
Models of Cosmological 

Inflation

a Bridge between String 

Theory and Particle Physics?



The Hypothesis of Cosmological Inflation

• Why is the Universe so big?

• Why is the Universe so homogeneous (on large scales)?

• Why is geometry (approximately) Euclidean (ΩTot ~ 1)?

• What is the origin of the structures in the Universe?

• A possible answer:

• The Universe grew very rapidly just after the Big Bang

• Pushed by energy in empty space, similar to the Higgs 

field

(Perhaps it was the Higgs field itself?)

• Structures due to quantum fluctuations?



Cosmological Inflation

• Expansion driven by cosmological constant:

(a = scale size)

• Exponential expansion

• All the visible Universe

was once very small

• In close contact:

(almost) homogeneous

• Geometry ~ flat



The Hypothesis of Cosmological Inflation

• All the visible Universe started in very small region

• Then it blew up very 

quickly, like a kid’s ballon

• In this way its geometry 

became almost flat

• Structures originated from 

quantum fluctuations



Primordial Perturbations

• “Cosmological constant” due to vacuum energy in 

“inflaton” field ϕ: Λ ~ V(ϕ) ≠ 0

• Quantum fluctuations in ϕ cause perturbations in 

energy density (scalar) and metric (tensor)

• (Almost) independent of scale size

• Visible in cosmic microwave background (CMB)



Cosmological Inflation in Light of Planck

A scalar in the sky? Supersymmetry/supergravity?



CMB: Opportunity & Challenge

• Unique probe of (very) high-energy scale

• Close to string scale?

• Detailed measurements

 Many probes of models of inflation

• Connection with collider physics via pattern of 

inflaton decay?

• Use string-motivated framework to construct 

models of inflation

• No-scale supergravity (+ flipped unification)



The Spectrum of Fluctuations in the 

Cosmic Microwave Background

The position of the first peak

 total density ΩTot

The other peaks

depend on density of

ordinary matter Ωatoms

& dark matter ΩDark



Slow-Roll Inflation

• Expansion driven by cosmological constant:

• Getting small density perturbations requires a 

“small” potential:

• That is almost flat: , small

so as to get sufficient e-folds of expansion:



Inflationary Perturbations in a Nutshell

• Universe expanding like de Sitter

• Horizon  information loss mixed state

• Effective ‘Hawking temperature’ H/2π

• Expect quantum fluctuations:

<ϕϕ>, <hh> ~    H2

(inflaton, gravitational field: gμν = ημν + hμν)

Scalar (density), tensor perturbations

• Should have thermal spectrum

• Scalars enhanced by evolution of ϕ r ~ ε



Main CMB Observables

• Scalar and tensor perturbations

• Tilt in scalar spectrum (running down hill)

• Tensor perturbations = gravitational waves of 

quantum origin

• Tensor/scalar ratio:

• Are perturbations ~ Gaussian?

– Look for deviations, e.g., fNL

• Expected to be small in slow-roll models
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• Links to low-energy physics?

– Only SM candidate for inflaton is Higgs

• BUT negative potential, ….

• Link to other physics?

– SUSY partner of RH (singlet) neutrino?

– Some sort of axion?

• Links to Planck-scale physics?

– Inflaton candidates in string theory?

– Inflaton candidates in compactified string models?

Challenges for Inflationary Models



Starobinsky Model

• Non-minimal general relativity (singularity-free 

cosmology):

• No scalar!?

• Conformally equivalent to scalar field model:

• Inflationary interpretation, calculation of 

perturbations:

Starobinsky, 1980

Mukhanov & Chibisov, 1981

Stelle; Whitt, 1984



Higgs Inflation: a Single Scalar?

• Standard Model with non-minimal coupling to 

gravity:

• Consider case : in Einstein frame

• With potential:

Similar to Starobinsky, but not identical

• Successful inflationary potential at 

Bezrukov & Shaposhnikov, arXiv:0710.3755



Problem for Higgs Inflation

• Large Mh → large self-coupling → blow up at 
low-energy scale Λ due to 

renormalization

• Small Mh: renormalization 

due to t quark drives 

quartic coupling < 0

at some scale Λ

→ vacuum unstable

• Negative potential not suitable for inflation

• Problem avoided with supersymmetry

Degrassi, Di Vita, Elias-Miro, Giudice, Isodori & Strumia, arXiv:1205.6497

Instability @

~ 1011 GeV



What lies beyond the Standard Model?

Supersymmetry
• Stabilize electroweak vacuum

• Successful prediction for Higgs mass

– Should be < 130 GeV in simple models

• Successful predictions for couplings

– Should be within few % of SM values

• Naturalness, GUTs, string, …, dark matter

New motivations

From LHC Run 1



Inflation Cries out for Supersymmetry

• Want “elementary” scalar field

(at least looks elementary at energies << MP)

• To get right magnitude of perturbations

prefer mass << MP

(~ 1013 GeV in simple φ2 models)

• And/or prefer small self-coupling λ << 1

• Both technically natural with supersymmetry

JE, Nanopoulos, Olive  & Tamvakis 1983



Inflation cries out for Supergravity

• Stabilize ‘elementary’ scalar inflaton

(needs mass << mP and/or small coupling)

• Supersymmetry

• The only good symmetry is a local symmetry

(cf, gauge symmetry in Standard Model)

• Local supersymmetry = supergravity

• Early Universe cosmology needs gravity

• Supersymmetry + gravity = supergravity



No-Scale Supergravity Inflation

• Supersymmetry + gravity = Supergravity

• Include conventional matter?

• Potentials in generic supergravity models have 

‘holes’ with depths ~ – MP
4

• Exception: no-scale supergravity

• Appears in compactifications of string

• Flat directions, scalar potential ~ global model + 

controlled corrections
JE, Nanopoulos & Olive, arXiv:1305.1247, 1307.3537, …

Cremmer, Ferrara, Kounnas & Nanopoulos, 1983

Witten, 1985

JE, Enqvist, Nanopoulos, Olive & Srednicki, 1984



Old No-Scale Supergravity Model of 

Inflation

• No ‘holes’ in 

effective potential 

with negative 

cosmological 

constant

JE, Enqvist, Nanopoulos, Olive & Srednicki, 1984



No-Scale Supergravity Inflation Revived

• Simplest SU(2,1)/U(1) example:

• Kähler potential:

• Wess-Zumino superpotential:

• Assume modulus T = c/2 fixed by ‘string 

dynamics’

• Effective Lagrangian for inflaton: 

:

• Modifications to globally supersymmetric case

• Good inflation possible …

JE, Nanopoulos & Olive, arXiv:1305.1247



No-Scale Supergravity Inflation

• Inflationary potential for 

JE, Nanopoulos & Olive, arXiv:1305.1247

Special case = Starobinsky



If it looks and smells like Starobinsky …

• Starobinsky model:

• After conformal transformation:

• Effective potential:

• Identical with the no-scale Wess-Zumino model 

for the case

… it actually IS Starobinsky
JE, Nanopoulos & Olive, arXiv:1305.1247

Is there more profound connection?

Cecotti, 1987



See also …

• Nakayama, Takahashi & Yanagida – arXiv:1305.5099

• Kallosh & Linde – arXiv:1306:3214

• Buchmuller, Domcke & Kamada – arXiv:1306.3471

• Kallosh & Linde – arXiv:1306.5220

• Farakos, Kehagias and Riotto – arXiv:1307.1137

• Roest, Scalisi & Zavala – arXiv:1307.4343

• Kiritsis – arXiv:1307.5873

• Ferrara, Kallosh, Linde & Porrati – arXiv:1307.7696

• … over 100 papers

Review



Beyond Starobinsky

• Exponential 

approach to constant 

potential:

• Relations between 

observables:

• E.g., multiple no-scale moduli:

• Characteristic of generic string 

compactifications

• Tensor/scalar ratio may be < 

prediction of

Starobinsky

model:

• String phenomenology via the 

CMB? JE, Nanopoulos & Olive, arXiv:1307.3537

Ferrara, Kallosh, Linde & Porrati – arXiv:1307.7696



How many e-Folds of Inflation?

• General expression:

• In no-scale supergravity models:

• Prospective constraint on inflaton models?

Amplitude of

perturbations

Equation of state

during inflaton decay

Inflaton

decay rate

JE, García, Nanopoulos & Olive, arXiv:1505.06986



Planck Constraints on # of e-Folds

• Starobinsky-like no-scale models

JE, García, Nanopoulos & Olive, arXiv:1505.06986

Starobinsky



Gravitino

Constraints on 

Inflaton Decays

• Production related to

inflaton decay rate

• Constraint from success of Big-Bang nucleosynthesis:

• Constraint from dark matter abundance:

JE, García, Nanopoulos, Olive & Peloso, arXiv:1512.05701



Planck Constraints on # of e-Folds

JE, García, Nanopoulos & Olive, arXiv:1505.06986

Planck 68%

lower limit

Planck 95%

lower limit

(= Inflaton decay coupling)

(Inflaton decay rate/mass =)

Gravitino

constraint



General Analysis of Reheating

• Selected models:

1): R2, Higgs

2): Φ2

3): Φ4

4): Φ2/3

5): Φp, p in [0.2, 6]

6), 7), 8): hilltop

9): brane

10): natural

11): α attractors
JE & Wands, PDG 2016 

Vennin, adapted from Martin, Ringeval & Vennin



Inflationary Dream

• String-inspired 

inflationary 

model with 

inflation by a 

Kähler modulus:

• Ni = 1

• N* in [44, 59]
Bouchet & di Valentino



• Grand Unification within SU(5)

• Embed in no-scale supergravity

• Inflation via a combination of 5, 5* Higgs fields

• Avoids the problems of the original Higgs inflation 

model: potential positive

• Interpolates between

the Starobinsky model

(Planck) and a quadratic

potential (BICEP2)

New Higgs Inflation in No-Scale SUSY GUT: I

JE, He & Xianyu, arXiv:1411.5537



• Grand Unification within flipped SU(5), Pati-Salam

• Can be Starobinsky-like, not necessarily

• Also SO(10) model …

New Higgs Inflation in No-Scale SUSY GUT: II

JE, He & Xianyu, arXiv:1606.02202

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1609.05849



Icarus or Daedalus?



A Model of Everything

• Simple GUT models (SU(5), SO(10)) not obtained 

from weakly-coupled string

– They need adjoint Higgs, …

• Flipped SU(5)×U(1) derived, has advantages

– Small (5-, 10-dimensional) Higgs representations

– Long-lived proton, neutrino masses, leptogenesis, …

• Construct model of Starobinsky-like inflation 

within flipped SU(5)×U(1) framework

Flipped


Almost


Below the Planck Scale



JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



Flipped SU(5)×U(1) GUT Model

• Fields:

– Matter: Higgs:

– Singlets:

• Superpotential:

• No-scale Kähler potential:

• D-terms:

• Symmetry breaking:

• Proton lifetime:

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



Starobinsky-Like Inflation

• Need superpotential:

• Identify inflaton S with some combination of  Φa, 

consider 2 scenarios:

• 1) Hierarchy of scalars* with one light eigenstate Φ0
D:

• :

• “Starobinsky” condition:

* Consider later scenario 2) no scalar mass hierarchy 

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



Starobinsky-Like Inflation in Scenario (1)

• Consider case of (relatively) large λ:

• Potential

• Where

• Starobinsky-like for small Λ: main constraint ns



• Consider case of (relatively) small λ:

where

• Starobinsky-like for small Λ’: main constraint ns

Starobinsky-Like Inflation in Scenario (1)



• Multiple light singlet states: correction to Starobinsky

potential:

where

• Multi-field effects not a problem, steep valley:

Starobinsky-Like Inflation in Scenario (2)



• Constraints including numerical calculations of 

evolution of inflaton and other scalar fields

Full Numerical Calculations
JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



• Consider 2 options:

• (A) Inflaton decouples from neutrinos

– Inflaton decays to Higgs(inos): leptogenesis difficult

• (B) Inflaton couples to neutrinos

• Double seesaw mass matrix, 2 heavy states, couplings 

where

• Constraints from neutrino data, easier leptogenesis

Neutrino Masses & Mixing



• To avoid overproduction of dark matter via gravitinos

if no later entropy

• With entropy factor Δ, if inflaton couples to neutrinos:

• Normal neutrino mass hierarchy preferred

• Weak or strong reheating? Too much extra entropy?

Neutrino Masses & Inflaton Coupling
JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



• At the end of inflation, flipped SU(5)×U(1) unbroken

• At lower scales, α5 increases, condensates form 

breaking SU(5):

• Typical condensation scale:

• Temperature-dependent 

effective potential

• Possibility of trapping at

origin, excessive entropy

release: avoid if 

The GUT Phase Transition
JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



• Entropy release

• Relaxes gravitino production constraint, little effect on 

number of inflationary e-folds:

• Standard leptogenesis if inflaton couples to neutrinos:

Entropy Release & Baryogenesis
JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



No-Scale Framework for Particle 

Physics & Dark Matter

• Incorporating LHC 
constraints, Higgs 
mass, flavour, 
supersymmetric dark 
matter, Starobinsky-
like inflation, 
leptogenesis, neutrino 
masses, … 

JE, Nanopoulos & Olive, arXiv:1310.4770 (~ gluino mass)



• Starobinsky-like inflation can be embedded within 

flipped SU(5)×U(1) model

• Inflaton coupling to neutrinos preferred for 

baryogenesis – implications for neutrino masses

• Prefer strong reheating after inflation for same reason

• Example how inflation can connect string theory (no-

scale supergravity, GUT derived from string) with 

particle physics accessible to experiment (neutrinos, 

dark matter, proton decay, LHC, …)

A Model of Everything
Flipped


Almost


Below the Planck Scale



JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



Summary

• Inflation may solve some of the biggest problems 

in cosmology: age, size, homogeneity, flatness, …

• Open season for building inflationary models

• Inflation cries out for supersymmetry

• Cosmology requires supergravity

• Natural framework: no-scale supergravity

• Derived from string theory

• CMB data can constrain models of particle physics

• Will the LHC discover supersymmetry?


