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Chapter 1

Introduction

One of the greatest challenges in Astronomy has always been distance determination. In
order to study scales, sizes and distances, many measurement methods have been developed.
Some examples are parallax measurements taking as baselinethe orbit of the earth around
the sun. These stellar parallaxes, taken from di�erent sides of the orbit of the earth are
usable up to� 30 pc. Other methods are the period{luminosity relation forcepheids which
with the Hubble Space Telescope has been extended to about� 30 Mpc, the Tully{Fisher
relation and several others. Figure 1.1 shows a comparison of the main methods employed
to determine distances and their usable range.

Supernovae are one of the most energetic events in the present universe. They can
be observed out to cosmological distances (Leibundgut 2001; Ben��tez et al. 2002). The
brightest Supernovae are those of type Ia (SNe Ia, details will be explained later). They
stem always from a white dwarf which has gone beyond the Chandrasekhar limit (approx.
1.4 M � ). So this speci�c type of SN is likely to have the same intrinsic luminosity. That
is the reason why they are ideal objects to use asdistance indicators.

Core{collapse supernovae (SNe other than SNe Ia) occur about as frequently as type
Ia supernovae but, because of their origin, trace a di�erentenvironment. For example,
certain types of dwarf irregular galaxies are or have been active in forming massive giant
and super{giant stars, the progenitors of core{collapse supernovae. Hence the idea to target
this type of supernovae (or perhaps a subclass of them) to analyze if they would be good
distance indicators (with approximately the same luminosity for each event). The next
step is then to calculate the core{collapse supernova rate in dwarf irregular galaxies to see
if it is worthwhile to search in such galaxies for them.

If core{collapse SNe could be used (like SN Ia) as distance indicators, they could be
used to measure the distance to their dwarf galaxy hosts. Moreover if, as predicted by
modern cosmology, dwarf galaxies were more abundant at early times in the life of the
universe, it should be possible to use core{collapse supernovae to measure the distances of
the host galaxies at cosmological distances.
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Figure 1.1: Methods and used to determine distances ranked according totheir usable range (1pc� 3:25
ly).
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This thesis is organized as follows: in chapter 2, we presenta review of our knowledge
about Supernovae and all their types and subtypes by �rst analyzing the two major SN
explosion mechanisms and progenitor types, making a comparison between di�erent types
and subtypes based on their light curves and spectra. In chapter 3 we give some de�nitions
of luminosities and magnitudes, followed by an overview of the uses of type Ia SNe as a
distance indicator, including aspects of their homogeneity and heterogeneity as a class. We
end chapter 3 with a review of the feasibility of using core{collapse supernovae as standard
candles reviewing all subtypes and summarizing three independent studies discussing the
advantages and disadvantages of using a speci�c core{collapse SN subclass. In chapter
4, after a broad brush view of the classi�cation of galaxies and stellar populations, the
star formation rate for a dwarf irregular galaxy is calculated. Lastly, in chapter 5 there is
an analysis of four independent SN searches and catalogues according to SN and galaxy
morphological type. Lastly, a calculation of the supernovarate in dwarf galaxies is derived
and an investigation made of the feasibility of a targeted core collapse SN search in dwarf
irregular galaxies, in order to evaluate their use as distance indicator.





Chapter 2

WHAT ARE SUPERNOVAE?

2.1 A brief description of a Supernova event, and Su-
pernova types according to their origin, light cur-
ves and especially spectra

Supernovae are the explosions of certain stars in their �nalevolutionary stage. Supernovae
come from di�erent types of progenitor stars, from stars at least eight times more massive
than our sun, and from stars (white dwarfs) with 1.4M � . A supernova releases an incredible
amount of energy and can be as bright as its host galaxy. It is doubtless one of the most
spectacular and violent events in the universe.

There are a wide range of supernova (SN) types and subtypes depending on the char-
acteristics of their progenitor stars. A classi�cation is made according to the chemical
elements found in their spectra. The two main types of SNe areType I (SNe I) in which
case no Hydrogen is found in their spectra, and Type II (SNe II) when a strong presence
of H is found. This distinction was �rst made by Minkowsky in 1941. SNe I were believed
to come from old low{mass stars while SNe II were ascribed to explosions of very massive
stars. A problem arose when around 1985 strong presence of Helium was seen in some SNe I
spectra. Furthermore, these SNe were found in populations of high{mass stars. These SNe
combined properties of SN I, showing no H in their spectra andproperties of SN II, those
having very massive stars as progenitors. They were classi�ed as SNe Type Ib. Then some
SNe where encountered with little or no presence of He, so SNeType Ic was consigned to
these kind of SNe (SNe Ib & SNe Ic are commonly referred to as Type Ibc for simplicity).

Subtypes of SN II are assigned according to their light curve, which is the plot of the SN
absolute magnitude [proportional to the logarithm of the 
ux] versus time [days] after the
SN explosion (it can be plotted at any wavelength but opticalis most commonly used). This
useful tool tells us the behavior of the SN luminosity evolution, helps to decide, combined
with spectral analysis, the type and subclasses of the SNe and whether or not it is feasible

5
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Figure 2.1: Spectra of SNe, showing distinctions between the four majortypes and subtypes of SNe. All
spectra were taken approximately one week after peak brightness (Filippenko et al. 1997).
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Figure 2.2: Schematic light curves for SNe of Types Ia, Ib, II{L, and II{P . The curve for SNe Ib includes
SNe Ic as well, and represents an average (Wheeler et al. 1990).

to make a deeper study of that speci�c SN event.
If the light curve of a SN II presents linear luminosity decaywith time it is considered a

Linear Type II SN (SN II{L). If it presents a plateau after reaching the maximum brightness
it is considered a SNe II{P. Furthermore, there exists a subtype called \Type IIn", the \n"
denoting \narrow" emission line components (Filippenko etal. 1997), most notablyH � .
Lastly, there is a special group of SNe II called Peculiar (SNe IIpec) which are di�cult to
classify due to the heterogeneity of their spectra and, especially, their light curves.

2.2 A summary of the two major SN mechanisms.

Supernovae Type Ib, Ic and II: SNe II and SN Ibc are produced by the core collapse of a very
massive star (more massive than about� 8 M � ) which has arrived at its �nal evolutionary
stage. First we have to present a rough view of the evolution of a giant star. These kinds
of star are so massive that, in order to maintainhydrostatic equilibrium (see Appendix
A) between gravity and radiation pressure, they have to \burn" (in reality nuclear fusion)
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Figure 2.3: The structure of a super{massive star (� 30 M � ). At its �nal evolutionary stage, the star
consists of layers with di�erent composition divided by nuclear burning shells (Karttunen et al. 1993).

extremely fast the H in the nucleus, which eventually is consumed and transformed into
Helium (He). When this happens the star is not able to supportgravity any longer so
it is compressed until the nucleus (now made of He) gets to high enough temperatures
and pressures to initiate once more nuclear fusion via the triple{ � process. This chain
of fusion continues to produce heavier elements (the heavier the element to fuse the less
energy e�cient is the process) until the nucleus gets converted to Iron (see Appendix B for
the stellar nuclear reactions). At this point, because Ironis the element with the highest
binding energy, there is no longer fusion possible to form heavier elements. Any nuclear
reaction which involves Fe will break up the Fe nucleus instead of forming a heavier one,
hence not liberating energy but consuming it. From that moment, the star is no longer
able to produce any signi�cant energy to support the crushing force of gravity (Figure 2.3).

At this point, the core collapses under the tremendous pressure of the outer layers,
producing an implosion shockwave, which causes degeneration of the nucleus until only
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Figure 2.4: The life cycle of a super{massive star, from its formation tothe �nal Supernova remnant: a
Neutron star or Black hole (http://www.colorado.edu ).

neutrons remain in the core1. At that moment the nucleus becomes stable2 to further col-
lapse and suddenly the contraction stops, bouncing back andreleasing so much energy that
this produces an explosion shockwave which will blow the outer layer away at approximate
velocities between 106 and 107ms� 1. This explosion is the famous SN (Figure 2.4).

Supernovae Type Ia: Supernovae of Type Ia come from a totally di�erent process.They
are unlike other SNe (Ibc and II) which are produced from a core collapse of a giant or
supergiant star. This kind of SNe are produced when in a binary system composed of
a white dwarf3 and a star, the companion star evolves away from the main sequence to
become a giant or supergiant. Its size increases allowing the external layers of the star to
get su�ciently close to the white dwarf to transfer mass fromthe giant (or supergiant) star
to the white dwarf. In this process the transferred mass falls on to an accretion disk, and
eventually will cause the white dwarf to exceed the Chandrasekhar limit (which is about
1.4 M � ). The degenerated material of the star acquires enough massto initiate nuclear
reactions under the huge gravitational force that enhancesnuclear fusion, not only in the
core but throughout the white dwarf. At that moment the energy production is so violent
that it suddenly overcomes gravity and explodes as the most powerful SN of all types
known, reaching at the maximum of the light curve the highestpeak luminosity of any
SN type. This implies some exceptional qualities, such as all SNe Ia having approximately
the same brightness due to their almost identical origin: the explosion of a 1.4M � white
dwarf.

1This phenomenon happens when the force of gravity compresses the electrons so much that they
are forced into the atomic nucleus, causing them to combine with the protons producing total charge
nulli�cation and converting p + to n.

2If the progenitor star was even more massive, it is believed that not even the neutron pressure can
stop the contraction. This will inevitably lead to a black ho le.

3A white dwarf is the remanent of an evolved medium{size star,which lost its outer layers as a Planetary
Nebula.
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2.3 Di�erences between Type Ia versus Type II (and
Type Ibc)

We can say that SNe Ibc and SNe II are the \victory" of gravity over the nuclear energy
production in the core. When the star ran out of fusionable elements this caused the
implosion of the core. Here the outer layers bounce back in anexplosion shockwave leaving
a neutron star (or in some occasions a black hole) as a remnant. On the other hand we
can see the SNe Ia as the \victory" of nuclear energy over gravity when the degenerated
material of the white dwarf got from an external source enough material to exceed the
Chandrasekhar limit. This results in the fusion of the entire star, all at once, leading to an
explosion in which the star gets totally disrupted. We mention here that the companion star
at the moment of the explosion was orbiting the white dwarf, so when this one explodes,
the companion can get expulsed, traveling at high{speed.

These obvious di�erences imply totally di�erent characteristics and behavior of the
spectra and light curves. Some of the most signi�cant are: because SNe Ia come from a
degenerated star which exceeds the Chandrasekhar limit (1.4 M � ) it is reasonable to assume
that it explodes with approximately the same amount of energy. So it will be reasonable
to expect the same brightness at the light curve maximum making SNe Ia ideal probes to
be used as distance indicators4 (standard candles). On the other hand, we have SNe Ibc
and SNe II. These kind of SNe, are due to massive progenitors with masses between� 8
M � to even 100M � (this mass range allows them to explode as a SN). They have clearly
di�erent sizes, masses, composition and circumstellar media5 (CSM). The combination of
all these parameters gives rise to heterogeneous SN behavior of the light curves and spectra.
Despite this fact, SNe other than SNe Ia have begun to make several astronomers curious
enough to try to explore the feasibility of using the di�erent SN types and subtypes as
standard candles, to complement the use of SN Ia as a distanceindicator. Table 2.1 shows
a SNe taxonomy 
ow chart according to the elements shown in each SN spectrum and the
behavior of their light curves.

4To use SNe Ia as Standard Candles we have to consider and normalize for brightness attenuation such
as interstellar and intergalactic dust.

5Important di�erences in the CSM density and elements can actually make such signi�cant changes to
the light curve and spectra as to confuse astronomers about the type or subtype of the SN.
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Table 2.1: Supernova taxonomy 
ow chart: The SN types and subtypes with the explanations of their
progenitor mechanism (Based on Montes et al. 2001).

2.4 SNe across the electromagnetic spectrum: sum-
mary of information that can be derived about
their evolution (from X{rays to radio{waves).

Almost all information derived about SN explosions comes from the detection of their
electromagnetic radiation6. Commonly a SN reaches its maximum luminosity in the optical
wavelength range. But due to the complex interactions involved in such an event, a SN
emits electromagnetic radiation at all wavelengths. Moreover, it reaches di�erent maximum
intensities for every wavelength range at di�erent epochs.Most phenomena are intrinsically
related to the evolution of the expanding SN ejecta and theirinteraction with the CSM,
generating shells at di�erent densities and temperatures that radiate over a wide range of
wavelengths.

Here we present a review of how it is believed that SN II emission at di�erent wave-
lengths is produced:

� As reported by Pooley and Lewin (2002): soft X{rays (� 10keV) are thought to be
thermal radiation from the interaction between the front ofexpanding SN ejecta and
the CSM of the progenitor star. This collision produces a traveling \reverse" shock
(� 103 kms� 1) which collides with the ejecta, creating a dense shell withapproximate
temperatures of about 107 K which is where most of the observable X{ray emission
arises.

6The other source of information is their neutrino 
ux
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� The Optical, UV, and IR are also thermal radiation. Emitted from the outwards
traveling SN shock which is \cooling from the breakout temperature (� 105 K) down
to the recombination temperature of hydrogen (� 5000 K) (Eastman, Schmidt and
Kirshner 1996)". During this period, the optical emission can be approximated as a
blackbody at temperatureT, �tting well the UV, optical and IR wavelengths.

� In 1982, Chevalier proposed that the outgoing shock from theSN explosion generates
the relativistic electrons and enhanced magnetic �eld necessary for synchrotron radio
emission. The ionized CSM initially absorbs most of the emission. As the shock passes
rapidly outward, less ionized material is left between the shock and the observer,
absorption decreases rapidly and the observed radio 
ux density rises (Pooley et al.
2002). Due to the absorption by the CSM and later of subsequent re{emission (�rst
at shorter wavelengths and later at longer wavelengths Weiler et al. 1986) the radio

ux arrives to the observer with a time delay which allows more time to prepare for
follow up.

A huge explosion, like a SN, in addition to o�ering the possibility to use it to derive
distances to the host galaxies in which they occur, also o�ers the possibility to study
the many stages of the interaction between the outwards moving shock front with the
CSM and pre{ejected material. The high internal temperature, the dense expanding shell,
the reverse shockwave and their mutual interaction producea great diversity of physical
processes under conditions which are di�cult or impossibleto produce in the laboratory.
Information about these processes arrives at us as electromagnetic radiation that can be
observed and analyzed. So it is �tting to make the best e�ort in getting multiwavelength
spectra and light curves which will result in a better, more comprehensive understanding
of a SN event and its applications. However, for this thesis we will concentrate on one
particular concept only, the potential of type II SN to be used as distance indicators.



Chapter 3

SUPERNOVAE AS STANDARD
CANDLES

3.1 Measuring brightness and distances.

As mentioned in the �rst chapter, to be able to study distancescales, many measurement
methods have been developed. A luminosity method for measuring cosmological distances
consists of objects with the sameintrinsic luminosity ; this standard luminosity makes them
a standard candle. We shall mention some basic concepts of electromagnetic radiation in
order to derive information of its characteristics such as:

� The Intensity ( I ) of radiation: this is the energy passing per second througha surface
element into a solid angle in a direction� , [I ] = [ W m� 2Hz � 1sterad� 1].

� The energy 
ux (
ux): this is the power [in Watts] going throu gh some surface, and
the 
ux density (generally denotedF ) gives the power of radiation per unit area and
per unit of frequency [F ] = [ W m� 2Hz � 1], note that F / r � 2.

� The total 
ux: this is the 
ux passing through a closed surface surrounding the
source, this total 
ux is called the Luminosity (L), [L] = [ W Hz � 1] and we can see
that L is independent of distance, because the 
ux density falls o�proportional to
r � 2 but the surrounding surface grows proportional tor 2. Hence, the luminosity is
an intrinsic property of a source.

FT ot � L = 4�r 2F (3.1)

Once we have an object with a known intrinsic luminosity (which is a challenge), the
distance can be easily derived by:

13
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r =

r
L

4�F
(3.2)

In Astronomy, it is more common to use absolute (M ) and apparent (m) magnitudes:

� The apparent magnitudem, is de�ned as the received brightness from the observed
object and is given by the equation:

m = � 2:5 log
Fr

F0
(3.3)

whereFr is the observed 
ux density andF0 is a reference 
ux density corresponding
to an object with apparent magnitudem = 0. Note that the apparent magnitude, as
it deals with 
ux densities, depends on the distance.

� The absolute magnitudeM , give us information about the real intrinsic brightness
of the object. It is the apparent magnitude of an object that would have been placed
at a distance of 10 parsecs from the observer.

� The relation between the apparent magnitudem, absolute magnitudeM and the
distancer , is the distance modulusm � M :

m � M = 5 log
r

10pc
+ A(r ) (3.4)

where r is the distance to the object in parsecs (pc) andA(r ) is the interstellar
extinction. Usually expressed as:

m � M = 5 log r � 5 + A(r ) (3.5)

) r = 100:2[m� M +5 � A(r )] (3.6)

� The absolute bolometric magnitudeMbol, is expressed in terms of Luminosity (total

ux F ):

Mbol � Mbol� = � 2:5 log
F
F�

= � 2:5 log
L

L �
(3.7)

These concepts are used by astronomers to derive and calculate distances in di�erent
distance regimes. The use of equation (3:6) is called the photometric method of distance
determination. This method is a direct determination of distance and its main di�culty is
knowing the absolute magnitudeM , which needs to be found by an independent technique.
Although there are some ways to obtainM , here we will be only interested in the use of
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Standard Candles. There are many objects used as standard candles, each one having
its own distance range over which it operates. Examples are:Cepheid variables1, main
sequence stars2, novae3, and for our particular interest: Supernovae.

3.2 The ideal distance indicator.

In order to be considered a standard candle the current available distance indicators comply
with a number of basic requirements such as precisely known luminosities (for SNe) and
periodicities of brightness variations (for Cepheids). Ingeneral the requirements that an
ideal indicator should achieve are4:

� A high luminosity is obviously favored, to render the objectuseful as indicators useful
out to the great distances that must be probed.

� It is very important that a distance indicator has the lowestpossible intrinsic disper-
sion in its key properties, such as luminosity.

� An important requirement is the possibility of observing standard candles locally
allowing accurate calibration before measurements at cosmological distances are in-
tended.

� To anticipate problems, a �rm theoretical basis for the distance indicator is required
(actually, a theoretical understanding of many current distance indicators is still to
be established).

� When the previous condition is not ful�lled, an empirical proof that the luminosity
being used can be fully corrected for known systematic e�ects. Examples of variables
that should be considered are: di�erences in chemical composition, CSM di�erences
and interstellar reddening.

� An ideal distance indicator should also be universally available. SNe Ibc and type II
are never found in elliptical and S0 galaxies because the stellar populations of these
galaxies do not contain their progenitors (as we will see in chapter 4).

1The Cepheids are stars which are pulsating. They show a relation between pulsation period and
luminosity, so their absolute magnitudes can be obtained from their periods.

2The Luminosity of these stars is obtained from the Hertzprung{Russel diagram (the plot of absolute
magnitudes versus spectral types of stars).

3Novae are violent outbursts of material that has been transferred from a normal star to a white dwarf
(in a binary system); when enough material is collected, theouter H shell is explosively ejected with a rapid
luminosity increase. This is a recurring event as long as thewhite dwarf doesn't exceed the Chandrasekhar
limit.

4This section is based on the list of requirements for an idealdistance indicator which can be found at:
http://nedwww.ipac.caltech.edu/level5/cepheids/ceph eids20.html
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� The ideal situation would be to be able to �nd wherever and whenever needed the dis-
tance indicator of choice, rather than singular events, sporadically or unpredictably.
SNe of all types su�er from this problem.

� The identi�cation of an ideal distance indicator should be unambiguous. SNe su�er
from the growing diversity of types and subtypes of SNe II (asopposed to SN Ia), thus
further observations are needed to resolve di�erences allowing eventually an accurate
classi�cation.

Clearly, it is not likely that we will �nd in the future the dis tance indicator �tting all
these criteria. However the better the corrections and the fewer the uncertainties the easier
it is to extend the distance ranges and accuracies of each standard candle. When Cepheids
were �rst used as standard candles the maximum distance operation was perhaps 5 Mpc;
with the Hubble space telescope this has been extended up to� 30 Mpc. So it is reasonable
to expect that growing technical possibilities and improved observational techniques will
reveal other probes which can serve as reliable distance indicators.

3.3 A broad brush view of type Ia Supernovae and
how they can be used as standard candles.

SNe Ia have long been proposed as good distance indicators for cosmology, because of their
almost identical peak luminosity. Small di�erences can be normalized by corrections based
on their individual light{curve shapes (Leibundgut et al. 2001). Due to their origin, the
detonation of a 1.4M � white dwarf (as explained in 2.2), it is believed that SNe Ia explode
with approximately the same amount of energy. So it is reasonable to expect the same
brightness at the maximum of each light curve, making SNe Ia ideal to be used as standard
candles.

SNe Ia have long been used as a successful distance indicatorby many astronomers to
derive distances over a wide range of distance scales. Examples of their uses are: calculation
of the distance to their host galaxies in the local volume, deriving an approximation of the
Hubble constant and cosmological studies of the expansion and geometry of the universe,
among others. Recent studies with SNe Ia, suggest the possibility that the expansion of
the Universe is accelerating at the current epoch (Riess et al. 1998; Perlmutter et al. 1999)

Here we present a brief review of the countless concepts, observations, and conclusions
by many experts since SNe Ia were �rst proposed as a means to determine distances and
cosmological parameters by Wilson (1939).

The light curves of SNe Ia have an overall homogeneity which yields a good standard
candle with a quanti�able heterogeneity. Its high luminosity combined with high precision
observations provides a reasonable normalization of its light curve. The photometric use of
SNe Ia is possible because there exists a correlation between the light curve shapes, and its
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luminosity. As reported by Jha, Kirshner and Garnavich (1993): almost all of the results
obtained by the study of SN Ia, rely on photometric observations of SN Ia in the rest{frame
optical B; V; R and I passbands5.

Spectral analysis is a basic tool to study SN evolution, its type, subtype and further
information (such as distance). As mentioned by Filippenkoet al. (1997); \The early{
time spectra of SNe Ia exhibit prominent broad peaks and valleys. Extensive computer
modeling of the expanding ejecta has resulted in reliable identi�cations for most features,
after decades of uncertainty. In general, at very early times they are attributed to lines
of neutral and singly ionized intermediate mass elements (O, Mg, Si, S, C), with some
contribution from iron{peak elements (Fe, Co) especially at near{UV wavelengths (Branch
et al. 1983, 1985, Harkness 1986, Kirshner et al. 1993, Mazzali et al. 1993). The strongest
features are Si II� 6355 �Aand Ca II H&K �� 3934, 3968�A. Convincing evidence for the
presence of Helium has never been shown, although the results of Meikle et al. (1996) are
intriguing and warrant further scrutiny". Basically, all d iscussions and reports analyzing
the advantages, disadvantages, certainties and uncertainties about the use of SN Ia as
distance indicators can be reduced to SN Ia Homogeneity versus Heterogeneity:

� Homogeneity

It has been noticed since a long time that the optical spectraof SNe Ia are quite ho-
mogeneous. Although by most experts they are not consideredto be truly a standard
candle, having a considerable range in observed peak luminosity, they are nonethe-
less ranked as an excellent distance indicator useful even for cosmological studies (e.g.
Riess et al. 1995a,b 1996, Hamuy et al. 1995, 1996a,b, and references therein).

Figure 3.1, shows an excellent example of the homogeneity ofspectra of SN Ia; notice
that all spectra are adjusted to rest wavelength, to compensate for the red{shift pro-
duced by the host galaxy velocity. According to Hamuy (1991), the optical light curve
shapes of many SNe Ia are closely similar to each other, a remarkable fact taking into
account the correlation between time (in days) and luminosity (or magnitude). After
the analysis of a large amount of data, Leibundgut (1988) developed a pattern of
light curves for a variety of bandpasses. Matching theB and V light curves of a SN
Ia (SN 1990N), Leibundgut (1991) discovered two weeks before maximum brightness
that this SN �tted very well the previous pattern assigned. The quanti�cation of
dispersion in the peak absolute magnitude of unreddened SNeIa, was carried out by
Branch & Miller (1993), Vaughan et al. (1995) and many others. In this quanti�-
cation, only SNe Ia were included whoseB{ V color at maximum brightness were in
the range� 0.25mag.

5The passbands are the wavelength intervals observed through the �lters used to allow only a certain
wavelength band to enter the detector: B (blue) = 360{550 nm, V (visual)= 480{680 nm, R (red = 530{950
nm and I (infrared) = 700{1200 nm.
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Figure 3.1: Spectra of SNe Ia about one week past maxumum brightness. Where the abscisse is the
wavelength [10� 10 m = 1 �A], and ordinates are the SN magnitudes. For clarity, the spectra are plotted
with an o�set. The following SNe are plotted: (1) SN 1990, (2) SN 1987N, and (3) SN 1987D (Filippenko
et al. 1997).
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Vaughan et al. found that:

hMB i = � 18:54� 0:06 + 5 log
H0

85
mag (3.8)

hMV i = � 18:59� 0:06 + 5 log
H0

85
mag (3.9)

where H is the Hubble parameter andH0 is its present value (� 71 kms� 1Mpc� 1

Freedman et al. 2001). In the late 20's Hubble discovered that the universe is
expanding with velocity proportional to the relation (Hubble law) z = H / c � r where
z = � � � 0/ � 0 and r is the distance of the used object. For small velocities (V � c),
the Doppler redshift z = V/ c, and then: V = Hr .

Much of the measured dispersion (only 0.3mag in both cases) is possibly due to
observational errors, incorrect relative distances, and residual reddening; the intrinsic
dispersion is certainly smaller.

� Heterogeneity

Despite several normalizations based on corrections from their light{curve shapes,
careful inspection of data and analysis of spectra showes that variations among SN Ia
exists. In 1987 Branch reported that the ejecta of SNe Ia do not always have the same
velocity at a given phase. This fact is remarkable because di�erent ejecta velocities
will produce an intrinsic red{shift error which won't be possible to be corrected.
Smallest ejection velocities are generally found among SNeIa in elliptical galaxies
(Filippenko 1989b, Branch & van den Berg 1993). These spectroscopic variations
between SN Ia in spiral and elliptical galaxies, clearly show a physical diversity in
the SNe Ia mechanism. This diversity is perhaps due to signi�cant changes in CSM
density and composition, or even maybe due to fundamental di�erences in the SNe.

Broad heterogeneity has not only been found in spectra, but also in light curves.
Intrinsically bright SNe Ia rise and decline more slowly than dim ones (Phillips 1993,
Hamuy et al. 1995, 1996a, Riess et al. 1995a, 1996). Such variations clearly imply
di�erences in SNe Ia light curve shapes. Notably, the most luminous SNe Ia seem to
occur in young stellar populations (Hamuy et al. 1995, Branch et al. 1996). Over
the last years, there have been more reported peculiaritiesand di�erences about light
curves and spectra of SNe Ia. An example of signi�cant spectral variations among
three SNe Ia is presented in �gure 3.2. Note that the spectra are compared in rest
wavelength. In other words, they have already been red{shift adjusted and corrected.

In conclusion, despite not being truly \standard" candles (cf. Branch & Tamman 1992,
and references therein). SNe Ia are excellent and versatiletools to be used as distance in-
dicators. Although they have a signi�cant degree of heterogeneity, many spectroscopic and
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Figure 3.2: Spectra of SNe Ia about one week before maximum brightness. Spectrum heterogeneity is
intrinsic. Plotted SNe are as follows: (1) SN 1994D, (2) SN 1990N, and (3) SN 1991T (Filippenko et al.
1997).
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Table 3.1:

light curve normalization techniques have been developed and proved to be successful. The
versatility of SNe Ia as distance indicators is remarkable.They can be used to measure
distances within the local volume, to determine the Hubble constant, to measure cosmolog-
ical distances, etc. The amazing announcement that the universe is maybe increasing its
expansion velocity was based on data analysis of a distant SNe Ia. Type Ia Supernovae are
one of the best photometric distance indicators currently used. Table 3.1 shows an average
of SN Ia main characteristics.

3.4 Analysis of the characteristics of core{collapse SN
in order to use them as standard candles.

The type II and Ibc Supernovae, (as examined in Chapter 2) come from the �nal evolu-
tionary stage of giant and supergiant stars. At the end pointof their life these stars su�er
a core collapse in which the outer layers of the star are ejected explosively at high velocities
(� 106 and 107 ms� 1). The explosion of these massive stars is not related to a speci�c mass
of the SN progenitor (as is the case in SN Ia ruled by the Chandrasekhar limit) but by the
collapse of hydrostatic equilibrium. The star mass can varyfrom � 7 M � to 15 M � for SN
II and from � 15 M � to 100M � is thought to correspond to SN Ibc. With the combination
of di�erent sizes, masses, composition and CSM conditions,they are intrinsically in�nitely
heterogeneous. With this, we can readily expect variationsin spectra and light curves of
SN II and SN Ibc. In spite of this, studies and analysis of typeII supernovae have begun,
in order to �nd out if they can serve as standard candles.
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Type Ibc SN, due to the nature of their supermassive progenitors, su�er from two
intrinsic problems when considering them as potential distance indicators:

� Because the progenitor's mass range is broad (� 15 M � to 100 M � ), the degree of
heterogeneity of SN Ibc makes the light curve normalizationless e�cient and more
complicated than type II SNe.

� Noting that SN Ibc progenitors are the most massive of all core{collapse supernovae,
it is predicted by the Initial Mass Funciton (IMF ; as will be described in chapter 5),
that the formation of SN Ibc progenitors is much less favoredthan the formation of
SN II progenitors. Their situation is directly related to the probability of �nding a
SN Ibc event.

Due to these facts (wide heterogeneity and low progenitor birthrate), SNe Ibc cannot
be considered as a feasible distance indicator. So we will focus rather on type II SN and
its subtypes.

The characterization of type II supernovae as distance indicators �nds its �rst problem
with the diversity of subtypes of SN II. Type II Supernovae are classi�ed by the behavior
in their light curve, and the lines shown in the spectra. Although it would be ideal to use
all SN II, this is practically impossible. Actually, the most reasonable idea is to choose the
best subtype candidate and to analyze its possibilities. Here we name the subtypes of SN
II and some of their characteristics:

� Type II{P Supernovae

Type II plateau supernovae (SN II{P), have a plateau in theirpost maximum light
curve. This plateau is obviously the main characteristic ofthis kind of SNe, which
corresponds to a constant (actually a slower decay of) magnitude during 50 { 100 days.
The evolution of this SN type has been reported and analyzed by several authors:
Gravssberg, Imshennik, & Nadyozhin (1971), Chevalier (1976), Falk & Arnett (1977),
Woosley, Weaver & Eastman (1986). The phases of the explosion can be divided in to
stages: �rst, a shock wave originates at the center and breaks out at the star's surface
in the preliminary period of cooling from the break out temperature (� 105 K) down
to the recombination temperature of hydrogen (� 5000 K). the second phase is an
enduring era of recombination which, in red supergiant explosions, gives rise to the
extended plateau observed in SNe II{P light curves. Beyond the plateau phase, the
bolometric light curve tracks the instantaneous energy input rate from radioactive
decay, the electron scattering optical depth is of order unity. In Figure 3.3 Filippenko
(1997) notes that when the light curve drops to the late{timetail, the spectrum
gradually takes a nebular appearance; the continuum fades,but H � becomes very
strong, and prominent emission lines of [O I], [Ca II], and CaII also appear.
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Figure 3.3: Montage of spectra of the Type II{P SN 1992H. The montage was ordered by epochs [in
days]. The spectra are o�set along the ordinate, for clarity (Filippenko et al. 1997).
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� Type II{L Supernovae

Type II linear supernovae (SN II{L), are named this way, because of the linear decay
of magnitude with time of their light curves. It is believed that they have relatively
low mass hydrogen envelopes (a few solar masses); otherwise, they would exhibit dis-
tinct plateaus, as do SNe II{P. A di�erent explanation of this behavior could be also
a bigger extension of their Hydrogen envelope, or a CSM of larger density than SN
II{P (Filippenko et al. 1997). Several authors (e.g. Wheeler & Harkness 1990) have
speculated that the absence of H� absorption di�erentiates spectroscopically SNe II{
L from SNe II{P. Although Schlegel (1996) formally proposedthat this di�erentiation
seems to be acceptable, he admitted that a larger amount of well observed samples is
needed to conclude a spectroscopic di�erence between SNe II{L and SNe II{P. The
light curves of some SNe II{L reveal an extra source of energy: after declining expo-
nentially for several years after outburst, the H� 
ux of SN 1980K reached a steady
level, showing little if any decline thereafter (Uomoto & Kirshner 1986, Leibundgut
et al. 1991b). One of the major problems with SNe II{L is the small number of well
observed events, thus not enough data has been available to allow experts to decide
whether or not is possible to use SNe II{L as a distance indicator.

� Type II{n Supernovae

Type II narrow supernovae (SN II{n), are the subtype that presents narrow emission
lines in their spectra, which is dominated by strong lines, most notably H� . Chevalier
(1990) made a report with the suggestion that the SN II{n intermediate{width or
very narrow emission components are enhanced by the strong interaction with a
high density CSM. Clearly, Type II{n supernovae show considerable heterogeneity,
as detailed by observations made of some6 SNe II{n by Filippenko & Matheson (1993,
1994). Later, independent observations and data analysis,revealed that after years
of spectra completely dominated by H� emission of FWHM � 1000 kms� 1, strong
radio and X{ray emission showed up in those SN II{n with the densest CSM (Pollas
et al. 1995, Garnavich et al. 1995a, Van Dyk et al. 1996b). In Figure 3.5, very
strong lines of Fe II, Ca II, and O I emerged. The late time optical spectra of SN
1988Z was detected at radio wavelengths with a high luminosity, and also detected
in X{rays. Recently, a considerable number of SN II{n have been observed, and they
have shown a wide range of properties which renders them lessfavorable to use as
distance indicators.

� Type II{pec Supernovae

Type II peculiar supernovae (SN II{pec) are basically all supernovae exhibiting e-
nough characteristics to be considered as core{collapse supernova (with a massive

6SNe II{n studied by Filippenko & Mathenson (1993, 1994): SN 1986J, SN 1988Z, SN 1993N.
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Figure 3.4: Montage of spectra of the Type II{L SN 1979C. The montage was made by epochs [in
days](Branch et al. 1991).
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Figure 3.5: Montage of spectra of Type II{n ordered in increasing time since maximum bright [in days].
SNe II{n plotted are as follows: (1) SN 1994Y (Sept 01, 1994 & Jan 26, 1995), (2) SN 1994W (Oct 1, 1994),
(3) SN 1994ak (Jan 26, 1995), (4) SN 1988Z (April 27, 1989), and SN 1995N (May 24, 1995)(Filippenko
et al. 1997).



CHAPTER 3. SUPERNOVAE AS STANDARD CANDLES 27

Figure 3.6: Montage of spectra of SN 1987K, showing the dramatic transformation from SN II to SN Ib.
Narrow emission lines, produced by superposed HII regions,have been excised in the late time spectra.
Epochs [in days] are given relative to the date of maximum brightness (adapted from Filippenko 1998).

star as progenitor), but have \abnormalities" in their spectra and light curves. Usu-
ally this kind of SN shows combined characteristics for example: narrow emission
lines (from SN II{n) with low mass Hydrogen envelopes (from SN II{L). Further-
more, SNe have been found sharing characteristics between SNe II and SNe Ibc! SN
1987K (Figure 3.6) shows evidence of continuity between theprogenitors and ex-
plosion mechanisms of some SNe II and SNe Ibc. Despite the fact that it is not a
frequent event, sporadically SNe su�er a transformation from one type (or subtype)
to another. The SN II{pec subtype of supernovae is obviouslyextremely heteroge-
neous, showing great variations in light curves and spectra. This fact prevents any
possibility for normalization, and thus to use them as distance indicators.

After reviewing SN II types, it is obvious that SN II{pec as a class do not even come
close to be �t as distance indicator. In the case of SN II{n, strong interaction with a high
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density (possibly the densest of all SNe II) CSM, gives the net result of a wide variety
of shifted wavelengths (because of absorption and reemission), and thus a high degree of
heterogeneity. This carries with it the evident disquali�cation for our purposes.

SNe Type II{P and II{L are more homogeneous. The issue if there is continuity between
SNe II{P and SNe II{L is still being debated. The main di�erence between them seems
to be the hydrogen (H) envelopes. Whereas the envelope for SNe II{P is expected to be
massive, the ones around SNe II{L are believed to be low mass Henvelopes. The more
massive H envelope of SNe II{P is responsible for the recombination (at T � 5000 K), giving
rise to the extended plateau. The extended plateau gives useful data about explosion time,
a common duration of plateau phase of� 80 to 150 days allowing greater photometric
calibration, and a particular homogeneity condition: because the extended plateau takes
place during hydrogen recombination, the major opacity contribution is controlled by H,
with well known atomic properties. On the other hand, the peak absolute magnitudes of
SNe II{P show a wide dispersion almost certainly due to di�erences in radii of the progenitor
stars (Schmitz & Gaskell 1988), while most SNe II{L have a nearly uniform peak absolute
magnitude (Young & Branch 1989, Gaskell 1992). However, in recent studies, it has been
suggested that SNe II{P originate only in intermediate massstars of 8{12M � , located in
the red supergiant region (Smartt et al. 2001). This impliesthat SN II{P could all have
similar intermediate mass progenitor stars, and the proposal that higher mass stars produce
the other Type II and Ibc subtypes.

Taking into account all this information, I believe that the mass range limit imposed
to the SNe II{P progenitors, set a better degree of homogeneity for this SN subtype. The
reduction of dispersion allows an easier normalization of light curves and spectra. Thus,
the special plateau characteristics, o�ers the possibility of a more accurate photometric
measurement. These are the reasons why SNe II{P are chosen inthe attempt of using
them as distance indicators.

3.5 A critical appraisal of the possibilities of using SN
type II{P as distance indicators: problems and
prospects

In order to analyze the speci�c possibilities and the feasibility of using SN II{P as distance
indicators, we are going to present a review of three independent studies where SN II{P
data were extensively adjusted, analyzed, and interpretedusing di�erent methods:

i Type II Supernovae as Standardized Candles
Authors: Mario Hamuy and Philip A. Pinto (2002)

In this paper, the authors present evidence for a correlation between expansion velocities
of the ejecta of Type II{P supernovae and their bolometric luminosities Mbol during the
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plateau phase. This correlation is used to standardize the candles and decrease the scatter
in the Hubble diagram from� 1 mag to levels of 0.4 and 0.3mag in the V and I bands,
respectively.

In this letter it is shown that the envelope expansion velocities of the II{P (Barbon,
Ciatti, & Rosinno 1979) are highly correlated with their luminosities during the plateau
phase, allowing to standardize the luminosities and use them to derive distances with
precisions comparable to those reached by SNe Ia.

For all these SNe, precise optical photometry uncontaminated by host galaxy light was
obtained. They found two relations, a relation between red{shift cz, visual magnitudeVp,
and expansion velocity� p and another identical one with near infrared magnitudeI p (This
relations depend on takingVp and � p during the plateau phase); First, the relation for the
Vp band magnitude:

Vp � AV + 6:50(� 0:99) log
� � p

5000

�
= 5 log(cz) � 1:29(� 0:13) (3.10)

where theAV factor is the absorption
The second is a similar relation which holds for theI {band magnitude:

I p � AV + 5:82(� 0:76) log
� � p

5000

�
= 5 log(cz) � 1:80(� 0:10) (3.11)

Bolometric light curves were derived by Hamuy (2001) for these SNe using:

(1) BVI photometry

(2) Empirical bolometric corrections

(3) Reddening corrections due to our own galaxy (Schlegel, Finkbeiner, & Davis 1998).

(4) Host galaxy extinction corrections (assuming that all SNe reach the same color at the
end of the plateau).

(5) Redshift based distances (usingH0 = 65).

The resulting bolometric luminosities con�rmed the well{known fact that SNe II{P
display a wide range (7.5mag peak to peak) of plateau luminosities. They also noted
that SNe with brighter plateaus have higher envelope expansion velocities. Figure 3.7
compares the plateau characteristic luminosity and expansion velocity of the 17 SNe II{P
(all measured 50 days after explosion, corresponding approximately to the middle of the
plateau). While in Figure 3.8 the redshift is compared to thevisual magnitudes.

The tight luminosity{velocity correlation and the inverse square law7 imply that the
distance to a SN II{P can be derived from measurements of the apparent magnitude and
envelope velocity. Table 3.2 lists the speci�c data sourcesalong with characteristic BV I
magnitudes and velocities of the expanding ejecta.

7Inverse square law:Ba = L a
�

4�r 2
a and Bb = L b

�
4�r 2

b Then: Ba
�

Bb = L ar 2
b

�
L br 2

a :
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Figure 3.7: Expansion velocities from Fe II � 5169 versus bolometric luminosity, both measured in the
middle of the plateau (day 50). Ridge line is a weighted �t to t he points and corresponds to� p / L 0:33( � 0:04)

p

(Hamuy & Pinto 2002).

Figure 3.8: Bottom: Raw Hubble diagram from SNe II{P V magnitudes. Top: Hubble diagram from V
magnitudes corrected for envelope expansion velocities (Hamuy & Pinto 2002).
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Table 3.2:

The scatter drops form 0.95 to 0.39mag, thus demonstrating that the correction for
expansion velocities standardizes the luminosities of SNeII signi�cantly. It is important
to mention that when the sample is restricted to eight objects with cz < 3000kms� 1, the
scatter drops to 0.20mag. This implies that the standard candle method can calculate
distances with a precision of 9%, which is comparable to the 7% yielded by SNe Ia.

Overall, the standard candle method is characterized by a scatter of between 0.39 and
0.20mag. In its present form, the method appears very promising for the determination of
cosmological distances. It is remarkable that this precision is better than yielded by EPM
(Expanding Photosphere Method which will be analyzed later) which yields precision of
� 20% in distance or 0.43mag (Hamuy 2001). And the standard candle technique is far less
complicated. It requires only a few spectra and photometry around day 50 of the plateau
phase. To for solve the extinction in the host galaxy, only a few extra photometric and
spectroscopic observations are required.

The standard candle method has been applied to �nd the Hubbleconstant, using the
SN 1987A (this is used because is the only one from the sample having a precise distance
in the Cepheid scale). Assuming a large Magellanic cloud distance of 50 kpc, the authors
obtained H0 = 54 � 13. This value agrees comfortably with the 63� 4 value from Cepheids
and SN Ia (Hamuy et al. 1996; Phillips et al. 1999). Despite the success of this study,
clearly, more calibrators are required to improve this estimate, especially considering that
SN 1987A is not a \typical" SN II{P, and shows a non{typical light curve for its class.
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In the worst case scenario, the standard candle method can produce distance moduli
with a precision of 0.39mag so that 13 SNe II{P at z = 0:3 should allow one to measure
the distances of such objects with a precision of 5% and provide a robust check on the
results of SNe Ia.

ii The atmospheres of Type II Supernovae and the Expanding Photosphere
Method
Authors: Ronald G. Eastman, Brian P. Schmidt, and Robert Kirshner (1996)

In this paper, the authors use the Expanding Photosphere Method (EPM), to determine
distances to SNe II by comparing the photospheric angular size with the expansion velocity
measured from spectral lines. The photospheres of SNe II arelow density and are dominated
by electron scattering, therefore the photospheric 
ux is dilute relative to a Planck function.
The reliability of EPM distances depends on understanding how the dilution is related to
physical properties of the supernova atmosphere. For this method, four �lter combinations
are used: f BV g; f V Icg; f BV I cg and f JHK g. The main di�erences may be expressed
in terms of the observable color temperature. The e�ect of uncertain dust extinction on
angular size is shown to be small.

This paper is more focused on theoretical simulations of theexpanding ejecta of SN
II taking into account the blackbody distribution of the emergent 
ux. By running so-
phisticated codes to model individual SNe, the authors obtain a more accurate distance
estimate. These atmosphere models and optical distance correction factors require time
consuming and computationally demanding procedures, all of which goes beyond the scope
of this thesis. However, the �nal applications are quite interesting; a comparison between
the EPM distances obtained and the Cepheid distances obtained to a set of SNe II{P.

The application of the EPM to measure distances to SNe II is a very promising tech-
nique for determining the extragalactic distance scale andexpansion rate of the universe.
The typical SNe II{P is MB � � 17 to � 18. Unlike other empirically established corre-
lations (some poorly understood) the physical basis of EPM is controllable, because the
emitting gas is the simplest possible (H). The EPM can be modeled accurately with current
available information. In this study, the particular phaseused to model the distances is at
the moment of recombination of hydrogen (� 5000 K), which in red supergiant explosions
(RSG), explains the extended plateau observed in SNe II{P. The author's model for a pho-
tospheric phase Type II supernova atmosphere is a hydrogen dominated, optically thick,
homogeneous expanding shell, moving at velocities� 106 to 107 ms� 1.

The EPM works with the plateau phase (from� 20 days to 140 days); beyond the
plateau phase, the bolometric light curve tracks the instantaneous energy input rate from
radioactive decay, the electron scattering optical depth is of order unity, and it is no longer
possible to obtain accurate distances with EPM. Table 3.3 summarizes the current EPM
distance scale and corresponding available Cepheid distances. The two methods show
remarkable consistency:
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Table 3.3:

DCepheids

DEP M
= 0:98� 0:08 (3.12)

This suggests that any systematic di�erences between the two methods are very small.
The authors recommend that the results of this paper be applied only to SN II{P during

the plateau phase. The common SNe II{P having a plateau duration of � 80 to 150 days,
in which the resulting SN is expected to be spherical to a highdegree of accuracy, making
SNe II{P excellent candidates for applying EPM. Compared toSN II{P, other SNe types
are much less suitable for application of EPM, including SNesuch as SNe II{pec, SNe II{n,
as well as SNe Ia.

Despite the large number of parameters introduced to specify the model atmospheres,
and the corresponding broad range of spectral behaviors they display, the distance cor-
rection factors themselves exhibit a behavior which is verynearly one{dimensional. The
results of this work indicate that with goodB, V, and I photometry, EPM can measure
distances to SNe II{P with an accuracy of 5% to 10%. When usingonly B , V photometry,
the uncertainty is approximately twice as large. Infrared photometry is free from the in-

uence of line absorption, which dominatesB{band based color temperatures during the
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recombination epoch, and it should give results comparableto using optical photometry.

iii Radio Supernovae as Distance Indicators
Authors: Kurt W. Weiler, Schuyler D. Van Dyk, Marcos J. Montes, Nino Pana-
gia and Richard A. Sramek (1998)

In this paper, the authors show that the radio light curves ofradio emitting supernovae
(RSNe) evolve in a systematic fashion with a distinct peak 
ux density being reached
at each frequency, with a well de�ned time from explosion to peak. For example, at 6cm
wavelength the peak spectral luminosity L6 cm peak, and time after explosion datet0 to reach
that peak t6 cm peak � t0 , are found to be related. If this relation (given at the end ofthis
review) is supported by further observations, it provides away for determining distances
to SNe, and thus to their parent galaxies, from purely radio continuum observations. This
study was realized with the Very Large Array; with its current sensitivity, it is possible to
employ these relations for objects out to� 100 Mpc.

In this study, a special e�ect has been noticed; SNe II appearto have higher 6 cm radio
luminosity at peak if they take longer to reach that peak. This e�ect is consistent with
the theory of the SN shock/CSM interaction model of Chevalier (1982a, 1982b, 1984) for
the origin of the radio emission if, for the more inhomogeneous SN II, this arises in diverse
circumstellar environments; the denser the CSM, the longerit takes for the material to
become optically thin to the radio emission and the brighterit will be. If this e�ect is
quanti�ed, it can provide a purely radio based secondary distance indicator for SNe (and
their host galaxies).

Although the relations described above are empirical, there is some support based on
theory of the following properties:

(1) Nonthermal synchrotron emission with high brightness temperature.

(2) A decrease in absorption with time, resulting in a smooth, rapid turn{on �rst at
shorter wavelengths and later at longer wavelengths.

(3) A power{law decline of the emission 
ux density with timeat each wavelength after
maximum 
ux density (absorption � � 1) is reached at that wavelength.

(4) A �nal, asymptotic approach of spectral index � to an optically thin, nonthermal,
constant negative value (Weiler et al 1986; Weiler, Panagia, & Sramek 1990).

Chevalier (1982a, 1982b) proposed that the relativistic electrons and enhanced magnetic
�eld necessary for synchrotron radio emission are generated by the outgoing shock wave
from the SN explosion which is interacting with the high{density envelope of ionized CSM.
This CSM is also the source of the initial absorption. The radio light curve that results
from these two competing e�ects of rapidly declining absorption and more slowly declining
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Figure 3.9: Representation of the competing e�ects of rapidly declining absorption (long{dashed curve),
and more slowly declining emission (short{dashed curve), which yield the characteristic rapid turn{on and
slower turn{o� light curve (solid curve), observed for RSNe at any given frequency (Weiler et al. 1998).

emission is shown schematically for one frequency in Figure3.9. In Figure 3.10 is shown
that the peak luminosity at any frequency is related to the time interval after explosion
required for the radio emission to reach that peak.

It has been shown by Weiler et al (1986) that the radio emission from RSNe can be
described, for simple cases, by:

S[mJy] = K 1

� �
5 GHz

� �
�

t � t0

1 day

� �

e� � (3.13)

where:

� = K 2

� �
5 GHz

� � 2:1
�

t � t0

1 day

� �

(3.14)

with K 1 and K 2 corresponding, formally to the 
ux density and uniform external ab-
sorption, respectively, at 5 GHz (6 cm wavelength) 1 day after explosion t0. The term e�

represents the attenuation of a medium that completely and uniformly covers the emitting
source. The parameter� describes the time dependence of the optical depth for the uni-
form external absorbing medium. The emission from the RSN isassumed to be nonthermal
synchrotron radiation with spectral index� and to be decreasing with time with index� .
It should be noted that in order to �t the SNe II{pec and SNe II{n radio light curves, it
would be necessary to add additional absorption and some correction terms to equations:
(3.13) and (3.14). Table 3.4 shows the 
ux density, time fromexplosion to reading 6 cm
peak luminosity, peak 6 cm luminosity and assumed distancesand radio distances to the
sample SNe.
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Figure 3.10:Representation of the radio light curves at a given frequency for SNe with di�ering mass{loss
rate per supernova. Note that the longer the time delay required to reach peak luminosity, the higher is
that luminosity peak (Weiler et al. 1998).

Table 3.4:
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Because of the very diverse nature of the data, missing data at critical (usually early)
times, and variations in the assumptions for the modeling ofdi�erent RSNe, it is extremely
di�cult to assign errors. The authors presented evidence that the radio emission from SNe
may have quanti�able properties that allow for distance determinations. RSNe II, based on
the sample of objects, appear to obey a relation: L6 cm peak

�= 5:5� 1023(t6cm peak � t0)1:4 ergs
s� 1 Hz� 1 (with time in days). Thus, measurement of the radio turn{on time (t6cm peak� t0 )
and peak 
ux density (S6cm peak) can yield a luminosity estimate and therefore a distance.

After reviewing these three papers, we can reach the following conclusions:
SNe II{P are believed to originate only in intermediate massstars of 8{12M � , which

are in the red supergiant range; higher mass stars produce the other Type II subtypes
(Smartt et al. 2001). This �nding reduces considerably the initially believed SNe II{P
degree of heterogeneity. SNe II{P are typically MB � � 17 to � 18, with a plateau phase
lasting from about � 80 to 150 days (Eastman et al 1996). Also, although SNe II are not
as bright as SNe Ia, they are the most common type of SN, and even though display a
wide range in luminosity at all epochs, SNe II{P o�er the potential to be used as distance
indicators (Hamuy and Pinto 2002). The expanding shell moves at velocities � 106 to
107 ms� 1, through which radiation di�uses to the surfaces and then escapes (Eastman et
al. 1996). The EPM applied by Eastman, Schmidt and Kirshner,reports an accuracy of
5% to 10% and according to them is a \powerful and precise technique for studying the
extragalactic distance scale". The Standardized candle method applied by Hamuy and
Pinto (2002), reports a scatter of about� 0.4 to 0.3mag (� 10% in distance), concluding
their method to be \very promising for the determination of cosmological distances". In
the paper of Weiler et al. (1998), the authors estimated errors from the 
ux density error
from table 3.3 but no speci�c values were given. The future ofSNe II{P looks much better
than it did a few years ago, thanks to the development of better telescopes, observations
and simulation techniques. Despite this, it is remarkable that the authors of the three
analyzed papers (and from other references), were not able to give concluding evidence due
to the fact that there are not enough observations of SNe II. Ade�nitive answer of SNe
II applications, bene�ts and limits will require the designof an intensive search in those
galaxies where the formation of SNe II progenitors seems more abundant. Table 3.5 shows
the average adopted absolute bolometric magnitudeshMboli and dispersionsh� i for SNe
Ibc, II{P, II{L and II{n. Note that the values listed for SN II {P represent the dispersion in
absolute magnitudesbeforethe normalization proposed by Hamuy and Pinto (2002). Table
3.6 summarizes the main average data collected from these three independent studies for
the type II{P supernova:
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Table 3.5:

Table 3.6:



Chapter 4

DWARF IRREGULAR GALAXIES

4.1 A brief review of the classi�cation of galaxies.

Galaxies are classi�ed by their morphology according to thealmost 80 years old Hubble
classi�cation scheme which is still used, although with some updates. In this classi�cation
system, galaxies are divided in types by their shapes, with the three main types being:
Spiral, Elliptical and Irregular. Elliptical galaxies aregalaxies essentially of approximately
uniform density. Their forms vary among seven ellipticity classes from spherical,E0, to
highly elliptic E7. Obviously, the ellipticity classi�cation depends equally on two factors:
the true shape and the angle of orientation under which it is observed. The ellipticity in the
En classi�cation is given by: n = 10(1 � b/ a) wherea is the length of the major axis andb
that of the minor. Spiral galaxies are subdivided into two main categories; normal spirals
and barred spirals. Normal spirals have a central ellipsoidal nucleus from which emerge
spiral shaped arms of stars and interstellar material. The di�erence with the Barred spiral
galaxies is that the spiral arms arise from the ends of a luminous bar of stars and interstellar
material. Normal and Barred spiral galaxies are subdividedamong three classes:Sa, Sb
and Sc according to the degree of openness and tightness of the spiral arms, among other
things. More accurately, the subdivision depends on:

� Size of nuclear bulge (Sa = large; Sc= small)

� Openness of spiral pattern (Sa = tightly wound; Sc= open)

� Resolution of arms into supergiant stars and HII regions (Sa = smooth, few small
HII regions; Sc= clumpy, lots of bright supergiants & HII regions).

The S0 galaxies show some evidence of a central nucleus and the beginnings of a disc
and appear to be intermediate between elliptical and spiralgalaxies. Figure 4.1 shows the
Hubble galaxy classi�cation diagram.
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Figure 4.1: The Hubble sequence. From left to right: E0 to E7 are the elliptical galaxies, S0 are
intermediate between eliptical and spiral galaxies. Above, normal spiral galaxies and below the barred
spiral galaxies (http://casswww.ucsd.edu/public ).

Irregular galaxies are those galaxies that show neither spiral nor elliptical shape. Major
morphological subtypes of these galaxies are formed by the:blue compact galaxies, dwarf
irregulars, and giant irregulars (Tosi et al. 2001b). Thesegalaxies are subdivided into two
types:

� Irr{ I having characteristics \beyond" those of classSc; high gas content, dominant
presence of a young population.Irr{ I galaxies may show bar{like structures and
incipient spiral structure. Such galaxies are sometimes referred to as \Magellanic
Irregular" galaxies.

� Irr{ II which are galaxies which defy classi�cation because of some form of disturbance.

Table 4.1 compares the main galaxy types and their characteristics such as average
luminosities, masses, stellar populations, etc.

It should be noted that the observed and classi�ed galaxies are restricted to galaxies
large and bright enough to be visible. If a galaxy has too big radius for its magnitude
(small surface brightness), then it is not visible. In contrast, if the radius is too small, the
galaxy will appear as a star. The dwarf irregular galaxies su�er of the combination of these
two factors; faintness and small radius. These are the reasons why these kind of galaxies
have long been ignored and little studied.
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Table 4.1:

4.2 Stellar Populations

Stars are grouped into two general types: Population I and Population II. In the Milky Way
galaxy, the criteria for this classi�cation take into account space velocity, chemical composi-
tion, age, distribution in the Hertzsprung{Russell, diagram, etc. Studying the composition
of a galaxy consists in observations of the strength of spectral absorption lines and broad
band colours. The space velocity of a star can be determined by knowing its tangential
and radial velocities. All of these measurements allow astronomers to obtain average star
masses and chemical composition (metallicity1). The �nal result is a population model,
giving the stellar composition of the galaxy (Karttunen et al. 1993). After the Big Bang,
during the formation of the �rst generation of stars the onlyelements available were H and
He. The �rst stars formed and, if massive, they had a relatively short life (� 2� 107 to 1.5
� 109 years). Their explosions enriched the universe with heavier elements synthesized in
their cores to form the raw but enriched material for subsequent generations of stars called
Population I. The low mass stars from the �rst generation of stars evolved to the present
day very slowly. These stars are characterized by a very low metallicity. These stars are

1In Astronomy, due to the dominant abundance of H (� 90%) and He (� 7%), the abundance of all
elements heavier than H and He is usually referred to as metallicity. Which is de�ned as follows: [Fe

�
H]=

log(Fe
�

H)� log(Fe
�

H) � .



42

Table 4.2:

denominated Population II stars. Because of their origin, Population I stars have clouds
of dust and gas around and near them, while Population II stars generally are found in
interstellar dust and gas free environments. Table 4.2 summarizes the main characteristics
of Pop I and Pop II stars.

According to their intrinsic characteristics, galaxy types have di�erent stellar population
ratios. Elliptical galaxies show that practically all their stars were formed simultaneously
about 1010 years ago and that most of their mass resides in lower main sequence stars of less
than one solar mass. The bulges of spirals have a compositionsimilar to that of an elliptical
galaxy. This explains the lack of core{collapse supernovaefound in Elliptical galaxies and
in the bulges of spiral galaxies. On the contrary, arms in typical spiral galaxies are clearly
rich in interstellar dust, HII regions and OB associations, these latter associations being
formed by young stars of spectral typeO and B, so it would be reasonable to expect a
large number of SNe II and SNe Ibc to occur there (as we will seedetailed in chapter 5).
In the case of Irregular galaxies, due to their rich dust and interstellar media, the expected
rate of core collapse SNe is also high, but it has to be taken inconsideration that these
galaxies have on average 0.1 times the mass of a spiral galaxy.

4.3 Where do dwarf irregular galaxies �t in the larger
scheme of things?

Dwarf irregular galaxies, considered extreme late{type spirals, and discovered and classi-
�ed 2 as a separate class of objects by Haro (1956), are the most numerous type of galaxies
thus far discovered in the Universe. They have been considered to be the building blocks
of larger massive galaxies and a substantial contributor ofmass to the universe. But the
di�culties of observing them have not allowed a better understanding of their characteris-

2The whole family was later divided into two subclasses: red and blue, according to their integrated
colours (Popescu et al. 1997).
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Table 4.3:

tics. Dwarf irregular galaxies can have masses from 10 to 1000 times smaller than typical
spiral and elliptical galaxies and often are of low surface brightness.

A very important issue of dwarf irregular galaxies is that they are extremely rich in
interstellar material. The relative amount of gas reaches 15% or more in Irregular galaxies
(Karttunen et al. 1993). This, combined with the numerous galaxies of this type in the
universe plays a key roll in determining the chemical enrichment of the universe. Further-
more, it is largely believed that due to their abundant interstellar material, certain types
of dwarf irregular galaxies are or have been very active in star formation. The resulting
young populations of stars, will generate massive stars (Pop I) stars, some of which will
evolve into red supergiants with masses between3 � 8 and 12M � , the SNe II Progenitors!
A basic property of galaxies is the star formation rate (SFR), which will be described and
calculated in chapter �ve. Table 4.3 shows some of the average properties of Dwarf Irregular
Galaxies at distances up to 15 Mpc.

Also, dwarf irregular galaxies are playing an increasinglylarge role in cosmology. This
is because if as predicted by modern cosmology, dwarf galaxies were more abundant in the
early universe, then it would be reasonable to expect many SNe II at cosmological distances
(high red{shifts).

Due to the faintness and compact size of dwarf irregular galaxies, these galaxies are
intrinsically di�cult objects to measure their distances of. But because their presumably
high star formation rate (and consequently an expected highSNe II rate), a trustable SNe
II distance indicator method would give rise to an excellentalternative to calculate directly
the distances to the SNe II host galaxies.

3More massive stars are also generated, but the more massive astar, fewer of them are formed.





Chapter 5

A SUPERNOVA SEARCH IN THE
LOCAL UNIVERSE

5.1 Supernova rates in dwarf irregular galaxies.

The rate of SNe is a key parameter, regulating the chemical evolution of galaxies, the
kinematics of the interstellar medium, and production of cosmic rays, in addition to being
a fundamental constraint for stellar evolution theories (Cappellaro et al. 1997). The rate
of each supernova type (and subtype), depends obviously on the availability of progenitors.
Every galaxy type has a speci�c interstellar medium density, dust content and stellar
population composition. According to these parameters it is logical to expect a di�erent
supernova rate for each SN and galaxy type.

In order to obtain an average rate of SNe many searches by di�erent groups of as-
tronomers have been carried out. The number of SN discoveries in the last decade almost
equalled those of the previous century (Cappellaro et al. 1997). Three important search
results have been presented by: van den Bergh, Li & Filippenko (2002; hereafter VLF), by
Navasaryan, Petrosian, Turatto, Cappellaro & Boulesteix (2001; hereafter NPTCB) and by
Eck, Cowan, & Branch (2002; hereafter ECB). In these three studies the authors concluded
that SNe Ia occur in all galaxy types and found with high statistical con�dence that SNe
Ibc and II are mainly concentrated in late{type1 galaxies. In table 5.1 a comparison table is
presented between the �nal count results of the three searches of SNe and the corresponding
classi�cation of their host galaxy.

The results of this comparison are in concordance with the updated Asiago supernova
catalogue (Barbon et al. 1999) where 1447 SNe and their host galaxies are reported in
table 5.2.

The rate of SN, in particular SN II is found to peak in the lateScd{ Sd spirals (Cappel-

1Late type galaxies are the SpriralsSbc, Sc, Scd and Sd, and their barred counterparts.
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Table 5.1:

Table 5.2: Distribution of supernovae according to the morphological types of their parent galaxies
(Barbon et al. 1999).
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Table 5.3:

Table 5.4:

laro et al. 1997). All data available support these conclusions and this has been con�rmed
by various authors.

The SN number in irregular galaxies appears consistently low, but we have to realize
that in order to compare the irregular and the spiral galaxies SN ratio, we need to normalize
the SN number by the galaxy masses (Table 5.3):

) Mass ratioM r =
M(Irr )[M � ]
M(S) [M � ]

= 0:1 (5.1)

where M(Irr ) represents the typical mass of adIrr galaxy and M(S) that of a typical Spiral.

If we adjust the number of SNe II in Irregular galaxies for theVLF, NPTCB, ECB
and the Asiago search, with the mass ratioM r . We obtain a normalized number of SNe
II according to the galaxies mass, compared in table 5.3 withthe number of SNe II in
Sbcand Scd galaxies. Instead of normalizing the supernova rate as we dohere by galaxy
mass (which often is only indirectly known) one encounters more generally the SN rate
normalized by luminosity, which is a measured quantity.

Note that the normalized number of SNe II inIrr Galaxies is of the order of the number
of SNe II in ScdGalaxies: # SNe II in Scd � # SNe II/ M r . This suggests us roughly that
we should observe 10Irr galaxies for eachScdGalaxy, something that does not seem very
di�cult since Irregular Galaxies are the most numerous galaxy type in the Universe.
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A basic property of all galaxies is the star formation rate (SFR) which is the �rst step
to derive the Supernova Rate (SNR). One of the most popular methods to deriveSFRs
from optical observations is by measuring the Balmer line 
uxes, which are very sensitive
to the HII regions surrounding massive young stars (Weilbacher & Alvensleben 2001). The
Balmer lines are formed when an H atom recombines into an excited state and subsequently
returns to the ground state via a sequence of radiative transitions (Karttunen et al. 1993).
Most of these Balmer lines, involve the transitionn = 3 ! 2, that will lead to the emission
of an H� photon. The relation between the number of recombinations and ionizations (in
completely ionized H which is approximately the case of a HII{region) is: nrec / n2

i . In
order to calculate theSFR of an HII{region, one has �rst to obtain the H� Luminosity
L(H � ). As an example we will review theL(H � ) of the Blue Compact Dwarf Galaxy
HS0016+1449 studied by Popescu et al. (1995), which has a high degree of ionization and
thus a considerable expectedSFR. Taking the L(H � ) = 4 :74� 1039 [ergs� 1], we can obtain
the SFR from equation 5.2

L(H � )[ergs� 1] = � 2 � SFR[M � yr � 1] (5.2)

where the� 2{factor is 6:97� 1041 for the blue compact dwarf galaxy HS0016+1449.

SFR[M � yr � 1] =
L(H � )[ergs� 1]

� 2
[M � yr � 1] = 6:80� 10� 3[M � yr � 1] (5.3)

This SFR means that we expect the formation of 0.0068 stars per year inthis galaxy.
Once we have obtained theSFR for the HS0016+1449 BCDG2, we will proced to derive the
SNR for this galaxy. The reason for choosing this galaxy is simple: it is in this galaxy that
the �rst (and possibly the only up to now) supernova was observed in a Dwarf Irregular
Galaxy (Popescu et al. 1995). SN 1995ah is a type II, suggested to belong to the II{L
subclass. The calculation of the Supernova Rate (SNR), depends on theSFR and the
initial mass function which is the relation between the number of stars � M , formed with
massm:

� M = � � 2:5
m (5.4)

where � 0 is a constant.
The supernova rateSNR is related to the Star formation rateSFR as follows:

N (� 10M � ) =
Z 100

10
� 0m� 2:5dm = � 0

�
�

2
3

m� 3
2

� 100

10

= 2:04� 10� 2� 0 (5.5)

whereN (� 10) is the number of stars with mass greater or equal to 10M �

2A blue compact dwarf galaxy reinforces the idea of abundant massive star formation due to its high
degree of ionization and blue continuum, which re
ects the presence of young, massive stars which are the
progenitors of SNe II.
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M (� 10M � ) =
Z 100

10
m� 0m� 2:5dm = � 0

h
� 2m� 1

2

i 100

10
= 4:32� 10� 1� 0 M � (5.6)

whereM (� 10) is the number of stars with mass greater or equal to 10M � multiplied by
the star mass. This is the amount of mass involved, forming stars with massM � 10 M �

) SNR = SFR
N (� 10M � )
M (� 10M � )

=

R100
10 � 0m� 2:5dm

R100
10 m� 0m� 2:5dm

SFR =
2:04� 10� 2� 0

4:32� 10� 1� 0 M �
SFR

= 4:72� 10� 2 M � 1
� SFR = (4 :72� 10� 2 M � 1

� )(6:8 � 10� 3 M � yr � 1) (5.7)

) SNR = 3:21� 10� 4 yr � 1

Thus, the supernova rate for the HS0016+1449 blue compact dwarf galaxy is approx-
imately 3:21 � 10� 4 yr � 1. This SNR is in good concordance with the supernova rate for
irregular galaxies = 3:26 � 10� 4 yr � 1 obtained by Cappellaro et al. (1997). Although
in equations 5.5 and 5.6 the integral limits are from 10M � to 100 M � , taking into ac-
count stars including those more massive than 17M � , which won't produce SNe II, but
Ibc. Actually, according to the IMF (equation 5.4), the probability of super{massive star
production drops with m� 2:5 so it practically vanishes whenm grows.

5.2 Investigation of the feasibility of a targeted search
for type II supernovae of predominantly type II{P
in dwarf galaxies.

Before deciding to prepare a dedicated SNe II search we need to quantify how feasible such
a targeted search indIrr galaxies might be. Taking the supernova rate calculated forthe
BCDG (discussed above) we get: If theSNR is: 3:21� 10� 4 yr � 1 ) it would take 3.11� 103

years for a SN II to occur! Or if we want a SN II per year in this kind of galaxies, we
would need to observe 3.11� 103 galaxies of the same type per year. This doesn't look too
promising. However, it should be noted that the values used by Popescu et al. (1997)
might not be representative. In fact Weilbacher and Fritze v. Alvensleben (2001) report a
calibration for the � 2 factor which is rather 1.41� 1041 ergs� 1 instead of 6.90� 1041 ergs� 1.
Moreover, the SFR for HS0016+1449 appears to be very low. Values more commonly
found are in the rangeSFR � 0:1 M � yr � 1 (Weilbacher & Fritze). Using this SFR value
in equation 5.7, we obtain aSNR of:
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) SNR = 4:72� 10� 2 M � 1
� SFR = (4 :72� 10� 2)(1:0 � 10� 1 M � yr � 1)

) SNR = 4:72� 10� 3 yr � 1
(5.8)

Although this SNR is about an order of magnitude higher we still need to take into
account that this is the SNR for all SNe II types. If we want to restrict the search to SNe
II{P these number obviously would be reduced: In the NPTCB search there are a total
of 86 SNe II whereas only 7 were classi�ed as SNe II{P. In the ECB search, 18 SNe II
were reported of which 9 are SNe II{P (the VLF search nor the Asiago Catalogue give a
sub{classi�cation for SNe II). So we should multiply ourSNR by a factor of � 0.5 to 0.08,
a fact that dramatically lowers our expectations for �ndinga SN II{P.

With all the collected data and information, it can be seen that the design of a speci�c
targeted search for SNe II{P during the plateau{phase indIrr is a demanding task. This is
due to the low �nding{probability and hence, elevated number of galaxies (or years) needed
to observe.

Despite these facts, this point of view is very conservative(may be too much). Here
are some further points to consider before discarding the feasibility of a targeted seach for
SNe II{P.

� The problem that appears to arise when we restrict the searchfrom SNe II to SNe
II{P, is not actually a dramatic restriction. This is because according to the Initial
Mass Function (equation 5.4), which governs the number of stars formed of a speci�c
mass, the formation of higher mass stars is inhibited. So, noting that the SN II{
P progenitor is the lowest mass of all core{collapse supernovae progenitors, we can
expect that approximately � 0.5 of all core{collapse SNe would be SNe II{P.

� The low SFR and thus SNR could not be accurate, this is because recent studies
(Weilbacher & Fritze v. Alvensleben 2002), showed that theSFR for dIrr galaxies is
not constant over time. Instead, it comes in starbursts whenthe the SFR increases
to up to � 5{20 M � ! During this period the SNR would vary proportionally, making
a targeted search for SNe II{P feasible.

� This speci�c search has been restricted for SNe II{P indIrr galaxies but, it would
be reasonable to include in the search late{type spirals dueto their predominance in
Pop I stars. Fact that would improve the �nding rate.

� An important aspect that has to be considered is that any search for SNe II would
increase statistics and provide valuable observational data. This will allow further
analysis of core{collapse SNe.

Finally it is remarkable that a targeted search for SNe II{P in dIrr galaxies to our
knowledge has not yet been proposed, which is suggested in this work.



Chapter 6

CONCLUSIONS

As mentioned in the introduction, one of the greatest problems in Astronomy has been
determining reliable distances. Supernovae, as one of the most energetic events in the
universe, can be observed out to great distances. The brightest supernovae are SNe Ia;
they are the result of the detonation of an accreting white dwarf which has gone beyond
the Chandrasekhar limit (� 1.4M � ). As a result SNe Ia are likely to have the same intrinsic
luminosity. That is the reason why these objects are widely used as standard candles, and
why they are ideal for determining distances.

Another SN type is formed by the core-collapse supernovae. This type of SNe comes
from the explosion of a giant star (� 8 M � ) which has arrived at its �nal evolutionary
stage. After consuming all its core hydrogen, nuclear fusion stalls and the star is not able
to support gravity any longer. The star contracts andT and P increase until the helium
produced by the hydrogen fusion (in core-collapse SNe mainly by the CNO cycle) ignites.
Eventually the core (now formed by He) gets to high enough temperatures and pressures to
initiate the triple{ � process. The chain of fusion continues to produce heavier and heavier
elements (which after the SN explodes will enrich the universe!) until it reaches56Fe. At
this point, because Iron is the element with the highest binding energy, there is no longer
energy being released through fusion. The star now collapses on a dynamical time scale
for this process and explodes, ejecting the outer layers at velocities � 106 to 107 ms� 1. If
core{collapse SNe can be used to derive distances like theirSNe Ia counterparts, there
would be an alternative distance measuring method.

Although core{core collapse SNe are not as bright as SNe Ia, they occur especially
frequently in late type galaxies (such asScd) and irregular galaxies, objects in which
SNe Ia are rare. Dwarf irregular galaxies (dIrr ) are considered the building blocks of the
universe. If these galaxies are actively forming massiveP opI stars, it would be reasonable
to think that there could be core{collapse events.

One of the aims of this thesis was to �nd out if it is possible touse core{collapse
SNe as a standard candle. To do this, �rst of all a general review was needed of the
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two major progenitor mechanisms of SNe, and the characteristic behavior of their light
curves and spectra. Because there are several subtypes of core{collapse SNe, an analysis
of each subtype's speci�c characteristics was made in orderto decide which supernova
subclass was the most likely candidate whose intrinsic luminosity can be calibrated. Type
II{P supernovae, thanks to their special properties appearto have a smaller degree of
heterogeneity and magnitude spread. Especially in the plateau phase (having a duration
between � 50 to 100 days), the luminosity remains approximately constant, allowing a
better normalization and thus, a more accurate distance calculation.

The second aim of this thesis was to make an investigation on how feasible and desirable
it would to the design a speci�c, targeted search for SNe II{P. The abundance of dwarf
irregular galaxies is well known, as is their predominance in Population I stars. Calculations
of the star formation rate of a blue compact dwarf galaxy (adIrr galaxy presently actively
forming stars), gave the following results; a rather low supernova rate (� 3:21� 10� 4 yr � 1

to 4:72� 10� 3 yr � 1). This low rate, could be thought to be an optimistic rate, because in
our goal to �nd SNe II{P to derive distances, �rst we have to restrict the SNR according
to the ratio: SNe II{P/ SNe II. However this ratio should not be an excesive restriction,
as seen in Chapter 5 we concluded to expect an approximately� 0.5 ratio, which in fact is
encouraging because it implies the predominance of SNe II{Pover other SNe II subtypes.

It is remarkable that there is no current accurate information about SN rates indIrr . An
interesting possibility is suggested by the recent studiespublished by Weilbacher and Fritze
v. Alvensleben (2002) where the authors con�rm strong evidence of a non{constant star
formation rate, with starbursts ocurring during the life of a dIrr . This star formation by
starbursts enhances the feasibility of a targeted search for SNe II{P in dIrr . If the galaxies
targeted for the search are restricted to galaxies during a starburst, when the SFR increases
to up to � 5{20 M � , then the expectedSNR for these galaxies would vary proportionally,
making the search feasible. Furthermore, in a �nal design ofa targeted search of SNe II{P,
besidesdIrr galaxies, it would be a good idea to include in the search the late{type spirals
due to their predominance of Population I stars. This with the purpose of icreasing the SN
detection rate.

Lastly, we have to consider that SNe Ia have been largely studied and used as distance
indicators. Speci�c targeted searches for SNe Ia have been successfully developed and car-
ried out. So to make the use of SNe II{P as distance indicatorspossible, the �rst step
is obviously to have a large data base in order to characterize statistically their proper-
ties and improve the distance indicator methods. Then, any search for SNe II{P would
increase statistics and therefore contribute to a better understanding of these events. A
targeted search for SNe II{P indIrr galaxies to our knowledge has not yet been proposed, a
search such as that proposed in this work wich would lead to plenty of material for further
investigation and analysis.



Chapter 7

Appendix

7.1 Appendix A: Hydrostatic Equilibrium

The hydrostatic equilibrium is the relation between two tremendous forces which govern
the structure of a star: the force of gravity and the thermal pressure. Gravity tends
to constrict all stellar material towards its centre. This tendency is counteracted by the
pressure generated by the thermonuclear reactions throughthe thermal motion of the gas.
To be stable a star must be in mechanical equilibrium, and must not expand or contract
signi�cantly.

Figure 7.1: Hydrostatic Equilibrium is reached in a star when the resultant between gravitational and
nuclear pressure is zero (http://tesla.phys.unm.edu/ ).
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In order to have Hydrostatic Equilibrium in a star, the sum of the inward pressure
and the outward pressure must be zero. We will callPn the Nuclear Pressure andPg the
gravitational Pressure.

Pn + Pg = 0

) Pn = � Pg

(7.1)

If we consider a star ofuniform density and temperature1, then we can obtain the
gravitational pressure from the gravitational force.

P =
F
A

(7.2)

We can consider the star as being formed by thin shells. Each one contributing with a
dPg pressure:

dPg = �
F g
S

(7.3)

where:

S = 4�r 2

F g = G
mshell MT otal

r 2

) dPg = � G
msMT

4�r 4

where:

� =
m
V

) m = �V

ms = �S = 4��r 2 dr

MT =
Z r

0
msdr =

4
3

��r 3 dr

Substituting MT and ms we get:

dPg = � G
(4��r 2)( 4

3 ��r 3)
4�r 4

dr (7.4)

To calculate the net gravitational pressure we sum the pressure from all shells:

1Of course, this consideration is not very realistic, but it permits us to make a rough �rst approximation
of the hydrostatic equilibrium condition.
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) Pg = �
Z R

0
G

(4��r 2)( 4
3 ��r 3)

4�r 4
dr

(7.5)

= �
4
3

G� 2�
Z R

0
r dr = �

2
3

G� 2�R 2

where:

� =
MT

4
3 �R 3

) Pg = �
3
8

G
M 2

T

�R 4

Now, the expression for the nuclear pressurePn . If we assume a pure Hydrogen star
(again, not very realistic), from the ideal gas law we know:

P V = nkB T (7.6)

wheren is the number of particles in the star,T the temperature andkB is the Boltzman
constant (mH is the Hydrogen mass).

Pn �
nkB T

VT

where:

n =
MT

mH

VT =
4
3

�R 3

) Pn �
MT kB T
3
4 �R 3mH

So we make equalPn and � Pg:

Pn = � Pg

MT kB T
3
4 �R 3mH

=
3
8

G
M 2

T

�R 4



56

(7.7)
kB T
mH

= G
MT

2R

) MT =
2kB TR
Gmh

This is the total massMT a star must have in order to maintain Hydrostatic Equilibrium.
We have to notice that the total massMT is a function of the RadiusR of the star and the
star Temperature (which is also a function ofR).

By the time the burning H is exhausted (leaving a He nucleus),a drastical drop in Pn

occurs which disturbs the Hydrostatic Equilibrium of the star. The violent increase in the
core density raises the temperature as the core decreases insize. Once a temperature� 108

K is reached, the He begins to burn and the nuclear reactions follow as will be described
in Appendix B until the star nuclear fuel is exhausted.

When the nuclear fuel is exhausted, the pressure (Pn ) supporting the gravity (Pg) sud-
denly stops. The star begins to collapse and to degenerate, this is known as the dynamical
time scale for collapse. Which is the time it takes since the Hydrostatic Equilibrium is
broken and the star begins to collapse as a Supernova.

7.2 Appendix B: Nuclear reactions in high{mass stars
(SN progenitors)

The stellar energy source is the nucleus; there the high pressures and temperatures are
large enough for thermonuclear fusion reactions to take place. In these reactions, light
elements will be transformed into heavier ones. The resulting nucleus mass is smaller than
the sum of the masses of the initial nuclei of the reaction. This di�erence of mass is called
the binding energy, and will be released according to Einstein's relation E = mc2. The
nuclear binding energy per nucleon (Q) is given by:

Q =
1
A

[Zmp + Nmn � m(Z; N )] c2 (7.8)

Legend:

mp Proton mass
mn Neutron mass
Z Atomic number
N Neutron number
m(Z; N ) Mass of the nucleus
A = Z + N Atomic weight
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Figure 7.2: Nuclear binding energy per nucleon curve as function of the mass number (A). Notice that
56F e has the maximum binding energy of all elements, reason why itis the heaviest element which can be
synthesized by nuclear fusion (http://hyperphysics.phyastr.gsu.edu ).

The initial composition of a star has a hydrogen abundance of0.7, helium of 0.28, and
metals (any element heavier than4He) of 0.02. The He to H abundance ratio is set by
the condition of thermonuclear fusion during the Big-Bang.There are two \hydrogen to
helium" consumption processes which compete with each other: the proton{proton (pp)
chain and the Carbon{Nitrogen{Oxygen (CNO) cycle. Rate anddominance of the cycles
depends on two factors:

i) There must be C, N and O present for the CNO cycle to occur, however, only a very
small amount is required and this condition is often ful�lled.

ii) The reactions have di�erent temperature dependences.

We can observe how the pp Chain dominates at lower temperatures, but with rising
temperatures there is a sudden transition to the CNO cycle, which has an energy production
rate that varies strongly with temperature. This is the reason the CNO cycle is more
important at higher temperatures and thus for larger mass stars like Supernova progenitors:
the red supergiant stars. Here we present a brief overview ofthe p-p chain and the CNO
cycle.
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Figure 7.3: Energy production rates for the pp chain and CNO cycle as a function of temperature [units
of 106 K]( http//csep10.phys.etk.edu ).

The pp Chain

This chain is the dominant sequence of reaction for stars with masses about that of the
Sun or smaller. The p-p chain converts Hydrogen to Helium in three main stages.

(1) 1p + 1p ! 2H + e+ + � e

(2) 2H + 1p ! 3He + 


(3) 3He + 3He ! 4He + 2H [ppI branch]

We have to notice that the reaction (1) where a proton collides with another one to form
a deuteron2 (2H ), is a reaction with a very small probability. This reaction(1), requires an
average expected time of� 1010 years! On the other hand, the reaction (2) has an expected
time of � 1 sec, and reaction (3) an expected time of� 106 years. So reaction (1) is the
one that controls the rate of the nuclear \burning", and permits low mass stars (thus lower
core temperature stars� 1:5 � 107 K ) like our Sun to have greater lifetimes.

After reaction (1) is done, the positron (e+ ) liberated is immediately annihilated to-
gether with an electron (e� ), producing two 
 {photons. The neutrinos (� e), elementary
particles with no electric charge, very weak interaction with other matter (only via the
weak interaction) and mass close to but not equal to zero, escape directly from the stellar

2Here we mention that because of the high temperatures all atoms are stripped from their electrons:
2H ! 2H +
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Figure 7.4: Comparison between the paths that a photon and a neutrino must follow. A neutrino
will escape without any interaction from the star, while the 
 {photon su�ers multiple absorption and re{
emission processes. This processes, will require about 107 years to get from the star's core to outer space,
with a wavelenght shift from 
 {ray to the optical regime ( http://www.mira.org/museum/photon.html ).

interior after being generated in reaction (1). This free escape across the star, contrasts
with the extreme random and \di�cult" path that a 
 {photon follows since its creation,
until radiated into space. The intervening scattering, absorption and re-emission process
will take an average travel time from the star core to outer space of about 107 years! And
will shift the 
 {photon into a lower energy photon (in main sequence stars tothe visible
wavelength range).

Reaction (2) combines the product of the �rst one (Deuterium, 2H ) and a proton to
produce3He (an isotope of Helium) and a
 {photon. For each reaction (3), reactions (1)
and (2) have to take place twice, in order to produce the3He pair needed and to generate
the �nal product: a Helium nucleus (4He) plus 2 protons. However, reaction (3) is not the
only possible �nal reaction. After (1) and (2) are completed, two di�erent sets of reactions
can occur, and we will call them theppII andppIII branches. The ppII branch is responsible
for less than 10% of the energy production, while theppIII branch is responsible for less
than 0.1%. Here we have theppII and ppIII sequences:
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ppII branch:

(3) 3He + 4He ! 7Be + 


(4) 7Be + e� ! 7Li + � e

(5) 7Li + 1p ! 4He + 4He

ppIII branch:

(3) 3He + 4He ! 7Be + 


(4) 7Be + 1p ! 8B + 


(5) 8B ! 8Be + e+ + � e

(6) 8Be ! 4He + 4He

The CNO Cycle

For stars with masses below 1.5M � and 2� 107 K (core temperature), the pp chain is the
main source of energy. However, for stars above this mass, the core temperature goes high
enough to enable the CNO cycle as the dominant energy production mechanism, despite
the fact that the pp chain is still working. This is because for the CNO cycle the reaction
rate increases more rapidly with temperature. This processuses Carbon (C), Nitrogen
(N) and Oxygen (O) as catalysts for the production of Helium (He). The CNO cycle is
obviously the dominant energy source for type II SNe progenitor stars.

(1) 12C + 1p ! 13N + 


(2) 13N ! 13C + e+ + � e

(3) 13C + 1p ! 14N + 


(4) 14N + 1p ! 15O + 


(5) 15O ! 15N + e+ + � e

(6) 15N + 1p ! 12C + 4He

In reaction (2), 13N is unstable and beta decays to the13C isotope, which has a half{
life of � 10 min. also generating a positron which will be annihilatedand a neutrino which
escapes. The15O in reaction (5), undergoes beta decay just like reaction (2)but producing
15N instead. We notice that reaction (4) is the slowest of the cycle, and thus determines
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Table 7.1: The proton{proton chain. In the ppI branch, four protons are transformed into one Helium
nucleus, two positrons, two neutrinos and radiation. Below the branches are the rates of each set of
reactions. The pp{cycle is the most important energy sourcein stars with mass below 1.5M � (Karttunen
1993).
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the CNO cycle ratio. At a temperature of 2� 107 K this reaction has an expected time of
1 � 106 years. Although this is a large time, it is relatively short compared to the 1� 1010

years expected for the �rst reaction of the pp chain. This is in complete concordance with
the speed of burning and the total life time of stars of di�erent mass.

Notice that along the way various positrons, neutrinos and gamma-rays are produced
as the decay products from the unstable isotopes. These are asource of energy in addition
to the pp chain gamma{rays. Finally it is remarkable how the number of CNO atoms does
not change during the cycle; they serve as catalysts, only converting 4 protons into one
4He nucleus.

The Triple{ � Process

Either via the pp chain or the CNO cycle, the net result of H burning is Helium, which
eventually will �ll the star's core. The He produced cannot undergo fusion reactions at the
current core temperature. As a result of the H decrease, the fusion rate goes down, and
the energy production ratio drops. Obviously nuclear pressure drops as well, and because
of hydrostatic equilibrium, the star su�ers a slight contraction which will heat up the core
again until its temperature goes above 108 K.

At those temperatures, a highly improbable reaction begins; the fusion of two 4He to
form 8Be, which added to another4He will get 12C and a 
 {photon.

(1) 4He + 4He ! 8Be

(2) 8Be + 4He ! 12C + 


Beryllium 8 is unstable and tends to decay immediately before it can undergo any
further reactions. This fact is known as the \Mass 5 and Mass 8Bottlenecks" which comes
from a basic fact of nuclear physics: there are no stable isotopes of any element having
atomic masses (A) 5 or 8. So although it would be reasonable to expect that4He would
fuse with a 1p to form a mass 5{isotope or two4He to form a mass 8{isotope (8Be), these
products are so unstable that they would 
y apart before further reactions. But when core
temperatures reach 108 K, \ 8Be is produced at a fast enough rate that there is always a
very small equilibrium concentration of8Be at any one instant during burning reactions
(http://csep10.phys.utk.edu )".

This amount of 8Be can undergo reactions with a4He to produce an excited (*)12C*
which emits a
 {photon to become a stable12C, this is the triple{?� process. The reaction
is often written:

34He ! 12C + 
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Table 7.2: The CNO cycle is catalyzed by 12C. It transforms four protons into a helium nucleus,
two positrons, two neutrinos and radiation. It is the dominant energy source for stars more mas-
sive than 1.5 M � . The number of CNO atoms remains constant, acting only as catalysts (based on
http:zebu.uoregon.edu ).
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After the core Helium is exhausted, the process of:

i Lowering fusion rate and cooling.

ii Loss of nuclear pressure.

iii Star contraction.

iv Rise of Core temperature.

v Onset of new nuclear reactions (burning now the result of the triple{ � process, forming
Carbon).

is repeated again and again producing heavier elements as the result of the previous
burning stage. However, such advanced burning in stars becomes each time a more com-
plicated processes. Each stage up requires higher and higher temperatures in order to
overcome greater Coulomb barriers. As the masses increase,the energy production e�-
ciency goes down.

Alpha Reactions

The formation of Oxygen takes place during the Helium burning phase, because of the
reaction of some Carbon nuclei with Helium.

(1) 12C + 4He ! 16O + 


(2) 16O + 4He ! 20Ne + 


(3) 20Ne + 4He ! 24Mg + 


Carbon Burning

Once core Helium is consumed and a temperature� 5 to 8 � 108 K is reached, the following
reactions can take place:

12C + 12C ! 24Mg + 


! 23Na + 1p

! 20Ne + 4He

! 23Mg + 1n

! 16O + 2 4He
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Oxygen Burning

At higher temperatures, Oxygen starts to fuse in similar reactions to the Carbon burning
ones:

16O + 16O ! 32S + 


! 31P a + 1p

! 28Si + 4He

! 31S + 1n

! 24Mg + 2 4He

The process keeps fusing elements at higher temperatures producing heavier nuclei and
liberating less energy. After several steps, the Silicon begins to form Nickel and Iron.

28Si + 28Si ! 54Ni + 


56Ni ! 56F e + 2e+ + 2� e

At this point, because Iron is the element with the highest binding energy, there is no
longer fusion taking place to form heavier elements. Any nuclear reaction which involves
Fe will breakup the Fe nucleus instead of forming a heavier one, not liberating energy
but consuming it. When the temperature goes over 109 K, a sequence that involves the
disintegration of nuclei by high energy photons in the plasma becomes possible in a process
called photonuclear reactions or photodissociations. Theformation of heavier nuclei than
56F e is performed through the successive capture of neutrons, with beta decays, and build
up to nuclei as far as209Bi . Heavier elements than209Bi will only be produced in the
violent explosion of SNe. This is the model for the production of the elements of the
periodic table, this process is in concordance with the approximate abundance of elements
in the universe.
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Table 7.3:

Figure 7.5: Relative element abundance plot: lnN as a function of the atomic number.
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