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A few introductory comments

Å This talk is as much about how we do science, as it is about the topic of Dark 

Matter.

Å The observations that lead us to invoke Dark Matter and Dark Energy as hypotheses 

are very important to astronomers and physicists.

Å If the explanations for the observations continue to hold up it will revolutionize 

physics, just as happened at the turn of the last century.

Å I want to share some of the latest results on Dark Matter with you today.

Å These results were generated through the hard work of 100ôs of researchers across 

the globe.

Å Unlike my previous talks on this subject, I want to spend more time on the latest 

results of laboratory searches for dark matter candidate particles,  rather than try to 

convince you that Dark Matter exists.  

Å But first, we look back at the observations that lead us to the conclusion that 

Newtonian (or General Relativity) gravity isnôt giving us the right results.



Consider the gravitational forces required to form spiral galaxies

Å If all the mass is contained in the visible stars Newtonian gravity would predict that 

spiral galaxies would not be stable structures. 



Puzzle #1: Measurements of galactic rotation 

speeds donôt behave as we would expect.

Å From physical laws, we would expect the 

spiral arms of a galaxy to have rotational 

speeds like the planets do.

Å Planets further from the Sun travel more 

slowly.

Å In the late 1960ôs and early 1970ôs two 

astronomers, Vera Rubin and Kent Ford, 

calculated the rotational speed of the spiral 

arms of several galaxies.

Å The rotation curve wasnôt what was 

expected.

Å The rotational speed was constant, even far 

away from the center.

Å This is actually a good thing, else spiral 

galaxies wouldnôt exist.

Orbital speeds of the planets

Orbital speeds of stars 

in the Milky WayFigures from Bennett et al, Cosmic Perspectives



Puzzle #2: The motion of clusters of galaxies

Å Fritz Zwicky, a Swiss-born 

astronomer, proposed a 

solution in 1933, after looking 

at the motion of galaxies 

making up the Coma cluster 

(composed of thousands of 

galaxies!), he found they 

moved too quickly for the 

amount of mass they were 

made of.

Å He proposed that the required 

mass might be nonluminous.

Coma Cluster in Coma Berenices 



Puzzle#3 ïGravitational lensing

Å When astronomers looking at photos of distant galaxies from the Hubble or 
other big telescopes, they see odd streaks and rings of light around galaxies

CL2004+17 in Pisces

SDSSJO946+1006 in Leo



The dilemma ïhow to reconcile what we know about 

gravity and other physical laws with the observations

Å Scientists have to be hard-nosed about this ïif observations canôt be 

reconciled with theory, then the theory must be examined, and possibly 

discarded for one that satisfies the observations.

Å But, Universal Gravitation had predicted planetary motion, the motion 

of satellites, etc, for centuries!

ÅAnd General Relativity has been proven to explain subtleties in 

observations that Newtonôs theory could explain.

Å What could explain these puzzling observations?

Å Maybe scientists could find one explanation for all of them.



A solution to all three puzzles

Å Zwicky, believing in Newtonôs laws for gravity, proposed that the Coma 
cluster was surrounded with matter that wasnôt luminous, so we couldnôt 
detect it by visual means.

Å The cluster would still respond to this matter due to ordinary gravitational 
forces.

Å Because the matter is nonluminous, it was dubbed ñdark matterò.

Å Rubin and Ford could explain their observations if the space around and 
beyond the spiral arms was filled with dark matter.

ÅWhat was required was the equivalent of 5-10 times the normal matter 
they could account for.

Å Astronomers could most easily explain gravitational lensing if dark matter 
lay between us the galaxies we were observing.

Å So, there is moreof this dark matter that we canôt detect than there is 
ordinary matter.

Å Thatôs a rather stunning result!



So, what is dark matter?

Å We can try experiments to figure out what it is not.

Å Why not hydrogen?

Å The most abundant element in the Universe.

Å Transparent at wavelengths we can see.

Å But, itôs not transparent at other wavelengths, and we can check for it at those 

wavelengths.  And, we believe itôs not abundant enough to account for the hidden 

mass.

Å Why not dust?

ÅWe can measure the absorption of light by dust, and we have pretty good 

estimates of how much mass is in the dust.  Itôs not enough

Å Itôs important to realize that when doing science, we ask questions, then do 

measurements and experiments to find answers that:

Å Explain the observations we make now

Å Explain future observations



Astronomers and physicists have some candidate 

subatomic particles to explain the observations

Å Possibilities

Å There are as yet undetected subatomic particles which are predicted from theory (The 
Standard model)

Å Axions

Å Variants of the neutrino

Å Subatomic particles that are not predicted by theory (Beyond the Standard Model)

ÅWeakly-interacting massive particles (WIMPS)

ÅMassive compared to the mass of the proton, 938 million electron volts (MeV)

ÅWeakly-interacting sub-eV particles (WISPS)

ÅAlso called axion-like particles (ALPS)

Å All of these families of particles have the following properties:

ÅDo not interact with the electromagnetic force

ÅJust gravity and the weak nuclear force



A primer on subatomic particles (The Standard Model)

Å What most people are familiar with are the major particles that make up atoms:

Å Electrons

Å Protons

Å Neutrons

Å But, protons and neutrons are themselves made up more elementary particles called 

quarks.

Å If we hit a proton or neutron hard enough with another particle, we can ñscrambleò the 

quarks to make up different particles,

Å There are several dozen such subatomic particles.

Å Primary families:

Å Baryons ïexamples are protons & neutrons (fermions, made up of 3 quarks)

Å Mesons ïexamples are pions & kaons (bosons, made up of a quark & antiquark)

Å Leptons ïexamples are electrons & muons (fermions, but distinct from quarks)

Å The Standard Model has been very successful in explaining the many subatomic 

particles weôve detected.

Å However, it has limitations, hence attempts to look for a better theory, e.g. strings.





Subatomic particles are made and studied at large 

facilities around the world

Å It takes a lot of land and energy to 
accelerate particles to energies 
high enough to make subatomic 
particles.

Å Typically, scientists measure how 
much energy we an accelerate a 
particle to in units of electron 
volts (eV)

Å A cathode ray tube computer 
monitor accelerates electrons to 
20,000 ev, or 20 keV

Å Particle accelerators produce 
energies of billions of eV (called 
giga-electron volts (GeV), or 
thousand, billion electron volts 
(tera-electron volts (TeV)

CERN (Swiss-French)

FermiLab (US)

Jefferson Lab (US)



A Dark Matter candidate: the axion or axion-like particle 

(ALP) or WISP

Å Axions, or particles like them, have properties suitable to be dark matter:

ÅHas no electric charge, doesnôt interact very much with nuclear forces

Å Has mass

ÅInteracts with ordinary matter through gravitation.

Å Can change to photons (light) and back again to a WISP in the presence of 

strong magnetic fields.

Å Predicted to have been abundantly created during the Big Bang.

Å Since WISPs have mass, they collect under mutual gravitation.

Å The question is, is the conversion process easy enough that we can detect it?

ÅThis conversion process is called the coupling constant.

Å For convenience, WISP or ALP include s axions



How could scientists detect the axion?

Å Use a strong magnetic field to create photons from axions.  Look for the 

light with a sensitive camera.

Å Some studies try to create axions in the lab, then detect them.

ÅThe studies are all acronyms.

ÅBFRT, PVLAS, BMV, LIPSS, GAMMeV

Å Some studies look for galactic or solar axions. 

ÅCAST, ADMX

CAST ïCERN axion solar telescope

http://en.wikipedia.org/wiki/Image:CAST-Experiment.jpg


Strong lasers and magnets can be used to detect WISPs

O. K. Baker 3rd PATRAS Conf.



A schematic view of ñshining light through wallsò  

experiments

Å This is an axion search of the type called ñshining light through wallsò
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W. Wester 4th Patras Conf. 
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