and a unique physics of explosion means a smaller dispersion in observational
properties. This may apply to the luminosity of SNe Ib and SNe Ic. A sample of
the latter would, however, still comprise the true hypernovae of > 40 M, stars.
For the absolute magnitude at maximum (blue) light we can generally write,

M{ =mp—pu—Ag—A, =Mp — A, (8)

where mp is the apparent magnitude, x = 5log d[Mpc]+25 is the distance modulus,
Ag and A, are the Galactic extinction and extinction in parent galaxy, respectively.
Reference 22 gives the peak magnitude for Ib, uncorrected for parent galaxy extinc-
tion Mp = —17.11 4+ 0.14. This is consistent with the mean magnitude,

(Mg) = —16.92+0.71 ~ —17, (9)

obtained from chosen sample of SNe Ib/c from the ASC (see Table 4). The mean
error adopted in Ref. 22, however, seems too optimistic. Since no extinction correc-
tions were made, this value, although it may be statistically useful, is surely fainter
than the true (intrinsic) magnitude.

The problem of extinction is the most important issue to be dealt with, in the
process of obtaining true SN luminosities (absolute magnitudes). The plane-parallel
model which gives absorption dependent on galaxy inclination A, = A,sec i, widely
used in the past, was shown not to describe extinction adequately.!! An alternative
model which introduces radial dependence was given in Ref. 23.

Figure 2 shows peak magnitude uncorrected for parent-galaxy extinction against
the radial position of SN r in the units of galactic radius R = D/2. The figure shows
that there is a certain trend of dimmer SNe with decreasing radius. If we assume
that at »/R = 1, extinction is negligible, intrinsic absolute magnitude for Ib/c SNe
would be closer to M% = —18.31 £ 0.45.

It can also be seen on Fig. 2 that SNe Ic do show larger dispersion.” The SNe that
show the largest deviations are 19941, 1998bw and 2002ap. There are suggestions
that SN 2002ap, together with 1997ef and 1998bw, might even form a new subclass
Id (they may correspond to the hypernovae, connected to the gamma-ray bursts).2”
Probably the best studied SN Ic, 1994 I, on the other hand, may have incorrect

distance which caused deviation.2®

3. Conclusion

The aim of this paper was to reanalyze the stripped-envelope core-collapse SNe
(Ib/c) and to try to bring them in connection to their progenitors. If the isolated
progenitor hypothesis is correct, our analysis indicates that SNe Ib result from stars
of main-sequence mass 23Mqa < My, < 30Mg, while the progenitors of SNe Ic

~

bOne SN Ib with listed peak B magnitude in the ASC, namely 1954A, was, however, not included
because of the unknown properties of SN, i.e. its parent galaxy. The SN is in the irregular galaxy
NGC 4214. It is not near any H II region, and it is untypically bright.



1226 B. Arbutina

€6'9T— €1°0 OT°€T L'€T 0€ 144 £6°6¢ S 829 DON 920d o1 deg00g NS
8]'8T— 0 60T 9°C 6 € L6°CE das 88T OSH 22d 5]  Mmq866T NS
€9VI— 0 LLET 90 VI 8V 0¥'8¢ 29S8 7619 DON o1 17661 NS
98'GT— 0 09°ST 8°0 aT 6T 9¢°'T¢ 2qdsS 0TeE DON Bl NTI66T NS
LCI9T— c00 0€°CT 1°C 8C VL Ge'1E 2dS GTLC DON o1 INL86T NS
LV 91— 0 L9VT 89 % 8¢ VI'1E qds G9¢T DON Bl AE86T NS
SV LT— 0 0L°€T a'q 9¢C e ST'1€ 2qdsS 1607 DON o1 I1€86T NS
7O LT— L0°0 76°€T LG 1¢ 14 16°0¢ °dsS €L0T DDON Bl TC96T NS
€V LT — 7l 06°LT 16 0€ 89 68°€E qeds 7av O1 qI HO000C NS
LELT— 0 007T q'g 9T 8C LE°TE °dsS T66 DON qI TV86T NS
€ELT— Svo 0991 01T o€ 4 /Y€€ Pods 66-€6€ OSH qI 17861 NS
08'9T— ST°0 OL'TT 8¢ ST |4 GE'8T °dsS 9€CS DON qI NES6T NS
VeLT— 0 aR'cl L01 LT <9 6€°0¢ qas T¥8C DON q1 HcL6T NS
ap oy qw Pdy]+  [pdya o] ¢ ul
opnjugewr  uorjdiosqe  opnjrudeur uoryisod snnpow od Ly od Ay
2Inosqy o1joR[RY) yuareddy [eIpeI NS  Iojowel(]  UOIJeuUl[dU]  odUR)SI(]  AXe[er) Axeren) NS esouredng

"AxereS quored oy} Ul UOTIOUIIXD I0J POIIDIIOOUN OPNITUSLUT 9JN[OSR O} ST

g "DOHN pPue ¢OY Ul °y 10] AouedotosIp juedyIuSIs punoj om 90uls pajjiuio st uorourIxe Axeres juared *(9g JoY) ¢DY Woaj st yoIgm Oy
uorydiosqe d130€[er) I0J UOIJIALI0D 9} Pue (67 JoY ‘DN — onSoreye)) Axerer) AqreaN) [npour aduURISIP o1} 10§ 1dedxo ‘{HQY WOl oIe eyep
IV pz ®I 99 03 UmOys sem 31 9ouls [996T pue ‘Axeres juored syt o1 ‘NG Jo sorprodord umousun Ioyjo oyy Jo osneodq YHGET NS :Popnoxe
are oNS om} oy, "(DSV) onSoreje) easouradng oSersy oyj WOIj WNUWIXLU JO SUIIY O3 Je opnjruSewr ¢ pajsi] Yym d/ql NS ¥ °[qrl,



Constraints on the Massive Supernova Progenitors 1227
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Fig. 2. SN absolute magnitude, uncorrected for the parent galaxy extinction, is plotted against
the relative radial position of a SN in the galaxy. The straight line represents the least-squares fit.
The inset in the upper-right corner of the plot shows, again, magnitude only now as the function
of the galaxy inclination. There is no apparent dependence of Mp on 1.

are more massive stars with My, = 30M . If a majority of SN Ib/c, alternatively,

appear in close binary systems, then they would result from the same progenitor

population as most of the SNe II, i.e. early B stars with initial masses of order

M ~ 10Mg. Analysis of this scenario, however, would have to include more details

and will be rather complicated, dealing with the formation and evolution of CBs.
The joint (Ib/c) intrinsic absolute magnitude obtained is

MY = —18.3140.45 ~ —18, (10)

whereas SNe Ic are likely to show larger dispersion from this value.

Future observations of SNe at high-redshift and their rate will provide us with
unique information on SN progenitors and the star-formation history of galaxies. At
higher-z (deeper in the cosmic past), we expect to see the lack of type Ia events, i.e.
the dominance of core-collapse SNe. Better understanding of the stripped-envelope
SNe (Ib/c), and their potential use as distance indicators at high-z, would therefore

be of great practical importance.??
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