Cosmology:
Where are the bodies
buried?

Matt Visser
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The general framework of of modern cosmology
1s based on a large corpus of high-quality
data. There 1s no doubt that the universe 1is
expanding, that the linear Hubble law 1s a
good approximation to that expansion, and that
the cosmic microwave background represents the
afterglow of the big bang.

But there are a number of troublesome 1issues
where some caution 1is called for. In this talk
I will focus on the bits that we don't
understand so well, to show where the bodies
are buried, and to give some idea of where
current research is most active.
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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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Two of these are
simulations of galaxy
distributions,
one is observational
data...
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Tadpole galaxy
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There’s more to structure than just galaxies!
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Fractal simulation?
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Say what!?

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

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

. . o 10=9 1 =2 o 1(—10
It could just be noise:  @anomalous = 107" ms = = 107" g

But if it’s real, it’s just plain weird...



Pioneer anomaly!?

Pioneer
Anomaly

% servationd

Attempts at Explamation

[

Further Exploration

LZARM, Bremen
18 - 15 May 2004

ap = (8.74 4 1.33) x 10 °em/s”
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Andromeda galaxy
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Magellanic clouds
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Orbital speed (km/s) —

300

250

200

i
Ly |
2

100

o
-

Victoria

UNIVERSITY OF WELLINGTON
Te Whare Wananga

o te Upoko o e Tka a Maui

535

—/_\ NGC 4378

i NGC 3145
/\ NGC 1620
L —
NGC 7664
| | | | |
5 10 15 20 25

Distance from center of galaxy (kpc) —



Victoria

UNIVERSITY OF WELLINGTON
Te Whare Wananga

o te Upoko o e Tka a Maui

535

lﬁ'ﬂ-— IIIIIII:I;:IIIII—:
o f’ﬁaﬂ : NGC3198
;Emu —II .
50 —I -
R T




-
€ 300 |
= — NGC 7541 S UGC 2885
= | ¥ 25 Ta S — — 01
g 200 ] — NGC 2998
2 :
< 100 E
£
o | | I |
50 100 150 200

distance from center (thousands of light-years)

Copyrighl & 2004 Pearson Educelion, publiabing as Addeson Wealay,



Victoria

UNIVERSITY OF WELLINGTON
Te Whare Wananga

o te Upoko o e Tka a Maui

535

‘ visible edge
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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
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What a spiral galaxy
really looks like....

Dark matter halo
out to beyond the
visible disk
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Density falloff:
| /r2

But what is the
dark matter?

Nobody knows



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
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Axion (invisible axion):

mysterious particle beloved
by particle physicists
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Matter particles and their | Force particles and their
proposed superpartners proposed superpartners

Particle Superpartasr Particle Superpartner
Name Fartinﬁ Name Particle

Quark Squark Graviton®|  Gravitino

Neutrino | Sneutrino W Wino*"

Elactron Selactron i Zino

Muon Smuon Photino

Tau Stau Gluino
‘ Higgsino

Supersymmetry doubles the particle spectrum

The lightest susy-partner is likely to be stable
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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

| Mass Origin Abundance

: i, T cm ™

10~%¢V [ 10"3%ec, 10"2GeV | 10°

30 eV 1 sec, 1 MeV 100

keV | 10-%sec, 100 McV 10

GeV 10~ *sec, 10 MeV |! 10—58

10'%GeV | 10734sec, 104 GeV 10—

101°GeV | 10~%3sec, 10'°GeV 10-24

~ 10%g | 107 %sec, 300 MeV 10—

2 10%g | > 107" sec, < 10°GeV | < 104

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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There are many
wimp candidates



(MOdified Newtonian Dynamics?)
F=m a f(a/a_0); a 0approx I0N-11}g.
at galactic scales!?
F=Gmm /r*2+Gmm’/(rR) + ...

R approx 10 kilo-parsec

Does not mesh well with the Pioneer anomaly
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Hamuy et al
(A.). 1998)
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Distance —
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Slower expansion
at great distances
(in distant past):
expansion has
speeded up

Universe expands
at a steady rate

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

Recessional velocity —
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accelerating universe
(non-zero cosmological const.)

w
0

5

= Open Cold
5 EEU{ 1 Universe — Death
W

i

G

o _ Flat

ﬂ ﬂﬂ_l Universe

Closed Big
Ell]:" l Lln'ruerse_h_ Crunch

-

* \ Time

Ti f th Time of the
Igrir.;ﬂé]ange Big Crunch




Victoria

UNIVERSITY OF WELLINGTON
Te Whare Wananga

o te Upoko o e Tka a Maui

535

Consenus opinion:

Clusters
(+BBNS+HST) The cosmological

constant is “‘big”.

The quantity of
clumped matter is
relatively “small”.

Cosmological constant
dominates over
clumped matter.




density of dark energy ()

galaxy speeds N
within clusters ks
=
0.5 1

density of mass (£2)
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Different data set,
one extra technique,
broad agreement on

results.
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Models of the Expanding Universe

Constantly
decelerating
universe Decelerating, then accelerating, universe

Relative size of the universe

Big Bang

0 L ] ] ] ] ] ] ] ]
Big Bang -15 -10 -5 Now 5 10 15 20 25 30

Age (billions of years)
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Dark matter clumps

= Dark energy does not
-~ —Expansion Expamiu-n
Sf-ﬂ:u'r._l___ﬁ':l-'iliﬂ speeds up Clump

/Y

i

Farth-es:t

" supernova .

(by definition,
not deduction)




P Present R R S R

Accelerated expansion
associated with dark energy

14 billion years
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Possible models of the expanding universe

Accelerating universe

y
&

r Decelerating universe - Coasting universe

By determining the rate of expansion of the universe we live in,
astronomers are able to better estimate the age of the cosmos. If

the universe is decelerating, it is likely to be young. Butifit Is .i_
coasting or accelerating - expanding faster as a repulsive force

pushes galaxies apart - it is probably older.
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Future fates of the dark—energy universe

.

* "'-:-
& lr ne

_'E-i »
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% R

Big Crunch Indefinite expansion Big Rip

Quintessence in which Cosmological constant Quintessence in which
dark energy reversas dark energy destabilizes
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Simulation:

Dark
matter

clumping
In a
dark

energy
universe.
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But wait --- Breaking news:

Viable exact model universe without dark energy from primordial inflation

David L. Wiltshire*
Department of Physics & Astronomy, Unwversity of Canterbury, Private Bag 4800, Christchurch, New Zealand
Late time failure of Friedmann equation

Alessio Notari®
Physics Department, MeGill University, 3600 Uniwversity Road, Montréal, QC, H3A 278, Canada
(Dated: March 31, 2005)

Primordial inflation explains why the universe is accelerating today

Kolb, Mataresse, Notari, Riotto



We are living in a large
under-dense bubble in an otherwise
simple universe.

Size of bubble:  Much bigger than Hubble radius

R=cHO0

If this idea works it would improve some of our picture,
at the cost of giving up large-scale homogeneity.

The universe we see would not be “typical”.
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Heawvy Elemants:
0.03%

Neutrinos:
0.3%

Stars:
0.5%

Free Hydrogen
and Helium:
4%

Dark Matter:
259%,

Dark Energy:
T0%%
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Composition of the Universe, by percent

visible matter &
energy
5%

sk matter  |f yOU succeed in getting
25% .
rid of dark energy,
we are looking at
big changes...

dark enargy
F0%



|) 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.



Victoria

Te Whare Winanga
o fe Upoko o te [k a Mdwi

T

Mark Twain



