Astronomy 120

The Early - TN
Universe and the
Big Bang
Class 24

Prof J. Kenney
June 28, 2018



Final Exam: Friday June 29 at 2-5pm in Watson A48

What the Final Exam will emphasize:

» Classroom lectures 10-24 (starting FRI June 8 thru the end of the
semester)

« Homeworks #5 - #10
» Assigned Readings in Universe -- for lectures 10-24

 There is some overlap with the first exam. Topically, you are
responsible for everything starting with the Milky Way Galaxy. While
material from the first few weeks of the course will not be emphasized
on the exam, you are responsible for knowing things from these first
few weeks that become relevant for later material, e.g., Newton's Laws,
properties of light, electromagnetic spectrum, blackbody radiation,
atoms, HR diagram, mass-lifetime relation for stars.

Try the Practice Exam! (on canvas & class website)



Evidence of evolving
universe

* Universe now expanding
(now, 13.7 Byr ABB)

- Star formation & quasar *\*
activity peak at z=2-4 1 NN
(1-4 Byr ABB) 1l T

« CMB photons - evidence that L s
universe was once 10%x hotter & SRR
10%x denser, (380,000 yr ABB)

Do we have any evidence of earlier times in universe?



Emission of cosmic Era of Peak star, galaxy &
background radiation black hole formation

(380,000 yr ABB) (1-4 Byr ABB)

1210 14 BILLION YEARS

Dark ages

First stars

First supernovae

How can we learn about times ivisckholos
Protogalax
before the era of photon-atom mergers

decoupling?

BIG BANG Cosmic Time NOW

Modern galaxies



How do we know about very early universe?

No photons

from any times Mcelen
earlier than DN verse |
380,000 yrs e -;:;;;;
ABB can reach
us




How do we know about very early universe?

* No photons from any times earlier than 380,000 yrs
ABB can reach us
« Someday might be able to detect neutrinos

or gravity waves from younger universe, but
not yet
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How do we know about very early universe?

* No photons from any times earlier than 380,000 yrs
ABB

« Someday might be able to detect neutrinos or
gravity waves from younger universe, but not yet

* But we can explore earlier times by mentally
“running expansion backwards”



How do we know about very early universe?

No photons from any times earlier than 380,000 yrs
ABB

Someday might be able to detect neutrinos or
gravity waves from younger universe, but not yet

But we can explore earlier times by mentally
“running expansion backwards”

Figure out what would have happened to
cosmic photons and mass particles when
universe was denser and cosmic photons
had more energy — using known physics



How do we know about very early universe?

No photons from any times earlier than 380,000 yrs
ABB

Someday might be able to detect neutrinos or
gravity waves from younger universe, but not yet

But we can explore earlier times by mentally
“running expansion backwards”

Figure out what would have happened to cosmic
photons and mass particles when universe was
denser and cosmic photons had more energy —
using known physics

Seek evidence in present universe of very
hot & dense early universe
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the NMystiery of Helium

* Although stars certainly make Helium,
they don’t make it in the right amounts

and they don't put it everywhere
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« Elemental composition of universe:
H 74% by mass 400
He 25%
all else 1%

o Stars can’t make this much helium,
but the early universe can!
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“heavy” elements:

Sun: 2%

metal-poor star: 0.00001%



relative flux

stars with very small amounts of elements heavier

than Carbon still have large amounts of Helium!

spectra of metal-poor star & metal-rich star (like Sun)
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range of Helium abundance in universe:
23-27% (very small range!)

range of “heavy element” (Carbon &
heavier) abundance in universe:
0.00001% - 3% (very large range!)

even stars that contain almost no heavy
elements still have lots of Helium!



So....

« most of the helium in the universe was
made before the first stars!

 need nuclear reactions to make Helium
(not required for Hydrogen)

« when did these nuclear reactions occur?



Origin of light elements

At t,55=1-5 min, T ~ 10° K which is hot
enough for nuclear fusion to occur
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fusion is one of main processes in early universe
How is this different from proton-proton chain that occurs in stars?
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Origin of ||ght Most of the light elements

were made in first few minutes

elements after Big Bang, not in stars

At t,5z=1-5 min, T ~ 10° K which is hot enough for nuclear fusion to occur

Protons (H nuclei) undergo fusion to form:
°’H, He, Li, Be, B (elements with 1,2,3,4,5 protons)

H 1 Periodic Table of the Elements \©www.eememsdatabase.com H62
3[4 W hydrogen B poor metals 5] 6 7] 8 0 \
Be alkali metals B nonmetals B C|[N|O F | Ne
= W alkali earth metals B noble gases S 7 BT % 7 s
Mg W transition metals M rare earth metals A Si P S cl | Ar

19| 20| 21 22 23] 24 25 26| 27] 28] 29] 30| 31| 32| 33| 34 35| 36
Ca|Sc|Ti|V |Cr{Mn|Fe [Co|Ni |CulZn|Ga|Ge|As| Se| Br | Kr

37| 8| 39| 40| 41| 42| 43| 44| 45| 46| 47| 48| 49| 50| 51| 52| 53| 54
Sr|Y |Zr [Nb|[Mo|Tc [Ru[Rh|[Pd |Ag|Cd | In|Sn|Sb|Te| I [Xe

55| 66| 57| 72| 73| 74 75 76| 77 78| 79| 80| 81| 82 83 84| 85| &6
Ba|La|Hf[Ta|W | Re[Os| Ir | Pt | AufHg| TI | Pb| Bi | Po| At |Rn

87| 88| 89| 104| 105 106| 107| 108| 108 110
Ra | Ac |Ung|Unp|Unh{Uns [Uno|Une| Unn|

58] 59| 60] 61] 62] 63| 64] 65 66| 67] 68 69] 70| 71
Ce| Pr{Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu

G| 91| 92| 93 94| 95| 96| 97| 98] 99| 100| 101 102 103
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Stars can make Lithium in nuclear

reactions but most stars actually
DESTROY lithium. Why?

It gets fused into other elements

No energy is released by the fusion of lithium

. Lots of energy is released by the fusion of
lithium

. Lithium reacts chemically to make molecules

. Stars hate lithium



How are conditions in the early universe different from
those in the cores of stars (so that more light
elements are formed in the early universe)?

different temperatures
different densities
gravity stronger in cores of stars

same conditions but existing for different
lengths of time

inflation affects the nuclear reactions in the
early universe

F. different anti-boson shielding factors
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The Relative number of light
elements tells us:

the DENSITY of
baryonic (normal)
matter at the time
when the universe
was hot enough to
fuse nuclei
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WHY?

Higher density -> more collisions -> more
nuclear reactions -> more total “heavier”
light elements

Some elements become less abundant with
higher density or longer exposure to
extreme conditions, since those elements
burn into heavier elements



Abundance of light elements vs. density
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Abundance of light elements vs. density

100 1 1 1
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Abundances of light elements

Deuterium (°H) abundance vs density
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Mass-energy budget of present universe

In galaxies 1% } Atomic Matu)

Not in galaxies 3% 4 % ' /\
(probably hot gas between ngh(t)
galaxies) 0.005%

Neutrinos
0.0034%



Evidence of evolving
universe

Universe now expanding
(now, 13.7 Byr ABB)

Star formation & quasar activity peak N
at z=2-4 (1-4 Byr ABB) ey e

CMB photons - evidence that universe

was once 103x hotter, 10%x denser
(380,000 yr ABB)

Ratios of light elements — evidence . g
universe was 10%x hotter, 102”x denser w H e

(3 minutes ABB) . aovzz



we have evidence of events in the
universe even earlier than
primordial nucleosynthesis!



T = 2.728 K

Map of Cosmic Background Radiation over whole sky
Remarkably smooth over whole sky!



Largest region you would think is causally connected

= size of Cosmic Light Horizon = 380,000 LY

T = 2.728 K

Yet distant regions are very nearly the

same temperature T=2.728K

Places need to be in causal contact with one another
to reach thermal equilibrium (same temperature)



Horizon problem

the number and size of density fluctuations on both sides of the sky
are similar, yet they are separated by a distance that is greater than
the speed of light times the age of the Universe, 1.€. they should have

no knowledge of each other by special relativity

13 billion light—years 13 billion light-years )

<

at some time in the early Universe, all parts of spacetime were causally
connected, this must have happened after the spactime foam era, and
before the iime where thermalization of maiter occurred.



Our cosmic light horizon

Cosmic light Cosmic light
horizon for A horizon for B

|

Radiation from A takes Radiation from B takes
13.7 billion years to reach us 13.7 billion years to reach us

A and B are outside each other’'s CLH, so they can’t have been
in causal contact (unless faster than light travel is invoked)




Why do opposite sides of the universe have the same

temperature, even though they seem too far apart for

light (and heat) to have traveled from one side to the
other in the age of the universe?

A. heat could travel much faster in the early
universe, allowing them to exchange heat while

the universe was young

B. because of the curvature of space, very distant
regions are actually the same point

C. the big bang started in one place so everything
was initially at the same temperature

D. they were originally close together but then a
superfast expansion carried them far apart



Inflation model A brief period of superfast

Size of universe that lies

within our present CLH (cm)
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expansion (space expanding > c)
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Inflation model:

Universe expanded by factor of ~10°° in 10-32 seconds
Expansion of space much faster than speed of light

Regions which are now very far apart and no longer in
causal contact were in causal contact before inflation

Inflation pushed these regions really far apart, so now
they are no longer in causal contact

Sounds nuts BUT this can resolve:
1. Horizon problem (CMB temp is amazingly uniform)
2. Flatness problem (it is hard to maintain Q_=1)



Observable Universe is close to flat €2, = 1.00 + 0.01
Flatness problem: Why does universe now appear so flat?
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Q. = p/Pit IS NOt constant over time.

If it starts out being a little different from 1.00,

it rapidly evolves to be very different than 1.00.

WHY? p_.: = 3 H,2/8aG doesn’t change as much as p,

if expansion rate were contant, H, is constant but densities drop



Spatial curvature evolves like this during inflation:
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Inflation makes the observable universe nearly flat




NO inflation: observable universe (shaded) includes
parts that are different from each other

region of universe containing 3 dlfferent blobs



NO inflation: observable universe (shaded) includes
parts that are different from each other

Inflation: observable universe (shaded) includes
only one part that is the same throughout
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Big Bang plus
10~43 seconds

quantum-gravity era

inflation

Big Bang plus
10739 seconds?

Big Bang plus
380000 years

gravitational waves

Big Bang plus
14 billion years

cosmic microwave background




What is The “Big Bang”

« Standard cosmological model for “beginning” of
space, time, energy & matter

« “Big bang theory describes how our universe is
evolving, not how it began” J. Peebles

* Not a highly specific account of early evolutionary

history of universe, but a broad idea under which
more specific theories fall



Evidence for Big Bang

* Expansion of universe
» Cosmic microwave background
» Abundances of light elements



Big Bang — what it isn't, what it is

Not an explosion of matter and energy into
pre-existing space

But an explosion of STEM (Space Time
Energy Matter)

All STEM were bound up in primordial,
high density universe

Spacetime, as well as matter and energy,
are expanding



Questions | cannot answer!



How large is the
universe?

L
O

\

observable universe

whole universe ?7??












What existed before
the Big Bang?




What caused the Big
Bang?



Final Exam: Friday June 29 at 2-5pm in Watson A48

What the Final Exam will emphasize:

» Classroom lectures 10-24 (starting FRI June 8 thru the end of the
semester)

« Homeworks #5 - #10
» Assigned Readings in Universe -- for lectures 10-24

 There is some overlap with the first exam. Topically, you are
responsible for everything starting with the Milky Way Galaxy. While
material from the first few weeks of the course will not be emphasized
on the exam, you are responsible for knowing things from these first
few weeks that become relevant for later material, e.g., Newton's Laws,
properties of light, electromagnetic spectrum, blackbody radiation,
atoms, HR diagram, mass-lifetime relation for stars.

Try the Practice Exam! (on canvas & class website)
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