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The Case for Dark Energy
and Dark Matter
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» The Hot Big Bang
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* Contact With Fundamental Physics
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“Only two things are infinite, the universe and human
stupidity, and I 'm not sure about the former.

Albert Einstein




Gravity, Matter & Geometry

» According to Eimnstein gravity 1s really the response of
space and time to the presence of matter.
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T'he 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.

[he prescnce o1 Snergy Curves space and tme.
i 1

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




Visible Matter in 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.




A 3D View
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A 3D View
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A 3D View
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A 3D View
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A 3D View
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The homogeneity

he sky 1s dark
ne Hubble Law

and 1sotropy of the
universe

The slower decay
of more distant
supernovae



o The Hubble Law

Expanding Universe

Q

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

s expected if all started at
the same Ppoii nt at the same

instant.
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o The Hubble Law
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o The Hubble Law

Expanding Universe
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Expanding Universe




Evidence for an Expanding Universe

o The Hubble Law
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The Hubble Law

Fxpanding Universe




#®

Evidence for an |

The Hubble Law

FExpanding Universe




Evidence for an Expanding Universe

o The Hubble Law
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The Hubble Law
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» Matter 1n an expanding container cools
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The Hot Big Bang theory assumes the Universe was

mitially a small, hot soup of elementary particles
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» This theory is just now being redundantly tested
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» Matter in an expanding container cools.
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* The Hot Big Bang theory assumes the Universe was
mni1tially a small, hot soup of elementary particles.

» This theory is just now being redundantly tested.

B el



How Would We Know?

* The Umverse being
hot means that the
particles within 1t are
randomly moving with
higher speeds. 0

» At high enough
temperatures particles

get knocked apart mto
their constituents.



ey |
E:.II,:: — H == = = —[mpp‘t]
T He Edt View Insert Format Took Side Show Window Hep TexPont
D@2 8Y I8EF o-=- @57 @S AW 6% - @

i

5% Mo Transition w Mo Effect -~ B& % E commonTaks~ .

-+ Ul S Bag Dagrisey wimimss 3 Tooaoe =
i vl b of ¢ imamr pans e

v Femicm s ki
If e s pEar




=X
as in Pump
® Heawy Species
_ Light Species

1|
i
i |

Pirsa: 06060060 5 : Page 65/228
q Java Application Window

= = - g n Rl e - [— = ST | IR




=[x
As i PuEp
® Heawy Species
_ Light Species

Pirsa: 06060060 ; -
|| Jawva Application Window

= IS sy e g e — T I ciame e | e e L - TR




X
]
as in Pump
® Heawy Species
_ Light Species
- S — =]
B = .|| Pause Hee
irsa: 06060060 Page 67/228

llJr:'.*,-‘a Apphcation Window
= b S e e ot [e— = e s | Rl - o




as in Pisnp
® Heawy Species
_ Light Species

T Hele. |

[

Pirsa: 06060060 5 : Page 68/228
J Java Application Window

- W e e s s e T — = e T e el Y Py




in Pump
# Heawy Species
_ Light Species

A= — — -
g ] =

E = 1] pPause Hewe
Pirsa: 06060060 Page 69/228

| Java Application Window
= " L o - o |[— = o | I -



in Pump
® Heawy Species
. Light Species
- e S =]
E = ||| Pause - sin i

Pirsa: 06060060
J Java Application Window

= Tl o iy e e e e — = A —— .| T | e




== _ = Gas Properties (3.03) - i:v[ ﬁ; '_ =
== =Rl e x
™

Temperature % Hone
Gas in Charmbmer
Heawy Species 14J:I=-
Light Species. IJ_:--_— o
Grawity
i ] Lais
Toais & Options
Measurement Tools >>
Advarced Options >>
Reset
in Pump
8 Heawy Species
_ Light Species
- e — T e -
E = 1l Pause L e |

Pirsa: 06060060

Page 71/228
J Java Application Window

= & E e TR L rr—— gl Mg



_ Light Species

"-Peuse M

1
il
|

Pirsa: 06060060 3 Page 72/228
| Java Application Window

— I o i g e T e o [— z e = | e e T




_ Light Species

Pirsa: 06060060 5 ==
| Java Applicaion Window

= b = - B e e e — 5 e 1 R




How Would We Know?

» Atoms can survive once
the Universe cools below /~ “K nucleus:
19 protons

1000 degrees. 7
* 21 necufrons
Charged electrons and

nucler combine to form

[

JHJ
neutral atoms. Ar
, _ nucleus:
Nucle1 can survive below 18 protons

10 billion degrees. 22 neutrons

Protons and neutrons

combine to form nuclel.




How Would We Know?

 Atoms can survive once
the Universe cools below ~ K nucleus:
19 protons

1000 degrees. >
21 ncutrons
Charged .,15,3.1‘1 s mi

s 40
ncutral atoms. Ar

1 _ nucleus:
» Nuclei can survive below 18 protons

10 billion degrees. 2 neutrons !

Protons and neutrons
ombine to form nuclel.
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* Primordial element
abundances

» The cosmic
microwave
background

Teyp Vs distance



e Primordial element
abundances
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When the umiverse cools to the
pomt where nuclei can form
(around 10'° K) then the relative
abundances of the light elements
can be calculated.
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Evidence for a Hot Big Bang

e 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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Fvidence for a Hot Big Bang

e Primordial element
abundances
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» Primordial element

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

o The cosmic

microwave
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Evidence for a Hot Big Bang

When the universe cools enough
for atoms to form (around 10° K)
1t becomes fransparent to light.

Above 1000 degrees atoms break
up into electrons and nuclei.

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




. ' : | _.'“& w
- ,{ - _.I :.-n:.‘ -::: “|d:' ;..ﬂ% _'::.' B "I‘-\li T_:, -u! 'ﬁ | 5 T P 1:_-:.-* J:--T
1 s VINAVIILIGVNG 1V QL 1 ]L'i_, L 1 -y ‘El :!.L | 5
S k=
o CMB Temperature vs Direction

The cosmic ' '
microwave | |

background




» The Hot Big Bang




Mass 1n galaxies

Mass 1n clusters
of galaxies
Temperature
fluctuations 1n the

CMB
Start of galaxy
formation.



Evidence for Dark Matter

e Mass in clusters
of galaxies
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Mass in clusters
of galaxies




Mass in clusters
of galaxies

Fvidence for Dark Matter




“vidence for Dark Matter

e Mass in clusters

of galaxies e >, -




“vidence for Dark Matter
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Evidence for Dark Matter
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“vidence for Dark Matter

o Mass in clusters

of galaxies e > -




Mass in clusters
of galaxies

“vidence for Dark Matter
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