
Supernovae

The enormous brightness of supernovae make them tempting as
standard candles. However, it has only been without the lastcouple
of years that their potential has been realized.

The spectra of supernovae fall into many categories, but beginning
in about 1985, astronomers recognized that there were physically
only two main types, Type Ia and Type II. Both can be used for
distance purposes, but the analysis of Type Ia is much simplier (and
believable).



The Energy of Supernovae

Type II (and Types Ib and Ic) supernovae are seen only in star-
forming galaxies, and are thus thought to come from massive stars
which have have evolved to iron in their core. When iron is pro-
duced, there is no more energy to sustain the star: the core collapses,
and the star explodes. When this happens, the material on topof
the core gets ejected into space (at speeds of� 10; 000 km s� 1),
while the core itself becomes a neutron star or black hole.

Type Ia supernovae probably come from the ignition of a degen-
erate carbon-oxygen core. Since the core is degenerate, thestar
cannot adjust to the energy input (the energy goes into removing
the degeneracy, rather than increased gas pressure), and inmatter
of milliseconds, a de
agration front propagates throughout the star.
This causes photodisintegration rearrangement, with the result that
the entire star becomes unbound (no remnant is produced), and, via
the physics of photo-disintegration rearrangement, most of the star
is converted to iron.

Photo-disintegration rearrangement creates nuclear statistical equi-
librium ( i.e., the Saha equation applies), and much of the star is
converted to Ni56. However, Ni56 is radioactive: it quickly beta-
decays via the reactions

Ni56 �! Co56 + e� (1:72 MeV) (half life 6:1 days)

Co56 �! Fe56 + e� (3:58 MeV) (half life 77:12 days)(19:01)

The electrons then interact with the surrounding medium, heat it
up, and power the light curve.





Type II Supernovae: The Expanding Photosphere Method

[Eastman & Kirshner 1989,Ap.J., 347, 771]
[Schmidt, Kirshner, & Eastman 1992,Ap.J., 395, 366]
[Dessart & Hillier 2005,Astro. Ap., 439, 671]

The Expanding Photospheres Method for Type II supernovae is
really just a variant of the Baade-Wesselink method. The premise
is simple: if a supernova radiates as a blackbody, then

F� = 4 �R 2�B � (19:02)
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whereD is the distance. For photosphere that expands at a constant
velocity (which is a good approximation, since gravity is insigni�-
cant),

R(t) = Rt + v(t � t0) (19:04)
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This is an observable: it depends only on the observed 
ux,f � and
the B � , which is a function solely of the temperature. If we observe
the supernova well after outburst, so that R0 � v(t � t0), then
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Thus, one can measurev and infer � to get the distance.

Of course, it's not quite so simple. Supernovae are not blackbodies:
instead they have an atmosphere that is dominated by electron scat-
tering, so that the surface of last scattering is not the surface that
de�nes the supernova's \temperature". (In other words, the radius
that one derives from the velocity measurements is larger than the
radius that de�nes the blackbody emission.) Consequently,the 
ux
is less than that from a blackbody with the same radius and color.
To correct for this, you need to calculate a correction factor (usually
parameterized by� ) using spherical, relativistically-expanding, non-
LTE atmospheres. (But at least since the atmosphere is dominated
by hydrogen, you can ignore most of the metal lines.) So
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The other problem one has with Type II supernovae is extinction.
Since SN II come from Pop I stars, they usually appear in dusty
regions of galaxies. This extinction is usually estimated via the
equivalent widths of interstellar absorption lines (Na II or Ca II)
and the assumption of a standard dust/gas ratio. Alternatively, if
this information isn't available, one can try to use the supernova's
color excess and some standard extinction law. Some supernovae
have plateaus in their their light curve ( i.e., SN II-P); this plateau
is usually associated with the recombination of hydrogen, which
occurs at a temperature of� 5500 K. The color of an object with
such a temperature is (B � V ) � 0:75. If a SN II-P is redder than this
during its plateau, it is usually assumed to be because of extinction.



Fortunately, the presence of extinction does not strongly a�ect the
results of the Expanding Photosphere Method. For example, if the
extinction to a supernova is underestimated, then

� the supernova will be assumed to be too faint, and its distance
wsill be overestimated, and

� the supernova will be assumed to be too cool (i.e., too red),
causing its 
ux and distance to be underestimated.
As a result, extinction may not be that important: it is estim ated
that an error � 0:5 mag in AV only produces a � 20% error in
distance.

The great advantage of the Expanding Photospheres Method isthat
it is not part of the distance ladder. Every supernovae you observe
gives you a new, completely independent distance. (Or, put an-
other way: they are not standard candles, they are custom-made
rulers.) In addition, to �rst order, the accuracy of the meth od does



not depend on distance. As long as you obtain decent photometry
and spectroscopy, the error bars should be no bigger for distance
supernovae than for nearby objects.

Of course, the disadvantage is that you need a complex model at-
mosphere program to determine the correction factors,� . This is
an extremely di�cult computational problem, so one must sti ck to
supernovae whose spectra are dominated by hydrogen. (If theSN II
is hydrogen-poor, then the handling the radiative transferof helium
and all the metals is much more di�cult.)



SN Ia as Standard Candles

[Sandage & Tammann 1993,Ap.J., 415, 1]

Type Ia supernovae are found mostly in star-forming galaxies, but
also appear in ellipticals and other old stellar populations. (How-
ever, most parent elliptical and lenticular galaxies are \peculiar"
in some way.) Because these objects show no hydrogen absorp-
tion in their spectrum, the generally (but not universally) accepted
model for these objects is that they come from carbon/oxygenwhite
dwarfs, which, via either accretion or coalescence with another white
dwarf, get bumped over the Chandrasekhar limit. In the catas-
trophic collapse which follows, virtually the entire star i s changed
to changed to Ni56, which then decays to Fe56 to produce a charac-
teristic SN Ia light curve.

If one plots apparent supernova magnitude at maximumvs. host
galaxy redshift, one sees that there is only a small amount ofscatter
(� 0:36 mag) about the line. (There are some \peculiar" supernovae
which can be identi�ed via spectroscopic anomalies or features in
their light curve, but these are underluminous, and thus will be
systematically missed in deep surveys.) Thus, one can assert that
these objects are standard candles. Such an interpretation�ts in
with the idea that SN Ia all come from objects which have just gone
over the Chandrasekhar limit. Under the standard candle hypoth-
esis, the scatter in the Hubble diagram is all due to observational
errors, and all one needs to do to calibrate the relation is toobtain
the distances to a small set of nearby SN Ia.





The Calibration of SN Ia

Because SN Ia are rare, their zero point calibration is di�cult. Until
recently, there were only a few such calibrations. Speci�cally:

Historical Galactic Supernovae

[Strom 1988,MNRAS, 230, 331]

Four supernovae have been observed in the Milky Way and theirdis-
tances can be estimated via expansion parallaxes, or other methods.
The supernovae are

Distance
ID mV (kpc) M V

SN 185 � 8 � 2 1.2 � 19:2 � 2
SN 1006 � 9 � 1 1.4 � 19:8 � 1
SN 1572 (Tycho) � 4 � 0:3 2.5 � 17:7 � 0:5
SN 1604 (Kepler) � 3 � 0:3 4.2 � 19:6 � 0:5

Since Tycho's supernova was underluminous, it can (probably) be
ignored. If we then assume that the rest of the supernovae are
SN Ia, then hM V i � � 19:6. This gives a Hubble Constant of �
54 km s� 1 Mpc� 1.

The disadvantages of this approach are obvious: there is no guar-
antee that these objects were SN Ia, and their brightnesses at max-
imum are very uncertain. However, such a calibration does jump
over all the intermediate steps on the distance ladder.



Theoretical Models

[Arnett, Branch, & Wheeler 1985,Nature, 314, 337]
[Woosley & Wheeler 1986,ARAA, 24, 205]

If SN Ia start from a 1:4M � white dwarf, and are powered by the
conversion of Ni56 to Fe56, then the luminosity of the supernova
at maximum must be proportional to the amount of Ni 56 that is
produced. This, in turned should be proportional to the kinematic
energy of the explosion, which only depends on mass. Models indi-
cate that the de
agration of a 1:4M � white dwarf should produce
0:6 � 0:2M � of Ni56. In that case, M B � � 19:6 � 0:5.

Unfortunately, models are SN Ia have a great deal of uncertainty.
Certainly, the amount of Ni 56 is somewhere in the range between
0:2 and 1:4M � ,
but the exact number of model dependent. More importantly, the
conversion from total luminosity to B (or V or I -band) luminosity
depends on model atmospheres, and is uncertain. Because SN Ia do
not have hydrogen, the radiative transfer is controlled by millions
of metal lines. This makes the bolometric correction di�cul t to
calculate.



Extragalactic Cepheid Calibrations

[Sahaet al. 1994,Ap.J., 425, 14]
[Sahaet al. 1995,Ap.J., 438, 8]
[Pierce & Jacoby 1995,AJ, 110, 2885]
[Pierce & Jacoby 1996,AJ, 112, 723]

The two nearest galaxies with well-observed supernovae arethe
small Sm galaxy IC 4182 (host to SN 1937C), and the amorphous
galaxy NGC 5253, which parented both SN 1895B and SN 1972E.
(The latter was de�nitely a SN Ia.) These galaxies were among
the �rst targets for Cepheid surveys by the Hubble Space Tele-
scope, and appeared to give a result ofM V = � 19:6 and H0 =
54 km s� 1 Mpc� 1. However, Pierce & Jacoby showed that the old
photographic magnitudes of SN 1937C by Baade & Zwicky were
too bright, and that a decay curve correction has to be applied to
SN 1972E (see below).



Variations in SN Ia

[Phillips 1993,Ap.J. (Letters), 413, L105]
[Hamuyet al. 1995,A.J., 109, 1]
[Hamuyet al. 1996,A.J., 112, 2438]
[Riess, Press, & Kirshner 1995,Ap.J. (Letters), 438, L17]
[Nugent et al. 1995,Ap.J. (Letters), 455, L147]
[Fisheret al. 1995,Ap.J. (Letters), 447, L73]

In 1993, Mark Phillips made a signi�cant discovery { not all S N Ia
are identical. By applying the Surface Brightness Fluctuations
method, the Planetary Nebula Luminosity Function, and the Tully-
Fisher relation to the parent galaxies are nearby SN Ia, he found
that there was a relation between the absolute brightness (at max-
imum) of a supernova and the amount that the supernova fades in
its �rst 15 days. Hamuy et al. (1995) then con�rmed this relation:
the 0.36 mag scatter that Sandage & Tammann found for super-
novae at maximum was not all observational. The true scatterwas
� 0:20 mag; the rest was due to this systematic behavior.



The exact form of the supernova maximum magnitude-rate of de-
cline relation depends on which supernovae you include in your
analysis. Some SN Ia (usually those found in elliptical galaxies)
are severely underluminous. One can either toss those out ofthe
sample, or try to �t them. Since the number of these \Branch pe-
culiar" supernovae is small, it is di�cult to know exactly wh at the
relationship is doing at those magnitudes.

Note that by demonstrating that there is a range of properties for
SN Ia, one immediately calls into question models in which white
dwarfs are pushed over the Chandrasekhar limit by accretion. (If
this were true, all SN Ia would be identical.



Another way of parameterizing the fade-rate of supernovae (pre-
ferred by Adam Riess and others out of the Harvard group), is to
�t the shape of the entire light curve to a series of calibrated tem-
plates. This requires that you have pre-maximum images, in order
to de�ne that shape of the curve near maximum. There also ap-
pears to be some correlation between the brightness of a SN Iaat
maximum, at its spectrum: speci�cally, the brightness correlates
with the strengths of various absorption lines (Ti II, Ca II, Si II,
etc.) and the miminum Ca II ejection velocity.

The calibration of SN Ia is still somewhat controversial, mostly be-
cause of personalities and politics. Observations of Cepheids in
SN Ia galaxies was performed by Sandage and collaborators; similar
observations of Cepheids in Tully-Fisher galaxies were collected by



the HST Distance Scale Key Project. These groups make di�erent
assumptions about foreground (and internal) reddening, the shape
(and metallicity dependence) of the Cepheid period-luminosity re-
lation, which objects to include in their sample, etc.. Thus, the
Sandage group now gets numbers nearH0 � 60 km s� 1 Mpc� 1,
while the Key Project's number is greater than 70.

[Sahaet al. 2001,Ap.J., 562, 314]
[Freedmanet al. 2001,Ap.J., 553, 47]



Supernovae and the Hubble Flow

The improved calibration of SN Ia has allowed SN Ia to be used
as standard candles out toz � 1. This has allowed two separate
groups to look for deviations in the Hubble 
ow. Both groups inde-
pendently came to the conclusion that no value ofq0 �ts the data,
but that a cosmological constant, �, is needed.
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The Sunyaev-Zeldovich E�ect

[Sunyaev & Zel'dovich 1969,Nature, 223, 721]
[Carlstromet al. 2002,A.R.A.A., 40, 643]

There are four ways to get the distances to extragalactic objects
that do not depend in any way on the distance ladder. The �rst
is through simple geometry, as in the light echo of SN 1987A or
the proper motions of the cirumnuclear masers of NGC 4258. (The
proper motions of masers have also been used to derive a geome-
tric distance to M33.) The second is the Expanding Photospheres
Method for Type II supernovae. The third relies on the time delays
of a gravitational lens (which we'll cover next week). The fourth is
the Sunyaev-Zel'dovich (SZ) e�ect.

The SZ e�ect is caused by microwave photons scattering o� of the
hot x-ray gas in clusters. To see how this works, we must �rst con-
sider the scattering of low-energy photons o� high-energy electrons.
If the electrons are at rest, this is Compton scattering; if the elec-
trons are moving, it's called Inverse Compton. The equationfor
inverse Compton is relatively simply in the case ofh� � kTe and
h� � kTe, but for the intermediate cases, it's given by Kompaneets
Equation. First, let y be the (temperature weighted) density of elec-
trons that the photons must pass through on their way to us. In
other words,

y =
k� T

mec2

Z
neTedl (20:01)

where � T be the Thomson cross section of the electron,ne the elec-
tron density, Te the electron temperature, and l the path length.
If we further let T be the (blackbody) temperature of the photons,
and x be the ratio of photon energy to electron energy,i.e.,

x =
h�
kTe

(20:02)



then the Kompaneets Equation is
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where N is the photon occupation number
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For simplicity, let's assign
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We can then write the Kompaneets equation as
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Now let's examine the 3 terms in the parenthesis.

N = ( ez � 1)� 1 N 2 = ( ez � 1)� 2 dN
dz

= � ez (ez � 1)� 2 (20:07)
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Now let a = Te=T, so that N = ( eax � 1)� 1. For microwave photons,
h� � kTe, which meansx � 1, so we can Taylor expandeax to get

N = ( eax � 1)� 1 � (1 + ax + : : : � 1)� 1 =
1
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This implies that
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So the Kompaneets equation greatly simpli�es to
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or
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Now let's solve this equation
Z
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whereN 0 is the photon occupation after passing through the cluster.
Since the observed amount of this distortion is very small, we can
Taylor expand ln N to get
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In other words, photons will be upscattered out of the microwave
to high energies. That will cause the microwave region of thespec-
trum to appear fainter, or equivalently, to appear to have a lower
temperature. Speci�cally
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SZ Distance Measurements

To derive an SZ distance, one �rst adopts a model for the distribu-
tion (and temperature) of an x-ray gas in a cluster. Recall from our
discussion of x-ray clusters, the timescale for equipartion in an x-ray
gas is very short (� 105 yr for electrons), so the isothermal assump-
tion should be pretty good. In that case, the radial distribution of
the gas can be approximated by

ne(r ) =
n0

(1 + ~r 2)3=2
(20:19)

where ~r is the radius of the cluster in terms of its core radius,r 0.
Now let's choose a line-of-sight through the cluster. (In practice,
on integrates over the beam size of the microwave detector, but for
simplicity, we'll just use the single path through the middl e of the
cluster.) The amount of microwave dimuntion is

�
�T
T

�
= � 2

k� T

mec2

Z
neTedl

= � 2n0Te
k� T

mec2 � 2
Z 1

0

1

(1 + ~r 2)3=2
r 0 d~r

= � 4n0Te
k� T

mec2 � r 0 (20:20)

Meanwhile, the x-ray emission from that line-of-sight is
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Now, if we can resolve the cluster, we can measure the angularsize
of the core radius. This is related to the linear core radius simply
by

r 0 = DA � 0 (20:22)

Similarly, the x-ray luminosity of the cluster is related to the ob-
served x-ray 
ux by

L x = d2
L lx = d2

A (1 + z)4lx (20:23)

Note that we have two equations and two unknowns; if we eliminate
the central density from the equations, then
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Thus, we have an equation for the angular size distance that depends
only on the two observables: the microwave dimunition and the x-
ray 
ux.

The SZ e�ect is potentially a powerful tool for measuring distances:
since the amount of the microwave dimunition does not depend
on redshift, one could, in principle observe extremely distant clus-
ters and derive not only the Hubble Constant, but � as well. In
practice, however, there are di�culties. The biggest problem lies
with the assumption of spherical symmetry. The core radius of SZ
clusters comes from observations on the plane of the sky, butthe
microwave dimunition comes from the radial path through the clus-
ter. If the two are not identical, then an error will result. N ote
that this will probably not average out over clusters, since the x-
ray (and optical) surveys will preferentially detect clusters that are
more elongated along the line-of-sight (thereby increasing the ap-
parent contrast and/or surface brightness of the cluster).



The Kinetic SZ E�ect

In addition to measuring distance, the SZ e�ect can also be used
the measure the peculiar motion of clusters with respect to the mi-
crowave background. In this case, since the entire cluster is moving
in the same direction, the scattering does not distort the blackbody
curve; rather it just Doppler shifts it slightly to the red (o r blue).
However, this e�ect is about an order of magnitude smaller the the
thermal SZ e�ect (and is impossible to disentagle from a primordial

uctuation without additional information).

The above plot shows the normalized intensity change causedby the
thermal and kinetic SZ e�ects for a 15 keV galaxy clusters andwith
peculiar velocity 500 km/sec. The solid line is the non-relativistic
SZ e�ect. The dashed lines are the relativistic corrections, both
alone and together with the thermal e�ect. The dot-dashed lines
are the kinetic SZ e�ect, both alone and together with the thermal
e�ect.


