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Quarks:

Leptons:

SO(10)

: GUTs:
(assuming supersymmetry)

SU(3)c x SU2)Lx U(1)y c Gaur. All known matter particles of one
Examples: Geut = SU(5), Geur= SO(10)  family plus one RH neutrino are in

W=l e e I/E)i
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Inflation = Era of accelerated expansion in the very early universe

picture from WMAP website

Dark Energy
Accelerated Expansion
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Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

| Big Bang Expansion
|-

13.7 billion years
vacuum energy for inflation: typically ~ 10'® GeV (— Grand Unified Theories)

Stefan Antusch 5 Max-Planck-Institut fur Physik, Mtnchen




Outline

= Cosmic inflation: A successul paradigm for the early universe

= How can inflation be realised in particle physics?
= Framework: Local supersymmetry (= supergravity)
= Challenge: The n-problem; Possible solution: Symmetries
= New class of models: ‘Tribrid inflation’ + Symmetries

= Promising inflaton candidate: The ‘Unified Matter Superparticle’
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Why inflation?

: Why is the universe so flat?

Exponential expansion:
“flattens” the universe

Measuring the Curvature
of the Universe

Today: Q, < 0.01; Planck times: Q, < 10-%0
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A. Guth ('81), A. D. Linde,
A. Albrecht and P. J. Steinhard,
V.F. Mukhanov, G.V. Chibisov,

Why inflation? A St S Haviin

: Why is the universe so flat? — Solved!

: Why is the universe so homogenous. In particular,
why is the CMBR so uniform (isotropic on large scales)?

Surface of last
scattering

Our galaxy

&

Photons
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Why inflation? A St S Haviin

: Why is the universe so flat? — Solved!

: Why is the universe so homogenous. In particular,

why is the CMBR so uniform (isotropic on large scales)? — Solved!
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Inflation

Univers primitif

Observable universe
emerged from a small
patch which was in causal
contact before inflation

v Plus: Quantum fluctuations of the
inflaton field can be seed of structure ...
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How can inflation be realised?

» Basic formula: Einstein‘s equations of General Relativity

N\: Cosmological constant

1
RMV o §g/“/R = Agl“/ — SWGNTMV

Energy mementum tensor:
represents particle theory &
content of the universe
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How can inflation be realised?

» Simple and attractive possibility: Slowly rolling scalar field ¢ (minimally coupled
to gravity)

1
T,uz/ == au¢au¢ — Guv (28p¢ap¢ e V(gb))

G the vacuum energy V(9) dominates:\
i gt \/ TGNV (9), important: The field ¢ is

3 dynamical = inflation can end!
@nd the universe “inflates”! =,
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Dynamics during and after inflation

Inflation while vacuum energy
dominates over kinetic energy
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reheating end inflaton
\e 1Iniverse inflation field

Decays of the inflaton:
— matter & antimatter, and

possibly their asymmetry
get produced!
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Requirements for realising inflation

» “Slow roll* inflation: Vacuum energy has to dominate over kinetic energy!

¢ “Slow roll parameters” small: ¢, |n|, § << 1, V ~ V, dominates

e
() 1o (5) (5

“slope of V” “‘inflaton mass”
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The n-problem

» Challenge for realising inflation: Flat enough potential,

® Generic (effective field theory)

I
VCV()% =7 mquHHan
P

® In supergravity (with K = ¢*¢ and V, from F-term)

~ 3| W2
Ve = k'™ (kD Do — 3 2'
¢ MP

_‘.
Vi ~ (]_ S % > VA with DiW =W, + K W
P

E.J Copeland, A.R. Liddle, D.H. Lyth, E.D. Stewart, D. Wands ('94)
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Approaches to solve the n-problem:
3 strategies In supergravity

» Expansion of K in fields/Mg:
Api

2 2
12| X% + ...

Ao
K=ole + 2ot
M3

» 'Shift' symmetry:

: protects Im[¢] from obtaining
Gt o) a SUGRA mass by symmetry!

K Kk f(¢ _|_ ¢*) (used in many works ...)

» Heisenberg symmetry: solves the n-problem for |¢| by

symmetry!

T I e R P P

e f(,O) , with 0= T Ui T* _ |¢|2 Binetruy, Gaillard (‘87),

Gaillard, Murayama, Olive ('95),
T: 'modulus field’ — has to be stabilised SA, Bastero—GiI, Dutta, King, Kostka (,08,,09)
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Approaches to solve the n-problem:
3 strategies In supergravity

» Expansion of K in fields/Mg:

» 'Shift' symmetry: — i

i Symmetries have to be broken

. to allow for slope of V(¢)!
. — approximate symmetries

» Heisenberg symmetry: e
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Can the inflaton field be a Gauge
Non-Singlet in SUGRA inflation?

*) problems pointed out by
Brax et al ('06), Davis, Postma ('08)

Note: ... incomplete table!

K expansion
+

Singlet inflaton in

Copeland et al; Dvali,
Shafi, Schaefer ('94)

H is the inflaton in
'New Inflation’

Shafi, Senoguz ('04)

(?)

Matter field inflaton
in "Tribrid Inflation’

S.A., Bastero-Gil, King,
Shafi ('04)

S.A., Dutta, Kostka ('09)
Postma, Mooij (*10)

S.A., Bastero-Gil, Dutta,
King, Kostka ('08)

S.A., Bastero-Gil,
Baumann Dutta, King,
Kostka ('10)

Singlet large field

Kawasaki et al ('00)

S.A., Bastero-Gil, Dutta,
King, Kostka ('09)
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Unified Matter Inflation in SUSY GUTs

» New class of models: ‘Tribrid Inflation’

W = S(HH — M?) + %(FF,L-)(I:IH)

Waterfall fields Inflaton field(s)

(its F-term provides (= Higgs fields that give

h -singlet
the vacuum energy) mass to the matter fields) (are.here gauge nonzsingiets)

S.A., M. Bastero-Gil, J. Baumann, K. Dutta, S. F. King, P. M. Kostka ("10)
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Unified Matter Inflation in SUSY GUTs

» New class of models: ‘Tribrid Inflation’

W = S(HH — M?) + %(FF,L-)(I:IH)

Waterfall fields Inflaton field(s)

(its F-term provides (= Higgs fields that give .
h -singlet
the vacuum energy) mass to the matter fields) (are.here gauge nonzsingiets)

T — ——— e

The Unified Matter Superparticle: Example: SO(10) GUTs

16, = (qL dosaiac i Jon iy V%)z’ | F; .in representat.ion16 of SO(10)
| F' in representation 16 of SO(10)

Right-handed neutrinos: Get their large masses
after inflation and induce small masses of light v's

S.A., M. Bastero-Gil, J. Baumann, K. Dutta, S. F. King, P. M. Kostka ("10)
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Unified Matter Inflation in SUSY GUTs

Re(H + H), Im(H — H)
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Unified Matter Inflation in SUSY GUTs
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Non-thermal Leptogenesis after Inflation

When the Vg component dominates the universe after inflation ...
16— (qL up es dy Lr

After inflation;,

= The matter-antimatter

. asymmetry of the universe
can be generated very
efficiently via the

| (non-thermal) leptogenesis
mechanism!

Recent study in ‘Tribrid (sneutrino) inflation’:
S.A., Baumann, Domcke, Kostka (‘10)
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Unified Matter Inflation in SUSY GUTs

» Various challenges for such ‘Gauge Non-Singlet' (GNS) inflation models
... all resolved:

SUGRA n-problem can be solved by Heisenberg symmetry:
‘2-loop gauge n-problem’ (pbvaii'95) solved
Monopole problem can be solved

Modulus p stabilized by large vacuum energy Vo during inflation

S.A., M. Bastero-Gil, J. Baumann, K. Dutta, S. F. King, P. M. Kostka (*10)
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In an explicit model: calculation of the
predictions for CMB observables ...

S.A., K. Dutta, P. M. Kostka ('09)

running of the
spectral index (ag)

dns/dInk [1074]

|
T

spectral index ng

2 5 10
2 2
KSH MP/A

M: scale of the
phase transition

very

small

(as typical
for Hybrid
models)

Example: predictions in toy model of "Tribrid inflation”
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Conclusions and Outlook

= Cosmic inflation: A successul paradigm for the early universe
= Challenge: The n-problem

= Big open question: How connected to particle physics?

= New class of inflation models in supergravity: ‘Tribrid Inflation’
= The n-problem can be solved, e.g., by a Heisenberg symmetry

= The inflaton can reside in the matter sector of the theory
= Attractive inflaton candidate: The ‘Unified Matter Superparticle’

= Qutlook: Generalisation of this scenario may also open up new
ways to realise inflation in string theory ...

S.A., Dutta, Erdmenger, Halter (in preparation)
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