;ARe cap from last lecture

‘Dlscovery of the CMB- logic

From Hubble s observations, we know the Universe is expanding
~This can be understood theoretlcally in terms of solutions of
GR equatlons

Earller in time, all the matter must have been squeezed more
tightly together and a lot hotter AT R=0 have the Big Bang

the CMB is the 'relic’ of the Big Bang
Its extremely uniform and can be well fit by a black body
spectrum of T=2.7k
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;ARe cap from last lecture

The energy denSIty of the universe in the form of radiation and
matter den51ty change differently with redshift

Y "'pmatter (RO/R(t))3 (1+Z)
_h:pradlatlon (R /R(t))4_(1+Z)

Strong connection between temperature of the CMB
and the scale factor of the universe T~1/R

Energy density of background radiation increases as
cosmic scale factor R(t) decreases at earlier time t:
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How Does the Temperature
Change with Redshift

Remember from eq 10.10 in the book that

R lRiper=1+2

where z is the redshift of objects at

observed when the universe had scale factor Ry,

Putting this into eq 12.2 one gets

T(2)=Ty(1+2)

where the book has conveniently relabeled variables
RO=Rnow
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‘a f:g'i:iven temperature, each particle or photon has the same
average energy:

—kT

=TT 0k, is called “Boltzmann’s constant (has the value of
k =1.38x1023 J/K)

+ In early Universe, the average energy per particle or photon
increases enormously

+ In early Universe, temperature was high enough that electrons
had energies too high to remain bound in atoms

+ In very early Universe, energies were too high for protons and
neutrons to remain bound in nuclei

+ In addition, photon energies were high enough that matter-
anti matter particle pairs could be created
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Particle production

Invisible gamma r photons

<+
Electron
/
+
+
A more energetic
electron-positron pair
/
scattered
atomic electron / /)
/i
/ ! !
!
£

4/9/15

actual bubble chamber photograph of an
antiproton (entering from the bottom of the
picture), colliding with a proton and annihilating. 8
pions were produced. One decayed into u+ and v.
The paths o{}gositive and negative pions curve

opposité”v% in the magnetic field, and the

nantral v lamvace nA trank,

Suppose two very early Universe
photons collide

If they have sufficient combined
energy, a particle/anti-particle pair
can be formed.

So, we define Threshold
Temperature: the temperature above
which particle and anti-particle pairs
can be created.

2mc?
T;hres =
3k,

This comes from equating
E=mc? to E=3/2kgT

M Particle production

+ Different particles with different
masses have different threshold
temperatures

+ Electrons : T =4x10°K

lets calculate the temperature at
which the univese is hot enough
to create protons
T={(2/3)*1.67x1077x(3x108)2}/1.38x10°23

+7x1012 K

+ so since T-1/R and T today
is 2.7k the universe was
3.7x10°13 its present size
when it was this hot... the

early universe.
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.{7.’+ Above the threshold temperature...(or alternatively at
3 earller*ivtlmes smaller R)

2 ontmual creation/destruction of particles and anti-
particles (equilibrium)

4

¥ Below threshold temperature...
+ Can no longer create pairs

+ The particles and anti-particles that were created
when the universe was hot annihilate each other

+ Small residual of particles (matter) left over ???-Since
one needs an asymmetry between baryons and
antibaryons in the very early universe, to produce the
substantial amounts of matter that make up the
universe today. this is a an unsolved problem called

baryogenesis.
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+ As umverse cooled down, they started to “decouple” from each other.-
€ omptex quantum mechanics

- earlier times
gravitational force

weak force

Supergravity Eleciroweak
(quantum gravity) force

eleciromagnetic force

Grand Unified

Theory (GUT)
strong nuclear force

4——— more energy
4/9/15
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How are the forces of nature
connected?

The 'standard model' of quantum
mechanics connects 3 of the 4
forces (all except gravity)

In the early universe they were

"unified"

We are still unable to

it connect gravity with the
~L2 ] other 3 - do not have a

Grand Unified Theory (GUT)
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From http://universe-review.ca

Forces Merge at High Energies

0.15 | - | | ]

So10F E

TR ]

X / 5 F 3
L : £ ]

=+ The unification of & . 3
forces occurs at & :
high energies- the 3 E

‘ o) ) S B RN B B
early universe was T T T P T TR T
a very high energy Energy in GeV
place (very hot =

very energetic)

http://www.particleadventure.org/grand.htm



: otrfer;partlcles (we
- have already
“=gncountered the muon
and the neutrino was
recently in the news)

+ The early universe was
a 'equal opportunity’
place and if a particle
could be created it was
(lots more later)

+ | will not go into this in
any detail

+ The Standard Model that
\,\/explams what the world is
L and what hblds it together.
o dtisa STmpte and
f;‘-f“.f'jcomprehg—:fnswe theory that
<~ explains all the hundreds of
“particles and complex
interactions with only:

é
B

6 quarks- which make up
most of the mass .

6 leptons. The best-
known lepton is the
electron.

Force carrier particles,
like the photon

http://www.particleadventure.org/
standard_model.html

What Else is There Besides Atoms,
Neutrons Protons and Electrons

The two big families of
particles which make up matter
(fermions )

* hadrons made of 2-3 quarks- 2
families
*baryons+ (proton, neutron)
*mesons

* leptons* (electrons, muons,
neutrinos...)

+ From Greek word (barys) for "heavy"
*From Greek (leptos), "fine, small, thin"

*The other type of particle ( bosons)
"carry forces" (e.g. photons)

Standard Model

QUARKS

é
top

a
strange boh‘om

%%@

chorm

%




+ Electromagnetic force (mediated by photons)
+ Electric & Magnetic fields are familiar in everyday life!
+ Strong nuclear force (mediated by gluons)
+ Holds the nuclei of atoms together
+ Binds quarks together into hadrons
+ Does not affect leptons
+ Weak nuclear force (mediated by W and Z particles)
+ Responsible for neutron decay
+ Gravitational force (mediated by gravitons)
+ Gravitons have never been detected... still theoretical
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Gluons (8)

000
Quarks
>
°
Down  Mawons

Quark Baryons Nucle:

Salaxie: /
Down
qGuark

Hydrogen atom

Oxygen £ ‘ A
L E—oto & ‘
Bosons (W.2)
Water molecule
Protons
Electron
Oxygen atam and L]
Neutrons \
Neutron decay
| GO..... Neurondosy
. mestry carrier I 3 CHON
Phot Neut 2 %
4/9/15 Neutron  particle  Proten  Buning of the Sul
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Fundamental interactions



LEPTONS

T Electron Electron neutrino
= Together with the nucleus, it Particle with no electric
o makes up the atom o charge, and very small (&)
: mass; billions fly through
your body every second
Muon Muon neutrino
A heavier relative of the Created along with
electron; it lives for two- ° muons when some (o]
millionths of a second particles decay
Tau Tau neutrino
Heavier still; it is Discovered in
=+ http.//CdS.Cern.Ch/ extremely unstable. 2000 o
record/1165534/ It was discovered
) in 1975
files/CERN-
Brochure-2009-003-
Eng.pdf QUARKS
T Up Down
i Has an electric charge of Has an electric charge of
= plus two-thirds; (») minus one-third; protons O
g protons contain two, contain one, neutrons
neutrons contain one contain two
Charm Strange
A heavier relative A heavier relative
of the up; of the down. O
found in 1974
Top Bottom
Heavier still; Heavier still; measuring
4/9/15 found in 1995 bottom quarks is an 4
important test of
electroweak theory

Table of Baryons
Rest
: g Lifetime Decay
Particle |Symbol [Makeup ;IZS:/CZ Spin (B |S (seconds>| Modes
Proton P uud 9383 | 1/2 (+1 |0 | Stable
Neutron| 1 ddu | 9396 |12 [+1|0| 920 pe,
Lambda| AQ | uds | 11156 |12 |+1 |1 x126§'° p, o’
’ajc,celerators sigma | x| ws | 1894 (12 v |1] 2% | pad et
+ The heavier sigma | 50 [ wds [ 11925 [12 [\1[1] 6x10 [ A%
leptons and : 15
Sigma > dds 11973 | 172 [+1|-1 1010 nt
hadrons, are not "06
found in ordinary Delta | A** | wuu | 1232 |32 14110/ 02 | pat
matter at all. This % I e bk x;);_sn 0
is because they oF
decay very quickly Deta | A% | wdd | 1232 |32 4110 0z | nad
Delta | A" | ddd | 1232 |32 |[+1|0 x?(f” ot
+ hO.WeVGIj they o | 20 | ws | 1315 |12 (a2 xlzd?m A%
existed in the very = T
A al = >
early universe Cascadel| dss | 1321 |12 +1]2| o Al
Omega | o | sss | 1672 |32 [+1]3 x‘:ﬁ, =27, A%
Lambda| A*, | ude | 2281 [122 [+1]0 | 2x10™




'_: -+ Part'icle Horizon is ¢ t<10-3m

o= ZAll fundamental forces are
coupled, including gravity

+ Very difficult to describe the

universe at this time - something

completely outside of our
experience.

+ Full theory of quantum gravity

needed to describe this period of

the Universe’s life
+ Such a theory doesn’ t yet exist

Planck epoch

t =15 billion years

T=3K (1meV)

Galaxy formation
€poch of gravitafonal collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onsetof gravitational instatilty

Nucleosynthesis
Lightelements created - D, He, Li

Quark-hadron transition
Hadrons form - protons & neutons

Electroweak phase transition
Electomagnelic & weak nuclear

forces become differenfiated:
SU(ESU(IU(1) - SU(E)U(1)

The Particle Desert
s, supersymmelry?

Grand unification transition
G5 H> su(astu(z]xun)
i un n aryogn
oshin ings. elc.?

The Planck epoch
The quantum graviy barrier

http://www.guardian.co.uk/science/2008/apr/26/universe.physics
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+ After mflat_lon 106 Looaritmc me:
) Reionization
,seconds aftar the BigBang, sy mesbiistn g, 100 mition years: First starbegis o shine.
;the umverse cpntmues to b “"““'""‘"“““'—zﬁ.ﬁzfeﬁg{fogb{;’?a;";:“gge;igg“fﬁgns
i 110 3One thousand rs are no longer al to interact stroi wi atoms.
i % expand butnot nearly SO ‘gg isand ye:§ \%Imlc microwave background radiation streams
( “ z Gne year R 70,000 years: Matter domination
50
+ AS lt x andS ]t beCOmeS : One hour. 3:020 minutes: Formation of helium nuclei
\ X 25, p 3 20 Lepton oc:u B"IEEBEYI::;:lQnIann—Iepmn pairs annihilate.
5 tess dehse énd COO[S The '3 One second] * Neutrinos cease to interact with other particles.
- AmOSt basjé forces ]n nature % One millisecond Hadron epoch Formation of hydrogen nuclei.
~“pecome distinct: first B oo
50 JOne microsecond, Quarks become confined within hadrons.
gravity, then the strong n
. . 00 One nanosecond Quark epoch
force, which holds nuclei of w3
-120 ne picosecondy ""weak'" force separates from
atoms together, followed by ‘e Sepiromagnat 10108 reaUNG I the four
:3 The Primordial Era separate forces we know today.
the weak and T
electromagnetic forces. s
+ By the first second, the 2
universe is made up of 26 Siectroneak epoch
. -260
fundamental particles and 2
energy: quarks, electrons, b
. g;g Reheating after inflation populates universe
photons, neutrinos and less % e
o 340 joC| niverse ex| onential
fam]har types' These g —slep?ralinr: of t:\estrang force from the
. -370 electronuclear force.
particles smash together to 0 .
3‘;93 Grand unification epoch
form protons and neutrons. o
- Fanck poch o s oo e SeEerohe
http://www.pbs.org/deepspaceitimeline/ ™™ e e e
force.



Stages of the early Universe

: h-temperature very, very early universe, these forces were
nified (in the same way that electricity and magnetism are
ifiedtoday).

;ﬁ%/erse cooled down, they started to “decouple” from each other.

_ earlier times

gravitational force

weak force

Supergravity Eleciroweak
(quantum gravity) orce
eleciromagnetic force
Grand Unified
Theory (GUT)
strong nuclear force
4——— more energy
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3 minutes

Light nuclei

Protons

and neutrons
bind to form
atomig nuclei

Graphics: University of Oregon Astronomy Dept

LHC exploration range

10 " seconds

0.01 millisecond 107'2 seconds 10735 seconds

Protons
and neutrons

Quarks *®
and gluons
bind to form™
protons and
neutrons

The visible Universe
has the size of
an apple

= =

Helium - 2 protons + ® Proton ® Quark ~ Photon

atom

2 neutrons = Helium nucleus
Neutron Electron w Weak force

Hydrogen e 1 proton = Hydrogen nucléus ® Meson * Neutrino # Strong force

J atom




End of the Planck Epoch

t=10; 435) \

& ’* Grav1ty decouples from

~-other fonces

+ Classma{' General

Y .rj_ﬁ Relativity starts to

: descﬁbe gravity very well
““~¥Gravitons cease their

interactions with other

particles... start free

streaming through space

+ Produces a background of
gravitational waves

_—
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: fThe Unified. Epoch (t=104 -
4 Two forces, oﬁerate
i ‘descrlbed by GR)

- 10'%s)

BV ,_:_BaryogeneSIS

+ Slight asymmetry developed between particles &

antiparticles

+ Get more matter than antimatter by 1 part in 1.6 x10°

+ Same as ratio of nhumber of baryons to CMB photons today

+ This produces the matter dominance that we have today!
+ During unified epoch (~10-37s), Universe is believed to have

+ All othe :_;'forces (described by Grand Unified Theories;
= GUTs) Strong, Weak, Electromagnetic

t = 15 billion years
T=3K (1 meV)

Todayt,

Life on earth

Solar system
Quasars

Galaxy formation
Epoch of gravitatonal collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational instahility

Nucleosynthesis |
Lightelements created - D, He, Li

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Eleciromagnetic & weak nuclear
forces become differentiated:
SU(3)x8U(2)xU(1) -> SU(R)xU(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G > H > SU(3)xSU(2JU(1)
Inflation, baryogenesis,
monopoles, cosmic strings, etc.?

The Planck epoch

The quantum gravity barrier

Unified epoch

15 billior

undergone a period of exponential expansion, called inflation
+ Size of universe expanded by factor 10'% or 101000
+ We' ll discuss evidence for this later on!
+ At end of epoch, GUT force splits into Strong and Electroweak

force.
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+ The quark epoch (103 -10¢s)
lre :Umverse CQnSIStS of soup of

‘ jﬁ+ leptons
=¥Other'more exotic particles

+ Electroweak force symmetry breaks at

t=10"s

+ Electroweak force particles were

transformed into

+ Weak carriers: W, Z bosons
(massive; 1st detected in 1983 in

CERN)

+ Electomagnetic carriers: photons

(massless)

+ Quark epoch ends with “quark-hadron

phase transition”

+guarks pull themselves together into

Quark epoch

Today t, t =15 billion years

T=3K (1meV)

Life on earth

Solar system
Quasars

Galaxy formation
Epoch of gravitational collapse

Recombination

Relic radiation decouples (CBR)
Matter domination

Onset of gravitational ins ability

Nucleosynthesis ¥
Lightelements created - D, He, Li \

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Elecromagnetic & weak nuclear
forces become differenfated:
SU(3)xSU(2)xu(1) -> SU3)xU(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H -> SU[3)xSU[2)xU(1)
Inflaion, baryogenesis,
maonopoles, cosmic sirings, ete.?

The Planck epoch
The quantum gravity barrier

Arficles called hadrons (baryons are 22

a subclass of this).

";Hadr@n epoch
'+ vHadr‘(“)n”EIpO'q,h (t=10¢ - 104 s)

' +'_’P; ticle horizon D=102 - 10

+Soup of protons, neutrons,
photons, W & Z particles +
exotics

+ Matter/anti-matter
asymmetry from GUT era
gives baryon/anti-baryon
asymmetry.

+ End of epoch given when
temperature falls below
proton threshold
temperature
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Today t,

Galaxy formation

t = 15 billion years
T=3K (1meV)

Life on earth

Solar system

Quasars

Epoch of gravita fonal collapse

Recombination

Relic radiation decouples (CBR)
Matter domination

Onset of gravitational instability

Nucleosynthesis |
Lightelements created - D, He, Li

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Electromagnetic & weak nuclear
forces become differentiated:
SU(3)xSU(2)xU(1) -> SUB)xU(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G > H > SU(3)xSU(2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic sirings, etc.?

The Planck epoch
The quantum gravity barrier



7 'ant ongoing production of electron/positron and pairs by
mtaefractmg photons

=% Equilibrium between protons and neutrons
V+peset + ! .
Yol o T v IS a neutrino
v+n<e +p
+ Number of protons same as nhumber of neutrons until t=0.1 s
+ Afterwards, protons favored since they have lower mass
+ After t=1 s, neutrinos ceased interacting with other particles

+ Lepton epoch ended when temperature falls below electron
threshold temperature, 5x10°K, at t=14 s

+ Proton/Neutron ratio frozen in at this point:
+ 14% neutrons
+ 86% protons

¥°’Mdst of e+ and e annihilated, leaving just enough e to balance5§harge
of protons

Today t t=15 billion years

10 34 _

ar T=3K (1meV)
Solar syste
spacetimefeam  quass
Galaxy fors
10274+ Epmh ofgrav mm al collapse
quarks, leptons created Hecnmblnl
inflation o
Onsetof gravilation: H instability
105+ 4 forces established
leptans slpit into neutrinos and electrons
. . Nugl thesi
gravity govems expansion et et -0 e
131
10 Quark-hadron transition
Hadrons form - protons & neutons
quarks make protons heutrans
1010 1

Electroweak phase transition

. forces become differentiaied:
neutrinos deconple SUESU)RU(T) > SUERI (1)

The Parlicle Desert
Aions,

jons, supersymmetry?

electrons and positrons annihilate
leaving small number of unmatched electrans

Temperature (degrees K)

o ravitational force
10 Supergrayi Electroweak
Grand farce weak force
Unified
Farce -

electromagnetic
10 6 1 N farce

strong nuclear force

Grand unification transition
6K sum RSUZ)
Inflaton, bary

monopoles, mum 1: ings. slc.?

. The Planck epoch
fusion of H and He The quantum gravity bardier

g >
3000 + photons >
nentrinos/anti-neutrinos ————————————— P> photens decouple = CMB
Black hotes Jeptons < electrons/positrons electrons
34
protons————
quarks < ;j;:};lg;ﬁm galaxies, stars
nentrons ———— planets form
104 10% 1072 10-* 1 15 1 500,000 13 billion
sec sec sec sec sec sec min yIS yIS

Age of the Universe 59



- I: THE STRUCTURE OF MATTER

+Atom is made up of...

+ Nucleus (very tiny but contains most off mass)
+ Electrons (orbit around the nucleus)

+ Atom held together by (electromagnetic)
attraction between positively-charged nucleus

and negatively-charged electrons.
4/9/15 60

Elements & isotopes

+_Number of protons determines the element:
% Hydrogen -'1 proton
"+ Heljum - 2 protons
SSio<4-Lithium - 3 protons
+ Beryllium - 4 protons
+ Boron - 5 protons
+ Carbon - 6 proton

+ Number of neutrons determines the isotope
+ e.g., for hydrogen (1 proton), there are
three isotopes

+ Normal Hydrogen (H or p) - no neutrons
+ Deuterium (d) - 1 neutron
+ Tritium (t) - 2 neutrons
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e Atomic nuclei
+ The nucleus is itself made up of:
SR Protons p (positively charged)
-_{,“'__‘__\_."f.~:;-_+ Netitrons, n (neutral; no charge)
4 Collectively, these particles are :neutmﬁ/'

known as baryons (made up of 3
quarks)

+ p is slightly less massive than n
(0.1% difference)

quark

+ Protons and neutrons bound £ 2]
together by the strong nuclear / i
force (exchange of “gluons”) proton
4/9/15 62

Inside the Atom

L 6zE N ATOMS SIZE IN METERS

Structure within
1 J 1 0'10 the Atom
0000 10,

1 0
750,000 ( W / £ e s o e s s v

wOuAd D Mot T O 1 mvn 0 e and P
100,000,000 ooo 000 9 € 10"
(AT LARGEST)

+ enormous range in scales
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' understand the origin of
The Origin of Chemical Elements
the elements & A Aume

Applied Physics Laboratory, The Johkns Hopbuu University,
Silver S’nu Marylond

(nucleosynthesis) in the "
early universe was made o

The George Washi; University, Washi D.C.

+ The idea is that the very Febmary 18, 104

S pointed out by one of us,' various nuclear species

1 must have originated not as the result of an equilib-

ea rly On the h Ot u n ] Ve rse rium corresponding to a certain temperature and density,
but rather as a consequence of a continuous building-up

Cou ld make process arrested by a rapid expansion and cooling of the

primordial matter. According to this picture, we must

Protons,NEUtrons,EleCtroNS e e (rerhecd novtal sacear iy wiven

started decaying into protons and electrons when the gas

0 0 pressure fell down as the result of universal expansion. The

* aS ] t COO led n UC le] Cou l,d radiative capture of the still remaining neutrons by the
newly formed protons must have led first to the formation

eX-i St of deuterium nuclei, and the subsequent neutron captures

resulted in the building up of heavier and heavier nuclei. It

ﬁ_Some llgh el:ements were manufactured

'?_duringv’the{ B1g Bang- the universe was only

—_hot enough for this to happen for ~20
‘-‘.mmutes 4

¥ the 'physmal laws and constants that
govern the behavior of matter at these
energies are very well understood, and
hence BBN lacks some of the speculative
uncertainties that characterize earlier

Abundances

periods in the life of the universe.

+ The abundances of those elements tells us
about the density of the Universe

+ Big Bang nucleosynthesis produced no
elements heavier than beryllium, due to a
bottleneck: the absence of a stable

nucleus with 8 or 5 nucleons.
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Next lecture...
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