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By the time modern cosmology has been filtered
through a few reporters and editors, what
reaches the general public is often a pale and
distorted reflection of what the scientific
community actually thinks.

| will present overview of big bang cosmology,
carefully distinguishing what we really know for
sure (well, almost for sure), from what we can
plausibly infer, from what is speculation at the
edges of our knowledge.
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“There is something fascinating
about science.

One gets such wholesome
returns of conjecture out of such
a trifling investment of fact.”

--- Mark Twain
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“It is important to keep an
open mind; just not so open

that your brains fall out”

--- Albert Einstein




What parts of cosmology are rock solid?

Recession of galaxies
Approximate linear Hubble law
Galactic evolutionary effects
Cosmic Background Radiation
Stellar structure and evolution

Big bang physics
(at least back to cosmological nucleosynthesis)
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[Hubble, E. P. (1929) Proc. Natl. Acad. Sci. USA 15, 168—173]
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Hubble Diogram for Type la Supernovae
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The Hubble diagram for type la supernovae. The scatter about the
line corresponds to statistical distance errors of < 10% per object.
The small red region in the lower left marks the span of Hubble’s
original Hubble diagram from 1929. [Kirshner 2003]
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Published values of the Hubble parameter versus time.

At each epoch, the estimated error in the Hubble parameter is
small compared with the subsequent changes in its value.
This is a symptom of underestimated systematic errors.




. Victoria
S Peed Of I Ight UNIVERSITY OF WELLINGTOMN

Te Whare Wananga
o te Upoko o e Tka a Maui

since 1880: s

00000 -

It is part of human nature
to be over-enthusiastic
299800 | | about the error bars.

299200 4 { {1
t 4 +.+

200700 , , , , ,
1860 1880 1900 1920 1840 4960 1980 2000

year




Speed (kmfs)

2997498
299797
299796
299795
299794
2899795
29979
299791
2997490
28997548
2899755

1940

. Victoria
Speed Of ||ght UNIVERSITY OF WELLINGTON

Te Whare Wananga
o te Upoko o e Tka a Maui

since |940: 158

It is part of human nature
to be over-enthusiastic
about the error bars.

(There are many other examples
of this phenomenon.)
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Neutron lifetime (s)
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measurements from particle physics:
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Selected measurements from particle physics:
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Preponderance of evidence:

The universe is accelerating.

But (based on supernova data alone),
this acceleration is not established
“beyond reasonable doubt”.

There are an awful lot of subtleties hiding in the
woodwork of the statistical analyses...

Antidote to excessive statistical sophistication:
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Logarithmic Photon flux distance versus z-redshift using legacy05

(statistical
uncertainties

only)

In(dF/redshift)

legacy 05
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The fact that there is no overwhelmingly obvious
visual trend in these graphs tells you that
extracting the deceleration parameter will

at best be a very tricky and uncertain process.

+* However, the leading linear term in the Hubble law,

C <

H

is certainly well supported
by the supernova data.

d —
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Some parts of cosmology are
already precision science.

Cosmological distance determinations,
however, are not yet
precision science.

“Precision cosmology? Not just yet.”
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Puzzle:

The cosmic background radiation is very smooth.

The distribution of galaxies is very lumpy.

But is the geometry of spacetime very lumpy?
Or is it very smooth!?

CBR: z~ 1088 Galaxies: z~ 0to 6
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Random variations of about 20

K

homogeneous to about one in a million




-

but
large
density

fluctuations!
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And we have to look past all the lumpy galaxies
to see the smooth background radiation...

And Einstein tells us that lumpy matter should lead
to lumpy spacetime geometry...

This happens to some extent, but maybe
not as much as we would expect!?

David Wiltshire: U Canterbury --- fractal bubble universe.
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Very good evidence for accretion disks...

Very good evidence for something “dark, heavy, and small™...




The
further
back we
look, the

more
uncertain

we
become.

The Cosmic
FPicture
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Our causal horizon

——

ln11_.1|:i|:_:ln
B ___H_q-lium forms™ :
High-Energy Physics Era % — — 1008 T ik
|
Radiatian Era .-!\ Hn::ﬂliqg:::l:ur:.
Y — Atome form

Victoria

UNIVERSITY OF WELLINGTOM
Te Whare Wananga
o te Lipoko o fe fka a Mawi

¥

i

z~ 1088

Mattar J.:Il.lmpinﬂ haginil = 150,000 years, i = 4,000 K

f= 15 million years, T= 300 K g
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z = infinity

z~1088

Clumping
(Planck)

Stars and
galaxies forming

(FIRST, NGST)

Early hlack
holes
& (XEUS)

Galaxies
- clustering
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WVhat parts of cosmology are firm!?

Cosmological inflation
Galaxy-galaxy correlations
Galaxy-CMB correlations

Large-scale structure

Fractal universe?




Decaeration
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Cosmological
inflation.

The effect is almost
certainly real.

The cause!?
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Two of these are
simulations of galaxy
distributions,
one is observational
data...
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There’s more to structure than just galaxies!
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Colliding galaxies --- unhealthy neighborhood.
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Where are the bodies buried?

Pioneer anomaly?
Dark matter!

Dark energy!?

Overall mass-energy budget!
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Pioneer 10 and | I,
and Voyager | and 2,
have now been
tracked for about 30 years.

They are not quite doing what we expect.

I((

Small “anomalous’ acceleration.

Directed toward the Sun.

Magnitude: Qanomalous ~ C H 0




Heliopause
N\

e L T
1

maante
T

Galactic
Cosmic Rays

N\

i

s

Solar Wind

Termination
Shock



Pioneer
anomaly?

10

0
1

L F

=
i

c

-
Ll
J
=
-
f—
LA
[

el vep Fai hare

R &ff!ﬂf"

-0

Eclivptic ProjeclLuon

20 -10 0 ' 50
DISTANCL vn RU

NASA/AMES
PPO/B8-1.1-2
p’ 3/2/94




, Victoria
Pioneer NIy O RGN
o te Upoko o e Tka a Maui

anomaly? s

Say what!?

What'’s the Hubble parameter
doing in solar system physics!?

There’s no really good model
for what is going on.

. . o 1A—9 2 1A-10
It could just be noise:  Ganomalous &= 107" m s~ = 107" g

But if it’s real, it’s just plain weird...
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H'n

Piurl;eer
“ Anomaly

People are still very puzzled...

Attempls at Explanaticons
Further Exploration

Breakdown of inverse square law
at solar system scales!?

FARM, Bremen
18 - 15 May 2004

Gmm’
F = > Fm ap +...7

— (8.744+1.33) x 107 m /s

But it does not seem to affect Uranus, Neptune, Pluto!?




Andromeda galaxy
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AKA: Galactic
“missing mass”’

Buzz phrase:
Galaxy
rotation curves
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orbital velocity (km/s)

Dark matter?

NGC 7541 UGC 2885

7 g L — NGC 801

“NGC 2998
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distance from center (thousands of light-years)
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Our own galaxy --- the Milky way --- shows the same
effect.
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Observed:

Approximately
constant

Expected:
Kepler falloff

Schematic galaxy rotation curve



Planet-like rotation

Orbital speed —

s,
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Rotation curve for
wheel-like rotation
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We do see this in
the galactic core

We expect this,
but don’t see this,
in the galactic disk




Vlctorla

'ERSITY OF WE

Dark matter? Sz

ags

What a spiral galaxy
“really” looks like....

Density falloff: 1/7°

Dark matter halo
out to beyond the
visible disk

But what is the
dark matter?

Nobody knows
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Dark matter makes up about 90% of the
mass of typical spiral galaxies

We only detect it through its gravitational effects

As yet we have no direct verification of its existence

Possibilities:

Massive neutrinos
Axions
WIMPS

Sparticles

Bose condensates

Other weirdness
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Axion (invisible axion):

mysterious particle beloved
by particle physicists
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Particles ﬂm:l Epﬂrtmles

Matter particles and their | Force particles and their

proposed superpariners | proposed superpartners |
Particle slp?,wmgr Particle Superpartaer
Name Partic S Parficls supersymmetry

Quark Squark Eanlier]  Ha e has an)’thing
to do with
the
“real world”.

Meutrino Sneutrino W* "ul".’im*-".'

Electron Selectron 2! Zino

Muon Smuon Photino

Tau Stau Gluino
L Higgsino

Supersymmetry doubles the particle spectrum

The lightest susy-partner is likely to be stable



Weakly interacting massive particles
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Suspect
Relic

Invisible Axion

Light Neutrino
Photino—Gravitino
Photino—S8neutrino—
Neutralino—Axino—
Heavy Neutrino

Magnetic Monopoles

Pyrgons—Maximons—
Newtorites

Quark Nuggets

Primordial

Black Holes

Origin
t, T
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WIMPS

Abundance

cm ™2

GeV

10'8GeV

101°GeV |

— 10155

2 10%g

T10 ®sec, 102GeV

1 sec, 1 MeV

| 10-4sec, 100 MeV

10 3sec, 10 MeV

10~34gec, 1014 GeV

10~ *sec, 1019 GeV

10~ *sec, 300 MeV

2 107 Y5ec, < 10%GeV

T10°

100

10

There are many
WIMP candidates

1ﬂ—24

1[}—44

Wimpzilla?

:-5 “]—-'H

Table 9.1: WIMP candidates for the dark matter. The cosmic abundance required
for closure density is nwimp =~ 1.05A% x 10 *cm 2 /mwimp (GeV).
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Really weird DOSSIbI|ItIeS

MOND: (MOdified Newtonian Dynamics?)

F:maf<ﬁ>; ap ~ 107 tg
ag

Breakdown of inverse square law at galactic scales!?

/ /
F:Gmm | Gmm | ”
2 I I e ©e o o
r rry

ro ~ 10 kilo-parsecs

Does not mesh well with the Pioneer anomaly
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AKA: Cosmological constant
AKA: Quintessence

AKA: Accelerating universe

O OO QO

Dark Energy Dark Energy Dark Energy Dark Energy
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Distance —

Slower expansion
at great distances
(in distant past):
expansion has
speeded up

More rapid
expansion
at great distances
(in distant past):
expansion has
slowed down

Recessional velocity —
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Universe expands
at a steady rate
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Dark matter clumps

Dark energy does not

Hmnshn Expansion
sFm'rs dmlm spoeeds up

Eﬂﬁia VA (by definition,

A / not deduction)

L R

=15 billion yeari
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Future fates of the dark—energy universe

.
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Big Crunch Indefinite expansion Big Rip

Quintessence in which Cosmological constant Quintessence in which
dark energy reversas dark energy destabilizes
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Are we living in a Iarge under-dense bubble
in an otherwise simple universe!

Size of bubble:  Much bigger than Hubble radius

RH — C/H()

If this idea works it wou
of our cosmo
at the cost of giving up

The universe we see would not be “typica

d improve some aspects
ogical picture,

arge-scale homogeneity.

I”

Could get rid of the “dark energy”.
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Heavy Elements:

Neutrinos:

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
T05%%
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Composition of the Universe, by percent
visible matter &

energy
5%

sk mater  |f YOU succeed in getting

= rid of dark energy,

we are looking at
big changes...

dark enargy
70%
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1) The “big bang” is alive and well...

2) There is a lot of good high-quality data coming in,
this helps keep the theorists on track...

3) There is a lot of room for debate at the margins,
but the core of the “big bang” is rock solid.




“Sometimes | wonder whether
the world is being run by smart

people who are putting us on, or
by imbeciles who really mean it.”

--- Mark Twalin




