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One lesson of the Swampland Program

Swampland constraints tend to assume more relevance in

extreme regimes of the parameter space of the theory
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One lesson of the Swampland Program

Swampland constraints tend to assume more relevance in

extreme regimes of the parameter space of the theory

& Weak Gravity Conjecture > small gauge coupling

Arkani-Hamed et al 2006

2 Swampland Distance Conjecture »  large distances
Ooguri, Vafa 2006

& AdS Distance Conjecture >  small value of the (AdS) CC
Lust, Palti, Vafa 2019

B Gravitino Conjecture
Cribiori, Liist, MS '21 - Castellano et al '21

> small gravitino mass
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Swampland Distance Conjecture Ooguri, Vafa 2006
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“Infinite scalar field variations A are always associated to

(at least) an infinite tower of states becoming exponentially light”

Quantum Gravity Constraints on Cosmic Acceleration Marco Scalisi | MPP



Swampland Distance Conjecture Ooguri, Vafa 2006

P e R E EEEEEEEEEEEEEEEE®E®EEEE®EEEEEEEEEEEEEEEEEEEEE®E®EEE®EEEEEEEEEEEEE®EEEEEEEEEEEEE®ESE®= == :

“Infinite scalar field variations A are always associated to

(at least) an infinite tower of states becoming exponentially light”

AQG = — quantum gravity cut-off = "species scale" Dvali 2007
N Dvali, Redi 2007

Quantum Gravity Constraints on Cosmic Acceleration Marco Scalisi | MPP



Swampland Distance Conjecture Ooguri, Vafa 2006

“Infinite scalar field variations A are always associated to

(at least) an infinite tower of states becoming exponentially light”

AQG = — quantum gravity cut-off = "species scale" Dvali 2007
N Dvali, Redi 2007

see talks by
Herraez, Castellano,
Cribiori, D. Liist,
Wiesner, Valenzuela

I —
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Swampland Distance Conjecture Ooguri, Vafa 2006

“Infinite scalar field variations A are always associated to

(at least) an infinite tower of states becoming exponentially light”

M, |
Ao =—= quantum gravity cut-off = "species scale" bali2007
N Dvali, Redi 2007
. v
see talks by exponential drop-off of the QG cut-off

Herraez, Castellano,
Cribiori, D. Liist,
_ <
Wiesner, Valenzuela AQG — Aoe YA Ao = Mp

original naive cut-off
P
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SDC-Constraints on Cosmic Acceleration Outline of the talk
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SDC-Constraints on Cosmic Acceleration Outline of the talk

p Constraint on the total scalar field range @  ------- > A< — logH

MS, Valenzuela 2018
MS 2019
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SDC-Constraints on Cosmic Acceleration Outline of the talk

p Constraint on the total scalar field range @  ------- > A< — logH

MS, Valenzuela 2018
MS 2019

p Constraint on field trajectories

v
=[O

<o(v?)

Freigang, Lust, Nian, MS 2023
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SDC-Constraints on Cosmic Acceleration Outline of the talk
p Constraint on the total scalar field range @  ------- > A< — logH
MS, Valenzuela 2018
MS 2019
p Constraint on field trajectories Q
-------------- > — <0 (\/E )
Freigang, Lust, Nian, MS 2023 H

p Constraints on particle production _____._._ > corrections o

List, Masias, Pieroni, Scalisi - work in progress QG
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SDC-Constraints on Cosmic Acceleration Outline of the talk
p Constraint on the total scalar field range @  ------- > A< — logH
MS, Valenzuela 2018
MS 2019
p Constraint on field trajectories Q
-------------- > — <0 (\/E )
Freigang, Lust, Nian, MS 2023 H

p Constraints on particle production _____._._ > corrections o

List, Masias, Pieroni, Scalisi - work in progress QG

See Terada’s talk on Thursday about GC’s constraint on inflationary models!

T — T
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Universal upper bound MS, Valenzuela 2018

H < AQG S MP e_yA

4 A )
4 A 3
24 A )
4 A )
4 .

¥ |

consistency of EFT implication of the SDC
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Universal upper bound MS, Valenzuela 2018

H < AQG S MP e_yA

4 A Y
4 A 3

4 .

¥ |
consistency of EFT implication of the SDC

<----

upper bound on field displacement

1 My
A <—log—
A H
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Universal upper bound MS, Valenzuela 2018

—yA
H<AQGSMP6 4

¥ P
consistency of EFT implication of the SDC

<----

upper bound on field displacement

1 My
A <—log—
A H

dark energy
A < 140 M,
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Universal upper bound MS, Valenzuela 2018

—yA
H<AQGSMP6 4

¥ X inflation
consistency of EFT implication of the SDC
| 1 7°A,
: A <—| log + log r
v 21
upper bound on field displacement Ag
20~ '
1 M. Planck 2018 i )
A < —log —P """"" > ® r<0.064 ° * ¥
A H | E
10_— : _—
dark energy
---------- A < 140 M 0.00. — .0.I05.l. . .0.I10. — .O.I15. — .0.I20. — .O.I25 r
~ P
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Universal upper bound MS, Valenzuelo 2018
see also
Etheredge, Heidenreich, Kaya, Qiu, Rudelius 2022
H < A Q G S MP e —}/A van de Heisteeg, Vafa, Wiesner, Wu 2023
¥ X inflation
consistency of EFT implication of the SDC
| 1 °A,
: A <—| log + log r
v 24
upper bound on field displacement Ag
20~ '
1 M. Planck 2018 E )
A <—10g—P """"" > "l r<0.064 * ¥
A H | :
10f : P
E s |
5 dark energy
---------- A 5 140 MP 0.00. — .0.I05.l. . .0.I10. — .0.I15. — .0.I20. — .0.I25 r

Quantum Gravity Constraints on Cosmic Acceleration Marco Scalisi | MPP



SR
N

Jy J/

=
)

/4

&

ories

Constraints on Field Traject

A

\ : \‘-\

- <

Quantum Gravity Constraints on Cosmic Acceleration

Marco Scalisi | MPP



Decay rate Of the SDC Calderon-Infante, Uranga, Valenzuela 2020
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Decay rate Of the SDC Calderon-Infante, Uranga, Valenzuela 2020

> T"'=normalized tangent vector

dlogm e

A(A) = —

|
|
3
=y
=}
0%
3

~
~
~
~
~
~
~ .
~

3  0;logm =gradient of the tower mass

Quantum Gravity Constraints on Cosmic Acceleration Marco Scalisi | MPP



Decay rate Of the SDC Calderon-Infante, Uranga, Valenzuela 2020

_.» T"=normalized tangent vector

Ay = ogm sy
— = - 109 m
— log

~
-~
-~
L
-
~
~ .
-~

3  0;logm =gradient of the tower mass

if the gradient of the mass is aligned along
geodesics (most of string theory examples)

4 > 0 = angle between the trajectory and the geodesic

-
-
-
-
-
-
-
-

A= —|dlogm|cosO = A,cos€ .

s 4, =decay rate for geodesics= highest value of 4
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Decay rate Of the SDC Calderon-Infante, Uranga, Valenzuela 2020

_.» T'"=normalized tangent vector

AA) = dlogm _ T'0.1
= — = —T'0.logm
dﬁ l g

-~
~
~
~
~
~
S
-~

3  0;logm =gradient of the tower mass

if the gradient of the mass is aligned along
geodesics (most of string theory examples)

4 > 0 = angle between the trajectory and the geodesic

-
-
-
-
-
-
-
-

A= —|dlogm|cosO = A,cos€ .

N /1g = decay rate for geodesics= highest value of 4
it quantifies the non-geodicity of the trajectory |
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Decay rate of the SDC

dlogm
AMA) = — =

if the gradient of the mass is aligned along
geodesics (most of string theory examples)

v
A= —|dlogm|cost = 4,cos6

it quantifies the non-geodicity of the trajectory

T' = normalized tangent vector

-
-
-
-
-
-
-
-

-~
~
~
~
~
~
S
-~

0,log m = gradient of the tower mass

0 = angle between the trajectory and the geodesic

-
-
-
-
-
-
-
-

-~
~
~
~
~
~
S
-~

N /1g = decay rate for geodesics= highest value of 4

Andriot, Cribiori, Erkinger 2020

Glender, Valenzuela 2020 ﬂ, Z /10
Castellano et al 2021
Etheredge et al 2022 LOWER BOUND

Ao Ao
— cosf@ > — = —
|0logm| 4,

MAXIMUM DEVIATION ANGLE
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Decay rate of the SDC

0
A= /lg cos 0
4
Andriot, Cribiori, Erkinger 2020 /10 /10
Glender, Valenzuela 2020 /1 Z /10 — COS H Z — = —
Castellano et al 2021 | a 1() g m | /1 g
Etheredge et al 2022 LOWER BOUND
MAXIMUM DEVIATION ANGLE
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Decay rate of the SDC

0
B 1=0
om X ______
T
== "
2 T
: >
Y
Andriot, Cribiori, Erkinger 2020 /10 /10
Glender, Valenzuela 2020 /1 Z /10 — COS H Z — = —
Castellano et al 2021 | a lOg m | /1 g
Etheredge et al 2022 LOWER BOUND
MAXIMUM DEVIATION ANGLE
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-
Decay rate of the SDC

Ay = A, cOs 6

Y
Andriot, Cribiori, Erkinger 2020 /10 /10
Glender, Valenzuela 2020 /1 Z /10 — COS H Z — = —
Castellano et al 2021 | a 1() g m | /1 g
Etheredge et al 2022 LOWER BOUND
MAXIMUM DEVIATION ANGLE
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Multi-field setup and trajectories in moduli space Freigang, List, Nian, MS 2023

B Scalar fields in Minkowski space time

1
L =- En””Gab 0,90, D"

EoM = geodesic equation

b+ T DPOF = 0

scalar fields will move along geodesics
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Multi-field setup and trajectories in moduli space Freigang, List, Nian, MS 2023

B Scalar fields in Minkowski space time

1
L =- En””Gab 0,90, D"

EoM = geodesic equation

b+ T DPOF = 0

scalar fields will move along geodesics

DIAC’ = A% + FgCAb(j.[)C covariant derivative
v
. DO =0 :
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Multi-field setup and trajectories in moduli space Freigang, List, Nian, MS 2023

B Scalar fields in Minkowski space time T<V
N

1
L =- En””Gab 0,90, D"

_g “_ DT

: NT = —
0 | DT |

|
|
\l, tangent vector normal vector

TCl

b+ T hde = 0

S
S
|l
-
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Multi-field setup and trajectories in moduli space Freigang, List, Nian, MS 2023

B Scalar fields in Minkowski space time T<V
N

1
L =- En””Gab 0,90, D"

T¢ = g N¢ = — DiI™
. d | DT |
\1, tangent vector normal vector

B+ T9 PPd° = 0
.................... b = \/Gabcb“(f[)b Q=|DT|

speed turning rate
a — Aa a Abayc
D,A% = A*+T¢ AP
v : . , :
I | . D=0 Qb=0
: Dtd)a — () E E tangent projection normal projection E
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B Scalar fields in Minkowski space time T<V
N

1
L =- En””Gab 0,90, D"

T¢ = g N¢ = — DiI™
. d | DT |
\1, tangent vector normal vector

B+ T9 PPd° = 0
.................... b = \/Gabcb“(f[)b Q=|DT|

speed turning rate
a — Aa a Abayc
D,A% = A*+T¢ AP
v : :
R | . D=0 Q=0 .
: Dtd)a — () E E tangent projection normal projection E
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Multi-field setup and trajectories in moduli space

B Scalar fields with potential in Minkowski space time

1
L =- En””Gab 0,99, D"~ V(D)

Freigang, List, Nian, MS 2023

/\Tl
Z|

|
2<
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Multi-field setup and trajectories in moduli space Freigang, List, Nian, MS 2023

B Scalar fields with potential in Minkowski space time

/\Tl
=l

1
L =- En””Gab 0,99, D"~ V(D)

v
S
_|_
=
[
-
®
S
[
=

B Scalar fields with potential in FLRW space time

11
P = —R——0"'G 0. d% O’ — V(P“
2 2g ab™ u v ( )

v
e
_|_
=
-
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=
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-
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S
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Multi-field cosmic acceleration Achucarro, Palma 2018

Freigang, List, Nian, MS 2023

s -litov—0  &+3HG+ V=0 Qb=v,
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Multi-field cosmic acceleration T
: 3H?2 — —d2 — V = () O +3HD +V, =0 Qd =V, 5
H b2 . Py (D)
€= — = acceleration n= =2¢+2—— eta parameter

H?2 2H?2 parameter H_€ Hd
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o go o ) Achucarro, Palma 2018
Multi-field cosmic acceleration reigama, Lot Nian, 1S 2023
: 3H2 — — 2 _ V=0 O +3HD +V, =0 Qd =V, :
e = — H — b acceleration n = © — D¢ + 23
= 2 2 parameter = He H(i) eta parameter

Vv << n >2 Q2 )
= 2¢ 1 + +
V2 2(3 —¢) H?(3 —¢)?
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Multi-field cosmic acceleration Achucarro, Palma 2018

Freigang, List, Nian, MS 2023

U
T,
I
|
2
I
<<
I
-
e
_|_
T
-
_|_
3~
I
S
@,
o
|l
2<

€= — — acceleration n
H?2 2H?2 parameter

e =2e + 2% eta parameter

VI << " >2 o5 )
= 2¢ 1 + +
V2 2(3 —¢) H?(3 —¢)?

Example: scaling cosmologies see talks by Shiu and Tonioni
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o go o ) Achucarro, Palma 2018
Multi-field cosmic acceleration reigama, Lot Nian, 1S 2023
: 3H2 — — 2 _ V=0 O +3HD +V, =0 Qd =V, :
e = — H — b acceleration n = © — D¢ + 23
= 2 2 parameter = He H(i) eta parameter

vV S
=2 [ 1+ +
V2 2(3 —¢) H?(3 —¢)?
/6 <1 \r], e k1 slow roll

I
\9)
m
ek
_I_

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

> 1 hyperbolic plane

2

dA? = G,, DD’ = (ds? + dg?)
2
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Asymptotic acceleration and bound on the turning rate Freigang, Liist, Nian, MS 2023

> 1 hyperbolic plane

S
2
dA? = G, d0“dD” = — (ds® + dg?) an |
\)
|
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Asymptotic acceleration and bound on the turning rate Freigang, Liist, Nian, MS 2023

> 1 hyperbolic plane

S,

2 b n’ 2 2 . .
dA* = Gy, dOAD” = = (ds” + d¢?) i | r
ey -

L p= i tan @ = const : trajectory
s :
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Asymptotic acceleration and bound on the turning rate Freigang, Liist, Nian, MS 2023

> 1 hyperbolic plane

S .
2 b n’ 2 2 . .
dA* = Gy, dOAD” = = (ds” + d¢?) i | r
ey -
,B = — =tand = const : trajectory
ds :
[
; ®? = 2e¢H? T :
ol . o) 0 .
Q=" /(DT + (D7) = [sinfl o . 12 sindl -
s " . . :

large curvature?

Aragam, Chiovoloni, Paban, Rosati. Zavala 2021
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Asymptotic acceleration and bound on the turning rate Freigang, Liist, Nian, MS 2023

> 1 hyperbolic plane

S s
2 b n’ 2 2 — Tl
dA° =G, dOdP =§(ds +d¢) a’”] T/
................................. 0
d¢ P y
ﬁ — — =tan@ = const ! trajectory
_________ A
('
ing| . e 0 :
Q:z\/(DZTS)2+(DtT¢)2= sinbl g > = sin |\/2€ :
S n . H n :
Q . .
— = F(0,R)W/ e F(O,R) = |sin@|\/—R F < |sin6,|v/—-R
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Asymptotic acceleration and bound on the turning rate Freigang, Liist, Nian, MS 2023

» Product of 2 hyperbolic planes
2 2

dA2 = (ds? + dgp?) + = (du® + dy?
52 u?

» Product of N hyperbolic planes

2 o 7 2 2
dA- = — (ds? + dop:
Z}S?(Sl #) see
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Moving away from the boundary of moduli space Freigang, List, Nian, MS 2023

p Time-dependent deviation angle

- 99 o
& = f(t) =tan@(¢) : trajectory
1 S :

O0(s) <6, <> AUs)=4
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Moving away from the boundary of moduli space Freigang, List, Nian, MS 2023

p Time-dependent deviation angle

m = myexp(—AA) + dm(A)  Owver

7 mass

O0(s) <6, <> AUs)=4
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Moving away from the boundary of moduli space Freigang, List, Nian, MS 2023

p Time-dependent deviation angle

m = myexp(—AA) + dm(A)  Owver

7 mass

 dg ; _

b — = 'B(t) — tan H(t) +  trajectory
. ds E

sin @ . . |

b -0 turning rate

n

A W

how big can 0 be?

O0(s) <6, <> AUs)=4
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Moving away from the boundary of moduli space Freigang, List, Nian, MS 2023

p Time-dependent deviation angle

m = myexp(—AA) + dm(A)  Owver

7 mass

 dg ; _

b — = 'B(t) — tan H(t) +  trajectory
. ds E

sin @ . . |

b -0 turning rate

n

B Asymptotic expansion of 0

Ci’l
0s)=0_+ Y =
Sn

n>0
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Moving away from the boundary of moduli space Freigang, List, Nian, MS 2023

p Time-dependent deviation angle

m = myexp(—AA) + dm(A)  Owver

7 mass

 dg ; _

b — = 'B(t) — tan H(t) +  trajectory
. ds E

sin @ . . |

b -0 turning rate

n

B Asymptotic expansion of 0

Ci’l
0(s) = Oy + p — oo >
S
n>0 d? = 2e¢H?

‘cc
N\
o)
)
IA
(\®)
S
S | =
S
=
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SDC and particle production

. injection of
coupling
i energy change of
between production
_ SRS CELE | = -===3 observable
inflaton and of quanta o o
, additional predictions
other fields o
friction
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SDC and particle production

. injection of
coupling
i energy change of
between production
_ SRS CELE | = -===3 observable
inflaton and of quanta o o
, additional predictions
other fields o
friction

B Inflaton-gauge fields coupling  Anber, Sorbo 2010

1 -
L = - 5(@60)2 - Vip)— o IF

B Inflaton-scalar fields coupling  Green, Horn, Senatore, Silverstein 2009 “Trapped inflation”

1

1
& == 0p) = Vip) - D 00> = 8% — 0023

n

Quantum Gravity Constraints on Cosmic Acceleration Marco Scalisi | MPP



SDC and particle production

1 1
g — _ 5(6@)2 . V((ﬂ) —_ 5 Z [(a)(l)z _ mr%e_Z/W))(’%]

List, Masias, Pieroni, Scalisi - work in progress

mass of the SDC tower
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SDC d nd pa rtiCIQ prOd lICtiO“ List, Masias, Pieroni, Scalisi - work in progress

B Scalar power spectrum

E H4 H3 E

Pl =P+ Pl =——— 1+0.0025 —2° | |

: (27)~ ¢ Ve &

------------------------------------------------- | EFT reasoning
s S would suggest first

correction as Ajp/ Ayy
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B Scalar power spectrum
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SDC d nd pa rtiCIQ prOd lICtiO“ List, Masias, Pieroni, Scalisi - work in progress

B Scalar power spectrum

5 a* H’ 5
Pl =P+ Pl =——— 1+0.0025 —2° | |
: (27)* @3 Nog ) A
- : ----------------------- . | EFT reasoning
: : s S would suggest first
: : correction as Ajp/ Ayy
for H < Ayg for H~ Nyg
and A = O(1) and A > 20 &
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SDC d nd pa rtiCIQ prOd lICtiO“ List, Masias, Pieroni, Scalisi - work in progress

B Scalar power spectrum

: H* H? 5
y —_— h S 2 |
P =P+ Pi=———( 1+0.0025 ——2% )
: (27)* @3 Nog ) A
- : ----------------------- C EFT reasoning
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: : correction as Ajp/ Ayy
for H < Ayg for H~ Nyg
and A = O(1) and A > 20 & ______________________
E E : Corrections disappears :
: : : when tower decouples :
v v : :
D Apr—> 00 (m, > ) !
h S h _ ps : oG " :
Fe> 1t Fe~ 1t o :
D A0 :
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SDC d nd pa rtiCIQ prOd lICtiO“ List, Masias, Pieroni, Scalisi - work in progress

B Non Gaussianities
- 4 =2

3
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Pt oot = 0.000752 (M) | 1 + 0.0025(A M) ——

p Tensor-to-scalar ratio

3
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r=92-10— |1 4+0.17| —
MI% AQG
B Scalar spectral tilt

3 3
R A AYE ANLE
n—1=(-2—-n|l <20> <AQG> <5€+\/2_€7MP)<20> <AQG>
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[ ] (]
SDC and part|C|e pl’OdlICth“ Liist, Masias, Pieroni, Scalisi - work in progress
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Conclusions

B We have shown that the Swampland Distance Conjecture alone sets very
stringent constraints on a variety of aspects of cosmic acceleration
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Universal upper bound M 2019
SDC Higuchi bound
m ~ moe_’1A + m? > s(s — 1)H?
1 | mg |
A <

A _H \/S(S—l)_

one-to-one correspondence
between a single HS state and a infinite tower of all spins é

specific maximum value for the incompatible with inflation
inflaton range
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Asymptotic acceleration and bound on the turning rate Freigang, Liist, Nian, MS 2023

> 1 hyperbolic plane

S s
2 b n’ 2 2 — Tl
dA“ = G, dOYdD =§(ds +d¢) 0’4 T/
................................. 0
d¢ D y
ﬁ — — =tan@ = const ! trajectory
_________ A
[
ing| . e 0 :
Q:ﬁ\/(DtTS)2+(DtT¢)2= |sin |q> ------------ > — = |sin l\/ :
S n . H n :
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Moving away from the boundary of moduli space Freigang, List, Nian, MS 2023

P Asymptotic expansion of ¢

Cl’l
O0(s) =0 + —

i n>0 s”
E consider just leading 0(s) < 6,
: non-constant term
v v
c c
O(s) = O +— . = <0)-0, <26,
sk s
v 2 |
2k C | OCs k :
‘e(s)‘ ——kcose(s) D < —fhcosfls) & - > % <2/2 = 9y +/e :
ns . n :

5avi
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SDC d nd pa rtiCIQ prOdUCtiOn List, Masias, Pieroni, Scalisi - work in progress

1 1
g — _ 5(6@)2 . V((ﬂ) —_ 5 Z [(a)(l)z — mr%e_Z/W))(r%]

: mn~ e
v
Equation of motion for the Fourier modes Two-point correlation function
e T+ =222 £ F) =0 > )= "
T, — 7, k)=0  ------- ; ) = —
" 72 " An K a 872 m2exp(—=21¢)r?

Ny 2

Y e g, 2 =
2 "o 1672

H*N,,
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Multi-field cosmic acceleration Achucarro, Palma 2018

Freigang, List, Nian, MS 2023
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Decay rate in the axion-saxion model Valenzuela & MS 2018
2 o '
n %) 1D : 1
3=—2 §°+ ¢ - (s, 0) =(s0+5s,;53)
S :
: v v : trajectory
sSaxion axion
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Decay rate in the axion-saxion model Valenzuela & MS 2018
2 PTTTTTTTTTT T ;
n .2 12 : 1 :
gz_z $°+ ¢ E (S,¢)=(SO+5S,;5S) ;
: v v : trajectory
Saxion axion

(axion-saxion backreaction in String Theory)

Blumenhagen, Font, Fuchs, Herschmann, Plauschinn 2015
Baume, Palti 2016
Valenzuela 2016
Blumenhagen 2018
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Decay rate in the axion-saxion model Valenzuela & Ms 2018
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(axion-saxion backreaction in String Theory)
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Decay rate in the axion-saxion model Valenzuela & Ms 2018

n2

L =—|5+4¢°

¢2

A~
\Ed
<
~
1
A~
A
-)
_I_
%)
fd
|~
%)
)
N

, _ trajectory
saxion axion

(axion-saxion backreaction in String Theory)

Blumenhagen, Font, Fuchs, Herschmann, Plauschinn 2015
Baume, Palti 2016

TR Valenzuela 2016
\‘w._;,-u;s:"“ir _’ﬁ 'ir’“@:.;uvmxh
R Bl iy Blumenhagen 2018

Quantum Gravity Constraints on Cosmic Acceleration Marco Scalisi | MPP




Decay rate in the axion-saxion model Valenzuela & MS 2018
2 o '
n %) 1D : 1
3=—2 §°+ ¢ - (s, 0) =(s0+5s,;53)
S E
: v v : trajectory

Saxion axion

a
A= 4, r = A

V14 a?
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Decay rate in the axion-saxion model Valenzuela & IS 2018
2 S
Z == (#+¢? | = (5 + 85, +5
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_ v v _ trajectory
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