Journal of Cosmology and
Astroparticle Physics

PAPER » OPEN ACCESS You may also like

H . . - Runaway quintessence, out of the
Cosmological constraints on curved quintessence cwempznd L

Yessenia Olguin-Trejo, Susha L.
Parameswaran, Gianmassimo Tasinato et

To cite this article: Sukannya Bhattacharya et al JCAP09(2024)073 al.

- Spatial curvature and large scale Lorentz
violation
Jing Li, , Yongxiang Zhou et al.

View the article online for updates and enhancements. - XPS investigation of titanium contact
formation to ZnO nanowires
Chris J Barnett, Ambroise Castaing, Daniel
R Jones et al.

This content was downloaded from IP address 137.44.100.1 on 10/10/2024 at 13:46


https://doi.org/10.1088/1475-7516/2024/09/073
/article/10.1088/1475-7516/2019/01/031
/article/10.1088/1475-7516/2019/01/031
/article/10.1088/1674-1137/ac5319
/article/10.1088/1674-1137/ac5319
/article/10.1088/1361-6528/aa5663
/article/10.1088/1361-6528/aa5663

ournal of €osmology and Astroparticle Physics

An IOP and SISSA journal

RECEIVED: June 7, 2024
ACCEPTED: September 6, 2024
PUBLISHED: September 27, 2024

Cosmological constraints on curved quintessence

Sukannya Bhattacharya,” Giulia Borghetto,” Ameek Malhotra,” Susha Parameswaran,®

Gianmassimo Tasinato®? and Ivonne Zavala®?

@ Dipartimento di Fisica e Astronomia “G. Galilei”, Universitd degli Studi di Padova,

Via Marzolo 8, 35131 Padowva, Italy

bPhysics Department, Swansea University,
Singleton Park, Swansea, SA2 8PP, U.K.

¢Department of Mathematical Sciences, University of Liverpool,
Liverpool, L69 7ZL, U.K.

4 Dipartimento di Fisica e Astronomia, Universitd di Bologna and

INFN, Sezione di Bologna, 1.S. FLAG,

viale B. Pichat 6/2, 40127 Bologna, Italy

E-mail: sukannya.bh@gmail.com, giulia.borghetto@gmail.com,
ameek.malhotra@swansea.ac.uk, susha.parameswaran@liverpool.ac.uk,
g.tasinato22080@gmail.com, e.i.zavalacarrasco@swansea.ac.uk

ABSTRACT: Dynamical dark energy has gained renewed interest due to recent theoretical
and observational developments. In the present paper, we focus on a string-motivated dark
energy set-up, and perform a detailed cosmological analysis of exponential quintessence with
potential V' = Ve *?, allowing for non-zero spatial curvature. We first gain some physical
intuition into the full evolution of such a scenario by analysing the corresponding dynamical
system. Then, we test the model using a combination of Planck CMB data, DESI BAO data,
as well as recent supernovae datasets. For the model parameter A, we obtain a preference for
nonzero values: A = 0.48702% 0.68703L 0.777018 at 68% C.L. when combining CMB-+DESI
with Pantheon+-, Union3 and DES-Y5 supernovae datasets respectively. We find no significant
hint for spatial curvature. We discuss the implications of current cosmological results for the
exponential quintessence model, and more generally for dark energy in string theory.
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1 Introduction

The ACDM model of cosmology has emerged in the last 20+ years as a successful phe-
nomenological model to describe the evolution of our universe from the time of the primordial
Big-Bang to today. In this scenario, the present accelerated expansion, discovered at the
turn of the 21st century [1, 2], is described by a positive cosmological constant, A, while
the three-dimensional space curvature is taken to be flat. In recent years, thanks to the
explosive increase in the volume and accuracy of cosmological measurements, challenges
to this model have started to emerge (see [3] for a recent summary of the so-called cos-
mological tensions). This is rather good news, as it places us in a remarkable era where
fundamental models can be tested and a more accurate cosmological model can emerge.
In this work, we study string-motivated dark energy models and confront them with the
most recent cosmological data.

Indeed, from the theoretical point of view, much work has been focused on a better
understanding of the present (and early) acceleration of the universe and the nature of its
source, dark energy, modelled by a cosmological constant in the ACDM. Since soon after its
discovery, cosmic acceleration has caused concerns due to the appearance of cosmological
horizons in eternal acceleration and questions around the consistency of such horizons in a
theory of quantum gravity, specifically in string theory [4, 5]. The possibility of realising a de
Sitter (dS) universe, namely a universe dominated by a positive cosmological constant, within
string theory has subsequently been a source of extensive work and debate (see e.g. [6] for
a review). In particular, it has recently been provocatively suggested that dS space cannot
arise in string theory and more generally, in quantum gravity [7, §].

The possibility of a dynamical form of energy, rather than a constant, was put forward
early on after the discovery of the late time acceleration, and has received continuous attention
thereafter. The main such candidate is quintessence, a scalar field whose potential energy
drives the accelerated expansion [9-11]. In particular, quintessence models governed by



exponential potentials [12-15], V = Vj e~ *?, are especially interesting as they are ubiquitous
at the boundaries of moduli spaces in string theory, which are regions that are parametrically
under good theoretical control. Cosmological constraints on exponential quintessence with
flat spatial slices have been studied recently in [16-18], where upper bounds on the exponent
A were obtained using a combination of Planck CMB data, BAO data and supernovae data
available at that time. Moreover, in the recent study [18], cosmological constraints of other
quintessence potentials were also analysed under the assumption of flat spatial geometry.

Meanwhile, it has been highlighted recently [19] (see also [20]) that including spatial
curvature in the context of exponential quintessence may allow for eternally accelerating
solutions without cosmological horizons for exponents that are well motivated by string theory
constructions, A > v/2. It has also been argued that an open universe is a natural outcome of
Coleman-de Luccia tunnelling in the string landscape [21], although other possibilities may
also exist, as recently investigated in e.g. [22, 23]. As a further motivation to consider spatial
curvature, a recent study [24] (see also [25]) in the context of islands in cosmology' [28] to
understand holography beyond adS/CFT, has found that a small amount of spatial curvature
can have a significant effect in the appearance of islands. In particular, in the presence of
negative, positive or zero cosmological constant, arbitrarily small positive curvature allows
the entire spacetime to be an island. On the other hand, a small amount of negative curvature
eliminates cosmological islands entirely.

The full dynamical system including radiation, matter, quintessence and negative spatial
curvature was studied in detail not long ago in [29] (see [30] for a review of dynamical systems
in cosmology and e.g. [19, 31-34] for some studies of relevant subsystems). An upper bound,
A < V3, was found from the minimal phenomenological requirements of a past epoch of
radiation domination and acceleration today. Cosmological solutions were shown to start
universally in the past from the unique fully unstable fixed-point, a kination epoch, then
pass through radiation and matter dominated phases and an epoch of acceleration as finally
the unique stable fixed-point is approached. The characteristics of the attractor fixed-point
depend on \; for A > /2 it corresponds to a curvature scaling solution, with equation of state
w = —% whilst for A < /2 it corresponds to scalar domination with w < —1/3. How the
attractor is approached depends on the initial conditions and consequent trajectory; it turns
out that for A > /2 and past radiation and matter domination the epoch of acceleration
is only transient, whereas for A < v/2 the acceleration is eternal and there is an associated
cosmological horizon.

Alongside these theoretical developments and motivations, from the cosmological point
of view, determining the equation of state of dark energy has been one of the main research
motivations and aims of several observational missions such as DES [35], DESI [36], Euclid [37]
and LSST [38]. Indeed, recent data from the DES [35] and DESI [36, 39-42] surveys hint
at a preference for a dynamical dark energy.’

Islands have been proposed in the context of the black hole information paradox as hypothetical regions
inside the black hole that help encode information from it, ensuring it is not lost in evaporation (see [26] for a
review). The boundary of such island is called quantum extremal surface (QES) [27].

2See [43-54] for recent discussions related to the interpretations of the DESI results. Refs. [55-58] have
also analysed the viability of quintessence models in light of the DESI findings.



These surveys use the so called wow, or Chevallier-Polarski-Linder (CPL) parameteri-
sation [59, 60] of the equation of state w (at least for small redshifts), which varies linearly
with the scale factor a, that is

w(a) = wo + we(l —a). (1.1)

The exponential quintessence model in the presence of spatial curvature has not yet been
tested against the most recent cosmological data (see [61] for an early study using WMAP),
in particular the late time probes such as BAO from DESI [40], and supernovae datasets
such as DES [35], Pantheon+ [62] and Union3 [63].

Therefore, we perform a cosmological analysis of exponential quintessence models in
curved space (k = £1) using the latest cosmological data (see also appendix B for the flat
case k = 0). In what follows, we refer to this model as “curved quintessence”. When we
discuss this model in the context of cosmological constraints, we refer to it as gCDM+8y
As we will see, including the most recent data from DESI and supernovae data from DES,
Pantheon+ and Union3, we are able to constrain the parameter A, finding it to lie roughly
240 away from A\ = 0 (which represents the cosmological constant), depending on the
supernovae dataset chosen. We quantify the improvement in the fit to data provided by
the ¢gCDM model as compared to ACDM and also compare this model against the CPL
parametrisation, finding a mild preference for the latter.

In section 2 we introduce the cosmological system and perform a dynamical system
analysis in 2.1 for the closed case k = 41, while the open case k = —1 is reproduced from [29]
in appendix A (the flat case can be found in [30]). In section 3 we perform the full cosmological
analysis of the model with exponential potential for quintessence with curved spacetime
geometry. We preset the constraints on the relevant model parameters and discuss their
implications. The constraints on the full set of parameters, including 6 base parameters
in the standard ACDM model, and 2 more for the quintessence model and curvature, are
presented in appendix B. Finally in section 4 we summarise our findings.

See [64] for an independent cosmological analysis of curved quintessence and [65] for
the analysis in the flat case.

2 Cosmological system

We start by introducing the cosmological system we are interested in analysing: quintessence [9—
11] as a possible description of dark energy (DE), together with matter and radiation in
a curved space. This constitutes a modification of the standard ACDM model, where the
cosmological constant A, is replaced by a (canonically normalised) scalar field ¢, and we
allow for curvature (k # 0) of the 3D space slices. The corresponding dynamical analysis
is rich in possibilities, which we analyze in this section. In the next sections we study how
current data are able to discriminate among different options.

We consider a 4D Friedmann Lemaitre Robertson Walker (FLRW) metric with arbitrary

curvature given by:
2

1 — kr2

ds? = —dt* + a?(t) l + 1% (d6? + sin? Hde)] : (2.1)



where k = 0, £1 denotes the curvature of the three-dimensional (3D) slices. The radiation (r),
matter (m) and quintessence field are each described by perfect fluids with energy density,
pi, and pressure, p;, related by their equation of state parameter, w; as:

pi = wipi (2.2)
with i = r,m, ¢, respectively. For radiation, p, ~ a~% and w, = %; for matter, p,, ~ a~3 and
wy, = 0; for the scalar, the energy density and pressure are given by

¢’ ¢’
Po =5 +V(9), Po =5~ (). (2.3)

Moreover, we can introduce an effective “curvature fluid component”, with energy density,
pressure and equation of state given by

3k k 1

Pk = — 9 pk:ﬁa W = —35 - (24)

a

The equations of motion for this system are given by (we set M1;12 = 8mG =1 in
this section):

H2 = p:e;f ) (25&)
H 3
2 = 5t we), (2.5b)
¢=-3Hd—Vy. (2.5¢)
In these equations, V = 04V and we defined
Peff = an y Deft = ana Deff = Weff Peff, (2.6)

with n = r,m, ¢, k, that is, running over radiation, matter, the scalar and curvature terms.
From this definition we can deduce that

Weff = Z Wy, . (2.7)
n
Moreover, from (2.5b), one can check that cosmic acceleration requires
weg < —1/3 & e=-H/H><1. (2.8)

Introducing the density parameters for each component, n, in the universe as

Pn
we can write the first Friedmann equation as
1=>"Q,, or 1—Qp=0r, (2.10)
n
where
Qr=> Q. (2.11)
i
From (2.10), we see the standard result that in an open universe (k = —1), Qpr < 1, in a

closed universe (k = 1), Qpr > 1 and in a flat universe Qp = 1.



For the rest of our analysis we restrict ourselves to an exponential potential for the
scalar field, given by

V(p)=Vo e, (2.12)

where A is a constant and we take A > 0, Vj > 0. As discussed in the Introduction, this is
motivated from the general form of a perturbatively generated potential for a closed string
modulus after canonical normalisation (see e.g. [6]).

2.1 Dynamical systems analysis

To study the background evolution of the system, it is useful to translate the equations of
motion into an autonomous system of first order coupled differential equations, and perform
a dynamical systems analysis. Curved exponential quintessence including a barotropic fluid
has been studied previously in [31] and in [32] an analysis was performed including matter
and radiation (see also [30] for a review on dynamical systems in cosmology and references
therein). More recently, in [29] the open case (k = —1) including radiation and matter was
studied in detail. We refer the reader to that paper for details and present a summary of
their main results in appendix A. Below we give some details on the closed case (k = +1).
As pointed out in [30, 31], the dynamical system in the closed case is non-compact.
We define the following dynamical system variables:

/ V H V
i= 2 g:L_, g o H o Ve (2.13)
V6 V3H V3H H %
together with the constraint
Qe =1-2%—35* — 42, (2.14)
where
) Pm
Qp = —5, (2.15)
s
and, importantly, we introduce
_ k
H=H+\1-Q, where QkE_QiH?’ and k>0, (2.16)
a

to compactify our phase space [30]. Primes above denote derivatives with respect to the
new e-fold variable:

dN = Hdt. (2.17)
The equations of motion (2.5) can be rewritten in terms of variables (2.13) as follows:

1 3

= 552( 3+a2+3552—3g2)+\/;g2, (2.18a)
1 3

L 22 | a-2  9-2) _ -

i 2yz(3+u + 3z 3y> \/;/\xy (2.18b)
1

@ = 5@5( 1+ a? 4327 - 337) (2.18¢)
1

=1 ) 2 9.2 g2

z 5( —1)(1+u 13z —3y), (2.18d)

Vo Vi
N =6z ld’d’ -2 (2.18¢)

vov?




(z,y,z,u) O, Existence Weff
Q. = (£1,0,1,0) 0 VA 1
Qm = (0,0,1,0) 1 D) 0
S A
= i3 o [ e

(For A = V2, Qrp = Qy)

o A 6—\2 A2
Qo= (2, +52%1,0) 0 A< V6 2

(For A =6, Qy = Qi)

Qmo= (13 +1y/3:1.0) 1= 5 A>3 0
(For A = /3, Qmg = Qo)

Q- = (0,0,1,+1) 0 VA

Wl

Wl

Qm:(% e s 1—%) 0 A>2
(FOI“ )\:2, Qms :Q¢)

Table 1. Fixed points for the system (2.18) with the constraint (2.14) and the exponential poten-
tial (2.12). See the main text for their description.

The fixed points for this system are given in table 2 below; since we are interested only

in expanding universes, we stick there to the case z > 0. The stability of the closed universe

fixed points is summarised in table 7. For comparison, the fixed points for the open case as

well as their properties and stability as discussed in [29] are reproduced in appendix A.

Let us now discuss the properties and stability of the fixed points in the closed case.

. Qfm — kinetic domination: the energy density is dominated by the kinetic energy of
the scalar field, with z2 = 1, and thus weg = 1. These points are the only fully unstable
fixed points, and thus all cosmological trajectories originate near them in the far past.
This is analogous to the open case.

Qm — matter domination: the energy density is dominated by matter, Q,, = 1, and
thus weg = 0. This point is a saddle and thus cosmological trajectories may pass
through it depending on the initial conditions. This is analogous to the point P,, in
the open case (see table 7).

Qk¢ — curvature scaling: at this point the universe evolves under the influence of both
curvature and the scalar field, but the expansion mimics curvature domination with
Weff = —%. This is analogous to the P, point in the open case (see table 7), however,
the existence condition is the opposite: A\ < v/2. Contrary to the open case, this point
is a saddle in the closed case.



. qu — scalar domination: the energy density is dominated by the scalar, with weg = wg
and S_2¢, = 1. This is analogous to the point P in the open case and the stability
properties are the same: stable for A < v/2, saddle otherwise. For A < /2 it therefore
represents the late-time accelerating attractor for all cosmological trajectories.

. Qm¢ — matter scaling: the evolution is driven by the scalar and matter energy densities,
but mimics a matter dominated evolution, with weg = 0 and Q,, =1 — 3 / A2, This is
analogous to the point P, 4 in the open case and it is a saddle.

e Q, — radiation domination: The energy density is dominated entirely by radiation
with weg = 1/3. This is analogous to the point P, in the open case and it is a saddle.

. 6_2“75 — radiation scaling: the evolution is driven by both the scalar and radiation,
| 5
Q, = 4> =1—4/)\2. This is a saddle point and it is analogous to the point P.4 in the

though the evolution mimics a radiation dominated universe with weg = while

open case.

In summary, there are three main differences with the open universe case (see tables 7
and 8 in appendix A). The first is that in the closed case there is no curvature dominated
point, as expected (in the open case, this is Py in table 8). The second is that the curvature
scaling point is not stable, and its existence condition is complementary to the open case:
A < V2 vs. A > /2, for the closed and open case respectively. Finally, whilst both the open
and closed universe systems have a scalar dominated fixed point attractor when A < v/2, when
A > /2 the open universe has a curvature scaling fixed point attractor but the closed universe
system has no attractor. In other words, for the closed universe, the entire cosmological
trajectory depends on the initial conditions.

In figure 1 we present an example slice of the dynamical systems phase space for A = /8/3,

choosing to present the variables Z,§ and 1/, and dropping @ and Z (but recall the constraint

Qn=1-2*-3°

— u?). We also plot in the phase space an example trajectory, with initial
conditions fixed by present-day values for the density parameters and wg, chosen to match the
CAMB runs described in the following subsection. We learn that the cosmological solution
starts in a kination epoch, from the fixed point Qf{in, passes through radiation and matter
domination as it approaches Q,,, and Q,, respectively, meets the point corresponding to today
(as it must), where there is transient acceleration, and eventually returns to Qiin, another
kination epoch. Recall that the latter fixed point is a saddle, thus we do not expect it to be

a final destination. See [29] for similar phase space diagrams for the open universe.

2.2 Background evolution

We now study the cosmological evolution of the curved exponential quintessence. We
implement the curved quintessence model in the cosmological Boltzmann code CAMB [66, 67].
We choose initial conditions for the field: ¢; = 0, ¢; = 0, deep in the radiation era.? For
a given input value of A and other background density parameters {2, Qc, Q, Q,}, the

3Note that a non-zero value of ¢; can be absorbed into a redefinition of V. Moreover, any non-zero initial
velocity is quickly washed out due to Hubble friction.
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Figure 1. Left: a slice of the phase space for the dynamical system including quintessence, matter,
radiation and positive spatial curvature, with the selection of variables z, y and \/7, for A =

8/3. Plotted in red is the trajectory determined by the initial conditions set today by Qo =
—0.005000423845, Q4 ¢ = 0.684587702938, €2, o = 0.000080007654 and wg o = —0.573508930813358,
with: 50 = 1/\/m7 i‘o = \/Q¢70202(1 +w¢,0)/2, go == \/Q¢70202 —(fOZ, ﬂ() == mg(). These
values are taken from the run of CAMB described in the following section, with a large amount
of precision necessary to ensure past radiation domination. Right: The corresponding evolution of
density parameters, ,, (£, in green, €2, in red, {2, in yellow, and Qj in blue) and equations of state
(wg in brown and weg in purple), with respect to N, related to N as dN = ZdN. See main text for
more details.

Point Eigenvalues Stability Erdsienes
Qp,: Fully unstable
Qiéin <4» 3,3F \/3, 1) Qi+ Fully unstable for A < /6 —
Qi+ Saddle for A > /6
Qw (-3.3,-3.1) Saddle _
Qro (-5, -2, AHVEIR _ A/E) Saddle A< V2
Stable for A < /2
Qs (¥ 3.4 -3 -2, -2) A< G
Saddle for A > v/2
O ( %,1, A+W)’_3(/\+W)’_%) Saddle N
Qr (2,2,1,-1) Saddle .
Qro (1,2, 22VBI=ISR | _ d/EI=ToN) Saddle 2> 2

Table 2. Summary of the stability analysis for the fixed points in table 2 corresponding to
closed universe.




A Vo (eV?) W0

0.5 | 1.0715 x 107 | —0.96369
8/3 | 2.1765 x 10" | —0.58169
V3 ] 2.5255 x 1077 | —0.52205
2 4.8067 x 10~7 | —0.32093

Table 3. Parameter values for k < 0 for the plots in figures 2, 3 and 4 as computed from CAMB. The
associated values for today’s density parameters are ;o = 0.00500, €2 o = 0.27018, € o = 0.04872,
and Q(j)’o = 0.67459.

amplitude of the potential Vj is tuned by the code and adjusted to obtain the correct €24
today, in order to satisfy eq. (2.10).

We consider two cases motivated by string theory set-ups as discussed in [29], A =
V3,1/8/3, as well as a larger and smaller value motivated by our further cosmological analysis
in the next section. The field typically remains frozen due to Hubble friction in the radiation
era and starts to evolve much later when dark energy begins to dominate (see figures 4, 7
below). We can understand the evolution from the dynamical system analysis. For A = /3,
for both open and closed universes, the matter scaling points merge with the scalar dominated
point: P4 = Py and Qm¢ = Q¢ respectively. For the open case, there is a curvature scaling
point P4, but not in the closed case. For A\ = \/8/3, for both closed and open universes,
the matter scaling points do not exist, while the scalar dominated points still exist and are
saddles (P, Q). Further, the open curvature scaling point (Py) also exists (and is stable).
Finally we also plot the evolution for A = 1/2 and A = 2. For A = 1/2 the closed curvature
scaling point exists, but not for the open case. The scalar dominated point instead exists for
both open and closed cases, it gives rise to acceleration and it is stable. For A = 2, the closed
scaling point does not exist, but it does for the open case, while the scalar dominated point
exists in both cases and it is a saddle. For all the values of A < v/2, the scalar fixed point
is an accelerating attractor. In this case, the universe will evolve towards an accelerating
future with a cosmological horizon.

2.2.1 Open universe

In figure 2 we show the evolution of the curvature and scalar density parameters for the
values of A described therein (at the top left panel). In the bottom left panel, we show the
deviation of our model from ACDM by plotting the temperature angular power spectrum
DIT = (¢ +1)C}FT /(27), and we plot the difference AD}!T = DETT’ACDM - DZT’qCDMJer
in the bottom right panel.

In figure 3 we show the evolution of the corresponding scalar and effective equations
of state, wy and weg. The values of the parameters today together with Vj, as computed
by CAMB, are given in table 3.

2.2.2 Closed universe

In figure 5 we show the evolution of the density parameters as well as the angular power
spectrum DET and ADKTT, for the values of A described above. In figure 6 we show evolution
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Figure 2. Upper panel: Curvature and scalar density parameter evolution for various values of A for
an open universe k < 0. Lower panel: angular power spectrum DET and the residuals AD;T with
respect to ACDM, for the same values of A and k < 0. The grey shaded regions represent the error
bars on DI'T from Planck [68].

—0.41 ——- ACDM
— A=05 0.001
—0.61 oy
S A=VEB L Z 025
—0.81 T A=V3
’ — A=2 —0.501
-1.0 3 - - - - 2 i i i i
1073 101 10! 103 10° 1073 107! 10! 108 10°
V4 z

Figure 3. Equations of state evolution for the same parameter values as in figure 2 computed
from CAMB.
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Figure 4. Scalar field evolution for the open quintessence case.
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Figure 5. Curvature and scalar density parameter evolution for a closed universe, k > 0 for various
values of A (upper panel). Angular power spectrum D} 7 and residuals AD{ ™ for same values of
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Figure 6. Evolution of the equations of state for k > 0 for the different values of A discussed in
the text.
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Figure 7. Scalar field evolution for the closed quintessence case.

of the scalar and effective equations of state and in figure 7 we show the corresponding
evolution of the scalar field. The values of current-day parameters as computed from CAMB
for these cases are given in table 4.

Comparing the open and closed universes, we learn that the closed universe yields slightly
higher values for the dark energy density parameter today, Qg, for a given A. This is to
be expected from (2.10). On the other hand, the value of wy for a given A is slightly less
negative in the closed case (see table 3 and table 4).
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A Vo (eV?) W0

0.5 | 1.0886 x 10~7 | —0.96300
8/3 | 2.2576 x 10" | —0.57350
V3 ] 26350 x 1077 | —0.51259
2 5.1973 x 1077 | —0.30628

Table 4. Parameter values as computed from CAMB for the plots in figures 5, 6 and 7 (k > 0). The
associated values for today’s density parameters are (25 o = —0.00500, . ¢ = 0.27018, Q; o = 0.04872,
and Q(j)’o = (0.68459.

3 Cosmological constraints

With the modified CAMB code, we are now ready to analyse our curved quintessence model
against cosmological datasets. We explore the parameter space of the model using Markov
Chain Monte-Carlo (MCMC) methods, varying A alongside the other cosmological parameters
{Q,h%, Qh?, Qp, Ho, 7, As,ns 1.2 We use the following cosmological likelihoods:

1. CMB from Planck:

o Planck 2018 low-¢ temperature and polarisation likelihood [68].

e Planck high-¢ CamSpec TTTEEE temperature and polarization likelihood using
NPIPE (Planck PR4) data [69].

o Planck 2018 lensing likelihood [70].
In what follows, we collectively denote all the Planck likelihoods as ‘CMB’.?

2. BAO likelihoods from DESI DR1 [36, 39, 40] consisting of bright galaxy survey (BGS),
luminous red galaxies (LRG), emission line galaxies (ELG), quasars and Lyman-« (Lya)
data which cover a total redshift range 0.1 < z < 4.2. Sloan Digital Sky Survey (SDSS)
DR16 likelihoods [71] covering a total redshift range 0.07 < z < 3.5 for the ELG, LRG,
quasar and Ly« tracers.

3. Pantheon+ [62], Union3 [63] and DES-Y5 [35] type Ia supernovae samples. Altogether,
these samples consist of about 4000 supernovae which cover a redshift range 0.001 <
z < 2.26. Note that the samples cannot be combined since Pantheon+ and Union3
have 1363 supernovae in common while DESY5 has 194 low redshift supernovae shared
with the other two.

“The parameter ) is the only free parameter of the quintessence model since Vo is getting tuned at each
step of the MCMC to satisfy the budget equation (2.10).

5Note that the Planck high-£ and lensing likelihoods require the modelling of non-linear scales by codes such
as HMcode/halofit, which do not have a quintessence background evolution. Thus, the effects of quintessence
on these non-linear scales cannot be accounted for here. However, we expect the corrections from non-linear
scales on our conclusions about evolving dark energy to be quite small at present. In particular, the preference
for dynamical dark energy is primarily driven by the BAO and SN datasets for which the observables are
mainly background quantities and thus should not be affected by non-linear physics.
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Figure 8. Constraints on cosmological parameters from the combinations of datasets described in
the main text. See appendix B for the inclusion of all the other parameters.

We implement wide uniform priors on all the cosmological parameters. The likelihoods
are sampled using the MCMC sampler [72, 73|, through its interface with Cobaya [74]. We
continue the sampling until we reach a value R — 1 = 0.03 for the Gelman-Rubin diagnostic.
The resulting chains are analysed and plotted with GetDist package [75]. At the end of
the sampling, we also run the Py-BOBYQA [76, 77] minimizer through the Cobaya interface
to find the best-fit point and the corresponding x? values.

The recent DESI BAO data alone, as well as in conjunction with the supernovae datasets,
have already been shown to have a preference for a time varying dark energy equation of
state as compared to ACDM [40-42]. When the same datasets are used with our exponential
quintessence model as the underlying dark energy model, this manifests as a slight preference
for a non-zero A, resulting in the following marginalised mean and limits (at 68% C.L)
shown in table 5.9

The marginalised 1D and 2D joint distributions for these parameters are plotted in figure 8.
As we can see, the combination of CMB and DESI BAO data is not able to significantly
constrain the quintessence model parameter A. However, this changes with the addition of the
supernovae datasets and depending on the dataset chosen, the obtained values for A lie about
2—40 away from the A = 0 case that corresponds to a cosmological constant. In appendix B,

5The datasets we use correspond to slightly different values of Hy (see table 9), decreasing with increasing
values of A, a trend consistent with previous works [78, 79] for the flat case.
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Parameter CMB+DESI +Pantheon-+ +Union3+ +DESY5
A < 0.537 0.481028 0.687938 0.7710 18
Qe 0.0026 +0.0015 | 0.0025+0.0015 | 0.002875001S | 0.0027 +0.0016
Q.h? 0.1196 +£0.0012 | 0.1197 +0.0012 | 0.1195 4 0.0012 | 0.1195 #+0.0012
Hy 67.897009 67.737012 67.1270 0% 66.95 + 0.72
Q,h? 0.02219 + 0.00014 | 0.02219 4+ 0.00013 | 0.0222075:00912 | 0.02221 + 0.00013

Table 5. Parameter means and 68% limits for the combination of the CMB-+DESI and with the

addition of the different supernovae datasets to the CMB+DESI baseline.

Parameter | CMB-+DESI+Pantheon+ | CMB+SDSS-+Pantheon+
A 0.487928 0.4079:29
Q, 0.0025 + 0.0015 0.0014 + 0.0017
Q.h? 0.1197 £ 0.0012 0.1197+39515
Hy 67.7310 83 67.44 4 0.64
Q,h? 0.02219 + 0.00013 0.022201 390013

Table 6. Parameter means and 68% limits.

we plot the contours for the full parameter set, including {ns, As, 7}. There, we also present
the results of the MCMC analysis for the dataset combination CMB+DESI4Pantheon+,
fixing Q; = 0 and compare it to the free spatial curvature case (figure 13). We do not
find any major difference for the cosmological parameters constraints, in particular for A,
obtaining A = 0.42 + 0.22 at 68% C.L.

Fixing our supernovae dataset to Pantheon+, we also assess the effect of replacing the full
DESI BAO data with the SDSS data, finding nearly identical results for most cosmological
parameters with a slightly lower deviation from a cosmological constant in terms of the
preferred values of A (see figure 9 and table 6). The result could be attributed to the increased
constraining power of the DESI data as compared to SDSS. For all the datasets used in this
section, we also observe a mild shift towards €2; > 0 with the difference from Q5 = 0 being
less than 20. There is no noticeable shift for any of the other cosmological parameters.

Considering that the new DESI dataset favours dynamical dark energy, we can compare
how well our model fits the data against the CPL parametrisation presented in [40]. For
this, we first compute the Ay? for both the gCDM+;, model and the wow, CDM+2), model
with respect to ACDM +, i.e.

2 _ .2 2
AXmodel = Xmodel — XACDM+Qy » (3.1)

where the x?2 = —21In Lax for a given model. We find for the CMB+DESI+Pantheon+
combination

(3.2)

2 _
and  Axiw,cpmr0, = —6,

2
AXqCDM—i—Qk =-138
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Figure 9. Constraints on cosmological parameters for CMB+DESI+Pantheon+ and
CMB+SDSS+Pantheon+. See appendix B for the inclusion of all the other parameters.

showing that both models provide a better fit to the data compared to ACDM—+€);. This
is to be expected since we can always recover ACDM+; from the two models by fixing,
respectively, A = 0 or wg = —1, w, = 0. We remind the reader that the gCDM+2;, model
features one additional parameter compared to ACDM+;, whereas the wyw, model has two.

When comparing cosmological models using their best-fit x? values, one should also take
into account the number of free parameters of the model. For non-nested models,” a simple
method to compare the quality of the fit to the data while at the same time accounting for the
number of model parameters is provided by the Akaike information criterion (AIC) [80, 81].
We compute this quantity for the gCDM+, and wow,CDM+8; models. The AIC value
for a given model is defined as

AIC =2n — 21n Lyax, (3.3)

where L.« denotes the maximum likelihood value for the model and n is the number of free
parameters (note nyyw,com —ngcpm = (7+2) — (7+1) = 1). AIC represents the information
loss in using a particular model to represent the true underlying process with the best fitting
model among the candidate models having the smallest AIC value, i.e. the lowest information

"It is only for nested models that the maximum (log) likelihood ratio or Ax? is approximately x>
distributed [80]. The AIC has no such requirement but is a simplistic comparison method. A more rigorous
comparison would be to compute the Bayesian evidences but this is computationally quite expensive.
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loss [80, 81]. For our analysis with CMB+DESI+Pantheon+, we find

AlCyyw,com+0, — AIC cpmya, = —2.2,  AlIC;cpm+q, — AICAcDMyn, = 0.2 (3.4)

which indicates a preference, albeit not very strong, for the wyw, parametrisation over the
exponential quintessence model and no preference between gCDM+, and ACDM+;. On
replacing the Pantheon+ dataset with Union3 or DESY)5, the results change slightly. For
example, for CMB+DESI+Union3, we find:®

AICyw,com+0, — AIC cpm+n, = =3 and  AIC,cpmya, — AICxcpM+n, = —2.3. (3.5)

The increase in preference for gCDM 4 over ACDM +€2;, comes from the fact that these
datasets require a larger deviation from the cosmological constant compared to Pantheon+,
as seen in the preferred values of A (and also with the CPL parametrisation [40]). The
preference for wow, CDM+;, over qCDM+-€)y, is likely due to DESI + supernovae data (as
seen in [40, 41]) indicating a preference for phantom-like behaviour for dark energy (w < —1)
in the past and going towards w > —1 near z ~ 0 more rapidly than what can be obtained
in the gCDM+£; model.

Note however that the data does not constrain w(z) directly but only indirectly through
H(z) and integrals of H(z) that enter when calculating cosmological distances to a given
redshift. In particular, w(z) is well constrained close to the point z = 0.4 with the uncertainties
increasing, especially at higher redshifts [40, 41]. Thus, to provide a good fit to the data a
given quintessence model need not match the entire evolution of w(z) with that in the wow,
model, but rather match H(z) (or the distances) to a given accuracy, as pointed out in [58].
According to the latter’s analysis based on this matching procedure, hilltop and plateau
type models of quintessence may fit the data better as compared to the exponential model.
Analysis of quintessence models from the DESI collaboration, based on parametrisations
of classes of quintessence models (thawing, emergent, mirage) rather than using specific
models, also finds that quintessence models can significantly improve the fit to the data w.r.t.
ACDM [42], with the mirage class faring the best.

We also compare our results against the dark energy model-independent reconstruction
of w(z) using Chebyshev polynomials carried out by the DESI collaboration [41]. To do
this, we plot w(z) and the quantity h(z) = H(z)/Hy for the best-fit gCDM+; model vs
the DESI reconstruction for the CMB+DESI4+Union3 data combination in figure 10. We
see that even though w does not go below —1, the evolution of the Hubble parameter in
the best-fit gCDM model matches fairly well with the DESI reconstruction. Although the
deviation increases at z ~ 0.5, the best-fit gCDM quantities still lie with the 95% confidence
regions of the DESI reconstruction. It is also clear from the plots that the best-fit gCDM
model leads to a much lower deviation from ACDM compared to the reconstruction (or for
that matter, the wyw, parametrisation).

8FOI‘ flat ACDM we find with CMB+DESI+UHIOD3 AICqCDl\/I(+Qk) — AICACDM = —17(—37), i.e., values
similar to the ACDM+Q, case above (3.5).

,16,



0 1.10
= 1.059
= g
N p ]
X - K—/
s =100
_9| === ACDM =
—— DESI reconstruction
best-fit gCDM 0.951
-3
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
z z

Figure 10. Evolution of w(z) and h(z) = H(z)/Hy for the best-fit gCDM+; model compared
against the DESI reconstruction using CMB+DESI+Union3 data. The shaded regions represent the
95% confidence regions for the reconstruction (data taken from figure 1 of [41]). Note that the wow,
evolution matches the reconstruction very well, so we do not plot it separately. At z = 0 we have
wo = —0.89 for gCDM+;, while for the reconstruction it is wg = —0.65.

4 Discussion

In this work we have performed a cosmological analysis of single field quintessence for a
string theory motivated potential, namely the exponential V = Vye *?, with open, closed
or flat 3D spaces. Using the most recent cosmological data from Planck CMB, DESI BAO,
as well as recent supernovae catalogues, we obtain the following marginalised means and
limits on the potential parameter at the exponent:

A= 048702, 0.68T0350, 0.777018

at 68% C.L., by combining CMB+DESI with PantheonPlus, Union3 and DES-Y5 supernovae
datasets respectively. These results indicate an increasing preference for a non-zero value
of A\, where A = 0 corresponds to a pure cosmological constant. Regarding the curvature of
the 3D space slices, we find that the results point towards an open universe, k < 0, with
the following marginalised means and limits:

Qr = 0.0025 £ 0.0015,  0.002875-0015,  0.0027 & 0.0016

at 68% C.L., with datasets as above; the preference for non-zero curvature is, however, so
far not statistically significant.

Whilst exponential quintessence is marginally favoured over ACDM by the cosmological
data, our results indicate that the typical values for the parameter A arising in string theory
examples, conjectured to be always greater than v/2 [82, 83] (see [19, 29, 33] for constructions
with e.g. A = 1/8/3,V/3), are excluded. At the same time, given a best-fit value for A, the
dynamical system analysis that we presented (see sections 2.1 and appendix A) reveals the
future evolution of the universe, in the case that dark energy is described by exponential
quintessence. The observationally preferred values for A, having A < v/2, indicate that —
rather than having a transient phase of acceleration — the universe will evolve towards the
eternally accelerating fixed point (P or Q¢), thus giving rise to the presence of a cosmological
horizon. Alternatively, this may well indicate that the simplest single field exponential
potentials are not the correct ones to describe the observed dark energy.
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We have also compared our results with the CPL parametrisation used in (past and)
recent cosmological studies of dynamical dark energy [40], as well as dark energy model
independent reconstructions [41] of w(z) using DESI and supernovae data. The data appear
to prefer a more pronounced evolution of w(z) than what can be obtained in the ¢gCDM
model, requiring w(z) < —1 in the past (z > 1), and rapidly growing to wy > —1 closer to
the present. In contrast, for the exponential quintessence model, w(z) remains very close to
(but always greater than) —1 in the past, and evolves more slowly towards wg > —1 near the
present. This results in a mild to moderate preference for the CPL parametrisation over our
model, even though the evolution of the background quantities such as H(z) in our curved
exponential quintessence model is not significantly different, and still lies within the 95%
confidence regions of the DESI reconstructions (see figure 10).

The hint from [41] for a phantom like equation of state for dark energy in the past is
interesting from a fundamental point of view. In principle, scalar potentials arising from string
theory, such as exponentials and hilltops, do all obey the energy conditions, and therefore do
not give rise to phantom behaviour in a consistent way (although see [58]). However, it would
be interesting to further investigate whether there can be string inspired constructions giving
rise to an “effective” phantom behaviour. More generally, we emphasize the importance
of developing complete fundamental scenarios that encompass the standard model as well
as the dark sectors, in order to address the crucial challenges that any quintessence model
presents, including time-evolution of fundamental constants, unobserved fifth forces, and
the ultraviolet stability of the quintessence potential.

As we mentioned before, the present results disfavour the simplest potentials motivated
by string theory constructions. On the other hand, it is fair to say that a single exponential is
a rather simple case and more complex runaway exponentials could perform better, although
see [84] for a no-go on string motivated potentials in supergravity. Moreover, string theory
motivated hilltop potentials [85] may also perform better (see e.g. [58]). Certainly, much work
is left for future studies towards systematically comparing string theory models of cosmology
with current and forthcoming cosmological data.

Given that DESI will collect data over a period of five years and that the results discussed
here are only based on the first year of observations, there is hope to further improve the
comparison between ¢qCDM models and the phenomenological CPL parametrisation. It
would also be interesting to compare these models with other well-motivated scenarios of
quintessence. At this stage it is too early to say what was (and will be!) the evolution of the
dark energy equation of state parameter in our universe. Hopefully, future data from DESI
as well as other dark energy focused experiments will further tighten the constraints on dark
energy evolution and allow us to draw definitive conclusions on the nature of dark energy.
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A Open quintessence

In this appendix we provide a short summary of the open quintessence case, which is described
in detail in [29]. The cosmological equations of motion, (2.5), can be written as a dynamical
system in terms of the following variables [29]:

/ v—Fk V.
x:i’ y:ﬂa u:\//TT7 z = ) )\:_i’ (Al)
V6 V3H V3H alH %
together with the constraint
Q=1—2% —y? —u? - 22, (A.2)
where prime / denotes derivative with respect to the number of efolds dN = Hdt, as
/ 3 9 2 2 3 2
T =45y Atz (3@ —1)+=2 —|—§Qm—|—2u , (A.3a)
3 3
y’:y<_\/;x/\+3x2+z2+29m+2u2> , (A.3b)
/ 2 2, 3 2
z:z<z —1+3x +29m—|—2u>, (A.3c)
3
u=u <z2 —2432% + §Qm + 2u2> , (A.3d)

r_ 6925‘/ (6¢V)2
N=—V6z (V — VQ) , (A.3e)

The fixed points for this system are given in table 7 (see table 2 from [29]). The properties
of the fixed points are as follows [29]:

o Piin — Kinetic domination. The energy density is dominated by the kinetic energy of
the scalar field, with weg = 1. These points are the only fully unstable points in the
past.

o P, — Curvature domination. The energy density is dominated by the curvature with
Q = 1 and weg = —1/3. This point is a saddle.

o Py — Curvature scaling. At this point, the universe evolves under the influence of
both the curvature and the scalar field. However, the expansion mimics pure curvature
domination with weg = —1/3. This point exists for A > V2 and it is fully stable.

o Py — Scalar domination. The energy density is fully dominated by the scalar field with
2y = 1. This is a standard point that arises in quintessence models [30]. It exists for
A < v/6 and is the only point that allows acceleration for A < /2 with weg < —1 /3.
For this value of )\, it is a stable point. It becomes a saddle for A > v/2.
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(x,y,z,u) Qi Existence Weff

Pan = (£1,0,0,0) 0 VA 1

P, = (0,0,+1,0) 0 VA -

1
3
Pyy = (§ %,i%ﬁ,i./l—%,o) 0 A>2 -1
(For A = /2, Pyy = Py)

— A 67}\2 )\2_
P¢—(%,:I:V\/g ,0,0) 0 A< V6 S

(For A = V6, Py = Pin)

Prg = (+1/3,£41/3,0,0) 1-% A>3 0
(For A =/3, Py = Py)

Py, = (0,0,0,0) 1 VA 0
P, = (0,0,0,+1) 0 VA 3
1 8 2 / 4

(FOI‘ A= 2, Pr¢ = P¢)

Table 7. Fixed points for the system (A.3) (see [29]).

e P,4 — Matter scaling. The universe evolves under the influence of both matter and
scalar field. Similar to the scaling curvature point, the evolution mimics a matter
dominated epoch with we.g = 0. This point is a saddle.

e P,, — Matter domination. The energy density is dominated by matter with 2, =1
and weg = 0 and it is a saddle.

e P. — Radiation domination. The energy density is dominated by radiation with €, =1
and weg = é This point is also a saddle.

e P.4 — Radiation scaling. The universe evolves under influence of radiation and the
scalar field. As the other scaling points, it mimics a pure radiation domination universe

with Weff = %

The stability of the fixed points in the open quintessence can be found in table 3 of [29],
which we reproduce in our table 8.
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Point Eigenvalues Stability Existence
Plji_n: Fully unstable
P, (3235 1/3,1) Pr.: Fully unstable for A< vG | —
B, Saddle for A > V6
P (—2,-1,1,-1) Saddle —
Py (—1,—1—@,—14-@,—1) Stable A>2
Stable for A < v/2
Py (¥ -322-34-1,4-2) A< 6
Saddle for A > /2
Pos (%, _3(A+\/42;17W)’ _3()\7@),_%) Saddle >3
P, (—%, %, %, —%) Saddle —
Pr (-1,2,1,1) Saddle —
Prg (1,1, -2F 624)\_15)\27—/\_@) Saddle > 2

Table 8. Stability of the fixed points in table 7 (see reference [29] for details).

B Full cosmological constraints

In this appendix we collect the results for the constraints on the full set of cosmological
parameters in figure 11 and table 9 for the CMB+DESI data as well as with the addition
of the various supernovae data described before. In figure 12 and table 10 we compare the
constraints on the parameters using CMB+DESI+Pantheon+ vs CMB+4SDSS+Pantheon+-.
Finally, in figure 13 we show the constraints for the exponential quintessence model under

the assumption of flat spatial geometry of the universe.
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Figure 11. Constraints on the full set of cosmological parameters for CMB+DESI as well as with
the addition of the different supernovae datasets.



Parameter CMB+DESI +Pantheon+ +Union3+ +DESY5
A < 0.537 0.481028 0.6870:30 0.77101%
Q 0.0026 4+ 0.0015 | 0.0025+0.0015 | 0.002870:0015 | 0.0027 +0.0016
Q.h? 0.1196 £0.0012 | 0.1197 4 0.0012 | 0.1195 4 0.0012 | 0.1195 + 0.0012
log(10'°A;) | 3.04540.014 3.044 4+ 0.014 3.049 4+ 0.013 3.047 +0.014
s 0.9636 +0.0041 | 0.9635 4 0.0041 | 0.9640 + 0.0041 | 0.9637 + 0.0047
H, 67.897009 67.7310 13 67.124997 66.95 & 0.72
Q,h? 0.02219 £ 0.00014 | 0.02219 £ 0.00013 | 0.0222079:0001% | 0.02221 + 0.00013
Treio 0.0559 +0.0071 | 0.0554 4+ 0.0072 | 0.0571 +0.0067 | 0.0577 + 0.0069
Table 9. Parameter means and 68% limits.
Parameter | CMB-+DESI+Pantheon+ | CMB+SDSS+Pantheon-+
A 0.4870 3} 0.40%929
Q 0.0025 + 0.0015 0.0014 + 0.0017
Qch? 0.1197 £ 0.0012 0.1197000:3
log (1010 Ay) 3.044 +0.014 3.046 +0.014
ng 0.9635 =+ 0.0041 0.9639 + 0.0043
Hy 67.737013 67.44 + 0.64
Qp,h? 0.02219 + 0.00013 0.022207 050012
Treio 0.0554 + 0.0072 0.0562 + 0.0065

Table 10. Parameter means and 68% limits.
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Figure 12. Constraints on cosmological parameters for CMB+DESI+Pantheon+ and
CMB+SDSS+Pantheon+.
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Figure 13. Comparison of the exponential quintessence model analysed in the main text with curved
vs flat spatial geometry for CMB+DESI+Pantheon+. The constraints are slightly relaxed for the
model with non-zero 2 but there is no major shift in any cosmological parameter. In particular, the
marginalised distribution of A does not show a significant difference. Note that for the curved case,
the constraints shown are obtained after marginalising over .
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