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Evidence for dark matter





Rotation 
Curves

Solar System

Milky Way



Galaxies are held together by dark matter

If mass were 
distributed like light, 
density distribution 
would look like this

and rotation curve 
would look like this

Actual rotation curve

Indicates 
invisible 
matter at 
large radii





Most of the Mass is in the 
Dark Matter Halo

(denser in center)

Radius of 
Dark Matter 

Halo



Gravitational Lensing Confirms Dark 
Matter in Galaxy Clusters 



Jupiter-sized objects are not good dark matter suspects 



Black Holes are not good suspects either



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



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 pointed out in a 1982 paper 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 
particle needed to save the strong interactions from 
violating CP symmetry, could also be the dark matter 
particle.  Searches for both are underway.



Experiments are Underway for Detection of WIMPs



and also AXIONs

The diagram at right 
shows the layout of the 

axion search experiment 
now underway at the 
Lawrence Livermore 
National Laboratory.  

Axions would be detected 
as extra photons in the 

Microwave Cavity.



Spin is a fundamental property of elementary particles.  Matter 
particles like electrons and quarks (protons and neutrons are 
each made up of three quarks) have spin ½, while force 
particles like photons, W,Z, and gluons have spin 1.  The 
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 ½, so 
they might be matter particles.  The lightest of these particles 
might be the photino.  Whichever is lightest should be stable, 
so it is a natural candidate to be the dark matter WIMP.  
Supersymmetry does not predict its mass, but it must be more 
than 50 times as massive as the proton since it has not yet been 
produced at accelerators.  But if it exists it might be made soon 
at the Large Hadron Collider in Geneva, Switzerland.

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 of space, time, and gravity) with the other forces of nature (the electromagnetic, 
weak, and strong interactions).  The consequence is 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.  
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Supersymmetric WIMPs





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

Instead, Dark Energy is making the universe expand faster and faster.



Lightcone of Past and Future

each circle on the 
past light cone 
represents a 
sphere 
surrounding us

When we look 
out in space 
we look back 
in time…



Einstein’s Special Theory of Relativity

http://physics.ucsc.edu/~snof/er.html

http://physics.ucsc.edu/~snof/er.html
http://physics.ucsc.edu/~snof/er.html


http://physics.ucsc.edu/~snof/er.html
http://physics.ucsc.edu/~snof/er.html


Motion Away from Us: Redshift

 Redshift  Blueshift



How redshift shows that the 
universe is expanding 

 The laws of physics are the same 
throughout the universe

 Hot atoms emit characteristic 
patterns of colors

 The whole pattern is shifted toward 
red (longer wavelengths) if atoms 
are moving away from us

 Galaxy redshifts increase with the 
distance of distant galaxies, showing 
that the universe is expanding.





Modern Cosmology
A series of major discoveries has laid a lasting foundation 
for cosmology.  Einstein’s general relativity (1916) 
provided the conceptual foundation for the modern picture.  
Then Hubble discovered that “spiral nebulae” are large 
galaxies like our own Milky Way (1922), and that distant 
galaxies are receding from the Milky Way with a speed 
proportional to their distance (1929), which means that we 
live in an expanding universe.  The discovery of the 
cosmic background radiation (1965) showed that the 
universe began in a very dense, hot, and homogeneous 
state: the Big Bang.  This was confirmed by the discovery 
that the cosmic background radiation has exactly the same 
spectrum as heat radiation (1989), and the measured 
abundances of the light elements agree with the 
predictions of Big Bang theory if the abundance of ordinary 
matter is about 5% of critical density (1997).  



Three Pillars of the Big Bang

• Expansion: Velocity proportional to Distance
• Cosmic Background Radiation: heat of the 

Big Bang itself
• Light Element Abundances agree with 

predictions
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Size Scales in 
the Universe



This figure shows that the 
diameter of Earth is a tenth 
the diameter of Jupiter, 
which is a tenth the 
diameter of the sun.

Therefore the volume of 
Earth, or the amount of space 
it occupies, is only a 
thousandth the volume of 
Jupiter, which is a thousandth 
the volume of the sun.

Size Scales



Sizes in the Universe

  

Thinking in Powers of 10



Speeds Pure Numbers

Thinking in Powers of 10

              



Einstein’s Principle of Equivalence: 
 GRAVITY = ACCELERATION







General
Relativity 

and 
Quantum 

Uncertainty 
⇓ 

a smallest 
size, the 
Planck 
length

The Wedge 
of Material 

Reality





The 
Cosmic 

Uroboros

Planck Length (10-33 cm)
Cosmic Horizon (1029 cm)



The 
Cosmic 

Uroboros

Nigeria

Mexico

India

Sheldon Glashow





Different 
Forces Are 
Important 

on 
Different 

Size Scales

Dark Matter?

Weak &
Strong

Electromagnetic

G
ra

v
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tio
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SIZE MATTERS!

superstrings?



The importance of each law of 
physics changes with scale 

Electrical forces are far more important than gravity on the
small scales at the bottom of the Cosmic Uroboros, but gravity 
is far more important on large scales.

Galileo’s example: an animal three times taller must have 
bones that are much thicker since it will be 3×3×3=27 times 
heavier.

SIZE MATTERS!



SIZE MATTERS!
No animal could be 3 times its normal height and stay the same 
shape, simply scaled up.  

If height increases 3 times,  
strength of bones increases 3x3 = 9 times.  
But weight increases 3x3x3 = 27 times.  
Its weight would crush its bones! 

That is why an elephant does not look like a large gazelle.  

From Galileo’s last book, 
Discourses On Two New 
Sciences (1638).

Bone of small animal

Bone of animal 
3 times longer



King Kong
To the mouse and any 
smaller animal [gravity] 
presents practically no 
dangers.  You can drop 
a mouse down a 
thousand-yard mine 
shaft; and, on arriving 
at the bottom, it gets a 
slight shock and walks 
away.  A rat is killed, a 
man is broken, a horse 
splashes.
                 - J.B.S. Haldane

When King Kong fell from the Empire State Building,     
pink mush should have covered the streets of Manhattan!



“Humans are affected by gravity--we get flat feet 
and bad backs from standing upright.  But bacteria 
living in a liquid medium don't experience gravity 
at all.  They are affected seriously by Brownian 
motion--the random thermal motions of molecules 
in liquid, a force which fortunately does not send us 
reeling from one side of the room to the other.” 

         -- R.C. Lewontin, Hidden Histories of Science

SIZE MATTERS!



In Fantastic Voyage (1966), the 
minature submarine crew 
spends time enjoying the 
scenery as they cruise inside 
someone’s arteries, but how do 
they see?  Their eyeballs are 
much smaller than the 
wavelength of visible light. 

King Kong showed that 
scaling up to larger size 
doesn’t work.  

Neither does scaling down. 



blood cell   10-4  cm
human being  102 cm
Ratio: a factor of  106

(thus everything is reduced to one millionth normal)

Shrunken person  10-4 cm
Their shrunken cells    10-10 cm
BUT an atom is  10-8 cm
Thus the shrunken cell is one hundreth the size of an atom. 

Can you shrink an atom?
The size of an atom is  h2/(4π2 me e2)
Thus the size is completely determined by constants of nature – 
Planck’s constant, and the mass and charge of the electron. It cannot 
be shrunken!  So what are the hemonauts’ cells made of ??

Fantastic Voyage – Approximate Relative Sizes

Answer: science fiction!



2. In the movie Fantastic Voyage, a small submarine and its crew are shrunken to only a 
millionth of their normal size in order to travel through the bloodstream of an injured person 
and remove a blood clot from his brain.  This is supposedly possible because, as one of the 
crew members says,  “Man is the center of the universe.  We stand in the middle of  infinity, 
between outer and inner space, and there is no limit to either.”  
The movie is inconsistent with the laws of physics and this statement is untrue because …

A. There actually is a smallest and largest possible size.
B. Each cell of their bodies would be only 1/100 the size of  an atom.
C. The submarine would be constantly tossed about by blood molecules bumping into it.
D. All of the above.
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Scale Chauvinism
is the error of assuming that one scale is fundamental.

Examples: 
 

1. Everything is random – many modern physicists.  Regards 
quantum level as primary.
  

2. You are just your DNA’s method of self-propagation – 
Richard Dawkins.  Regards molecular level as primary.
  

3. The earth is a self-regulating organism, Gaia – James 
Lovelock.  Regards global level as primary.

Willful scale chauvinism is the only way to understand a 
scale.  You must believe in it.  And there is no reason not to, 
since it is real.  But at the same time you can laugh, because 
things are happening on every scale from the Planck size to 
the cosmic horizon, and who is to say which is primary?  
The universe is on all scales.  Beware of becoming 
imprisoned in one instance of the universe, cut off from 
most of reality, disparaging all larger or smaller views.



Scale Confusion
is the error of applying the laws and viewpoint appropriate 
to one scale, to phenomena on another scale.

Examples:

1. Imagining that the Big Bang can be understood 
using just commonsense physics.  The high 
temperatures and densities require relativistic 
quantum physics.

2. Applying the concept of phase transition to one 
or just a few molecules.  It takes millions of 
water molecules to make the smallest snowflake!

3. Regarding the human size as insignificant 
compared to cosmic scale.  Anything, even 
gravity, is insignificant on some scales.







Midgard is what most people think of as reality 
itself, but it’s just a special piece.

MIDGARD IS EVERYWHERE IN THE 
UNIVERSE – it’s not a place but a setting of 
the intellectual zoom lens.  It delimits human 
intuition. 

“Does God exist?”
Real question:  what does “exist” imply 

outside Midgard?

Implications of Midgard



UNIVERSAL PATTERN:  MORE IS DIFFERENT!

Exponential growth of complexity happens in human 
interactions.
People can be kind, generous, honorable, patriotic, etc.
Groups cannot.

Groups of humans don’t act like humans.
(We are made of elementary particles, but we don’t act 
like them.)

But people are still thinking about global politics and 
economics with understandings, moral judgments, and 
a sense of time appropriate only to smaller size scales.  

Extinction is forever.

Implications of Midgard



Implications of Midgard
Changes in ethics are required when modern leaders control 
events on time and size scales no religious or political tradition 
ever contemplated.

Traditions can’t tell us what is right or wrong on a global scale 
any more than they can tell us what is scientifically correct.




