Lecture 14

Early Inflation

A possible solution for:

Why a hot Big Bang?
Horizon problem
Flatness problem

Monopole problem
Origin of primordial structure
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Early inflation, Hot Big Bang,
Decelerating Expansion,
Late inflation by “Dark Energy”

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




Early Inflation:
the first 10-33
seconds

tiny fraction =
of a second

380,000
years

13.7\ g
billion \_
years




1980: Inflation (Alan Guth)

« Universe born from “nothing” ?

e A quantum fluctuation produces a tiny bubble of
“False Vacuum”.

e High vacuum energy drives exponential expansion,
also known as “inflation.”

e Universe expands by huge factor in tiny fraction of
second, as false vacuum returns to true vacuum.

e Expansion so fast that virtual particle-antiparticle
pairs get separated to become real particles and anti-
particles.

o Stretches out all structures, giving a flat geometry and
uniform T and p, with tiny ripples.

e Inflation launches the Hot Big Bang!
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Planck Units

Planck Length: de Broglie wavelength ~ Schwarzschild radius
E-mcr=¢ o 5. R, =29M
A M c C
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(AR)" ~ L, = ( ~10%m

~10™"s

1/2
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L 9 h h 1/2
Planck Mass M, = ’;;C - - (Ec) ~10% m, ~ 10°GeV/c?
. C

5 1/2
hé) ~10°GeV

Planck Energy E,=M,c’ =(

Limits of Quantum Mechanics and General Relativity.
Need Quantum Gravity theory (as yet unknown)
to describe physics at these scales.
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Quantum Vacuum

Heisenberg Uncertainty principle:

AE At ~ h

Can violate energy conservation:
“Borrow” energy from the vacuum, but only for a short time.

To create a particle-antiparticle pair, need AE >2 m c2.
These “virtual” pairs live only briefly, At~h/AE .

«
Y Y e’ _
AN
e q
Vacuum is not empty. Filled with all types of virtual pairs.
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Quantum Vacuum

Like waves on the sea.

Quantum fields oscillate in many possible wave modes

o(x, 1)

Wi(X,t)

A(x, t),

Each wave mode is a Harmonic Oscillator,

Potential energy:

Vi, p A, o) =my [ o P+my [y [? + ...
Ladder of discrete Energy States:
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(n) ( 5
Zero-point energy:
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PR

n = number of particles

Quantum vacuum = all wave modes in ground state.
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Vacuum Energy Density

Waves in a Box: Density of states in 6-D phase space:
2 2mwn 27T
n=1 L=nAaA k = = Ak =—
A L L
2
, dn g g

d’xdk L L L Ak Ak Ak, (27)

Photons have g = 2 polarisations.
fff < d’k Electrons have g = 2 spin states.

d3cfk

Each mode is a simple

f(hc k)( )4 1 di harmonic oscillator.
0

Zero-point energy per mode:

4

k=SB (p 4y 1{hc\ hek
pil LS (R <E<k>>=_(7<f)= :

Short waves dominate.
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Cosmological Constant Problem

Range of wavelengths in the Cosmological box:

1/2
)\' > LP ~ (]/l?) ~ 10_35m kmax ~ 2—76
c L,
h<$ o 4300Mpe ~10%m k.. ~—2"
H, c/H,
4
. _gl/z(:(k " 4) ghe (2n\  a°ghc E,
vac 2.777 2 max min 1 6.7772 LP LP4 LP3

2

[ 7°gh|8xG) 8a’g c/H, 170

Qvac = = 4 2 ~ ~ 10
pcrit C Lp 3IJO 3 L

p

Cosmological Constant problem:

Observe Q,~ 0.7 Predict Q, ~ 10720
Why is 2, so small, yet not exactly zero ?
Why does quantum vacuum energy noft gravitate?
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Flatness Problem
Why was the initial geometry flat ?

If exactly flat, then always so.
To be roughly flat today, QO =]1+¢
must initially be incredibly close to flat:

stGp Q.x'+Q x’+Q,
3H> Q. x'+Q x’+Q, +(1-Q)) x°

-5 612
Q(x > x0)-1= d 5 ~10_“9( d )10 10
Q. x 001/ Q. \ x

c/H,
L

Q(x) =

- 1061

Q. ~107 «x

P

Flatness problem: Why was < initially so close to 1 ?
How did the Universe know precisely how fast to expand?
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Horizon Problem

Why is the universe almost perfectly isotropic ?
Distant regions were never in causal contact.
Yet we see:

Same CMB temperature to 1 part in 10°

Similar galaxy distributions.
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The Hubble Deep Fields

Thousands of galaxies, | Similar galaxy distributions,
just a few stars. supporting the Cosmological Principle.

HDF North | _ HDF South

g ]

S & ;e L el Hubble Deep Field South
Hubble Deep Field HST - WFPC?2 Hubble Space Telescope « WFPC2
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enra 2003 WMAP all-sky ool ane

foreground galaxy
removed

dT/T~107°

Snapshot at z=1100 of quantum fluctuations stretched by inflation.

Dark matter potential wells that seed later galaxy formation.
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The Horizon: How far can we see?

suppose  R(t) = R, (/1,)"

cdt ct, t (ct,
e {R(r) Ry, 7 1 R,
Il HlH
N
d N
—Xu 0 XH
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[ I-a
1_(t1/t0) lf OC<1
l-a
1 In(z,/1,) if a=1
a-1
(tO/tl) -1 lf OC>1
. a-1
As t,=>0,

Finite for a < 1,
Infinite for a =1, >1.

matter - dominated :
a=2/3

radiation - dominated :
a=1/2




Particle Horizon at
R(t,)c dt T dx

IR

C

z=1100

L (t ) = =
H\Ilg -{ R(?) (1+z) 1‘£H(x) (1+z)H H‘I;\/x Q. +x Q,
- 2¢ 1+-20 _1|  x, EQ—M~3500(Q—M)
(1+z)H,~,x, 1+ z Q2 0.3
2(+/4.6 -1 1z
== | ) =3.4x10° - =190 (0'7) 031 e
H, 1100+/0.3 x 3500 . h\Q,
Expands by factor
1+z=1100
to ~200 Mpc today.
Mo
How did these 20,000 causally ! L]
disconnected regions know
what temperature to be,
to 1 partin 10° ?
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Magnetic Monopole Problem

The GUT (Grand Unified Theory) phase transition
should produce “topological defects” that look like
magnetic monopoles.

We don’t see any.

Why is the universe devoid of magnetic monopoles ?

Phase Transitions among Forces

Quantum GUT electro-yveak

Gravity | T strong

| - \ weak
E, ~10°GeV | | electromagnetic
E_,; ~10°GeV .

gravity .
E,, ~250GeV Today.
kT ~107%eV
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Inflation launches the Big Bang

1/2
expand by factor f =e¢”' intimet = lllzlf H ~ (8” Gpvac)

What came beforet=0 ?

Early inflation replaces the Big Bang singularity.
Launches the Hot Big Bang.

Horizon problem: Expands a causally-connected region.
Flatness problem: Flattens the geometry.

Monopole problem: Moves primordial monopoles beyond horizon.
Seeding structures: Stretches out small quantum fluctuations.
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During inflation:

Particle horizon expands

% R(t,)cdt ¢ .
Roe™! L (1) = 2 _ € pHmm)
(1) f R(1) ]

1

Dramatic cooling

1 1
x=l+zx—oe T=T,(1+z7)x—oxe "
R R

Geometry flattens
87Gp Q. x'+Q, X' +Q,
3H? QRx4+S2Mx3+S2A+(1—QO) x>

o, -9 .
, =T X
Q, +(1-2)) x Q,

Q(x) =

=
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How much inflation needed?

Present horizon: R, ~c/H, ~ 4300 Mpc ~ 10?° m

Planck time: ¢, ~10™®s  horizon~ct, ~L, ~107m
19
post - inflation redshift: z, ~ £, 19 SeV ~10%
kT, 10°%eV
L,=L,fz,~fx10"m Need inflation factor f ~10% ~ g57

GUT phase transition: E_, . ~10°GeV E ~kT ~R' ~¢t"*

2

E :
t, ~10°t, ~10™"s horizon ~ ct,,, ~10°L, ~10'm

E

P

~y

tGUT
Gur

Egyr 10°GeV 0%

redshift ~ z,, ~ Y
k1., 107°eV Inflation factor f ~1077 ~ e#0
Loyr = Loyr f Zoyr~ f x10°m Time t ~In(f)/H
~ 40ty ~ 10335
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Requirements for Inflation:

Friedmann momentum equation:

R _4nG

R 3¢’

_ 2 3(1+w)
=-H, 2 Q x
w

(8+ 3p)

1+ 3w
2

Acceleration requires a
sufficiently negative pressure:

p<-¢/3
w<-1/3

Inflation requires the dominant component to have w < -71/3.

“‘Dark Energy” is driving inflation now:

J
=
K
a
>
=
S
>
o
>
1
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But today’s Dark Energy
Is negligible at early times.

A
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What causes Early Inflation?
An evolving Scalar Field?

HarmonicA potential

%
\

¢

Klein-Gordon equation

= wave equation
for a massive scalar field.

2 2.2 2 4
E-=pc+m’c

J
E—ih— p——-ikhV
Jt

2 4 2
$—02V2¢=mc m-¢

V Higgs potential
A

hZ ¢= (MP tP)Z

AS 4022 Cosmology

For a spatially-uniform field:

V¢ =0 ¢=—QK
do
2 12
massive field: V = me >
2(M, 1)

Higgs field: V x—a¢’ +b¢*

Vacuum energy starts large,
declines to 0 at late times.




Scalar Field Dynamics

\/ During inflation: V Justafter inflation: y;

A A N Today:

- -
|

Kinetic energy of the oscillations is damped.
Re-heats the Universe, creating all types of particle-
antiparticle pairs, launching the Hot Big Bang.
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Spontaneous Symmetry Breaking

Why start in the false vacuum, not near V~0 ?
false vacuum

Before GUT phase transition: Va
4

4

¢

After GUT phase transition:
V N true vacuum
Tunnel to true vacuum ? No.

Latent heat released, converts to
¢ particle-antiparticle pairs,
re-heating the universe.

Small excess (10°) of particles.
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Scalar Field Equation of State

Equation of State: w=p/¢ Uniform field: ¢ (V¢)2 << ¢
P, = l 1 : (¢2 + c2qu2) -V (¢) ( Inflation makes spatial
2 he gradients small. )
11 .
b =S e (¢ +cV )+ V(9) Required for inflation:
+1 p ¢*=2hcV 1

e ¢ +2hc’V 3

q'52
8+3p=2( 3—v)<0

w=20 hC
-1/3
12
¢3 <1
1 hc’V
¢> <<hc’V ¢>>>hc’V :
The potential energy
must dominate the
kinetic energy.
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Scalar Field Dynamics
Equation of State: w=p/¢

_¢
__¢
% = 2hc’ +Vi9)

Evolution of energy density:
goc x> dt = —dx /(x H)

de dx
€= 3(1+w =-3H (e+
Gl (300w ) -x )= -3t (¢4 )
Evolution of uniform scalar field:
_99 ¢’
€= =-3H(e+ p)=-3H
he’ o'?qb¢ e+ p) he’
G+3H¢ =k 2L
Jd¢
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Scalar Field Dynamics

Hubble Drag: N
Acceleration damped by expansion: V
. : oV i
o+3Hp—-c’ V= —l/zc30,,
( Inflation makes spatial gradients small. ) fb
“Slow-Roll” Approximation: Terminal velocity: “l ike a
AH d b &V b= _l/lc3 a4 snowflake
¢=-hc 3 ¢ 3H d¢ falling”
Required for Inflation:
12 3
Friedmann equation: ¢3 — h 02 (&V)
o 871G ¢ 81G V hev. SHVAe)
— 2 2 5
3 C 3 C _ I/ZC (0”‘//0') ¢) <<
240 G vV

Inflation requires a “very flat” potential.

AS 4022 Cosmology




Long Slow Roll Inflation
Ending in a Hot Big Bang.

¢

>

Long slow roll across the “plateau” (potential dominated)
gives > 60 e-foldings of inflation (cooling,flattening).

Latent heat released during (kinetic energy dominated) rapid
roll and damped oscillations at the end fills the universe
with photons and particle-antiparticle pairs, launching the
Hot Big Bang.

Initial quantum vacuum fluctuations mean different regions
finish at slightly different times, giving the small (10-°)
temperature/density ripples we see on the CMB.
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A Multi-verse? Chaotic Inflation?

Vacuum with quantum fluctuations.

Many bubbles of false vacuum inflate,
with:

Different physical constants.

Different spatial dimensions.

ANTHROPIC PRINCIPLE:

Most bubbles quickly re-collapse
or expand too fast to form stars
or are otherwise unsuitable
as habitats for Life.

Is our visible universe
part of a big bubble
lasting long enough,
and with suitable physical laws,
to allow beings like us to evolve?
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