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Cosmology and string theory

• 4 cosmological epochs where string theory is needed to control Planck scale physics: 

i) Small and large field inflation ii) Kination after inflation

iii) Reheating

[MC,Conlon,Maharana,Parameswaran,Quevedo,Zavala]

iv) Dark energy 



4D string models

Hidden brane

Hidden brane

SM brane
Moduli

Fluxes Calabi-Yaus

Fluxes

vacuum 1

Landscape of string vacua vacua which reproduce SM + slow-roll inflation driven by 

6D Calabi-Yau

10D string theory compactified on 6D CY

KK 0-modes of 10D metric yield 4D moduli  

-dependent EFT: gYM (), Yijk (), MSUSY (), 

                               m (), Hinf (), (), …

Moduli stabilisation: generate V() to fix <> 

                                 at minimum



Type IIB 4D EFT

• Focus on 4D EFT of type IIB flux compactification on CY orientifolds

• Closed string moduli:

i)  axio-dilaton

ii) complex structure (shape) moduli

ii) Kaehler (size) moduli 

• Tree-level Kahler potential and superpotential

• Tree-level F-term potential for 𝜕𝑇𝑊 = 0 and no-scale cancellation: 

• Fix S and z-moduli at 𝐷𝑧𝑊 = 𝐷𝑆𝑊 = 0                                                        

• SUSY-breaking (due to FT ≠ 0) Minkowski minimum with flat T-moduli

• Mass spectrum: 

𝐾 = −2 ln𝒱(𝜏𝑖) − ln S + തS − ln(−𝑖∫ Ω(z𝛼) ∧ ഥΩ)

𝑉 = 𝑒𝐾 𝐷𝑧𝑊
2 + 𝐷𝑆𝑊

2 ≥ 0

𝑊 = ∫ (𝐹3+𝑖𝑆𝐻3) ∧ Ω = 𝑊(𝑆, 𝑧𝛼)

𝐾𝑇ത𝑇𝐾𝑇𝐾 ത𝑇 = 3

𝑇𝑖 = 𝜏𝑖 + 𝑖𝜃𝑖 𝑖 = 1, … , ℎ1,1

𝑧𝛼 𝛼 = 1,… , ℎ1,2

𝑆 = 𝑔𝑠
−1 + 𝑖𝐶0

𝑊0 = 𝑊(𝑆, 𝑧𝛼) ∼ O(1)

𝑚𝑧 ∼ 𝑚𝑆 ∼ 𝑚3/2 ∼
|𝑊0|𝑀𝑝

𝒱
≫ 𝑚𝑇 = 0



Numerical flux vacua
[Chauhan,MC,Krippendorf,Maharana,Piantadosi,Schachner]

ℎ1,2 = 2 ℂℙ 1,1,1,6,9
4 ℤ6 × ℤ18

Compare with 15392 solutions of 

Finding all flux vacua

in an explicit example

[Martinez-Pedrera et al, 2012]

|𝑊0| = 5.547 × 10−5

𝑚𝑚𝑜𝑑 ∝ 𝑚3/2

𝑚3/2 ∼
|𝑊0|𝑀𝑝

𝒱

• Numerical searches of flux vacua using Machine Learning (JAXVacua)

• Exhaustive searches in targeted regions of moduli space of type IIB Calabi-Yau flux vacua

• Example with              :                   at symmetric locus

• Distribution of |W0|

• for dataset D without perturbatively flat vacua



Numerical flux vacua
[Chauhan,MC,Krippendorf,Maharana,Piantadosi,Schachner]

• No continuous flux approx.              distribution of actual flux vacua beyond [Denef,Douglas]

• Distribution of moduli masses

dataset B
axions heavier than saxions and dilaton lightest mode



Numerical flux vacua
[Chauhan,MC,Krippendorf,Maharana,Piantadosi,Schachner]

• Principal Component Analysis to find patterns of variations of flux quanta:

i) Diagonalise covariant matrix via orthogonal basis of principal components (eigenvectors) 

ii) Eigenvalues give variance along that direction in flux space

• Correlations between flux quanta and |W0|

Parameter compression: 

12D flux space effectively

reduced to 5D!

dataset A



Inflating with Kaehler moduli

• Slow-roll inflation driven by Kaehler moduli  with canonical inflaton 𝜙

• Volume 𝒱 couples to all sources of energy due to e𝐾 = 𝒱−2

no 𝜙-independent plateau if 𝜙 ≡ 𝒱

𝜙 should be a direction ⊥ 𝒱: 𝜙 ≡ τϕ

• Each term in 𝑉 depends on 𝒱

𝑉 ϕ ≃ V0 if leading dynamics fixes 𝒱 but not τϕ

𝜙 ≡ τϕ is a leading order flat direction with an approximate shift symmetry

• Type IIB Kaehler sector: 

tree-level: no-scale cancellation 𝑉𝑡𝑟𝑒𝑒 𝜏𝑖 = 0

𝑂 𝛼′2𝑔𝑠
2 : extended no-scale cancellation 𝑉𝛼′2𝑔𝑠2 𝜏𝑖 = 0

𝑂 𝛼′3 : leading no-scale breaking effect lift only 𝒱 𝑉𝛼′3 𝜏𝑖 ∼ 𝒱−3

𝑂 𝛼′4𝑔𝑠
2 or 𝑂 𝛼′3𝐹4 : subleading quantum effects lift τϕ which drives inflation

[Burgess,MC,Quevedo,Williams][Burgess,MC,deAlwis,Quevedo]

[MC,Conlon,Quevedo]

𝑉 ϕ = 𝑉0 1 − 𝑔 ϕ ≃ 𝑉0 with 𝑔 ϕ ≪ 1 for ϕ ≫ 1

[Becker et al]



Plateau inflation with Kaehler moduli

𝑔 ϕ ∝ 𝑒−𝑎𝒱
2/3ϕ4/3 with r ∼ 10−10 Δϕ ≪ 𝑀𝑝

𝑉 ϕ = 𝑉0 1 − 𝑔 ϕ

𝑔 ϕ ∝ 𝑒−𝑏 𝑒
cϕ

with r ∼ 10−5 Δϕ ∼ 0.1 𝑀𝑝

𝑔 ϕ ∝ 𝑒−pϕ with r ∼ 0.007 Δϕ ∼ 5 𝑀𝑝

𝑔 𝜙 ∝
1

𝒱1/3ϕ2/3
with r ∼ 10−5 Δϕ ∼ 0.1 𝑀𝑝

• Non-perturbative Blow-up Inflation:

• Non-perturbative Fibre Inflation:

• Loop Fibre Inflation:

• Loop Blow-up Inflation: 

[Conlon,Quevedo][Bond et al]

[MC,Pedro,Tasinato][Luest,Zhang]

[MC,Burgess,Quevedo][Broy et al]

[MC,Ciupke,deAlwis,Muia]

[Bansal,Brunelli,MC,Hebecker,Kuespert]

[MC,Grassi,Lacombe,Pedro]

Explicit CY example with branes and fluxes



PBHs and secondary GWs in Fibre Inflation

• LVS in fibred CY: 𝑉 = 𝑉𝑙𝑒𝑎𝑑 𝒱, 𝜏𝑑𝑃 , 𝜃𝑑𝑃 + 𝑉𝑖𝑛𝑓 𝜏𝐾3 + 𝑉𝑠𝑢𝑏 𝜃𝑃1, 𝜃𝐾3

• Loop Fibre Inflation:
  

𝑉𝑖𝑛𝑓 ≃ 𝑉0(1 −
4

3
𝑒−𝜙/ 3)       and       𝐻𝑖𝑛𝑓 ≃ 10−5𝑀𝑝

•  PBHs with                                     from ultra slow roll with P1 and K3 as spectators

 

• Detectable secondary GWs:

[MC,Burgess,Quevedo]

[MC,Diaz,Pedro]

[MC,Pedro,Pedron]

𝒱 = 𝑡𝑃1𝜏𝐾3 − 𝜏𝑑𝑃
3/2



Spectator axions and PBHs in Fibre Inflation

•    Decaying isocurvature modes if P1 and K3 are ultra-light 

• Motion along K3 during ultra slow roll if 𝑚θ𝐾3 ∼ 0.1 𝐻
         

                   isocurvature modes source curvature modes due to non-zero turning rate

                   K3  helps reducing tuning on V to obtain PBHs

WIP: [MC,Lorenzoni, 

McDonough,Pedro]

[MC,Guidetti,Muia,Pedro,Vacca]

P1 
K3 



Kination after volume inflation

• Modulus domination after inflation can be matter (Fibre Infl.) but also kination

• Example: Volume inflation around inflection point
[Conlon,Kallosh,Linde,Quevedo] [MC,Muia,Pedro]

zoom 

to get high scale inflation and low-energy SUSY as 𝑚3/2 ∼
𝑊0𝑀𝑝

𝒱



Kination after brane-antibrane inflation

• Rolling moduli after brane-antibrane inflation

• D3-antiD3 inflation without -problem due perturbative 𝒱 fixing

• During inflation:

• Brane annihilation after inflation: 

𝑉 ϕ = 𝐶0 1 −
𝐶1
ϕ4

𝜙 = 𝑇𝐷3 𝑟

volume
volume

inflaton

during inflation

after inflation

V

𝒱2/3 = 𝜎 = 𝜏 −
1

6
𝑀𝐾𝐾𝑟

2 → 𝜏 at end of inflation

𝑊𝑋 → 0

𝑊 = 𝑊0 + 𝑋𝑊𝑋(𝑟)

[MC,Hughes,Kamal,Marino,Quevedo,Ramos,Villa]



A cosmic superstring network?

• Generic stringy features after inflation: 

i) Fundamental strings: initial population of string loops

ii) Evolving moduli: kination due to rolling volume 𝒱

iii) Field-dependent scales: tension of F-strings controlled by 𝒱

• Volume increases decreasing tension

growth of comoving radius of cosmic strings

𝜇 ≃ 𝑀𝑠
2 ≃

𝑀𝑝
2

𝒱
= 𝑀𝑝

2 𝑒− 6 𝛽 𝜙/𝑀𝑝 𝛽 = 1/2

strings can percolate and form a network with emission of high freq GWs

2𝐻 +
ሶ𝜇

𝜇
< 0

[Ghoshal,Revello,Villa]

kination

enhanced

𝒱 decay

[Conlon,Copeland,Hardy,Gonzales]

[MC,Hebecker,

Jaeckel,Wittner]



Growth of cosmic strings

• 3 regimes for growth of comoving radius: 

i)  F-strings during kination

ii) F-strings in scaling fixed points

iii) Effective strings from D3s or NS5s on fibration cycles

• Dynamical system: 

strings with -dependent  and negligible loop + fluid +  with 𝑉 𝜙 = 𝑉0𝑒
−𝜆𝜙

[Conlon,Copeland,Hardy,Gonzales][Revello,Villa]

[Brunelli,MC,Pedro]

kination unstable

fixed point   

growth

area

fluid dom.

pure dS scaling stable

fixed point   

𝜔 = 1/2

D3 strings on ℙ1F-strings



Cosmic strings and overshooting

• If loop is not negligible, new loop tracker for F-strings

• No overshooting of LVS minimum for NS5-strings without radiation! [Brunelli,MC,Pedro]

[Gonzalez,Conlon,Copeland,Hardy]

overshooting? 

NS5-strings

D3-strings

F-strings

friction from radiation? 

𝜌𝑘𝑖𝑛 ∼ 𝑎−6

𝛽 = 𝜉/ 6

𝜌𝑙𝑜𝑜𝑝
𝑘𝑖𝑛 ∼ 𝑎−3 𝜇 ∼ 𝑎−9/2

𝜌𝑙𝑜𝑜𝑝
𝑘𝑖𝑛 ∼ 𝑎−3(1+𝛽)

𝜌𝑙𝑜𝑜𝑝
𝑘𝑖𝑛 ∼ 𝑎−7/2 friction from NS5-strings!



General case with all types of strings

• General case:

i) Non-zero initial velocity of 𝜙

ii) F-strings, D3-strings and NS5-strings

• Larger initial velocities improve stability since kination is reached earlier

friction from NS5-strings acts sooner

• Need to include GW production from string loop decays since: 

WIP: [Brunelli,MC,Hassan,Pedro,Qoreishi]

stability

Ω𝐹
(0)

≠ 0

overshooting

Ω𝑘
(0)

≠ 0

Ω3
(0)

≠ 0 Ω5
(0)

≠ 0

ℎ 𝑡 ∼ 𝐴 cos 𝜔𝑡

𝐿 ≪ 𝐻−1

𝛿𝑖 ≡
Γ𝐺𝑊,𝑖

𝐻
∼

𝛾 𝜇𝑖

𝑀𝑝
2ℓ𝑖𝐻

∼
𝛾

𝒱2𝛽ℓ𝑖𝐻

[Conlon,Copeland,Hardy,Gonzales]



General case with all types of strings

• No overshooting due to friction from GW radiation from string loop decays:

• Multiple peaks of GWs at GHz range

for loop-enhanced 𝒱 decay

Φ0 = 6

Ω𝑘
(0)

= Ω𝐺𝑊
(0)

= 0

Ω𝑁𝑆5
(0)

= Ω𝐷3
(0)

= 0.02

Ω𝐹
(0)

= 10−3

kination

D3-dom.

rad. dom.

rad. tracker

D3s → GWs

NS5s → GWs

F-strings → GWs

Ω𝐹
(𝑜𝑠𝑐)

∼ 0.3

Γ𝒱→ℎℎ ∼ 𝑐𝑙𝑜𝑜𝑝
2

𝑀𝑠𝑜𝑓𝑡

𝑚𝒱

4
𝑚𝒱
3

𝑀𝑝
2

𝑀𝑠𝑜𝑓𝑡 ≫ 𝑚𝒱 Γ𝒱→ℎℎ ≫ 𝑚𝒱
3/𝑀𝑝

2

[MC,Hebecker,Jaeckel,Wittner]

NS5s → GWs

D3s → GWs
F-strings → GWs

𝒱 ≃ 1010

WIP: [Brunelli,MC,Hassan,Pedro,Qoreishi]



Reheating from volume decay

• Non-standard cosmology after inflation:

i)  Inflation → matter dom. from inflaton 𝜙 oscillations → rad. dom. after 𝜙 decay

→ matter dom. from volume 𝒱 oscillations → reheating from 𝒱 decay

ii) Inflation → kination from volume 𝒱 rolling → rad. dom. after string loop decay

→ matter dom. from volume 𝒱 oscillations → reheating from 𝒱 decay

Reheating from 𝒱 decay in general            

dark radiation, non-thermal dark matter, Affleck-Dine baryogenesis,…

𝑁𝑒 ≃ 57 +
1

4
ln 𝑟 −

1

4
𝑁ϕ −

1

4
𝑁𝒱 +

1

4
ln

ρ∗
ρ𝑒𝑛𝑑

𝒱

SM dof bulk axions b

hidden photons ′

Γ𝒱 →𝑆𝑀
Γ𝒱 →𝛾′𝛾′

𝒱

𝒱

𝒱

𝒱 Δ𝑁eff ≠ 0

[MC,Conlon,Quevedo]

Γ𝒱→𝜃𝑏𝜃𝑏 ∼ 𝑚𝒱
3/𝑀𝑝

2



Dark radiation from bulk axions

• Bulk axions 𝜃𝑏 enjoy a perturbative shift symmetry Kpert depends just on 𝒱 ∼ 𝜏𝑏
3/2

• Shift symmetry broken by non-perturbative effects 𝜃𝑏 is ultra-light 

• 𝒱-𝜃𝑏 coupling from kinetic terms

• Model-independent 𝒱 → 𝜃𝑏𝜃𝑏 decay rate [MC,Conlon,Quevedo]

𝐾𝑝𝑒𝑟𝑡 = −2 ln𝒱 + 𝐾𝑐𝑜𝑟𝑟 𝒱 = −3 ln 𝜏𝑏 +⋯ 𝑇𝑏 = τ𝑏 + 𝑖𝜃𝑏

𝑊𝑛𝑜𝑛−𝑝𝑒𝑟𝑡 = 𝑒−𝑎𝑏𝑇𝑏 ∝ 𝑒−𝑎𝑏𝒱
2/3

≪ 1 𝑚𝜃𝑏 ∼ 𝑒−𝑎𝑏𝒱
2/3
𝑀𝑝 ≪ 𝑚𝒱 ∼

𝑊0𝑀𝑝

𝒱3/2

1

4

𝜕2𝐾

𝜕𝜏𝑏
2 (𝜕𝜇𝜏𝑏𝜕

𝜇𝜏𝑏 + 𝜕𝜇𝜃𝑏𝜕
𝜇𝜃𝑏) =

1

2
𝜕𝜇𝜙𝜕

𝜇𝜙 +
1

2
𝑒−2 2/3𝜙 𝜕𝜇𝜗𝑏𝜕

𝜇𝜗𝑏

τ𝑏 = 𝑒 2/3𝜙/𝑀

𝜃𝑏 = 2/3𝜗𝑏

2

3

𝜙

𝑀𝑝
𝜕𝜇𝜗𝑏𝜕

𝜇𝜗𝑏

Γ𝒱→𝜃𝑏𝜃𝑏 =
1

48π

𝑚𝒱
3

𝑀𝑝
2 Δ𝑁eff ≠ 0



Bulk hidden photons

• Bulk hidden photons ′ from dimensional reduction of 𝐶4

• ℎ+
1,2 ≫ 1 for CYs in Kreuzer-Skarke list with 2 ≤ ℎ1,1 ≤ 7

• Charged modes are D3s wrapping 3-cycle Σ3 with mass

𝑚𝐷3 ≃ 𝑇𝐷3𝑉𝑜𝑙(Σ3) ≫ 𝑀𝑠

no light charged modes no Stueckelberg/Higgs mechanism massless ′
                               
                         

• Gauge kinetic function depends on cx str moduli 𝑧𝑎 𝑎 = 1,… , ℎ−
1,2

• Kinetic mixing with SM photon on D7s wrapped on 4-cycle Σ4 

𝜒𝑋𝜇𝜈
𝜆 𝐹𝜇𝜈

[Sheridan et al]

𝐶4 = 𝐷2
𝑖 𝑥 ∧ ෡𝐷𝑖 + 𝑉𝜆 𝑥 ∧ 𝛼𝜆 + 𝑈𝜆 𝑥 ∧ 𝛽𝜆 + 𝜌𝑖 𝑥 ෩𝐷𝑖 𝜆 = 1,… , ℎ+

1,2

𝑓𝜆𝜅 =
𝑖

2
𝜕𝜆𝜅
2 𝐹 𝑧 ቚ

𝑧𝛼=0
∀𝛼 = 1,… , ℎ+

1,2

[Grimm,Louis][Jockers,Louis]

𝑅𝑒 𝑓𝜆𝜅 𝑋𝜇𝜈
𝜆 𝑋𝜇𝜈,𝜅

𝐹 𝑧 = −
1

6
𝑘𝐼𝐽𝐾𝑧

𝐼𝑧𝐽𝑧𝐾 +⋯ 𝐼, 𝐽, 𝐾 = 1,… , ℎ1,2 𝑓𝜆𝜅 𝑧 ∼ 𝑘𝜆𝜅𝑎𝑧
𝑎

𝜒 ∝ න
Σ4

𝐴 ∧ 𝑖∗𝛼𝜆 𝜒 = 𝜒(𝑎 ሚ𝐼 , 𝜁
𝐴, 𝑧𝑎) 𝑎 ሚ𝐼 = Wilson lines

𝜁𝐴 = D7 deformations

[Camara,Ibanez,Marchesano]

𝑚𝛾′ ≥ 𝑀𝑠[                 for torsional cycles ]



Bulk hidden photons

• Lagrangian for photon and bulk hidden photon ′

• Non-unitary transformation

• Small correction to U(1)-charge:

• Observations:

i) Collider signals for low-scale SUSY from hidden photini mixed with Bino

ii) Dipole moments from ′ coupling to visible matter via dim 6 operators

• Gravitational production from 𝒱 → 𝛾′𝛾′ decay at reheating? 

[Arvanitaki et al]

−𝑅𝑒(𝑓𝑣𝑖𝑠)(𝑇) 𝐹
𝜇𝜈𝐹𝜇𝜈 − 𝑅𝑒(𝑓ℎ𝑖𝑑)(𝑧) 𝑋

𝜇𝜈𝑋𝜇𝜈 + 𝜖 𝑧, 𝑎, 𝜁 𝑋𝜇𝜈𝐹𝜇𝜈 + 𝐽𝑣𝑖𝑠
𝜇
𝐴𝜇 + 𝐽ℎ𝑖𝑑

𝜇
𝑉𝜇 −

1

2
𝑚𝛾′
2 𝑉𝜇𝑉

𝜇

[Coudarchet et al]

0

tiny effect on GUT unification

= =0

−
1

4
𝐹𝜇𝜈𝐹𝜇𝜈 −

1

4
𝑋𝜇𝜈𝑋𝜇𝜈 +

𝜖

2
𝑋𝜇𝜈𝐹𝜇𝜈 + 𝑔𝑣𝑖𝑠 𝐽𝑣𝑖𝑠

𝜇
𝐴𝜇

𝑉𝜇 = ෠𝑉𝜇 +
𝜖

1 − 𝜖2
መ𝐴𝜇

𝜖 ∼
𝜒

𝑅𝑒(𝑓𝑣𝑖𝑠)𝑅𝑒(𝑓ℎ𝑖𝑑)
∼ 𝑔𝑣𝑖𝑠𝑔ℎ𝑖𝑑𝜒 ≪ 1

𝐴𝜇 =
መ𝐴𝜇

1 − 𝜖2

−
1

4
෠𝐹𝜇𝜈 ෠𝐹𝜇𝜈 −

1

4
෠𝑋𝜇𝜈 ෠𝑋𝜇𝜈 + ො𝑔𝑣𝑖𝑠 𝐽𝑣𝑖𝑠

𝜇 መ𝐴𝜇

ො𝑔𝑣𝑖𝑠 ≃ 𝑔𝑣𝑖𝑠 1 +
1

2
𝜖2

bulk hidden photons are super-hidden

Δ𝑁eff ≠ 0



Dark radiation from bulk hidden photons

• Moduli coupling to ′ from gauge kinetic function 

                                                                           only cx str moduli 𝑧 couple directly to ′      

• Volume 𝒱 coupling to ′ induced by kinetic mixing between 𝒱 and 𝑧

• Canonical normalisation at minimum with 𝑅𝑒 𝑧 ≡ 𝑢

𝒱-suppressed 𝒱-′ coupling at 𝑂(𝛼′2) level:

               negligible contribution to Δ𝑁eff since ( for                               )

• Γz→𝛾′𝛾′ ≫ Γ𝒱→𝛾′𝛾′ since 𝑔𝑧𝛾′ ∼ 1 but z-moduli are heavy            tiny initial displacement

Δ𝑁eff → 0

𝑔𝒱𝛾′
𝜙

𝑀𝑝
𝑋𝜇𝜈𝑋𝜇𝜈 𝑔𝒱𝛾′∼

1

𝒱2/3
≪ 1

Γ𝒱→𝛾′𝛾′ ∼ 𝑔𝒱𝛾′
2 𝑁𝛾′

𝑚𝒱
3

𝑀𝑝
2 ∼ 𝒱−4/3𝑁𝛾′Γ𝒱→𝜃𝑏𝜃𝑏 ≲ 10−2Γ𝒱→𝜃𝑏𝜃𝑏 ≪ Γ𝒱→𝜃𝑏𝜃𝑏

𝒱 ≳ 103 𝑁𝛾′∼ 100

WIP: [Caraffi,Chinaia,MC,Lin]

𝑅𝑒(𝑓ℎ𝑖𝑑(𝑧)) 𝑋
𝜇𝜈𝑋𝜇𝜈

ො𝑢

𝑢
≃ 𝑂(𝒱−2/3)𝜙 + 𝑂 1 𝜒

𝐾 = −2 ln𝒱 − 3 ln 𝑧 + ҧ𝑧 +
𝑓 𝑧+ ҧ𝑧

𝒱2/3
+

𝑐

𝒱
+…

no z-moduli domination or dilution of ′ by 𝒱 decay Δ𝑁eff → 0

BUT big challenge if some z-moduli are light as predicted in general by tadpole conjecture

[Bena,Blaback,Grana,Lust]



Loop blowup inflation with SM on D7s

Dark energy

Inflation

Inflaton dom.

Radiation dom.

Radiation dom.

Volume dom.

Matter dom.

E

𝜏𝜙 → 𝛾ℎ𝛾ℎ

𝑁𝑒 ≃ 53

𝑁𝜏ϕ ≃ 1

𝑁𝒱 ≃ 3

𝒱 → ℎℎ

Predictions: 

𝑛𝑠 ≃ 0.9765 𝑟 ≃ 1.7 × 10−5 𝑇rh ≃ 4 × 1010 GeV Δ𝑁eff ≃ 0

Γ𝜏𝜙→𝛾ℎ𝛾ℎ ≃
𝒱

64π

𝑚𝜏ϕ
3

𝑀𝑝
2

Γ𝒱→ℎℎ ∼ 𝑐𝑙𝑜𝑜𝑝
2

𝑀𝑠𝑜𝑓𝑡

𝑚𝒱

4

Γ𝒱→𝜃𝑏𝜃𝑏

[MC,Hebecker,Jaeckel,Wittner]

[Bansal,Brunelli,MC,Hebecker,Kuespert]

𝑀𝑠𝑜𝑓𝑡 ∼ 𝑚3/2 ≫ 𝑚𝒱 Γ𝒱→ℎℎ ≫ Γ𝒱→𝜃𝑏𝜃𝑏



Loop blowup inflation with SM on D3s

E

Inflation

Inflaton dom.

Radiation dom.

Volume dom.

Radiation dom.

Matter dom.

Dark energy

𝑁𝑒 ≃ 51.5

𝑁𝜏ϕ ≃ 1

𝑁𝒱 ≃ 10.5

𝒱 → 𝐻𝑢𝐻𝑑 , 𝜃𝑏𝜃𝑏

Predictions: 

𝑛𝑠 ≃ 0.9757 𝑟 ≃ 1.8 × 10−5 𝑇rh ≃ 1 × 108 GeV Δ𝑁eff ≃
1.43

𝑍2
≠ 0

Γ𝒱→𝐻𝑢𝐻𝑑 = 2𝑍2 Γ𝒱→𝜃𝑏𝜃𝑏

𝜏𝜙 → 𝛾ℎ𝛾ℎ

𝐾 ⊃ 𝑍
𝐻𝑢𝐻𝑑
𝒱2/3

𝑀𝑠𝑜𝑓𝑡 ≪ 𝑚𝒱 ≪ 𝑚3/2

Γ𝒱→ℎℎ ≪ Γ𝒱→𝜃𝑏𝜃𝑏 =
1

48π

𝑚𝒱
3

𝑀𝑝
2

[Bansal,Brunelli,MC,Hebecker,Kuespert]



Dark energy from axions 

• Quintessence as hard as dS + extra challenges (fifth forces, right scales, radiative stability)

• Metastable dS seems easier to build

• But what if quintessence is preferred by data? (DESI? Euclid?)

• Best candidate: axion quintessence

• Vlead(𝒱) has a SUSY breaking Minkowski vacuum and axion  is flat

• Vsub(𝜙, 𝒱) ≪ Vlead(𝒱) generated by non-perturbative effects

i) Hierarchy allows Vsub ∼ 10−120𝑀𝑝
4 for 𝑀s > 𝑀𝑠𝑜𝑓𝑡 ≳ 1 TeV and 𝑚𝒱 ≳ 30 TeV no CMP

ii) Radiative stability due to perturbative shift symmetry

iii) No fifth-force problem

• But axion potential yields acceleration only for 𝑓 ≳ 𝑀𝑝

• Never obtained in EFT + forbidden by WGC

• For 𝑓 < 𝑀𝑝 can have axion hilltop quintessence

[MC,Cunillera,Padilla,Pedro]

Vsub 𝜙, 𝒱 ∼ 𝑒
−

3
2

𝑀𝑝

𝑓 𝑀𝑝
4 1 − cos

𝜙

𝑓

10−120 for 𝑓 ∼ 0.003 𝑀𝑝 ⇔ 𝒱 ∼ 103

𝑓 = 3/2
𝑀𝑝

𝑎𝒱2/3

natural + EFT under control

𝑚𝒱 ∼ 1013 GeV

[MC,De Alwis,Maharana,Muia,Quevedo]



Hilltop and initial conditions

• How close should  be to the maximum to get acceleration with 𝜔𝜙 ≃ −1 and Ω𝜙 ≃ 0.7? 

• Quantum diffusion during inflation causes fluctuations Δ𝜙 ∼ 𝐻𝑖𝑛𝑓

• Need 𝐻𝑖𝑛𝑓 ≲ Δ𝑚𝑎𝑥

i) 𝑓 ≃ 0.1 𝑀𝑝 𝐻𝑖𝑛𝑓 ≲ 10−4 𝑀𝑝 ∼ 1014 GeV

ii) 𝑓 ≃ 0.02 𝑀𝑝 𝐻𝑖𝑛𝑓 ≲ 10−18 𝑀𝑝 ∼ 1 GeV

• In (i) use poly-instantons to generate axion potential with right DE scale

• In (ii) use axion alignment to get an effective 𝑓 ≃ 0.1 𝑀𝑝

[MC,Cunillera,Padilla,Pedro]

tiny and even lower for 𝑓 ≃ 0.003 𝑀𝑝

but can get DE scale for 𝑓 ≃ 0.1 𝑀𝑝?

[Kim,Nilles,Peloso]

[MC,Padilla,Pedro]



Quintessence from poly-instantons
•  LVS in fibred CY: 

𝑉 = 𝑉𝑙𝑒𝑎𝑑 𝒱, 𝜏𝑑𝑃 , 𝜃𝑑𝑃 + 𝑉𝑖𝑛𝑓 𝜏𝐾3 + 𝑉𝑠𝑢𝑏 𝜃𝑃1, 𝜃𝐾3

•  Loop Fibre Inflation:
  

𝑉𝑖𝑛𝑓 ≃ 𝑉0(1 −
4

3
𝑒−𝜙/ 3)       and       𝐻𝑖𝑛𝑓 ≃ 10−5𝑀𝑝

•  2 ultra-light axions: P1 = spectator (0.2% of DM) + K3 = DE via poly-instantons

 𝑊 = 𝑊𝐿𝑉𝑆 + 𝑒−𝑎 𝑇𝑃1+ 𝑒−𝑏𝑇𝐾3

• Axion potential:

𝑉𝑠𝑢𝑏 ∼ 𝑒−𝑎𝜏𝑃1 1 − cos
𝜓

𝑔
+ 𝑒−𝑎𝜏𝑃1−𝑏𝜏𝐾3 1 − cos

𝜓

𝑔
+
𝜙

𝑓

fix 𝜓 = 0 𝑉𝐷𝐸 ∼ 𝑒−1/𝑓−1/𝑔 1 − cos
𝜙

𝑓
   

𝑓 =
𝑁

2 2𝜋𝜏𝐾3
𝑀𝑝 ≃ 0.1 𝑀𝑝      and       𝑔 =

𝑀

2𝜋𝜏𝑃1
𝑀𝑝 ≃ 0.005 𝑀𝑝

• Numerical results: 

𝜏𝐾3 ∼ 𝑂 5 𝜏𝑃1 ∼ 𝑂 500 𝑁 ∼ 𝑂 10 𝑀 ∼ 𝑂 10

𝑚𝜃𝑃1 ≃ 10−29 eV 𝑚𝜃𝐾3 ≃ 10−32 eV

[MC,Burgess,Quevedo]

[Blumenhagen,Schmidt-Sommerfeld]

[Luest,Zhang] 

[MC,Padilla,Pedro]𝒱 = 𝑡𝑃1𝜏𝐾3 − 𝜏𝑑𝑃
3/2



Quintessence from poly-instantons
•  2 challenges for model building:

    i) 𝑓 ≃ 0.1 𝑀𝑝 needs tuning of initial conditions |𝜙0−𝜋𝑓| ≲ 10−4 𝑀𝑝

    ii) Poly-instantons on Wilson divisors (ℎ+
10 = 1, ℎ20 = 0), not on K3s (ℎ10 = ℎ+

20 = 0, ℎ−
20 = 1)

•  To address (i) use dependence on open string 𝐶 

𝑊 = 𝑊𝐿𝑉𝑆 + 𝐴 𝐶 𝑒−𝑐 𝑇𝐾3 + 𝑒−𝑎 𝑇𝑃1+ 𝑒−𝑏𝑇𝐾3 𝑚𝐶 < 𝑚𝜙 𝐶 < 𝐻     

• 2 options to address (ii):

   1) Poly-instantons on Wilson divisors with 𝜏𝑊 = 𝜏𝐾3 − 𝜏𝑑𝑃 ≃ 𝜏𝐾3

   2) Poly-instantons on K3-like divisors for O3-planes 

                   𝜒𝜎 𝐷 = σ𝑖=0
2 −1 𝑖(ℎ+

𝑖0 − ℎ−
𝑖0) = −

1

4
σ𝑖 𝑘𝐷𝐷𝑂7𝑖 +

1

4
𝑁𝑂3
𝐷

[Cvetic,Garcia-Etxebarria,Halverson]

[Blumenhagen,Schmidt-Sommerfeld]

[MC,Cunillera,Padilla,Pedro]

[Luest,Zhang] 

Inflation → 𝜙 relaxes at 𝜙𝑚𝑖𝑛 = 𝜋𝑓
→ 𝐶 moves to 𝐶 = 0 where 𝐴 𝐶 = 0 → 𝜙 sits at 𝜙𝑚𝑎𝑥 = 𝜋𝑓

[Caraffi,Carta,MC]

for K3-like D with 𝑘𝐷𝐷𝑂7𝑖 = 0 ∀𝑖 𝜒𝜎 = 1 + ℎ+
20 − ℎ−

20 =
1

4
𝑁𝑂3
𝐷

if 𝑁𝑂3
𝐷 = 0 𝜒𝜎 = 1 + ℎ+

20 − ℎ−
20 = 0

𝑁𝑂3
𝐷 = 8if 𝜒𝜎 = 1 + ℎ+

20 − ℎ−
20 = 2

ℎ+
20 = 0, ℎ−

20 = 1

ℎ+
20 = 1, ℎ−

20 = 0

NO

YES

WIP: [MC,Vagnoni]



ADD and the Dark Dimension

• Bound on large EDs: 𝑀𝐾𝐾 ≳ 𝑚𝑒𝑉

ia) ADD: 2 large EDs with 𝑀𝐾𝐾
6𝐷 ∼ 𝑚𝑒𝑉 and 𝑀6 ∼ 𝑇𝑒𝑉

hierarchy problem

ib) SLED: 2 large SUSY EDs with 𝑀𝐾𝐾
6𝐷 ∼ 𝑚3/2 ∼ 𝑚𝑒𝑉 and 𝑉 ∼ 𝑀𝐾𝐾

6𝐷 2
𝑚3/2
2 ∼ 𝑚𝑒𝑉4

hierarchy probl. + dark energy

ii) DD: 1 large ED with 𝑀𝐾𝐾
5𝐷 ∼ 𝑚𝑒𝑉 and 𝑉 ∼ 𝑀𝐾𝐾

5𝐷 4
∼ 𝑚𝑒𝑉4

dark energy

• Challenges:

i) Need string embedding to have quantitative control

ii) No known accelerating solutions at boundary of moduli space

iii) 𝑉 ∼ 𝑀𝐾𝐾
6𝐷 2

𝑚3/2
2 and 𝑉 ∼ 𝑀𝐾𝐾

5𝐷 4
ruined by larger loops of bulk/brane fields? SM loops?

iv) Hard to fix moduli at anisotropic CY with 1 or 2 large EDs with 𝑀𝐾𝐾 ∼ 𝑚𝑒𝑉

[ first attempt at anisotropic LVS stabilisation                                ]

v) Tension with pheno: low SUSY breaking, CMP, fifth-forces, moduli DM overprod., inflation

[Arkani-Hamed,Dimopoulos,Dvali]

[Montero,Vafa,Valenzuela]

[Aghababaie,Burgess,Parameswaran,Quevedo]

[MC,Burgess,Quevedo]



Moduli stabilisation for ADD and the Dark Dimension

• Moduli stabilisation for anisotropic string compactifications with 1 (DD) or 2 (ADD) large EDs

i) Large EDs: via type IIB LVS where 𝒱 is exponentially large

ii) Anisotropy: via CY = small 4D K3 fibre over large 2D ℙ1  base

ADD for isotropic ℙ1 DD for anisotropic ℙ1 (Tyurin degeneration)

• 𝒱 ≃ 𝑡𝑃1𝜏𝐾3 where 𝑡𝑃1= ℓ𝐿 𝑅 controls 2D ℙ1 size while 𝜏𝐾3 = ℓ𝐾3
4 controls 4D K3 size

• Leading LVS order: 𝑂 𝛼′3 + non-pert. effects fix 𝒱 ∼ 𝑒𝑐/g𝑠 ≫ 1 leaving 𝜏𝐾3 flat

• Subleading order: 𝜏𝐾3 lifted by 𝑂 𝑔𝑠
2𝛼′4 loops and 𝑂 𝛼′3𝐹4 corrections

• 2 cases depending on 𝑊0:

1) W0 ∼ 𝑂(10): AdS min at 𝜏𝐾3 ≃
2𝐵

𝐴

2
∼ 𝑂(5) with 

2) 𝑊0 ≪ 1 ⇒ 𝐵 ≪ 𝐴: quintessence with 𝑉 ≃ 𝑉0 𝑒
−𝑐𝜙 and 𝑐 = 1/ 3

[Braun,MC,Milioli,Valandro]

Λ2𝑆𝑡𝑟 𝑀2 ∼ 𝑀𝐾𝐾
10𝐷 2

𝑚3/2
2 𝑉𝐹2 𝑚3/2/𝑀𝐾𝐾

5𝐷 2

𝑀𝐾𝐾
5𝐷 ≃ 𝑀𝐾𝐾,0

5𝐷 𝑒+𝜙/𝑐[ no interacting DM−DE with as ruled out ]

ADD: 

DD: 
uplifting to dS min with 𝑉𝑠𝑢𝑏 ∼ 𝑀𝐾𝐾

4

tune 𝜏𝐾3 ∼ 𝑂(5) and 𝑊0 to get 𝑉 ∼ 𝑚𝑒𝑉4
ADD: 𝑊0 ∼ 10−12

DD: 𝑊0 ∼ 10−27



Anisotropy and mass scales

• Complex structure stabilisation fixes shape of ℙ1  controlled by 𝑢 = ℓ𝐿/ 𝑅

i)  ADD for isotropic ℙ1 (ℓ𝐿 ∼ 𝑅 ) 

ii) DD for anisotropic ℙ1 (ℓ𝐿 ≪ 𝑅 ) in Tyurin degeneration limit

• Relevant mass scales

• Explicit CY orientifold example with branes and fluxes

[Braun,MC,Milioli,Valandro]

𝑀𝑠 ≃
𝑀𝑝

𝒱
𝑀𝐾𝐾
10𝐷 ≃

1

ℓ𝐾3
≃

𝑀𝑠

𝜏𝐾3
1/4 𝑀𝐾𝐾

6𝐷 ≃
1

ℓ𝐿
≃
𝑀𝑠

2

𝑀𝑝

𝜏𝐾3
𝑢

𝑀𝐾𝐾
5𝐷 ≃

1

𝑅
≃ 𝑢 𝑀𝐾𝐾

5𝐷 𝑚3/2 ≃
𝑀𝑝

𝒱

𝑚𝑑𝑃 ≃ 𝑚𝜃𝑑𝑃 ≃ 𝑚3/2 ln
𝑀𝑝

𝑚3/2

𝑚𝒱 ≃ 𝑚3/2

𝑚3/2

𝑀𝑝
𝑚𝑟 ≃

𝑚𝒱

𝜏𝐾3
𝑚𝜃𝑃1 ≃ 𝑚𝜃𝐾3 ≃ 0

𝑟 ≡
𝜏𝐾3
𝑡𝑃1

≪ 1

𝜏𝐾3 ∼ 𝑊0 ∼ 𝑂(5)



Theory and pheno challenges

• Quantum corrections: absent at 𝑂 𝑔𝑠
𝑛𝛼′ ; extended no-scale at 𝑂 𝑔𝑠

𝑛𝛼′2 except possibly for

• Stabilisation of 𝑢: fluxes should yield 𝑂(10−3) ≲ 𝑢 ≲ 1; instantons might give 𝑢 ≳ 𝑂(10−20)

• Explicit uplifting: several possibilities from 𝐹𝑈 ≠ 0, anti-branes, T-branes,…

• SUSY breaking: 𝑀𝑠𝑜𝑓𝑡 ≲ 𝑚3/2 ≲ 10 𝑀𝑒𝑉 (gauge mediation is subdominant)

non-SUSY SM brane with 𝑀𝑠𝑜𝑓𝑡 ∼ 𝑀𝑠

𝑉 ∼ 𝑀𝑠
4 cancelled by brane backreaction?

• CMP: moduli decay after BBN for 𝑚𝑚𝑜𝑑 ≲ 𝑂 50 𝑇𝑒𝑉 issue for 𝑚𝑑𝑃 ∼ 1 𝐺𝑒𝑉 in DD

dilution? models without dP?

• Dark matter overproduction: stable moduli for 𝑚𝑚𝑜𝑑 ≲ 𝑂 10 𝑀𝑒𝑉 issue for ADD and DD

tune 𝜙𝑖𝑛 to avoid Ω𝜙ℎ
2 ≫ 0.12

• Fifth-forces: moduli mediate fifth-forces for 𝑚𝑚𝑜𝑑 ≲ 𝑂 1 𝑚𝑒𝑉 issue for ADD

geometrical sequestering of SM? 

[Braun,MC,Milioli,Valandro]

𝜏𝑖
𝑛𝑒𝑤 = 𝜏𝑖 + 𝛽𝑖 ln𝒱

𝛿𝑉ℙ1 ∼ 𝛽ℙ1
𝑊0

2 𝜏𝐾3
𝒱3

𝛿𝑉𝐾3 ∼ 𝛽𝐾3
𝑊0

2

𝒱2𝜏𝐾3

good: could give dS! 

bad: would fix 𝜏𝐾3 large  

Ω𝜙ℎ
2 ∼ 5 ⋅ 1013

𝜙𝑖𝑛
𝑀𝑝

2
𝑚𝜙

1 𝑀𝑒𝑉

[ inflation ? ]



Conclusions
• 4 epochs need string theory to control 𝑀𝑝-physics: inflation, kination, reheating, dark energy

• Machine Learning IIB flux vacua: new vacua, distributions, param. compression, correlations

• Inflation driven by Kaehler moduli due to approximate shift symmetries

• PBHs and secondary GWs from axion isocurvature modes in Fibre Inflation
                  

• Kination from rolling 𝒱 after volume inflation and brane-antibrane inflation

• Formation of cosmic superstring network in kination emission of high freq GWs

• Growth for F-strings in scaling regimes and for NS5 and D3-strings on fibration cycles

• No overshooting due to NS5 and D3-strings decays into GWs GW peaks at high freq

• Reheating and moduli domination from volume decay

• Negligible dark radiation from bulk axions for high scale SUSY or Giudice-Masiero decay

• Negligible dark radiation from bulk hidden photons if all cx str moduli are heavy

• Dark energy from axion hilltop quintessence via poly-instantons

• Initial conditions from min to max transition and K3-like poly-instantons with O3-planes

• Anisotropic moduli stabilisation for ADD and Dark Dimension

• Tuning to address dark energy + theory and pheno challenges
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  O  (     𝛼  ′ 2 g s 2 )


   V   𝛼  ′ 2  g s 2  (   𝜏 i ) = 0


  O  (   𝛼  ′ 3 )


  𝒱                      V   𝛼  ′ 3  (   𝜏 i ) ∼  𝒱  − 3


  O  (     𝛼  ′ 4 g s 2 )


  O  (   𝛼  ′ 3  F 4 )


   τ ϕ


  V  ( ϕ ) =  V 0  [  1 − g  ( ϕ ) ] ≃  V 0           with        g  ( ϕ ) ≪ 1     for       ϕ ≫ 1


  g  ( ϕ ) ∝    e  − a    𝒱  2 / 3    ϕ  4 / 3   with   r ∼   10  − 10       Δ ϕ ≪  M p


  V  ( ϕ ) =  V 0  [  1 − g  ( ϕ ) ]


  g  ( ϕ ) ∝  e  − b    e  c ϕ         with       r ∼   10  − 5             Δ ϕ ∼ 0 . 1    M p


  g  ( ϕ ) ∝  e  − p ϕ      with              r ∼ 0 . 007   Δ ϕ ∼ 5    M p


  g  ( 𝜙 ) ∝  1   𝒱  1 / 3    ϕ  2 / 3   with   r ∼   10  − 5       Δ ϕ ∼ 0 . 1    M p


  V =  V  l e a d  (  𝒱 ,  𝜏  d P ,  𝜃  d P ) +  V  i n f  (   𝜏  K 3 ) +  V  s u b  (   𝜃  P 1 ,  𝜃  K 3 )


   V  i n f ≃  V 0 ( 1 −  4 3  e  − 𝜙 /  3


   H  i n f ≃   10  − 5  M p


  𝒱   =  t  P 1  𝜏  K 3 −


   𝜏  d P  3 / 2


   m   θ  K 3 ∼ 0 . 1   H  


   m  3 / 2 ∼    W 0  M p 𝒱


  𝒱


  V  ( ϕ ) =  C 0  (  1 −    C 1   ϕ 4 )                             𝜙 =    T  D 3   r


   𝒱  2 / 3 = 𝜎 = 𝜏 −  1 6    (   M  K K r ) 2 → 𝜏


   W X → 0


    W =  W 0 + X   W X ( r )


  𝒱


  𝒱


  𝜇 ≃  M s 2 ≃    M p 2 𝒱 =  M p 2    e  −  6   𝛽   𝜙 /  M p


  𝛽 = 1 / 2


  2 H +    𝜇 . 𝜇 < 0


  𝒱  


  V  ( 𝜙 ) =  V 0  e  − 𝜆 𝜙


    𝜔 = 1 / 2


  ℙ


   𝜌  k i n ∼  a  − 6


  𝛽 = 𝜉 /  6


   𝜌  l o o p  k i n ∼  a  − 3  𝜇 ∼  a  − 9 / 2


   𝜌  l o o p  k i n ∼  a  − 3 ( 1 + 𝛽 )


   𝜌  l o o p  k i n ∼  a  − 7 / 2


  𝜙


   Ω F  ( 0 ) ≠ 0


   Ω k  ( 0 ) ≠ 0


   Ω 3  ( 0 ) ≠ 0


   Ω 5  ( 0 ) ≠ 0


  h  ( t ) ∼ A   cos  (  𝜔 t )


  L ≪  H  − 1


   𝛿 i ≡    Γ  G W , i H ∼   𝛾    𝜇 i   M p 2  ℓ i H ∼  𝛾   𝒱  2 𝛽  ℓ i H


  𝒱  


   Φ 0 = 6


   Ω k  ( 0 ) =  Ω  G W  ( 0 ) = 0


     Ω  N S 5  ( 0 ) = Ω  D 3  ( 0 ) = 0 . 02


   Ω F  ( 0 ) =   10  − 3


   Ω F  ( o s c ) ∼ 0 . 3


   Γ  𝒱 → h h ∼  c  l o o p 2    (     M  s o f t   m 𝒱 ) 4    m 𝒱 3   M p 2


   M  s o f t ≫  m 𝒱


   Γ  𝒱 → h h ≫  m 𝒱 3 /  M p 2


  𝒱 ≃   10  10


  𝜙


  𝜙


  𝒱  


  𝒱


  𝒱  


  𝒱  


  𝒱


  𝒱


   N e ≃ 57 +  1 4   ln ⁡ r −  1 4  N ϕ −  1 4  N 𝒱 +  1 4   ln ⁡   (     ρ ∗   ρ  e n d )


  𝒱


   Γ  𝒱   → S M


   Γ  𝒱   → 𝛾 ′ 𝛾 ′


  𝒱


  𝒱


  𝒱


  𝒱


  Δ  N  eff ≠ 0


   Γ  𝒱 →  𝜃 b  𝜃 b ∼  m 𝒱 3 /  M p 2


      𝜃 b  


  𝒱 ∼  𝜏 b  3 / 2


   𝜃 b  


  𝒱


   𝜃 b


  𝒱 →  𝜃 b  𝜃 b  


   K  p e r t = − 2   ln ⁡ 𝒱 +  K  c o r r  ( 𝒱 ) = − 3   ln ⁡   𝜏 b + …


   T b =  τ b + i  𝜃 b


   W  n o n − p e r t =    e  −  a b  T b ∝  e  −  a b  𝒱  2 / 3 ≪ 1


   m   𝜃 b ∼  e  −  a b  𝒱  2 / 3  M p ≪  m 𝒱 ∼    W 0  M p   𝒱  3 / 2


   1 4    𝜕 2 K  𝜕  𝜏 b 2   (  𝜕 𝜇  𝜏 b  𝜕 𝜇  𝜏 b + 𝜕 𝜇  𝜃 b  𝜕 𝜇  𝜃 b ) =  1 2  𝜕 𝜇 𝜙  𝜕 𝜇 𝜙 +  1  2    e  − 2   2 / 3 𝜙    𝜕 𝜇  𝜗 b  𝜕 𝜇  𝜗 b


   τ b =  e    2 / 3 𝜙 / M


   𝜃 b =   2 / 3  𝜗 b


     2 3  𝜙   M p  𝜕 𝜇  𝜗 b  𝜕 𝜇  𝜗 b


   Γ  𝒱 →  𝜃 b  𝜃 b =  1  48 π    m 𝒱 3   M p 2


  Δ  N  eff ≠ 0


   C 4


   h +  1 , 2 ≫ 1  


  2 ≤  h  1 , 1 ≤ 7


   Σ 3  


     m  D 3 ≃  T  D 3 V o l ( Σ 3 ) ≫  M s


     z a       a = 1 , … , h −  1 , 2


   Σ 4


                                               


  𝜒  X  𝜇 𝜈 𝜆  F  𝜇 𝜈


   C 4 =  D 2 i  ( x ) ∧    D ^ i +    V 𝜆  ( x ) ∧ 𝛼 𝜆 +  U 𝜆  ( x ) ∧  𝛽 𝜆 +  𝜌 i  ( x )    D ~ i                                         𝜆 = 1 , … ,  h +  1 , 2


   f  𝜆 𝜅 =  i 2  𝜕  𝜆 𝜅 2 F  ( z )    ​ |   z 𝛼 = 0               ∀ 𝛼 = 1 , … ,  h +  1 , 2


  R e  (   f  𝜆 𝜅 )  X  𝜇 𝜈 𝜆  X  𝜇 𝜈 , 𝜅


  F  ( z ) = −  1 6  k  I J K  z I  z J  z K + …         I , J , K = 1 , … ,  h  1 , 2


   f  𝜆 𝜅  ( z ) ∼  k  𝜆 𝜅 a  z a


  𝜒 ∝  ∫   Σ 4  A ∧  i ∗  𝛼 𝜆


  𝜒 = 𝜒 (  a   I ~ ,  𝜁 A ,  z a )


   a   I ~ =


   𝜁 A =


   m   𝛾 ′ ≥  M s


  𝒱   → 𝛾 ′ 𝛾 ′


  −   R e ( f  v i s ) ( T )    F  𝜇 𝜈  F  𝜇 𝜈 −   R e ( f  h i d ) ( z )    X  𝜇 𝜈  X  𝜇 𝜈 + 𝜖  (  z , a , 𝜁 )  X  𝜇 𝜈  F  𝜇 𝜈 +    J  v i s 𝜇  A 𝜇 +    J  h i d 𝜇  V 𝜇 −  1 2  m   𝛾 ′ 2  V 𝜇  V 𝜇


  0


  =


  =


  0


  −  1 4  F  𝜇 𝜈  F  𝜇 𝜈 −  1 4  X  𝜇 𝜈  X  𝜇 𝜈 +  𝜖 2  X  𝜇 𝜈  F  𝜇 𝜈 +  g  v i s    J  v i s 𝜇  A 𝜇


   V 𝜇 =    V ^ 𝜇 +  𝜖    1 −  𝜖 2      A ^ 𝜇


  𝜖 ∼    𝜒      R e ( f  v i s ) R e (  f  h i d ) ∼ g  v i s  g  h i d 𝜒 ≪ 1


   A 𝜇 =      A ^ 𝜇    1 −  𝜖 2  


  −  1 4    F ^  𝜇 𝜈    F ^  𝜇 𝜈 −  1 4    X ^  𝜇 𝜈    X ^  𝜇 𝜈 +    g ^  v i s    J  v i s 𝜇    A ^ 𝜇


     g ^  v i s ≃  g  v i s  (  1 +  1 2  𝜖 2 )    


  Δ  N  eff ≠ 0


  z  


  𝒱


  𝒱  


  z


  R e  ( z ) ≡ u


  𝒱


  𝒱


  O (  𝛼  ′ 2 )


  Δ  N  eff    


   Γ  z → 𝛾 ′ 𝛾 ′ ≫  Γ  𝒱 → 𝛾 ′ 𝛾 ′


   g  z 𝛾 ′ ∼ 1  


  Δ  N  eff → 0


   g  𝒱 𝛾 ′    𝜙   M p  X  𝜇 𝜈  X  𝜇 𝜈                         g  𝒱 𝛾 ′ ∼  1   𝒱  2 / 3 ≪ 1


   Γ  𝒱 → 𝛾 ′ 𝛾 ′ ∼  g  𝒱  𝛾 ′ 2  N  𝛾 ′    m 𝒱 3   M p 2 ∼  𝒱  − 4 / 3    N  𝛾 ′ Γ  𝒱 →  𝜃 b  𝜃 b ≲   10  − 2  Γ  𝒱 →  𝜃 b  𝜃 b ≪  Γ  𝒱 →  𝜃 b  𝜃 b


  𝒱 ≳   10 3         N   𝛾 ′ ∼ 100


    R e ( f  h i d ( z ) )    X  𝜇 𝜈  X  𝜇 𝜈


     u ^   ⟨ u ⟩ ≃ O (  𝒱  − 2 / 3 ) 𝜙 + O  ( 1 ) 𝜒


  K = − 2   ln ⁡ 𝒱 − 3   ln ⁡   (  z +  z - ) +   f  (  z +  z - )   𝒱  2 / 3 +  c 𝒱 +


  𝒱  


  Δ  N  eff → 0


   𝜏 𝜙 →  𝛾 h  𝛾 h


   N e ≃ 53


   N   𝜏 ϕ ≃ 1


   N 𝒱 ≃ 3


  𝒱 → h h


   n s ≃ 0 . 9765     r ≃ 1 . 7 ×   10  − 5      T  rh ≃ 4 ×   10  10   GeV     Δ  N  eff ≃ 0


   Γ   𝜏 𝜙 →  𝛾 h  𝛾 h ≃  𝒱  64 π    m   𝜏 ϕ 3   M p 2


   Γ  𝒱 → h h ∼  c  l o o p 2    (     M  s o f t   m 𝒱 ) 4  Γ  𝒱 →  𝜃 b  𝜃 b


   M  s o f t ∼  m  3 / 2 ≫  m 𝒱


   Γ  𝒱 → h h ≫


   Γ  𝒱 →  𝜃 b  𝜃 b


   N e ≃ 51 . 5


   N   𝜏 ϕ ≃ 1


   N 𝒱 ≃ 10 . 5


  𝒱 →  H u  H d ,    𝜃 b  𝜃 b


   n s ≃ 0 . 9757     r ≃ 1 . 8 ×   10  − 5      T  rh ≃ 1 ×   10 8   GeV     Δ  N  eff ≃   1 . 43   Z 2 ≠ 0


   Γ  𝒱 →  H u  H d = 2  Z 2     Γ  𝒱 →  𝜃 b  𝜃 b


   𝜏 𝜙 →  𝛾 h  𝛾 h


  K ⊃ Z    H u  H d   𝒱  2 / 3


   M  s o f t ≪    m 𝒱 ≪ m  3 / 2


   Γ  𝒱 → h h ≪


   Γ  𝒱 →  𝜃 b  𝜃 b


  =  1  48 π    m 𝒱 3   M p 2


   V  lead ( 𝒱 )  


   V  sub ( 𝜙 , 𝒱 ) ≪  V  lead ( 𝒱 )


   V  sub ∼   10  − 120  M p 4


   M s >  M  s o f t ≳ 1   TeV


   m 𝒱 ≳ 30   TeV


    f ≳ M p


    f < M p


   V  sub  (  𝜙 , 𝒱 ) ∼  e  −    3 2    M p f  M p 4  [  1 −   cos ⁡ ⁡   (   𝜙 f ) ]


      10  − 120       for       f ∼ 0 . 003    M p         ⇔       𝒱 ∼   10 3


  f =   3 / 2    M p  a  𝒱  2 / 3


   m 𝒱 ∼   10  13   GeV  


   𝜔 𝜙 ≃ − 1  


   Ω 𝜙 ≃ 0 . 7


  Δ 𝜙 ∼  H  i n f  


   H  i n f   ≲ Δ  m a x


  f ≃ 0 . 1    M p


   H  i n f   ≲ 10  − 4  M p ∼   10  14   GeV


  f ≃ 0 . 02    M p


   H  i n f   ≲ 10  − 18  M p ∼ 1   GeV


  f ≃ 0 . 1    M p


  f ≃ 0 . 003    M p


  f ≃ 0 . 1    M p


  V =  V  l e a d  (  𝒱 ,  𝜏  d P ,  𝜃  d P ) +  V  i n f  (   𝜏  K 3 ) +  V  s u b  (   𝜃  P 1 ,  𝜃  K 3 )


   V  i n f ≃  V 0 ( 1 −  4 3  e  − 𝜙 /  3


   H  i n f ≃   10  − 5  M p


  W =  W  L V S +  e  − a    T  P 1 +    e  − b  T  K 3


   V  s u b ∼  e  − a  𝜏  P 1  [  1 −   cos ⁡   (   𝜓 g ) ] +  e  − a  𝜏  P 1 − b  𝜏  K 3  [  1 −   cos ⁡   (   𝜓 g +  𝜙 f ) ]


  fi x    𝜓 = 0                                                                V  D E ∼


   e  − 1 / f − 1 / g  [  1 −   cos ⁡   (   𝜙 f ) ]


  f =  N  2  2 𝜋  𝜏  K 3  M p ≃ 0 . 1    M p


  g =  M  2 𝜋  𝜏  P 1  M p ≃ 0 . 005    M p


   𝜏  K 3 ∼ O  ( 5 )              𝜏  P 1 ∼ O  (  500 )                 N ∼ O  (  10 )                   M ∼ O  (  10 )


   m   𝜃  P 1 ≃   10  − 29   eV                    m   𝜃  K 3 ≃   10  − 32   eV


  𝒱   =  t  P 1  𝜏  K 3 −


   𝜏  d P  3 / 2


  f ≃ 0 . 1    M p


      | 𝜙 0 − 𝜋 f |   ≲ 10  − 4  M p


   h +  10 = 1 ,  h  20 = 0


   h  10 =  h +  20 = 0 ,    h −  20 = 1


  C


  W =  W  L V S +   A  ( C )   e  − c    T  K 3   +   e  − a    T  P 1 +    e  − b  T  K 3            m C <  m 𝜙  ( C ) < H


   𝜏 W =  𝜏  K 3 −  𝜏  d P ≃  𝜏  K 3


   𝜒 𝜎  ( D ) =  ∑  i = 0 2     (  − 1 ) i (  h +  i 0 −  h −  i 0 ) = −  1 4  ∑ i   k  D D O  7 i +  1 4  N  O 3 D


  𝜙


   𝜙  m i n = 𝜋 f


  C  


  C = 0


  A  ( C ) = 0


  𝜙


   𝜙  m a x = 𝜋 f


   k  D D O  7 i = 0   ∀ i


   𝜒 𝜎 = 1 +  h +  20 −  h −  20 =  1 4  N  O 3 D


   N  O 3 D = 0  


   𝜒 𝜎 = 1 +  h +  20 −  h −  20 = 0


   N  O 3 D = 8  


   𝜒 𝜎 = 1 +  h +  20 −  h −  20 = 2


   h +  20 = 0 ,    h −  20 = 1


   h +  20 = 1 ,    h −  20 = 0


   M  K K ≳   m e V


   M  K K  6 D ∼   m e V  


   M 6 ∼ T e V


   M  K K  6 D ∼  m  3 / 2 ∼ m e V


  V ∼    (   M  K K  6 D ) 2  m  3 / 2 2 ∼ m e  V 4


   M  K K  5 D ∼   m e V  


  V ∼    (   M  K K  5 D ) 4 ∼ m e  V 4


  V ∼    (   M  K K  6 D ) 2  m  3 / 2 2


  V ∼    (   M  K K  5 D ) 4  


   M  K K ∼ m e V


  𝒱  


  ℙ


  ℙ


  ℙ


  𝒱 ≃  t  P 1  𝜏  K 3


      t  P 1 =  ℓ L   R


  ℙ


   𝜏  K 3 =  ℓ  K 3 4    


  O  (   𝛼  ′ 3 )  


  𝒱 ∼  e  c /  g s


  ≫ 1  


   𝜏  K 3  


   𝜏  K 3  


  O  (   g s 2  𝛼  ′ 4 )  


  O  (   𝛼  ′ 3  F 4 )  


   W 0


   W 0 ∼ O ( 10 )


   𝜏  K 3 ≃    (    2 B A ) 2 ∼ O ( 5 )


   W 0 ≪ 1 ⇒ B ≪ A


  V ≃  V 0    e  − c 𝜙


  c = 1 /  3


   Λ 2 S t r  (   M 2 ) ∼    (   M  K K  10 D ) 2  m  3 / 2 2


   V   F 2    (     m  3 / 2 / M  K K  5 D ) 2


   M  K K  5 D ≃  M  K K , 0  5 D    e  + 𝜙 / c


  [ no interacting DM−DE with                                as ruled out ]


   ⟨   V  s u b ⟩ ∼  M  K K 4


   𝜏  K 3 ∼ O ( 5 )


   W 0  


  V ∼ m e  V 4


   W 0 ∼   10  − 12


   W 0 ∼   10  − 27


  ℙ


    u = ℓ L /   R


  ℙ


   ℓ L ∼   R


  ℙ


   ℓ L ≪   R


   M s ≃    M p   𝒱


   M  K K  10 D ≃  1   ℓ  K 3 ≃    M s   𝜏  K 3  1 / 4


   M  K K  6 D ≃  1   ℓ L ≃    M s 2   M p      𝜏  K 3 u


   M  K K  5 D ≃  1 R ≃ u     M  K K  5 D


   m  3 / 2 ≃    M p 𝒱


   m  d P ≃    m   𝜃  d P ≃ m  3 / 2   ln    (     M p   m  3 / 2 )


   m 𝒱 ≃  m  3 / 2        m  3 / 2   M p


   m r ≃    m 𝒱     𝜏  K 3


   m   𝜃  P 1 ≃  m   𝜃  K 3 ≃ 0


  r ≡      𝜏  K 3   t  P 1 ≪ 1


   𝜏  K 3 ∼  W 0 ∼ O ( 5 )


  O  (   g s n  𝛼 ′ )


  O  (   g s n  𝛼  ′ 2 )


  u


  O (   10  − 3 ) ≲ u ≲ 1


  u ≳ O (   10  − 20 )


   F U ≠ 0


   M  s o f t ≲  m  3 / 2


  ≲ 10   M e V


   M  s o f t ∼  M s


    V ∼ M s 4


   m  m o d ≲ O  (  50 )   T e V


   m  d P ∼ 1   G e V  


   m  m o d ≲ O  (  10 )   M e V


   𝜙  i n


   Ω 𝜙  h 2 ≫ 0 . 12


   m  m o d ≲ O  ( 1 )   m e V


   𝜏 i  n e w =  𝜏 i +  𝛽 i   ln ⁡ 𝒱


  𝛿  V   ℙ 1   ∼  𝛽   ℙ 1    W 0 2    𝜏  K 3   𝒱 3


  𝛿  V  K 3   ∼  𝛽  K 3    W 0 2   𝒱 2  𝜏  K 3


   𝜏  K 3  


   Ω 𝜙  h 2 ∼ 5 ⋅   10  13    (     𝜙  i n   M p ) 2      m 𝜙  1   M e V


   M p


  𝒱

