Supernova
cosmology
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Recent observational data on large, red-shift supernovae have led
to a cosmological model depicting an accelerating expansion of the
universe, with a significant amount of ‘dark matter’ and ‘dark energy’

T

he current ‘standard model’ of cosmology is based on
relatively recent observations of supernovae that act as
standard candles in the measurement of distant galaxies
(see ‘The cosmic distance ladder’, Physics Review Vol. 26, No. 2,
pp. 16–17). In the 1990s the Supernova Cosmology Project (led
by Saul Perlmutter) and the High-Z Supernova Search Team (led
by Adam Riess and Brian Schmidt) independently found that
the most distant supernovae were significantly less bright than
expected and therefore further away than predicted by Hubble’s
law (Box 1).

Although only a few tens of supernovae were studied, the
implications were enormous: the expansion rate of the universe
was not slowing down but was accelerating. In 2011 Perlmutter,
Schmidt and Riess received the Nobel prize in physics ‘for the
discovery of an accelerating expansion of the universe through
observation of distant supernovae’. The discovery implied that
the universe must be older than had been predicted by Hubble’s
law, whilst the need to explain the acceleration led to the
widespread acceptance of models of the universe that contained
an overwhelming amount of dark matter and dark energy.

A Type Ia supernova remnant around
5 kpc away in the Milky Way galaxy

18

7021_PhysRev_28_1_CC_Print.indd 18

Physics Review September 2018

19/07/2018 13:57

Exam links

Box 1

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam
specifications.
High red shift observations of supernova have been used as
standard candles to provide evidence for an expanding and
accelerating universe of 5% matter, 25% dark matter and 70%
dark energy, which are now included in the standard model of
cosmology.

Early measurements

A standard candle is an object whose luminosity is known or can be
reliably assumed. If an object has luminosity L and is at a distance d,
then the intensity, I, of its radiation received on Earth is:

L
(1.1)
4πd 2
If luminosity is known, then distance can be calculated from
measurements of intensity.
Distance, d, can also be calculated using Hubble’s law:
I=

v = H 0 d(1.2)

v = H0 d(1)
where H0 is the Hubble constant. These measurements
established that the universe is expanding.
Hubble built on work by Henrietta Swan Leavitt, who
established the period–luminosity relationship for Cepheid
variable stars (Who were they?, Physics Review Vol. 26, No. 2,
p. 21). Recessional velocities were calculated from spectroscopic
red shifts, z, using:
(2)

where c is the speed of light, and distances were determined
using Cepheid variable stars as standard candles (Box 1).
Hubble used galaxies with distances up to about 2 Mpc
(1 Mpc = 3.1 × 1022 m). Since then, further observations have
extended the relationship to around 500 Mpc (Figure 1), with
corresponding recessional velocities of up to 3 × 107 m s−1 (0.1 c).

Models of the universe
The standard cosmological model of the universe was developed
by Friedmann and Lemaitre in the early 1920s, based on

where v is recession velocity and H 0 is the Hubble constant. Recession
velocity is determined from the redshift, z, in the wavelengths of
spectral lines:

λ
(1.3)
λ0
where λ is the observed wavelength and λ0 the wavelength of
the same spectral line measured in the laboratory. If the recession
velocity is much less than the velocity of light, then we can use the
non-relativistic equation for redshift:
z=

v
(1.4)

c
Uncertainties in determining galactic distances using supernovae
data are around 5%. Supernova measurements have extended the
distance scale to over 500 times further than was possible using
Cepheid variables.
z=

Einstein’s equations of general relativity. This model enables
us to calculate the universe’s critical density ρc; this is the mass
density that is just great enough for gravitational forces to halt
the expansion of the universe at an infinite time in the future
(Boxes 2 and 3). This is approximately 10 −26 kg m−3, or about five
protons for every cubic metre of space.
now
recession velocity, v/107 m s–1

In the 1920s American astronomer Edwin Hubble (1889–1953)
used a set of 28 galactic measurements to produce an empirical
relationship between a galaxy’s distance, d, and its recessional
velocity, v, now known as Hubble’s law:

v = zc

Determining distances

–0.5

–1.0

time/109 years
–1.5

3

2

1

Not all supernovae are Type Ia. In 1054, observers in China made
detailed records of a ‘new star’ in the constellation of Taurus. Its
remnant is the object now known as the Crab Nebula. Studies
of the nebula, and the Chinese records, indicate that it was a
Type IIn-P supernova, which involves the explosion of an isolated
star with a mass of about 8–10 times that of the Sun
www.hoddereducation.co.uk/physicsreview
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Figure 1 Hubble’s law for distances up to 500 Mpc
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Box 2

The Friedmann equation

The most important equation in cosmology is the Friedmann
equation:

H2 =

8π G
c2
ρ – K 2 2(2.1)
3
aR

where H is the Hubble parameter, G is Newton’s gravitational
constant, ρ is the mean mass density of the universe, c is the speed of
light, R is the curvature of the universe, a is a scale factor and K has
a value of ±1 or 0. The right-hand side of the equation represents the
geometry of space with K = +1 (spherical geometry), −1 (hyperbolic
geometry) or 0 (flat geometry).
A flat universe is one that stops expanding after an infinite time.
In this case, we can determine a quantity called the critical (mass)
density from Equation 2.1 (with K = 0) using the present-day value of
the Hubble parameter, H 0:

ρc =

3H 02
(2.2)
8πG

This expression can also be derived by considering kinetic end
potential energy (see Box 3).
Using H0 = 70 km s−1 Mpc−1 and expressing this in SI units
(1 Mpc = 3.1 × 1022 m) we obtain about 9 × 10−27 kg m−3 for the critical
density.

Box 3

Critical density

We can derive an expression for critical density by considering a
‘small’ mass m moving away with a velocity v at a very large distance
d from the ‘centre’ of a spherical universe with total mass M.
The point at which the expansion of the universe will stop requires
the kinetic energy of the mass to be equal to its (negative) potential
energy:

Ek + Ep = 0

The parameter that is widely used to compare different
models of the universe is the matter density parameter:
p
Ω0 = (3)
pc
where p is the measured mean density of the universe.
Table 1 and Figure 2 summarise the three models of the universe
characterised by different values of this parameter.

Supernovae and standard candles
A supernova is a stellar explosion in which a large fraction
of a star’s mass is ejected into space, with the emission of
radiation that vastly outshines that of a normal star before
fading gradually over many weeks. Supernovae typically reach
peak luminosities several billion times that of the Sun, so they
can be observed at vast distances.
Supernovae are classified and identified according to the
spectral lines in their radiation and the way in which their
luminosity changes over time. Those classified as Type Ia occur
in binary star systems (two stars orbiting each other) in which
one of the stars is a white dwarf. The white dwarf star gradually
accretes mass from its binary companion until it reaches a mass
Table 1 Models for the evolution and fate of the universe

Mass
Mean
density
density parameter

Mass
density

Geometry
of
universe

K

Low

Open

−1

Expands forever,
slowing down
but never stops

Flat

0

Expands
continuously,
slowing down
but stops only
after an infinite
amount of time

Closed

+1

Expansion
brought to a stop
before collapsing
back on itself

ρ < ρc

0 < Ω0 < 1

ρ = ρc

Ω0 = 1

Critical

ρ > ρc

Ω0 > 1

High

Evolution and
fate of the
universe

(3.1)

Since kinetic energy is:

Ek = ½mv 2(3.2)
and using Hubble’s law:

v = H 0 d

(Equation 1.2)

The potential energy term is given by:

Ep =

GMm
(3.4)
d
(3.5)

/ π ρcGd 2m = ½mH 02d 2(3.8)

4 3   

and hence:

ρc =

3H 0

8πG
2
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(Equation 2.2)
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and hence:
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M = Vρc = 4/3  π d 3ρc(3.6)
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and since:
M
ρc =

V
where V is volume, this gives:

2

now

Ek = ½mH 02d 2(3.2)

relative distance between any two galaxies

we obtain:

4

8
12
time/109 years

Figure 2 The size of the universe as a function of time for the
three models of the universe
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of 1.4 solar masses (Figure 3). At this point runaway nuclear
fusion reactions occur, producing a supernova explosion. As the
trigger point always occurs at the same mass, Type Ia supernovae
always have the same peak luminosity (about 5 billion times
that of the Sun; absolute magnitude M = −19.3), so they can be
used as standard candles.

companion star
infalling
gas

white dwarf

Type Ia supernova project data and recent
galactic results
Both the Supernova Cosmology Project and the High-Z
Supernova Search Team published results from supernovae with
considerably higher red shifts than those previously used —
typically z = 0.3–1.4. At such large redshifts, which correspond
to high recession velocities, Equation 2 can no longer be used to
relate velocity to redshift, and relativistic equations are needed
(Box 4).

accretion disc
orbital plane
(binary system)

Figure 3 A Type Ia supernova occurs in a binary star system in
which a white dwarf accretes mass from its companion

SN 2011 fe, imaged here just hours
after exploding in the Pinwheel
galaxy some 6.4 Mpc away

www.hoddereducation.co.uk/physicsreview
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Box 4

Relativistic red shift

The relativistic equation relating redshift z to recession velocity v is:
1 + vc
− 1
1 – vc
where c is the velocity of light. When v << c, Equation 4.1
approximates to the non-relativisitic equation:

z=

z = vc 

(4.1)

Dark matter and dark energy

(Equation 2)

Equation 4.1 can be rearranged to give:

[((zz ++ 1)1) −+ 11]c(4.2)
2
2

recession velocity, v

v=

So, line (b) shows galaxies moving faster in the past than we
would expect if the expansion was uniform — in other words,
line (b) shows an expansion rate that has decelerated with time.
Similarly, line (c) shows galaxies moving more slowly in the past
than we would expect if the expansion was uniform — it shows
an expansion that has accelerated over time. Line (c) is the best
fit to the observational data.

(b)
(a)
(c)

An accelerated rate of expansion is the hallmark of a positive
‘cosmological constant’, a notion that was introduced by Einstein
to make his equations describe a static universe — in accord
with what was thought at the time. The cosmological constant
now goes under the name of dark energy — its mystical name
reflecting the fact that there are no good explanations for the
accelerating force.
The other major contribution to the mass density is dark matter.
This is matter that does not emit or absorb electromagnetic
radation, and can only be detected by its gravitational effects.
Evidence for its existence comes from observations of motion
in galaxies, which cannot be explained solely in terms of the
gravitational effects of visible matter, and detailed measurements
of the Cosmic Microwave Background. Dark matter might
comprise undiscovered subatomic particles.

Models and data

distance, d

Figure 4 Hubble diagram showing how recession velocity depends
on distance: (a) expansion at constant rate; (b) expansion rate
decreasing with time; (c) expansion rate increasing with time

In 1998 the results from the two main supernova projects,
amounting to 70 or so supernova observations, showed deviation
from linearity on a Hubble diagram. The results indicated that at
distances in excess of about 1000 Mpc (3.26 billion light years)
the expansion of the universe had changed over time.
For a universe that contains only ordinary matter (including
spent stars and black holes) we would expected that the
gravitational attraction of matter would cause the expansion
rate to slow down gradually, as indicated by the gradients
of all three curves in Figure 2. The big surprise was that
the observational data did not seem to fit with any of the
models. Instead, the model that best fitted the data implied an
accelerating expansion
In Figure 4, line (a) shows uniform expansion (as in Figure 1).
By looking at distant galaxies we are looking into the distant
past, because their radiation was emitted a very long time ago.
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The supernova data suggested that the universe is composed
of 5% matter, 25% dark matter and 70% dark energy.
However, in 2016 a scientific report that looked at over 740
Type Ia supernovae concluded that evidence for an accelerated
expansion may be less convincing than previously thought,
with these new data being aligned more with a constant rate
of expansion (Nielsen J. T. et al. (2016), Nature Scientific Reports
Vol. 6, No. 35596).
A year later the Dark Energy Survey (DES) published the
findings of its dark energy survey of over 26 million galaxies.
By studying the way in which the light was distorted by
the intervening dark matter, researchers could calculate its
distribution. Their initial results indicate a universe that is
composed of up to 4% ordinary matter, 26% dark matter
and 70% dark energy, which is in good agreement with the
supernova data. It is anticipated that a complete map of the
universe will provide for a fuller understanding of what dark
matter is made from and begin the process of unravelling the
source of dark energy.
Clearly there is still controversy, and observations have yet
to give conclusive answers. Better quality data and improved
data analysis are needed; the new range of more powerful and
sensitive telescopes, such as the European Extremely Large
Telescope and the James Webb Space Telescope, may provide
these. The present standard cosmological model predicts that
as the universe expands the density of radiation and ordinary
dark matter will decline faster than the density of dark energy.
In time, dark energy will dominate the universe, extinguishing
all light and concealing all evidence for the Big Bang.
Ron Holt is a physicist, teacher and author.
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