hi

Lecture last, 04.27.2017

Cosmology 5



housekeeping

Read the mail message | sent to you all on Wednesday ;)



well, okay. Here 1t 1is

Hi

This message summarizes what will happen in the last two weeks of ISP220.
The final exam is 07:45 - 09:45 on May 4th in BPS 1415.

Homework

You currently have Homework #14 which is split between MasteringPhysics and a paper portion. The on-line portion will close
on Saturday night, April 29 at midnight. The paper version is due at or before the final exam day.

You will receive Homework #15 by midnight, Thursday night, April 27. It will be completely on-line and on MasteringAstronomy.
It relates to this week’s work, including the videos and the e-book reading assignment as outlined on the website as per
normal. It will close on final day, May 4th, at midnight. The video links are in the lecture slides and are repeated here: https://
gstbb.pa.msu.edu/storage/Extras 2017/

Exam Activities
1. The second midterm will be available Friday, April 28 at midnight and will close at idnight, Monday May 1 will be on -
MasteringAstronomy. It covers everything since the first midterm, through Iem ial aw ﬁd V‘\ 28
2. Final day: first, the poster session...about 30 minutes or so. / ay, P

3. Final day: next, the Feynman diagram part...the rest of

4. Final day: return the anonymous survey which willGQe avaiIabIe-a-ﬁter—'l:h-u-l:sdaA,L’s_dass on lipe in the lecture area (http://
www.pa.msu.edu/~brock/file sharing/QSandBB/2017lectur i .

Posters

I have ordered easels for your posters and you should show up a little early to get them installed. If your board is floppy, you
might need to brace it from the back to get it stiff enough to stand on an easel by itself.

As I noted in lecture last week, if you signed up for a topic after it had already been chosen, then you were too late. The names
of people in that situation are:
Richards, These, Ballnik, McPeak, Eveland, and Davis

Feynman Diagram Project

A complete description of the Feynman Diagram project can be found on the web in the area where the lecture slides are
posted. It's called

FD_FinalExam_instructions_2017.pdf

Grades to date

I have added your scores up to, but not including HW 14, 15, or of course the second midterm. I have not estimated your final
grade nor are the projects included. This is just to search for errors.

You can find this in the lecture pdf directory. It's impossible to read, but it’s a pdf so it will scale if you zoom in. It's organized
by the last 4 numbers of your PID. Let me know if something’s missing or wrong. I'm not sure that the previous sum treated
the MasteringAstronomy grades correctly in export. I believe this is correct.

See you tomorrow...and then next Thursday.

Chip Brock



https://qstbb.pa.msu.edu/storage/Extras_2017/
https://qstbb.pa.msu.edu/storage/Extras_2017/
http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017lectures/
http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017lectures/

now hear this

[ N <@ =

To: RAYMOND L BROCK

From: sirs@msu.edu

Student Instruction Rating System (SIRS Online) collects student feedback on courses and instruction at MSU. Student Instructional Rating System
(SIRS Online) forms will be available for your students to submit feedback during the dates indicated:

ISP 220 @01: 4/17/2017 - 5/17/2017
ISP 220 @02: 4/17/2017 - 5/17/2017

Direct students to https://sirsonline.msu.edu.

Students are required to complete the SIRS Online form OR indicate within that form that they decline to participate. Otherwise, final grades (for
courses using SIRS Online) will be sequestered for seven days following the course grade submission deadline for this semester.

SIRS Online rating summaries are available to instructors and department chairs after 5/17/2017 at https://sirsonline.msu.edu. Instructors should
provide copies of the rating summaries to graduate assistants who assisted in teaching their course(s). Rating information collected by SIRS Online
is reported in summary form only and cannot be linked to individual student responses. Student anonymity is carefully protected.

If you have any questions, please contact Michelle Carlson, (mcarlson@msu.edu, (517)432-5936).

00— R R ——————=—==—=———wwm—m—m—5——5w"

also:

I"ll have an optional anonymous course review with points



Honors Project

Data were due April 22. Paper due on May 4 (final day).

http://www.pa.msu.edu/~brock/file sharing/QSandBB/2017homework/

honors_project 2017/Uploadlnstructions

results:


http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/UploadInstructions
http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/UploadInstructions
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the photons that are left?

just hanging around

getting "longer,” making trouble, but not making new matter




There are two critical times

that confirm the Big Bang




cleon epo | decoupling era

nucleosynthesis era

3 minutes 370,000 years

(all within the first 15 fake-minutes on
my calendar)

AN M) v

3000 K




the Cosmic Microwave
Background, CMB

about 370,000 y after BB | /
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Hans Bethe
1906-2005 .
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Ralph Alpher  Robert Herman
predicted this 1921-2007 1914 - 1997

left-over radiation 1948 with collaborators Alpher and Herman:
predicted a left-over electromagnetic radiation

those left over
photons would have Alpher and Herman predicted it would be distributed

started out hot... across the Universe in a Blackbody Spectrum shape at
a temperature of 5° K...microwaves

nobody paid attention...or remembered.

1993, the National Academy of Sciences gave
Alpher and Herman the Henry Draper Medal


http://adsabs.harvard.edu/abs/2007BAAS...39.1051K
http://adsabs.harvard.edu/abs/2007BAAS...39.1051K
http://en.wikipedia.org/wiki/United_States_National_Academy_of_Sciences
http://en.wikipedia.org/wiki/Henry_Draper_Medal

so, all these cold
photons left

the phone company was the hero




satellite wheve we’'ve go'mg
communications

are usually =2

Visible light . Long-wavelength
_ obs ervablgeh infrared spectrum Radio waves observable radio waves
o Gamma rays, X-rays and ultraviolet absorbed by ey
. from Earth, . m : blocked.
light blocked by the upper atmosphere - atmospheric
(best observed from space). gt some. gasses (best
atmospheric ]
from space).

distortion.

Atmospheric
opacity

1 um 10 gm 100 gm

ATT cell phone ' -
frequencies of

~2 GHzZ

~15 cm

microwave ovens




the phone
company

ATT Labs,
Crawford Hill, New
Jersey

1963
Arno Penzias

Robert Wilson

sensitive to
wavelengths of
/.35 cm, 4000MHz
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Giant ultra-sensitive horn-reflector antenna whic
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Holmdel, New Jersey.
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microwave hiss

Intensity

-15

everywhere...

-16

with a special frequency distribution
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a blackbody spectrum

of ~3K above absolute zero

the peak is limited by the atmosphere

LOG Blerg/ cm? SrHz)

1
WAVELENGTH (cm)




Penzias @ Mapelnrize.org

The Off
Home | A-ZInc

Nobel Prizes

and

The Nobel Prize in Physics 1978

About the Nobel Prizes [gl Printer Friendly (+) Share 521 Tell a Frienc (2 Comments

Facts and Lists

(]
1901 2012
I S O I l Nobel Prize in Physics o 1978

All Nobel Prizes in Physics Sort and list Nobel Prizes and Nob | 4 Prize category:. Physics | ¢
Facts on the Nobel Prize in
Physics The Nobel Prize in Physics 1978
Prize Awarder for the Nobel Pyotr Kapitsa, Amo Penzias, Robert Woodrow Wilson
Prize in Physics
L ) The Nobel Prize in Physics 1978
Nomination and Selection of
Physics Laureates Nobel Prize Award Ceremony
Nobel Medal for Physics Pyotr Kapitsa

Articles in Physics Arno Penzias

gave credit to the oo menven cober oo ik

Video Nobel Lectures

deceased George S PBE

Medicine

G a m O W Nobel Prize in Literature
® Nobel Peace Prize

Prize in Economic Sciences

Nobel Laureates Have Their
Say

Nobel Prize Award Ceremonies

Nominatiea.2ad Selection of e 9”4‘5’.'5?,:.-4
NS . Pyotr Leonidovich Arno Allan Penzias Robert Woodrow
Kapitsa Wilson

The Nobel Prize in Physics 1978 was divided, one half awarded to Pyotr
Leonidovich Kapitsa "for his basic inventions and discoveries in the area of
low-temperature physics”, the other half jointly to Amo Allan Penzias and
Robert Woodrow Wilson "for their discovery of cosmic microwave background
radiation”.




The Cosmic Background Explorer (COBE)

mission launched in 1989 to measure the CBM

COBE measured E&M radiation as a function of
frequency outside of the earth’s atmosphere

showing precisely the blackbody spectrum for a
temperature of 2.726K
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But they went further

and mapped the "sky" In various wavelengths —
temperatures

and built "false-color” thermo-maps — pioneered a Method




This 1s the newest
one

Planck...gives you the idea




gotten
better
and

better

An all-sky image (like a
Mercator projection) of the
sky...




John “ Nobelprize.org
Mather

Nobel Prizes

The Nobel Prize in Physics 2006

About the Nobel Prizes 6= Printer Friendly +) Share 52 Tell a Frienc D Comments
a l l d Facts and Lists 1901 5015 :
» Nobel Prize in Physics ——— 790
All Nobel Prizes in Physics Sort and list Nobel Prizes and Nob | % Prize category:. Physics | ¢

Facts on the Nobel Prize in

Physics The Nobel Prize in Physics 2006

‘ ; e O r e Prize Awarder for the Nobel John C. Mather, George F. Smoot
Prize in Physics

L ) The Nobel Prize in Physics 2006
Nomination and Selection of
Physics Laureates Nobel Prize Award Ceremony

Nobel Medal for Physics John C. Mather

S m O O l Articles in Physics George F. Smoot

Video Interviews

Video Nobel Lectures

Nobel Prize in Chemistry

. . Nobel Prize in Physiology or
principals
Nobel Prize in Literature
Nobel Peace Prize

Prize in Economic Sciences

Nobel Laureates Have Their
Say

Photo: P. 1zzo Photo: J. Bauer
John C. Mather George F. Smoot

Nobel B=iza Award Ceremonies

The Nobel Prize in Physics 2006 was awarded jointly to John C. Mather and
George F. Smoot "for their discovery of the blackbody form and anisotropy of
the cosmic microwave background radiation”

Photos: Copyright © The Nobel Foundation
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- Hubble Deép Fie‘Id; B first

convincing i ¢ gy \palbies

radiation era

Heck. This Is
amazing!

We can see the
left-over, cooled

radiation from the
can’t “see” any
BB further back than this

opaque
N

everywhere in the
cosmos at the same
temperature




now we know that the universe had a
beginning

Stars are finite In number, and finite in lifetime - they have not
been shining forever

you can comfirm that tonight.

the initial hot radiation...now cool and measured to be uniform

and everywhere




It’s smooth...

universe is isotropic and homogeneous

That's good!




It’s smooth...

universe is isotropic and homogeneous

That's bad! We're here! Qur Stuff is here!

stay tuned.




There s

structure
1n the
universe
SEIENAEE

planets

you, me

-3 And, that’s true. There is non-random structure:
: These filament-like strands are combinations of
7/ ~ ‘ ‘\ 11,000 galaxies (MW at the center).
- -‘. . g&‘
‘ -~
Final 4 year exposure of COBE with a model of the

Milky Way microwaves subtracted



Helium.

about 3 minutes after BB

cleon epo

nucleosynthesis era




George

Gamow

tried to make the
Big Bang make
elements

fatled for all but H, its
Isotopes, and He

Remember the isotopes:

H 1 proton

D 1 proton + 1 neutron
Deuterium

3He 2 protons + 1 neutron
“Helium three”

“He 2 protons + 2 neutrons
“Helium four” - regular He
very tightly bound together



¢ ‘pr sBilelalo MI-M M Accounting for the Big Bang production of light

: elements by mass-fractions:
Hellum’’ and s

He ~24% — cannot have come from stars
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The Hot Big Bang Model 1s very highly and

precisely confirmed.

From 107'° seconds after the BB

our understanding of the Universe Is standard physics




particle:

symbol:
charge:
Mass:

spin:

category:

S

/
b4

"

Z

U

0

6 x 10°* kg, size? ~46 BlLy
?

the one we’ve got




so. about the Universe

How old is the Universe? We’'re sure of that: 13.82 £0.050 B years

How b|g is the Universe? Thaaaat’s a toughy: multiple answers depending
on how you interpret it!

You could say “13.82 Light Years” in radius.
From this way of thinking:

O A B C

m

How far away is the boat? OA? ...like the 13.82 B years number.



so. about the universe

How old is the universe? We’'re sure of that: 13.82 £0.050 B years

How b|g IS the universep Thaaaat’s a toughy: multiple answers depending
on how you interpret it!

You could say “13.82 Light Years” in radius.

From this way of thinking:

How far away is the boat? OA? ...like the 13.82 B years number.

OB? ...you know that the boat is at B when ducky comes home.



so. about the universe

How old is the universe? We’'re sure of that: 13.799 +0.050 B years

How b|g IS the universep Thaaaat’s a toughy: multiple answers depending
' on how you interpret it!

You could say “13.82 Light Years” in radius.
From this way of thinking:

O A B C

“

How far away is the boat? OA? ...like the 13.82 B years number.

OB? ...you know that the boat is at B when ducky comes home.

If the ocean stretches over time...you might even say that it’s OC away.

In these “co-moving coordinates”...the universe is about 46 BLy big.

phest -

DB

| tend towards this one.

our observable patch might be only a small part of a larger universe

e —» 33 e



Size of the Observable Universe?

Radius of
Observable
Universe,
meters

1040 |

102 —

1020

10-40 .

10-60 N

Hot Big Bang

1020 1010 1
Time, seconds




But.
Standard Model of Cosmology

famously called:

1.

2.

The Horizon Problem (or: Smoothness Problem)
The Flatness Problem (or: Fine Tuning Problem ~ the Age problem)
The Structure Problem

The Antimatter Problem (or the Baryon Problem)

The Relic Problem (or the Monopole Problem)

There are a few 1ssues with the



a word of warning

colloquially, we might refer to: "Why is X the way it is?"

scientifically, we almost always mean: "How is X the way it is?"

Why questions are usually not physics questions.




curvature, “k” — hypervolumes

ke =+1,

positive curvature
finite, unbounded

= (0 , NO curvature

K = —1, negative
infinite, unbounded » 1EE

curvature
infinite, unbounded

These 3 are the only
geometries that can be
homogeneous and isotropic




want to know the curvature of the Universe

linked to the fate of the Universe

and to its origins




curvature cuvvature, k
of the woulA Aepend owm:

universe

will be formed by

Hubble Constant, H

Mass Aewstty, O

the distribution of EERVSRICSRET PRI

mass, energy, and
pressure

FLRW catalogue of Universes

P

k=41
time
R(t) R(t)}
time

£ H omd p awve just vight,..
the universe will e flat




from Friedman Equation

gathering constants...

Cp
kocHQ(H2 1) |=H?(Q,, —1)
_ Cp
Wowmt flat? k£ =0 se: 1 =0
H2 H?2

. “ - .
Aefine the &\6“5‘*7 ?o\vo\wse%-ev. “Critical density”...

for the current value of H...

Qm(t) — Density parameter for matter De ™~ 1()_26 kg m_3

P
Pe

about 5 Hydrogen atoms per

cubic meter
(),,(t) =1 isthe boundary between flat and either

closed or open geometries.

48



Competition
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closed, contracting
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what can
be
measured?

1. Hubble Constant
from velocities of far-away galaxies

2. large-scale densities
motions of galaxies
the Cosmic Microwave Background, CMB

many quantities

3. “baryon densities”

survey of stuff that shines...mostly Hydrogen
from the CMB




LOG Blerg/cm? SrHz)

WAVELENGTH (cm)

1965 1992

this is the point of
"last scattering”

g : N could
of the photons at - AN e y distinguish
370,000 years ABB SR RS about 77
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George Smoot and John Mather, 2006



problem #1

the flatness problem.




CMB, 1999
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and Geophysics...
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measurement of
“high” temperature means high density regions

curvature “low” temperature means low density regions

Red = Hotter than average by 300 microKelvin.
Blue = Cooler than average by 300 microKelvin.

If the universe is closed, If the universe is flat, If the universe is open,
light rays from opposite light rays from opposite light rays from opposite
sides of a hot spot bend sides of a hot spot do not sides of a hot spot bend
toward each other ... bend at all ... away from each other ...

Can be modeled for that moment of last scattering...

The result? A flat geometry was determined.

So we’d better have: €2,,(t) =1



This
measurement
has evolved

Cosmology is

actually now a
precision science.

COBE’s resolution
was 7 degrees.

Planck

Planck’s resolution is
roughly 1/12 of a
degree



WMAP... Wilkinson

=200 -100 0 +100 +200

M iC rowave A N iS Ot ro py Temperature difference from average (uK)
R — T ——————

Probe

From multiple, different kinds of measurements:

Planck just 2013!

FLRW catalogue of Universes

A<O A=0
R(t)T | R(t)T | R(t)4
AN /AvE
tim:e tim:e

R(t) R(t)

DR g% O SR V!
. 4. Ml BO(TI)/[I%RANQ 3 - d h k —
le/\ Q(t)l '/t)l But: ——r P suggested that 0
k=-1 ’ -

time time time 16




now It’s really precise

WMAP... Wilkinson
Microwave Anisotropy
Probe

Planck just 2013!

2. large-scale densities

from motions of galaxies
from the CMB

3. “baryon densities”
survey of stuff that shines...mostly Hydrogen
from the CMB

-200 =100 0 +100 +200
Temperature difference from average (uK)

S —— —

From multiple, different kinds of measurements:

Qu (1) = 0.27 TONL_
0.308 = ~0.010

Further, if Dark Matter is part of this...
0 (t) = Qpwm + O
From other...multiple, different kinds of

measurements: (), — (0.0412 + ~0.001
Qpyv = ~0.3




everything that shines - Baryons -...4J, of

the critical density

Dark Matter? 30%...

Something missing in order to get to flat at 100%




this 1s where we were 1in 1999

after the BOOMERANG results




Find and characterize a
particular kind of

by 1998, the

Supernova Supernova, called “1a”
C 1 1a supernovae are different:
OoSmo Ogy From stars not massive enough by

themselves to nova

(a) Type | Supernova

Project

Remarkably reliable
: light output.
was concluding a

decade-long
experiment

Remnant  Shock
core i

Explosion

But in close proximity to another
light-curve timescale Star WhiCh it Siphons matter from,
“stretch-factor” corrected -
enough to cause a supernova

explosion after all l

suppose you know how far
away an identical bulb is...you
could calculate how bright it
should appear

Mpg -5 log(h/65)

or the other way around.

measure of briahtness

Kim, et al. (1997)




so, the

g alne wWas The far-away 1a supernovae appeared to be much too
dim for the distances away!

clear

? no...must be further
Zﬁ away than expected

they expected to determine how
much the expansion of the
universe was slowing down.

do the Hubble-
thing

They ended up showing the opposite!
use spectra to

determine speed,
distance




enough of these type la SN to have one about

per second 1n deep galaxies

many, quite far away...at very “large redshifts"”

An amazing thing happens:

0.0001}  26[ 5 Supernova Cosmology
i Project
241 High-Z Supernova
0.001 05 Search

® Hamuy et al.
0.01f

.....
___
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Georg Raffelt, Max-Planck-Institut fur Physik
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matter-dominated,
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Competition

Between
expansion
(Hubble

Parameter)

Gravitation
(Density )

velfove, assumeA wo

COSWMO) ogico\\
constoant

velative
size

supernova data

14 -12 -10

FLRW catalogue of Universes A>0
A <0 A=0 A=Ag A>Ag
R(t)1 R(t)¢ R(t)¢ R(t)
k=+1 W
Time Time Time tirr{el
R(t)1 R(t)¢ R(t)
=0
Time Time P lune
Rt 200 %[ :
Time Time time 16
I

R

6 4 -2 0 2 4 6 8 10 12 14 By

past <——future

FLRW catalogue of Universes

A>0
ROt | Rot |[ROt mae | R J |
S AN N s ) el
time time time time

R(t) R(t)

time time

R(t) R(t)

time time

16
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The data require an o XEQ%%

- . TING
lnterpretation Acﬁﬁﬁf,ﬁse

Breakthrough of the Yea

that the Universe’s expansion IS

Accelerating

Saul Perlmutter, Brian P. Schmidt and
Adam G. Riess, 2011




only one way to

FLRW catalogue of Universes

accomplish that

within the Friedman
equations

the Cosmological Constant is back




interpreting dark energy

as a vacuum energy:




back to the
Friedman

Equation

with the addition
of a Cosmological
Constant

one that's different
from Einstein’s

Cp
ko<H2(H2 1) = H*(Q,, — 1)
P
Qm t —
(t) =
Cp
l<;<><H?(H2 1) = H*(Qy, + Qp — 1)
Measure

(A = 0.705 = ~0.040




this ko< HY (Qn + Q4 — 1)

Supernova Cosmology Project

R(t)
ang

time

e\t R(t)
gﬂﬁ; . Q)
6eoe\e‘°““ I

time

doesn’t

say what

1t 1s!

but it Is a parameter
that can be used to fit
observations

rever

collapses eventually

Se R(t)
7. o
S > 4
%o, o 3,
2 4 Yo
time
vo \

and model universes

FLRW catalogue of Universes A>0

A <O A=0 A=Ag

—

mop

A | (1A = 0.705 + ~0.040

accelerating
time l : l e : _

~ 1.0! FLAT re-emerges




Supernova Cosmology Project

3llllllllllllllllllllllll|Illl
. Knop et al. (2003) R(t)
 no big bang Spergel et al. (2003) |
time
2 — -
Supernovae
\e(a’{\“g
1 2c® T R(t)
o
Q, 3ec®
time
expands forever
0 ¢6“apses eventually g
Q
| Clusters /00 | R(t)
g -
o % ’{Z\ 1
s, * 0
% D
-1 = ’é o a e
A \ :
L1 1 1 L1 1 | I I - | I | | I L1 1 l-
0 1 2 3

Qum




more

precise,

combined
data

2011

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

No Big
14Bang

1.2 F

1.0

0.6 [

0.4}

0.2

Union2.1 SN la
Compilation

yF o4

SACU

0.4 0.6 0.8

Oy

Didn’t have to be this way.

1.0

Bingo. Flat.



seems to be our

universe...

and our bleak fate!

FLRW catalogue of Universes

k=+1

R(t)4

R(t)

Ex
§[ §[ §[

A <O

A >0
emaitre- R t
R(t)T Ilgddingfton / ( )T Lemaitre /
Einstein ‘ :
time time

R(t)

16




we don’t

know
much!!

B Dark Energy

This "dark e g et
energy" is a huge -
part of the energy |

density of the

Universe!

@ Heavy Elements

dark energy




interpretation for A7

Energy of the vacuum

d negative pressure




unl... This stuff is called “Dark Energy”...we’ve no real
understanding of what it actually is.

accelerating??

It has the characteristics of a constant energy of the vacuum.

Scale Factor, a

107 3 ¢ R 1071 1 10"
10
10%°
There has tO be ? o radiation density - photons
SOome § 10%
"antigravity” kind | e ot lomons
of force at work to 520
do this L g-40
What's more, there /10'” I ) 1\ /]102[\
has to be a lot of it pianci BBN  First Now Last

Stars Stars

e — e ———




why

NowW?

)ns pm

gy density

\

1 ]

Pa

I\

BBN First Now Last
Stars Stars
0 — —
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problem #2

the horizon problem.




how could the sky be so uniform?

that patch of sky looks
pretty much like

-200 -100 0 +100

Temperature difference from average (uK)

+200

yet the amazing uniformity of the temperatures in the CMB —
all over the sky — at recombination...
can’t have happened causally



when

In the hot big bang scenario...
at about 1032 s, the universe is about a meter in radius

would the

How far could light travel in that time?

two sides
‘‘“talk’’?

Size of the Observable Universe?

a0 L

T Hot Big Bang
20 _|
20 L

Radius of
Observable
Universe,

Time, seconds

d(y) = ¢ x 107745
= (3 x 10°m/s) x 10™%%s

That’s the Horizon at that time.

Waaaay too short a time for one part of the
universe to come to equilibrium with
another part!



no thermal communication

time

Now

light cone

1024 m

1024 m

1m



problem #3

the structure problem.




simulation of galaxy clusters and superclusters is in hand

“Millennium Simulation” Data: Sloan Digital Sky Survey ~ Data: the 2MASS survey
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going from the CMB variations to a
universe IS understood

Bolshoi Simulation compared with Sloan  All use data-based assumptions about Dark Matter
and the CMB data as a starting point




the problem 1is

what’'s the source of the CMB structure?




problem #4

the antimatter problem.




we hav e In the very early universe:

This back-and-forth reaction has to go slightly faster

only a

q q
few 1deas X ,<: o :>X ,
about o
Y :

than this one:

this

q q
X
then
q q

and X has to be very heavy

all iInvolve new
forces of
nature

some new
particles, X

A feature of most “Grand Unified Theories” GUTs

And a target of intense experimental searching!




likewlise a new force of nature

to provide a quantum for Dark Matter fields

a particle to be found.







there 1s a favored solution to

Horizon, Flatness, Structure...and indirectly, antimatter
problems

another phase transition...the Mother of All Phase
Transitions!




Inflation




S up erYcoo 1 l ng Called Superheating and Supercooling...

A substance above its boiling point...and not boiling

and or below its freezing point...and not freezing.
superheating

like the magnet!
like the Higgs!...but 1st order
gives up energy

taken something
out of the
microwave and
had it explode?

period of inflation

0.00000000000000000000000000000000000001 to
0.00000000000000000000000000000000001 s

or E (entire universe)

taken a bottle of “false vacuum”
water out of the - metastable
freezer and had it
suddenly freeze?

higgs-like field...the “Inflaton”

1 energy is

released --> Al
false vacuum “decays” into a cold universe
vacuum full of the Inflaton Field




negative pressure

like anti-gravity

ENORMOQOUS expansion of the universe

90



“Inflation”...idea of post doc Alan Guth 1980

PHYSICAL REVIEW D

VOLUME 23, NUMBER 2

15 JANUARY 1981

Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences,-so-medifications must be sought.

I. INTRODUCTION: THE HORIZON AND FLATNESS
PROBLEMS

The standard model of hot big-bang cosmology
relies on the assumption of initial conditions which
are very puzzling in two ways which I will explain
below. The purpose of this paper is to suggest a
modified scenario which avoids both of these puz-
zles.

By “standard model,” I refer to an adiabatically
expanding radiation-dominated universe described
by a Robertson-Walker metric. Details will be
given in Sec. II.

Before explaining the puzzles, I would first like
to clarify my notion of “initial conditions.” The
standard model has a singularity which is conven-
tionally taken to be at time {=0. As {—0, the
temperature 7 —, Thus, no initial-value prob-
lem can be defined at £=0. However, when T is
of the order of the Planck mass (Mp=1/VG=1.22
x10'° GeV)! or greater, the equations of the stan-
dard model are undoubtedly meaningless, since
quantum gravitational effects are expected to be-
come essential. Thus, within the scope of our
knowledge, it is sensible to begin the hot big-bang
scenario at some temperature T, which is com-
fortably below Mp; let us say Ty = 10'7 Gev. At

completely described.

Now I can explain the puzzles. The first is the
well-known horizon problem.2?™ The initial uni-
verse is assumed to be homogeneous; yet it con-
siSts-of-atdeast ~10% separaté regions which are
causally disconnected (i.e., these regions have
not yet had time to communicate with each other
via light signals).® (The precise assumptions
which lead to these numbers will be spelled out in
Sec. II.) Thus, one must assume that the forces
which created these initial conditions were capable
of violating causality.

The second puzzle is the flatness problem. This
puzzle seems to be much less celebrated than the
first, but it has been stressed by Dicke and Pee-
bles.® I feel that it is of comparable importance
to the first, It is known that the energy density p
of the universe today is near the critical value p,,
(corresponding to the borderline between an open
and closed universe). One can safely assume that’

0.01<Q,<10, (1.1)
where
Q=p/p..=(87/3)Gp/H? , (1.2)

and the subscript p denotes the value at the present
ounds do not appear at first
stringent, they, in fact,
ons. The key point is that
stable. Furthermore, the
ppears in the equations for
iniverse is the Planck time,
A typical closed universe

| size on the order of this
cal open universe will
much less than p,.. A uni-

! years only by extreme fine
les of p and H, so that p is
initial conditions taken at
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Expansion is exponential:

Size of observable universe increases by 10°° times

All by considering the universe to have undergone
a 1st order phase transition.

What happens to the Inflaton?

It decays into the positive energy particles that
begin the Hot Big Bang...reheating the universe...
in the GUT phase

Remember the name: Alan Guth.



Size of the Observable Universe? take 2.

Radius of
Observable
Universe,
meters

1040

1020

10—20

10-40

10—60

“Quantum
Foam”

“Inflationary
phase”

Hot Big Bang

10740

10730

10720 1010 1
Time, seconds




Inflation

the phase transition that was responsible for separating the strong from the electroweak,
fueled the inflationary phase?

elementary particle epoch

inflation era quark era

Strong force
Electromagnetic force

Weak force
Gravitational force
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gagaqqgqagaqaqaqaqagagaqaqaga

, ; gagaqagaqgaqaqgaqgaqaqaq a

:’[\\:55:& au, B, N
— B Great Annihilation
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‘¢ Inflation”’

. . Now
The whole universe was in
“communication” and
temperature evened out early. light cone

solves the horizon problem.

expands the size
of the universe
over 50 orders of
magnitude

Quantum fluctuations are frozen as they inflate to

macroscopic size
L — solves the structure problem.




inflated so fast, as to make our neighborhood locally flat to 10->°

////f 1
Standard Theory /

«— Inflationary Theory T T N

[y
o

O

c

p

I R e
T s s

4 v
*

—

o
»
=

10-20

Radius of Observed Universe (meters)

*f"‘__o". |4 + } » ) o 4 o
- | » —r
LL“"'+‘7‘ [RERES I " }
+ ' | ’
-t v |
+1 o +
%L RS 1IERREE BT+ [ | I
-“) ¢04""‘. ! " -""’.
10 "'T‘ | L1 ot o l
L i
S B
‘lli "”$"'.4"..4 - - * 4 4 I8 ' o
| | (1] | — 4
II inl»+ bttt addd b § 4 P> '.,,..-....n~¢o4t"“ T | 1
N *
| ISR AR R E RS A L L]
.
ﬂ - P . d Mc-‘-q?»-o..., SRS .- - Hill
s bl
«+— [nflationary Perio T ottt |
: | bl : " —
-G60 |} [T 111 LT 44 —4
J i ‘ T™H 44 St T
10 ‘1 |Y‘T’h-4 .i"u' - "*" 1 T J L { |
| | | -
‘ |

—

| %5 |

. wU T R T
— 40 —Aan - 20 - 10 10 ‘ I“ ‘** LT *#L.,‘ ‘l“ Hi| 4t
10 40 10 10 10 1 10 | *urt_’.‘ [Tl L 7 . | | ™ . \‘ | tsd

~ Present i T+ LT
Time (seconds) AT T | WL THLL T

L — —— L —

solves the flatness problem.

R — ——— \fIFtTEi;C-II
KC2YPT
FFEBEBELBO31T
0134234

In fact, inflation drives Q = 1.000000000000000000000 e
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no problem...they are produced in the GUT phase

but they're so diluted that we’'d never expect to see them




the Universe might not have needed
anything to start...
except nothing

111 LULAl CIICIH)’ Vil LIIC O_YOLCIIIS AR W I & ’

"Free lunch theorem"




Scale Faclor, a

10730 10720 10710 1 10190
r I ' T ’ T ’ | B
10%° F P .. inflation energy - negative pressure -
108} 2
2 . Py radiation density - photons
PO = 107 "
what banged?” Kl
= 10§ "
g . matter density -
1 F quarks and leptons  p ° -
nothing. -
-20 | : N
10 dark energy density Pa
107§ \\ .
| | 1 L | L |

/10“° T ™ 1 \ //10“\
Time [s]

tplanck  Reheating BBN  First Now Last
(Inflation Ends) Stars Stars

Inflation even accounts for the “Bang” in Big Bang!



Of course the issue is: Is Inflation the case?




another

blessing-curse thingy

our visible part a tiny fraction

100



Size of the

Radius of
WHOLE
Universe,
meters

1040

1020

10—20

10740

10—60

“Quantum
Foam”

Universe? take 3.

“Inflationary
phase”

Hot Big Bang

10740

10-30

10720 1010 1
Time, seconds




Size of the

Radius of
WHOLE
Universe,
meters

1040

1020

10—20

10740

10-60

“Quantum
Foam”

Universe? take 3.

“Inflationary
phase”

\

our WHOLE universe

12
a factor of 101° larger

Hot Big Bang

our visible “patch” of universe

\ \
1049

10730

10720 1010 1
Time, seconds




another

blessing-curse thingy

from happening all the time, randomly, forever

103



lemons and lemonade

also have particle physics issues:

why are the constants of nature so precise?

and yet so apparently random?
remember string theories?

there are conservatively 10°°° different . o
vacuum solutions SUTH 000"




WOO-HOO!

that’s good!

for some

105



The “multiverse idea”

another

) 7%

“Universe’s
qusal horizc

our causa
horizo

Other “universes” might have different physics
Is this how (not why) our universe supports us...? Could we be a random event?
The enormous number of others would be randomly produced with physics that couldn’t.




inflation is a guantum mechanical theory

guantum mechanically random

Our universe could be a
quantum fluctuation - ours
just hit the right combinations







particle:

symbol:
charge:
Mass:

spin:

category:

A

o
Uy

0

6 x 10~ kg
?

the one we’ve got







Quarks, Spacetime,
and the Big Bang

ISP220, SPRING 2017

R
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after ISP220 you know a lot now.

our universe continues to surprise.
you’'ve seen how the unimaginable

becomes acceptable



we’re pretty impressed with ourselves

But mostly...we're in awe...every day

how incredibly gorgeous is our Universe

and what a privilege it is to study it.



I’'m proud of you!




...and to immerse you in

Science for 4 months.




coming:

| hope Yyou
ewjoyed
(SPR20

thawnks for

coming:

L hope you
ewjoyed
(SPRRO




