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“Only two things are infinite, the universe and human
stupidity, and I 'm not sure about the former.

Albert Emnstein




Gravity, Matter & Geometry

* According to Emstein gravity 1s really the response of
space and time to the presence of matter.

-

The presence of energy curves space and time.

The curvature of space changes how objects move.




Gravity, Matter & Geometry

* According to Einstein gravity 1s really the response of
space and time to the presence of matter.

The presence of energy curves space and time.
The curvature of space changes how objects move.
* Knowing how matter is distributed over large scales
tells us the shape and evolution of the Universe!



Visible Matter 1in the Universe

» Visible matter 1s
distributed as stars
and gas within
galaxies and clusters
of galaxies.

* These appear to be
distributed roughly
1sotropically and
homogeneously about
us.
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A 3D View
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A 3D View
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The sky 1s dark
The Hubble Law

The homogeneity
and 1sotropy of the
Universe

The slower decay
of more distant
supernovae
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The Hubble Law

Expanding Universe

In all directions galaxies are
seen to be receding from us with
a speed which 1s proportional to
their distance from us:

g - L _rT = ¥} = et _'_T -
A8 expecitea FfT *f't'llf siaried at

[Nne same point arl the same

Iinsiani.




Evidence for an |

o The Hubble Law

Expanding Universe

Velocly [km/sec)

200 300

Distance [Moc]
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o The Hubble Law

FExpanding Universe
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» The Hubble Law

Fxpanding Universe
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o The Hubble Law

Fxpanding Universe




vidence for an

The Hubble Law

Expanding Universe
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The Hubble Law
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The Hubble Law

FExpanding Universe
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» The Hubble Law

Fxpanding Universe




» Matter in an expanding container cools.
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» The Hot Big Bang theory assumes the Unmiverse was
mitially a small, hot soup of elementary particles.

» This theory is just now being redundantly tested.




—_ 4

A

ay

he Hot Bie Bane
11 1 IVUL 101 & L1111

- gt =

Matter 1in an expanding container cools.
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The Hot Big Bang theory assumes the Universe was
mnitially a small, hot soup of elementary particles.

This theory is just now being redundantly tested.



How Would We Know?

* The Universe being
hot means that the
particles within 1t are
randomly moving with

higher speeds. 1

» At high enough

temperatures particles

get knocked apart mnto
their constituents.
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How Would We Know?

 Atoms can survive once

the Universe cools below

1000 degrees.
Charged electrons and
nucle1 combine to form
neutral atoms.

Nuclel can survive below

10 billion degrees.

Protons and neutrons
combine to form nuclel

/i *K nucleus:
J 19 protons

# 21 neutrons
nuuleus 2
18 protons

22 neutrons -/
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How Would We Know?

 Atoms can survive once

the Universe cools below

1000 degrees.
Charged clectrons and
nucle1 combine to form
neutral atoms.

Nuclel can survive below

10 billion degrees.

Protons and neutrons
combine to form nuclel

S **K nucleus:
L 19 protons

% 21 neutrons
nuuleus
18 protons

22 neutrons -/
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« Primordial element
abundances

» The cosmic
mICrowave
background

* Typ Vs distance
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When the umiverse cools to the
point where nucle1 can form
(around 10!° K) then the relative
= abundances of the light elements
can be calculated.

e Primordial element
abundances

1 ne predictions jor the isotopes
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Evidence for a Hot Big Bang

» Primordial element
abundances

og(mass fraction




Evidence for a Hot Big Bang

e Primordial element
abundances

Total Mass Density of Atoms
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e Primordial element
abundances

og(mass fraction




Evidence for a Hot Big Bang

e Primordial element
abundances

Total Mass Density of Atoms




"~
= Microsoft PowerPoint - [DMDE. ppt]
O] He Edt View Insert Format Tooks Side Show Window Hep TexPornt
NEEHS 87 dBEY v--o- @ c'gFTd@3
57 Mo Transition w Mo Effect ~#%& H®F 9§ E commonTasks~ .

| T

=g 6% - (@

| &

gl 710 g uGxll eF)




Evidence for a Hot Big Bang

o Primordial element
abundances

Total Mass Density of Atoms




Evidence for a Hot Big Bang

e Primordial element
abundances

Total Mass Density of Afoms
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e The cosmic
microwave
background

When the umiverse cools enough
for atoms to form (around 10° K)
It becomes fransparent to light.
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Evidence for a Hot Big Bang

k

When the umiverse cools enough
for atoms to form (around 10° K)
it becomes transparent to light.

Above 1000 degrees atoms break

up into electrons and nuclei.
o photon

& path _—
Unlike atoms, electrons and

nuclei carry electric charge and
so scatter light very efficiently.




Evidence for a Hot Big Bang

e The cosmic
microwave
background




° CMB Temperature vs Direction

e The cosmic
microwave
background
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» The Hot Big Bang




Mass 1n galaxies
Mass 1n clusters
of galaxies
Temperature
fluctuations 1n the

CMB
Start of galaxy
formation.
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e Mass in clusters
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Mass in clusters
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Evidence for Dark Matter
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» Mass in clusters

of galaxies

Evidence for Dark Matter
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Mass in clusters
of galaxies

Evidence for Dark Matter




Mass in clusters
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Evidence for Dark Matter




Evidence for Dark Matter

4.. -
» a . ?‘ ’ -
¥ = 4
. . \
» Mass in clusters | B aua
of galaxies . .. ST i O




» Mass in clusters

of galaxies

Fvidence for Dark Matter
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Evidence for Dark Matter
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Evidence for Dark Matter
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» Mass in clusters

of galaxies

Evidence for Dark Matter
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Evidence for Dark Matter
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Evidence for Dark Matter
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Mass in clusters
of galaxies

Fvidence for Dark Matter




Evidence for Dark Matter
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Evidence for Dark Matter
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Evidence for Dark Matter
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» Mass in clusters

of galaxies

Evidence for Dark Matter
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Evidence for Dark Matter

» Mass in clusters

of galaxies Y . -




Mass in clusters
of galaxies

Evidence for Dark Matter




Evidence for Dark Matter

» Mass in clusters

of galaxies i .. -
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» Brightness of
very distant
supernovae

» Flatness of
the universe
as a whole




» Mass in clusters

of galaxies

Evidence for Dark Matter
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Mass in clusters
of galaxies

Evidence for Dark Matter
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Mass in clusters
of galaxies

Evidence for Dark Matter
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Mass in clusters
of galaxies

Evidence for Dark Matter




Evidence for Dark Matter
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Mass in clusters
of galaxies

Evidence for Dark Matter




Mass in clusters
of galaxies

Evidence for Dark Matter




» Brightness of
very distant
supernovae

» Flatness of
the universe
as a whole




» Brightness of

very distant
supernovae

Very distant objects should not
precisely follow Hubble’s Law
because gravitational attraction
should decelerate the umversal
eXpansion.

This can be tested by looking for
deviations from Hubble’s Law
for very distant supernovae.
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» Brightness of
very distant
supernovae




» Brightness of
very distant
supernovae

Very distant objects should not
precisely follow Hubble’s Law
because gravitational attraction
should decelerate the umversal
eXpansion.

his can be tested by looking for
deviations from Hubble’s L.aw
for very distant supernovae.



Evidence for Dark Energy
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Brightness of
very distant
supernovae




Evidence for Dark Energy

* Brightness of Expect this:

very distant
supernovae

Veloety [Wm/sec)

The universal expansion should be decelerating
due to gravitational attraction




Evidence for Dark Energy

» Brightness of
very distant
supernovae
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Evidence for Dark Energy

Amount of Dark Energy

Amount of Dark Matter




» Flatness of
the universe
as a whole
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Small temperature variations, at
the level of one part in 100,000,
are visible in the CMB
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» Flatness of
the universe
as a whole
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These are due to sound waves in
the primordial gas which emitted
this light



Evidence for Dark Energy

» Flatness of
the universe
as a whole

Size of the CMB fluctuations depends on
the geometry of space the light traverses.




FEvidence for Dark Energy

HD: 30 40 50

Amount of Dark Energy

» Flatness of
the universe
as a whole

Amount of Dark Matter

Measurement of CMB fluctuations correlate flatness
with the universal expansion rate, H,



Evidence for Dark Energy

» Flatness of
the universe
as a whole

.. but the geometry of space depends on
the amount and kind of matter it coniains




Fvidence for Dark Energy

Amount of Dark Energy

» Flatness of
the universe
as a whole

Amount of Dark Matter

Measurement of CMB fluctuations correlate flatness
with the universal expansion rate, H,



Evidence for Dark Energy

Amount of Dark Energy

» Flatness of
the universe
as a whole

Amount of Dark Matter

Measured H , with CMB fluctuations prefers
a flat universe.



Evidence for Dark Energy

Amount of Dark Energy

» Flatness of
the universe
as a whole

Amount of Dark Matter

Dark Energy required to explain CMB is consistent
with what universal acceleration requires.



Evidence for Dark Energy

Amount of Dark Energy

» Flatness of
the universe
as a whole

Amount of Dark Matter

Dark Energy required to explain CMB is consistent
with the measured amount of Dark Matter



Concordance Cosmology

From best fits to the ‘Concordance Cosmology’




» Contact With Fundamental Physics
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Albert Einstein
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» Modifications to
the Law of
Gravity?

» New kind of
particles?
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What 1s the Dark Matter?

» Ordinary atoms?
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» Modlifications to _ |
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Gravity? the CMB.



Weakly Interacting Massive
= Particles arise in most theories
of microscopic physics.

Their residual cosmic

_ | s abundance is naturally the
o / i)
e kﬁ?d 07( right size fo agree with the
pamcfes 7 observed amount of

E;JJ k Matter.




» Contact With Fundamental Physics
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“If I had only known, I'd have become a locksmith.”

Albert Eimnstein
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Outlook

» Cosmological observations are now redundantly testing
the Hot Big Bang model.
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» The concordance involves several lines of independent
evidence for both Dark Matter and Dark Energy.
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« Dark Matter may be new kinds of elementary particles,
but Dark Energy 1s more difficult to embed mto a
fundamental theory (although a few proposals do exist).
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