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Ultra-light axions: a way to test string theory? 

• String theory yields a landscape of 4D vacua

stringy signatures?

• From both explicit computations for small h1,1 and statistics 

ultra-light axions: generic feature of controlled 4D EFTs from strings 
which is not really motived from QFT point of view

ultra-light axion model building is a promising arena to test string theory

applications to cosmology: 
i) dark radiation
ii) fuzzy dark matter 
iii) quintessence
iv) early dark energy



Axions from closed strings

• Type II strings: U(N) realised on N Dp-branes wrapping internal (p-3) cycles Sp-3

• Closed string spectrum contains p-forms Cp with gauge symmetry

• Dp-brane action

• From DBI:

• From Chern-Simons:         

Gauge kinetic function:

→ + Λ −
= න𝑀 ×Σ𝑝− + 𝐹DBI + න𝑀 ×Σ𝑝−  ∧ 𝐹

Chern−Simons

=  with = 𝜏 + 𝜗

DBI =. . . + න𝑀 𝐹 𝐹 නΣ𝑝−− = Vol Σ𝑝−  ≡ 𝜏
CS =. . . + න𝑀 𝐹 ∧ 𝐹 නΣ𝑝− −𝜗

Axion shift symmetry: , = 𝜗 𝜔 𝜗 𝑥 →𝜗 𝑥 +𝑐 + 𝜔 = + Λ −
locally in the extra dimensions

String modulus



Axions from closed strings
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if  fixed perturbatively as in LVS models              ultra-light axions

if  fixed non-perturbatively as in KKLT models

3ln bulkK = −

e.g. type IIB dilaton and complex structure moduli

U(1)PQ always broken in EFT

fa ~ 1016 GeV unless Ms ~ 1011 GeV with m3/2 ~ 1 TeV for V ~1015 but CMP problems

infaf H

𝜗,𝑖 ≃ 𝜏 ≃ / > 5  𝑉𝜗,𝑖 ≃ 𝜏 −𝑐𝜏 𝜏 ≃ /
𝜗,𝑖 𝜗,𝑄 ≃ Λ𝑄 / 𝑎



Axion statistics
• LVS moduli stabilisation at large h1,1: 𝑉𝑜 ∼ 𝑐𝑔𝑠 consistent with 𝑉𝑜 ℎ , ≃ for  ℎ , ∼𝜏𝜏 = ΠΠ ∀ ≠ = , … , ℎ , due to higher a’ effects  Π𝑖 =  𝑌 ∧ 𝑖
• Axion decay constants and masses: 

𝑎,𝑖 ≃ 𝑀𝑝𝜏 ≃ 𝜆𝑖   − 𝑐/ 𝑠          and      𝑎 ≃  −𝑘 𝑀𝑝/ 𝑎,
     

• Statistical log-distribution in the string flux landscape for uniform dilaton distribution

𝑎 = 𝑎 ≃ 𝑎 ≃ 𝑎
𝑎 ≃ ln 𝑎𝑀𝑝 and       𝑎 ≃ ln 𝑎𝑀𝑝

• Valid at fixed h1,1 when moving in Kaehler moduli space along stable vacua by varying gs

• Complementary to results of [Mehta et al] at tip of stretched Kaehler cone varying h1,1

mean value of fa decreases when h1,1 increases since 𝜏𝑖 𝑎𝑥 ≃ ℎ ,
upper bound on validity of log-distribution

𝑎 𝑎, 𝑎𝑥 ℎ , ≃ ℎ ,
𝑎  −𝑘 ℎ , ∼

[Broeckel,MC,Maharana,Singh,Sinha]

[MC,Ciupke,deAlwis,Muia]

[Demirtas et al]

massless axions

Axiverse
[Arvanitaki et al]



Axions from open strings

open
af = =

infaf H

fa ~ 1011 GeV << Ms ~ 1015 GeV with m3/2 ~ 1011 GeV for V ~106

and  Msoft ~ 1 TeV from sequestered SUSY breaking and no cosmo problems



Stringy axion summary
• 4D string axions:

i) closed string  (T =  + i )
fa ≈ 1016-17 GeV 

ii)  open string z (f =  eiz)
fa ≈ 1010-11 GeV

• But axions can be:
i) removed by orientifold projection
ii) eaten up by anomalous U(1)s

a) z eaten up for branes on bulk cycles
b)  eaten up for branes at singularities

• Axion masses:
i)  axions are heavy (m ≈ m > 50 TeV) if saxions are fixed non-perturbatively 
ii) axions are light (m  m) if saxions are fixed perturbatively

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

• Need to develop explicit models + statistical analysis + UV correlations among observables

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

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

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



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

Constrain DM origin from UV correlations between inflation, DM, DR, reheating, SUSY breaking, GWs….

[MC,Guidetti,Righi,Westphal]

[Aparicio et al]

[MC,Pedro,Pedron]

[Allahverdi et al]



[MC,Burgess,Quevedo]



[MC,Guidetti,Righi,Westphal]



[MC,Diaz,Pedro]



[MC,Pedro,Pedron]



[MC,oebecker,Jaeckel,Wittner]

[MC, Piovano]

[MC,Licheri,Piantadosi,Quevedo,Shukla]

in progress

[MC,Tasinato,Zavala,Burgess,Quevedo]



[MC,Deal,Sinha]



[MC,oebecker,Jaeckel,Wittner]

[MC,Conlon,Quevedo]

[Angus]

[MC,Deal,Sinha]



[Conlon,Quevedo]

[MC,oebecker,Jaeckel,Wittner]

[Allahverdi,Broeckel,MC,Osinski]

[Allahverdi,MC,Dutta,Sinha]







[MC,Cunillera,Padilla,Pedro]



[MC,Quevedo,Valandro]



[MC,Cunillera,Padilla,Pedro]





Quintessence from axion alignment
• Focus again on fibred CYs: 

• Structure of the scalar potential: = , 𝜏𝑠, 𝜗𝑠 + 𝑛 𝜏 + 𝑠𝑢 𝜗 , 𝜗
with 𝑛 ≃ − −𝜙/ )       and       𝑛 ≃ −

• 3 ultra-light axions: z = QCD axion DM, Jb and Js = DM (up to 0.1%) and DE via alignment
• Alignment mechanism [Kim,Nilles,Peloso]= 𝐿𝑉 + 

− 𝜋 𝑓 𝑓+ 𝑏 𝑏 + − 𝜋  𝑓 𝑓+ 𝑏 𝑏
• After canonical normalisation: 𝜙 ∝ 𝑞 𝜗 + 𝑞 𝜗 and 𝜙𝐿∝ 𝑞 /𝜏 𝜗 − 𝑞 /𝜏 𝜗

𝑠𝑢 = Λ − cos 𝜙𝐻𝐻 + Λ − cos 𝜙𝐻ሚ𝐻 + 𝜙
∼ ሚ ∼ 𝜏− , 𝜏− while       𝐿 ∼ 𝑏/𝜏𝑓+ 𝑓/𝜏𝑏 | 𝑓 𝑏− 𝑓 𝑏| → ∞ for     𝑞 𝑞 ≃ 𝑞 𝑞≃ Λ4𝐻 and    𝐿 ≃ Λ4 →= Λ − cos 𝜙

after fixing  𝜙 =
• Numerical results:  𝜏 ∼ 𝜏 ∼  ∼ ∼  𝑞 ∼  ∼ −  ∼ −  𝐿 ∼ −  𝐿 ∼ −  

= 𝜏 𝜏 − 𝜏𝑠 / [Angus,Choi,Shin]
[MC,Padilla,Pedro]
In progress 



Early dark energy
• EDE proposed to solve Hubble tension:

10% of energy density briefly 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 = − cos 𝜙 𝑛

with   ∼  ≃  ≃ .  
• Embedding in string theory: Swiss-cheese LVS with 1 orientifold odd axion= නΣ + නΣ = + 𝑖
• Superpotential from 3 gaugino condensates on D7s with gauge fluxes k, 2k and 3k= 𝐿𝑉 + − 𝑏+  + − 𝑏+  + − 𝑏+   = 𝜋/

= + cos + cos + cos = − cos 𝜙
    if = , = − , = , = −  ≃ . 𝑠   − /
• Need to violate WGC to get right V0 without tuning prefactors since≃  − =  −𝜆 𝑝𝑓 =  − 𝜆 ∼ − for   ∼ only if   𝜆

C2 axions with fluxed D7s have 𝜆 ≃ 𝑠 /
• Can get right EDE scale and decay constant for 𝑠 ∼ . , ∼  and ∼

[Poulin et al]

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



COSMIC WISPers in the Dark Universe
• Relatively new COST action:

Start: Oct 2022  
End:  Sep 2026

• Website: https://www.cost.eu/actions/CA21106/

• Chair: Alessandro Mirizzi (Bari)
• Vice-chair: Francesca Calore (Annecy)

• Keywords: axion and hidden photon theory - axion dark matters searches 
axion and hidden photon astrophysics - axion and hidden photon experiments 

• 5 Working Groups:
WG1: WISPs Model Building – Michele Cicoli and Ilaria Brivio
WG2: WISPs Dark Matter and Cosmology – Vitagliano and Redondo
WG3: WISPs in Astrophysics – Caputo and Straniero
WG4: Direct WISPs Searches – Gatti and Karuza
WG5: Dissemination and Outreach – Mena and Gastaldo

• Activities:
i) Kick-off Meeting, 23-24 Feb 2023, Frascati
ii) 1st General Meeting, 5-8 Sep 2023, Bari
iii) 1st Training School, 11-14 Sep 2023, Lecce
iv) Monthly WG online meetings

• Funding for: 
Short term scientific missions, Workshops, PhD Schools, ……

Apply online to join WG1 + another WG (if interested)!

https://www.cost.eu/actions/CA21106/
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