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The Importance of Stretching

©) ©) ® ®

Dark Energy
Accelerated Expansion
Development of
Afterglow Light Pattern ~ Dark Ages Galaxies, Planets, etc.
375,000 yrs.

@ Inflation

Present

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

NASATWMAP Science Team

Gabriele Rigo (IPhT, Saclay) A Multiverse Outside of the Swampland 21 May 2025



10.002

Challenges for Inflation
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Challenges for Inflation
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Outline

1. Why Should We Care?
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Fine-Tuning and Symmetry

Bousso—Polchinski Sliding Naturalness
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Fine-Tuning and Symmetry

Bousso—Polchinski Sliding Naturalness

q,

TAKE-HOME MESSAGE

No symmetry — Different signatures
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What Is a Multiverse?
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What Is a Multiverse?

» Causally disconnected patches
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What Is a Multiverse?

» Causally disconnected patches
» Cosmological lifetime

» Scan A and/or m?
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Outline

2. A Model of the Multiverse
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The Swampland

Distance conjecture:
A¢ < Mp
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The Swampland

Distance conjecture:
A¢ < Mp

Refined de Sitter conjecture:

V2oV or min(V,V,V) < -
Pl
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Step by Step

1. Landscape of Minkowski and AdS minima
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Step by Step

1. Landscape of Minkowski and AdS minima

2. Eternal inflation and bubble nucleation

Gabriele Rigo (IPhT, Saclay) A Multiverse Outside of the Swampland 21 May 2025 9/21



Step by Step

1. Landscape of Minkowski and AdS minima
2. Eternal inflation and bubble nucleation

3. Uptunnel to larger vacuum energy
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Step by Step

Landscape of Minkowski and AdS minima
Eternal inflation and bubble nucleation

Uptunnel to larger vacuum energy

sl

Explain last 60 e-folds
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Eternal Inflation

Hilltop potential:
2

V= m2f? <1 -t O(¢/f)4>
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Eternal Inflation

Hilltop potential:

v =mtp(1- £ v ol

Classical vs quantum:

V! H
A(ZSC = aH2 VS A¢q = %
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Eternal Inflation

Hilltop potential:

v =mtp(1- £ v ol

Classical vs quantum:
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What About the Swampland?

MBIV >V Eternal Inflation MZ|V"| >V
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Inflaton Dynamics
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» Sample quantum fluctuations
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» Sample quantum fluctuations

» Patches vs dynamics
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This Multiverse

During Inflation V =V + W
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» All vacua M or AdS of O(—M3))
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This Multiverse

During Inflation V =V + W

*. Classical Rolling [ )
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V After Inflation ,
Vi

» All vacua M or AdS of O(— M)
» Uplifted during eternal inflation
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This Multiverse

During Inflation V =V + W
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V After Inflation ,
Vi

» All vacua M or AdS of O(— M)
» Uplifted during eternal inflation

» Uptunneling becomes possible
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Bubble Wall Dynamics

creation of a baby Universe

Gabriele Rigo (IPhT, Saclay) A Multiverse Outside of the Swampland 21 May 2025 14 /21



Bubble Wall Dynamics

creation of a baby Universe
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Bubbles of False Vacuum

Br — Pt = 4nGnor — M (r,7)

[Blau, Guendelman, Guth 1987]
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Bubbles of False Vacuum

Br — pr = 4nGnor — M (r,7)
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Hawking—Moss
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Hawking—Moss
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The Last 60 e-Folds

Tension between slow roll and Swampland:

\/26 Mp] — Agb > cN, MPI

dN,
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The Last 60 e-Folds

Tension between slow roll and Swampland:

\/26 Mp] — Agb > cN, MPI

dN,

Possible solutions:

» Multifield inflation

» Warm inflation
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Overall Picture
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Getting de Sitter Back

(Np)(N.) ~ 10120, ~ Mpe P
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Getting de Sitter Back
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Conclusions

Contrary to the lore:

» The Swampland is compatible with eternal inflation
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Conclusions

Contrary to the lore:
» The Swampland is compatible with eternal inflation
» We can build a Multiverse with only M and AdS
> With dS, we need O(100) e-folds

» Main challenge from last 60 e-folds
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Thank you!
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Brown—Teitelboim

3-form field A,,, and 4-form field strength £},

S5 / dizy/= ( 15 Furon P97 +
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Brown—Teitelboim

3-form field A,,, and 4-form field strength £},
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Bousso—Polchinski
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Bousso—Polchinski
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Sliding Naturalness

Landscape of Higgs mass, 6 and CC values
—Af <mj < AR
—r<f0<m

=

(23
(i
det

Qe G

[D’Agnolo, Teresi 2021]
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Sliding Naturalness

Landscape of Higgs mass, 6 and CC values
—Af <mj < AR
—r<f0<m

=

(23
(i
det

Qe G

After reheating and a time
te~107"s
All patches where the Higgs vev is far from the weak
scale or the QCD @-angle is large crunch

()~ v <3> =

(23 <

(;)(

I

er

[D’Agnolo, Teresi 2021]
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Sliding Naturalness

Landscape of Higgs mass, 0 and CC values fter reheating and a fime Only universes with the observed value of the weak
A2 < m2 < A2 o scale and f can live for cosmologically long times.
el < te~ 107" s Today the multiverse looks like:
== All patches where the Higgs vev is far from the weak
=~ scale or the QCD @-angle is large crunch
et
(h) ~v (h) ~v
o =3 ey <1 <1
23
h) ~v h) ~v
h=v (hy=v W= W= (h) (hy
(23} bt f<1 s o<1 <1
[D’Agnolo, Teresi 2021]
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An Example Model
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An Example Model
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