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Cosmoiogy
g The study of the structure and evolution of the
univer seis Cosmology.
g Theuniverseis

g On every scale observed so far the univer se shows
structure:

Large-scale Structures
g Structures~200 Mpc in size have been seen.

g Thisismuch lessthan the most remote QSOs which
are over ~8000 M pc distant.

g The most extensive surveys cover only ~1/1000 of
the observable univer se!

g A 300 Mpc cube anywherein the univer se contains
~100,000 galaxies.
e excluding faint dwarf elipticalsand irregulars

g Recent estimatesindicate the total number of
galaxies areroughly 125-150 billion.

I'he Gosmological Principie
Cosmologists make two assumptions known asthe
cosmological principle:

1. The universeis homogeneous
« at the very largest scales, the universeisuniform.
« things ar e pretty much the same all over.
« the same physical concepts apply everywhere.
2. Theuniverseisisotropic
« looksthe samein every direction.
« the universe has no preferred directions.

Note: These assumptions are based on sketchy data, theor etical
insight, and philosophical preference




lipiicacion of Iie Gosinological Principle
cosmological principle implies that:
1. there can be no edge to the univer se

2. thereisno center
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iNo Genter to Ine Universe
Hubble'slaw isvery special.
g If wearegalaxy A, the velocitiesare:
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g What do people on galaxy B see?

A

!

g The same expanding univer se!

Olbers's Paradox

v Why isthe universedark?

v For a, static (unchanging), infinitely old, infinitely
large, and uniform universe
« the sky should be bright!

v Everywhereyou look you should see a star.

Lost in a Big Forest

e ¢ 9 [ ]
° ° ® you are

here

®
+ everything is the same for a long way in all
directions




Lost in a Big Forest
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« every direction you look, you see trees
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Olbers's Paradox

The answer:

Expansion of Universe

Huble's law:
distant galaxiesreceed rapidly
the greater the distance, the morerapid therecession
v=H xd
H, isthe Hubble constant = 65 km/s/Mpc
Hubble's law must obey the Cosmological Principle.
Everything must be expanding from everything.
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For example:
« aloaf of bread with raisins
« asthe bread rises, the distance between raisinsincreases

Universe Expanding
In our example:

v theamount of expansion depends on theinitial distance
between raisins.

v therate of expansion depends on the distance between raisins.

In the universe:
v
v




Expanding Universe

How it looks?
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The Age of tne Universe

Hubble'slaw tellsusthat for galaxies:
v=H xd
g Sincethe universeisexpanding, galaxies were closer
together in the past.

g Extrapolating backwards, all the galaxies were on
top of one another!

g When wasthis?

Time=

he Age of tne Universe
g Inserting Hubble law:

time = distance/ (H, x distance)

g Suppose H, = 65 km/sec/M pc, an estimate of the age of the
universeis

1 1 sec 10°pc  3x10%km

r=H—o=EEMpcx

=15x 10° =15 billionsyearsold.

L
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Cosmic expansion is not expected to be constant over
all times:
If the expansion werefaster in the past:
« Expansion would be slowed down by the gravity of
all the matter and energy in the Universe.
* T, would over estimate the age of the Universe.
If the expansion were dower in the past:
« Expansion might be accelerated by a non-zero
cosmological constant (A).
* T, would under estimate the age of the Univer se.
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The present location and velocities of galaxiesare a

result of a primordial blast known asthe BIG BANG.
It marked:

q
q

If werun the clock backwardsfar enough, eventually the
Universewould be

« zero size and thereforeinfinite density

« infinitely hot
Thisinitial state must have existed at some finite timein the past.
Wecall thisvery hot, very denseinitial statethe" Big Bang"
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what Is the BIG BANG?
v TheBigBangwasNOT an explosion in an otherwise
empty universe.

v TheBig Bang involved the entire univer se.

v At the beginning the Big Bang happened everywhere
at once.

L ook Back Times

g Aswelook further out in the universe we are seeing
it at earlier times!
e [t takesalongtimefor light to get here.
g Telescopes arethus" time machines' which allow us
tolook at the early universe.

rhe Fate of tne Universe 77
Will the Universe:

* expand forever

* stop

* rever se expanding and collapse

For better understanding of fate of universethe
best analogy is:

Launch of a spacecraft from the surface of Earth
(which depends on escape speed ).

Escape Speed

For example: Consider a planet; shot a spacecraft from the surface (single shot)

Velocity higher )
than escape object escapes
velocity.

Velocity lower

than escape object does not escape
velocity.

There aretwo options: trajectory

At the escape velocity (intermediate between the high and low velocity cases)
the spacecr aft just escapes (marginally bound).
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r'he Fate of the Universe
In our example,

Fate of a spacecraft depends:

§ on escape velocity

§ which in turn depends

§ gravity in turn dependson

Similarly,
Fate of Univer se depends on:
§

Critical Density
If the density of Universeis:
«High:
« Small:
Thecritical density

For H, = 65 km/sec/M pc:
§ Critical density ~8x 102 kg/m3, or about 5 H-atoms/m3
8§ Thiscorrespondsto 0.1 Milky Way galaxy/M pc?

At critical density Universewill be marginally bound.

Possibie Fate of the Universe

Unbound

Marginally
bound
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Based on density there are three possible Univer ses.

Possibie Fate of the Universe

High-density Universe Low-density Universe

Size of universe
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Big crunch: theentire Universewill “bounce”  Cold death: all
universewill shrink towardsa into a new phase. radiation, matter,
superdense, superhot singularity At f . andlifeare
and experience a “ heat death”, nOOSglllatlng UNIVerse: eventually destined
) . . eginning no end.
in which all matter and lifeare to freeze.

destined to be burnt up.




Fow to Uetermine the Future of Yur Universe
For thiswe need to measur e the aver age density of the Universe.

Scientists use cosmic density parameter (Q,, ):

§ Q,, isdefineastheratio of the actual density to the critical
density. Sometimes thisis simply denoted by Q.

Measuring (),
For H, = 65 km/sec/Mpc, Critical density is~ 8 x 10" kg/m3

And to deter mine actual density of universethere are two ways:

Galaxy Counts -
e Directly measure amount of massin the universe.

Deceleration of the Universe -

e Measure how much faster galaxies were moving in the
past.

2 ) a ' L on
Galaxy Counts
Count galaxieswithin some large parcel of space.
Adding up their mass and then dividing by volume of that space
gives density of universelittlelessthan 10-28 kg/m3.
ThisyieldsQ,, ~0.01.
But...... this misses most of the mass.
Masses can be found from (gravity):
« themotions of starsin galaxies
» the motions of galaxiesin clusters

Wecan't " see" > 90% of the massin the univer se, except by
gravity!
Possible presence of dark matter:

* MACHOSs (M assive Compact Halo Objects)

* WIMPs (Weakly Interacting M assive Particles)

Correcting for the missing massdueto dark matter (that we
know) givesQ,, ~0.2 to 0.35.%

Expanding universe
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Deceleration of the Universe
Assumption: rate of expansion should decr ease.
We need a" standard candle" to measur e distances and
recessional velocitiesindependently.
It isdifficult tofind a standard candle.
Galaxiesweredifferent in the past.

Type la Supernovae now appear to work very well. (Caused
by accretion onto a white dwarf.)

A Funny Thing Happened ...

* Typela SN resultsindicate that the universeis accelerating!
Acceleration => the expansion rate isincreasing

« Contrary to our initial biasthat it should be decelerating
Deceleration => the expansion rateis slowing

Result i . .
AN ™ Expanding universe




Possiile cause of Acceleration
\:\r/faiirl]li \(/je(ir;’et. know the exact cause of acceleration of

One possibility is: “vacuum pressure’.

Vacuum pressureisthe force associated with empty space and
effective only on very large scales. Sometimesit issimply
known as cosSmological constant.

Itsinfluence increases as the univer se expands.
Thisistherepulsive force that acts against the attractive force
of gravity.

Thispressureiscaused by neither matter nor radiation, soit is
simply referred asdark energy.

Computer modelsincluding thisforce can fit the observational
data though we still don’t know its physical properties.

Age of the Universe
(again)

Accelerating
per nova data
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Age of the Universe
(again)

For H, = 65 km/s/M pc, the age of a critical-density
universe without dark energy isabout 10 billion years.
This age estimate conflicts with the 10-12-billion-year
ages of globular clustersderived from studies of stellar
evolution.

If thereisno dark energy, then the density of the
universe must be significantly lessthan critical, or
Hubble's constant must be lessthan 65 km/s/M pc.
Theinclusion of dark energy increasesthe age of the
universeto 14 billion years, consistent with cluster ages.

Ihe Shape of the Universe

All forms of matter attract each other via their mutual gravity.
Relativity tellsusthat:
« Energy isequivalent to mass (E=mc?), so all forms of energy
in the Univer se gravitate aswell.
» Matter & energy tells spacetime how to curve.
The combined matter and energy density of the Universe
determinesits global geometry.




Gurvature of the Universe

The geometry of the Univer se depends on the total density of
matter and energy:

Q > 1: High-Density Universe ( )
]
]
§

Q < 1: Low-Density Universe ( )
]
]
§

Q= 1: Critical-Density Universe ( )
8§

8
8§

Jpiere analogy with a Glosed Universe

T S

Start parallel at equator

Parallel straight lines cross (conver ge)!

Spaceis curved so much that it bends back on itself and “ closes
off” making thisbound univer se finitein size.

Shiape analogy wita an Upen Universe

Start parallel
Parallel straight lines diverge!

A low-density, unbound, saddle curved universeisinfinitein
extent.

How far back in time we can see?

| sthere any way to study the universe
beyond the most distant quasar s?
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Cosmic microwave Background
Discovery: discovered by accident in 1964, by Arno Penzias

and Robert Wilson (won Noble Prizein 1978).

Prediction: predicted in early 1940s, a long beforeits
discovery, by astronomersat Princeton University.

Cosmic icrowave Background

Origin:
« in the beginning univer se was @7 sacond
hotter. il

» the gas temper atur e was about
10,000 K.

Intensity

{b) 10° years
optical

* with the expansion of universe, the
initially high-energy radiation
become redshifted to lower and
lower temperature. Freaueney

e itspresent temperatureis ~ 3K.
The existence of CMB isdirect evidence that universe
expanded from a hot dense state (Big-Bang).

Possible Fates of the Universe

Let'sgivethelast word to the obligatory poets...

¢ "Somesaytheworld will endin fire.
Somesay in ice.
From what |'ve tasted of desire
| hold with those who favor fire.
But if it had to perish twice,
| think | know enough of hate
To say that for destruction ice
Isalso great
And would suffice.

" Robert Frost, Fireand I ce (Harper's Magazine, Dec 1920)

¢ "Thisistheway the world ends
Thisisthe way the world ends
Thisisthe way the world ends
Not with a bang but a whimper.

" T.S. Eliot, The Hollow Men (1924)

Thanks for collection of poems to:
Prof. W. Pogge (OSU)
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