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• Why do supernovae (SNe) emit huge luminosity? 

• Why does emission from SNe evolve with :me? 

• What can we learn from observa:ons of SNe? 

• Why do NS mergers emit electromagne:c emission?  

• What can we learn from observa:ons of NS merger?

Goals of this lecture



Light curve (brightness as a func:on of :me)
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• Erad ~ 1049 erg  
<< Ekin (1051 erg) << Egrav (1053 erg) 

• Power source 

1. Radioac:vity (56Ni) 
　Important in all the types 
　Type Ia > Core-collapse 

2. Shock hea:ng  
　Important for large-radius star (Type II) 

3. Interac:on with CSM  
    Ekin => Eth (Type IIn)    

Summary: Power source of supernovae



Summary: Light curves of supernovae

• Timescale of emission 

• SN ejecta are iniHally opHcally thick  

• OpHcal depth decreases with Hme 

• Photons diffuse out from SN ejecta 

• Source of opacity:  
bound-bound transiHons and e-scaOering  

• Typical Hmescale t ~ κ1/2 Mej3/4 Ek-1/4 
　　　　　　　　　　　~ κ1/2 Mej1/2 v-1/2



Observa:ons <=> physical quan::es
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Lessons from supernova observa:ons

1. Thermonuclear supernovae 

2. Core-collapse supernovae 

3. Gamma-ray bursts and supernovae 
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Host galaxies of supernovae

NASA, Swig ESO

Type Ia Type Ib, Ic, IIType Ia

Spiral galaxy 
(star forming)

II, Ib, Ic: Young stars (massive stars) 
Ia: Old stars (low-mass stars)

Ellip:cal galaxy



Binary system

White dwarf

David A. Hardy



OC
Fe

Si

Thermonuclear explosion

Supernova!



Thermonuclear supernovae

Normal stars are stable with nuclear burning 

Why do white dwarfs explode by nuclear burning? 



Explosion of white dwarf

Nomoto+84, Timmes+
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0.5 1.0 1.4 0.5 1.0 1.4

Pre-explosion Post-explosion

C+O 1 2 3 4

zone T (K) Ρ (g cm-3) Elements

1 (7-9) x 109 108-9 NSE + e-capture 56Fe, 54Fe, 58Ni

2 (5-7) x 109 107-8 NSE 56Ni

3 (4-5) x 109 <107 Incomplete Si 
burning

28Si, 32S, 40Ca

4 < 4 x 109 <107 Incomplete O 
burning

16O, 24Mg

*NSE = nuclear sta:s:cal equilibrium



Sun

Type Ia 
SN

56Ni



C: David Hardy

Accre:on from 
 non degenerate star

How to trigger explosion (progenitor scenarios)

Merger of two white dwarfs

C: NASA

single degenerate double degenerate

Which is correct or dominant? Not yet understood



Summary: Thermonuclear supernovae

• Classified as Type Ia SNe 

• No H line, strong Si line 

• Discovered in all types of galaxies 

• Thermonuclear explosion of white dwarf in binary 

• Thermonuclear runaway 
triggered when mass reaches Chandrasekhar limit 
=> Homogeneous properHes (standard candle)  

• Explosive nucleosynthesis 

• Progenitor system is s:ll not clear



Lessons from supernova observa:ons

1. Thermonuclear supernovae 

2. Core-collapse supernovae 

3. Gamma-ray bursts and supernovae 
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Type II

Core-collapse SNe and their progenitors

Fe

He

Type Ib

He

Type Ic

C

Mass loss due to stellar wind 



Ini:al mass and supernova types

Msun10 20 40

Type II

~10 ~25 ~40

30

Red supergiant WR (WN) WR (WC)

Type Ib Type Ic

Is this really correct?? 
=> We need observa:onal tests



ANRV385-AA47-03 ARI 22 July 2009 3:51

100 80
60

50
40

WR

LBV

RSG

6.5

6.0

5.5

5.0

4.5

4.0

3.5

5.5 5.0 4.5 4.0 3.5

lo
g 
L/
L

log Teff

30

25

20

16

10

6

12

8

Figure 8
The Hertzsprung-Russell diagram of the STARS evolutionary tracks (Eldridge & Tout 2004). The location
of the classical luminous blue variable (LBV) region from Smith, Vink & de Koter (2004) is illustrated.
SN2005gl had a luminosity of at least log L/L⊙ ≃ 6, which puts it in the LBV region indicated or at even
higher luminosities if it was hotter and, hence, had a significant bolometric correction. The region where we
should see Wolf-Rayet (WR) progenitors is shown, and the only progenitor detected close to this region is
that of SN2008ax. The red supergiant (RSG) region in which observed progenitors have been detected is
shown again for reference.

(40–100 Mpc) were being carried out (Van Dyk, Li & Filippenko 2003a). The possibility of
even HST images being sensitive to individual stars relied on locating very bright and, hence,
very massive progenitors. A remarkable discovery by Gal-Yam & Leonard (2009) shows that a
star—likely one of the most massive and luminous stars we know exist—exploded to produce a
IIn SN. When SN2005gl was discovered, Gal-Yam et al. (2007) located an HST image of the
host galaxy NGC266 taken in 1997. Images in two filters were available (F547M: medium width
V-band and F218W: UV band), and alignment with a high-resolution image taken with the Keck
laser guide star AO system showed a bright point source (only in the F547M band) coincident
with the SN. Gal-Yam & Leonard (2009) then showed that the star has disappeared in subsequent
HST images with the same filter (see Figure 9). The progenitor was observed with MV = −10.3
and, assuming a zero bolometric correction, this implies a luminosity of log L/L⊙ = 106. The
only stars known locally of this luminosity and visual magnitude are the luminous, classical LBVs
such as AG Car, AF And, P Cyg, and S Dor (see Smith, Vink & de Koter 2004 for a summary
of LBV luminosities, and Figure 8). SN2005gl was a relatively bright SN IIn that shows distinct
evidence of the SN ejecta interacting with a circumstellar shell (Figure 9). The narrow Hα line in
the spectrum 8 days after discovery suggests the existence of a shell of H-rich gas with an outflow
velocity of around 450 km s−1. The later spectra at days 58 and 87 show the broader profile of the
SN ejecta moving at around 10,000 km s−1. From these spectra and the lightcurve, Gal-Yam &
Leonard (2009) estimate that the progenitor lost a modest amount of mass (∼0.03 M⊙) to create
the circumstellar shell but that the lack of an extended plateau probably points to it having shed a
considerable amount of its H-envelope before explosion.
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surprisingly, not reliably determined, with estimates ranging from 7.5 to 10.2 Mpc (reviewed by
Hendry et al. 2005). It would be desirable to establish the distance more reliably, as the mass and
luminosity estimate of the progenitor is critically reliant on this estimate. Comparison with the
stellar evolutionary models show the progenitor is likely to have had an initial mass in the range
of 8+4

−2 M⊙. The progenitor’s estimated location on an HRD is similar to RSGs in Milky Way
clusters, with the Galactic stars shown for comparison in Figure 4. The metallicity at the site of
the explosion was probably around solar.

WFC F439W, F555W, F814W

WFPC2 F300W, F606W, F814W ACS HRC F435W, F555W, F814W

ACS HRC F330W, F555W, F814W
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Figure 4
(a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded region) with the STARS
evolutionary tracks (Eldridge & Tout 2004) at Z = 0.02 overplotted from masses 6–30 M⊙. The 6- and
8-M⊙ tracks have the second dredge-up phase indicated with the extended dotted track. The red points are
the Milky Way red supergiants from Levesque et al. (2005). (b) The progenitor of SN2008bk with the Large
Magellanic Cloud red supergiants of Levesque et al. (2006) and the STARS tracks at Z = 0.008.

bands and a very red object, with I = 21.2 ± 0.2 and (I−K ) = 2.86 ± 0.2. Mattila et al. (2008)
show the stellar SED can be fit by a late type M4I with AV = 1, and this corresponds to a RSG
of initial mass 8.5 ± 1.0 M⊙. The metallicity of the host galaxy at the position of the explosion
appears to be low, intermediate between the SMC and LMC; hence, the RSGs of the LMC and
Z = 0.08 tracks are shown in Figure 4.

4.1.4. SN2004dj and SN2004am. The vast majority of CCSNe in the local Universe occur in
star-forming regions of their host galaxies but, perhaps somewhat surprisingly, are rarely coincident
with bright star clusters (Van Dyk, Li & Filippenko 2003a; Maund & Smartt 2005). Quantitatively,
it is probably 10% or less. Smartt et al. (2009) show that in their volume-limited sample of 20
II-P SNe, only 2 SNe fall on compact coeval star clusters. If these clusters are indeed coeval, then
a measurement of their age gives a reasonable estimate for the evolutionary turn-off mass and,
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(a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded region) with the STARS
evolutionary tracks (Eldridge & Tout 2004) at Z = 0.02 overplotted from masses 6–30 M⊙. The 6- and
8-M⊙ tracks have the second dredge-up phase indicated with the extended dotted track. The red points are
the Milky Way red supergiants from Levesque et al. (2005). (b) The progenitor of SN2008bk with the Large
Magellanic Cloud red supergiants of Levesque et al. (2006) and the STARS tracks at Z = 0.008.

bands and a very red object, with I = 21.2 ± 0.2 and (I−K ) = 2.86 ± 0.2. Mattila et al. (2008)
show the stellar SED can be fit by a late type M4I with AV = 1, and this corresponds to a RSG
of initial mass 8.5 ± 1.0 M⊙. The metallicity of the host galaxy at the position of the explosion
appears to be low, intermediate between the SMC and LMC; hence, the RSGs of the LMC and
Z = 0.08 tracks are shown in Figure 4.

4.1.4. SN2004dj and SN2004am. The vast majority of CCSNe in the local Universe occur in
star-forming regions of their host galaxies but, perhaps somewhat surprisingly, are rarely coincident
with bright star clusters (Van Dyk, Li & Filippenko 2003a; Maund & Smartt 2005). Quantitatively,
it is probably 10% or less. Smartt et al. (2009) show that in their volume-limited sample of 20
II-P SNe, only 2 SNe fall on compact coeval star clusters. If these clusters are indeed coeval, then
a measurement of their age gives a reasonable estimate for the evolutionary turn-off mass and,
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(a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded region) with the STARS
evolutionary tracks (Eldridge & Tout 2004) at Z = 0.02 overplotted from masses 6–30 M⊙. The 6- and
8-M⊙ tracks have the second dredge-up phase indicated with the extended dotted track. The red points are
the Milky Way red supergiants from Levesque et al. (2005). (b) The progenitor of SN2008bk with the Large
Magellanic Cloud red supergiants of Levesque et al. (2006) and the STARS tracks at Z = 0.008.

bands and a very red object, with I = 21.2 ± 0.2 and (I−K ) = 2.86 ± 0.2. Mattila et al. (2008)
show the stellar SED can be fit by a late type M4I with AV = 1, and this corresponds to a RSG
of initial mass 8.5 ± 1.0 M⊙. The metallicity of the host galaxy at the position of the explosion
appears to be low, intermediate between the SMC and LMC; hence, the RSGs of the LMC and
Z = 0.08 tracks are shown in Figure 4.

4.1.4. SN2004dj and SN2004am. The vast majority of CCSNe in the local Universe occur in
star-forming regions of their host galaxies but, perhaps somewhat surprisingly, are rarely coincident
with bright star clusters (Van Dyk, Li & Filippenko 2003a; Maund & Smartt 2005). Quantitatively,
it is probably 10% or less. Smartt et al. (2009) show that in their volume-limited sample of 20
II-P SNe, only 2 SNe fall on compact coeval star clusters. If these clusters are indeed coeval, then
a measurement of their age gives a reasonable estimate for the evolutionary turn-off mass and,
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4.5. Transients of Uncertain Nature: Core Collapse or Not?
An intriguing new twist in the story of optical transients occurred in 2007 and 2008. The discovery
of two objects with similar luminosities, color temperatures, and line velocities within a few months
led to suggestions that they are physically related and that other peculiar transients could be
of the same class. Kulkarni et al. (2007) reported the discovery of an optical transient in M85
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Figure 7
The BVR magnitudes (blue, purple, red symbols) of Wolf-Rayet stars in the Large Magellanic Cloud (circled dots are likely binaries) from
Massey (2002). The magnitude limits for all Ibc supernovae, as discussed in Section 5, are shown on the right. If these massive stars are
the progenitors of local Ibc supernovae, then there is only a 10% probability we have not detected any by chance. The arrows are color
coded blue, purple, and red to signify psuedo-BVR limits, respectively. Adapted from Crockett (2009).

Bolometric
lightcurves:
Integrated flux from
the ultraviolet to the
infrared usually
0.3–2.5 µm, as a
function of time, to
monitor the total
radiated energy

been detected and a possible host cluster has been identified. They represent two of the best
opportunities for characterizing the local IIb-Ib-Ic populations.

5.2. SN2008ax: A Late Nitrogen-Sequence Wolf-Rayet Progenitor
of a IIb or a Binary in a Cluster?
A detection of a point source coincident with a IIb SN has been reported for SN2008ax in
NGC4990. This event had a bolometric lightcurve almost identical to SN1993J apart from no
detected shock breakout, and the early explosion phase was well-enough observed for this to be a
robust conclusion (Pastorello et al. 2008). The strong Hα absorption feature in the spectrum faded
rapidly, and by 56 days nearly all traces of H had disappeared from the spectrum, which became
He dominated. Crockett et al. (2008a) showed that the SN was coincident to within 22 milliarcsecs
of a bright point-like source detected in three HST bands (F435W, F606W, and F814W) in pre-
explosion WFPC2 images. Using a distance of 9.8 Mpc and extinction of E(B−V ) = 0.3, Crockett
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Light curves of Type Ib/Ic supernovae

Lyman+16

Bolometric light curves of SE SNe 333

Figure 1. Bolometric light curves of SE SNe (top). The peak-normalized light curves are also displayed (bottom). Error bars are indicative of the uncertainty
of the BC only, which is found by taking the uncertainty in the colour and translating that as an error on the BC fits. Distances, for example, will be a source
of uncertainty in the top plot.
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Physical quan::es for Type Ib/Ic SNe

Lyman+16

344 J. D. Lyman et al.

a progenitor, it follows that the ZAMS mass of an SN Ib would be
expected to be lower than that of a Ic, for equal Mej. The appar-
ent similarity in the Mej distributions shown here would then hint
towards lower CO core masses (and thus lower ZAMS mass) for
SNe Ib compared to Ic. However, as mentioned, the helium mass
required to produce an SN Ib spectrum may be only ∼ 0.1 M⊙
(Hachinger et al. 2012). Considering this, alongside the compara-
tively large uncertainties on our Mej values, the distributions cannot
be used to rule conclusively on any potential mass sequence (or lack
of) in the ZAMS masses of SNe Ib and Ic.

Despite the modest sample sizes (from a statistical viewpoint),
the SNe Ic-BL manifest themselves as very different in two of the
three explosion parameters determined here. Their MNi and EK val-
ues are much larger on average than the distributions of any of the
other SN types. However, unlike the EK distributions, where even
the least energetic SN Ic-BL is more energetic than the majority of
SNe IIb, Ib and Ic, the largest MNi masses of SNe Ic-BL are matched
by those of SNe Ib and Ic. This indicates the presence of BL is not
a certainty when a large amount of MNi is synthesized (since we
see SNe Ib and Ic with comparable MNi), and thus the peak bright-
ness is not a uniquely determining factor. Additionally, although the
high-velocity nature of SNe Ic-BL naturally implies a large EK/Mej

ratio (equation 2), these large EK/Mej ratios are occurring at very
similar Mej values of the other SN subtypes (SNe Ic-BL are indistin-
guishable from the individual or combined IIb/Ib/Ic distribution),
favouring an energy source that is decoupled from a dependence on
the mass of the exploding core.

4.4 Explosion parameter correlations

The parameters derived from the modelling are plotted against each
other in Fig. 8. The bulk of SNe IIb, Ib and Ic appear to form a
fairly tight correlation in the Mej–EK plot, this is a result of the
similar vph values they exhibit (which, in turn, gives the Mej/EK

ratio). Conversely, SNe Ic-BL, which can have very high velocities
(Table 4), are found at larger EK/Mej ratios, as dictated by equa-
tion (2). Some splitting of SNe Ic-BL occurs with the ‘hypernova
branch’ (i.e. very high Mej and EK values; e.g. Mazzali et al. 2013)
being populated by SNe 1998bw and 2005kz, whereas other SNe
Ic-BL sit at similar Mej values to other SN types, but with higher
EK values. SN 2011bm appears as an intermediate member of the
hypernova branch in these plots, despite displaying very modest
velocity, with vph = 9000 km s−1. In this case, the huge explosion
parameter values found were due to the extremely slow evolution of
the SN (Valenti et al. 2012, Fig. 2), and could point to an alternative
signature of the explosion of a very massive star, perhaps without
the angular momentum to produce an accretion-disc powered jet.
Although SN Ic-BL Mej values have a similar distribution to those
of other SE SN types, their MNi values (barring SN 2002ap) are
much higher than the bulk of SE SNe, indicating the production of
MNi is much more efficient in these explosions.

SNe IIb appear to be the most homogeneous subtype of SE SNe as
evident from the clustering of their bolometric light-curve properties
(Fig. 1) and explosion parameters (Fig. 8). This may be a result of a
much more restrictive progenitor range for SNe IIb (e.g. Yoon et al.
2010).

Hamuy (2003) show a correlation of increasing EK with MNi for
SNe IIP and to a weaker extent this is also found for SE SNe.
Although there is a large amount of scatter and SN 2005hg is a
prominent outlier, a correlation between MNi and EK can be seen
in Fig. 8 – no highly energetic and MNi deficient events are seen.
Similarly, a correlation between MNi and v50 (vph at 50 d after

Figure 8. Derived explosion parameters (MNi, Mej and EK) of literature
SE SNe are plotted against each other. Data are given in Table 5. SNe are
colour-coded according to their type.
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Figure 6. Cumulative distributions for explosion parameters of
SE SNe (top: MNi, middle: Mej, bottom: EK, note log-scale),
divided by subtype. The average values for each SN type are
indicated by the vertical dashed lines.
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Figure 7. Probability density functions of SE SNe types for Mej,
found by summing the individual SNe in each type (Table 4)
assuming gaussian errors and normalising the integrated area to
one. The entire sample is shown by the black dashed line. Note
the lower Mej peak in the SN Ic distribution occurs solely due
to SN 1994I. Also plotted are the 1 standard deviation ranges
for the Mej values for binary and single stars from the BPASS
models at Z = 0.008, values at solar metallicity are similar for
Minit ≤ 20 M⊙ but larger on average for more massive stars. Note
the values for Mej of stars Minit > 20 M⊙ are conservative, and
are likely to extend to higher values (see text, Fig. 8).

and 0.02). We compare this observed distribution to the
stellar evolution models used in the binary population and
spectral synthesis (BPASS) code (Eldridge, Izzard & Tout
2008; Eldridge & Stanway 2009).8 The single star models in
this set give no Mej values larger than 5 M⊙. The spread
of Mej values for stars of 20 M⊙ < Minit ≤ 150 M⊙ are
shown in Fig. 7 – note although these seem low compared
to some of the high Mej SNe, these are conservative esti-
mates, as discussed later, meaning the distribution is likely
to extend to larger Mej masses. Similarly large Mej values
for single stars were found by Groh et al. (2013), who show
for a initial progenitor mass of ∼ 30 M⊙, a SN Ib/c has
≃ 7− 8 M⊙ of material beyond the remnant mass upon ex-
plosion. One must invoke more moderately massive progen-
itors in binary systems in order to reproduce the observed
Mej values. Binary models from the BPASS code with ini-
tial primary masses of 8 to 20 M⊙ produce Mej values that
agree with the range of the observed distribution (Fig. 7).
More massive progenitors evolving in binaries converge on
similar Mej values as single stars. Thus, although large Mej

events such as SN 2011bm cannot be distinguished as re-
siding in a binary or not from this analysis, the probability
density functions show that moderately massive (8 M⊙ ≤

Minit ≤ 20 M⊙) binary progenitors are not only a necessary
progenitor channel for each SE SNe type, but also that they
dominate; only ∼8 per cent of our sample could be consid-
ered as compatible with WR ejecta masses. Such a result is
in agreement with the findings of Eldridge et al. (2013). Fur-
thermore, the selection effects associated with discovering
and characterising SNe should make these high mass events

8 http://www.bpass.org.uk/
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Summary: Core-collapse supernovae

• Type II supernovae 

• Explosion of red supergiants 

• Tested with direct progenitor observaHons 

• Type Ib/Ic supernovae 

• Explosion of stripped-envelope massive stars 

• Ejecta mass is relaHvely small (3-5 Msun) 

• Binary evoluHon may be a key
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amounts of 56Ni (,0.7 solar masses) have to be synthesized in the
explosion16; the large energy and 56Ni mass would be unprecedented
for a core-collapse supernova.

If one accepts the possibility that GRB980425 and SN1998bw are
associated, one must conclude that GRB980425 is a rare type of
GRB, and SN1998bw is a rare type of supernova. The radio
properties8,9 of SN1998bw show the peculiar nature of this event
independent of whether or not it is associated with GRB980425.

The consequence of an association is that the g-ray peak lumin-
osity of GRB980425 is Lg ¼ ð5:5 6 0:7Þ 3 1046 erg s−1 (in the 24–
1,820 keV band) and its total g-ray energy budget is
(8:1 3 1:0Þ 3 1047 erg. These values are much smaller than those
of ‘normal’ GRBs which have peak luminosities of up to 1052 erg s−1

and total energies5 up to several times 1053 erg. This implies that very
different mechanisms can produce GRBs which cannot be distin-
guished on the basis of their g-ray properties, and that models
explaining GRB980425/SN1998bw are unlikely to apply to ‘normal’
GRBs and vice versa. M

Received 11 June; accepted 27 July 1998.
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Figure 2 Representative spectra near maximum light of SN1998bw, SN1994I (type

Ic; ESO supernova archive, courtesy of M. Turatto), and SN1984L (type Ib)28.

Hydrogen lines, characteristic of type II supernovae, and Si II, characteristic of

type Ia supernovae, areabsent in the spectrumof SN1998bw. The strong He I 5876

line which characterizes type Ib supernovae is very weak in SN1994I and absent

in SN 1998bw. The overall shape of the spectrum of SN1998bw is similar to that of

a type Ic supernova, although the spectral features are less pronounced. The

difference is strongest in the 3,500–5,000 Å region, where the Ca II and Fe II lines

are muchweaker than inSN1994I. In this respect, SN1998bwappears to represent

an extreme case in the odd class of type Ic supernovae. Ahypernovamodel for the
supernovaassociatedwith
theg-rayburstof25April1998
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The discovery of the unusual supernova SN1998bw, and its
possible association with the g-ray burst GRB 9804251–3, provide
new insights into the explosion mechanism of very massive stars
and the origin of some classes of g-ray bursts. Optical spectra
indicate that SN1998bw is a type Ic supernova3,4, but its peak
luminosity is unusually high compared with typical type Ic
supernovae3. Here we report our findings that the optical spectra

Galama+98
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- Type Ic  (no H, He) 
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      velocity 
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Figure 3: A mosaic of GRB-SNe (AG + SN). Clear SN bumps are observed for all events except
SN 2003dh, for which the SN’s properties had to be carefully decomposed from photometric and
spectroscopic observations [7]. The lack of an unambiguous SN bump in this case is not surprising
given the brightness of its AG relative to the other GRB-SN in the plot – SN 2013dx was at a
comparable redshift (z = 0.145, compared with z = 0.1685 for 2003dh), but its AG was much
fainter (2 � 5 mag) at a given moment in time. The redshift range probed in this mosaic spans
almost an order of magnitude (0.145 < z < 1.006), and shows the variation in peak observed
magnitude for GRB-SNe. It is important to remember that given the large span of distances
probed here, observer-frame R-band samples a wide range of rest-frame SEDs (from U -band to
V -band).

2 Observational Properties

2.1 Photometric Properties

The observer-frame, optical light curves (LCs) of GRBs span more than 8 � 10 magnitudes at a
given observer-frame post-explosion epoch (see, e.g. fig. 1 in [22]). Similarly, if we inspect the
observer-frame R-band LCs of GRB-SNe (redshift range 0.145 < z < 1.006) shown in Fig. 3, they
too span a similar range at a given epoch. Indeed, the peak SN brightness during the SN “bump”
phase ranges from R = 19.5 for GRB 130702A (the brightest GRB-SN bump observed to date) to
R = 25 for GRB 021211.

For a typical GRB-SN, there are three components of flux being measured: (1) the AG, which
is associated with the GRB event, (2) the SN, and (3) the constant source of flux coming from
the host galaxy. A great deal of information can be obtained from modelling each component,
but for the SN component to be analysed, it needs to be decomposed from the optical/NIR LCs
(Fig. 4). To achieve this task, the temporal behaviour of the AG, the constant source of flux
from the host galaxy, and the line of sight extinction, including foreground extinction arising from
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Figure 10. Deep late detections or upper limits of Type I GRB afterglows, all shifted to z = 0.1, and compared with the R-band light curve of SN 1998bw at z = 0.1.
Here, we conservatively assume that the late detections derive from SN light only and there is no more afterglow contribution. For GRBs 051221A and 050813, the
limits on an accompanying SN are not very strong, but all other Type I GRBs in this figure, including the temporally long events GRB 060505 and GRB 060614,
give extremely stringent limits on any accompanying SN emission. The faintest upper limits are less luminous than any confirmed SNe at peak. In four cases (GRBs
050813, 050906, 060502B, and 061201), the redshifts are insecure and thus the results are less significant, we have marked these cases with dashed lines and the
results are not bolded.
(A color version of this figure is available in the online journal.)

(GRB 050709, GRB 050724, and GRB 071227), which are
generally accepted as a special subclass of non-collapsar events
under the old classification also. All of these GRBs are also clas-
sified as Type I GRBs in our work, even independently of the
deep upper limits on any SN contribution. The missing bright
late-time SN signal of Type I GRBs is thus a substantial phe-
nomenological difference compared to the late-time evolution
of Type II GRBs (see also Hjorth et al. 2005a; Fox et al. 2005b).
On the other hand, even the very strict limit, MR ! −10.5,
on an SN accompanying GRB 060505 (Ofek et al. 2007; this
work), which yields M(56Ni) " 1 × 10−4 M⊙, cannot exclude
the theoretical model of a collapsar with a very low jet-energy
deposition (Nomoto et al. 2006; Tominaga et al. 2007). Further-
more, the less-constraining upper limits cannot exclude SNe
similar to the faintest local core-collapse events (see Richard-
son et al. 2002; Pastorello et al. 2004; but note that these are not
the stripped-envelope SNe one would expect to be associated
with the GRB phenomenon). Still, there must exist a broad gap
in peak luminosity between these faint SNe (if they exist at all,
as we have pointed out) and the traditional SNe associated with
Type II GRBs, which, independently of other criteria, would
be a hint that these events derive from a different progenitor
than Type II GRBs. Therefore, while it cannot be conclusively
stated that the lack of SN emission down to very deep limits
is “smoking-gun” evidence for a non-collapsar event, it gives
additional support to such a classification in combination with
other criteria, which has been the approach of the Zhang et al.
(2009) classification scheme that we have employed.

It must be stressed that only in two cases (both with secure
redshift) detections of the optical transient at the time of the

suspected SN maximum at t > 10 days have been reported in
the literature (for GRB 050709 and GRB 060614; even though,
after host subtraction, with a large error bar for the latter), but no
late-time follow-up observations weeks after the suspected SN
peak have been published so far. This leaves the open question
if this positive detection was the late afterglow light or in fact
an underlying faint SN component, even though the error bar
is small enough for GRB 050709 only to tackle this question
seriously. In all other cases, only upper limits are available at
the suspected SN maximum around (1 + z) × 15–20 days after
the corresponding burst, if at all.

Clearly, the upper limits we can set will be misleading if
the light curve evolution of any kind of SN following a Type I
GRB differs substantially from the one of GRB–SNe of Type II
GRBs, i.e., with respect to peak time and stretch factor. This
brings us to the mini-SN model.

3.4. Constraints on the Mini-SN/Macronova Model

3.4.1. Power-law Decay

We first consider the power-law decay model, which was con-
sidered by LP98ab as the most likely case. LP98ab demonstrated
that, depending on the chosen model parameters, a mini-SN can
peak at much earlier times than a normal core-collapse SN.
Therefore, given the currently available data base (Figure 10),
one has to distinguish between those Type I GRBs with and
those without detected early afterglow light. For example, a rel-
atively bright mini-SN peaking at, say, RC = 22 about 0.5 days
after the burst could have escaped detection in the early light
curve of the afterglow of GRB 051221A. Faint mini-SNe could
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Figure 5:

Demographics of the galaxies hosting short GRBs. Left: A breakdown into late-type (blue), early-type
(orange), host-less (green), and inconclusive (yellow) for all identified hosts based on sub-arcsecond po-
sitions and Swift/XRT positions (Table 2). Middle: Same as the left panel, but with the host-less events
assigned to the other categories based on the galaxies with the lowest probability of chance coincidence
in each case (Berger 2010, Fong & Berger 2013). Right: Same as the middle panel, but for short GRBs
with a probability of a non-collapsar origin of PNC ∼> 0.9 based on the analysis of Bromberg et al. (2013).
Regardless of the sample selection, late-type galaxies dominate the host sample. This indicates that star
formation activity plays a role in the short GRB rate. Adapted from Fong et al. (2013).

a dusty LIRG at z = 0.407 (Perley et al. 2012), while GRB 120804A is associated with a dusty ULIRG
at a photometric redshift of z ≈ 1.3 (Berger et al. 2013). The expected U/LIRG fraction for a progenitor
population that tracks stellar mass alone is ∼ 1% (Caputi et al. 2006), while for progenitors that track only
star formation it is ∼ 25% (Le Floc’h et al. 2005, Caputi et al. 2007). Since the observed fraction in the
short GRB sample is ∼ 5 − 10% percent, it suggests that the progenitor population is influenced by both
stellar mass and star formation activity, indicative of a broad age distribution.

6.3 Stellar Masses and Stellar Population Ages

The distribution of host galaxy stellar masses and stellar population ages can also shed light on the progen-
itor age distribution. The stellar masses inferred from modeling of the host optical/near-IR spectral energy
distributions with single stellar population models span M∗ ≈ 108.5−11.8 M⊙. The median for the full sample
is ⟨M∗⟩ ≈ 1010.0 M⊙, while for the star-forming hosts alone it is ⟨M∗⟩ ≈ 109.7 M⊙ (Figure 6; Leibler &
Berger 2010). The stellar masses of long GRB hosts are substantially lower, with a median value of about
109.2 M⊙ (Savaglio, Glazebrook & Le Borgne 2009; Leibler & Berger 2010). This indicates that even the
star-forming hosts of short GRBs are typically more massive than the hosts of long GRBs, pointing to a
more dominant role of stellar mass in determining the rate of short GRBs.
A comparison to the mass function of field galaxies is even more illuminating. In Figure 6 I compare the

cumulative distributions of stellar masses for the early- and late-type hosts of short GRBs with the expected
distributions for mass-selection from the field galaxy mass function (Bell et al. 2003, Ilbert et al. 2010). For
a progenitor population that tracks stellar mass alone, we expect that the observed stellar mass distribution
of short GRB hosts will closely track the mass-weighted mass distribution of field galaxies. While this
is indeed the case for the early-type mass function, the late-type hosts of short GRBs have systematically
lower stellar masses than expected from mass-selection alone (Leibler & Berger 2010). This indicates that
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Days after the explosion

SN 1998bw
Type Ib and Ic

Light curves of GRB-SN

Timescale 
t ~ κ1/2 E-1/4 Mej3/4 

Longer than normal SNe

Brighter than  
normal SNe 
=>  
M(56Ni) ~ 0.5 Msun 
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Spectra of GRB-SNe

GRB 980425/SN 1998bw

SN 1994I

Type Ic 
No H, He

“broad-line” Ic

Si II 6355

Si II 6355

v ~ 20,000 km/s!   

Higher than normal SNe 
by a factor of 2-3 



Timescale Velocity Ejecta mass Kine:c 
energy

Ic ~15 d 8,000 km/s ~ 3 Msun 1051 erg

GRB-SN ~20 d 20,000 km/s



Summary: GRB-SN Jets

BH

• Kine:c energy ~ 1052 erg  
   Neutrino-driven explosion 
    is difficult?? => BH 

• Rela:vis:c jets 
• BH＋accre:on disk 

   Rapid rota:on may be a key



Spectrum Galaxy Progenitor Ejecta mass Kine:c 
energy

Type Ia No H EllipHcal 
Spiral

White 
dwarfs ~ 1.4 Msun 1051 erg

Type II H Spiral Massive 
stars ~10 Msun 1051 erg

Type Ib/Ic No H/He Spiral Massive 
stars ~3-5 Msun 1051 erg

Long GRBs Type Ic 
Broad line Spiral

Massive 
stars 

(rotaHng?)
~10 Msun 1052 erg

Short GRBs ?? EllipHcal 
Spiral

Neutron 
stars? ?? ??

Summary: explosive transients


