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The CC problem

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

_ (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?
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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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Stringy axions and moduli

Universal features of string theories: gravity
extra dimensions
higher form antisymmetric tensors
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Stringy axions and moduli

Universal features of string theories: gravity
extra dimensions

higher form antisymmetric tensors
Freund-Rubin compactification

MP~2 D 2
> / d”z\/9(D) (R(p) = [Fp[)

S(p) =
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Stringy axions and moduli

Universal features of string theories: gravity
extra dimensions

higher form antisymmetric tensors
Freund-Rubin compactification

MP~2 D 2
Sy = — / d”z\/9(D) (R(p) = [Fp[)

ds® = G dxtdx” + 02 grndr™dx"
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Stringy axions and moduli

Universal features of string theories: gravity
extra dimensions

higher form antisymmetric tensors
Freund-Rubin compactification

MP~2 D 2
Sy = — / d”z\/9(D) (R(p) = [Fp[)

ds® = G dxtdx” + 02 grndr™dx"

Where Ml% — ‘]\420-0D_4 /dD_4y\/g(D—4)R(D—4) N XMG—D /dD_4y\/g(D—4)gmlnl e gmponmL..mme...np = Mz_Df2

COSMIC WISPers 2024 Istanbul, 5/09/2024 Francisco Gil Pedro (Unibo/INFN)



Stringy axions and moduli

o | Theory Dimension | Supercharges | Massless Bosons

N Heterotic 10 16 8uns By @

< | Es X Eg Al

+— | Heterotic 10 16 uvs Buyns @

2| 5062 A

O | Typel 10 16 8> 5 A

21 50(32) Con

E. M Type A 10 32 8un> Bu> P

C’M 4 C’MNP
Type 1IB 10 32 8un> B> @
CO’ CMN ? CMNPQ

M-Theory 11 32 Emn> CMNP
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Stringy axions and moduli
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Stringy axions and moduli

o | Theory Dimension | Supercharges | Massless Bosons
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Stringy axions and moduli
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Stringy axions and moduli

o | Theory Dimension | Supercharges | Massless Bosons
QN : .
=" | Heterotic 10 16 8uw> By ¢ Kahler moduli Ti hi
C_U Eg X Eg AA‘JI
= Heterotic 10 16 Eun> Byy> P JMN
21 so@r2 Ail N .
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| TypeIIA 10 32 8uvs Buns @
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Stringy axions and moduli

o | Theory Dimension | Supercharges | Massless Bosons
[QV| : .
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(real) Kahler potential K (P, ®)
(holomorphic) superpotential W ()
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Stringy axions and moduli

o | Theory Dimension | Supercharges | Massless Bosons
N Heterotic 10 16 8uvs Buns @
< | Es X Ejg Al
+ Heterotic 10 16 Eun> Byy> P
— | S032) AY
8 Type I 10 16 gun> P AY
o S 0(32) Con
Rl Type IIA 10 32 gMNaBMN9¢

(real) Kahler potential K (P, ®)
(holomorphic) superpotential W ()
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L = —Kz;aMTZ-a“T; — V.

Kahler moduli Ti hi1
gMN
complex structure moduli ™ ha,1
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Multifield Quintessence

[Spintessence, Boyle et al.’01]

Multifield modulus+axion Sonner and Townsend 06
r 1 | | [Achucarro and Palma '18]
= 5 7i0u8'0" ¢~V (9) |
\/fg 2 VijOp ( )
[(Brinkman),Cicoli,Dibitetto,FGP ’20-22]
1 0 _ —k
e (0 f2(¢1)) flgr) =e M V =Vpe "2
Rps = —2k7
. 1 /V'\° ’ T
Exploit difference between v =5 i an ‘H =~ 775

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

Vi
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3H f
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Multifield Quintessence

Look for observationally viable
quintessence

/Single field regime k; =0
e e S e e e e e e e e WwpgE ~ —1 QDE = 0.7

|||||||||||||||||||

-0.85}
-0.90

.
095726\
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0. . . . .

w(Z]

81, "Ie 10 |leme.bvy]
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Multifield Quintessence
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Multifield Quintessence

/ Steep potentials require LARGE
fleld space curvatures
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Multifield Quintessence

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

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

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Multifield Quintessence

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

1.0

0.8}

0.6}

- |
0.4}
D X Theory Sources Minternal |
1 S=e¥%+ia Heterotic - SU(3) str. 0.2 '-
2 Tp=Vol(S{)) +i [, Cy TypellB D3/D7, 03/O7 K3-fibered CY; |
3 T =Vol(£,) +i fZ:C@) Type IIB D3/03 CY; 0.0}
7 Z=Vol(X3)+ify Az  M-theory KK6/KKOG6 Go str. !
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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

COSMIC WISPers 2024 Istanbul, 5/09/2024 Francisco Gil Pedro (Unibo/INFN)



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 '05]
Axionic DE: -Potential generated by non perturbative effects scale suppression

-Derivative couplings to matter fifth force suppression

< M S M
-Radiative stability fo <Mp  fo>Mp

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
s~

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 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
fa (MP)
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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

7005 010 050 1 5 10
fa (MP)
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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

COSMIC WISPers 2024 Istanbul, 5/09/2024 Francisco Gil Pedro (Unibo/INFN)



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 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
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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
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Axionic DE embedding

[Cicoli, Cunillera,Padilla,FGP '24]
Embedding into type |IB compactifications

V= tity —t2 = /rima — 127

Iy = 7j + 10, 3 modull + 3 axions

Theory defined by K = —2In (V | g/z) + K,
235

— — —a11h
Whp = Age %1 + Agema2l2tAie
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Axionic DE embedding

Hierarchical structure

V = VLVS(Vv Ts; 93) V:inf (7-1 /7-2) Vvlate(el’ 92)

—) S aller —

LVS stabilisation 3 corrections + n.p. effects [Conlon et al. ’05]
2 —QsTs — —2asTs
Vol = m | 3¢ Wo 4|W0\A8a87'86 -4V 2kA§a§ Ts c .
\ %k 492/21;3 1% %
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Axionic DE embedding

Hierarchical structure

V = VLVS(Va Ts; 98) V:inf (7-1 /7-2) Vvlate(el’ 92)

—) S aller —

LVS stabilisation 3 corrections + n.p. effects [Conlon et al. ’05]
2 —QsTs — —2asTs
Vool = Kn | 36!32/0‘ 4|WO\ASasTSe — +4V 2k A?ai Ts c .
)% 495/ V3 )% %
uplift non SUSY AdS V4
[Wol?
V)~ =5
(o] \ — »
<TS> X 1/98 \ <P‘7 - - v
<V> X 61/93 \ /’
W -
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Axionic DE embedding

Hierarchical structure

V = VLVS(Vv Ts; 95) V:inf (7-1 /7-2) Vvlate(el’ 92)

—) S aller —

LVS stabilisation 3 corrections + n.p. effects [Conlon et al. ’05]
2 —QsTs — —2asTs
Vool = r | 36| Wo 4|W0\A3a37'36 — +4V 2kA§a§ Ts c .
\ %k 492/21;3 V V
uplift non SUSY AdS V4
W 2
Mass hierarch ol | —p
4 o (7s) 1498 R/ A Y
Mp P (V) x e/ 93 N
mTS - mé’s - T > mV N V3/2 _,\\N,"ll;_ \\i //
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Axionic DE embedding

Fibre inflation: string loops (W) + HD [Cicoli et al. ’08]
= 4
) ) 2 gs
Wol*
Vo o Y11/3

plateau steepening

Vinf(a) 12
‘/i?lf 14

vvvvvvvvvvvvvvv
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Axionic DE embedding

Fibre inflation: string loops (W) + HD [Cicoli et al. ’08]

Cz(Uaﬁ)tff_ | éz(Uaﬁ) _ A |WO|4 ~ |
R R e o
” Wo*
0 X Y11/3

[Kallosh&Linde’21]

plateau steepening |
10
-5
| Hinp ~ 107" Mp oo Il = -
Vine(0) = : =
Ve . T~ S\; N
Y ~ O(10%) m e
isks 47< N, < 57
0.960 0.970 0.980 0.990 1.00
ng
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Axionic DE embedding

Fibre inflation: string loops (W) + HD [Cicoli et al. ’08]

‘/mf(o-) 1.2 1
‘/i?lf 14

Ci(U,T) t- Cy(U, 0) X Wl o]
Kgs=ng Y >3 Y Vhd VA 11;¢; o ~ log(r1/72)/V3
” Wo?
0 X Y11/3

vvvvvvvvvvvvvvv

COSMIC WISPers 2024

[Kallosh&Linde’21]

plateau steepening
Hips ~10"°Mp
. 1072 \ §
VY ~ O(10°) d - oo
Smgle fleld |nﬂat|0n 0.960 0.970 n:).980 0.990 1.00

mos ™~ st ™~ m3/2 >> mV > mg ~~ inf

Istanbul, 5/09/2024
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Axionic DE embedding |

Late time potential generated by poly-instanton

A —asTs [Blumenhagen et al. "08-"12]
Wap = Ase +_ [Liist, 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

A —asTs [Blumenhagen et al. "08-"12]
Wap = Ase +_ [Liist, Zhang.’13]

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

Model’s structure: A5 = A%(fz) AT = Ail(flv fz)

Example: safe ics «» f1 = 0.085 DE scale A] ~107"° «» f, =0.0038

v

Ay ~ 10717
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Axionic DE embedding |

Model’s structure: A5 = A%(fQ) AT = Ail(flv fz)

Example: safe ics «» f1 = 0.085 DE scale A] ~107"° «» f, =0.0038

v

Ay ~ 10717

axionic mass hierarchy
mo ~ 107°° = 1077V my ~ 107°7 = 107 %%eV

< H, ~1072"eV

COSMIC WISPers 2024 Istanbul, 5/09/2024 Francisco Gil Pedro (Unibo/INFN)



Axionic DE embedding |

4 4 4 4

Model’s structure: A5 = A5(f2) AT = A1 (f1, /2)

Example: safe ics «» f1 = 0.085 DE scale A7~ 107" «» f, =0.0038
4 — 117

axionic mass hierarchy Ay ~ 10
mo ~ 107°° = 10" eV mq ~ 107°7 = 107 %%V
< H, ~1072"eV
. Qo 3 (62’
@2 can only be a subdominant component of DM a5\ -» < 0.0002
m p
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Axionic DE embedding |

4 4 4 4
Model’s structure: A5 = A5(f2) AT = A1 (f1, /2)
Example: safe ics «» f1 = 0.085 DE scale A} ~ 10712 «» f, =0.0038
4 — 117
axionic mass hierarchy Ay ~ 10
mo ~ 107°° = 10" eV mq ~ 107°7 = 107 %%V
< H, ~1072"eV
. Qo 3 (62’
@2 can only be a subdominant component of DM a5\ -» < 0.0002
m p
. Ni=1 (r)=13 Ny = 27 (T9) ~ 107
a; — E
N, =5 (1) ~ 5 Ny = 10 (T9) ~ 500
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Summary

® From a bottom up perspective dynamical DE is no easier than dS

® But if observationally w # —1 or theoretically no dS in QG

® Two alternatives: multifield quintessence  » acceleration in steep potentials
» string embedding?

axionic quintessence » radiative stability (shift symmetry)

» scale suppression

» evades fifth force

» fo < Mp hilltop
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Thank you




Backup slides




Axionic DE

Simplest models

DE constrains V ~ 10_120Mj43 S ~ 276 f~3x10"°Mp

Requires VERY low scale inflation

Alignment

Need to be more sophisticated: break the link bet d
phisti reak the link between 1/, and [ Poly-instantons
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Axionic DE embedding Il

Late time potential generated by KNP alignment dij winding numbers

[Long et al, 2014]
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Axionic DE embedding Il

Late time potential generated by KNP alignment dij winding numbers

a; (Qz'l 1 + ;2 7-2) e_az’(q'il T1+qi2 T2)

one massless axion if 411422 = 412421
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Axionic DE embedding Il

Late time potential generated by KNP alignment dij winding numbers

[Long et al, 2014]

one massless axion if 411422 = 412421

mass hierarchy if q11G22 = (1 +0)q12921
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Axionic DE embedding Il

oH ¢L)

In terms of mass eigenstates  Viate = A3 |1 — cos (qm —) + A7 |1 — cos (qu

More freedom: DE sector does not fix mass of heavy axion » DM
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Axionic DE embedding Il

assuming mpg > H., = 107%"eV
[Marsh.’15]

. . Qr\2 [/ Hipe \° 0 10-60M. /0.0005
Isocurvature constraint: A; = il L) < 0.038A. — S 3395 ) ( )
Qm 7T5¢H Qm My €
. . Qg < —7 mH
embedding constraint: fu < 0.005Mp Q,, ~ 0910 [ 10e0 a7,
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Axionic DE embedding i

—23
myg ~ 10" eV
Qg
—— < 0.045
Qg
%j fr fH QF* QA
(9
106.13 97.07 23 42 0.17 0.005 0.045
\313
—~19 26\
95.08 102.56 20 16 0.15 0.001 0.002
—13 18 /
—122 116
94.13 103.07 11 24 0.11 0.0001 2 x 107°
—231 220

COSMIC WISPers 2024 Istanbul, 5/09/2024 Francisco Gil Pedro (Unibo/INFN)



