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Observational hints beyond ACDM?
Recent Dark Energy surveys measuring wpg(a) are finding intriguing hints of
deviations from A, whilst asymptotic acceleration may naturally deviate from
ACDM with a rolling modulus.

DESI, assuming parametrisation wpe(a) = wy + wa(1 — a), finds:
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Figure reproduced from DESI '24

and preference over ACDM at 2.5¢0, 3.50 or 3.90 depending on SN 1a data
set used.

Early days... statistics or new physics?

See e.g. Cortés & Liddle '24; O Colgain, Dainotti, Capozziello, Pourojaghi, Sheikh-Jabbari & Stojkovic '24; Shlivko & Steinhardt
for some debate

So far, first year of data analysed out of planned 5 years...

eBOSS 2014-20, SuMIRe 2014-29, DESI 2021-26, Euclid 2023-29, VRO/LSST 2025-35, Roman Telescope 2027-32
3



Plan

> Interlude - asymptotic dS from Scherk-Schwarz susy breaking?
» Asymptotic acceleration, event horizons and the swampland

» Quintessence in an open universe - dynamical systems analysis and
observational constraints

» Qutlook



Asymptotic dS from Scherk-Schwarz susy breaking?

. . . SLP & Serra, to appear soon; see !\/Iarco Serra’s parallel session talk!
> Might non-susy strings provide an arena for parametrically controlled de
Sitter solutions? see talks from Schachner, Quevedo, McAllister for dS in sugra
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Quint-essen(ce)-tial questions | won'’t discuss...

See also e.g. Cicoli, De Alwis, Maharana, Muia & Quevedo’18; Hebecker, Skrzypek & Wittner '19; Cicoli, Cunillera, Padilla & Pedro *
and Pedro’s talk

)
Guicke ARE WE
\_ GOING WRONG?. &

Figure adapted from The Guardian



Eternal acceleration at large volume and weak coupling?

> Moduli potentials typically runaway with V(¢) ~ e=*¢ as ¢ — oo for

canonically normalised fields.
Dine & Seiberg '85

> Sources eternal acceleration if A = YY1 < /2 (and transient
acceleration is possible for A > v/2). Townsend & Wohlfarth 03, . .., Russo & Townsend '19

> Fitting exponential quintessence V(¢) ~ e~*? to the cosmological data
bounds A\ < 0.6.

Agrawal, Obied, Steinhardt & Vafa '18; Akrami, Kallosh, Linde & Vardanyan '18; Raveri, Hu & Sethi '18;
Schoéneberg, Vacher, Dias, Carvalho & Martin '23

> Widely believed that stringy potentials at the asymptotics obey:

Obied, Ooguri, Spodyneiko & Vafa '18; H. Ooguri, E. Palti, G. Shiu & C. Vafa '18; Bedroya & Vafa '20; Rudelius 21

|V—V‘/‘2\@ford:4 *)

No known counter-example at the asympitotics. .
or some interesting attempts see e.g.
Hebecker & Wrase '18; Calderén-Infante, Ruiz & Valenzuela '22; Cremoini, Gonzalo, Rajaguru, Tang & Wrase '23
» Difficulty in finding eternal quintessence in string theory consistent with
early insights that it has same conceptual challenges as de Sitter,
including event horizons.

Hellerman, Kaloper & Susskind '01
Fischler, Kashani-Poor, McNees & Paban '01



Loop hole - quintessence in an open universe

» There do exist 10/11D solutions with eternal acceleration — they are
time-dependent and have negatively curved 3D spatial slices.

Chen, Ho, Neupane, Ohta & Wang '03; Andersson & Heinzle '06; Marconnet & Tsimpis '23
2 2A(t FRW  k=—1
ds?, = e (gW ’ dx"dx” + gmndymdy”)
» Corresponding 4D EFTs with potentials such as: Marconnet & Tsimpis ‘23
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> 4D analysis of V ~ e~*? in otherwise empty open universe k = —1 =
one can have eternal acceleration precisely when X > +/2. Small gs and
o’ and no event horizon! Andriot, Tsimpis, Wrase '23
» Open universes produced by CDL tunnelling in landscape.

Teivogel, Kleban, Rodriguez Martinez & Susskin '05;
but see Buniy, Hsu, Zee '06; Horn "17; Cespedes, de Alwis, Muia & Quevedo '20, '23 for ahemat\veg



4D cosmology - quintessence in an open universe
Andriot, SLP, Tsimpis, Wrase & Zavala '24
see also Alestas, Delgado, Ruiz, Akrami, Montero, Nesseris '24 and Yashar Akrami’s parallel session!
Can ‘stringy’ steep (A > v/2), exponential quintessence w/ curved spatial
slices lead to a realistic cosmology?



4D cosmology - quintessence in an open universe

Andriot, SLP, Tsimpis, Wrase & Zavala '24
see also Alestas, Delgado, Ruiz, Akrami, Montero, Nesseris '24 and Yashar Akrami’s parallel session!

Can ‘stringy’ steep (A > v/2), exponential quintessence w/ curved spatial
slices lead to a realistic cosmology? We need to include matter and radiation!

Consider the full 4d cosmology w/ V(¢) = Voe™*? in an open FRW universe
(k=-1):

dr 2
ds :—dt2+a(t)< k2+rd§22 .
Contributions to energy-momentum:
n component on pn wp = g—z
r radiation x a4 o« a? %
m matter o« a3 x a3 0
_8k K _1
k curvature =2 = 3
i #? $?
) scalar field T+ V(9) 5 = V(e) W

*Recall: pn ~ a~3(""%n) and we also use ‘density parameters’ Qn = £% (H = 2). For

2
a universe dominated by single fluid a(t) ~ t3(+wn) and we have accelerated
expansion when Wesr = >, Wafdn < —%.



Dynamical Systems Analysis

see Bahamonde et al '17 for a review; Shiu, Tonioni & Tran '22-'24 for recent work;
see also Flavio Tonioni’s parallel session!

The eoms can be expressed as an autonomous system defining:

/Q (1+W¢ /Q¢—X2 z=4/Q k7 U:\/Q-Tr

witth:1fx27y27227u2and’:%whereN:lna:
;o 3 2 2 2,3 2
X = 57 A+x(3(x*—=1)+Z +§Qm+2u ,
;o _/3 2, 2.3 2
y =y 2x)\+3x + 2z +2§2m+2u ,
7 = 2(2271+3x2+g§2m+2u2),
uvoo= u<22—2+3x2+g§2m+2u2),

Analysis of fixed points (x’(N), y’(N), z’(N), v'(N)) = (0, 0,0, 0) gives insight
into global cosmology — cosmological solutions correspond to orbits in the
phase space (x, y, z, u) passing between fixed points.



Dynamical Systems Analysis

The eoms can be expressed as an autonomous system defining:

=1/Qs—x2, z=+/Q, u=vVQ

Flat case (z = 0) is an invariant subspace - stable fixed point is P, for
A < v/3 — acceleration for A < v/2:

\/W

(x,y,u) Qm Existence Weff Stability
Pi (£1,0,0) 0 v A 1 unstable/saddle ‘
6— 22 2
Py =2, 0 0 A (3 AZ
b (\/g + 76 ) < V6 Y
_ (1 3 1 3 3
Pm(b*(i 5. ExV3 0> -3z A>3 0 stable ‘
Pm = (0,0, 0) 1 VA 0 saddle |
Pr = (0,0, £1) 0 v A 1 saddle ‘
2 4 1
r(ﬁ7(7 33’ 1 ?> 0 A>2 3 saddle ‘




Dynamical Systems Analysis

The eoms can be expressed as an autonomous system defining:

=4/Qp—x2, z=+/%, u=vQ

With curvature — for A > v/2 — Py, with wer = — 3§ is global attractor.

NN A CETA I

X,Y,2Z,U Qm Existence W, Stability
eff
Pki\ =(£1,0,0,0) 0 VA 1 unstable/saddle ‘
Py = (0,0, £1,0) 0 YA -3 saddle |
Pk¢:(%1/%,j:%\/§‘j:/1—é‘0) 0 A> V2 -3 stable ‘
A 62 A2
Py = 7 75 ,0,0 0 A< V6 5 stable for A < +/2/saddle for X\ > V2
(% % +1,/3, o,o) 17% A>3 0 saddle ‘
Pm =(0,0,0,0) 1 VA 0 saddle |
Pr =(0,0,0, 1) 0 YA 1 saddle |
fti”( Vv iﬁoiﬁ—?) 0 A>2 1 saddle ‘




Impact of curvature on past, future and present
For \ = \/g:

* radiation truncated for purposes of illustration!
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Impact of curvature on past, future and present
For \ = \/g:

* radiation truncated for purposes of illustration!

With curvature universe ends at Py = Wesr = —%, a = 0, but past matter
domination = only a transient acceleration epoch.

Minimal requirements of (1) past radiation domination and (2) acceleration
today leads to upper bound X < +/3 (sensitive to Q40 and Qxo, and pushed
slightly up with curvature) = viable stringy window v2 < X < v/3?



Bhattacharya, Borghetto, Malhotra, SLP, Tasinato, Zavala '24;

C08m0|Oglca| Constral nts Alestas, Delgado, Ruiz, Akrami, Montero, Nesseris 24

and Yashar Akrami’s parallel session!
see also Ramadan, Sakstein, Rubin "24 for flat case

Solve background and perturbations to compute observables and use MCMC
search for best fit parameters = A < /2, eternal acceleration, event horizon.

—— CMB+DESI
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C03m0|OgICa| COﬂStraI ﬂtS Bhattacharya, Borghetto, Malhotra, SLP, Tasinato, Zavala ‘24

Solve background and perturbations to compute observables and use MCMC
search for best fit parameters = \ < /2, eternal acceleration, event horizon.

> Parameter means and 68% confidence limits:

Parameter CMB+DESI +Pantheon+ +Union3+ +DESY5
0.8 +0.31 F0.18
B < 0.537 0.4870: 28 0.68¥0;5T 0.77+0 T8
Q 0.0026 =+ 0.0015 0.0025 + 0.0015 0.0028+, CO1E 0.0027 + 0.0016
Qch? 0.1196 + 0.0012 0.1197 + 0.0012 0.1195 + 0.0012 0.1195 4 0.0012
+0.96 40.72 +0.97
Ho 67.891%:98 67781072 67.1279,97 66.95 + 0.72
aph? 0.02219 & 0.00014 | 0.02219 & 0.00013 | 0.0222070.0913 | 0.02021 & 0.00013

» Model comparison using AIC = 2n — 21In Lnax: e.g. for CMD+DESI+Union3
AICWUWaCDM — AICqCDM =-3 and AICqCDM - AIC/\CDM =-23.

> Model independent reconstruction of wpe(z) and h(z)

0 1.10
= 1.05
g |
=
—1.0
——- ACDM D
—— DESI reconstruction -
best-fit ¢CDM 0.95
-3
0.0 0.5 1.0 1.5 2.0
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» Exponential quintessence probably not the right model — alternative
string-inspired models, like hilltop (including axions) or interacting dark
sectors with transient de Sitter, may fit the data better.

see talks from Pedro and Vafa; see Joaquim Gomes’s and Ignacio Ruiz’s parallel sessions!
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> Pure quintessence in an curved Universe allows for eternal acceleration
at the asymptotics of moduli space — control and no event horizon — for
string-allowed values XY = X > V2.

» Adding pheno requirement of past radiation domination makes
acceleration epoch only transient.

> Adding pheno requirement of current acceleration puts upper bound on
A < V/3: viable stringy window w/ v2 < A < v3 and Ag < M.

» The cosmological data indicates no preference (yet) for non-zero
curvature and a 2-4c preference for A # 0 but with A < v/2 — away from
string models and back to eternal acceleration.

» Data shows mild preference for wyw, parameterisation over exponential
quintessence and ACDM.

» Exponential quintessence probably not the right model — alternative
string-inspired models, like hilltop (including axions) or interacting dark
sectors with transient de Sitter, may fit the data better.

see talks from Pedro and Vafa; see Joaquim Gomes’s and Ignacio Ruiz’s parallel sessions!

> More cosmological data to come - we can hope to know much more
about Dark Energy in the near future and begin to rule out models and
have favoured ones!



