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Tirn of the 200%™ entufy

*Physics 1s finished !!!
*Physics is:

*Classical mechanics & Thermodynamics

*Electromagnetism & Newtonian gravity
*Current theory able to explain all

experimental observations

(except for a few pesky, probably irrelevant details)
*Promising young candidates (e. g Einstein)

.encouraged to enter a different ﬁeld






Starting at 1901 ...

*T'he Sun is at the center of the universe

*The Milkyway constitutes the entire universe

*Newtonian gravity
can explain all E
astronomical observations &

* T'he universe is
unchanging !




But all that was soon to

change ...

’1915 Einstein proposed m Wl
. General Relativity e

*An alternative to
Newton s Gravity

*Milkyway was still the

entirety of the Universe

)

*This wron assumption, i |
amazingly, lead to an important ang TSrrect tealt




. change gathers

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

s discovered | s Uw il
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change gathers

momentum ...
+1920’s : Galaxies other than Milkyway
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... the last nail in the coftin
astrophysics !

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

of classical

AT S o bsdi > -
it b = \ B -

*The rate of expansion
increases linearly with
distance

*Famous Hubble law

(got a telescope named after him)
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X’hat's in a line !
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eed an recesion ' If the universe is

- Lﬁ, I currently expanding,
1 || 1t was smaller in the
: 4,/"/ . | past. This reasoning
. d)k[ame ta‘ d}a[ax' eventually leads to
e the idea of the

e } - ‘Big Bang
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FIGURE 1 '

The expansion of universe is naturally
explained by Einstein's General Relativity
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The Unavoidable Equation
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*General Relativity relates the shape of
space to its the local content of matter

and energy
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The Unavoidable Equaﬂon

3
>

*General Relativity relates the shape of
space to its the local content of matter

and energy

Mathematical description -
of the geometry of space The Matter/ Energy content
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The Unavoidable Equation

Newtons G
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*(General Rélativity relates the shape of
space to its the local content of matter,

and energy
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Back to 1901 ...

*The «réisin pudding” model of the atom

*Only the electron was known to exist separately

+1911 : Rutherford

discovers the nucleus

*1919 : The proton is

discovered




A Explosion of @artlcles
Particle Physics’ G

*Nature had a few more
particles up its sleeve

E +In the 1920's/30’s the

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

Dlscovery of the Positron’ =

in 1933 s




~ The Explosion Continues

= 21929 . Ernesto :
| L N\, |

4in diameter
[ awrence builds the

first particle accelerator

f
}
(got two national labs named after him S
f
f

X and a nobel prize to boot
*Allows physicists to
| ' |
- peek behind the |
nature s stage curtain }
*A multitude of new !

subatomic particles are
discovered
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The Standard Model
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G ELEMENTARY
* A mathematical P ARTI CLE S

description of all the
observed fundamental

particles and their
interactions

Force Carriers



The Standard Model
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o ELEMENTARY
*A mathematical PARTI CLE S

description of all the
observed fundamental
particles and their
interactions

*A very successtul

theory, ... BUT ...
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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 fundamental’ theory




Supersymmetry

f\/"“-.ﬂ- TR i &
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’An extension of the Standard Model

Standard particles SUSY particles

L _d )_ / TJI L
' | Higgsino
@

Quarks 0 Leptons ‘ Force particles | Sleptons \) SUSY force
particles

See EU(; b K/Gac”)a[e




Consequences of Supersymmetry

*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

*Iypically referred to as a WIMP
*Weakly Interacting Massive Particle

- S ks bRigrd T,
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All the Ingredients at

*With a particle theory such as
Supersymmetry we have all the elements
required to calculate (7T

;\\ 1

*W 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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- The Cosmological Souflé

4 | | |
*Different starting Matter +  Energy

amounts of mass
and energy can lead

affect the expansion of the universe

Qp Q,

0.3 0.7
0.3 0.0
1.0 0.0

to vastly different
cosmological
outcomes

Relative size of the universe

See m? J3\1 J.Qure‘nce gerau-a - Now 10

Billions of Years
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r Decelerating Unimrses Coasting Universe Accelerating Universe

TL ]

A decelerating universe reaches its current size in the least amount
of time. The universe could eventually contract and collapse into a
"big crunch" or expand indefinitely. A coasting universe (center) is S
older than a decelerating universe because it takes more time to

reach its present size, and expands forever. An accelerating universe

(right) is older still. The rate of expansion actually increases because

of a repulsive force that pushes galaxies apart.



; EOmething) S gtﬂl % & ’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

*W% need some observational data







e Visible Universe

X v,(m

%4 y there 1s too much %n avity”

*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

sHowever, the s1gn1f1cance of ;
the results was not fully o
appreciated for several decades
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( Orbital Speed vs Radius ' *The orbital speed of stars

42 DISTRIBUTION OF DARK MATTER IN NGC 3198
1200

e

on or e e :jround the galactic center
| /can be easily calculated

NGC 3198 1 /

" +The mass of stars is < 10%

of that required to produce
the observed speed

1 i | 1 1 |
20
Radius
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( Orbital Speed vs Radius  . ’The or bital Speed Of stars

42 DISTRIBUTION OF DARK MATTER IN NGC 3198
1200

| .,
Ol

monor o wemm e around the galactic center
was | can be easily calculated

*The mass of stars is < 10%

of that required to produce
the observed speed

%
%

1 | 1 1 11 | 1 1 |

. 7%Could there be some .
Rzgdius (kpsg) : additional «I'IlVl'Sl'ble” maSS ? ’




Is the Invisible IMass
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 ?




%S the Invisible Mass
Truly Invisible ?

*So far, we have only
established that it is not in
the form of burm'ng stars

*Could interstellar gas
provide the missing mass ?

*]nterstellar gas is ‘visible”
n X-ray emissions

*More than >x as much mass as
the stars, ... but still not enough CHANDRA X-Ray




Gravity On The Largest Scale

Lenses in 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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*General Relativity states
that light is deflected by
gravity
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*The “coke bottle” effect

*The amount of mass can
be determined from the
observed distortion
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*The amount of mass can
be determined from the
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On The Largest Scale

"Lenses in the sky”

*General Relativity states
that light is deflected by
gravity

*Mlass can act as a lens

*The “coke bottle” effect

*T'he amount of mass can
be determined from the
observed distortion
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The ultimate limit on baryons

: ig Ban &ucleosynthes'is

on

Fraction of critical density . ’
| 0.01 0.02 0.05 ’GIVCI]
1 1 I 1 1 1 1 1 1 1

j 1.Our particle theory recipe

0.25
0.24

4He Mass fracti

2.Measured amount of light

elements
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=
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*We can determine the
total amount of «ordinary
matter (baryons) in all
its forms
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*It 1s still insufficient to
account for observed
gravitational effects
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Enter PDark Matter

*[Dark . Historical name based on ‘lack
of emission in the optical band

*Matter . Has gravity

*There are several theoretical’ candidates

for this Dark Matter,
*The Supersymmetric WIMP is one




ogenic k Matter Search

*Several experiments
are searching for
direct evidence of
Dark Matter here  Haf 3¢
on Earth by lo oklng
for extremely rare
interactions within
their detectors
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*Redo the Hubble

measurement on a much
larger scale

*Distant galaxies showing
an additional acceleration
away from us
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B ey ... of a “repulsive’ ant1—gr‘av1ty
Distance to Galaxy effect
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Dark Matter + Energy
affect the expansion of the unmiverse
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Now 10

Billions of Years



Eemember c“d e Souflé
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’Observatlons (Wlthln Dark Matter + Energy

the last 5 years> Now affect the expansion of the universe
Q Q,

tell us that we are on - .

the red curve

*T'he means that Dark

and Baryonic matter
are not the whole
story
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*Something else is 1

needed Now 10
Billions of Years
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*QObservations 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




cr gy

*Big Bang remnant -
2.728 K temperature

everywhere we look
(recelved a nobel prize in 1978)

East | West
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@ hotter @ cooler

East | West
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*Big Bang remnant -
2.728 K temperature

everywhere we look
(recelved a nobel prize in 1978)

*Tiny fluctuations in
temperature due to

: denmty bubbles at the ’

beginning :

2728 K #
0.00002 K

(received a nobel prize in 20 06)
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cr gy

*Big Bang remnant -
2.728 K temperature

everywhere we look
(recelved a nobel prize in 1978)

*Tiny fluctuations in
temperature due to
. density bubbles at the

East | West beglnnlng

*Size of bubbles tells us the how () 00002 K

much matter / energy is in the (teceived a nobel prize in ZOO6)
UHIVCI’ se (WIH llkely recelve a nobel prlze in See m J) _Lurem:e ger u- :_5
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:‘(@h)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 is changmg

or has always been constant
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"~ THirn of the 21 entury
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*Physics is:
+(lassical mechanics & Thermodynamits

’Electromagnetism &Newtonian gravity

AND

*Quantum Mechanics & Statistical Mechanics -
*Electroweak theory & General Relativity, & . o

F
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Tiirn of the 21 entury

-~

*Physics is 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







