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The blind men and the elephant …
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• Core-collapse supernovae


• Superluminous supernovae


• Type Ia supernovae



Host galaxies of core-collapse SNe
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Core-collapse SNe trace the star 
formation

Anderson+ 2015



Core-collapse SNe trace the star 
formation

Anderson+ 2015



Pre-explosion imaging of core-collapse SNe
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Host galaxies of Type I Superluminous SNe

Perley+ 2016
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SLSNe-I tend to be found in galaxies of 
lower mass and stronger star formation

Lunnan+ 2014



Chen+ 2017

SLSNe-I tend to be found in very low 
metallicity environments 



0.5 Z_sun threshold?

Chen+ 2017

SLSNe-I tend to be found in very low 
metallicity environments 



Why low-metallicity is important 
in forming SLSNe-I?

Chen+ 2017

Magnetar



However, the observations of high-z SLSNe challenged 
the low-metallicity threshold…

Pan+ in prep.

High-z SLSNe-I



SN Ia host galaxies

credit: SDSS-II Supernova Survey



SNe Ia are exploding white dwarfs

• White dwarfs in close binary


• Accretes matter until ~ �  , but 
the sub-�  channels are also 
widely discussed recently 


• Progenitors still unclear                
1. single v.s. double degenerate      
2. �  v.s. sub-�  channels
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SNe Ia in spirals tend to be brighter 
than others

Non- 
Spirals

Spirals

Hamuy+ 1995



Fainter SNe Ia tend to be found in 
more massive galaxies
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clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibengut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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clear that essentially the same physical processes are oc-
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plies that they must have some common triggering mech-
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uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
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recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
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Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
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thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
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fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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Brighter SNe Ia have broader 
light curves and higher stretch



Fainter SNe Ia tend to be found in 
more metal-rich galaxies

Pan+ 2014

gas-phase metallicity stellar metallicity
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Fig. 1.—Mass of 56Ni ejected by SNe Ia as a function of the initial metallicity
Z. Shown is the linear relation (solid curve; the curvature is from the loga-
rithmic abscissa) of eq. (6) for , a sequence of W7-22X( Ne) p 0.024(Z/Z ),

like models (short-dashed curve), and the calculation of DHS01 for 1.5 M,

progenitors (long-dashed curve). Other progenitor masses in the DHS01 survey
display the same trend with Z. As indicated by the arrows, a scatter of 3 about
the mean in Z of the main-sequence stars that produce white dwarfs leads to
a variation of about 25% (0.13 M,) of 56Ni ejected if the metals are uniformly
distributed within the white dwarf. A factor of 7 scatter about the mean in the
initial metallicity corresponds to a factor of 2 variation in .56M( Ni)

works relied on postprocessing the thermodynamical trajec-
tories, as we have done. Recently, DHS01 investigated the
range 10!10 to 0.02 Z,. Of the one-dimensional calculations
just mentioned, only this one accounts for the effect of Ye on
the energy generation rate. The long-dashed curve in Figure 1
shows the DHS01 results for their 1.5 M, progenitors; other
progenitor masses in their survey display the same trend with
Z. Our analytical result and postprocessed W7-like models es-
sentially agree with the findings of DHS01 over the range of
metallicities common to all three calculations. As is evident in
Figure 1, the largest variation in the mass of 56Ni occurs at

. We note that the calculations of DHS01 evolve a main-Z 1 Z,

sequence star into the SNe Ia progenitor, whereas our calcu-
lation and those of Iwamoto et al. (1999) start from a given
white dwarf configuration.
As a caveat, we note that our postprocessing of the W7

thermodynamic trajectories is not completely self-consistent.
The reason is that the temperature and density profiles of the
W7 were calculated using the energy released by burningmatter
of solar Z. While Z is likely to influence the flame propagation
(via the change in the rate of energy production; Hix & Thiele-
mann 1996, 1999), in the mass range under consideration Si-
burning is complete, so our assumption of NSE still holds.
Indeed, Domı́nguez & Höflich (2000) found that the mass of
56Ni synthesized was also rather insensitive to the details of
the flame microphysics. It is also possible that the density, rtr,
at which a transition from deflagration to detonation occurs,
will influence the amount of 56Ni produced (Höflich, Khokhlov,
& Wheeler 1995 and references therein). Fits to observations
seem to require, however, that , which cor-7 !3r ≈ 10 g cmtr
responds to a Lagrangian mass coordinate of ∼1.0 M,, which
is exterior to the main 56Ni-producing layers. Further numerical
studies should elucidate the source of the discrepancy. In par-
ticular, they should determine if other effects, such as a sys-
tematic change in the mass coordinates where most of the 56Ni
is produced, offset or enhance the variation in that we56M( Ni)

find. The demonstrated linear dependence between and56M( Ni)
Z will make it easier to untangle competing physical effects in
a fully self-consistent calculation.

3. SCATTER IN THE INITIAL METALLICITY AND THE
INDUCED BRIGHTNESS VARIATIONS

Stellar abundance determinations are discussed in terms of
an elemental abundance relative to iron, [X/Fe], as a function
of the iron-to-hydrogen [Fe/H] ratio, primarily because [Fe/H]
is relatively easy to measure in stars. The [Fe/H] ratio represents
a chronometer in that the accumulation of iron in the ISM
increases monotonically with time (Wheeler, Sneden, & Truran
1989). Calibration of [Fe/H] as a function of time forms the
basis of the age-metallicity relationship.
The Z of local field stars rapidly increased about 10–13 Gyr

ago during formation of the Galaxy’s disk and then increased
much more gradually over the last ∼10 Gyr (Twarog 1980;
Edvardsson et al. 1993; Feltzing, Holmberg, & Hurley 2001).
More importantly for our purposes, however, is the relatively
large scatter in stellar metallicities, , at any givenD[Fe/H] ∼ 0.5
age. Feltzing et al. (2001) constructed an age-metallicity dia-
gram for 5828 dwarf and subdwarf stars from the Hipparcos
Catalog using evolutionary tracks to derive ages and Strömgren
photometry to derive metallicities. They concluded that the age-
metallicity diagram is well populated at all ages, that old metal-
rich stars do exist, and that the scatter in Z at any given age
is larger than the observational errors. Other surveys of stellar
metallicities (Edvardsson et al. 1993; Chen et al. 2000) are in
good agreement with these trends.
The most abundant elements in the Galaxy after H and He

are CNO. Both [C/Fe] and [N/Fe] in halo and disk dwarfs are
observed to be roughly solar and constant (Laird 1985; Carbon
et al. 1987; Wheeler et al. 1989). The [O/Fe] ratio is larger at
low metallicities—oxygen being the dominant element ejected
by SNe II—and then slowly decreases because of variations in
mass and Z (Gratton 1985; Peterson, Kurucz, & Carney 1990;
Timmes, Woosley, & Weaver 1995). Within these general trends
is a relatively large scatter, D[C/Fe] ∼ D[N/Fe] ∼ D[O/Fe] ∼

, at any given [Fe/H].0.5 dex
According to the simple analytical relation (eq. [5]) and the

detailed W7-like models (Fig. 1), a scatter of a factor of 3 about
the mean in the initial metallicity ( ) leads to1 Z ! Z ! 3 Z, ,3
a variation of about 25% (0.13 M,) in the mass of 56Ni ejected
by SNe Ia if the 22Ne and 56Fe are uniformly distributed within
the white dwarf. The minimum peak brightness variations
caused by this variation in 56Ni mass are (PintoFDM F ≈ 0.2V

& Eastman 2001). Thus, the amplitude of this effect cannot
account for all of the observed variation in peak luminosity of
local SNe Ia (0.5 mag in B and V ). The observed scatter in
peak brightnesses may be even larger, as Cepheid-based dis-
tances to the host galaxies of peculiar events such as sub-
luminous SN 1991bg or brighter-than-normal SN 1991T have
not been measured yet (Saha et al. 1999; Contardo, Leibundgut,
& Vacca 2000; Leibundgut 2000). There is evidence for a larger
scatter when more distant SNe are included (Hamuy et al. 1996;
Riess et al. 1998). It would take a scatter of about a factor of
7 ( ) in the initial Z to account for a factorD[Fe/H] ∼ 0.8 dex
of 2 variation in the 56Ni mass and peak luminosity.

4. IMPLICATIONS AND SUMMARY

Using the properties of NSE, we find that where weak in-
teractions are unimportant, the mass fraction of 56Ni produced
depends linearly on the initial metallicity of the white dwarf

Theories predict SN Ia luminosity should 
correlate with progenitor metallicity

Timmes+ 2003
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Other possibilities?

gas-phase metallicity stellar metallicity

Pan+ 2014



Other possibilities?

gas-phase metallicity stellar metallicity

Pan+ 2014

More than one population??



Recent evidence from SN Ia spectrum
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�   vSi = ((λ /6355Å) − 1) × c
Ejecta velocity

Recent evidence from SN Ia spectrum



High-velocity SNe Ia tend to be found in 
the inner region of their host galaxies

Wang+ 2013



High-velocity SNe Ia tend to be found 
in massive galaxies

Pan 2020



Is metal-rich environment important 
to produce HV SNe Ia? Why?

C/O WD

Helium layer from donor star

High-velocity SNe Ia may originate from sub-!  explosions, via double 
detonation: Helium shell detonation triggers carbon core detonation!

Mch



Potential evolution of SN Ia populations with 
redshift. Implication on metallicity effect?

Pan 2020



Potential evolution of SN Ia populations with 
redshift. Implication on metallicity effect?

Pan 2020

?



Unanswered questions from 
SN host-galaxy studies…

• Why is metal-poor environment necessary to produce SLSNe-I? Is 
there a metallicity threshold for forming SLSNe-I?


• Is metallicity the underlying driver for many relations we found 
between SNe Ia and their host galaxies? Or something else?


• Do SN Ia populations evolve with redshift? If they are sensitive to 
the environmental metallicity, we should be able to see the 
evolution, but higher-z data is needed!


