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Week 15 last, Higgs Boson, the Big Bang is properly named, and the
Flatness of the world

TUESDAY, April 23 Higgs Boson and mass

Required Readings: Chapter 12 in PCC

TOE chapter 9
Chapter 17in PCC

Recommended Readings:

Additional content: primitiveDiagrams_ 0 (13m), primitiveDiagrams_ 1 (4m), primitiveDiagram_2 (9m) in:
Tasks: 3.movies on how to make Feynman Diagrams

Homework available:

Homework due:

anything posted? slides

THURSDAY, April 25 The Big Bang, for real and the geometry of the universe
Required Readings: CP Section 22.1-22.4, 23.1-23.4
Recommended Readings:

Additional content:

Tasks:
Homework available: Midterm 2: available Friday, April 26 midnight and closes Monday, April 29 midnight
Homework due: HW12: Friday, April 26, the MasteringAstronomy part
MW:12: Friday, May 3, the paper part
anything posted? slides




housekeeping 1/3

| believe that all LON-CAPA inputs are now done.

Second Midterm:
available Friday, midnight. due Tuesday, midnight
MasteringAstronomy
Special Relativity through today

Final Exam Day (May 3, 07:45, here):

Poster session: I'll bring bagels and cream cheese

poster proponents get points for their work product

viewers get points for asking good questions
Feynman Diagram Project: read the packet!

see blog or pick it up
You'll turn in a bunch of stuff:

HW12 paper

FD project results

Course review

Honors Project paper

The blog has a number of links to last-weeky things 5



housekeeping 2/3 [#

7 posters, right?

1.  We are Mark Bassett and David Weinstein, and we will make a poster on the discovery of Heliu

2. We are Jiaxuan Xiong and Yifei Zhang, and we will make a poster on the first observation of a Black Hole in Cygnus X.

3. We are Kayla Wells and Clea Derozier, and we will make a poster on the discovery of Cosmic Rays by Hess.

4. We are Monica Judd and Brendan Jenkins and we will be making a poster on the discovery of the Neutron by
Chadwick

5. We are Lauren Chapman and Madison Crosser, and we will make a poster on The Discovery of a Neutrino by Reines
and Cowan.

6. |am Myrna Kada, and | will make a poster on The Discovery of the Weak Neutral Currents at CERN.

7. We are Evan Smith and Charles Keranen, and we will make a display about The Discovery of the Longest Redshift
Object, GRB 090423.
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you know the drill:

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 220 001: 4/15/2019 - 5/15/2019
ISP 220 002: 4/15/2019 - 5/15/2019

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 5/15/2019 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).




I had a section 2

Thowmks, Bewjomin!

Benjamin got uploading Hypatia data to work fine.

Thanks!

90 theve
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https://qstbb.pa.msu.edu/storage/QS&BB2019/Homework_Projects/honors_project_2019/UploadInstructions/

KEEP

CALM

AND
LET’S
REVIEW




from a

hot phase
in the
unliverse

cool i1t all at once

@ 10-2 seconds after
the BB

H o OSRRAANRES o , ,
temperature cools...magnet goes to one of two states: E ( e n tl re u n I Ve rS e )

c  teeetttetttttttttt w hot universe vacuum
CIDLEREGL HHHH v empty

difference
we say that the symmetry is “broken” when

temperature

goes down
2 1 w 1 higgs
" field
the hot ground state is higher .
than the cold ground state COld Unlve rse Vacuum

the hot ground state has more symmetry
than the cold ground state

full of the Higgs Field



vacuum

lf\ow\ Ov\\y ,evo-

avevage-value
fields

wow iF's ull of &
finite average
value Higgs Field

c IRttt e

like a regular magnet




mass Was bovn

i Hhe Higgs Field




definite 0. The weak and electromagnetic
interactions are two aspects of the
same force

predictions

1. The W Boson should exist

2. An additional “Z Boson” should exist

of Weinberg’s

Many physics reactions relate My, to M,
model !

3. This ZBoson and the 7Y are
intimately related

any reaction with a photon, must also
happen with a Z9

4. The Higgs Boson should exist




|
Galilean

mechanics

Newtonian gravity

Copernicus/Kepler
astronomy

magnetism
.

electricity

R .
electromagnetism

1600 1700 1800 1850 1875



new force?
H BN

\ General Relativity

Strong 1orce

weak force Standarg

\Vilelel=

W
guantum mechanics

electroweak
relativity

——
electromagnetism

—

1900 1925 1950 1975 2000



hi, again, agailn

still Day 27, 04.25.2019
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elementary particl@ epoch

Flectvoweak Phase Tvamsitio

Quantum Foam presumed that

processes are in
equilibrium

?

107*%s 10739 107 107%s 10739 10727s 1072%4s 107%s 10738s 107 10725 107 % 10 %s
1022 K 10t K 101 K 10° K



nucleon epoch

hadron era Aera opaque era
& %
N
N -
/\/ /\/
®
10~ % 10 3s 10%s 103s 10%s 10%s 10%%s
10° K 10? K 10° K 10" K 10° K 10,000 K




calactic epoch

lig our era dark era

NnOW

380,000 y 1 My 13.7 By

10 % 10'°s 1018 10%'s
1,000 K 2.726 K



cleon epo | decoupling era

nucleosynthesis era

3 minutes 370,000 years

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

AN (HUN) v

3000 K




the Cosmic Microwave
Background, CMB

about 370,000 y after BB | (’




at some point, they are too low in energy to

make new particles...they just hang around.
about 70,000 years after BB

remember

RN mrm e

AL m

many high
energy
photons:
create new
particles, ionize
atoms,
disintegrate
nuclei




primordial photon mischief

annihilate into fermion-antifermion pairs / I
v f

lonize early atoms © /\/
)

28



heavy speciles ‘‘freeze out’’: pairs cannot be

created any more
energies

from:

below this point: ~y f

can’t make BB

y T

e &
< %
%%
Z 3
>, ¢,
. ®
2. ©
¢ s,
%
>
G Myeally heavyC? .
m 2MhpeavyC? below this point:
can’t make SS
@ MhpeayyC? : :
below this point:
can’t make anything!
. : 2MelectronC? ] / .
MelectronC? time —

space stretching — 29



there 1s

a magic

point

at which atoms
can start to form

"recombination”

After protons, neutrons, and electrons are stable...

© ©

\/

left-over photons ionize the
baby Hydrogen atoms

O

The Universe consists of: a plasma...charged particles,
unbound...freely moving around. Opaque.

At one point...about 1012135 - 370,000 vy:

the photons don’t
have 13.6 eV of

© ntey_,
Bingo.
We have H atoms /\/

(and He)

The Cosmic Microwave Background



primordial photon mischief

annihilate into fermion-antifermion pairs / I
v f

lonize early atoms © /\/
1))

then, they’'re done and hang around about |wmm, micvowawves

AV VIR N

31



a blackbody spectrum

of ~3K above absolute zero

LOG B(erg/cm2 SrHz)

the peak is limited by the atmosphere

1
WAVELENGTH (cm)

- Robert Wilson Anro Penzias, 1978



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

Deployable Sun, Earth, : R Wavelength [cm]
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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, launched 2009

European Space Agency
(ESA) "Planck”

observatory...gives you the
Idea




gotten
better
and

better

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




this 1s
« - 0. Hubeulirabeep\elc

Very e [

- Hubble Deep Nelas: | first

convincing i # oy \galkes

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
" —

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&k

@&

- ‘ X LY
\ -
N o J | Final 4 year exposure of COBE with a model of the

Milky Way microwaves subtracted



John “Nobelprize.org
Mather

Nobel Prizes

The Nobel Prize in Physics 2006

About the Nobel Prizes [‘-gl Printer Friendly +) Share 541 Tell a Frienc (2 Comments
a l l d Facts and Lists 1901 -
» Nobel Prize in Physics e ———— 7QOF
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

G 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=za 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




Helium.

about 3 minutes after BB

cleon e

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”

4He 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

D eut erium D ~0.01% cannot have come from stars
equal in all directions data
100 g—r—rrrrm——r
Theory Predictions 10_1E Helium 4 (tHe) -
p—— = g ;
— qg)> 10'2:?
-cz ;
= 108
O
104
10-5 | | 1
S 106 L i
S =
I : :
— — % 10'7E ?
< F -
~ 108 4
- 3
e 5
S 109
m 3
10-10 \
10-11 T
b 1012 10-11 1010 08 107
essentially: # baryons Density of OrdigBry Matter (Relative to Photons)
# photons

T



The Hot Big Bang Model 1s very highly and

precisely confirmed.

From 10-10 seconds after the BB

our understanding of the Universe Is standard physics




particle:

symbol:
charge:
NESY

spin:

category:

6 x 1051 kg, size? ~46 Bly
?

the one we’ve got




so. about the Universe

How old is the Universe? We’'re sure of that: 13.799 +0.021 B years

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

You could say “13.799 Light Years” in radius.
From this way of thinking:

O A B C

m

How far away is the boat? OA? ...like the 13.799 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 —

1020 —

10-20 —

10-40—

10-60 _

Hot Big Bang

10-40

10-30

10-20 10-10 1
Time, seconds




4 problems

1. The Horizon 2. The Flatness 3. The Structure 4. The Antimatter Problem
Problem (or: Problem (or: Problem (or the Baryon Problem)
Smoothness Fine Tuning
Problem) Problem ~ the

Age problem)

52



want to know the curvature of the Universe

linked to the fate of the Universe

as well as 1ts origins




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




curvature cuvvature, k
of the woulA Aepend owm:

universe Hubble Constomt, H

will be formed by Mass Aewsity, O

the distribution of EERVSRICSRET PRI
mass, energy, and

pressure i H omd p awve just vight,..
the universe will be Flat

FLRW catalogue of Universes




from Friedman Equation

gathering constants...

Aefive the “"Aewsity pavawmeter:

P “Critical density” for
Qm(t) — P Density parameter for matter FLAT

pe ~ 10720 kg m™?

about 5 Hydrogen atoms/m3

k=CH*(Q,, —1)

Wowmt Elat?! k£ =0

(),,(t) =1 isthe boundary between flat and either closed or open geometries.

50



Competition

open, expangs

ve\ atrve

size 1 ! closed, contracting

Between 141210 -8 -6 4 2 0 2 4 6 8 10 12 14 By
expansion b

(Hubble i

Parameter) FLRW catalogue of Umiverses
Gravitation o tee ot
(Density ) I

R(t)l/\

time




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




problem #1

the flatness problem.




) _ 2
the master Lovmula velating curvatuve to “stufd” k= CH (Qm — 1)

closeA
Dot which implies k — s0: 2,,(1) vetterve =
opew
>0 closeA
Q. (t) = so k = 0 which implies Llat
<0 opem
Qpum (t) = Qp(t) =
oot (O, + Oy = )
) alt) =
closeA
now: (Qm + Q25 — 1) — which implies flat

opew



CMB,
1997-2003

N e ]
= Sy
o
| g
s : }__1'1
..I
‘I
)
R i
%. “
:
\
> oo M USH
7, 0 =

Around the world in 7-10
days...from Antarctica

Balloon Observations
Of Millimetric
Extragalactic
Radiation ANisotropy
and Geophysics...

UUUUUUUUUUUUUUUUUU

| A —— could
Uy S WY it e i distinguish
-' iy 3 ﬂ1 "- .“' : E‘I - ;“ o
BOOMERANG NS D el ydltng BAEIR R about 0.3
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the : A
,, . » ™ . :
: ! ) - . v " . "
| s LR T \ Wrinkles

t empe T at ure ~ A% T | Q ' .‘ .t ‘ or Hills & Valleys

fluctutation

pattern 1s a

PR L L S Accumulation in Valleys

R — R

measurement of —— -
“high” temperature means high density regions

curvature “low” temperature means low density regions

Red = Hotter than average by 300 microKelvin.

O
B 25 | Blue = Cooler than average by 300 microKelvin.
Py A AT A ey ] |
REEE NP2 data
‘ w ‘. , K -~ NS
ct +‘ r ‘ - . e ' \\\\
e 3 \\\\
R o ' B | e, T s P
NSRS e [ [
‘ Y ’ = . ._. I /’/
: [ L e Y oy
. . > " ke
' .
| | ' 2 " ”‘ If the universe is closed, If the universe is flat, If the universe is open,
‘ ¢ p o light rays from opposite light rays from opposite light rays from opposite
N 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...




) 2
the master Lovmula velating curvatuve to “stufd” k= CH (Qm — 1)

Wl’\iC‘/\ 1W\P“€S k — 0 SO: Qm(t) vetter be — ‘

20
— so k — 0 which implies
<0
Qpum (t) = Qp(t) =
K (Qp + OQpm =
G N

closeA
now: (Qm + Q25 — 1) — which implies flat

opew

closeA

Llat

opew



This
measurement
has evolved

Cosmology is
actually now a
precision science.

Hubble

1989 to 1993

COBE’s resolution
was 7 degrees.

2001 to 2010

2009 to 2013

Planck

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




WMAP... Wilkinson
Microwave Anisotropy
Probe

Planck just 2013!

k=+1

E—

k=0

—

k=-1

———

s<o o aso
R(t)l/\ | R(t)l |

fime fime
HQL//N\\ le

fime Time
fqm[//,_\\\ qal

fime Time

FLRW catalogue of Universes

2 emaitre- R t
R(t) Iéddingt,ton / I ( ) Lemaftre / |
e time

R@I

16

=200

-100
Temperature difference from average (uK)

0 +100 +200
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But:

(Qm — 1) suggests k <1

25°

.:"‘. >
’ -
s &

R o
! BOdIfAﬁkAN‘(;
p .‘l'; \/ |

. data

&

-

|

C va

suggested that k=0




now it's really precise

Planck From multiple, different kinds of measurements:

. (t) = 0.308 £ 0.012

Further, Dark Matter is part...
2. large-scale densities

m(t) = Qpm +
from motions of galaxies

o e e From other...multiple, different kinds of

closed

Rlat which imglies s0: (1) vetterve

- . measurements: (), — (0.048 + 0.0005

Qu(t) = sok 0 which imglies  flat

<0 open
Qpm(t) = Dy(t) =

3. “baryon densities” o

survey of stuff that shines...most ()= Q D M — O 2 5 8 :I: O O O 4:
from the CMB D e . :

open




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

the critical density

Dark Matter? 30%...

Something missing in order to get to flat at 100%




Boomerang’s flat result

didn’t match the matter-counting results or COBE




Find and characterize a particular kind of Supernova,
called “1a”

by 1998, the
Supernova

1a supernovae are different:
Cosmolo gy From stars not massive enough by themselves to nova

Project

(a) Type | Supernova

White
dwarf

Planetary Red Growing

nebula giant white dwarf Detonation

Binary star system

But in close proximity to another star which it siphons
matter from, enough to cause a supernova explosion
after all

i

Remarkably
reliable light
output.

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




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

do the Hubble-
thing

use spectra to
determine speed,

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

They ended up showing the opposite!




Competition

velative
size

Between
expansion
(Hubble

Parameter)

supernova data

e
s
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Gravitation 41210 8 6 4 2 0 2 4 6 8 10 12 14 By
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18 December 1998

........

The data require an e =t
: - ELERATING '
interpretation g 7 i

Breakthrough of the Year

that the Universe’s expansion IS

Accelerating

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




ONLY ONE WAY TO
ACCOMPLISH THAT

within the Friedman
equations




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

Measure

(A = 0.692+0.012

cccccc

cccccc
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more

precise,

combined
data

2011

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

No Big
14Bang

1.2 F

1.0

0.8

0.6 [

0.4

0.2F

Union2.1 SN la
Compilation

y o4

SACU

0.4 0.6 0.8
2,

Didn’t have to be this way.

1.0

Bingo. Flat.



seems to be our

universe...

and our bleak fate!

FLRW catalogue of Universes
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we don’t

know
much!!

B Dark Energy

This “dark e togent. el
energy" is a huge B
part of the energy |

density of the

Universe!

@ Heavy Elements

dark energy




interpretation for A7

Energy of the vacuum

d negative pressure




unl...

accelerating??

There has to be
some
"antigravity" kind
of force at work to
do this

What's more, there
has to be a lot of it

we’ve no real understanding of what DE actually is.

Scale Factor, a

107 N R 107" i 10"
1080
1060
i radiation density - photons
"’E 1040
3)
T
0 10
g matter density -
1 quarks and leptons
-20 :
10 dark energy density
1074 107 1 10°
: Time [s]
Planck BBN First Now Last

Stars Stars

e ———— e ———
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)ns pm
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1 10°
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Stars Stars

4

now:
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problem #2

the horizon problem.




how could the sky be so uniform?

that patch of sky looks
pretty much like

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



Whe Il In the hot big bang scenario...

would the

two sides
‘‘“talk’’?

Size of the Observable Universe?

40 -
T Hot Big Bang
20 |
Radius of
Observable T
Universe, 1 —T

meters

1020

10-40__

(g e

1040 1039 10:20 oY 1 1010
Time, seconds

at about 10-32 s, the universe is about a meter in radius

How far could light travel in that time?

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

That’s the Horizon at that time.

Universe already much bigger than that!

owe side coulA wot have
affected the other side



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

\
‘A: t . g
A L e
A % "‘ Sy A 5
. . y ’
R B
/ - LS OUR ' v
r i g -
4 . )." Lo (T
) <
/ / . b

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 reaction has to go faster:

only a

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

than this one:

then >.—>

and X has to be very heavy

this

all iInvolve new
forces of
nature

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
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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
x 10! 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 7y which is com-
fortably below Mp; let us say T, = 10'7 Gev. At

completely described.

Now I can explain the puzzles. The firstis 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..=(871/3)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
ical 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

- FXILINX
VIRTEXCH

Xeaypr
] FFEGEEBLBDEAT
} D124234A

| e powerpe

Tl Wik

Expansion is exponential:

Size of observable universe increases by 1050 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
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meters
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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

y [\b gagagagagaqaqaqaqaqaqag
; _9 gagagagaqaqagaqaqagqggaqaqaga

gagaqqgqagaqaqaqaqagagaqaqaga

, ; gagaqagaqgaqaqgaqgaqaqaq a

:’[\\:55:& au, B, N
— B Great Annihilation
f Cus By

ay, B, f

a,,B; f

10735 107%% 107%%s 107s 107%%s 107%"s 107 107%'s 107% 107%s 107'% 107 % 107 %s
102" K 102K 102K 10¥ K 10'° K




‘¢ 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

T —




inflated so fast, as to make our neighborhood locally flat to 10-30
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the Universe might not have needed
anything to start...
except nothing

The total energy of the system? Zero. “Free lunch theorem”



what banged?

nothing.

InBlation evenw accounts fov Hhe “Bomg" i Blg Bowmg!
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Of course the issue is: Is Inflation the case?




another

blessing-curse thingy

our visible part a tiny fraction
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Size of the

Radius of
WHOLE
Universe,
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Size of the

Radius of
WHOLE
Universe,
meters

1040

1020

10-20

10-40

10-60

“Quantum
Foam”

Universe? take 3.

“Inflationary
phase”

\

our WHOLE universe

12
a factor of 1010 |arger

Hot Big Bang

our visible “patch” of universe

\ \
10-40

10-30

10-20 10-10 1
Time, seconds




another

blessing-curse thingy

from happening all the time, randomly, forever

109



lemons and lemonade

also have particle physics issues:
why are the constants of nature so precise? '
and yet so apparently random? 1
remember string theories?

there are conservatively 10500 different
vacuum solutions




WOO-HOO!

that’s good!

for some
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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:
NESY

spin:

category:

the one we’ve got







Quarks, Spacetime,
and the Big Bang

ISP220, SPRING 2019

R
=,




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.
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l hope Yyou
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(SPR20

thawnks for

coming:

L hope Yyou
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