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Spectators, GWs and Preheating
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Margherita Putti 

Dark World to The Swampland

Spotting String Axions



 Potential solution to the Strong CP problem

ℒSM ⊃
1

32π2
θFA

μνF̃Aμν

|dn | ≃ 10−16 θ e cm

θ ≲ 10−10

θ →
χ
f

⟹ θ = 0
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Axions



 Pseudo-scalar particles with perturbative continuous shift symmetry

χ → χ + c

V(χ) ∼ Λ4(1 − cos(χ/fχ))

c ∈ ℝ
Broken by non-perturbative effects

To discrete shift symmetry

χ → χ + 2π n fχ n ∈ ℤ

  QFT axions arise as massless modes after SSB 
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Axions



Unified QG theories have p-form gauge potentials
 10D Type IIB

C4, C2, B2, C0

M10 → M4 × X6

Axions

Compactification:  

Gives rise to axions C4 = ραωα + . . α ∈ {1,2,...h1,1}
Few -   axiverse𝒪(102) →

 Gauge symmetry protects shift symmetry 

 Inflation models / quintessence 

 …

Axiverse is the best prospect to 

tie string theory to experiments
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Arvanitaki, Dimopolous, Dubovsky, Kaloper, 
March-Russel arXiv:0905.4720  
Cicoli, Goodsell, Ringwald  arXiv:1206.0819  
Acharya, Bobkov, Kumar  arXiv:1004.5138  
… 

Stringy Axions



Constraints and future projections of axion-photon coupling experiments. 
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If axions couple to SM 
 Axion - photon coupling 
 Axion - nucleon coupling  

gaγ
gN

Assumptions: 
axion is very light,  
makes up DM. 

Detecting the Axiverse

O’Hare Github 



6

Detecting the Axiverse

However, string axions may not be:

  Light enough 

  DM 

 Coupled to SM 

If axions couple to SM 
 Axion - photon coupling 
 Axion - nucleon coupling  

gaγ
gN

Naively:

  One QCD axion 

  One for inflation 

  One for quintessence 

What about the rest of the axiverse?

How can we detect string axions that don’t necessarily couple to the Standard model
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How can we detect string axions that don’t couple to the Standard model

Gravitational Waves Dark Radiation

Dimastrogiovanni, Fasiello, Leedom, MP, Westphal 

arXiv:2312.13431  

Leedom,  MP, Righi, Westphal 

arXiv:2411.xxxx, 

Goal

…
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INFLATIONAXIONS

GWs from the AXIVERSE

 Axions are spectators during inflation
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 Axions coupled to hidden gauge fields

 from the AXIVERSEΔNeff

 Axionic preheating 

Ingredients



Axion spectators in type IIB

 Type IIB compactified on 6d CY      Hodge numbers 

                             ,    

 Graviton,  axiodilaton,    CS,     Kähler moduli + susy partners 

→ {h1,1, h2,1}

𝒩 = 1 ⟺ X̃ 6 ≡ X6/Ω → h1,1 = h1,1
+ + h1,1

− h2,1 = h2,1
+ + h2,1

−

h2,1 h1,1
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Axion spectators in type IIB

stabilized by fluxes
axionsaxion

 Type IIB compactified on 6d CY      Hodge numbers 

                             ,    

 Graviton,  axiodilaton,    CS,     Kähler moduli + susy partners 

→ {h1,1, h2,1}

𝒩 = 1 ⟺ X̃ 6 ≡ X6/Ω → h1,1 = h1,1
+ + h1,1

− h2,1 = h2,1
+ + h2,1

−

h2,1 h1,1
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Axion spectators in type IIB

   ,     

   ,  with      

  ,   with     

Tj = τj + iθ j

→ ℒ ⊃ Kij∂Ti∂Tj − V(Ti, Ti) Kij = ∂Ti∂TjK

V = eK (Kij DiWDjW − 3 |W |2 ) W = W0 + Aie−aiTi

 Type IIB compactified on 6d CY      Hodge numbers 

                             ,    

→ {h1,1, h2,1}

𝒩 = 1 ⟺ X̃ 6 ≡ X6/Ω → h1,1 = h1,1
+ + h1,1

− h2,1 = h2,1
+ + h2,1

−
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Axion spectators during inflation

 Type IIB compactified on 6d orientifold   axions  → h1,1 = h1,1
+ + h1,1

−

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

 Canonical renormalization:   ϑi = ai fiθi
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V ⊃ Λ4
i e

−aiτi cos(ϑi/fi) → m2
ϑ,eff =

Λ4
i e−aiτi

f 2
i



Axion spectators during inflation

 Type IIB compactified on 6d orientifold   axions  → h1,1 = h1,1
+ + h1,1

−

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0V ⊃ Λ4
i e

−aiτi cos(ϑi/fi) → m2
ϑ,eff =

Λ4
i e−aiτi

f 2
i

 During inflation  : no contribution to  

If       axion rolls down its potential during inflation 

mϑ,eff ≪ H Vinf

mϑ ≲ H →

 Canonical renormalization:   ϑi = ai fiθi
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GW from spectators



Spectator Mechanism
ℒ = −

1
2

(∂φ)2 − V(φ) −
1
2

(∂ϑ)2 − V(ϑ) −
1
4

FμνFμν − λ
ϑ
4f

FμνF̃μν

ℒspectatorℒinf

Pζ,GW = P(vac)
ζ,GW + P(src)

ζ,GW
·ϑ ≠ 0

Enhancement of primordial perturbations. 

Signal present a peak.
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V(ϑ) = Λ4 (1 − cos
ϑ
f )

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

·ϑ = 0

·ϑ = 0

·ϑmax

ϑ/f

ϑ



Spectator Mechanism

ℒspectatorℒinf

Enhancement of primordial perturbations. 

Signal present a peak. mϑ

− − λ
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Pζ,GW = P(vac)
ζ,GW + P(src)

ζ,GW
·ϑ ≠ 0

V(ϑ) = Λ4 (1 − cos
ϑ
f )

ℒ = −
1
2

(∂φ)2 − V(φ) −
1
2

(∂ϑ)2 − V(ϑ) −
1
4

FμνFμν − λ
ϑ
4f

FμνF̃μν



Initial condition:  ϑin

Inflationary Axiverse

ℒ = ℒinf +
n

∑
i=1

ℒspect Pζ,GW = P(vac)
ζ,GW +

n

∑
i=1

P(src)i
ζ,GW

A multitude of abelian spectators 

λ CS coupling:  height 

Axion mass: mϑ width

position

Peak parameters determined by: − − λ1

− − λ2

mϑ1 mϑ2
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ξ* = λ
δ
2

δ =
m2

ϑ

6H2



Inflationary Axiverse: GW 

Axion properties  
determine GW 
features: 
G r a v i t a t i o n a l 
spectroscopy  

BBO

DECIGO

NANOGrav

SKA

THEIA

LISA

18



UV Embedding

 We motivated the GW forest via the existence of the string axiverse 

 Can we actually embed this in string theory?  

 How generic can the spectator mechanism be? 

 Does the landscape allow observable signals? 
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λ ≳ 10



Axion candidates
 Type IIB on 6d 

Orientifold P-forms

CY 3-foldX3
X̃3 = X3/Ω
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C4, C2

ca 2-form 
odd axion

ρα 4-form 
even axion

Axion candidates

Gauge theory from D7 branes 

SD7 ⊃ ∫Σ4

C4 ∫4D
F2 ∧ F2

ρα

SD7 ⊃ ∫Σ2

F2 ∫Σ2

C2 ∫4D
F2 ∧ F2

cagauge flux m

λ ∼ ⟨τ⟩−1 < 𝒪(1) λ ∼ w κ m

M10 → M4 × X̃3



Pe
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Q
D
3 =
Q 
eff

Q
D
3 =25Q

D
3 =75

Q
D
3 =300

m
1=5

m
1=2

m
1=1

2

4

6

8

10

w
1

1 2 3 4 5 6 7
α1

Euclidean
D1-brane
Control

CS coupling constraints

Parameter space for  
with magnetized D7 
brane to reach PTA 
amplitudes in GW signal

ca
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 Perturbativity control for U(1) theory 
 ED1 control (axion potential) 
 Induced D3 Tapole  

 Specific topology to avoid Stückelberg 
couplings (no massive U(1))



Preheating spectators



Preheating

Inflation

Reheating

SR

PREHEATING

ϑk(t, ⃗x ) ∝ eμkt

Particle production 

nk(t, ⃗x ) ∝ e2μkt

μk = 0.1

μk = 0.1

ln
(n

k)

nk =
ωk

2 ( | ·Θk |2

ωk
+ |Θk |2 ) −

1
2

ρϑ =
1

(2πa)4 ∫ d3knkω(t, k) nϑ =
1

(2πa)3 ∫ d3knk

ϑ(t, ⃗x ) = ⟨ϑ⟩ + δϑk(t, ⃗x )

ϕ ≃ ⟨ϕ⟩ + Δϕ cos(mt)

Parametric resonance 

Θ′ ′ k + ( k2

a2
+

∂2 V(ϑ, φ)
∂ϑ2 ) Θk = 0

ω2
k (t)

χ k
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Axion - saxion 

ℒkin ⊃ Kij ∂τi∂τ j̄ + Kij ∂θi∂θ j

Vaxion = Λ4 e−aττ cos(aτθ)

V = Vinf + Vaxion

e−aττ
saxion

•  type IIB compactification on  

• At least 1 Kähler modulus  + axion   

 complexified field  

𝒩 = 1 CY3

τ θ
→ T = τ + iθ

axion

kinetic mixing 
β ∝ τ−1

<latexit sha1_base64="a+aY/ODX9dwNEqixtJZXM2/fVLY=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZldkpjcAl48RjEPSJYwO5kkQ2Z3lpleJYR8hhcPinj1a7z5N04egooWNBRV3XR3hYkUBgj5cDJr6xubW9nt3M7u3v5B/vCoaVSqGW8wJZVuh9RwKWLeAAGStxPNaRRK3grHl3O/dce1ESq+hUnCg4gOYzEQjIKVOt0bMRwB1Vrd9/IF4hK/Uir6mLh+iVS9qiUl4lXLRey5ZIECWqHey793+4qlEY+BSWpMxyMJBFOqQTDJZ7luanhC2ZgOecfSmEbcBNPFyTN8ZpU+HihtKwa8UL9PTGlkzCQKbWdEYWR+e3PxL6+TwqASTEWcpMBjtlw0SCUGhef/477QnIGcWEKZFvZWzEZUUwY2pZwN4etT/D9p+q5XdovXxULNX8WRRSfoFJ0jD12gGrpCddRADCn0gJ7QswPOo/PivC5bM85q5hj9gPP2Cfcoka4=</latexit>) Very simple, but generic!

String Inflation saxion  inflaton↔ ,  τ ∝ eϕ

ϑ ∝ θaτ f

LVS, Fibre inflation, Kähler inflation, …
2023: Cicoli,  Conlon,  Maharana,  Parameswaran,  Quevedo,  Zavala
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String Axion Preheating

ϑ′ ′ k − 2β
Δτ
⟨τ⟩

ϑ′ k sin(mτt) + (4
k2

m2
τ

+ 4
Λ4

m2
τ f 2

e−aτ⟨τ⟩e−aτΔτ cos(2s)) ϑk = 0

resonance parameter q = 4aτ
m2

ϑ

m2
τ

No expansion: Whittaker Hill equation

··Θk + β
·τ
τ

·Θk + ω(k, t)2 Θk = 0

ω(k, t)2 =
k2

a2
− β

·τ
2τ

H +
Λ4

f 2
e−aττ

Very narrow resonance  Dark radiation:   contribute to  

  Dark matter:       

mϑ ≤ 10−31Mpl → ΔNeff

Ω0
ϑ =

mϑnϑ(a0)
ρ0

c

q ≲ 10−43
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τ ≃ ⟨τ⟩ + Δτ cos(mτt)

′ =
d
ds

=
2
m

d
dt

Non-perturbative production of axions

Broad resonanceq ≳ 1



Stability charts

q = 4
m2

ϑ

m2
τ

aτ

10−11MP ≤ mϑ ≤ 10−5MP10−38MP ≤ mϑ ≤ 10−31MP
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  Dark radiation:   contribute to  

  Dark matter:  

mϑ ≤ 10−31Mpl → ΔNeff

Ω0
ϑ =

mϑnϑ(a0)
ρ0

c



String Preheating - II

Expanding background
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··Θk + β
·τ
τ

·Θk + ω(k, t)2 Θk = 0

ω(k, t)2 =
k2

a2
− β

·τ
2τ

H +
Λ4

f 2
e−aττ τ ≃ ⟨τ⟩ + Δτ cos(mτt)



Cosmological consequences
Fate of the produced axion depends on details of the compactification.

SM on D7-branes

 Inflation on 4-cycle    

 SM lives on D7-branes wrapped around  

 SM talks to inflaton and hidden sector 

   : PR only via kinetic mixing.

   

 If axion is heavy  decay into SM reheating 

Π4

Π4

mθ → 0 ⇒ q → 0

ΔNeff ≲ 10−6

⇒ ⇒

Sequestered SM

 SM lives on D3-branes at signularities.  

  : PR only via kinetic mixing. 

   

 If axion is heavy  decay into: 

1. Massless gauge bosons 

2. Gravitons 

3. SM 

4. Light axions 

5. Condensing gauge group 

mθ → 0 ⇒ q → 0

ΔNeff ≲ 10−6

⇒
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φ′ ′ + 3
2

mφ
Hφ′ +

4
m2

φ (
∂Vinf

∂φ ) = 0

Θ′ ′ k + 2φ′ Θ′ k + ( 4
m2

χ
k2 −

φ′ 

a3/2
+ 64

|AfW0 |

m2
φ𝒱2

⟨τ̃f⟩2(⟨τ̃f⟩e
2
3

φ)e−⟨τ̃f⟩e
2
3

φ

) Θk = 0
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Application: Fibre inflation
Vinf = W2

0 g2
s

A
τ2

f
−

B
𝒱 τf

+ g2
s

Cτf

𝒱2

W2
0

𝒱2 Vax ⊃ g2
s

af |AfW0 |

𝒱2
τf e−af τf cos(af θf )φ =

3
2

ln τf

2008: Cicoli, Burgess, Quevedo



SM on D3-branes

 SM lives on D3-branes at signularities.  

 SM sequestered from inflation 

If axion is heavy ( ), decays:  

1. Massless gauge bosons 

2. Gravitons 

3. SM 

4. Light axions 

5. Condensing gauge group

mχf
≃ 8 × 10−5MPl

Γχ→γ̃γ̃ ≃
1

64π
m3

χ

f 2
χf

Tdec ∼ Γ1/2M1/2
Pl

ΔNeff =
8
7 ( T

Tν )
4

ργ̃

ργ
=

120
7π2 ( 11

4 )
4/3 ρdec

γ̃

T4
reh ( adec

areh )
4

0.07 0.08 0.09 0.10 0.11

0.001

0.010

0.100

1

10

ℒ ⊃ − gaγ̃γ̃
χf

ff
FF̃
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Application: Fibre inflation



Conclusions

  String theory axiverse of p-forms can be used to probe string theory 

  Most of these axions are dark  probe them through gravity 

 Axions as spectators during inflation  produce various signals: 

→

 Axion-gauge field spectator sectors 

 GW forest→

 Axions spectators of  string inflation 

get produced via parametric resonance 

 decay to dark sector  → ΔNeff

More? 
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Thank you!



Back-up: Fibre inflation

K = 2 ln (𝒱 +
ξ

g3/2
s )

W = W0 + Af e−afTf + Ab e−abTb + As e−asTs

𝒱 = τf τb − τ3/2
s ≃ τf τb

Tf = τf + iθf , Tb = τb + iθb , Ts = τs + iθs

String loops corrections give:   

Vax ⊃ g2
s

af |AfW0 |

𝒱2
τf e−af τf cos(af θf )

gij = 2
∂2K

∂Ti∂Tj
fχf

=
1

2af τf

, fχb
=

1
abτb

m2
χf,b = g2

s af,b
|AfW0 |

𝒱2f 2
f,b

⟨τf,b⟩e−af,b⟨τf,b⟩

Ex. set: 

 ,   ,        

  ,            

⟨τf⟩ ≃ 7.5 af =
2π
4

fχf
≃ 0.06MPl → mχf

≃ 8 × 10−5MPl

𝒱 ≃ 935.5 ⟨τb⟩ =
𝒱

⟨τf⟩
≃ 341.2 → mχb

≃ 0φ =
3

2
ln τf mφ ≃

W2
0

𝒱10/3
≃ 10−4MPl

Vinf = W2
0 g2

s
A
τ2

f
−

B
𝒱 τf

+ g2
s

Cτf

𝒱2

W2
0

𝒱2

33

2008: Cicoli, Burgess, Quevedo


