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Dark Matter – What is it? 
 
Abstract 
 
This paper reviews theoretical arguments and evidence for the existence of dark matter in 
the universe.  We discuss the cosmological observational bases for the existence of dark 
matter and its typical density on large scales, and we look at possible constituents of dark 
matter currently under consideration.  Cold non-baryonic dark matter is thought to be the 
most abundant component.  We then look at some of the experimental search results for, 
and constraints on, dark matter candidates via direct or indirect techniques. 
 
Why is Dark Matter posited? 
 
Dark matter has been an issue in astrophysics and cosmology since the early 1930s when 
Fritz Zwicky noticed that the velocity dispersions of rich clusters of galaxies suggested 
cluster masses 10 times larger than expected from the visible light contribution of these 
galaxies and the mass-to-light ratios favored at the time.  Thus the “missing mass” 
problem was born – more mass was inferred from gravitational effects than could be seen 
directly in visible or other wavelengths. 
 
Additionally, evidence has grown over the intervening decades for flat rotation curves 
(velocity of rotation vs. distance from center) in galaxies, implying matter distribution 
significantly more extended than the light distribution.  One constructs a rotation curve 
by measuring the orbital velocity of stars and gas at various positions removed from the 
center of a galaxy.  For a disk galaxy, one would measure outward from the center of the 
disk along the plane of the disk.  The observed rotation speed depends on the square root 
of the mass interior to the point in question.  Originally, one would have expected that as 
the light fell off (no more visible matter of consequence beyond a given point) that the 
velocity measured would then begin to decrease.  In fact it was found (Bosma, 1978) that 
spiral galaxies typically have flat rotation curves and their mass to light ratios increase as 
one moves away from the center. 

 
Figure 1 – Typical galaxy rotation curves look like “B” 

 

 
 
Over the past decade there has been a revolution in cosmology, and we now have strong 
evidence from the cosmic microwave background (CMB) observations (that is, from the 
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power spectrum of spatial inhomogeneities) and from distant Type Ia supernovae 
(luminosity vs. redshift) that indicate that the mass-energy density of the universe is 
dominated first and foremost by dark energy (about 72%) and secondarily, by dark matter 
(about 24%).  Luminous matter, which is baryonic, is only about 4% of the total mass-
energy density (Scott and Smoot 2005). 
 
The high-resolution measurements of the CMB from COBE, Boomerang and particularly 
from the WMAP satellite, allow us to measure the power spectrum of temperature non-
uniformity by angular scale.   The CMB anisotropy power spectrum evidences multiple 
peaks at 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 uncoupling), 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 (13.7 x 109 
years), the topology (flat), the density (about 10-29 gm/cm3), and the spectral index for 
initial density fluctuations (n = .95).  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, at the present 
epoch, the dominant constituent in the universe, followed by dark 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 will not discuss further the dark energy component, which, like dark 
matter, is not fully explained.   The need for dark energy may have vindicated Einstein’s 
inclusion of a Cosmological Constant in the equations of General Relativity.  Here we 
focus on dark matter, which contains about ¼ of the universe’s total mass-energy. 
 
 

Table 1 – Contributors to mass-energy in the Universe 
 

Constituent  % of Mass-Energy in Universe 
 

Luminous Matter     4 
       Radiation       ~ 0 

Dark Matter    24 
Dark Energy    72 
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What are the possible Types of Dark Matter? 
 
Dark matter may be either baryonic (ordinary matter) or non-baryonic.  The non-baryonic 
matter may be “hot” meaning composed of light, relativistic particles, or “cold” 
consisting of massive, non-relativistic particles (axions may be an exception as light non-
relativistic particles).  These non-baryonic classes are known as “hot dark matter” or 
“cold dark matter”. 
 
Baryonic  
 
Baryonic dark matter may contribute 10% or 15% of the total dark matter (i.e. about 3% 
of total mass-energy), but evidence is reasonably strong that it cannot explain all of the 
dark matter.  As one example, hot gas in galaxy clusters emits X-rays and can explain at 
most 20% of the binding mass whether the gas arises from infall of primordial material or 
is ejected from the constituent galaxies (e.g. Cowie and Perrenod 1978, Tozzi 2007).  X-
ray cluster temperatures reflect the total visible and dark binding mass of the galaxy 
clusters.  The temperatures seen in a high redshift sample are consistent with the 
cosmological parameters above, including the mass and energy contributions in Table 1 
(Henry 2004). 
 
Neutral hydrogen can be detected in the radio at 21 cm but is not detected in sufficient 
quantities to explain even 20% of the mass inferred from galactic rotation curves.  
 
In the intergalactic medium, primordial gas would be dominantly hydrogen, and would be 
seen in HI absorption if cold, or in ultraviolet or X-ray emission if hot (Field 1980).  The 
so-called Gunn-Peterson effect would be the observation of an absorption trough to the 
blue of the Lyman alpha line at 121.6 nm in the ultraviolet.  This trough is not seen 
against high redshift quasars, indicating that the intergalactic medium is reionized early 
on (by ultraviolet emission from the first stars and galaxies, in fact it appears that 
reionization occurs around z ~ 20).  Residual neutral hydrogen is observed in the narrow 
absorption Lyman alpha “forest clouds” seen against quasars, but these clouds can 
amount to only about 10% of total baryonic matter (Madau 2000). 
 
The most favored candidates are MACHOs, massive compact halo objects, which could 
be faint white dwarfs or brown dwarfs or primordial black holes.  Faint red stars are 
detectable by stacking many galaxy images in broadband filters, but are ruled out as the 
primary contributor by observations (Zackrisson 2007).  Primordial black holes (PBHs) 
would have to have been formed before Big Bang nucleosynthesis, and would need to 
exceed 1012 kg in order to not radiate away via Hawking radiation during the age of the 
present universe.  Acceptable cosmological models appear to rule out a sufficient number 
of black holes.  On the other hand, PBHs might well have served as seeds for galaxy 
central black hole formation, via accreting dark matter during the interval between z ~ 
1100 and z ~ 30 (Mack et al. 2007). 
 
Brown dwarfs, with masses around 0.1 solar mass, remain a good possibility for the 
dominant baryonic component.  This baryonic component also cannot explain most of the 
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dark matter, however.  There are strong limits on this due to the deuterium abundance.  
The vast bulk of deuterium observed in the universe was formed during Big Bang 
nucleosynthesis in the first few minutes.   
 
In stellar nucleosynthesis, deuterium is consumed to form helium, whereas in Big Bang 
nucleosynthesis the universe expands and cools before conversion from deuterium to 
helium can complete.  The observed abundance of primordial deuterium restricts the total 
amount of baryonic matter to roughly 4% of the observed mass-energy in the universe.  
This value depends on the Hubble constant that is now known to be close to 70 
km/s/Megaparsec.   Thus baryonic matter is only about 1/6 of the observed mass. 
 
We are left with the requirement that about 5/6 of the matter in the universe is non-
baryonic. 
 
Hot dark matter  
 
The leading candidate for hot dark matter has been the neutrino, which is actually a 
family of uncharged, very low mass particles.  While neutrinos are known to be abundant 
in the early universe, the relativistic neutrinos formed in the big bang cannot be the 
dominant source of dark matter.  If they dominated the matter component of the universe, 
they would be too spread out to allow clumping of a sufficient degree to reproduce the 
observed population of galaxies and the observed clustering and filamentary structure. 
 
Thermal damping occurs with hot dark matter (e.g. neutrinos) to a scale of 4 x 1015 solar 
masses, much larger (about 10,000 times) than a typical galaxy mass, so no galaxy seeds 
can form.  The damping scale spatially extends to about 25 Megaparsecs.  At this scale 
gravitational collapse would only occur around the present era (13.7 x 109 years after the 
formation of the universe) or later, whereas we in fact see galaxies and quasars back to an 
era when the universe was quite young, z ~ 7. 
 
Cold dark matter  
 
Axions are one possible cold dark matter (CDM) candidate.  Although their masses are 
expected to be very small, they are produced non-thermally in the early universe, and 
thus are non-relativistic. Experiments at Lawrence Livermore with low-noise electronic 
amplifiers and in Kyoto with high excitation atomic states (Rydberg atoms) have 
excluded axions in certain mass ranges (of a few micro-eV) as major components of a 
dark matter-dominated galactic halo (Drees and Gerbier 2005), but axions with other 
masses remain a viable option. 
 
WIMPs, weakly interacting massive particles, are the prime candidates for cold dark 
matter.  Since their masses would be very high, the particles are relatively slow moving, 
non-relativistic, and hence, cold.  WIMPs interact through only gravity and the weak 
nuclear force and are thus difficult to detect.  WIMP masses are thought to be well above 
10 GeV. 
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With CDM as the dominant matter constituent, density fluctuations in the early universe 
can grow in a “bottom up” approach.  This allows for the formation of globular clusters 
(masses of 105 to 106 solar masses), then galaxies, then groups of galaxies and clusters, 
and to superclusters as well.  The 25 Megaparsec scale corresponds then to an upper limit 
of clumping and overdensity (gravitational deviation from the average large-scale Hubble 
flow), rather than a lower limit. 
 
The most likely candidates for WIMPs are supersymmetric particles (Kane 2000, Steffen 
2007). Supersymmetry (SUSY) is suggested by the unification of the strong and weak 
nuclear forces and electromagnetism at high energies, and also by string theory.  In 
SUSY, the Standard Model particles have partners that differ in spin by ½ (thus the 
partners of fermions are bosons, and the partners of bosons are fermions). Possible heavy 
particles (WIMPs) include the photino (photon partner), zino (Z boson partner) and 
higgsino (partner of the Higgs boson – which itself is not yet discovered! – but widely 
believed to exist).  It’s important to note that SUSY developed naturally out of particle 
physics considerations, not from a need to explain dark matter, but stable SUSY particles 
provide a likely explanation with about the right amount of matter.  
 
The lightest SUSY particle, whichever it is, is expected to be stable, and since it is neutral 
and interacts only weakly, it is a good candidate as the major component of CDM. In 
some models the neutralino, which is a superposition of the photino, zino and higgsino 
states, is the lightest supersymmetric particle, and thus would be the easiest to discover. 
(Fornengo 2006). 
 
Experimental Detection and Limits 
 
Thus it appears that non-baryonic CDM is the most likely dominant contributor to mass 
in the universe.  With particle masses well above 1 GeV, of the order ~ 100 GeV, there 
has been no known detection of a candidate CDM particle, apart from the observed 
gravitational effects (which include galactic rotation curves, clusters of galaxies, and 
gravitational lensing, apparently).  Today’s accelerators are probably not sufficiently 
energetic, but the Large Hadron Collider at CERN has begun operation with collision 
energies up to 14 TeV (about 15,000 times the rest proton mass) and may provide some 
direct detection of supersymmetric partner particles. 
 
Cosmic WIMPs may be detected either directly or indirectly (Kamionkowski and 
Kurylov 2004, Fornengo 2006).  Direct detection could occur from recoil due to elastic 
scattering.  Indirect detection would occur after annhiliation of WIMPs in the galactic 
halo or in the Earth or Sun and subsequent detection of decay products –  which might be 
neutrinos, muons, gamma-rays, or antimatter.  Theoretical and some observational 
constraints suggest masses in the range of 10 to 500 GeV for which cross sections would 
be about 10-9 to 10-8 nanobarns. 
 
Already there is an observed signal at 6 σ confidence in the DAMA/NaI collaboration 
(based at Gran Sasso National Laboratory in Italy) of nuclear recoil, measured through 
100 kg of NaI(Tl) scintillators over a 7 year period (Bernabei et al. 2000).  These tests 
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rest on an annual modulation due to the Earth’s orbit of a putative WIMP wind (Bernabei 
et al. 2003).  The signal is observed to be highest in June when the Earth’s orbital 
velocity around the Sun is most closely aligned with the Sun’s orbit in the Milky Way. If 
indeed due to dark matter scattering, the observed cross section is consistent with 
theoretical predictions for neutralino dark matter in “low-energy” SUSY models.  An 
improved DAMA/LIBRA detector now on line appears to have raised the detection to a 
strong 9 σ confidence level. 
 
Figure 2 – DAMA Radiopure NaI detector and successor DAMA/LIBRA (right) 
 

 
 
 
An excess of diffuse gamma rays above 1 GeV from the EGRET satellite is a possible an 
indirect detection of neutralino annhilation in our galaxy’s halo (Drees and Gerbier 2005, 
Cembranos et al. 2007).  This excess may be due to ‘normal’ cosmic sources of gamma 
rays, however (e.g. Gamma ray bursters). 
 
One innovative way to measure the large scale presence and distribution of dark matter is 
through statistical measurement of gravitational lensing.  In galaxy surveys with the 
Hubble telescope-based COSMOS project, half a million galaxy shapes were stacked and 
their collective distortions used to infer the intervening dark matter distribution.  What is 
mapped through this statistical tour de force – which also used XMM-Newton X-ray 
satellite observations of clusters of galaxies and ground-based optical redshifts of the 
survey field - is a filamentary network consistent with  both optical galaxy surveys and 
galaxy grouping and clustering simulations (Massey et al. 2007, Frenk, 1994). 
 
Summary 
 
Dark matter is like the hidden part of an iceberg found below the water line.  The hidden 
part is the dominant portion of the mass and supports the visible portion above.  Dark 
matter couples to ordinary matter through the gravitational force.  The ordinary visible 
matter, which we detect through light from galaxies and stars, is analogous to the portion 
of an iceberg above the water line. 
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From cosmological observations including the CMB and high-z supernovae, we find dark 
matter is about ¼ of the mass-energy density of the universe.   Dark matter is composed 
of either faint ordinary matter or, more likely, exotic matter that interacts through the 
weak and gravitational forces only.  Dark matter is clearly detected by its gravitational 
effects on galaxy rotation curves, and inferred from the kinematics and X-ray temperature 
measures of clusters of galaxies.  Dark matter is also detected through gravitational 
lensing effects in our galactic halo and in very large-scale cosmological structures. 
 
The abundance of deuterium from Big Bang nucleosynthesis severely constrains the 
number of baryons (amount of ordinary nucleonic matter) in the universe and leads to the 
conclusion that 90% of the dark matter is non-baryonic.  The MACHO contribution is 
limited.   The WIMP contribution is dominant.  Hot WIMPS (e.g. neutrinos) are ruled out 
because they inhibit clumpiness and galaxy formation in the early universe.  Cold non-
baryonic dark matter is the best candidate, with the primary candidate the lightest SUSY 
particle (LSP), since that will be stable.  Neutralinos are though to be the best candidate 
for the LSP with mass of order 50 to 250 GeV. 
 
There may be direct detection of an annual modulation of the WIMP wind in a large NaI 
scintillation array.  There is also a possible indirect detection as an excess of 1 GeV 
gamma rays in our galactic halo.  Significantly more sensitive detectors are needed to 
find these elusive particles and to provide a stronger foundation for supersymmetric 
physics.  The next decade should allow us to shed new light on Dark Matter! 
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Glossary 
 
Axions – Non-baryonic dark matter candidates are force carriers that have small masses.  
They change to and from photons in the presence of strong magnetic fields.  Also known 
as a pseudo-Goldstone boson. 
 
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 the 
constituents of atomic nuclei. 
 
Brown Dwarfs – Low mass, low temperature stars which radiate much less than ordinary 
stars and are thus quite difficult to detect.  Brown dwarfs do not have sufficient mass for 
nuclear fusion to occur in their core, but radiate due to gravitational collapse; masses are 
less than 1/10 of a solar mass. 
 
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 (above 1 GeV) particles. 
 
Cosmic microwave background (CMB) – Relic radiation from the Big Bang emitted at t 
= 380,000 years after the origin, now redshifted into the millimeter waveband, but 
originally at T ~ 3000 K. 
 
Cosmological constant – The scalar constant that was identified by Einstein from the 
equations of General Relativity and that apparently represents the energy of the vacuum 
state.  It provides an outward pressure (“negative gravity”) that drives the expansion of 
space-time. 
 
Critical Mass-Energy – The average mass-energy density for the universe at the boundary 
between a ‘closed’ or ‘open’ topology.  Current evidence strongly suggests the mass-
energy density is very close to this critical value. 
 
Dark Energy – Non-matter contribution to the overall mass-energy of space throughout 
the universe.  May be due to the quantum mechanical vacuum energy. 
 
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. 
 
eV – electron Volt, energy of an electron through a 1 Volt potential.  The electron rest 
mass corresponds to 511 KeV.  MeV is a million electron volts, GeV is a billion eV, and 
TeV is a trillion eV.  Masses of elementary particles are often given in MeV or GeV 
(more accurately, MeV/c2 or GeV/c2) 
 
Faint Matter – Matter that radiates little, but might be detectable with sensitive 
telescopes. 
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Fermions – elementary particles with spin which is a multiple of ½ (but not an integer 
value) 
 
Hot Dark Matter – Relativistic, high-temperature dark matter, which moves at a 
significant fraction of the speed of light.  Composed of lightweight particles such as 
neutrinos. 
 
Inflationary cosmology – An extension to the big bang theory, first posited by Alan Guth 
when he was at Stanford Linear Accelerator.  In the inflationary model, at a very early 
time (when gravity decouples from the nuclear and electromagnetic forces) a very large 
amount of energy was released and this drove a highly exponential growth in the scale of 
the universe causing it to be highly homogeneous at large scales and topologically flat. 
 
Non-baryonic matter – While this can include leptons such as electrons, neutrinos, or 
even black holes, the best candidates for significant contribution to the non-baryonic 
matter density are exotic particles such as supersymmetric partners (e.g. axion, photino, 
neutralino). 
 
Λ – The Cosmological constant, a possible source or description of Dark Energy.  In the 
standard ΛCDM cosmology, Λ takes a value of about 0.7 in dimensionless units (fraction 
of energy density required to create a flat k=0 metric). 
 
ΛCDM – The standard inflationary big bang cosmology for which the age of the universe 
is 13.7 billion years, the dark energy density is approximately 0.72 and the total matter 
density is 0.28 in units of the critical mass-energy density.  Of this 0.28, almost all is dark 
matter. 
 
Leptons – Fermions not composed of quarks, and which therefore do not feel the strong 
force. 
 
Luminous Matter – Matter that is detectable through optical, infrared or emission of 
photons at other wavelengths.  Is believed to amount to about 3% to 4% of the total mass-
energy of the universe. 
 
MACHOs – Massive compact halo objects.  The name is chosen to deliberately contrast 
with the alternative WIMPs.  These are generally thought of as not a single elementary 
particle, but massive bodies such as isolated planets, faint white dwarf or brown dwarf 
stars, etc.  Gravitational microlensing detection towards the Large Magellanic Cloud 
suggests masses of about 0.1 solar mass. 
 
Neutralinos – Best candidate for the lightest supersymmetric particle.  Should be stable 
and thus a good candidate for WIMP cold dark matter. 
 
Neutrinos – Low-mass, weakly interacting elementary particles. 
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Photino – Hypothesized supersymmetric partner of the photon.  Expected to be neutral, 
weakly interacting, and have a mass exceeding 100 GeV. 
 
WIMPs – Weakly interacting massive particles, a hypothesized candidate for CDM.  
WIMPs have masses larger than a proton (> 1 GeV/c2), and would not interact through 
the strong force, thus would have small collision cross sections with baryonic matter.   
 
Z – Redshift measure of the epoch and scale factor of the universe.  Large z is earlier in 
the history of the universe.  Z ~ 1100 is the era of the CMB (universe became transparent 
to radiation), Z ~ 20 is the reionization era due to the earliest star formation, Z ~ 6 the 
earliest observable quasars, Z = 0 the present epoch. 
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