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In the course of the 20th century 
we went from knowing almost
nothing about the universe to
knowing all its basic features.

But knowing is different from
understanding.  That is the
challenge before us right now.



Corey's question: 

Why do you study
really big things and
really small things,
not things in between?



Start with the basics:
What do we see when 
we look at the universe?

Imagine looking at the sky
on a clear night.  We live
at the outskirts of a huge,
disk-like collection of stars:
the Milky Way galaxy.



Looking more deeply, we see the universe is filled with galaxies.

1924:  Edwin Hubble shows that each galaxy is
a collection of stars, just like the Milky Way.



What is more:  the universe is expanding.

1929:  Hubble again, this time
showing that the further away
a galaxy is, the more rapidly it
is moving away from us. 

Modern version of Hubble's diagram.
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Expansion dilutes the number of particles and redshifts radiation.

Thus, the early universe was dense and hot.
It began expanding 14 billion years ago:  the Big Bang.
Radio telescopes can detect the leftover radiation from 
this hot, dense phase: the Cosmic Microwave Background.



In a nutshell, that's the
universe we see: an 
expanding collection of
galaxies, emerging from 
a hot dense phase about
14 billion years ago.

Let's think more carefully
about the stuff that stars
and galaxies are made of.

[Sky & Telescope magazine]



Everything we see ultimately arises from different 
combinations of the same fundamental particles.

Particles come in two basic types:

Matter particles 
-- “Fermions” -- 
take up space

Force particles 
-- “Bosons” -- 
can pile on top
of each other

Enrico Fermi

Satyendra Nath Bose



Ordinary matter is made of fermions, 
held together by bosons.

Atoms: Nucleons (protons 
and neutrons):

protonsneutrons

photonselectrons

quarks

gluons



The fermions we know:

Three generations!       “Who ordered that?”
-- I.I. Rabi
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The forces we know, and their associated bosons:

Electromagnetism:  the photon

Weak interactions:  W & Z bosons

Strong interactions:  8 gluons

Gravity:  the graviton
         (not yet quantized!)

Higgs force:  the Higgs boson
        (not yet detected!)



t
Together, these bosons and fermions comprise
the Standard Model of Particle Physics.

The Standard Model was pieced together largely
from experiments at particle accelerators, colliding
high-energy particles to produce new ones.  

Here's the amazing thing:

the Standard Model (plus

gravity) is consistent with

every experiment ever

performed here on Earth.

(At least, so far.)



Even more:  using the Standard Model, we can 
extrapolate back to the first few minutes of the
Universe, and make precise predictions that have
been spectacularly verified:  Big Bang Nucleosynthesis.

t = 1 second
after Big Bang

t =
3 minutes

free protons
and neutrons

protons (Hydrogen nuclei)
and heavier nuclei

Prediction:  mostly H,
24% Helium, trace 
Li and D.  Spot on!



There may be stuff in the universe we can't see --
both invisible and transparent.  How could we detect 
such stuff?  Gravity.  Explained by Einstein as arising
from the curvature of spacetime.

The special feature of gravity is that everything causes 
gravity, in direct proportion to how much energy it 
contains. You can't hide from gravity!

How do we know that what we see is all there is?



This suggests a 
way to search for 
invisible matter:

gravitational 
lensing.

The gravitational field of a galaxy (or cluster of galaxies)
deflects passing light; the more mass, the greater deflection.

So we can infer the existence of matter even if we can't see it.



Hubble Space Telescope image of a cluster of galaxies.
An irregular blue galaxy in the background is multiply-imaged.



Mass reconstruction of the cluster.  Note the large, smooth 
distribution of (apparently invisible) matter.



We conclude that there must be
something else:  Dark Matter.

There is much more matter in 
the universe than can be 
accounted for by ordinary stuff 
(stars, gas, dust, planets).

Dark Ordinary

Even stranger, the dark matter isn't
made of ordinary atoms – it's a 
completely new kind of particle.

Something that's heavy, but 
nevertheless stable (doesn't decay).

Vera 
Rubin



Are we sure that ordinary matter and dark matter
are the whole story?  What about stuff in between
galaxies and clusters?

We want to “weigh” the
whole universe.  To do 
that:  measure the rate
at which expansion
slows down, due to the
mutual gravitational
pull of all the matter.



T
o

To track the expansion rate, use Supernovae
(exploding white dwarf stars) as standard candles.

SN 1994d



Strategy:
stare at one
patch of 
the sky for a
long time, 
waiting for
a star to 
blow up.



Result:  the universe is actually accelerating, 
not slowing down at all!

Who
ordered

that?



What would make the universe accelerate?

Best answer:  Dark Energy.  A form of energy that
exists even in empty space (“vacuum energy”).

  Smoothly distributed through
     space:  doesn't fall into
     galaxies and clusters.

  Constant density (or changing
     very slowly) through time.
     Not diluted by expansion.

  Invisible to ordinary matter.
     Only detected via gravity.

(artist's impression
of vacuum energy)



70% Dark 
Energy
25% Dark 
Matter
5% Ordinary 
Matter

We therefore seem to have a complete inventory of
the stuff of which the universe is made:

But:  this universe has issues.



The vacuum (empty space)
is not a quiet place; it roils 
with the quantum fluctuations 
of every field in the universe.

These fluctuations should
carry energy; we know for
a fact that they affect other
forces (besides gravity).

A quick back-of-the-envelope calculation reveals:

A universe with such a vacuum energy would have been ripped to
shreds long ago.

theoretical prediction  =  10   120 times observation.

Problem with dark energy:  There's not enough!



So we know a great deal:

  General relativity (gravity)
  Standard Model of particle physics 
  Inventory:  ordinary matter, dark matter, dark energy.

But deep puzzles remain:

  Reconcile gravity with quantum mechanics?
  What is the dark matter?
  What is the dark energy?  And why so little?

Look for big ideas to tie things together.



Here's one big idea:

Bring particles and spacetime together through 
the magic of extra dimensions.

Extra dimensions come in two flavors:

  “Ordinary” spatial dimensions --
     just curled up really small

  Super dimensions!
     zero length, hidden from view



The idea that all elementary particles (electrons, 
quarks, etc.) are really tiny loops of string.

A proton is made
of quarks and gluons...

... and each 
particle is
really a string.

10-14 cm
10-33 cm

("Planck length")

Both ordinary and super extra dimensions are 
predicted by String Theory.

The miracle of string theory is that it reconciles
gravity and quantum mechanics.  And it needs extra 
dimensions:  seven ordinary, 32 super-dimensions.



“Ordinary” extra dimensions of space

Old-school compactification:
  curl up dimensions until
  they're too small to see
  (Kaluza & Klein)

New-fangled approach:
  imagine we are 
  confined to a "brane.”
  Gravity can leak into
  extra dimensions, but
  we are stuck in our three.



How to look for extra dimensions – if we get lucky.

If gravity leaks into extra dimensions,
Newton's inverse-square law should break 
down at small distances – gravity will be 
stronger than you think.

If extra dimensions are large, gravity
becomes strong at energies accessible
at colliders, and we can produce 
gravitons at particle accelerators.
They will be detected as 
"missing energy."



Can extra dimensions help with dark matter?  Maybe.

Particles can have momentum in the extra 
dimensions.  They would appear to us as ordinary
particles, except with extra mass. 

Momentum is conserved, so the lightest such 
particle will be stable: Kaluza-Klein Dark Matter.



Can extra dimensions help 
with dark energy?  Maybe.

Crucial fact:  there's not
just one good way to
compactify, there are
many.  Perhaps 10500 !

The “constants of nature”
we observe depend on the
shape and size of the
compact manifold.
Everything changes from
one compactification to
the next, including the
value of the vacuum energy.



Maybe each compactification actually exists somewhere.  
Regions outside our observable universe, where the laws
of physics and constants of nature appear to be different.

In that case, vacuum
energy would be like 
the weather; not a 
fundamental parameter, 
but something that 
depends on where you 
are in the universe.

Therefore (so the reasoning goes), it's hardly surprising
that we find such a tiny value of the vacuum energy – 
regions where it is large are inhospitable (like the Sun). 



Super dimensions!

Idea:  extra dimensions of zero size, with the
funny property that bosons can vibrate in the new
directions and become fermions, and vice-versa.

There can be a symmetry between ordinary and
super-dimensions (just as there already is among
ordinary dimensions): Supersymmetry!



Unlike ordinary spatial symmetry, supersymmetry
is not manifest in the world we see; the observed
bosons and fermions don't match up.

Supersymmetry can still be real, but it must be hidden.

?



Hiding supersymmetry makes “partner” particles
heavier.  We imagine that every observed particle
has a superpartner, just too massive to be seen.

1000
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Don't just sit there – look for them!

The search is on to discover superpartners at
high-energy particle accelerators.  High-energy
collisions can produce high-mass particles (E=mc2).

Tevatron at Fermilab, outside
Chicago – collecting data now!

Large Hadron Collider at CERN,
outside Geneva – online 2007.



Can supersymmetry help with dark matter?  Maybe.

It's often the case that “super-ness” is conserved;
superpartners all decay into the Lightest Supersymmetric
Particle (LSP), which can be dark matter!

Which particle
is the LSP
is something
we don't yet
know – maybe
the photino or
higgsino.

higgsinophotino



We're busily trying to actually detect 
supersymmetric dark matter!

direct detection:  DM particles
bump into underground detectors

indirect detection:  DM particles
annihilate into gamma rays,
observed by telescopes (e.g. GLAST)



Can supersymmetry help with dark energy?  Maybe.

supersymmetry prediction  =  10  60 times observation.

Remember:  the huge
prediction for dark
energy (10120) comes 
from particles 
fluctuating in empty
space.

Interestingly:  fluctuating bosons always give a 
positive vacuum energy, fermions give a negative
vacuum energy.  Can they cancel?  Not perfectly,
because we know supersymmetry is hidden.  In fact:

Okay, that's still pretty bad.  This is a real problem.



Dark Matter and
Dark Energy:
Introverted?

ordinary
matter

dark energy

dark
matterStandard Model

gravity



Dark Matter and
Dark Energy:
Interactive?

ordinary
matter

dark energy

dark
matter

evolution?
perturbations?

variable-mass particles?
Chaplygin gas?

scattering?
annihilation?

mass-varying neutrinos?
variable constants?
5th forces?

Standard Model

Weak int?
          (wimps)
anomalies?
          (axions)
baryogenesis?

gravity



The Universe and the Laboratory:
complementary approaches

Surveillance Interrogation



5% ordinary
matter25% dark matter

70% dark 
energy

In the meantime, we have a picture of our universe which 
fits a remarkable variety of observations, but seems 
preposterous on its face.

Seeking simplicity, we are led to astonishing ideas.
   What will be next?


