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An Overview
• The matter + energy contents of the universe

determine its dynamics and ultimate fate

• Modern data all agree - and imply a very surprising
universe

… and I’ll tell you how we know all this

• The universe is dominated by the mysterious dark
matter and dark energy

• Understanding of their nature is one of the most
outstanding problems of physics today

____

NB:  This is a slightly modified version of a lecture I gave at
the Virtual Feynmanfest in May ‘09; if you have heard it, you
may want to go and amuse yourself elsewhere…



The Cosmic Pie

Here is what the Universe is made of:

0.5 % Stars and other visible stuff

But how do we know?
What does it mean?

I’ll tell you in a bit

What is this dark stuff?

Nobody knows for sure

It is one of the greatest
mysteries of physics

A Theory of the Universe
Gravity is the only important force at
large distances, thus a theory of the
Universe must be a theory of gravity

In ~ 1911 - 1917, Albert Einstein
developed a revolutionary new theory
of gravity, the General Relativity

Presence of mass/energy determines the geometry of space
Geometry of space determines the motion of mass/energy

Thus, the matter and energy content of the Universe
determines its evolution, and the space is not static



Einstein became very famous, but….

This problem continues to baffle cosmologists…

Enter the Cosmological Constant
When Einstein derived his equations, a mysterious new
constant appeared;
he called it

“the Cosmological Constant”

Geometry of space

Matter and energy

Cosmological constant

Einstein did not know what value to give it, so he set it
such that it prevented the universe from either
expanding or collapsing.   (In his days, everyone thought
that the Universe at large was static.)

Alas, that was a mistake…
This is not a stable solution, and moreover…



Discovery of the Expanding Universe

Vesto Melvin
Slipher (1917)

Edwin Hubble
(1929)

Distance to a galaxy

The Hubble Diagram

V
el

oc
it

y

The space itself expands,
and carries galaxies with it

The further apart they are,
the faster they move apart

The Expanding Space

It also stretches the photons,
so they become redder:  this is what we call redshift

Space expands relative to fixed-size things like atoms,
planets, Solar system, galaxies…

It carries galaxies apart



Einstein got to see for himself …

Einstein, Hubble, and Walter Adams on Mt. Wilson, 1931

Dat vass die biggest mistake
of meine kareer …

… by which he probably meant
failing to predict the expansion
of the universe - not necessarily
introducing the cosmological
constant …

Cosmological Models
Better cosmological models - describing
the expansion history of the universe -
were developed by Alexander Friedmann
in 1922 and Georges Lemaitre in 1927
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Timetoday

Models with a low density expand forever,
as the gravity is too weak

Models with an exact critical density
are spatially flat and expand forever

Models with a high density
recollapse in a “big crunch”

BB

Cosmological constant can
enhance or counterbalance
gravity, depending on its sign



Measuring the Fate of the Universe

futuretoday

As we look further away, we see
deeper in the past, as light travels
with a finite speed.  So we can
substitute (relative) distances for
look-back times

If we can measure the past history of
the universal expansion, we can also
predict the future of the Universe

Photons (light) get stretched by the
same factor as the expanding space
Astronomers call that redshift

We can measure relative distances (say, to galaxies or
to Supernovae) by comparing their relative brightness,
assuming that they have intrinsically the same, fixed
luminosity: that they are “standard candles”

past

Galaxies are not standard candles:
they evolve, merge, have
starbursts, house quasars, etc.

The 200-inch Hale telescope
on Mt. Palomar was essentially
built to do this

Allan Sandage

… using bright
galaxies as

“standard candles”

Alas, it did not work…

So, Hubble’s cosmology program
became dormant for a while…



Density as Destiny?
Gravity always slows down the cosmic expansion

With a high enough density,
gravity can arrest the
expansion, and reverse it:

Otherwise, the universe just
expands forever, to infinity:

There is a critical value of density, !crit

Cosmologists thus express the relative density of anything in
these units:  !something = !something / !crit

If the mean density of universe is exactly !crit , then  ! = 1
and the geometry of space is flat (Euclidean)

All the stars and gas we see in galaxies
add up to only ! ! 0.005 … But is that all?

The Discovery of the Dark Matter
In 1933, Fritz Zwicky noticed that
galaxies in the Coma Cluster move
much too fast … There wasn’t enough
visible mass in the cluster to keep it
together; some other source of
gravity was needed.

Zwicky postulated the existence of
some invisible “dark matter”.

Nobody believed him.

But the modern measurements have
now fully confirmed his findings.



Dark Matter in Galaxies

gas

stars

dark
halo

total

What convinced nearly everyone that dark matter exists
is the rapid rotation of spiral galaxies (like our own).

Enough mass is
needed to keep the
galaxy together by
its gravity, against
the centrifugal
force - and the
visible matter is not
enough: dark halos

Gravitational Lensing
We can detect dark matter through the dynamics of
galaxies, but also with gravitational lensing: presence of
mass, visible or not, bends the light paths.

(This was also
predicted by Zwicky
in 1937, but only
discovered in 1979)

We now know that
there is at least

50 times more dark
matter than there is
of the visible stuff -
and that dark matter
dominates formation
of cosmic structure



Visible and Dark Matter Distribution
From the COSMOS Survey

But What Is It?  We Don’t Know…
We know that some of it is regular matter, hydrogen
and helium atoms and ions, just hidden
(I’ll tell you in a moment how we know this)

But we also know that most of it
is composed of some as yet
unknown type of particles, or
represents some new physics!

The proposed possible constituents range from
unknown ultra-light particles, to massive black
holes and cosmic strings, but the favorite dark
matter particles are called WIMPs, or axions

There is a hope that these particles could
be detected in laboratory experiments,
or with accelerators like the LHC



How Much of the Ordinary Matter?
The early universe as a nuclear physics laboratory
Between a few seconds to a few minutes after the Big Bang,
the universe was as hot and dense as a center of a star -
- and did the same thing: fused hydrogen into helium

The amount of deuterium, helium, and
lithium produced depends strongly on the
density of ordinary matter, protons and
neutrons; about 24% ended up as helium

We compare the theoretical predictions
with observations, and derive the net total
density of ordinary matter (baryons)

And the result is…
About 4.5% of the critical mass density of the universe is
in the form of the ordinary matter

But we only see ~ 0.5% in stars and
gas in galaxies - where is the rest?

The best bet currently is that it is
in the form of a hot, T ~ 106 K gas,
loosely bound to galaxies.  Such gas
shines mainly in the X-rays, which
are absorbed by the hydrogen in
our Galaxy - we are blind to it!

We can detect it through its own
absorption lines seen in the spectra
of distant, background quasars.



Cosmic Matter Census

All the stars and gas we see in galaxies add
up to ~ 0.5% of the critical mass density

All of the normal matter deduced from the
cosmic nucleosynthesis and possibly hidden
as a hot gas adds another ~ 4%

All the mass deduced from galaxy dynamics
and grav. lensing adds up to ~ 25 - 27% of
the critical mass density ….

… which implies that the mysterious
dark matter accounts for ~ 20 - 22%

…. And that is where the Dark Energy comes in
(remember, E = mc2 : matter and energy are interchangeable)

Cosmological Constant Returns
Throughout 1960’s - 1990’s, many astronomers and
cosmologists found that a cosmological constant
comparable to the matter density is compatible with
the data … and in many cases it would help … but the
data were not really compelling.

Cosmological constant
represents a uniform energy
density, and can be positive
or negative.

It acts like an elastic force,
and it can overcome gravity,
and even accelerate the
expansion of the universe.



Physics of the Vacuum
A key idea was due to Yakov Zel’dovich (1968)

A modern, quantum view of

the physical vacuum is that

it is not really empty - it is

filled with virtual particle-antiparticle

pairs.  Their fluctuations give rise to a

net energy density - a ground(?) state

of the physical vacuum.

That would manifest itself as a cosmological constant.

Unfortunately, we do not yet have a theory which would
enable us to calculate this.   But eager minds do try…

The Worst Scientific Prediction Ever
• A “natural” Planck system of units expresses everything

as combination of fundamental physical constants; the
Planck density is:

!Planck = c 5 / (! G 2) = 5.15 !10 93 g cm-3

• The observed value is:

!vac = !vac !crit ! 6.5 ! 10 -30 g cm-3

Ooops!  Off by 123 orders of magnitude …

• This is modestly called “the fine-tuning problem”
(because it requires a cancellation to 1 part in 10123)

• The other “natural” value is zero

• So, lacking a proper theory, physicists just declared the
cosmological constant to be zero, and went on…



The Universe Blows Up
The inflation theory was developed
independently in the late 1970’s by Alan
Guth, Alexey Starobinsky, and others

In the very early
universe, the physical
vacuum transitions
from a high state to a
low (ground?) state.

The resulting energy
shift drives a dramatic
exponential expansion.

It is the cosmological
constant writ large!

The Inflationary Scenario

It solves 3 key problems of the Big Bang cosmology:

1. The flatness problem: why is the universe so
close to being flat today?

2. The horizon problem: how comes the CMBR is so
uniform?

3. The monopole problem: where are the copious
amounts of magnetic monopoles predicted to
exist in the BB cosmology?

… It also accounts naturally for the observed density
spectrum of the large scale structure

… And it implies a much, much(!) bigger universe than the
observable one



The Flatness Problem
The expanding universe always evolves away from ! = 1:

This creates
an enormous
fine-tuning
problem:
the early
universe must
have been
remarkably
close to ! = 1
in order to
have ! ~ 1
today !

(figure from N. Wright)

Inflation Solves the Flatness Problem

As the universe inflates, the local curvature becomes
negligible in comparison to the  vastly increased “global”
radius:  the universe becomes extremely close to flat
locally (which is the observable region now).  Thus, at
the end of the inflation, ! = 1 ± "



The Horizon Problem
Cosmic Microwave Background, released when the
universe was ~ 400,000 years old, is uniform to a few
parts in a million.  Yet the projected size of the
causal horizon at the time was only ~ 2°

The answer:  The used to be much closer together
before the inflation, and in a thermal equilibrium.
The inflation carried them apart.

How did
this
spot… … know to

have the
exact same

temperature
as this spot?

1. All the data suggest that !matter ~ 0.25

2. It would imply that the Universe today
is only ~ 7 billion years old, while we
thought that the globular star clusters
are ~ 15 billion years old (today we
think it is ~ 12 billion years)

These were very impressive achievements, and the
Inflation became the reigning cosmological paradigm

The key prediction of the Inflation is that the
universe is ~ flat, with !total = 1

Since !total = !matter + !vacuum , if we declare that
cosmological constant ~ !vacuum = 0, then !matter = 1

There are two big problems with that:

But allowing for !vacuum ~ 0.75 would fit all the data!



Music of the Spheres
In the early universe, there are tiny density fluctuations,
and the matter and radiation fall to the densest spots.

That generates giant sound
waves, which can be seen as
temperature fluctuations in
the Cosmic Microwave
background

The largest and the
strongest wavelength
corresponds to the size of
the cosmic horizon at the
time of the recombination

The World Is Flat!
The physical size of the horizon at the time can be
computed, and it is a “standard ruler”.  Comparing it
to the observed angular size of CMB fluctuations
can be used to determine the cosmic geometry

- and it is flat, !total = 1

e.g., Boomerang ballon experiment
(A. Lange, P. de Bernardis, J.
Carlstrom, and others in 1998)

WMAP satellite, 2003 - 2008



Supernovae: Cosmic
Thermonuclear Bombs
Massive stars become unstable at the end
of their lives, and explode (SNe of type II)

Alternatively, a white dwarf star
accretes gas from a companion
star, gets too massive, and
explodes (SNe of type Ia)

It turns out that their peak
brightness can be standardized
to ~ 10% accuracy, so they make
excellent “standard candles”,
and can be seen far away

Hubble Diagram Redux

A cosmological test
where a set of objects
of a fixed intrinsic
luminosity (“standard
candles”) is used to
measure relative
distances, and compare
them with the redshifts
(expansion factor)
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This did not work for
galaxies, but it works
for Supernovae of a
particular type (Ia)



In 1998, two groups did this test:  Perlmutter et al.
(Supernova Cosmology Project), and Schmidt et al. (High-z
Supernova Team), and got the same result:

The Universe
today is
accelerating,
and dark
energy
(cosmological
constant?)
is needed

The Cosmic The Cosmic Concordance

Supernovae alone:   
Accelerating expansion
# > 0

CMB alone:
Flat universe, !total = 1
# > 0

Dynamics of galaxies:
!matter ! 0.25

Also in agreement with the
age estimates (globular
clusters, heavy elements,
white dwarfs)

Now all the data fit:



Why Do We Believe This?
• Completely different, independent types of

measurements  produce the same result, and can
explain all of the available data:
– CMBR measurements imply a flat universe (!total = 1),

and on  their own also suggest values of …
– !matter from dynamics of clusters and large scale

structure
– !matter and !vacuum from Supernova Hubble diagram
– !baryons from cosmic nucleosyntesis
– H0 from local distance scale measurements
– Age of the universe from ages of globular clusters

and radioactive elements

… and so on - and it is all testable with future data

Dark Energy Dominates the
Universe - But What Is It?

• Nobody knows for sure

• There are many (many!) theories, and at most one
of them is the correct one…

“ ‘Most embarrassing observation in physics’ –
that’s the only quick thing I can say

                        about dark energy that’s also true.”

 Edward Witten

Note:  Cosmological Constant is just a special case:
an energy density which does not change in time (and
so far this fits all the data).

A more general case is D.E. which evolves, sometimes
called the Quintessence



So, What Are We Going To Do?
New and better CMB experiments, from the ground
and space

ACBAR CBI Planck

New and better Supernova searches, from the ground
and space

Keck VLT JDEM

… And many other, clever new ideas and tests, many of
them involving deep redshift surveys,

to probe the cosmic dynamics, and

so-called Baryonic

Acoustic Oscillations,

gravitational lensing,

etc. etc.

But most
of all…



What is the Universe Made Out Of?
~ 3/4 of the mysterious
Dark Energy

0.5 % Stars and

other visible stuff

Nearly ~ 1/4 of the
mysterious Dark Matter

Only ~ 4.5 % of the
ordinary matter …

… of which we know
where only  ~ 0.5 % is!

+ a smidgen of photons
and neutrinos

It’s a Scandal!

But Also a Great Opportunity:

Thank You!

We don’t know what ~ 95% of the universe is made of!

(And we are not too sure about ~ 99.5%)

Solving these mysteries will surely expand our

understanding of the universe, and the fundamental

physics - possibly even leading to a paradigm shift

comparable to the theory of relativity itself.


