Survey of Astrophysics A110

o)
O
=
c
D
>
@
L




Early Universe Survey of AstrophysicsA110

TheEarly Universe

e Goals
— Determine how the Univer se expanded.
— Understand the formation of H, He.

— Definethe mass of structuresthat could collapseto form
superclusters.

e |nflation

— TheHorizon problem

* Theisotropy of the CMB providesa major challengefor standard
cosmology. CMB isisotropic over all the sky with AT/T ~ 109,

* For regionsto have the sametemperaturethey must have been in
causal contact. The size of theregion that can passinformation is
deter mined by the speed of light.

* The maximum region over which light can travel is called the horizon.

* |t would take photonsfrom either side of the sky 2x age of the Universe
for them to passinformation. At last scattering the Horizon
correspondsto about 2 degrees.

* The sky should not be so isotropic.
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Our cosmic particle horizon

Cosmic particle horizon for A|Cosmic particle horizon for B

Radiation from A takes Radiation from B takes
14 billion years to reach us 14 billion years to reach us
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— The Flatness problem

o A second problem isposed by the density (Q) of the Universe.

o |f Q<1theUniverseexpandsforever if Q>1 it collapses. Why
IS Q so closeto one.

 For Q, 1lthedeviation from acritical density changes
rapidly with time (expansion).

 For Qtobe0.3-1at the present timeit must have been
within 1 part in 10** at 1ns after the Big Bang.

 |f it wasthisclosewhy isnt it 17

— An Inflationary Period

« Alan Guth (MIT) came up with a solution for the Horizon
and Flatness problems called inflation.

 Heproposed that therewasarapid period of growth in the
Universe such that regions on the sky today wer e much closer
In the past than the current expansion rate would suggest.

o At early timesall the sky wasin causal contact.
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—An Inflationary Period
e Univer se expands exponentially

e For the Universeto beisotropic it must
have expanded by about €® or 10%,

* One question isthat how do we stop
inflation once it has started (and return to
the normal expansion).

e Thisrapid expansion solvesthe horizon
and flatness problems.

Rt) = R ,e™
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* The Early Universe and Beyond

* When considering processesin the Univer se which
occurred when the Univer se was less than a few seconds old,
we say we are studying the "early Universe.' Our current
under standing of the laws of physics suggests that we can
under stand what physical processes happened in the
Univer se back to atime when it was only 1043 seconds old.

e Prior to 10* seconds, thereisno agreement on what the
correct laws of physicsare.

 Aswe go back in time, and approach the “beginning” of the
Universethe density and temperatureincreasesrapidly. As
a consequence the nature of the Univer se continually
changes.
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End of Planck time;
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o Unification of the Fundamental Forces of Nature

Modern physicsisstruggling to reconcile thevarious laws
of physicswith each other. For example General

Relativity, the modern theory of gravity, isnot consistent
with Quantum M echanics.

Quantum Mechanicsisatheory which providesa
description of behavior on small (microscopic) scales.
* |t providesatheory for atomic structure.

General Relativity also predicts singularities (infinitely
small points of infinite density), which suggeststhe theory
ISincomplete.

There are 4 fundamental forcesin nature. Physicists hope
to develop a SINGLE theory which can explain all 4 forces
of nature. Attemptsto do thisare called Grand Unification
Theories (GUTS).
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Temperature
of universe 1032K 102K 10¥K 103K 3K

Strong force
-« R

Electromagnetic force
T —

Weak force

Time after 10"%s 10739 107125 107°s 5x 1017 s
Big Bang ( = now)
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The Four Forces

Relative Particles on which
Force strength Particles exchanged the force can act Range Example
Strong 1 gluons quarks 105 m holding protons,
neutrons, and
nuclei together
Electromagnetic Yis7 photons charged particles infinite holding
atoms together
Weak 104 intermediate vector quarks, electrons, 10716 m radioactive decay
bosons neutrinos
Gravitational 6 x 10737 gravitons everything infinite holding the solar

system together
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o Attimesearlier than 10° seconds, the temperatures
(greater than 1012 K) and densities wer e sufficiently high
(Visible Universein avolumethe size of Earth) that
neutrons and protons brokeinto their constituent
components called quarks.

o At timeslessthan 10 seconds, positronsand electrons
wer e continually being created out of gammarays. The
positrons and electrons would immediately annihilate
each other, establishing an equilibrium with the
radiation field.

 Very early intheevolution of the Universeit wasfilled with both
matter and anti-matter. Asthe Univer se cooled, all the anti-matter
was annihilated by the matter. Fortunately, there was a dight excess
of matter which iswhat we seetoday.
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(a) Pair production (b) Annihilation
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Fluctuations larger than L;
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YY" Growth of Structure & P

— From the CMB to Superclusters
 Theoverdensitiesin the mass (as seen in the CMB) grow through gravity.

» Asthey grow the pressure of the gaswithin the overdensity can suppressthe
collapse.

 Whether adensity fluctuation will grow or dissipate isdetermined by its Jeans
length or Jeans mass.

— JeansLength
L = n KT
L: size of the fluctuation (Jeans length) mG p m
k: Boltzmann’s constant
T: temperature
m: mass of a single particle of gas
P, density of matter in gas
* Fluctuationslarger than Jeanslength tend to grow. Thoselessthan L tend to
dissipate.
« At recombination (T=3000 K, p,,=1018 kg m3) L= 30 pc (size of a globular
cluster).
« Themasswithin the Jeans L ength isabout 5x10° M, (globular cluster mass)

 Theminimum size of structuresthat can form are probably globular clusters.
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Fluctuations larger than L;
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a=0.60 a=0.80 a=1.00



