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The SN Ia varietyThe Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.
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What is a SN Ia?



Progenitors
Direct detection

– white dwarfs about 30 magnitudes fainter 
than supernova à direct detection unlikely

– look for companions (binaries!)

– possible detection for 
a SN Iax

The Astrophysical Journal Letters, 744:L17 (5pp), 2012 January 10 Bloom et al.

Figure 2. Absolute g-band magnitude vs. time since explosion in three
theoretical models for the early-time shock-heated evolution of Type Ia SNe.
Shown is 4 hr, 5σ non-detection discussed in Section 2.2 and the first two
detections from PTF (Nugent et al. 2011). The black line shows the L ∝ t2

radioactive-heating behavior seen in later-time PTF data, consistent with the
non-detection. For the Kasen (2010) companion interaction model, R denotes
the separation distance between the two stars, and the light curve is shown for an
observer aligned with the collision axis, which produces the brightest observed
luminosity.

(given the temperature) was consistent with the non-detection.
Figure 2 shows the results for a selection of different analytical
models, assuming E51/Mc = 1 (constant explosive yield per
unit mass), fp = 0.05, κ0.2 = 1, and a variety of values of
Rp. The PIRATE observation at 4 hr is the most constraining
data point, which limits Rp ! 0.02 R⊙. Table 1 summarizes
the detailed radius constraints under different assumptions of
progenitor mass and under the different models.

The expressions we have used for the early luminosity hold
only under the assumption that radiation energy dominates in
the post-shock ejecta. In fact, the diffusion wave will eventually
recede into higher density regions of ejecta where gas pressure
dominates. The luminosity is then expected to drop suddenly;
Rabinak et al. (2011) show that, for constant opacity, the time
of this drop is proportional to Rp, which effectively limits the
minimal progenitor radius that we are capable of probing. From
their expression for tdrop we find this minimal radius to be

Rp,min ≈ 0.013 t4hrE
−0.66
51 M0.56

c f 0.15
0.05 R⊙, (2)

where t4hr = t/4 hr. The value of Rmin is just smaller than
our limits on Rp determined in Table 1, suggesting that the
breakdown of radiation energy domination is not likely to
undermine our results.

The early photometry of SN 2011fe also tightly constrains the
nature of a possible companion star. The interaction of the SN
ejecta with a companion star produces emission which depends
linearly on the separation distance (Kasen 2010). This emission
will be anisotropic and vary by a factor of ∼10 depending on
the orientation. Assuming the companion star in Roche-lobe
overflow, such that its radius is !1/2 of the separation distance,
and that the observer’s viewing angle is unfavorable (such that
the light curve is fainter by a factor of 10 from its maximum)
our data restrict the companion star radius to Rc ! 0.1 R⊙.
Unless the time since explosion for the PIRATE data is vastly
underestimated (by " day), this apparently excludes Roche-lobe
overflowing red giant and main-sequence companions to high
significance.

Table 1
Primary Radius and Density Constraints

Mp Rp,max
a Avg. ρp Lshock,max Tshock,max

(M⊙) (R⊙) (g cm−3) (erg s−1) (K)

Shock breakout—Rabinak et al. (2011)b

0.5... 0.022 6.29 × 104 4.50 × 1039 6024
1.0... 0.020 1.77 × 105 4.48 × 1039 6043
1.4... 0.019 2.93 × 105 4.47 × 1039 6053
3.0... 0.017 9.16 × 105 4.46 × 1039 6075

Ejecta heating secondary—Kasen (2010)c

0.5... 0.038 1.26 × 104 3.94 × 1039 8048
1.0... 0.027 7.05 × 104 3.96 × 1039 7388
1.4... 0.023 1.58 × 105 4.00 × 1039 7103
3.0... 0.017 9.29 × 105 4.18 × 1039 6531

Shock breakout—Piro et al. (2010)d

0.5... 0.016 1.73 × 105 5.27 × 1039 12110
1.0... 0.019 2.07 × 105 5.26 × 1039 12091
1.4... 0.021 2.26 × 105 5.26 × 1039 12082
3.0... 0.025 2.75 × 105 5.25 × 1039 12062

Notes.
a 5σ limit assuming the 4 hr non-detection (see the text) and shock opacity κ =
0.2 cm2 g−1.
b Assumes fp = 0.05 and E51/Mc = 1. Extremum values of fp (0.03–0.13)
change Rp,max by no more than 20% from that given. Fixing E51 = 1 yields
an Rp,max about 50% smaller at M = 0.5 M⊙ and about two times larger at
M = 3.0 M⊙.
c The radius derived is the separation distance and the limit derived is
assuming the brightest possible viewing angle. The radius limit comes from
the requirement that primary size must be smaller than the semimajor axis of
the binary.
d Using their Equations (35) and (36) but corrected by a factor of 7−4/3 (L) and
7−1/3 (Teff ) to fix the improper scalings.

Temperature–radius. Non-detections of a quiescent counter-
part in Hubble Space Telescope (HST) imaging yield a specific
luminosity (Lν) constraint at certain optical frequencies. With
the assumption of a spectrum of the primary, these limits can be
turned into a limit on the bolometric luminosity (L). Li (2011)
considered mostly spectra of an unseen secondary, using model
input spectra of red giants to derive L constraints. For a high
effective temperature primary, here we consider a blackbody
as the input spectrum and solve for the bolometric luminosity
and effective radius using the Stefan–Boltzmann law (see also
Liu et al. 2011 for a similar analysis). We perform a similar
analysis with the Chandra X-ray non-detection, convolving dif-
ferent input blackbody spectra to find a radius limit. At 106 K,
for example, the limits (1σ , 2σ , and 3σ ) are 1.2 × 10−3 R⊙,
1.5 × 10−3 R⊙, and 1.8 × 10−3 R⊙.

In Figure 3, we show these primary-star constraints as a
function of effective temperature and average density. Primary
stars with average density less than ρp = 104 g cm−3 and
effective temperatures larger than 106 K (at ρp = 1012 g cm−3)
are excluded.

3. COMPARISONS TO PRIMARY CANDIDATES

Accepting 0.5 M⊙ as a conservative lower limit for the
primary mass, low-mass main-sequence stars, brown dwarfs,
and planets are not viable. In Figure 3, we show the main
sequence of stably H-burning stars with mass 0.5, 1, 1.4,
and 3 M⊙. The hydrogen main sequence, shown using solar-
metallicity isochrones from Marigo et al. (2008), is excluded as
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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
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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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Search for double degenerate 
systems - SPY

Supernova Progenitor surveY – SPY
– search for rapid radial velocity changes

• high-resolution spectroscopy
(UVES)

• random phase observations
– at least two phases with 

Δ𝑡 > 1	𝑑𝑎𝑦

– 35 new DDs discovered

– complete sample
• 20 double lined

• 19 single lined

R. Napiwotzki et al.: The ESO supernovae type Ia progenitor survey (SPY)

Fig. 7. Hα region of the double-lined systems detected in the survey. The graph shows one observed spectrum for each binary and the best fitting
model spectrum (blue smooth line). The observed spectra were smoothed with a Gaussian with 0.15 Å for display. ∆λ is the wavelength offset
relative to the laboratory wavelength of Hα
.
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Supernova Progenitor surveY

644 DA white dwarfs checked for radial 
velocity changes

– are there double 
degenerate white 
dwarfs in the solar 
neighbourhood?

Napiwotzki et	al.	2007
Geier et	al.	2010



SPY results

Several massive DDs approaching MChand

A&A proofs: manuscript no. spy_v15

Fig. 10. The 644 DA white dwarfs in the Teff /log g diagram. DDs are indicated (circles for SB1 - singled-lined, triangles for SB2 - doubled-lined).
For SB2 systems the parameters of the brighter component were used. The white dwarf parameters are compared to white dwarf cooling tracks
from Panei et al. (2007), Renedo et al. (2010) and Althaus et al. (2007), for He, C/O and O/Ne core white dwarfs, respectively.

(1995) detected five DDs in a sample of seven low mass white
dwarfs.

He-core and C/O core WDs. The limiting mass for a He
WD is set by the minimum mass for a helium core flash which
is 0.49 M⊙ (Sweigart 1994), although because of observational
uncertainties it is common to adopt a slightly lower value of
0.45 M⊙. White dwarfs with higher masses usually have cores
composed of carbon and oxygen. There are scenarios that lead
to the formation of low-mass “hybrid” WDs with C/O cores and
thick helium mantles (∼ 0.1 M⊙ Iben & Tutukov 1985). Some
WDs with masses around 0.45M⊙ may also hav evolved via the
extreme horizontal branch (EHB), but these objects are also con-
sidered to be the product of close binary evolution (e.g. Heber
2009). So low-mass white dwarfs may not always be helium core
white dwarfs, although in all cases evolution within a binary is
needed to model the early mass loss that prevents evolution to-
wards a normal C/O white dwarf.

In the sample presented in this paper, 44 of the 633 white
dwarfs have a mass below 0.45 M⊙. Of these, 18 show radial
velocity variations indicating that they are double degenerates.
We would expect the detection of 39 binaries, if everyone of the
HeWD would have a WD companion (Table 1) and still 34 detec-
tions for very low mass ELM WDs or main sequence stars. The
statistical probability to detect 18 or less RV variable systems, if
all HeWDs are binaries with a stellar companion are only 10−7.
The detection probability of brown dwarfs is lower and the prob-
ability of 18 detections or less is 15%, if we assume the same pe-
riod distribution as for the DDs. However, known systems have a
short orbital period (e.g. WD 0137−349 Maxted et al. 2006) and
the period distribution of HeWDs with very low mass main se-
quence companions peaks at 0.28 d (Zorotovic et al. 2011). Thus
it is more realistic to use the detection efficiency for systems with

periods <0.5 d. This lowers the probability to detect 18 systems
or less to 1.3 · 10−3.

It has been suggested that single low mass white dwarfs
could result from envelope loss induced by capture and spiral-
in of planetary companions (Nelemans & Tauris 1998) or com-
panions which underwent supernova explosions (Justham et al.
2009). Either possibility is interesting so these systems could be
worth further investigation.

The remaining 589 objects have higher masses, in partic-
ular there are two RV variable objects with log g > 8.0, i.e.
their masses exceed 0.7 M⊙ (Fig. 10). The bias towards binarity
amongst the lower mass white dwarfs is very plain from Fig. 10
where it can be seen that all but a few of the DDs discovered in
SPY have masses lower than that of typical white dwarfs.

SPY targets just above the 0.45M⊙ limit are expected to be
a mix of HeWDs, post-EHB stars and low mass white dwarfs
belonging to the thick disc and halo populations (Pauli et al.
2003), which is difficult to disentangle. We counted 177 WDs
with masses in th range 0.45M⊙ to 0.52M⊙. Twelve RV variable
DDs were detected in this sample, which after correction for de-
tection efficiency, yields a DD fraction of 7.6 ± 2.2%.

Our sample contains 412 WDs with masses of 0.52M⊙ or
higher, which we consider genuine C/O WDs. This enables us
for the first time to derive a meaningful estimate of the DD
fraction of C/O white dwarfs. Since these are the standard out-
come of single star evolution, a lower DD frequency is not un-
expected. The detection of 9 C/O DDs corresponds to a fraction
of 2.7 ± 0.9% (assuming an effective sample size of 333, as ap-
propriate for 0.6M⊙companions). It should be remembered that
we mainly only see the brighter of the two white dwarfs in any
given DD, so since low mass white dwarfs are larger than high
mass white dwarfs, and may often be the last to form, there could

Article number, page 14 of 44
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Separate analysis
Rate analysis based on the SPY data 

–Maoz & Hallakoun 2016 (arXiv:1609.02156)

–merger rate 

𝑅*+,-+ = (7.3 ± 2.7) ⋅ 1089:	𝑦𝑟89	𝑀⊙
89	

Range: 1.4 ⋅ 1089: < 𝑅*+,-+ < 1.3 ⋅ 10899	𝑦𝑟89𝑀⊙
89	(2𝜎)

– compares well with the estimated Ia rate in 
the Milky Way

𝑅AB ≈ 1.1 ⋅ 1089:	𝑦𝑟89	𝑀⊙
89

– together with dropping the Chandrasekhar-
mass limit à could be enough double-
degenerate systems to explain most SNe Ia



Type Ia Supernovae

Variations on a theme

– critical parameters?

• nickel mass

• ejecta mass

• explosion energy(?)

• explosion mechanism?

• progenitor evolution?

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.
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• Isotopes of Ni 
and other 
elements

– conversion of g-
rays and 
positrons into 
heat and optical 
photons

Diehl	and	Timmes (1998)

Radioactivity

Contardo (2001)



Ejecta masses

Large range in nickel and ejecta masses

– no ejecta mass at 1.4M¤

– factor of 2 in ejecta masses

– some rather small
differences 
between
nickel and ejecta
mass

Stritzinger et al. 2006



Ejecta massesSN Ia Ejected Masses from SNfactory 17

these effects to be lower for events with large 56Ni mass fractions,
since the 56Ni will then be distributed more evenly among viewing
angles (see e.g. Maeda et al. 2011), and most pronounced among
faint events. However, to the extent that different lines of sight
of an asymmetric event produce similar light curve shapes, our
ejected mass estimates should be relatively insensitive to asymme-
tries. This is borne out by our method’s performance on the highly
asymmetric violent merger model 11+09. Ongoing simulations of
violent mergers and other asymmetric explosions should help to
determine the full implications of asymmetry for our results.

Finally, some of the variations in explosion physics we have
examined may be correlated in ways not captured by our mod-
els. If this is the case, however, our results can still provide in-
teresting constraints on the allowed parameter space for explosion
models. For example, if α strongly anti-correlates with light curve
width, this might allow our semi-analytic light curves to repro-
duce fast-declining SNe with Chandrasekhar-mass models. This
particular case seems physically very unlikely in the context of
the explosion models we cite herein: the 1-D explosion models of
Höflich & Khohklov (1996) actually show a correlation with posi-
tive sign between α (labelled Q in table 2 of that paper) and light
curve width (rise time), though with large scatter, and in general
we expect larger α to be associated with more extensive radia-
tion trapping and longer rise times in the context of 1-D models.
Such a case is nevertheless indicative of the kind of constraint on
Chandrasekhar-mass models our results represent.

5 DISCUSSION

Although many variables could in principle alter our reconstruc-
tion, and the absolute mass scale of our reconstructions may still
be uncertain at the 15% level based on those systematic effects
we have been able to quantify, we believe we have convincingly
demonstrated that a range of SN Ia progenitor masses must exist.
For those sets of assumptions that incur minimal bias when recon-
structing simulated light curves, we find a significant fraction (up
to 50%) of sub-Chandrasekhar-mass SNe Ia in our real data. We
should therefore take seriously the possibility that SNe Ia are dom-
inated by a channel which can accomodate sub-Chandrasekhar-
mass progenitors, or that at least two progenitor channels contribute
significantly to the total rate of normal SNe Ia. We now attempt to
further constrain progenitor models by examining the dependence
of Mej on M56Ni, with the caveat that the systematic errors on
M56Ni may be larger than our reconstruction estimates.

The most mature explosion models currently available in the
literature for sub-Chandrasekhar-mass white dwarfs leading to nor-
mal SNe Ia are those of Fink et al. (2010), with radiation transfer
computed by Kromer et al. (2010), and those of Woosley & Kasen
(2011). According to Fink et al. (2010), systems with total masses
(carbon-oxygen white dwarf plus helium layer) as low as 1 M⊙

can still produce up to 0.34M⊙ of 56Ni. The mass fraction of 56Ni
increases rapidly with progenitor mass, with the detonation of a
1.29 M⊙ system producing 1.05 M⊙ of 56Ni. Woosley & Kasen
(2011) find a similar trend, with nickel masses ranging from 0.3–
0.9M⊙ for progenitors with masses in the range 0.8–1.1M⊙. The
models differ in their prescriptions for igniting a carbon detonation
and in the resulting nucleosynthesis from helium burning, but the
overall 56Ni yields agree in cases where a carbon detonation has
been achieved.

Very recently, the possibility of collisions of white dwarfs
producing SNe Ia has also been raised (Benz et al. 1989;
Rosswog et al. 2009; Raskin et al. 2009). Ordinarily one would ex-
pect white dwarf collisions to occur only in very dense stellar en-
vironments such as globular clusters. However, in triple systems
consisting of two white dwarfs accompanied by a third star in a
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Figure 10. Ejected mass vs. 56Ni mass for the SNfactory sample in our
fiducial analysis. Colors represent different spectroscopic subtypes, as in
Figure 7. The horizontal dotted line marks the Chandrasekhar massM =
1.4M⊙. The black solid curve shows the expectedMej-M56Ni relation for
sub-Chandrasekhar-mass double detonations from the models of Fink et al.
(2010) as presented in Ruiter et al. (2013). The dashed curve shows the
predictions of the white dwarf collision model of Kushnir et al. (2013).

highly eccentric orbit, Kozai resonances can substantially decrease
the time to a double-degenerate merger or collision (Katz & Dong
2012; Kushnir et al. 2013). Both sub-Chandrasekhar-mass and
super-Chandrasekhar-mass SNe Ia could arise through this chan-
nel. The uncertainties involved in predicting the rate of such events
are substantial, but Kushnir et al. (2013) make a concrete predic-
tion for the variation of 56Ni mass with total system mass in white
dwarf collisions, which we can evaluate here. We caution that
Raskin et al. (2010) show that 56Ni mass, and indeed the very oc-
currence of an explosion, depend on the mass ratio as well as the
impact parameter for the collision.

Figure 10 shows Mej vs. M56Ni for the SNfactory data and
the expected relations for the models of Ruiter et al. (2013) and
Kushnir et al. (2013). The Ruiter et al. (2013) trend seems to be
consistent with a few of the lowest-mass SNfactory SNe Ia, but in
general the predicted increase of M56Ni with Mej is too steep to
accommodate most of our observations. The trend of Kushnir et al.
(2013) does reasonably well for some of the low-M56Ni SNfactory
SNe Ia, but can accommodate neither our least massive SNe nor
bright 1991T-like SNe Ia. The latter could perhaps be explained by
the more detailed collision models of Raskin et al. (2010).

Interestingly, our SNe Ia with Mej > 1.3 M⊙ lie in a lo-
cus parallel to the Ruiter et al. (2013) curve and about 0.3 M⊙

higher. While these higher-mass SNe Ia cannot easily be explained
by double detonations, they could perhaps be explained more natu-
rally as double-degenerate mergers. The violent merger models of
Pakmor et al. (2010, 2011, 2012) are expected to produce similar
56Ni yields to double-detonation models with comparable primary
white dwarf masses (Ruiter et al. 2013). Reproducing the 56Ni
masses from our reconstruction requires a primary white dwarf
mass of at least 1.1 M⊙. However, Pakmor et al. (2011) showed
that in violent mergers of two carbon-oxygen white dwarfs, a mass
ratio of at least 0.8 is needed to trigger the explosion, meaning
that violent mergers with M56Ni > 0.5 M⊙ should have Mej >
1.9 M⊙, like the different views of 11+09 listed in Table 4 (which
our method correctly reconstructed as super-Chandrasekhar). Our
absolute mass scale would have to be inaccurate at 50% level to
explain our observations with current models of violent mergers of
two carbon-oxygen white dwarfs. The trend could also be gener-
ated by violent mergers of a carbon-oxygen white dwarf with a he-
lium white dwarf (Pakmor et al. 2013), since helium ignites more

c⃝ 0000 RAS, MNRAS 000, 000–000

Scalzo et al. 2014



The promise of the (near-)infrared

• Extinction is much reduced in the near-IR

– AH/AV ≅ 0.19 (Cardelli et al. 1989)

• SNe Ia much better behaved 

Krisciunas et al. (2004)

Mark Phillips

= 1980N (1.29)
= 1986G (1.79)
= 1998bu (1.05)
= 1999aw (0.81)
= 1999ee (0.94)
= 2000ca (1.01)
= 2001el (1.15)

SN  Dm15(B)



Others find this too

• Light curves
in the near-IR 
very uniform 
at peak, but 
large 
differences
at later times

Burns et al. (2011) used a bootstrap technique to incorporate the
extra dispersion found in the template fits caused by NIR light-
curve variations. We have attempted to account for this extra
dispersion by adding the extrapolation errors derived by Burns
et al. (2011) in quadrature with the uncertainties in the apparent
magnitude obtained from the SNooPy fits.

Because the variations in the strength of the secondary max-
imum affect the accuracy of light-curve template-fitting in the
iY JH bands, we might expect the uncertainties in the peak NIR
magnitudes to be a function of how many days past maximum
the observations begin. Folatelli et al. (2010) found that if a
SNe Ia has observations that begin within ∼1week after the time
of maximum, the random uncertainty in peak magnitude is
∼0:1 mag and the systematic uncertainty is only ∼0:03 mag;
a template fit for a SNe Ia with photometry that starts later than
this will be unreliable. Two thirds of the events in our sample
with Δm15ðBÞ < 1:7 have photometry that starts within 5 days
of the NIR maximum, and so it is interesting to see if the tem-
plate-fitting procedure gives reasonable estimates of the peak
magnitude for these SNe Ia. To test this, we create a plot similar
to that of Figure 3. For this test, we rederive the template-fit
peak NIR apparent magnitudes by removing all of the data prior
to 5 days after NIR maximum for each SN Ia and running the
data through SNooPy again. Figure 4 shows the resulting plots
in Y JH. There appear to be some systematic differences, but,
again, they are not large when compared with the uncertainties
in the final absolute magnitudes. The weighted averages of the
differences are 0.03 mag in Y , 0.01 mag in J , and 0.04 mag in

H, which is about the same for the weighted averages found in
Figure 3, suggesting that when the observations begin within
5 days of NIR maximum, SNooPy does an adequate job of de-
riving peak light-curve parameters from template fits.

It is unclear at this point how to best handle the diversity of
light-curve morphologies in the NIR when applying templates to
SNe Ia whose NIR observations start more than 5 days after NIR
maxima. Introducing a second parameter, such as another peak
magnitude, decline-rate relation (such as aΔm15-like parameter
defined for the Y JH bandpasses), host-galaxy property, or
spectral feature, might help (e.g., Kasen 2006; Wang et al.
2009; Foley & Kasen 2011; Sullivan et al. 2010; Blondin et al.
2011), but identifying this second parameter is difficult with the
limited number of well-observed events. With significant differ-
ences among the NIR light curves of SNe Ia with similar
Δm15ðBÞ values, though, template-fitting in iY JH based on
the Δm15ðBÞ parameter alone may be subject to significant un-
certainties. Here, we proceed to cautiously apply templates when
needed, while using the BF subsample of objects, for which no
template-fitting is needed, to check our results.

3. INVESTIGATING THE HOMOGENEITY OF PEAK
LUMINOSITY OF SNe Ia IN THE NIR

3.1. Distance Moduli, Color Excess, and Reddening

In this section we use our homogenous sample of light curves
to examine the precision of SNe Ia as standard candles in the

FIG. 1.—Left: Absolute-magnitude B and V light curves of SNe 2006D,
2004eo, and 2005el. The light curves are shifted such that maxima agree.
All SNe have similar decline rates in the range of Δm15ðBÞ ¼ 1:35–1:39 mag.
Blue squares represent SN 2006D, green circles represent SN 2004eo, and red
triangles represent SN 2005el. Note the similarity in the B and V light curves.
Right: Absolute-magnitude Y JH light curves of the same SNe. Again, the light
curves are shifted to a common maximum. Note the difference in the Y JH light
curves, especially the difference in strength of the second maxima in the J band.

FIG. 2.—Left: Absolute-magnitude B and V light curves of SNe 2006mr,
2005ke, and 2007on (Δm15ðBÞ ¼ 1:75–1:89). Blue squares represent SN
2006mr, green circles represent SN 2005ke, and red triangles represent SN
2007on. The light curves are shifted to a common maximum. As in Fig. 1,
the optical light curves are very similar. Right: Absolute Y JH magnitude light
curves of the same SNe. The light curves are shifted to a common magnitude.
Note the large difference in the NIR light curves, especially between SN 2007on,
which shows a rise to second maxima.
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• Scatter minimal at first 
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• ~90 objects in J and H 
– 58in Y, 22 in K
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Project data 
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Infrared light curves
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for a measurement of the minimum and second maximum to
be made, we require >4 observations at late phases (>7 days
for the minimum and >15 days for the second maximum).
We also require that observations at least 4 d before t

max

were available. The uncertainties for each derived parameter
were calculated by repeating the fits to 1000 Monte Carlo
realisations of light curves generated using the errors on the
photometry.

The NIR light curves are very uniform up to the time of
the B-band maximum,⇠3–4 d after the maximum is reached
in the NIR light curves. In the lower panels in Fig. 1, we show
the RMS scatter for each epoch.

The scatter remains small for ⇠1 week around maxi-
mum in the di↵erent bands independent of the sample (CSP
or non-CSP). The two samples show very consistent scatter
out to a phase of ⇠10 d in J and ⇠25 d in H, after which
they start to deviate. With only 14 objects in the non-CSP
sample in this phase range compared to 25 from the CSP,
we consider the di↵erences not statistically significant. The
scatter continues to increase beyond 35 d, which we attribute
to the colour evolution (see §3.6 below).

3.2 The first maximum

Elias et al. (1981) showed, in a small sample of SNe Ia, that
the JHK light curves of SNe Ia peak earlier than the optical
light curves. We confirm this for our sample (Fig. 2).

The NIR light curves peak within �2 to �7 d of the B-
band peak confirming the result of Folatelli et al. (2010) for
SNe Ia with �m15(B)<1.8. There is no obvious di↵erence
between our full sample and the CSP sample as seen in the
scatter. The distribution of t1 is remarkably tight (less than
one day dispersion) for all filters. This indicates a close rela-
tionship between tmax

B

and the NIR t1 values for the SNe Ia
in our sample.

Table 3 gives the phase of lowest scatter measured in
each filter. Without any attempt to normalise the light
curves, we find the smallest scatter in all NIR light curves
near t1. The dispersion remains very low for ⇠1 week, before
increasing to >0.2 mag at later phases.

3.3 The minimum

The minimum in J occurs ⇠2 weeks after tmax

B

(Fig. 3).
The Y light curves dip about 3 d earlier at t0 = +11 d. The
minimum in H is reached on average about 2 d before J at
t0 = +12d. The phase range is still relatively narrow with
the minima all occurring within roughly ±2 d. While Y and
H display a compact distribution of t0, the J distribution
exhibits a tail of late minima.

No significant di↵erence between the CSP and the liter-
ature samples can be seen in the distributions. The scatter
among M0 is fairly small for the three NIR bands although
about 2 to 3 times larger than at t1. In the Y -band, the
scatter is low (<0.2 mag) immediately after t0, while the J
and H light curves display a larger dispersion at this point.

3.4 The second maximum

Figure 4 shows that t2 occurs over a wide range of phases
and can vary by as much as 20 d from one SN Ia to another.

Figure 2. Distribution of t1 for the Y , J , and H light curves

relative to the B-band maximum. The filled histograms are for

SNe Ia from the CSP sample while the open histograms show the
combined CSP and non-CSP sample. In the Y band, we only use

the objects observed by the CSP. The NIR light curves peak at

within �2 to �7 d relative to the B maximum.

Table 3. Magnitude scatter in NIR light curves. The second col-

umn indicates the time of minimum scatter in each filter, while

the third column gives the scatter at this phase. The fourth col-
umn gives the phase range for which the scatter stays below 0.2

magnitudes.

Filter t �(M) Phase range SN sample

(days) (mag) (�(M) < 0.2 mag)

Y �4.4 0.15 [�4 , +1] CSP

J �3.6 0.16 [�4 , +3] CSP

J �3.8 0.17 [�6 , +1] non-CSP

H �5.1 0.17 [�5 , +1] CSP

H �4.7 0.14 [�7 , +2] non-CSP

This diversity had been observed before for the i light curves
(e.g. Hamuy et al. 1996; Folatelli et al. 2010) and for JHK
(Mandel et al. 2009; Biscardi et al. 2012). In Figure 4, we
show that the mean t2 is later in Y - and J-bands, with
the H-band light curves reaching t2, on average, a few days
earlier. The scatter in the luminosity starts to increase slowly

c� 2014 RAS, MNRAS 000, 1–13
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Correlations

Phase of the second 
maximum appears to be 
a strong discriminator 
among SNe Ia
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Figure 7. Complete absolute magnitude light curves in YJH for the 10
objects for which a late decline is measured in all three filters. The figure
illustrates that the decline rates at late times are uniform, whereas there is
a large scatter in the absolute magnitude at +55 d indicated by the vertical
line.

the luminosity of the first peak. We cannot confirm this at any
significance with our data.

Comparison of Figs 3 and 4 reveals that the light-curve evolution
in the Y band is slowest amongst the NIR filters. SNe Ia on average
reach t0 in Y earlier than in J and H, but reach t2 later in the Y
compared to the other filters. The rise time in Y is nearly 4 d longer
than in J and nearly 7 d longer than in H.

The phase and luminosity of the second maximum strongly cor-
relate between the NIR filters (Fig. 8). SNe Ia with a later t2 display
a higher luminosity during the late decline. The luminosity at 55 d
past the B maximum, hereafter referred to as M|55 was chosen to
ensure that all SNe Ia have entered the late decline well past t2. A
choice of a later phase may be more representative of the decline
but would result in a smaller SN sample as not many objects are
observed at these epochs and the decreasing flux results in larger
uncertainties.

In Fig. 9, we plot M|55 against t2 and M2. A clear trend between
M|55 and t2 is present in all filters (Pearson coefficients r of 0.78,
0.92, 0.68 in the YJH, respectively; Fig. 9, left-hand panels). At this
phase, SNe Ia are on average most luminous in Y followed by H
and J, a trend that is already present at M2. This is also reflected in
the NIR colour evolution (see section Section 3.6).

The dispersion in M|55 is large with σ (M|55) = 0.48, 0.51 and
0.30 mag in Y, J and H, respectively. This is not unexpected as it

Figure 8. Phases (left) and luminosity (right) of the second maximum in
NIR filters. There are clear correlations between the filters with the weakest
trend in the H versus J luminosities. The black line is a one-to-one relation.

Figure 9. Left: absolute magnitude at t = 55 d in YJH versus t2. Right:
M|55 compared to the absolute magnitude of the second maximum M2.

MNRAS 448, 1345–1359 (2015)
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Correlations with 
the optical

• IR properties
correlate with optical 
decline rate

• Phase of secondary 
maximum strongly 
correlated Δm15

Biscardi et al. 2012A&A 537, A57 (2012)

R=0.9

R=0.12

R=0.8

R=0.08

R=0.8

R=0.07

Fig. 8. The time since B maximum of secondary NIR peak (lower panel)
and the absolute magnitude of secondary peak (upper panel) versus the
∆m15(B). SN 2008fv is represented with large circles, the data from
literature with small open squares. The Pearson coefficients R is also
shown for each panel with the resulting best fit of data (solid line). For
the timing of secondary maximum in J-band, we also plot the prediction
of Kasen (2006) models (solid line and open circles).

to derive the set of relationships between t2 measured in the
NIR bands and ∆m15(B), given by

t2,J = (30.0 ± 2.0) + (−16.2 ± 1.2) · [∆m15(B) − 1.1] , (5)
rms = 2.0 days
t2,H = (25.0 ± 2.7) + (−12.9 ± 1.7) · [∆m15(B) − 1.1] , (6)
rms = 2.5 days
t2,K = (24.4 ± 5.5) + (−14.2 ± 3.5) · [∆m15(B) − 1.1] , (7)
rms = 3.0 days.

Owing to the relatively small number of available observational
data (particularly in the K-band), the coefficients of the equa-
tions need to be improved. Thus, to derive more robust relation-
ships and reduce their values of rms, we need to enlarge the
sample of SNe observed at these wavelengths. For the J-band,
we plot (lower-left panel of Fig. 8) the predictions by Kasen
(2006). In the lower-left panel of Fig. 8, we compare the ob-
served quantities for the J-band with the theoretical models pro-
vided by Kasen (2006, see their Fig. 11). To reach our goal,
we evaluate the 56Ni mass value through the Mazzali et al.
(2007) empirical relation. We found a quite good agreement
with Kasen (2006) models reproducing the mid-range decliners
(1.1 <∼ ∆m15(B) <∼ 1.3), whereas, some discrepancy can be no-
ticed in the ’region’ of the slow decliners (∆m15(B) <∼ 1.) where
the secondary maximum occurs later than expected. In contrast,
SNe having ∆m15(B) >∼ 1.4 show an early appearance of the sec-
ondary NIR peak with respect to the model predictions.

By adopting the nomenclature of Kasen (2006), we derived
the following parameters from the quantities listed in Table 15:
i) the difference in magnitude between the secondary maximum
and the local minimum, M2−M0; and ii) the difference in magni-
tude between the secondary and the primary maximum, M2−M1.
The results of the comparison between the observations and the

Fig. 9. Strength of the secondary maximum in the J-band as a function
of the decline rate ∆m15(B). The symbols are the same as in Fig. 8. The
lower panel shows the difference in magnitudes between the secondary
maximum and the primary maximum, while the upper panel displays
the difference in magnitudes between the secondary maximum and the
local minimum. In each panel, the same quantities predicted by Kasen
(2006) models are plotted for comparison.

models are reported in Fig. 9 as a function of ∆m15(B). In the
upper panel of Fig. 9, a close agreement is also found between
models and data for what concerns the strengths of the secondary
NIR peaks (measured with respect to the local minimum), even
though the relatively wide spread of the involved quantities has
to be taken into account. Finally, we note that the strengths of the
secondary maximum (but now measured with respect to the pri-
mary maximum) does not correlate with the decline rate and, the
observational data are not closely reproduced by the models (see
the lower panel of Fig. 9). Our analysis suggest that additional
parameters, such as e.g. the outward mixing of 56Ni, could also
have strong effects on the secondary maximum, playing a major
role in these relations. This confirms the similar conclusions of
Kasen (2006, in the discussion of his models), and Folatelli et al.
(2010, based on the I-band observations).

As already mentioned, we are still far from achieving a reli-
able and precise description of all the morphology of NIR light
curves of SNe, a goal that will require additional observational
and theoretical efforts.

Before concluding, we take further advantage of the entire
SNe sample collected here by following the idea suggested by
Hamuy et al. (1996a) and Elias-Rosa et al. (2008) for the I-band,
i.e. of searching for alternative characterizations of the SN Ia de-
cline rates by comparing ∆m15(B) with the values of ∆mt(X).

The results are shown in Fig. 10. One of these is that a possi-
ble linear correlation is found between∆m15(J) and the ∆m15(B).
The fit procedure recovers a R ∼ 0.5 and a scatter of about
0.3 mag, if the SN 2004dt is excluded from the sample on the
basis of its spectroscopic and photometric peculiarities (Branch
et al. 2009; Biscardi et al., in prep.). In contrast, no correlation
is observed between ∆m15(H,K) and ∆m15(B).

We also confirm and support the result obtained by Folatelli
et al. (2010) for a sample of 9 SNe in the J and H-band: the tight-
ness of the correlation increases when the ∆m15(B) is compared

A57, page 10 of 16
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peak magnitude!

NIR light curves of Type Ia supernovae 1353

continues the trend to larger (luminosity) differences in the NIR
light curves with increasing phase.

4.2 Correlations with optical light-curve shape parameters

It is interesting to see whether the NIR light-curve parameters corre-
late with some of the well-known optical light-curve shape features
(!m15; Burns et al. 2011).

Folatelli et al. (2010) have shown that the value of t2 in i cor-
related with !m15(B). Since the dispersion increases with phase,
we concentrate on the second maximum and explore whether the
timing and the strength correlate with the optical light-curve shape.

The second maximum in the NIR is a result of an ionization
transition of the Fe-group elements from doubly to singly ionized
states. Models predict that t2 depends on the amount of Ni (MNi)
synthesized in the explosion (Kasen 2006). Since MNi is known to
correlate with mmax

B , which itself is a function of the light-curve
shape (Arnett 1982; Stritzinger et al. 2006; Mazzali et al. 2007;
Scalzo et al. 2014), we explored the relation between t2 and !m15

(Table 2).
Fig. 10 confirms a strong correlation between t2 and !m15. The

Pearson coefficients are 0.91, 0.93 and 0.75 for the Y, J and H
bands, respectively. The weaker correlation in H may be due to
a low dependence on t2 for objects with !m15 < 1.2, where t2

appears independent of !m15. This applies only to SNe Ia with a
slow optical decline. For higher !m15, the trend is as strong as in
the other filters.

Figure 10. Comparison of t2 in the NIR light curves with !m15(B).

Figure 11. M2 versus !m15 is shown and a weak correlation is observed.

A linear regression yields equation (1) for each filter. The rms
scatter is 2.1, 1.8 and 3.0 d in the YJH filters:

t2(Y ) = (−20.6 ± 1.0)!m15 + (53.6 ± 1.2) (1a)

t2(J ) = (−20.3 ± 0.9)!m15 + (51.7 ± 1.1) (1b)

t2(H ) = (−16.0 ± 2.7)!m15 + (42.3 ± 2.8). (1c)

Since the phase of the second maximum (t2) in NIR bands is
strongly correlated with !m15 and thereby the optical maximum
luminosity, t2 could also serve as an indicator of the luminosity of
SNe Ia. It is noteworthy that even extreme cases, like SN 2007if,
which have been associated with super-Chandrasekhar mass pro-
genitors (Scalzo et al. 2010, 2012) are fully consistent with the
derived relations.

There is a weak correlation between M2 and !m15 as shown in
Fig. 11, with very little difference between objects. We find r values
of 0.59, 0.50 and 0.63 for the Y, J and H filters, respectively.

5 D ISCUSSION

As has been shown earlier in this paper and in a number of other
publications (Meikle 2000; Wood-Vasey et al. 2008; Barone-Nugent
et al. 2012; Weyant et al. 2014), SN Ia NIR light curves show
remarkable uniformity around maximum light, compared to that
at optical wavelengths. This uniformity, combined with reduced
effects of extinction, holds great promise for the use of SNe Ia as
distance indicators in the NIR. Kattner et al. (2012) proposed to
further reduce the scatter in the luminosity of the first maximum in

MNRAS 448, 1345–1359 (2015)
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Correlation with optical colour

Phase of second 
maximum and beginning 
of the Lira relation are also 
tightly linked
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tion in ° 3 to derive reddening-free relations between the
decline rate parameter (Phillips 1993) and the peak*m15(B)
absolute magnitudes in BV I and to update our estimate of
the value of the Hubble constant.

2. COLOR EXCESSES AND INTRINSIC COLORS

2.1. E(B[V )Tail
In comparing the color evolution of several apparently

unreddened SNe Ia representing the full range of observed
light-curve decline rates, Lira (1995) found that the B[V
colors at 30È90 days past V maximum evolved in a nearly
identical fashion. This property, which was independently
discerned by Riess et al. (1996a), is illustrated in Figure 1,
where we plot the B[V color evolution from Cerro Tololo
Inter-American Observatory photometry of six SNe Ia
covering a wide range of decline rates (0.87 ¹ *m15(B) ¹
1.93) and which likely su†ered little or no reddening from
dust in their host galaxies. The likelihood of a supernova
being unreddened was judged by three basic criteria : (1) the
absence of interstellar Na I or Ca II lines in moderate-
resolution, high signal-to-noise spectra, (2) the morphology
of the host galaxy (SNe that occur in E or S0 galaxies are
less likely to be signiÐcantly a†ected by dust), and (3) the
position of the supernova in the host galaxy (SNe lying
outside the arms and disks of spirals are more likely to have
low dust reddening). As discussed by Lira, it is not sur-
prising that the colors of SNe Ia at these late epochs are so
similar because their spectra also display an impressive uni-
formity. This is precisely the epoch where the Fe-Ni-Co
core dominates the spectrum that is rapidly evolving into
the ““ supernebula ÏÏ phase (see Phillips et al. 1992).

From a least-squares Ðt to the photometry of four of the
SNe displayed in Figure 1 (1992A, 1992bc, 1992bo, and
1994D), Lira derived the following relation to describe the
intrinsic B[V color evolution

(B[V )0 \ 0.725 [ 0.0118(t
V

[ 60) , (1)

where is the phase measured in days since V maximum.t
VThis Ðt, which is plotted in Figure 1, is valid over the phase

interval and can be applied to any SN Ia with30 ¹ t
V

¹ 90

FIG. 1.ÈB[V color evolution for six SNe Ia that likely su†ered little
or no reddening from dust in their host galaxies. These six events, whose

parameters are indicated in parentheses, cover a wide range of*m15(B)
initial decline rates and peak luminosities. The solid line corresponds to the
Lira (1995) Ðt (eq. [1]) to the color evolution during the phase interval

The epoch of is assumed to occur 2 days before the30 ¹ t
V

¹ 90. Bmaxepoch of (Leibundgut 1988).Vmax

BV coverage extending to at least days to derive ant
V

\ 30
estimate of the color excess E(B[V ). Note in Figure 1 that
individual SNe can display systematic residuals with respect
to the Lira Ðt (i.e., the points lie mostly bluer or redder than
the line), suggesting that there is an intrinsic dispersion
about equation (1). This dispersion amounts to 0.04 mag for
the four SNe used by Lira and 0.06 mag for the six SNe
shown in Figure 1 ; in calculating color excesses from equa-
tion (1), we will adopt a value of 0.05 mag in our error
analysis.

For relatively bright SNe observed with CCDs, the preci-
sion of the photometry obtained at D1È3 months after
maximum is typically still quite good (0.02È0.05 mag).
However, for more distant events, the late-time photometry
coverage tends to be relatively sparse, with typical errors
D0.1È0.2 mag for individual observations, and values of
E(B[V ) derived directly from equation (1) will often have
large associated errors. For such SNe, a better technique is
to use template Ðts of the type employed by Hamuy et al.
(1996c) to derive an estimate of the observed B[V color at
some Ðducial epoch in the interval This value30 ¹ t

V
¹ 90.

can then be compared with the intrinsic color predicted by
equation (1) for the same epoch to derive the color excess.
This procedure has the advantage of using the entire set of
BV photometry to estimate a late-epoch color rather than
just the subset of data obtained at 30 ¹ t

V
¹ 90.

For a sample of 62 well-observed SNe Ia with z ¹ 0.1
consisting of (1) the sample of 29 SNe Ia““ Cala" n/Tololo ÏÏ
published by Hamuy et al. (1996c), (2) 20 SNe Ia published
in Riess et al. (1999), which we will refer to as the ““ CfA ÏÏ
sample, and (3) 13 nearby, well-observed SNe Ia (1937C,
1972E, 1980N, 1981B, 1986G, 1989B, 1990N, 1991T,
1991bg, 1992A, 1994D, 1996X, and 1996bu ; see Table 1 for
photometry references), we have calculated color excesses

TABLE 1

PHOTOMETRY REFERENCES FOR

NEARBY SNE Ia

SN References

1937C . . . . . . . . . . . . . . . . . . . 1
1972E . . . . . . . . . . . . . . . . . . . 2È5
1980N . . . . . . . . . . . . . . . . . . 6
1981B . . . . . . . . . . . . . . . . . . . 7È9
1986G . . . . . . . . . . . . . . . . . . 10
1989B . . . . . . . . . . . . . . . . . . . 11
1990N . . . . . . . . . . . . . . . . . . 12
1991T . . . . . . . . . . . . . . . . . . . 12
1991bg . . . . . . . . . . . . . . . . . . 13, 14
1992A . . . . . . . . . . . . . . . . . . . 15
1994D . . . . . . . . . . . . . . . . . . 16
1996X . . . . . . . . . . . . . . . . . . . 17
1998bu . . . . . . . . . . . . . . . . . . 18

REFERENCES.È(1) Pierce & Jacoby
1995 ; (2) Ardeberg & de Grood 1973 ; (3)
Cousins 1972 ; (4) Eggen & Phillips
(unpublished) ; (5) Lee et al. 1972 ; (6)
Hamuy et al. 1991 ; (7) Barbon, Ciatti, &
Rosino 1982 ; (8) Buta & Turner 1983 ; (9)
Tsvetkov 1982 ; (10) Phillips et al. 1987 ;
(11) Wells et al. 1994 ; (12) Lira et al. 1998 ;
(13) Filippenko et al. 1992 ; (14) Leib-
undgut et al. 1993 ; (15) Suntze† et al.
(unpublished) ; (16) Smith et al.
(unpublished) ; (17) Covarrubias et al.
(unpublished) ; (18) Suntze† et al. 1999.

Phillips et al. 1999
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Figure 13. A summary of the correlations between the timing parameters (t1, t0 and t2), !m15, tL and the late-time luminosity (M|55), in each filter. There is a
strong correlation amongst the t2, !m15, tL and M|55 (r > 0.65). The colour bar scales from white to red in ascending order of correlation strength. Correlations
with r < 0.4 have been set to white.

for this is not entirely clear, but both the Y and J bands are expected
to be strongly influenced by Fe lines, while H is dominated by
Co lines (e.g. Marion et al. 2009; Jack et al. 2012). The striking
coincidence of t2 and tL in the NIR light curves is further evidenced
that t2 directly depends on the Ni mass in the explosion.

Scalzo et al. (2014) found that the Ni mass depends on !m15(B)
and the bolometric peak luminosity. All these parameters (mmax

B ,
!m15(B), t2 and tL and NIR late-phase luminosity) can be tied to
the Ni (and/or Fe) mass in the explosion. We provide a summary
of the important correlations analysed in this work for the three
NIR filters in Fig. 13, where we correlate the timing parameters (t1,
t0, t2), !m15, tL and NIR late-phase luminosity (M|55). With most
of the Fe synthesized in the explosion, we propose that all light-
curve parameters point to the Ni as the dominant factor in shaping
the light curves. We find a consistent picture that the properties of
second maximum in the NIR light curves are strongly influenced
by the amount of Ni produced in the explosion followed by a more
luminous decline.

The NIR colours show a pronounced evolution after t1, the flux
in the J band decreases significantly with respect to both Y and H
shortly after t1 (Fig. 6). The reason for this depression is most likely
the lack of transitions providing the required channel for radiation to
emerge around 1.2 µm (Spyromilio et al. 1994; Höflich, Khokhlov
& Wheeler 1995; Wheeler et al. 1998). This persists until t2 when
the [Fe II] (1.25 µm) emission line forms and the J-band magnitude
recovers relative to H, although not compared with Y, which is also
dominated by Fe lines (Marion et al. 2009). The H filter is dominated
by Co II lines (e.g. Kasen 2006; Jack et al. 2012). After the second
maximum, J − H turns redder again due to the faster decline rate in
the J filter.

We investigated whether the (optically) fast-declining SNe Ia can
be grouped within our analysis. These SNe have very low 56Ni mass
which is almost certainly centrally located (low velocities of Fe III

in the optical at late times in SN 1991bg; Mazzali et al. 1998) and
transition so rapidly that a second maximum barely has time to form.
Thus, we could not include them directly in our study. However, a

comparison of M|55 with !m15(B) can be made for four objects of
this class (SNe 2005ke, 2006mr, 2007N and 2007ax). The trend of
these objects showing a fainter M|55 luminosity with larger !m15(B)
is followed, but it is unclear whether these SN 1991bg-like SNe Ia
follow the same relation as their brighter counterparts. The result
remains inconclusive as the scatter remains currently too large. We
note that the decline rates in the NIR at late times for these objects
do not differ significantly from our sample. They follow the same
distribution as in Fig 5.

5.2 Improved distance measurements?

The uniformity of the NIR light curves is in use for cosmolog-
ical projects (Barone-Nugent et al. 2012; Weyant et al. 2014).
Krisciunas et al. (2009) finds no correlation of the maximum lu-
minosity with other light-curve parameters, but identified the (opti-
cally) fast-declining SNe Ia as subluminous in the NIR compared to
the other SNe Ia in their sample. In Kattner et al. (2012), the authors
find a weak trend between the NIR first maximum luminosity and
!m15.

We looked for NIR light-curve properties to further improve
SNe Ia as distance indicators. In Fig. 14, we find no significant
evidence for a correlation between M1 and t2 for objects in our
sample. The faintness of SN 2006X in this diagram is probably due
to the strong absorption towards this SN.

The scatter in Fig. 1 falls to around 0.2 mag at later NIR phases.
Between t0 and t2 all NIR light curves reach comparable luminosi-
ties. These phases are between 10 and 20 d in Y, near 15 and 20 d
in J and H when SNe Ia are only about 1 (0.5) mag fainter than
at the first maximum in Y (H). The decline in the J light curves
is quite steep after the first maximum and the SNe have already
faded by nearly 2 mag. At least for Y and H, it might be worth-
while to investigate whether good distances can be determined at
later phases (between +10 and +15 d). The advantage would be
a distance measurement with a reduced extinction component, i.e.
mostly independent of the exact reddening law, and the possibility
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SNe Ia in the NIR

Consistent picture emerging

– Second peak in the near-IR is the result of the 
recombination of Fe++ to Fe+ (Kasen 2006)

– Uniform ejecta structure

• late declines very similar

– higher luminosity indicates higher 56Ni mass

– later secondary peak also indicates higher 
Fe/Ni mass

– Ni mass and (optical) light curve parameters 
correlate (Scalzo et al. 2014)



Nickel masses directly?

• Correlate phase of second maximum with 
observed nickel masses

– avoid ‘detour’ through optical light curve 
shape parameter (Δm15)

Stritzinger 2005
38 well-observed SNe Ia

SN Ia Ejected Masses from SNfactory 17

these effects to be lower for events with large 56Ni mass fractions,
since the 56Ni will then be distributed more evenly among viewing
angles (see e.g. Maeda et al. 2011), and most pronounced among
faint events. However, to the extent that different lines of sight
of an asymmetric event produce similar light curve shapes, our
ejected mass estimates should be relatively insensitive to asymme-
tries. This is borne out by our method’s performance on the highly
asymmetric violent merger model 11+09. Ongoing simulations of
violent mergers and other asymmetric explosions should help to
determine the full implications of asymmetry for our results.

Finally, some of the variations in explosion physics we have
examined may be correlated in ways not captured by our mod-
els. If this is the case, however, our results can still provide in-
teresting constraints on the allowed parameter space for explosion
models. For example, if α strongly anti-correlates with light curve
width, this might allow our semi-analytic light curves to repro-
duce fast-declining SNe with Chandrasekhar-mass models. This
particular case seems physically very unlikely in the context of
the explosion models we cite herein: the 1-D explosion models of
Höflich & Khohklov (1996) actually show a correlation with posi-
tive sign between α (labelled Q in table 2 of that paper) and light
curve width (rise time), though with large scatter, and in general
we expect larger α to be associated with more extensive radia-
tion trapping and longer rise times in the context of 1-D models.
Such a case is nevertheless indicative of the kind of constraint on
Chandrasekhar-mass models our results represent.

5 DISCUSSION

Although many variables could in principle alter our reconstruc-
tion, and the absolute mass scale of our reconstructions may still
be uncertain at the 15% level based on those systematic effects
we have been able to quantify, we believe we have convincingly
demonstrated that a range of SN Ia progenitor masses must exist.
For those sets of assumptions that incur minimal bias when recon-
structing simulated light curves, we find a significant fraction (up
to 50%) of sub-Chandrasekhar-mass SNe Ia in our real data. We
should therefore take seriously the possibility that SNe Ia are dom-
inated by a channel which can accomodate sub-Chandrasekhar-
mass progenitors, or that at least two progenitor channels contribute
significantly to the total rate of normal SNe Ia. We now attempt to
further constrain progenitor models by examining the dependence
of Mej on M56Ni, with the caveat that the systematic errors on
M56Ni may be larger than our reconstruction estimates.

The most mature explosion models currently available in the
literature for sub-Chandrasekhar-mass white dwarfs leading to nor-
mal SNe Ia are those of Fink et al. (2010), with radiation transfer
computed by Kromer et al. (2010), and those of Woosley & Kasen
(2011). According to Fink et al. (2010), systems with total masses
(carbon-oxygen white dwarf plus helium layer) as low as 1 M⊙

can still produce up to 0.34M⊙ of 56Ni. The mass fraction of 56Ni
increases rapidly with progenitor mass, with the detonation of a
1.29 M⊙ system producing 1.05 M⊙ of 56Ni. Woosley & Kasen
(2011) find a similar trend, with nickel masses ranging from 0.3–
0.9M⊙ for progenitors with masses in the range 0.8–1.1M⊙. The
models differ in their prescriptions for igniting a carbon detonation
and in the resulting nucleosynthesis from helium burning, but the
overall 56Ni yields agree in cases where a carbon detonation has
been achieved.

Very recently, the possibility of collisions of white dwarfs
producing SNe Ia has also been raised (Benz et al. 1989;
Rosswog et al. 2009; Raskin et al. 2009). Ordinarily one would ex-
pect white dwarf collisions to occur only in very dense stellar en-
vironments such as globular clusters. However, in triple systems
consisting of two white dwarfs accompanied by a third star in a
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Figure 10. Ejected mass vs. 56Ni mass for the SNfactory sample in our
fiducial analysis. Colors represent different spectroscopic subtypes, as in
Figure 7. The horizontal dotted line marks the Chandrasekhar massM =
1.4M⊙. The black solid curve shows the expectedMej-M56Ni relation for
sub-Chandrasekhar-mass double detonations from the models of Fink et al.
(2010) as presented in Ruiter et al. (2013). The dashed curve shows the
predictions of the white dwarf collision model of Kushnir et al. (2013).

highly eccentric orbit, Kozai resonances can substantially decrease
the time to a double-degenerate merger or collision (Katz & Dong
2012; Kushnir et al. 2013). Both sub-Chandrasekhar-mass and
super-Chandrasekhar-mass SNe Ia could arise through this chan-
nel. The uncertainties involved in predicting the rate of such events
are substantial, but Kushnir et al. (2013) make a concrete predic-
tion for the variation of 56Ni mass with total system mass in white
dwarf collisions, which we can evaluate here. We caution that
Raskin et al. (2010) show that 56Ni mass, and indeed the very oc-
currence of an explosion, depend on the mass ratio as well as the
impact parameter for the collision.

Figure 10 shows Mej vs. M56Ni for the SNfactory data and
the expected relations for the models of Ruiter et al. (2013) and
Kushnir et al. (2013). The Ruiter et al. (2013) trend seems to be
consistent with a few of the lowest-mass SNfactory SNe Ia, but in
general the predicted increase of M56Ni with Mej is too steep to
accommodate most of our observations. The trend of Kushnir et al.
(2013) does reasonably well for some of the low-M56Ni SNfactory
SNe Ia, but can accommodate neither our least massive SNe nor
bright 1991T-like SNe Ia. The latter could perhaps be explained by
the more detailed collision models of Raskin et al. (2010).

Interestingly, our SNe Ia with Mej > 1.3 M⊙ lie in a lo-
cus parallel to the Ruiter et al. (2013) curve and about 0.3 M⊙

higher. While these higher-mass SNe Ia cannot easily be explained
by double detonations, they could perhaps be explained more natu-
rally as double-degenerate mergers. The violent merger models of
Pakmor et al. (2010, 2011, 2012) are expected to produce similar
56Ni yields to double-detonation models with comparable primary
white dwarf masses (Ruiter et al. 2013). Reproducing the 56Ni
masses from our reconstruction requires a primary white dwarf
mass of at least 1.1 M⊙. However, Pakmor et al. (2011) showed
that in violent mergers of two carbon-oxygen white dwarfs, a mass
ratio of at least 0.8 is needed to trigger the explosion, meaning
that violent mergers with M56Ni > 0.5 M⊙ should have Mej >
1.9 M⊙, like the different views of 11+09 listed in Table 4 (which
our method correctly reconstructed as super-Chandrasekhar). Our
absolute mass scale would have to be inaccurate at 50% level to
explain our observations with current models of violent mergers of
two carbon-oxygen white dwarfs. The trend could also be gener-
ated by violent mergers of a carbon-oxygen white dwarf with a he-
lium white dwarf (Pakmor et al. 2013), since helium ignites more

c⃝ 0000 RAS, MNRAS 000, 000–000

Scalzo et al. 2014
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Luminosity function of SNe Ia
Use the phase of the 
second maximum to 
derive the bolometric 
peak luminosity
– calibrated on a sample 

of reddening-free SNe Ia
• SNe with E(B-V)<0.1

• pseudo-bolometric light 
curves (UBVRIYJH)

– apply to reddened 
objects

S. Dhawan et al.: Nickel mass in SNe Ia

Fig. 1. Bolometric maximum luminosity Lmax is plotted against the
phase of the second maximum t2 in Y JH filter light curves. A strong
correlation is observed in Y and J, whereas a weaker correlation is seen
in the H band. Best fit lines are overplotted in black. The fit includes
errors on both axes.

Table 2. Values of the coe�cients for correlations between Lmax and t2
in the individual filters.

Filter ai bi

Y 0.041 ± 0.005 �0.065 ± 0.122
J 0.039 ± 0.004 0.013 ± 0.106
H 0.032 ± 0.008 0.282 ± 0.174

In the interest of a clean low extinction sample, we have re-
moved seven objects with E(B�V)host < 0.1 but total E(B�V) �
0.1. Interestingly, several of the excluded objects are amongst
the most luminous SNe Ia in the sample. Even after the removal
of these seven objects, we do not derive a significant correlation
for the H band light curves from our sample. It will have to be
seen, whether future data will reveal a correlation or whether the
H light curves are not as sensitive to the nickel mass as the other
NIR filters. The relations are identical for the full and restricted
sample within the uncertainties listed in Table 2. We combine the
relations from the two bands for extrapolating the values of Lmax
in the following analysis. We assume that the Y band estimate
is equivalent to the value in the J band and calculate the slope
and intercept with the photometry of both filters, which leads to
improved statistics.

3.2. Deriving M

56

Ni

from L

max

We present three di↵erent methods to derive M56Ni from Lmax:
using Arnett’s rule with an individual rise time for each SN Ia,
using Arnett’s rule with an assumed constant rise time applied to
all SNe Ia, and calculating Lmax from delayed detonation models
with di↵erent M56Ni yields (Blondin et al. 2013). Arnett’s rule
states that at maximum light the bolometric luminosity equals
the instantaneous rate of energy input from the radioactive de-
cays. Any deviations from this assumption are encapsulated in a
parameter ↵ below. It is quite possible that ↵ depends on the
explosion mechanism and shows some variation between ex-
plosions (Branch 1992; Khokhlov et al. 1993). These early pa-
pers found rather wide ranges with 0.75 < ↵ < 1.4 depend-
ing on the exact explosion model and the amount of assumed
mixing (Branch 1992; Khokhlov et al. 1993). More recently
Blondin et al. (2013) found a range of ↵ within 10% of 1 for
delayed detonation models. These models are not applicable for
low-luminosity SNe Ia. If ↵ systematically depends on explosion
characteristics, then the derived nickel masses may su↵er from
a systematic drift not captured in our treatment. These uncer-
tainties must be taken into account for interpreting the derived
56Ni mass.

3.2.1. Arnett’s rule with individual rise times

Arnett’s rule states that the luminosity of the SN at peak is given
by the instantaneous rate of energy deposition from radioactive
decays inside the expanding ejecta (Arnett 1982; Arnett et al.
1985). This is summarized as (Stritzinger et al. 2006a):

Lmax(tR) = ↵E56Ni(tR), (2)

where E56Ni is the rate of energy input from 56Ni and 56Co decays
at maximum, tR is the rise time to bolometric maximum, and ↵
accounts for deviations from Arnett’s Rule. The energy output
from 1 M� of 56Ni is (↵ = 1):

✏Ni(tR, 1 M�) = (6.45⇥1043e�tR/8.8+1.45⇥1043e�tR/111.3) erg s�1.

(3)

We use the relation for estimates with di↵erent rise times in the
B filter for each SN following,

tR,B = 17.5 � 5 · (�m15 � 1.1) (4)

from Scalzo et al. (2014), which covers the tR,B–�m15 parameter
space of Ganeshalingam et al. (2011). Like Scalzo et al. (2014),
we apply a conservative uncertainty estimate of ±2 days. The
bolometric maximum occurs on average one day before Bmax
(Scalzo et al. 2014).

3.2.2. Arnett’s rule with a fixed rise time

Originally, M56Ni was determined from Lmax for a fixed rise time
of 19 days for all SNe Ia (Stritzinger et al. 2006a). Similar to
these analyses we propagate an uncertainty of ±3 days to ac-
count for the diversity in the rise times. The peak luminosity
then becomes (Stritzinger et al. 2006a)

Lmax = (2.0 ± 0.3) ⇥ 1043(M56Ni/M�) erg s�1. (5)

As described above, we assumed ↵ = 1 (see Stritzinger et al.
2006a; Mazzali et al. 2007), which is the analytical approxima-
tion of Arnett (1982). For the DDC models of Blondin et al.
(2013), ↵ is within 10% of 1 for all but the least luminous model.

A84, page 3 of 8

Dhawan et al. 2016



Luminosity function of SNe Ia

• SN 2014J test passed

• Potential to determine 
the luminosity function 
and Ni distribution

A&A 588, A84 (2016)

Table 4. Comparison of di↵erent methods of estimating M56Ni for SN 2014J.

MNi (inferred) � Method Reference
0.62 0.13 � ray lines Churazov et al. (2014)
0.56 0.10 � ray lines Diehl et al. (2015)
0.37 . . . Bolometric light curve AV = 1.7 mag Churazov et al. (2014), Margutti et al. (2014)
0.77 . . . Bolometric light curve AV = 2.5 mag Churazov et al. (2014), Goobar et al. (2014)
0.64 0.13 NIR second maximum this work (combined fit)
0.60 0.10 NIR second maximum + measured rise this work

Notes. All measurements assume a distance modulus of 27.64 ± 0.10.

Table 5. M56Ni estimates for objects with high values of E(B � V)host.

S N t2 M56Ni (inferred) M56Ni (lit. val.) Percent di↵erence Referencea

(d) (M� ) (M� )
SN 1986G 16.4 ± 1.4 0.33 ± 0.08 0.38 ± 0.03 15.15 RL92
SN 1998bu 29.9 ± 0.4 0.58 ± 0.12 0.57 1.7 S06b
SN 1999ac 27.0 ± 2.0 0.53 ± 0.12 0.67 ± 0.29 26.4 S06a
SN 2001el 31.2 ± 0.7 0.62 ± 0.12 0.40 ± 0.38 33.8 S06a
SN 2002bo 28.9 ± 0.7 0.56 ± 0.12 0.52 7.1 St05
SN 2003cg 30.2 ± 1.5 0.59 ± 0.13 0.53 10.1 ER06
SN 2003hv 22.3 ± 0.1 0.43 ± 0.11 0.40 ± 0.11 6.9 L09
SN 2006X 28.2 ± 0.5 0.57 ± 0.11 0.50 ± 0.05 12.2 W08
SN 2007if 32.3 ± 0.8 0.65 ± 0.16 1.6 ± 0.1 158.3 S10

Notes. Comparison with independent estimates from the literature are given where available. (a) The references for the M56Ni measurements are
RL92: Ruiz-Lapuente & Lucy (1992); S06a: Stritzinger et al. (2006a); S06b: Stritzinger et al. (2006b); St05: Stehle et al. (2005); ER06: Elias-Rosa
et al. (2006); L09: Leloudas et al. (2009); W08: Wang et al. (2008); S10: Scalzo et al. (2010).

to �17. This is also reflected in our luminosity function (Fig. 3),
where we observe a clear peak at Lmax = 1.3 ⇥ 1043 erg s�1 with
some more luminous objects and a tail to fainter objects. The
range is also comparable to the one found by Li et al. (2011).

In the next step we derive the distribution of M56Ni for all
SNe Ia with su�cient infrared light curve data using Eq. (6) and
a fixed rise time and ↵ = 1. Table 6 and Fig. 3 present the SN Ia
nickel mass function.

6. Discussion and conclusion

Using the relation derived from the low-reddening sample, we
extrapolate an Lmax value for 58 SNe Ia objects having a mea-
sured t2. The estimate of t2, along with this relation, provides
a method of deducing the bolometric peak luminosity, indepen-
dent of a reddening estimate and of a distance measurement (rel-
ative to the calibration of our low-absorption sample) and with-
out requiring multi-band photometry. We thus have established
a reddening-free luminosity function of SNe Ia at peak (Fig. 3).

We established an intrinsic luminosity function and 56Ni
mass distribution for all SNe Ia with a t2 measurement (Table 6).
The distribution of Lmax has a standard deviation of 0.2 ⇥
1043 erg s�1, and M56Ni has a standard deviation of 0.11 M�.
Scalzo et al. (2014) find a similar distribution of M56Ni with a �
of 0.16 M�. We tested our method on SN 2014J, a heavily red-
dened SN Ia in the nearby galaxy M 82, and find good agreement
between the estimates from the �-ray observations (Churazov
et al. 2014; Diehl et al. 2015, see Table 4). Faint, 91bg-like
SNe Ia, which show typically lower luminosities (Filippenko
et al. 1992; Leibundgut et al. 1993), do not display a sec-
ond maximum in their NIR light curves and are not in our
sample. Therefore, the true dispersion in peak luminosity and
M56Ni for SN Ia will likely be larger than what is derived here.

Stritzinger et al. (2006a) find a dispersion of a factor of ⇠10,
since their sample included peculiar SNe Ia, such as SN 1991bg
and SN 1991T.

Our reddening-free estimate of the M56Ni can be compared
to independent 56Ni mass estimates, such as from the late-time
(�200 d) pseudo-bolometric light curve. It should also be pos-
sible to determine the amount of radiation emitted outside the
UVOIR region of the spectrum at late phases and a bolometric
correction (e.g. Leloudas et al. 2009). There are very few ob-
jects for which both NIR data to measure t2 and nebular phase
pseudo-bolometric observations are present, making a quantita-
tive comparison for a sample of objects extremely di�cult. Thus,
we strongly encourage more late-time observations of SN Ia.

The observed Lmax and M56Ni distributions directly connect
to the physical origin of the diversity amongst SNe Ia. A pos-
sible explanation is the di↵erence in the explosion mechanism.
Pure detonations of Mch WDs (Arnett 1969) were seen to be un-
feasible since they burn the entire star to iron group elements
and do not produce the intermediate mass elements (IMEs) ob-
served in SN Ia spectra. Pure deflagrations (e.g. Travaglio et al.
2004) can reproduce observed properties of SNe with M56Ni 
0.4 M�. Deflagration models however, cannot account for SNe
with higher M56Ni and hence, cannot explain the entire distribu-
tion in Fig. 3.

Delayed-detonation models (e.g. Khokhlov 1991; Woosley
1990) are more successful at producing higher M56Ni. In this ex-
plosion model, a subsonic deflagration expands the white dwarf
to create low densities for IMEs to be produced in a supersonic
detonation phase that is triggered at a deflagration-to-detonation
transition density (⇢tr).

Recent 1D studies by Blondin et al. (2013) compare a suite
of Chandrasekhar mass (MCh) delayed detonation models with
observations for SNe with a range of peak luminosities. They
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Nickel masses

• Using a timing 
parameter for nickel 
masses
– completely 

independent on 
reddening and 
multiple light curves

• Explore different 
methods to calculate 
the nickel mass
(currently still all 
Chandrasekhar-mass 
progenitors
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Fast-declining SNe Ia

Two groups?
– selected SNe Ia with
Δm9E B > 1.6

– separation in 
• bolometric luminosity

• phase of NIR first peak

• luminosity of NIR first
peak

• lack of second second
NIR maximum

• SN 1991bg-like spectrum

S. Dhawan et al.: Fast declining SNe Ia

Table 1. SN sample used in this analysis

SN tB(max) �m15 sBV t2(Y)1 t2(J) µ Ref 2

(MJD; d) (mag) (d) (d) (mag)
SN1999by⇤3 51308.3 1.93 0.46 N/A N/A 30.82 (± 0.15) H02,G04
SN2003gs 52848.3 1.83 0.49 · · · 15.3 (± 0.7) 31.65 (± 0.28) K09
SN2005bl⇤ 53481.6 1.80 0.39 N/A N/A 35.14 (± 0.09) WV08, F14
SN2005ke⇤ 53698.6 1.78 0.41 N/A · · · 31.84 (± 0.08) WV08, C10, F14
SN2006gt⇤ 54003.1 1.66 0.56 · · · 20.2 (± 1.2) 36.43 (± 0.05) C10
SN2006mr⇤ 54050.2 1.84 0.26 N/A N/A 31.15 (± 0.23) C10
SN2007N⇤ 54124.3 1.79 0.29 N/A N/A 33.91 (± 0.16) S11
SN2007ax⇤ 54187.5 1.86 0.36 N/A N/A 32.20 (± 0.14) S11
SN2007ba⇤ 54196.2 1.88 0.54 20.0 (± 0.4) · · · 36.18 (± 0.05) S11
SN2007on 54421.1 1.90 0.57 18.7 (± 0.4) 18.2 (± 0.1) 31.45 (± 0.08) S11
SN2008R⇤ 54494.3 1.85 0.59 15.5 (± 0.7) 14.1 (± 0.7) 33.73 (± 0.16) S11
SN2008hs 54812.1 1.83 0.60 · · · 14.0 (± 1.0) 34.28 (± 0.13) F14
SN2009F⇤ 54841.8 1.97 0.33 N/A N/A 33.73 (± 0.16) S11
SN2010Y 55247.5 1.73 0.61 · · · · · · 33.44 (± 0.20) F14
iPTF13ebh 56622.9 1.79 0.63 19.4 (± 0.2) 17.2 (± 1.5) 33.63 (± 0.16) H15

Figure 1. Lmax versus sBV for normal SN Ia (red) and objects in our sample (black). The best fit linear relations for the faint
sub-group of the fast-declining SN Ia and the rest are plotted as blue solid lines. Inset : The u ! H (pseudo-) bolometric light
curve for SN 2006mr (green), the faintest SN in the sample is plotted in comparison with the normal, broad-lined SN 2002bo
(red Benetti et al., 2004). From the bolometric light curves it is clear that SN 2006mr has a shorter transparency timescale than
SN 2002bo which was well described by a MCh delayed detonation model by Blondin, Dessart, & Hillier (2015).

The ‘fiducial’ timescale (t0) defined by Je↵ery (1999)
as a parameter that governs the time-varying �-ray optical
depth behaviour of a supernova is the only ‘observable’.

We determine t0 by fitting the radioactive decay energy
deposition to the late time (+40 - 90 d) bolometric light
curve. As the UVOIR light curve is not truly bolometric

there is an implicit assumption that the thermal infrared
and the ultraviolet beyond the atmospheric cut o↵ are not
not significant contributors. This assumption is supported
by modelling that shows that the infrared catastrophe does
not occur at these early days while at the same time the
line blanketing opacity in the UV remains high (Blondin,
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Fast-declining SNe Ia

Phase of first NIR peak
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Implications for the explosions

Nickel and ejecta
mass

– clear indication
of sub-Chandra
explosions
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Summary

• Double-degenerate WDs promising 
progenitor channel

– SN 2011fe, DD statistics, explosion models

– some probably through other channels

• Nickel shapes most SNe Ia

• Ejecta mass varies

• Different explosion mechanisms?


