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NEW EKPYROTIC
COSMOLOGY

Evgeny Buchbinder, Justin Khoury, Burt Ovrut

* Pre-Big Bang - Gasperini,Veneziano
* Ekpyrotic Cosmology - Khoury, Ovrut, Steinhardt, Turok
* Big Crunch/Big-Bang - K,O,S, T +Seiberg
* Cyclic Models - Steinhardt, Turok
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Ekpyrotic Phase
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ssume spatially flat, FRWV spacetime

g

ds* = —dt* + a(t)*dzx

> Friedmann equation

3H Mp = =0~ + V(.

:alar equation

&+ 3Hod = —V

blving gives the exact scaling solution

at) ~ (—t)?, H="7

| - Vo
o(t) = /2pMpl - t
R =wopitan ( \ MZp(1 — 3p) )
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)r example,

V(g) = —Voe Vr¥Mr, p<<1
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> Friedmann equation
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here 0]

‘operties:

t—0

a(t) ~ (—t)» =0 slowly contracting spacetime
=~ constant

p << 1 = slowly

Ry =|H | = mio 0 decreasing Hubble radius

P

= “dual” to inflation!
equation of state

PG~ a—2/P “blueshifts”faster than curvature (~ a™%),
atter (~ a—?), radiation (~ a—*), anisotropy (~ a=9)
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Density Perturbations

onsider the gauge invariant variable
a P

is the Newtonian potential and ' = % with
conformal time. Fourier modes satisty

/ = p
wy, + (A‘ - ,) up = ()

VP ?
(2k)3/2Mp \ 2

here H, (1) is a Hankel function with

1e solution is

Uy —

A

V—krH!Y (—k7)

(1+p)
M =
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n large scales

k3uk? ~ k—2p/(-p)

nce p<<lI, the spectrum is nearly scale invariant with

slight red tilt. For more general V' (¢)

characterizes deviations from the pure exponential and

in be positive or negative. = spectrum can have a small
lue tilt if n is negative

Problem!!

1e relevant variable to track through thre bounce is the
Irvature perturbation

!
40
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>r the scaling solution

a1
Py a B2
r large modes =
0
» a strong blue tilt!
Solution!!
irt A:

|

onsider two (or more) real scalar fields- ©1,®2

igrangian density-
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>r the scaling solution
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>r example
l-'f'f:~r'1_:" — l.- \'n. Pl ' _ l'” 1'-.‘ 2 Mp

ith 71 << L.p> << 1. Defining new variables

d
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>r example
V(1. d9) = —Vie VPIMP _ Voe V2]

-

ith 71 << L.p> << 1. Defining new variables

here p=p1 +p2 (<< 1).

d
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>r example

l-'f_-*:~r'11" — --l.:.- V Pl Yy - Ve \ p2 !

here p=p1 +p2 (<<1),

d
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r example

V(d1,02) = —Vie VPIME _Vhe VP2l

ith p1 << L.p> << 1. Defining new variables

" . — [2 o | 9
Vo, x) = —Voe V?PMpP (lq— (x — \;)‘r...)

here p=p1 +p2 (<<1),
\d
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£ At

-alar equations

lving.gives scaling solution




V ‘/ Q@

L Al

-alar equations
o6+3Ho=-Vy, X+3Hx=-V,

lying.gives scaling solution




X — X¢&

-alar equations

o0+3Ho=-Vys, X+3Hy=-V,

lying.gives scaling solution




X — Xt

-alar equations

o0+3Ho=-Vys, Y+3Hy=-V,

lving.gives scaling solution




X — Xz

-alar equations

lying.gives scaling solution
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-alar equations
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X — Xt

-alar equations

lving.gives scaling solution




, | . p
a(t) ~ (—t)Y. H = =

| | Vo |
o(t) = /2pMpl — | — f
\ \V <l ptn ( \ j[ﬁ[nl — I%l.ub )

X = Xt

‘operties:

Slowly contracting spacetime

decreasing Hubble radius
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a(t) ~ (—=t)f. H = =
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Slowly contracting spacetime
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Density Perturbations

-onsider the entropy fluctuation - O\

‘ourier modes satisfy

Ising property 4. =

pectrum is nearly scale invariant with

ne — 1 = 2p (= 4e
> slight blue tilt
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| | p
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Density Perturbations

-onsider the entropy fluctuation - O\

‘ourier modes satisfy

= s § T ( I 4 lell i i
Xk +3Hoxx + | 5 + Vigo | Oxz =0

Ising property 4. =
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| Cd
A
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> slight blue tilt
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ieneral form for the two field potential is

Vv
L

1
Vo, x) :l‘(l =
H'any

2 f(o)(x — x¢)* + F(o, x \r})

INction F (. — y.) such that

nd V() where

lote that

hoosing
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1e spectral index generalizes to

> can have red tilt if N and/or § are positive

rt B:

bt

>r a rapid turn in field space from © —

ie entropy perturbation 0y} ‘“sources” the curvature
arturbation (. as

_ 2€ y
Cr| = Mo A6 Ok
there

A0 ~ O(1
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1e spectral index generalizes to
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1e spectral index generalizes to

)

§
. .

> can have red tilt if N and/or § are positive
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>r a rapid turn in field space from © —

ie entropy perturbatlon oY1 “sources” the curvature
arturbation (. as
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1e spectral index generalizes to

> can have red tilt if nand/or § are.positive

rt B:

ot

>r a rapid turn in field space from © —

ie entropy perturbation 0y “sources” the curvature
arturbation (. as

9

2€ )
(:;,‘ ~ E A, OXk
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1e spectral index generalizes to
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> can have red tilt if nand/or § are.positive

rt B:
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>r a rapid turn in field space from © —

ie entropy perturbation 0y “sources” the curvature
arturbation (. as
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1e spectral index generalizes to

i)

> can have red tilt if nand/or § are.positive

rt B:

ot

>r a rapid turn in field space from © —

ie entropy perturbation 0y ‘“sources” the curvature
arturbation (. as

_ 2€ .
Ck| ~ My A Ok
there

A6 ~ (1

irsa: 08030038 Page 92/326



1e spectral index generalizes to

> can have red tilt if N and/or § are positive

rt B:

ot

>r a rapid turn in field space from ©

e entropy perturbation dX 1 “sources’ ' the curvature
arturbation (. as

Ve
G| = E A dxk
there

Al ~ O(1
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1e spectral index generalizes to

3
[

> can have red tilt if nand/or § are.positive

rt B:

ot

>r a rapid turn in field space from © —

ie entropy perturbatlon dX 1 “‘sources” the curvature
arturbation (- as

L,-;,‘ WAH{)\L
there

AO ~ Of1
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= inherits a nearly scale-invariant spectrum with
pectral index

l ——a *IL { = l"lr' == Ji.;

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

Po — ;Qz + V.(U) s Px — =X ;f”:zfachyﬂn \2 : 2 O(\%)

here we set X+ = U. |n the interval

T ¥ - ¥ | ¥
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= inherits a nearly scale-invariant spectrum with
pectral index

. :
| = 4( =0

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

| TSR 1., 1 o 2 oy
Po — 50- -+ ]/(U) sy P — =X — ;”i'uhlfhyﬂﬂ X + O(\%)

here we set X+ = U. |n the interval

i 7 7
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= inherits a nearly scale-invariant spectrum with
pectral index

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

% . ol

P 503 + V(P), px = =X ;mgmchym\g + (x>

here we set X+ = U. |n the interval
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= inherits a nearly scale-invariant spectrum with
pectral index

1—1:f — 1} {:;

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

1 -

Po = 50 +V(9), px =

1., 1 , 2 vy
_)\l s S‘r”-fﬂ(_‘hyﬂﬂ X + O(\%)

here we set X+ = U. |n the interval

r]( 7 H - | ] F
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= inherits a nearly scale-invariant spectrum with
pectral index

l — ; ( / I|l { ‘;

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

1 .. 1 .. 1

P = ;Qz - - V.(_fi’) v 5 — _)\H = ;f”:ztachyﬂn \2 - - O(\%)

here we set X+ = U. |n the interval

T ] = / 7 |
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= inherits a nearly scale-invariant spectrum with
pectral index

1 =z ; f [ / { {

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

1 -

By = ;O'Z + V(D) , px =

| 1 5 2 » .
;\- i Snrtachyon X + O(\%)

here we set X+ = U. |n the interval

f | ] - f ..l" Jl 7 I
e K — r_l‘__-' : : L' k& — )¢ (] Page 100/326
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= inherits a nearly scale-invariant spectrum with
pectral index

1—11’ f'!. 'f.'f'h

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

1- 1, 1

Popr = 5(.')'2 = = V(_(D) y Px = ;\" — ;f”:ztachyﬂn \2 -+ O(\B)

here we set X+ = U. |n the interval

f y ¥ - ¥ ] ]
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= inherits a nearly scale-invariant spectrum with
pectral index

| =4e—n—0

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

1 -

Po = =0 +V(d), py =

1.5 ]
; >

X — ;”Ftachyon \2 + O(\%)

here we set X+ = U. |n the interval
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= inherits a nearly scale-invariant spectrum with
pectral index

) =44 /] -0

Problem Solved!!

Another Problem??
uring the Ekpyrotic phase

| .  EREE [ . i
5 So- T ]/(U) y Px = _)\- e ;”rfﬂchyﬂn X O(\%)

here we set X+ = U. |n the interval
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= inherits a nearly scale-invariant spectrum with
pectral index

| =4(e—n—10

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

1 .. 1., 1

Po = 5(—-73 -+ 1;(_@) s Px =— _)\- . ;f”:tﬂchyﬂn \2 + O(\%)

here we set X+ = U. |n the interval

f T ] - / ] 7
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= inherits a nearly scale-invariant spectrum with
pectral index

l —— ; { / Il,' - .'{

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

Loy . . 1 ..
po = 50" +V(9), px = 53X —

1

;”*'Etﬂchymz \2 + O(\%)

here we set X+ = U. |n the interval
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irsa: 08030038 ER —ETI(] ; : L K — )¢ ] Page 105/326



= inherits a nearly scale-invariant spectrum with
pectral index

l — 1IL { r'J,-' ,'!IM

Problem Solved!!

Another Problem??

uring the Ekpyrotic phase

| [

Po = ;C)z + V(®), px =

1., 1 o 2 vy
;\- o ;”-’Htachyon X -+ O(\%)

here we set X+ = U. |n the interval
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ust have the constraint

s =

ek —Deq)

IJ X < ._:: .\'-. I
-

St

(ek—beqg)

P

here Nek is the numb-er of e-folds. For example,

T eheat = 10°GeV = N, ~ 60

milarly,
AXek—end S PMp

ETL

d, hence
AXek—beg S € “*pMp

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

s =

: ’
|ER—Deqg)

 x -~ 2N . ;
P

(ek—beg) ™~

P

here Nek is the numb-er of e-folds. For example,

T oheat = 10'°GeV = N_;. ~ 60

milarly,
AXek—end S PMp

ETL

d, hence
o N _;
A\*A be g ,.:J € rr]}.\[}-]

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

ns =

(ek —be r’fl

-~

st

(ek—be q )

P

here Nek is the number of e-folds. For example,

T, eheat = 101°GeV = N, ~ 60
milarly,

DX ek—end ~ PMp

ETL

d, hence
AXek—beg < € *pMp

g ~o

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

s =

leR—Deq)

F x 2N.,
~

st

(ek be q)

Foé

here Nek is the numb-er of e-folds. For example,

T oheat = 10'°GeV = N_;. ~ 60

milarly,
A \ e k < !_J;\[‘IJ

“-"‘-\.
£ Hr.lJI ™~

d, hence
ANX ek beo ir ‘\’*p,\[P

» exponentially fine-tuned initial conditions!
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ust have the constraint

ns =

f rL -;1; q )

 x 2N . 2
-

st

| e K DeEq )

Foé

here Nek is the number of e-folds. For example,

Trcheat = 10" GeV = N ~ 6l
milarly,

AAX ok < pMp

¢ .i'.'r.r‘I -a.:,

d, hence
AXek—beg S €7 *pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

| ¢ HJL -*:;r q )

X 2N,
AP

st

[ ¢ |‘~ be .r_j]

P

here Nek is the numb-er of e-folds. For example,

T, eheat = 10°GeV = N, ~ 60
milarly,

AXek—end S PMp

ETL

d, hence
AXek—beg < €7 *pMp

4 ~

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

lek—Deq)

~

st

ek —Deq)

P

here Nek is the numb-er of e-folds. For example,

T oheat = 10'1°GeV = N_. ~ 60

milarly,
AXek—end S PMp

ETLI

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

s =

[ ¢ rL -*:1; qd)

 x 2N _;
~

st

(e —be q)

Foé

here Nek is the numb-er of e-folds. For example,

T chcar = 10°°GeV = N ~ 6l
milarly,

AXe S pMp

f Hr:‘l -\:,

d, hence
LN ok—Be < e '\"*p*\!,u

g ~o

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

(ek —be q)
!‘)\i 4.-'_'f f "3_\-. E
(e —be q) e

Fé

here Nek is the numb-er of e-folds. For example,

T oheat = 10'1°GeV = N, ~ 60

milarly,
AXek—end S PMp

ETLI

d, hence
! - \ :
A\f,‘{\ be [ :l_f C 3 rrj),\[;._i

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

us =

| ¢ ri -fu )
J;)\i r_’_'f. F 4.3\- &

(e k be .rl_,'] e

Foé

here Nek is the numb-er of e-folds. For example,

T, eheat = 10°GeV = N_; ~ 60

milarly,
AXek—end S PMp

ETLL

d, hence
i i
AXek—beg S € “pMp

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
tion!
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ust have the constraint

s =

leR—Deq)

25" 2N,
P

| e K Deqg ) o

Ps

here Nek is the numb_er of e-folds. For example,

T cheat = 10'1°GeV = N, ~ 60
milarly,
A\r A end :E ]']J[}"
d, hence
AXek—beg S € *pMp

g ~o

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

s =

| ¢ k— b q )

Jf‘} \'l. rdl q..:: .\-. E
el

st

ek —Deq)

P

here Nek is the numb-er of e-folds. For example,

T oot = 10'1°GeV = N, ~ 60

milarly,
X el < pMp

£ Hr:‘l -a:,

d, hence
. _ N
AXek—beg S € “pMp

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

s =

lER—DEQ )

H x 2N ..
—d

r | 7
e —0eq) =

Fé

here Nek is the numbler of e-folds. For example,

T,-{.;H_..”; = l(')lﬁc(?‘r' — ,-'\'r{_:;l. ~ 60
milarly,

A\,L- ,”,fif’-ljf’
d, hence
AX ek bey < e '\"*11_1‘\[31

» exponentially fine-tuned initial conditions!

irsa: 08030038
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ust have the constraint

s =

f rL —fru d)

Fx IN.x
-

st

(e k e .r_}]

P

here Nek is the numb-er of e-folds. For example,

T oot = 10'1°GeV = N_;. ~ 60

milarly,
AXek—end S PMp

ETL

d, hence
AX ek beg ,\J € '\'*P*UP

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

s =

i F -fu q)
J;) '.’\ 4.-'_'f f "3_\-. B

(e k bea) ™~

Ps

here Nek is the number of e-folds. For example,

Tsnesr = 10" GeV = N ~ 6l
milarly,

A\”[I end i: ]-JJ[;”

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!

Solution!
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ust have the constraint

s =

ern—Deq )

-~ £

st

(e k bhea)

P

here Nek is the numb-er of e-folds. For example,

T, eheat = 10'°GeV = N_; ~ 60

milarly,
ADXek—end S PMp

ETL

d, hence
X ek beo ;r ‘\’*]J,\[P

» exponentially fine-tuned initial conditions!
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ust have the constraint

=

(eR—0Deqg

55" 2N .2
P

st

| ek Deq )

Foé

here Nek is the numb-er of e-folds. For example,

T eheat = 10°GeV = N, ~ 60
milarly,

AXek S pMp

¢ Hr:‘l -\:,

d, hence
f - \'
A\;,‘{. b q :\_, e riLj}*\[}_z

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

s =

f F -J"u q)

 x > 2N.,
- ~ ¢

leKk—0eq ) B

P

here Nek is the numb-er of e-folds. For example,

T eheat = 10'°GeV = N ~ 60

milarly,
AXek—end S PMp

ETL

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

(ek —be ]
J'l‘) E\ 4.-_'_'_:. f ;3_\-. E

(e k beag) ™~

Ps

here Nek is the numb-er of e-folds. For example,

T oot = 10'1°GeV = N, ~ 60

milarly,
A \ e k < !_Ll[}‘:

f Hr:‘I -\:,

d, hence
- Y _ 3
A\”L. beg «, e ”}LUP

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

s =

[ k— b q)
!‘J ‘\ r_’_.f. f ;3.\-. E

st

| e K Deq )

P

here Nek is the numb_er of e-folds. For example,

T oheat = 10'1°GeV = N_. ~ 60

milarly,
AXek—end S PMp

ETL

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

Ps
here Nek is the number of e-folds. For example,
Trt:'h{?ut — ]-[.]15(;("‘? = _-"\"v{?;f ~ 60
milarly,

DXek—end S PMp

ETL

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

| ¢ k—bi ] )

X 2N .1
~

st

ek —Deq)

P

here Nek is the numb-er of e-folds. For example,

T, cheat = 100°GeV = N, ~ 60
milarly,

AXek—end S pPMp

d, hence
AXek—beg < € *pMp

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

us =>

|ER —Deqg)

X -2N_,
&

i 1 r
(lek—beqg) ™™

Fé

here Nek is the numb.er of e-folds. For example,

T cheat = 101°GeV = N, ~ 60
milarly,
A\; k—end :: [)-1[;“

d, hence
KX oh—bog 5 8 '\’*]_L\[In

-I-:\-.
e

» exponentially fine-tuned initial conditions!

irsa: 08030038
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ust have the constraint

s =

| ¢ k—be qd)

 x 2N 1
<P

St

(ek —be q)

Ps

here Nek is the numb-er of e-folds. For example,

T, cheat = 10°GeV = N_;. ~ 60

milarly,
DXek—end S PMp

ETLL

d, hence
A\f,‘{. .'rn” f;fl _\r+]},\‘[|’[_1

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

| ¢ rL -J:Jr q )

 x 2N .1
=

st

| ek e r_,JI

Ps

here Nek is the numb.er of e-folds. For example,

T, eheat = 10°GeV = N,_;. ~ 60

milarly,
DXek—end < PMp

ETL

d, hence
AXek—beg S € pMp

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

s =

(ek —be i] )

 x 2N .2
- -

St

(ek—beqg)

P

here Nek is the numb-er of e-folds. For example,

T oheat = 10'1°GeV = N, ~ 60

milarly,
AXek—end S PMp

ETLl

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

(ek —De ()

!‘J\ -~ ;'_-f .\_. L
~

(ek—beg) ™~

P

here Nek is the numb_er of e-folds. For example,

T, cheat = 10'°GeV = N_;. ~ 60
milarly,

DXek—end S PMp

ETL

d, hence
. o _\' .
A\“{\. beg ~ € 'r]),\[}_:

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

en—bDeq)

f‘) "'i g:_' ..3 .\-. k
. &

(ek—beqg)

Po
here Nek is the number of e-folds. For example,
Treheat = 10°GeV = N ~ 60
milarly,
A\' k < /_L\[‘n

end ~o
d, hence
s N,
A\¢A fn_r_; :\Jf j rr])*\[f_i

» exponentially fine-tuned initial conditions!
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ust have the constraint

ns =

I 1
ek —Deq)

J"j "i < ; -: -\-- By
' i

(ek—beqg) ™~

P

here Nek is the numb-er of e-folds. For example,

T oot = 10'1°GeV = N, ~ 60

milarly,
AXe S pPMp

'\'-\._H
f ."n'r-lFI Y

d, hence
Mok —teg S € pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

s =

leR—Deq)

2 x - 2N.,
P

Y

ek Deq )

Ps
here Nek is the number of e-folds. For example,
T, eheat = 10'°GeV = N, ~ 60
milarly,
AXek—end S PMp

ETLI

d, hence
AXek—beg S €V *pMp

» exponentially fine-tuned initial conditions!
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ust have the constraint

ns =

eR—0eq)

!‘J' \ -~ 2N, L
~

(e k be q) G

Ps

here Nek is the numb-er of e-folds. For example,

T oheat = 10'1°GeV = N, ~ 60

milarly,
AXek—end S PMp

ETLL

d, hence
AXek—beg S €7 *pMp

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

s =

ek —Deq)

J") l.'i :;_'f. 4.3 .\-. B
- -

(ek—beqg) ™~

P

here Nek is the numb"er of e-folds. For example,

T oheat = 10'1°GeV = N, ~ 60

milarly,
DXek—end S PMp

ETLL

d, hence
A\f;\ .'rn”‘ ifl _\rih]}*\[f_]

» exponentially fine-tuned initial conditions!

S olution !
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ust have the constraint

s =

| ¢ rL -J:Jf q )

& X < 2N _ 1
-

st

(ek—beqg)

Foé

here Nek is the numb-er of e-folds. For example,

T cheat = 10'1°GeV = N_;. ~ 60

milarly,
A\f.l < 11‘1111

t Hr:'I -;

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!

S olution '
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ust have the constraint

s =

f # -J:;r q )
!‘)\i 4.-_'_'# f ;3_\-. i

ek Deq ) G

P

here Nek is the numb.er of e-folds. For example,

T, cheat = 10°GeV = N_;. ~ 60
milarly,

A\[ k < !_Ll[‘i‘a

£ .l'.'r.r‘I -::,

d, hence
AXek—beg S €7 *pMp

g ~o

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
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ust have the constraint

ns =

| ¢ ri 'J:H q)

!‘) \ < 4.3 .\'-. L
- £

(ek—Deqg) ™™

P

here Nek is the numb-er of e-folds. For example,

T oot = 10'1°GeV = N_;. ~ 60

milarly,
AXel S PMp

'\'-\._H
t HHJI e

d, hence
AXek—beg S €™V *pMp

» exponentially fine-tuned initial conditions!

S olution ,
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ust have the constraint

s =

leR—Deq)

 x 2N.,
: <~

st

(ek—beqg)

Ps

here Nek is the numb"er of e-folds. For example,

T, cheat = 10°GeV = N_;. ~ 60

milarly,
AX ok < pMp

{ Hr:‘I 'x:,

d, hence
AXek—beg S € *pMp

» exponentially fine-tuned initial conditions!

irsa: 08030038 | . '
tion!

Page 142/326



Pre-Ekpyrotic Phase

. Add to the potential energy

y ' 1 9> S
l ((?.\} — i b e 5*’??:((:})\“

» the X mass is

hoose 1, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

i 1 9 L9
V(d,x) =---+ Sm-{(m)\_

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

rT
H

irsa: 08030038
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Pre-Ekpyrotic Phase

- Add to the potential energy
1 5

Vo, X ) = --- + Sr??'{(fﬁ))\“

» the X mass is

hoose M, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy
L 5

Vio,x) =---+ Sm'\(fzil)\

2

» the X mass is

hoose 1, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at ., _;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

- Add to the potential energy
) L aiv
Vio,x) =---+ sz(o)\“

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038

Page 147/326



Pre-Ekpyrotic Phase

. Add to the potential energy

r I- ) )
Vo, X)=-+"+ SH?;({.})\“

» the X mass is

hoose 1, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at ..., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy
i 1 ’ o Ly
Vo, X)=--"+ 3!??:({:)}\“

» the X mass is

hoose M, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at ., _;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

" 1 > L,
Vig,x) =---+ Sni"{(rj)\“

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
\d for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

. _ | IR
l'(r_ir.\J=---+5m;(r_f;)\“

» the X mass is

hoose 1, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at {.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy
L a9

"'(f_'}, \} — i kil S”?;{(E))\_

» the X mass is

hoose . (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

'e transition occurs at ., _;., where

r T
f 'f

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

» _ B lad o &
l'(r_ir.\}:---+3m:(f;‘3)\“

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at ., _;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

- Add to the potential energy

- . | I P
l(r_:}.\_}:...+sz(o)\_

» the X mass is

hoose 1 (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy
|

Vo, X)=--"+ Smi(f;‘;)\-

» the X mass is

hoose M, (®) so that for large ¢

- pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

- Add to the potential energy

- ' L 2. L0
"(f’_f},\] — i, Sr”:(f:-‘-])\u

» the X mass is

hoose . (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

, | B el o) La
l'(r_'}.\]=---+3m:(r_‘;)\“

» the X mass is

hoose 1, (®) so that for large ¢

pre-Ekpyrotic phase
\d for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

J. ) \ )

Vio,x)=---+ sz(r_im)\“

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., wWhere

irsa: 08030038
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Pre-Ekpyrotic Phase

- Add to the potential energy
L 5

Vio,x) =---+ Sm‘{(r_))\“

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

- Add to the potential energy
|

l'(f_'_},\:} — il e 3”?-{({.‘})\_

» the X mass is

hoose M (®) so that for large ¢

pre-Ekpyrotic phase
\d for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

H

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

; B e o L
Vio,x)=---+ 5mMy (0)X°

» the X mass is

hoose M, () so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at ..., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy
1 5

Vio,x)=---+ Sm‘{(f;_‘))\“

» the X mass is

hoose . (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy
1 5

Vio,x)=---+ Sm";(o)\j

» the X mass is

hoose M, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at ., _;., where

irsa: 08030038

Page 163/326



Pre-Ekpyrotic Phase

. Add to the potential energy

) | .
l'(r_:}.\]:---+3r??:((f1)\“

» the X mass is

hoose M, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where
H

irsa: 08030038
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Pre-Ekpyrotic Phase

. Add to the potential energy

- l . o e
l'(f’_f}, \] — e 5*’”:(*—’33’)\"

» the X mass is

hoose 1, (®) so that for large ¢

pre-Ekpyrotic phase
'd for small ¢

Ekpyrotic phase

1e transition occurs at f.;_;., where

irsa: 08030038

Page 165/326



1e pre-Ekpyrotic phase occurs in the interval
-/* k—be (] ; f /;

X V(d, x) / ;

L J
| Ekpyrotic pre-Ekpyrotic
irsa: 08030038 . TE— Page 26

fr_.-k—t_ nd phase tr‘ﬁ.‘—hr 1 phase f:'

O



1e pre-Ekpyrotic phase occurs in the interval
!_. L — b (] _ f /J,.'

V 4

L4
| Ekpyrotic pre-Ekpyrotic
irsa: 08030038 . U Page 26

ff__.;.. —end Phase T.x .. phase L;

O



1e pre-Ekpyrotic phase occurs in the interval
/,L__}H,J 2T = kb

L?’
-

X V (e, X) |

g
Ekpyrotic pre-Ekpyrotic
irsa: 08030038 . T Page 26

ir__ k—end phase fr-ﬁ.‘—hr‘u phase f-:'




1e pre-Ekpyrotic phase occurs in the interval
Lok —bhoa= © i by

X V(4. x) / *

L J
| Ekpyrotic pre-Ekpyrotic
irsa: 08030038 T S Y T Page 26

fr_;ﬁ{—t_ nd phase fr-f‘.‘—hr 1 phase fi

O



1e pre-Ekpyrotic phase occurs in the interval
bk bea 21 28

'y
Ekpyrotic pre-Ekpyrotic |
?LF-‘;{—E"IH!’ phase Sk Ko (1 phase L

e

irsa: 08030038



1e pre-Ekpyrotic phase occurs in the interval
/, k—be (] ; / /f'

L4
| Ekpyrotic pre-Ekpyrotic
irsa: 08030038 . TE— Page 26

J)[r__-l.'—t_ nd phase tr’-;{u'—f}r— 1 phase fi




1e pre-Ekpyrotic phase occurs in the interval
/,L__g”;I -~ T 2>

\

4
n , _ Ekpyrotic pre-Ekpyrotic -
| ft."A'—t'_ nd phase fﬂ‘f—hf (1 phase f:'




> to achieve a bounce must violate the NEC. Requires
phase where

,;_,‘<—]_

Ghost Condensate

eal scalar field- &

\grangian density-

here P(X) is a function of

- 1 .
X =-—

" (0,0)"

2m’
\d m,M are arbitrary mass scales

:alar equation

irsa: 08030038 = Y T ' _ Page 173/326
¥ |



> to achieve a bounce must violate the NEC. Requires
phase where

w < —1

Ghost Condensate

eal scalar field- ©
\grangian density-

here P(X) is a function of

X = ———(8,0)

2m?
1d m,M are arbitrary mass scales

:alar equation

irsa: 08030038 — ) . Page 174/326



> to achieve a bounce must violate the NEC. Requires
phase where

w < —1

Ghost Condensate

eal scalar field- ©
\grangian density-

here P(X) is a function of

v i Ny 5 )-;
X =——(0,0)°
It

1d m,M are arbitrary mass scales

:alar equation

irsa: 08030038 d ' . Page 175/326



» to achieve a bounce must violate the NEC. Requires
phase where

w < —1

Ghost Condensate

eal scalar field- ©
\grangian density-

here P(X) is a function of

i P L
A = ___) | [L[‘)J”r"ﬁ)"
FALL

1d m,M are arbitrary mass scales

:alar equation

irsa: 08030038 ¢ ) . f Page 176/326



» to achieve a bounce must violate the NEC. Requires
phase where

w < —1

Ghost Condensate

eal scalar field- ©
\grangian density-

here P(X) is a function of
X = —

! T ':.

lit‘)]” D)

2m>

1d m,M are arbitrary mass scales

:alar equation

irsa: 08030038 - r ' Page 177/326



> to achieve a bounce must violate the NEC. Requires
phase where

,;_,-‘(—]_

Ghost Condensate

eal scalar field- &

\grangian density-

here P(X) is a function of
X = —

3

(oMo, )=

2m*

1d m,M are arbitrary mass scales
:alar equation

irsa: 08030038 - Y 19 ] . Page 178/326
F ¥ | )



= to achieve a bounce must violate the NEC. Requires

1 phase where
w < —1

) Ghost Condensate

Real scalar field- ©
agrangian density-

vhere P(X) is a function of
1
o = {t‘l')ﬂf_'.l)

2m>

nd m,M are arbitrary mass scales

)calar equation

irsa: 08030038

3

Page 179/326



= to achieve a bounce must violate the NEC. Requires

1 phase where
w < —1

) Ghost Condensate

Real scalar field- ©
agrangian density-

vhere P(X) is a function of
1
,\r —_ ([‘.)J”f'l)

2m?

ind m,M are arbitrary mass scales
icalar equation

irsa: 08030038

5

Page 180/326



= to achieve a bounce must violate the NEC. Requires

1 phase where
w < —1

) Ghost Condensate

Real scalar field- ©
agrangian density-

.

vhere P(X) is a function of
X =—

2m*

nd m,M are arbitrary mass scales
)calar equation

irsa: 08030038

(0,0)°

Page 181/326



= to achieve a bounce must violate the NEC. Requires
1 phase where

w < —1

) Ghost Condensate

Real scalar field- ©
agrangian density-

vhere P(X) is a function of
.=

Y

(.[:);r{'d)u

2m?

ind m,M are arbitrary mass scales
)calar equation

irsa: 08030038 A i JIlr 3 - ’ Page 182/326
'l ; / 1 ]



= to achieve a bounce must violate the NEC. Requires

1 phase where
w < —1

) Ghost Condensate

Real scalar field- ©
agrangian density-

vhere P(X) is a function of
X =—

(0,0)
2mi !

nd m,M are arbitrary mass scales
)calar equation

irsa: 08030038

D

Page 183/326



= to achieve a bounce must violate the NEC. Requires

1 phase where
w < —1

) Ghost Condensate

Real scalar field- ©
agrangian density-

vhere P(X) is a function of
1
,\r —_ ([‘.)ﬂt'})

2m*

ind m,M are arbitrary mass scales
icalar equation

irsa: 08030038 . Y T

2,

Page 184/326



Assume
["__\ y oo— |

s a minimum ( = ghost-free). Scaling m = can take

Xo= -

e

= solution is

o(t) = —m*t ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

Lf -

ﬁ .1'| _.f J [ _ .1[ j. R }

Writing
irsa: 08030038 lf)(f) — —fﬂjf + rI:l(?’h)

Page 185/326



Assume
P x| x 0

s a minimum ( = ghost-free). Scaling m = can take

Xo
= solution is

o(t) = —m=t ghost condensate

—orresponds to

w=—1
o obtain w < —1 add potential V(¢§) where
| WE ( il \
Writing ol
o(t) = —m?t + mo(t)

Page 186/326



Assume
Pxlx, =0

s a2 minimum ( = ghost-free). Scaling m = can take

. S

-

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

y [ fllr - \

Writing
irsa; 08030038 (J(IL) — _”-}jf + Il—”(f)
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Assume
Pxix, =4

s a minimum ( = ghost-free). Scaling m = can take

X0 -

e

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

f fr'

Vol € M° | —or

Writing
irsa: 08030038 (J ( IL ) — —TIn jf + 1Yy ( f )
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Assume
P x|x U

s a2 minimum ( = ghost-free). Scaling m = can take

——
- |

Xo
= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1
o obtain w < —1 add potential V(¢$) where
| WE ['f -.fu )
Writing '
H(t) = —m?t + mo(t)
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Assume
!}._‘1 Xa — U

s a2 minimum ( = ghost-free). Scaling m = can take

Xo ==

=

= solution is

o(t) = —m“t  ghost condensate

—orresponds to

w=—1

o obtain w < —1 add potential V(¢) where

JJI- 2

v 13 f w l||
| [_ mTY

Writing
irsa: 08030038 r)[f) —_ _f”jf 18 FIj,l(f)
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Assume
F x | x - ()

s a2 minimum ( = ghost-free). Scaling m = can take

k .
- |

Xo
= solution is

o(t) = —m°t  ghost condensate

—orresponds to
w=—1
o obtain w < —1 add potential V(¢§) where
nh a3 (=)
Writing i |
R P(t) = o molt)
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Assume
Pxlx, =0

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

-

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

| [ \
| i bl

Writing
irsa; 08030038 (J ( IL ) — jf + T ( f )
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Assume
["'_H y aE— |

s a minimum ( = ghost-free). Scaling m = can take

Xo= -

e

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

Lf -

a M| = |

Writing
irsa: 08030038 CJ ( IL ) — —1In jf + FI_Tl ( f )

Page 193/326



Assume
[ } -1..1 _\.__ P | ]

s a minimum ( = ghost-free). Scaling m = can take

5, - P

-

= solution is

o(t) = —m*t ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

f YA

\ 72 | = Iﬁl
R Y. [ -l_—l_1'. ;’.I_I JI

Writing
irsa: 08030038 C} { IL ) — — T 2 f + Hﬂ ( IL )
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Assume
F x| X 0

s a minimum ( = ghost-free). Scaling m = can take

& .
- |

b, 4
= solution is

o(t) = —m~t ghost condensate

—orresponds to

ar——1

[o obtain w < —1 add potential V(¢) where

! \ .I|r b
| v [ —— )

Writing
irsa: 08030038 lr)[ f) — — I jf + :'TI]( f )
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Assume
P x| x U

s a minimum ( = ghost-free). Scaling m = can take

» -
- |

X0
= solution is

o(t) = —m°t  ghost condensate

—orresponds to

ar——1

[o obtain w < —1 add potential V(¢) where

i - A3 [ i _ \
Writing
irsa: 08030038 l'_)[ f ) — — I : f + :'TI] ( f )
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Assume
["__mk o E— |

s a minimum ( = ghost-free). Scaling m = can take

Xo ==

= solution is :
o(t) = —m°t  ghost condensate
—orresponds to
w=—1
[o obtain w < —1 add potential V(¢) where

' .tfllr- \
| \VE [.. M. :

Writing
irsa: 08030038 !’J{IL) — _-‘r”jt + Il—ﬂ(t)
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Assume
P X | X U

s a2 minimum ( = ghost-free). Scaling m = can take

k .
- |

Xo
= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1
o obtain w < —1 add potential V(¢$) where
Vol < M3 (=
Writing |
o(t) = —m?t + 7o(t)

Page 198/326



Assume
Pxlx, =0

s a minimum ( = ghost-free). Scaling m = can take

b, P

-

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

f | r"r'

R : ,El_.f'.l [ = ._- \ 1. }

Writing
irsa: 08030038 ()(f) — _-‘rnjf + Il—ﬂ(f)
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Assume
P x|x 0

s a minimum ( = ghost-free). Scaling m = can take

Xo
= solution is

o(t) = —m=t ghost condensate

—orresponds to

w=—1
[o obtain w < —1 add potential V(¢) where
| WE ( il
Writing | |
d(t) = —m?t + mo(t)
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Assume

s a minimum ( = ghost-free). Scaling m = can take

» .
o

Xo
= solution is

o(t) = —m*t ghost condensate
—orresponds to
w= —1

o obtain w < —1 add potential V() where

A

| - AL ["’ -..f. — \
Writing
irsa: 08030038 (_)[ f) — —71n jf + :'TI] ( f )
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Assume
["'_K y oE—A |

s a minimum ( = ghost-free). Scaling m = can take

XQ -

"

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

f . f ' \
. a3 < \
in i j [ . > 1| j » II|

Writing
irsa: 08030038 l':) ( IL ) — —Tn jf + ?l-l] ( t )
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Assume
P x|x 0

s a minimum ( = ghost-free). Scaling m = can take

| F .
- |

b, 4
= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

o obtain w < —1 add potential V(¢§) where

\ \ 5 [ "11 — ‘I
Writing | |
irsa: 08030038 (—) [ j‘ ) — —iIn : f + Trl] ( f )

Page 203/326



Assume
Pxlx; =V

s a minimum ( = ghost-free). Scaling m = can take

Xo ==

-

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

o obtain w < —1 add potential V(¢) where

y f Jllr l||
| ""'jl[- LT

Writing
irsa: 08030038 (J[]L) —_— _-”']jf + rl](f)

Page 204/326



Assume
Pxlx, =0

s a minimum ( = ghost-free). Scaling m = can take

Xo ==

e

= solution is

o(t) = —m“t  ghost condensate

—orresponds to

w=—1
[o obtain w < —1 add potential V(¢) where

"; WWE [ o - \

Writing
irsa: 08030038 l’_)[ f) — —In -zf + :'TI]( f )

Page 205/326



Assume
l”_\ y p—d |

s a minimum ( = ghost-free). Scaling m = can take

D, —

e

= solution is

o(t) = —m“t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

y [ ..fﬂl' "1|
‘i .'l_--i | [ _1|_J.' JI

Writing
irsa: 08030038 (J [ f ) — —Tn _')f + rI_] ( f )
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Assume
j-}_‘\ X - ()

s a minimum ( = ghost-free). Scaling m = can take

| F .
- |

X0
= solution is

o(t) = —m?t ghost condensate

—orresponds to

w=—1

o obtain w < —1 add potential V(¢§) where

Ly

| \ /3 ( "_jl - \
Writing
irsa: 08030038 fJ[ f ) — —In . f + :'TI] ( f )
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Assume
[}._\ X0 U

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

-

= solution is

o(t) = —m“t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

Jllr -

Writing
irsa: 08030038 (J{f) — _fnjf + rIjj(f)
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Assume
["‘__\  poE—d |

s a minimum ( = ghost-free). Scaling m = can take

XQ -

"

= solution is

o(t) = —m*-t ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

y [ ..ffr' "1|
| Y ( m2Mop /

Writing
irsa: 08030038 lf){f) — _.”r’jf + rl](f)
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Assume
j"'_x y 7oE—3 |

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

= solution is :
o(t) = —m°t  ghost condensate
—orresponds to
w=—1
[o obtain w < —1 add potential V(¢) where

f ':"r'

x M3 [ ——— )
| [ m2M p )

Writing
irsa: 08030038 ()[f) — —H!jf + rﬂ(f)
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Assume
Pxl|lx, =0

s a minimum ( = ghost-free). Scaling m = can take

N e =

"

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

wy | J."r' '||
nﬁ M | |

Writing
irsa: 08030038 f) [ f ) — — I jf + rl_] ( f )
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Assume
[}._-,x . E—3 |

s a minimum ( = ghost-free). Scaling m = can take

Xo ==

'

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

y | .uf' 1|
\ NP [ -:_—'_\. S

Writing
irsa: 08030038 (J { IL ) — —Tn jf + Fﬂ ( f)
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Assume
P x| x 0

s a minimum ( = ghost-free). Scaling m = can take

! .
- |

Xo
= solution is

o(t) = —m°t  ghost condensate

—orresponds to

ar = —1
o obtain w < —1 add potential V(¢§) where

e M '
i; /) _--'r [ 2 _1'. :,- - j

Writing
irsa: 08030038 !r)[ f) — — I - t 13 :'TI]( t )
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Assume
Pxlix, =V

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

"

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

- .uf' \

Writing
irsa: 08030038 r)[f) — _f”jf + Il—ﬂ(f)
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Assume
["‘_K e =4

s a minimum ( = ghost-free). Scaling m = can take

Xo -

-

= solution is

o(t) = —m“t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

i L[ \
ab M* | A )

Writing
irsa: 08030038 (J[IL) — _f”:gf + rﬂ(f)
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Assume
Pxlx, =4

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

e

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where
[ \VE (f _.I;\I - }

Writing
irsa; 08030038 rJ(IL) — —ngjf + F”(f)
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Assume
Pxlx, =0

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

-

= solution is

o(t) = —m-t ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

Ve

Vol < M | —31- )

Writing
irsa: 08030038 (J { f ) — —TN jf + T ( f )
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Assume
Pyl =4

s a minimum ( = ghost-free). Scaling m = can take

Xo = =

-

= solution is

o(t) = —m~t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

| VU
| M~ | 7 )

Writing
irsa; 08030038 Q@ { IL ) — — 1 jf =+ Yy ( f )
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Assume
!'}. ol B U

s a2 minimum ( = ghost-free). Scaling m = can take

Xo
= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

o obtain w < —1 add potential V() where

| WY, ) [ (V1 _ -1|

Writing
irsa: 08030038 rJ[ j‘) — 77Tt jf + :'TI]( f )
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Assume
Pxlx, =0

s a minimum ( = ghost-free). Scaling m = can take

X ~

e

= solution is

o(t) = —m°t  ghost condensate

—orresponds to

w=—1

[o obtain w < —1 add potential V(¢) where

[ .J'J' A
n \ 73 | = \

Writing
irsa: 08030038 r)[f) — _-‘rnjf + r”(f)
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Assume
Pxiv, =%

s a minimum ( = ghost-free). Scaling m = can take

» .
- |

Xo
= solution is

o(t) = —m-=t ghost condensate

—orresponds to

w=—1
o obtain w < —1 add potential V() where
| WE [ [7
Writing
H(t) = —m?t + mo(t)
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he scalar equation becomes

. L Ve fm\*4
}‘T{}—F:;}Hﬂ'{]’““— ':}( )

-~ K \M
vhere K = P x x|y, _.. For any solution

[Fe

L)

'

I

— K M*7 . _
p =~ - — K. R~
m-
=
K M *,

P

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

A% & " >
Vie)=At{1——"_) . 2« MK
irsa: 08030038 m-= ,'1 [ P
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he scalar equation becomes

. JLaat Vo rm\4
ita + 3Hmtpy ~ ——= ( )

K \M
vhere K = P x x|y, .. For any solution

| b=

"

Ll

I

— K M?*#, , :
p > 1,_ LAYV Py
m-=
=
K M4,
D

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

A% ¢ - "
Vo) =A*[1- ———) , A2 « M?K
irsa: 08030038 n-= _'1 I P
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he scalar equation becomes

| Ve rmy4
to + 3H7rg o~ — =2 (—)
o T 0 K A

KM-*n

H

Zan choose V(®) so that 79 > 0 =
;J'—.'—fp <0, w< -1

> ghost condensate violates the NEC! For example, take

! A% ¢ = S
V(o) =A% [1- ————) , A2 « M2K
= .'1 [ P Page 224/326

irsa: 08030038



he scalar equation becomes

N s Yé iyt
o + 3H Ty >~ — Kj (\—1)
vhere K = P x x|y _.. For any solution

— K M*mg

)
nm-=

+V , P~-V

P B

=
KA -7
B

Zan choose V(@) so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

| A% ¢ " "
V(o) =A*(1—- — ( , A" < MK
= j [ P Page 225/326

irsa: 08030038



he scalar equation becomes
- . . l:i:‘_ Iri 4
o T 3H}T(] - [{'} (ﬂ)

For any solution

vhere K — Pxx|x,—1-

— K M*4mg

D
nm-=

+V , P~-V

P s

=
i K M2

Zan choose V(@) so that 7 > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

: +Xl3 2 g
V(g) = A° (l — : ) v I % MK

m= Mp

irsa: 08030038



he scalar equation becomes

. . Vo rm\4
ﬂ'{}—+—3HTF[]“"‘— — ( )

- K \M
vhere K = P x x|y, _.. For any solution

[Fe

o

-l

I

— K M?%, , :
P~ 1,_ V. P
m=
=
K M-,

D

Zan choose V() so that 7o > 0 =

> ghost condensate violates the NEC! For example, take

A% & o L
Vo) =A(1- ——) , A2 « M2K
irsa: 08030038 m-= j I P
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he scalar equation becomes

. Lo Ve rmy4
o + 3H Ty >~ — ( )

K \M
vhere K = P x x|y _:. For any solution
— K M?7, , :
s T o e
=
—

"AL L
S KM

Zan choose V() so that 79 > 0 =

;J'—.'—'P{L 0. w< -1

> ghost condensate violates the NEC! For example, take

i A% & " -
V(e)=A*(1- =) , A’ <« MK
irsa: 08030038 = J [ P
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he scalar equation becomes

. Ll Ve rmy4
?T{'}—FSHIT[]"“"— — ( )

- K \M
vhere K = P x x|y, _.. For any solution

[re

w

l

I

— K M*# : _
p = . —— . P
m=
=
K M =,

»,

Zan choose V() so that 7o > 0 =

;i—'P{[}. w < —1

S

> ghost condensate violates the NEC! For example, take

AZ & o >
Vid)=A%{1=-—=") . P« MK
irsa: 08030038 m-= j [ P
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he scalar equation becomes

- - . V ' @ m\ 4
o + 3H Ty >~ — e (v)

vhere K = P x x|y, _.. For any solution

| b=

|

I

— K M7 : :
p > 1,] W Pe)
m-=
=
K M “,

LF °F Jr\

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

-\E - ) o
Vie)=A*[{1- -2 )  A%Z« M2K
irsa: 08030038 m-= j I P
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he scalar equation becomes

. i Ve rm\*4
?T{}—F:;Hﬂ'[]""‘— S ( )

- K \M
vhere K = P x x|y, _.. For any solution

[re

L)

-l

I

— K M?*%, , ,
p = - - "+ V. P~}
m-=
=
" K M=,

/- —

Zan choose V() so that 79 > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

A% & - S
Vi) =N 1=—-"_-) . MK
irsa: 08030038 m-= ,'1 [ P
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he scalar equation becomes

l:r;') T 4
o + 3H o ~~ ——— (—)
e : K \M

vhere K = P xx|y _.. For any solution

_KM?%*%, . -
pro———— O L Pau
=
—
; KM?27

Zan choose V(@) so that 7o > 0 =

p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

= A% o . L
Vie)=A*(1- =) , A> <« M?K
irsa: 08030038 nm= J [ P
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he scalar equation becomes

. oL Ve rmy?
TF{}—FBHT-T(]”"‘— - ( )

- K \M
vhere K = P x x|y, .. For any solution

| =

L)

l

I

— K M*7 , _
p > 1,1 -4V, Prs)
m-
=
KM%

_an choose V() so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

A% o o o
Vo) =A*[1- ——=—) , A2 « M2K
irsa: 08030038 m-= j I P

Page 233/326



he scalar equation becomes

1 . . ¥, m\ 4
o+ 3H&y ~e——% (—)

K \M
vhere K = P x x|y, _.. For any solution

[F

o

l

I

— K M4, i -
p > 1,_ "+ V. P~}
=
=
K M*m

B,

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

A% & - -
I'r{ f;'}) — ;\ : _I_ = o : ~ L\' << JI“I'L
irsa: 08030038 m-= j I P
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he scalar equation becomes

l"rf'} i 4
Fo -+ 3By = — 42 ()
g T 0 K A

K M?7

T

Zan choose V() so that 79 > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

| A% ¢ . e
V(o) =A*[1- ——) , A2 « M2K
= .,1 [ P Page 235/326

irsa: 08030038



he scalar equation becomes

. T Ve rm\2
o + 3H ™ ~ — I; (v)

vhere K = P x x|y, _.. For any solution

| b=

o

'

I

— K M*#, y :
p = 1,_ -V, Py
m-
=

1 P
!

K M <,

_an choose V() so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

A% & . "
Vo) =A*[1- ———) , A2 « M2K
irsa: 08030038 m-= _'1 I P
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he scalar equation becomes

~ ol V. m\ 2
o + 3HET(] oo 2B ( )

- K \M
vhere K = P yx|y, _.. For any solution

[F

L)

l

I

— K M*“7x
p =~ . —— 4 ¥ . Pe_¥
m-
=
K M =,

LF = F Jr\.

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

A% o o -
Vo) =A*[1- ——) , A2 « M?K
irsa: 08030038 n-= j I P
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he scalar equation becomes
i Lo Ve rm\t
To + ,3H}T(] A K (ﬁ)
For any solution

vhere K — Pxx|x,—1-

— K M7 ,
PV, PR
nm-

P B

s

K M-*n

B

Zan choose V(@) so that 79 > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

>
= j [ P Page 238/326
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he scalar equation becomes

. — Ve m\*4
it + 3Hfrg ~ ——= (—)

K \M
vhere K = P xx|y, .. For any solution

[r

o

l

I

— KM*x, : :
p > 1,} 2 W . P
m-
=

i K M 4,

_an choose V() so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

A% & = o
Vo) =A*(1- —-—) , A2 « M2K
irsa: 08030038 m-= j I P
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he scalar equation becomes

Lr;j rri 4
To + 3HTg >~ ——= (—)
e - K \M

J[\. _1|_ thlJ" Y A

l|"‘“\

_an choose V(@) so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

A% ¢
m* Mp

V(p) = A* (l ~ ) , A’ « MK

irsa: 08030038 Page 240/326



he scalar equation becomes

y A Vo rm\*4
o + 3H T ~ — T (Tf)

vhere K = P x x|y, _.. For any solution

[r

o

'

I

— K M?7, , ,
p = 1__] ¥ . P)
m=
=
K M-

Lr =1 JP

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

"\2 - ) 2.
Vi =A(1-="2F ) AT MK
irsa: 08030038 m-= j [ P
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he scalar equation becomes

. I V. m\ 4
#to + 3Hmg ~ ——2 ( )

K \M
vhere K = P x x|y, _.. For any solution

| b=

'

-l

I

— K M%7, , .
pr—— — B L Phee)
=
iy
~ K M+,

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

A% o . "
Vie)=A{1—-—-"-) . A2 « M®’K
irsa: 08030038 m-= j I P
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he scalar equation becomes

. - l.rf‘) ff! —'I:
o + 3H g >~ — ( )

K \M
vhere K = P x x|y _:. For any solution
— K M*7 , :
pm—— 0Ly P~
m=
=
K M?2%
B

Zan choose V() so that 79 > 0 =

;J—-—'P'{L 0. w<—1

> ghost condensate violates the NEC! For example, take

» A2 - .
". ( f_r)') — ;\1 .I_ — o .5 . a.&— <4 ;.1[“11
irsa: 08030038 mnm= J [ P
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he scalar equation becomes

3 I Vo fm\4
o + 3H ™ ~ — e (—ﬁ)

vhere K = P x x|y, .. For any solution

|

o

|

I

— K M4, , !
p > 1,] W P}
m-=
—
h- .1', :r . _

¥ e Jr\

Zan choose V() so that 7o > 0 =

p+P <0, w< -1

S

> ghost condensate violates the NEC! For example, take

n\j - '} -}
Vie)=A*(1- =2 ) A2« M2k
irsa: 08030038 m-= ,'1 [ P
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he scalar equation becomes

[ Ve rmy4
o + 3H Ty ~ —

K \M
vhere K = Py x|y, _.. For any solution

[re

o

'

I

—Ir)lf‘j'.:ﬁ = =
p =~ 1_] -+ W, Pra)
m=
=
K M “,

P

_an choose V() so that 7o > 0 =

;J—'P{' 0., w<—1

o

> ghost condensate violates the NEC! For example, take

A% o 5 "
Vo) =A[1- ——) , A2« M2K
irsa: 08030038 m-= _'1 I P
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he scalar equation becomes

. SR, Vo rm\*4
o + 3H Ty ~ — e (i)

vhere K = P x x|y, _.. For any solution

[+

W

Tl

I

—KM?*7,
p == 1.._ '+I',P‘_~—1r
=
=
K M4,

D

_an choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

A2 o - i
Vo) =A[1- —-—) , A2 « M2K
irsa: 08030038 m-= j I P
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he scalar equation becomes

. LA Vo rm\4
TF{}—F:;HFT[]”"‘— 2E ( )

- K \M
vhere K = P x x|y, .. For any solution

[F

o

'

I

—KM?*x, , :
[ . = s 2 ¥ Py
=
Y
K M *,

Lr =T er""

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

» ghost condensate violates the NEC! For example, take

AZ & = e
Vo) =A*[1- —-=—) , A2 « M?K
irsa: 08030038 m-= ,'1 [ P
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he scalar equation becomes
- P . ‘r, s It 4
o + 3H Ty >~ — h; (Eji)
For any solution

vhere K — Pxx|x,—1.

WM o e

e -
=
=N

KM-*n

T

Zan choose V() so that 7o > 0 =
p+P<0, w< -1

> ghost condensate violates the NEC! For example, take

y A? o , L
" ( t‘f)‘) — ;\ - .I_ — P ( . a.\_ <4 ‘1[‘21'1.
= J [ P Page 248/326

irsa: 08030038



9 > 0

«<——— bounce phase —

bounce!

irsa: 08030038
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o + 0
o > () +
-

«——— bounce phase ——
P

bounce !

Pirsa: 08030038
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o > ()

«<—— bounce phase —

bounce!

Pirsa: 08030038
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9 > ()

«<——— bounce phase —

bounce!

Pirsa: 08030038
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o > ()

< bounce phase —

bounce !

Pirsa: 08030038
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o > 0

«<—— bounce phase —

bounce !

Pirsa: 08030038
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4 7o = 0
o > () +
\ 2 B 3

«<—— bounce phase —

bounce !

Pirsa: 08030038 - Page 255/326




o > ()

«<—— bounce phase —

bounce !

Pirsa: 08030038
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'}':i'(j =
o > () +
\ | .

«——— bounce phase ——
P

bounce !

Pirsa: 08030038 9 Page 257/326




o > ()

«—— bounce phase ——
P

bounce !

Pirsa: 08030038
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o > 0

«<—— bounce phase —

bounce!

Pirsa: 08030038
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o > 0

«<——— bounce phase —

bounce !

Pirsa: 08030038
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79 > ()

«<—— bounce phase —

bounce!

Pirsa: 08030038
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o + 0
9 > () ¢
~

bounce phase ——

bounce!

Pirsa: 08030038
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9 > 0

«<—— bounce phase —

bounce!

Pirsa: 08030038
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o > () +
\ ! .

«<—— bounce phase —

bounce !
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o > 0

«<—— bounce phase —

bounce!

Pirsa: 08030038
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«<—— bounce phase —

bounce!
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o > 0

«<—— bounce phase —

bounce!
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«<—— bounce phase —

bounce!

Pirsa: 08030038 9 Page 269/326




o &= 0
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«<—— bounce phase —

bounce!
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«<—— bounce phase —

bounce!
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< bounce phase —
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«—— bounce phase ——
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o > 0

«<—— bounce phase —

bounce!
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< bounce phase —

bounce!
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o > 0

«<—— bounce phase —
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o + 0
79 > () !
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Y
«<—— bounce phase —
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«—— bounce phase ——
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bounce !
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o > 0

«<—— bounce phase —
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erger Condition

b | =

LE 3 : : "
X > 5 during the Ekpyrotic phase plus X ~
luring bounce phase =
J[ 1[{
p
‘or example, Treheat = 10'°GeV, N ~ 60, p~ 1072 =

1 2N, ’
me "€ Wainl €

shosts?

Recall

| ' | ~ ’
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erger Condition

b | =

1
X > 5 during the Ekpyrotic phase plus X =~
luring bounce phase =

Yy N = ;\[ 1[1—
. < H'.m i ‘ <
1L

‘or example, Trcheat = 10'°GeV, Nei ~ 60, p ~ 10772 =

m €

shosts?

Recall

'} i F 1 1 —
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erger Condition

DD | =

|
X > > during the Ekpyrotic phase plus X =
luring bounce phase =

MK

p
‘or example, Trecpeat = 10°°GeV, Ny ~ 60, p~ 1077 =

2N, r
m € Sl H'HHH‘ <

shosts?

Recall

| rl i | / !
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erger Condition

1
X > 5 during the Ekpyrotic phase plus X =~

Y | =

luring bounce phase =

J[ 1}1—

1)
‘or example, Trcheat = 10'°GeV, Nei ~ 60, p ~ 1077 =

o

mie*Vek & | Vininl <

shosts?

Recall
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erger Condition

1 : , .
B during the Ekpyrotic phase plus X ~

Do | =

luring bounce phase =

MK

P
‘or example, Trecheat = 107°GeV, N ~ 60, p~ 1077 =

2N .2 r
m € sk “'miu‘ <

shosts?

Recall

1/ ¥ 1 !
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erger Condition

1
K> 5 during the Ekpyrotic phase plus X =~

Y | =

luring bounce phase =

2N : M 1[1—
e < H"m i ‘ <
P

‘or example, Treheat = 10'°GeV, Nex ~ 60, p~ 1072 =

M €

shosts?

Recall

. - — ME2EP( ) | X — — (A
irsa: 08030038 V.1 L Y& ' " / Page 317/326



-xpand
o(t, &) = —m?t + wo(t) + (¢, T)

Jsing Px|. =0, Pxx|s =K =

E JILI{ 4;2 ﬁg = 9
= + (Vo) + ...

vV—3 m* 2 2m?
Recall
s P l f'&:-\llfru T::-” fj+\[f}
.1 D = ——(p+ V) = = — -
. 2 Lot F 2m-= 2m?2 KA
ience

L _ MK (7 H.u;;( !
v—g  m? 2 KME\Y'
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= the dispersion relation

oM hU‘

n the NEC violating phase

H > 0= ‘“gradient” instability
Add
L MK (O¢)? _ _ _
— e — 575 + higher dimension operators
vV—9 m* 2M'
—an ignore the higher dimension operators for
k2 < M’

= the dispersion relation is modified to

5 2HM} - B2+

[

Pirsa: 08030038 I 1- J [ !

U‘”
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Has instability only at long wavelengths. The rate of
instability peaks at

-Harmless if
Worad| < |H|

= the bound

vhich we implement.

Now, even though its the wrong thing to do, let us analyze
he above dispersion relation for arbitrary k? but dropping
he higher dimension operators. For simplicity, ighore the

erm.proportional to //|k|” and take @ = 1



Y VT
oursolutions [, — 4+ i =1.2
For |k|* < M"? =
1% — |
w = t——, low frequency

yut also

_laim (Linde et.al.):

digh frequency solution corresponds to “ghosts™ with

1egative energy

) /
irsa: 08030038 _{J g ] LOS t % R ;'1\ [
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Answer: Note that k = (w,k) =

2 N T/2
Agh{.;.at ~ ‘\[

Jut effective theory is only valid for i° < 1/’ . As

* — M'* must include all higher dimension operators!

Explicit example:

_onsider

/ - - s

L ( _ \
‘) « “ )

3oth fields have canonical KE with zero and positive (mass)?
respectively. Let
" i ! 1
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> ]‘ y . \ [ QL ]-f. . ]..a.\- 9
£ = —__)—Lf)”r_‘,i) i (r)“r‘;_}(f) \} —_ 2{()“_\} — —}{ -T]\

b

‘Integrating out” the heavy field X =

| . 3 1 | 1 .
... ..o 1
- —5(()“0)“ = A2 (Lo)” + F(ij})([:“o] T

£ =—=(0,0)%+ —(06)2 (+0
= o (+0)

l'his is equivalent to
i._i : J < _.JI 1 e L \— Z

)

~vhere U is an auxiliary field.
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Now let

< o -:l 1 9 l 7 L
ko= — {_U“;H"—T‘;(()“\_)_ — ;_\_L'_

I | b=

shost with negative energy

?-"-*'yhu.wf s _a-\

3ut, its not really there. An artifact of truncating the
righer dimension operators!
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Non-Gaussianity

"he 3-point function in New Ekpyrotic cosmology is

—

(ChysChar Cha) = (27)383 (k) + kg + k3) B(ky, k2, k3)
vhere

/1. ]. A 1Py _ N ' O
F i '. M il | : ...~.--_ i L\ I _ / f

s of the “local” form and

P

Y } _[!"
k* P, (k) = 3% —<nd
‘* 2e M3

= the 3-point function fully specified by f~L .

wo contributions:

s

(1 ) . i ] { ]
s T ) ) i na )
irsa: 08030038 ik - L 3 . \ =
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>) Non-linear relation between ¢. dx =

Adding these gives

5 g
R == : l F —a3p
INL = 51, ( 3" )

—_onclusions:

1) /v, ~ —.¢ <1 = large non-Gaussianity !

¢

_ontrast to slow-roll inflation where fyxL ~€¢ =
rery small non-Gaussianity.

') Choosing 3=1,¢€= 102, (—)sign, 2.046 > a3 > —2.85 =

irsa: 08030038 Page 326/326

—36 < fnr < 100 “old” WMAP bound



