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Outline

o Motivation

Did Inflation

d Hierarchy .
@ [nflation from a False Vacuum
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Which vacuum?

Did inflation

@ In Standard Cosmology the Universe is (almost) in a
zero-energy vacuum state.
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Which vacuum?

Did Inflation

@ In Standard Cosmology the Universe is (almost) in a
tion Zero-energy vacuum state.
I @ Why?

@ Is it possible that the Universe started in another
vacuum and then tunneled to the zero-energy state?

(through Bubble Nucleation)
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Which vacuum?

Did Inflation

@ In Standard Cosmology the Universe is (almost) in a
Zero-energy vacuum state.

ST : 0 Why‘?

@ [s it possible that the Universe started in another
vacuum and then tunneled to the zero-energy state?

(through Bubble Nucleation)
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At the same time...

Did inflation

tion @ We know that a Universe with a large vacuum energy
‘;-Ju‘r-_: rom & Fafse inf]ates- -
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At the same time...

Did inflation

tion @ We know that a Universe with a large vacuum energy
Cuu;. rom = Fafse inf]ates- .

@ And, in fact, this was the first way to introduce Inflation
("Old” Inflation, Guth, 1982).
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At the same time...

Did Inflation

@ We know that a Universe with a large vacuum energy
inflates....

@ And, in fact, this was the first way to introduce Inflation
("Old” Inflation, Guth, 1982).

@ Old Inflation does not have Graceful Exit:
non-successful Bubble Nucleation
— need for Slow-Roll inflation.
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At the same time...

Did Inflation
d Hierarchy

tion @ We know that a Universe with a large vacuum energy
E.Ju.n_- rofm- & rarse inf]ates- .,

@ And, in fact, this was the first way to introduce Inflation
("Old” Inflation, Guth, 1982).

@ Old Inflation does not have Graceful Exit:
non-successful Bubble Nucleation
— need for Slow-Roll inflation.

@ Go back to Old Inflation, no flat potentials.

Page 11/196



What is the problem of Old Inflation?

Did Inflation

Requirements:
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What is the problem of Old Inflation?

¥id Inflation

Requirements:

s o For sufficient inflation Iyae < H*
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What is the problem of Old Inflation?

Did Inflation
d Hierarchy .
Requirements:
@ For sufficient inflation Iy, < H*

@ For a successful transition to radiation (nucleation and
collision of many bubbles) Iz ~ H*
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What is the problem of Old Inflation?

Did Inflation
d Hierarchy .
Requirements:
@ For sufficient inflation Iy, < H*

@ For a successful transition to radiation (nucleation and
collision of many bubbles) Iz ~ H*

@ In Old Inflation either Inflation too short or Inflation
never ends.
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What is the problem of Old Inflation?

Did Inflation
d Hierarchy :
Requirements:
@ For sufficient inflation ', < H*

@ For a successful transition to radiation (nucleation and
collision of many bubbles) Iz ~ H*

@ In Old Inflation either Inflation too short or Inflation
never ends.

Way-out:

@ Start with . < H*
@ And then My, ~ H*
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Previous models...

Did Inflation

@ One possibility: make H variable

Estion from @ Fafse

UL

EE. Mathiazhagan and V. B. Johri. Class. Quant. Grav. 1. L29 (1984)
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Previous models...

@ One possibility: make H variable

@ The first models in this spirit were proposed in 1984 2
and in 1989: "Extended Inflation" °.

EE. Mathiazhagan and V. B. Johri. Class. Quant. Grav. 1. L29 (1984)
BD. La and P. J. Steinhardt, Phys. Rev. Lett. 62, 376 (1989)
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Previous models...

i)
@ One possibility: make H variable
@ The first models in this spirit were proposed in 1984 2

and in 1989: "Extended Inflation" 3.

@ But El had a prediction ( ng < 0.8) ...and in 1992,
COBE ruled it out. *

EE. Mathiazhagan and V. B. Johri. Class. Quant. Grav. 1, L29 (1984)
SD. La and P. J. Steinhardt, Phys. Rev. Lett. 62, 376 (1989)
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Previous models...

s i)
@ One possibility: make H variable
@ The first models in this spirit were proposed in 1984 2

and in 1989: "Extended Inflation" 3.

@ But El had a prediction ( ng < 0.8) ...and in 1992,
COBE ruled it out. 4

@ Many other models, quite complicated, were proposed
to cure the problem.

EG. Mathiazhagan and V. B. Johri. Class. Quant. Grav. 1. L29 (1984)
SD. La and P. J. Steinhardt, Phys. Rev. Lett. 62, 376 (1989)
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Previous models...

el
@ One possibility: make H variable
@ The first models in this spirit were proposed in 1984 2

and in 1989: "Extended Inflation" 3.

@ But El had a prediction ( ng < 0.8) ...and in 1992,
COBE ruled it out. *

@ Many other models, quite complicated, were proposed
to cure the problem.

@ Our model is still as simple as original El and viable.

EC. Mathiazhagan and V. B. Johri. Class. Quant. Grav. 1. L29 (1984)
SD. La and P. J. Steinhardt, Phys. Rev. Lett. 62, 376 (1989)
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Outline

id inflation

@ Basic idea

G MR
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Our proposal

Did Inflation

In the presence of a Non-Minimally coupled scalar field (¢)
the transition becomes viable.
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An initial Lagrangian

Did Inflation
@ As a starting point we take the action®:
S = [d**\/=g [ZM?R — 18,00"¢ + 3¢ R — \*]
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An initial Lagrangian

Did Inflation
@ As a starting point we take the action®:
Si = [d*x\/—g [sM?R — 10,00 ¢ + B*R — \?]
+ [U(0) + L] ,

we assume 3 > 0.
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An Initial Lagrangian

Did Infiation
@ As a starting point we take the action®:
S = [d**\/=g [ZM?R — 18,00"¢ + 3¢ R — \*]

we assume 5 > 0.

@ The non-minimal coupling is usually set to zero for
simplicity...
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An initial Lagrangian

Did Inflation
@ As a starting point we take the action®:
S = [d**y/=g [3M?R — 18,60"¢ + B¢*R — \*4]
+ [U(9) + Lm] .

we assume 3 > 0.

@ The non-minimal coupling is usually set to zero for
simplicity...

@ But it is generically present.
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An initial Lagrangian

Did Inflation
@ As a starting point we take the action®:
S = [d**\/=g [ZM?R — 18,00"¢ + 3¢ R — \*]
+ [U(d) + L] .

we assume 5 > 0.

@ The non-minimal coupling is usually set to zero for
simplicity...

@ But it is generically present.

@ Assume U(¢) to be negligible before tunneling
(U < 24
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Early Time Evolution

Did Inflation

Sy = [d*%/—g|2M?R — 10,00"¢ + 536°R — \*]|,

where 5 > 0.
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Early Time Evolution

Did Inflation
d Hierarchy

S = [d*%/—g|s3M?R — 10,00"¢ + 536°R — \*]|,

where 5 > 0.

. Start with /3¢ < M = Exponential Inflation:

H2 — b

I 3m2

Page 30/196



Early Time Evolution

Did inflation

S, = [ d*xy—g [IMPR — 10,0606 + L362R — \*]|.

where 5 > 0.

_ Start with /3¢ < M = Exponential Inflation:

.. x4

I 3m2

2. ¢ grows due to the effective “mass” term 3¢2R.
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Early Time Evolution

Did Inflation

S = [d*%/—g|3M?R — 10,,00"¢ + 536°R — \*]|,

where 5 > 0.

. Start with /3¢ < M = Exponential Inflation:

H2 — A4

I 3m2

2. ¢ grows due to the effective “mass” term 3¢2R.

E When /3¢ ~ M transition to power-law expansion.
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Early Time Evolution

id inflation

S = [d*%/—g|3M?R — }0,00"¢ + 536°R — \*]|,

where 5 > 0.

- Start with /3¢ < M = Exponential Inflation:

B _ x4

I~ 3m2

12| & grows due to the effective “mass” term 3¢42R.

. When /36 ~ M transition to power-law expansion.

- H o % and when H = I‘lég = Graceful Exit.
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Phase |

Did Inflation

@ Friedmann equation:

1 1
3(M2 + 3¢2) |2

H? = »® — 6HBoGO + \*
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Phase |

Did Inflation

@ Friedmann equation:

1 9 .
H2 — .2 HB3bd 4
= 3(ME + pgR) |27 ~OrPee A

@ ¢ equation: i} |
o +3Ho — R =0.
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Phase |

Jid Inflation

@ Friedmann equation:

1 1
3(M2 + 3¢2) | 2

H? = »®> — 6HBGO + \*
@ ¢ equation: i '
é+3Hé — BRH =0

@ Assume that the field ¢ sits close to zero at the
beginning:
A4

H2 ~ H2 = =
= 3M2
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Phase |

Did Inflation

@ Friedmann equation:

1 ¥- .
2 — 6HBod + X*

2"_‘ — i}
= 3(M2 + 3¢2) |27

@ ¢ equation: 5 |
o+ 3Ho — R =0.

@ Assume that the field ¢ sits close to zero at the
beginning:
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Phase |

Did Inflation
@ The equation of motion for ¢ becomes:

&+ 3H;d —12H?B6 =0,
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Phase |

Did Inflation
@ The equation of motion for ¢ becomes:

&+ 3H;d —12H?B6 =0,

@ and its growing solution is:

o(t) = poelHi/2

16
e=3 (—1 + \/1 + 3;3) (e ~ 83 for small 3) .
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Initial condition

Did Infiation

@ We assume at it = O:
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Initial condition

Did Inflation

@ We assume at it = O:

@ g small

@ Minimal value given by quantum fluctuations: O(Hj).
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Initial condition

Did Inflation

@ We assume at it = 0O:

@ g small

@ Minimal value given by quantum fluctuations: O(Hy).

@ Possible justifications:
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Initial condition

Did Inflation
d Hierarchy

@ We assume att = O:

@ o small

@ Minimal value given by quantum fluctuations: O(Hj).

@ Possible justifications:

@ This seems the most natural choice

Page 43/196



Initial condition

Md Inflation

@ We assume att = 0:
@ o small

@ Minimal value given by quantum fluctuations: O(H).

@ Possible justifications:

@ This seems the most natural choice

@ Or: starting from a random distribution,
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Initial condition

Did Inflation

@ We assume att = 0:

@ g small

@ Minimal value given by quantum fluctuations: O(Hj).

@ Possible justifications:

@ This seems the most natural choice

@ Or: starting from a random distribution, regions with
small g inflate more
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Initial condition

Did Inflation

@ We assume at it = O:

@ o small

@ Minimal value given by quantum fluctuations: O(Hj).

@ Possible justifications:

@ This seems the most natural choice

@ Or: starting from a random distribution, regions with
small og inflate more

= they overwhelm the Universe.
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Phase |l

Did inflation

d Hierarchy @ For late time (/3¢ > M):
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Phase |l

g @ For late time (/3o > M):
T I LS 6HBdp + \*
38¢°% |2 -

¢+ 3Hd —68(2H? + H)p =0.
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Phase |l

Did Inflation
g7 @ For late time (/G0 > M):
= 112 6HBss+ 2"
360°% |2’ -

¢+ 3Hp — 63(2H?> + H)p = 0.

@ Solution:
a(t) ~ t*, o(t) ~ Bt,
where:
e 11206 e 4./B)\2

4;3 ’ \/ 6032 SN 28 B ik 3Pa-ge49/196



Evolution of H

& Hosarany
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(3 = 1/56)
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Evolution of H

Did Inflation
d Hierarchy
HM
; Crucially
001
00001
1.)( 10-6 ' \\

- Mt
1000 100000. 1.x 107 1.x10°

(3 = 1/56)
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Evolution of H

Did Inflation
d Hierarchy
HM
: Crucially
- 2 @ If Phase Il short enough
00001
1x10° \

| Mt
1000 100000. 1.x 10" 1.x10°

{3 =1/56)

Page 52/196















Evolution of H

id Inflation
d Hierarchy

HM
|

001 \\\ @ If Phase Il short enough
L @ Phase I. Perturbations
00001, ‘\\ that we see
\\ @ H decreases rapidly
1.x10° \\ @ When H ~ M4 =
Graceful Exit
Mt

=
|
I

1000 100000. 1 x 107 1 x10°

(’3 — 1 ;’f56) Page 57/196



Evolution of H

Did Inflation
d Hierarchy

HM

" Crucially
00 N @ It Phase Il short enough
| S @ Phase I: Perturbations
00001 x\\ that we see |
x @ H decreases rapidly
1.x107°, "\ @ When H ~ IN/s =
Graceful Exit

o0 0 Led L @ NoLarge Bubbles i

(:Lg - 1/56) Page 58/196






Difference with Extended Inflation

Did Inflation

@ El had almost the same Lagrangian:
S=[d*xy/=g[sM°R — 50,00" ¢ + 586°R — \*]

where 3 > 0.

@ Therefore only the power-law phase present
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Difference with Extended Inflation

Did Inflation

@ El had almost the same Lagrangian:
S=[d*x/—g|sM?°R — 18,060"¢ + 556°R — \*

where 3 > 0.

@ Therefore only the power-law phase present

@ H has to decrease fast to avoid early production of
Large Bubbles

@ COBE discovered almost flat spectrum
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Transition to radiation and Stabilization

Did Inflation

@ When H* ~ 'y, many bubbles of true vacuum are
nucleated

@ They collide producing radiation, with Tgy given by

T2 -
AH I—UE

M2 vac

pl

@ During radiation ¢ does not evolve:

R=6(2H?>+ H)~0.
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Transition to radiation and Stabilization

Did Inflation

@ When H* ~ I'ysc many bubbles of true vacuum are
nucleated

@ They collide producing radiation, with Tgy given by

T2 -
i g ,—UE

M2 vac

pl

@ During radiation ¢ does not evolve:

R=6(2H?>+ H)~0.
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Stabilization of ¢

Did Infiation

@ Nonetheless we need to stabilize ¢ at late times:
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Stabilization of ¢

Did Inflation
d Hierarchy

@ Nonetheless we need to stabilize ¢ at late times:

@ 5" force constraints
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Stabilization of ¢

Did inflation

@ Nonetheless we need to stabilize ¢ at late times:

@ 5 force constraints
@ variation of Gy after equivalence.
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Stabilization of ¢

Did Inflation

@ Nonetheless we need to stabilize ¢ at late times:

@ 5™ force constraints
@ variation of Gy after equivalence.

@ We reintroduce the potential U(¢) in the original
Lagrangian
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Stabilization of ¢

Did inflation

@ Nonetheless we need to stabilize ¢ at late times:

@ 5" force constraints
@ variation of Gy after equivalence.

@ We reintroduce the potential U(¢) in the original
Lagrangian

@ Assumed to be irrelevant before (U < \%).
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Stabilization of ¢

Did Inflation
d Hierarchy

@ Nonetheless we need to stabilize ¢ at late times:

@ 5% force constraints
@ variation of Gy after equivalence.

@ We reintroduce the potential U(¢) in the original
Lagrangian

@ Assumed to be irrelevant before (U < \%).

@ Any potential with a minimum is good...
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Potential

Did Inflation
d Hierarchy

@ For reasons clear later...we assume not to put by hand
the minumum.

er inflation
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Potential

id Inflation
d Hierarchy

@ For reasons clear later...we assume not to put by hand
the minumum.

e inflation

@ For example: periodic potential (axion?)
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Generalizing the Lagrangian

id Inflation
d Hierarchy

@ We generalize as

| S=[d*x/—g

%M2-Ff — 18,60%¢ — X* + U(¢) + Lm
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Generalizing the Lagrangian

Did Inflation
d Hierarchy

@ We generalize as

S= [d*xy/=g | sMPH@)R — 50,60"6 — \* + U(6) + L
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Generalizing the Lagrangian

Did inflation

@ We generalize as

l S = [d*xy/~g |sMJHONR — 30,00"6 — X* + U(6) + Lim

@ where for & < M we expand () :

@ For ¢ > M assume [f(®) > ¢°

Page 75/196



Generalizing the Lagrangian

Did Infiation

@ We generalize as

| S=[d*xy=g | ;MR — 30,00"6 — X* + U() + L

@ where for » < M we expand (&) =1 -

@ The transition is strong enough (decelerated
expansion), independently on the exact form of 7(¢)!
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Generalizing the Lagrangian

Did inflation

@ We generalize as

l S = [d*xy=g |sMPH@)R — 50,60"6 — \* + U(6) + L

@ where for ¢» < M we expand (&)

@ The transition is strong enough (decelerated
expansion), independently on the exact form of 7(¢)!

@ = visible scales are produced in phase |.
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Generalizing the Lagrangian

id Inflation
d Hierarchy

@ We generalize as

5= e IR Ters s U+ o

@ where for o << M we expand Y

@ For & > M assume (o) > o°

@ The transition is strong enough (decelerated
expansion), independently on the exact form of 7(¢)!

@ = visible scales are produced in phase |. No Large
Bubbles problem.



Quantum gravitational effects?

Did Inflation
d Hierarchy . . "
@ One may worry about quantum gravitational corrections
for a theory with ¢ > M

SA. D. Linde, Phys. Lett. B 129 (1983) 177.
’A. D. Linde, “Particle Physics and Inflationary Cosmology”, Chur,



Generalizing the Lagrangian

Did Inflation

@ We generalize as

‘ S= [d*xy=g | sMPH@)R — 50,00"6 — \* + U(6) + Lnm

@ where for o < M we expand (o) =1 -

@ For ¢ > M assume (&)

@ The transition is strong enough (decelerated
expansion), independently on the exact form of 7(¢)!

@ = visible scales are produced in phase |l. No Large
Bubbles problem.



Quantum gravitational effects?

Fid Inflation

@ One may worry about quantum gravitational corrections
for a theory with ¢ > M

e Lagrangian

SA. D. Linde, Phys. Lett. B 129 (1983) 177.
’A. D. Linde, “Particle Physics and Inflationary Cosmology”, Chur,



Quantum gravitational effects?

Did inflation
d Hierarchy

@ One may worry about quantum gravitational corrections
for a theory with ¢ > M

@ As in chaotic inflation ©

2 Lagrangian

®A. D. Linde, Phys. Lett. B 129 (1983) 177. N
’A. D. Linde, “Particle Physics and Inflationary Cosmology”, Chur,



Quantum gravitational effects?

Did Inflation
S @ One may worry about quantum gravitational corrections
for a theory with & > M
@ As in chaotic inflation ©
| @ ...corrections due to graviton loops do not go as

o) -

®A. D. Linde, Phys. Lett. B 129 (1983) 177. -
’A. D. Linde, “Particle Physics and Inflationary Cosmology”, Chur,



Quantum gravitational effects?

Did Inflation

@ One may worry about quantum gravitational corrections
for a theory with ¢ > M

@ As in chaotic inflation ©
@ ...corrections due to graviton loops do not go as

(f)n
o)

but as ’
(Energy)*

M4
(with a cutoff scale of order M).

o)

°A. D. Linde, Phys. Lett. B 129 (1983) 177. -
’A. D. Linde, “Particle Physics and Inflationary Cosmology”, Chur,



Outline

Did Infiation

TREITECS 0 Dyn a m iCS
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Going to the Einstein frame

Did inflation

i m— @ |t is convenient to transform

g,uu — f(’@’)gpv ;
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Going to the Einstein frame

Did Inflation

d Eierarchy @ It is convenient to transform
.apu — f((f))g,uv
@ Get:

Sg = 15 / d*x \/—gIM*R — K(9)(9¢)?] + Suac,
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Going to the Einstein frame

Did Inflation

o Elierarchiy @ It is convenient to transform
pr — f(fp)g,uy
@ Get:

Sg = 15 f d*x \/—gIM*R — K(¢)(9¢)°] + Suac,

where ;
2f(¢) + 3M?f2(9)

0= """r)

I
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Going to the Einstein frame

Did Inflation

ol Hiorwe iy @ It is convenient to transform

g,uy — f({p)gpu :
@ Get:

: T ) .
Se= / d*x /—GIMER — K(6)(36)2] + Svac

where

2(5) + 3MP2(0)
2f2(¢) |
and the false vacuum energy, in this frame

= vac—/d4 fz(d})_/d“x g V(o).
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becomes a potential (but it disappears at decav!)



Phasel: 0o < M

Did inflation

MZf(¢) ~ M? [1 + 8 (%) n] .
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Phasel:o < M

Did Inflation

@ where as we said n =2
@ (But it works similarly also with any n)
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Phasel:o < M

Did Inflation
d Hierarchy

@ Expand
) n
260 1\ o RS2 aml 9
werio) < e [1+3(5)]

@ whereaswe said n=2
@ (But it works similarly also with any n)
@ (Instead the 1 is crucial).
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Phasel: 0o < M

Did Inflation

@ Expand
| n
220 N — AA2 al &
werio <t 145 (2)]

@ where as we said n=2

@ (But it works similarly also with any n)
@ (Instead the 1 is crucial).

@ Therefore:

N 4 AN
K(o)=1, V=2 [1—2(H) }
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Phase l: 0o < M

Did Inflation

@ Expand
| n
221 N 0 RA2 al 5
M=f(o) = M [1+J(M>].

@ where as we said n =2

@ (But it works similarly also with any n)
@ (Instead the 1 is crucial).

@ Therefore:

_ % X
K(6) =1, V=~ A [1—2(}‘7) } .

@ it looks like slow roll on top of a hill



Phasel:o < M

Did Inflation
d Hierarchy

@ So in slow-roll approximation:

TREMECE
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Phase l: o < M

Did Inflation

@ So in slow-roll approximation:

M2 |14V o f Y
2
n = el 43 . 2)

vde ~ *
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Phasel: 0o < M

Jid inflation

@ So in slow-roll approximation:

M2 1aVF L[\
= = T3 ‘Vdf;ﬁ = (ﬁ) : (1)
1 d2Vv
— 2_—:_ (-
n = M V do? 43 . (2)

@ And
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Phasel: 0o < M

Did Inflation

@ So in slow-roll approximation:

M2 1aVF L[\
e = ‘Vddo — 80 (ﬂ) ? (1)
1 d?V
= M——— =45 2

@ And

1 1 M
Ntﬂf —~ mln |:\/3@0] :

@ small J required.
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Phasel:o < M

Did Inflation
d Hierarchy

@ So in slow-roll approximation:

2 PN 2
P IW2 10"{ :8;'32 E : (1)
2 |\Vdo M
1 d?V
—— 2——:_ !
n = M V do? 4.3 (2)

@ And

@ small /7 required.
@ When ¢ of order M: end of slow-roll



Phasell: o > M

Did inflation

d Hierarchy @ In thIS phase:

_ 2f(¢) +3MPF2($)  3MP (F\? =
K(o) = 212( ) T g (f) : Ve
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Phase ll: o > M

id inflation

d Hierarchy @ |n this phase:

: 2 £y 2
(0= HOLIEL) (1Y

272(¢) o \7

@ So we introduce a canonical variable via

db_\/ngnf:
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Phasell: o > M

Did inflation

d Hierarchy @ In thIS phase:

2f(¢) + BMPF2(¢) 3MP [(\? A4
2f2( o) T2 LFF '

K(o) =

@ So we introduce a canonical variable via

~f2|3’__\/gM[l’1fj

@ The kinetic term is canonical and the potential
becomes:

= 2 ¢
V(d)) = A4 exp (2 3) ’ Page 102/196



Phasell: o > M

Did Infiation

d Hierarchy @ The exponential potential is well-known to lead to
power-law expansion

- 3
with p 4
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Phase ll: o > M

Did Inflation

d Hierarchy @ The exponential potential is well-known to lead to
power-law expansion

- 3
with p i

@ And ¢ grows with kinetic energy proportional to V.

Page 104/196



Phase ll: o > M

Did inflation

d Hierarchy @ The e)(ponentiai pOtent]a[ is well-known to lead to
power-law expansion

- 3
with p 4

@ And ¢ grows with kinetic energy proportional to V.
@ The end of this phase when

¥ ¥
= M2 T Pop)MP

H2
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Phasell: o > M

Did inflation

d Hierarchy @ The exponential potential is well-known to lead to
power-law expansion

- 3
a~tP with p=—.
with p 7

@ And ¢ grows with kinetic energy proportional to V.
@ The end of this phase when

2 B Xx* =12

v
T ME T R(op)ME TV

@ Therefore the final field value ¢f¢ is given by:
)\2

M ]-—1 _,-f‘q‘ § Page 106/196
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