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Quantum Predictions of Inflation

Physical scale

Log(physical scale)

- Log(time)

Inflation smoothes out everything,
but the Quantum Fluctuations

Perturbations leave the Hubble Radius
during inflation & then re-enter Hubble
radius at later epochs
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Quantum Predictions of Inflation
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Quantum Predictions of Inflation

Separate Universe : Long wavelength
approximation

i 0¢ = 0 (Uniform energy density ‘I E'D
f o e H AT @

¢

1y = 0 (Spatially flat gauge) = G0N

N = N’5¢*+;N”6¢E

y Mukhanov, Feldman Brandenberger
¢ Review (1992)

Comoving Gauge Constant Curvature gauge



Quantum Perturbations

Constant Curvature Gauge : Y = 0 (Spatially flat gauge)
H H
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6/ 27 ¢ Power Spectrum \

Bx ex _ ffdt (% da 1 f[%da _ 1
5¢k5/( 7 ¢(x)e /dT / f o2H ~ H a2"’aH‘

Bunch-Davis Vacuum ( Quantum Initial Condition )

¢ﬁ+(k2—%)¢k=0

e—zk'r

&koc : t—>0or7— —00

V2k




Quantum Predictions of Inflation
Scalar Perturbations

Compute the Power spectrum at : ]C — aH

Scale Dependence ( Spectral Tilt ) :

N 1 — dIn(k®Py,) ) d1n (H4/¢2)

dlnk dlnk

Note : dlnk =dln(aH) = die~ Hdl

Gravitational Waves




Summary of all relevant expressions

Observables in terms of Slow Roll

4

Slow Roll parameters
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Chatterjee, Mazumdar, 1409.4442




An Example: Consistency Relationship
& dln P, k)

rav
o = b, N — ~ —2€

PC dln k

Assumptions: Matter & Gravity both Quantum

Pquantum _ 16H2
T N M2

Bunch-Davis vacuum

Assuming Gravity is Classical

petasical _ 8410 + B H?

MZw?

Ashorioon, Bhupal-Dev, Mazumdar, 1211.4678



Evolution of the
Perturbations




5¢+3Hép+(k/a)’6p=0

' Characteristic timescales for waves, comoving wavemode k
» small-scales k > aH  under-damped oscillator
* large-scales k < aH  over-damped oscillator

i
1§

comoving Hubble length |

radiation or matter era
decelerated expansion

inflation

accelerated expansion

c'i=%(aH)>O i=—(aH)<0

1019GeV

aoHo v, Vol 3 oot

50 — 60 e — foldings are required, depending on thermal history
Lowest e — foldings will be 25 for successful BBN



Number of e-foldings of Inflation

koot = (0 (o) (o) () () o) ) () Gz

s :e—NI(k)(_‘“ )e-Nu(_“” )...e—NL(P_L)‘1/3(pRH,u)-1/4(Hk) (aequq)

ARH,I ARH,IT PRH Peq H.,/ \ apHy

Since during the period between ¢ and 7+ 1 phases of inflation, the Universe expands

as a ~ t'. Hence during these periods, In(1/(aH)) ~ (1 —n;)/n;In(a), and therefore

Ni(k) +gNi =-h (aoI;{o) * ) N iln (PZ:L)

tln ( /i;‘;'z ;q) +1n(219Q,h) + Lg; % In (VJI)
hep-th/0501125




Thermal History Alternative History

Scale Scale

Moduli Domination

Radiation Phase
10! GeV Inflation / (instant reheating) \l‘)l'. GeV Inflation

e Ot Do after Inflation
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" The flat direction
rolls slowly due to
Hubble friction
log(1/aH) Eventually oscillates

( even after inflaton
decayed completely )
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What Observations are telling us?

IsoTROPY OF THE Cosmic
MicrRowAVE BACKGROUND

MAFP3920004

Perturbations
are Gaussian

Intensity (erg/sec/cmz/sr/Hz)

30

Wavelength {(cm)
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o Balloon

e Cyanogen

« COBE/DMR
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E-mode & B-mode Polarisations

Quadrupole

Anisotropy

Thomson
Scattering

Linear
Polarization

No primordial B-modes detected so far



Angular Power Spectrum

Multipole moment, /
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CMB

s
Uy 0OV et Scattering 3007 I

We can only see
the surface of the
PRESENT cloud where light
13.7 Billion Years was last scattered
0.2° M e after the Big Bang
Angu Ia r Sca Ie The cosmic microwave background Radiation’s

“surface of last scatter” is analogous to the
light coming through the clouds to our
eye on a cloudy day.
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Summary Plot for Theorists from Planck
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Parameter

6 Model Parameters

Planck (CMB+lensing) Planck+WP+highL+BAO

Best fit 68 % limits Best fit 68 % limits

0022242 0.02217 0.00033 0.022161  0.02214 + 0.00024

0.11805 0.1186 = 0.0031 0.11889 0.1187 £0.0017
1.04150 [.04141 + 0.00067 1.04148 1.04147 + 0.00056
0.0949 0.089 £ 0.032 0.0952 0.092 £0.013
0.9675 0.9635 £ 0.0094 0.9611 0.9608 + 0.0054

3.098 3.085 £ 0.057 3.0973 3.091 £ 0.025

ne—1
) ko = 0.04 Mpc 1




Energy Budget

Atoms
Dark
4.6% Energy
72%
Dark x
Matter
23%
Dark Matter 22.7% Dark Matter
UCIDEL] FR Ay /2.8% Dark Energy
Neutrinos Dark
10 % Matter
63% Before Planck After Planck
Photons
15 %
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)



Curvature of the Universe

Simplest inflationary models predict |Qx| < 107°

Open inflation (e.g. bubble nucleation, landscape) can predict
larger negative spatial curvature, O(10%);

positive curvature (closed universe) much harder to get in
inflationary paradigm.

(g = —0.0004 == 0.0036
(Planck+WP+BAO) -

—0.075 —-0.050 -0.025 0.000
Running spectral index (dns/d In k)




Non-Gaussianity .« ..

D(x) = (I)G(X) - fNL(DG(x)2

Slow-roll single-field inflation: f, <1
Some interesting inflation models predict much higher f,

WMAP9: f,, =37+ 20

Nonlinear effects cause additional non-Gaussianity in the
CMB: coupling between weak gravitational lensing and ISW
from evolving gravitational potential

— This effect was clearly detected by Planck

Planck:
— before correcting for ISW-lensing effect: f, =9.815.8

— ISW-lensing subtracted: f,, = 2.7+5.8



No Evidence for Iso-curvature Perturbations

Isocurvature: spectra

Adiabatic
cpl CDM isocurvature
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Running Spectral Index (dn; /d In k)

—-0.04 -0.02 0.00 0.02

—0.06

RUNNING OF THE SPECTRAL TILT

B Planck+WP+BAO: ACDM + dn./dInk
B Planck+WP+BAO: ACDM + dn./dInk + r
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predictions of monomial chaotic models with Nx ~ [50,60]

Planck+WP: dn,/dInk = —0.013 £ 0.009
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Immediate Future for CMB: B modes

multipole £

h o 3/2 .~1/2 Tensor to scalar ratio: r = Py (ky)/Pe (k)
% = (heC) /(PP <

Non-Gaussianity:  fr o« (¢¢¢)/P2(k)




