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Compiling our Cosmic Inventory
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Tirn of the 20% entufy
*Physics is dead !!!

*Current theory able to explain all

experimental observations

(except for a few pesky, probably irrelevant details)

’Promising young candidates Ce. g. Einstein)

encouraged to enter a different field







Etarting at 1901 ...

*T'he Sun 1s at the center of the universe

*The Milkyway constitutes the entire universe

*Newtonian gravity
can explain all |
astronomical observations §

*T'he universe is
unchanging !




But all that was soon to

change ...

’1915 Einstein proposed
| General Relativity

*An alternative to
Newton s Gravity

’Mﬂkyway was still the

entirety of the Universe

»Universe was still unchangmg -

*This “wron assumpt1on ; |
amazmgly, ead to an 1mportant ancf e result %




. change gathers

momentum ...
+1920’s : Galaxies other than Milkyway

. discovered !
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.. the last nail in the coffin
of classical astrophysics !

+1929 . Edwin Hubble
discovers that the
Universe is expanding !

e

*T'he rate of expansion
increases linearly with
distance

*Famous Hubble law

(got a telescope named after him)
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Whats in a line ?
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FIGURE 1

2:10® PARSECS

If the universe is
currently expanding,
it was smaller in the

- past. This reasoning

eventually leads to
the idea of the
Big Bang

The expansion of universe is naturally

explained by Einstein's General Relativity
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The Unavoidable Equaﬂon

Newton's G
¥ |

*General Rélativity relates the shape of

space to its the local content of matter//

and energy

Mathematical description

of the geometry of space
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*The «réisin pudding” model of the atom

c aréeg
*Only the electron was known to exist separatel

lA |
#1911 : Rutherford Ve
discovers the nucleus T
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*1919 : The proton is o N
discovered o TITRG o R %
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Explosion of Particles
Particle Physics' Golden Ag

*Nature had a few more
particles up its sleeve

¢ +In the 1920’s/30’s the

development of Quantum
Theory went hand in hand
with the discovery of those
particles

Diséovery of the Positron® -
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- The Bxplosion Continues

N
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1929 : EI'I'_ICS'tO (\- 4in diameter _

= Lawrence builds the \
first particle accelerator

(got two natiopal labs named after him
and a nobel prize to boot

- *Allows physicists to
~ peek behind the

'i

|

) ’ 1
nature s stage curtain )
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* A multitude of new
subatomic particles are
discovered | —
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N ELEMERTARY
PARTICLES

* A mathematical
description of all the
observed fundamental
particles and their
interactions

*A very successtul

theory, ... BUT ..

Force Carriers




]fs That Really Everything ?
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*Probably not !

*T'here are an increasing number of
experimental measurements that are hard to

explain by the Standard Model

*It has lots of “theoretical problems’ which
spurred physicists to look beyond it to a
‘more fundemental’ theory




upersymmetry
fh -

’An extension of the Standard Model

Standard particles SUSY particles

Higgsino
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nsequences of Bupersymmétry

*Most supersymmetric particles are too
short lived to be observed in nature

*One particle, however, may be stable and
potentially observable

*Such a particle would be massive, and
interact rarely with re gular’ matter

*Typically referred to as a WIMP
*Weakly Interacting Massive Particle
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'All the Ingredients at

*With a particle theory such as
Supersymmetry we have all the elements
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required to calculate /

Ly

\

*We can calculate the abundance of each
particle type as a function of
energy/ temperature/time efc ...

*This in turn gives us the size/shape of
the universe as a function of time ...
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Eomething’s Stll M ssing

*We have in our hand a very powerful
concept '

*But, ... it is like giving you all the
directions from a chocolate cake recipe,
but none of the starting amounts of
ingredients

*We need some observational data




- Fhe smological Soufle
i ). 9, %04 WI.H l't f au ?”

| Will 1t /_;i_se or
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4 | | |
*Different starting Matter +  Energy

amounts of mass
and energy can lead -

affect the expansion of the universe

2, £,

0.3 0.7
0.3 0.0

universe

to vastly different
cosmological
outcomes

1.0 0.0

Relative size of the

Now 10

Billions of Years
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The Visible Eiuverse

% y there is too much Gravity

*As early as the 1930’s

there was some evidence
the the amount of
luminous matter (ie. stars)
is not sufficient to account
for the observed
gravitational effects

*However, the significance of :
the results was not fully ==
appreciated for several decades 3
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L e Case For Mcre ‘rawty

(@
Gralactic Rotation Curves

T . T el | e el i e,

( Orbital Speed vs Radius | *The orbital speed of stars

ron o o e a}/roundthegalactlccenter

NGC 3108 ] / Can be eaSIIy CaICUIated

DISTRIBUTION OF DARK MATTER IN NGC 3198

*The mass of stars is < 10%

of that required to produce
the observed speed

1 | 1 1 11 | 1 1 |

~ +Could there be some
modius G - additional ‘invisible’ mass?




Is the Invisible Mass
uly Invisible ?
*So far, we havé only

established that it is not in
the form of burning stars

*Could interstellar gas
provide the missing mass ?

*]nterstellar gas 1s “visible”
in X-ray emissions

*More than >x as much mass as
the stars, ... but still not enough 0SS OpTrcaL




G avity On T Eargest Scale

((ﬁnses n the sky”

*General Relativity states
that light is deflected by
gravity

*Mlass can act as a lens

+The “coke bottle effect

*The amount of mass can
be determined from the
observed distortion
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ar:g &ucleosynthesis
"Fhe ultimate limit on baryons”

e Tl | e e i, s, e e -

Fraction of critical density

0.01 0.02 0.05 | ’G]’.Ven

1 1.Our particle theory recipe

2.Measured amount of light

elements

*We can determine the
total amount of «ordinary
matter (baryons) in all
its forms

*]t 1s still insufficient to
account for observed
gravitational effects
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Enter Dark Matter

*]Dark . Historical name based on _lack
of emission in the optical band

*Matter . Has gravit'y

*There are several ‘theoretical’ candidates

for this Dark Matter,
*The Supersymmetric WIMP is one




Looking for Dark Matter
In Our Back Yard

ogenic IViatter @ean:h

‘shameless self promotion’

*Several experiments '\ \N ‘
5

are searching for 5 L1
direct evidence of  Jem .
Dark Matter here  HSl Siaigugss
on Earth by looking S RS
for extremely rare % 7Y
interactions within §

their detectors
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*Redo the Hubble

measurement on a much
larger scale
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*Distant galaxies showing
an additional acceleration

NG away from us
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’Indrcatrve of the presence

=4 1 of a ‘repulsive’ antr-gr‘avrty
Distance to Galaxy effect

: Region covered by
5 or1g1nal Hubble plot _
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«Et is ing !
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4 | | | |
’Observ ations (Wlthln Dark Matter + Energy

the last 5 years) Now affect the expansion of the unmiverse
Q Q

tell us that we are on o

the red curve

*T'he means that Dark

1.0 0.0
and Baryonic matter
are not the whole
story
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*Something else is |

needed Now 10
Billions of Years




+*Qbservations at the largest distance scales
indicate the presence of a third major
player on the scene that is neither

Baryons nor Dark Matter
*This player acts to push things apart

*i.e. looks like anti-gravity

*Within General Relativity a uniform
energy field would have that effect
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2 *Big Bang remnant -
- 2728 K temperature

everywhere we look
(recelved a nobel prize in 1978)

:
. *Tiny fluctuations in
temperature due to
: denSIty bubbles at the 1
Fast | Wst beginning : 2

e 2728K'¢ o 1
’Slze of bubbles tells us the how  0.00002 K o

. much matter/ energy is in the (teceived a nobel prize in ZOO6)

unlver se <w111 hkely receive a nobel pr1ze n the future) o
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;(;@n)masking Park Energy

*T'he dominant component determining
the evolution of the Universe |

*None of the existing theories can

adequately account for the Dark Energy

*(Great interest in determining whether
the amount of Dark Energy 1S changmg

or has always been constant
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Dark Energy
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Tirn of the 21 entury

i

*Physics 1s alive and kicking I

*Concurrent development of astrophysical

theory and experimental results

*Many current and future experiments
have great promise for answering today s

questions







