
01/09/15	
  

1	
  

Supernova Cosmology 

Bruno Leibundgut 

European Southern Observatory 

Take away messages 

•  Supernovae are complicated 
astrophysical objects 
– explosions! 

– old stars, i.e. end of stellar evolution 

–  this also applies to Type Ia supernovae 

•  The universe experiences accelerated 
expansion 
– measured through cosmological distances by 

Type Ia Supernovae 
•  SNe Ia can be used to determine accurate 

distances 
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Presentation in two parts 

1.  Physics of (Type Ia) supernovae 

–  latest results on evolutionary path towards 
supernovae 

–  explosion physics 

2.  Cosmology with Type Ia supernovae 

–  SNe Ia as distance indicators 

–  cosmological consequences 

•  accelerated expansion 

Supernova! 

©	
  Anglo-­‐Australian	
  Telescope	
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SN 1994D 

© SDSSII 

Supernovae! 
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Supernovae! 

Riess et al. 2007 

Supernova Search 
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(High-z Supernova Team) 

Supernova Search 

Supernova classification 

Based on spectroscopy 

core collapse  
in massive stars 

SN II (H) 
SN Ib/c (no H/He) 
Hypernovae/GRBs thermonuclear 

explosions 

SN Ia (no H) 
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Supernova 
Spectroscopy 

Type II 

Type Ia 

Supernova 
Spectroscopy 
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SN 
Classification 

What do we want to learn about 
supernovae? 

•  What explodes? 
–  progenitors, evolution 

towards explosion 

•  How does it explode? 

–  explosion mechanisms 

•  Where does it 
explode? 
–  environment  

•  local and global 

–  feedback 

•  What is left behind? 
–  remnants 

–  compact remnants 

–  chemical enrichment 

•  Other uses of the 
explosions 

–  light beacons 

–  distance indicators 

–  chemical factories 



01/09/15	
  

8	
  

Supernova Types 

Thermonuclear SNe 
–  Progenitor stars have 

small mass (<8M¤) 

–  highly developed stars 
(white dwarfs) 

–  Explosive C und O 
burning 

–  Binary star systems 

–  Complete destruction 

Core collapse SNe 
–  Progenitor stars have large 

mass (>8M¤) 

–  large envelope (Fusion still 
ongoing) 

–  Burning because of the high 
density and compression 

–  Single stars (double stars for  
SNe Ib/c) 

–  Neutron star as remnant 

What do we know about  
Type Ia supernovae? 

•  What explodes? 
–  progenitors, evolution 

towards explosion 
•  white dwarfs, several 

channels 

•  How does it explode? 
–  explosion mechanisms 

•  thermonuclear explosions 
•  several channels 

deflagrations 
detonations 
delayed detonations  
He detonations 
mergers  

•  What is left behind? 
–  remnants 

•  Tycho, SN 1006, LMC 

–  compact remnants 
•  none, companion (?) 

–  chemical enrichment 
•  Fe group elements 

First detection of 56Co gamma-ray lines from type Ia supernova (SN2014J) with INTEGRAL. 3

Fig. 1.— Spectrum of the SN2014J obtained by SPI over the period ⇠50 – 100 days after the outburst (red). Blue points show ISGRI/IBIS
data for the same period. The flux below ⇠60 keV is dominated by the emission of M82 itself (as seen in 2013 during M82 observations
with INTEGRAL). Black curve shows a fiducial model of the supernova spectrum for day 75 after the explosion. For the sake of clarity
the inset shows the lower energy part of the spectrum. The expected contributions of three-photon positronium annihilation (magenta)
and Compton-downscattered emission from 847 and 1238 keV lines (green) are shown in the inset.

Fig. 2.— Signatures of 56Co lines at 847 and 1238 keV in SPI images. Broad bands 800-880 keV and 1200-1300 keV are expected to
contain the flux from these lines with account for expected broadening (and shift) due to the ejecta expansion and opacity e↵ects. The
source is detected at 3.9 and 4.3 � in these two bands.

Churazov et al. 2014 
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What do we know about  
Type Ia supernovae? 

•  Where does it 
explode? 
–  environment  

(local and global) 
•  some with CSM (?) 
•  all galaxy morphologies 
•  dependencies on host 

galaxies? 

–  feedback 
•  little 

•  Other uses of the 
explosions 
–  light beacons 

•  little use as background 
source 

–  distance indicators 
•  ha! 

–  chemical factories 
•  no significant dust 

Possible progenitors 
Single Degenerate 

•  ‘life’ star 
–  young systems (>108 yr) 

•  ‘long’ mass transfer  

•  ‘messy’ environment 
–  expect hydrogen, helium, 

oxygen, dust 

•  companion left behind 

Double Degenerate 

•  2 ‘dead’ stars 
–  Old systems (>109 yr) 

•  mergers 

•  ‘clean’ environment 
 
 

•  no companion remnant 
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The “standard model” 

He (+H) 
from binary 
companion 

Explosion energy: 

Fusion of 

C+C,  C+O,  O+O   

  ⇒    "Fe“ 

Density  ~ 109  - 1010   g/cm  
 
Temperature:  a few 109  K 
 
Radii:        a few  1000 km 

C+O, 
 
 

M ≈ Mch 

There is a lot more to this – you need 
to contact your explosive theory friends 

Type Ia Supernovae 

Complicated story 

– observational diversity 

– many models 

à need more constraints 

Wang et al. 2011 

2 R. Pakmor et al.

FIG. 1.— Snapshots of the merger of a 1.1M⊙ and a 0.9M⊙ carbon-oxygen white dwarf and the subsequent thermonuclear explosion. At the start of the
simulation the binary system has an orbital period of ≈ 35s. The black cross indicates the position where the detonation is ignited. The black line shows
the position of the detonation front. Color-coded is the logarithm of the density. The last two panels have a different color scale ranging from 10−4 g cm−3 to
106 g cm−3 and 104 g cm−3, respectively.

for such an explosion with two white dwarfs of 0.9M⊙ show
good agreement with the observed properties of subluminous
1991bg-like SNe Ia. Furthermore, we found that for a primary
mass of 0.9M⊙ a mass ratio of at least about 0.8 is required
for the scenario to work (Pakmor et al. 2011).
Lately, Dan et al. (2011) showed that using exact initial

conditions can change the properties of the merger. In partic-
ular, this leads to a significantly longer inspiral in their simu-
lations. However, Dan et al. (2011) were only able to run the
simulation with a resolution of 2× 105 particles (for compar-
ison, the violent merger calculations by Pakmor et al. (2010,
2011) used 2× 106 particles).
In this work, we combine high resolution merger simula-

tions with exact initial conditions. We present the results
of a simulation of the massive merger of a 1.1M⊙ and a

0.9M⊙ carbon-oxygen white dwarf. We follow the evolution
of the binary system through the merger phase, thermonu-
clear explosion and nucleosynthesis. Finally we use three-
dimensional radiative transfer simulations to obtain synthetic
lightcurves and spectra.

2. MERGER AND EXPLOSION
The inspiral and merger is modeled using a modified ver-

sion of the GADGET code (Springel 2005). Modifications
include the Helmholtz equation of state (Timmes & Swesty
2000) and a 13 isotope nuclear reaction network that contains
all α-elements from 4He to 56Ni. Radiative cooling effects
are not included in our simulation. A detailed description of
the modifications will be given in a forthcoming paper. In
addition the maximum smoothing length of a particle was re-
stricted to 108 cm. This affects only particles ejected from

Pakmor et al. 2012 
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Historical importance of 
supernovae 

•  Historical supernova observations in 
Asia (China, Korea) 

–  Interpreted (together with comets) as 
heavenly signs (typically as bad omens) 

•  Appeared in the part of the fixed stars 

–  In contradiction ot the Ptolemaic world 
view with the heavenly spheres 

Historical importance of 
supernovae 

•  SN1572 observed by Tycho Brahe 
– De stella nova 

– No measurable parallax à outside of the 
solar system 

•  SN1604 Kepler’s Supernova 

•  Observations of S Andromeda (SN1885B) 
in the Andromeda galaxy 
– Lundmark (1925) proposed that Andromeda 

is outside our Milky Way 
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Kepler’s Supernova today 

NASA/ESA 

•  Isotopes of Ni 
and other 
elements 

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

Diehl	
  and	
  Timmes	
  (1998)	
  

Radioactivity 

Diehl et al. 2014 

SN 2014J 3

Figure 1. HST/WFC3 image of SN 2014J in M82. The RGB channels correspond to F658N+F814W, F555W, and F435W (roughly
Hα+IVB), respectively. Because the HST images of SN 2014J do not probe the wings of the PSF in the same way as the deep M82
image, simple stacking of the pre-explosion M82 and SN 2014J images produces an image where SN 2014J appears fainter than it should.
Using the brightness measurements of SN 2014J in these bands, an artificial star was generated with Tiny Tim to match the PSF of the
deep, wide-field M82 image. This source was inserted at the position of SN 2014J to create an accurate visualization.

law. They also found that a power law reddening law with
a power law index of −2.1± 0.1 is consistent with the data.

In this manuscript, we present our UV, optical, and NIR
data in Section 2. We estimate the extinction to SN 2014J
in Section 3. We describe dust reddening and circumstellar
scattering models in Section 4 and use those models to esti-
mate the reddening for SN 2014J based on our photometry
(Section 5) and spectroscopy (Section 6). We discuss our
findings and summarize our conclusions in Section 7.

2 OBSERVATIONS

2.1 Photometry

SN 2014J in M82 was observed with HST/WFC3 UVIS over
7 epochs between 2014 January 28 and 2014 March 07 (DD-
13621; PI Goobar). All 7 epochs include observations in the
F218W, F225W, F275W, and F336W filters. Epochs 1 and
3 included observations in the F467M, F631N, and F845M
filters. Epochs 2, 4, 5, and 6 included observations in F438W,
F555W, and F814W (roughly B, V , and I).

We combined exposures and performed cosmic-ray re-
jection using AstroDrizzle after we performed the pixel-
based charge-transfer efficiency correction. We registered the
individual flatfielded (flt) frames using TweakReg in Driz-
zlePac. In the images, the SN was the only detected object,
so we did not attempt to register the absolute astrometry
or perform background subtraction.

An image combining HST/WFC3 observations of
SN 2014J with deep pre-explosion images of M82 is shown in

Figure 1. To create this image, we obtained images of M82
from the Hubble Legacy Archive observed in the F435W,
F555W, F658N, and F814W filters (roughly B, V , Hα, and
I), with exposure times of 10,800, 8160, 26,400, and 4200 s,
respectively. Conversely, the SN images are extremely short
(0.48 s). While this choice prevents saturated images, the
short exposure times also prevent an accurate characteri-
zation of the wings of the point-spread function (PSF). As
such, a simple combination of the pre-explosion and SN im-
ages causes the SN to appear much fainter to the human eye
than its true brightness. Instead, we injected a model PSF,
generated using Tiny Tim (Krist et al. 2011), at the loca-
tion of the SN with the measured brightness in each band.
We then combined the final images with F435W, F555W,
and F658N + F814W as the blue, green, and red channels.
SN 2014J still appears somewhat faint in Figure 1; to see
faint structures in M82, we chose a dynamic range which
saturates the SN.

We performed aperture photometry on the SN using
the APPHOT package in IRAF1. For each image, we used
a 0′′.4 aperture. For the last epoch in F218W and the last
two epochs of F275W, the SN had faded enough such that
using such a large aperture was introducing a systematic
bias into our results. To account for this, we measured the

1 IRAF: the Image Reduction and Analysis Facility is distributed
by the National Optical Astronomy Observatory, which is oper-
ated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science
Foundation (NSF).

c⃝ 2014 RAS, MNRAS 000, 1–??

Contardo (2001) 

First detection of 56Co gamma-ray lines from type Ia supernova (SN2014J) with INTEGRAL. 3

Fig. 1.— Spectrum of the SN2014J obtained by SPI over the period ⇠50 – 100 days after the outburst (red). Blue points show ISGRI/IBIS
data for the same period. The flux below ⇠60 keV is dominated by the emission of M82 itself (as seen in 2013 during M82 observations
with INTEGRAL). Black curve shows a fiducial model of the supernova spectrum for day 75 after the explosion. For the sake of clarity
the inset shows the lower energy part of the spectrum. The expected contributions of three-photon positronium annihilation (magenta)
and Compton-downscattered emission from 847 and 1238 keV lines (green) are shown in the inset.

Fig. 2.— Signatures of 56Co lines at 847 and 1238 keV in SPI images. Broad bands 800-880 keV and 1200-1300 keV are expected to
contain the flux from these lines with account for expected broadening (and shift) due to the ejecta expansion and opacity e↵ects. The
source is detected at 3.9 and 4.3 � in these two bands.

Churazov et al. 2014 

SN 2014J 3

Figure 1. HST/WFC3 image of SN 2014J in M82. The RGB channels correspond to F658N+F814W, F555W, and F435W (roughly
Hα+IVB), respectively. Because the HST images of SN 2014J do not probe the wings of the PSF in the same way as the deep M82
image, simple stacking of the pre-explosion M82 and SN 2014J images produces an image where SN 2014J appears fainter than it should.
Using the brightness measurements of SN 2014J in these bands, an artificial star was generated with Tiny Tim to match the PSF of the
deep, wide-field M82 image. This source was inserted at the position of SN 2014J to create an accurate visualization.

law. They also found that a power law reddening law with
a power law index of −2.1± 0.1 is consistent with the data.

In this manuscript, we present our UV, optical, and NIR
data in Section 2. We estimate the extinction to SN 2014J
in Section 3. We describe dust reddening and circumstellar
scattering models in Section 4 and use those models to esti-
mate the reddening for SN 2014J based on our photometry
(Section 5) and spectroscopy (Section 6). We discuss our
findings and summarize our conclusions in Section 7.

2 OBSERVATIONS

2.1 Photometry

SN 2014J in M82 was observed with HST/WFC3 UVIS over
7 epochs between 2014 January 28 and 2014 March 07 (DD-
13621; PI Goobar). All 7 epochs include observations in the
F218W, F225W, F275W, and F336W filters. Epochs 1 and
3 included observations in the F467M, F631N, and F845M
filters. Epochs 2, 4, 5, and 6 included observations in F438W,
F555W, and F814W (roughly B, V , and I).

We combined exposures and performed cosmic-ray re-
jection using AstroDrizzle after we performed the pixel-
based charge-transfer efficiency correction. We registered the
individual flatfielded (flt) frames using TweakReg in Driz-
zlePac. In the images, the SN was the only detected object,
so we did not attempt to register the absolute astrometry
or perform background subtraction.

An image combining HST/WFC3 observations of
SN 2014J with deep pre-explosion images of M82 is shown in

Figure 1. To create this image, we obtained images of M82
from the Hubble Legacy Archive observed in the F435W,
F555W, F658N, and F814W filters (roughly B, V , Hα, and
I), with exposure times of 10,800, 8160, 26,400, and 4200 s,
respectively. Conversely, the SN images are extremely short
(0.48 s). While this choice prevents saturated images, the
short exposure times also prevent an accurate characteri-
zation of the wings of the point-spread function (PSF). As
such, a simple combination of the pre-explosion and SN im-
ages causes the SN to appear much fainter to the human eye
than its true brightness. Instead, we injected a model PSF,
generated using Tiny Tim (Krist et al. 2011), at the loca-
tion of the SN with the measured brightness in each band.
We then combined the final images with F435W, F555W,
and F658N + F814W as the blue, green, and red channels.
SN 2014J still appears somewhat faint in Figure 1; to see
faint structures in M82, we chose a dynamic range which
saturates the SN.

We performed aperture photometry on the SN using
the APPHOT package in IRAF1. For each image, we used
a 0′′.4 aperture. For the last epoch in F218W and the last
two epochs of F275W, the SN had faded enough such that
using such a large aperture was introducing a systematic
bias into our results. To account for this, we measured the

1 IRAF: the Image Reduction and Analysis Facility is distributed
by the National Optical Astronomy Observatory, which is oper-
ated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science
Foundation (NSF).

c⃝ 2014 RAS, MNRAS 000, 1–??
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Luminosity distribution 

Li et al. 2010 

SNe Ia are not  
a homogeneous class 

Proliferation of information 
–  Large samples produce many peculiar and special 

objects 
–  Difficulty to assess what are generic features of the 

class and what are peculiar modifications to the norm 
•  Subluminous 
•  Superluminous 
•  CSM/no CSM 
•  Environmental effects 

à What should we give up? 
à evidence for multiple progenitor channels 
à indications for several explosion mechanisms 
à uniform metalicity 
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Type Ia SNe 
are not 
standard 
candles 

They are not even 
standardizable 

Maybe some of 
them can be 
normalised to a 
common peak 
luminosity 

•  Isotopes of Ni 
and other 
elements 

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

Diehl	
  and	
  Timmes	
  (1998)	
  

Radioactivity 

First detection of 56Co gamma-ray lines from type Ia supernova (SN2014J) with INTEGRAL. 3

Fig. 1.— Spectrum of the SN2014J obtained by SPI over the period ⇠50 – 100 days after the outburst (red). Blue points show ISGRI/IBIS
data for the same period. The flux below ⇠60 keV is dominated by the emission of M82 itself (as seen in 2013 during M82 observations
with INTEGRAL). Black curve shows a fiducial model of the supernova spectrum for day 75 after the explosion. For the sake of clarity
the inset shows the lower energy part of the spectrum. The expected contributions of three-photon positronium annihilation (magenta)
and Compton-downscattered emission from 847 and 1238 keV lines (green) are shown in the inset.

Fig. 2.— Signatures of 56Co lines at 847 and 1238 keV in SPI images. Broad bands 800-880 keV and 1200-1300 keV are expected to
contain the flux from these lines with account for expected broadening (and shift) due to the ejecta expansion and opacity e↵ects. The
source is detected at 3.9 and 4.3 � in these two bands.

Churazov et al. 2014 

Contardo (2001) 
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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. 2007 

Ejecta masses 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

0.0 0.5 1.0 1.5 2.0
56Ni mass (M⊙)

1.0

1.5

2.0

2.5

E
je

ct
e
d

m
a
ss

(M
⊙

)

Ruiter+ 2012

Kushnir+ 2013

91T-like

99aa-like

high-Ni

norm

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 
SNFactory 
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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 

SN	
   Δm15(B)	
  
1980N	
   1.29	
  
1986G	
   1.79	
  
1998bu	
   1.05	
  
1999aw	
   0.81	
  
1999ee	
   0.94	
  
2000ca	
   1.01	
  
2001el	
   1.15	
  

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  
–  58 in Y, 22 in K 

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

Dhawan et al. 2015 
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Diversity after maximum 
4 days 14 days 30 days 

Dhawan et al. 2014 

maximum minimum second maximum 

Late decline (t>40 days) 
Dhawan et al. 2015 
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Correlations 

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

1352 S. Dhawan et al.

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 

Luminosity of late 
decline and the 
phase of the second 
maximum are linked 
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Correlations with 
the optical 

•  IR properties 
correlate with optical 
decline rate 

•  Phase of secondary 
maximum strongly 
correlated with Δm15 

Biscardi et al. 2012 A&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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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 

Dhawan et al. 2014 
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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 
•  Using a timing parameter for 

nickel masses 
–  completely independent on 

reddening and multiple light 
curves 

•  Test with a sample of 
unreddened SNe Ia 

•  Explore different methods to 
calculate the nickel mass 
(currently still all 
Chandrasekhar-mass 
progenitors) 

Dhawan et al. subm. 
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Luminosity and mass functions 

•  Reddening 
independent 
distribution functions 

–  fails for super-Chandra 
objects 

•  SN 2007if 

– potential shock 
interaction at peak 
might create additional 
luminosity Dhawan et al. subm. 

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 
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Type Ia supernova  
cosmology 

Excellent distance indicators! 

 

Supernova Cosmology 
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The expansion of the universe 

Luminosity distance in an isotropic, 
homogeneous universe as a Taylor 
expansion 
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General luminosity distance 

– with                          and 
 

ωM= 0 (matter)  

ωR= ⅓ (radiation)  

ωΛ= -1 (cosmological constant) 
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SN Ia Hubble diagram 

•  Excellent distance indicators 

•  Experimentally verified 

•  Work of several decades 

•  Best determination of  
the Hubble constant 

Reindl et al. 2005 

Distance indicator! 
Distance 

Expansion velocity 
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The SN Hubble 
Diagram 

Scale factor 
‘Mean distance 
between galaxies’ 

today 
Time 

Ω>1 

Ω=1 

Ω=0 

- 14 - 9 - 7 

billion years 
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What does this mean? 

Distant supernovae are further away than in 
a freely expanding, emtpy universe 

This requires a repulsive component 
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Einstein zur  
Kosmologischen Konstante 

Einstein	
  (1917)	
  

[Die	
  Kosmologische	
  Konstante]	
  haben	
  wir	
  nur	
  nöIg,	
  um	
  eine	
  quasi-­‐staIsche	
  Verteilung	
  
der	
  Materie	
  zu	
  ermöglichen,	
  wie	
  es	
  der	
  Tatsache	
  der	
  kleinen	
  Sterngeschwindigkeiten	
  
entspricht.	
  

Contents of the universe 

Dark Matter and Dark Energy are the 
dominant energy components in the 
universe. 
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Supernova Cosmology 

560 SNe Ia 

Goobar & Leibundgut 2011 

Goobar & Leibundgut 2011 

et voilà ... 

10 years of progress 
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Constant ω firmly established 

Status 2014 
M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.

redshift
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Fig. 7. Values of �coh determined for seven sub-samples of the
Hubble residuals: low-z z < 0.03 and z > 0.03, SDSS z < 0.2
and z > 0.2, SNLS z < 0.5 and z > 0.5, and HST.

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density
⌦m. However, SNe alone can only measure ratios of distances,
which are independent of the value of the Hubble constant today
(H0 = 100h km s�1 Mpc�1). In this section we discuss ⇤CDM
parameter constraints from SNe Ia alone. We also detail the rel-
ative influence of each incremental change relative to the C11
analysis.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10pc) computed for a fixed
fiducial value of H0 = 70 km s�1 Mpc�1,12 assuming an unper-
turbed Friedmann-Lemaître-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The
free parameters in the fit are ⌦m and the 4 nuisance parameters
↵, �, M1

B and �M from Eq. (4). The Hubble diagram for the JLA
sample and the ⇤CDM fit are shown in Fig. 8. We find a best fit
value for ⌦m of 0.295 ± 0.034. The fit parameters are given in
the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

12 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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Fig. 8. Top: Hubble diagram of the combined sample. The dis-
tance modulus redshift relation of the best-fit ⇤CDM cosmol-
ogy for a fixed H0 = 70 km s�1 Mpc�1 is shown as the black
line. Bottom: Residuals from the best-fit ⇤CDM cosmology as
a function of redshift. The weighted average of the residuals in
logarithmic redshift bins of width �z/z ⇠ 0.24 are shown as
black dots.

Fig. 9. 68% and 95% confidence contours for the ⇤CDM fit pa-
rameters. Filled gray contours result from the fit of the full JLA
sample; red dashed contours from the fit of a subsample exclud-
ing SDSS-II data (lowz+SNLS).

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data
to the C11 sample is interesting in several respects. Most impor-
tantly, cross-calibrated accurately with the SNLS, the SDSS-II
data provide an alternative low-z anchor to the Hubble diagram,
with better understood systematic uncertainties. This redundant
anchor adds some weight in the global ⇤CDM fit, thanks to high
statistics, and helps in the determination of ⌦m with a 25% re-
duction in the total uncertainty.

The complete redshift coverage makes it possible to assess
the overall consistency of the SN data with the ⇤CDM model.
Residuals from the ⇤CDM fit can be seen for the entire redshift

15
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Fig. 14. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck tempera-
ture and WMAP polarization measurements of the CMB fluctu-
ation (PLANCK+WP), and a combination of measurements of
the BAO scale (BAO). See Sect. 7.1 for details. The black dashed
line corresponds to a flat universe.

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (26)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 14, 15 and 16. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 14, 15 and 16. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-

0.15 0.20 0.25 0.30 0.35 0.40 0.45

⌦m

�2.0

�1.8

�1.6

�1.4

�1.2

�1.0

�0.8

�0.6

�0.4

w

JLA
C11
PLANCK+WP

WMAP9
PLANCK+WP+JLA
PLANCK+WP+BAO

Fig. 15. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 15).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
PLANCK+WP+C11 (w = �1.093±0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
re-calibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11
calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
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Systematic uncertainties 
Current questions 

–  calibration 

–  reddening and absorption 
•  detection  

–  through colours or spectroscopic indicators 

•  correction 
–  knowledge of absorption law 

–  light curve fitting 

–  selection bias 
•  sampling of different populations 

– gravitational lensing 

– brightness evolution 

What next? 
Already in hand 

– >1000 SNe Ia for cosmology 
– constant ω determined to 5% 
– accuracy dominated by systematic effects 

Missing 
– good data at z>1 

•  light curves and spectra 

– good infrared data at z>0.5 
•  cover the restframe B and V filters 
•  move towards longer wavelengths to reduce 

absorption effects 
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Goobar & Leibundgut 2011 
(courtesy E. Linder and J. Johansson) 

Cosmology – more? 

Speculations 

Einstein’s cosmologal constant 
No explanation in particle physics theories 

Quintessence 
Quantum mechanical particle field releasing energy 
into the universe  

Signatures of high dimensions 
Gravity is best described in theories with more than 
four dimensions 

Phantom Energy 
Dark Energy dominates and eventually the universe 
end in a (Big Rip) 

Rµν −
1
2
gµνR−Λgµν =

8πG
c4

Tµν
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Supernova Cosmology –  
do we need more? 

Test for variable ω 
–  required accuracy ~2% in individual 

distances 
– can SNe Ia provide this? 

•  can the systematics be reduced to this level? 
•  homogeneous photometry? 
•  further parameters (e.g. host galaxy metalicity) 
•  handle >100000 SNe Ia per year? 

Euclid 
– SNe Ia with IR light curves (deep fields)  
à restframe I (z<1.2), J (z<0.8) and H (z<0.4)  

– several thousand SNe to be discovered 


