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LWhy Inflation

Horizon and Flatness Problem
Horizon problem

Visible Universe is Homogenous and Isotropic

CMB is homogenous on super horizon scales
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= /d(ln a)IJa{ af’/z
0
Flatness problem
Universe is quite flat (2 = 1)
Q = 1 is unstable fixed point
0_1__k Nk{ t2/3 MD (a ~ t3/3)
(aH)? t

RD (a~ t'/?)

«O0>» «FT» « >



LWhy Inflation

Inflation: Fixing Flatness and Horizon Problem

Flatness/Horizon problem from increasing Hubble radius
Hubble radius shrinks during inflation

diiN_1d /1) o
dt \Ha) Hdt\a
Comoving horizon r (i.e. conformal time) roughly constant
d 1
T = / dina <
0

)
Apparent causal contact, (Ha)~", shrinks
Flat universe becomes attractor

Q-—1=-

(aH)?
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LQuadratic Inflation In SUSY

Why Supersymmetry

Stabilizes the weak scale
Weak scale is protected from radiative corrections
Some fine tuning is better than a lot of fine tuning

Unification of the couplings is virtually automatic
SO(10) unification right handed neutrinos automatic
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LQuadratic Inflation In SUSY

Why Supersymmetry
Stabilizes the weak scale

Weak scale is protected from radiative corrections

Some fine tuning is better than a lot of fine tuning
Unification of the couplings is virtually automatic

SO(10) unification right handed neutrinos automatic

Higgs mass < 140 GeV
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LQuadratic Inflation In SUSY

Why Supersymmetry
Stabilizes the weak scale

Weak scale is protected from radiative corrections

Some fine tuning is better than a lot of fine tuning
Unification of the couplings is virtually automatic

SO(10) unification right handed neutrinos automatic

tanB=5, Ao/mo=0, Min=Mgur, u>0

Higgs mass < 140 GeV
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LOuadratic Inflation In SUSY

Large Field Inflation: SUGRA
Large field inflation requires SUGRA
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LOuadratic Inflation In SUSY

SUGRA Inflation: Shift-Symmetry

Canonical shift symmetric Kéhler
K=blorolt

L= g"0.60,6" —
Exponentially steepening gone for ¢,

K

® %
V=e"[.]=e"].]
Stabilizer field prevents UFB (-)
Vo~ et [ —3—\¢ | }
Inflation possible along x, g = 0 and ¢, # 0 flat direction
m
= 7@5?
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LSneutrino Chaotic Inflation

Neutrinos and the seesaw Mechanism
Neutrinos oscillations well established
Right-handed neutrinos possible explanation

W = Wyssu + Y, HuLN + %NTMNN
Seesaw explains small neutrino masses
My ~10%GeV — Y, ~1

14
Snuetrino is natural candidate for inflation
Seesaw scale ~ inflation scale

Simple models are complicated by SUGRA

M,
Vo~ elMF <MN|N1|2_ glM N| |N1|4>
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LSneutrino Chaotic Inflation

Sneutrino Chaotic Inflation
Shift symmetry simply realized

1 2
K= ’Ng + Ng‘ +INg 2+ N2
Stabilizer field less simply realized

Murayama, Suzuki, Yanagida, Yokoyama

1 0 M O
WDMN2N3+§mN12 My=| M 0 0
0 0 m

Quadratic Inflation along Im(Ns)

2
V ~ 7Im(N3)2

Murayama, Suzuki, Yanagida, Yokoyama
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LSneutrino Chaotic Inflation

Quadratic chaotic inflation
Quadratic chaotic inflation

V= %mzqsz
Slow roll parameters (¢(t/) ~ 2v/NMp)

_ MR (Ve
‘T2 \v

%4 1
Y
v "My N
Power spectrum and spectral index (m ~ 10'3 GeV)
1/2
bV
2\/67m\/eMp

. ns—12217—662.
r:166:.
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LSneutrino Chaotic Inflation

Planck Satellite Results
Quadratic inflation ruled out

Need something flatter

Planck TT+lowP
Planck TT+lowP+BKP

+lensing+ext
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LSneutrino Chaotic Inflation

More Natural Sneutrino Chaotic Inflation

Generic Majorana mass matrix more natural (W > M;;N;N;)
How does this affect inflation?

Simplified two field sneutrino chaotic inflation
_ o2
W= m<N1N2 n 2N1)

P Mp?

K=o [N+ N |+ NG P
For 11 # 0, No, # 0 — two field inflation

N_1l = 10Mp
#=0.03

e 3 2
7N12/eMP |:1 +/”’2_

2M3
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LSneutrino Chaotic Inflation

Single Field Approximation

N>, can be integrated out

N, = (2#N1,M,%>1/3 _1

GMM’

Effective potential flatter

1
V= _mPN2
2 1

3 [Ny 3 13
— T _

1Ny, \ 2
24 \ Mp
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LSneutrino Chaotic Inflation

r and ns for Generic Sneutrino Inflation

Flatness of potential ;» dependent

] ,uN1
—mPN2 |1 - = (21
v_sz1,{1 25/3<Mp>

4/37E (MN1/>2
24 \ Mp

4 = [0,0.01,0.02,0.03,0.04]

m~15x10"3
3 Neutrinos — flatter potential?
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L Leptogenesis

CP Violation of the Neutrino Sector

Six non-trivial Neutrino CP violating phase
Global Fits before Nova experiment

5 =266  (1.4777) ufit
Nova somewhat confirms these results (Messier Talk)

DCP

LEM 2.74x10° POT equiv. sin®t,, = 0.50

— Normal hierarchy
— Inverted hierarchy
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L Leptogenesis

Leptogenesis
Generating the BAU
Baryon number violation

CP violation

Non-equilibrium

Neutrino decays violate L '(+ Sphaleron) and CP

N decay to particles and anti-particles
non-trivial phase in neutrino sector

Non-equilibrium from inflaton decays

Don’t produce thermal densities

Decay of lightest right handed neutrino generate BAU
My, = 10°GeV

TrH 2 M,
Works for both sneutrino inflations
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LLeptogenesis

Affleck-Dine Baryogenesis

CP violation from ¢" (n > 2 original paper)
Lepton number < angular momentum

The evolution of snuetrino fields can carry lepton number
. 'Z { LaN;

dN*
dt "t

Z[N:m Ni;, 0] x

& [Nig, N, 0]

Converted to lepton asymmetry by decays t

SM_ﬁ ields



L Leptogenesis

CP Violation for AD Baryogenesis
Shift symmetry forbids rephasing of Ny
1 2
K=5(N+N) +.
Rephasing N> — overall phase of W

—i¢
W: m<N1N2+ ‘/’L‘e

i)
V independent of phase of W
K

i . Kl K
_ =1 *f i 4
V=e {(K )/_(W +—M§W)(W,+ W)

2
s14f]
MP

P
Gravitino mass prevent removal of phase

W = mgoMB + me™ <N Ny +

2 >
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L Leptogenesis

Affleck-Dine From CP Violating Mass

Fairly accurate toy model

V = mB|N]? + mms (N2 + N*2)

Initial Conditions (End of inflation)

Ng = O(mzoNo) Ny = O(mNo)
Np =N, =0

Lepton asymmetry oscillates

(m3/2 < m)
ng . .
— = Mg o SiN(2mt) + msin(my ot
No 3/2 Sin(2mt) + (mgot)
Freq. &+ mass eigenvalues
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L Leptogenesis

Affleck-Dine From CP Violating Mass

(N) < m, mass term dominates evolution

My, # M, — different osc. frequencies for N and Nj,
Lepton asymmetry oscillates(Toy Model)

Frequency of oscillation differences of masses Am « u

Decay width >> slow oscillation frequency
Prompt decay suppresses n;

o e My [Mp
s s _27153/3 m r

1/3
5 pr (0.02\'% h /1 m %2
My = 3.6GeV) ( 1A ) 0.1 <1013GeV>
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L Leptogenesis

Reheating and Gravitino Problem

Yng ~ 0.1 set by inflaton mass
High Reheat temp., H ~ T

h m
Tr~4x108%GeV—/ —a——
R 4x 107GV T\ 013Gev
Thermal bath overproduces gravitinos

Ya/2 =23 x107° ( Ta

10‘3GeV)
Gravitino decay to LSP overclose universe

stphZ = 64 ( TH

mi?
1 013G6V> < 1 00G6V>

«O>» «Fr <«




L Leptogenesis

Preventing Overclosure
Really light DM can fix problem.
wisph? = 6.4 x 1072 ( Ta

m;(?
1 013GeV) < 1 OOMeV)

R- parity violation makes LSP unstable

W = X\ UUD + NjL - LE ...
Gravitino decays before LSP freezeout

misp \2/3
> 107 v( )
Maj2 107 GV 760 Gev
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L Leptogenesis

Conclusions

Inflation solves Cosmological fine tuning

Most inflation models have no contact with low scale
Seesaw sneutrino scale similar to inflation scale

Quadratic chaotic inflation is basically ruled out
More general/natural W revives the model

BAU connected to inflation

Additional possibilities for Leptogenesis

Standard Leptogenesis scenario works fine
AD baryogenesis also possible

Reheat problem unavoidable, but ...
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