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Modern Cosmology 
 
We currently are in a new era of our understanding of the universe, an era of 

study known as precision cosmology.  The term comes from the fact that strong new 
boundary conditions have been placed on our cosmological models as the result of 
precise measurements of important cosmological parameters.  
 
Dark Energy 
 

In 1998, supernovae type Ia observations were carried out to measure the rate at 
which the expansion of space was slowing down.  The fact that it was slowing down 
was expected due to the gravitational attraction of clusters on one another.  Instead, the 
data indicated that the rate of expansion was actually speeding up.  This was so 
contrary to our understanding of the universe at that time that the scientists involved 
were reluctant to publish the result; they were sure that it must be wrong.  It was only 
when the two independent teams conducting the research learned that the other team 
had gotten the same result that they dared to publish this information.  Follow-up 
studies have unambiguously confirmed the result. 
 

Supernovae brightness and the change 

in the rate at which space is expanding

The data show that gravity controlled the rate of expansion of the early Universe (large 

redshifts). At more recent times (lower redshifts) the expansion is accelerating (positive 

slope). Thus, a repulsive force must now dominate gravitational attraction. 

 
Terms of use: The image in the above illustration is attributed to the Hubble Higher-Z 

Supernova Search and can be found at <http://hera.ph1.uni-
koeln.de/~heintzma/ueb/IV_SNLS.htm>. 

 
With the discovery that the expansion of space was accelerating rather than 

slowing down, a new understanding of physics was required.  Acceleration meant that 
there must be a cosmic repulsive force that is stronger than the attractive force of 
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gravity.  This was completely unexpected, but, as it turns out, not totally unprecedented. 
Back in 1916, Einstein had suggested just such a force to “fix” the problem that his 
general theory of relativity had predicted – that space must be either expanding or 
contracting.  This repulsive force entered his theory in the form of the cosmological 
constant that Einstein subsequently added to his equations.  After learning that space 
actually was expanding, Einstein called the inclusion of the cosmological constant the 
greatest blunder of his scientific career.  Perhaps it was not. 

By putting the cosmological constant back into the equations, we can explain the 
current acceleration of the expansion of the universe.  Perhaps it is not the correct 
explanation (we still have a lot to learn about the nature of the force), but the 
calculations based on it are consistent with everything we know at this time.  No matter 
what the exact nature of this repulsive force is, the effect it has on the universe goes by 
the name dark energy.  

We currently believe that the force associated with dark energy has been 
constant throughout the history of the universe.  On the other hand, the effect of self-
gravity has not been constant.  Earlier in the history of the universe, the clusters of 
galaxies were closer together than they are today, and thus the attractive gravitational 
force between them was stronger.  It was only after the universe had been expanding 
for some time that the force of the dark energy exceeded that of gravity and the 
expansion of space began to accelerate.  The data indicates that this shift occurred 
about 5 billion years ago. 
 
The Wilkinson Microwave Anisotropy Probe 
 

In 1989, NASA launched the Cosmic Background Explorer (COBE), which 
quickly produced a spectacular discovery: the temperature of the universe’s cosmic 
microwave background radiation is 2.725 K.  Subsequently, COBE data revealed very 
slight irregularities in the overall temperature distribution of the radiation – temperature 
fluctuations on the order of 0.0004 K.  This was an extremely important result, because 
studies to that point had found no fluctuations.  In the absence of such fluctuations, the 
existence of stars and galaxies made no sense at all.  Thus, it was quite a relief to 
theorists that such fluctuations existed.  For these discoveries, John C. Mather and 
George Smoot won the Nobel Prize in Physics in 2006.  In a public statement, the Nobel 
Committee noted, "the COBE project can also be regarded as the starting point for 
cosmology as a precision science."  

The successor to COBE was WMAP, the Wilkinson Microwave Anisotropy Probe, 
which was launched in 2003.  WMAP was a satellite instrument designed to map the 
sizes and strengths of the slight irregularities in the cosmic microwave background 
radiation, with the ability to relay data back to earth.  There have been periodic updates 
of the initial results, with the last coming in 2010.  

The whole-sky image of the background radiation obtained by WMAP is one of 
the most spectacular images in the history of astronomy.  The image is a high-resolution 
map of the temperature of the radiation.  The data represented in the map tells us the 
age of the universe (13.75 ± 0.11 billion years), the rate at which it is currently 
expanding (71.0 ± 2.5 km/sec per Mpc, where 1 Mpc = 3262 light years), the energy 
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densities of the various components of the universe (which we will treat in more detail 
later), and many additional cosmological parameters. 

  

Wilkinson Microwave 

Anisotropy Probe

• The Wilkinson Microwave Anisotropy Probe 

(WMAP, launched in 2001) is a NASA Explorer 

mission. WMAP produced the first full-sky map 

of the microwave sky with a resolution of under a 

degree. By matching the patterns in the map to the 

physics we know, WMAP has determined the age 

of the Universe to be 13.73 ± 0.11 billion years 

and has produced a convincing consensus on the 

contents of the universe. 

 

WMAP image of the temperature of 

the cosmic background radiation

The average temperature is 2.725 K with fluxuations on the order of 0.0002 K.
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The significance of these temperature fluctuations is that they correspond to 
density fluctuations of matter in the universe at the time the cosmic background 
radiation was produced – that is, at the time neutral hydrogen and helium atoms formed 
in the early universe.  These density fluctuations, in turn, determine how gravity would 
clump the matter together to form the structures we see in the universe today, namely 
stars, galaxies, clusters, superclusters, and voids. 

 
The Evolution of the Universe 
 

The components of the universe that currently have significant consequences for 
the rate of the expansion of space are electromagnetic radiation, matter (both dark and 
ordinary), and dark energy.  In order to compare the effects of self-gravity with the 
effects of the repulsive force, the two must be expressed in the same units. That is, the 
contributions of radiation and matter need to be expressed as energy densities rather 
than mass densities.  

The following figure represents the relative values of these densities as the 
universe ages.  The horizontal axis represents time.  The energy density of the radiation 
decreases more quickly than the matter density because both the number density and 
the energy per photon decrease with expansion, while for matter only the number 
density decreases; the energy (mass) is unaffected by expansion. 
 

 
 

 
The evolution of the universe over the past 13.7 billion years is represented in 

the following figure. The horizontal axis represents time while the vertical axis 
represents the size of the visible universe. 
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On the far left of the picture, inflation briefly produces exponential expansion.  

For the next several billion years, the expansion of the universe gradually slows due to 
gravitational attraction.  About 5 billion years ago, when the repulsive effect of dark 
energy overpowered the universe's self-gravity, the expansion began to speed up.  Note 
the inflection point (the point where the curvature of the enclosing lines change) that 
represents this. 
 
The Contents of the Universe 
 

When we think of the contents of the universe, what come to mind are ordinary 
matter and electromagnetic radiation.  These are the components that are visualizable.  
Of course, the composition of the universe is much more complicated than that.  There 
also is dark energy, which is responsible for the acceleration of the universe’s 
expansion.  In addition, there are ghostly particles known as neutrinos filling the 
universe, very small amounts of anti-matter, as well as very small amounts of matter 
consisting of particles made of quarks but more massive than protons and neutrons.  
These particles have mass and contribute (though negligibly at the present time) to the 
self-gravity of the universe.  There is also another kind of dark stuff, one with significant 
consequences for the universe.  It is called dark matter.  Dark matter is matter that is 
inferred to exist from its gravitational effects on visible matter, but it is undetectable by 
emitted or scattered electromagnetic radiation.  Hence the adjective “dark.” 
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Dark matter was postulated by Fritz Zwicky in 1934 to account for the fact that 
the galaxies in a cluster of galaxies could not have sufficient mass in the form of 
luminous stars to hold the clusters together.  The speeds of the galaxies were simply 
too great for the gravitational forces to prevent them from flying off in all directions and 
dissolving the clusters.  He realized that this additional mass must be many times 
greater than the mass of luminous matter. 

For 40 years after Zwicky's initial observations, there were no corroborating 
observations indicating the presence of non-luminous matter.  Then, in the late 1960s 
and early 1970s, a young astronomer at the Carnegie Institute, Vera Rubin, presented 
measurements of star velocities in spiral galaxies.  The velocity distribution of the stars, 
as distance increased from the centers of the galaxies, implied that the mass of the 
galaxies, rather than being concentrated in the center of the galaxies where most of the 
stars are located, is more uniformly distributed throughout the galaxies.  Furthermore, 
these velocities are far too great for the galaxies to hold together due to the self-gravity 
of stars.  Whereas Zwicky used the term “missing mass” for this non-luminous matter, 
Rubin preferred to call it “dark matter.” 

Dark matter is not to be confused with dark energy – the two terms refer to 
completely different things.  The most obvious difference is that dark energy is 
repulsive, whereas dark matter is acted on by the attractive force of gravity.  The exact 
nature of dark matter is not known at the present time, but several possibilities have 
been suggested.  

At first, theories focused on non-luminous objects made of ordinary matter 
(protons, neutrons, and electrons) such as neutron stars, brown dwarfs (low mass, star-
like objects), black holes, and faint white dwarfs.  These objects were generally referred 
to as “massive compact halo objects,” or MACHOs.  These objects exist, but it is now 
clear that they constitute only a very small fraction of the dark matter.  Ironically, one of 
the leading contenders for dark matter is “weakly interacting massive particles,” or 
WIMPs.  They are hypothetical particles predicted by theory, but not yet observed.  The 
fact that the charge on these particles is zero would explain why they neither emit nor 
absorb electromagnetic radiation.  The true nature of dark matter is one of the most 
important questions in astronomy today. 

Prior to WMAP, we knew the categories of the contents of the universe, but we 
did not know precisely the percentages of each.  The WMAP data provided this, both as 
they exist at the present and as they existed at the time the cosmic background 
radiation was released.  Atoms constitute 4.56 ± 0.16 percent, dark mater 22.7 ± 1.4 
percent, and dark energy 72.8 ± 0.5 percent of the energy density of the universe.  As 
expected, only matter and dark energy contribute significantly to the energy content at 
the present time.  Also as expected, the dark matter contributes much more than the 
ordinary matter of protons, neutrons, and electrons.  Shortly after the Big Bang, dark 
energy made essentially no contribution, as can be seen in the figure on page 4.  Since 
decoupling occurred after the radiation-dominated era, the contribution of dark matter 
and atoms is greater than that of photons.  Neutrinos, although their contribution is 
insignificant today, were sufficiently dense then to account for 10% of the energy of the 
universe.  The second figure is an alternative representation of the present energy 
density, pointing out that most of the ordinary matter in the universe is in the form of free 
hydrogen and helium, with most of the rest in the form of stars. 
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Terms of use: The image in the above illustration is attributed to Wikipedia and can be 

found at <http://en.wikipedia.org/wiki/File:Cosmological_Composition_-
_Pie_Chart.png>. 
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The Geometry of the Universe 
 

One of the most profound insights of Einstein’s general theory of relativity was 
the conclusion that the effect of gravitation could be reduced to a statement about the 
geometry of space-time.  In particular, Einstein showed that mass caused space to 
curve, and objects travelling in that curved space have their paths deflected, exactly as 
if a force had acted on them.  This result eliminated the troublesome concept of gravity 
as an action-at-a-distance.  

In the general theory of relativity, space and space-time are not rigid arenas in 
which events take place.  They have form and structure that are influenced by the 
matter and energy content of the universe.  Matter and energy determine the curvature 
of space (and space-time).  The curvature of space tells matter how to move.  In 
particular, objects travel along the straightest possible paths in the curved space 
(space-time).  

 

Curvature of a 2-D Surface

The equations of Einstein’s general theory have solutions 

for 3-D space with zero, positive, or negative curvature. 

Which of these describes our universe is an empirical 

question. The latest results indicate that our universe has 

zero curvature. Curved 3-D space in nonvisualizable, so 

curved 2-D space is used for the purpose of illustration.

 
 
Terms of use: The image in the above illustration is attributed to David Krefcirik and can 

be found at <http://gemma.ujf.cas.cz/~david/ProfessionalInterests.html>. 
 

In curved space, the rules of Euclidean geometry don’t hold.  Parallel lines can 
meet, and the sum of the angles in a triangle can be greater or less than 180 degrees, 
depending on how space is curved.  In the general theory of relativity, there are three 
possibilities for the curvature of the universe: zero, positive, and negative.  As we saw in 
discussing the balloon model, we cannot visualize curved three-dimensional space, so 
we will again imagine a two-dimensional space.  Flat is like the surface of a flat piece of 
paper, positive curvature is like the surface of a sphere, and negative curvature is like a 
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saddle, or to use a more contemporary example, like a Pringle potato chip.  One 
property of the curvature is the effect of the space on extended, locally parallel lines.  In 
flat space, they remain parallel; in positively curved space, they converge; and in 
negatively curved space, they diverge. 

It is the energy density of the universe that determines whether the global 
curvature of space is flat, positive, or negative.  The density that would make the 
universe flat is called the critical density.  If the density is greater than the critical 
density, the curvature is positive, and the effect of gravity is sufficient to eventually halt 
the expansion and result in contraction.  Such a universe is called a closed universe.  If 
the density is less than the critical density, the curvature is negative, and gravity will not 
be strong enough to stop the expansion and the universe will expand forever.  Such a 
universe is called an open universe. 

The curvature of the universe is a constant property.  If it started out open or 
closed, it will remain open or closed forever.  Thus if we knew the geometry at any time 
in the history of the universe, we know the fate of the universe.  It turns out that the 
properties of the cosmic background radiation depend on geometry and thus provide a 
test for the geometry of our universe.  It has been clear for quite awhile that we do not 
live in a closed universe.  The only question remaining was whether our universe was 
flat or open.  Prior to the discovery of dark energy, the evidence very strongly favored 
an open universe.  Well before the WMAP data was available, theoretical 
considerations made it clear that measurements of the fluctuations in the temperature 
(and hence in the density of matter) at the time of the formation of the cosmic 
background radiation would determine whether we live in an open or a flat universe. 

In the following figures, the red line represents the theoretical distribution of 
fluctuations in a flat universe, while the blue line represents those in an open universe. 
 

Angular size expected in temperature 

fluxuations of background radiation
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WMAP analysis

This graph shows how 

commonly irregularities  

of different sizes occur 

in the cosmic background 

radiation. Irregularities of 

about one degree in 

diameter are most common. 

The data fit a flat model of 

the universe very well.

 
 

The density fluctuations were produced by sound waves traveling through the 
matter.  (Sound waves are simply oscillating densities in some medium, whether it is air 
on earth or the matter of the universe itself.)  The frequency of the sound waves and 
their harmonics is a function of, and therefore a measure of, the density of the matter.   
Thus by measuring the patterns of the temperature fluctuations, and the angular size of 
the fluctuations, we are in effect measuring the density of the universe at the time of the 
formation of the cosmic background radiation.  Calculations predict that in a flat 
universe the largest fluctuations would have an angular size of about one degree, while 
in a closed universe, it would be about 1.5 degrees and in an open universe, about 0.5 
degrees.  Compare the figure below with the earlier whole-sky image obtained by 
WMAP.  The image strongly favors a flat universe. 

This result is important for a number of reasons.  Back in the early 1980s, when 
the inflationary model of the universe was first proposed, it was generally thought that 
we lived in an open universe.  The estimated density of our universe was not even close 
to the critical density.  Yet in order for the inflationary model to be correct, the universe 
had to be at least very close to flat.  It now seems quite clear that the universe is flat. 
Remember that confirmation of a prediction in science is not proof of the theory, but it 
does constitute strong evidence in the theory’s favor.  
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Cosmological Models 
 

The model that best explains the known data on the nature of our universe is the 
Lambda-Cold Dark Matter (ΛCDM) model.  The lambda is the cosmological constant 
indicating the existence of a repulsive force (dark energy) in the universe.  There was 
initially some discussion on whether the dark matter in the early universe moved at 
speeds close to the speed of light (hot dark matter) or at non-relativistic speeds (cold 
dark matter).  The WMAP results are inconsistent with the hot-dark matter hypothesis.  

The ΛCDM model includes the following features: 
 

 It assumes the cosmological principle that our observational location in the 
universe is in no way unusual or special; on a large-enough scale, the universe 
looks the same in all directions (isotropy) and from every location (homogeneity).  

 It assumes that the correct interpretation of Hubble’s Law is that space is 
expanding.  

 It assumes a flat spatial geometry. 

 It assumes that the particles of dark matter had non-relativistic velocities (far 
below the speed of light) and consist of matter other than protons and neutrons; 
that they are uncharged, thus not interacting with electromagnetic radiation; and 
that they interact with each other and other particles only through gravity and the 
weak force.  

 
The model includes a single originating event, the Big Bang, or initial singularity, 

which was not an explosion but the abrupt appearance of expanding space-time.  
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 The Big Bang scenario, with cosmic inflation and standard-particle physics, is the 
only current cosmological model consistent with the observed accelerating expansion of 
space, the observed distribution of matter, the observed abundances of lighter elements 
and their isotopes in the universe, and the spatial texture of minute irregularities 
(anisotropies) in the cosmic background radiation.  Cosmic inflation is necessary to 
address certain problems that cannot be explained by the Big Bang model alone, such 
as why the cosmic background radiation is independent of direction in space.  That is to 
say, radiation coming from opposite directions in space is identical. Without inflation, 
these regions could never have been in causal contact with one another, and therefore 
could not have been in thermodynamic equilibrium – as the observations require.  
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