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Abstract

In this thesis both the theoretical and observational foundations of dark energy are explored, as well
as our present day understanding of Type Ia supernovae (SNe la). The core of the thesis addresses
the problem of identifying the phase (time since explosion) and redshift of a Type la supernova
from its spectrum by comparison with the Nugent set of SNe la spectral templates. Solutions
have been implemented using both grid and Markov Chain Monte Carlo (MCMC) maximum
likelihood methods, which have been tested against the templates themselves and data from the
SUSPECT supernova database. While the method works well in some cases, the limited number
of templates and noise/systematic errors in the spectra make matching challenging for other cases.
For completeness we compare with the cross-correlation techniques used by the recently released
SuperNova IDentification code (SNID). SNID uses an algorithm developed by (Blondin and Tonry,
2006) and gives accurate estimates for redshift (o, < 0.01) and phase (o; < 3 days) of SNe Ia. By
including a range of non-SNe Ia templates, SNID also constrains the type of the supernova under
consideration. Nevertheless, even SNID struggles in some cases, which means that a small fraction
of supernovae spectra are never identified, even in the large on-going SNe la surveys such as SDSS,
ESSENCE and SNLS.
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Chapter 1

Introduction

1.1 Modern cosmology

Cosmology is the branch of science investigating the structure and evolution of the universe as a
whole. Its recent evolution has led it from the highly speculative field of mere philosophy to a
data-driven field of knowledge with a well established formalism. (Hubble, 1929), established a
relationship between the redshift and distance of galaxies. Soon after, it became clear that the
universe was expanding : a static universe was therefore impossible. The theory of the Big Bang
found solid grounds in the process of back tracking that observed expansion. The future of the
universe seemed then contained into two dominant scenarios : a future collapse or an expansion
forever; both depending on the density of matter present in the universe.

Recent observations showing that the universe is experiencing an accelerated phase of expansion,
sent a shockwave through the scientific community. The term Dark Energy (DE) has been coined
to name the energy driving that acceleration. According to current estimates. approximately two-
thirds of our universe is made up of that smoothly distributed DE component, about one-third
is in the form of the pressureless Cold Dark Matter (CDM), while the familiar baryonic matter
makes up less than 5% of the total density of the Universe. These hypotheses and values come
from the Standard Model of cosmology, which is basically sustained by a philosophical postulate -
the cosmological principle - and by Albert Einstein’s General Theory of Relativity.

No satisfying particles have been yet discovered for making up the CDM. Various candidates
are still being explored from particle physics. Concerning dark energy, the dominant beliefs assume
that it might be caused by Einstein’s cosmological constant,A. leading to the ACDM model; or
by a time-varying scalar field rolling slowly down the potential and thus being dominated by the

potential energy.

1.2 This thesis

With the observational evidence for an accelerated phase of expansion of the universe, Type la
supernovae (SNe la) have become important astronomical objects for quantifying the dynamics of
the universe. Because of that there is an urgent need for a better understanding of their physics
as well as a more accurate knowledge of their properties in terms of redshift, phase and type.

In this thesis, parameter estimation from SNe la spectra is performed. Both a grid based

x? method and a Markov Chain Monte Carlo (MCMC) simulation are performed to fit template



spectra to SNe Ia data. The aim is to estimate: (a) the redshift of the SN Ia, (b) the phase of the
targeted SN Ia relative to the time of B-band maximum brightness. Nugent’s templates are used.
The data are from SUSPECT, an online database of supernovae (http : //bruford.nhn.ou.edu/ ~
suspect /indexl.html). A cross-correlation technique and tool is also presented.

Chapters 2 and 3 give a review of the theoretical and observational foundations for DE. Chapter
4 gives some elements on the present day understanding of Type la supernovae. In chapter 5, two
commonly used statistical methods for parameter estimation in cosmology are applied, namely
grid based x? and Markov Chain Monte Carlo (MCMC). The related codes and results are also
discussed. In chapter 6, SNID, a cross-correlation based tool recently developped by (Blondin and

Tonry, 2006) is presented. The summary is given in chapter 7.



Chapter 2

Basic concepts of Friedman-

Lemaitre-Robertson-Walker
(FLRW) cosmology

2.1 The metric

The metric in any given space of finite dimension is the mathematical tool that allows to char-
acterize some properties of that space, like distances. The common one in the everyday (three-
dimensional) space is the one associated to the determination of distance in euclidian space. An

infinitesimal distance ds is given there by :
ds® = dz® + dy® + dz* = g;;dX'd X7, (2.1)

with X = (2.y,z) and ¢,j = 1,2,3. The associated metric being :

where ij = 1,2.3. (2.2)

@

<

|
o o =
o~ o
- o o

The general equation that Einstein obtained in his theory of general relativity is (Dodelson,
2003) :
1
G = Ry - 59“1,1% =87GT,, with u.v=20,1,2,3. (2.3)

The relation in (2.3) relates the Einstein tensor, G, describing the geometry, to T),, , the energy-
momentum tensor describing the energy content of space-time. R, is the Ricci tensor: It depends
on the metric g,, and its derivatives. R = g*“R,,,, is the Ricci scalar, the contraction of the Ricci
tensor. G is Newton’s constant.

With that equation for space-time, it was natural - in view of its components - to suppose that
it could have some applications in cosmology. Assuming some relevant symmetries, the Einstein
equations have simple analytical solutions. The Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric is based on the assumption of homogeneity and isotropy of the universe (the cosmological

principle). A line-element, ds, via that metric is defined as :



efr?

ds? = odt® b oalt)? | ——
x alf] b — k2

b (d8 b sin? dde?) | (2.4}
where
o ot is Lhe seale Faclor and corresponds Lo Lhe radius of corvalure of space-like secluons;

o The coordinates v, # and @ are known as comoving coordinares. A freely moving particle
coles o Test in these coordinates.

et is the proper time messored by cowoving observers and o 15 the speed ol liehi;

The comstant & - the curvature patameter - in B (2.4) gives Lthe geomelry of the spalial
seetion of space-time. Because a{th and k are arbitrarily chosen, one can rescale aft) so that there

arc omly three possible values for &

o k= -1, the geomerry of the aniverse s open Chyperbolic meaning that two parallel lines
will eventually diverge from each other,

& k=0 . the universe is flat meaning that twe parallel Tmes remain parallel,

e k= 1, the geomelry of the nniverse is closed (spherical)l meaning thal two parallel lines
will gventnally cross ench othor.

Currently a good test far the assomption of kotropy s nrovided by allsky Cosmic Microwave
Backeronnd (CMB) exporiments like COBLE (COsmic Backeronnd Explorer] and WMAD [Wilkin-
son hicrowave Anisotropy Probe) whose result = illnsleated in Ggure 210 The molropy aroonnd all
Lhe other points as can be expecled i our location s by o means special, also implies homogonoiiy
(Hpnrs 2.2%

- ity b e e Ak

Fipure 2.1: Ewdence for the fame seale wsobropy of the Urdoerse sin the edserotion of the Cosmic Mi
crowiee Bockgrownd wilh e WAAF probe. Tergperaiure Muctuations are of he order of ‘ﬁ?: S ki
Avcording to the grovitational instafdlity theory, these measuromends tell us albeand the Mhermal history of
the unverze and they provede o ploture of e tumps of matter that were e seeds of the stoetuns we observe

todesy. Sewrce o Trgmeark of al., 2003

It is clear from Fag. [2.4) that the effeet of £ is neghigible for small v, meaning that ote maest
bouk af o targe volume to see the effect of curvature, A radial lieht ray {i.c df = de = 0] miving

1




Figure 2.2, Ewdemce for the large scale hemnogenerty of the unimerse wa the ebservetuom of the Lange Soule
Structure in the 2dF survey.  Structures [homogeneities! are prevalent at redshift < 0.1. They vrsibly
rrerdde on lavger seales due to sngompleleness of the swreey. Cur o gelary is loeated at the intercepts of

hath portiomis of the ebserved sky. Source - (Colless et al . 2003}

towards an observer is considered. The observer van be put at the evigin without loss of generality.

Eq. (2.4} and the fact Lhat for a leht ray, ds? — 0 bring ;

et dr

altyr 1 by
1 e :
herobore ‘_E"-f_ 4 b

oty VT k2

Becanse the rav is an incoming ono relative to the observer (e de < 0) -

e
'I.I[” vil— &t
By defiuiny X o
T ! "
d = & = - F —_ = S '
with

sinh(y) if &= -1
Sklx} = X ifk—0
dn(x) ifk—1.

in units where ¢ — L. An integralion of Eqg.(2.8) leads Lo

s x — arcsinh(r) < r = sinh(x) = Si(x) for an open sniverse (£ — —1).

o x =7 = 5:(x) for a tiat universe (k = D),
& 3 —aresin(rl &= r = suly) = Sely) for a closod universe (k= 1),

The lhoe slement in o FERW background becomes ©

de* = —ilt* - alt)? dy® + Sp(x)* (db? + sin® gdé?) |,

11

(2.9)

(2.10)




2.2 Cosmological equations

Einstein’s equations :

1
G;w = R;w - 59;11/3 - SWGTNV- (211)

formulates the interplay between the geometry and the energy content of space-time. In all the
following derivations a perfect fluid is considered. In physics. a perfect (ideal) fluid is a fluid that
can be completely characterized by its rest frame energy density p and pressure p. In the case of
an ideal fluid as the source of the energy momentum tensor 7}, measured in a local free-fall frame

comoving with the fluid (i.e. g, = nu) :

p 0 0 0
0 -p 0 O

T, = P (2.12)
0 0 —-p O
0 0 0 -p

where p and p are the energy density and the pressure of the fluid respectively. By considering the

time and space component of Eq.(2.3), respectively, two equations are obtained :

. 2
2_(a\ _¢ Kk
H? = (a> =3 (2.13)
: k
H=—g(p+p)+a—2, (2.14)

where ( = 875, H is the Hubble parameter, p and p denote the total energy density and pressure
of all species present in the universe at a given epoch.
The Bianchi identities Gt = 0 <& TH” = 0 stating the conservation of energy momentum,
leads to :
p+3H(p+p)=0. (2.15)

It can also be derived from the first principle of thermodynamics. Eliminating the a% term from
Egs. (2.13) and (2.14) leads to :

Z—E —%(p+3p)- (2.16)

Considering that the deceleration parameter ¢ is given by

ad a sa\?
q=——=——\7) -
a a \a

Eq. (2.16) states that the accelerating phase (g < 0) holds for :

Z>O<:>(p+3p) <0. (2.17)

By introducing the dimensionless quantity

12



2
with p.(t) = Sg{ﬂg), the critical density, Eq. (2.13) can be re-written as :

k
Qt) 1= . (2.18)

Eq. (2.18) states that the matter content determines the spatial geometry of our universe :

Q<1< p<p. for k= -1 (open geometry). (2.19)
Q=1 p=p. for k=0 (flat geometry), (2.20)
Q>1<=p>p. fork=+1 (closed geometry). (2.21)

2.3 The evolution of an Universe filled with a perfect fluid

A universe filled with a perfect fluid is considered. In physics. a perfect fluid is a fluid that can
be completely characterized by its rest frame energy density p and its pressure p. The equation of
state of that universe is defined as :

w==. (2.22)

Recent observations (Spergel et al., 2003) suggest that the universe has an almost flat geometry,
Le. Q >~ 1. Solving the Einstein Egs. (2.13) and (2.14) with k = 0 (flatness) and w # —1 (not a

cosmological constant) brings, assuming w = constant :

2
a(t) x (t — to) 75, (2.24)
pox q 30+ (2.25)

where tg is a constant. The radiation-dominated universe corresponds to w = % and the dust
dominated universe to w = 0. Both cases correspond to a decelerated phase of expansion of the

universe :

a(t) x t3 poa~?  for the radiation-dominated universe, (2.26)

3

a(t) 3, pxa” for the dust dominated universe. (2.27)

Eq. (2.16) states that a phase of accelerated expansion of the universe (p + 3p < 0) occurs for an
equation of state in a range given by

w< -z (2.28)
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Chapter 3

Dark energy

3.1 Observational evidence for dark energy

The expansion of the universe implies that the wavelength of light is stretched as one looks deeper
into space. The redshift, z, quantifies that effect. The redshift corresponds to the fractional change
of the stretched wavelength :

/\0 - /\e
- — 3.1
2= s (3.)
In other words : b
0
1 = — 3.2
+z " (3.2)

where the index “e” and “0” are for the emitted and observed wavelengths, respectively. In FLRW,

a similar relation also holds for the scale factor. Hence we have the relation :

1+z:%:a—0. (3.3)

Here the subscript “0” denotes the quantities at the present epoch.

3.1.1 The luminosity distance

The luminosity distance, d; plays a very important role in astronomy and particularly in super-
novae observations. The observed flux F at distance d from a source of known luminosity L, is

defined as :
Ly

= 4nd?

since the total flux through a spherical shell with area 47d? is constant. Applied to an expanding

(3.4)

universe, the luminosity distance, dy, is defined as :

T AxF

dp? (3.5)

Working in comoving coordinates and considering an object with absolute luminosity L located

at a coordinate distance x; from an observer at x = 0. The following derivations can be made

{Copeland et al., 2006). The radial light ray traveling along the ) direction satisfies the geodesic
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equation ds? = ~dt? + a%(t)dx? = 0. Thus :

As to g 1 * drx
[ [
A /0 X / @) " als Jo B@ (3.6)

where E(z) = H—Ix—) and using Z = ~ (1 + 2)H from Eq. (3.3).
From the metric in (2.10), A(t), the area of a sphere at any epoch can be deduced :

A(t) = dm(a(t)Sk (). (3.7)

Then at t = tg. A(tg) = 4m(agSk(x))? and the observed energy flux becomes :

_ Lo Ly
b= 47r(aosk(x))2(‘ A(to))' (3.8)

Substituting Egs. (3.7) and (3.8) for Eq. (3.5), the luminosity distance in an expanding universe

is then :
dr = agSk(xs)(1 + 2), (3.9)
where x is given in Eq.{3.6).
In terms of Qp = —ﬁg, the scale factor at z = 0, ag, can be expressed as :
d
ap = —r (3.10)

VI

where dy = HLO is the Hubble scale.

A dimensionless luminosity distance can be defined as :

dy = ;if{ = \I/L—jSk<\/—/ d ) (3.11)

the factor 1/|Q| is removed in the case of a spatially flat geometry and :

E(z)* = <%:)> =0 (1+2) " + (1 +2)° + (14 2)* + Qprexp </ 3
¢}

1+ wpe(z) ]

1, is used to denote the density of the i-th component (r-radiation, m-matter, DE-Dark Energy) in

units of the critical density p. = In Eq. (3.12) the term for the DE is written in a very general

87'rG
form that allows for an arbitrarily time varying equation of state parameter wpg. As explained
in section 4.2.2. by fitting the theoretical curve of the luminosity distance to the observations of

appropriate astronomical objects, it is possible to constrain some cosmological parameters.

3.1.2 Luminosity distances of Type Ia supernovae : The smoking gun

Astronomers usually measure the brightness of astronomical objects in units of apparent or absolute
magnitude, respectively noted m and M. Both quantities are related to the luminosity distance dy,
via the relation :

m — M = 5logy, ( ) + 25, M = Flux(distance = 10pc). (3.13)

1Mp



It can be deduced from Eq.(3.4), considering that :

F
my; —ma = —2.5logy, <F1> . (3.14)
2

where m; and my are the apparent magnitudes of two distinct sources; F} and F5 are their respec-
tive fluxes. The numerical factors arise from the astronomical conventions used in the definition
of m and M. The dimensionless combination (ﬁopi“) rather than dp(z) is often used. Eq. (3.13)

then changes to :
Hyd
m(z) =E + 5log; (#) , (3.15)

with the quantity = being related to M by (Copeland et al., 2006) :

H, -1
== M +25 + 5logy, <61L

=M - h + 42.38. 3.1
Mpc> 5logg h + 42.38 (3.16)

The quantity = and the other constants appearing in the previous equations do not fundamentally
change the related physics.

It was the observation of luminosity distances of high redshift SNe la (Riess et al., 1998;
Perlmutter et al., 1999) that brought the direct evidence for the accelerated phase of expansion
of the universe. Since its onset, the most exciting observational development in studies of the
Hubble expansion rate have undoubtedly been the measurements of the deceleration parameter

q= ‘”;;1 -1= 92'" — Qa. It has been repeatedly found negative through deep studies of the

Hubble diagram of SNe Ia pioneered by the Supernova Cosmology Project (Perlmutter et al.,
1999) and the High-z Search Team (Riess et al., 1998). The basic observation that set the ground
for the idea of an accelerating universe was that Type Ia supernovae at z ~ 0.5 were Am ~ 0.25
mag (corresponding to 104™/25 — 1 ~ 25%) fainter than would be expected for a decelerating
universe such as the Q,, = 1 Einstein-deSitter model. This has been interpreted as implying that
the expansion rate has been accelerating since then, implying that the observed SNe la are actually
further away than expected.

In the above-mentioned observations, the choice of Type Ia supernovae was motivated by the
fact that they seem to be equally intrinsically luminous at all redshifts, setting them as one good
type of standardizable candle. As detailed in chapter 4, SNe Ia are the brightest and most homoge-
neous class of supernovae, with hydrogen poor spectra and, even if a sound theoretical understand-
ing of their underlying genesis is still lacking, a general concensus on their use as standardizable

candles exists in the scientific community.

3.1.3 The age of the Universe

When the age of the universe {¢y) is compared to the age of the oldest stellar populations (), it
is consistent to require that tg > #5. It was recently estimated that the age of globular clusters is
t1 = 13.5+ 2 Gyr (Jimenez et al.. 1996). Another method of dating applied to specific globular
clusters (Richer et al., 2002; Hansen et al., 2002) estimated that age to be {; = 12.7 + 0.7 Gyr.
considering these results, a lower bound of {5 > 11 — 12 Gyr can be set for the age of the universe.

A model of the universe with three components is considered : radiation (w, = ;—’), pressureless
dust (wm = 0) and dark energy in the form of a cosmological constant (wp = —1) as suggested by

the ACDM model. Assuming a FLRW background, Eq. (3.6) gives an expression for ¢y at any
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redshift z :

to o d oC d
Hoto:/ dT:/ ﬁrf/ g (3.17)
2z z 2
0 0 O 2[00 o 4 0 4ol

where r =1+ z. Q&O). Q$,?>, Q;ﬂo) and QE\O) are respectively, the radiation, matter, curvature and
dark energy density parameters as observed today. Hg is the Hubble constant today.

The existence of high redshift galaxies with evolved stellar population, high redshift radio
galaxies and the dating of high redshift QSOs (Alcaniz and Lima. 1999; Dunlop et al., 1996;
Dunlop, 1998; Krauss, 1997; Peacock et al., 1998; Yoshii et al., 1998) can threrefore be used in
conjunction with Eq. (3.17) to constrain our knowledge of dark energy in the FLRW framework.

Most of these observations require either Q4 # 0 or Qg > 0 if they have to be consistent with
Ho=72+3+7km s ! Mpe™!

or

Hy' = 9.776h™" Gyr, 0.64 < h < 0.80

with h = WlmH/QW§ as obtained by the Hubble Space Telescope Key project (HKP) (Freedman
et al., 2001) where direct measurements of the distances to 18 nearby spiral galaxies (using Cepheid
variables) were made. However, the interpretation of these observations at present requires fairly
complex modeling and the prevalence of systematics (local peculiar motions to be corrected for in
HKP and sensitivity of Cepheid calibration to metallicity for example) suggest that the present
results are not totally water tight (Sarkar, 2007).

3.1.4 The Cosmic Microwave Background

Penzias and Wilson (1964) discovered the Cosmic Microwave Background (CMB) while determining
the noise factor of a radiating horn at a wavelength of 7.35 cm. The study of cosmology was
radically changed after that discovery. Several powerful groups of cosmologists, and particularly
the Russian school led by Zeldovich and his colleagues in Moscow, and R.H. Dicke and his students
in Princeton were at the forefront of the support of Penzias-Wilson’s discovery as proving that the
big bang idea was correct (Hoyle et al., 2000).

The dominant paradigm in modern cosmology states that the universe became totally trans-
parent to photons when the early universe recombined at z, ~ 1089 (Bennett et al., 2003), moving
from a tightly coupled photon-plasma rendered opaque by Compton scattering, to a neutral fluid of
atoms. Since leaving the surface of last scattering - set at z ~ z, - the photons have been traveling
freely and randomly accross the universe, and some of them reach us today where we see them as
the CMB, emitted when the universe was ~ 400 000 years old. The expansion of the universe has
stretched their wavelength to such extent that they are observed in the (sub-)millimetric range of
the electromagnetic spectrum.

Because the CMB radiation is supposedly emitted from an extremely hot phase of the evolution
of the universe (the Big Bang), its spectrum is expected to be of a black body type. Observations
by the COBE spacecraft in 1992 confirmed that the CMB has a very nearly black body spectrum
(Mather et al., 1990; Smoot et al., 1990; Mather et al., 1994) with a temperature today of Ty ~
2.725 4 0.001 K (Fixsen and Mather, 2002). In addition, that temperature is the same in almost
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{Puags ef al, 20083), the position of the first acoustic peak around [ = 200, as seen in fignre 4.2,
corrohorates the necessity of 4 now-sero density purameter for the cosmological constant .. Hore,
a necessary word of cantion iy that the constraint on (3, 15 nol strong when only the OMB data are
comsidered. Figure 3.4 illustrates some of the confidence levels reached so far in combining CMB

wilk alher coswwological tests,
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3.1.5 The Large Scale Structure clustering

The aconstie waves that gave vise ta the peaks seen in the OMDB temperature fuctuations power
spectrimm also aftected the power specira of matter sand gulaxies. 1t is geperally admitted that Lhe
parly universe consistod of a homogeneous plasma of elsctrons, protons, nentrons, dark matter,
photons and pentrines, Due to quantumn Auctuations during inflation, very small perturhations
aruse. indncing slightly denser regions. Perlurbations in radiation oscillates bocause of the {orces
coutpeting being the radiation prossure and gravity [Dodelson, 20030, The tight coupling beowonn
electrons and photons due ta Thompson scaltering e caused the baryons 1o move in unison with
the radintion, idneing then che combimed oscillation of teat primordial fiid.

At deeoupling, the saunl speed of the baryvonde mediom drops to almost zero sinee the pertor-
bation stalls at a characterisiic distance, As the dark watter content determines the mass profile of
the {gravitational) perturbation, it will exhibil 4 small excess at this charactoristic distance. Afier
decoupding, barvons started to fall hack onto the CDM density peak that has grown siznificantly
siee the matter-radiation equality (Iluisi, 2006) 2. The effoct of the above mentioned excess.
in the prosent-day universe, is the existence of a characteristic length scale, approximately 130
Mpe, of the large-scale struclure. An effect quantified by 2 peak in the two-point correlation Tue-
tion (fgure 3.3) of galasy distribution at roughly 150 Mpe (in comeving scale), corresponding ta
oscillating Features in the maltor power spectomn khiown as Baryor Acoustic Oscillalions (BAO).

BAC have heen recently contirmed by the analysis of the spatial elistering of the Sloan [ Hgital
Shy Survey {5DSS) Luminous Red Galaxy (LIRG) sample (Eisenstein of el 205) (who doetermingd
the two-painl correlation function ) and more recently by (1Tutsi, 2006} (who determined bath the

power speclriin and the lwo-poie, correlation unetion). (Cole el al, 2005} have simijarly detected

A pudsgogicsl  example  of  the  whole  provess  has been developsd by Th Fisematein a
lbpf femle as arizona sdu fwaeanstiopead /. TL i based on an original work Ly Hashinske &  Berlsobaupger,
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acoustic oscillations in the power spectrum from the 2dF galaxy sample. (Eisenstein et al., 2005)
provide clear evidence for the acoustic peak at a 3.4¢ confidence level. Their best fit of the large-
scale redshift-space correlation function of the SDSS LRG sample, using a %2 method, requires a
non-zero dark energy component and their measurement of matter density parameter (1, matches

the CMB findings. It also improves the constraints on 2.

CMB and Large Scale Structure clustering : The connection

In defining a standard ruler using the SDSS LRG sample, Eisenstein et al., 2005 introduced a
Hy-independent distance to z; = 0.35 (typical redshift of the SDSS LRG sample) as :

v (V) E)

where Sy and E(z) are given by Eqs.(2.9) and (3.12) respectively.

2
3

|Qm
E(Z1)%

A= (3.18)

The factors Q. are removed for a flat universe. In its simplest form. well constrained by their

data, Eq. (3.18) can be re-written as :

2
A= DV(0.35)7"Q"‘HO, (3.19)

0.35¢

with :

Dy(z) = {DW)? HC(ZZ)} " (3.20)

where Djs(z) is the redshift-dependent comoving angular diameter distance.

Likelihood contours of CDM models as function of §2,,h? and Dy (0.35) were used. By marginal-
ising these contours, they obtained Dy (0.35) = 1370 + 64 Mpc (4.7%) and then deduced a value
of A | from Eq.(3.19) to be A = 0.469 £ 0.017 (3.6%). Tegmark et al. (2004) give an estimate for
Dr(1089), the comoving angular diameter distance to the surface of last scattering. One way to

calculate it is by determining the so-called shift parameter I, obtained using the WMAP data and
defined (Knop et al., 2003; Ichikawa and Takahashi, 2005) as :

\/‘/m:ksk<\/_/ dz) (3.21)

An estimate for I has been obtained using the best fit for the so-called WMAPext dataset (Spergel

et al.. 2003). That best fit was obtained by assuming a flat universe and priors on non-zero density
parameters for the cosmological constant Q4 and the matter content Q,, of the universe, today.
In the SDSS LRG sample, Eisenstein et al. (2005) measure - with Dy (0.35), then A - the
acoustic peak scale to just better than 4%. Comparing their result to the angular scale of the
CMB anisotropies gave them the distance ratio Rg 35 = DELE?T%Z) = 0.0979 + 0.0036. Since the
comoving length scales of BAO appearing in the SDSS LRG Galaxy power spectrum do not change
after recombination, the ratio R, therefore sets them as a possible CMB calibrated standard ruler

to measure the angular diameter distance and Hubble parameter as functions of redshift.
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3.2 A : The cosmological constant

Io L7, Linstein (helped by the French mathematician B Carlan) indrodueed Lhe cosmological
conslant & in the field egquation (23] with the mativalion that it would allow lor a slatic, closed and
finite universe in which the enerpy density of mutler determines Lhe geomeliry, The Arst challengs
to that approach was introduced when de Sitter (1917) produced a solotion 1o Einstein’'s cquatioos
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(2.3) with cosmological constant and no matter (de Sitter, 1917). The cosmological constant was

hereafter dropped with the evidence for the expansion of the universe brought by (Hubble, 1929).

3.2.1 Introduction of A

When Einstein obtained the equations of general relativity in 1915. a first roadblock was that the
final models of the universe were homogeneous and isotropic but not static. The cosmological
constant can be introduced from a straightforward mathematical reasoning. In Eq. (2.3), the
metric g, behaves as a constant with respect to covariant derivatives. And because G, and T},
satisfy respectively the Bianchi identities G = 0 and energy conservation T%" = 0, there is a
freedom to add a cosmological constant term A under the form Ag,, in the equations without

affecting energy conservation. The modified Einstein equations therefore are given by :
1
Guw = Ry — 59“,,1? + Agu = 87GT 0, (3.22)

in units where ¢ = 1. In the FLRW background given by Eq.(2.4) the modified Einstein equations

give :
N
2 a ¢p k A
(=) =22 -2 42, 2
H <a> 3 T o2 + 3 (3.23)
. A
& St (3.24)
a 6 3

A sphere with comoving radial coordinate r is considered. It has a physical radius ar if curvature
effects are neglected. Using Eq.(3.24), a test particle with mass m at the boundary of the sphere

will accelerate as space evolves as (Bergstrom and Goobar, 2006) :

d*(ar) - %—p(ar) + %(ar). (3.25)

The mass. M of the sphere is defined as M = &;r)ﬁp, substituting M in Eq.(3.25) gives :

2 I A
d(g) = gi\; + 3 (an). (3.26)

The first term in the right-hand side of Eq.(3.26) is the familiar Newtonian (attractive) force. The
second term shows that the force associated with the cosmological constant is repulsive.
Setting a = const, k =1 and A = 0 brings H = ¢ =0 = %, Eqs.(3.23) and (3.24) give :

3k

= — 3.27
87 Ga? ( )

p=-3p
Eq.(3.27) is the first roadblock experienced by Einstein in his initial approach : no homogeneous
isotropic model of the universe with p > 0 is possible under Einstein’s initial assumption of a static
(and closed) universe. As also later envisaged by Einstein, in the case of a dust(matter)-dominated

universe (p = 0), Eqs.(3.23) and (3.24) state that Einstein’s static universe corresponds to :

Ak

Ak 3.28
4nG’ a2 A ( )

p
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p > 0 corresponds to A > 0 (i.e k > 0) meaning that the static universe is a closed one (k = 1)

with a radius of curvature a given by :

“= \/g . \/%: V 47r1(7p' (3:29)

Eq.(3.29) states that the larger the value of p, the smaller the radius of curvature a, with the

energy density p determined by A. Already during Einstein’s epoch the question of how big could
A be was implicit. assuming that it is a given universal constant like G. That implicit difficulty

resurfaced later in the 20" century under the heading of the “cosmological constant problem”.

3.2.2 “The cosmological constant problem”
The smallness of the cosmological constant is one of the most challenging difficulty in modern

theoretical physics. The full (modified) Einstein's field equations are given by :

1
Ruu - Eg;wR + Aguu = 8’/TGT,“,. (330)

The cosmological term can be moved over to the right-hand side of the equation and leads to :

L A
Ry — —Q-g,U,R = 81G (T, + TW) . (3.31)
where Tlﬁ, = *%glw. In a local free-fall frame comoving with the fluid (i.e g, = 17,.), Tl{\l, acts

like a contribution to the energy-momentum tensor of the form :

PA 0 0 0

(3.32)

where pp = ﬁ can be defined as the vacuum energy density. In units where ¢ = 1 = £, the
Planck mass is my = G~% = 1.22 x 10! GeV where G is Newton’s gravitational constant. pj can
be re-written as pp = %fi.

Observations suggest that today 3—;\75 =08 ~1ie A~ Hi = (2.13h x 107**GeV)?. This

corresponds to a vacuum density pj :
pa ~ 10747 GeV?. (3.33)

Meanwhile the vacuum energy density, pyqc , evaluated by the sum of zero-point energies of quan-

tum fields with mass m is given by (Copeland et al., 2006) :

1 [ &k /5—— 1 [
Pvac = 5 / k2 + m? = dk k‘2 vV k2 + mg, (334)
0

2 (2m)3 ar? [/,

where k denotes a Fourier mode.
%g fox dk k*Vk2 +m? ~ ﬁg fooo dk k® for finite mass m. The integral in Eq.(3.34) should
diverge as k — oc except if there is a cut-off scale k,;,,, somewhere between 0 and co. The latter

is the meaning of the assumption that near the Planck (energy) scale m,,;. conventional field theory
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breaks down. i.e. one can expect quantum field to be valid up to some cut-off scale k., where

4

max

pzra(: — 167 .

Hence if it is assumed that k., ~ mp;, the vacuum energy density is estimated to be

Poac ™ 107 GeV,

0'2° orders of magnitude larger than the observed estimate given by Eq.(3.33).

which is about 1
This is known as the “cosmological constant problem”.

Because, from quantum theory, the vacuum energy density pyq. is proportional to the Planck
constant h. it is assumed that the cosmological constant problem is above the framework of clas-
sical physics. where i — 0. A relevant framework being generally considered is the one unifying
general relativity and quantum fields, such as is attempted in string theory. Early in the eighties,
supersymmetry was proposed as a way to cancel the cosmological constant, considering the pos-
sibility for given elementary particles to yield opposite contribution that could bring the integral
in Eq.(3.34) to zero. However, with supersymmetry said to break down around 103GeV, a clear
solution to the cosmological constant problem is still unavailable (Copeland et al., 2006). Details

on these aspects can be found in (Bergstrom and Goobar, 2006).

3.3 Scalar field models of dark energy

With the cosmological problem still unsolved , many approaches have flourished on the dark energy
issue. The common strategy consists in inferring that the cosmological constant is zero for some as
vet unknown mechanisms and explore the possibility that w, the equation of state of dark energy
changes with time (redshift). Most of the models derived from that strategy strongly rely on scalar

fields. Two such lagrangians are (Padmanabhan, 2003) :
1
Lquin = 5811@8&(2‘) - V((D) (335)

Liach = = V(9) [1 — 8200°0)7 . (3.36)

Where Lgyin and Lieen denote the Lagrangian for quintessence and tachyon, respectively. Quintessence
and tachyon are two types of scalar fields® ¢ = ¢(z,t). V(¢). the potential of the field. is an arbi-

trary function.

3.3.1 Quintessence

The lagrangian Lgy;, is a natural generalization of the lagrangian for a non-relativistic particle,

where g = ¢(t) denotes the position. The action S associated to a quintessence field is given by :

5= / 2y~ Bmaw — V(@) (337)

3A scalar field is a function of space and time, meaning that it contains an infinite number of degrees of freedom.
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with 0,00%0 = go30°¢9%¢ and o, 8 = 0,1,2,3.
In a local free-fall frame comoving with the fluid (i.e g,, = 7., ). the energy density p, and
pressure density p, of the scalar field are given by :

1 1

pe=5(8) 4 V() e =5 (3) - Vio) (3.39)

The time dependent equation of state wy for the field ¢ is therefore :

o, = Po _ (Cb)? - 2V(¢) (3.39)
e ()2 +2V(e) '

Substituting Eqgs.(3.38) in the energy conservation equation g + 3H(p + p) = 0 leads to :

. - 1%

(f>+3H<f>+a—q5 =0, (3.40)
which is the Klein-Gordon equation, governing the time evolution of a scalar field in a potential
V(¢). From the ratio % it appears that in these models, the accelerated phase of the universe
occurs for (6)? < V(¢). It is also worth noting that the equation of state for the field ¢ varies in
the range —1 < w < 1 and that the slow-roll limit, (¢)2 <« V(¢), corresponds to w, ~ —1, similar
to the case of a cosmological constant.

In a flat FLRW spacetime (k = 0), the relation

H = —4rGd*?

can be derived from Eq. (2.14), hence a way to express V = V(¢) and ¢ in terms of H and H

(Copeland et al., 2006) :
3H? H
= il 41
v 8nGG <1+3H2>7 (3.41)

o~ [ i

2
The investigation of specific potentials brings a variety of quintessence models, most of them

H
G

v (3.42)

relying on potential energy of a scalar field to lead to the late time observed acceleration of the
universe. Along that line of thought, models with power-law type of growth for the scale factor
are of interest: a(t) o t? with p > 1 for an accelerated expansion. They are generally obtained
via exponential type of potentials (i.e V(¢) x e®) that possess the so called cosmological scaling
solutions in which the field energy density (py) is proportional to the dominant background energy
density (Ppackground). Also of interest is the fact that scalar fields potential that are not steep

compared to exponential potentials can lead to an accelerated expansion (Copeland et al., 2006).

3.3.2 Tachyon field

In Eq.(3.36), Liacn is a simple type of more general lagrangians associated with so-called tachyon

fields. Its structure can be understood by a simple analogy from special relativity :

L=-myT- (37



is the lagrangian describing a relativistic particle with (one dimensional) position g(t) and mass
m. A field theory can be constructed by upgrading q(t) to a field depending both on space and
time [6 = ¢(t,x)]. (§)? to be replaced by 8;,¢9'¢ and the mass parameter m by a function of ¢,
say, V(o). The lagrangian is then

1
2

L=-V(¢r)[1 - 80r00;]

where V(ér) is the tachyon potential (Copeland et al., 2006).
In a FLRW spacetime, the energy density p and the pressure density p are given by (Copeland
et al., 2006) :

Vv
__ve )
1-(¢)?
p=-V(®)/1 - ()2 (3.44)
Combining Eq. (2.16) and the energy conservation equation (2.15) gives :
7 8rGV .
e Srve) (d.)) <1 - ;(05)2) , (3.45)
¢3yY1-(9)?
which shows that in this model, the accelerated expansion phase occurs for (¢)? < %
The equation of state of the tachyon field is :
_ Db i
We = & () — 1. (3.46)

Using Eqs.(2.16) and (3.45) brings % = —%(d))2 and an expression for V(¢) and ¢ in terms of H

and H is : .
H? 20\’
y 3 (1 + —> , (3.47)

3H?

A%
¢:/ dt (~@> . (3.48)

A power-law expression for the scale factor, a(t) o t?, requires a tachyon potential having an
inverse square power-law, V(¢) o ¢~2. Scalar-fields potentials that are not steep compared to

V($) « ¢~2 can also lead to an accelerated expansion (Copeland et al., 2006).

3.3.3 Phantom (Ghost) field

Today, w, the equation of state parameter is estimated to be w = —0.98 £0.12 (Spergel et al., 2003)
when making various combinations of WMAPext data, supernonae observations and large scale
structure data. Of interest is that w > —1 for the above discussed scalar fields models. Phantom
(Ghost) dark energy is said to be the driver of the expansion for the region where w < —1. That
phantom dark energy is said to arise from a scalar field with a negative kinetic energy and defines

a (phantom) field with an action given by (Copeland et al., 2006) :

S :/ d*z/—g {-%80@8"@— V(o). (3.49)
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A mathematical treatment similar to the one for quintessence models lead to an energy density p

- ;
and pressure density p given by p = A(;)) + V(¢) and p = %“")2 — V(o). The equation of state

parameter is then :

w = B — ((f’)2 + 2‘/(@) (3 50)
P9 =2V (e) '

o =0 leads to wy, = —1.

3.3.4 K-Essence

K-Essence models were developed on the basic idea that the accelerated expansion of the universe
could arise from modifications to the kinetic energy of the scalar field. The most general scalar

field action governing these models is given by (Copeland et al., 2006) :
5= [ d'ay=gplo.X), (351)

where X = 0,00%¢ = gop0°$0°¢ with o, 8 = 0,1,2,3 and p is an arbitrary function. This can

lead to acceleration and scaling solutions.

3.3.5 Chaplygin gas

It is also possible to imagine, dark energy models involving an ideal type of fluid (Chaplygin gas)
having an equation of state (Kamenshchik et al., 2001) :

p=-=, (3.52)
p

where A is a positive constant. From the equation of continuity

p+3H(p+p)=0,

/ B
a

where B is a constant. Asymptotic patterns are :

an expression for p is :

vB . B
) B 1
p~-p~VA 1fa>>(z)6. (3.55)

Early in time, when a is small, the Chaplygin gas behaves as a pressureless dust. In late times,
it behaves like a cosmological constant, thus leading to an accelerated phase of expansion of the
universe.

A potential V can be associated to the chaplygin gas by approaching it as an ordinary scalar
field ¢ where the energy density p = %)—2 + V(¢) and the pressure density p = @ - V().
Therefore using Eqgs.(3.52) and (3.53)gives :

(P =—>" (3.56)

aby/A+ &
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1
vl fa By A | (3.57)

6
2 @ Ja+ B

1
Using the relation H = (;—T’;fy) ‘) Eq.(3.56) can be re-written as :
pl

xds VB

— = 3.58

V3da  avAa® + B’ (3:58)
where k? = 87G = 8m(my) 2. An integration leads to :
4Be?V3re

=2 (3.59)

A (1 _ 62\/§mu)2

When substitued in Eq.(3.57), a potential V corresponding to a Chaplygin gas is (Copeland et al.,
2006) :

VA 4 1

3.4 General case : Scalar field models in the presence of a

barotropic perfect fluid

In physics. a perfect fluid is a fluid that can be completely characterized by its rest frame energy
density p and its pressure p. A barotropic fluid is defined as that state of a fluid for which the density
parameter p,, is function of only the pressure p,,, : wy,, = Bp- In the present case, simultaneously

to the presence of a barotropic fluid, the existence of a scalar field ¢ with an equation of state
Po
&

eras. the energy density of the scalar field remains subdominant and emerges only at late times

wy = =2 is assumed. The aim is to have a model where during the radiation and matter dominated

to drive the current observed accelerating phase of expansion of the universe. Therefore, from
Eq@s.(2.13) and (2.14) and in the case of a flat (k = 0) FLRW spacetime :

a\? ¢
He = () = 5loot o) (3.61)
a 3
H:_g(p¢+p®+p7n +pm) (362)

The continuity equation (2.15) becomes :
fo + 3H(1 + wo)po = 0, (3.63)
pm +3H(1 + wm)pm = 0. (3.64)
Cosmological scenarios characterized by the relation

P _ ¢ (3.65)
Pm

with C a non-zero constant are called “scaling solutions”, because in such a case, the energy density

of the scalar field “mimics” the background fluid density. Exponential potentials are of particular
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interest because they give rise to such cosmological scenarios. One such solution is an attractor in
state space and whatever the initial conditions, the field will enter the scaling regime at a certain
point. To leave that scaling regime and give rise to the observed late time acceleration, the field
potential should have a slope shallower at late time compared to the corresponding one during
the scaling phase (Copeland et al., 2006). Barreiro et al. (2000); Sahni and Wang (2000) can be

consulted for additional details.

3.4.1 Dynamical systems for scalar field dark energy models

Dynamical systems methods allow a qualitative description of the evolution of any system described

by a first order linear differential equation of the type :

X=A4X = X=/f(X) (3.66)

where A is the matrix associated to the vector field f. “.7 = %, where 7T is any suitable
parameter. It is often convenient to take as parameter for the dynamics of dark energy v = In(a),
the number of e-foldings where a is the scale factor. The dynamical systems method approach
leads to investigating the behavior of the vector field f around equilibrium (fixed) points. The
approach is briefly illustrated below with quintessence models.

The density for a quintessence scalar field ¢ with a potential V(¢) is :
1 ..,
po = 5e(0) + V(o). (3.67)

where ¢ = +1 for an ordinary (quintessence) scalar field. Eqs.(3.61), (3.62) and (3.63) read :

9 k2 [1 ‘2

. /«‘12 9
=5 (6% + (14 wm)om] - (3.69)
€d+3Ho + % =0, (3.70)

where k? = 87G = 8m(m,;) 2. (Copeland et al., 1998; S. C. C. Ng and Rosati, 2001) introduce

the following dimensionless quantities :

"‘t¢ wVV )\~—K¢i F_VV,@@
- \/EH, y \/§H' KV, ‘/’?o

(3.71)

where V, = %. The autonomous forms associated to equations (3.68), (3.69) and (3.70) are :

:_; = -3z + _?6/\3/2 + -Zfz (1= wm)ea® + (1 + wm) (1-47)], (3.72)
d 3

ﬁ:‘émwgﬂf (1= wm) ex? + (1 4+ wm) (1 -37)]. (3.73)

% = —VBAHT — 1)z, (3.74)
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with a constraint equation given by :

2
2 2, K Pm
=+ =1. 3.75
er” +y" + o (3.75)
Here. an effective equation of state weysy is defined as :
wepy = Lot Pm (3.76)
Po T Pm

and an accelerated phase of expansion of the universe occurs for wesy < — % From the autonomous
system, a study of the stability around the equilibrium (fixed) points is then performed for given
potentials V(¢) (Copeland et al., 2006).
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Chapter 4

Type la supernovae

4.1 Generalities on supernovae

4.1.1 A bit of history

The word supernova as from its latin origin - novae - indicates something new appearing in the sky.
In modern scientific language, supernovae are stellar explosions during which a large fraction of
the progenitor’s outer layers are blown off at high speed (the ejecta). These stellar explosions are
very energetic events with an energy output of order the host galaxy’s. The convention in naming
supernovae requires that their denomination begins with SN, followed by the year of observation,
then a letter indicating the rank of that discovery in the chronology of supernovae discovery for
the given year (e.g. the first supernova discovered in 1987 is designated by SN 1987A). Early in
the 20" century. Baade and Zwicky were the first to attempt systematic studies of supernovae
(Zwicky and Baade, 1934). Late in the 70’s, with still a handful of homogeneous sets of data, the
existence of different types of supernovae was becoming evident. The sub-class of SNe known as

Type la supernovae is the most important for the present work.

4.1.2 From cepheids to SNe Ia

The ideal standard candle to be used in cosmology should have the following characteristics :

e Homogeneity. So that it can be used for a precise calibration of the luminosity and thus, of

distance measurements.
e High luminosity. So that it can be observed in the distant universe.
e Ubiquity. So that it can be detected both in the local and distant universe.

In 3.1.1 we ended up with the relation :
d 142 dx
dy, = =% = sk (Jmk / ) (4.1)
du |Qk
where Sy is given by Eq.(2.9). The factor \/{{2| is removed for flat spacial section and

E(z)’ = (%) =0 (14 2)* + (14 2)° + Q(1 4+ 2)° + Qppexp (/3 {l—il—“’:{—(x—)} dz) . (4.2)
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Q; is used to denote the density of the i-th component (r-radiation, m-matter, DE-Dark Energy)
in units of the critical density p. = %.

Determining cosmological parameters via the relation (4.1) requires the accurate measurement
of the observed intrinsic luminosity of a standard candle. Strictly speaking there are no perfect
standard candles. With thorough observations, some astronomical objects appear to be standard-
izable, i.e an empirical relation allows to estimate their intrinsic flux. Up to now. only two types of
objects are standardizable: cepheids and Type la supernovae. An in-depth review on extragalactic
distance indicators is given in (Jacoby et al., 1992).

Cepheids are very luminous variable stars with a luminosity ranging from 5- 102 to 5 - 10* L.
These are young and massive stars (from 2 to 10 M) starting to burn the helium content in their
core. Their intrinsic luminosity has been observed to obey an empirical law known as the PLC

(period-luminosity-color) and given by :
<L>=alogy(P)+3(<B>—-<V>)+1. (4.3)

where < L > is the star’s intrinsic luminosity in a given band and < B > — < V > is the average
K-color (reddening correction explained below).

Unfortunately, because they are not luminous enough at high-redshift, cepheids cannot be used
to accurately constrain cosmological parameters. Meanwhile, they remain objects of interest for
the calibration of local distance measurements. The error budget on distance estimates using
cepheids is said to be around 15% (Jacoby et al., 1992). During the last decades, supernovae (SNe)
have been succesfully used as extragalactic distance indicators and original approaches for the
measurement of distances with SNe of different types have been developed (Kirshner and Kwan,
1974).

4.1.3 Elements of stellar evolution

Supernovae are born from stars and stars have an evolution globally described by the Hertzprung-
Russel (HR) diagram (figure 4.1). Everything is believed to start in regions of overdensities known
as protostars. These overdensities are said to result from acoustic waves in, as well as from collisions
between dense molecular clouds. These overdense regions gravitationally attract matter from the
surroundings. As more of that matter (% hydrogen ,% Helium and heavy elements ) accumulates |
an increase in temperature and pressure ignites the thermonuclear fusion of protons. The protostar
then starts to generate some energy and slowly migrates towards the main sequence of the HR
diagram : A star is born and is maturing (Bohm-Vitense, 1989).

Stars burn hydrogen into helium in their core. Their luminosity L is related to their surface
temperature T by Stefan’s law : L = 4ro-R?T4 where 0 = 5.67-1078W.m~2.K~* is Stefan’s con-
stant. While its hydrogen content is being burnt into helium, a star, in hydrodynamic equilibrium,
evolves along the main sequence of the HR diagram. Any evolution beyond the main sequence
depends on its initial mass. According to numerical simulations, two scenarios are possible :

If the mass of the star is greater than ~ 8 solar masses, i.e. a high mass star, the
thermonuclear fusion will last for a few millions years. The star is then hot and very luminous (10*
to 108L¢). Once the hydrogen content in its core is exhausted, the latter contracts, as there is no
longer enough energy produced to counterbalance the inner gravitational pull. The outer layers of

hydrogen also contract and start burning into helium.

32



£ 3 A F [ L] Al

o 000 M0G0 BSDOT  SOUDT 4000 3000 #
o = T T — T =
+ -
HBCMNE fing Cassiopeias
000G
-’
L - 3 o]
= ﬁt!p‘hﬁlf_‘ : 5’.“_.
Polars.] 4t &
B i " e '
Fi3 Sagiltag
sk ¢ o
¥ oof z
b
= Z
= 2
s H
1 9 -
= =
a
Bl H
Hipparcos's
H-R Diagram
V0 =
Sinus B
¥ i
-5 ap s afn ¥l 1 sdu

Coval e BV}

Figure 4.1: Hertsprung-Fussell dugron representing the absolute muognitude [for fwnunosiy) as a
Sunetion of surface temperature for eotor! of o sler. Temperature and cofor are equivalent because
stars are seet ar e perfect Mook body, Mest of e sfars ore loceted olprey the ragine seqoenee of
the HE diogram and spend fheir fifetime burning kydrogen dnfo helnon. Their subsequerd evolution
depends ot Hhedr wdfial s, Foromoe detals consulf [ Bohm- Vitense, 1982, Sowrce : [(fittp
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At this stage, the star has reached the temperature required to start fusing the helinm eomtent
af its care imta carbon, vitrogen, oxygen, neon, silicinm and finally iron, the most stable clement in
nature. This process of energy prodoction is keown as the ONO evele (Bethe, 18401, On the HE
diagram, this stage corresponds Lo an evolulion along the herzente! dranch of the HE disgram
(figure 4.2, Towards the end of its lifetime, that star is stroctared in layers formed by materials
with increasing atomic mass as one moves towards the core (Agure 4.3), Current estimates give a
temperalure of several billion degrees and a densiy of ~ 10Mg/em? in the core. Details on this
subiject can be found in {Bohmw-Vilenss, 19843 11 is pencrally admitted chat e gravilational core
collapse of & high mass star around the end af ity lfetime s the physicsl process wuderlying the
onset. of a tvpe I1 supernova, a type of SNe that = nol of significsntl boportance for Lhe present
work.

In the apposite case, if the initial mass of the star is smaller than ~ 8 solar masses,
the fusion processes i the core are slower hecanse of smaller values for the central pressure and
temprrature than in the previons ease. In particular. hydrogen fusion into heliom can last for
several billinns of years. When the hydraogen content of the central layers 8 exbansted. the outer

layers of hydrogen also contract and start burning into helbun. The helhun produced adds-up Lo
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the mass of the core, which at that stage 1= degenerate 1o the core hosts strengthened mutual
repitlzion of electrons foreing cach other into higher everpy states. Beeanse of that degeneracy, thu
primsnre & almost independent of temperature Lee the useal processes ropelating the eguilibroom of
the star no longer hold and due to their strong dependency on temwperature. runaway thormmonuelear
fusions can oceur.

As more and wore layers of bydrogen are burning, the most outer ones are blown off by sube-
seguent core expansion, producing a decrease of the surface temmperature of the star, which e
experiences A reddening, Inoa HR disgram, the slar - arownd Lhis stape - evolves along Lhe fled
Ciard Branch., After ~ one billion years, the femperature in Lhe core s hipgh enough to gaitle the
mzion of helinw into carbon and oxvpen. By induciog an expansion of the core, the subseguent
ouset of the Helinm flash stupe breaks the prevailing inlernal degeneracy and triggers an important
expansion of Lhe star leading it inlo Lhe red glant stdaen

At some point i titne, the star evolves along Lhe Horizontal Branch of the HE diacram over
a period of a hundred willion years, Somewhere thers, the bighly encreetic photons emitted hy
the slar [predominamily in the UV range) ionize the gas content of the ojecta {mostly bvdrogen,
nitrogen. oxygen]. which then hecomes visible as planetary nebuloe

Finally, when the Helimn contenl has been exhansted, there is a collapse of the carborn-oxypen
care due to 1y own gravity,. The remaining thermenielear fusion oecurs in an almost static shill
arcund that core. Az the inmer temwperatore is oot high enongh to ignite carbon fusion, the
combustion in the external lavers slowly dies out and when Che mass of the remsining bydrogen
reaches a threshold of ~ W00 (Bohm-Vilense, 1988), the star starts cooling down, 14 @5 Chen
predomisantly made of carbon amd oxypen with a total s smmaller than the Chandraseklar liri
[~ 14480 It eaols down Turther by radiating the remaloing eoergy and ends up as a while dwark:
a star 5 dead. An illustration of that theoretical evoletionary track [or low muss stars is given in
fignre 4. 4. Details on thiz subject can be fouwd in (Bohm-Viteose, 1389, Christensen-Dalsgaard.
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Figure 4.4 Theorelion eoofetionary Greek on e HIE deagrean for o Do meoss stor (W < 8 aofur meses)
Wihate dwarfs are typteal end stages for thet fype of sfars and they are seen e fovaurite progeniforz for
Type Ta supertioiae Souree o (hibp ffwwieSearador saore oo fastea v ges flonirec s s 8 fedrack e g

1995). As presented i the next secticns, white dwarls are secn as favourite peogenitors lor Type
Iy supernovae, the sab-type of SNe relevant to the prosent wark

4.1.4 Observational classification of supernovae

Mast of the time, supcrnovae classification bs realised using mlorwation fromn thelr spectra mostly
alxtained & shart thme aleer the explosion. When a superiuva oceurs, the matter {ejecta) is ejocted
at hizh speed. As shown in figure 4.6, shortly after the explosion. spectral {oatores evolve quite
rapidly. The expanding shell of gas is optically thick meaning that we mainly obscrve absorption
lines in the spectrim.

The frst observational classification was introduced by (Minkowski, 1941), He defined twa
classes of types that were sinply named T and T The main difference hetween the two types come
[rou their respective spectra @ Thype I supernenee have findrogen fines in theiv spectia (notably H
and Hz ) whife tgpe T do rot.

With time. differences started appearine among type T supernovae. They can be classified mto
Lo groups ; some of e bype T SNe exhibit strong silicon (81 ) lines in thelv speetnt with e Hght-
eurve egstly recognizalle by a larger H-fand peak imgnosity, They weee given the name of Type fa
supernvvae. The others beeame type Ih or Ie depending on whether their spectrum suggest a large
or suall helinm content respectively. As illustrated o fisure 4.7, oype 1T are much less laminous
than Twvpe la. Type TF alse have o sub-classification depending on the shape of thelr respoetive
light-turve [see figure 4.7). The glaobal classification scheme for supernovae is given in figure 4.5,

Comsidering the [nst decades af supernovae characeorization, two main sireams of crilicism have
CInerged:

o It does not gronp supernovae according to their astrophysical origing it is generally adimitted
that type 1L Th and Te supernovae develop fvom {gravitational) corc eollapse [Filipenke, 1997}

o Type Iu from thermonnelear explosions (as prosented holow);,
o It docs nob [ully account for the wide variety of supernovae (figure 4.6).

The ongolng incredse i surveys targeting supernovae will definitoly improve their classthoation
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Fignre 4.5 Clessification of supernovae based on the apectru around peak tuminosity (photlospherse plhase)

and the shape of the bghtcurve. Type 11 supernovae have hydrogen lines w their spectra (notably H. and
{Coupellare wod Turatio 1059493

Ha ) whale tupe T do neet. Source

maximuym 3 weeks

4000 6000 BODD 4000 6000 BOCO 4000 2 &000 2 AOOOD
waveleigll (L}

Figure 4.6: Spectra of supernovae of the four marn types. Left-hand side : For classification, spectra around
marrenen hgkt are most commondy used. Mididle: Some spectra obatmned three weels after maxinmem
The most promanent bne-elemnts are sdintified.

Spectra. tne year affer masimun,

Right hand side :
Source: (Maraite, 20005,

4.2 Thermonuclear supernovae : Type Ia supernovae
9

What do we know abont Type la supernovae

4.2.1
Known facts fromn their specira
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Figure 4.7: Schrinatic Hghtcerves of the main types of supertervae throwgh ¢ B-band fler feonfered avound
NEEY — 4400 augstremist SNe fo g clearly the most femninous objels. The curve for S¥e b includes
ENe Ieoas well (they have dmilar spectroscopic and photetentede properties). and represents an guerege.
The typiead “platean” for SNe {[-F 15 shown. The presence of SN 19874 is fo highlipht the fac! that sorme
supernovae cannet be clessified in any of the knoun categartes. these are ealled pecnfar olgectz, Sowres |
(Filipe ke, 18957

o If the spectra are luken a shorl time (= 07 dayve] alter the explosion, the surronndiog shell of
gas 15 still optically thick and mainly absortion lines are observed. As illustrated m figure 1.5,
the SN Ia is in il photospheric plese and the “sean” in fgure 410 schematically describes

the evoluiion of the pholosplere wmd the speceiral [eatures.

o On the opposite, i the spectra are taken several weeks aller the peak o lwinosity, meostdy
cmission lnes are abserved, as the sorroouding shell s mere transparent to photans, The
spectra are theo said ioobe o the netidor phase (figure 4.9).

For classification purposes, the spectra used are mostly taken during the photosplberie phase.
Fraw these spectra, SNe Iaare recognized by the absence of hydrapgen lines aod the prescoce
af broad lines doe to high velocities of the gjecta, SNe Ia are characterised by o deep absorption
trough wrowmd 6150 angstroms [rest [rame) prodoced by blueshifted 5111 AA6347, 6371 5 collectively
called AG350 and recognizable by w charscteristic P-Cyemi profile(fgnre 4,117, The specirum alss
lias same lives coming from intermedisle-mass elements like caloiom Ca 11 (35934 angstroms, 3565
angstrams and 857% snpstroms ), magnesiom Mg IT (1451 angstroms), sullae 5 11 (5468 angsiroms,
5612 supstroms amd 5651 angstroms) as well as oxcygen O L7773 angstroms], Details on thess lines
cau be found in (Filipenka, 1997, Leibundgnt, 20003, Later on, these intermediale-masss elements

are replaced by iron type elements that mostly appesr in emission lines (Bowers et al. LTHYT),

Kuown facts [rom their light-curve

Supernowvae lght-curves provide o lot of mformation. Lhey are generally obtained from specially
designed filters that select s fraction of the incoming light from the source. Figore 412 gives
an exame of SNe la liphteurves obtained throngh different filters. By convention, the origin of
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Figure 1.5 Uptecal Spectra of some SNe i the photospherie phase (some doygs affer peak luminosty).
Land v orepreacnd e wfter obeered Boband mazimeon and time after core colfapse, respeetiuely. [ is
generalffy admilted fhat ihe grumdational eollapse of dhe core of 2 btolt mass slar arcund e end of o
lifetime is the physical process undedlying the onset of o type I supermova, The main fines of the spectn
pre rfenfefind. Source: (hthpenka, 19970

time is defined when the light-curve reaches its peak luminosity in the B-band' (AE™" — 4400
angstrams) relative to the Besscll system (Besscll, 1903). Three stages are noticcable on mast of
thetm -

o The increase | Observed in the B-band, SNe Ia reach the peak of their lmivosity in ap-
proximiately 15 days aller the axplosion. (Riess et ol 1995) suggest an averape value of 19.5

s,

« The maximom : It 15 reached earlier in the Fband than o the B-band with an average
interval of 5 days, In lerms of color, the SNe Lu shifts [rom Blue Lo ved {rom the maximim
onwards. A gaussian or a polynowdal can medel that section {Contardes et of,, 2000

LThe chowe of the B-Band as the rommaondy weed fior in supermavar cosmoingy 35 hased on the fighor bright-
ness af these ahjects (n that noeelength regton of st gkt and on the emogiiehifity of better conatmined
standgrdizatren Ham H-boped ghfowrves [Folotelli, 2004],
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Figure 4.0 Optacal Speedre of sove S¥ean the nebnfar plucse | somee memths afler peak lomanesity L § aed
T represent fime after observed IFbond maonmuem ard frme ofter core colfapse respectioedy, 11 s generally
admitfed ot the gruvifational collapse of e core of o Righ weass ster amund the end of itz hfetime is the
physiciad process underlying the orsed of a type 1T supermava. The mam bnes af the spectra are Ldetadified.
Source: (Fipenko, 195TL

o The decrease - There 15 an exponential decresse in the 17V and blue range (U and B-lamds)
while in the infrared range [from I-band onwards) che liphi-curve presenls g second peak
around 21 to 30 diyes aller B-Dband masimuom, Finallly, Trom 50 to 120 days onwards, SNe 1a

lighieurves decresse unilormly in all the bands (Leibundgal, 20007,

In doing cosmeology with SNe la, one learnt from soetion 3.1.2 about the innportance of propecly
knowing the peak B-band magnitude as well as aceurately estimating the Hubhble constant { Hq).
LThe muwt acenrate values bave been obtained from She la whose distances bave boen estimatod
frow Cepheids. An aversoe value of My — =195 4101 and Afy — =195 = (1.1 hus been messured
from a sel of elphl SNe la (Sala ef ol 1989),

The Standardization of SNe 1a Inminosities

As stated sbove, SNe Ia show o global homogeneity in their spectral and photomettie properties.

When omitting few peculiar ones, the majority of the residual population do exhibit that overall
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The time series of spectra is a “CAT Scan” of the Supernova
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Figure 4.10: A schematic view af the tune evolution af ¢ supernova spectritie, As the ejecta expands and
cools doum, the cotdinuwn and o properties clange. The plolosphere reeedes o fhe giecta and fives of
different elernents appear af dz'ﬁ'erm! phiases. Source: [Eolafell, 20041,

harmngencity, The contral lact in them being named standardizable condles resis upou the small
dispersion (¢ < 0.4 magnitudes) iu Lbeir B-baud absolute magnitnde al maximom light as evi-
deneed in the analysis of a large set ol 5¥e 1o io the raoge 000 < 2 <2 01, Lhe g0 called Hubbie
Aow, (Hamuy ef af (1996) ; Riess ef al (1999)), In the Hubble fow, the ITublile diagram is well
approximaled by 4 linear law through the Hubble parameter (dr, = 3. and the peculiar velocitios
ol palaxics are vegligible when compared Lo the recession velocities, Unforlunalely, as ilustrated
i the top of Agure 4,14, 4 o = (b4 dispersion in magnitudes corresponds o relative fuctoatioos
of ~ 46% in fAux leading to disparities of ~ 24% in distances rstimates,

The salvation comes framn Lhe facl that brighter SNe fo show broader fghtcurees (e slower Lme-
euedufion ) and vice versa. That relation was first sugpested by (Pskovskii, 1977) (Phillips, 1993)
retivestizated it using [ar better quality data ou SNe Ta, Tt is Lhe carnerslone of Lhe stauwdardizalion
of SNe la luminostties. On top of that standardization, an adeguate treatment of extinction ts
regnited: the stndy of SNe Ia in the Hubble flow strongly helped to addiess that aspect thanks
to Lizh quality data avatlable tn that range. In the first standardizatton method developed by
{Phillips. 1993). ome introduces the parameter Apros, as the amount in magnitode of the deerease
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Figure 4110 The typreal I-Cygni profite assoctaled walfe the 55 1 ghsorphen fine n S¥e la spectra 1
1w due o o rapidly expanding oimespfiere,  The atmesphere abapris the pufgoing phatons qnd re-emita
thene fsobtropically, The region taceted betioeeete $he oo ared the observer s approuchiag the latler. The
stbsegiend alsarplion fine appears Sueshifted: for SNe Ta, # 95 commaonly e Ditesfefted S0 00 36547,
G3TE (eolfectivedy cafled X6955) resuliing m fhe deep absorpiion trough arawnd A6 150 {rest frame ), Souree
;R Sl sepernove DB gon! o~ dokasen ftatoriad o cygnifpoggni_form fpg )

ol the B-band lighicurve berween maxinnomn light and 15 days after. After carrection [or extinclion,
A slrong correlation was Baurd between Ay and peak luminesity (o < 0.1 mwag) (Dhillips ef ol
FO997, A lemiative explanation [or that correlation is presented in seclion 4.2.5 helow.

(Riess el al, 1996 have developed & second approach by bringing the Amg method Durther
into Le multi-color lghtcurve shape method (MLOS), The MLCS is an advanced method allowing
ta fit the relation between peak absolute mapnitudes and lighteurve shapes for several colors
simultaneously. One of its main advantages i= Lo allow Lhe inclusion of Lhe cxlinetion correction
in the process of standardization (Folatelli, 2004). Extinction is known to be calor dependent.
i dimmed abjects appear redder and the tolal alsorplion = proportional to the reddening, A
third approach and simpler one is based on e capability of reprodocing the range af obseryved
lighieurve shapes by strelching or contracting the time axis of a template lighlcurve by a streteh
factar s {Peclmuticer ef ol . 1997), Figure 4.13 (bottom) llustrates a final result when using the
stretch [actor method, A dispersion of o ~ (.18 15 typical [or Lhe current measurements ol SNe
la in the Hubble flow, when using these three methods. Afer covrection for uncertainties and
errors in redshift doe ta peeuline velockties [~ 300 ko/s), an intrinsic procisian ~ 0012 (6% in the
distance ) is obtained for SNe la (Folatelli, 2004).

Some uncertainties 7

In the following we highlicht thres of the major difficulties thal still plague whal is koown from
SNe 1a's lighcurves:
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Figure 4.12: Lighteurves for dhe Thpe To SN R8Ny faken throwgh UHVAIFAK filters, covering ther
wavelength range frove the near-infrared to wisihle, Source ! (Leiburdgat, 20000)

+ The difference in light curves -

Farly in the use of SNe Ta as standardicable camdles (Phillips, 1993; Hamuy and et al.,
19931, it was shown that there is a strong correlation between the peak B-bamd brightness
and the change in magnitude measured 15 days after {Amqg)]. That correlation initially
abserved on a small set of data was later confinned by (Riess ef af, 1994; lamuy ef af., 13951,
Sharp eriticisms were raised by { Rowaon-Robinson, 2002) when he brought soime evidence that
Mp — Ay relation 15 weaker 1han stated if the analysis s restricied to supermovie observed
before maxinnn. Notwithstanding 1hat, o consensus 15 prevailing on SNe Ta, considering that
after correction for that correlation, the dispersion is only about & =~ 0,12, corresponding to
an wncertainty an the tree distanee of = 6% {Folatelli, 20047,

e o SNe la evolve with redshift
A peneral rule of thumb is that an event at 2 = | is scen when the universe is ~ one third
af its present. wge. The corrclation between intrinsic lominosity and decay time is calibrated

ar low redshift. A nateral gquestion atising from that 15 whether SNe la ohserved ot wrions
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epplied. The dispersion in magnitndes eppears stgnificontly reduced fthaw o the top, Source: (Ferfmutter
et al,. 19970

epochs of the nniverse exhibit consistent and strong encugh similarities for them to be used
i cosmmology. 1o other words, to be nsed for robust work in eosmology, it is necessary that
Shve In do uot evolve or only mikdly. Becent work on that problem seem to indicate Chat
ke la do not evalve significantly (Goobar and Perlmottor, 1995; Drell ef el 2000: Branch
ef al, 2001) as lustrated in fizure 4.14. Presently, two approaches have been adopted by
otservatinnal toams to son if evolntion has its role in the dimming of bigh redshitt superonyac
- polug to higher redshift to Investigate how the Hubble dipgram evolves, and moreasing the

slatistical ssinple with moulli-band photometey and spectroscopy.

s Exiinction and K-correction
When measuring wagnitudes of SNe la, correclions for photometric band effects {K-oorrections)
and forepround effects {extinetion) are applied, The acenracy of these corrections depend on
the knowledge of SNe La intrinsic properties. As [ar as cosmology i concerned, the central
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suggests an almeost folal absence of eoolution with respect to redskift among SNe To. Senrce o (Perladter
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queslion hers 15 to know what phys=ical process{es) other than the accelerating aniverse can

induee the dimning of light from SNe Ia

Extinction

Extinction i 4 termn nsed in astronomy to deseribe the ahsorption and scattoring of light
emitted by astronomical olijects by mutter [dust and gas) between the omitting object and the
vbserver. In the optical domain, blne light s ohserved to he much more steongly aticnuated
than red light and this results in an object appearing redder than expected (e dimmed)
tar un shserver and the total absorption s proportional to de interstcllar extinetion that is
villed reddening. It was realized early cnough that reddening conld induce a dimming of
SNe la, similar o the owe attributed (o the accelerating universe. While some nearhyv SN
la take place in elliplicals where ternal extinetion {(1E)] in the bhost may be neglected. a
large fraction of them takes place in spiral galaxies where [E cannot be neglected. For the
reasons given previcusly, the presence of dust on the optical path can induce dimming of
supernovae [ight. 1 s therelore capital to disenlanele helween the dust and the accelerabed
expansion confribution in the dimming of SNe Ba. (Riess ef gl, 1998 Perlmutter ¢f al,
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1999), assumed that IE at high redshift is small or even negligible, in addition to using 1
to 2 filters only (Rowan-Robinson, 2002). Given a supernova intrinsic color, it is possible
to correct for reddening. Two approaches are currently extended to deal with this issue.
The first one consists in taking multi-band photometry to increase the color leverage and
make dust contribution more detectable. The second one is to observe at higher redshift
to discrimate between scenarios of dust or dark energy (DE) : because extinction correction
terms for typical environments are known in some way (see section 4.2.2), going to high
z will accentuate DE contribution while extinction factors lead to characteristic reddening
unless the dust has unusual properties (Aguirre, 1999). In doing so. a careful attention is

also given to properly correcting for dust from the Milky Way.

K-correction
The dimming of SNe Ia could also be due to instrumental effects. An important difficulty
appears when one tries to evaluate the magnitude through a specific filter. For SNe Ia, the
peak magnitude is usually obtained in the rest frame B-band filter, while the observations
are done using filters which, redshifted, do not exactly correspond to the previous one. K-
correction is the term introduced for the purpose of correcting that error. More precisely,
the magnitude of an object at redshift z. observed through a filter i is corrected by (Folatelli,
2004) :

m; = m;(z = 0) + K;(2), (4.4)

where K;(z) is the redshift-dependent K-correction that applies to the observation at that
redshift.

The K-correction usually depends on the flux observed through a filter ¢ and the transmission
of that same filter. On top of that, it has to be taken into account the fact that SNe Ia
spectra evolve with time, particularly around maximum light. Therefore, it is not possible
to use a single SNe Ia spectrum to compute the K-corrections at all times: making spectral
time series is required. Because of the observed homogeneity of SNe Ia spectra, the basic
strategy consists of using time series of template spectra to compute K-corrections for any
supernovae. The numerous inaccuracies appearing when implementing this strategy are said
to be resolvable with a large sample of spectro-photometrically well observed SNe la such as
planned by the Nearby Supernova Factory and more recently the Supernovae Legacy Survey
(SNLS) and the the Sloan Digital Sky Survey (SDSS). An additional difficulty comes from
the fact that at z ~ 0.5. for a B-band filter K-correction. some information from the U part
of the spectrum is needed. For handling the last problem, the approach developed first by
(Kim et al.. 1996) consists of introducing a cross-filter K-correction, K;;(z). Through a filter

j. the observed magnitudes of an object at redshift z are corrected by (Folatelli, 2004) :
m;(z) =m;(z =0) + K,;. (4.5)

Most of the additional work will then consist of reducing the uncertainties in the (cross-filter)

K-correction.

4.2.2 Defining a distance indicator from Type Ia supernovae

Doing cosmology using SNe Ia as standardizable candles requires an accurate knowledge of both

their magnitude and redshift. From an observational point of view there appears a need to introduce
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an effective magnitude. It depends on the choice of filter 1 in which the observations at low-redshift
are done. At high-redshift. the effective magnitude is given by (Folatelli, 2004) :

m?” =m; — Ki,j + Acm‘r - Ai - Aj' (46)

where K; is the cross-filter K-correction, m; as defined in Eq.(4.5). Ao is a correcting term
obtained from the Am5 relation seen in section 4.2.1, A; is a correction for extinction in the host
galaxy (assuming that the extragalactic extinction is produced in the host galaxy), and A; is the
corresponding Galactic extinction in the observed filter. The more the ways to treat the right side
of Eq.(4.6), the more the available strategies. As illustrated in figure 4.15. the B-band filter is

commonly used for the previously stated reasons.

5000
A

Figure 4.15: Optical photometric passbands UBVRI superimposed on a SNe Ia spectrum at peak luminosity.
The choice of the B-Band as the commonly used filter in supernovae cosmology is based on the higher
brightness of these objects in that wavelength region at mazximum light, and on the availability of better
constrained standardization from B-band lightcurves Source : (Folatelli, 2004).

From section 3.1.2, Egs.(3.11) and (3.13) led to :
m(z) = M + 5-logy, (d;) + 25 4 constant, (4.7)

where d/L = %l-dL = %Q-dL {z,Q1,Q4) is a dimensionless quantity with d;, the luminosity dis-
tance given by Eq.(3.11). The constant term is a correcting term defined for each supernova. Once
m;f_fband is known from the measurements, one is left with the task of fitting a model given by
the right hand of Eq.(4.7) to the data and to extract the optimal cosmological parameters Hy, Qar
and 2,4 via :

mi?f_fband =m(z) = Mp_pana + 5-logg (d;) + 25 + constant. (4.8)
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Assuming that Hy and Mp_pang are known with great accuracy, an apalysis af the redshift (2) de-
pendence tJF?rL%Ifhnnd (or equivalently p} as illnstraded in figures 416 and 4.17 allows to diserimate

cosmological models.

4.2.3 Where do Tvpe la supernovae come from 7

The large variability in the spectral features of supernovae clearly points towards the need for a
brtter understanding of their respective progenitor. Io the following lines, we foens oo dominant
approachics trylog Lo relate SNe [a's spectral aod photomettie charsetenistics. and che physics
asanciated 1o their progepitors. More details can be [oupd in (Filipeoko, 1997 Nomoto 2 el |




19497; Hillebrandt and Niemeyer, H00). The prevailing concensus 15 that the source of & “nommat”
Type la s w carbon-oxvpen white dwarf wecreting matter from its companion star in g binary

system {Hgnre 4,181

Fignre 4.18: Artest etewe of o by spstern where o whobe duorf ie goorefing matter from o compantorn star.
The whte duwarf s located n the cenitral mgton of the acorefian disk, Sewrce « (Bitp: flhenibirssiraf ~
tap ! M3t ges Mnar yoseoleeme ] eapttors 0 300 gy

A white dwarl is the end stage of o low-mass star dmags < 3Mg L Onee a low-mass star has burnt
abinost all the helium inits core into carbon, the temperature there is na longer high cnough to fuse
carbon. Al Lhix stage the onrer Toyers of the star have been sjected into the imterstellar medinm and
a degenerate carbon-oxvpen core = left {Bolm-Vitense, 195%), The forcher gravicational collapse
in the pas iz preveuted by che rmtual repulsion of electrons forcing each other meo higher enerpy
slates, e the core is depenerale. The low mas star is at the end of its lietime and way now be
called a white dwarlt 11 has a yery dense core wilh a mass of about 07 - 1.2 solar inasses aud is
approximately the siee of the Earlh, 1.4 solar masses, the Chandeasekhar loit (Chandrasekbar,
19317, is the predicted upper it of the mass of a white dwarl Tt defines an eguilibrinm point in
the interplay between the radialion pressure saed the pravilatiooal pull imside the star,

A white dwarlf can inersase its dewsily and nlernal teperature via two processes -

o Collision with another white dwarf where they will lose angular momontum through gravi-

Lialional wve radiation:
o Accretion of matter from a swelling binary companion star, often a red glant,

The admitted scenacio i Lhe last case {Lhe most observed one) s Lhat il the white dwarf acereley
enongh mass and excecds the Chandrasekhar limie, then the teuperature in the core becomes high
cnongh to fuse the carbon conlenl into " Ni, Becanse of the degenerate state of the core, the
mereased energy production does not lead o a chanpge of Lhe central pressure. The resull is Gl
the star does nat expand. Instead, the higher energy oulput will increase the cenlral leinperatiure,
which wm turn will accelerate the fsion rate i the core and & thermonudlesar TUNAWAY Ay Set
up, It leads to the explosion and complete annihilation of the white dwarl. That explosion is 1he
phienomenon known as s Type la supernova. Soch sconaria leads to a probable understandig of
the observed absence of bvdrogen lines in their spectra that may be due to the ahnost total absenee

of hydrogen in a white dwarf. More detait= are given in (Bolin-Vitense, 1959)
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The thermonuclear fusion of carbon and oxygen in the core goes up to the production of *6 Ni.
The latter decays into %Co with a half-life of 6 days, then into %6 Fe with a half-life of 77 days.
This double decay is supposed to account for the shape of the observed lightcurve (Niemeyer et al.,
2003). Early in the use of SNe la as standardizable candles (Phillips, 1993; Hamuy and et al.,
1993), it was shown that there is a correlation between the peak brightness and the change in
magnitude measured 15 days after (Ams). A tentative explanation of that last fact is contained
in the idea that an increased mass in Nickel - as produced by the thermonuclear fusion of carbon
- affects both peak luminosity and decline rate: as temperature rises in the core, the subsequent
increase in opacity leads to a longer photon diffusion time that entails a longer decline (Filipenko,
1997).

As for any model , the previous scenario is not water tight. The main difficulties for most of

them revolve around :

e The proper mastery of the equilibrium point defined by the Chandrasekhar limit. Some

computer simulations give rise to explosions somewhere before the adopted value of 1.4 M¢.

e The binary system formed by a white dwarf and a companion star (mostly a Red Giant) is
not the only one always considered. Some simulations do consider a binary system of two

white dwarfs.

e The type of explosions occuring. It depends on whether the “flame” induced (ignited) at the
breaking of the degeneracy in the core has a speed above or below the speed of sound. In
each case, the induced thermonuclear fusion (of carbon and oxygen) gives rise to the same

type of elements , but in varying proportions.

Thanks to the huge increase in computational power, very sophisticated numerical simulations
are bringing a clearer picture of the large diversity prevailing among Type Ia supernovae. The task
is still burdened by the lack of a satisfying mastery of their classification. the poor understanding
of the physics of the progenitors as well as the prevailing uncertainties related to hydrodynamic
models of SNe Ia. Meanwhile, the strong observational evidences previously highlighted point to
the fact that SNe la are:

e homogeneous : they have similar spectral properties and light-curves;
¢ highly luminous : their peak luminosity can exceed the host galaxy’s;

e ubiquitous. One of the most observationally challenging component of supernovae cosmology
as SNe la seem to be rare events. Fortunately, recent advances in observational strategies
{(Perlmutter and Schmidt, 2003) have eased their detection from low and intermediate to
high-redshift.

They seem to fullfill the requirements for being standardizable candles and used for cosmology.
The forthcoming and ambitious surveys targeting at SNe la will certainly bring some additional
light.

4.2.4 Where do we mostly find Type Ia supernovae ?

The rate of explosions of supernovae is the quantity used to quantify the distribution of SNe

throughout the universe. It is the number of supernovae explosions per unit of volume per unit
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of time (expressed in A3 Mpc=3.year~! with h = mr—rll-_l/omp_(‘)' As supernovae occur in galaxies,
that number must depend on the luminosity of the host galaxy. Therefore . it is expressed in
unit of B-band galactic luminosity per unit of time : 1 SNu (SuperNova unit) corresponding to 1
SN/10%-LZ /century ; 10'°-LZ being the average B-band luminosity of a galaxy. Various estimates
integrating cosmological models have yielded some estimates at low and high-redshift summarized
in table 4.2. The rate of explosions of type Il supernovae other than in the nearby universe is
still unknown. Table /.1 suggests that SNe Ia are more common in spiral galazies than in other

morphological types.

Type of Type of SN
Galaxy la | Ib/c | II | All types
E-S0O 0.3240.11 A? < 0.02 h? < 0.04 h? 0.32+0.11 h?
S0a-Sb | 0.32+0.12 A% | 0.20+0.11 A% | 0.75+0.34 A% | 1.28 £ 0.37 h?
Sbe-Sd | 0.37+0.14 A% | 0.25 4+ 0.12 h? | 1.53 £ 0.62 h% | 2.15+ 0.66 h?
All types | 0.36 & 0.11 A? | 0.14 £ 0.07 h? | 0.71 £ 0.34 h? | 1.21 £ 0.36 h?

Table 4.1: Rate of nearby supernovae in units of SNu = SN-1071° LE - century™ where h =
It suggests that SNe Ia are more common in spiral galaxies than in other morphological types.
(Capellaro and Turatto, 1999).

_ _Hq _
100 km/s/Mpc*®
From

<z> | Rgp 14 (R*-SNu) (Qa10,4,) | Nb of SNe Author
SN Ia

~ 0 0.36 £ 0.11 70 (Capellaro and Turatto, 1999)
0.14 0.4470:37 7003 (0.3, 0.0) 4 (Hardin et al., 2000)
0.13 0.2375.09+0-08 (0.3, 0.7) 14 (Blanc, 2002)

0.55 0.5870700 To'00 (0.3, 0.7) 38 (Pain et al., 1999)

0.55 0.947015 1003 (1.0, 0.0) 38 (Pain et al., 1999)

Table 4.2: Estimates of rates of explosions for nearby SNe Ia. Estimates are given for various redshifts
and values for comological parameters.

4.2.5 Some peculiar Type Ia supernovae

In a previous section, an emphasis was put on the existence of peculiar supernovae among the
globally homogeneous Type la class. Two of the most extreme examples are SN 1991T and SN
1991bg. Both have become the most refered prototypes for identifying two subtypes of peculiar
SNe Ia. The spectra of 1991T-like SNe show particularly weak Si II (A6355) before maximum light.
The spectra of 1991bg-like SNe show particularly strong Ti II lines that persist long after maximum
light. 1991bg-like SNe are also found to be ~ 2 to 3 magnitudes fainter and significantly redder
than “average” SNe la (Folatelli, 2004). Spectra of SN 1991T, SN 1991bg and a normal one, SN
1989B are shown in figure 4.19. These “unconventional” supernovae are still poorly understood,

worst than for “normal” Type la.
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Figure 4.19: Top : Spectra of SN 1991bg (bottom) and SN 1991T (top), two prototype peculiar . For
comparison, a “normal” Type Ia (SN 1989B) spectrum tis also shown. The most prominent lines are
identified. Source: (Folatelli, 2004).
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Chapter 5

SNe Ia template fitting

5.1 Introduction

It was shown in chapter 4 that SNe la are good standardizable candles. For that reason, when
observing some candidates SNe [a for cosmology. the first challenge is to confirm its type (Ia.
Ib, 11, etc), redshift (z) and phase (®) with satisfactory accuracy; as inaccurate parameters lead
to contamination of the sample (by non SNe la and/or atypical SNe la), which cause critical
biases in the Hubble diagram and increase the errors on the luminosity distance (dy). These three
parameters can be extracted with satisfactory precision from the spectrum of the candidate. In
this chapter; using Nugent’s template spectra (Nugent et al., 2002). we apply the x? statistic to

estimate :
e the redshift z,
e the phase ®.

of given Type la supernovae from SUSPECT, an online database of supernovae spectra. By phase
here, it is meant the rank occupied by the template in the list of 91 templates from Nugent. For
example, phase 10 means the eleventh template from Nugent’s templates which consist of a matrix
of 91, 2401 — by — 3 submatrices (each for one phase) arranged in increasing order from (phase) 0 to
(phase) 90. A simple code identifies the twentieth template in Nugent’s database as the template
for a spectrum at peak B-band brightness. Hence a template at phase ® = 25 would - ideally -
correspond to a template |25 — 20| days after maximum and a template at phase & = 10 would
correspond to one at |10 — 20| days before maximum. The code(s) hereafter developed could also
be applied to SNe la spectra from the Southern African Large Telescope (SALT). In the process
of fitting a “standard” template, it is also possible to confirm the type of the supernova in some
cases. Two strategies have been implemented for that purpose : the first one is based on a grid
strategy for the parameter space and the second is an implementation of the Metropolis-Hastings
algorithm for the Markov Chain Monte Carlo method.

5.2 Pre-processing the data and the templates

As can be expected with any spectrum, the flux calibration process is not perfect. A consequence

is that the overall amplitudes of the input spectrum does not coincide with the amplitudes and
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shape of the templates : we then speak of a mismatch. For this reason, the input spectrum and
templates are pre-processed and their residuals are used instead. These residuals are obtained by
dividing each spectrum by its associated smooth function obtained by averaging the spectrum over

a moving window of 500 datapoints. In two steps :

e Averaging of spectrum via a moving window of 500 datapoints. In the case of a template, it

corresponds to a moving window covering a wavelength range of ~ 5000 angstroms.

e The wavelength range of the average spectrum is shorter than the one for the initial specrum.
The spectrum is therefore “splined” over the average wavelength range and the output is

divided by the previous average (point by point).

Typical outputs are presented in figures 5.1, 5.2, 5.3 and 5.4. In the best case, the end product is a
curve oscillating around the value of 1 (figure 5.2), particularly advantageous from a computational
point of view as working with the original spectra implies the processing of small values (~ 107 15).
One additional advantage of that approach is to provide a dimensionless output, meaning a way
to handle flux calibration problems. However, that strategy does throw away information and it
makes it impossible to achieve good matches in some cases.

One additional source of mismatch comes from the fact that even if they have been recently
updated!, the Nugent templates used in this work are far from perfect, as clearly visible in the
plots of all the residual templates in figures 5.5, 5.6 and 5.7. It appears that the majority of the
initial sample used to generate the composite spectra relied on a few objects. According to (Foley
et al., 2007), Nugent originally constructed his templates from 84 spectra (31 for the maximum-
light template) of which 63% (52% near maximum light) come from SNe 1989B, 1992A and 1994D.

Two of these SNe Ia still appear as somewhat atypical in the literature, namely :
e SN 1989B shows strong dust absorption (Wells et al., 1994);

e SN 1994D exhibits anomalous luminosity and colors (Richmond et al., 1995; Patat et al.,
1996).

The size of the sample and the persistent influence of these atypical SNe Ia can result in severely
skewing the composite away from the true average, making them non-ideal for template matching.
Nevertheless these are typical template set in the literature. As illustrated in figures 5.23, and
5.24, the oscillating patterns in the input data contribute significantly to the amplitude mismatch.
The quality of the fit in both extremities is particularly poor, with the blue part having a relatively
strong contribution. The Nugent templates are clearly limited in scope and type. A way out of
these limitations would be to widen the variety of SNe la used in creating the composite templates.
That approach has been taken by authors like Blondin and Tonry (2006) in developing and testing
the SNID tool introduced, that we discuss in chapter 6.

Also of interest for computational reasons is the fact that the full set of templates is a single
matrix of (2401 x 91) rows and 3 columns covering 91 days of evolution before, during and after
peak B-band magnitude. The columns give the day, the wavelength and the amplitude respectively,
with each day consisting of a sub-matrix of 2401 rows and 3 columns. Hence, the proper use of
priors on redshift and phase coupled with reasonable CPU power have both a noticeable impact on
the outcome and the duration of the parameter estimations whose algorithms are still subject to

possible improvements. It is recalled that the grid based y? has a computational cost that scales

Lhttp : //supernova.lbl.gov/ ~ nugent_templates.html
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1. Splining the templates in such a way that both template and data are on the same grid; then
performing the matching using these outputs directly. Compared to the moving window
averaging. this is difficult because the data and the templates must be in the same units and
an extra parameter, the relative amplitude, must be estimated, in addition to the redshift

and the phase. Also. this method is sensitive to flux calibration errors.

2. Fitting a polynomial of fixed degree to both data and template; then dividing them by their
respective polynomial fit. Here also dimensionless outputs are obtained. The unsatisfactory
result of the polynomial fit of both data and templates made this approach unreliable com-
pared to the moving window averaging. A known solution generally preferred in practice

consists in using several polynomials of lower orders, i.e splines.

One other important step in handling both the data and the templates is the need to have then on
the same wavelength grid prior to the computation of the x2. To do so, the spline of the residual
templates over the wavelength range of the residual data is performed at relevant stages of each

code.

5.3 The grid-based x? statistical method

5.3.1 Principle of the x? statistical method

In this method one uses a grid on the parameter space to estimate a set of N parameters © =
(01.0,....,0x) from observed spectra of a Type la supernova. The approach relies on the eval-
uation of the x? statistics discussed below. In the present case, N = 2 where O is the redshift
z and O, is the phase of an observed Type Ia supernova. The basic problem is that one has a
vector of data D from which one wishes to estimate a vector of parameters ©. The aim is to try to
fit a model with N adjustable parameters © = (8,,0,,...,0x) to a set of M data points (x;,¥:),
i = 1,..., M. The model predicts a relation between the measured independent and dependent
variables given by :

y(x) = y(x;01;..;On), (5.1)

where the right hand-side in Eq.(5.1) gives the explicit dependence on the parameters and z in our
case is the wavelength.
The question then is, what should one minimize to get the best values for the ©;'s 7 The very

first idea is the usual least-square fit, i.e. minimize over ©1;...; ©x, the quantity given by :

=M

Z [yi — y(2i101;...08))%. (5.2)

i=1

However, the least-square does not weight the points (x;, y;) by their errors o;. Instead we want a
statistic that is sensitive to the ¢;’s. This leads us to introduce the likelihood, i.e. the probability
of the data given the parameters. The best-fit parameters are then found by maximizing that

likelihood. A common assumption is made that each data point (x;,y;) has a measurement error
2

that is distributed as a Gaussian around the “true” model y(z;;©1;...;©p) with variance o7 .
If in addition, it is assumed that each point has a measurement error o; that is independent

(uncorrelated) of the others, then it can be shown that the likelihood L of the data set is the

56



|
i : | ; s} 1
il o I
$ ! A i =t EF
. i A A r'\ 5 !
! A I\ \,/ A" T A .'?"/\ _-‘JA' 2
T'I.I ' .\\s\r P \
bty : 4 i ug'; -
o oww o wx wm u-'u::“:'iu‘.-_lrnmlm e ecen T -r_-u -:*ﬁu.-c'ﬂ;a.-'.lm-r luin:llrn: T e T
i r ﬁg }:E - “lﬁ %%E
b | _
l o i g |i
I \ | 'i 1 I
Nl oL A/
13 Hﬂhﬁ%.-,._ Y, /\ s | l'“._l\’y‘tnir-‘ 7\
R ) to} i
hmﬁ:;ﬂ&mmw: )y T T mr v muh:r‘; :::...“ T e
L] T T " - :gg_ ¥ !. T - T e — ﬁ
(L3 [} b BT af 1 Sl TH
1 pr i =} i
" .i £ st [
i il 3 |'W\ﬂ \ /\ N\ g i iiiltl' ;\ & # -~
i / = 4 -
1 "W I A WA
L ] W i e e

Figure 5.5: Template restduals 1 to #0) from the Nugent's. Note the distorsions i the edyes, particularly
in the fur vighl. The very fivs! lemplate in Nugent's databnse iz o flal spectrum with a conatant arapielude
of 107 ™" and iis residual (of constant gmplitude = 1) has not beer: represented.




i
i

Plad ki N9 e
3

Praraha | s {RaTe e
i.

'f
\L\\/

.;p |h-.,h| - .,_ L #\ !

e ST ey il
o e w00 -.u- uu.u LN KB IRBIT TR MGIn neen G Y T, T T ==y Py e
Aarm b e Vo - R -

— -

Hoawhasf 41 : rwnnn

o o

muui
a &
g & ’ B

’3 h

="' |

LY T T —

et Tk
= i

]
ol 4 " " A A i i
F"*“““W“#?“W“HW T atw omcw SN0 MUNe (00K WG MR CUI WRh DR R

M"ﬂ‘..l“' Wi s yabe=i

T 1 - + ;_ : ! z::ﬁ J
: _ =1 .1 L ’\ SR |

EEEE.E

T !

| ik R |

E - - - . . - B ee—— ™ N . : . L L o )
B = L TR B TR TR AR T A s RIS R CdbeE WLl ORT LN AR el
by g WP a-— wgei

Bt Py e s
P chind Fom [hoinamqans e
S

Figure 5.6: Tewaplaly residuals 71 to 600 from the Nagent 's. Note the distorsims m the edges, particulirly
im the far nght




Pk il Ty, o g ey, -

Ewi i B AR

Faachom by drwe e
- *

e
T —
T .

—_—

LL]

.
_'—:-.:;E_E'!‘-l_
-
-——
-_—
L —

LLY 2

LLN 3 |

wEf §

—_

TR v i A
}“ i Ed W N TUSE ML e
A P

k "
imEn gEAr G e

1 —r—r

WM MR MR AR Shisy

' i,?[f}
HE A
Ty N

W . . . i . i
T HEE WA SR G o T e
L

[ a [ ®
el GEMEY QAN S0

Hinak il Pus [2rmTonsan

Foude s dimomseyg

Mamen &4 A o wsrisan,

m
o
oot

1 -
h“:
i |
A
e B
ik
s
TR aG00 cow Wbl UG CPIT ER. RS B PATER FEL U T
Whurshi~gim a~gei=’
ke TR
Humaka P
Humamn R
Hluaka (0
L Hrpkg WD
|
i || l |
i I|L
o
s 1"| Il,' il ||.~'|
P RIEL
L L L
!0} TR T pr—
i | | |
18
| 1
£ . ¥
1 '_
¥
1—_1;“: L 1T T o B T i TR T T T L I L
a
[
Wi F
Rl
el B
st i [otrier g
e ap o
gt ‘
Ef] B
EEY A i
s ,
i }:‘ 18 | 7
b i 'J: H M | /
L L5
s v
¥ b ""I
I i
r M " " " i i
WG ADON 40O WU D IR bEde AT R i ik e

e, e

Figure 5.7: Template vesiduals 61 to 60 from the Nugent's, Note the distorsions in the eddipes. partienlorty
i the for vight.

Al




product of the probabilities of each data point :

Lmiﬁf{e['%(h_"g&ﬂ}. (5.3)

Maximizing Eq.(5.3) is equivalent to maximizing its logarithm, or minimizing the negative of its
logarithm. In other words, the maximum likelihood estimate of the parameters is obtained by

minimizing the quantity :

bR (g = (@055 08) .
X< = ; ( S ) . (5.4)

The x? statistical method is the simplest and most straightforward way of determining the
best fit for the vector of parameters © = (81,0,,...,0y) that is also sensitive to the ¢;’s. For
the algorithm, a basic strategy consists of setting up a grid of points over the entire parameter
space. The x? value is then computed at each point and the best fit is obtained at the point with
the lowest x? value. The main weakness of this approach is its computational cost which scales
exponentially with the number of parameters (Doran and Muller, 2004); meaning that this method
is only viable for the estimation of relatively small set of parameters. More details on this method
are given in (Press et al., 1992). A point worth mentioning is that the probability distribution for
different values of x? at its minimum can be derived analytically, and is the x? distribution for M-N
degrees of freedom (M datapoints and N fitted parameters). It gives a quantitative measurement
of the quality of the fit to the model.

5.3.2 Application of the grid-based x? method to the spectral charac-

terization of Type Ia supernovae

A x2-test is performed on some Type la supernovae from the SUSPECT database. The full code
and the associated procedures and functions are given in the appendix. The flow chart is presented

in figure 5.8.
Some results

The x2 minimization has been used to identify the best fit and Ax? = x? - x2 = {1,4,9, 16}
to identify {68.3%,95.4%,99.7%,99.9%} confidence regions around the minima. x3 being the x*
for the best fit obtained by minimizing Eq.(5.4). In the present case, the denominator was set to
a value 62 = 62 = 1. Once the best values for the parameters are known, it is also important
to know how good the fit is from these estimates. There is. in the literature, a quantity named
Goodness-of-Fit (GoF'), which allows to monitor the quality of the fit to the data. It is defined as

(Hannestad and Mortsell, 2004) :

T(v/2.x%/2)
F= 22X e
Go T(v/2)

(5.5)

where I'(z) is the value of the gamma function at x . ['(z,y) is the incomplete gamma function?.
v is the degree of freedom which is defined as the number of measurements minus the number

of fitted parameters. In the present case, the GoF does not fully account for the quality of the

2The upper incomplete gamma function is defined as I'(a, z) = f:c t®~1e~tdt and the lower incomplete gamma
function is defined as ~(a,z) = fox t¢~le~tdt (Gradshteyn et al., 2007)
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fit. considering that in the computatien of the y*, the denominator #f has beeu set to 1 for each
datapoint. We therefare do not show the GoF o the oulputs,

Lei's explain here how we peuerale a redshilled speelrum from an inilial one :
o Ispec = | Mspec, Yapeo) is the milial spectrorn to redshift by aoa value z;

o NspecRedshifted = (1 + ¢) Xspec is the wavelengeh range of the redshifted spectrum and for

the blueshifted one we would have to take XspecBlusshified — % ;

o (XspecRedshifted, Yspee) is our initial spectrom now redshified by 2 and { XspecBlueshified, Yspec)
would be the Dlueshifred one.

1t 1 wort b menlioning that by inpni data 1t is meant the blueshifted injtial data - the choice
wis made to blueshift the data {(by each redshift candidate 28) and then compare thein to the
tetnplatey instead of redshifting cach template for each candidate redshift. Zi awd then compatiug
ta the original data. Blueshifting or redshifting is done as explained above, A straighiforward test
of that hasic strategy consists in firstly redshifting a givew spectrun by a value = a5 preseuted
ahove. Then blueshifting the autputd of the previous stage by the same value & Tinally, in figure
5.9, a plot i= made of the square of the amplitndes difference between bath output {ie the ¥7)
which should be minimized at the value of = (= (.5) used.

1.2a-16 T T T T
'-.\ Ch.&quarsd
i
Ta-16 + % -
!
Be-i7 + \ . P .
W -

b F
Be-17 :

4217 | o .

| = -
2e-17 | £ _

22 1.4 1B L.a 1
Candddae valie Zin redshift grid

Chi-sguarad

L=

Figure 5.9 Here we took the same template al phase = 5 ated rdshifted & by & = 0.0 That pedshifted
specdrum e pfferwards blueshifted by e serie of candidate vedslufts 0 taken fromn the predefined redzlift
grtd green gnosnpet to the grid-besed v code, Finally the sguare of the amplitude differences befween the
Blueshifted outpuf and the imitial spectmun of phase = 5 (o the ¥7) @ plotted, We sapected the amplitade
differerice befween both autpud to reach mintmem af £ = (.0, meniing thaf redskifting and blueshifting as
descrthed earlicr do vt partiewdnely alfer the date,

Sowme results are summarized o tables 501, 5.2, 5.3 and associated plots for some of the tests
performed and in tables 5.4, 5.5, 5.6, 5.7 and associaied plois for the data oliained from ihe
SUSPLECT database of SNe. The testing phase cousisted in redshifting a template of phase & by

fi2



Priors for the test

Redshift range 10.0,1.0]
Step size for redshift 0.1
Phase range (in Nugent basis) [2,91]
B Step size for phase 1

[ | i

Results from the y*-test

Best fit for redshift. 2 0.5
Best fit for phase. ¢ (in Nugent basis) 5
XominZ = X0 4.93.107%
Duration of test (seconds) 6.2 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.1: The x? minimization is used to identify the best fit and Ax? = x?—x3 = {1.4,9, 16} to identify
{68.3%,95.4%.99.7%, 99.9%} confidence regions around the minima. A femplate at phase = 5 has been
redshifted by by z = 0.5. Step size for redshift and step size for phase are the step size in the redshift grid
and the phase grid respectively. The ezact values for the parameters have been found in this test

Priors for the test

Redshift range [0.0,1.0]
Step size for redshift 0.01
Phase range (in Nugent basis) [2,91]
Step size for phase 1

L | i}

Results from the y’-test

Best fit for redshift. z 0.05
Best fit for phase. ® (in Nugent basis) 10
Y = X07 8.628-10 2
Duration of test (seconds) 35 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.2: In the present test, a template at phase = 10 is redshifted by z = 0.05. Step size for redshift and
step size for phase are the step size in the redshift grid and the phase grid respectively. The exact values
for the parameters have been found.

a given redshift z and trying to find these parameters. In all the cases during the testing phase,

the code almost perfectly recovered the information from the input spectrum.

5.4 Markov Chain Monte Carlo

The Markov Chain Monte Carlo (MCMC) is now a well established statistical method for con-
straining parameters from observed data. It is particularly adapted for high dimensional parameter
space. There are different kinds of MCMC methods. Two of them are the Gibbs sampling and
the Metropolis-Hastings algorithm (Metropolis et al., 1953; Hastings, 1970). In this section, the
Metropolis-Hastings algorithm has been implemented. It produces a “random walk” in likelihood
space. One of the main advantages of MCMC is that the computational cost scales roughly linear
with the number of parameters (Neal, 1993), meaning that it is a good strategy for the estimation

of large number of parameters, as is often the case in cosmology.
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Priors for the test

Redshift range [0.0,1.0]
Step size for redshift 0.0001
Phase range (in Nugent basis) [2,91]
Step size for phase 1

| | ]

Results from the y°-test

Best fit for redshift, z 0.0095
Best fit for phase. ® (in Nugent basis) 90
Xmin® = Xo° 1.283-1072
Duration of test (minutes) 60 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.3:  In the present test a template at phase = 90 was redshifted by z = 0.0095. Step size for redshift
and step size for phase are the step size in the redshift and the phase grid respectively. The exact values
for the parameters were obtained.

B Priors for the test
Redshift range [0.0,1.0]
Step size for redshift 0.0001
Phase range (in Nugent basis) [2,91]
Step size for phase 1
Results from the y*-test
Best fit for redshift, 2 0.3343
Best fit for phase. ® (in Nugent basis) 4
Xmin® = Xo° 4.15-10~%
Duration of test (minutes) 32.7 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.4: A Type la spectrum from the SUSPECT database has been used. SN 1992ac, the SN Ia
considered is at phase = 10 and has a redshift z ~ 0.0523. The phase of 10 is given with the peak brightness
in B-band as the origin. Step size for redshift and step size for phase are the step size in the redshift and
the phase grid respectively. The redshift estimate is clearly unsatisfactory. Same for the phase estimate.
The tncompleteness of Nugent's templates is suspected to be al the core of this difficulty. Thinning the grid
is an additional option performed in table 5.5.

5.4.1 Principle of Markov Chain Monte Carlo

The basic problem : one is given a vector of data D from which a vector of parameters © is to be
estimated. In the MCMC approach, a large set of points ©;, i = 1,...n ; a chain is generated by
a stochastic procedure such that the points have the probability distribution L(©, D). To get the
constraint on one single parameter. say ©, one simply needs to marginalize over all the others,

which in the case of MCMC consists of plotting an histogram of ©;.

5.4.2 Implemented Markov Chain Monte Carlo

The basic algorithm implemented

The Metropopolis-Hastings algorithm being used is the one defined as follows (Doran and Muller.
2004)
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Priors for the test

Redshift range

[0.0001,0.05]

Step size for redshift 0.0001
Phase range (in Nugent basis) [2,91]
Step size for phase 1
Results from the y’-test
Best fit for redshift, z 0.0001
Best fit for phase. ® (in Nugent basis) 42
Xmin® = Xo0° 11.053

Duration of test (minutes)

2.15 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.5: Additional test on SN 1992ac, where t

he grid has been thinned. The redshift and the phase

estimates remain unsatisfactory but, as expected, improving the priors on the redshift range of the data and

thinning the grid improve the estimate.

Priors for the test

Redshift range [0.001,0.05]
Step size for redshift 0.001
Phase range (in Nugent basis) [2,91]
Step size for phase 1
Results from the y*-test
Best fit for redshift, z 0.026
Best fit for phase. ® (in Nugent basis) 23
Xmin- = Xo0- 99.825

Duration of test (seconds)

20.44 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.6: Here is highlighted again the interest of having some prior information on the data for the grid
based x*-test. SN 2005¢cq, the SN Ia considered is at phase = 7 and has a redshift z ~ 0.031. The phase of
5 is given with the peak brightness in B-band as the origin. Step size for redshift and step size for phase
are the step size in the redshift and the phase grid respectively.

1. Choose starting point parameter vector 6

2.

parameters Q.

mean 0 and standard deviation vector o :

o

Compute the Likelihood L(D|8) of observing the experimental data D given the (vector of)

. Obtain a new parameter vector by sampling from (in our case) a Gaussian Distribution with

How big the characteristic A® jumps are in each

vector of parameters is controlled by a vector [step size for redshift . step size for phase]

(Each for a component of the parameter vector).

Compute the Likelihood L(D]u;) = L;.

Construct u; = ©,_1 + AB;_; (A vector equation).

If L; > L;_; then save u; as a new "point” 6, in the chain (“take the step”) and go to (3).
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Priors for the test

Redshift range [0.001,0.05]
Step size for redshift 0.001
Phase range (in Nugent basis) 2,91]
Step size for phase 1

Results from the y’-test

Best fit for redshift, z 0.015
Best fit for phase. ® (in Nugent basis) 62
Xmin2 = X02 253.8
Duration of test (seconds) 26 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.7: SN 2006gz, the SN Ia considered is at phase = 5 and has a redshift z ~ 0.0236. The phase of
5 ts grven with the peak brightness in B-band as the origin. Step size for redshift and step size for phase
are the step size in the redshift and the phase grid respectively. The grid has been thinned using some prior
knowledge on the redshift range of the data.

L,

7. If L; < L;_; then generate a random variable u from [0.1]. If u < o take the step as in

6). If u > -£— then reject u;, save ©;_1 as a new “point” O, in the chain and go to (3).
L ] g

In that form a “random walk” in likelihood space is performed. The flow chart f the full code is
given in figure 5.16. A general theorem establishes that the chain will approach regions of higher

likelihood (Metropolis et al., 1953; Hastings, 1970) after a variable amount of time.
Some relevant issues about the implemented code

By definition. the initial value for the redshift is a positive quantity. Hence, there is a prior
information on the redshift. Therefore, at some point in the MCMC code, the x? is set to take
a large value whenever it has an input parameter vector with a negative redshift, so that such a

candidate step is discarded. The detailed codes are given in the appendix.

5.4.3 Dominant problems and the solutions adopted for the MCMC

In practice . some difficulties are to overcome. Firstly. chosing the step size is probably the
most important problem. As mentioned earlier, the most common strategy in MCMC consists
of stochastically generating points ©;, i = 1, ..., n (i.e. a chain) such that the points have a
known probability distribution. Usuallly one draws from a Gaussian distribution of mean zero and
standard deviation ¢ (which gives the step size). The first difficulty is therefore to set a good
standard deviation for the gaussian, which can vary from parameter to parameter. The code given

in appendix takes into account two important prior information on the parameters to estimate :

o Each spectrum has a redshift somewhere between 0 and 1, hence for the redshift, a relevant

stepsize in that range is chosen.
o Each spectrum has a phase somewhere between 15 days both before and after peak luminosity.

Because the estimated parameters (redshift and phase) are non-degenerate, there is no need to deal
with cases where the x2-surface takes peculiar, banana-shaped forms i.e implementing an adaptive

Gaussian sampling function (Doran and Muller, 2004; Tegmark et al., 2004) is not necessary.
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Teituy.

Secondly, the initial steps will not be drawn {bom the stalionary distribution 3 This problem
18 known as the harn-in ju such case, the stops are bighly correlated with the startiog poin, To
silve 1t several chains are ran as done in the work by Tegmark of al. (2004). A caleulation of the
wedian likelihood of all chains combined 8 done, then as in {Teowmark ef ol 20045 the end of the
burp-in lor & given chain is defined as the frst step where its likelihond cxceeded the caleulatod
wedian value, Aller discarding the burn-in. the independent chains are weroed o produce the
final chain. This standard procedure of concatonating independont chains 1= said to preserve their
markoy chiaracter, since they are completely uneorrelated (Tegmark et all, 2004).

The wext stage 15 to cleck for convergence. The primary aim is to know when is the chain
drawing from Lhe stationary distribution as well as if it has visited the whole region of interest.
Thi Lest used bere is the most famons one, the Gelman-RBubin test {Gelrgan and Buhin, 19927 A
review of these tests is found in {Cowles aond Carlin, 1996} Onee the chain s being drawn from a
stationary distribuiion, it bas to mn long enogeh to explore all the relevant parameter space and
onee dane, the chain is said to be “mixed”. A chain which moves rapidly through the paramcter
space =0 thal this happens quickly is said to bhave Ygood mixing”™. Shot molse in the statistics
imferred [row the chain is also reduced by ranning longer. Whon the statistics accurately reflocts
the posterior distrilation and the chain can be used reliably lor parameter esthination, il is said to
Lave “ronverged™ . In practice, convergence is often taken ta have pecured when Lhe results derived
from the chiain are independent of its starting point. The Gelmon-Bubin test used hiere s said to
he a poad test both for converpence and good mixing.

As done by [(Hoiopek, 20067 in implementing the convergence tost and for practical ressons,
M chains each baving 2+ N points are constdersd. Then malv the last N data points of cach chain
are taken aud labelled as o where 1= 1.2, N amd 7 — 1,2, .., M. One computes

*When the chain fids the glebal minimam, 0 will stey in that region for mest of the tithe and not travel too
lar away [rom e reglon of interesd. One sayvs that the chain draws from a stationary distribution . in other waorda,
Lhie chain ba: convermed .
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e The mean of each chain

e The mean of the whole set of chains
The next step involves the computation of :

e Bn, the variance between the M chains

o W. the variance within each chain as :

the Gelman-Rubin test consists in monitoring the quantity :

N-1 1
=W+ Bn(l + 57)
R= -~ W e (5:6)

R goes asymptomatically towards 1. Convergence is obtained if R is always below a number
somewhat slightly larger than 1, for all parameters. Because for long chains, R is approximately
1+ %, a value closer and closer to 1 states that the variance between the chains should be similar
to the variance within the chain after convergence, i.e the chains are indistinguishable. And if the
chains are indistinguishable, it is probably because they all draw from the stationary distribution.
In (Gelman and Rubin, 1992), the quantity R containing the ratio of the within-chain and between-
chain variances is such that at convergence, R ~ 1.2. In this work, convergence is assumed to have
occurred when R ~ 1.2

The speed with which a chain converges is strongly dependent on the proposal distribution,
which in turn brings back to the step size problem. If too many large steps are proposed, the
acceptance rate will be low as most steps will be away from the region of low x? (high likelihood),
and the chain will be stationary for long period of time. If too many small steps are proposed,
most will be accepted but the chain will move slowly through parameter space.

A further check of convergence and good mixing is done using the autocorrelation of one of the
parameters . say O!, the redshift in the present case. Successive points of a same chain are highly
correlated as each one is a small step away from the previous, i.e. a chain of N points does not
systematically correspond to N different measurements. The quantity N.ss. the effective length.
is monitored. It approximately corresponds to the number of unrelated point, i.e. N s different
measurements (Tegmark et al., 2004). A small N.;r means that the chain is not properly mixed
(Gilks et al., 1996). The autocorrelation c; is defined as :

7 (0 <01 >) (B <0 >)

N—j+1 2
el (Bp— < 0! >)

(5.7)

C; =

where < ©! > is the mean value for the parameter ©!. By definition. ¢; = 1. The correlation
length, ¢;, is the index where the autocorrelation drops below a properly chosen value (a test value
of 0.5 was chosen in the present case). The correlation length is the number of steps required so

that data point ©,,, is independent of data point &;. The effective length is then given by :

N
Negp = —. (5.8)

C
The easiest difficulty to overcome seems to be the length of the chain. The longer the chain,
the better the output. Therefore, the code is ran with as many steps as possible, depending on
the capacity of the computer used. In running the code presented below, the further check of

convergence using the autocorrelation was disabled.
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5.4.4 Application of a MCMC to the spectral characterization of Type

Ia supernovae

A MCMC is performed on some Type la supernovae from SUSPECT, an online database of super-

novae. The full code and the associated procedures and functions are given in the appendix. The

flow chart for the algorithm is given in figure 5.16.

Some results

Inputs for the test

Length of simulation

10 chains of 10 000 steps each

Redshift range for initial draw [0.001,1.0]
Step size for redshift 0.1
Phase range for initial draw (in Nugent basis) [5,35]
Step size for phase 1

|

Results from the MCMC simulation

Convergence criterion, R = (R.; Ryhase)

(1.0085 ; 1.0277)

Best fit for redshift, z 0.5

o, 0.0042
Best fit for phase. ® (in Nugent basis) 5.1
T phase 143

Xmin2 = XO2 0.0014

|

Duration of test (hours)

1.5 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.8:

Test results from a MCMC simulation where a template at phase = 5 was redshifted by z

= 0.5. The step size for redshift and the step size for phase are the jumps for the redshift and the phase
parameter, respectively. 0. and ophase are the 1-o errors on the redshift and the phase, respectively.
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Inputs for the test

Length of simulation

10 chains of 10 000 steps each

Redshift range for initial draw [0.01,1.0]
Step size for redshift 0.1
Phase range for initial draw (in Nugent basis) (8,12
Step size for phase 1

Results from the MCMC simulation

Convergence criterion, R = (R.; Rynqse)

(1.0008 ; 1.0017)

Best fit for redshift, z 0.0502
o, 0.0029
Best fit for phase, ® (in Nugent basis) 10.84
O phase 0.83
Xmine = X0° 4.89-107°

Duration of test (hours)

1.15 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.9:  Test results from a MCMC simulation where A template at phase = 10 was redshifted by z =
0.05. The step size for the redshift and the step size for the phase are the jumps for the redshift and the
phase parameter, respectively. 0. and ophase are the 1-0 errors on the redshift and the phase, respectively.

Inputs for the test

Length of simulation

10 chains of 30 000 steps each

Redshift range for initial draw (0.001,0.5]
Step size for redshift 0.1
Phase range for initial draw (in Nugent basis) 15,35
Step size for phase 1

I

Results from the MCMC simulation

Convergence criterion, R = (R.; Rynase)

(1.0032 ; 1.0265)

Best fit for redshift, z 0.0262

T, 0.002

Best fit for phase. ® (in Nugent basis) 24.287
Ophase 1.117

Xmin2 = X02 99.681

Duration of test (hours)

3.32 on a 190 Mb (Ram), 1.6 Ghz laptop

Table 5.10: Results from a MCMC simulation on SN 2005cqg, a SN Ia. The input spectrum is from the
SUSPECT database. SN 2005cg, the SN Ia considered is at phase = 7 and has a redshift z ~ 0.0310. The
phase of 7 is given with the peak brightness in B-band as the origin. Step size for redshift and step size for
phase are the jumps for the redshift and the phase parameter, respectively. Data covering well enough the
blue and red part of the spectrum, like this one, seem more likely to be satisfactorily processed by the two

codes.
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Length of simulation

Inputs for the test

10} chiains of 30 000 steps cacl:

Redshift range for initial draw

[0.001,0.3]

Slep s1ee [or phase

atep size for redshift _ (.1
Phase range for initlal draw (in Nigent basis) 12.91
1

- Resnlts from the

MOMCO simmulation

Convergence criverion, £ = (R Hpagse)

(1.0062 ; 1.0109)

Best fit tor redshift, = 0.0142
. f.002
Best fit for phase, @ (in Nugent basis) 63151 =
f A e
immz = )m! 254201

Iiration of test {hours)

290 on a 190 Mb {Ram). 1.6 Glz laptop

Table 5.11: Results from @ MOMCO sitnudation on SN Eitfyz, & SNe fa. The input spectrume is frone the

SUSPECT detabase. SN 2006yz, the 5N fo comsidered 1s

at phaze = 4 and has @ redshift @~ 00236, The

phase of 5 o5 given with the prak hrighfriess i B-band os the origin. Step size for redakift and slep saze
for phuse are the qumps for the redsfift and the phase pevunieter, respectively. As seen m figeres 5 21 and
539 the perlioulersly with thes spectrum i that fhe defe are mostly in the Mue pavi where the guality of
the templates is nol sdforers good dnpoud date seerm fo be fhose covering weel enoungh the blue ond the ved

part of the spectratn. as tn fabfe 51 and figuee 519,
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In fizures 523 and 5,24, the fact that Nugent templates are limited n scope and tvpe is
highlighted. The praoblems with the edges, the oseillating features, the overall shape of the template
speetriand the wavelength range covered by the data make the it particularly poor in some cagses,
A way ant of that ditficulty would be to widen the varicty of SNe Ta used in erealiug the composile
templates. That approach has becn taken by aulhors ke Blowlio & al i developing and Lesting

the BuperMNovae [Dentification (SNID) code presented in the next chapler.

0.5 Summary

We have presonled two codes based oo Lhe 37 stalistie that can he used to estimute the redshift,
z, of a given Type la supernova and s phase, @, from itk spectrum usiug Lemplate spectra from
(Nugent et ol 2002), By phasc it 3 weaut Uhe day From the time of peak Bobaud briphtoess,
The first codre is bascd on a grid strategy applied to the parametcr space (2, 8, The secoud cods

s an implementation of the Metropolis-Hastings algoritbun e the Markoy Chiin Monte Carlo
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method. Because the flux calibration process is not perfect or may not even have been done,
the overall amplitude of the input spectrum does not coincide with the amplitudes and shape of
the templates in general : we then speak of a mismatch. For this reason, the input spectrum
and templates are pre-processed and their residuals are used instead to estimate (z,®). These
residuals are obtained by dividing each spectrum by its associated smooth function obtained by
averaging the spectrum over a moving window of 500 datapoints. For both codes. tests were made
by redshifting some templates and recovering the initial redshift and phase, exactly in the grid
case and within satisfactory error ranges in the case of MCMC for appropriate stepsize for each
parameter. In real situations, successful estimates in both cases rely on the wavelength range
of the input data (from blue to red being the ideal); the adequate use of some prior knowledge
on the input data (range of redshift, phase) and computational power. Typical failures are due
to the extent of overall amplitude discrepancies between input spectrum and templates; the sub-
optimal behavior of the moving window averaging strategy in handling imperfections on spectra
(e.g oscillating patterns) and the need for widening and varying the range and type of supernovae
used in creating the composite templates. While they are a typical template set in the literature,
Nugent’s templates have been generated from only a few objects, some of them slightly atypical,
making their general use difficult. This will be remedied by future data sets coming from SDSS,
SNLS and other surveys.
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Chapter 6

The SuperNovae IDentification
(SNID) code

6.1 Introduction

Accurate redshift and phase estimates of Type Ia supernovae are of utmost importance when using
them as standardizable candles for cosmology. In the absence of narrow lines in the host galaxy’s
spectrum, a statistical comparison of the input spectrum with template spectra is often performed.
In this chapter. the public code SuperNovae [Dentification (SNID) is presented. It is a tool recently
developed by (Blondin and Tonry, 2006) and can be used to estimate the redshift and phase of
a supernova spectrum as well as to place constraints on its type. By phase here it is meant the
time (days) from the day of peak B-band brightness. SNID thus extends the techniques and codes
presented in chapter 5. The basic algorithm is from the correlation technique developed by (Tonry
and Davis, 1979). The database of templates for SNID (SUSPECT! and CfA2) comprises 796
spectra of 64 SNe Ia, 172 spectra of 8 SNe Ib, 116 spectra of 9 SNe Ic, 353 spectra of 10 SNe II,

as well as spectra of galaxies, AGNs, and variable stars (Blondin and Tonry, 2006).

6.2 Some elements on the theory of cross-correlation anal-
ysis
6.2.1 Introduction

Let s(n) denotes the spectrum of a candidate supernova whose redshift is to be found. It can be
cross-correlated with a template ¢(n) (of known phase, type and redshift z ~ 0). The central goal

is to determine the (1 + z) wavelength scaling to t(n) that maximizes the cross-correlation :
e(n) = s(n)xt(n), (6.1)

where x denotes the cross-correlation product?®.

Lhttp : //bruford.nhn.ou.edu/~suspect/indexl.html

2http : /Jwww.cfa.harvard.edu/oir | Research/supernova/S Narchive. html

3The cross-correlation product “x” is related to the convolution product “x” by : f(t) x g(t) = f*(—t)xg(t)
where f* denotes the complex conjugate of f.
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For practicusl reasons, Lhe spectra are binned ido N bins, labelled by bin number . Bin number

and wavelength are related by
n— AdnAl + H

Henee, redshilling a temmplate {a) by (1 + z) is equivalent {o adding a In(] + 2} shift to the
logarithunie wavelength weis of Hn) Any tvpical feature of the mput or template spectrum (a
churacteristic absorplion or emission line) at a given wavelength & i identifisd by its bin momber
.

Following that binndng, a pre-processing of the inputs is performed. The aim is fo removn
any intringic color informuation in the inpot and remplate spectra, as well as making sure that the
correlation = not excessively biased by reddening and statistical orrors: the correlation output
should enly depend on the relative shape and strength of prominent spectral features in the inpad
anid template spectra. The application of a bandpass filter is the final stage, It aims to remove
liw-frequency residuals left over from the previous processing and high-frequency noise components
(Blondim and "Toory, 2006). Bath asperts are illustrated in fgures 6.1 and 6.2,
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Figure 6.1: Spectruen pro-provessing. The snpet spectrum sx fa) is Snearly trened into N bins, lebelled by
Bin nuber i, on 4 logaritbande weselength seate (B where noand wovelengdh 3 oare related by — A 3417
A4 psende-confiniion 1 substrected (o) and e veaelling speeirvemn s hundposs lfered Fd) as flfustooded m
Sigure: 6.2 Sowrce: (Blondin and Tonsgy, 2006)

6.2.2 Dstimmation of redshift

It S5¢k) and T{k] denote the discrete Fourier transforms corresponding to s(n) and ¢{n) respectively,
then

=N
—Zrink

Siky= 3 sin)yeTF o, (6.2)

n- i
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me il

where N is the total number of hins wsed. The corresponding root-mean-squares (rus), o, and o,

are given by -
=N

1
&=y E s(n). (6.1)
3 ] n=N=1 g .
of =% Z‘, 13(n). (6.5)

For pracliewl ressons. s sonoalized eross-correlation e*ind is introduced and is given by -
|4 A

1 |
]

i) — — ) = —
) Ny ity Nomgm

Zs[m}il:m — 1), (6.6

e

Fourier transforuing Eq.(6.6) leads to

1 . _
Clk} = m-.‘i{k}-]’ {k}. (6.7}
where T*(k) i the camplex conjugate of 7(k).

Because of Eqy.(6.6), if s(n) is exsctly the same as #{n) but shifted by 3 units, s{u)=<#n) will
exbibil o peak equal 1o 1 al v = 5. If perfect alsolute calibration of the inpul spectrum s seswmed
, it 1= possible to suppose, like [ Toury and Duvis, 1979) did; that s{r) , the input, Is some wultiple
o of H{n) broadened by convolution with w symunetric function bin) in such a way Uhat

sin) 2= at(n=bin— 4}, [H.8)
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where “” denotes the convolution product
Figure 6.3 grossly illustrates the process. The principle of brosdening by convolution is ilhs-
trated o figures 6.4. 6.5, 6.6 and 6.7
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To estimate the parameters o and § {n Fo (6.8), (Tonry and Davis, 1979} adopted o least square
minimization performed by minimizing

Nl d by =3 Jateb(n - 8) - stu}]*. (6.0)
Eq.16.9) re-written in Fourler space gives

Ylo.db =y [ﬁTik]Btk}c‘hﬁg e 5{&]]2. (6.10)
[

Fur snuplicity the authors reswrore Fop (6.9) as

o dih) =azzh&i-n—&11—202rmb[r1-63a{1;} | Zs’{ﬂj = a*Noj,, —2uNo,ocub{d) | No?,
(6.11)
where

| wo=
ﬂ'?ur- = FL“”’]Q

Minimizing with respect lo o glves

2
%1; — 2N [anf., — oumesbid)] —0
which brings
Omin = =t ral{6)
ghtl
Therefore

2
fmmmﬁwh-ﬁﬂ(l—%FFQWﬁ)-

Trat
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Figure 6.4: A function [ convolved with
a Dirac delta function, 6q. f has been
“translated” by a. Source (http

// fravikipedia.org/wiki/ Produit_de_convolution)

%)

0o ? )
Figure 6.6: A function f convolved with
a given window function. The end prod-
uct is obtained by ‘“translating” the orig-
inal  function f all over the interval [a,b]
and then ‘“enlargening” it.  Source : (http

// frowikipedia.org/wiki/ Produit_de convolution)
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Figure 6.5: A function f convolved with a
sum of weighted Dirac delta functions. The
Jinal  funclion is the original one “irans-
lated” and enlarged. Source (http

// fr.wikipedia.org/wiki/Produit_de_convolution)

Figure 6.7: A convolution product between
two functions f and g¢. The end result is
obtained by “translating” f and enlarging it
according to each value of g. Source : (http :
// frawikipedia.org/wiki/ Produit_de_convolution)



At that point. minimizing x? is equivalent to maximizing

1

Ttxb

c*b(d)

From there, (Tonry and Davis, 1979) make some suitable and realistic assumptions about b, c
and t :

1. b(n) is a Gaussian centered on 0 with a dispersion of o, i.e. b(n) ~ Norm(0,0) then B(k) =

_ (2nak)?
e 2N2

2. ¢(n) is approximately Gaussian shaped, centered at § with dispersion y, i.e. ¢(n) ~ Norm(d, )
(2mpk)?

then C'(k) = V2muc(d)e™ 282 e IV,
. 1 (2m7k)2
3. | T(k) |= oy (%) P TanT ie. the amplitude of Fourier transform of t(n) is approx-
imately Gaussian with 7, the width of the typical feature under consideration in t(n) (or

S(n)).

~

n

The approximation ) e 7 ~ gy/7 leads to :

Tt = 5 S0P ) = 3 ST B = of =T (6:12)
L B = ()t
exb(8) = Zk:C(k)B(k), (8) T (6.13)

The realistic assumption of gaussian shape for ¢(n) helps in the fact that by chosing 4 as the center
of the largest peak in ¢(n) which is symmetric (as for any Gaussian), § will also be the center of

the largest peak in

cxb(4)

Ttxb
as b(n) ~ Norm(0,0). It was previously established that a suitable estimate for ¢ is found by

maximizing ;}—bc*b(é) l.e solving

0 1 0 1 po c(8) , 5 g -8, o0 o9 -3 ) .
a- b(s :2 B o (5 - — —— 4 3 _ _
B <gt*bc* ( )) T 552 (U“bc*b( )) 2 e (e +7%) (o +p®) 2 o*+p* -2(c"+7)] =0

from Eqgs.(6.12) and (6.13). The best § minimizing 2 is then :
o = u? - 277 (6.14)

In their original application of the method to galaxy redshifts estimation, the authors sum up the
all process by stating that “the galaxy spectrum is correlated against the template spectrum and the
resultant peak 1s fit by a smooth symmetric function (we use a quadratic polynomial). the central
height of this fit determines «, the center is §, and the width in conjunction with the width of the
template provides o " (Tonry and Davis, 1979).

Error analysis - Redshift error and refining redshift estimates

The authors recognize the need to properly take into account the mismatch between input and
template as the main contribution to the error budget. To formalize that, they introduce a “per-

turbed” version of the expression for ¢(n) in Eq.(6.1) with a candidate for s(n) of the type given
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in Eq.(6.8) :
c(n) = s(n)xt(n) = (hotxb) xt(n - ng) + a(n). (6.15)

The first term in the right hand is the exact correlated function between input spectrum and
template and the second term is the distorsion introduced in the exact value by the mismatch
between spectrum and template. The combination of both leads to the value of c(n) as obtained

in the previous section. b(n) is normalized in such a way that
(txb)xt(0) = 1.

Because ¢(n) is a normalized cross-correlation function, ng being the exact value for the perfect
peak (i.e ¢(ng) = 1) leads to
ho + a(ng) = 1.

a{n) is then a random function to be determined. (¢xb)xt(n —ng) is even about n = ng because
b(n) is even and any autocorrelation function* is even about 0. By consequence, the odd component

of e(n) about n = ng is the odd component of a(n) about n = ny. This brings :

[a(n + ng) — a{—n + ng)]. (6.16)

N —

% [e(n +np) — c(~n+ ng))] =

In practice ng is not precisely known but approximated by 4, and because this procedure gives
no information about the symmetric part of a(n), only the root-mean-square®(rms) of the anti-
symmetric part of ¢(n) about § is computed. If it is further assumed that a(n) has even and odd
components uncorrelated but of equal rms. Therefore, the rms of a(n) is V2 times the rms of its

antisymmetric component® (Tonry and Davis, 1979) :
02> N [e(n+8) - c(~-n+8)]°. (6.17)
The (assumed) random behaviour of a(n) alters the “exact peak” value obtained from :
(hotxb) xt(n — ng). (6.18)

¢. the {mean) error in the peak estimate is then defined as ¢ = |6 — ng| where § is well estimated
from Eq.(6.18). (Tonry and Davis, 1979) estimate the shift from “the exact peak” by interpolating
Eq.(6.18) with parabolas, i.e :

2

(hotxb) xXt(n — ng) = hg [1 - i(71 — n0)2 = hg + 1. (619)
Wy

where 7 is of appropriate type (here a 2nd order polynomial in n — ng). In addition :

- 'fl()do + nldl

6.20
o rd (6.20)

4The autocorrelation function is the cross-correlation of a function with itself

5In mathematics, the root-mean-square is the statistical measure of the magnitude of a varying quantity. It is
especially useful when variates are alternatively positive and negative, e.g waves. By definition : Xyms = V< X2 >
where < X? > denotes the variance of the input signal X. In the case of a given population whose random variable X
follows a given distribution, we have : X2, . =< X >2 +0% (http : //en.wikipedia.org/wiki/Root_mean_square).

8Straightforward from both the definitions of rms and the expression of any function f in terms of its sym-
metric/even and antisymmetric/odd components as f(x) = fsymmetric/even T fantisymmetric/odd = -f—(?-)—gﬁ_—f) +
f(I)*zf(—z)_



is a general estimate for ¢ from the resulting peak in a parabola obtained by adding two parabolas
centered at ng and n; with second derivatives dg(ng) and dy(n;). In the case of a quadratic

interpolation, considering Egs.(6.15) and (6.19), the “true peak” will have :
dp = ——;, (6.21)

“whereas a typical peak in a(n) has average height /20, and width w if we assume the power
spectrum of a(n) to be similar to that of txbxt” (Tonry and Davis, 1979). From Eq.(6.17) and
considering - to first order - the nearest peak to ng in a(n), one can show that the estimated mean
distance from ng satisfies :

[ny — no |x N. (6.22)

As illustrated in figure 6.8, r, the ratio of the height of the true peak h to the average peak,

V20, in a(z) is introduced as :
h

r = . 6.23
Taon (6.23)

(Blondin and Tonry, 2006) introduce the correlation r-value as :
r — value = (6.24)

0o
Considering equations 6.20, 6.21, 6.22 and 6.23; (Tonry and Davis, 1979) found that the mean
error ,¢ . in the peak estimate satisfies :

1
=15 — N——. 6.25
€= | nol 1+r (6.25)

1
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errors gathered from other independent accurate estimation methods.

The precise coefficients multiplying can be adjusted so that the predicted error fits external

In Eq.(6.15) and because ¢(n) is normalized; for a perfect correlation, a (true) peak will have h =
1 at the exact redshift Z;,,. 1.e. when n = ng. By definition of the cross-correlation ¢(n), it will then
be symmetric about that redshift Zy,.,. (or equivalently about n = ng) i.e. c(n+mng}—c{—n+ng) =0
and the relation 6.16 leads to o, = 0 which implies that r — oc by Eq. (6.24). In realistic terms
that means that » will be small (r < 3) for a spurious correlation peak and large (r > 8) for a
significant peak since in the latter case h ~ 1 and ¢, necessarily small (Blondin and Tonry, 2006)
ag illustrated in figures 6.8 and 6.9.

In developing SNID, (Blondin and Tonry, 2006) went further by weighting the r — value by the
overlap, lap . in In(\) space (figure 6.10) at the correlation redshift between input and template
spectra. The overlap is complementary to the r — value in conveying absolute information about
the quality of the correlation. Correlation redshifts with an associated lap < lapm;n = 0/40 and a

combined rlap = rxlap < rlapm;, = 5 are usually discarded by the authors.

Redshift and phase estimate accuracy with SNID

Numerical simulations were performed by (Blondin and Tonry, 2006) to evaluate the accuracy of
SNID in estimating the redshift and phase of a supernovae spectrum. The authors segregated the
templates in the unique database, to avoid double use. Only Type la supernovae were used. The

sample was made of ~ 64 SNe Ia for which ~ 796 spectra are available. Each input spectrum was
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randomly redshifted by z £ [0.1.0.7]. Some noise wis also added to mimic real data from 8 — 10
m class telescopes Lvpically used in cosmological SNe s surveys,

Based on these simulatimm the anthors showed that the tvpical ereors on redshift and phase are
respeetively o < 001 and ¢ < 3 days for flap — F—veluexdap = 5. A further cross-checking was
prerformed by eomparing boih the redshift from nareow emission  shsorplion lines in Lhe hos) galaxy
spectrium snd SN 47 5Ne Ta from the ESSENCE project with 0,164 < 2 = 00781, o & 0006 was
the dispersion ohtained on a ooe-to-one correspondence of the redshifts, in the range expected. Tt
wlse appeared thar good pricrs oo redshift could improve the outpal on phase estimmate and wice
versa. Figures 6,11, 612, 6.13 and 6.14 show these results.
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Type estimate accuracy with SNI1T)

SNID pomild alsa be uaed to place reasomable constraints en the type of the inpuf spectrum. The
anthors” preliminary strategy is based on the owmulative fraction of correlations exceeding a cortain
rinp entoff. In testing the method via simulations. they facused on tackling two issues partionlarly

relevant to ongoing SNe la searches at high redshif -

¢ The ability to distinguish botween 1991 T-lke SNe la mentiomed in section 4.2.4 and other

Typr Ia superiowvie;

¢ The increasing difficulty to distinenish between tvpe [e supernovae and SNe [aoat high red-
shifts,

Their firat results shown in figures 6,15 and 6,16, highlizght (e complementarity between spectro-
scapic and photometric chservations for the elassification of supetnovae,

6.2.53  An example of spectral analysis with SNID

Here we tost SXTTY an two Type [a supernovae from the SUSPECT database; delails given iu table
fi.l. In figures 6.17 a set of outpats withoot priors is preseoted. Two aspects are highlightod there

v SNID &5 able to give 4 gond estimatle of both rodshift and plase cstimate inthe abhsence of
av prior. As a reminder, (Blondin and Tonry. 20060 estublishod through sinmlations that

fo. < 001} and oy < 3% days) arc typical dispersions for meostly S8e la

o As with any other soflware, some regions of weaknesses do exist. An importanl one being
refated to Bow o reduce inaccuracies inthe estimation ol anv of the two parameters (redshilt
and phase). Here, for the Type Ia SN 189%ac, while the phase estimate is reasouable, he
reddshift estimate is particularly unsatisfactory. An application is then made of the el
established by SNID's authors that simuolations show e covarianes: between nedshill aud phase
errors o Iy running SNID, the possibilily 35 given to Che user to enter an iuitial redshifl
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extimare to he used by the code In the parametier estimation. Figures 6 18 are the oulpuals

frome SNID on 8N 19920 with two different initial values for the redshift

; the first being a

value fwr from the troe one and the second is the exact redshift of the target (SN 19920c) as
given in the SUSPECT database. An improvement of the outeome with the vefinment of the

input initial redshifl seems to be evident :

as shown by some tests whose resnlts are given in table 6.2

an aspect worth more systematic investigations

Oine therefore furesees the
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Table 6.1 Twe Type fa supernovae from the SUSPECT database to be characterized wsing SN,
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Initial redshift entered, z; | Outcome (template ID, type, phase and redshift estimate, z)
0.005 SN 04eo (Ia - normal, +14) ; z = 0.001 £ 0.006
0.01 SN 04eo (la - normal, +14) ; z = 0.001 £ 0.007
0.015 SN 96 (la - normal, +23) ; z = 0.000 + 0.007
0.025 SN 95al (Ia - normal, +25) ; z = 0.002 £ 0.008
0.035 SN 95al (Ia - normal, +25) ; z = 0.002 £ 0.008
0.05 SN 99aa (Ia - 91T , +54) ; z = 0.014 £ 0.009
0.051 SN 97cn (la - 91bg, +29) ; z = 0.049 £ 0.009
0.052 SN 97cn (Ia - 91bg, +29) ; = = 0.049 + 0.009
0.0523 SN 97cn (Ia - 91bg, +29) ; z = 0.049 £+ 0.009
0.055 SN 97c¢n (la - 91bg, +29) ; z = 0.050 £ 0.009

Table 6.2: SN 1992ac given in table 6.1 has its redshift and phase estimate relatively inaccurate in figure
6.17. We redo the test on SN 1992ac, with SNID, using various initial redshift zo ranging from an arbitrarily
chosen to the exact value given in table 6.1 . The abbreviation “la” is for the type of supernova, “normal”
indicates a normal Type Ia and “91T” and “91bg” refer to perculiar Type Ia as explained in the previous
sections. Apparently, the more accurate the initial redshift zo, the better the outcome for the redshift (z)
and phase estimates. The need for a wider pool of templates is evident. One foresees the possibility of
using either a grid based \* or a MCMC to get initial values for both the redshift (and the phase) and feed
-where possible - SNID with them.

6.3 Summary

In chapter 5, it was realised that widening and varying the range and type of supernovae spectra
used in creating the composite templates was crucial in securing a satisfactory outcome from the
spectral characterization of a given supernova. In looking at more complete strategies, cross-
correlation techniques were introduced via the presentation of SuperNova IDentification code
(SNID). SNID is an algorithm written by (Blondin and Tonry, 2006) from the correlation tech-
nique developed by (Tonry and Davis, 1979). Given a candidate spectrum, s(n), and a template
spectrum, t(n), the central goal is to determine the (1 + z) wavelength scaling to t(n) that max-
imizes the cross-correlation ¢(n) = s(n)xt(n) where x denotes the cross-correlation product. For
practical reasons, the spectra are binned into N bins. Contrary to the initial sample used by
(Nugent et al., 2002), the database for SNID (SUSPECT and CfA) comprises a larger and more
varied collection of spectra as templates. As a result, SNID gives accurate estimates for redshift
(0. <0.01}) and phase (o, < 3 days) for SNe Ia. SNID also allows the estimation of the type of the
supernova under consideration, which in many cases is accurate. In running SNID, the possibility
is given to the user to enter an initial redshift estimate to be used by the code in the parameter
estimation. Because an apparent improvement of the outcome with the refinment of the input
initial redshift seems evident, one foresees the possibility of using a x2-based test (grid or MCMC)
as done previously, to obtain some initial values for both the redshift and the phase and to feed
them -where possible - into SNID.
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Chapter 7

Summary

The main purpose of this thesis is two-fold. Firstly to gain a better understanding of the the-
oretical and observational grounding of dark energy, the supposed driving force of the recently
observed cosmic acceleration. Secondly it aims at exploring and learning parameter estimation
strategies commonly used in modern cosmology. The parameter estimation is applied to the quan-
titative analysis of Type Ia supernovae (SNe la) spectra to estimate redshift and phase (relative
to maximum brightness) of the SN Ia.

It is generally admitted that SNe Ia result from the explosion of a white dwarf having undergone
a dwelling process by accreting matter from a companion star up to the Chandrasekhar limit.
A growing concensus in the scientific community strongly points toward the use of SNe la as
standardizable candles. The drive for the latter being their high luminosity, homogeneity and
(quasi) ubiquity. SNe la were at the origin of the discovery of the accelerating universe. With the
elusive dark matter already accounted for in the energy budget of the universe, SNe la indicated
the need for an additio nal dark component with a negative equation of state. This challenging
result has since been corroborated by estimates of the age of the universe which requires a non-zero
dark energy component if consistency with current estimates of the Hubble constant is required.
More recently, measurements of the geometry from the CMB, which suggest a flat universe, and
studies of large scale structures pointing toward a preferred length scale in their clustering, have
contributed to the stream of evidence implying the need for a non-zero dark component.

The challenges associated to sharpening SNe la as standardizable candles are related to the poor
understanding of SNe la progenitors and to the lack of a relevant physics for dark energy. The
dominant beliefs assume that dark energy might be caused by Einstein’s cosmological constant, A,
leading to the ACDM model; or by a time-varying scalar field rolling slowly down the potential
and thus being dominated by the potential energy.

A rapidly growing sector of cosmology revolves around estimating characteristic parameters
for the structure and the evolution of the universe. The more accurate the estimates, the better
the constraints on the cosmology; hence the strong emphasis on bringing down the error budget
associated to the data. This work revolves around parameter estimation from SNe la. We have
developed two codes. The first code is based on a grid strategv for the parameter space and
the second code is an implementation of the Metropolis-Hastingds algorithm for the a Markov
Chain Monte Carlo method. The aim is to fit templates to spectra of SNe Ia from the SUSPECT
database using Nugent templates. The fitting process allows us to estimate : (a) the redshift of a

given SNe Ia; (b) the phase of the targeted SNe Ia in relation to the day of peak B-band brightness.
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Successful estimates in both codes rely on the wavelength range of the input data (from blue to red
being the ideal); the adequate use of some prior knowledge on the input data (range of redshift,
phase) and computational power. Typical failures are due to the extent of overall amplitude
discrepancies between input data and template spectra; the sub-optimal behavior of the moving
window averaging strategy in handling imperfections on spectra (e.g oscillating patterns) and the
need for widening and varying the range and type of supernovae used in creating the composite
templates. In looking at more complete strategies, cross-correlation techniques were explored via
the SuperNova [Dentification code (SNID). SNID is an algorithm developed by (Blondin and Tonry,
2006) and gives promising estimates for redshift (¢, < 0.01) and phase (o; < 3 days) of mostly
SNe Ia. SNID also allows the estimation of the type of the supernova under consideration, which
in many cases is accurate.

SNID and codes such as the ones we developed will remain a key part of Supernova cosmology

in the coming decade as we push to higher redshifts and smaller systematics errors.
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Chapter 8

Appendix

Matlab version of the code for the grid based x>-test

clear plot;

clear;
double all;

global tempmatrix
global Xrealspec

global Yrealspec

global Xtempspec

global datalength
global tempmatrixdiv
global Xtempspecdiv
global window

global shift

global tempmatrixdiv
global tempmatrixInPhase
global SplinedTempPhase
global splinedtempmatrixdiv
global Xtempspecprime
global Ytempspecprime
global newstartline
global newend

global Ki_Z_vector
global MinChisQVec
global scope

global fittingspec

tic;

% Reading all the template



(fid,msgl= fopen(’entreSNIa.dat’,’r’, ’native’);
[ttrix countmatrix] = fscanf(fid,’%f’,[3,inf]l);
fclose(fid);

tempmatrix = ttrix’;

% Reading the real data

[fid,msgl= fopen(’1992ac10.dat’,’r’, ’native’);
[spec countrealspec] = fscanf(fid,’%f’,[2,infl);
fclose(fid);

realspec = spec’;

Xrealspec = realspec(:,1,:);
Yrealspec = realspec(:,2,:);

% Inserting the priors

Zmin = 0.0;
Zmax = 1.0;
Zstep = 0.001;

phasemin = 2;

phasemax = 91;

phasestep = 1;

% Some Technicalities are extracted

datalength = countrealspec/2;

[increment,bas,ctrl] = basicinfomin(Xrealspec,datalength);

lowestwavelength = Xrealspec(1);

% Important for plotting the fit

k =1;

linestart = k*2401 + 1;

lineend = linestart + 2400;

tempspec = tempmatrix(linestart:lineend,1:3);

Xtempspec = tempspec(:,2,:);

[newstartline,daystart,wavel] = locate(tempspec,(lowestwavelength - 0));
speclong = 2401 - newstartline + 1;

scope = min(speclong,datalength);

newend = scope + newstartline - 1;

numberoflines = newstartline; %- linestart + 1

tempspecprime = tempspec(newstartline:newend,1:3);

Xtempspecprime = tempspecprime(:,2,:);

Ytempspecprime = tempspecprime(:,3,:);

% Dividing Amplitude of real Data by a smooth fcn obtained via an averaging process
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window 500;
shift = 1;
[Xrealspecdiv Yrealspecdiv] = dividespec(Xrealspec,Yrealspec);

datalengthdiv = length(Xrealspecdiv);

% Generating the full set of residual templates and phase splined ones
tempmatrixInPhase = []; % Will be all templates in Phase space
tempmatrixdiv = [];

residualizeTemplatesgrid(); % U get a matrix of residual flux vectors per day + associated Xran

% Gridding

phasel = floor(phasemin);

phaseF = floor(phasemax) + 1;

InitPhaseRange = phasel:1:phaseF; J Phase range on which i will spline

FinalPhaseRange = phasemin : phasestep : phasemax; % Subdividing using prior on phase step

t = length(Xtempspecdiv);

% am splining residual templates over phase space by fully using my priors

SplinedTempPhase = splinedPhaseter2(Xtempspecdiv,InitPhaseRange,FinalPhaseRange,phasel,phaseF,1

countZ = 1;

LambdaDmin = Xrealspecdiv(1l) ;
beta = Xrealspecdiv(end - 1);
tic;
for Zi = Zmin : Zstep : Zmax
bluediv = Xrealspecdiv./(1 + Zi);
Didx = find( (bluediv >= LambdaDmin) & (bluediv <= beta) );
if ( length(Didx) >= 2 )
D = Didx(1) ;
F = Didx(end);
blueInterval = bluediv(D:F); % Associated bluediv truncated
PhiDBd = Yrealspecdiv(D:F);
SplineResTemplateOverIbd2(Xtempspecdiv,bluelnterval);
elseif (bluediv(l) >= Xtempspecdiv(2)) % Case where only one point left
blueInterval = bluediv;
SplineResTemplateOverIbd2(Xtempspecdiv,bluelnterval);
coll = length(splinedtempmatrixdiv(:,1,:));
PhiDBd = zeros(1,coll);
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else
Alarm = Zi
break;

end

countPhase = 1;

for phase = phasemin:phasestep:phasemax

chisq(countZ, countPhase) = sum((splinedtempmatrixdiv(:,countPhase,:)-PhiDBd’)."

countPhase = countPhase + 1;
end
countZ = countZ + 1;

end

RedshiftVec = Zmin:Zstep:Zmax;

PhaseVec = phasemin:phasestep:phasemax;

[MinChisQVec, idx]

min(chisq); % Contains column vectors of minimum Ki per phase

[MinChisq, indexP]
Chi_Squared_min = MinChisq % value of the Ki-squared

min(MinChisQVec); % minimum chi-squared and associated phase

Phase = PhaseVec(indexP) - 1 % phase estimate
Bphase = Phase - 20

Ki_Z_vector = chisq(:,indexP,:); % col. vectors of minimum Ki per redshift
[confirmation, indexZ] = min(chisq(:,indexP,:));
Redshift = RedshiftVec(indexZ) % redshift estimate

%Fit7bis(Redshift,Phase + 1)
Fit7 (Phase + 1)

finishtime = toc

Procedures and functions developed for the grid based y*-test

Basicinfomin.m : gives relevant information related to the input data

function [increase,low,chek] = basicinfomin(Xtab,length)
% Extracts basic info about input (increment, lower value and a control value)
somme = 0;
min = Xtab(2) - Xtab(1l);
for i = (2 : length)
temp = Xtab{(i) - Xtab(i - 1);
if (temp < min)
min = temp;

end

v



somme = somme + temp;
end
increase = ceil(somme/length);
low = min;

chek = temp;
dividespec.m : gives the residual spectrum and associated wavelength

function [Xvecout Yvecout ] = dividespec(Xvecin,Yvecin)

% Generates the smooth via moving averaging and gives residual spectrum
global datalength

global window

global shift

global scope

looper = length(Xvecin);

n = 0;
start = 1;
lend = window;

while (lend <= looper)

n=mn-+1;

tempX = Xvecin(start:lend);
Xtemp(n) = sum(tempX)/window;
tempY = Yvecin(start:lend);
Ytemp(n) = sum(tempY)/window;
start = start + shift;
lend = lend + shift;

end;

splinedYvecin = spline(Xvecin,Yvecin,Xtemp);
Xvecout = Xtemp;

Yvecout = splinedYvecin./Ytemp;

%New = [Xvecout , Yvecout]

residualizeTemplatesgrid.m : Gives a matrix of residual templates ordered in spectrum per day

(tempmatrixdiv)

function residualizeTemplatesgrid()

% Gives a matrix of residual templates ordered in spectrum per day
% and associated wavelength range

global tempmatrix

global tempmatrixdiv

global tempmatrixInPhase

global Xtempspecdiv

global Xtempspec

k = 0;
debut = k*2401 + 1;



fin = debut + 2400;

Xtempspec = tempmatrix(debut:fin,2:2);

Xtempspecdiv = divideLambda(Xtempspec); % Wavelength range for each spectrum
while (k <= 90)

linestart = k*x2401 + 1;
lineend = linestart + 2400;
Ytempspec = tempmatrix(linestart:lineend,3:3);

Ytempspecdiv = divideTspec(Xtempspec,Ytempspec);

tempmatrixdiv = [tempmatrixdiv , Ytempspecdiv’];
tempmatrixInPhase = [tempmatrixInPhase , Ytempspec];
k=k +1;

end
splinedPhaseter2.m : splines template residuals over phase space by fully using priors

function [interpo] = splinedPhaseter2(V0,V1,V2,scall,scal2,scal3,scal4)
% Gives residual spectra associated to our priors on phase

% given on Xtempspecdiv range

global datalengthdiv

global tempmatrixdiv

global Xtempspecdiv

looper = length(V0);

ligne = 2:1:91;

length(ligne);

matrice = tempmatrixdiv(1l:looper,2:91)’;
length(matrice(:,1));

tempo = interpl(ligne,matrice,V2,’spline’); % Splining

interpo = tempo; % This is the desired (residual) spectra

SplineResTemplateOverlbd2.m : splines residual template over the range defined by the blueshifted
data

function SplineResTemplateQverIbd2(V1,V2)

% Generates residual template over same X-range as blueshifted data
global tempmatrix

global tempmatrixdiv

global splinedtempmatrixdiv

global SplinedTempPhase

splinedtemp = interpl(V1, SplinedTempPhase’, V2, ’spline’); % Splining

splinedtempmatrixdiv = splinedtemp; % This is the desired (residual) spectra

%end

VI



Fit7.m : plots the original data and the matching template at Z =0

function Fit7(Phi) % Should plot the data and the best fit given by phase phi

global
global
global
global
global
global
global
global
global
global
global

Yrealspec
Xrealspec
Xtempspecprime
Xtempspecprime
datalength
tempmatrixInPhase
newstartline
newend

scope
datalength
fittingspec

day = floor(Phi);
ligne = 2:1:91;
matrice = tempmatrixInPhase(newstartline:scope,2:91)7;
if ( day == Phi ) && ( Phi >= 2 ) &% ( Phi <= 91)
interpo = tempmatrixInPhase(newstartline:scope,day:day);
elseif ( Phi >= 2 ) && ( Phi <= 91)
tempo = interpl(ligne, matrice, Phi, ’spline’); % Splining
interpo = tempo; % This is the desired (residual) spectra
else
interpo = tempmatrixInPhase(newstartline:scope,1:1);
end
xlabel(’Wavelength (angstroms)’);
ylabel (’Flux (arbitrary units’);
fittingspec = interpo;
a = length(fittingspec);

rayon = min(datalength,a)

Tidx = find((Xtempspecprime >= Xrealspec(1l)) & (Xtempspecprime <= 10000));
Didx = find( Xrealspec <= 10000 );

aT = Tidx(1);

bT = Tidx(end);

bD = Didx(end);

plot (Xrealspec(1:bD),Yrealspec(1:bD),’--r’ ,...
Xtempspecprime(aT:bT),fittingspec(aT:bT),’-.b’)
h = legend(’data’,’Matching template at z = 0’,1);

Matlab version of the MCMC code

clear;

clear all;

clear plot;

vl



global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global
global

kisquareprev
kisquarenext
tempmatrix
Xrealspec
Yrealspec
Yrealspecdiv
Xrealspecdiv
Ytempspecdiv
Xtempspecdiv
Xtempspec
Xtempspecprime
SNxspline
datalength
paramvector
overallKi
overallLiK
chainsnumber
stepsnumber
Kioverallchains
Allchains
mergedChain
TheChain
rowofmean
rowofvar
RforConvergence
autoco
CorrelationLength
Effectivelength
scope

initial
probablenext
window

shift
numberoflines
numberoflinesdiv
Template
tempmatrixdiv
tempmatrixdivonGrid
tempmatrixInPhase
datalengthdiv
lowestwavelengthdiv
newstartline
newend

fittingspec

VIII



global LiKoverallchains
global Burnlnchain

global ratio

% Reading all the template

[fid,msgl= fopen(’entreSNIa.dat’,’r’,’native’);
[ttrix, countmatrix] = fscanf(fid,’%f’,[3,inf]);
fclose(fid);

tempmatrix = ttrix’;

% Reading the real data

(fid,msg]l= fopen(’2003duout.dat’,’r’, ’native’);
[spec countrealspec] = fscanf(fid,’%f’,[2,infl);
fclose(fid);

realspec = spec’;

Xrealspec = realspec(:,1,:);

Yrealspec = realspec(:,2,:);

% Some Technicalities are extracted

datalength = countrealspec/2;

[increment,bas,ctrl] = basicinfomin(Xrealspec,datalength);

lowestwavelength = Xrealspec(1);

% needed Xrange from template (identical for all templates)

k = 1;

linestart = k*2401 + 1;

lineend = linestart + 2400;

tempspec = tempmatrix(linestart:lineend,1:3);

Xtempspec = tempspec(:,2,:);
[newstartline,daystart,wavel] = locate(tempspec, (lLowestwavelength - 0));
speclong = 2401 - newstartline + 1;
scope = min(speclong,datalength);
newend = scope + newstartline - 1;
numberoflines = newstartline; %- linestart + 1
tempspecprime = tempspec(newstartline:newend,1:3);

Xtempspecprime = tempspecprime(:,2,:);

% Obttaining data residual spectrum

IX



500;
1;

window

shift

spec = dividespec2(Xrealspec,Yrealspec);
Xrealspecdiv = spec(:,1,:);
Yrealspecdiv = spec(:,2,:);

datalengthdiv = length(Yrealspecdiv);

% Generating the full set of residual templates
tempmatrixInPhase = []; % Will be all templates in Phase space
tempmatrixdiv = [];

tempmatrixdivonGrid = [];

BurnInchain = [];

Xtempspecdiv = divideLambda(Xtempspec); % wavelength range for each residual template

lowestwavelengthdiv = Xtempspecdiv(1);

residualizeTemplates5;

% U get a matrix of residual flux vectors per day + associated Xrange

% MCMC

% Defining the number of steps per Chain

stepsnumber = input(’Desired number of Steps for each Chain (preferably even number) ? \n’);
% Defining the number of desired chains

chainsnumber = input(’Desired Number of Chains ( preferably => 2 ) 7 \n’);
Kioverallchains = []; % Important matrices to initialize

LiKoverallchains = [];

mergedChain = [];

rowfomean = [];

rowofvar = [];

i=1;

sigmal = 0.1; % Step size for redshift in the Jump vector

sigma2 = 1; % Step size for Phase in the jump vector



for k = ( 1 : chainsnumber)

step = 1;

Phasel = 15 + (35 - 15)*rand ; % A number between 2 and 91
paramvector = [max(0,0.001 + (0.100 - 0.001) .#rand(1,1)), PhaseIl;
Zprev = paramvector(l);

dayprev = paramvector(2);

Yprevdiv = splinedPhase7(dayprev); % residual at phase = dayprev

kisquareprev = kisquaredparam4(Zprev,Yprevdiv); % Scalar

overallKi(step,:) = kisquareprev; % Help for BurnlIn solving

overallLiK(step,:) = exp( - kisquareprev/2 ); % help for BurnlIn solving

% Acting
for step = 1 : stepsnumber - 1
step = step + 1;
Gaussianl = 0 + sigmal.*randn; %From Gauss. distrib with mean 0 and std ~ sigmal
Gaussian2 = 0 + sigma2.*randn; %From Gauss. distrib with mean O and std ~ sigma2
jump = [Gaussianl,Gaussian2]; % Gaussianl and Gaussain2 can be < 0
initial = paramvector(step - 1,:); % A row vector

probablenext = initial + jump; % A row vector

Zprev = initial(1);

dayprev = initial(2);

Znext = probablenext(1);

daynext = probablenext(2);

[Yprevdiv, Ynextdiv] = splinedPhase4cinqo(dayprev,daynext);

[kisquareprev,kisquarenext] = kisquaredparam3quatro2(Zprev,Yprevdiv,Znext,Ynextdiv)

decisionfactoR = exp( -(kisquarenext - kisquareprev)/2); % Scalar

i=1+1;
Updateparamb(step, decisionfactoR, initial , probablenext);

end

% Column vector keeping the Kisquared values per step of the full Chain
Kioverallchains = [Kioverallchains ; overallKil;

% Column vector keeping the likelihood values per step of the full Chain
LiKoverallchains = [LiKoverallchains ; overallLiK];

mergedChain = [mergedChain ; paramvector]; % Full Chain

temp = paramvector (stepsnumber/2 : stepsnumber, 1:2);
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% Extracting some parameter vectors for Conv. & Mixing check.
rowofmean(k,:) = mean(temp); % mean of each sub-chain in the truncated whole.

rowofvar(k,:) = [ cov(temp(:,1)) cov(temp(:,2)) ]; % variance within each sub-chain.
end

SolveBurnlIn; % Solves Burn-in
merged = length(mergedChain(:,1,:))
Newmerged = length(TheChain(:,1,:))

ConvMix2; % check convergence
RforConvergence % is the convergence/mixing criterion

%autocorrelationbis();

Chi_squared = min(Kioverallchains)
redshift = mean(TheChain(:,1,:))
sigmaredshift = std(TheChain(:,1,:))
phase = mean(TheChain(:,2,:))

Bphase = phase - 20

sigmaphase = std(TheChain(:,2,:))
Fit7(phase); % For plotting

Procedures and functions developed for the MCMC code
Basicinfomin.m : detailed above. Gives relevant information related to the input data

dividelambda.m : gives the X-range associated to the output from divide.m

function [vecout] = divideLambda(vecin)
global datalength

global window

global shift

looper = length(vecin);

n = 0;
start = 1;
lend = window;

while (lend <= looper)
n++;

temp = vecin(start:lend);

Xtemp(n) = sum(temp)/window;

start = start + shift;

lend lend + shift;

endwhile;

extent = min(looper,length(Xtemp));
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vecout = Xtemp;
return;

endfunction
Fit7.m : detailed above. Plots original data and matching template at Z = 0.
residualizeTemplates5.m : Generates the full matrix of residual templates

function residualizeTemplates5()

% Gives a matrix of residual templates ordered in spectrum per day
% + a set on the same X-grid as the data ----> tempmatrixdivonGrid
global tempmatrix

global tempmatrixdiv

global tempmatrixInPhase

global datalengthdiv

global numberoflinesdiv

global Xrealspecdiv

global Xtempspecdiv

global Xtempspec

global lowestwavelengthdiv

global tempmatrixdivonGrid

plafond = length(Xtempspecdiv);

bound = find(Xrealspecdiv < Xtempspecdiv(plafond));
intake = Xrealspecdiv(1l:bound(length(bound)));

k = 0; % From Phase 0 to Phase 90

while (k <= 90)

linestart = k%2401 + 1;
lineend = linestart + 2400;
Ytempspec = tempmatrix(linestart:lineend,3:3);

Ytempspecdiv = divideTspec(Xtempspec,Ytempspec);

YtempspecdivonGrid = spline(Xtempspecdiv,Ytempspecdiv,intake);

% Puting templates on same grid as data

tempmatrixInPhase = [tempmatrixInPhase , Ytempspec];
% Template ordered in increasing phase/day
tempmatrixdiv = [tempmatrixdiv , Ytempspecdiv’];
tempmatrixdivonGrid = [tempmatrixdivonGrid , YtempspecdivonGrid’];

% Template and Data are now on the same grid

k = k+1;

end

splinedPhase7.m : returns the residual spectrum associated to a candidate phase phi
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function [spectrumtdiv] = splinedPhase7(Phi)

% Returns a residual spectrum associated to candidate phase phi

global
global
global
global
global
global
global

Xrealspecdiv
datalengthdiv
numbercoflinesdiv
scope

tempmatrixdiv
tempmatrixdivonGrid

tempmatrixInPhase

alpha = floor(Phi);
ceil (Phi);

beta

long = length(tempmatrixdiv(:,1,:));
%Xtemp = 2:1:91;
if ( (Phi <= 91 ) & ( Phi >= 2 ) )
if ( alpha >= 89 ) % and always <= 91
bf beta;
bi beta - 3;
Xtemp = bi:1:bf;

extract = tempmatrixdiv(:,bi:bf)’;
tempo = interpl(Xtemp, extract, Phi, ’spline’); % Splining
spectrumtdiv = tempo(1,:); % (residual) spectrum at Phi over
%Xrealspecdiv (Both are now on the same grid)
elseif ( alpha < 89 ) % and always >= 2
ai = alpha;
af = alpha + 3;
Xtemp = ai:l:af;
extract = tempmatrixdiv(:,ai:af)’;
tempo = interpl(Xtemp, extract, Phi, ’spline’); % Splining
spectrumtdiv = tempo(1,:); % (residual) spectrum at Phi over
%Xrealspecdiv (Both are now on the same grid)
elseif ( beta <= 4 ) J and always >= 2
al = alpha;
af alpha + 3;
Xtemp = ai:l:af;

extract = tempmatrixdiv(:,ai:af)’;
tempo = interpl(Xtemp, extract, Phi, ’spline’); % Splining
spectrumtdiv = tempo(l,:); % (residual) spectrum at Phi over
%Xrealspecdiv (Both are now on the same grid)
elseif ( beta > 4 ) % and always >= 2
bf beta;
bi beta - 3;
Xtemp = bi:1:bf;

extract = tempmatrixdiv(:,bi:bf)’;

tempo = interpl(Xtemp, extract, Phi, ’spline’); % Splining
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spectrumtdiv = tempo(1,:); % (residual) spectrum at Phi over
%Xrealspecdiv (Both are now on the same grid)
end
else
% spectrumtdiv = tempmatrixdiv{(:,1,:)’; % i.e Phase 0
spectrumtdiv = zeros(1l,long); % i.e Phase 0

end
kisquaredparam4.m : y? associated to a candidate spectrum

function [scalout] = kisquaredparam4(scall,V1)
% Returns the calculate chi-square associated
% to candidate spectrum V1 at candidate redshift scall
global Xtempspecprime

global SNxspline

global Xrealspec

global Yrealspec

global Xrealspecdiv

global Yrealspecdiv

global datalength

global scope

global Xtempspecdiv

global numberoflinesdiv

spec = [Xtempspecdiv’ , V1’];
Rspec = redshift(scall,spec);
redTspec = spline(Rspec(:,1,:),Rspec(:,2,:),Xrealspecdiv);

scalout = (sum((Yrealspecdiv - redTspec)."2))}; % redTspec is candidate spec.
splinedPhasedcinqo.m : returns residual spectra associated to two candidate spectra

function [spectrumtdivl,spectrumtdiv2] = splinedPhase4cingo(Phil,Phi2)
% Returns 2 residual spectra associated to candidate phase phil & phi2
% from the database of residual spectra

global Xrealspecdiv

global datalengthdiv

global numberoflinesdiv

global scope

global tempmatrixdiv

global tempmatrixdivonGrid

global tempmatrixInPhase

spectrumtdivl = splinedPhase7(Phil);

spectrumtdiv? splinedPhase7 (Phi2);

kisquaredparam3quatro2.m : x2 associated to two candidate spectra
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function [scaloutl,scalout2] = kisquaredparam3quatro(scall,Vl,scal2,V2)
% Returns the calculate chi-square associated to candidate spectrum V1, V2
% at candidate redshift scall & scal2 resp.

global Xtempspecprime

global SNxspline

global Xrealspec

global Yrealspec

global Xrealspecdiv

global Yrealspecdiv

global datalength

global scope

global Xtempspecdiv

global numberoflinesdiv

scaloutl = kisquaredparamé4(scall,V1);
if (0 <= scal?2)

scalout2 = kisquaredparam4(scal2,V2);
else

scalout2 = scaloutl + 10000000;

end
Updateparamb.m : updates the vector of parameters if a candidate step is taken or rejected

function Updateparamb(m, V1, V2, V3)

% Update the vector of parameters if the candidate step is taken or not
global paramvector

global overallKi

global overalllLiK

global kisquareprev

global kisquarenext

if (1 <= V1 ) % From the decisionfactoR factor
V3; % Take the new step

templ

temp2 = kisquarenext;
temp3 = exp( - kisquarenext/2 );

else

temp4
if ( temp4 <= V1)
templ = V3; % Take the new step

rand; % Drawing a number in the region [0,1]

temp2 = kisquarenext;

temp3 = exp( - kisquarenext/2 );

else
templ = V2; ¥ Remain and reject new step
temp2 = kisquareprev;
temp3 = exp( - kisquareprev/2 );

end
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end

paramvector(n,:)= templ; % row vector

overallKi(n,:) temp2; % row vector

overallLiK(n,:) = temp3;
SolveBurnin.m : solves the “burn in” problem

function SolveBurnIn()
% Routine for solving the "burn-in" problem
global Allchains

global paramvector
global chainsnumber
global stepsnumber
global Kioverallchains
global mergedChain
global TheChain

global overallLikK
global LiKoverallchains

global BurnInchain

merger = [];

V2 = median(LiKoverallchains); % A scalar
for i = ( 1 : chainsnumber)
fin = i*stepsnumber;
debut = (fin - stepsnumber) + 1;
tempLikchain = LiKoverallchains(debut:fin); % likelihoods per step in i-th Chai:
tempchain = mergedChain(debut:fin,1:2); % Extracting the i-th chain
=5
while (j <= stepsnumber)
if ( V2 <= tempLikchain(j))
topup = tempchain(j + 1 : stepsnumber,1:2);
merger = [merger ; topupl;
BurnInchain{i) = j;
break;
end
j=i*t;
end
end

TheChain = merger;
ConvMix2.m : checks for convergence and good mixing by giving the R parameter

function ConvMix2()
% Checks for convergebnce and good mixin via the Gelman-Rubin test
global chainsnumber
global stepsnumber

global rowofmean
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global
global
global
global
global
global
global

rowofvar
Kioverallchains
mergedChain
RforConvergence
overallLiK
LiKoverallchains

ratio

N

M = chainsnumber;

stepsnumber/2;

Ybar = mean(rowofmean);% mean of whole truncated chain

X1 = sum( ( rowofmean(:,1) - Ybar(:,1) ).”2 ).*x(1/(M - 1));
X2 = sum( ( rowofmean(:,2) - Ybar(:,2) )."2 ).*x(1/(M - 1));
Bn = [X1 X2]; % variance between the merged chains

W = ( N/J(N - 1)) .*mean(rowofvar); variance within each chain

RforConvergence = (( (N - 1)/N).*W + (1 + 1/M).*Bn )./W;

XVIII





