N
N

N

HAL

open science

Multi-field dark energy: Cosmic acceleration on a steep
potential

Yashar Akrami, Misao Sasaki, Adam R. Solomon, Valeri Vardanyan

» To cite this version:

Yashar Akrami, Misao Sasaki, Adam R. Solomon, Valeri Vardanyan.
ergy: Cosmic acceleration on a steep potential.

10.1016/j.physletb.2021.136427 . hal-02946149

HAL Id: hal-02946149
https://hal.science/hal-02946149v1
Submitted on 26 Aug 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Multi-field dark en-
Physics Letters B, 2021, 819, pp.136427.


https://hal.science/hal-02946149v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Physics Letters B 819 (2021) 136427

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Multi-field dark energy: Cosmic acceleration on a steep potential

Yashar Akrami®°, Misao Sasaki®%¢, Adam R. Solomon, Valeri Vardanyan ©

L))

Check for
updates

2 Laboratoire de Physique de I'Ecole Normale Supérieure, ENS, Université PSL, CNRS, Sorbonne Université, Université de Paris, F-75005 Paris, France

b Observatoire de Paris, Université PSL, Sorbonne Université, LERMA, 75014 Paris, France

€ Kavli Institute for the Physics and Mathematics of the Universe (WPI), UTIAS, The University of Tokyo, Chiba 277-8583, Japan

d CGP, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
€ LeCosPA, National Taiwan University, Taipei 10617, Taiwan

f Department of Physics & McWilliams Center for Cosmology, Carnegie Mellon University, Pittsburgh, PA 15213, USA

ARTICLE INFO ABSTRACT

Article history:

Received 1 February 2021

Received in revised form 11 May 2021
Accepted 2 June 2021

Available online 8 June 2021

Editor: J. Hisano

We argue that dark energy with multiple fields is theoretically well-motivated and predicts distinct
observational signatures, in particular when cosmic acceleration takes place along a trajectory that
is highly non-geodesic in field space. Such models provide novel physics compared to ACDM and
quintessence by allowing cosmic acceleration on steep potentials. From the theoretical point of view,
these theories can easily satisfy the conjectured swampland constraints and may in certain cases

be technically natural, potential problems which are endemic to standard single-field dark energy.
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cosmological surveys.

Observationally, we argue that while such multi-field models are likely to be largely indistinguishable
from the concordance cosmology at the background level, dark energy perturbations can cluster, leading
to an enhanced growth of large-scale structure that may be testable as early as the next generation of

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Dark energy beyond the cosmological standard model is usually
studied in the context of theories with a single scalar field, such as
quintessence [1] or scalar-tensor gravity [2]. While this is primarily
motivated by simplicity, physically-realistic models often include
additional scalar degrees of freedom, especially if viewed as low-
energy effective theories arising from some underlying ultraviolet
(UV) completion. For example, compactifications in string theory
are characterized by multiple moduli fields, many of which are
not necessarily fully stabilized and may therefore play important
roles in cosmic evolution at low energies [3,4]. Further theoretical
motivation for considering dark energy with multiple fields comes
from the recently-proposed swampland conjectures [5-8], param-
eter constraints which, it is claimed,! must be satisfied by any
low-energy model which possesses a UV completion in string the-
ory (or sometimes quantum gravity more generally). The swamp-
land bounds on single-field quintessence have been shown to be in
strong tension with existing cosmological data [10,14]. These con-

E-mail addresses: akrami@ens.fr (Y. Akrami), misao.sasaki@ipmu.jp (M. Sasaki),
adamsolo@andrew.cmu.edu (A.R. Solomon), valeri.vardanyan@ipmu.jp
(V. Vardanyan).
1 It is important to note that the status of these conjectures is unresolved: see,
e.g., Refs. [9-13] for counter-arguments.
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siderations strongly motivate phenomenological attention to multi-
field theories, which are common in the inflationary literature,® as
theoretically-compelling dark energy candidates.

We will argue that there is novel and interesting physics
in multi-field dark energy models which follow non-geodesic or
curved trajectories in field space. As is well-known in the context
of inflation, such “turning” trajectories make accelerated expansion
possible in regions where the potential is too steep to otherwise
support accelerated expansion [25,33]. This is in contrast to stan-
dard single-field dynamics, which trivially follows a geodesic in the
one-dimensional “field space,” and hence has the usual slow-roll
requirements. Allowing for this type of strongly multi-field behav-
ior severs the link between a flat potential and an equation of
state near —1. In addition to opening up an avenue to evade the
(conjectured) swampland constraints (see also Refs. [34,35]), many
of which place lower bounds on the slope of the potential, non-
geodesic multi-field behavior is a novel physical mechanism for
dark energy that leads to observable signatures, predominantly by
suppressing the sound speed of fluctuations.

2 The analogy with inflation will prove instructive throughout, particularly be-
cause multi-field dynamics is much better studied in the inflationary context
[15-25] than in dark energy, although see, e.g., Refs. [26-32] for notable examples
of multi-field dark energy.
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In this Letter, we propose curved trajectories in multi-field
theories as a framework for building novel, theoretically well-
motivated dark energy models with distinct phenomenological
consequences. As a concrete (though non-exhaustive) example, we
focus on “spinning” models, in which the scalars rotate in field
space with a nearly-constant speed. While the resultant cosmo-
logical background evolution is practically indistinguishable from
ACDM (that is, the dark energy equation of state is very close
to —1), observable features in the evolution of large-scale struc-
ture have the potential to distinguish multi-field spinning dark
energy from both ACDM and single-field (or single-field-like)
quintessence.

From the observational perspective, these models are an essen-
tial part of theory space, viewed in the context of interpreting
existing and future cosmological data. For single-field models of
dark energy, as well as multi-field models with shallow potentials,
observing a constant dark energy equation of state wpg would
require the fields to be effectively non-dynamical. As we show
in this Letter, for multi-field models with non-geodesic trajecto-
ries it is possible to have wpg arbitrarily close to —1 even if the
fields are highly dynamical. This means that a A-like equation of
state, if supported by the next generation of cosmological surveys,
would not necessarily imply that the late-time cosmic acceleration
is driven by a non-dynamical cosmological constant.

The novel physical effects of multi-field dark energy are more
pronounced at the level of perturbations. In order for a single
field to drive cosmic acceleration, the relevant mass scale typi-
cally must be of order Hp, the present-day expansion rate. The
associated Compton wavelength is therefore around the size of
the horizon, preventing dark energy from clustering on observable
(sub-horizon) scales. We will show that the models we consider
here are a type of clustering dark energy [36-47]: the sound speed
of dark energy fluctuations in these models is much smaller than
unity for a wide range of parameters, so the sound horizon can be
much smaller than the cosmological horizon, leading to clustering
at observable (sub-horizon) scales.> We therefore expect signifi-
cant enhancements in clustering of large-scale structure at low
redshifts. This feature provides a powerful method of testing this
important class of dark energy models against a cosmological con-
stant, as well as more orthodox, slowly-rolling dark energy models.

2. Multi-field dark energy

We are interested in dark energy models with multiple scalar
fields minimally coupled to gravity. At leading order in derivatives,
we consider a standard o -model setup,

MZ
£= PR~ @39 " V(@) + L. (1)
where Ggp, is the field-space metric, which is allowed to depend
on the fields ¢%, V(¢) is the potential, and Ly, is the matter La-
grangian.

Restricting ourselves to cosmological solutions with a Fried-
mann-Lemaitre-Robertson-Walker (FLRW) metric, and adopting the
framework developed in Refs. [15,16,19], the scalar field equations
of motion are

D¢ +3H¢" + V=0, (2)

3 By contrast, in order for a single field to drive cosmic acceleration, the relevant
mass scale typically must be of order Ho, the present-day expansion rate. The asso-
ciated Compton wavelength is therefore around the size of the horizon, preventing
single-field dark energy from clustering at smaller scales.
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where V, =0V /3d¢% H =a/a is the Hubble rate, overdots denote
derivatives with respect to cosmic time t, and the field-space co-
variant time derivative D; is defined by

DA% = A +T9. APGC 3)
with I'f . the field-space Christoffel symbols. The Friedmann equa-
tion is

1.
3M§1H2=§¢2+V+Pm+,0k, (4)
where we have defined
$* = Gup 9", (5)
which characterizes the speed along the background trajectory in
field space, and denoted the matter and radiation energy densities
by pm and pg, respectively.

We will find it convenient to introduce the normalized tangent
and normal vectors to the field-space trajectory,

d')a
TaE—., 6
p (6)
1
/\/’aE—EDtTa, (7)
with
Q=|D:T]. (8)

Projecting the scalar equation of motion (2) along these directions,
we find

¢+3Hp+Vr=0, (9)
Vi =9¢Q, (10)

where we have defined

Vr=VeT% V= VN (11)

The novelty of multi-field dark energy hinges on the fact that
the fields need not follow geodesic trajectories in field space. The
degree of departure from a geodesic trajectory, or turning, is char-
acterized by Q = |D;7|, as the geodesic equation is D;7% = 0.
In order to compute 2 along cosmological trajectories, we will
need to express it in terms of the fields ¢?. For two-field sys-
tems, as we will consider in this Letter, we can write the normal
as N =g®7; with g1, = 4/detG. It follows from eq. (10) and the
definition of Vs that

2 1 (é1V2 —¢2V1)2
~ detg ¢4

: (12)

where ¢g = Gap¢?. For an arbitrary number of scalars, this gener-
alizes to

-ab
2= Tar (13)
2¢>4
where
Fab=¢aVp — $pVa. (14)

To see this, note that Fgy = Zqﬁﬁavb] = 2V TiaNp), Where we
have decomposed V, = V77T, + VarNg.? Squaring Fyp and using
eq. (10), the result follows.

4 That V, can be decomposed this way is obvious for two fields. In general it
follows from eq. (2).
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To explain our mechanism, it is convenient to first ignore mat-
ter and focus on dark energy domination, in which case the phys-
ical picture is similar to multi-field inflation. Cosmic acceleration
occurs when H is nearly constant, i.e., € < 1 with € = —H/H? the
Hubble slow-roll parameter. While a single canonical scalar requires
a flat potential in order to drive a period of acceleration, in the
presence of multiple fields there can also be acceleration due to
large turning, even in regions where the potential is steep. Defin-
ing the potential slow-roll parameter €y as
. M3, GV, _ My V3 +VE (15)

2 V2 2 V2 ’
and considering the slow-roll régime € <« 1 (but not necessarily
€y K 1), it is straightforward to show that [25,48]

Q2!
€ =¢€y <1+W> . (16)

The essential insight for the models we consider is that, for a
sufficiently non-geodesic trajectory, > H, the scalars can drive
accelerated expansion even when they are in a steep region of the
potential.

This phenomenon underlies many of the novel observational
signatures of multi-field inflation, as well as its avoidance of
the swampland bounds that plague single-field theories (see also
Ref. [49]). Our aim is to investigate its utility for dark energy
model-building. The main difference with the inflationary case is
the presence of other matter fields with significant energy den-
sities. Instead of demanding € <« 1 (which will not hold during
radiation and matter domination), we want to find the condi-
tions under which the scalars’ energy density changes slowly, i.e.,
epe < 1, with

¢?
2124 v’
where wpg is the dark energy equation of state. When dark en-

ergy dominates, epg approaches €. Repeating the steps that led to
eq. (16), we find, assuming epg < 1,

3
GDE=§(WDE+1)= (17)

2\
€pE = €v Q2pE <1+W> , (18)

where Qpg = pg/pror & V /(3M3 H?) is the usual dark energy den-

sity parameter. We see that the presence of additional matter fields
can only suppress epg further.

We conclude that multi-field dark energy, much like inflation,
can drive accelerated expansion on arbitrarily steep potentials as
long as ¢“ follows a highly non-geodesic path in field space, such
as a spinning trajectory. Severing the link between the slope of
the potential and cosmic acceleration allows these theories to po-
tentially evade problems endemic to single-field theories. In ad-
dition to the aforementioned swampland conjectures, the flatness
of the potential is typically controlled by a small parameter which
is not stable against radiative corrections [50], a problem made
particularly acute if the swampland bounds are imposed [51]. Ob-
servationally, we will see that, while multi-field dark energy is
practically indistinguishable from a cosmological constant at the
background level, it can provide a distinct, rich, and novel phe-
nomenology for structure formation.

3. A concrete example

In order to illustrate the multi-field dark energy mechanism as
simply as possible, we restrict ourselves to two fields with a polar
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parametrization, ¢? = (r, ), and impose U(1) invariance through
the shift symmetry 6 — 6 4 c. The most general U(1)-invariant
field-space metric is

Gap = diag(1, f(r), (19)
with Ricci curvature
1 " 1 f’2>
R=—— —==—, 20
i (f 2] (20)

where primes denote r derivatives. We will leave f(r) general,
though for numerical illustrations we will choose a flat field space,
fr)= r2s

In the potential, U(1) invariance (V = V(r)) turns out to be
incompatible with our proposed mechanism and must therefore
be broken. To see this, note that the symmetry implies a conserved
charge,

Q=a>f(nd. (21)

In flat space, a =1 and there exist stable circular orbits, but in
an expanding universe this is not possible: circular orbits decay
as 6 ~ a3 goes to zero and r falls to the minimum of its poten-
tial.5 To avoid this problem, the potential must depend on 8. While
we keep V(r,0) general when possible, when we need a concrete
model we will borrow from the inflationary literature [22] a po-
tential which breaks U (1) as softly as possible,

1
V(r,0) = Vg—a9+§m2(r—r0)2, (22)

with Vg, o, m, and rg free parameters.

As an aside, we note that « is radiatively stable, as U (1) invari-
ance is restored in the o — 0 limit. If the field space is flat and
ro =0, then the effective r mass m? = m? + (39)% on a particular
background may also be protected from large quantum corrections.
While the “old” cosmological constant problem, i.e., the radiative
instability of Vg, remains, and requires additional physics to ad-
dress [52-54], as is typically the case even for technically-natural
dark energy theories (e.g., [55]), the mechanism presented here
provides a promising route towards the construction of dark en-
ergy with enhanced naturalness properties.

On a cosmological background, the equations of motion are’

1o
3MH? = 5 (7 + 0%) + V + pu + pr. (23)
1.,
F+3Hf+Vr—5f’92=0, (24)
I T 2
04 3H0 + Vo 10 =0, (25)

where primes denote r derivatives. The r equation of motion (24)
has the usual forcing term V,, which pulls r down towards the
minimum of its potential (as in standard quintessence), as well as
a —%f’éz term which drives r up the potential. Our mechanism
relies on balancing these competing forces by having the fields
spin with 2 ~ 2V, /f’. For the field-space metric (19) with f =r?
and potential (22), this amounts to a solution with r approximately
constant and

5 This choice is used in “spintessence” [26], where the two fields form a complex
scalar ® =re'” with a canonical kinetic term |9®|2.

6 This holds for an arbitrary number N of scalars when Gg, and V depend on a
single field: there are N — 1 conserved charges, each decaying as a—3.

7 For a dynamical-systems analysis of these equations for restricted choices of
V = V(r), see Refs. [34,35].
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62 ~ m? (1 - r—o). (26)
r

It is easy to show that the combination of egs. (12) and (26)
implies Q2 = 62 on this trajectory. In the inflationary context, such
circularly spinning solutions are cosmological attractors [22]. In
order to check whether this mechanism is also viable for dark
energy, we include matter and radiation and solve for the resul-
tant cosmologies numerically.® We generically find solutions which
realize the proposed mechanism: despite being significantly dis-
placed from the minimum of its potential at r =rg, cosmic history
is quantitatively very close to ACDM.

This behavior is demonstrated, for representative parameters,
in Fig. 1. In the upper panel we plot the gradient of the potential
over time, showing that, as promised, the dark energy lives in a
steep region of the potential, while in the lower panel we plot the
evolution of wpg over cosmic history, finding that it is extremely
close to —1. The combination of these is a unique signature of
multi-field dark energy. We have also checked that the swampland
condition Mp|VV|/V 2 O(1) is satisfied over the entirety of field
space,” as required by the swampland conjectures (which are more
restrictive than just being true along the cosmological trajectory).

While we expect wpg ~ —1 during dark energy domination,
as the physics is similar to multi-field inflation, we see from
Fig. 1 that this equation of state also holds during the matter-
and radiation-dominated eras. During these epochs, Hubble fric-
tion dominates the forcing terms in eqs. (24) and (25), causing r
and 0 to freeze. As matter and radiation dilute away, the Hubble
friction becomes smaller than the forcing terms and the fields start
to roll. The r field falls slightly down the potential before stabiliz-
ing as 6 spins up, transitioning into the spinning régime and the
onset of dark energy domination. During this period, the dark en-
ergy equation of state starts evolving from its frozen value of —1,
but only slightly: in the spinning régime, the Hubble slow-roll pa-
rameter epg is suppressed by the turning rate, cf. eq. (18), so that
wpg remains close to —1.

Observationally, this model is to some extent a victim of its
own success: it mimics ACDM so efficiently that it is unlikely to
be distinguishable from the concordance cosmology at the back-
ground level, even with qualitatively rather different physics than
ACDM or standard slow-roll quintessence. Forecast analyses from
the forthcoming Stage IV cosmological surveys predict percent-
level constraints on parameters like the dark energy equation of
state. The Euclid space mission [56], an important representative
of these surveys, is expected to measure the present value of
wpg, commonly denoted as wg, with at best a 1o uncertainty
of oy, ~ 0.025 [57]. As seen in the lower panel of Fig. 1, Eu-
clid will not be able to distinguish wpg in the dark energy model
proposed here from the ACDM value of —1, although in principle
there may be regions of parameter space in which wpg + 1 is just
large enough to be observable.

We emphasize that the model discussed in this section serves
as a minimal working example. Our results do not depend strongly
on the details of the model, and we expect them to be qualita-
tively robust for any potential that supports strongly non-geodesic
motion in field space.'®

8 The codes used in this paper are publicly available at https://github.com/
valerivardanyan/Multifield-Dark-Energy.

9 Strictly speaking €y eventually becomes small at very large r, but the potential
(22) should be properly viewed as part of an effective field theory and so cannot be
trusted at arbitrarily large field values.

10 Minor quantitative details, such as the behavior of the fields when they are sub-
dominant, can change from model to model. For instance, by appropriately changing
the 6 potential, the system may enter a scaling régime during the matter-dominated
era, in analogy with the single-field model in Ref. [58]. This allows the transition
from frozen to spinning behavior to occur more quickly, as the 6 field is already
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Fig. 1. Time evolution of the slope of the potential Mp|VV|/V along the trajectory
(upper panel) and of the dark energy equation of state wpg (lower panel) for the
two-field model with a flat field-space metric and the potential (22). We have cho-
sen a/H3M3 =2 x 1073, ro/Mp; =7 x 104 and have varied m (specified in the
upper panel). For each choice of m we have picked V¢ such that the spatial curva-
ture of the universe vanishes. There is no strong dependence on initial conditions.
Our time variable is the number of e-foldings N = In(a), with N = 0 corresponding
to the present.

4. Clustering dark energy

While the dark energy mechanism proposed here is likely to be
observationally indistinguishable from ACDM at the background
level, the story changes dramatically when we consider pertur-
bations. In this section we briefly discuss why one should expect
these theories to produce novel signatures in structure formation,
while saving a full analysis of perturbations and the comparison to
observations for future work.

For a wide range of parameters, the sound speed of fluctuations
is heavily suppressed, leading to clustering dark energy. To see this,
we expand the fields around their background values as ¢ = ¢% +
8¢Y. It is convenient to work with the field fluctuations parallel
and perpendicular to the background trajectory,

5¢T =Tas0% 8N = N,y59°. (27)
Working with the Newtonian gauge for scalar metric perturbations,
g1 = diag (—a2(1 —20), 8;ja*(1 + 2q>)) , (28)

where & is the gravitational potential, and including dark matter
fluctuations 8py, the full linearized Einstein equations become

567"+ 2H5¢T' + 2a9286™ + [k2 + aZDZTv] s¢T
+ 4aHQ¢N — 2a*ODV +4d'¢ =0, (29)

50" + 259N — 2052607 + [ + M? | 69" — 2009’2 =0,
(30)

dynamical when dark energy becomes dominant. While illustrative, this scenario is
somewhat contrived, and the 6 shift symmetry would no longer be broken softly.
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"+ 6HD + (47-[2 4 2#) O+ k2D

a2

= o (Powdom +2v7867 +2vas9" ) (31)
Pl

where primes denote conformal time derivatives, # is the confor-
mal time Hubble rate, ppy is the background dark matter den-
sity, V7 =D,T°V and Vr = DgN®V, where D, is the covariant
derivative associated to Gy, and the effective 6¢N mass is
2 2 262 9"

Mgr=a"Van —a“Q +R7. (32)
Here Varnr = N°NPD,DyV and R is the Ricci scalar for Ggp.
For concreteness, we focus on scalar field perturbations on scales
smaller than the sound horizon and ignore dark matter fluctua-
tions and gravitational backreaction, which suffices to illustrate the
important physical effects. In this limit, the scalar equations of mo-
tion eq. (29) and eq. (30) are

57" + k2597 = —2aQ8¢", (33)
SN 4 (kz n Mgff) s¢™N = 200897 (34)

Note that we have neglected a small mass term in eq. (33), which
is necessarily suppressed in the spinning régime where ¢ <« Hg.

We see from eqs. (33) and (34) that a non-zero 2 introduces a
coupling between 8¢”7 and 8¢N . To identify the propagating de-
grees of freedom, we look for solutions with time dependence ei®?
to obtain the dispersion relation,

Wt — 0 (22 + M+ 4a%2?) + K2 (12 + M) =0, (35)

On geodesic trajectories, 2 =0 and the dispersion relation factor-
izes, (w? — k*)(w* — k* — M%) = 0, from which we can identify a
light mode and a heavy mode of mass Meg, each propagating at
the speed of light. Including €2, the full dispersion relations are
2 202
Mgy + 4a°Q2
2

2
( M2 + 402 Q2
2

wi = + k2

2
) + 4a2Q2K2, (36)

The light mode corresponds to w_, since w_ — 0 as k — 0. Con-
sidering scales larger than the Compton wavelength of the heavy
mode, k* « M2, + 4a>Q?, and expanding the light-mode disper-
sion relation to leading order, we see that it propagates with a
modified sound speed,

w? =2k + Ok*), (37)
where
4 ZQZ
rm14 (38)
Meff

The sound speed is suppressed when a?Q? > M2, which per
eq. (32) requires Q2 ~ Varnr + Ré?/2. To illustrate quantitatively
the typical scales involved, we take as an example m = 30H (cf.
Fig. 1), for which we have, in the present day, aQ?/HZ ~ 750 and
MZ./H3 ~ 150, with ¢ ~ 0.047.

While this régime may seem highly tuned, it is in fact sup-
ported in the model discussed above, as we have confirmed nu-
merically for the parameter choice in Fig. 1. This c§ <« 1 attractor
is well-known in the inflationary context, and exists as long as the
potential parameters satisfy [22]
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Isruid [ Moy Vo o @
0T Y aMp T m2mZ T mMpy/ Vo

During dark energy domination, the same equations of motion ap-
ply and so the same attractor is present.

For completeness we present the heavy mode’s dispersion rela-
tion to quadratic order in k,

(39)

M2 + 8a%Q2?
2 2 202 eff 2 4
Wr =M%+ 4a2Q2 + —T "~ — " 24 ok
et M2 + 4a2Q22 e
M2
= C—gff + 2 =K+ Ok (40)

S

Recall that Megr is this mode’s mass in the geodesic limit 2 — 0.
Spinning increases the mass by a factor of c;z. This suggests a
wide range of intermediate scales, H* < k?/a* « M2;c;%, where
the heavy mode can be integrated out, leading to a simpler single-
field effective theory, as in inflation [21,22], while remaining in
the sub-horizon régime. We note speculatively that a condensate
of this heavy field could potentially be a dark matter candidate;
we leave a more detailed analysis of this possibility to future work.

In regions of parameter space where the sound speed is sup-
pressed, we expect enhanced structure formation in the late uni-
verse, as there is a well-known correspondence between a small
sound speed and dark energy clustering [40,42-44]. The physical
explanation is that a reduced speed of sound pushes the Jeans in-
stability to sub-horizon scales. Modes of the light field with larger
wavelengths will therefore cluster on observationally accessible
scales.!! This is in contrast to canonical, single-field dark energy,
where the Jeans scale is super-horizon, so the Jeans instability is
not observable.

In brief we mention two other reasons to expect clustering or
other interesting features in structure formation in theories of the
type discussed here, depending on the details of the model:

1. While in the inflationary context the heavy mode is sup-
pressed in amplitude [22], it could in principle (depending on
initial conditions) be non-negligible in the late universe. This
situation would be similar to a canonical massive scalar field,
which clusters on sub-horizon scales when its mass is larger
than the Hubble scale (cf., e.g., Refs. [59,60]).

2. The field space curvature R contributes to Megr, and a suffi-
ciently negative curvature can render the heavy mode tachy-
onic. During inflation this phenomenon is known as geometri-
cal destabilization and is considered problematic, spoiling oth-
erwise successful models [61]. In context of the late universe,
however, a mild tachyonic instability might imprint unique
features on the dark matter distribution, opening up a new
window for probing the curvature of field space.

5. Conclusions

In this Letter we have proposed a novel class of multi-field
dark energy models where the fields do not follow geodesic tra-
jectories in field space, allowing steep potentials to lead to cosmic
acceleration. We have argued why these models are theoretically
well-motivated when new developments in high energy physics
and quantum gravity are considered. By focusing on a concrete
and representative example, we have studied the cosmological
background evolution in these models and shown that they are
practically indistinguishable from the standard ACDM model. This

11 While egs. (33) and (34) hold only below the sound horizon, the sound speed
remains small at all scales k?/a? « MZ.c;2, where the heavy mode can be inte-
grated out [22].
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means that constraining the equation of state of dark energy by
next-generation cosmological surveys to values arbitrarily close to
—1 will not exclude the possibility of dark energy being highly
dynamical. We have argued, however, that our models do result in
features in formation and evolution of the cosmic large-scale struc-
ture, which can potentially distinguish the models from ACDM and
single-field dark energy. We have derived and presented the full
linearized Einstein equations where gravitational effects and dark
matter fluctuations are included. By restricting ourselves to sub-
horizon scales and only considering dynamics of the scalar field
fluctuations in the absence of gravitational backreaction, we have
demonstrated that in theories of the type discussed in this Letter
dark energy is expected to cluster during cosmic structure forma-
tion. We have identified three reasons for this clustering: sound
speed suppression for the light mode of dark energy fluctuations,
non-negligibility of the heavy mode, and tachyonic instability of
the heavy mode resulting from a negative field space curvature.
Each of these effects on structure formation requires a more de-
tailed numerical analysis to derive quantitative predictions for cos-
mological observables, in particular in the context of clustering
dark energy [36-47]. This is beyond the scope of this Letter and
we leave it for future work.
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