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The CC problem, observationally

1998 SN la -> Universe in accelerated expansion

h = 0.675 PLANCK 2018
h =0.73 SHOES

Hy =100 h km/s/Mpc ~ 10~°° M,

Explained by a fluid with  p=wp  w~ —0.997913 )~ 0.7

Compatible with a cosmological constant A ~ 10~ 1?3

See however DESI: 2404.03002 w(a) =wo + (1 —a)w,
—0.551053 < —1.32
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The CC problem, theoretically

- What is the role of anthropics?

“A decade ago the high energy physics community had a well-defined challenge: show
why the dark energy density vanishes. Now there seems to be a new challenge and clue:
show why the dark energy density is exceedingly small but not zero *

Whyis A ~ 107 °Mp ?

Peebles and Ratra, 2002
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The CC problem, theoretically

_ (Too) Many alternatives:

Y A < 0.6 [Agrawal et al. ’18]
Quintessence: Single field A= v Akrami et al. 18]

No dS conjecture? A>0O(1)

How to explain the DE scale?

Radiative stability?

Fifth forces?
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The CC problem, theoretically

— (Too) Many alternatives:

\ — Vo A < 0.6 [Agrawal et al.’18]
Quintessence: Single field Y Akrami et al. 18]

No dS conjecture? A>0O(1)

How to explain the DE scale?

Radiative stability?

Fifth forces?

-multifield dynamics [(Brinkman),Cicoli,Dibitetto,FGP '20-22]
Alternatives:

-axionic quintessence [Cicoli, Cunillera,Padilla,FGP *21]
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Axionic DE

[Kaloper,Sorbo '05]
Axionic DE: -Potential generated by non perturbative effects scale suppression

-Derivative couplings to matter fifth force suppression

-Radiative stability
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Axionic DE

[Kaloper,Sorbo '05]
Axionic DE: -Potential generated by non perturbative effects scale suppression

-Derivative couplings to matter fifth force suppression

-Radiative stability

1.0r

V=16 (1-cos 7 )

~0.5}
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Axionic DE

[Kaloper,Sorbo '09]

Axionic DE: -Potential generated by non perturbative effects scale suppression
-Derivative couplings to matter fifth force suppression
. . - fa > MP
-Radiative stability b< b
o~

V =V (1 — COS ﬂ) f
fa
Vi)
VO 0.0

~0.5}
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Axionic DE

[Kaloper,Sorbo '09]

Axionic DE: -Potential generated by non perturbative effects scale suppression
-Derivative couplings to matter fifth force suppression
. . _ fa < MP
-Radiative stability b> b
s~

V =V (1 — COS ﬂ) f
fa
Vi)
VO 0.0

~0.5}

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Axionic DE

[Kaloper,Sorbo '09]

Axionic DE: -Potential generated by non perturbative effects scale suppression
-Derivative couplings to matter fifth force suppression
. . _ fa < MP
-Radiative stability b> b
s~
V =V (1 — COS i) f
fa
f (g5)P e 0.0
3 a ~ S V. Ot
[Banks et al. '03]} M ol 0 _

—0.5!

axionic WGC: Sa fa <1
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Axionic DE

[Dutta and Scherrer ‘08]
[Cicoli, Cunillera,Padilla,FGP '21]

005 010 050 1 5 10
Ja (Mp) [Olguin-Trejo et al. *18]
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Axionic DE

[Dutta and Scherrer ‘08]
[Cicoli, Cunillera,Padilla,FGP '21]

Small decay constant

Start very close to top of the hill

tuning of initial conditions

005 010 050 1 5 10
Ja (Mp) [Olguin-Trejo et al. *18]
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Axionic DE

. . . . Cicoli, Cunillera,Padilla,FGP 21
Axion is classically frozen until today | |

99 _ Vs
ON  3H2,
O
Vy, < H, e
i f AN
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Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

o Vg
ON  3H?

inf

| Hinf
o S

ON

Quantum diffusion during inflation
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Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

% — V¢ | Hing £
ON  3HZ, 2«
0P
V, < H?, — =
i f AN

Quantum diffusion during inflation

Choice of ics gets blurred during inflation

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

Safe from diffusion if Aumaz > Hiny

% — V¢ | Hinf§
ON  3HZ, 2«
0P
V, < H?, — =
i f AN

Quantum diffusion during inflation

Choice of ics gets blurred during inflation
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Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

Safe from diffusion if Aumaz > Hiny

% - qu H inf

— | §
N 2 | 2 ' 1 | '
0, SHZ . T . § § §:
T T :
0P 107 =F =F :
V., < H? —— =0 —~ I : i
¢ in f 8N § ! ' = :
\-/10_10 ' ' i
P 5
e o < 107 : : :
Quantum diffusion during inflation . : :
1016 . : ,
Choice of ics gets blurred during inflation oms 00 005 0100 015%

fa (MP)
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Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

Safe from diffusion if Aumaz > Hiny

% o qu Hing

— | §
N 2 | 2 ' 1 | '
0, SHZ . T . § § §:
T T :
0P 107 =F =F :
V., < H? —— =0 —~ I : o
¢ in f 8]\7 § ! ' = :
\-/10_10 ' ' I
Vs s
e o < 107 : : :
Quantum diffusion during inflation , : :
10716 . : ,
Choice of ics gets blurred during inflation oms 00 005 0100 015%

fa (MP)
example: Hins ~107°Mp — f, > 0.08 Mp
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Axionic DE embedding

[Cicoli, Padilla, FGP, ’24 WIP]
Embedding into type |IB compactifications

Y =tt2 — 2 = /e — 72 T; = 1; + i, 3 moduli + 3 axions

VV = VLVS(VyTsv (98) -+ me(ﬁ/Tz) =+ Vlate(ela 92)
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Axionic DE embedding

[Cicoli, Padilla, FGP, ’24 WIP]
Embedding into type |IB compactifications

Y =tt2 — 2 = /e — 72 T; = 1; + i, 3 moduli + 3 axions
V = VLVS(VaTsa 93) + Vjinf(Tl/TZ) =+ Vvlate(elv ‘92)

LVS stabilisation /> corrections + n.p. effects
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Axionic DE embedding

[Cicoli, Padilla, FGP, ’24 WIP]
Embedding into type |IB compactifications

Y =tt2 — 2 = /e — 72 T; = 1; + i, 3 moduli + 3 axions
V = VLVS(VaTsa 98) + V:inf(Tl/TQ) =+ Vvlate(elv ‘92)

LVS stabilisation /> corrections + n.p. effects

Fibre inflation: string loops (W) + HD [Cicoli et al. ’08]
l o\ 2 o i Hz'nf ~ 10_5Mp
Vins(o) = V) -(1—6 \/§) — 2R (l—cosh (%)) . V 0(103)
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Axionic DE embedding

Late time potential generated by poly-instanton or or KNP alignment

_ —asTs —a2Th +A1 e~ 2111 [Blumenhagen et al. ’08-’12]
Wap = Ase +Aze [List, Zhang.’13]

— A e T 4 Age @22 4 Ay Ay e~ (@2T2tarTh) 4
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Axionic DE embedding

Late time potential generated by poly-instanton or or KNP alignment

_ —asTs —a2Th +A1 e~ 2111 [Blumenhagen et al. ’08-’12]
Wap = Ase +Aze [List, Zhang.’13]

— A e T 4 Age @22 4 Ay Ay e~ (@2T2tarTh) 4

Hierarchy: A} < A5
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Axionic DE embedding

Late time potential generated by poly-instanton or or KNP alignment

_ —asTs —a2Th +A1 e~ 2111 [Blumenhagen et al. ’08-’12]
Wap = Ase +Aze [List, Zhang.’13]

— A e T 4 Age @22 4 Ay Ay e~ (@2T2tarTh) 4

| o ) 1 1
Hierarchy: A7 < AS =75 ) = o)
VDE:AiL (1—008%) fi, fo <1
1
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Axionic DE embedding

Example: safe ics «» f1 = 0.085 DE scale A] ~107'%Y «» f; =0.0038

v

A5 ~ 10717
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Axionic DE embedding

Example: safe ics «» f1 = 0.085 DE scale A] ~107'%Y «» f; =0.0038

v

A5 ~ 10717

axionic mass hierarchy
mo ~ 107°° = 10~ eV mq ~ 107°Y = 107 %%V

< H, ~10"%"eV
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Axionic DE embedding

Example: safe ics «» f1 = 0.085 DE scale A] ~107'%Y «» f; =0.0038

v

A5 ~ 10717

axionic mass hierarchy
mo ~ 107°° = 10~ eV mq ~ 107°Y = 107 %%V

< H, ~10"%"eV

]

<
o S 0.0002

¢2 can only be a subdominant component of DM
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Axionic DE embedding

Example: safe ics «» f1 = 0.085 DE scale A] ~107'%Y «» f; =0.0038

v

A5 ~ 10717

axionic mass hierarchy
mo ~ 107°° = 10~ eV mq ~ 107°Y = 107 %%V

< H, ~10"%"eV

. (2
®2 can only be a subdominant component of DM Q—z < 0.0002
9 Ny =1 (1) = 1.3 Ny = 27 (13) ~ 10
a; — ﬁz
Ny=5  (m)~5 Ny = 10 (T2) ~ 500

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Summary |

® From a bottom up perspective dynamical DE is no easier than dS
® But if observationally w # —1 or theoretically no dS in QG

® An alternatives: axionic quintessence » radiative stability (shift symmetry)

» scale suppression
» evades fifth force

» fo < Mp hilltop
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A unicorn in a duck suit ?

As long as observationally w = —1 , a (unnaturally small) CC fits the bill.

“If a poet sees something that walks like a duck and swims like a duck and quacks like
a duck, we will forgive him for entertaining more fanciful possibilities. It could be a
unicorn in a duck suit—who's to say! But we know that more likely, it's a duck.”

[Bousso, TASI Lectures on the Cosmological Constant]

A sourced by 4-forms in 4 dimensions
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Bousso-Polchinski

Toy landscape in 4D: J four-forms and J types of branes J > 1 [Bousso and Polchinski ‘00

_MQ 1
_ 4 P E ( 2 z :

2
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Bousso-Polchinski

Toy landscape in 4D: J four-forms and J types of branes J > 1 [Bousso and Polchinski ‘00

_MQ 1
_ 4 P E : 2 2 :

2
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Bousso-Polchinski

Toy landscape in 4D: J four-forms and J types of branes J > 1 [Bousso and Polchinski ‘00

M? 1
_ 4 P 2
S /d v/ |g] 5 R % 2F7;

=+ Sma,tter - dey - Z Sbranei

?)MpZZ \/W/J (67T|Abare‘ ) -0 q~ 0.01Mp J ~ 100
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Bousso-Polchinski

Toy landscape in 4D: J four-forms and J types of branes J > 1 [Bousso and Polchinski ‘00

M? 1
_ 4 P 2
S /d v/ |g] 5 R % 2F7;

=+ Sma,tter - dey - Z Sbranei

3Mp21 \/W/J (67T|Abare‘ ) -0 q~ 0.01Mp J ~ 100

Anthropic solution
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Kaloper-Westphal

Unimodular ( x 2) with branes [Kaloper&Westphal ’22-23]
12 \ 5 [Kaloper ’22-23]
S = /d4x{\/§(TPIR o MP2>1(/\ + )\) — EQFT) — 56“1})‘06“./1,,)\0 — 56”1/)‘06“./4,,)\0}

+Sboundary—7j4/d3€\/’7A—QA/A—B/dgfﬁA—QA/A
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Kaloper-Westphal

Unimodular ( x 2) with branes [Kaloper&Westphal "22-23]

V2 \ % [Kaloper '22-23]
S = /d433{\/§(TPlR — Ml:2>1 ()\ + 5\) — EQF‘I‘) — 56,“/)\06“./41/)\0- — §EMVA06MAV)\O-}

+Sbomduy_7j4/d3€ﬁA_QA/A_7j4/d3€\/’7A—QA/A

ni141

A = Abare (n1Q1 nZQQ)MZ

uUv

naqg2

“Unimodular landscape”
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Kaloper-Westphal

Unimodular ( x 2) with branes [Kaloper&Westphal "22-23]

V2 \ % [Kaloper '22-23]
s = [ dta{Va(" PR~ MEN+3) ~ Lar) = 50 Mns — 5 0uAn

+Sboundary_7j4/d3€\/’7A_QA/A_7;i/d3€\/"_)’A—QA/A

ni141

A = Abare (n1Q1 nZQQ)MZ

uUv

naqg2

“Unimodular landscape”

For i irrational A~ Hg qi,qo => Hg

q2

String Pheno 2024 Francisco Gil Pedro (Unibo/INFN)



Thou shall not decay!

Il Minkowski can be stable !!

' — 0 f Mpgi MpM,, _ |
A— 07" 1 1

[Kaloper&Westphal 22]

“Since the instability dynamically stops at A = 0, the evolution favors the terminal MinkowskKi
space without a need for anthropics.”
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Thou shall not decay!

Il Minkowski can be stable !!

' — 0 f Mpgi MpM,, _ |
A— 07" 1 1

[Kaloper&Westphal 22]

“Since the instability dynamically stops at A = 0, the evolution favors the terminal MinkowskKi
space without a need for anthropics.”

?°? |s this specific to the linear model ??
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The weak gravity conjecture

Existence of vacua with the observed CC >> conditions on brane charges

Stability of low scale de Sitter >> condition on qMpi
.

hep-th 1001
Einstein-Maxwell theory: decay of charged BH inep-th/0601001]

q 2 m

“gravity is the weakest force”

tension T
Brane WGC: qM, > T

charge ¢
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Instantons

[Liu,Padilla,FGP 23/24]

M?# 1 ..
TR 2w (8) V0765 — V(@)

S=/ d*x g1
M

-+ /M [—izij (gb)}?z N\ xFJ + O'Z((b)FZ] + Sboundary + Smembranes
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Instantons

[Liu,Padilla,FGP 23/24]

) Mpzl 1 ..
> = / d'z/g| R — Sw?(9)VudiVig; —V(9)
™ 2 2
1 . . .
+ /M [—iZ,,;j (Qb)Fz A xF7 4 Uz(¢)FZ] T Sbounda.ry + Smembranes
Wick rotate  t— —its. S — Sk Spherical symmetry  d2 = dr? + p(r)%dQs;
-1 p, 27 1 o 1 A’i/Aj/
W | (?) =Vttt 3Myk™ = Aeyy

1 o 2 p//- 1 1 A Ad’
M? =) 25| = V4wl + =7,
[ (,0) + 2w ¢z¢g + 9 (¥ p6

[Coleman/de Lucia ’80]
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Instantons

MR e

sinhl||k|(er + 79)]
ki

p(k) =

r = —+00

sinh(|k|ro)
ki

p(k) =

= —Tp
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Instantons

" s I'
Transition probability: o~ e~ B/h B = Sg(instanton) — Sg(parent).
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Instantons

. - I'
Transition probability: =~ e B/h B = Sg(instanton) — Sg(parent).
Junction conditions:
, B 1
Alp(0)] =0 Alp'(0)] = QMgzp(O)

e, cos(krg)y = p' (07) < p'(0_) = e_ cos(kryg) _
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Instantons

. . I'
Transition probability: =~ e~ B/h B = Sg(instanton) — Sg(parent).
Junction conditions:
, B ik
Alp(0)] =0 Alp'(0)] = 2M§zp(o)

e, cos(krg)y = p' (07) < p'(0_) = e_ cos(kryg) _

kinematic constraint on the possible Y ANK? M,

instanton configurations T2

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Instantons

dS+ Minkowski/AdS Minkowski/AdS
ey =+1 €y =+1 e = —1
dS_ (kro)+ > 5 > (kro)— | (kro)+ = (kro)— > 5 negative tension (kro)— > 5 5 > (kro)—
e~ =+1 allowed for | X| <1 | allowed for X < —1 kinematically kinematically
%> (kro)+ > (kro)-— (kro)+ < (krg)— allowed for X < —1, | allowed for —1 < X <0,
allowed for X >1 negative tension infinitely suppressed infinitely suppressed
Minkowski/AdS _ (kro)+ = 5 5 > (kro)+ k—| > |k+] k—| < |k4+] kinematically allowed for | X| < 1,
e_ =+1 allowed for 0 < X <1 allowed for X > 1 allowed for X > 1 | negative tension infinitely suppressed
Minkowski/AdS _ negative tension negative tension |k—| > |k4] k_| < |ki]
e_ = —1 negative tension kinematically
allowed for X < —1,
infinitely suppressed
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Instantons

dS decays

dS4+ Minkowski/AdS Minkowski/AdS
€4 = +1 €L = 1 €4 = —1
dS_ (kro)+ > 5 > (kro)— | (kro)+ = (kro)— > 5 negative tension (kro)— > 5 5 > (kro)—
e~ =+1 allowed for | X| <1 | allowed for X < —1 kinematically kinematically
5 > (kro)+ > (kro)— (kro)+ < (krg)— allowed for X < —1, | allowed for —1 < X <0,
allowed for X > 1 negative tension infinitely suppressed infinitely suppressed
Minkowski/AdS _ (kro)+ = 5 5 > (kro)+ |k_| > |k4] |k_| < |k4] kinematically allowed for | X| < 1,
e_ =—+1 allowed for 0 < X <1 allowed for X > 1 allowed for X > 1 | negative tension infinitely suppressed
Minkowski/AdS _ negative tension negative tension |k—| > |k4] k_| < |ki]
e_ = —1 negative tension kinematically
allowed for X < —1,
infinitely suppressed
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Instantons

" - I
Transition probability: =~ e~ B/h B = Sg(instanton) — Sg(parent).

AM? B3 1+4Y-X
For dSt | itions: B=—21
or dS to AdS/Mink transitions k2 |YQ1+Y +X)

kQ
* membrane Y(X) = \/(X —1)2 + 16k2 M4
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Vacuum Stability

s our Universe safe?

T2X(X — 1)

B, —ads. ~ > [(X —1)*(1 = S(X)) +25(X)]
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Vacuum Stability

s our Universe safe?

16 M5,
pl”"3
X >1
T2X (X — 1)’ ~
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Vacuum Stability

s our Universe safe?

T2X(X —1)2

(X —1)%(1 — S(X)) +25(X)]
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Vacuum Stability

s our Universe safe?

2M 23 - 8Mp;03 ,
16 MC Q)
pl* "3
X >1

T2X (X — 1)’ ~
out ki>o
w kz<o

. . 1 AM2 AK?
What is the price of stability”? — x=—=7
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Vacuum Stability

s our Universe safe?

2M 723 8M 23 ,
16 M°.Q
pl* "3
PxX(x -2 71
out ki>o
e kz<o
. . » AM2 Ak?
What is the price of stability? x = 352
. M., M., M? M
linear model; Ak® = g qul plT uv <1 qul <1 WaeC

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Vacuum Stability

N = N, = /2|Apare|/q

i - NS My M2, My /| Apare]

uadratic model: AR2(N) = (N 4+ =) qMpr My Mpl /[ Dbare
M

qul <1 W&C
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Vacuum Stability

N = N, = /2|Apare|/q

i - NS My M2, My /| Apare]

uadratic model: AR2(N) = (N 4+ =) qMpr My Mpl /[ Dbare
M

qul <1 W&C

Conclusion holds for BT and BP and for
general FAn
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Vacuum Stability

N = N, = /2|Apare|/q

i - L, ¢ My M2, My /| Apare]
uadratic model: AL2(N) = (N + -) 2 qMpp M, My bare
M
! <1 wac

Conclusion holds for BT and BP and for
general FAn

le] 4G

“A (sufficient) requirement for membrane creation to stop is [...]” ) < 67G —

[Brown Teitelboim, ’88]}
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Vacuum Stability

[Liu,Padilla,FGP ’24]

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Vacuum Stability

WGC .

0o M, [Liu,Padilla,FGP '24]
atVlp

14

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Vacuum Stability

[Liu,Padilla,FGP ’24]

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Vacuum Stability

[Liu,Padilla,FGP ’24]

dB
— B, < B
x < a = b

WGC respecting
decays dominate
decay dynamics
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Vacuum Stability

[Liu,Padilla,FGP ’24]

dB
— B, < B
x < a = b

WGC respecting
decays dominate
decay dynamics

Stability of Minkowski preserved only if all brane species violate WGC

Similar to charged BH argument
String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)




Summary |l

® Link between stability of our vacuum and the (violation of) WGC

® Link holds for generic 4 form theories

® Stability removed if 4 WGC respecting branes

® Very special landscapes, can similar arguments hold in general®?
® How to go beyond this 4D EFT picture?
® Why Hy~ 107%M,; ?

® Does longevity = likelihood in the landscape ?

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Thank you

arXiv: 2303.17723 / 2404.02961







Multifield Quintessence

- | [Spintessence, Boyle et al.’01]
Multifield modulus+axion

[Sonner and Townsend ’06]
r 1 [Achucarro and Palma ’18]

= - 7%ij0,9'0"¢’ —V(¢9) ,

, /—g 2
[(Brinkman),Cicoli,Dibitetto,FGP ’20-22]
I 0 _ _
e (0 f2(¢1)) flgr) =e M V =Vpe "2
Rys = —2kji
o 1V | 7
Exploit difference between v =5 i an ‘H =~ 775

2
accelerated expansion in steep potentials: %2 > O(1)
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Multifield Quintessence

Look for observationally viable quintessence Z
Q

WDE ~ _1 g-o.go_- | ?_)

A - @

Opr =0.7 095 .-

o

-1.00
0.
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Multifield Qumtessence

Look for observationally viable quintessence

Qpp = 0.7 e
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Multifield Quintessence

Look for observationally viable quintessence

QDE = (.7 -0-95.
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Look for observationally viable quintessence

QDE p— 0.7 —0.95:— '

[81. "[e 10 [emeiDV]
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Steep potentials require LARGE field space curvature:
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Multifield Quintessence

[Saltman,Silverstein, '04]
[(Brinkman),Cicoli,Dibitetto,FGP 2020-22]

K =—pln[X + X] Vg oce® = (X +X)7P

ki =1/2/p and ko = +/2p.
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Multifield Quintessence

[Saltman,Silverstein, '04]
[(Brinkman),Cicoli,Dibitetto,FGP 2020-22]

o T v L v T v v v T v v v T v v v T v o o T o v L T o v v l

K _ _ 1.0}
0.65-
0.45-
0.23- .

0.0}

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 04

()
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Multifield Quintessence

[Saltman,Silverstein, ’04]
[(Brinkman),Cicoli,Dibitetto,FGP 2020-22]

'''''''''''''''''''''''

_ 1.0}

K= —phn[X + X] Vi xe™ = (X +X)P | p=

0.8}
ki =+2/p and  ky=+/2p |
0.6}
S
0.4}

0.2t |
0.0}

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.

)
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Multifield Quintessence

[Saltman,Silverstein, '04]
[(Brinkman),Cicoli,Dibitetto,FGP 2020-22]

o T v v v T v v v T v v v T v v v T v o o T o v v T v v v .

> _ 1.0}
K = —pln|X + X] Vi x e = (X +X)7P | p=1

0.8}
ki =+2/p and ko =+/2p |
0.6
S
0.4}

0.2t |
0.0}

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.

)

Recent analysis with SDC&TCC [Payeur et al. '24]
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Axionic DE

. . . . Cicoli, Cunillera,Padilla,FGP 21
Axion is classically frozen until today | |

99 _ Vs
ON  3H2,
O
Vy, < H, e
i f AN
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Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

99 _ Vs
ON  3H2,
0
V, < H?, — =
? f AN

Quantum diffusion during inflation
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Axionic DE

o . . Cicoli, Cunillera,Padilla,FGP ’21
Axion is classically frozen until today [Cicoli, Cunillera,Padilla ]

o Vg
ON  3H?

inf

| Hinf
o S

ON

Quantum diffusion during inflation
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Axionic DE

Axion is classically frozen until today

[Cicoli, Cunillera,Padilla,FGP '21]

00 _ Ve Himf§ 0.28276

ON  3H2, 2r |

0.28275!

0P |

Ve < Hp, — —0 4 |
v ON " 028274/

0.28273:—

Quantum diffusion during inflation
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Axionic DE

Axion is classically frozen until today

[Cicoli, Cunillera,Padilla,FGP '21]

00 _ Ve Hinf§ 0.28276

ON  3H2, 2r |

5 0.28275:—

Ve < Hp, 9 _ 4 |
v ON " 028274/

Quantum diffusion during inflation 028273

Choice of ics gets blurred during inflation

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Axionic DE

[Cicoli, Cunillera,Padilla,FGP '21]
Survival probability

P A/H
1 10 —
| 1 —
1071 ——
0.001k _3
107 °——
10—6ﬁK
107°
K 1111111111111111 S U,
20 40 60 80 100 120 140
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Axionic DE

[Cicoli, Cunillera,Padilla,FGP '21]
Survival probability

P A/H
1 10 —
1 —
10—
o.om-k s
1073——
10-6K
10~
K llllllllllllllll S U,
20 40 60 80 100 120 140

Safe from diffusion if ATna,w > Hznf
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Axionic DE

[Cicoli, Cunillera,Padilla,FGP '21]

Survival probability

P A/H . -
| > 3, o
lb 110 N 10~4 = : = . 5 :
— ﬁ 1 2 1 [
10_1_ | : | : I
K 10-7¢ 2 ; 2 : :
0.001} _3 ’B: ' 1 .
10 B 2 : : 1 :
_ = 10710 ' ' '
g : : :
\__ s : : :
10~° <1 10713 . ! '
107° : : :
K 10-16 E E E
llllllllllllllll ,,{10_91,.1\1 " : | : e :1
20 40 60 80 100 120 140 0.025 0.050 0075 0.100 0.125

fa (MP)

Safe from diffusion if ATna,:zz > Hznf
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Axionic DE

[Cicoli, Cunillera,Padilla,FGP '21]

Survival probability

P A/H | .
: Q, A, ol
N e 104 S S =
107 1—— _ N , n , :
ol Ot i
10~ =, ) :
OOOI—K _3 ’B: ' I '
10 - i | 1 |
_ 310—10 , ' :
: : : ,
E | 1 |
‘6K < 10-13 : ; :
10 10-6 , : :
K 10_16 E E E
llllllllllllllll 1070 - Vo
20 40 60 80 100 120 140 0.025 0.050 0075 0.100 0.125
fa (MP)
. . . _ —5
Safe from diffusion if  Amaz > Hing example: Hin; ~107°Mp — f, > 0.08Mp

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Axionic DE embedding

: Lyin D ! (001)* ! (005)* 1= : Jo = :
Decay constants: kin 12O 22 002)" V2ay (1) 0z (72)
fi, f2 <1
1 1 1 1 1 1 1 1
1~ - fa2 A4%—( | )e f2. V21
A V2 [y V2 e V2

Since A7 < A5, in vacuum(fs) =~ 0

H’Lnf ~ 10_5

Fibre inflation: axionic ics: Az > Hing f1 > 0.08
Y ~ 10°

String Pheno 2024 Padova, 24/06/2024 Francisco Gil Pedro (Unibo/INFN)



Brown-Teitelboim

. Q. [Brown and Teitelboim ’88]
Single gravitationally coupled 4 form+branes

4 Mp o, 1o,
S = d*x \g| R Fel+ Smatter T dey an Sbrane

- 2 2 —
F = nq quantised n—+1
n—1
No fine tuning: AA(n) = ¢*(n — 1/2) AN~ q¢° ~ Hf < M?,
A workaround: nucleate brane stacks [Feng et al. 00’]
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Instantons

16k MZ/T =1
= _
© | 16k M), /T? =0.1 -
— 0.8+ _
2 16k M /T? =5
@
0 0.6-—
B
AMZ Q2
04}
> : \
)
é 0.2}
> _
- 0.0}
upwards transitions b downwards transitions

-y, 1 el
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Instantons

Let M be our vacuum with k? = A~ Hg ~ 10~ 2V

: p
Large jump: Bas, —sm_ ~ PENE
2 | 4Mplk+
How did we get here?
: : p
Multiple small jumps:  Bas;—ds_~ds; ~ T
k> \/1 | ot
+ T

Dependent on brane charges
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Unimodular Gravity

Vary EH action wrt volume preserving diffs: det(—g) = 1
L D A(det(—g) — 1)
CC as an integration constant

Covariant formulation in terms of four-forms [Henneaux and Teitelboim 89

4 M% 2 A urv po
S = diE\/—g 5 R—MP)\—I—,CQFT 36 Flu,/pg
T,u,l/ D >\g,u1/ 8,u)\ — O

A = Abare + A

Radiatively unstable [Padilla "15]
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Vacuum Stability

o (F)n [Liu,Padilla,FGP ’24]
More generally L2 /|gl L nn', 204
1—1/n n\ 1/n
- . qMpy Mp M7, (| Apare] e 1/n
For very low scale dS/Minkowski: X, n n M - C,
Stability requires X, <1 which implies:
M
o WGC qul <1
2
® heavy branes Mp%v <1
|Abare‘ t=1/mn
® suppressed bare CC ( A/ ) <1

® suppressed couplings /™ < 1
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