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Simplest incarnation: a slowly rolling scalar field in FRW spacetime, ds2 = dt2 − a(t)2dx2

Φ̈ + 3H Φ̇ + V ′(Φ) = 0

H ≡ ȧ
a =

(

ρΦ

3M 2
P

)1/2 with
ρΦ =

1
2 Φ̇

2 + V(Φ)

PΦ =
1
2 Φ̇

2 − V(Φ)

V(Φ)

Φ

When inflation ends, reheating begins
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(aH)−1Credit: Héctor Ramírez

∆T/T ∼ 10−5 in the CMB
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Quantum fluctuations in Φ, g, are strechted by expansion
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Quantum fluctuations in Φ, g, are strechted by expansion
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Non-minimal GR (singularity-free cosmology)

S =
1
2

∫

d 4x
√−g

(

−R +
R2

6m2

)

Scalar is hidden! ( g̃ → Ω(ϕ)g )

S =
1
2

∫

d 4x
√

−g̃
[

−R̃ + (∂µϕ)
2 − 3

2m2
(

1 − e
√

2/3ϕ
)2]

 PR requires m ≃ 10−5. What is ϕ then?
 Inflaton traverses trans-Planckian distances: radiative corrections

A cry for supersymmetry?
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 Supersymmetry → ϕ can be light:

<latexit sha1_base64="tHoJp/uGEUilByHyGguLTQNNSHs="></latexit>

+ = 0

 Local supersymmetry = supersymmetry + gravity = Supergravity

 Couplings determined by just 3 functions!

• The real Kähler potential K(Φ, Φ̄)

• The gauge kinetic function fab(Φ)

• The holomorphic superpotential W(Φ)

 Problems for inflation

V = eK
[

(

K−1)j
i (K

iW + Wi)(KjW̄ + W̄j)− 3|W |2
]

too steep −O(m2
3/2M 2

P) AdS “holes”
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K = −3 ln
[

T + T̄ − 1
3
∑

i
|ϕi|2

]

+
∑

a

|φa|2
(T + T̄ )na

untwisted twisted

string orbifold compactification
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K = −3 ln
[

T + T̄ − 1
3
∑

i
|ϕi|2

]

+
∑

a

|φa|2
(T + T̄ )na

x

V = e2K/3|W i|2

W =
√

3mϕ(T − 1/2)

Re T =
1
2

e
√

2/3x

W = m
(

ϕ2

2
− ϕ3

3
√

3

)

ϕ =
√

3 tanh(x/
√

6)

W =
√

3mϕ
(

1 + ϕ/
√

3
)

(T − 1/2)

ϕ =
√

3 tanh(x/
√

6)

Pure SU(N,1)/SU(N)×U(1)

S. Cecotti, PLB 190 (1987), 86
J. Ellis, D. Nanopoulos, K. Olive, PRL 111 (2013) 111301
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K = −3 ln
[

T + T̄ − 1
3
∑

i
|ϕi|2

]

+
∑

a

|φa|2
(T + T̄ )na

need for moduli
stabilization

W =
√

3mϕ(T − 1/2)

Re T =
1
2

e
√

2/3x

Pure SU(N,1)/SU(N)×U(1)

S. Cecotti, PLB 190 (1987), 86
J. Ellis, D. Nanopoulos, K. Olive, PRL 111 (2013) 111301
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K = −3 ln
[

T + T̄ − 1
3
∑

i
|ϕi|2

]

+
∑

a

|φa|2
(T + T̄ )na

qu
ad
rat
ic

Starobinsky

W =
√

3mφ(T − 1/2)

Re T =
1
2

e
√

2/3x
+

i√
6

y

na = 3 twisted matter

S. Cecotti, PLB 190 (1987), 86
J. Ellis, D. Nanopoulos, K. Olive, PRL 111 (2013) 111301J. Ellis, MG, D. Nanopoulos and K. Olive, JCAP 08 (2014), 044; JCAP 01 (2015), 010
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‘Regular’ SU(5) Flipped SU(5)×U(1)

Ψi = 10i ∋ {uc,Q, ec}i

Φi = 5̄i ∋ {dc,L}i

νc
i = 1i

Σ = 24
h = 5
h̄ = 5̄

Fi = (10, 1)i ∋ {dc,Q, νc}i ,

f̄i = (5̄,−3)i ∋ {uc,L}i ,

ℓc
i = (1, 5)i ∋ {ec}i ,

H = (10, 1) ,
H̄ = (10,−1) ,
h = (5,−2) ,
h̄ = (5̄, 2)

SU(5) Σ−−→ SU(3)C × SU(2)L × U(1)Y

h−−→ SU(3)C × U(1)EM

SU(5) × U(1)X
H−−→ SU(3)C × SU(2)L × U(1)Y

h−−→ SU(3)C × U(1)EM

Y = T24 =
1√
60

diag(2, 2, 2,−3,−3) Y =
1√
15

T24 +
1
5QX

S. Barr, PLB 112 (1982) 219; J. Derendinger, J. Kim, D. Nanopoulos, PLB 139 (1984) 170
I. Antoniadis, J. Ellis, J. Hagelin, D. Nanopoulos, PLB 208 (1988) 209
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Superpotential

W = λ
ij
1 FiFjh + λ

ij
2 Fīfjh̄ + λ

ij
3 f̄iℓc

j h + λ4HHh + λ5H̄H̄h̄
+ λia

6 FiH̄ϕa + λa
7hh̄ϕa + λabc

8 ϕaϕbϕc + µabϕaϕb

(Partial) Yukawa unification / µ-term

W
✟
✟GUT = yuhuQū + yνhuLνc − ydhdQd̄ − yehdLē + µhuhd

λ2@MGUT λa
7⟨ϕa⟩

Z2 in H: doublet-triplet Higgs splitting

HHh ✟
✟GUT−−→ ⟨νc

H⟩dc
Hh 3 ; not for hu,d

J. Ellis, MG, N. Nagata, D. Nanopoulos, K. Olive, JCAP 07 (2017), 006; PLB 797 (2019), 134864; JCAP 04 (2019), 009
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Strongly segregated inflaton sector, λ0ij
8 ≲ µij

V =
3
4m2

(

1 − e−
√

2/3s
)2

+
81
16ζme

√
2/3s , ζ =

∑

i
µ−1

ii (λ00i
8 )2 + h.c.
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Random parameter scan µij ∼ (0.1 − 0.8)MGUT, λ0ij
8 , λ

ijk
8 ∼ ±(0.1 − 1)

Inflation OK, but mixing during reheating
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SU(5)× U(1) must be broken after inflation

V =

(

3g2
5

10 +
g2

X
80

)

(

|ν̃c
H|2 − |ν̃c

H̄|2
)2

GUT broken along flat-direction
⟨ν̃c

H⟩ = ⟨ν̃c
H̄⟩ ≡ Φ

+
1
8m2e

√
2/3s|ν̃c

H̄|2 + · · ·
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SU(5)× U(1) must be broken after inflation

V =

(

3g2
5

10 +
g2

X
80

)

(

|ν̃c
H|2 − |ν̃c

H̄|2
)2

GUT broken along flat-direction
⟨ν̃c

H⟩ = ⟨ν̃c
H̄⟩ ≡ Φ

+
1
8m2e

√
2/3s|ν̃c

H̄|2 + · · ·

Asymptotic freedom of SU(5) takes care of this! g2(Λc)(Cc − C1 − C2) ≃ 4

101 102

103 10H

101

10H

103

10H

102

10H

condensates decouple

Λc ∼ 108 − 1014 GeV
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Unbroken SU(5)× U(1):

Γ
(

ϕ0 → FiH
)

≃ 10 × |λi0
6 |2

8π

(

1 − Φ2

m2

)

m

Broken SU(5)×U(1):
Γ
(

ϕ0 → νc
i Φ

)

≃ |λi0
6 |2

16π m
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L(ν)
mass = −1

2
(

νi νc
i ϕ̃i

)









0 λij
2 ⟨h̄0⟩ 0

λTij
2 ⟨h̄0⟩ 0 λij

6 ⟨ν̃c
H̄ ⟩

0 λTij
6 ⟨ν̃c

H̄ ⟩ 2µij















νj

νc
j

ϕ̃j






+ h.c.

w

w

� ϕ̃i = ϕ̃0

mνi ≃ m |λii
2 ⟨h̄0⟩|2

|λi0
6 ⟨ν̃c

H̄ ⟩|2 ≃ m m2
u,c,t

|λi0
6 |2M 2

GUT

Random parameter scan 10−4 < |λ10
6 | < 1

Normal Ordering Inverted Ordering
Best fit 3σ range Best fit 3σ range

∆m2
21 [10−5 eV2] 7.39 6.79 − 8.01 7.39 6.79 − 8.01

∆m2
3ℓ [10−3 eV2] 2.525 2.431–2.622 −2.512 −(2.413–2.606)



λ6 also controls neutrino masses...1. No-Scale
Inflation

2. Flipped
cosmology

3. Heavy
gravitinos

<latexit sha1_base64="+bexWW98ZEf9CTG83QNSOaLqu5I="></latexit>

v

4. Preheating 10−16 10−13 10−10 10−7 10−4 10−1

mlightest [eV]

0

500

1000

1500

2000

2500
N
u
m
b
er

ms = 3× 10
13 GeV, hν̃c

H
i = 1016 GeV

NO

IO

10−16× 10−2 2× 10−1P
i
mνi [eV]

100

101

102

103

104

N
u
m
b
er

P
i
m

ν i
>
0
1
2
eV

ms = 3× 10
13 GeV, hν̃c

H
i = 1016 GeV

NO

IO

Planck 2018

.

J. Ellis, MG, N. Nagata, D. Nanopoulos, K. Olive, JCAP 01 (2020), 035; JHEP 05 (2020), 021
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Out of equilibrium decay of νc
i

nB

s = −28
79

( s
∆s

) 135ζ(3)
4π4greh

∑

i=1,2,3
ϵi

in equilibrium at Treh

Φ-dilution

sphaleron conversion

ϵi =

∑

j̸=i Im
[

(

U†

νc (λ
D
2 )2Uνc

)2

ji

]

2π
[

U†

νc (λ
D
2 )2Uνc

]
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g
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Γ(p → π0µ+)flipped

Γ(p → π0e+)flipped

=

(

⟨π0|(ud)RuL|p⟩µ
)2 |(Ul)21|2

(⟨π0|(ud)RuL|p⟩e)
2 |(Ul)11|2
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Untwisted gravity mediation

K = −3 ln

[

T + T − 1
3
∑

i
|φi|2 − 1

3
|z|2 +

|z|4
Λ2

]

Twisted gravity mediation

K = −3 ln
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T + T − 1
3
∑

i
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]

+ |z|2 − |z|4
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Featuring T-inflation

W =
√

3mφ(T − 1/2) + µ2(z + b)
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J. Ellis, MG, D. V. Nanopoulos, K. A. Olive, JCAP 10 (2015), 003
E. Dudas, T. Gherghetta, Y. Mambrini, K. A. Olive, PRD 96 (2017), 115032
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K. Benakli, Y. Chen, E. Dudas, Y. Mambrini, PRD 95 (2017), 095002



Out-of-equilibrium Dark Matter Production1. No-Scale
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φ non-thermal γ thermal γ

matter radiationinflation

Yχ =
nχ

nγ
σγγ→χχ(E) ∝ En
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MG and M. Amin, PRD 98 (2018), 103504



The phase space distribution for φ→ ψ̄ψ
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A heavy gravitino1. No-Scale
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Leading-order universal Goldstino-matter interactions (F =
√

3m3/2MP):

L2G =
i

2F 2

(

Gσµ∂νḠ − ∂νGσµḠ
)

Tµν
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Freeze-in from preheating1. No-Scale
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4. Preheating

Sensitivity to early times = sensitivity to non-perturbative dynamics

Scalar preheating

L =
1
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4. Preheating

Sensitivity to early times = sensitivity to non-perturbative dynamics
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