
Ultra-light axions in 
string cosmology

Michele Cicoli
Bologna Univ. and INFN
Frascati, 14 Sep 2023



Road to stringy predictions 
• Dream: stringy predictions superimposed on exclusion plots

• Is it doable with a landscape of 4D solutions from string theory? 

i)  Yes but just for classes of motivated models (with EFT under control)

ii) Better to search for scenarios more than models
generic stringy signatures (especially if not motivated from QFT viewpoint):

a) O(100) ultra-light axions with gravitational couplings         

applications: fuzzy DM, dark radiation, stellar cooling, quintessence, early dark energy....

b) Non-standard cosmological histories with early matter domination or kinetic domination

applications: dilution effects on DM, baryogenesis, GWs, dark radiation, growth of pert…

[MC,Guidetti,
Righi,Westphal]

Less likely region
i.e. fewer vacua

More likely region
i.e. more vacua



String compactifications
• String theory lives in 10D and needs SUSY for consistency

• Compactification: X10D = M4D x Y6D 

• 4D EFT for E << MKK = Vol(Y6D)-1/6

• Geometrical and topological properties of Y6D determine 4D physics

• N=1 SUSY in 4D if Y6D is a Calabi-Yau manifold             chiral theory            realistic!

• Y6D can de deformed in size and shape

i)  maths: deformations parametrised by moduli
ii) 4D physics: moduli fi are new scalar particles with gravitational couplings and axionic partners

• Only 1 free parameter: string length              all properties of EFT are f-dependent
gYM (fi), Yijk (fi), MSUSY (fi), max (fi), mf (fi), Hinf (fi), L(fi),…

• Need to know fi to make predictions
moduli stabilisation: develop V(fi) to fix < fi > at minimum

• V(fi) sourced by background fluxes = non-zero VEVs of anti-symmetric forms
• 2 choices: 

i)  Calabi-Yau topology gives number of moduli and axions
ii) VEV of fluxes determines < fi >

landscape of string vacua ~ 10500



4D string models
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Different fluxes can also yield same max and fax            some values are more likely

Axions



Stringy axions
• 4D string axions:

i) closed string J (T = t + i J): KK 0-modes of antisymmetric forms
ex: U(N) theory on N D7-branes wrapping internal 4-cycle S4

ii)  open string z (f = r eiz): matter field f charged under anomalous U(1)
ex: SU(N)xU(1) theory on D3-branes at singularities with blow-up tloc <<1

• Axion shift symmetry exact at perturbative level and broken by instantons

• Generic prediction: ultra-light axions unavoidable in controlled EFT with t >> 1   

• Generic implications: 
i) early matter domination from moduli oscillations              dilution and non-standard DM
ii) relativistic axions from moduli decay                extra dark radiation DNeff ≠0
iii) Ultra-light axions suitable for quintessence, EDE and fuzzy DM

“stringy” QCD axion, inflation, quintessence, fuzzy DM, dark radiation…

“field-theory” QCD axion, astrophysical hints,….

τ ≡ Vol Σସ = ݃𝑌𝑀−ଶ 𝜗 = නΣ4𝐶ସ 𝑎݂ ≃ 𝑀𝐾𝐾 ≃ 𝑀௣τ ≃ ͳͲଵ଺−ଵ଻ 𝐺݁𝑉

𝑉𝐷 ≃ ݃𝑈ሺଵሻଶ 𝜌ଶ − 𝜉 ଶ ≃ Ͳ 𝑎݂ = 𝜌 ≃ 𝜉 ≃ 𝜏𝑙௢𝑐𝑀௦ ≃ ͳͲଵ଴−ଵଵ 𝐺݁𝑉 
𝑚𝜗,𝑖௡௦௧ ≃ 𝑚𝜏 ≃ 𝑚ଷ/ଶ > 5Ͳ 𝑇݁𝑉𝑚𝜗,𝑖௡௦௧ ≃ 𝑚𝜏݁−𝑐𝜏 ≪ 𝑚𝜏 ≃ 𝑚ଷ/ଶ if t fixed non-perturbatively as in KKLT models

if t fixed perturbatively as in LVS models              ultra-light axions



Reheating and moduli oscillations

• Reheating: production of SM fields from inflaton decay after the end of inflation

radiation domination

• Early epoch of matter domination due to moduli oscillations prior to BBN



Non-standard cosmology from strings

Dilution of thermal DM and baryon asymmetry

                Non-thermal DM and baryogenesis

Matter domination 
due to moduli
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[Erickcek,Kane,Sinha,Watson,…]



Axionic dark radiation
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Prediction: Neff > 3

Moduli decay

matter domination 
by moduli

[MC,Conlon,Quevedo]
[Higaki,Takahashi]



Higgsino DM with m~300 GeV or WIMPs with m~1010 GeV

ST&FI
String theory and Fundamental InteractionsNon-standard dark matter

Fuzzy DM from ultra-light ALPs with m ~10-22 eV

Non-thermal WIMPs Fuzzy DM

PBH DM Detectable secondary GWs

[MC,Guidetti,Righi,Westphal]

[Aparicio et al]

[MC,Pedro,Pedron]

[Allahverdi et al]



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

[Burgess,MC,Ciupke,Krippendorf,Quevedo]

[MC,Garcia Etxebarria,Quevedo,Schachner,Shukla,Valandro]

[Obied,Ooguri,Spodyneiko,Vafa,Palti,Shiu,Andriot,...]





[MC,Cunillera,Padilla,Pedro]



[Brinkmann,MC,Dibitetto,Pedro]

[MC,Dibitetto,Pedro]









[MC,Quevedo,Valandro]









Quintessence from axion alignment
• Focus on fibred CYs: 

• Scalar potential: ܸ = ௟ܸ௘௔ௗ ,݈݋ܸ 𝜏𝑠, 𝜗𝑠 + ௜ܸ𝑛௙ 𝜏௙ + 𝑠ܸ𝑢௕ 𝜗௕ , 𝜗௙
௜ܸ𝑛௙ ≃ ଴ܸሺͳ − ସଷ ݁−𝜙/ ଷ)       and       ܪ௜𝑛௙ ≃ ͳͲ−ହܯ௣

• 3 ultra-light axions: z = QCD axion DM, Jb and Jf = DM (up to 0.1%) and DE via alignment
• Alignment mechanism [Kim,Nilles,Peloso]ܹ = 𝐿ܹ𝑉ௌ ଵ݁−మ𝜋ಿభሺ௤భ𝑓்𝑓+௤భ𝑏்𝑏ሻܣ + + ଶ݁−మ𝜋ಿమ ሺ௤మ𝑓்𝑓+௤మ𝑏்𝑏ሻܣ
• Canonical normalisation: 𝜙ு∝ 𝑞ଵ௙𝜗௙ + 𝑞ଵ௕𝜗௕ and 𝜙𝐿∝ ሺ𝑞ଵ௕/𝜏௙ଶሻ𝜗௙ − ሺʹ𝑞ଵ௙/𝜏௕ଶሻ𝜗௕

𝑠ܸ𝑢௕ = Λଵସ ͳ − cos 𝜙𝐻௙𝐻 + Λଶସ ͳ − cos 𝜙𝐻ሚ௙𝐻 + 𝜙ಽ௙ಽ
ு݂ ∼ ሚ݂ு ∼ ܱ 𝜏௙−ଵ, 𝜏௕−ଵ ا ͳ while       𝐿݂ ∼ ௤భ𝑏మ /𝜏𝑓మ+ଶ௤భ𝑓మ /𝜏𝑏మ |௤భ𝑓௤మ𝑏−௤మ𝑓௤భ𝑏| → ∞ for     𝑞ଵ௙𝑞ଶ௕ ≃ 𝑞ଶ௙𝑞ଵ௕݉ுଶ ≃ Λభ4௙𝐻మ and    ݉𝐿ଶ ≃ Λమ4௙ಽమ → Ͳ

஽ܸா = Λଶସ ͳ − cos 𝜙ಽ௙ಽ after fixing  𝜙ு = Ͳ
• Numerical results:  𝜏௙ ∼ 𝜏௕ ∼ ܱ ͳͲͲ  ଵܰ ∼ ଶܰ ∼ ܱ ʹͲ  𝑞௜௝ ∼ ܱ ͳͲ  ு݂ ∼ ͳͲ−ଷ ݉ு ∼ ͳͲ−ଶହ ܸ݁𝐿݂ ∼ ͳͲ−ଵ ݉𝐿 ∼ ͳͲ−ଷଶ ܸ݁

݈݋ܸ = 𝜏௙𝜏௕ − 𝜏𝑠ଷ/ଶ [Angus,Choi,Shin]
[MC,Padilla,Pedro]
In progress 

[MC,Burgess,Quevedo]



Early dark energy
• EDE proposed to solve H0 tension:

10% of energy density before recombination and then decays faster than radiation
late-time evolution is unchanged
expansion rate is increased shortly before CMB formation raising H0 from CMB 

ாܸ஽ா = ଴ܸ ͳ − cos 𝜙௙ 𝑛
with   ଴ܸ ∼ ܸ݁ସ ݊ ≃ ͵ ݂ ≃ Ͳ.ʹ ܯ௣

• Embedding in string theory: Swiss-cheese LVS with 1 orientifold odd axionܩ = නΣమ ଶܤ + නΣమܥଶ = ܾ + 𝑖ܿ
• W from 3 gaugino condensates on D7s with gauge fluxes k, 2k and 3kܹ = 𝐿ܹ𝑉ௌ ଵ݁−௔ሺ்𝑏+௞ ீሻܣ + ଶ݁−௔ሺ்𝑏+ଶ௞ ீሻܣ + ܽ ଷ݁−௔ሺ்𝑏+ଷ௞ ீሻܣ + = ʹ𝜋/ܯ

ாܸ஽ா = ଴ܸ ܣ + ଵܣ cos ܽ݇ܿ + ଶܣ cos ʹܽ݇ܿ + ଷcosሺ͵ܽ݇ܿሻܣ = ଴ܸ ͳ − cos 𝜙௙ ଷ
    if ܣ = ହଶ , ଵܣ = − ଵହସ , ଶܣ = ଷଶ , ଷܣ = − ଵସ  ݂ ≃ Ͳ.ʹ ݃𝑠 ଵ/ଷ−݈݋ܸ ܯ 
• Need to violate WGC to get right V0 without tuning prefactors since

଴ܸ ≃ ௣ସܯௌ−݁ ܣ = 𝜆ಾ𝑝𝑓−݁ ܣ ௣ସܯ = ௣ସܯହ𝜆−݁ ܣ ∼ ͳͲ−ଵଵ଴ܯ௣ସ for   ܣ ∼ ܱሺͳሻ only if   𝜆 ب ͳ
C2 axions with fluxed D7s have 𝜆 ≃ ݃𝑠 ܸ݈݋ଵ/ଷ ب ͳ

• Can get right EDE scale and decay constant for ݃𝑠 ∼ Ͳ.ͳ, ܸ݈݋ ∼ ͳͲହ and ܯ ∼ ܱሺͳͲͲሻ

[Poulin et al]

[MC,Licheri,Mahanta,
McDonough,Pedro,Scalisi]
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