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The Big Bang

> Cosmotog?‘ is the study of the Universe. Describing it
and aiy changes that may occur over time.

o It used to be the case that there were a few theories
about how the Universe worked. Ohe of those theories
was mockingly called "The Big Bang” cosmology,

o ALl the evidence has pointed to that model being
correct, so we will only discuss the big bang
cosmology which we Just call cosmology these days.



A ¢ I oA MS EMS U LVerse

o ‘P@.opi.@. used to bEhinke thabk the universe was stakic, Thak ik had
always been there, would always be there and never changed.

This is actually a bit odd for Ehjsic‘i;s& who kiow abouk gravity,
Since gravity attracts we expect objects to be drawn together, or i
mMoving away from one ancther for those velocities to decrease.

After Einstein formulated qeneral relativiby he appi.&ed tk ko
cosmology. He found that the Universe mu,sg either be expanding
contracting. Thinking this was wrong he added a hew repulsive
force called the to gravity to balance the
attraction of gravity,

When Hubble discovered the expansion of the Universe a decade
Later he realized this was a mistake,
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o If the Universe is expanding that means it was smaller in
the past. If we go far enough in the past we reach the
smaﬁes& the Universe could be, no size abk all. Which means
the Universe has only existed for a finite time.

o The craziness of the whole Universe contracting to a point
was called the Big Bang, but we actually have a Lot Q{P
evidence that the universe was very small and dense in
the past. How old is the Universe?

o From khe Hubble Llaw we can calculake when Ehe Universe
was all at a single F?OE;ME nothing has ck&v\ged over time,



The H u,b b le Time

o The Hubble Law is

v =2 H xd
@ The time it takes to qo somewhere at constant sgae@.ci LS

T=d4d/ v

o So f a galaxy has qone a distance 4 since the birth of
the Universe the time that would take is

T=d/H x4 = 1/H



The H ub b le Time

o Hubble’s first calculation of H qot around £00 km/s/
Mpc. That gives a Hubble time of 2 billion years. Since
we kihow the Earth has rockes on it older thawn thak, bhis
WS prabtema&&

o Today we khow H is close to 70 km/s/Mpc, which
molkees bhe Hubble kime 14 billiown years.

o Bubt the malter in the universe means H should be
decreasing, so the actual age would be somewhatl less
Ehaw Ehis. But Ehen we discovered bhe universe is
expamd&ug which counterbalances that and qives at an
age of 13.% billion Years.



The expansion was discovered using bype Ia superhova. With them we
can measure the distances bto distance galaxies, and find that the
value of H does nok stay constant. Instead ik was lower in the past.
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o The oldest skars in ocur gataxv
are in globular clusters.

o For awhile it was estimated that o 2 Ve SO
the oldest of them where 18 [Ted e
billion years old, holder than faes”
the universe. B

o Better measurements now y:
sugqgest they are 12-13 billion
Years old, very old, alwmost buk
not guite as old as the universe.
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Expanding Universe

o So far our cosmological model includes the expansion of the
universe ahd the cosmological principle on large scales (it is
homogenous and isotropic).

o This means the rate of expansion of the universe is the same
everywhere, We should think of the space expanding instead
of the qgalaxies moving, as f we are all Living on a ballon
that is being inflated.

o The scale of the space we can call R, and then we just say
that R increases with time, When R doubles everything is twice
as far ap&r% as before, when R Eri;pi.es 3 times as far a\[mrh



Cosmoloqgical redshift is actually coused bj
the expansion of space. As the space expands
Lt stretches the Light to longer wavelengths,







Cosmic Tug of War

o The fate of the Universe d@.[pemds on competition
bebween gravaﬁj (d@.v\s&v) and (Einstein’s
cosmological constant got renamed and expanded).

@ There is a critical dev\si,&z, where without dark
enerqy, the gravity is just enough to stop the
expansion, but not enough to cause collapse.

o If the density of the universe is greater than this
then s will collapse, U less than this value ik will
expand forever.



1. A universe with a
average densiby
greater thawn the

universe with
dark enerqy

eritical densiby, it J
evenbuall «coi.z:x ses. .
p P =
A universe with less wniverse with

Ehawn the erikical

critical demsi&:j '

|

density, it expands for

QVQT'« ‘

A ulniverse with the

critical c&emsi;&v, LE / .~ / \

Scale of Universe (R)

expands forever, but | B o3 «3; 7/ /.‘1 ‘ 1
always at a slower | "pa | T 1 3
rate. bT_, :
f l—— T
. A universe with darke . Ip -
enerqy, expamds | ~ Ta
forever and faster as | Past  Prosent Fulre

time qoes on, |
S Time |



Distances and Aqes of Distant Galaxies

o We can use the Hubble law to qet distances and thus
Light travel times to nearby galaxies.

o But when we look at very distant galaxies we need to
khow the cosmological model to convert a redshift to
a distance or time.

@ Thus astronomers preﬁfer Just keeping things in terms of
redshift which we can easily measure instead of
distance or time which will change if our cosmological
model changes.



Distant qgalaxies in
the Hubble ulkra
deep field labeled
bj their redshift,
Their actual
distances will
change depending
on the cosmological
model. However, we
irnow the 119
galaxy is farther
away then the ¥.¥
gataxv and we are
looking at it farther
bacik i time.
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The Big Bang

o Likely the first person to suggest
the Universe was expanding was
the Belgian priest Lemaitre.

o He suqqested the Universe
started as one giant atom which
fragmented and fragmented
until it became all of the aktoms
i the Universe,

o Qur current understanding of

akomic nuclel does ok suppor%
Ehis idea.




@ The thswis& Gamow laker
suqqested that the Universe
started off with protons and
that they fused into heavier

elements because the
Universe was hot and dense,

This is called Big Bawng
Nucleosynthesis and is our
current idea for where the
original hydrogen and
helium come from.
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Evolution of the Universe

o The very early Universe would be qoverned bv physics we have hever seen
before. For now lek us stark at 0,015 and a temperature of 100 billiown K.

o At this temperature the universe cownsists of radiation, protons and
neutrons. The radiation collides and produces electrons and positions
(positive electrons) which then combine and form Jamma-rays.

o Also neubrinos are creabed and des%roved‘ Ik was so dense Ehal even
neuktrines qu&cwtj rai into something,

o But once the universe is 1s old its density has dropped so that neutrinos
no longer are interacting with the rest of the matter. Since that time they
should almost all still not have interacted with everything and be
floating around today,



Abtomic Nuclel

When the Universe is about 3 minutes old and 900 wmillion
K protons and neubrons can combine to form atoms,

' Now fusion can occur and some of the hydrogen combines
to form helium as well as a Little bit of Likhium.

This only Llasks a minute after which the Universe has
cooled down enough that fusion stops happening.

The amount of helium created ot his time is exactly the
cosmological abundance we see about 10% of all atoms,
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'
o We can aa&uaiiv test Ehis Eh@.orv b:j

looking at the abundances of
nuclet today,
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o Ik isnt easy and some elements
Lilkke helium are also created i
skars, but deuterium is ovxi.j
c&esﬁrojed i skars so iks
abundance reflects what was

i

creabed when Ehe universe was 3
minubes old.

o Measurements find that the
abundances makch bhe predw&oms‘




Cosmic Microwave Backgro ud

o After the Universe is 4 minutes old it resembles the interior of
a star. The atoms are all ionized and radiation bounces
around scattering off electrons constantly,

At about 3%0,000 years the Universe becomes cool enough
(3000K) that the e?ec&rams and aktomic nuclel can combine and
form neutral atoms, When this happens the radiation is
su_cici@.miv able to escape like it does from the photosphere of a
star.

o The radiation is called the cosmic background radiation and
Lk was theorized to exist bv Gramvow and collaborators. Since
that time the universe has expanded by a factor of 1000, so
the radiation would be redshifted into the microwave.



Presemt

(a)

Looking through
the Universe to the
COSMLE MLETOWAVE
background is like
looking through the
sky to a L&g@.t’ of
clouds, Ligh easitv

passes through the

universe after the
atoms become
neutral, but before
that is Like looking
inkto the clouds,
30%’11, only see the
surface of the
clouds.




ection of the CMB

o Penzias and Wilson discovered the
cosmic microwave background bj
accident,

o They were testing out a new
microwave anbtenna for Bell Labs and
found a signal coming from all
Airections.

o They tried to qeb rid of it, but
couldnt. Eventually, they met
Eh sicist abt Princeton who were trying
o build a microwave detector to
discover the CMB and found out they
had just done that.



The spectrum of the CMB
nmalkees a meari.i Perﬂfec&
blacikbo Y,

0
4
5
=
=
o

—

Frequency



However, there are
very small
differences in the
CMI3, cthv varying
by 1 in loo,000,
ﬁ‘ugure experimev\&s
have worked bo
map these
fluctuakions
because &l«ev can be
used to measure
cosmological
Paro\me&e\*sﬂ

COBE

WMAFP

Cosmic background radiation

Planck




Sphencal space -lat space Hyperbolic space

FEEEEEEmmmam

SEEEEEEERRRR

Fluctuations in the CMB can be used to measure
the curvature of the Universe. Since the Universe
is expanding space-time it is possible that the
space-time is curved like a sphere, or flat or
negatively curved which cant be visualized.
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Dark matter
27%
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This is ac:&u.attv reati.v
surprising, §0 years ago we
thought the universe was all
Qr&amarsj makter, now we Ehink
ik is less than 4% ordinary
makber. 1980s

Exotic dark

Ordinary visible
maitter



What is Dark Mabter?

o The truth is we really dont kiow. The best though is that Like
the neutrine you have something that bm*ei.j interacks with
normal matter ot all, but unlike the neutrino is fairly massive.

o Suqqesting such a thing exists is strange, but no stranger then
suqqesting the neutrino existed; which ended up being true.

o However, uhlike the neubtrino we have ﬂfca»u,md no evidence ffc;)r
Ehis new dark matter particle either from experiments
designed to look for it or in the Large Hadron Collider where
particles are smashed together to look for new particles,



What is Dark Energy?

o We have even less of an idea about what dark energy might
be. It could simply be the cosmological constant Einstein firsk
Proposed, but there is no reason for such a thing to exist.

o Most physicist think it is some energy of emply space created
bj quantum mechanics in some as yet still not understood
manner.

o We do have other evidence about dark matter from galaxies,
both in their rotabtion and motion in clusters, their s&abiii;&j to
bars and in the timing of the first qalaxies. We have no other
evidence for dark eherqgy accept for the theory of inflation
which proposes a similar repulsive force existed in the very
very very early Universe.



Dark energy

Afterglow light accelerated expansion
ey Development of
5,000 yonrs galaxies, planets, etc.

about 400 million years

Big bang expansion
13.77 billion years




o Though the biq bang cosmological model explains all
observations we have about the universe, it does have a number
of puzzling features.

o Why is the Universe flak? That is why is the total d@.ms&v 2
close to the critical demsiﬁv?

o Why is the Universe so very very uniform? When we Look at
the CMB in opposite directions we are Looking at parts of the
Universe which only came in contact today, How did they
kiow ko have the same ciemsi;&v to 1 in 100,000,

o What caused the fluctuations we see in the CMB which are
resgomsibw_ for the formation of galaxies and everything in
the Universe?



Inflation

o A proposal to solve these Prabiems is called inflation
and it theorizes that at very early times (10-30
seconds) the Universe underwent a tremendous

inflation, growing in size by 10%°,

o This is totally crazy, but remember we really dont
lknow anything about the physics ab these times. These
are densities and &em[per&%ures so much higher than
we ever observe that we cant assume anything,



o Inflation proposes an Preser
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Inflakion malkes the
Universe ﬂflo& because any
curvature is stretched away

o creabes
couse quah&um
ons are skretched
ze of the Universe,
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Strong nuclear force

Electromagnetic force

Weak nuclear force

Gravity
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ka would such a thing a kagpem?

Many physicist believe the forces
were um}f&ed at some F?OE;M&.

When the unification breaks in
creates quantum mechanical energy
in the space, Just like what we
need for dark energy,

This might have caused the
inflation at these early times.
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Inflation e.xptai;ms some of the mvs%eri;es of bi;g bm«g c:cusmoEgv, but creates many
of iks own, For inflation ko work out right seems ko require a luck accident.

One possibte solution ko this is that there are many universes, not just this one. In
each one physics might be slightly different, inflation might Last a Likttle longer or
less time.,

Bub only in some universes would galaxies and stars form in such a way that
intelliqent Life (us) might exist and ask these questions in the first place, This is
called the

So we might have qotten i.u,cwj, buk omtfj those who get i.u,cwj ask whj are Ekej SO
i.wcwjﬂ

Or majbe there is a d@@.per reasoi that things are the way &kej are Ehal we havent
uncovered j@.&.



