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See Terada’s talk on Thursday about GC’s constraint on inflationary models!
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λ ≥ λ0 cos θ ≥ −
λ0

|∂ log m |
=

λ0

λg
LOWER BOUND

MAXIMUM DEVIATION ANGLE

θ =
π
2

∞ ∞ ∞ ∞ ∞∞∞∞∞

λ = 0

γ

Andriot, Cribiori, Erkinger 2020

Glender, Valenzuela 2020

Castellano et al 2021

Etheredge et al 2022
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Decay rate of the SDC
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λ ≥ λ0 cos θ ≥ −
λ0

|∂ log m |
=

λ0

λg
LOWER BOUND

MAXIMUM DEVIATION ANGLE

θ0

∞ ∞ ∞ ∞ ∞∞∞∞∞

λ0 = λg cos θ0

γ

Andriot, Cribiori, Erkinger 2020

Glender, Valenzuela 2020

Castellano et al 2021

Etheredge et al 2022

⃗T
⃗∂m

Decay rate of the SDC

Quantum Gravity Constraints on Cosmic Acceleration
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Multi-field setup and trajectories in moduli space

ℒ = −
1
2

ημνGab ∂μΦa∂νΦb

··Φa + Γa
bc

·Φb ·Φc = 0

Scalar fields in Minkowski space time

EoM = geodesic equation
scalar fields will move along geodesics

Freigang, Lüst, Nian, MS 2023

Quantum Gravity Constraints on Cosmic Acceleration
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Multi-field setup and trajectories in moduli space

ℒ = −
1
2

ημνGab ∂μΦa∂νΦb

··Φa + Γa
bc

·Φb ·Φc = 0

Scalar fields in Minkowski space time

Dt Aa ≡ ·Aa + Γa
bcAb ·Φc

Dt
·Φa = 0

EoM = geodesic equation
scalar fields will move along geodesics

covariant derivative

Freigang, Lüst, Nian, MS 2023

Quantum Gravity Constraints on Cosmic Acceleration
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ℒ = −
1
2

ημνGab ∂μΦa∂νΦb

··Φa + Γa
bc

·Φb ·Φc = 0

Scalar fields in Minkowski space time

Dt Aa ≡ ·Aa + Γa
bcAb ·Φc

Dt
·Φa = 0

Na = −
DtTa

|DtT |Ta =
·Φa

·Φ

⃗T

⃗N

tangent vector normal vector

Freigang, Lüst, Nian, MS 2023Multi-field setup and trajectories in moduli space
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ℒ = −
1
2

ημνGab ∂μΦa∂νΦb

··Φa + Γa
bc

·Φb ·Φc = 0

Scalar fields in Minkowski space time

Dt Aa ≡ ·Aa + Γa
bcAb ·Φc

Dt
·Φa = 0

·Φ = Gab
·Φa ·Φb

Na = −
DtTa

|DtT |Ta =
·Φa

·Φ

⃗T

⃗N

tangent vector normal vector

Ω ·Φ = 0

Ω = |DtT |

··Φ = 0
tangent projection normal projection

speed turning rate

Freigang, Lüst, Nian, MS 2023Multi-field setup and trajectories in moduli space
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ℒ = −
1
2

ημνGab ∂μΦa∂νΦb

··Φa + Γa
bc

·Φb ·Φc = 0

Scalar fields in Minkowski space time

Dt Aa ≡ ·Aa + Γa
bcAb ·Φc

Dt
·Φa = 0

·Φ = Gab
·Φa ·Φb

Na = −
DtTa

|DtT |Ta =
·Φa

·Φ

⃗T

⃗N

tangent vector normal vector

Ω = |DtT |

··Φ = 0
tangent projection normal projection

speed turning rate

Ω = 0

Freigang, Lüst, Nian, MS 2023Multi-field setup and trajectories in moduli space

Quantum Gravity Constraints on Cosmic Acceleration
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ℒ = −
1
2

ημνGab ∂μΦa∂νΦb−V(Φa)

··Φ+VT = 0

Scalar fields with potential in Minkowski space time

VN ≡ NaVaVT ≡ TaVa

Ω ·Φ = VN

Freigang, Lüst, Nian, MS 2023

⃗T

⃗N

Multi-field setup and trajectories in moduli space

Quantum Gravity Constraints on Cosmic Acceleration
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ℒ = −
1
2

ημνGab ∂μΦa∂νΦb−V(Φa)

··Φ+VT = 0

Scalar fields with potential in Minkowski space time

VN ≡ NaVaVT ≡ TaVa

Ω ·Φ = VN

Scalar fields with potential in FLRW space time

ℒ =
1
2

R−
1
2

gμνGab∂μΦa∂νΦb − V(Φa)

··Φ+3H ·Φ+VT = 0 Ω ·Φ = VN

Freigang, Lüst, Nian, MS 2023

⃗T

⃗N

Multi-field setup and trajectories in moduli space

Quantum Gravity Constraints on Cosmic Acceleration
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Multi-field cosmic acceleration

3H2 −
1
2

·Φ2 − V = 0 Ω ·Φ = VN

Achucarro, Palma 2018

Freigang, Lüst, Nian, MS 2023

··Φ + 3H ·Φ + VT = 0

Quantum Gravity Constraints on Cosmic Acceleration
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Multi-field cosmic acceleration

3H2 −
1
2

·Φ2 − V = 0

ϵ ≡ −
·H

H2
=

·Φ2

2H2

Ω ·Φ = VN

η ≡
·ϵ

Hϵ
= 2ϵ + 2

··Φ
H ·Φ

acceleration

parameter eta parameter

Achucarro, Palma 2018

Freigang, Lüst, Nian, MS 2023

··Φ + 3H ·Φ + VT = 0

Quantum Gravity Constraints on Cosmic Acceleration
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Multi-field cosmic acceleration

3H2 −
1
2

·Φ2 − V = 0

ϵ ≡ −
·H

H2
=

·Φ2

2H2

|∇V |2

V2
= 2ϵ ((1 +

η
2(3 − ϵ) )

2

+
Ω2

H2(3 − ϵ)2 )

Ω ·Φ = VN

η ≡
·ϵ

Hϵ
= 2ϵ + 2

··Φ
H ·Φ

acceleration

parameter eta parameter

Achucarro, Palma 2018

Freigang, Lüst, Nian, MS 2023

··Φ + 3H ·Φ + VT = 0
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Multi-field cosmic acceleration

|∇V |2

V2
≃ 2ϵ ((1 +

η
6 )

2

+
Ω2

9H2 )

3H2 −
1
2

·Φ2 − V = 0

ϵ ≡ −
·H

H2
=

·Φ2

2H2

|∇V |2

V2
= 2ϵ ((1 +

η
2(3 − ϵ) )

2

+
Ω2

H2(3 − ϵ)2 )

Ω ·Φ = VN

η ≡
·ϵ

Hϵ
= 2ϵ + 2

··Φ
H ·Φ

acceleration

parameter eta parameter

ϵ < 1

Achucarro, Palma 2018

Freigang, Lüst, Nian, MS 2023

··Φ + 3H ·Φ + VT = 0

Quantum Gravity Constraints on Cosmic Acceleration

Example: scaling cosmologies see talks by Shiu and Tonioni
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Multi-field cosmic acceleration

|∇V |2

V2
≃ 2ϵ ((1 +

η
6 )

2

+
Ω2

9H2 )

3H2 −
1
2

·Φ2 − V = 0

ϵ ≡ −
·H

H2
=

·Φ2

2H2

|∇V |2

V2
= 2ϵ ((1 +

η
2(3 − ϵ) )

2

+
Ω2

H2(3 − ϵ)2 )

Ω ·Φ = VN

η ≡
·ϵ

Hϵ
= 2ϵ + 2

··Φ
H ·Φ

acceleration

parameter eta parameter

|∇V |2

V2
≃ 2ϵ (1 +

Ω2

9H2 )

η, ϵ ≪ 1ϵ < 1 slow roll

Achucarro, Palma 2018

Freigang, Lüst, Nian, MS 2023

··Φ + 3H ·Φ + VT = 0

Quantum Gravity Constraints on Cosmic Acceleration

Example: scaling cosmologies see talks by Shiu and Tonioni
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Asymptotic acceleration and bound on the turning rate Freigang, Lüst, Nian, MS 2023

1 hyperbolic plane

dΔ2 = Gab dΦadΦb =
n2

s2 (ds2 + dϕ2)

Quantum Gravity Constraints on Cosmic Acceleration
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Asymptotic acceleration and bound on the turning rate Freigang, Lüst, Nian, MS 2023

1 hyperbolic plane

dΔ2 = Gab dΦadΦb =
n2

s2 (ds2 + dϕ2)
s

ϕ

⃗∂m

Quantum Gravity Constraints on Cosmic Acceleration
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Asymptotic acceleration and bound on the turning rate Freigang, Lüst, Nian, MS 2023

1 hyperbolic plane

dΔ2 = Gab dΦadΦb =
n2

s2 (ds2 + dϕ2)

β =
dϕ
ds

= tan θ = const

s

ϕ

θ

⃗T⃗∂m

trajectory

Quantum Gravity Constraints on Cosmic Acceleration
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Asymptotic acceleration and bound on the turning rate Freigang, Lüst, Nian, MS 2023

1 hyperbolic plane

dΔ2 = Gab dΦadΦb =
n2

s2 (ds2 + dϕ2)

β =
dϕ
ds

= tan θ = const

Ω =
n
s

(DtTs)2 + (DtTϕ)2 =
|sin θ |

n
·Φ

Ω
H

=
|sin θ |

n
2ϵ

s

ϕ

θ

⃗T⃗∂m

trajectory

·Φ2 = 2ϵH2

Aragam, Chiovoloni, Paban, Rosati. Zavala 2021 

large curvature?

Quantum Gravity Constraints on Cosmic Acceleration
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Freigang, Lüst, Nian, MS 2023

1 hyperbolic plane

dΔ2 = Gab dΦadΦb =
n2

s2 (ds2 + dϕ2)

β =
dϕ
ds

= tan θ = const

Ω =
n
s

(DtTs)2 + (DtTϕ)2 =
|sin θ |

n
·Φ

Ω
H

=
|sin θ |

n
2ϵ

s

ϕ

θ

⃗T⃗∂m

trajectory

·Φ2 = 2ϵH2

Ω
H

= F(θ, R) ϵ F(θ, R) = |sin θ | −R F < |sin θ0 | −R

Asymptotic acceleration and bound on the turning rate

Quantum Gravity Constraints on Cosmic Acceleration
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Freigang, Lüst, Nian, MS 2023

Product of 2 hyperbolic planes

dΔ2 =
n2

s2 (ds2 + dϕ2) +
m2

u2 (du2 + dψ2)

Product of N hyperbolic planes

see
Guoen Nian’s parallel talk
on Thursday!

dΔ2 =
N

∑
i=1

n2
i

s2
i

(ds2
i + dϕ2

i )

Asymptotic acceleration and bound on the turning rate

Quantum Gravity Constraints on Cosmic Acceleration
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Freigang, Lüst, Nian, MS 2023

Time-dependent deviation angle

dϕ
ds

= β(t) = tan θ(t) trajectory

s

ϕ

θ(s) ≤ θ0 λ(s) ≥ λ0

Quantum Gravity Constraints on Cosmic Acceleration

Moving away from the boundary of moduli space
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Freigang, Lüst, Nian, MS 2023

Time-dependent deviation angle

dϕ
ds

= β(t) = tan θ(t) trajectory

s

ϕ

θ(s) ≤ θ0 λ(s) ≥ λ0

m = m0 exp(−λΔ) + δm(Δ) tower

mass

Quantum Gravity Constraints on Cosmic Acceleration

Moving away from the boundary of moduli space
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Freigang, Lüst, Nian, MS 2023

Time-dependent deviation angle

dϕ
ds

= β(t) = tan θ(t)

Ω =
sin θ

n
·Φ − ·θ

trajectory

how big can  be?·θ

s

ϕ

θ(s) ≤ θ0 λ(s) ≥ λ0

turning rate

m = m0 exp(−λΔ) + δm(Δ) tower

mass

Quantum Gravity Constraints on Cosmic Acceleration

Moving away from the boundary of moduli space
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Freigang, Lüst, Nian, MS 2023

Time-dependent deviation angle

dϕ
ds

= β(t) = tan θ(t)

Ω =
sin θ

n
·Φ − ·θ

trajectory

turning rate

m = m0 exp(−λΔ) + δm(Δ) tower

mass

Quantum Gravity Constraints on Cosmic Acceleration

Moving away from the boundary of moduli space

θ(s) = θ∞ + ∑
n>0

cn

sn

Asymptotic expansion of θ
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Freigang, Lüst, Nian, MS 2023

Time-dependent deviation angle

dϕ
ds

= β(t) = tan θ(t)

Ω =
sin θ

n
·Φ − ·θ

trajectory

turning rate

m = m0 exp(−λΔ) + δm(Δ) tower

mass

Quantum Gravity Constraints on Cosmic Acceleration

Moving away from the boundary of moduli space

θ(s) = θ∞ + ∑
n>0

cn

sn

Asymptotic expansion of θ
·θ(s)
H

≤ 2 2
k
n

θ0 ϵ
·Φ2 = 2ϵH2

Ω
H

≃ ϵ
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Constraints on Particle Production

Quantum Gravity Constraints on Cosmic Acceleration

corrections ∝ ( H
ΛQG )

3
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SDC and particle production

coupling 
between 

inflaton and 
other fields

production 
of quanta

injection of 
energy


=

additional 

friction

change of 
observable 
predictions

Quantum Gravity Constraints on Cosmic Acceleration
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SDC and particle production

ℒ = −
1
2

(∂φ)2 − V(φ) − φ FF̃

Inflaton-gauge fields coupling

Inflaton-scalar fields coupling

Anber, Sorbo 2010

Green, Horn, Senatore, Silverstein 2009 “Trapped inflation”

ℒ = −
1
2

(∂φ)2 − V(φ) −
1
2 ∑

n
[(∂χn)2 − g2(φ − φ0n)2 χ2

n]

Quantum Gravity Constraints on Cosmic Acceleration

coupling 
between 

inflaton and 
other fields

production 
of quanta

injection of 
energy


=

additional 

friction

change of 
observable 
predictions
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SDC and particle production Lüst, Masias, Pieroni, Scalisi - work in progress

mass of the SDC tower
ℒ = −

1
2

(∂φ)2 − V(φ) −
1
2 ∑

i
[(∂χi)2 − m2

ne−2λφχ2
n]

m ∼ e−λφ

φΔφ

V

φ → ∞

Quantum Gravity Constraints on Cosmic Acceleration
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SDC and particle production

Scalar power spectrum

Pζ(k) = Ph
ζ + Ps

ζ =
H4

(2π)2 ·φ2
0 (1 + 0.0025

H3

Λ3
QG

λ2)
EFT reasoning


would suggest first 
correction as  ΛIR /ΛUV

Quantum Gravity Constraints on Cosmic Acceleration

Lüst, Masias, Pieroni, Scalisi - work in progress
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Scalar power spectrum

Pζ(k) = Ph
ζ + Ps

ζ =
H4

(2π)2 ·φ2
0 (1 + 0.0025

H3

Λ3
QG

λ2)
EFT reasoning


would suggest first 
correction as  ΛIR /ΛUV

for    


and   

H < ΛQG

λ = 𝒪(1)

Ph
ζ > Ps

ζ
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0 (1 + 0.0025
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EFT reasoning
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ζ
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SDC and particle production

Scalar power spectrum

Pζ(k) = Ph
ζ + Ps

ζ =
H4

(2π)2 ·φ2
0 (1 + 0.0025

H3

Λ3
QG

λ2)
EFT reasoning


would suggest first 
correction as  ΛIR /ΛUV

for    


and   

H < ΛQG

λ = 𝒪(1)

Ph
ζ > Ps

ζ

for    


and   

H ∼ ΛQG

λ > 20

Ph
ζ ∼ Ps

ζ

Corrections disappears

when tower decouples 

(mn → ∞)ΛQG → ∞

λ → 0
or

Quantum Gravity Constraints on Cosmic Acceleration

Lüst, Masias, Pieroni, Scalisi - work in progress
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SDC and particle production

Non Gaussianities

fNL,equil ≃ 0.0007
λ ·φ
H

(λMP)2 1 + 0.0025(λMP)2( H
ΛQG )

3
−2

( H
ΛQG )

3

Quantum Gravity Constraints on Cosmic Acceleration

Lüst, Masias, Pieroni, Scalisi - work in progress

Tensor-to-scalar ratio

r = 9.2 ⋅ 107 H2

M2
P

1 + 0.17 ( H
ΛQG )

3

Scalar spectral tilt

ns − 1 = (−2ϵ − η) 1 − ( γMP

20 )
2

( H
ΛQG )

3

− (5ϵ + 2ϵγMP) ( γMP

20 )
2

( H
ΛQG )

3
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SDC and particle production

Quantum Gravity Constraints on Cosmic Acceleration

Lüst, Masias, Pieroni, Scalisi - work in progress
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stringent constraints on a variety of aspects of cosmic acceleration
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Conclusions

Quantum Gravity Constraints on Cosmic Acceleration

Universal upper bound 
on


the scalar field range

Δ ≲ − log H

MS, Valenzuela 2018
MS 2019

We have shown that the Swampland Distance Conjecture alone sets very 
stringent constraints on a variety of aspects of cosmic acceleration

We have provided 3 explicit examples of such quantum gravity constraints:

1
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Universal upper bound 
on


the scalar field range

Δ ≲ − log H

Ω
H

< 𝒪 ( ϵ)

MS, Valenzuela 2018
Freigang, Lüst, Nian, MS 2023MS 2019

Upper bound on

the turning rate

Trajectories

mainly geodesic

We have shown that the Swampland Distance Conjecture alone sets very 
stringent constraints on a variety of aspects of cosmic acceleration

We have provided 3 explicit examples of such quantum gravity constraints:

1 2
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on


the scalar field range

Δ ≲ − log H
(H/ΛQG)
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Ω
H

< 𝒪 ( ϵ)

MS, Valenzuela 2018
Freigang, Lüst, Nian, MS 2023MS 2019 Lüst, Masias, Pieroni, MS - in progress

Upper bound on

the turning rate

Trajectories

mainly geodesic

Particle production very 
constrained by SDC

but still observable 

effects of order

We have shown that the Swampland Distance Conjecture alone sets very 
stringent constraints on a variety of aspects of cosmic acceleration

We have provided 3 explicit examples of such quantum gravity constraints:
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Conclusions

Quantum Gravity Constraints on Cosmic Acceleration

Universal upper bound 
on


the scalar field range

Δ ≲ − log H
(H/ΛQG)

3

Ω
H

< 𝒪 ( ϵ)

MS, Valenzuela 2018
Freigang, Lüst, Nian, MS 2023MS 2019 Lüst, Masias, Pieroni, MS - in progress

Upper bound on

the turning rate

Trajectories

mainly geodesic

Particle production very 
constrained by SDC

but still observable 

effects of order

We have shown that the Swampland Distance Conjecture alone sets very 
stringent constraints on a variety of aspects of cosmic acceleration

We have provided 3 explicit examples of such quantum gravity constraints:

1 2 3

thanks!
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MS 2019Universal upper bound

infinite tower of all spins 
incompatible with inflation

one-to-one correspondence 
between a single HS state and a 
specific maximum value for the 

inflaton range

m ∼ m0e−λΔ m2 > s(s − 1)H2

SDC Higuchi bound

+

Δ ≤
1
λ [ m0

H
1

s(s − 1) ]
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Freigang, Lüst, Nian, MS 2023

1 hyperbolic plane

dΔ2 = Gab dΦadΦb =
n2

s2 (ds2 + dϕ2)

β =
dϕ
ds

= tan θ = const

Ω =
n
s

(DtTs)2 + (DtTϕ)2 =
|sin θ |

n
·Φ

Ω
H

=
|sin θ |

n
2ϵ

s

ϕ

θ

⃗T⃗∂m

trajectory

·Φ2 = 2ϵH2

Ω
H

<
λ2

0 − λ2
g

λg
R ϵ

Asymptotic acceleration and bound on the turning rate

Quantum Gravity Constraints on Cosmic Acceleration
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Freigang, Lüst, Nian, MS 2023

θ(s) = θ∞ + ∑
n>0

cn

sn

·θ(s)
H

≤ 2 2
k
n

θ0 ϵ

θ(s) ≃ θ∞ +
ck

sk

Asymptotic expansion of θ

consider just leading

non-constant term

θ(s) ≤ θ0

ck

sk
≤ θ0 − θ∞ ≤ 2θ0

·θ(s) ≈
k
n

ck

sk
cos θ(s) ·Φ ≤

2k
n

θ0 cos θ(s) ·Φ

Ω
H

≃ ϵ

Moving away from the boundary of moduli space

s

θ0

θ∞

Quantum Gravity Constraints on Cosmic Acceleration
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SDC and particle production

mass of the SDC tower
ℒ = −

1
2

(∂φ)2 − V(φ) −
1
2 ∑

i
[(∂χi)2 − m2

ne−2λφχ2
n]

m ∼ e−λφ
use conformal time t → τ

rescale modes χn → ξn /a

ξ′￼′￼n(τ, ⃗k ) + [k2 −
2 − δn

τ2 ] ξn(τ, ⃗k ) = 0

Equation of motion for the Fourier modes

δn =
m2

n

H2
exp(−2λφ)with

Two-point correlation function

⟨: χn χn :⟩ =
1
a

3
8π2

H2

m2
n exp(−2λφ)τ2

NH

∑
n

m2
n

2
e−2λφ⟨: χn χn :⟩ =

3
16π2

H4NH

Quantum Gravity Constraints on Cosmic Acceleration

Lüst, Masias, Pieroni, Scalisi - work in progress
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Multi-field cosmic acceleration

|∇V |2

V2
≃ 2ϵ ((1 +

η
6 )

2

+
Ω2

9H2 )

3H2 −
1
2

·Φ2 − V = 0

ϵ ≡ −
·H

H2
=

·Φ2

2H2

|∇V |2

V2
= 2ϵ ((1 +

η
2(3 − ϵ) )

2

+
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