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Basic Outline
• Measuring Distances 

• This size of the whole dang universe. 

• Details of Supernova 

• MHD Impact



How far is this? 
It changes every few years. 
(about 740 light years, most recently)



Velocity vs. Distance
• Each joint in this Scissors lift  

is expanding a the same rate, 

• So two joints away from you  
is moving away twice as  
fast as the next one over 

• V = H0 D 

• H0 = 70 km/s/Mpc (ish)



Expanding Universe
• The equation of motion for the universe is pretty 

simple. 
a = how large it is. a(now) = 1  
H0 = current expansion rate  
Omega = energy density

152

4. Cosmology I: Homogeneous Isotropic World Models

Fig. 4.6. Two-dimensional analogies for the three possible
curvatures of space. In a universe with positive curvature
(K > 0) the sum of the angles in a triangle is larger than

180◦, in a universe of negative curvature it is smaller than
180◦, and in a flat universe the sum of angles is exactly
180◦

speculated in Sect. 4.2.1, the order of magnitude of
the curvature radius is c/H0 according to (4.30).

• If K < 0, the space is called hyperbolic – the two-
dimensional analogy would be the surface of a saddle
(see Fig. 4.6).

Hence GR provides a relation between the curvature
of space and the density of the Universe. In fact, this
is the central aspect of GR which links the geometry
of spacetime to its matter content. However, Einstein’s
theory makes no statement about the topology of space-
time and, in particular, says nothing about the topology
of the Universe.4 If the Universe has a simple topology,
it is finite in the case of K > 0, whereas it is infinite if
K ≤ 0. However, in both cases it has no boundary (com-
pare: the surface of a sphere is a finite space without
boundaries).

With (4.29) and (4.30), we finally obtain the
expansion equation in the form

(
ȧ
a

)2

= H2(t)

= H2
0

[
a−4(t)Ωr +a−3(t)Ωm

+a−2(t)(1−Ωm −ΩΛ)+ΩΛ

]
.

(4.31)

4The surface of a cylinder is also considered a flat space, like a plane,
because the sum of angles in a triangle on a cylinder is also 180◦.
But the surface of a cylinder obviously has a topology different from
a plane; in particular, closed straight lines do exist – walking on
a cylinder in a direction perpendicular to its axis, one will return to
the starting point after a finite amount of time.

4.3 Consequences
of the Friedmann Expansion

The cosmic expansion equations imply a number of im-
mediate consequences, some of which will be discussed
next. In particular, we will first demonstrate that the
early Universe must have evolved out of a very dense
and hot state called the Big Bang. We will then link
the scaling factor a to an observable, the redshift, and
explain what the term “distance” means in cosmology.

4.3.1 The Necessity of a Big Bang
The terms on the right-hand side of (4.31) each have
a different dependence on a:

• For very small a, the first term dominates and the
Universe is radiation dominated then.

• For slightly larger a ! aeq, the dust (or matter) term
dominates.

• If K ̸= 0, the third term, also called the curvature
term, dominates for larger a.

• For very large a, the cosmological constant
dominates if it is different from zero.

The differential equation (4.31) in general cannot be
solved analytically. However, its numerical solution for
a(t) poses no problems. Nevertheless, we can analyze
the qualitative behavior of the function a(t) and thereby
understand the essential aspects of the expansion his-
tory. From the Hubble law, we conclude that ȧ(t0) > 0,
i.e., a is currently an increasing function of time. Equa-
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Accurate Brightness 
begets 
Accurate Distances.

– 1 –
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from 
the 

telescope

From the physics of the object

The thing I want



Supernovae are incredibly 
bright.
• This galaxy has ~109 stars (Greco+2012) 

• This one solar mass object is bright. 

• 2014j, in M82



Light Curve
• Light curves and spectra are extremely consistent 

(almost, more in a second)

clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibundgut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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(Perlmutter 1997)



Spectra
• SNIa have 

very  
consistent  
spectra 

• Spectra from 3 
SNe in 
different 
galaxies 
(offset for 
clarity)

      

P1: ARK/src P2: ARK/MBL/vks QC: MBL/uks T1: MBL

July 5, 1997 13:5 Annual Reviews AR037-09

320 FILIPPENKO

Figure 6 Spectra of SNe Ia about one week past maximum brightness. The parent galaxies and
their redshifts (kilometers per second) are as follows: SN 1990N (NGC 4639; 970), SN 1987N
(NGC 7606; 2171), and SN 1987D (MCG+00-32-01; 2227).

3.2 Homogeneity
It was noticed long ago that the optical spectra of SNe Ia are usually quite
homogeneous, if care is taken to compare objects at similar times relative to
maximum brightness (Oke & Searle 1974, and references therein). One can
even deduce a fairly accurate age of a “normal” SN Ia at the time of observation
by comparison of its spectrum with a series of template spectra, such as those
of SNe 1937C, 1972E, 1981B, 1989B, and 1994D mentioned above. A good
example of this homogeneity is provided by spectra (Figure 6) of SN 1987D,
SN 1987N, and SN 1990N, each about one week after maximum brightness.
Especially impressive are the small “notches” visible in all three spectra near
4550 Å, 4650 Å, and 5150 Å.
The optical light curve shapes of many SNe Ia also closely resemble each

other (e.g.Hamuyet al 1991). Byexamining a largequantity of data, Leibundgut
(1988) constructed “template” light curves in several bandpasses. It is striking
that the B and V light curves of SN 1990N (Leibundgut et al 1991a), discovered
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(Wait, what’s a spectrum?)



Well, almost.
• They actually make a one parameter family of 

objects.
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Well, almost.

clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibundgut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  128.186.110.113 On: Thu,
28 Apr 2016 14:07:38

clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 
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the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6
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stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibundgut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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Accurate Brightness 
begets 
Accurate Distances.
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• Now we can measure the expansion rate of the 
universe. 

• the take away, things are  
further than they should  
be if there weren’t an  
insane amount of  
stuff we super don't 
understand.

(Riess 2007)
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Expanding Universe
• The equation of motion for the universe is pretty 

simple.  
a = how large it is. a(now) = 1  
H0 = current expansion rate 
Omega = energy density

152

4. Cosmology I: Homogeneous Isotropic World Models

Fig. 4.6. Two-dimensional analogies for the three possible
curvatures of space. In a universe with positive curvature
(K > 0) the sum of the angles in a triangle is larger than

180◦, in a universe of negative curvature it is smaller than
180◦, and in a flat universe the sum of angles is exactly
180◦

speculated in Sect. 4.2.1, the order of magnitude of
the curvature radius is c/H0 according to (4.30).

• If K < 0, the space is called hyperbolic – the two-
dimensional analogy would be the surface of a saddle
(see Fig. 4.6).

Hence GR provides a relation between the curvature
of space and the density of the Universe. In fact, this
is the central aspect of GR which links the geometry
of spacetime to its matter content. However, Einstein’s
theory makes no statement about the topology of space-
time and, in particular, says nothing about the topology
of the Universe.4 If the Universe has a simple topology,
it is finite in the case of K > 0, whereas it is infinite if
K ≤ 0. However, in both cases it has no boundary (com-
pare: the surface of a sphere is a finite space without
boundaries).

With (4.29) and (4.30), we finally obtain the
expansion equation in the form

(
ȧ
a

)2

= H2(t)

= H2
0

[
a−4(t)Ωr +a−3(t)Ωm

+a−2(t)(1−Ωm −ΩΛ)+ΩΛ

]
.

(4.31)

4The surface of a cylinder is also considered a flat space, like a plane,
because the sum of angles in a triangle on a cylinder is also 180◦.
But the surface of a cylinder obviously has a topology different from
a plane; in particular, closed straight lines do exist – walking on
a cylinder in a direction perpendicular to its axis, one will return to
the starting point after a finite amount of time.

4.3 Consequences
of the Friedmann Expansion

The cosmic expansion equations imply a number of im-
mediate consequences, some of which will be discussed
next. In particular, we will first demonstrate that the
early Universe must have evolved out of a very dense
and hot state called the Big Bang. We will then link
the scaling factor a to an observable, the redshift, and
explain what the term “distance” means in cosmology.

4.3.1 The Necessity of a Big Bang
The terms on the right-hand side of (4.31) each have
a different dependence on a:

• For very small a, the first term dominates and the
Universe is radiation dominated then.

• For slightly larger a ! aeq, the dust (or matter) term
dominates.

• If K ̸= 0, the third term, also called the curvature
term, dominates for larger a.

• For very large a, the cosmological constant
dominates if it is different from zero.

The differential equation (4.31) in general cannot be
solved analytically. However, its numerical solution for
a(t) poses no problems. Nevertheless, we can analyze
the qualitative behavior of the function a(t) and thereby
understand the essential aspects of the expansion his-
tory. From the Hubble law, we conclude that ȧ(t0) > 0,
i.e., a is currently an increasing function of time. Equa-

Matter Integration 
Constant



Accurate Brightness 
begets 
Accurate Distances.
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F =
L

4⇡D2
(1)

• Now we can measure the expansion rate of the universe. 

• The inset: 

• flat is just expanding,  
nothing in it. 

• Blue line is only matter, 
and flat 

• Dots are flat, plus  
Dark Energy.

(Riess 2007)
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Velocity(Flat? Ask me later.  
But the universe is 

definitely flat.)



We’ve learned that there 
exists dark energy
• To learn what it is we need to understand the 

systematics of supernovae much better. (error 
bars) 

(and neutral atoms are less than 1% of the atoms.)



What we know so far
• Type Ia are explosions of White Dwarfs. 

• What’s a White Dwarf? 

• Normal stars fuse Hydrogen at the core, that keeps them from collapsing.   

• When that’s done, the outer layers get blown off (that’s another talk), and you’re left with 
Carbon and Oxygen. 

• What’s left is <1.4 solar masses, held up by  
electron degeneracy pressure 

• Left alone, this is very stable.

• If the mass gets bigger than 1.4 solar masses (by accreting from a nearby star?) 

• Too much gravity!  Degeneracy pressure can’t support the star 

• burning the Carbon and Oxygen to Nickel, plus a whole bunch of other stuff

– 1 –
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(1)

C +O ! stu↵ !56 Ni (2)



Nuclear Burning makes Thermal 
Pressure

Gravity



It will die, and give most of 
it’s material to it’s next of kin.

• sun is tiny here



C/O

All that’s left it a carbon & 
oxygen corpse.

Very small.  Much gravity. 
Electron Degeneracy keeps it 

alive.

Gravity



C/O

Most stars are in Binaries
• More Mass goes to the  

Dwarf Very small.  Much gravity. 
Electron Degeneracy keeps it 

alive.

Gravity



C/O

Most stars are in Binaries
Very small.  Much gravity. 

Electron Degeneracy keeps it 
alive.

Gravity

• More Mass goes to the  
Dwarf; more gravity



C/O

Most stars are in Binaries
• Degeneracy Pressure 

Loses. Stars to Burn. Very small.  Much gravity. 
Electron Degeneracy keeps it 

alive.

Gravity
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Ni



• Composition depends  
on density and temp.

C/O

Most stars are in Binaries
Very small.  Much gravity. 

Electron Degeneracy keeps it 
alive.

Gravity
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L
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C +O ! stu↵ !56 Ni (2)

Ni
Other Stuff



• Expands. 

• Cools. 

• Nickel decays, gives off an insane amount of 
light.



clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibundgut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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(Perlmutter 1997)
(Hoeflich+ 2003)

NICKLE DECYAY MAKES THE LIGHT.
The explosion happens before we see anything. 
This is an image of the nickel decay. 
Less Ni = less brightness,  
also lower temperature, lower opacity, and faster decay.



DDT

• Stars off with the front carried by thermal 
conduction and is subsonic.  This is 
DEFLAGRATION 

• The density is a monotonically decreasing function 
of radius.  At some threshold density, the flow 
becomes supersonic, and the burning is triggered 
by compression.  This is  
DETONATION.

How are you for 
time? Consider 
skipping this.



The details of the burning are important 
for higher precision cosmology.

The Big Bang Main Sequence Stars
“cool” 

burning

“Hot”  
(equilibrium)  

burning



1d models, DDT, Layered structure
• Velocity=A*Radius 

• T = T(R)

(Radius)

Hot, 5x109K Less Hot, 3x109K 1x109K



Resultant Spectra

O i (14542 Å) and Si ii (14454 Å), respectively. A very weak
feature in the synthetic spectrum near 1.23 lm can be attrib-
uted to O i (13164 Å) but is well below the noise level of the
observed spectra.

Features with P Cygni absorption minima at 1.12, 1.06,
1.03, and 1.0 lm are produced by Mg ii (11620 and 11600
Å), O i (11302 and 11286 Å), Mg ii (10914, 10915, and
10950 Å), C i (10683 and 10691 Å), and Mg ii (10092 Å),
respectively. The multiplet of Mg ii 1.09 lm is also promi-
nent in normal luminosity SNe Ia, but the other features are
weak and blended with Fe ii, Co ii, and Ni ii.

The observed spectra go down to about 9700 Å. How-
ever, there are some interesting features at shorter wave-
lengths that are worth mentioning. Foremost, the model
predicts a very strong feature at about 9100 Å due to C i
(9405 Å). Its velocity provides an important constraint on
the minimum velocity for the unburned region and possible
mixing. Other features are produced by Mg ii (9344 Å),
Ca ii (IR triplet), and O i (8446 Å) andMg ii (8246 Å).

Fig. 8.—Comparison of the observed B (left) and V (right) light curves of SN 1999by with the predicted light curves of model 5p0z22.08. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 9.—Comparison of the optical spectrum of SN 1999by on 1999
May 10 (blue) with the theoretical spectrum of 5p0z22.8 at maximum light
(red; 15 days after the explosion). [See the electronic edition of the Journal
for a color version of this figure.]

Fig. 10.—Comparison of the observed NIR spectrum of SN 1999by on
1999 May 6 with the theoretical IR spectrum of 5p0z22.8 !4 days before
maximum light (10 days after the explosion). Between 1.35 and 1.45 lm and
longward of 2.45 lm, the S/N in the observed spectrum is very low because
of strong telluric absorption. [See the electronic edition of the Journal for a
color version of this figure.]

No. 2, 2002 INFRARED SPECTRA OF SN 1999by 801



One dimension works pretty 
well.
• But, stars aren’t one dimensional 

• And we know that there are instabilities: 
Rayleigh-Taylor being the most problematic. 

• Low density accelerating into High Density,  

• Bubbles go up, 

• Spikes go down 

• Secondary Kelvin Helmholtz makes 
Mushrooms

(enzo-project.org)

http://enzo-project.org


3D models
• Rayleigh Taylor 

• Tremendous Mixing. 

• Pulls Carbon (not  
burned) down  
to the center

(Khokhlov 2000)



What does the sky show?
Spectra of SNR 1885 in M31 13

!"#$#%&&'#
#

()#$#*'&+#

!"#$$##,-.#
#

()#$$#&*/&0#&122#
#

Fig. 13.— Figure showing inferred distributions of Ca I, Ca II, Fe I from this spectral study along with the 2D distribution of Fe II as
seen in HST imaging (Fesen et al. 2015). The circles (radius = 0.40”) correspond to an average expansion velocity of 12 500 km s−1.

Compared to the 1996 FOS spectrum, the STIS/CCD
spectra have a weak detection of Fe I 3720 Å. In the FOS
spectra, the blue side of the bell shaped Fe I absorption
is seen, while the red side overlaps with Ca II. There
is no indication of a shell in the FOS spectra. In the
STIS/CCD spectra, the blue side of the Fe I absorption
is clearly separated from the red side and bell-shaped
absorption is not clear.
The 2009 and 2010 HST Fe I images do not indicate

that Fe I in a shell (Fesen et al. 2015). The HST Fe I

images indicate the Fe I is located in a region approx-
imately 0.′′4 in diameter offset to the Northeast of the
Ca II center by approximately 0.′′1. The size of the Fe I

in the images indicates that the Fe I extends to a trans-
verse velocity of ≈ 6000 kms−1. The STIS/CCD spectra
and HST Fe I images together indicate that the concen-
tration of Fe I in the Northeast region of the remnant is
located in a shell.
Furthermore, Fesen et al. (2015) presented HST Fe II

images that indicate the Fe II is located in finger-like
plumes extending out to ≈ 0.′′3 (10 000 kms−1). The
images also indicate that there is Fe II located outside of
the plumes which also extends out to 10 000 kms−1. The
Fe II images also show higher concentrations of Fe II in
the center, with less absorption on the edges. The Fe I

velocities found from the STIS/CCD spectra confirm the
presence of Fe material at high velocities, although the
Fe is still located closer to the center of the remnant than
the Ca. Furthermore, the shell structure of Fe I in the
spectra is consistent with a region of higher ionization in
the center of the remnant, where the Fe would have been
located in a higher ionization state.

3.4. NUV-MAMA

The STIS/NUV-MAMA observations are presented in
Figure 9. The STIS/NUV-MAMA observations are ex-
tremely noisy, but show a detection of weak absorption
below 3000 Å. The predicted UV spectra shown in Figure
2 has highly saturated absorption between 2500 Å and
3000 Å. Below approximately 2500 Å, the STIS/NUV-
MAMA observations become overwhelmed by noise and
no clear signal can be detected. The STIS/NUV-MAMA
absorption is seen across an area of 0.′′7 consistent with
the size of SNR 1885 as determined from previous HST
images.
Since the bulge flux of M31 is weak in the UV, the sig-

nal to noise for the detection of SNR 1885 is extremely
low. It is not possible to determine whether certain areas
of the remnant have increased concentrations of absorp-
tion because the differences in absorption at the level
of the noise seen outside the remnant. Additionally, it
is not possible to determine which features belong to a
given element because the absorption is broad and the
model spectra predicted large overlap in absorption be-
tween different features.

3.5. Comparison to SN Ia Models

Figure 13 shows a summary of derived spatial distri-
butions of Ca I, Ca II, and Fe I in SNR 1885 based on
the STIS spectra. Also shown is the 2D distribution of
Fe II as shown in Fesen et al. (2015) from HST images.
Below we discuss our spectral results for S And in light of
various classes of explosion models for thermodynamical
supernovae. As previously suggested, one likely mech-

(Fesen et al 2016)

2 Fesen et al.

SNR 1885

10"

E

N

5"

Fig. 1.— A December 2010 WFC3 image of the bulge of M31 taken with the F390M filter as part of an emission line mapping program
of the nuclear regions of M31 (PI: Z. Li). A positive linear stretch of the M31 bulge is shown in the upper panel. The remnant of SN 1885
appears as a small (0.8′′) round dark spot of Ca II H & K absorption 16′′ southwest of the nucleus. The bottom panel shows an enlarged
section of this same image centered on the SN 1885 region but shown in a negative log stretch.

duced by a blend of Ca II H & K line absorption
(Fesen et al. 1999). Subsequent ultraviolet imaging of
the remnant with HST revealed a 0.′′5 diameter absorp-
tion spot likely due largely to saturated UV Fe II reso-
nance lines (Hamilton & Fesen 2000).
Spectra taken with Faint Object Spectrograph (FOS)

on HST established that the absorption was produced
principally by Ca II K & H 3934, 3968 Å, with additional
contributions from Ca I 4227 Å and Fe I 3441, 3720 Å
(Fesen et al. 1999). The remnant’s Ca II absorption was
found to extend to a velocity of ≃ 13 100± 1500 kms−1.
HST images taken in 2004 showed that the Ca II ab-

sorption is roughly spherical with a maximum diame-
ter of 0.′′8 (Fesen et al. 2007). At the known distance
785± 25 kpc of M31 (McConnachie et al. 2005), this an-
gular diameter corresponds to a mean expansion velocity
of 12 500 kms−1 over the ≃ 120 yr age of SN 1885. The
agreement between the remnant’s size and its expansion
velocity as measured in the Ca II absorption implies that
the SN 1885 remnant is still largely in free expansion.
This is also consistent with the remnant being an excep-
tionally weak radio source (Sjouwerman & Dickel 2001;

Hofmann et al. 2013) with no confirmed associated X-ray
emission (Kaaret 2002).
Additional HST images obtained in 2010 and 2012

show extended low velocity Fe I absorption slightly off-
set to the east from the remnant’s center as defined by
Ca II images, likely due to an ionization effect caused by
self-shielding (Fesen et al. 2015). More significant is the
appearance of the remnant’s apparent Fe II distribution
in a few streams or “plumes” of Fe-rich material extend-
ing out from the remnant’s center to ∼ 10 000 kms−1.
This arrangement is in sharp contrast to the remnant’s
Ca II absorption which extends out to 12 500 kms−1 but
is most concentrated in a clumpy shell spanning veloci-
ties of 2000− 5000 kms−1.
Because its ejecta are in free expansion, the distribu-

tion of elements in the remnant of SN 1885 (hereafter
SNR 1885) is essentially the same as that shortly after
the explosion. The dominant element near the center of
the remnant at the present time is expected to be iron
and the dominant iron ionization species is expected to
be Fe II (see Fig. 2). The presence of Fe I in the FOS
spectrum attests to the relatively low ionization state of
the supernova ejecta in general more than a century af-

Calcium is mixed: shouldn’t be 
But there’s some RT.

Andromeda!



Magnetic Fields are cool.
• It’s know that 

Magnetic Fields 
suppress RT. 

• Like rebar, fields 
have tension and 
pressure 

• And White Dwarfs 
are plasma, and 
most stars host 
magnetic fields.

(enzo-project.org)

http://enzo-project.org


MHD Equations
• Hydro 

• Energy input from Burning 

• With Magnetic Fields 

• Tension 

• Pressure  

• Like vorticity
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is the total energy desity, kinetic plus gas plus magnetic energy; and

P = p+
B

2

8⇡
(11)

is the total pressure, which is thermal plus magnetic.

To close the system we need an equations of state (EOS). A particular realization of a

degenerate is shown on fig. 9 (Hoeflich (2006).) Considering the right two panels one can

assume that at temperatures T & 109.5 K, and at densities, ⇢ in the range 107 � 108 g/cm3,

� = const is a reasonable approximation. Thus we close the sysmtem with the equations of

state for an ideal gas with an adiabatic constant �:

e =
p

� � 1
(12)

3.3. New burning

We model the nuclear burning and flame propagation after Khokhlov (1995), which

takes advantage of the non-distributed regime in a couple of ways. It begins by taking a

grid resolution much coarser than the flame scale length, discussed in section 3.1.4. Then

it adds to the argument that a nuclear network of only two compounds is another good

approximation.



Outline
• RT linear theory 

• All modes reduced. 

• Some modes stabilized 

• Depends on field strength 

• Sweet movies. 

• Need to understand the non-linear effects.



Linear Theory
• (the light is better over here)  

(Surface gravity waves, infinitely deep)



Linear Theory
• With field along plane: stability!  

(notation change: Omega is the growth rate, 2 is on 
top)

MHD E↵ects on Nuclear Burning during the deflagration of Type

Ia SN

Boyan Hristov 1,2 , David C. Collins 2 , Peter Hoeflich 2 , Charles Weaterford 1

ABSTRACT

Type Ia supernovae (SNe Ia) are spectacular explosions at the end of the life

of stars visible accross our Universe. It is the uniformity of these events that

made them a cosmological “standard candle”, but despite that there is no theory

yet to explain the observations. This article describes research aimed at better

understanding of the physics of SNe Ia. The main scientific questions are whether

3D magnetohydrodynamic (MHD) are a piece of physics that had been missing

from current 3D models. More specifically can magnetic fields exlain the lack of

mixing in observed SMe remnants and if so what is the mechanism behind.

1. Theory

The stabilitiy of superposed fluids with magnetic field can be analyzed in the linear

regime in terms of normal perturbation modes, k ⌘ k

x

bi+k

y

bj along the discontinuity interface

and their growth rate, ⌦, so that a perturbation is proportional to:

e

ik
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x+ik
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Linear Theory
• With field perpendicular to: growth rate reduced!  

(eta = Omega * units)
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MHD E↵ects on Nuclear Burning during the deflagration of Type

Ia SN

Boyan Hristov 1,2 , David C. Collins 2 , Peter Hoeflich 2 , Charles Weaterford 1

ABSTRACT

Type Ia supernovae (SNe Ia) are spectacular explosions at the end of the life

of stars visible accross our Universe. It is the uniformity of these events that

made them a cosmological “standard candle”, but despite that there is no theory

yet to explain the observations. This article describes research aimed at better

understanding of the physics of SNe Ia. The main scientific questions are whether

3D magnetohydrodynamic (MHD) are a piece of physics that had been missing

from current 3D models. More specifically can magnetic fields exlain the lack of

mixing in observed SMe remnants and if so what is the mechanism behind.
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Burning Rate
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Front Position
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(a) Cumulative energy production vs. time. (b) Front position vs. time

Fig. 7.—: Burning front time series

– 29 –

(a) Cumulative energy production vs. time. (b) Front position vs. time

Fig. 7.—: Burning front time series

– 29 –

(a) Cumulative energy production vs. time. (b) Front position vs. time

Fig. 7.—: Burning front time series

time (s)

– 29 –

(a) Cumulative energy production vs. time. (b) Front position vs. time

Fig. 7.—: Burning front time series



– 29 –

(a) Cumulative energy production vs. time. (b) Front position vs. time

Fig. 7.—: Burning front time series

– 29 –

(a) Cumulative energy production vs. time. (b) Front position vs. time

Fig. 7.—: Burning front time series





After Initial Transient
• Non-monotonic behavior belies complexity: front 

surface area

– 30 –

(a) Cumulative burning starting from 0.35 s (b) Front position starting from 0.35 s

Fig. 8.—: Cumulative burning energy and position of the front leading edge starting from 0.35 s. To cancel

the e↵ect of th eintial conditions these profiles are integrated from after the “burst” in the beginning.

Fig. 9.—: EOS of a WD. Note the relativaly weak dependance of � on T (top right panel) and on ⇢
(bottom right) in the non-distributed regime of burning (T � 108.5K, ⇢ ⇠ 108g/cm3)



Light Curve
• Larger 

magnetic 
field traps 
positrons in 
the center, 
causing more 
56Ni, and a 
brighter 
curve at very 
late times



Summarize
• Supernovae are important for measuring the basic 

properties of the universe. 

• Understanding the fine details requires 
understanding the burning. 

• 1d simulations are successful at predicting 
brightness-decline relation, spectra 

• Magnetic processes can possibly aid in 
suppression of mixing seen in 3d simulations;  
may alter front velocities in non-monotonic manner.


