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Dark Energy – What is it? 
 
Abstract 
 
This paper reviews theoretical arguments for dark energy, and evidence for 
its widespread existence within the universe.  We discuss the observational 
evidence for dark energy as the dominant contributor to mass-energy density 
on large scales.  We also look at possible explanations of the nature of dark 
energy currently under consideration.   
 
Why is Dark Energy posited? 
 
Dark energy, at least in the form of the cosmological constant in Einstein’s 
field equations, has been around since the early days of the formulation of 
general relativity. 
 

 

 
 

Figure 1 – Microwave Background Map 
Temperature fluctuations of less than 1/1000 of a Degree are found in the 
Cosmic Microwave Background measured by the Wilkinson Microwave 

Anisotropy Probe satellite (Credit: NASA/WMAP Science Team) 
 

 
Over the past decade and a half there has been a revolution in cosmology, 
and we now have strong evidence from the cosmic microwave background 
(CMB, see glossary) observations (that is, from the power spectrum of spatial 
inhomogeneities) and from distant Type Ia supernovae (luminosity vs. 
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redshift) that indicate that the mass-energy density of the universe is 
dominated first and foremost by dark energy (about 73%) and secondarily, by 
dark matter (about 23%).  Luminous matter, which is ordinary baryonic 
matter, is only about 4% of the total mass-energy density (Scott and Smoot 
2005, Komatsu et al. 2010.) 
 
The high-resolution measurements of the CMB from COBE, Boomerang and 
particularly from the WMAP satellite, allow us to measure the amount of 
non-uniformity of the temperature versus angular scale.   This is known as 
the CMB anisotropy power spectrum, and it evidences multiple peaks at 
spatial angular scales of about 1° down to a few arc minutes.  Three peaks 
are prominent, and from the amplitude and position of these “acoustical” 
harmonics in the relic radiation (due to fluctuations in the plasma at the time 
of CMB emission) one can now strongly constrain cosmological parameters.  
By combining the CMB measurements with other information from Type Ia 
supernovae luminosity vs. redshift and from observed galaxy spatial 
correlations, cosmologists have confirmed the essential details of the 
inflationary Big Bang model.   
 
The parameters constrained include, among others, the age of the universe 
(13.8 billion years), the topology (flat), the density (about 10-29 gm/cm3), and 
the spectral index for initial density fluctuations (n = .97).  The overall mass-
energy density appears to be virtually identical to the critical density and 
this gives rise to a flat topology.  Most surprisingly, from these CMB 
observations we learn that dark energy is, and has been for several billion 
years, the dominant constituent in the universe, followed next by dark 
matter, and finally by ordinary matter.  Since dark energy acts as a repulsive 
pressure-like force, it is driving acceleration of the expansion of the universe. 
 
In this paper, we do not discuss what gives rise to the dark matter 
component, which, like dark energy, is not fully explained.  Here we focus on 
dark energy, and refer to dark matter only in the context of our discussion of 
dark energy. 
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Table 1 – Contributors to Mass-Energy in the Universe 
 (from WMAP 7-year Results) 

 
 

Constituent  % of total Mass-Energy 
 

Luminous Matter     4 
  Radiation      0 

Dark Matter    23 
Dark Energy   73 

 
 
The model which is now most successful and consistent in explaining the 
CMB observations, the type Ia supernovae observations, observations of how 
galaxies cluster together, the abundance of helium and deuterium in the 
universe, and other cosmological tests, is known as the ΛCDM cosmological 
model or Lambda – Cold Dark Matter model. Λ  (Greek letter lambda) is 
defined as the cosmological constant, which Einstein predicted, then rejected.  
Einstein included it in a static cosmological model which he built prior to the 
time when it was determined that the universe is expanding.  After the 
Hubble expansion was found he dropped the term, calling it “his greatest 
blunder.”  In fact it now appears he was correct to include the cosmological 
constant, but for the wrong reasons.   
 
The cosmological constant is interpreted as the energy of the vacuum.  We 
know that empty space is not entirely empty.  Quantum mechanics has 
revealed that there is a sea of virtual particles which pop into and out of 
existence continuously.  They provide a residual energy even for empty space.  
This causes a “negative pressure” which is exactly what is needed to explain 
the dark energy term driving an expansion.  The current expansion is not 
nearly as great as the inflationary stage expansion, but it is nevertheless 
substantial enough to dominate the dynamics. 
 
Particle physics does not yet have a good explanation as to what the value of 
dark energy should be.  It is observed to be much smaller than would be 
predicted from general quantum physics arguments. 
 
Since the topology of the universe is observed to be flat, meaning the mass-
energy is precisely equal to the critical density, we can write an equation 
which “normalizes” the mass-energy content to the critical density 
 
1 = Ωb  + Ωdm + ΩΛ     
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Cosmologists thus consider what fraction of the mass-energy of the universe 
is in ordinary (baryonic) matter Ωb, what fraction is in dark matter Ωdm, and 
what fraction is in dark energy ΩΛ.  Since there is no other significant 
contributor to mass-energy, and with the observed flat topology, the three 
terms must add up to 1, in units of the critical density.  The critical density is 
proportional to the square of the Hubble constant, which is a measure of the 
rate of expansion of the universe.  The age of the universe is approximately 
equal to the inverse of the Hubble constant. 
 
What is the nature of the Dark Energy? 
 
In the 1980s and entering into the 1990s the predominant view among 
cosmologists was that the universe was matter dominated.  But at the same 
time evidence was increasing that the density of ordinary and dark matter 
combined is less than the critical density, and thus insufficient to ever stop 
the Hubble expansion.  However, the inflationary model was increasingly 
convincing to cosmologists, since it solved critical issues in the non-
inflationary Big Bang model.  The inflationary model predicted a flat topology 
with mass-energy density exactly equal to the critical density, and that’s 
what’s now been observed.  Remember E = mc2; what counts is the 
combination of mass and energy density.  Furthermore, according to general 
relativity, it’s not only the mass and energy that matter, but also the 
pressure and stress / strain (viscosity) contributions. 
 
Thus one required more mass-energy to exist in some form in the universe.  
Observational support for such a flat topology (with density equal to the  
critical density) was growing from measurements of the spatial distribution 
of galaxies (clustering behavior) and from the CMB.  Then at the very end of 
the last millennium improved results on distant supernovae luminosity and 
especially the details of tiny spatial variations in the CMB temperature 
revealed in a spectacular fashion that the expansion of the universe is now 
accelerating – speeding up!  These results established the clear need for a 
substantial dark energy component. 
 
Dark energy is consistent with general relativity, and it has the unusual 
property of negative pressure.  It thus behaves in an opposite fashion to 
either ordinary matter or dark matter, which are self-attracting via gravity.  
Dark energy is repulsive, an “anti-gravity” of sorts.  Gravity generated by 
matter, either ordinary matter or dark matter, acts as a brake on the 
expansion of the universe.  The dark energy acts in the opposite fashion, as 
an accelerator.  
 
The dark energy and dark matter balance have changed over time.  The 
growth of structure in the universe – stars, galaxies, planets and ultimately, 
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living organisms, requires gravitational clumping of matter at various scales, 
and this happens in the matter-dominated phase.  If the universe had been 
dominated by dark energy throughout its lifetime, the amount of structure 
we see now could not have developed. For the first 9 billion years or so, the 
matter dominated, the expansion slowed down and structures formed.   
 
But as the matter became more dilute due to the expansion of the universe, 
the dark energy has become the dominant factor.  For the last 5 billion years 
or so, dark energy has dominated over dark matter and the accelerator is now 
stronger than the brake.  We measure the dark energy contribution but we 
don’t really yet know what the dark energy is.  It could be the energy of the 
vacuum state or due to a new scalar field.   
 
A pure vacuum does not have zero energy; there is an irreducible energy due 
to a “sea” of virtual particles, which pop in and out of existence on very short 
time scales.  The virtual particles are not imaginary mathematical 
constructs; they have real effects.  For example, Stephen Hawking showed 
that black holes radiate when virtual particle pairs manifest at the black hole 
boundary.  One member of a newly created virtual particle pair may escape 
across the boundary while the other falls back into the black hole.  Other 
evidence for the reality of virtual particles is demonstrated when two 
uncharged metallic plates are placed very near one another in a vacuum. 
They feel an attraction due to the quantum nature of the virtual particles; 
this is measured and is known as the Casimir effect. 
 
The type of dark energy can be defined by an equation of state that relates 
the pressure to the density (pressure is w times density times square of the 
speed of light) 
 
P = w ρ c2 
 
Ordinary matter has positive values of w.  But in order to have an 
accelerating universe, general relativity requires that the equation of state of 
the dark energy should have a coefficient which is negative and satisfies 
 
 w < -1/3  
 
For a cosmological constant, which is homogeneous and unchanging with 
time, w = -1.  More generally, for the so-called quintessence form of dark 
energy, -1 < w < 0.  The smaller (more negative) the value of w, the more 
repulsive the dark energy is.  Quintessence evolves with time and generally 
varies in space.  Models have been suggested wherein quintessence is very 
large during the initial inflationary period and then drops to a small value to 
explain the current strength of dark energy.  This is an attempt to explain 
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both the very early inflationary phase and the much longer, steadier and 
recent accelerating phase as due to the same underlying field. 
 
Experimental Detection and Limits on w 
 
The latest measurements from WMAP combined with clustering 
measurements from the Sloan Digital Sky Survey of galaxies indicate that 
the equation of state parameter is w = -1.1 with one standard deviation 
uncertainty of 0.14 (68% confidence to lie in the range -0.96 > w >  -1.24) and 
thus consistent with a cosmological constant model of w = - 1. 
 
The latest type Ia supernovae data combined with the above data further 
constrain w to be w = -0.98 with a one standard deviation uncertainty of 0.05, 
thus having a 68% certainty of being in the range -0.93 > w > -1.03. 
 
Other methods of determining or constraining the equation of state include 
gravitational lensing studies and measurements of the number of clusters of 
galaxies versus the redshift distance.  Gravitational lensing occurs when a 
foreground galaxy or cluster bends the light from a background galaxy due to 
gravity, as predicted by general relativity.  The number of rich clusters of 
galaxies as a function of redshift (distance) is dependent on details of the 
cosmological model including w. 
 
While these measures do not rule out models based on quintessence, they do 
significantly constrain the amount of variation in dark energy with time and 
suggest that the simpler cosmological constant interpretation of dark energy 
remains the most straightforward interpretation of the various cosmological 
tests. 
 
Summary 
 
From cosmological observations including the CMB and high-z supernovae, 
we find dark energy is now the dominant constituent with about 3/4 of the 
mass-energy density of the universe. Dark energy manifests a negative 
pressure, thus it drives acceleration in the expansion of the universe.  This is 
the case whether it is due to a cosmological constant (vacuum energy) or due 
to quintessence.  Various observations are starting to constrain the equation 
of state parameter, w, to allow us to determine whether the cosmological 
constant model or quintessence model is a better fit. 
 
One example of new activity underway to further determine the value of the 
equation of state parameter w and whether it varies with time is the Dark 
Energy Survey.  The DES will be operational in the southern hemisphere 
starting in 2011 and will use 4 different techniques to further constrain w.  
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These include measurements of supernovae, of galaxy clusters, of 
gravitational lenses, and the measurement of the galaxy distribution at very 
large scales.  Very large-scale acoustic fluctuations in the universe occurred 
when neutral hydrogen was first formed, at which time the CMB was 
emitted.  These fluctuations left an imprint within the galaxy distribution at 
a particular large scale. 
 
The next decade should allow us to shed new light on dark energy! 
 

 
 
Figure 2 – Dark Energy Survey Camera prototype.  The camera is 
designed to contain 570 Megapixels. (Credit: Fermilab) 
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Glossary 
 
Baryons – Elementary particles which are fermions and which are composed 
of 3 quarks.  The proton and neutron (nucleons) are the best known of the 
baryons, and are the constituents of atomic nuclei.  This is “ordinary” matter. 
 
Cold Dark Matter (CDM) – Dark matter which has a relatively low 
temperature, i.e. moves at much less than the speed of light.  Composed of 
heavy particles, well above the proton mass. 
 
Cosmic microwave background (CMB) – Isotropic blackbody relic radiation 
from the Big Bang emitted at t = 380,000 years after the origin; it is now 
redshifted by 1100 times into the millimeter waveband and has characteristic 
temperature T = 2.73 K (Kelvins, degrees above absolute zero.)  The radiation 
was originally emitted at T ~ 3000 K. 
 
Cosmological constant – The scalar constant that was identified by Einstein 
from the equations of general relativity and that represents the energy of the 
vacuum state.  It has a negative pressure, unlike normal matter, (“negative 
gravity”) and this drives the expansion of space. 
 
Critical Mass-Energy – The average mass-energy density for the universe at 
the boundary between a ‘closed’ or ‘open’ topology.  Current evidence strongly 
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suggests the mass-energy density is very close to this critical value which 
corresponds to a ‘flat’ topology. 
 
Dark Energy – Non-matter contribution to the overall mass-energy of space 
throughout the universe.  May be due to the quantum mechanical vacuum 
energy or due to a time varying field “quintessence.” 
 
Dark Matter – Matter which is detected by measuring its gravitational 
effects and through large-scale cosmological measurements, but which does 
not radiate detectably in either radio, infrared, visible, UV, X-ray or gamma 
ray wavelengths. 
 
Equation of State – The relationship between pressure and matter density or 
energy density for a fluid or gas defines an equation of state.  For example P 
= -ρ c2, a negative pressure with a positive energy density, applies for the 
cosmological constant. 
 
Hubble flow – The Hubble flow is the measure of the rate at which galaxies 
recede from one another.  The Hubble constant – which measures the speed 
of recession as a function of distance between galaxies - is constant in space, 
not in time.  It is the same everywhere at a given time in the case of a 
homogeneous and isotropic expanding universe. 
 
Inflationary cosmology – An extension to the big bang theory, first posited by 
Alan Guth when he was at the Stanford Linear Accelerator.  In the 
inflationary model, at a very early time an extremely large amount of energy 
was released, causing a highly exponential growth in the scale of the 
universe. This results in an observable universe which is highly homogeneous 
at large scales and topologically flat. 
 
Λ – A symbol (Greek letter lambda) representing the cosmological constant, a 
possible source and description of dark energy.   
 
ΛCDM – The standard inflationary big bang cosmology with a cosmological 
constant.  The dark energy density due to the cosmological constant is 
approximately 0.73 and the total matter density is 0.27 in units of the critical 
mass-energy density.  Of this 0.27, almost all is dark matter. 
 
Quintessence – An alternative to the cosmological constant proposed as a 
form of dark energy that varies with time and in space.   
 
QCDM – A model for big bang cosmology that postulates a time varying field 
known as quintessence for dark energy.  Like the ΛCDM model, it has cold 
dark matter as the dominant matter component. 
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Redshift – The shift of light emitted from distant galaxies towards the red 
(lower frequency) end of the spectrum due to the galaxies’ movement away 
from us as the universe expands (see Hubble flow.)  
 
Supernova – An exploding star at the end of its life.  For a brief period it can 
be as bright as a galaxy due to rapid thermonuclear fusion.  Type Ia 
supernovae are good distance indicators since they have the same absolute 
luminosity. They are caused when white dwarf stars of a certain mass accrete 
matter from a stellar companion in a binary star system.   The accreted mass 
triggers the supernova explosion.  
 
WMAP – The Wilkinson Microwave Anisotropy Probe is a currently 
operational satellite studying the cosmic microwave background.  It has 
provided the most sensitive CMB measurements to date. 
 
Z – Redshift measure of the epoch and scale factor of the universe.  z = 0 is 
now.  Larger z is earlier in the history of the universe.  z ~ 1100 is the era of 
the CMB (universe became transparent to radiation), z ~ 11 is the 
reionization era due to the earliest star formation, z ~ 6 corresponds to the 
earliest observable quasars (energetic galaxies), and z  = 0.4 the epoch when 
dark matter and dark energy were equal in strength (acceleration began to 
dominate.) 
 
 
Problems 
 

1. How was dark energy discovered? 
 

2. Dark energy (a) makes gravity stronger, (b) has no affect on the 
expansion of the universe, (c) acts as a repulsive anti-gravity. 

 
3. Currently the energy density of dark energy is about (a) ½ (b) 2 (c) 3 

(d) 5 times the mass-energy density of dark matter. 
 

4. Do we know what dark energy is? 
 

5. The cosmological constant is constant in (a) time only, (b) space and 
time, (c) space only. 

 
6. The cosmological constant was first discovered by who? 
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Answers 
 

1. From measurements of the cosmic microwave background and the 
luminosity vs. distance of supernovae. 
 

2. (c) repulsive force 
 

3. (c) 3 times 
 

4. No, but it may be the energy of the vacuum, the minimum energy of 
empty space. 

 
5. (b) both 

 
6. Albert Einstein 
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