What have we learnt about inflation from WMAP ?
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The standard FRLW cosmological model

(maximally symmetric space-time +deal fluids)




WMAP shows there exist super-horizon adiabatic density perturbati
the only mechanism known at present for exciting theadlistion
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Observations of large-scale structure are consistent withGb&/
model if the primordial fluctuations are adiabatic and ~scale-invar
(asCexpected In the simplest models of inflatign
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CMB (+ LSS) dataindicates that inflation generated
adiabatic, ~scale-invariant scalar density perturbations

But no tensor perturbations have yet been detected (through the ex|
B-mode polarization at low) E can only selimit: » = T/S < 0.8

= Bound on inflationary energy scale: 114 <2 x 1016 GeV
E thusno specific clue to the physics driving inflation

(GUT-scale? Hidden-sector scale? Electroweak scale?)

Can at best attempt to rule out @oy modelsOle.g. ¥V = Ap4)
where inflation occursat ¢ > My and rislarge

|s there any signature in the data of the physics of inflation?

E can discuss this sensibly in an effective field theory
l.e. with ¢ << Mg



WMAP—3 prefers V =m’@p?overV = Ap#
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But both models argnphysical (¢ > Mg) and both ar@ne-tuned:
require A ~ 1012 or m/M, ~ 106 to generate &, ~ 10°



Our present description of matter is an effective field theory E
valid up to some cutoff energy A

Consider the Standard SU(3). x SU(2), x U(1)y Model Lagrangian

Cosmological constant.

E eff — @+ Higgs mass correction super-renormalisable

4 Dq) + U DU+ F? + 00 + o renormalisable
N i N NAVAAV
A A2

+ non-renormalisable

The effects of new physics beyond the SM (neutrino masses, nuS:I eon decay, FCNC E )
are suppressed by powers of the cutoff so GlecoupleCasA ! M,

But as A increases, the effects of the d < 4 operators are exacerbated
Solution for 2d term!  softly brokerOsupersymmetryat A ~ 1 TeV (= >100 new parameters

The ¥ term couplesnly to gravitybmust be cancelled order by order to reduce it from it
minimum value of ~1 Te¥down to cosmologically permissible valuea factor of ~10°0!



What we measure Is the density perturbationthe inflaton potential
E so expand this around the field valgg* when the perturbation ju:
entering our present Hubble radidg,{ ~ 30004t Mpc) was generatet

- . 1 - ¥ L %k [ %
Vi(p)=V(0)+V'(0)o + ;‘ "0)p* 4... |@=O" — ¢

1 V(¢ = op)°

: 52 (1. —
thens k) = =3 V/(¢* = o) 2 M

T~

on the scalé& which exits the horizon whegp *= ¢ *.:
k=aH, H=aja~(V/3M?)2 M = Mp/\/St ~ 2.44 x 10" GeV

If the linear term In the expansion df( ) dominates, then
Vi = o) =VI(0)+V"(0)pg+..., V'(0)=cV(0)/M
So the energy scale required to genedgte 10° isindeed~Mg,
V(¢ =0) = (T5m67) e P M ~ 2 x 1072/eM



What sort of models exhibit Qinear inflation®

Answer: All @haoticO(large-field) modelswith [V o ¢*”

because then: VP (¢ = 0)¢? /V' (¢ = 0) ~ (¢/07)P < 1

SOV =m?@2Ap* are both equivalentto. V=V(0) + o

But If ¢otransforms under a symmetry then no linear term
— (rew inflationOwith V" (0) = ¢V (0) /M?

V(0)?
75wV (0)2 05 M?
So the energy scale of inflation gets smaller as ! O:
Vip = 0)1/4 ~ 9 % 102 \/5:@%{/23_[1/2

German, Ross & Sarkar (200
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Generalnflatonpotential: Vo) = (1 — %d)”) + bo* + ¢

Effective field theory: mass term ion-renormalizable operators

...can generate adequate inflation with correct / ; at any energy scale
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The required NR operator can be realised in aphysical theory
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No gravitino problem!
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FIG. 5. The full supergravity potential (25) (in units of V5/A%) as a function of ¢ and its phase ST
N ~ - o g e -
a for the case (p, q, k) = (4,2,1), corresponding to an inflationary scale of A ~ 5 x 1011 GeV. sSEe2s = i
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FIG. 6. Similar to Fig. 5, but for the case (p,q.k) = (5.5.1) corresponding to an inflationary
scale of A ~ 1 GeV.

Low scale Inflation also ameliorates the cosmologinaduli problem



Many interesting possibilities in string theory ...

e.g. in warped compactification (Type 11B) the inflaton can
be the position of a D3-brane in the internal space,

yielding the potential: V=V, - m2@2+E

Calabi—-Yau
D3
X

——

D3 D3

FIG. 1. Two symmetrically located Klebanov-Strassler throats in
Calabi-Yau space. Anti-D3-branes are at the bottom of each throats
and mobile D3-brane is in between. Izuka& Trivedi(2004)



Can also have inflation without branes - e.g. achieve eternal
topological inflation (with asimilar guadratic potential) in a
acetrackOmodel with two gaugino condensates

160

Blanco-Pilladcer al (2004)

Figure 1: Plot for a racetrack type potential (rescaled by 10'6). Inflation begins in a vicinity of
the saddle point at X ,qq1 = 123.22, Y ,q41e = 0. Units are M, = 1.

This appealing idehas been improved on further to remove
residual fine-tuningBslanco-Pilladoer al 2006,Lalak Ross & Sarkar 2007)



Astronomers have traditionally assunsedarrison-Zeldovichspectrum:
02(k) < kln=1
But inflation typically predicts departures from scale-invariance
e.0. single-field ow-roll models. n =1+ 2V"/ VB3 (V/V)?

Since V(¢ ) naturally steepenstowards the end of inflation, there will be a
scale-dependent spectral tilt on cosmologically observable scales:

For quadratic inflation: V(@) = V,— f@~? + NR terms
where N.." 50 + In (£'1/300041 Mpc) + In (VY4101 GeV) isthe #e-folds

This agrees with the best-fit power-law index inferred fi&gmA4P

But in general there would luny other fields present, whose own
dynamics maynterrupt the inflator@3 slow-roll evolution

— can generate features in the spectrum (steps, oscillations, bumps)



In fact the@power-law# CDM modelOdoes not fitWMAP data very well
Best-fit: Q_h2=0.13 + 0.01, , /2= 0.022 = 0.001, 2 = 0.73 = 0.05, n = 0.95 = 0.02
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But the y?/dof = 1049/982 = probability of only ~7% that this model is correct!



The excesg? comes mostly from theutliers in the TT spectrum
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|s the primordial density perturbation really scale-free?



On the absence of an established theoretic
framework In which to interpret these glitche
E they will likely remain curiositie®

Hinshawet al (2006)

Then why not also say:

On the absence of an established theoretic
framework in which to interpretark energy E
theapparent acceleration of the universe WiIll
likely remain a curiosit§



The formation of large-scale structure is akin to a scattering experi

TheBeam: inflationary density perturbations
No ‘standard model’ Dusually assumed to be adiabatic and ~scale-invariant

TheTarget: dark matter (+ baryonic matter)
Identity unknown - usually taken to be cold (sub-dominant ®otOcomponent?)

TheDetector: the universe
Modelled by a ‘simple’ FRW cosmology with parameters/, $ oy, $,,$.. 5, ..

TheSignal: CMB anisotropy, galaxy clustering ...
measured over scales ranging from ~ 1 ©£10000 Mpc (= ~8 e-folds of inflation)

We cannot simultaneously determine the propertigsoof thebeam
and thetarget with an unknowrdetector

... hence need to adopt suitable ‘priors’ on 4, Q ., €tc
in order to break inevitable parameter degeneracies



Many attempts made to reconstruct the primordial spectrum (assuming # CDM)

... recent work suggests departures from a power-law spectrum
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Such spectra ariseiturally if the inflaton mass changes suddenly, e
due to its coupling (through gravity) to a field which undergoes a f

symmetry-breaking phase transition in the rapidly cooling univer:
(Adams, Ross & Sarkar 1997)
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For different priors on cosmological parameters, infer different primordial spectra

// { Model A Model B Model C
“ Model D Model E Model F

:"7(7 Model G (Reference model, best fit power law, n,=0.958) ]

.I‘.."é.v'.]'..‘,]‘.

Shafieloo & Souradeep (2007)

10 ] 100 200 400 600 800 1000

Conversely infer different cosmological parameters for different primordial spectral



Consider inflation in context of FG G F Rldld it dry: / =1 SUGRA

(successful description of gauge coupling unification, EW symmetry breaking, -**)

Visible Sector Hidden Sector

SM, p "\ VNV SBSY, ¢

The visible sector could be important during inflation if gauge symmetry breaking occurs

Supersymmetric theories contain ‘flat directions’ in field space where the potential
vanishes in the limit of unbroken SUSY

This is due to various symmetries and non-renormalisation theorems

Flat directions are lifted by

$ Sys7.

® Higher dimensional operators p" /Mg““i which appear after integrating out heavy
degrees of freedom

These fields get a large mass (N =~x) ) E V Sidftathdn, since vacuum energy breaks SUSY



These fields will evolve rapidly to their minima (and thus
acquire alarge mass) as the universe cools during inflation
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Theinflaton field couples to these fields hence its own mass will
change suddenly = @eaturesQn the perturbation spectrum

The phase transition(s) will occur If the initial conditions are thermal
E the @eaturesOwill be visible if this (last) phase of inflation lasts
just long enough to create present Hubble volume



Whether this happened is very
Important for cosmological
parameter extraction

e.g. if thereisa®umpQOnthe  :
spectrum, the WMAP datacan
be fitted without dark energy
& _=1,%,=0)if h=0.44
(Hunt & Sarkar 2007)
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The small-scale power would be excessive unless damped by free-streaming
But adding 3 v of mass0.5eV (=%, ~ 0.1) gives good match to large-scale structure

SDSS
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Fit gives $, 42 = 0.018 — BBN +/ = baryon fraction in clusters ~10%



MCMC likelihoods: CHDM model (@umpOspectrum)
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Conclusions

The CMB anisotropies measured b¥MAP are consistent with having
been generatedlring an inflationary phase of expansion

»But we cannot simultaneously determine/ the primordial spectrum
andthe cosmological parameters from j@3B (and LSS) data

We do not know the physics behind inflation hence are not justifie
assuming that the generated scalar density perturbation is scate-fr
and then conclude that the data confirm the powerAalaM model

The data provides intriguing hints for features in the primordial spec
E this has crucial implications for parameter extraction e@uapQin
the spectrum allows the data to be well-fitt@thout any dark energy!

» There has been arenaissance in inflationary model building
- physical models predict negligible gravitational waves E
however there may be detectable non-gaussianity

We look forward to PLANCK to clarify these issues






