FRIDAY: REVIEW (HERE-A110)
MONDAY: FINAL EXAM
2.30 —4:20 PM
A110 (HERE AGAIN)

CLOSED BOOK, MAY BRING 2 DOUBLE-
SIDED SHEETS OF HAND-WRITTEN
NOTES, AND A CALCULATOR.



Physics 311
General Relativity

Lecture 20:

Hot topics In General Relativity
(and beyond)



The B|g Bdr:g and Expdn(lmg Universe

Cosmology and Relics of History

Cosmalogy i the sty of the unbverse i o whobe, Ad in srthscology, commotogy Sinds chues

the pass in relice. Looking oot 3 dissance d in tpace ke laaking Back in time. becaurs ¢ = die (light

eravels at 4 finite speed c). The baws of matere dicovered on Earth can be applied to the early

universe and tetted by abterving reles

A Relic from the Early Universe
The Cosmic Microwive Background (CHMB) is a
universal bgh of lightwaves (phaton) from the

hot dende., eardy universe. They are strecched
by the expamion of spece. To a part in
100.000, the CHB Iz the ome no mamer
where you ook (it is isotropic)  The
remaining tny yariapons (shown in figure)
arn images of the seods thar later form
alaxios and larger cotmic soructures

TMB bt wech phe 1

Age of the Universe A marvelout sgreement that the age of the unierss is aboue 14 billlan
ey coms from stidying 5 expansion and the ecyces of stirs and also by dating meteorites.

History of the Universe

Theee maper eras in the expantion histery Tollowed the hot dente condition of the earbeit
wneverse, During each era, the expanson depended on the mture of the maner or energy that
dominaed the universe ac thar dme.

Era | - Acceleration: Inflation speeds expansion
Obrervations seem to mply that dhe very early universe
underwent 3 extremely rapid, accelerating expantion, cilled
Inflation, b a tiny fraztion of & second, inflation expanded
gach part of space by a factor of ac leasc 1077, Bofore
Wflagion, the portion ol the uaherse viubie 1o us today wis a
smoath’ patch much sraller than 3 proton. A inflation
ended, the viuble uiherse fad grown to the siee of a fall
(very’ approwimately). Infladon explains how quanturm
fuctuytions in the otherwise smooth and Lotrope universe
2d tiny ripples that would cventially grow inte galadies
In the 14 billoo yers after
universe expanded by anacher factor of abour 104

paskuniey gl chraery of gk

Eras 1-1 - D E: slows and forms

After inflation, tha wl partickes. Photons and fast
mawing ¥ ¥ (cooled) 35 the
expanded (the energy went into the expantion). Eventually, slew-meving mater beeame domisant
orvey’ radiation, Over time, lvger and Larger structures grow, from galasses (o chusters of galasies o
superclusters These began 1 Sflorences in the denvity of mitter, but graviationsl attrsetian
made more and mons matter dump mgether: Seeecal interesting stages are ndicated in the contral
I'g_,m. Stars created the Highermass elements thas evennually became part of Earth and of u®The
niverss had both matter and antimatter in abundance, but rrd:r it i almost exclutiedy
r. How this cam oo

s aboue b not fully u

Era 4 - Acceleration: Dark energy speeds expansion

A marter-domenated universe cautes deceleration and might oven reverse the expantion. 5o 8 was
a great surprise In 1958 when observarions showed that the expansion of the rse i now
aceelorating {see the "Expansion Hivory® por). This ingdies the of encrgy.
referred to a3 dark energy. Scentivts are pursuing the nature of dark energy.

Our Cosmic Address

u v st dn the Milky Way galucy. witich
*Is ooe of more than 100 klksn galades in » 3

the visible wiiverse 5 F— :
i . " . 5
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Earth Sots: Ertrem Milky Way Galaxy | roupie

01003 Contemporary Plysics

THE HISTORY AND FATE OF THE UNIVERSE

Eight major stages in the evolution of the universe are illustrated below.
The Big Bang occured everywhere in the universe. Here
and followed through time.

one region has been illuminated
The expansion is far greater than can be shown here.

4
Nucleons form: 10" " s

Nuclei form: 10%s

Atoms form: 3 x 10% yr o oot
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Redshifts and Expansion

hawn for the p'owl 3 in the cenwral figure). Meaawring
thie it ally ut the velosiey of the tourcs, In 1939,
Hubbie observed that sl dine obiers sre receding with
a wilocity proportions w thelr datance. This Infermation
and modern telecope obiervatons show that the
univerge i expanding undoremly in 8l drections. Object
that am bound cogether (such a3 gafedes and stoms) do
Mot expand a8 gpace axpands opart Pt it g6 ol exfesd

Expansion History of the Universe
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Whather the sxpansion of the unwverse will speed up
down, or even possdbly reverse Into collipie depend
throdgh gravity on the amaant and types of matter and

DARK ENY IRGY

energy in it
AT TER

The ordifiry matter — atamd and nucled — that formed in DARRH

the early universe can account for the visible mass In gakides \

and clusters. But it falls far shore of the totl mats nosded
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pernovae in distant galaxdes. thow ¢
dark energy may be causing
of gravity duise es mater

The nature of dark energy and dark matter are two of the great questions facing cosmology and
Perhaps dark energy & the cosmalogial conseant, intradisced by E 1917,
Perhaps both are now parms of le physics. ted 1o the very earliest momants of the unhaorse
and having 1o do ‘with the axture of physics and spacotin
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Microwave background map (fluctuations)

« Small ripples in the exceptionally uniform microwave background give
us a glimpse at the quantum fluctuations in the very early Universe, just
after the inflation.
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http://arxiv.org/abs/astro-ph/0302496

Gravitational waves

* Time-dependence in Einstein field equation leads to spacetime
curvature that varies with time.

* These time-variations of spacetime curvature are expected to propagate
at speed of light and are called gravitational waves.

In this figure, two hypothetical
black holes orbit each other at
high rate.

Each black hole creates its
own curved spacetime around
itself.

As the black holes rotate, the
centers of their respective
metrics move. This creates a
wave pattern!




Energy of gravitational waves

» Gravitational waves carry away energy. This energy must come from
somewhere. In other words, the source of gravitational waves must lose
energy.

» Looking for this loss of energy is an indirect way of detecting
gravitational waves.
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LIGO - Laser Interferometer Gravitational
wave Observatory

 Two enormous Michelson interferometers look for tiny relative
movements of their mirrors caused by gravitational waves.

 Current sensitivity ~ 1018 meters (1000 times smaller than the proton!),
yet not sensitive enough (would probably detect waves coming from our
entire Galaxy collapsing...)




LISA - Laser Interferometer Space Antenna

» Three satellites flying 5 million kilometers apart, with laser beams
“connecting” them.

* May be launched in 2012.
* Would have sensitivity 1,000,000 times better than LIGO




Gravitational waves

Numerical Relativity
can now predict the
characteristic signals
sent by the merging
black holes

Detection of these
signals — the
gravitational waves —
will improve and
expand our
understanding of the
Universe.
























Gravitational waves emitted by a small black
hole falling onto a supermassive black hole






BIG open questions in relativity and cosmology

* What happened before the Big Bang?

* How many dimensions of space (and time?) are there?

* What is the topology of space? (remember the balloon?)
* “Big Crunch”, “Big Rip” or ...?

* What is the nature of the “Dark Energy?”

* Do “naked singularities” (i.e. singularities without the event
horizon) exist?

* ... and many more...
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