


- . The predictions of inflation are right:
(i) the universe has a critical density |
(ii) Gaussian perturbations
(iii) density perturbation spectrum nearly scale invariant

Iv) detection of polarization (from gravitational wave

modes) in upcoming data may provide smoking gun for
inflation

+ |l. Polarization measurements will tell us
which model is right.

WMAP already selects between models.
Natural inflation (Freese, Frieman, Olinto) looks great
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Horizon Problem (homOgeneity and isotropy):
small causally connected region inflates to large

region contammg our umvers«

Monopole Problem: tightest beunds on GUT
~monopoles from neutron stars (Freese,
Schramm, and Turner 1983); monopoles inflated
away (outS|de our horizon)

BONUS: Density Perturbations that give rise to
large scale structure are generated by inflation
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Tensor (grawtatlonal wave)

In principle there are four pa: s describing the and tensor fluctuations: the
emplitudes aod wpectra of both componsots. The amplitude of the soalar perturbations

is normalived by the height of the potential (the energy density A%).The termor spectral  §

index rar i not an independent parameter sines it is related 1o the tensce fscalar ratio by

S ihe inflatiooary consistency condition r = —8nT. The remaining free porameters are the
j}!i‘ "f, spectoal index n of the soaler density luctuations, and the tensce smplitude (given by r). B
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Effect of more data
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Fig. 14— Joint two-dimensional marginalized contours (68% and 95% confi-
dence levels) for inflationary parameters (ro02, ;) predicted by monomial po-
tential models, V(¢) x ¢". We assume a power-law primordial power spectrum,
dns/dInk = 0, as these models predict the negligible amount of running index,
dns/dInk ~ —1073. (Upper left) WMAP only. (Upper right)y WMAP+SDSS. (Lower
left) WMAP+2dFGRS. (Lower righty WMAP+CBI4+VSA. The dashed and solid
lines show the range of values predicted for monomial inflaton models with 50
and 60 e-folds of inflation (equation (13), respectively. The open and filled
circles show the predictions of m2¢? and A\¢* models for 50 and 60 e-folds of
inflation. The rectangle denotes:the scale-invariant Harrison-Zel’dovich-Peebles
(HZ) spectrum (n, = 1,7 = 0). Note that the current data prefers the m2¢? model
over both the HZ spectrum and the \¢* model by likelihood ratios greater than
50.
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The full treatment:
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. Fin e Tu ning in Rolling

&.V __ height _- - :——-»—8
AT = s <107

-9- V(¢) = )\'@4 A < 10m12

(Adams, Freese and Guth 1990)
But partlcle physu:s. typically glves this ratio = 1!
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* Two attitudes:

1) We know there is a helrarchy problem walt |
until it's explained |

2) Two ways to get small masses in particles
physics:

(i) supersymmetry
(il) Goldstone bosons (shift symmetries)




e Shift (axionic) symmetnes protect
- flatness of inflaton pot* A.-enftlal

® — & + constant
Goldstone boson)

* Additional explicit breaking aIIows fleld
1o roll.

e This mechanism, known as natural
inflation, was flrst proposed in

Freese, Frieman, and Olinto 1990
Adams, Bond, Freese, Frieman and Olinto 1993
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(Freese, Frieman, and to 1990;
ams, Bond, Freese, Frieman and Olinto 1993

Tweaomimame 5.
* Width f is the scale of SSB of some global
symmetry N | . |

* Height A is the scale at which some gauge
- group becomes strong



e For QCD axion,

height

~ 10741

12
Agep ~ 100MeV, frg 10 IGeV e

Enough inflation requires wid’th =f=m pl |
Amplitude of density fluctuations requ1res
helght A~ mGUT



* Natural chaotic inflation in SUGRA using shift
symmetry in Kahler potential (Gaillard, Murayama,
Olive 1995; Kawasaki, Yamaguchi, Yanagida 2000)

e In context of extra dimensions: Wilson line
with f 2> Mpi (Arkani-Hamed et al 2003) but Banks
et al (2003) showed it fails in string theory.

o “Little” field models (Kaplan and Weiner 2004)
* In brane Inflation ideas (Firouzjahi and Tye 2004)
 Gaugino condensatlon in SU(N) X SUM):

Adams, Bond, Freese, Fneman, Olinto 1993;
Blanco-Pillado et al 2004 (Racetrack inflation)




Natural Inflation needs f > 0.6my;
Is such a high value compatible with an effective

field theory description? Do quantum gravity
effects break the global axion symmetry?

Kinney and Mahantappa 1995: symmetries -
suppress the mass term and f « my IS OK.

Arkani-Hamed et al (2003):axion direction from
Wilson line of U(1) field along compactlfled |
extra dimension provides f > m,,

However, Banks et al (2003) showed it does not
work in string theory



A large effective axion scale

(Kim, Nilles, 5P‘elo;; 0 4) |

* Two or more axions with low PQ scale can
- provide large fers ~ my

e Two axions 0 aﬂd p

f N ! 9 )] T4 [1 COb( f ! g )]

o Mass elgenstates are Imear comblna‘uons of 9 dndp
e Effective axion scale can be large,
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Two predictions, testable in next decade: Tensor modes,
while smaller than in other models, should be found. Also, there is
very little running of n in natural inflation. o

Sensitivity of PLANCK: error bars +/- 0.05 on r and 0.01 on n.
Next generation expts (3 times more sensitive) must see it.



natural inflation
(slow roll approximation

e-foldings NV
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Potential sl uton A1+ on(o/)

X N e-foldings before the end of inflation for f (in M,

60 e-foldlngs before the end of mﬂatlof .
~ present day hOI‘IZOﬂ -
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natural inflation: A*[1 + cos(/ f)]
x N e-foldings hefore the end of inflation for f (in Mp))

Tensor to Scalar Ratio r
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natural inflation for N = 60
~ (slow roll approximation)
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natural inflation: A*[1 + cos(¢/ f)]
quadratic: A (m—g¢/ f)?

quartic:  A*[G(r—¢/f)? - ﬁ(ﬂ"‘“ﬁb/f)ﬂ
f/Mpy with N =0 (end of inflation)
f/Mpy with N = 60
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The E’s and B’s of Polarization Spectra

Polarization decomposable
into E mode (gradient)
and B mode (curl)
components.

Tensor fluctuations
produce both E and B
mode components.

Scalar fluctuations
produce only E mode
component (except for
transformation by
gravitational lensing).

B modes directly probe
gravity waves.




QUIET (FG1%) or PoiorBeoR (FG 1%)

" QUIET+ PolorBeoR (low dust FG 1%)

| QUIETBeoR (Cleon potch & FG 1% & OL)

. SPIDER (FG1X) 70,1

SATELLITE

IDEAL (FG1% & OL) ~ 2~¢
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Specific models critically tested

dns/dlnk=0 1§ I dns/dink=0

Models like V(¢)-¢?

 For 50 and 60 e-foldings

—  p fix, Ne varies
~ pvaries, Ne fix




= The predictions of inflation are right:
(i) the universe has a critical density
(i) Gaussian perturbations
(iii) density perturbation spectrum nearly scale invariant

Iv) detection of polarization (from gravitational wave

- modes) in upcoming data may provide smoklng gun for
inflation

< |l. Polarization measurements wull tell us
which model is right.

WMAP already selects between models.
Natural inflation (Freese, Frieman, Olinto) looks great



