N
N

N

HAL

open science

The type Ia supernova SNLS-03D3bb from a
super-Chandrasekhar-mass white dwarf star
D.A. Howell, M. Sullivan, P.E. Nugent, R.S. Ellis, A.J. Conley, Damien Le
Borgne, R.G. Carlberg, J. Guy, D. Balam, S. Basa, et al.

» To cite this version:

D.A. Howell, M. Sullivan, P.E. Nugent, R.S. Ellis, A.J. Conley, et al..
SNLS-03D3bb from a super-Chandrasekhar-mass white dwarf star. Nature, 2006, 443, pp.308-311.

10.1038 /nature05103 . in2p3-00103975

HAL Id: in2p3-00103975
https://hal.in2p3.fr /in2p3-00103975

Submitted on 16 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

The type Ia supernova


https://hal.in2p3.fr/in2p3-00103975
https://hal.archives-ouvertes.fr

arXiv.astro-ph/0609616v1 21 Sep 2006

The type la supernova SNLS-03D3bb from a super-
Chandrasekhar-mass white dwarf star

D. Andrew Howell, Mark Sullivart, Peter E. Nugeff Richard S. Ellig, Alexander J. Conley
Damien Le Borgng Raymond G. Carlbetg Julien Guy, David Balani, Stephane Basa
Dominique Fouch€z Isobel M. HooKR, Eric Y. Hsiad, James D. Neif, Reynald Painh
Kathryn M. Perrett, Christopher J. Pritch&t

!Department of Astronomy and Astrophysics, University ofdfdo, 60 St. George Street,
Toronto, ON M5S 3H8, Canada

2| awrence Berkeley National Laboratory, Mail Stop 50-232Cyiclotron Road, Berkeley CA
94720 USA

3California Institute of Technology, E. California Blvd.agadena, CA 91125, USA
“*DAPNIA/Service d’Astrophysique, CEA/Saclay, 91191 Giisy'vette Cedex, France
°LPNHE, CNRS-IN2P3 and University of Paris VI & VII, 75005 ParFrance

SDepartment of Physics and Astronomy, University of VicapiPO Box 3055, Victoria, BC VBW
3P6, Canada

"LAM CNRS, BP8, Traverse du Siphon, 13376 Marseille Cedex-tance

8CPPM, CNRS-IN2P3 and University Aix Marseille Il, Case 98288 Marseille Cedex 9,
France

YUniversity of Oxford Astrophysics, Denys Wilkinson Buifdj, Keble Road, Oxford OX1 3RH,
UK

The acceleration of the expansion of the universe, and the ed for Dark Energy, were in-
ferred from the observations of Type la supernovae (SNe 1&)2. There is consensus that SNe
la are thermonuclear explosions that destroy carbon-oxyge white dwarf stars that accrete
matter from a companion star3, although the nature of this companion remains uncertain.
SNe la are thought to be reliable distance indicators becaesthey 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 masé — 1.4 solar masses. Here we show that the high red-
shift supernova SNLS-03D3bb has an exceptionally high lumibsity and low kinetic energy
that both imply a super-Chandrasekhar mass progenitor. Super-Chandrasekhar masSNe
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 ocar in young environments®®,
Since this supernova does not obey the relations that allovmém to be calibrated as standard
candles, and since no counterparts have been found at low relift, future cosmology studies
will have to consider contamination from such events.

SNLS-03D3bb (SN 2003fg) was discovered on April 24, 2003) B8 part of the Supernova
Legacy Survey (SNLS). Its redshift is= 0.2440 + 0.0003, determined from host galaxy [Oll],
[Olll], H «, and H3 emission lines. A finding chart and observational detaifs loa found in the
supplementary information (SI). From the lightcurve (Figfd) we measure a peak magnitude in
the rest framé’” band,V = 20.50 + 0.06 mag. This corresponds to an absolute magnitude of
My = —19.94 £ 0.06 (Hy = 70 km s7! Mpc™!, Q,, = 0.3, flat universe). SNLS-03D3bb falls
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completely outside of thé/, distribution of low-z SNe 14, and is 0.87 mag (a factor of 2.2)
brighter than the median. Note that neither changes in tHebldconstant nof?,, significantly
affect this brightness difference. Asphericity may acadanvariations in SN la luminosity at the
25% level, but not a factor of tw&f. SNLS-03D3bb also does not follow the lightcurve width-
luminosity relationshig® for SNe la that allows them to be calibrated as standard eandl it is
too bright for its lightcurve width (“stretch”, s=1.13) liy61 + 0.14 mag @.40).

Type la supernovae are powered exclusively by the deca{yNaf and its decay product
% Coll, requiring~ 0.6 M, of °°Ni to reproduce a normal SNel&3141% Since SNLS-03D3bb
is 2.2 times overluminous, this implies that it hasl.3 M of **Ni. Such a largé®Ni mass is not
possible if the progenitor is limited to the Chandrasekhassn1.4\Vl;). Even models that burn
the entire 1.4V, to nuclear statistical equilibrium via a pure detonatioaduce only 0.9V,
of ®Ni, with the remainder comprising other iron-peak elem¥ntSince at least 40% of the SN
la must be elements other th#iNi to reproduce observed specft&, this implies a WD mass
of ~ 2.1 M. Some authors find rapid rotation may support such a massiite @warfé. The
merger of two massive white dwarfs could also produce a sGhandrasekhar produé€i®.

This simple estimation of the nickel mass is supported by eendetailed calculation us-
ing the principle that the luminosity at maximum light is postional to the instantaneous rate
of radioactive decad2?. The impied Ni mass &2% My; = ag‘g;;), where L,,, is the bolo-
metric luminosity at maximum light (the luminosity inte¢ed from the ultraviolet to the in-
frared), anda is the ratio of bolometric to radioactivity luminositiesear unity. S is the ra-
dioactivity luminosity per solar mass &fNi from its decay td°Co and subsequent decay*dre:

S = 6.31 x 108e7tr/38 1 1.43 x 10%e~t/11 erg s=! M_', wherety is the time in days for
the supernova to rise from explosion to maximum light. Usipg= s x 19.5 day<?®, for SNLS-
03D3bb,tz = 22 days (see Sl for the effect of a shorter rise). We zuse 1.2 as a conservative
value, although for high°Ni massesy may be lower, since nickel above the photosphere will not
contribute to the luminosi#?.

To convert our’” magnitude into a bolometric equivalent, we use a synthegctsum cal-
culated to match the observed UV+optical spectrum (Bigh®) extended into the infrared (13%
of the bolometric luminosity is from the IR extrapolation)he bolometric correctionng,.) is
0.07 £+ 0.03 mag, such thad/y,,, = My + my,. = —19.87 £+ 0.06 mag. Using these numbers, we
calculateMy; = 1.29 + 0.07 M, for SNLS-03D3bb, in agreement with the simple scaling argu-
ment used earlier. The quoted error is from the statisticagrrection, and bolometric correction
errors added in quadrature. SNLS-03D3bb has a significéantyer bolometric luminosity and
implied °**Ni mass compared to low redshift SNe (Fib. 2).

SNLS-03D3bb also has an unusually low ejecta velocity, aaahn the Keck spetrum taken
2 days after maximum light (Figl 3). With a Sill velocity & 004500 km s71, it falls well outside
the range of velocities seen for this feature at maximunt{§ty. [4). This is hard to understand
in the Chandrasekhar mass model, which predigber velocities for more luminous SNe la, in
contrast to the unusuallpw velocities in SNLS-03D3bb.

The kinetic energy £.) of a SN la arises from the difference between the nuclearggne
(F,) obtained from the synthesis of elements via fusion in th@laston and the binding energy



(E,) of the white dwar2. Thus the kinetic energy velocity isi, = 2(%7‘;3”) where My is

the mass of the white dwarf. The binding energy of a4 C/O WD is0.5 x 10°! ergst. For a
2M,, WD and a central density @f x 10? g cn3, the binding energy i$.3 x 10°! ergst,

Since there are only three classes of elements in a SN lafeak elements, intermediate
mass elements (IME), and unburned carbon and oxygen), desimpdel can be developed for
the nuclear energy generatioh,. Burning a mixture of equal parts carbon and oxygen to the
iron peak produce&iy. = 1.55 x 10°! erg M, !, while the synthesis of*Si produces 76% as
much energ¥. Thus: E, = Ep.Mwp(fre + 0.76 frug), Where My is in solar masses, anf,
and fig are the fractional compositions of iron peak and intermediaass elements. . and
fime do not sum to one, the remainder is the fraction of unburndabeeand oxygenf(-), which
does not contribute to the nuclear energy. THéi makes up approximately 70% of iron-peak
element$#18 so we adopf/y; = 0.7Mwp fre, WhereMy; is the mass of°Ni.

In the Chandrasekhar mass model, more luminous SNe, witle tiNi, have a higher,
(Fig.[4). Increasing the fraction of unburned carbon andyexy/-, can lower the kinetic energy,
perhaps accounting for some of the dispersion in SN la vigdsciHowever, this also lowers the
available®®Ni, so it cannot account for the low velocity seen in SNLS-03@3b

The kinetic energy gives the velocity of the supernova ayenlaover the entire mass, ap-
proximately equivalent to the velocity a few weeks after imaxm light'3, The most appropriate
observational signature of this velocity is unclear, siB¢¢ la line velocities change with time,
and different ions can have different relative velocitie&e find good agreement between the
Sill velocity at 40 days after maximum ligltand the theoretical kinetic energy velocity, but we
emphasize that this is in imperfect comparison.

A super-Chandrasekhar mass reproduces the low veloog@sia SNLS-03D3bb (Fidl 4).
Since Chandrasekhar models with more Ni produce highecitads, the low velocities of SNLS-
03D3bb imply an increased progenitor binding energy and thlarger total mass. As a caveat,
we note that this simple calculation is only intended tosiltate general trends. Future theoretical
studies will have to assess such complications as usirgyeift ions, different white dwarf density
structures, and a wider range of binding energies.

Super-Chandrasekhar mass SNe la should be more likely inragysiellar population, where
the most massive stars exX#%#. The low mass, star forming host of SNLS-03D3bb is consisten
with this scenario (see Sl). Thus, the apparent existensepdr-Chandrasekhar mass SNe la may
explain why the most luminous SNe la only occur in young ateghvironment%®. The standard
Chandrasekhar mass model offers no explanation for thisvi@tr, since the total amount of fuel
and triggering mechanism should be independent of the nidlse progenitor stars.

SNe such as SNLS-03D3bb will have to be screened out in cagieal studies. Since
younger stellar environments produce more luminous SNiheasiean stellar age decreases with
redshift the mean properties of SNe la will chahg&his can be calibrated if all SNe obey the
same stretch-luminosity relationship, but SNLS-03D3bbgdoot. Its peculiarity was so obvious
that it was excluded from the SNLS cosmological re5udut less extreme objects could lurk in SN
samples. Future cosmology studies will have to carefullytstise SNe la from young populations
to see if they obey the same lightcurve shape-luminositticeiship as other SNe la.
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Figure 1: The lightcurve of SNLS-03D3bb. We fit k-correctetemplate lightcurves to the ob-
served photometry of SNLS-03D3bb, then transform the peaggmtudes back to the Johnson-
Cousing® BV magnitudes in the Vega system. We find peak magnitudés ef 20.35 mag and

V = 20.50 £ 0.06 mag from a simultaneous fit i ands’ data. The error (s.d.) consists of 0.04
statistical error and 0.04 k-correction error. A lightoeitemplate was fit using the stretch method
(stretching the time axis of a template lightcurve by a stréactor,s = 1.13). The epoch of max-
imum light relative to the rest framB band was determined from a simultaneous fit to all of the
data. At maximum, we only use tHé band value to compare to other SNe, since it is the best
constrained. Data past +35 days was not used in the fit. Thesuare three sigma upper limits.
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Figure 2: Bolometric luminosity vs. implie¥Ni mass for SNLS-03D3bb and low redshift SNe
la’. The low redshift SNe la were fit using the same techniquesasetused for SNLS-03D3bb:
the bolometric luminosity was determined using the peaknitade in thel” band from a simul-
taneous fit ta3 andV band data. For the low redshift SNe Ia, we integrated the $teBiplate’

to obtain a bolometric correction of 0.06 magnitudes and racertainty (s.d.) of 0.05 mag for
the combined bolometric and k-correction error. The sohid represents a normal stretch=1 SN
la, with a rise time ) of -19.5 days, while dotted lines show= 0.9 (¢, = 17.6) ands = 1.1

(t, = 21.5). Low luminosity SNe la have lower stretches, and thus gnoise times, resulting in
less°Ni for a given luminosity, while high stretch SNe la show opp®$iehaviour. The dashed
line shows an upper limit for the expect&di mass in a Chandrasekhar mass SN la, obtained by
burning the entire white dwarf to iron-peak elements in adatior'®.
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Figure 3: Keck LRIS spectrum of SNLS-03D3bb at 2 days afteximam light compared to a
spectrum of the normal Type la SN 1994D. Also plotted is a SYW(@ to the data with dom-
inant ions labeled. SYNOW is a parameterized resonandéesog code, allowing the user to
adjust optical depths, temperatures, and velocities tinaite identification of supernova lin€s
SYNOW parameters are listed in the supplementary infoonatsNLS-03D3bb shows the lines
of IMEs typically seen in a SN la at maximum light — Sill, Slhé@Call, but in SNLS-03D3bb
the velocity of the lines is lower than usual. The line at 41% appears to be CII, but the other
predicted carbon features cannot be clearly identified dulee lower signal-to-noise ratio of the
spectrum in the red. No other identification could be foundiie 415 nm feature.
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Figure 4: Inferred Ni mass vs. Sill 615 nm velocity. The data at maximum lig&. Ni masses
are converted as described in the text usiig, = Mp + 0.2. Red circles are from early type
galaxies (E or S0), while blue circles are from late type gaks(Sa-Irr). Circle size is proportional

to vs;/vsi, Whered; is the rate of change of the velocity of the Sill feature. Ehex nou;
measurement for SNLS-03D3bli, Kinetic energy velocity of SNe la versus Ni mass for 1.4
solar mass models with different fractions of unburned @arlf-). This unburned fraction should
not be much higher than 20% because carbon is rarely seen in SN la spé&tr@®verplotted
symbols arevs; for low redshift SNe 18° extrapolated to 40 days after maximum (correcting for
stretch). For SNLS-03D3bb we usg from its closest neighbor. The error bar reflects the range
if an average value afg; is used. SNLS-03D3bb is not consistent with the .4 model. ¢, As
above, but showing that/wp ~ 2 M models can explain SNLS-03D3bb. Less extreme super-
Chandrasekhar mass models are consistent with the lowifedista. The three low°Ni SNe are

not necessarily super-Chandrasekhar SNe la — their largeyafds; make projections to 40
days uncertain. 9



