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® More about Galaxies and Dark Matter

e More about Special Relativity
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Evidence for Dark Matter

Evidence that there is more matter in the universe than is visible
rests on atheory of gravity, the force that keeps planets, stars, and
other celestial objects in their orbits. The strength of this force de-
pends on the mass of the orbiting objects and the distance between
them. The amount of mass in the objects and their distance from

each other determine the orbital speeds of the objects. Knowing or- .

bital speeds and the distance between objects, astronomers can cal-
culate the total mass in the orbital system.

THE PLANETS NEAREST THE
SLIN ORBIT FASTER THAN
THOSE FARTHER AWAY.
THIS 1S BECAUSE THE SUN
ACCOUNTS FOR ALMOST
ALL OF THE MASS IN
OUR SOLAR SYSTEM.

LIKE CARS
TRAVELING AT
PIFFERENT SPEEDS,



STARS IN GALAXIES
ORBIT AT ABOUT THE
SAME SPEEDS NO MATTER LIKE CARS WITH THEIR
HOW FAR THEY ARE FRoOM THE | CRUISE CONTROLS SET
MASSIVE GALACTIC CENTER. SO AT THE SAME SPEED
THERE MUST BE MUCH MORE
MATTER IN THE OUTER REACHES
OF THE GALAXY THAN IS VISIBLE.
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Most of the Mass is in the
Dark Matter Halo

Normal luminous
matter galaxy

N
Ve

Dark matter halo (denser in center)




The Milky Way Within Its Dark Matter Halo

Galactic halo \
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Gravitational Lensing Confirms Dark
Matter in Galaxy Clusters

LIGHT COMING FROM A DISTANT GALAXY
IS BENT BY THE GRAVITATIONAL FIELD

OF AN OBJECT BETWEEN IT ANDP EARTH.
THE DISTANT GALAXY’S LIGHT

APPEARS AS ONE OR MORE ARCS,
AS SEEN FROM EARTH. |
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Jupiter-sized objects are not good dark matter suspects

JUPITER-SIZED OBJECTS
ARE NOT GOOP SUSPECTS.
THERE PROBABLY COULDN’T BE
OBJECTS MAPE OF ORPINARY
MATTER OUT THAT FAR FROM
THE CENTER OF THE GALAXY. THEY'D
HAVE FALLEN IN TOWARD THE
CENTER THE WAY THE VISIBLE

STARS AND GASES HAVE.




Black Holes are not good suspects either

BUT PON’T WORRY.
THERE PON’T APPEAR
TO BE ENOUGH OF THEM
TO ACCOUNT FOR THE
PARK MATTER.

BLACK HoWE



Photon, Z, and Higgs Supersymmetric Partners
(Photino, Zino, Higgsino) are Prime Suspects

THE BEST SUSPECT

APRENR o B INVISIBLE

“MIRROR IMAGE? OF

AN ELEMENTARY PARTICLE,
MY DPEAR WATSON.
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Supersymmetry is the basis of most attempts, such as
superstring theory, to go beyond the current “Standard
Model” of particle physics. Heinz Pagels and Joel
Primack first pointed out in 1982 that the lightest
supersymmetric partner particle is a good candidate
for the dark matter particles — weakly interacting
massive particles (WIMPs).

Michael Dine and others pointed out that the axion, a
very low mass particle needed to save the strong

In

th

teractions from violating CP symmetry, could also be
e dark matter particle. Searches for both WIMPs

and axions are underway.




Experiments are Underway for Detection of WIMPs

WIMP + nucleus —

WIMP + nucleus

Measure the nuclear recotl
energy

Suppress backgrounds enough
to be sensitive to a signal, or...

December
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Search for an annual
modulation due to the Earth’s
motion around the Sun
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Supersymmetric WIMPs

When the British physicist Paul Dirac first combined Special Relativity
with quantum mechanics, he found that this predicted that for every
ordinary particle like the electron, there must be another particle with the
opposite electric charge — the anti-electron (positron). Similarly, &
corresponding to the proton there must be an anti-proton. Supersymmetry

appears to be required to combine General Relativity (our modern theory Paul Dirac

of space, time, and gravity) with the other forces of nature (the electromagnetic, weak, and
strong interactions). The consequence 1s another doubling of the number of particles, since
supersymmetry predicts that for every particle that we now know, including the antiparticles,
there must be another, thus far undiscovered particle with the same electric charge but with spin

differing by half a unit.
Spin Matter Forces
(fermions) (bosons)
2 graviton
1 photon, W%, Z°
gluons
1/2 quarksu,d,...
leptons e, v, . ..
0 Higgs bosons
axion
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Supersymmetric WIMPs

When the British physicist Paul Dirac first combined Special Relativity
with quantum mechanics, he found that this predicted that for every
ordinary particle like the electron, there must be another particle with the
opposite electric charge — the anti-electron (positron). Similarly, S
corresponding to the proton there must be an anti-proton. Supersymmetry

appears to be required to combine General Relativity (our modern theory Paul Dirac

of space, time, and gravity) with the other forces of nature (the electromagnetic, weak, and
strong interactions). The consequence 1s another doubling of the number of particles, since
supersymmetry predicts that for every particle that we now know, including the antiparticles,
there must be another, thus far undiscovered particle with the same electric charge but with spin

differing by half a unit.
after doubling
Spin Matter Forces Hypothetical Spin
(fermions) (bosons) Superpartners
2 graviton gravitino 3/2
1 photon, W%, Z° photino, winos, zino, 1/2
gluons gluinos
1/2 quarksu,d,... squarks u, d, . . . 0
leptons e, v, . .. sleptons €, v,, ...
0 Higgs bosons Higgsinos 1/2
axion ax1nos

Note: Supersymmetric cold dark matter candidate particles are underlined.
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Supersymmetric WIMPs, continued

Spin 1s a fundamental property of elementary particles. Matter
particles like electrons and quarks (protons and neutrons are each
made up of three quarks) have spin 4, while force particles like
photons, W, Z, and gluons have spin 1. The hypothetical
supersymmetric partners of electrons and quarks are called
selectrons and squarks, and they have spin 0. The supersymmetric
partners of the force particles are called the photino, Winos, Zino,
and gluinos, and they have spin %, so they might be matter
particles. The lightest of these particles might be the photino.
Whichever 1s lightest should be stable, so 1t 1s a natural candidate
to be the dark matter WIMP. Supersymmetry does not predict its
mass, but 1t must be more than about 100 times as massive as the
proton since 1t has not yet been produced at accelerators. But
since there are good reasons why its mass should not be more than
about 1000 times the proton mass, the Large Hadron Collider
should be able to make 1t 1n the next few years, if 1t exists!
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An Open or Shut Case

Astonomers want to know for sure whether dark matter exists so
they can calculate how much matter there is in the universe. The
total amount of matter will determine the ultimate fate of the
universe, which right now is expanding rapidly in all directions Jike
an enormous balloen.

IF THERE 15 NOT
ENOUGH MATTER, THE
UNIVERSE WiLL CONTINUE
TO EXPAND FOREVER UNTIL
ALL THE STARS BURN OUT.
THIS I1ICY ENPING WOULP
BE THE B/6G CHI/ILL.



IF THERE 15 TOO MUCH
MATTER, THE LINIVERSE’S
EXPANSION WILL EVENTUALLY
HALT DUE TO THE FORCE OF
GRAVITY, AND THE LINIVERSE
WILL BEGIN TO SHRINK
UNTIL IT COLLAPSES IN

WHAT 15 CALLED
THE BIG CRUNCH.

We now know that there is not nearly enough matter for a big crunch.



Einstein’s
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Special Relativity is based on two postulates:

|. The Principle of Relativity: If a system of
coordinates K is chosen so that, in relation to it,
physical laws hold good in their simplest form
[i.e.,, K is an inertial reference system], the same
laws hold good in relation to any other system
of coordinates K' moving in uniform translation
relatively to K.

2. Invariance of the speed of light: Light in
vacuum propagates with the speed c in terms of
any system of inertial coordinates, regardless of
the state of motion of the light source.
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Lightcone of Past and Future
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Lightcone of Past and Future

Earth, about 7 years from today
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The “twin paradox” of Special Relativity

If Albert stays home and his twin sister Berta travels at high speed to a nearby
star and then returns home, Albert will be much older than Berta when he meets

her at her return.

But how can this be true?
Can’t Berta say that, from
her point of view, it is
Albert who traveled at
high speed, so Albert
should actually be
younger?

To clarify why more time
elapses on Albert’s clock
than on Berta’s, we can
use the Einstein’s Rocket
“1-D Space Rally”.
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Einstein’s
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http://physics.ucsc.edu/~snof/er.html
http://physics.ucsc.edu/~snof/er.html

