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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) 
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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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Large literature sample 

•  Scatter minimal at first 
maximum in  
Y (1.04μm), J (1.24μm),  
H (1.63μm) and  
K (2.14μm) 

•  ~90 objects in J and H  
–  58in Y, 22 in K 

•  Mostly Carnegie SN 
Project data  
(Contreras et al. 2010, 
Stritzinger et al. 2011) 

Dhawan et al. 2014 



Infrared light curves 

4 S. Dhawan et al.

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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NOT after maximum 
4 days 14 days 30 days 
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Late decline (t>40 days) 
Dhawan et al. 2014 



Correlations 

Phase of the second 
maximum appears to 
be a strong 
discriminator among 
SNe Ia 



Correlations 

Luminosity of late 
decline and the 
phase of the second 
maximum are linked 



Correlations with 
the optical 

•  IR properties 
correlate with optical 
decline rate 

•  Phase of secondary 
maximum strongly 
correlated Δm15 

Biscardi et al. 2012 A&A 537, A57 (2012)
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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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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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Consistent picture emerging 
•  Second peak in the near-IR is the result of the recombination 

of Fe++ to Fe+ (Kasen 2006) 

–  he predicted a later second  
maximum for larger Ni masses 

•  Optical colour evolution faster for objects with lower nickel 
mass  
(Kasen & Woosley 2007) 

•  Ejecta structure uniform 

–  late declines very similar 

➔  higher luminosity indicates a higher Ni mass 

➔  later secondary peak also indicates higher 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
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Absorption-free subsample 

•  Select SNe with  
E(B-V)<0.1 

•  Pseudo-bolometric 
light curves 
(UBVRIYJH) 
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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 

Dhawan et al., in prep 



Summary 

•  Nickel seems the dominant parameter for 
the light curves of SNe Ia 
– phase of second maximum, start of uniform 

B-V colour evolution (Lira law), optical light 
curve shape (Δm15), luminosity of the late 
decline phase 

•  Second maximum in the IR light curves 
strong parameter for SN Ia 
characterisation à simple way to measure 
nickel mass 


