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22.1 The Big Bang Theory

* Qur goals for learning:

— What were conditions like in the early universe?
— How did the early universe change with time?

© 2014 Pearson Education, Inc.



What were conditions like in the early universe?
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Estimating the Age of the Universe

Going back in time...
kel ©+ The universe
the same
must have been
Years back in time
oo much hotter and
denser early in

[Rinning| time.

Today's value of
Hubble's constant (Hp)

65.0 km/s/Mpc

Velocity

Distance ——
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The early
universe must
have been
extremely hot
and dense.



Particle creation

gamma-ray photon electron

/\/\/\/\ _\,/_o/ .

gamma-ray photon antielectron

antielectron

Particle annihilation

gamma-ray photon

t\\/\/\,/\f
/\/\/\/\A

electron
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gamma-ray photon

Photons converted
Into particle—
antiparticle pairs
and vice versa.

E = mc?

The early universe
was full of particles
and radiation
because of its high
temperature.



* Four known forces in
time (s) universe:

107" 10" 105"
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€ | Weak force
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temperature (K)

Gravity
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Thought Question

Which of the four forces keeps you from sinking to
the center of Earth?

gravity
electromagnetism
strong force
weak force

OO0 W >
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Thought Question

Which of the four forces keeps you from sinking to
the center of Earth?

gravity
electromagnetism
strong force

weak force

OO0 W >

© 2014 Pearson Education, Inc.



Do forces unify at high temperatures?

* Four known forces
s INn universe:

1010 10~ 10™%

Sxfo
29 foree “super

sutioce | Strong force

electromagnerfsm

elec'.roweak force
ook {o1Ce

N

Electromagnetism

relative strength of force ——-

gravity
L S—

0" ez 7 Weak force

temperature (K)

Gravity
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Do forces unify at high temperatures?

* Four known forces
s INn universe:

1010 10~ 10™%

Sxfo
29 foree “super

sutioce | Strong force

electromagnerfsm

elec'.roweak force
ook {o1Ce

N

Electromagnetism

relative strength of force ——-

gravity
L S—

)

/6- = 7 Weak force
temperature (K

Yes! Gravity
(Electroweak)

© 2014 Pearson Education, Inc.



Do forces unify at high temperatures?

* Four known forces
s INn universe:

10~ 10 10~8 10™%

Sxfo
,'YQ fol,-Ce "Super

sutioce | Strong force

electromagnerfsm

elec'.roweak force
ook {o1Ce

N
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Electromagnetism

relative strength of force ——-

ravi —/
| graviy /O T e Weak force

temperaturd (K)

|

Yes! Maybe Gravi ty
(Electroweak) (GUT)
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Do forces unify at high temperatures?

107"

time (s)
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Who knows?
(String Theory)

Four known forces
INn universe:

Strong force
Electromagnetism
Weak force

Gravity



How did the early universe change with time?

© 2014 Pearson Education, Inc.



Elcrowess Era

—Tuertay 1o 300

Era of Nuchhosynhosis
¢ - hodusy

"

110 oF N

Erp of Atoms
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IF_23_04_HistOfUniverse.htm
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Planck era

 Before Planck
time (~10-43
second)

* No theory of
quantum
gravity
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GUT era

« Lasts from
Planck time
(~10-43 second)
to end of GUT
force (~10-38
second)
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Electroweak era

« Lasts from end of
GUT force (~10-
38 second) to end
of electroweak
force (~10-10
second).
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Particle era

« Amounts of
matter and
antimatter nearly
equal (roughly 1
extra proton for
every 109
proton—
antiproton pairs!)
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Era of
nucleosynthesis

* Begins when
matter
annihilates
remaining
antimatter at
~ 0.001 second.

* Nuclei begin to
fuse.
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Era of nuclei

 Helium nuclei
form at age ~ 3
minutes.

 Universe
became too
cool to blast
helium apart.
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Era of atoms

« Atoms form at
age ~ 380,000
years.

* Background
radiation
released.
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Era of galaxies

« Galaxies form
at age ~ 1
billion years.

© 2014 Pearson Education, Inc.



What have we learned?

 What were conditions like in the early
universe?

— The early universe was so hot and so dense that radiation was constantly
producing particle—antiparticle pairs and vice versa.

 How did the early universe change with time?

— As the universe cooled, particle production stopped, leaving matter
instead of antimatter.

— Fusion turned remaining neutrons into helium.
— Radiation traveled freely after formation of atoms.

© 2014 Pearson Education, Inc.



22.2 Evidence for the Big Bang

* Qur goals for learning:

— How do observations of the cosmic microwave background support
the Big Bang theory?
— How do the abundances of elements support the Big Bang theory?

© 2014 Pearson Education, Inc.



Primary Evidence

1) We have detected the leftover radiation from the
Big Bang.

2) The Big Bang theory correctly predicts the
abundance of helium and other light elements.

© 2014 Pearson Education, Inc.



How do observations of the cosmic microwave background support the Big Bang theory?

© 2014 Pearson Education, Inc.



+» The cosmic
microwave
background—
the radiation left
over from the
Big Bang—was
detected by
Penzias and
Wilson in 1965.
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Photons bounced around ... but they moved freely

among the free electrons through the universe after

early in time . . . time — atoms captured the electrons
: 380,000 years !

era Qf nuclei

@
—~.
Q0
=4
=
O
3
)

6000 K 3000 K 1500 K
<-— temperature Interactive Figure §
» Background radiation from Big Bang has been

freely streaming across universe since atoms
formed at temperature ~ 3000 K: visible/IR.
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« Background has perfect thermal radiation
spectrum at temperature 2.73 K.

6 |

on

N w S
T T T

relative intensity

—h
T

N
wavelength (mm)

« EXxpansion ot universe has redshitted thermal

radiation from that time to ~1000 times longer

wavelength: microwaves.
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 WMAP gives us detailed baby pictures of structure
In the universe.
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IF_23_09_CMBRMultiwave.htm
IF_23_09_CMBRMultiwave.htm
IF_23_09_CMBRMultiwave.htm
IF_23_09_CMBRMultiwave.htm
IF_23_09_CMBRMultiwave.htm

How do the abundances of elements support the Big Bang theory?

Step 1 Step 2 Step 3 Key:
Proton and Two deuterium  Hydrogen-3 & neutron
neutron fuse nuclei fuse fuses vyith @ proton
to form a to make deuterium
deuterium hydrogen-3. to create
nucleus. helium-4.

d photon 3 ’ 3 3 ?
;”Jj-n 2 ap = P
J
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Step 1 Step 2 Step 3 Key:

Proton and Two deuterium  Hydrogen-3 J neutron
neutron fuse nuclei fuse fuses vyith & proton
to form a to make deuterium

deuterium hydrogen-3. to create

nucleus. helium-4.

d ﬁhoton J ’J J ?

| i \ 7,

{ Y = P
J

* Protons and neutrons combined to make long-
lasting helium nuclei when universe was ~ 3
minutes old.
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2 neutrons

—
1N

-9
o
O
-
)}

during
helium
synthesis

¥
J

@6 66

6 66
"0 66
_®0 06

after
helium
synthesis
2 hydroge 1 helium
Y WJ
atomic mass = 12 atomic mass = 4

* Big Bang theory prediction: 75% H, 25% He (by
mass). This prediction matches observations of
primordial gases.



Thought Question

Which of these abundance patterns is an
unrealistic chemical composition for a star?

70%
95%
75%
72%

OO0 W >
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, 28%
, 0% H
, 25%
, 21%

He, 2% other
e, less than 0.02% other
He, less than 0.02% other

He, 1% other



Thought Question

Which of these abundance patterns is an
unrealistic chemical composition for a star?

70% H, 28% He, 2% other
. 95% H, 5% He, less than 0.02% other
5% H, 25% He, less than 0.02% other
2% H, 27% He, 1% other

oo w>
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What have we learned?

e How do observations of the cosmic microwave
background support the Big Bang theory?

— Radiation left over from the Big Bang is now in the form of microwaves—
the cosmic microwave background—which we can observe with a radio
telescope.

e How do the abundances of elements support
the Big Bang theory?

— OQObservations of helium and other light elements agree with the predictions
for fusion in the Big Bang theory.
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22.3 The Big Bang and Inflation

* Qur goals for learning:

— What key features of the universe are explained by inflation?
— Did inflation really occur?

© 2014 Pearson Education, Inc.



What key features of the universe are explained by inflation?
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Mysteries Needing Explanation

1) Where does structure come from?

2) Why is the overall distribution of matter so
uniform?

3) Why is the density of the universe so close to
the critical density?

© 2014 Pearson Education, Inc.



Mysteries Needing Explanation

1) Where does structure come from?

2) Why is the overall distribution of matter so
uniform?

3) Why is the density of the universe so close to
the critical density?

An early episode of rapid inflation can solve all
three mysteries!

© 2014 Pearson Education, Inc.



* [Inflation can make
all the structure
by stretching tiny
quantum ripples
to enormous size.

* These ripples in
density then
become the
seeds for all
structures in the
universe.
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time us

NOW

380,000 yr

v— distance —

* How can microwave temperature be nearly
identical on opposite sides of the sky?
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380,000 yr

period of
inflation

distance w

* Regions now on opposite sides of the sky were
close together before inflation pushed them far
apart.
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IF_23_15_InflationEarlyUniv.htm
IF_23_15_InflationEarlyUniv.htm
IF_23_15_InflationEarlyUniv.htm
IF_23_15_InflationEarlyUniv.htm
IF_23_15_InflationEarlyUniv.htm

* Overall
geometry of
the universe is
closely related
to total density
of matter and
energy.

* Density = Critical

* Density > Critical

spherical (closed) geometry

* Density < Critical

SAOSe-Shaped (Open) geomelry
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* Inflation of the
universe flattens
its overall
geometry like the
inflation of a
balloon, causing
the overall
density of matter
plus energy to be
very close to the
critical density.
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Did inflation really occur?

Temperature differences
are greatest between
patches separated by 1°.

relative size of temperature fluctuations

| | | | |
19 ‘0.5° 02 D.15° 0:1°
angular separation in sky
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» Patterns observed by WMAP show us the "seeds"
of structure in the universe.
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lemperature differences
are greatest between
patches separated by 1°.

relative size of temperature fluctuations

| | | | |
1 ‘0.5° 0.2° 0.16° 0:1°
angular separation in sky

* Observed patterns of structure in universe agree
(so far) with the "seeds" that inflation would
produce.
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"Seeds"” Inferred from CMB

Overall geometry is flat.

— Total mass + energy has critical density.

Ordinary matter is ~ 4.4% of total.
Total matter is ~ 27% of total.

— Dark matter is ~ 23% of total.
— Dark energy is ~ 73% of total.

Age is 13.7 billion years.
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"Seeds"” Inferred from CMB

Overall geometry is flat.

— Total mass + energy has critical density.

Ordinary matter is ~ 4.4% of total.
Total matter is ~ 27% of total.

— Dark matter is ~ 23% of total.
— Dark energy is ~ 73% of total.

Age is 13.7 billion years.

In excellent agreement with observations of present-day universe and
models involving inflation and WIMPs!

© 2014 Pearson Education, Inc.



What have we learned?

« What key features of the universe are
explalned by inflation?

The origin of structure, the smoothness of the universe on large scales,
the nearly critical density of the universe.

— Structure comes from inflated quantum ripples.

— QObservable universe became smooth before inflation, when it was very
tiny.

— Inflation flattened the curvature of space, bringing expansion rate into
balance with the overall density of mass-energy.

© 2014 Pearson Education, Inc.



What have we learned?

* Did inflation really occur?

— We can compare the structures we see in detailed observations of the

microwave background with predictions for the "seeds" that should have
been planted by inflation.

— So far, our observations of the universe agree well with models in which
inflation planted the "seeds."

© 2014 Pearson Education, Inc.



22.4 Observing the Big Bang for Yourself

* Qur goals for learning:
— Why is the darkness of the night sky evidence for the Big Bang?

© 2014 Pearson Education, Inc.



Why is the darkness of the night sky evidence for the Big Bang?
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Olbers' Paradox

If universe were
1) infinite
2) unchanging

3) everywhere
the same

then stars would
cover the night sky.



* The night sky is dark because the universe
changes with time. As we look out in space, we
can look back to a time when there were no
stars.

© 2014 Pearson Education, Inc.



What have we learned?

* Why is the darkness of the night sky evidence
for the Big Bang?

— If the universe were eternal, unchanging, and everywhere the same, the

entire night sky would be covered with stars.
— The night sky is dark because we can see back to a time when there

were no stars.
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Chapter 22 Lecture

The Cosmic Perspective

Seventh Edition

2 COSMIC
s« | PERSPECTIVE

Dark Matter, Dark
Energy, and the Fate
of the Universe
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Dark Matter, Dark Energy, and the Fate of the
Universe
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23.1 Unseen Influences in the Cosmos

* Qur goals for learning:

— What do we mean by dark matter and dark energy?

© 2014 Pearson Education, Inc.



What do we mean by dark matter and dark
energy?

© 2014 Pearson Education, Inc.



Unseen Influences

 Dark Matter: An undetected form of mass that
emits little or no light, but whose existence we
infer from its gravitational influence

 Dark Energy: An unknown form of energy that
seems to be the source of a repulsive force
causing the expansion of the universe to
accelerate

© 2014 Pearson Education, Inc.



Contents of Universe

* "Ordinary" matter: ~4.4%

— Ordinary matter inside stars: ~ 0.6%
— Ordinary matter outside stars: ~ 3.8%

« Dark matter: ~ 23%
* Dark energy: ~ 73%
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What have we learned?

* What do we mean by dark matter and dark
energy?

— Dark matter is the name given to the unseen mass whose gravity
governs the observed motions of stars and gas clouds.

— Dark energy is the name given to whatever might be causing the
expansion of the universe to accelerate.
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23.2 Evidence for Dark Matter

* Qur goals for learning:
— What is the evidence for dark matter in galaxies?
— What is the evidence for dark matter in clusters of galaxies?
— Does dark matter really exist?
— What might dark matter be made of?
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What is the evidence for dark matter in
galaxies?

300 + UGC 2885
0
f= NGC 7541
N
st 4/\/ NGC 801
,g 200 NGC 2998
O
€))
>
o
'I:J 100
@)
| | | |
50 100 150 200

distance from center (thousands of light-years)
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Encircled Mass as a Function of Distance for the Solar System

Velocity:

Radius:
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0 |
Distance from Sun (AU) —

We measure the
mass of the solar
system using the
orbits of planets:

— orbital period
— Average distance

For circles:

— orbital velocity
— orbital radius


22_MassVsDistSS.htm

Rotation Curve of the Solar System

Rotation curve

* Aplot of orbital
velocity versus
orbital radius

* The solar
system's rotation
curve declines
because the Sun
has almost all the
mass.

©
14
o
a
L
3
o
~
o

Distance from center —>
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IF_22_1b_RotationSS.htm

Motion on a Merry-Go-Round

Who has the
largest orbital
velocity?

A, B, or C?

person A person B
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22_MotionMerryGoRound.htm

Motion on a Merry-Go-Round

person A

© 2014 Pearson Education, Inc.

P

erson B

Who has the
largest orbital
velocity?

A, B, or C?

Answer: C


22_MotionMerryGoRound.htm

 The rotation
curve of a
merry-go-round
rises with
radius.

2
g
Q
@

3

£

O
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IF_22_1a_RotMerryGoRound.htm

Rotation Curve of a Spiral Galaxy

© 2014 Pearson Education, Inc.

20
Distance from center (kpc) —>

The rotation
curve of the
Milky Way stays
flat with
distance.

Mass must be
more spread
out than in the
solar system.


IF_22_1c_RotationSpiral.htm

Encircled Mass as a Function of Distance for a Spiral Galaxy

Velocity: -

Radius:
M, = _T
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40

Mass in the Milky
Way Is spread
out over a larger
region than its
stars.

Most of the Milky
Way's mass
seems to be
dark matter!


22_MassVsDistGalaxy.htm

e Mass within
the Sun's orbit:

g-ilion-year b

7

1.0 x 10"My,,,

Total mass:

~1 O12MSun
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* The visible
portion of a

/ galaxy lies deep
juminous matter In the heart of a

| large halo of
g dark matter.

dark matter
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* We can

measure the
G} rotation
; ; f curves of
other spiral
ﬂeshiﬂed galaxies using
A 5 the Doppler
i shift of the 21-
5 cm line of
: atomic

. redshiﬂy\\ hyd rogen .

<«—— bluer wavelength redder —»
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300 + UGC 2885

0
f= NGC 7541
= P /s~~~ NGC 801
2 200 / NGC 2998
= [
) s
> :
S :
3:3 100 4
O :

E

5

| | | |
50 100 150 200

distance from center (thousands of light-years)

e Spiral galaxies all tend to have flat rotation
curves, indicating large amounts of dark matter.
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\/ Wide i * Broadening of
spectral lines in

elliptical galaxies tells

us how fast the stars

brightness

—\/— o0 are orbiting.
V ’ « These galaxies also
have dark matter.
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Thought Question

What would you conclude about a galaxy whose
rotational velocity rises steadily with distance
beyond the visible part of its disk”?

ts mass is concentrated at the center.
t rotates like the solar system.

t's especially rich in dark matter.
t's just like the Milky Way.

OO0 W >
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Thought Question

What would you conclude about a galaxy whose
rotational velocity rises steadily with distance
beyond the visible part of its disk”?

A. Its mass is concentrated at the center.
B. It rotates like the solar system.

C. It's especially rich in dark matter.
D. It's just like the Milky Way.

© 2014 Pearson Education, Inc.



What is the evidence for dark matter in clusters of galaxies?

© 2014 Pearson Education, Inc.



 \We can measure
the velocities of
galaxies in a
cluster from their
Doppler shifts.
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« The mass we
find from galaxy
motions In a
cluster is about
50 times larger
than the mass in
stars!
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* Clusters contain
large amounts of X
ray-emitting hot
gas.

« Temperature of hot
gas (particle
motions) tells us
cluster mass:

85% dark matter
13% hot gas
2% stars
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image of galaxy

e Gravitational lensing, the bending of light rays
by gravity, can also tell us a cluster's mass.

© 2014 Pearson Education, Inc.


GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm
GravitationalLensingCluster.htm

* All three methods of measuring cluster mass
indicate similar amounts of dark matter in galaxy
clusters.
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Thought Question

What kind of measurement does not tell us the
mass of a cluster of galaxies?

A. measuring velocities of cluster galaxies
measuring the total mass of cluster's stars
. measuring the temperature of its hot gas

. measuring distorted images of background
galaxies

OO0 W
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Thought Question

What kind of measurement does not tell us the
mass of a cluster of galaxies?

measuring velocities of cluster galaxies
. measuring the total mass of cluster's stars
. measuring the temperature of its hot gas

. measuring distorted images of background
galaxies

o0 W >
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Does dark matter really exist?

© 2014 Pearson Education, Inc.



Our Options

1. Dark matter really exists, and we are observing
the effects of its gravitational attraction.

2. Something is wrong with our understanding of
gravity, causing us to mistakenly infer the
existence of dark matter.

© 2014 Pearson Education, Inc.



Our Options

© 2014 Pearson

. Dark matter really exists, and we are observing

the effects of its gravitational attraction.

Something is wrong with our understanding of
gravity, causing us to mistakenly infer the
existence of dark matter.

Because gravity is so well tested, most
astronomers prefer option #1.

Education, Inc.



' S—— -
The smaller cluster has moved from left to right through the larger cluster,
and the collision has separated the X-ray-emitting hot gas from the galaxies.

.
o
e n L . ; .. - . ; ’ o
. ® « ©® » .. A
. . ‘e - . . X . .

" *larger cluster <3 ol : ‘ smaller cluster

Blue regions show where Mol = e g * X-ray emission (red) shows
most of the mass is, based S s the hot gas, whose mass Is
on gravitational lensing of , e ~ « 4" several imes the mass of

background galaxies. ¢ . . : all the system's stars.
... . vy . < g b - »

« Some observations of the universe are very
difficult to explain without dark matter.
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IF_22_11_DMBulletCluster.htm
IF_22_11_DMBulletCluster.htm
IF_22_11_DMBulletCluster.htm
IF_22_11_DMBulletCluster.htm
IF_22_11_DMBulletCluster.htm

What might dark matter be made of?

1.0 .
§ Measurements of deuterium
deuterium match model predictions only
' predicted for this narrow range in the
102k : ;
G 0 density of ordinary matter. 3
SS deuterium
o . measured
55 107
o2 <P
o 2 5 ~ helium-3
=2 19078 REliimes measured
(U .
‘g ° ey predicted
< T 10°8F predlicted @
lithium-7
measured

|

0.1% 1% 4% 10%  100%

density of ordinary matter

(percentage of critical density)
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 How dark is dark matter?

... hot as bright as a star.
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Two Basic Options

* Ordinary Dark Matter

— Matter made of protons, neutrons, electrons, but too dark to detect with
current instruments

« Extraordinary Dark Matter

— Weakly Interacting Massive Particles:
mysterious neutrino-like particles
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Measurements
of light element
abundances
Indicate that
ordinary matter
cannot account
for all of the dark
matter.



Why Believe in WIMPs?

* There's not enough ordinary matter.
 WIMPs could be left over from Big Bang.

* Models involving WIMPs explain how galaxy
formation works.
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What have we learned?

e What is the evidence for dark matter in
galaxies?

— Rotation curves of galaxies are flat, indicating that most of their matter
lies outside their visible regions.

e What is the evidence for dark matter in
clusters of galaxies?

— Masses measured from galaxy motions, temperature of hot gas, and
gravitational lensing all indicate that the vast majority of matter in clusters
is dark.
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What have we learned?

* Does dark matter really exist?

— Either dark matter exists or our understanding of our gravity must be
revised.

« What might dark matter be made of?

— There does not seem to be enough normal (baryonic) matter to account
for all the dark matter, so most astronomers suspect that dark matter is
made of (non-baryonic) particles that have not yet been discovered.
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23.3 Dark Matter and Galaxy Formation

* Qur goals for learning:

— What is the role of dark matter in galaxy formation?
— What are the largest structures in the universe?
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What is the role of dark matter in galaxy formation?



» Gravity of dark matter is what caused
protogalactic clouds to contract early in time.
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« WIMPs can't
dark matter

collapse to the
/ center
luminous matter because they

don't radiate
il away their

orbital energy.
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.+ Dark matter is
o= o still pulling
things together.

 After correcting
for Hubble's law,
we can see that
galaxies are
flowing toward
the densest
regions of
space.
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What are the largest structures in the
universe?

7 billion Jight-years

150 mpiflion kght-years

500 millign light-years
F— —
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Milky Way

CiA Great Wall

reat Wall
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* Maps of galaxy positions reveal extremely large

structures: superclusters and voids.
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Time in billions of years
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* Models show that gravity of dark matter pulls mass into
denser regions—the universe grows lumpier with time.
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cale Structure of the Universe

« Models show that gravity of dark matter pulls mass into
denser regions—universe grows lumpier with time.
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IF_22_15_StructFormation.htm

-"‘

150 rpillion kght-years
Y- _

&00.millsgn light-years

- -_— =~

« Structures in galaxy maps look very similar to the
ones found in models in which dark matter is
WIMPs.
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What have we learned?

* What is the role of dark matter in galaxy
formation?

— The gravity of dark matter seems to be what drew gas together into
protogalactic clouds, initiating the process of galaxy formation.

 What are the largest structures in the

universe?

— Galaxies appear to be distributed in gigantic chains and sheets that
surround great voids.
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23.4 Dark Energy and the Fate of the Universe

* Qur goals for learning:

— Why is accelerating expansion evidence for dark energy?
— Why is flat geometry evidence for dark energy?
— What is the fate of the universe?
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Why is accelerating expansion evidence for
dark energy?

recoliapsing critical coasting accelerating
universe unwverse umwverse universe

future

present

past
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Does the
universe have
enough kinetic
energy to
escape its own
gravitational
pull?
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coasting
universe

* Since the amount of
dark matter is ~25%
of the critical
density, we expect
the expansion of the
universe to
overcome its
gravitational pull.

Not enough
dark matter
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accelerating
universe

* |n fact, the
expansion
appears to be
speeding up!

* Dark energy?

Not enough
dark matter
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recollapsing cntical coasting accelerating
universe universe universe universe

future
present

past
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=

« Estimated age depends on the amount of both dark
matter and dark energy.
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Thought Question

Suppose that the universe has more dark matter
than we think there is today. How would this
change the age we estimate from the expansion
rate?

A. The estimated age would be larger.
B. The estimated age would be the same.
C. The estimated age would be smaller.
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rate?
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Distant galaxies before supernova explosions

The same galaxies after supernova explosions

» The brightness of distant white dwarf supernovae tells us
how much the universe has expanded since they
exploded.
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Why is flat geometry evidence for dark
energy?

0.5% stars 3.5% other ordinary
matter (atoms)
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0.5% stars 3.5% other ordinary
matter (atoms)

Measurements of
the cosmic
microwave
background
Indicate that the
universe has a flat
geometry, thus
dark energy is
needed to fill out
the remaining
mass-energy.



What is the fate of the universe?
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* The eventual fate of the universe depends upon
the rate of the acceleration of the expansion.

* |If the universe does not end in a Big Rip, it
should keep expanding for a very long time.
(Forever?)

 All matter will eventually end up as part of black
holes, which will, if Stephen Hawking is right, will
eventually evaporate.
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What have we learned?

e Why is accelerating expansion evidence for
dark energy?

— In the absence of the repulsive force of dark energy the expansion of the
universe not be accelerating.

« Why is flat geometry evidence for dark
energy?

— Evidence from the CMB indicates that the universe is very near critical
density, requiring an additional contribution to the mass-energy of the
universe.

© 2014 Pearson Education, Inc.



What have we learned?

e What is the fate of the universe?

— The universe should keep expanding indefinitely, the universe eventually
consisting of a dilute sea of fundamental particles.
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