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Our universe is currently expanding + expansion is accelerating
—— Energy responsible for this acceleration? — Dark energy

Nature is unknown / not understood

— Here: discuss 2 answers: de Sitter universe, or quintessence + string theory realisation

Cosmological model: 4d theory of scalar fields ©" min. coupled to gravity

with a scalar potential V' > 0 [ d*z+/|g4] (Mg Ra— 39i0,0 0" — V)
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De Sitter solution: Eqg. of state parameter: Quintessence:
critical point: Ry rolling field:
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Here: tachyonic/maximum along 1 direction B
— Interesting de Sitter + quintessence scenario ‘ s

Friction holds field at maximum for H > Hj , then field starts rolling
Ok even with ny = —1 Agrawal, Obied ’18

But difficult to achieve from string theory... “ﬁ\\
-

Observational constraints: (model dependent!) DES °24

ACDM: w= -1 v observations
wCDM: w ~ —0.94
wow, CDM: Wy ~ —0.77
w=wp +we(l — &) we ~ —0.83 <0 w closer to -1 in the near past
consistent with rolling down from de Sitter!

De Sitter maximum is possible, quintessence is possible,
observational constraints are very model dependent (more quintessence models later)
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String theory realisation?

From string theory, we easily get [ d*z+/|g4] (MT§R4 — 100,007 — V)

— 1/ due to compact extra dimensions and physical content —— origin to Dark energy

Challenge is V' > 0 with the right shape for V': difficult!

o

(Trustable) de Sitter critical point Appropriate (not large) slope |va|for quintessence

Conflict with “"typical” behaviour in asymptotic of field space: Vo

Strong de Sitter (swampland) conjecture: ¢ — oo, |V—‘;/| W2

For Wip) = Voen t2 o A = V2 Bedroya, Vafa ’19, Rudelius 21

— No de Sitter in asymptotics — de Sitter solutions in classical string regime?
Concrete checks and arguments: Wrase et al *18, Junghans *18, Grimm et al *19, Andriot *19,’20, Cicoli et al *21

— High slopes, problematic for quintessence: A < 0.5 —1  Agrawal et al, Akrami et al, Raveri etal, "18
Schoneberg et al °23
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—— Contradict claim on no asymptotic de Sitter? Parametric control on corrections?

« Quintessence: include spatial curvature (open universe £ = —1, Q2 # 0)
explore consequences, w.r.t. slope, acceleration, observational constraints
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Here: stick to large fields, if not asymptotics (control on corrections, naturally small A)

— Possible way out for de Sitter solution

_ : (from string theory)
— Possible way out for quintessence

circumventing or contradicting previous stringy claims / results

 De Sitter: 10d supergravity solution, with a scaling freedom (parameter ~+ > 1)
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— arbitrary large radii and volume
—— Contradict =" »im on no asymptotic de Sitter? Parametric control on corrections?

« Quintessence: inC rature (open tnivarea I — — 1 O = 1)

I Spies In the room ! pnstraints




I. De Sitter solutions
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Mg = G/T"  6d compact group manifold, G 6d Lie group, T discrete subgroup/lattice (compactness)
E.g. twisted torus, nilmanifold, solvmanifold
Easy to handle + can have Rg < 0

H, F, fluxes
O, orientifolds, D, -branes

Classification of possible solutions  Andriot, Horer, Marconnet *22
4d theory (kinetic terms, V) for each class after consistent trunc. Andriot, Marconnet, Rajaguru, Wrase 22

Solution examples: sgses 1A, Og, Fy  Wrase, Koerber, Liist, Danielsson, Van Riet, Shiu, et al *08-"11
+ 5
S 1B, O5, F Andriot, Marconnet, Wrase 20, *21
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6d geometry Mg = G/T
dsg = gap e €” , one-forms: e® = e2,,, dy™ | basis used for all forms!
de® = —2 f%. €’ Ae¢  (not closed, away from cycles...)

/% ~spin connection for G
+ structure constants of underlying algebra g

Here: two copies of 3d solvable algebras: g5 © g55 © f235, [®25, f'a6, f®14 —> 6d solvmanifold

Convention: det g, =1 — lengths or radii, 71, ---, 76, inside the e* (y™ € [0, 27])

— flea~ r;’;h Ny, fO4~ T:§4 Ng , Ni, Ng real numbers, subject to quantization conditions
<—> lattice, compactness

Here: /|N1Ng| =1

Exenai NG ==

N 2
e® = rq (cos( |V Ng|y*) dy® — ‘FG‘
1

sin( |N1N6|y4) dy1>

_ S . Butalso: Ny — 1NV,
Andriot, Goi, Minasian, Petrini, *10 Ng — v Ng

Grana, Minasian, Triendl, Van Riet, ’13
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— Classical string background?

5 requirements: g, < 1 : - flux quantization (of harmonic components)
(s el - source quantization (and Ny = Ng;5 — Nf;s <16)

- lattice quantization (compactness)
gs N15 gs N,

I 698 NSI a 2T a Na
98F15 e s gSF?)wi = ’ gSTl() = ) f bc —
rs TalTa2Ta3 b1 T2 THb3 Tb4 b Te

supergravity solution = string background

Solution 29:

Ns =16, Nyp= —67, Nog=—68, Nyjs=—-46, N,, =1, N, = —18,

Ny = 0.020207 , Ny = —0.002592 , N3 = —1/N5 , Ng = —1/N; ,(...),

gs = 0.532758 , r; = 4.704542 I, , vy = 112.925701 I, , r4 = 14.968801 I, , r5 = 172.058417 I, |

r3 = 0.067605 l5 , r¢ = 0.077310 I5 .
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s = I} y T'1,72,74,75 > lS y '3, 76 = ls —_— C|aSSIC8.|7

o’ — corrections? They come with combinations of radii... — Evaluate them

Winding modes? But not exaclty radii, rather characteristic length in non-closed form
so not volume of a one-cycle...

1
e =rg (COS( | N1 Ne|y*) dy® — |%‘f sin \N1N6\3J4)dyl) de® # 0

—— Mmore investigation

Can’t we find another solution with better values?

Tried several numerical methods and tools for this, we did not manage.
But also clear numerical difficulties with this problem

— Theoretical obstruction against classical de Sitter (not found here) or numerical difficulty?
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Precise compactification setting is interesting because: 7 scaling
One simple version:

i3 ; :
Fas e s 5 B 2n R 2 0 01w 3,06, Jar IDVATIant

N = o2 e

982

Ny =~y 5Ny, No—7iNs, Ny =y 2Ny, N3 —>~2 Ny .

Effect on supergravity variables:

gs N1is g N 6gs N1

a
(93F15 = A I — y gslig = NORS
s Tal Ta2Ta3 b1 Tv2 T3 T'ha

I L 1 1
IETR e o T s B S Hle et RN s e B

— Eq. of motion — ,,/1—2 Eq. of motion , Solution — Solution’

(analogous to DGKT)

4r, /° (6dvolume )
Nauwx (7 discretized)
PO e )

ST IV
e

.3 fabc

S 1 S

?
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7 scaling:

« Asymptotic de Sitter solution (from 10d)... Could be claimed with

 Parametric control on o’ — corrections? On classicality? appropriate values of 73,76
(are they appropriate?)

Difficulties to reproduce the scaling in 4d theory
(when considering off-diag. metric fields, map to radii unclear)
(confusion between off-shell / on-shell scaling...)

Does not (seem to) provide parametric scale separation

Previous analytic arguments against asymptotic de Sitter: Junghans ’18
Grimm et al ’19
Andriot ’19 —— need for internal

Cicoli et al *21 hierarchy
(the case here)

l

Dark Dimension?

— loopholes explicitly found
(curvature, solvmanifold structure)
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Take FLRW metric with arbitrary space curvature, k& =0, +1

e Fork=0:
Observational constraints: A < 0.5 —1

j 3 i Halliwell '86, Copeland et al *97
If only ask asymptotic acceleration: & > 0 — theoretical bound: A < /2 Shiu, Tonioni, Tran 23

Conflict with strong dS conj. / string theory models !
( circumvent: non-canonical Kin. terms: Brinkmann, Cicoli, Dibitetto, Pedro *22)

Explain/extend: 3 equations of motion — rewritten as a dynamical system

— study fixed points, relevant to asymptotics!
Find fixed point P, (attractor):

Allows for acceleration: ¢ >0 < )\ < V2




Consider [ d* Mep iy AN AR
J d*z/lgal (52 Ra — 5000 ¢ , o€

Take FLRW metric with arbitrary space curvature, k£ =0, &1

e EORS G =0
Find fixed point P, (attractor):

Allows for acceleration: 4 >0 < )\ < 2




Consider [ d* Mep iy AN AR
J d*z/lgal (52 Ra — 5000 ¢ , o€

Take FLRW metric with arbitrary space curvature, k£ =0, &1

e EORk =0
Find fixed point P, (attractor):
Allows for acceleration: & >0 < \ <2

¢ Fork=—1:

A new (attractor) fixed point P, for A > /2 !
— of interest for string models




Consider [ d* Mep iy AN AR
J d*z/lgal (52 Ra — 5000 ¢ , o€

Take FLRW metric with arbitrary space curvature, k£ =0, &1

e EORS G =0
Find fixed point P, (attractor):

Allows for acceleration: 4 >0 < )\ < 2

* For k= —1:
A new (attractor) fixed point P, for A > /2 !
— of interest for string models

Acceleration? No! @ =0
But solutions in its vicinity can exhibit (eternal) acceleration!
— « asymptotic acceleration »!

Marconnet, Tsimpis, ’22, Andriot, Tsimpis, Wrase ’23




2
[ d*z+/]94] (%7&1 e %8@08“’@ — V) Seaba=lp e AP

Take FLRW metric with arbitrary space curvature, k£ =0, &1

e EORS G =0
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Allows for acceleration: 4 >0 < )\ < 2
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A new (attractor) fixed point P, for A > /2 !
— of interest for string models

Acceleration? No! @ =0
But solutions in its vicinity can exhibit (eternal) acceleration!
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Marconnet, Tsimpis, ’22, Andriot, Tsimpis, Wrase ’23

Phase space (z,y) = (

@ VvV

HV6’' H+V3
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Take FLRW metric with arbitrary space curvature, k£ =0, &1

e EORS G =0
Find fixed point P, (attractor):

Allows for acceleration: 4 >0 < )\ < 2

* For k= —1:
A new (attractor) fixed point P, for A > /2 !
— of interest for string models

Acceleration? No! @ =0
But solutions in its vicinity can exhibit (eternal) acceleration!
— « asymptotic acceleration »!

Marconnet, Tsimpis, ’22, Andriot, Tsimpis, Wrase ’23

Cosmological solutions asymptoting to
Acceleration: eternal, semi-eternal, transient
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Reproduce dark energy as de Sitter solution or quintessence for large field/asymptotics

Do this from string theory —— obstruction by strong dS conjecture: )\ > /2

— no dS solution
— quintessence: no asymptotic acc. + obs. constraints

— Here: ways out

De Sitter solution of 10d 1B supergravity on 6d solvmanifold
gs <1, ri,ro,ra,m5 > 15, 13,76 < ls —— ambiguous classicality

scaling freedom in ansatz: parametrically large 4 radii, volume — asymptotic dS ?

— parametric control on classicality/corrections?

Quintessence: open universe (k = —1 ) — asymptotic acceleration with A > /2

— include matter to have realistic solutions with A > /2




