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3G,,\) = 81G &(T},,,) '

Bardeen (1980)
 Reference Spacetime: (Flst FRW)

ds? = az('r) {d'r2 — 6ijd:v':dzj)

. d
r = conformal time H = -1- e

a dr
a’(1)dr? = dt?

Perturbed Spacetime:

- ds® = a®(7) {(1 + 8goo)dT?
-—290,-da;"d'r — (5,']' + 25gij)d$id$j}



Conformal Time




Reference

Spatial
2 Sections
1 Flat

Spatial
Sections
1 Curved



scalar, vector, tensor decomposition

dgoo = 2A
0gsi = S;+ 0B

8iSZ‘ — 0 BiFi — 0 h: — 0 aihij — 0



Perturbed Spacetime: (Scalar)

ds* = a’(r) {2Ad72 — 20;Bdz'dr
— [~26;; + 20;0;E] da*da’ }



Perturbed Spacetime: (Tensor)

ds* = a*(7)hj;dx'do’

b transverse, traceless tensor
(! . .
/ (gravitational waves)

quantum perturbations of transverse, traceless
component of metric tensor ---- gravitons!

scalar perturbations: couple to stress tensor
tensor perturbations: do not



10-4=6: Gauge freedom

A 1
B 1 |

o1 2 Vector
E 1 —> 2 Scalar
Si 2 2 Tensor
F. 2 D

hij 2 6

10

Gauge Choices: (Scalar)

Synchronous ga}tge: A=B=0
d82 = (1,2(’7') {dTQT— []. - 2",&5@' —+ 2818_,}17] d.’L‘deBJ}

Longitudinal gauge: B = F = 0
(conformal, Newtonian)

ds® = a*(r) {[1 + 24] d7® — [1 — 2¢] d7?}



Gauge transformation

~ (@/a)e® —
WA
B+...
E+-..
op+--
o 00 + - -

Gauge invariant combinations

A

b=A+a ' [(B-FE)a] U =4—(d/a)(B-E)

ds* = a?(7) {[1+2<15]d'r — 1—2\Il]d }

In absence of anisotropic stress & = ¥

Gauge invariant variable

5 intrinsic curvature perturbations
R=v¢——0¢ :
@ on comoving hypersurfaces



Variational Formalism

for Quantization
Mukhanov

Action
4 M3, 1 2
S = / dz\/—g ["TE%’R 5 (Vo) — V(cb)]

...for scalar perturbations...

095 = /d4a: [Q,u@"u — %mzuz]

Minkowski (in conformal time) scalar field u

u = addp + 2z = —zR [proportional to dp/p]
z=ad /H [function of V(¢)]
with mass2 = -z-{d?z/dr?

/



d?uy, s 1d%z
dr2 (k zd'r2) u =0

g = aHmld¢0/dT

® ‘‘Mass’ term complicated
model-dependent function of
H and how H changes during

inflation. [ V(¢)<—>H(0)]

» Numerical integration
(Grivell & Liddle)

» Expand about exact solution
(Stewart & Lyth)



‘Slow-Roll Parameters

° cosmologzcal model [V( ¢) ]
H(9), H(0), H (¢), H (0)

e &;N;E; .... slow-roll parameters

mpy, [ H'(¢) — mpy H'(9)
= (H((b)) 0= "4 H(¢)

by (H'(0)H"(6)\"
o= ")

At

Is!

e gives mass as function of time

J Ly 15 -
—mi = 20°H° [1-{-6— §n+62—26n+§n2+§§2] .,



Amplitudes and Spectra

Stewart & Lyth

H~V eV’ n~V”

=2 HO 1 (1 0.466(6) - 0.730(0)
5ﬁ mpi \/6(_¢)

dIn A%
dlnk

=1 - 4¢(@) — 2n(9)
+2.16€*(0) + L.3e(0)n(0) — L46€"(o)

n(k) =
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Consistency Relation
Copeland, Kolb, Liddle, Lidsey

np = —2r[1l—r+ (1 —n)]

Consistency relation is a generic
feature of Type I inflation models

There is NO general relation



Model CBR

Space Space
[e,M] [n, 1]
2 [
m 9 scalar
e ~ L ( 14 ) n = spectral
lén v index

2 r’r
m, <y ) (tensor )
n- — € =1\ scalar

St V [=2

V (0) &V (0)<«=>[E, N]<—[n, 1]



Who is the inflaton?

V()

¢ ‘“‘inflaton”’



Toy Models of Inflation

old, new, used (pre-owned),

chaotic, quixotic, ergodic,

exotic, heterotic, autoerotic,

eternal, internal, infernal,

natural, supernatural, au natural,
power-law, powerless, power-mad,
one-field, two-field, home-field,

modulus, modulo, moduli,
self-reproducing, self-promoting,

hybrid, low-bred, white-bread,

first-order, second-order, new-world order,
pre-big-bang, no-big-bang, post-big-bang,
D-term, F-term, winter-term, |
supersymmetric, superstring, superstitious,
extended, hyperextended, overextended,
D-brane, three-brane, No-brain,

dilaton, dilettante, ..........



i

Infla

tion

Bottom up



Type I: single-field, slow-roll models

(or models that can be
expressed as such)

1a: large-field models

Ib: small-field models
Ic: hybrid models

Type II: anything else
(pre big bang, strings,
branes, M-theory, ...)

* L]
Used for supernovae, superstrings, superconductors, ....



Large-field models (1a)

s H ~ 10'°GeV
é
Small-field models (Ib)
H<1I 0]3GeV C
(<< ?)
A
Hybrid models (I¢)
_ : H-~?222?
}av

—

Tensor pert’s proportional to H
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Sorting the Toys

v l L) L LI ] l Ll L] L] L l L] L] L L] l T
Dodelson, Kinney & Kolb

l‘IT—C‘)b:

0.8 0.85 0.9n 0.95 1

n = scalar spectral index

r = (tensor/scalar);_,



Xopul [e1)ddds Je[eds = u =l (1e[BIS/I0SUd}) = X

U

1 s0t
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RECONSTRUCTION

A X aQ

CMB fluctuations
&

structure formation

quantum

' fluctuations

A< R

end
inflation 10g d
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Perturbative
Reconstruction

Hamilton-Jacobi Approach: H ((1))
€ o H, ncx H” ga HIH

2
%) - =-Zvig

d¢ Mpy M)
2 H2

V="E (3¢
8 |

|4 —%Hzem(fi—n)
Vi

V' = H* (3e+3n—n2+£2)

e Diddle, Rolb, Lupdmd Burriero. $hies
SN CModern Plivsiey 497



‘ Reconstruction Strategy |

I) From CBR anisotropy

1) Find tensor mode
r = (tensor/scalar);_,

2) Fit scalar spectrum

II) Express V(9), V(©,), -y and
(¢ - d)*) in terms of observables

IIT) Taylor series for V(¢):
V(o) =V(% )+ V'(¢*) (9-0 ) + ...



Grivell and biddic

astro-ph/

9906327
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power-law spectrum

V(Gb) = Vo eXp(“a¢/MP1)

Copeland, Grivell, Kolb, Liddle
6 Y Y v ! LN AR AR | Y 1 Y Y

1 v ]

10 reconstructions

V(g)/(2x1019GeV)+

loz =3 =0z -0(1 %)/mm 0.2 03 0.4

_6 v 1 v | v 1 v T . I

T v T

-5 10 reconstructions -
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Harrison-Zel’dovich
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10-4 102 10— 10- 1
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inappropriate behavior
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not power law spectrum

A4l = 2tant 22
Vig) = A [1 Wtan MPI]

Copeland, Grivell, Kolb, Liddle

2 _
10 reconstructions
1.5 \
\
\

V(¢)/m},

0—=b7 -0z 0 0.2 0.4




AlgUlal rowel dpecLruiil
‘00 T T ll'l!lll 1 T T TTIrT T VTI"I"

CMB in the _ | 1, 0,0, .
post-peak |
period

80 -

40

[(e+1)C/2n] /2 (uK)

20 -

search for

Amd, l
1000

Tensor Perturbatlons

- determine expansion rate
during inflation!

. discover gravitons!

. sort through models
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If you can look into the seeds of time

And say which grain will grow and which will not,

Speak then to me, who neither beg nor fear
Your favours nor your hate.

--- MACBETH (Banquo)
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Late-night worries of a
Particle Cosmologist

o Complete list of all known
Jundamental scalar fields:

® Inflation is a theory in
search of a model



