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The modern classification scheme for supernovae traces back to 
Minkowski1 who in 1941 split ‘type I’ from ‘type II’ superno-
vae based on optical spectra. Further subdivision of these basic 

classes has continued on an empirical basis2,3, and in this Review 
Article we describe the observational properties of what are now called 
SNe Ia, along with other similar objects. The observational classifica-
tion effort arises from a desire for the physical understanding of these 
objects, explaining our use of the term thermonuclear supernovae in 
the title. That categorization is based on the explosion mechanism: 
objects where the energy released in the explosion is primarily the 
result of thermonuclear fusion. Given our current state of knowledge, 
we could equally well call this a review of the observational proper-
ties of white dwarf supernovae, a categorization based on the kind of 
object that explodes. This is contrasted with core-collapse or massive 
star supernovae, respectively, in the explosion mechanism or explod-
ing object categorizations. Unlike those objects, where clear observa-
tional evidence exists for massive star progenitors and core-collapse 
(from both neutrino emission and remnant pulsars), the direct evi-
dence for thermonuclear supernova explosions of white dwarfs is 
limited4,5 and not necessarily simply interpretable6,7. Nevertheless, the 
indirect evidence is strong, though many open questions about the 
progenitor systems and explosion mechanisms remain.

SNe Ia are important both to the evolution of the Universe and to 
our understanding of it. As standardizable candles whose distance 
can be observationally inferred8, SNe Ia have a starring role in the 
discovery of the accelerating expansion of the Universe9,10 and in the 
measurement of its current expansion rate11. SNe Ia are also major 
contributors to the chemical enrichment of the Universe, producing 
most of its iron12 and elements nearby in the periodic table. Because 
of the stellar evolutionary timescales involved, the enrichment of 
these elements occurs differently from other elements whose main 
origin is in massive star supernovae.

In this Review Article we review the observational properties 
of thermonuclear supernovae, including both normal SNe Ia and 

related objects. We describe the photometric and spectroscopic 
properties of SNe Ia in the first section, and their environments and 
rates in the second section. Evidence has been growing that not all 
thermonuclear explosions of white dwarfs result in ‘normal’ SNe 
Ia; we discuss related supernovae in the third section. We provide 
a broad overview supplemented by further discussion of the new-
est developments. Our reference list is limited and thus necessarily 
incomplete. We have chosen to highlight illustrative, recent works 
with a strong bias towards observations rather than theory or mod-
els. These deficiencies are rectified in recent reviews that cover many 
of these topics in more detail13–15. Parallel reviews on core-collapse 
and extreme supernovae can be found elsewhere in this issue16,17.

Type-Ia supernovae
Below we describe the photometric and spectroscopic properties of 
SNe Ia, along with the applications and implications knowledge of 
these properties brings.

Energetics and lightcurve properties. The runaway thermonuclear 
explosion of a carbon–oxygen white dwarf, producing iron-group 
elements, releases on the order of 1051 erg as kinetic energy that 
unbinds the star. The expanding ejecta travel at ~10,000 km s–1 
and cool rapidly. The luminosity of SNe Ia is subsequently powered 
by the decay of radioactive elements that were synthesized in the 
explosion18,19. The primary power source is the isotope nickel-56, 
which decays to cobalt-56 with a half-life of 6.1 days, and which in 
turn decays with a half-life of 77.3 days to stable iron-56. The peak 
SN Ia bolometric luminosity is typically of the order of 1043 erg s–1,  
with 0.3–0.8 M⊙ of iron-56 ultimately produced in each event. The 
majority (~85%) of the luminosity of a SN Ia emerges at optical 
wavelengths and this is where they have been best studied to date. 
Arnett’s rule20 says the peak luminosity of the SN is proportional to 
the mass of nickel-56 produced in the explosion, though in general 
this is only approximately true21,22.

Observational properties of thermonuclear 
supernovae
Saurabh W. Jha! !1,2*, Kate Maguire! !3,4 and Mark Sullivan! !5

The explosive death of a star as a supernova is one of the most dramatic events in the Universe. Supernovae have an outsized 
impact on many areas of astrophysics: they are major contributors to the chemical enrichment of the cosmos and significantly 
influence the formation of subsequent generations of stars and the evolution of galaxies. Here we review the observational 
properties of thermonuclear supernovae—exploding white dwarf stars resulting from the stellar evolution of low-mass stars in 
close binary systems. The best known objects in this class are type-Ia supernovae (SNe Ia), astrophysically important in their 
application as standardizable candles to measure cosmological distances and the primary source of iron group elements in the 
Universe. Surprisingly, given their prominent role, SN Ia progenitor systems and explosion mechanisms are not fully under-
stood; the observations we describe here provide constraints on models, not always in consistent ways. Recent advances in 
supernova discovery and follow-up have shown that the class of thermonuclear supernovae includes more than just SNe Ia, and 
we characterize that diversity in this review.
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white dwarf/thermonuclear supernovae
significant indirect evidence:

Li et al. (2019)
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Maguire et al. (2018)

Graham et al. (2017)
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homogeneous spectra with 
degenerate C/O fusion products


bolometric light curves  
follow 56Ni decay (Pankey 1962)


no massive star progenitor

no compact object in WDSNR


occur in old or non-star-forming  
stellar populations

limited direct evidence  
for exploding white dwarfs

2011fe in M101 
Bloom et al. (2012)

2014J in M82  
Churazov et al. (2014)



Krisciunas et al. (2006)

SN Ia are standardizable candles:
luminosity correlated with light-curve decline rate 

(Phillips 1993; Hamuy et al. 1996)

colors constrain dust 
(e.g., Riess et al. 1996; Jha, Riess, & Kirshner 2007)

α ≈ 0.14 x1 ∈ [−2,2] ⇒ − 0.28 ≤ αx1 ≤ + 0.28 mag
β ≈ 3.1 c ∈ [−0.1,0.3] ⇒ − 0.31 ≤ βc ≤ + 0.93 mag

color gives the largest correction for 

supernova cosmology analysis 

mB + αx1 − βc

SALT2 model (Guy et al. 2007)  
with Tripp (1998) standardization 

sncosmo (Barbary et al. 2016)

peak magnitude light-curve shape color



Scolnic et al. (2018)  
“Pantheon” sample

flat ΛCDM: w = − 1.026 ± 0.041

a differential measurement between Hubble-flow and high-redshift SN Ia

applications: dark energy



Hubble trouble
Geometric anchors + Cepheids + SN Ia show 
~9% H0 tension with Planck CMB + ΛCDM

Type Ia supernovae  
give a precise value  
of the Hubble constant 
  
…even if we don’t know  
exactly how they explode.

Distances to Type Ia Supernovae
Saurabh W. Jha, Rutgers University

Dan Scolnic, Duke University

Adam Riess, Johns Hopkins University & STScI

KPNO 4m image of SN 2011fe in M101 (T.A. Rector, H. Schweiker & S. Pakzad)

Introduction: Local measurements of the Hubble Constant are in tension with 
the prediction of ΛCDM from early Universe measurements of the CMB. Is this a 
sign of “new physics” beyond ΛCDM or due to systematic errors? Among other 
techniques, Type Ia supernovae (SN Ia) are a key part of the local distance ladder. 
We do not fully understand the progenitors or explosions of SN Ia, so how can 
we be confident they provide robust distances and cosmological constraints?

Dhawan, Jha, & Leibundgut (2018)

Riess et al. (2016, ApJ, 826, 1)

SH0ES

2. calibrator distances  
to nearby SN Ia

A&A 609, A72 (2018)

Fig. 1. The peak J absolute magnitude distribution for the calibrator
SN Ia sample, based on the Cepheid distances of Riess et al. (2016). The
data have been corrected for Milky Way extinction and K-corrections,
but no further light curve shape or colour correction is applied.

match colours, otherwise we use J, H, and K filters. The for-
mer approach is more reliable, as pointed out by Boldt et al.
(2014); nonetheless these di↵erences are small for SNe in our
sample (.0.01 mag). For four objects (SN 2005eq, SN 2006lf,
PTF10mwb, and PTF10ufj), the default Gaussian process co-
variance function parameters do not produce a satisfactory fit.
For these objects, we reduce the scale and increase the ampli-
tude of the covariance function (the parameters are specified in
the fitting module code). Our final results are listed in Table 2.

We retrieved CMB-frame redshifts for the Hubble-flow host
galaxies from NED2. These are largely consistent with values
previously reported in the literature, except for NGC 2930, host
of SN 2005M, which has a previously erroneous redshift now
corrected in NED. Four of our Hubble-flow host galaxies are
cluster members: for these we take the cosmological redshift as
the cluster redshift reported in NED rather than the specific host
galaxy redshift to avoid large peculiar velocities from the cluster
velocity dispersion. These objects are noted in Table 2. Follow-
ing the analysis of Riess et al. (2016), we also tabulate redshifts
corrected for coherent flows derived from a model based on visi-
ble large scale structure (Carrick et al. 2015). Along with the re-
ported redshift uncertainties �z, we adopt an additional peculiar
velocity uncertainty of �pec = 150 km s�1 (for all SNe except
PTF10ufj the redshift uncertainty is sub-dominant compared to
the peculiar velocity uncertainty).

The high precision of modern SN Ia H0 measurements
(Riess et al. 2009, 2011, 2016) is due in part to selecting an
“ideal” set of calibrator SN Ia, with low extinction and typical
light curve shapes. The Hubble-flow SN Ia are a much more het-
erogeneous set than these ideal calibrators. Given that we are
not applying colour or light curve shape corrections and treat-
ing the SN Ia as standard candles in their peak J magnitude, it
is important to ensure that our Hubble-flow objects are on the
whole similar to the calibrators. In Fig. 2, we plot the Hubble-
flow Hubble diagram residuals and calibrator absolute magni-
tudes on the same scale, as a function of host-galaxy morphol-
ogy and two parameters estimated from the optical light curves
of these SN Ia: host galaxy reddening E(B � V) and light-curve
decline rate �m15(B) (Phillips 1993; Hamuy et al. 1996). These
quantities are taken from the literature and tabulated in Table 3;
we have not attempted to derive them in a uniform way. Rather,

2 http://ned.ipac.caltech.edu

Fig. 2. A comparison of the calibrator and Hubble-flow samples in
host-galaxy morphology, host-galaxy reddening, and optical light-curve
decline rate. Blue circles show the Hubble-flow sample J-band Hub-

ble-diagram residuals (left axis), while red squares show the calibrator
absolute J magnitudes (right axis). The open circles indicate three fast-
declining SN Ia that are excluded from our fiducial sample as outliers.
These plots are used to define sample cuts only. Distances are based on
the J-band photometry alone, with no corrections from these diagnostic
parameters.

we are interested in comparing the Hubble-flow and calibrator
SN Ia to suggest sample cuts. Beyond that, we do not use the
optical photometry in any way in our results.

Figure 2 shows that the Hubble-flow SN Ia span a broader
range of the displayed diagnostic parameters than the calibra-
tors. This is to be expected. For example, the calibrator galax-
ies are chosen to host Cepheids, excluding early-type galaxies.
Similarly the “ideal” calibrators have low host reddening and
normal decline rates. Nonetheless, the visual impression from
Fig. 2 is that the broader Hubble-flow sample does not show
obvious trends with the parameters, except for the three fast-
declining (�m15(B) > 1.7) SN Ia, which are clear outliers (open
circles). Indeed, Krisciunas et al. (2009), Kattner et al. (2012),
and Dhawan et al. (2017b) have demonstrated that the NIR ab-
solute magnitudes of fast-declining SN Ia diverge considerably
from their more normal counterparts (similar to the behaviour
in optical bands). We define a fiducial sample for analysis ex-
cluding these three SN Ia, and explore further sample cuts in
Sect. 4.1.
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Fig. 3. Hubble diagram for our fiducial sample of 27 Hubble-flow SN Ia.

and we fix q0 = �0.55 and j0 = 1. We have also explored
the dynamic parametrisation of the luminosity distance in a flat,
⌦M +⌦⇤ = 1, Universe (see, e.g., Jha et al. 2007),

dL(z) =
c(1 + z)

H0

Z
z

0

h
⌦M(1 + z

0)3 +⌦⇤
i�1/2

dz
0. (4)

Because our Hubble-flow sample is at quite low redshift, we find
no significant di↵erences in our results with either approach,
nor when varying cosmological parameters within their obser-
vational limits.

In estimating H0 from SN Ia it is traditional to rewrite
Eqs. (2) and (3) as

log H0 =
MJ + 5aJ + 25

5
, (5)

where MJ is constrained by the calibrator sample, and aJ is the
“intercept of the ridge line” that can be determined separately
from the Hubble-flow sample. Ignoring higher order terms, the
intercept is given by

aJ = log cz+log
2
666641 +

(1 � q0)z
2

�
(1 � q0 � 3q

2
0 + j0)z2

6

3
77775�0.2mJ .

(6)

We vary the traditional analysis slightly to account for the neces-
sary intrinsic scatter parameter, �int, that we interpret as super-
nova to supernova variance in the peak J luminosity. We intro-
duce �int as a nuisance parameter that is to be constrained by the

data and marginalized over. We assume that the intrinsic scatter
is a property of the supernovae, independent of whether an ob-
ject is in the calibrator sample or the Hubble-flow sample (and
test this assumption in Sect. 4.2). In this case the full uncertainty
for a given calibrator object i is

�2
M,i = �

2
fit,i + �

2
Ceph,i + �

2
int (7)

and the total uncertainty for a Hubble-flow object k is

�2
m,k = �

2
fit,k + �

2
z,mag,k + �

2
pec,mag,k + �

2
int. (8)

Because the same intrinsic scatter a↵ects the relative weights of
both calibrator and Hubble-flow objects, we cannot solve for MJ

and aJ independently. Instead we fit a joint Bayesian model to
the combined data set, with MCMC sampling of the posterior
distribution using the emcee package (Foreman-Mackey et al.
2013a,b). In principle we have four fit parameters: MJ , aJ , �int,
and H0, but we can simplify this to just three using Eq. (5). We
choose H0, MJ , and �int as our parameterisation, and simply cal-
culate aJ for each MCMC sample given H0 and MJ . The results
would be identical if we had fit for aJ and calculated H0. For
convenience, rather than aJ , we tabulate �5aJ which can be ex-
pressed in units of magnitudes and interpreted in the same sense
as the Hubble-flow peak magnitudes mJ . In our Bayesian anal-
ysis we take uninformative priors: uniform on H0 > 0 and MJ ,
and scale-free on �int > 0, with p(�int) = 1/�int. Our full analy-
sis code, including notebooks that produce Figs. 1–4, is available
online3.

4. Results

Our fiducial sample consists of the 9 calibrator SN Ia and
27 Hubble-flow SN Ia (i.e., excluding the three fast-declining
outliers). We use the NED redshifts and uncertainties (Cols. 3
and 4 of Table 2) for the Hubble-flow objects. The results
from 2 ⇥ 105 posterior samples of our model are shown in
Fig. 4 and tabulated in Table 4. We find a sample median
H0 = 72.78+1.60

�1.57 km s�1 Mpc�1, where the uncertainty is statis-
tical only, and is measured down (up) to the 16th (84th) per-
centile4. The 2.2% statistical uncertainty is impressive given the
small sample size. The results show that the median calibrator
peak magnitude (MJ = �18.524 ± 0.041) contributes approxi-
mately 2% uncertainty to H0 , whereas the Hubble flow sample
contributes about 1% (�5aJ = �2.834±0.023 mag), in line with
the numbers of supernovae in each category.

We also see the intrinsic scatter parameter is estimated
clearly to be non-zero: �int = 0.096+0.018

�0.016. This has the e↵ect of
increasing the uncertainties in the other parameters, for instance,
roughly doubling the uncertainty on the peak absolute magni-
tude MJ compared to the straight weighted mean calculated in
Sect. 3. Though our analysis method was developed to allow the
intrinsic scatter parameter to connect to both the calibrator and
Hubble-flow samples, we further see in Fig. 4 that MJ and �5aJ

do not have much correlation, reflecting the fact they are largely
being constrained separately by the calibrators and Hubble-flow
objects, respectively.

4.1. SN sample choices

To explore the sensitivity of our derived H0 , in Table 4 we
present a number of di↵erent sample choices. First, we find
3 https://github.com/sdhawan21/irh0
4 As seen in Fig. 4, the marginal distributions are largely symmetric,
so using the medians or means give similar results.
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H0 = 72.8 ± 3.1 km s−1 Mpc−1
Using only near-infrared SN Ia:

The SN Ia Distance Ladder has three steps: 1. geometry → 2. calibrators (e.g., 
Cepheids) →  3. SN Ia. The SN Ia piece of the H0 measurement is a differential 
measurement between the calibrated SN Ia and the Hubble flow SN Ia. 

Calibrated SN Ia






d∼ 25 Mpc, z ∼ 0.006

μ = m − M ∼ 32
lookback t ∼ 80 Myr

Hubble-flow SN Ia






d∼ 200 Mpc, z ∼ 0.05

μ = m − M ∼ 36.5
lookback t ∼ 650 Myr

As long as these SN Ia samples are similar on 
average, there is no large SN Ia systematic. 
The Hubble flow SN Ia sample itself spans a 
wider range in distance, redshift, or lookback 
time than the difference with the calibrators, and 
it shows no evidence for large systematics.

SN Ia systematics are at 
the ~1% level, well below 
the ~9% H0 tension with 
Planck + ΛCDM.

1. geometric distances 
to calibrators 

(Cepheids, TRGB)

zobs ≈ zcosmological

3. SN Ia in smooth  
Hubble flow, where 

We continue to test for potential SN 
Ia systematics, e.g., switching from 
optical to near-infrared SN Ia light 
curves gives a consistent value of H0.


We will improve the NIR SN Ia sample 
and its calibration with SIRAH, a new 
Hubble Space Telescope program in 
Cycles 27+28. 
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As long as these SN Ia samples are similar on 
average, there is no large SN Ia systematic. 
The Hubble flow SN Ia sample itself spans a 
wider range in distance, redshift, or lookback time 
than the difference with the calibrators, and it 
shows no evidence for large systematics.

In the Realm of the Hubble tension � a Review of Solutions 9

Figure 1. Whisker plot with 68% CL constraints of the Hubble constant H0 through
direct and indirect measurements by di↵erent astronomical missions and groups
performed over the years. The cyan vertical band corresponds to the H0 value from
SH0ES Team [2] (R20, H0 = 73.2 ± 1.3 km s�1 Mpc�1 at 68% CL) and the light pink
vertical band corresponds to the H0 value as reported by Planck 2018 team [11] within
a ⇤CDM scenario. A sample code for producing similar figures with any choice of the

data is made publicly available online at github.com/lucavisinelli/H0TensionRealm.

a differential measurement between 
Hubble-flow and local calibrator SN Ia

Di Valentino et al. (2021)



astrophysics: SN Ia standardized luminosity & environment

et al. (2014). These predictions are due to the inference that ΔM
from Equation (5) is due to a dependence of SN luminosity on
the age of the SN progenitor. Since the correlation between
host mass and progenitor age evolves with cosmic time, ΔM
should also change with redshift. The modeled change in
Hubble residuals due to this transition for Childress et al.
(2014) is shown in Figure 14—the magnitude of the Hubble
step decreases with redshift. We find that the best-fit line,
solved simultaneously with the other nuisance parameters in
the BBC fit, is + - ´( ) ( ) z0.075 0.015 0.079 0.041 for
the G10 scatter model, and it is roughly the same for the C11
scatter model. Since our measured slope appears to be roughly
consistent (2σ) with the prediction of Childress et al. (2014)
and Rigault et al. (2013), we include it as a systematic
uncertainty.

As done for PS1, we simulate host galaxy masses for each
sample to determine whether there are any biases in the
recovered host mass–luminosity relation. We do not see any
discrepancies between input and output values of γ from
simulations beyond 3 mmag, much smaller than the uncertainty
on γ values reported in Table 6.

5.4. Demographic Changes

Any change in the standardization parameters can produce
systematic uncertainties in the measurements of cosmological
parameters (Conley et al. 2011). We define β(z)=β0+
β1×z, and similarly for α(z). Before discussing the recovered
α and β values with redshift, we note that in our simulations of
the Pantheon sample, using 30 simulations of ∼1000 SNe,
when we input β1=0, we recover a biased value of

β1 (β1=−0.35±0.06 for the G10 model and β1=
−0.7±0.10 for the C11 model). This bias is not present
when we just fit for b b=( )z 0, and the problem is predicted in
Kessler et al. (2013) owing to problems with using the correct
intrinsic scatter matrix in the fit. We find similar issues with or
without the BBC method. Therefore, we subtract out the
evolution bias predicted from the simulations in our fits for
evolution.
In Figure 15, the values of α, β, and σint are all shown for

discrete redshift bins (only for the G10 model for simplicity).
Table 7 reports the parameters of the best-fit lines to the
evolution shown in Figure 15. We do not see convincing
evidence of α or β evolution except in the highest redshift bin
in the β evolution plot, where the SNe have the largest
uncertainties. We therefore choose for the baseline analysis to
have β1=0 and α1=0, though we allow for there to be a β1
systematic equal to the size of the uncertainty in the β1
measurement, treating it like a statistical uncertainty. In past
analyses (e.g., Conley et al. 2011), different values of the σint
are used for different samples; however, as shown in Figure 15,
we find consistency across samples and fix one value.
One related issue to the parameter evolution is possible

population drift of the underlying c and x1 populations with
redshift. As shown in Rubin & Hayden (2016), not accounting
for this drift yields very large differences in the inferences of
cosmological parameters. This drift is accounted for using the
BBC method, since it accounts for selection effects and allows
for different underlying light-curve parameter distributions for
each subsample as presented in SK16.

5.5. Host Galaxy Extinction

For each SN, we use an estimate of the extinction from dust
along the line of sight determined from Schlafly & Finkbeiner
(2011). Following S14, for the systematic uncertainty we adopt
a global 5% scaling of -( )E B V as the systematic uncertainty.
A systematic bias in the SN distances due to uncertainty in the
MW extinction is partially mitigated from fitting of the light
curve, as the light-curve color parameter may absorb some of
the effects of the uncorrected MW extinction. However, the
impact on recovered cosmology may still be significant because
the average MW -( )E B V (mag) value per survey is different:
0.033 for Low-z, 0.037 for SDSS, 0.029 for PS1, 0.018 for
SNLS, 0.010 for HST. Additionally, extinction is treated
differently in rest frame versus redshift frame. Finally, we note
that the SALT2 model was trained with the Schlegel et al.
(1998) extinction model, which has been improved. It is
unclear how large of a systematic another retraining would
yield, though we estimate that this is subdominant to the
calibration and intrinsic scatter systematics.

5.6. Coherent Flow Corrections

The motions of SN host galaxies from coherent flows, like
dipole or bulk flows, are corrected to reduce biases in
cosmological parameters. Past analyses, like S14 and B14,
use the velocity field in Hudson et al. (2004), which is derived
using the galaxy density field from the IRAS PSCz redshift
survey (Branchini et al. 1999). The same method is applied
here using a map of the matter density field calibrated by
the 2M++ catalog26 out to z∼0.05, with a light-to-matter

Figure 14. Top: correlations of the data between mass and luminosity for the
full Pantheon sample. Bottom: Hubble step as a function of redshifts from
0<z<1. The bar graph shows the relative numbers of high
( > :M M10stellar

10 ; solid blue) and low ( < :M M10stellar
10 ; solid red) masses.

The dashed green line shows the best-fit constant offset of the Hubble step, and
the solid blue line shows the best-fit evolution of the Hubble step for high- and
low-mass galaxies (nonzero slope significant at ∼1.75σ as given in Table 7).
The orange line shows the prediction from Childress et al. (2014); see also
Rigault et al. (2013) for a similar prediction.

26 http://cosmicflows.iap.fr/
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Figure 5. Trends in MLCS17 and SALT2 Hubble residual with host stellar mass (log M > 9.5). SNe with more massive hosts have Hubble residuals that are more
negative in the cases of (a) MLCS17 and (b) SALT2, consistent with the trend evident in Figure 4. Host stellar masses were measured using fits to ugriz photometry
with the PEGASE2 stellar population synthesis templates. The weighted averages of two bins separated by their masses yield a magnitude difference of 0.11 (2.3σ ;
58) for MLCS17 and 0.11 (2.5σ ; 60) for SALT2. When we fit for the trend with host stellar mass (α) while holding β = γ = 0, only 0.2% (2.8σ ; 58) of slopes drawn
from an MCMC analysis are greater than zero for MLCS17 and 0.4% (3.0σ ; 60) for SALT2. In parentheses is the significance of a non-zero slope followed by the
number of SNe included in the fit. The upper panels plot the posterior slope distributions.
(A color version of this figure is available in the online journal.)

Table 9
Improvement in the Standard Deviation of Hubble Residuals after Subtracting Host-dependent Trend

Sample MLCS17 MLCS31 SALT SALT2

90% radius 0.193\0.184 0.222\0.210 0.168\0.156 0.185\0.175
90% radius (<30 kpc) 0.191\0.185 0.219\0.212 0.161\0.157 0.182\0.177
log M 0.193\0.182 0.222\0.208 0.168\0.167 0.185\0.178
log M (>9.5; GALEX, Neill 09) 0.159\0.143 0.192\0.180 0.174\0.159 0.163\0.150
log M (GALEX, Neill 09) 0.181\0.151 0.213\0.187 0.174\0.158 0.184\0.158

Notes. The first value is the standard deviation in magnitudes before, and the second value is the standard deviation in magnitudes after
subtracting the trend with host property, α × (host property), determined from fits where we hold β = γ = 0.

Table 10
Improvement in the Standard Deviation of Hubble Residuals after Subtracting Host-dependent Trend from Simultaneous Fit

Sample MLCS17 MLCS31 SALT SALT2

90% radius 0.193\0.184 0.222\0.210 0.168\0.156 0.185\0.175
90% radius (<30 kpc) 0.191\0.185 0.219\0.212 0.161\0.157 0.182\0.177
log M 0.193\0.183 0.222\0.211 0.168\0.168 0.185\0.180
log M (>9.5; GALEX, Neill 09) 0.159\0.142 0.192\0.180 0.174\0.158 0.163\0.150
log M (GALEX, Neill 09) 0.181\0.151 0.213\0.188 0.174\0.158 0.184\0.158

Notes. First value is the standard deviation in magnitudes before, and the second value is the standard deviation in magnitudes after subtracting
the trend with host property, α × (host property), but not the trends with light curve properties (β,γ ). Here the trend with host property (α) is
determined in fits where we simultaneously fit for trends with light curve parameters (β,γ ).

6.5.1. Neill et al. (2009 ) Masses

We now repeat the analyses using stellar mass estimates
from Neill et al. (2009), which were fitted using GALEX
UV measurements in addition to SDSS u′g′r ′i ′z′ magnitudes.
Because each Neill et al. (2009) host galaxy is required to
have UV as well as optical measurements, Neill et al. (2009)
measured masses for only 49 of the 70 SNe in our sample
with MLCS17 AV < 0.5. Fitting only for a trend in Hubble
residuals with host galaxy mass (α) while holding β = γ =
0, the significance of a non-zero slope (α) ranges from 2.3σ
to 2.7σ depending on the light curve fitter. The significance of

a difference between the bins’ weighted averages ranges from
1.8σ to 3.2σ among the light curve fitters.

Simultaneously fitting for and marginalizing over linear
trends (β,γ ) with light curve parameters, the significance of
a non-zero slope (α) is 1.9σ for all light curve fitters. The
joint posterior probability distributions do not reveal strong
degeneracies between the fit coefficients. Removing the best-
fitting trends with light curve parameters (β,γ ) from the Hubble
residuals after the simultaneous fit, a 1.6σ–2.5σ (2.1σ–2.5σ
without SALT2) difference between the bin weighted averages
remains.

Kelly et al. (2010)
step: 0.090 ± 0.045 mag

other analyses with, e.g., stellar ages:
Childress et al. 2014, Graur et al. 2015

Kang et al. 2016, 2020  
Rose et al. 2019, 2020  

Zhang et al. 2021

hard to make a large impact on H0,  
but could be bigger issue for dark energy 

parameter constraints
Jones et al. (2018)
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astrophysics: SN Ia properties & environment

even before standardization
SN Ia show strong correlations between
supernova and environment properties

Branch et al. 1996, Hamuy et al. 2000, etc.

need to understand how these relationships 
arise from the progenitor WD and binary system

Dettman et al. (2021)



SN Ia progenitors 
more questions than 
just whether single or 
double degenerate!

what we know (probably):
C/O WD explodes

what we don’t know: 
at what mass? with what companion? with what accreted material?  

how does explosion proceed? any interaction signature? what is left behind?



SN Ia bumps and wiggles

early-time bumps in light curves:
interaction with a companion? (Kasen 2010)

or radioactive material in outer layers?

Jha, Maguire, & Sullivan (2019)
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late-time stripped or circumstellar hydrogen?

RGMS
SG

Tucker et al. (2020), Sand et al. (2019) few examples (+ “Ia-CSM”)
but they are rare

no radio or X-ray detections
 Chomiuk et al. 2016  
Margutti et al. 2014
Horesh et al. 2012

Prieto et al. (2020), Kollmeier et al. (2019), Vallely et al. (2019)



the thermonuclear 
supernova zoo

Taubenberger (2017)
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exploding white dwarfs:  
much more than just normal SN Ia!

what can the weirdos teach us?



SN 2012Z

S1

N

E

20″ ="
3.2 kpc

N

E
5″ ="
800 pc 0.5″ = 

80 pc

HST ACS 2005/2006

HST WFC3 2013
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the only WDSN with a detected progenitor system

LETTER
doi:10.1038/nature13615

A luminous, blue progenitor system for the type Iax
supernova 2012Z
Curtis McCully1, Saurabh W. Jha1, Ryan J. Foley2,3, Lars Bildsten4,5, Wen-fai Fong6, Robert P. Kirshner6, G. H. Marion6,7,
Adam G. Riess8,9 & Maximilian D. Stritzinger10

Type Iax supernovae are stellar explosions that are spectroscopically
similar to some type Ia supernovae at the time of maximum light
emission, except with lower ejecta velocities1,2. They are also dis-
tinguished by lower luminosities. At late times, their spectroscopic
properties diverge from those of other supernovae3–6 , but their com-
position (dominated by iron-group and intermediate-mass elements1,7)
suggests a physical connection to normal type Ia supernovae. Super-
novae of type Iax are not rare; they occur at a rate between 5 and 30
per cent of the normal type Ia rate1. The leading models for type Iax
supernovae are thermonuclear explosions of accreting carbon–oxygen
white dwarfs that do not completely unbind the star8–10, implying that
they are ‘less successful’ versions of normal type Ia supernovae, where
complete stellar disruption is observed. Here we report the detection
of the luminous, blue progenitor system of the type Iax SN 2012Z in
deep pre-explosion imaging. The progenitor system’s luminosity, col-
ours, environment and similarity to the progenitor of the Galactic
helium nova V445 Puppis11–13 suggest that SN 2012Z was the explo-
sion of a white dwarf accreting material from a helium-star compan-
ion. Observations over the next few years, after SN 2012Z has faded,
will either confirm this hypothesis or perhaps show that this super-
nova was actually the explosive death of a massive star14,15.

SN 2012Z was discovered16 in the Lick Observatory Supernova Search
on 2012 January 29.15 UT. It had an optical spectrum similar to the type
Iax (previously called SN 2002cx-like) SN 2005hk3–5 (see Extended Data
Fig. 1). The similarities between type Iax and normal type Ia supernovae
make understanding the progenitors of the former important, especially
because no progenitor of the latter has been identified. Like core-collapse
supernovae (but also slowly declining, luminous type Ia supernovae),
type Iax supernovae are found preferentially in young, star-forming
galaxies17,18. A single type Iax supernova, SN 2008ge, was in a relatively
old (S0) galaxy with no indication of current star formation to deep
limits19. Non-detection of the progenitor of SN 2008ge in Hubble Space
Telescope (HST) pre-explosion imaging restricts its initial mass to
= 12 M8(where M[ is the solar mass), and combined with the lack
of hydrogen or helium in the SN 2008ge spectrum, favours a white dwarf
progenitor19.

Deep observations of NGC 1309, the host galaxy of SN 2012Z, were
obtained with HST in 2005–06 and 2010, serendipitously including the
location of the supernova before its explosion. To pinpoint the position
of SN 2012Z with high precision, we obtained follow-up HST data in
2013. Colour-composite images made from these observations before
and after the supernova are shown in Fig. 1, and photometry of stellar

1Department of Physics and Astronomy, Rutgers, the State University of New Jersey, 136 Frelinghuysen Road, Piscataway, New Jersey 08854, USA. 2Astronomy Department, University of Illinois at Urbana-
Champaign, 1002 West Green Street, Urbana, Illinois 61801, USA. 3Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801, USA. 4Department of
Physics, University of California, Santa Barbara, California 93106, USA. 5Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA. 6Harvard-Smithsonian Center
for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 7Department of Astronomy, University of Texas at Austin, Austin, Texas 78712, USA. 8Department of Physics and Astronomy,
Johns Hopkins University, 3400 North Charles Street, Baltimore, Maryland 21218, USA. 9Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 10Department of
Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark.
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Figure 1 | HST colour images before and after supernova 2012Z. a, Hubble
Heritage image of NGC 1309 (http://heritage.stsci.edu/2006/07); panels b and
c zoom in on the progenitor system S1 in the deep, pre-explosion data.

d, e, Shallower post-explosion images of SN 2012Z on the same scale as b and
c, respectively. The source data for these images are available as Supplementary
Information.
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type Iax supernovae

C/O WD + He star system
deflagration explosion that 
does not unbind the WD?

 
Foley et al. 2013, Jha 2017,

Stritzinger et al. 2015,
White et al. 2015,

Tomasella et al. 2016, 2020, 
Foley et al. 2016, 

Magee et al. 2017, 
Lyman et al. 2018, 
Singh et al. 2018,

Li et al. 2018,
Barna et al. 2018, 2021,
Kawabata et al. 2018,

Takaro et al. 2020,
Srivastav et al. 2020,
Stauffer et al. 2021,

+ many papers with models!



shell detonations observed?

spectral matches to  
double-detonation models  

with helium shells 
Shen et al. 2010, 2014, 2018

Polin et al. 2019

but signatures are rare
e.g., Siebert et al. 2020

Jiang et al. (2017) De et al. (2019)

Polin et al. (2019) models 
with 0.15 M☉ helium shell



surviving companions: fugitive stars

fastest unbound stars in the Galaxy
fleeing the scene of their crime

see also Geier et al. (2015)

5

As mentioned above, detailed calculations of the SN
ejecta’s interaction with the surviving WD have not yet
been performed. This means that stellar evolution cal-
culations, like those in Shen & Schwab (2017), are forced
to rely on simple estimates for the amount of radioactive
material captured and its initial thermal state. As such,
accurate quantitative predictions cannot yet be made.
However, similarly to shock heating by the SN ejecta
and tidal relaxation, it is likely that the delayed radioac-
tive decays only a↵ect the outer layers of the companion
WD, limiting the time when they can contribute to the
luminosity and alter the colors of the WD to centuries.
These e↵ects are important for runaway WDs from his-
torical SNe, such as Tycho, Kepler, SN 185, and SN
1006 (Kerzendorf et al. 2017), but may be negligible
for the much older runaway WDs that should form the
bulk of our candidates. For most of the hypervelocity
WDs Gaia is likely to detect, we expect that the en-
ergy deposited much deeper in the WD’s interior from
tidal heating prior to the SN Ia will likely determine its
present-day luminosity.

2.3. Surface abundances

As discussed in Shen & Schwab (2017), the surviving
WD will capture some of the lowest velocity SN ejecta,
primarily composed of 56Ni. The energy released by the
slowly decaying 56Ni blows a wind from the WD’s sur-
face, ejecting much of the accreted SN ejecta, but some
of the material should remain bound and might be de-
tectable with follow-up high resolution spectra. Unfor-
tunately, as before, the lack of relevant hydrodynamic
simulations makes accurate predictions of the surface
abundances of a surviving WD di�cult.
A surviving WD companion should be hydrogen-free,

because the hydrogen layer that most WDs are born
with will have been transferred to the primary and
ejected from the system in the ⇠ 1000 yr prior to the SN
(Kaplan et al. 2012; Shen et al. 2013; Shen 2015). Given
the long cooling timescales of the expected Gaia WDs
within 1 kpc, sedimentation may cause heavy metals to
sink (Paquette et al. 1986; Dupuis et al. 1992), leaving
only helium or carbon and oxygen in the atmosphere,
depending on the initial composition of the companion,
but anomalous abundances could potentially still be ob-
servable for the young runaway WDs from Tycho, Ke-
pler, SN 185, and SN 1006. However, this statement
depends on the existence and depth of a surface convec-
tion zone, the thermal profile, and, if the surface layers
remain & 2 ⇥ 104 K, the competing e↵ect of radiative
levitation (Chayer et al. 1995a,b). We regard the ex-
pected surface abundances to be uncertain and thus one
of the motivations for follow-up spectroscopy.
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Figure 1. The companion’s orbital velocity vs. mass at
RLOF. The upper boundary of each region corresponds to
a 1.1M� primary WD; the lower corresponds to a 0.85M�
primary.

2.4. Velocity

Given the uncertainties in the observational character-
istics discussed in the previous sections, the clearest and
most obvious distinguishing feature of a surviving com-
panion WD is its hypervelocity. The orbital velocity of
a companion star during Roche lobe overflow (RLOF),
which will be its runaway velocity once the primary WD
explodes,2 is a function of its mass, M2, radius, R2, and
the mass of the exploding WD, M1:

vrunaway =

s
GM2

1

(M1 +M2) a
, (1)

where the binary separation during RLOF, a, is approx-
imated by Eggleton (1983) as

a =
R2

0.49

(
0.6 +

✓
M1

M2

◆2/3

ln

"
1 +

✓
M2

M1

◆1/3
#)

. (2)

We calculate simple mass-radius relationships for iso-
lated helium and C/OWDs, as well as for hydrogen- and
helium-burning non-degenerate companions with the

2 In principle, the runaway velocity is somewhat smaller than
the pre-SN orbital velocity due to the portion of the exploding
WD that remains at velocities . vrunaway. However, in practice,
this mass is always < 0.05M� (Shen et al. 2018) and will have a
negligible e↵ect on the runaway velocity.
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runaway partially-burnt remnants of WDSN (Iax?)
predicted by Jordan et al. (2012) 

other cases? Ruffini & Casey 2019, Oskinova et al. 2020

Vennes et al. (2017)

Raddi et al. (2018, 2019)not dead yet: surviving the explosion?

LP 40–365 = GD 492



deep, rich connections between 
white dwarf astrophysics ⟷ supernova astrophysics ⟷ SN Ia distances & cosmology

more observational constraints on progenitors and explosions

SN Ia rates
delay-time distribution

rates in different environments
nucleosynthesis

cosmic abundances
stable Fe-group isotopes (MCh)

circumstellar/interstellar absorption

high-velocity features
nebular line shifts

stratification/tomography

signatures of unburned material
polarization

very late-time decay
infrared plateau

supernova remnants
composition/abundances/structure

search for companion stars
light echos

ultraviolet
near-infrared

mid-infrared (soon JWST!!)


