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The acceleration of the expansion of the universe, and the need for Dark Energy, were in-
ferred from the observations of Type la supernovae (SNe la) 2. There is consensus that SNe
la are thermonuclear explosions that destroy carbon-oxygen white dwarf stars that accrete
matter from a companion star?3, although the nature of this companion remains uncertain.
SNe la are thought to be reliable distance indicators because they have a standard amount
of fuel and a uniform trigger — they are predicted to explode when the mass of the white
dwarf nears the Chandrasekhar mass* — 1.4 solar masses. Here we show that the high red-
shift supernova SNLS-03D3bb has an exceptionally high luminosity and low kinetic energy
that both imply a super-Chandrasekhar mass progenitor. Super-Chandrasekhar mass SNe
la should preferentially occur in a young stellar population, so this may provide an explana-
tion for the observed trend that overluminous SNe la only occur in young environments>®,
Since this supernova does not obey the relations that allow them to be calibrated as standard
candles, and since no counterparts have been found at low redshift, future cosmology studies

will have to consider contamination from such events.

SNLS-03D3bb (SN 2003fg) was discovered on April 24, 2003 (UT) as part of the Supernova
Legacy Survey (SNLS). Its redshift is = = 0.2440 £ 0.0003, determined from host galaxy [OII],
[OIII], Hay, and HB emission lines. A finding chart and observational details can be found in the
supplementary information (SI). From the lightcurve (Figure 1) we measure a peak magnitude in
the rest frame V' band, V' = 20.50 £ 0.06 mag. This corresponds to an absolute magnitude of
My = —19.94 £ 0.06 (Hy = 70 km s~! Mpc™1, Q,; = 0.3, flat universe). SNLS-03D3bb falls

completely outside of the My, distribution of low-z SNe Ia’, and is 0.87 mag (a factor of 2.2)



brighter than the median. Note that neither changes in the Hubble constant nor €2, significantly
affect this brightness difference. Asphericity may account for variations in SN Ia luminosity at the
25% level, but not a factor of two®°. SNLS-03D3bb also does not follow the lightcurve width-
luminosity relationship '° for SNe Ia that allows them to be calibrated as standard candles — it is

too bright for its lightcurve width (“stretch”, s=1.13) by 0.61 + 0.14 mag (4.40).

Type la supernovae are powered exclusively by the decay of *Ni and its decay product °Co
1 requiring ~ 0.6 Mg, of ®Ni to reproduce a normal SNe Ia'*!%!415  Since SNLS-03D3bb is
2.2 times overluminous, this implies that it has ~ 1.3 Mof “*Ni. Such a large **Ni mass is not
possible if the progenitor is limited to the Chandrasekhar mass (1.4 M). Even models that burn
the entire 1.4 My, to nuclear statistical equilibrium via a pure detonation produce only 0.92 M
of 5°Ni, with the remainder comprising other iron-peak elements 6. Since at least 40% of the SN
TIa must be elements other than *’Ni to reproduce observed spectra'#!”, this implies a WD mass
of ~ 2.1 M. Some authors find rapid rotation may support such a massive white dwarf'®. The

merger of two massive white dwarfs could also produce a super-Chandrasekhar product ',

This simple estimation of the nickel mass is supported by a more detailed calculation us-
ing the principle that the luminosity at maximum light is proportional to the instantaneous rate

of radioactive decay?'?2. The impied Ni mass is?*?*: My; = agz’gl ) where Ly is the bolo-
R

metric luminosity at maximum light (the luminosity integrated from the ultraviolet to the in-
frared), and « is the ratio of bolometric to radioactivity luminosities, near unity. S is the ra-

dioactivity luminosity per solar mass of *Ni from its decay to **Co and subsequent decay to **Fe:



S = 6.31 x 108e7tr/38 11,43 x 10"%e /11 erg s=! M_', where 5 is the time in days for
the supernova to rise from explosion to maximum light. Using tz = s x 19.5 days?, for SNLS-
03D3bb, tgp = 22 days (see SI for the effect of a shorter rise). We use v = 1.2 as a conservative
value, although for high °Ni masses, o may be lower, since nickel above the photosphere will not

contribute to the luminosity 2.

To convert our V' magnitude into a bolometric equivalent, we use a synthetic spectrum cal-
culated to match the observed UV+optical spectrum (Fig. 3), but extended into the infrared (13%
of the bolometric luminosity is from the IR extrapolation). The bolometric correction (1my,) is
0.07 + 0.03 mag, such that My,,; = My + my,. = —19.87 £ 0.06 mag. Using these numbers, we
calculate My; = 1.29 £+ 0.07 Mg for SNLS-03D3bb, in agreement with the simple scaling argu-
ment used earlier. The quoted error is from the statistical, k-correction, and bolometric correction
errors added in quadrature. SNLS-03D3bb has a significantly larger bolometric luminosity and

implied *Ni mass compared to low redshift SNe (Fig. 2).

SNLS-03D3bb also has an unusually low ejecta velocity, as shown in the Keck spetrum taken
2 days after maximum light (Fig. 3). With a Sill velocity of 80004500 km s !, it falls well outside
the range of velocities seen for this feature at maximum light (Fig. 4). This is hard to understand
in the Chandrasekhar mass model, which predicts higher velocities for more luminous SNe Ia, in

contrast to the unusually low velocities in SNLS-03D3bb.

The kinetic energy (F}) of a SN Ia arises from the difference between the nuclear energy

(E,) obtained from the synthesis of elements via fusion in the explosion and the binding energy



(E}) of the white dwarf!?. Thus the kinetic energy velocity is: vy = 2(%7\;51’), where Mywp 1s
the mass of the white dwarf. The binding energy of a 1.4 M, C/O WD is 0.5 x 10°! ergs'*. For a

2M, WD and a central density of 4 x 10 g cm~3, the binding energy is 1.3 x 10! ergs'8.

Since there are only three classes of elements in a SN Ia (iron-peak elements, intermediate
mass elements (IME), and unburned carbon and oxygen), a simple model can be developed for the
nuclear energy generation, £,,. Burning a mixture of equal parts carbon and oxygen to the iron
peak produces Fyp. = 1.55 x 10°! erg M1, while the synthesis of 28Si produces 76% as much
energy °. Thus: E, = EpeMwp (fre + 0.76 fivg), where My is in solar masses, and fr, and
five are the fractional compositions of iron peak and intermediate mass elements. If fr, and fivg
do not sum to one, the remainder is the fraction of unburned carbon and oxygen (f¢), which does
not contribute to the nuclear energy. The 5°Ni makes up approximately 70% of iron-peak elements

1416 50 we adopt My; = 0.7 Mwp fre, Where My; is the mass of *Ni.

In the Chandrasekhar mass model, more luminous SNe, with more %6Ni, have a higher vy,
(Fig. 4). Increasing the fraction of unburned carbon and oxygen, f, can lower the kinetic energy,
perhaps accounting for some of the dispersion in SN Ia velocities. However, this also lowers the

available “°Ni, so it cannot account for the low velocity seen in SNLS-03D3bb.

The kinetic energy gives the velocity of the supernova averaged over the entire mass, ap-
proximately equivalent to the velocity a few weeks after maximum light '*. The most appropriate
observational signature of this velocity is unclear, since SN Ia line velocities change with time,

and different ions can have different relative velocities. We find good agreement between the



Sill velocity at 40 days after maximum light>® and the theoretical kinetic energy velocity, but we

emphasize that this is in imperfect comparison.

A super-Chandrasekhar mass reproduces the low velocities seen in SNLS-03D3bb (Fig. 4).
Since Chandrasekhar models with more Ni produce higher velocities, the low velocities of SNLS-
03D3bb imply an increased progenitor binding energy and thus a larger total mass. As a caveat,
we note that this simple calculation is only intended to illustrate general trends. Future theoretical
studies will have to assess such complications as using different ions, different white dwarf density

structures, and a wider range of binding energies.

Super-Chandrasekhar mass SNe Ia should be more likely in a young stellar population, where
the most massive stars exist'*?°, The low mass, star forming host of SNLS-03D3bb is consistent
with this scenario (see SI). Thus, the apparent existence of super-Chandrasekhar mass SNe Ia may
explain why the most luminous SNe Ia only occur in young stellar environments>®. The standard
Chandrasekhar mass model offers no explanation for this behaviour, since the total amount of fuel

and triggering mechanism should be independent of the mass of the progenitor stars.

SNe such as SNLS-03D3bb will have to be screened out in cosmological studies. Since
younger stellar environments produce more luminous SNe, as the mean stellar age decreases with
redshift the mean properties of SNe Ia will change’. This can be calibrated if all SNe obey the
same stretch-luminosity relationship, but SNLS-03D3bb does not. Its peculiarity was so obvious
that it was excluded from the SNLS cosmological result’, but less extreme objects could lurk in SN

samples. Future cosmology studies will have to carefully scrutinise SNe Ia from young populations



to see if they obey the same lightcurve shape-luminosity relationship as other SNe Ia.
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Figure 1 The lightcurve of SNLS-03D3bb. We fit k-corrected?’ template lightcurves to
the observed photometry of SNLS-03D3bb, then transform the peak magnitudes back to
the Johnson-Cousins?® BV magnitudes in the Vega system. We find peak magnitudes of
B =20.35 mag and V' = 20.50 + 0.06 mag from a simultaneous fit to ¢’ and ' data. The
error (s.d.) consists of 0.04 statistical error and 0.04 k-correction error. A lightcurve tem-
plate was fit using the stretch method?! (stretching the time axis of a template lightcurve
by a stretch factor, s = 1.13). The epoch of maximum light relative to the rest frame B
band was determined from a simultaneous fit to all of the data. At maximum, we only use
the V band value to compare to other SNe, since it is the best constrained. Data past +35

days was not used in the fit. The arrows are three sigma upper limits.

Figure 2 Bolometric luminosity vs. implied °Ni mass for SNLS-03D3bb and low redshift
SNe la’. The low redshift SNe la were fit using the same techniques as those used for
SNLS-03D3bb: the bolometric luminosity was determined using the peak magnitude in
the V' band from a simultaneous fit to B and V' band data. A bolometric correction of 0.06
mag was adopted for low redshift SNe la, obtained by integrating the s = 1 k-correction
template?’. A 0.05 mag k-correction plus bolometric correction error (s.d.) is shown for the
low redshift SNe la. The solid line represents a normal stretch=1 SN la, with a rise time
(¢,) of -19.5 days, while dotted lines show s = 0.9 (¢, = 17.6) and s = 1.1 (¢, = 21.5). Low
luminosity SNe la have lower stretches, and thus shorter rise times, resulting in less 5°Ni
for a given luminosity, while high stretch SNe la show opposite behaviour. The dashed

11



line shows an upper limit for the expected °°Ni mass in a Chandrasekhar mass SN Ia,

obtained by burning the entire white dwarf to iron-peak elements in a detonation 6.

Figure 3 Keck LRIS spectrum of SNLS-03D3bb at 2 days after maximum light com-
pared to a spectrum of the normal Type la SN 1994D. Also plotted is a SYNOW fit to
the data with dominant ions labeled. SYNOW is a parameterized resonance-scattering
code, allowing the user to adjust optical depths, temperatures, and velocities to aid in the
identification of supernova lines?®. SYNOW parameters are listed in the supplementary
information. SNLS-03D3bb shows the lines of IMEs typically seen in a SN la at maximum
light — Sill, SlI, and Call, but in SNLS-03D3bb the velocity of the lines is lower than usual.
The line at 415 nm appears to be CII, but the other predicted carbon features cannot be
clearly identified due to the lower signal-to-noise ratio of the spectrum in the red. No other

identification could be found for the 415 nm feature.

Figure 4 Inferred Ni mass vs. Sill 615 nm velocity. a, The data at maximum light?6. Ni
masses are converted as described in the text using M,, = Mg + 0.2. Filled circles are
from early type galaxies (E or S0), while open circles are from late type galaxies (Sa-Irr).
Circle size is proportional to vg;/vs;, where og; is the rate of change of the velocity of the
Sill feature. There is no ug; measurement for SNLS-03D3bb. b, Kinetic energy velocity
of SNe la versus Ni mass for 1.4 solar mass models with different fractions of unburned
carbon (fc). This unburned fraction should not be much higher than ~ 20% because
carbon is rarely seen in SN la spectra®. Overplotted symbols are vg; for low redshift SNe

12



la® extrapolated to 40 days after maximum (correcting for stretch). For SNLS-03D3bb
we use vg; from its closest neighbor. The error bar reflects the range if an average value
of vg; is used. SNLS-03D3bb is not consistent with the 1.4 M, model. c, As above,
but showing that Mwp ~ 2 My models can explain SNLS-03D3bb. Less extreme super-
Chandrasekhar mass models are consistent with the low redshift data. The three low 5°Ni
SNe are not necessarily super-Chandrasekhar SNe la — their large values of ©g; make

projections to 40 days uncertain.
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SN Location SNLS-03D3bb is located at RA: 14:16:18.920 Dec: +52:14:53.66 (J2000)
in the D3 (extended Groth Strip) field of the Supernova Legacy Survey (SNLS), located in
a satellite galaxy to a larger tidally distorted spiral (Supplementary Figure 1). The SN is
0.18”W and 0.03”S from the centre of its host and 4.04”E and 2.53”S from the centre of the

larger galaxy.

Spectroscopy Spectroscopic observations were obtained on 2003 May 6.3 at Keck I
using the Low Resolution Imaging Spectrograph (LRIS) in with a 1” slit, placed at a 261°
position angle to get the redshift of the faint host and the large nearby galaxy. From the
two dimensional spectrum it is apparent that both galaxies are at the same redshift. Two
1000 second observations were taken, dithering between observations. The 560 dichroic was
used to split the observations between the grism on the blue side (600 lines at 400 nm) and
the grating on the red side (400 lines grating blazed at 850 nm with central wavelength 725

nm).

Follow-up photometric observations were obtained during the “presurvey” commission-
ing phase of the SNLS. Basic photometric reductions were done using the Elixir pipeline,
and deep reference images containing no supernova light were subtracted from each image

to remove galaxy contamination. PSF-photometry was done on the difference image.

At day 20 after maximum brightness, where the colors are well measured, SNLS-03D3bb
has B—V = 0.74, and V — R = 0.16, within the distribution of local SNe Ia. There is
no evidence that the SN Ia is significantly reddened from dust, but we do not know the
instrinsic color of such an odd SN Ia. Any extinction correction would make the SN Ia

intrinsically more luminous, and thus require a higher white dwarf mass.

SYNOW fit The best fit SYNOW parameters were a photospheric velocity of 8000
km s™! with a maximum velocity of 12,500 km s™! (except for Ca II at 10,000 km s~!) and

a underlying blackbody temperature of 9000 K (varried by + 2500 K in the IR to account



Fig. 1.— A Hubble Space Telescope ACS image of the host galaxy of SNLS-03D3bb taken
through the F814W filter. Though the supernova is not present in this image, the circle
marks its position. The spectroscopic slit was placed at 261° to get the redshifts of both the

small host and the larger neighboring galaxy. Both are at z = 0.2440.
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for uncertainties in the bolometric correction). The excitation temperature was 10,000 K
for all ions except C II, which was placed at 35,000 K in order to get relative line strengths
correct in the spectrum. This is similar to what was used in a preliminary fit to SN 2006D

which showed 4 C II lines in the spectrum.

Alternative explanations It is possible to lower the implied Ni mass by decreasing
tr in Equation 2, i.e. by shortening the time from explosion to maximum light. However,
to get 0.9 Mg, of *Ni would require tg = 14.6 days, 66% of the rise time inferred from the
post maximum decline. Such a fast rise and slow decline has never before been seen in a SN

[a, so we consider this possibility to be highly unlikely.

Another way to decrease the implied Ni mass for SNLS-03D3bb is asymmetry.
Spectropolarimetric observations imply that some SNe Ia are aspherical! 2 3 4 perhaps
giving rise to a direction-dependent deviations in brightness. However, such brightness
deviations amount to only a few tenths of a magnitude. No theoretical model predicts a
factor of two increase in brightness due to viewing a SN Ia from a preferred geometry. The
relative rarity of SNLS-03D3bb offers another constraint. The fact that this type of object
has been seen only once out of hundreds of supernova observations implies that if such
behaviour is common, the area of increased luminosity must have a small solid angle. This
might be possible if we were looking down a jet, but SNLS-03D3bb has unusually low, not

unusually high velocities.

Young population Super-Chandrasekhar white dwarfs should be more likely in a

6. The two white dwarfs in a double degenerate system must

young stellar population®
have a total mass above the Chandrasekhar limit if the secondary (by definition the lower
mass star) is larger than 0.7 solar masses. Stars with an initial mass above 3 Mg produce

white dwarfs larger than 0.7 My". Since it takes 900 million years for a 3 M, star to evolve

off the main sequence®, all white dwarf pairs created before 900 million years must have



4

a combined mass above the Chandrasekhar mass. In the single degenerate scenario, the
massive hydrogen envelopes of secondaries and higher starting primary white dwarf mass
also make super-Chandrasekhar masses easier to achieve in a young population. Populations
older than a few Gyr are a factor of 10-20 are less efficient than younger populations at
creating even a Chandrasekhar mass white dwarf through the single degenerate path.® This

inefficiency would increase if a super-Chandrasekhar white dwarf is required.

To estimate the age of the host galaxy of SNLS-03D3bb, we fit PEGASE.2 population
synthesis models to the host galaxy u*¢'r’i’2’ photometry'0. We find log Mg, = 8.9370%;,
where Mg, is the host galaxy stellar mass in Mg; the galaxy is less than a tenth the mass of
the Milky Way. We find a star formation rate of 1.261)-%> My yr~—!, averaged over 0.5 Gyr.
This formally implies an age of ~ 700 Myr, though the unknown star formation history of
the galaxy makes a precise determination impossible. We treat this only as an indicator

of a young stellar population, confirming that SNLS-03D3bb matches environmental

expectations.



Table 1. Photometry of SNLS-03D3bb

MJD Exptime Flux Flux Error Mag  Filter
52721.62 720.6  1.302e-19 1.4e-19 24.88 g
52722.59 720.7 -3.566e-19 1.1e-19 25.16 g
52730.55 360.3  1.487e-19 1.4e-19 24.88 g
52785.43 900.9 7.926e-18 5.6e-20 22.03 g
52790.39 180.2  4.994e-18 1.5e-19 22.54 g
52791.44 360.4  4.434e-18 1.6e-19 22.66 g
52792.41 720.6  4.131e-18 9.7e-20 22.74 g
52813.34 720.7  2.131e-18 6.8e-20 23.46 g
52817.29 900.8  1.983e-18 5.3e-20 23.54 g
52721.57 1801.7 -2.021e-20 5.1e-20 25.21 T
52730.48 1080.7 -4.511e-20 5.0e-20  25.23 r
52755.46 2702.7  1.932e-17 4.6e-20  20.26 T
52759.46 720.8  2.072e-17 7.7e-20  20.19 r
52784.44 1800.9  1.176e-17 5.6e-20  20.80 r
52792.38 1801.0  7.486e-18 4.6e-20 21.29 T
52813.36 1440.7  3.814e-18 5.4e-20 22.03 r
02817.31 1173.3  3.583e-18 3.9e-20  22.09 T
52721.52 3603.6 -6.529e-20 2.8e-20 25.17 i
02723.57 2702.5 -7.554e-21 4.7e-20  24.61 i
52730.41 3781.7 -1.297e-19 3.7e-20  24.88 i
52753.52 3424.4  1.118e-17 6.9e-20 20.17 i
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Table 1—Continued

MJD Exptime Flux Flux Error Mag  Filter
52758.43 1441.4  1.333e-17 6.0e-20 19.98
52783.45 3641.2  9.458e-18 6.5e-20  20.35
52787.46 3641.1 8.827e-18 6.9e-20  20.43
52792.32 3641.2  7.796e-18 4.4e-20 20.56
52796.43 3641.1 6.916e-18 4.0e-20  20.69
52812.39 1040.3 4.612e-18 2.2e-19 21.13
52816.33 3641.4 4.007e-18 6.7e-20 21.28
52820.28 3120.6 3.723e-18 3.3e-20  21.36
52824.28 3641.2 3.317e-18 3.6e-20  21.49




