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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 h'! 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:
1) dark radiation

i) fuzzy dark matter

i) quintessence

Iv) early dark energy



Axions from closed strings

Type Il strings: U(N) realised on N Dp-branes wrapping internal (p-3) cycles % ;

Closed string spectrum contains p-forms C, with gauge symmetry

C, > Cp+dh,_y
Dp-brane action

SDp:f g+F+ij CyNef
M*xZp_3 M*XZp_3 7

DBI Chern—Simons
From DBI:
SDBI =---+f V9apF F* f JeD
M#4 Sp-3
From Chern-Simons: g72=VolE,-3) =1
SCS=...+.[ F/\Ff Cp_3
M4 Zp-3
k?
Gauge kinetic function: f=T with T=1+i9 String modulus
Axion shift symmetry: Cp(x,y) = 9 (x)w,(¥) »Cp + cwy =Cp +dA,_4

9(x)-=9(x)+c ) ) _
locally in the extra dimensions



Axions from closed strings

« Shift symmetry breaking:

I) Perturbative level: complete breaking by fluxes which break SUSY

My flux = M3z = My /V e.g. type IIB dilaton and complex structure moduli

i) Non-perturbative level: breaking to discrete shift symmetry by stringy instantons

My inst = My = Mg/ > 50 TeV if tfixed non-perturbatively as in KKLT models

My inst = Mee™ " K my = mg,, iffixed perturbatively as in LVS models ultra-light axions

* Too get viable QCD axion need to check my inst K My ocp = AéCD /fa

. fa from kinetic terms determined by Kaehler potential K

1 0°K
kin :Zariarj (5ﬂTi6”Z‘j +8ﬂz9i@’”‘.9j)
) bulk cycles: K=-3Inz,, f& = Mj /T = Mgy
ii) local cycles (blow-ups): K = tf,./V fé&=M;/V =M¢
U(1)p always broken in EFT f.>H.;

f.~ 10% GeV unless M, ~ 10 GeV with my, ~ 1 TeV for V ~10'% but CMP problems



AXxion statistics

LVVS moduli stabilisation at large h':1; [MC, Ciupke deAlwis,Muia]
Vol ~ egs > 1 consistent with Vol > (h¥1)7 =~ 0(101*) for hl! ~ 0(100) [Demirtas et al]

i I1; , . . ; =
D=L yi#j=1,..,h%" dueto higher o’ effects II; = [ c, A D;
‘L'j Hj CcY
Axion decay constants and masses:
Axiverse
far =2~ A M, e 2¢/G9)  and  mg = M, e kiMp/fai [Arvanitaki et al]

Ti

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

dfa

dfa P dgs fa dgs ~ fadN [Broeckel, MC,Maharana,Singh,Sinha]
s

N(f“)zln(n%) and N(ma)zln(%)

Valid at fixed h'1 when moving in Kaehler moduli space along stable vacua by varying g,

Complementary to results of [Mehta et al] at tip of stretched Kaehler cone varying hi1
mean value of f, decreases when h'! increases since "% ~ (h11)3

upper bound on validity of log-distribution

< 1,1y ~ Mp
fa = fa,max(h ) - (h1'1)3
. 3
massless axions Mg < M, e~ k(h")" Lo



Axions from open strings

« SM on D-branes at singularities
anomalous U(1)

* Local T-modulus gets a U(1) charge
» Axion 3 eaten up by U(1) while t yields a field-dependent Fl-term

_ oK _ TIﬂMZ
0Tioe ¥ v P

§

° MU(1) ~ MS gIObaI U(1)pQ in EFT
« D-term potential for charged open string ® = p €'

Vp = g*(p* —§)?

-D =0gives (p)= JE = . spontaneous breaking of U(1)pq
(faopen)z ~ TIOCMSZ &« (faclosed)z ~ MSZ fOT Tioc &1
U(1)pq spontaneously broken at low energy f,<H.

fa~ 101 GeV << Mg ~ 10% GeV with m,, ~ 101 GeV for V ~106
and M. ~ 1 TeV from sequestered SUSY breaking and no cosmo problems



Stringy axion summary

4D string axions:
) closed string 3 (T=1t+139)
f, & 101617 GeV “stringy” QCD axion, inflation, quintessence, fuzzy DM, dark radiation...

i) open string ¢ (¢ = p el%)

~ 0-
f, & 1011 GeV “field-theory” QCD axion, astrophysical hints,....

But axions can be;

1) removed by orientifold projection

i) eaten up by anomalous U(1)s
a) C eaten up for branes on bulk cycles
b) 9 eaten up for branes at singularities

Axion masses:
|) axions are heavy (mg ~m_ > 50 TeV) if saxions are fixed non-perturbatively

i) axions are light (mg4 << m,) if saxions are fixed perturbatively

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

Generic implications:

1) early matter domination from saxion oscillations dilution and non-standard DM
i) relativistic axions from saxion decay extra dark radiation AN #0

i) Ultra-light axions suitable for quintessence

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



Non-standard dark matter

Non-thermal WIMPs Fuzzy DM
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PRBH DM
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PM a~d HIGH SCALE INFLATIoN
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QUINTESSENCE Model RUILDING

[MC,Cunillera,Padilla,Pedro]
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AXION HILLTDOR
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Quintessence from axion alignment

- Focus again on fibred CYs: Vol = [t77, — 3/ {Qrg‘;z;ngiﬁefgpg]
e Structure of the scalar potential: In progress

V =Vieaa (VOl, Ts:ﬁs) + Vinf (Tf) + Vsub (ﬁb:ﬁf)
with
Viie = Vo(l—2e~0/V3 d .~ 1075
inf = Vo( 3 € ) an Hing = 107°M,

« 3 ultra-light axions: { = QCD axion DM, 9, and 3,= DM (up to 0.1%) and DE via alignment
 Alignment mechanism [Kim,Nilles,Peloso]

W=Wuve+ A e_lfl_chlfo'l'qleb) Iy e_i’_z (@2fTf+aq2pTp)
= Wyys 1 2

»  After canonical normalisation: ¢y q179 + q1p9, and  ¢Lx (q15/77)% — Ca1s/75)0p

—Adlq PH 411 _ ¢H ¢L)]
Veup = N3 ll cos(fH)]+A ll cos(fH L

\/q%b/T%'l'zq%f/TlZ)
|41£92b—q2f4q1p]

fu ~ fu ~ O(Tf_l»Tz;l) K1 while fL~ —»> o for  qirq2p = q2591p

A? A3

m% ~= and mi{==-0
by f
H L

Vop = A% [1 — cos (%)] after fixing ¢y =

L
 Numerical results:

T ~Tp ~ 0(100) Ny ~ N, ~ 0(20) g;; ~ 0(10) fu~1073  my ~ 10725 eV
fL ~ 10_1 m; ~ 10_32 eV



Early dark energy

EDE proposed to solve Hubble tension: [Poulin et al]

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 H, from CMB

n
VEDE = VO ll — COS (%)] with VO ~ eV4 n=3 f ~ (0.2 Mp

Embedding in string theory: Swiss-cheese LVS with 1 orientifold odd axion

_ . . [MC,Licheri,Mahanta,
G = .L B, +L C;=b+ic McDonough,Pedro,Scalisi]

2 2

Superpotential from 3 gaugino condensates on D7s with gauge fluxes k, 2k and 3k
W = WLVS + Ale—a(Tb+k G) + Aze—a(Tb+2k G) + Age_a(Tb+3k G) a = 27T/M

3
Vepe = VolA + A4 cos(akc) + A, cos(2akc) + Azcos(3ake)] =V, ll — cos (%)]

. 5 15 3 1 -
IfA=E,A1=—:;A2=E;A3=_Z f=02gs MVol 1/3
Need to violate WGC to get right V, without tuning prefactors since

AMp

Vo=AeMy=Ae  My=Ae My ~10"110M) for A~0(1) onlyif 1> 1

C, axions with fluxed D7s have 1 = \/g; Vol'/3 > 1
Can get right EDE scale and decay constant for g, ~ 0.1, Vol ~ 10> and M ~ 0(100)



COSMIC WISPers Iin the Dark Unlverse

» 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)

“ﬁVVISPERS

= CA21106

« 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 llaria Brivio AN -
WG2: WISPs Dark Matter and Cosmology — Vitagliano and Redondo L b
WG3: WISPs in Astrophysics — Caputo and Straniero
WG4: Direct WISPs Searches — Gatti and Karuza

WG5: Dissemination and Outreach — Mena and Gastaldo ™
* Activities: X
1) Kick-off Meeting, 23-24 Feb 2023, Frascati

1) 15t General Meeting, 5-8 Sep 2023, Bari Ef,‘:EﬂiSn"f,,‘,?jn

i) 18t 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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