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Dark energy with the help of interacting dark sectors
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We analyze theories that do not have a de Sitter vacuum and cannot lead to slow-roll quintessence, but
which nevertheless support a transient era of accelerated cosmological expansion due to interactions
between a scalar ¢ and either a hidden sector thermal bath, which evolves as dark radiation, or an extremely
light component of dark matter. We show that simple models can explain the present-day dark energy of the
Universe consistently with current observations. This is possible both when ¢’s potential has a hilltop form
and when it has a steep exponential runaway, as might naturally arise from string theory. We also discuss a
related theory of multifield quintessence, in which ¢ is coupled to a sector that sources a subdominant
component of dark energy, which overcomes many of the challenges of slow-roll quintessence.
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I. INTRODUCTION

There is convincing evidence that the current energy
budget of the Universe is dominated by a component, dark
energy, which at redshift z <1 has equation of state w <
—0.85 [1,2]. Uncovering the nature of dark energy is one of
the foremost problems in cosmology and, given that the
vacuum energy density is sensitive to the details of physics
at high energy scales, also fundamental particle physics [3].

Dark energy could simply be a cosmological constant
that sources a de Sitter (dS) vacuum. However, indications
are that dS vacua are at best difficult to obtain from string
theory in the regimes that current techniques can access, see
e.g. [4]. Moreover, it is unclear what the measurable
observables of a theory of quantum gravity with never-
ending accelerated expansion might be [5-7], e.g. an §
matrix cannot be defined (such problems are especially
sharp in asymptotic dS [8]). Motivated by these issues, it
has been conjectured that no metastable dS vacua exist
anywhere in the string landscape [9]. On the observational
side, although cosmic microwave background (CMB) data
generally show no evidence for physics beyond Lambda
cold dark matter (ACDM), intriguingly, baryon acoustic
oscillation (BAO), SNIa, and other non-CMB data might
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hint towards favoring dynamical dark energy models over a
cosmological constant (see e.g. [10-16]). Alternative pos-
sible sources of dark energy are therefore worth consider-
ing. The most studied of these is quintessence, which itself
is not without challenges: The original quintessence
tracking solutions of a single scalar field with a steep
exponential or polynomial potential [17-19] are now in
tension with observations for typical potentials' [20,22-24]
and they anyway require extra model building if eternal
acceleration is to be avoided. A scalar field with a
sufficiently flat potential can lead to an era of slow-roll
quintessence that is compatible with current data [22-24],
but suitable potentials do not appear straightforward to
realize within string theory in the absence of tuned initial
conditions or super-Planckian field displacements [25].

In this paper we argue that there are other options to
account for dark energy, in particular in extensions of the
Standard Model of particle physics that contain dark
sectors (i.e. sets of new particles that have sizable inter-
actions among themselves but tiny couplings to visible
matter) and ultralight fields that are weakly coupled to
everything. Such modifications of the Standard Model are
plausible given that they seem to commonly arise in string
theory compactifications [26-30]. Theories of multifield
quintessence, which can alleviate some of the challenges of
the single field version, fall into this general framework and
have been studied extensively, see e.g. [31-38].

'For example, [20] constrains the inverse power in the
polynomial potential V ~ ¢~* to be a < 0.28 (20 limit) with
TT + lowP + lensing + BAO and [21] finds that the exponential
coefficient in V ~e™* must be 4<0.54 (26 limit) using
SN + CMB + BAO + HO.
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The main focus of our work is on scenarios that, unlike
quintessence, do not rely on Hubble friction to sustain dark
energy. In particular, we consider the possibility that
interactions between a scalar and a field that either behaves
as a component of dark matter or dark radiation can result
in a transient era of dark energy domination, despite the
Lagrangian potential having no stationary point that would
correspond to a metastable dS vacuum. Both cases essen-
tially consist of a moderately supercooled phase transition
[39] currently taking place in a hidden sector. For com-
pleteness, we also consider the possibility of interactions
between a scalar and a second field that itself acts as a
quintessence field and provides a subdominant contribution
to dark energy (this scenario is a version of multifield
quintessence that, to our knowledge, has not been studied
before).

We stress that we build on previous work that has
proposed these types of theories to explain accelerated
expansion in various contexts. We discuss this literature in
detail as we go along, but (among other important works)
we note that the dark matter assisted scenario is analogous
to new old inflation [40—44], see also [45] for analysis of
the same theory in the context of late-time dark energy
(couplings between a quintessence field and dark matter
have also been considered extensively in other settings, e.g.
[46-49]). Meanwhile, the dark radiation assisted scenario is
closely connected to thermal inflation [50,51] (and related
ideas have been proposed to resolve the Hubble tension
[52]), and a theory related to the quintessence assisted
scenario has been considered in [53].

A. Setup

Throughout, we study a toy model that consists of two
interacting hidden sector scalar fields with a low-energy
effective Lagrangian

1 1
L= Egﬂvaﬂ¢ay¢ + Egﬂv ;tl//avl// + V(¢7 l//)’ (1)

comprising canonical kinetic terms and a scalar potential of
the form

1 1 m?

V(gw) = V() +5mpy? +5-5 %> + iyt (2)
The field ¢ will, eventually, source dark energy via its
potential V(¢), which we take to have a hilltop or
exponential form

Viin(#) = pae ( (%)2 - 1>2’ Ve (@) =pace™*, (3)

respectively. Note that our model thus has four additional
parameters compared to the ACDM model: A, m,,, mjy,
and A; plus the initial conditions for ¢ and y and their

respective velocities.” The scale A associated with the field
range of ¢ is assumed to be <SMp where Mp =
(87Gy)~'/? is the reduced Planck mass. As a result, neither
Viin(@) or Ve () could lead to dark energy in isolation
without a fine-tuning of ¢’s initial conditions. The typical
values of y’s mass m,, and the quartic couplings m? /A%, 4,

and pg./A* vary between the different scenarios that we
consider, but m,, is always at least sub-eV and the quartic
couplings are all taken to be much smaller than 1. We
assume throughout that ¢ and y, as well as the Standard
Model particle content, are statistically spatially homo-
geneous and isotropic on cosmological scales, so the metric
is of the Friedmann-Lemaitre-Roberston-Walker (FLRW)
form. We also fix that the contribution to the cosmological
constant sourced by the Standard Model and any additional
fields in the theory is zero (although a small negative
cosmological constant < p4, would not affect the dynamics
or our key conclusions).

Our assumed initial conditions with ¢ spatially homo-
geneous naturally arise from an earlier era of primordial
inflation provided that the Hubble parameter during infla-
tion H;y < A [such that the fluctuations in ¢ during
inflation, which have size of order H;/(2x) are small
compared to the typical field range]. For the values of A
that we consider, not too far below Mp, this condition is
easily satisfied (in fact, almost automatically given obser-
vational constraints on H;). Moreover, the initial velocity of
the zero momentum modes after inflation are ¢ ~ H7 < A
in the regime of interest. This small initial kinetic energy
redshifts away fast ¢'2 « a~°, such that at the late-times
when the dynamics we are interested in begin (not long
before dark energy domination) we can expect initial
conditions with ¢ small. In the scenario that y acts as a
component of dark matter or dark energy, we can likewise
assume that y is initially spatially homogeneous and with
W < HMp. Moreover, it is reasonable to expect that y
starts away from its potential: provided H7 M3, > m. M3,
there is no reason to think that y will be close to the
minimum of its potential (this is consistent with y being
spatially homogeneous after inflation because we assume
m,, < Mp). In the case that y acts as a component of dark
radiation, an initial, close to spatially homogeneous,
thermal bath might be populated by the decay of the
inflaton. We do however note that in all the scenarios that
we consider, small isocurvature fluctuations in ¢ and y, as
well as the initially small adiabatic fluctuations in these
fields that are inevitably present, could lead to interesting
observational signals of our theories. We carry out an initial

*The several additional parameters will make it difficult to find
statistical preference for these scenarios in cosmological data,
however there may be other possible hints towards our models
such as evidence for ultralight dark matter or dark radiation or
further theoretical developments.
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analysis of the late-time evolution of these perturbations in
Appendix D leaving a full analysis to future work.

The point ¢ = 0 is clearly special in the hilltop case,
being a maximum of ¢’s potential energy functional when
w = 0. Moreover, for both Vy;(¢) and Vg (), at ¢ =0
there is no contribution to y’s effective mass from ¢. With
the hilltop potential the theory equation (1), Eq. (2) has a
global minimum at ¢ = A and yw =0 with vanishing
vacuum energy, while in the case of the exponential
potential there is a runaway towards vanishing vacuum
energy ¢ — oo with w =0. We note that the scalar
potential V(¢,w) does not have any de Sitter vacuum,
and as we will discuss, depending on the values of its
parameters, it can be consistent with recent swampland
conjectures.

Despite its simplicity, the model described above is
sufficient to exhibit all the dynamics we are interested in:
Depending on the values of the Lagrangian parameters and
the initial conditions, y can provide a subdominant con-
tribution to dark matter, dark radiation or, if it acts as a
slow-rolling quintessence field, dark energy. We will show
that in each regime the background energy in y can
temporarily provide an effective stabilizing mass term
for ¢ via the quartic ¢ — y interaction in Eq. (1), trapping
¢ at a field value much smaller than A where it sources a
nonvanishing potential energy and leads to a transient era of
dark energy [justifying our choice of notation, “py.,” in
Eq. (3)]. We explore the cosmological dynamics, con-
straints and signatures of such theories, including how the
necessary field values can automatically arise at early
cosmological times and how a graceful exit from the era
of accelerated expansion occurs.

Our work is structured as follows. In Secs. II-IV we
consider the dark matter, dark radiation and quintessence
assisted scenarios in turn. Subsequently, in Secs. V and VI
we make some general comments on fine-tuning and the
relation with swampland conjectures. We end in Sec. VII
with a comparison of the three scenarios and a discussion of
observational prospects and directions for future work.
Appendices A—C provide additional details on each of the
scenarios, referred to in the main text, and in Appendix D
we present out preliminary analysis of the evolution of
cosmological perturbations.

II. DARK MATTER ASSISTED DARK ENERGY

In this section we consider the part of parameter space in
which the mass of y is greater than today’s Hubble
parameter, m,, 2 H,, where the subscript 0 denotes quan-
tities evaluated today, and we assume A << m/M3 in
Eq. (2) so y’s quartic self-interaction can be neglected.
Moreover, we suppose that both y and ¢ are initially
homogeneous and isotropic with ¢ = jy = 0 (where a dot
denotes a derivative with respect to cosmic time), for
instance due to an earlier epoch of primordial inflation,

and that y starts away from the minimum of its potential
with initial value y; # 0. With these assumptions, in a
FLRW background y classically oscillates with frequency
, and amplitude falling as a=>/2, where a is the scale
factor. Such a field can be interpreted as a collection of
coherent scalar particles, with energy density redshifting as
matter [54]. We anticipate that, if the oscillations are
sufficiently fast, we can replace y? in Eq. (2) by its time
averaged value (y?), trapping ¢ until the amplitude of y’s
oscillations decreases enough. We have checked numeri-
cally that the trapping of ¢ in a dS minimum turns out to be
fairly independent of the initial conditions for ¢, ¢, and v,
requiring only that y starts sufficiently far away from its
minimum, and that ¢) < HA and < HMp when the
dynamics begin.

This idea, with ¢’s potential taking the hilltop form, has
previously been considered as possible explanation for
early Universe cosmic inflation and the late-time accel-
erated expansion, in scenarios named locked inflation
[40,41] and locked dark energy [45]. We now extend these
studies in the context of dark energy. We start with the
relatively tractable case of a hilltop potential before turning
to the perhaps more realistic possibility of an exponential
potential.

m

A. Hilltop potential

1. Overview of dynamics and parameter space

We begin by analyzing a Universe containing only ¢ and
w, with V(¢) = V(@) and choosing ¢’s initial field value
¢; < A. The evolution of y is approximately independent
of ¢ so long as’

¢
Mg X 5 myn (4)

in which case the oscillations in y are governed by the
equation

yr -+ 3Hyr + m2y = 0. (5)

If we further assume that (y?) is sufficiently small that the
total energy density is dominated by the contribution from
¢’s potential energy Vyy(¢) = Viin(0) = pge, then the
background FLRW metric takes an approximately dS form,
with H3 ~ pg./(3M3,) and Eq. (5) is solved by

*Numerical solutions of the equations of motion of particular
theories show that an era of dark energy domination is possible
even if Eq. (4) is violated, in which case our subsequent analysis
replacing y by Eq. (6) is not accurate [typically with somewhat
fewer e-folds of dark energy than predicted from Eqgs. (10a)
and (10b)]. We will show below that this regime is relevant for the
case that ¢» has an exponential runaway potential.

023533-3
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w(t) = yie 100 cos (1), (6)
where we set the initial time #; = 0.
The equation of motion for ¢) then becomes

¢ +3Hyp + (md yie 3 Holcos? (my, 1) — pye) % ~0, (7)

where we have expanded in ¢/A < 1. If y? is replaced by
its average over timescales ~my‘,1, then ¢ has an effective
mass squared

2
- 1 mi, 2 ,—3Hot _ Pde (8)

25 A2 i F

Mgy
We see that, provided (y?) > w2, with

Yerit = 2\/ pde/mint’ (9)

the term proportional to m;,, in Egs. (7) and (8) results in ¢
being temporarily held at the origin and sourcing dark
energy. Intuitively, there is an energy cost to ¢ moving to
larger field values because this would increase y’s effec-
tive mass.

This is only a transient de Sitter phase. To a first
approximation, as the amplitude of the y oscillations falls,
eventually the effective mass contribution to ¢ will be
insufficient to hold the latter at the origin, which occurs at
around t =ty [40,41],

2 . .
Megr X 0= tendHO ~ glog <W> .

VPde

However, it is not sufficient that ¢’s time averaged effective
mass squared parameter is positive. During every oscil-
lation y passes through a region in field space such that
lw| < wei. If the time spent in this instability range,
Wit/ (mypie=3H0!/2) s comparable to the time scale
on which ¢ would roll due to its tachyonic mass near
the hilltop, 1/mchyon ~ A/+/Pae- the point ¢ = 0 is unsta-
ble. This happens around #;,, [40,41] where

(10a)

(10b)

2 miy iAm
tinstHO = glog <tl//l//> .

Pde

Depending on the extra factor inside the logarithm in
Eq. (10b), this can be a stronger or a weaker condition than
Eq. (10a). An upper bound on the number of e-folds of dark
energy domination Ny, is thus obtained from these two
conditions

Ming Wi) 2 <mim A Wi>:|
,—lo — .

\/§mWMp, 3 3H0Mp, Mpl

(11)

2
Ny < min [glog (

2. Constraints from parametric resonance

The preceding analysis is not the end of the story. As
pointed out for locked inflation in Ref. [41], the coupling of
¢ to the coherently oscillating y can cause resonant
instabilities in ¢, analogous to preheating at the end of
inflation (where, however, it is the inflaton that coherently
oscillates and matter fields that undergo resonant amplifi-
cation). As we now show, following [41], this results in
additional constraints on our theory’s parameters.

By rescaling the dark energy field ¢ = ¢3#07/2¢ and
defining the new time variable 7 = m,, 7, the equation of
motion, Eq. (7), of ¢ is recast into the well-known Mathieu
equation (a linear second order ordinary differential equa-
tion with periodic forcing of the stiffness coefficient)

¢" + (c(7) +24(7) cos(27)) = 0, (12)

albeit with time-dependent coefficients

22
c(r) =2q(tr)—b and q(z)= Mind/i =3ty /m, (13)

4m3,/\2
where
HZ (3M3, 9
h=-"39 Pl Z ). 14
m%, < A2 + 4 (14)

Because H, <my,, ¢(z) varies only slowly, and the
evolution is well approximated by an ordinary Mathieu
equation [55] at any given time. Floquet’s theorem [56]
then implies that the solutions are of the form

$(t) = e f(z) withperiodic f(z+z) = f(z). (15)

The Mathieu exponent s(c, ¢) can be complex and its real
part is always non-negative; when Re(s(c, ¢)) = 0, |@| is
stable; when Re(s(c, ¢)) > 0, || is exponentially growing.
One can solve for s(c, g) numerically [56], mapping out a
stability-instability chart with characteristic instability, or
“resonance” bands.

Note that for sizable Ny, Eq. (10a) requires 1 <
log(minpi/ (HoMy)) < log(minyi/(HoA)) and we will
see soon that m,/H, <15, so q(zyp) > 1. Then, as
increases ¢(z) falls, and s(c, g) passes through the reso-
nance bands on time scales Xf;,. In the parameter space of
interest to us ¢ > /b for Hyr/ m,, < 1 (i.e. when y starts
oscillating) and b is not far from O(1). In this regime the

mean value of the Mathieu exponent, averaged over a range
of g is § ~ 0.11. Consequently, the full solution to Eq. (12)

behaves as g?ﬁ x €%, so the resonance causes (}5 to grow
exponentially on a time scale for 7 set by (5m,,)~". This

instability in g;ﬁ is not disastrous provided the induced
oscillations are damped sufficiently fast by the expansion of

023533-4



DARK ENERGY WITH THE HELP OF INTERACTING DARK ...

PHYS. REV. D 110, 023533 (2024)

the Universe: in terms of the original field, the solution to
Eq. (7) behaves as

gb(t) & e(Sm,y—SHO/z)t’ (16)
so for
my, /Hy < 15, (17)

the resonant instability is evaded. Once the amplitude of
w’s oscillations have dropped enough that b~ ,/q the
average 5 increases and the resonance becomes more
dangerous. However, this effect happens at (up to order-
1 numerical factors that we do not have control of) the same
time that the instability condition Eq. (10b) causes ¢ to roll
away from the top of the potential anyway, so it does not
lead to an additional bound on N ..

So far we have only considered the zero mode in the
Fourier expansion of ¢(z,X) to ¢ () (and likewise y). In
Appendix A 1, we show that in the parameter space where
the zero mode is not exponentially growing, higher
momentum modes—populated by quantum fluctuations
or any small inhomogeneities e.g. from an earlier era of
primordial inflation—are not amplified either.

We have confirmed with numerical solutions of the
equations of motion that, provided Eq. (17) is satisfied, the
number of e-folds of dark energy domination is reasonably
well approximated by the upper bound in Eq. (11) over the
majority of parameter space. The previously mentioned
strengthening of parametric resonance at f =~ f;,, can affect
Ng. in some theories. However, the impact of this is
relatively minor and models within the identified allowed
parameter space still typically lead to viable cosmological
histories. The end of the era of dark energy occurs via a
second order phase transition.

3. Working example with realistic cosmological history

The same dynamics can occur in a realistic cosmological
history that includes the Standard Model. Note that the
condition Eq. (17) implies that y does not start oscillating
until long after matter-radiation equality, so it cannot make
up all (or the majority) of dark matter and a further dark
matter component must be added. We assume that this and
the Standard Model fields are totally decoupled from the
v — ¢ sector.

Remarkably, the presence of the Standard Model and
the dominant dark matter component, which as usual drive
the evolution of the Universe at early times, allow the
initial condition ¢; < A to be relaxed. Instead ¢; and y;
can be set to their ‘“natural” values ~A and ~Mp
respectively. Then, at early times all of the gradients
from V(¢,y) are dominated by H and both y and ¢ are
frozen. If A < My, mi,pi/A 2 my, and mi,yp; 2 pge, the
first term from the potential to be cosmologically relevant
is the interaction term in ¢’s equation of motion

~0y(mi 2 /A?), when HXmy,p;/A. At this stage ¢
evolves in a background of basically constant y? = 2,
and starts to oscillate around the minimum of its effective
potential, which is at ¢ = 0. These oscillations are
damped by the expansion of the Universe, until the time
when 3H ~m, at which point y starts oscillating. In
Appendix A 2, we show that ¢»/A is localized close to 0
before this time provided

m,, A

Y <1 or (18a)
MinVi
Q2 HyA\3/4 /m
rT/z(L> <l) <1, (18b)
Q" \Minti Hy

depending on whether ¢ starts to oscillate during matter or
radiation domination respectively (Q, and Q, are the
present-day radiation and matter density parameters). In
this way, ¢ is automatically driven to the required pointin its
potential prior to when dark energy domination must begin.
Subsequently, the evolution is similar to the system
containing only ¢ and y, except that the main component
of dark matter dominates the energy density of the Universe
for a while until ¢’s potential energy takes over and the
dark energy era starts. As in a universe containing only ¢
and y, provided parametric resonance is ineffective, the
dark energy epoch ends either when the time-averaged
effective mass parameter for ¢ becomes tachyonic or when
the time spent in the tachyonic region as y oscillates is
comparable to the time scale of the hilltop roll. The
expected number of e-folds of dark energy domination
can be obtained from Eq. (11) replacing yw; with the
amplitude of y’s oscillations at the time when dark energy
domination starts (to account for earlier redshifting). Once
¢ becomes unlocked, it oscillates around the minimum of
its potential at ¢ = A. When this first happens y and ¢ are
strongly coupled together and the system evolves non-
linearly. Numerical solutions of the equations of motion
show that the accelerated expansion of the Universe ends
almost immediately at this time (see Fig. 5 in Appendix A 3).
Eventually, once the amplitude of the oscillations of ¢ and y
decrease sufficiently by redshifting, both evolve as matter.
We plot the evolution of ¢ and y in a particular theory
that is consistent with observational constraints in Fig. 1.
This is obtained by solving the equations of motion of the
theory numerically including the Standard Model radiation
and an additional dark matter component, accounting for
the full contributions from the energy densities of ¢ and y
to the expansion history of the Universe. The various stages
of the evolution can be seen clearly, including the eras
during which ¢ is locked and sources dark energy and the
eventual end of dark energy at a/a, ~ 5. Further analysis of
this theory is given in Appendix A 3 where we show plots
of the evolution of the energy density and equation of state
parameter w, which match the ACDM predictions to within
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The evolution of (left) ¢» and (right) y with scale factor a in a theory of dark matter assisted dark energy with a hilltop potential.

The theory is given by Egs. (1) and (2) with V(¢) = Vi (¢), with parameter values m,, = 10H, m;y = 10*Ho, A = Mp/50 and 2 = 0
and initial field values ¢; = A, w; = Mp;/5. We also include the Standard Model radiation and an additional (dominant) dark matter
component that is assumed to be uncoupled to ¢ and . The equations of motion of the theory and the Friedmann equations determining
the expansion history are solved numerically. The various stages of ¢ and y’s dynamics, described in the main text, are labeled, and a,.
and a,, indicate the times of matter radiation and dark energy-matter equality respectively. Prior to a/a, ~ 5 this theory matches the
cosmological predictions of ACDM to an accuracy consistent with current observations (we give further details and show plots of the
energy densities of ¢ and y and the equation of state parameter of the Universe in Appendix A 3).

percent level for a/ap <5 and deviate dramatically
after this.

4. Allowed parameter space

We now consider, in more generality, the constraints on
the parameter space of dark matter assisted dark energy
when ¢ has a hilltop potential. This consists of

Ming, My, A’ Vi, ¢i7 (19)

where we will assume A <Mp and keep ¢ S A
and y; < Mpy.

A number of conditions must be satisfied for the
mechanism to work at all. We have already seen that we
require (y2) > w2, = 4pg./m?, in order for the back-
ground i to generate an effective minimum. Then (y?), >
w2, constrains

4 pde’/n2
w? . (20)

2 TV
' 9Q, Him

int

To obtain several e-folds of dark energy domination we
need, from Eq. (11),

Mine > my/’ (21)

and m,,/H, < 15. But we also require m,, > H, so that y
oscillates, so overall

We must also impose observational limits on the energy
density carried by extremely light scalar dark matter [57].

Equation (22) means that m,, ~ 10732 eV, and therefore the
associated density parameter, Q, = myy§/(6HiM3)), is
bounded from above as €, < 3 x 1072 [57], which implies
that

3y Qn
2 M,

<3x 1072, (23)

where we used that y starts to oscillate during matter

domination. The observational bound on €2, also implies

Pae/Pyo =35 (where p,o~m2(y?) is the present-day

energy density in y). In combination with the condition
for a metastable minimum py, < m2, (y?), this demands a
moderate hierarchy between the Lagrangian parameters mlf,
and m?,.

If we require ¢ to be driven close to the top of its
potential beginning from ¢; ~ A (as opposed to tuning its
initial condition), we need Eq. (18a) or (18b) to be satisfied.
We also need that y is still frozen when ¢ starts rolling
towards ¢ = 0, which is the case provided ¢; < y;, so
M i /A << mygyi/ A and the effective y mass induced via
m;, 1S negligible at these times (we also note that y’s
Lagrangian mass is always cosmologically negligible when
¢ starts rolling in the relevant parameter space).

Further conditions on the theory’s parameter space
follow from the approximation we used, namely that y’s
dynamics are linear when it starts oscillating, being
dominated by its own mass term

mint¢wroll/A < ml[l’ (24)

where ¢, is the value of ¢ when 3H ~ m,,. If Eq. (24) is
satisfied then y’s evolution remains linear until ¢p becomes
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FIG. 2. Left: a slice of the parameter space for a dark matter assisted dark energy theory, with potential equation (2), in which ¢’s
potential has the hilltop form V(¢) = Vi (¢) in Eq. (3). Constraints come from the energy density in y (parametrized by Q,, and
determined by the initial field value ;) exceeding current observational constraints on the fraction of extremely light dark matter (“too
much energy density in ") and from the number of e-folds of dark energy domination not being sufficient to match observations (“too
few e-folds of dark energy”). We also impose that y evolves linearly without backreaction from ¢ assuming that ¢»; = A, which allows
analytic control but might not be essential for a viable theory (and can be relaxed if ¢; is assumed smaller). We indicate the number of e-
folds of dark energy domination N4, expected from Eq. (11) (this can be somewhat altered by the nonlinear dynamics around the time
when ¢ becomes unlocked). We also show the parameter point corresponding to the theory analyzed in Fig. 1 with a red dot. Right: the
analogous plot for theories in which ¢ has a potential with an exponential runaway, V(¢) = Ve, (¢) in Eq. (3), and larger fixed
A/Mp; = 0.5. In this case, y’s dynamics are necessarily nonlinear throughout the parameter space [see Eq. (33)] so we cannot reliably
predict the number of e-folds of dark energy domination. However the resulting theories can still be consistent with observations
especially if ¢; < A is assumed, e.g. the red dot indicates a theory analyzed in Appendix A 3 that is viable for ¢; = A/10 leading to ~0.5
e-folds of dark energy domination (i.e. dark energy domination ends at a/ay ~ 1.25). For such theories there is a constraint (absent in the
case of a hilltop potential) from the minimum of ¢’s potential (after time-averaging y) not moving too fast (“too large dark energy
variation’). We also show the part of parameter space in which y’s evolution is nonlinear when it first starts oscillating, in which case an

observationally viable era of dark energy domination is unlikely (this constraint depends on the value of ¢;, and for the plot we
fix ¢; = A/10).

unlocked and moves to large field values. Such a condition
is not essential for a viable model, but the analytic control is
appealing. If ¢ is driven to the top of its potential
dynamically, ¢, is small enough to satisfy Eq. (24)
provided

of ¢ in the locked phase ~m; /A 2 pcllf /A [cf. Eq. (8)] is

at most a few orders of magnitude larger than H,,.

In Fig. 2 (left panel), we plot a slice of the allowed
parameter space with m, and A fixed and m;, and €,
(equivalently y;) varying. We also set ¢»; = A, which affects

the constraint from requiring ’s evolution be linear.
i <1 or (25a) Although the various constraints, especially the requirement
vi that Q,, is not too large, place important restrictions on the

3/8 ] parameter space, a substantial region that leads to theories

Q" (min\7 ¢ <1 (25b) consistent with current observations remain. We also indicate

Q2 \ H, Wf/ AAL/4 ’ the number of e-folds of dark energy domination predicted

from Eq. (11); for the chosen m,, and A the condition from

if ¢ becomes unfrozen during matter or radiation domination, ~ the time y spends in the instability range, Eq. (10b), is
respectively, see Eq. (A5a) or (ASb) in Appendix A 2. slightly stronger than the condition that ¢)’s time averaged

We also note that Eq. (10b) requires that A is not too  mass squared is positive, Eq. (10a). A generic feature over the
much smaller than My, and Eq. (25b) imposes that m;,, is  allowed region is that only a few e-folds of dark energy
not too much larger than H,. As a result, the physical mass  domination are obtained and ,, = 1073 (these are true also

Yo~
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for other values of m,, and A). A plot of another slice, varying
m,, and A, can be found in Appendix A 3.

B. Exponential potential

We now show that coherent oscillations of y can source a
transitory de Sitter vacuum and accelerated expansion even
when the scalar potential equation (2) has no extremum, as
happens for example for the exponential potential V., (¢)
in Eq. (3). Such potentials occur very generically in string
theory compactifications, where the leading perturbative
corrections after supersymmetry breaking tend to lift flat
directions in the moduli potential to steep runaways.

1. Overview of dynamics

We again begin with an analytical study of a theory
containing only y and ¢, before analyzing a full cosmo-
logical history numerically. Assuming that y’s oscillations
are sufficiently fast to allow us to average over them, the
potential for ¢ in Eq. (2) with V() = Ve, (@) is extre-
mized for

oV (¢.y) ¢ Pac _
T 0= mizmp<l//2> = PN (26)

which leads to a minimum at ¢ = ¢in

¢min o Pde
R 2

mn

where W, is the principle branch of the Lambert W
function [58]. Note that there is a minimum ¢,,;, for any
background value of (y?), however, (y?) « a=3 Eq. (6), so
Prmin 18 time dependent. Assuming that ¢ follows its moving
minimum, one can use 0Wy(x)/dx = Wy(x)/(x(1 +
Wy (x))) to show that the rate of change in the potential
energy density goes as

6log V(¢min) _ 3¢min/A
dloga 1+ ppn/A

(28)

Thus to meet the strong observational constraints on the
time dependence of dark energy, we need

d)min/A < 1’ (29)

today, which replaces the condition for the existence of a
minimum in the hilltop case, Eq. (10a). Expanding Eq. (27)
in small pde/(mizmlllz) gives ¢min/A ~ pde/(miznt<l//2>) <1,
which implies pg./(m? (w?)¢2. /A*) > 1 so there is
indeed a consistent solution in which dark energy domi-
nates over the energy density in the w — ¢ interaction.
Equation (29) leads to an upper bound on the number of e-
foldings of dark energy domination analogous to Eq. (10)

2 Ml
N <<—10g(—mt 1>, 30
* 3 Ve 2

which can be larger than 1, suggesting that a transient dS
era is plausible.

However, as in the hilltop case, there are additional
complications not captured when 2 is time averaged. The
equation of motion for ¢, expanding in small ¢/A is

¢ +3Hyp + (mi yie3Holcos? (my,1) + pye) % §p%,
(31)

where we again set #; = (0. We assumed before that ¢
simply rolls with the minimum obtained after time-
averaging w, but Eq. (31) actually implies that ¢ will
undergo oscillations on time scales At ~ 1/m,, as y moves
through its field range and ¢’s effective potential changes.
In the limit ¢p < A, the amplitude of ¢’s oscillations can be
estimated as (recalling that m,, 2 H,)

A_¢% Pde
A _Azmg,'

i~ Pde
N— = 2
P=N (32)

To have a theory that leads to an era of dark energy
domination requires A¢/A < 1. Additionally, and impor-
tantly, Eq. (32) implies that the contribution from
m? ¢p*w?/A* to the y equation of motion cannot be
neglected [cf. Egs. (4) and (5)] because the ratio between
the induced mass and the Lagrangian mass, my, 18
mint¢/A _ MintPde 5 Ming H% M12>1

=72,3 =3 2 A2 (33)

m Am;, my, my, A

v

which is typically larger than 1. As a result, a numerical
solution of the equations of motion is required to determine
whether ¢ is trapped at a field value that leads to dark
energy.

The same conclusion can be reached by noting that the
Klein-Gordon equation for ¢, Eq. (31), leads to an
inhomogeneous Mathieu equation for ¢, with an exponen-
tially growing forcing term [cf. Eq. (12)], and the result of
this forcing is that ¢ oscillates with an amplitude whose
order matches Eq. (32). Then, as a result of Eq. (33), the
starting assumption in deriving the Mathieu equation, that
the backreaction on y can be neglected, fails.

Similarly to the case when ¢ has a hilltop potential,
theories in which ¢ has an exponential runaway can lead to
cosmological histories that are consistent with current
observations once the Standard Model and a dominant
dark matter (again assumed to be decoupled from ¢ and y)
are included. The evolution of ¢ and y in such a theory is
illustrated in Fig. 6 in Appendix A 3. The nonlinear
behavior in y’s equation of motion makes the system
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somewhat more delicate, and for many parts of the
parameter space (including the example theory we plot)
a mild fine-tuning of the initial conditions, ¢;/A <1, is
required to obtain sufficient e-folds of accelerated expan-
sion. With this, there is indeed an era during which ¢ is
trapped and sources dark energy. As the background value
of (y?) falls, the minimum for ¢» moves out to larger values
and the oscillations in ¢ increase in amplitude. Eventually,
¢ rolls down its runaway exponential potential basically
unhindered with y’s energy density negligible. At this stage
the dynamics of the system are the same as those of a single
field with an exponential runaway potential and a back-
ground energy density in matter and radiation. The evo-
Iution of such theories has been studied in detail [59] (see
[60] for a recent discussion). For our parameter space, with
A < Mp/+/3, there is a late-time, global attractor, non-
accelerating scaling solution, for which the energy density
in ¢ remains a fixed, small, fraction of the total energy. We
also note that the validity of our effective theory is expected
to break down around ¢ = A, when higher order terms
would become unsuppressed and general ultraviolet con-
siderations would suggest that new light states enter the
theory.

2. Allowed parameter space

The allowed parameter space of theories in which ¢ has
an exponential potential can be analyzed similarly to the
hilltop case. One difference is that the conditions to ensure
¢ has an induced minimum that lasts long enough,
Egs. (20) and (21), no longer apply with an exponential
potential. These can be replaced by the requirement that the
time dependence of the minimum should be sufficiently
mild. We estimate this by requiring that our dark energy
density varies, over one e-fold, at most within the 2¢
confidence range inferred by Planck (even if the latter is
obtained by fitting the ACDM model). From Eq. (28), the
resulting limit is

5Q
Q—de <0.02 = ¢pin/A < 0.008, (34)

de

where we have used the Planck 2018 [61] value Q, =
0.6834 £ 0.0084 and Eq. (28). The remaining constraints
are Eq. (22) so that y oscillates but does not lead to
parametric resonance too early (because we expect the
resonant instability to be at least as bad as for the
complementary function to the homogeneous Mathieu
equation); Eq. (23) from observational limits on the energy
density in an extremely light component of dark matter; and
the typical amplitude of ¢’s oscillations from Eq. (32)
A¢p/A < 1. Given the complicated nonlinear dynamics
arising from the exponential potential, we allow ¢;/A to
be chosen small rather than imposing Eq. (18a)/(18b),
which would result in ¢ being driven to a small value
starting from ¢; ~ A. An additional possible constraint can

be obtained by demanding that i at least evolves linearly at
the time that it starts oscillating Eq. (24), which depends on
¢;. Numerical solutions of the equations of motion show
that if this condition is violated there is unlikely to be an era
of dark energy domination that lasts long enough to be
consistent with observations. As in the hilltop case, the
physical mass of ¢ in the locked phase is typically not too
much larger than H,,.

We plot a slice of the allowed parameter space in Fig. 2
(right panel), varying m;,, and z//i.4 We set m,, = 12H,, and
fix A = Mp/2 to avoid large ¢ oscillations, cf. Fig. 7 in
Appendix A 3 where we show the parameter space with A
and m,, varying [for a hilltop potential such A would lead to
y evolving nonlinearly, which is why we picked a smaller
value A/Mp = 0.02 in Fig. 2 (left)]. We stress that not all
of the parameter space that satisfies the preceding con-
straints leads to a cosmologically viable era of dark energy
domination because with an exponential potential ¢
strongly affects y’s evolution during dark energy domina-
tion. In particular, there is a tension that smaller values of
m;y, tend to lead to ¢ being trapped less efficiently and for
less long, see Eq. (30), but larger m;,, tends to make the
nonlinear effects on y stronger, see Eq. (33). Nevertheless,
numerical investigation suggests that observationally viable
theories with a few e-folds of dark energy domination can
be obtained over substantial parts of what we identify as the
allowed parameter space, even when ¢;/A ~ 1.

III. DARK RADIATION ASSISTED DARK ENERGY

Suppose now that y is a light field behaving not as matter
but as radiation in equilibrium with a thermal bath at a
temperature Ty, that is less than the visible temperature 7',
to satisfy observational constraints [62]. Thermal equilib-
rium requires a sufficiently large interaction rate I'y > H.
For relativistic particles with m, < Ty, as long as the
relevant processes come from a renormalizable interaction
in the low-energy effective Lagrangian typically I'; ~ ¢" T},
where g is some dimensionless coupling constant, n
depends on the details of the hidden sector and thermal
equilibrium is generally easily achieved provided T}, is not
too much smaller than 7', [e.g. in the present-day Universe
for g = (1073°T,/T,)"/"]. The potential of Eq. (2) can
provide a minimal realization of this scenario with y’s
quartic self-interaction maintaining thermal equilibrium
(I'; ~ AT}, for the required number changing interactions),
but more complex hidden sectors with additional fields are
plausible and the details are unimportant for most of our
purposes. Such a thermal population could be produced e.g.
from the primordial inflaton’s decay at very early times.

*For the purposes of the plot, we assume that y; is related to
Q,, as if y evolved linearly, i.e. Eq. (23), which might lead to a
slight inaccuracy in parts of parameter space.
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We continue to assume that ¢; is initially homogeneous
with only the zero momentum mode populated.5

Given the Lagrangian equations (1)—(3), a nonzero ¢
contributes to the mass of y. Consequently, because the y
radiation bath interacts with a ¢ background, a thermal
effective potential is produced for ¢. At one-loop and for
T, > my /A, ¢’s corrected potential takes the form (see
e.g. [63,64])°

VIg.T) = V(@) +5KT3R with x =2 <m>2

(35)

Therefore an effective mass term is generated, which can
stabilize ¢ at a value where a positive potential energy
density can source dark energy. The mechanism is very
similar to the dark matter assisted case discussed in Sec. 11,
with, roughly, the amplitude of the background oscillations
in y replaced by the temperature 73, when y is in thermal
equilibrium. The stabilization of ¢ by finite temperature
effects is again only transient, because the induced local
minimum disappears below a critical temperature.

The dark radiation assisted scenario was called thermal
dark energy in [64] (see also [50,51] for the related thermal
inflation scenario and [52] for applications to early dark
energy). The case with a Hilltop potential—the thermal
analogy to Sec. Il A—was studied in detail in [64] and so
here we focus on the exponential runaway potential, which
is well-motivated from string theory compactifications.

A. Overview of dynamics and parameter space

As before we start by considering a universe containing
only ¢ and y. Assuming the high-temperature approxima-
tion Eq. (35), the condition for the thermally corrected
potential to be extremized with respect to ¢ is

KT = ‘% VA, (36)

which leads to a minimum at

min 12 e
¢T:W"< P > (37)

2
mi Ty

For this to be consistent, ¢,;, must be sufficiently small
that the mass contribution to the dark radiation y

°A thermal population of ¢ is typically produced subsequently
by y — y scatterings, but this does not affect the dynamics that
we consider.
®The thermal effective potential is V(¢.Ty) = V() +
4 " . 4 2
2= Tp((mif"(Pe))?/T7) with Jp(a?) =~ +5a7 = £ -
for x < 1 [65].

mint¢
— << T,
< (38)

Physically Eq. (38) corresponds to y being present in the
thermal bath. While Eq. (38) is satisfied there is always a
minimum for ¢, given by Eq. (37). ¢’s potential energy at
¢ = ¢pm;n dominates the energy density in dark radiation
provided

2

Pae€ Pmin/ N > Py = ;T—O Ty (39)

Similarly to Eq. (28), as the temperature of the hidden

sector falls the minimum equation (37) moves out to larger

field values. Using T, « 1/a, one can easily show that the
time dependence of the dark energy density is

d IOg V(¢min) — _ 2¢min/A (40)
dloga 1+ Pmin/A’
so to avoid too fast a change we again require
Pmin/ A < 1. (41)

The high-temperature approximation to the thermal
potential fails once the hidden sector temperature has
decreased to Theng = mi)'. If ¢’s induced minimum equa-
tion (37) still satisfies ¢/ A < 1 at this time then

1
Thena = <pﬁ>3' (42)

Min

Subsequently, thermal contributions to ¢’s effective poten-
tial become exponentially suppressed, the induced mini-
mum for ¢ disappears and ¢ begins to run away.

Equations (41) and (42) lead to upper bounds on the
number of e-folds of dark energy domination with approx-
imately constant energy density. Denoting the visible sector
temperature when dark energy dominations starts as 7'y g,
and defining &, = T}, o/T, o with T}y and T, the hidden
sector and visible sector (photon) temperatures today
respectively, we obtain

. Sh Ty deMlint EnT gy
Ng < mm{log( : ,log - . (43)
Vi2pil? pit’

Note that strongest bound typically comes from the second
term on the right-hand side because m;, 2 pg. In our
parameter space of interest.

Additionally, with its zero temperature potential having
the assumed runaway form, ¢’s thermally corrected poten-
tial always has a global minimum with vanishing potential
energy out at ¢» — oo (in the hilltop case, such a minimum
exists at ¢ = A for T}, <« m;,,). Therefore, an exit from the
transient dS can take place by ¢ quantum [66] or thermal
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tunneling [67] through the barrier in its finite temperature
corrected potential leading to a first order phase transition,
potentially shortening the era of dark energy domination.
We analyze these processes in Appendix B 2 and show that,
while the high-temperature approximation is valid, the rate
of tunneling is negligible provided

32722 A* T3
S N (44a)
3 pde min[
and
873 A2 TY2A
5 W—hs > L (44b)
pde int

for quantum and thermal fluctuations respectively. If these
conditions are satisfied, tunneling only becomes significant
immediately prior to when dark energy is predicted to end
from Eq. (43) anyway (at which time the barrier in the
potential is on the edge of vanishing). Meanwhile, there are
no effects analogous to the instability time or parametric
resonance that were relevant to the dark matter assisted
scenario because the thermal fluctuations are fast and
incoherent (with period ~1/T;) compared to the time
scale on which ¢ rolls, At ~ A/, /pge (see Sec. IV A below).
As mentioned in the Introduction, the dark radiation
assisted scenario requires a super-cooled phase transition in
the hidden sector. In practice, this corresponds to ¢,;, < A
in Eq. (37) in combination with py. a few orders of
magnitude larger than the energy density in hidden sector
radiation equation (39), which together imposes
T4 < pue < w3, TS, (45)
As a result, the coupling constant of the quartic ¢ self-
interaction pg./A* < m} /A* <1 (recall that m2, /A? is
the coupling constant of the quartic ¢ — y interaction), and
for the A and m;,, we have in mind these values are tiny
(similarly small couplings are also needed for the dark
radiation assisted scenario with a hilltop potential). For
comparison, in the dark matter assisted case the analogous
conditions [discussed below Eq. (23)] require m, > mj,.

int

B. Working example with realistic cosmological history

Similarly to the dark matter assisted scenario, in a full
cosmological history ¢ can be driven to the required field
value (in this case its high-temperature minimum) at early
times independently of its initial value, e.g. even if ¢; = A.
For this to occur, at some time after primordial inflation the
hidden sector must be in thermal equilibrium with a
temperature that satisfies 7%}, > m;, so that the finite
temperature correction to ¢’s potential is relevant despite
¢ = A inducing a large y mass. Moreover, at the same time
the resulting gradient in ¢’s equation of motion must be

large enough to overcome Hubble friction. In Appendix B 1,
we show that these two conditions are simultaneously
satisfied, and ¢ evolves to ¢/ A < 1, provided

A m;
— <& and 2 <&, 46
My < M h (46)

where we assume the hidden sector is kept in thermal
equilibrium by interactions of typical rate I'; ~ A*T}, [which
is appropriate to our minimal model equation (2) but can be
relaxed in more complex theories]. Alternatively, it may
simply be assumed that ¢; < A.

In Fig. 3 we show an example of a theory of dark
radiation assisted dark energy with ¢’s potential having an
exponential runaway that leads to a realistic cosmological
history, with the evolution of ¢ obtained by numerically
solving its equation of motion and the Friedmann equation.
The theory includes the Standard Model and a separate
source of dark matter, which, as usual, we assume are
totally decoupled from ¢ and y. As expected, at times when
the total mass of y (i.e. the combination of its bare mass
and the mass induced by ¢) is less than T, ¢ is trapped at a
local minimum close to ¢/A = 0 where it sources dark
energy. Once the mass of y is comparable to T}, which is
reached both directly due to 7}, decreasing and also because
¢min increases, the thermal correction to ¢’s potential
becomes negligible. Subsequently, ¢ rolls down its zero
temperature potential with its energy density dominated by
kinetic energy, which therefore redshifts as ¢~6. Similarly
to the dark matter assisted exponential case, after the dark
energy dominated epoch ends the system will approach the
attractor, scaling solution with nonaccelerated expansion
described in [59], although this happens beyond the range
that we plot.

C. Allowed parameter space

For both the exponential and hilltop potentials, the
parameter space of theories of dark radiation assisted dark
energy consists of

A’ my/’ Mings 5]’1’ ¢i' (47)
We assume that the number of relativistic degrees of
freedom in the hidden sector is constant and that entropy
in the hidden sector is conserved.’

The temperature of the hidden sector, i.e. &,, is con-
strained by the observed expansion history of the Universe,
parametrized by the effective number of neutrinos,

"The ratio of the hidden sector temperature to the visible sector
temperature is not constant in the early Universe due to the
change in the Standard Model number of degrees of freedom g,
which depends on the temperature and has value g,, = 3.909

today; indeed, Ty/Ty = & (g,(Ty)/950))">.
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Left: the evolution of ¢ with scale factor a in a theory of dark radiation assisted dark energy in which V(¢) takes the

exponential runaway form of Eq. (3). We include the contributions of the Standard Model and dark matter to the expansion history
assuming that these are decoupled from ¢ and . The Lagrangian parameters are A = 1073 My, m;, = 1087, ; and m,, = 0, and we set
&, = 0.2. We fix that at early times ¢ is in the minimum of its finite temperature-corrected potential (which can arise automatically from
dynamics at much earlier times than shown). We also plot the ratio between the contribution to y’s mass from ¢’s expectation value
My, ind = Minp/ A and T,. Finally, we plot the minimum of ¢’s corrected potential assuming the high-temperature approximation
Eq. (35), ¢nign» Which is tracked by ¢ while m,, jnq < Ty. Once my, jnq/Th = 1 the finite temperature correction to ¢’s potential is
exponentially suppressed and ¢ rolls unhindered to large field values. Right: the energy density of ¢ (p,) and the total energy density
including the Standard Model and dark matter (p,) of the theory plotted in the left panel, normalized to the critical energy density today
(pc). For comparison we also show the total energy density in ACDM (pcpwm)- While ¢ is trapped near ¢p/ A < 1 it sources dark energy
and a ACDM cosmology is reproduced to better than % precision. After ¢ rolls down its zero temperature potential at a/ag =~ 2,
Py a~°, because this is dominantly in the form of kinetic energy (at sufficiently late times, beyond the range of the plot, the theory will

pick up the tracker solution for an exponential potential).

4 (11\4/3
Neff ~ 3046 + 5 (I) ghéﬁv (48)

where the first term corresponds to the effective number of
neutrinos in the Standard Model accounting for nonin-
stantaneous neutrino decoupling [68] and ¢, counts the
number of degrees of freedom in the hidden sector,
weighted by 1 for bosons and  for fermions (see e.g.
[62] for more details). N is bounded by cosmic micro-
wave background observations to be Ny < 3.28 [61] (the
exact numerical value depends on which datasets are
included in the fit and the value of the present-day
Hubble parameter that is adopted). In our minimal model
with only yw and ¢ in the hidden sector thermal bath®
gn = 2, and the corresponding constraint is

£ 5048, (49)

Big bang nucleosynthesis also leads to bounds on &, that
are similar to Eq. (49) [69].

In the case that ¢» has an exponential potential, further
observational constraints arise from the time variation in
dark energy. Using Eq. (40), asking that the change in V(¢)

SAs previously mentioned, a thermal population of ¢ is
typically produced by wy — ¢¢ interactions.

across one e-fold stays within 2¢ of the Planck 2018 [61]
results on Q, = 0.6834 4 0.0084 (albeit inferred by fitting
the ACDM model), implies

5Q,
Q—d"' <0.02 = ¢pin/A <001 (50)

de

Additionally, for the high-temperature approximation to
y’s contribution to ¢’s thermally corrected potential to be
valid today requires Eq. (42)

Th > Thena = (pde)g, (51)

which, as discussed around Eq. (43), is a stronger condition
than that from the time variation of py., Eq. (50). To avoid
nonperturbative decay through bubble nucleation,
Eqgs. (44a) and (44b) must be satisfied for the present-
day hidden sector temperature Ty, = T (&, which is
easily achieved for the relatively large A that we have in
mind. Additionally, if we require that ¢ is driven to the
minimum of its finite temperature-corrected potential
starting from ¢; ~ A then Eq. (46) must be satisfied.
Finally we note that the quartic interaction between ¢
and y has coupling constant m2, /A? and this must be <1
for the theory to be weakly coupled (this constraint is
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FIG. 4. Slices of the parameter space for dark radiation assisted dark energy, Left: when ¢ has a hilltop potential. Right: when ¢’s
potential has an exponential runaway [see Eqs. (2) and (3)]. The results are shown as a function of the ratio of the hidden sector and
visible sector temperatures &, and the Lagrangian parameter m;, with T the visible sector temperature today. In both cases there are
observational constraints from the hidden sector not containing too much energy density (‘“hidden sector too hot”) and from the era of
dark energy domination not lasting long enough (“too few e-folds of dark energy”). In the case of an exponential potential there is an
additional, weaker, constraint from the dark energy density varying too fast for observational limits (“too large dark energy variation”).
We also impose that the quartic coupling between ¢ and vy, mi2m /A? is smaller than 1 (“perturbativity”). Finally, if we require that ¢ is
dynamically driven to ¢p/ A ~ 0 in the early Universe the region labeled “initial conditions?” is excluded, although such dynamics are not
needed if ¢h; < A is assumed. The number of e-folds of dark energy domination, N4, is also shown. For both types of potential Ny, can
easily be sufficiently large for an observationally viable cosmological history, although in the case of an exponential potential there are
typically fewer e-folds of dark energy domination in total. The red dot in the exponential potential plot corresponds to the theory shown

in Fig. 3.

irrelevant for the typical parameter values we are inter-
ested in).

In Fig. 4 we plot a slice of the parameter space of dark
radiation assisted dark energy theories, varying &, and m;,,
with A fixed. Results are shown for theories in which ¢’s
potential takes the exponential form and, for comparison,
also the case of a hilltop potential analyzed in detail in
Ref. [64]. The constraints have similar origins for the two
forms of the potential, except that with a hilltop potential
the bound equation (50) from the time variation of ¢, is
absent because as long as a metastable minimum exists it is
at ¢ =0. We see that theories in which ¢ has an
exponential runaway lead to fewer e-folds of dark energy
than if ¢ had a hilltop potential. Nevertheless, in both cases,
observationally viable theories are possible over large parts
of the parameter space, with the constraints on the hidden
sector temperature, i.e. &,, being perhaps the most
important.

Note that theories consistent with observations are
possible for A <« Mp. In this case, the physical mass of
¢ while in the metastable minimum =~m;,T}/A can be

large compared to H,, and instead need only be smaller than
T, (so that the ¢ —w interaction is perturbative).
Alternatively, if A ~ Mp, is assumed then the mass of ¢
is similar to H unless m;, > T, .

IV. QUINTESSENCE ASSISTED DARK ENERGY

We now return to the possibility that, as in the dark
matter assisted case, both ¢ and y are homogeneous and
isotropic with y; #0 away from its minimum and,
although not essential, ¢» = yr = 0 initially (and no thermal
population), and we again assume A < mj,/M3, so that y
self-interactions are negligible. However, here we suppose
that m,, < 3H,. As a result y can behave as a cosmologi-
cally frozen quintessence field sourcing a sub-dominant
component of dark energy. We will show that in such
theories the ¢ — y interaction circumvents many difficul-
ties faced by single-field slow-roll quintessence and a
transient era of dark energy domination sourced by V(¢)
can easily be obtained. Moreover, there is an automatic end
to accelerated expansion and the initial conditions, ¢; and
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y;, do not need to be tuned. Because many aspects of this
regime are similar to the first phase of the dark matter
assisted scenario before y begins to roll, we focus on
overall physical intuition rather than detailed numerical
analysis.

A. Challenges for slow-roll quintessence when m;,; =0

We know that when m;, =0, that is ¢ and y are
decoupled, ¢ cannot source accelerated expansion without
fine-tuned initial conditions and/or large field displace-
ments, 2 Mp;, which take us outside the regime of control in
the effective field theory (because corrections of the form
¢" /Mt with n > 4 become important and moreover
towers of states typically become light as predicted by
the swampland distance conjecture [70]) [23,24]. Similarly,
super-Planckian field displacements are necessary for y to
source accelerated expansion.

In more detail, in the case of a hilltop potential the
solution to ¢’s equation of motion is, while ¢ K A,
approximately

(1) e PHORY, (52)

assuming Mp, > A and fixing ¢; = 0 at t, = 0. As a result,
the number of e-folds of accelerated expansion generated
by ¢ rolling from an initial value ¢; < A to the minimum at

$=Ais
\/_ Mp, (2) (33)

Therefore, to have any significant number of e-folds ¢,
must be fine-tuned to lie exponentially close to the top of its
potential and/or A > Mp,. This can also be seen from the
slow-roll conditions near the hilltop:

M2 \% 2 SMZ 2
—”<M> <<1:>+i¢<<1, (54a)

Nge = Hytp =

2 Vv

¢¢(¢)| 4Mp,

and M%,l‘ <l=-—5 <l (54b)

The case that ¢ has an exponential potential likewise
requires A > Mp for the slow-roll conditions to be
satisfied or fine-tuned of initial conditions, such that ¢
starts off rolling up its potential and comes momentarily to
rest to drive a transient acceleration before rolling back
down (see e.g. [71,72] for reviews on the observational and
theoretical challenges in the latter scenario). Similarly, y
can only source accelerated expansion if it takes a super-
Planckian field value y; 2 Mp; (with m,, < H, to match the
observed dark energy density).

It is worth noting that there are plenty of more involved
models for slow-roll inflation/quintessence (see e.g.

[73=79]), but these usually require some fine-tuning between
Lagrangian parameters to produce a sufficiently flat poten-
tial. An exception is assisted inflation/quintessence [76,77],
which is related to the theory we consider and involves fields
slow rolling due to the Hubble friction sourced by other
fields. Assisted quintessence still requires fine-tuning of
initial conditions and implies an equation of state too far from
wge = —1 to be compatible with recent observations; more-
over, interactions between different fields—as are expected
in ultraviolet models such as supergravity—are problematic
[77] making such theories difficult to realize [80].

B. Slow-roll and a transient dS vacuum for m;,; # 0

Remarkably, the problems of single field quintessence
just discussed can be overcome simply by switching on the
interaction term mj, > 0 in Eq. (2). Let us assume that m,,,
myy, and ¢; are such that y is frozen at y; < Mp,. Then the
contribution from y; to the mass of ¢ via my,, can induce a
minimum for ¢. For a hilltop potential such a minimum
exists provided

Wi > Werit = 24/Pde/ Mint (55)

in which case ¢,;, = 0. Meanwhile, if ¢p’s potential has the
exponential form a minimum exists for any y # 0 with

¢min ( Pde >
— = Wo : (56)
A mizml//2

but similarly to the hilltop case, ¢pin/A << 1 if y; 2 Wit
defined in Eq. (55). For the remainder of this section we
assume that y; indeed satisfies this condition.

To begin with, let us also assume that ¢; is close to its
induced minimum (we will relax this condition at the end of
the section) and ¢(#;) = 0. We impose that the potential
energy sourced by ¢ is greater than contributions from y
and the ¢ — y interaction term

Pde > 5/\71;1452 (57)

5 ~myyi.
For the case of a hilltop potential, this requirement is
satisfied provided m,,y;/ (HyMp) < 1 with ¢;/ A assumed
sufficiently close to the induced minimum at 0. Meanwhile,
for an exponential potential Eq. (57) is consistent with
Eq. (56) if minyi/(HoMp) > 1 and my,y;/(HoMp) < 1
(which is possible for my, > m,,).

The initial Hubble parameter in a theory that satisfied the
preceding conditions is given by

H; = H(t;) ® \/ pae/ BM3,). (58)

Then for m,, < Hy (~H;) and miy, i/ A < Hy, dV /dy <
MPIH(Z) and y slowly rolls, even for sub-Planckian initial
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field values, while ¢ remains trapped. The key change
compared to single-field quintessence is that the slowly
rolling field is distinct from the field sourcing dark energy;
the slow-roll conditions thus reduce to

2
% (VV"’(%))Z <1, (59a)
and M%l% <1, (59b)

with V(y) ~ mg,yxz. These can be more easily satisfied than
the analogous conditions in a theory of single field
quintessence because the scales in V(y) and V(¢) can
be separated.

C. The end of dark energy domination

The slowly rolling y evolves according to the Klein-
Gordon equation (5) with

2
my, t

l//%l//i<1—3—HO>- (60)

In the hilltop case this background induces a minimum for
¢ at the origin until y falls below the critical value,
Werit = 24/Pde/ Mine> at Which point ¢ rolls away from the
top of its potential according to Eq. (52). The time scale for
w to reach i (~0 assuming 2.,/pge/mine < i) is
ferit ~ 3Ho/mi, giving

&K

3
Nge = Holei = 5
1y,

(61)

e-folds of dark energy domination. For m, < H,, the
Ng. = log(ag/apme) = 0.26 e-folds observed in the real
Universe thus far can easily be reached (where @y, is the
scale factor at dark energy-matter equality).

In the exponential case ¢ tracks its induced minimum
equation (56), which shifts to larger values as y slowly
rolls down its potential. Using Eq. (60) to show that
oy /0a = —myy;/(3Hja), one can deduce that the rate

of change in the dark energy density V ~ pg.ePmin/A is

dlogV  2my i
ologa = 3H} A’

(62)

which allows an extended era of dark energy domination
with pg. approximately constant if m, < H, and
¢min/ A < 1. Eventually, the value of y decreases so much
that the minimum in ¢ moves too quickly outwards and ¢
effectively rolls away. Once y settles to its minimum at
yw = 0, the minimum of ¢ is out at infinity and the era with
w~—1 ends. If the exponential form of the potential

remains valid at ¢» 2 A the system will approach the same
nonaccelerating scaling solution described for the dark
matter assisted scenario and in Ref. [59], but as discussed
we expect the effective field theory to break down at this
point anyway.

D. Relaxed initial conditions

Similarly to the dark matter and dark radiation assisted
scenarios, in a full cosmological history the quintessence
assisted scenario requires no fine-tuning of initial condi-
tions. Indeed, as mentioned, the dynamics are identical to
that in the first phase of the dark matter assisted case, before
y has begun to roll; see the discussion around Eqs. (18a)
and (18b) and in Appendix A 2. To briefly recap, assume
that at early times ¢; ~ A and y; ~ Mp, and both fields start
off frozen by a high Hubble friction (even if ¢ and y start
off nonzero, they will quickly become frozen). Since
w; > ¢, the earliest effect of the interaction term is on
the dynamics of ¢; when H = H ;o = min i/ A, ¢ thaws
and rolls towards its effective minimum, around which it
oscillates and sources dark energy. The ¢ oscillations
decrease as matter, ¢ = ¢;(ayon/a)¥/?, thus ¢ today is
given by

172 HoA

¢0 = ¢iQm , (63)
MindVi

where we assume that ¢ begins to roll during matter
domination, as is the case in all of our parameter space
of interest. Therefore, for m;,, > H, and y; > A, ¢ is
driven to its effective minimum, close to the origin. At the
same time, m;, /A < H throughout the evolution because
¢ «x H during matter domination, which, together with
m,, < H,, ensures that y remains frozen.

To summarize, although quintessence assisted dark
energy requires a small mass m, < H, and a somewhat
larger m;, = Hy, it can lead to an epoch of accelerated
expansion despite sub-Planckian field distances being
traversed, thus staying within the regime of validity of
the effective field theory. The physical mass of ¢ while
trapped depends on A. Perhaps the most plausible pos-
sibility is to avoid large separations of scale with A not too
much smaller than Mp; and m;,; not too much larger than
H,, in which case the physical mass of ¢ is only somewhat
larger than H,. As with our other assisted scenarios, these
theories do not rely on fine-tuned initial conditions and also
automatically lead to an end to accelerated expansion. A
numerical solution of the equations of motion of a
cosmologically viable example theory with ¢ having an
exponential potential can be found in Fig. 9 in Appendix C.
Interestingly, none of the parameters of that theory are
particularly extreme, e.g. m,, = H/5 and m;,, = 40H, are
only separated by ~2 orders of magnitude.
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V. FINE-TUNING
All three scenarios discussed involve light scalar fields:
when y is dark matter we need m,, < 15H), when it is dark
radiation we need m,, < pl/ * and when it is quintessence
we need m, < H,. Meanwhlle, the dark energy field ¢ has
an effective mass mpny = Mip\/ (w?)/A, Which must be

larger than the Lagrangian mass scale m ~ pde / A, so we
require m;, = Hy for w < Mp. In fact, for a sustained

Yo~

epoch of dark energy domination my, = 10*H,, my, =
107p(11é4 and my, 2 H( are needed for the dark matter, dark
radiation and quintessence assisted scenarios respectively.

These scalar masses would typically receive loop cor-
rections that are sensitive to the scale of the UV completion
of the theory, Ayy, which we may take to be somewhere
below the string scale, and from loops of visible sector
states that will typically interact with the dark sectors at
least gravitationally For instance, the key ¢ — y interaction

term, 3 '"‘ n h2y? in Eq. (2), itself leads to corrections to the
mass- squared parameters of ¢ and y of

A 2 ~ miznt AZ d A 2 ~ miznt A2 64
My N pprp Moy and Amgr e Ay (64)

Such a radiative correction to the mass of y can be small,
Am,, < m,,, without fine-tuning in all three scenarios. In
the dark matter and quintessence assisted cases, Am, <
my,, [<H, for qulntessence and O(10)H,, for dark matter]
prov1ded that Ayy < A.” In the dark radiation case, we need

Am, <m, STy < p(li/ and we find again that Ayy S A.
It is not a problem if the UV cutoff Ayy lies below A
because all the energy densities in our theories remain far
below Af;y, and the UV completion could correspond to
physics that does not alter the dynamics described, e.g. the
appearance of supersymmetric partners that cut off the UV
divergence.

We also have to consider the loop contributions to the
mass of ¢, Am¢, in Eq. (64). For th1s to correspond to a
small correction Am> 5 <|m ¢| < m ¢ Tequires that

Ayy < MpHy/mip. (65)

In the dark matter and quintessence assisted cases, Eq. (65)
can be achieved without fine-tuning simply with a UV
cutoff somewhere below Mp, because the condition that a
minimum for ¢ is induced by the interaction term is
Wilin/ A > \/pae/ A with y; < Mp,. However, Eq. (65)
is more problematic in the dark radiation case Using

Myt 2 pdé , it requires a cutoff Ayy < pde below the
energy scale of our effective theory. As a result, the theories

This is better than the constraints found in locked inflation
[40], where an order one quartic interaction was assumed.

we have considered require some fine-tuning to keep scalar
masses sufficiently small. It would be interesting to analyze
whether this could be avoided in more complicated
theories, e.g. whether a supersymmetric theory with break-

ing scale Mgy pid S péﬁ can lead to the same dynamics. We
note that in such a theory, the hidden sector would need to
be sequestered from the visible sector supersymmetry
breaking given that the visible sector soft terms are at
least at the TeV scale. Within string theory, this could be
achieved by some geometric separation between the dark
sectors and supersymmetry breaking sectors within the
extra dimensions, e.g. as in the constructions of Ref. [81].

In addition, there is an unavoidable interaction between
the dark sectors and all other states, including e.g. visible
sector states, via graviton exchange. This leads to contri-
butions to the scalar mass (see e.g. [82])

1 M

) 9 1 M°
my ~ 6 174
(4m)° My,

d Ami~—
W e i,

(66)

with M the mass of the additional states considered. In the
dark matter and quintessence assisted cases, the mass of y
is less than the mass of ¢, so corrections to m,, are most
dangerous and Am,, < m,, can be satisfied without fine-
tuning only for M < GeV. In the dark radiation case the

mass of ¢, die / A is much smaller than the mass of v,
~Ty, and M < (Myp/A)'/? GeV is required to avoid fine-
tuning from Eq. (66).

Finally, there is a danger y and ¢ might receive too large
corrections due to additional couplings to heavy states at,
say, the string scale. This UV sensitivity is potentially
difficult, but no worse than normal quintessence, see e.g.
[83]. Supersymmetry in the dark sector might help to
suppress such corrections, provided that the supersym-
metry breaking scale in the dark sector is sufficiently low.
Similarly, sequestering between the dark sector and visible
sector could help suppress portal couplings that lead to
unobserved fifth forces, which, as we discuss in Sec. VII,
are required by observations to be weaker than Planckian.

To summarize, the fine-tuning required to avoid UV
sensitivity from the ¢ — y quartic interaction term is much
milder in the dark matter and quintessence assisted scenar-
i0s compared to the dark radiation scenario. This is because
for dark radiation assistance, one needs relatively strong
couplings between the dark energy field and the thermal
bath via my, = pg., Whereas for dark matter and quintes-
sence assistance, ¢ and y couple relatively weakly
Min ~ Hy. On the other hand, the small value of m,,
required for dark matter and quintessence assistance means
that their interactions with other sectors present (including
the Standard Model and e.g. a supersymmetry breaking
sector) must be even more sequestered than for the dark
radiation assisted case.
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VI. OUT OF THE SWAMPLAND

Conceptual issues, together with technical challenges in
identifying parametrically controlled metastable de Sitter
vacua within string theory, have led to the (controversial)
conjecture that metastable de Sitter vacua are inconsistent
with quantum gravity; in other words, they lie in the “string
theory swampland.” The de Sitter swampland conjecture
states that the scalar potential of an effective field theory
that descends from quantum gravity must satisfy [9]

either €= Mp @ > O(1) (67a)
in(V,V,v
or 5= M;M <-0(1),  (67b)

v <

in parts of field space with V > (. This means that any de
Sitter solution must be unstable. The conjecture is widely
believed to be true in the asymptotic regions of moduli
space, where it is motivated by the swampland distance
conjecture [70], and it has been proposed to be true even in
the interior of the moduli space.

Equation (67) implies that there can be no extended
epoch of slow-roll accelerated expansion, which is in strong
tension with 60e-folds of early Universe inflation and in
some tension with the less than le-fold of late-time
accelerated expansion (see [22]). Interestingly, as we
now show, the effective Lagrangians that we consider,
Egs. (1)-(3), can satisfy Eq. (67) while leading to accel-
erated expansion in basically all of the interesting dark
radiation assisted parameter space and in parts of the viable
parameter space for the dark matter assisted scenario. In
contrast, the quintessence assisted scenario necessarily
violates Eq. (67).

In the dark matter assisted scenario we evaluate € and 7
for the Lagrangian equation (1) with the hilltop and
exponential potentials equation (3). In particular, we
require that at least one of Egs. (67a) and (67b) is satisfied
for all value of y < \/2(y?), i.e. the swampland conjecture
must be satisfied throughout a full oscillation of . For the
hilltop potential, fixing ¢ = 0 and recalling that m,, > H,
Eq. (67a) reduces to

H2
W > Weoi X 3Mp—y (68a)
my,
and Eq. (67b) becomes
H,
Y <WYyerit 2V3Mp , (68b)

nt

where we used Mp > A and mj, > m,,. The de Sitter
conjecture is therefore satisfied provided w, it < Wy crits
that is

Hy 2 my
m(// \/§ Ming

(69)

This condition is somewhat restrictive because m,,/H, <
15 to avoid parametric resonance and is actually not
satisfied for the theory plotted in Fig. 1. However, we
have found cosmologically viable parameter points for
which Eq. (69) is true (some of which require ¢;/A to be
fixed small and which typically lead to a relatively short era
of dark energy domination). The analysis is similar for
theories in which ¢ has an exponential potential, except
that this case only Eq. (67a) is relevant (because n > 0
always). For w >y« Eq. (67a) is satisfied from the
derivative of the potential with respect to y while for y <
Mp Hy/m;, the derivative with respect to ¢ (down its
runaway potential, which is not stabilized for such y) is
sufficiently large. Hence, up to numerical factors, Eq. (69)
again guarantees the de Sitter conjecture is satisfied for
¢ = Pmin = AWO<pde/(m12nt<W2>))' So far we have Ol’lly
considered Eq. (67) with ¢ at the minimum of the induced
potential, but we have also numerically analyzed the
conditions for the full cosmological trajectories presented
in preceding sections and confirmed that they remain
satisfied for some viable points in parameter space.

Conversely, for the quintessence assisted scenario,
m,, < Hy, so Eq. (68a) cannot be satisfied for y < Mp,.
Moreover, Eq. (68b) also cannot be satisfied for values of
m;y such that ¢ is trapped [both for the hilltop and
exponential potentials, cf. Eq. (55)]. This is to be expected
since such models are examples of slow-roll quintessence.
However, it is worth noting that both V(¢) and 1mZy?
would satisfy the de Sitter conjecture alone and it is only
myy 7 0 that prevents the full theory being compatible with
this. It would be interesting to study whether such an
interaction between scalars with otherwise unremarkable
potentials is easier to obtain from string theory than a single
scalar with a potential that violates Egs. (68a) and (68b).

It is unclear how the swampland criteria should be
applied to the dark radiation assisted scenario (further
theoretical work on this, e.g. in the context of arguments for
the dS conjecture connected to the distance conjecture and
entropy bounds [9,84] would be wonhwhile).lo Because
the thermal corrections to the potential are a calculational
tool to account for the net effect of the fast fluctuating
background of low mass, relativistic, y particles at temper-
ature 7, we make the plausible guess that, if true, the de
Sitter conjecture should apply only to the zero temperature
potential equation (2). Moreover, we demand that the
conditions are satisfied for y in the range [0, T}/m,,| such
that the energy density in a constant y zero mode reaches
that of the relativistic bath we consider.

"The compatibility of thermal inflation with the swampland
conjectures was discussed in [85].
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With such an extension to finite temperature, the de Sitter
conjecture is satisfied over the required field range for both
the hilltop and the exponential potentials for the vast majority
of the interesting dark radiation assisted parameter space. For
the hilltop potential with ¢ at the minimum of its finite
temperature corrected potential ¢, = 0, Eq. (69) is true
(because m,, is not much smaller than p(lié4 and m,, and mjy
are similar). Therefore, as argued previously, at least one of
Egs. (68a) and (68b) is satisfied. Meanwhile, in the expo-
nential case with ¢ at the high-temperature minima equa-
tion (37) min = AWo(-225) we find that Eq. (67a) is

2 T2
’nimTh

satisfied for the assumed range of y, again because A <

M and all the masses are not too far from p, (1124. We have also
checked numerically that the de Sitter conjecture remains
satisfied along full cosmological trajectories with ¢; ~ A.

Another related swampland conjecture is the trans-
Planckian censorship conjecture [86], which starts from
the assumption that any fluctuation that is sub-Planckian in
length must remain forever hidden by cosmological hori-
zons. It follows that both

>\F
€ ~?
~— V3

in the asymptotics of moduli space, that is, there are no
asymptotic de Sitter vacua; and

(70a)

MPI

1
< —log— 2
T ogH,

<g (70b)

TABLE L.

in the interior of moduli space, with 7 the lifetime of any
metastable de Sitter vacua and H its associated constant
Hubble parameter. In other words, any metastable de Sitter
vacua are short lived, with Ny, < 138 for H = H|,. Because
we always find only relatively few e-folds of dark energy
domination, the trans-Planckian censorship conjecture is
always satisfied for all of the dark matter, dark radiation and
quintessence assisted theories we have considered.

VII. DISCUSSION

We have seen that coupled dark sectors open up
interesting, underexplored routes to obtaining transient
de Sitter vacua with numerous appealing features. The
main ingredient is a coupling between a scalar ¢ that
sources dark energy and another dark field, y. Depending
on the size of its mass and interaction rates, i behaves as a
frozen quintessence background, a component of dark
matter or dark radiation. Although some of these ideas
have been studied individually in the past, as locked dark
energy [45] and thermal dark energy [64], we have
provided several new insights, including strong constraints
from parametric resonance for locked dark energy, and we
have shown that runaway potentials can be stabilized.

In Table I we provide a comparison of the three scenarios
including their parameter space, and theoretical and obser-
vational constraints. For m,, < 3H,, y behaves as frozen
quintessence; when 3H, <m, < 15H,, it behaves as
coherent classical oscillating dark matter component; and
when in thermal equilibrium with a bath at temperature

Comparison of the dark matter (DM), dark radiation (DR), and quintessence (Q) assisted dark energy scenarios. We assume
the Lagrangian equations (1)—(3), with A < Mp, and initial conditions y; < Mpy,

< i < A. Limits on m,, come from requiring s to behave

w

as dark matter, dark radiation, or quintessence, with dynamics that induce a transient de Sitter minimum for ¢. The physical mass of ¢ in

eff

the metastable vacuum, m ya is necessarily larger than ,/pg./A, and the values in the table are set by the allowed A. Constraints on 71,

come from requiring a sufficient number of e-folds of dark energy domination (Ng4, = 0.26). Constraints on A are such that we can
neglect y’s quartic interaction for the dark matter and quintessence assisted cases, and so that thermal equilibrium is maintained for the
dark radiation case (in particular, for the dark radiation scenario we give the condition for thermal equilibrium to be reached early enough
for ¢ to be driven from ¢ = A to ¢p/A ~0). The cases that V(¢) has a hilltop or exponential form are similar, although there is less
analytic control for the dark matter assisted scenario with an exponential potential.

DM assisted DR assisted Q assisted
1/4
mv/“ HOSmV,S 15H0 mwiThSPdé my/SHO
m;“ m;“ 2 HO T\,,() > m;“ Z H() mf/ff 2 HO
. Mp M, 1/4 M
Mint Mine 2, TPIT}:I Ming 2 pdé My > l/Tl:lHO
2 /g2 2\\1/4 2 /002
A A< my//Mpl AZ (mim/(MPlfh)) / VRSS my//Mpl
Parametric resonance? Yes No No
Bubble nucleation? No Yes No
No fine-tuning from quartic coupling? Ayy < A, Mm% Apy < /,('lé“ Apy < A, MPI%

No fine-tuning from graviton exchange with other sectors? M < GeV M < (Mp/A)'/? GeV M < GeV
No fine-tuning from O(1) couplings to other sectors? Mofinia < Ho Motiniad < P(11£4 Mosnia << Ho
Sequestering of portal couplings, e.g. k¢pOgy k < 107°Mp) Kk < Mp! k < 107°Mp}
Other potential signals? w(z), Q, w(z), Negr w(z)

dS swampland constraint? Satisfied for ,[Z_z < :11—"" Satisfied Violated
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Ty Z my, it behaves as dark radiation. Outside of thermal
equilibrium, and with m,, > 15H,, parametric resonance
destabilizes the induced de Sitter minimum too early. As a
result, in the dark matter assisted scenario y behaves as an
extremely light component of dark matter; because m,, <
15H, such a theory is not too far from the two field
quintessence regime (but, given the de Sitter conjecture, the
difference could be crucial). In the dark radiation case, for
m,, > Ty, thermal effects are exponentially suppressed and
there is again no de Sitter minimum. In each scenario, we
need m;, to be sufficiently large for the background y to
generate a transient minimum for ¢, putting m;,, somewhat
above H( for dark matter and quintessence assisted cases

and somewhat above p}lé“ for the dark radiation assisted
case. Still, the quartic coupling can be sufficiently small
that radiative corrections do not drive the scalar masses too
high, especially in the dark matter and quintessence
assisted scenarios, which do not require the Lagrangian
parameters to be be fine-tuned.

The theories that we have considered lead to a wide
range of possible observational signals. These include
deviations from ACDM due to a dynamical dark energy,
coupled to another scalar field, at the edge of the allowed
parameter space. Constraints on the effective dark energy
equation of state parameter are an important target for
current and future large-scale-structure surveys, including
DESI (see e.g. [87]). The dark matter and quintessence
assisted scenarios may also lead to some spatial variation in
the effective w, due e.g. to adiabatic fluctuations in the
initial conditions for y from primordial inflation, which is
an interesting direction to explore in future work. The dark
radiation case predicts deviations from the Standard Model
value for N.y; the next-generation LSS and CMB obser-
vations, such as CMB-S4 (see e.g. [88]) could constrain
ANy < 0.06 [89], corresponding to &, < 0.35 in our
minimal model with g, = 2, covering part of the parameter
space in Fig. 4. Meanwhile, the dark matter assisted case
predicts a potentially observable energy density in
extremely light dark matter, which will be further con-
strained by future CMB observations and the Square
Kilometre Array intensity mapping [57].

Additionally, both the light scalar fields y and ¢ would
mediate fifth forces, which could be observed in future
experiments. In fact, current fifth forces constraints impose
strong upper bounds on possible portal couplings to the
visible sector. For example, for interactions of the form
k¢pOsym, Where « is a coupling constant and Ogy is a
dimension four singlet under the Standard Model gauge
group, scalars with masses < 107'® eV already require
k < 107°Mp! [90-92]. When y behaves as dark matter or
quintessence, with a mass around H, a large suppression of
portal couplings is therefore necessary to avoid unobserved
fifth forces (comparable to that needed for standard quintes-
sence [93]). This problem is greatly ameliorated in dark
radiation assisted scenarios, for which the masses of ¢ and y

are typically much larger than H,, although x < M5 is still
needed [94]. On the other hand, in the dark radiation
scenario, any portal couplings must still be tiny if fine-tuning
is to be avoided because visible sector loops can generate a
large ¢ tadpole and mass term (see [64] for further dis-
cussion). A sizeable suppression of portal couplings could be
achieved within string constructions if visible and dark
sectors are geometrically separated in the extra dimensions
[93,95-100]. In our current work we have focused only on a
simple toy model for clarity, and in the future it will be
important to understand if more complete models can be
constructed. From a purely field theory perspective, in the
dark radiation case more complex (e.g. gauged) hidden
sectors might naturally lead to the required super-cooling
without small Lagrangian parameters. Meanwhile, in the
dark matter case there could be theories in which the required
dynamics are driven by the dominant dark matter component
rather than the extremely light component that we have had to
rely on. From a top-down perspective, the critical issue is
whether viable models can be constructed from string
compactifications. None of the essential features seem
especially implausible; all that is needed are two interacting
scalar fields, one with a mass term and another with a more
complicated potential energy functional that increases as ¢
approaches 0 from the right.'' Itis also interesting to note that
if either or both of our coupled dark sectors are pseudoscalar
axions rather than scalars, then constraints from fifth forces
are relaxed and apparent fine-tunings could be explained via
the associated pseudo-Nambu-Goldstone shift symmetries.
Given that the stabilization mechanisms work even when ¢ is
otherwise a runaway modulus, it would also be interesting to
explore whether a coupling to a dark matter or dark radiation
sector could provide a dynamical mechanism to address the
moduli stabilization problem in addition to accounting for
dark energy. In this context, we highlight related previous
analysis of the effects of thermal effects on the evolution of
string moduli in the early Universe (which can sometimes
lead to destabilization rather than stabilization) [101-109].

Given the richness of string theory hidden sectors, it is
plausible that the dynamics we have described might be
relevant not only in the present-day era, but could also have
occurred in the cosmological past. For instance, the theories
we have considered could provide models for a subdomi-
nant early dark energy [110], which has been proposed to
resolve the growing tension between late-time direct
measurements of H, and the value inferred from the
CMB assuming ACDM. Potential signatures, in particular
from the exit from past transient dark energy phases, could
provide a target for future observations, e.g. bubble
collisions at the end of a dark radiation assisted early dark
energy might potentially produce detectable gravitational

"For the induced transient dS minimum to be at small ¢/A,
the ¢y interaction must be small or vanishing, which could be
explained e.g. with a discrete symmetry under which ¢ — —¢.
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wave signatures. As mentioned, there could also be
interesting late-time observational signals from the evolu-
tion of initially small perturbations in the fields ¢ and y,
and it would be interesting to extend our initial inves-
tigation in Appendix D in future work.

Last but of course not least, it should be stressed that we
have assumed some as yet unknown solution to the
cosmological constant problem that precisely cancels all
other contributions to the vacuum energy, leaving at most a
small negative contribution.
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APPENDIX A: MORE DETAILS OF THE DARK
MATTER ASSISTED SCENARIO

1. Analysis of the parametric resonance

Here we consider the effects of parametric resonance on
the dark matter assisted scenario, discussed in Sec. II A 2,
in more detail. We first note that for » > 1 and g > b?, the
value of s averaged over an O(1) range of ¢ can be fitted
numerically to

5~b/(4\/q) +0.11. (A1)
For the theories of interest, we do indeed have that b, given in
Eq. (14), isroughly 1 because A < Mp;. As mentioned in the
main text, this means that the resonance condition on m,
becomes stronger as time progresses and g decreases.
However, b/\/q ~ (H3M))/ (m,, Amiyp), so once b/ /q =
1 the era of dark energy is automatically at an end anyway by
Eq. (10b) (up to a numerical factor inside the logarithm).
Therefore, it is sufficient to impose the constraint, valid at
gz b* of m,/Hy <35 <15.

As well as the zero momentum mode, ¢ also has small
but nonzero initial occupation number in higher momentum
modes (e.g. as a result of quantum fluctuations or due to an
earlier era of primordial inflation). If such modes were
resonantly amplified more strongly than the zero mode, this
could lead to additional constraints despite their amplitude
initially being suppressed. Actually ¢ modes with nonzero
momentum grow at most as fast as the zero mode.

In particular, a mode of comoving momentum k follows
Eq. (12) except with the replacement [41]

2
b— b(k)=b- k—2 e~ 2Hot/my (A2)
My

(where we set a; = 1 for convenience). For b(k)/,/q small
and negative, we again obtain § ~ (.11 and 5 is smaller for
b(k)/\/q < —1. Therefore, in the parameter space where
the zero mode is not exponentially growing higher momen-
tum modes are not amplified either.

2. Driving ¢ to the origin

In this appendix we provide more details on the
dynamics that can lead ¢ to be driven to the origin in
both the dark matter and quintessence assisted scenarios, in
full cosmologies including the Standard Model and an
additional dominant component of dark matter (both of
which we assume are totally decoupled from ¢ and y). In
the early Universe, ¢ will be frozen by Hubble friction until
3H ~ m;,yw;/A. This may happen in the cosmological era
of radiation domination or later during matter domination.
Using the appropriate regime of the Friedmann equation,
H?/H} ~Q.a™* or H*/H} ~ Qa3 with Q,, and Q, the
matter and radiation density parameters, one can identify
the scale factor when ¢ starts oscillating as

HiA \2/3
Agroll = (9Qm)1/3 <L> or (A3a)
Mindi
H.A\1/2
Agprol = (9Qr)1/4 (m) ) (A3b)

if ¢ starts to oscillate during matter domination or radiation
domination respectively. We note that even for the largest
m;y, and smallest A in our parameter space of interest, ¢
starts oscillating long after the temperature of the Universe
is ~MeV, i.e. after big bang nucleosynthesis (see Fig. 2).
Observations constrain the reheating temperature of the
Universe after primordial inflation to be above these
temperatures so there is no additional constraint on the
reheating temperature for ¢ to be driven to the origin.

The energy density in the ¢ oscillations redshifts as
matter, with ¢ = ¢;(a,on/a)*?. Once ¢ is driven close to
the top of its potential, ¢’s energy density behaves as a
component of dark energy owing to the potential energy
being roughly constant throughout each oscillation
[V(0) = pg.]- These dynamics continue until not long
before dark energy domination when 3H ~m, and y
unfreezes. At this time y starts to oscillate around its
minimum, which happens at scale factor

ay/roll = (9Qm)1/3 (HO/my/)Z/B' (A4)
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At this time the energy density in y starts redshifting as
matter, with y = w;(a, on/a)*?. Meanwhile, the ampli-
tude of ¢’s oscillations stops decreasing o a~>/2, but ¢ is
locked as a consequence of the coupled dynamics. We can
estimate the value at which ¢ is locked as

3. Further analysis of the parameter space

In this appendix we provide further results from numeri-
cal solutions of the equations of motion of theories in the
dark matter assisted scenario, supporting the analysis
presented in Sec. II.

In Fig. 5 (left panel), we plot the evolution of the various

my, A energy densities with the scale factor for the same theory as

Pyron = i Min Wi or (ASa) in Fig. 1 in the main text (we include the energy density
from the ¢ —y quartic interactions in p,). Prior to

(9Q,)3/8 [ HoA \¥/* (m, a/ay~0.7, the total energy density of the Universe is

Dyronl = P 90,72 ity H_o ) (A5D) dominated by (first) the energy density in the Standard

Model radiation bath and (subsequently) the additional
dark matter component that we include. At sufficiently
early times, the energy density in the ¢ —y system is
mainly in the interaction term. The energy density in ¢
initially increases as it is driven away from ¢ = A towards
¢ = 0 (in the process decreasing the energy density in the
¢ —w interaction). Following this, part of ¢’s energy

@«1 or (A6a) density, corresponding to its oscillations around ¢ =0,
Vi redshifts away o @~ with the component corresponding to

potential energy remaining. At a/ay~ 0.7 this potential

Qf/ 8 M \* ¢ ! energy comes to dominate the energy density of the
QTm/z <?0> m <L Universe, acting as dark energy (meanwhile the energy
! density in y redshifts as matter). Once ¢ is unlocked at

a/ay ~ 5 the total energy density of the Universe decreases
fast. In the right panel, we plot the evolution of the equation
of state parameter of the Universe w in the same theory.

if ¢ starts to oscillate during matter or radiation domination,
respectively. Thus, ¢/A is small enough that y’s evolution
is dominated by its bare mass m,, rather than m;,¢/ A at the
time y starts rolling (so its equation of motion is linear) if

(A6b)

again if ¢ becomes unfrozen during matter or radiation
domination, respectively. These are the conditions given in
Eq. (25) in the main text.

106 L pL///f)C i
E 4 2 /3 L 4
104 L 4
Pm/ﬂc i
p 102t 1
- v 4 w
Pe PACDM/Pc |
F Prot/Pe g
10721 1
1074 I Amre 1 I a./\mcl I | S 1l Amre L, I | AAme | _‘_V_/\C_T_)}/l
10 1073 1072 107! 1 10 1074 1073 1072 107! 1 10
alag ajay
FIG. 5. Left: the energy densities in ¢ (p,), y (p,,) and in total, including the Standard Model and the additional dominant dark matter

component, (p,) in the dark matter assisted theory plotted in Fig. 1 normalized to the present-day critical energy density of the Universe
pc (we choose to put the energy density from the ¢ — y interaction in p,,). For comparison, we also plot the total energy density in a
ACDM theory (pocpm)- At a/ay < 1073, the energy density of the ¢ —w system is dominantly in the interaction term
P mizmzl)izl//iz /A?. This energy density is transferred to ¢ while a/ay < 1073 as ¢ is driven towards ¢/ A = 0 (with y frozen). Most
of ¢’s energy density at these times is in the form of kinetic energy, which redshifts « a~0. Starting from a/a, ~ 107!, ¢’s energy
density is mostly potential energy, which comes to dominate the evolution of the Universe sourcing an era of dark energy domination (at
these times y’s energy density decreases as matter o a~>). After ¢ is unlocked at a/a, = 5, its energy density decreases approximately
like matter as it oscillates around the minimum of its potential. Right: the equation of state parameter w,,, = p/p, where p is pressure
and p is the energy density of the Universe for the theory plotted in the left panel and in Fig. 1. Ata/a, < 5 this agrees with the ACDM
prediction (Wxcpm) to % level accuracy. Once ¢ is unfrozen and dark energy domination ends, w;,, deviates from w,cpy; the theory is in
a complex nonlinear regime at these times, but it will eventually settle down to w,, ~ 0 corresponding to matter domination as ¢ and y
oscillate around the minimum of their potential.
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FIG. 6. Left: the evolution of ¢ and y in a theory of dark matter assisted dark energy in which ¢ has the exponential runaway potential
of Eq. (3). The Lagrangian parameters are m,, = 12H, mj, = 10°H,, A = Mp /2 and 1 = 0 and initial field values ¢; = 107'A,
Wi = Mp;/5. The dynamics are similar to the case that ¢ has a hilltop potential, described in Fig. 1, except that the era of ¢ being locked
is less stable because the system is driven to a nonlinear regime [see Eq. (33)] soon after ¢ becomes unlocked. Nevertheless, ¢» remains
close enough to the origin to source an era of dark energy domination that is consistent with current observations. Right: the equation of
state parameter of the theory plotted in the left panel w,,, compared to the ACDM prediction, w,cpy - Prior to ¢p becoming unlocked at
a/ay ~ 2, the theory matches the ACDM result to better than % level precision. Subsequently w,, has a complex time dependence
because the system is highly nonlinear, but it will eventually approach the tracker solution for an exponential potential discussed in the
main text.

Hilltop: ¢;/ Mp = 0.2, mjn,/ Ho = 10* Exponential: y;/ Mp; =0.2, min/ Hy = 10°

1 T T T T T T T T T T 1.0 T T T T T L7
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= Nge= _—
0.100r g . 06k E i
A g parametric A I E parametric
A [ £ i A < g
Mp, 0.050 [ & - 1.5 mmmmmmmmmmmmmmm e resonance Mp, 2 \ ¢ resonance
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FIG. 7. Left: a slice of the parameter space for dark matter assisted dark energy in which ¢ has a hilltop potential, analogous to Fig. 2
(left panel), but varying A and m,,. The constraints come from parametric resonance causing ¢ to be unlocked if m,, is too large
(“parametric resonance”); y evolving nonlinearly if A is too large (“y nonlinear”) cf. Eq. (33); and not enough e-folds of dark energy
(“too few e-folds of dark energy”) from Eq. (11). Additionally if m,, < 3H, the theory is in the quintessence assisted rather than dark
matter assisted regime, i.e. it is a two field quintessence theory (“quintessence limit”). The theory plotted in Fig. 1 is again shown with a
red dot and we denote the predicted number of e-folds of dark energy domination with Ny.. Right: the analogous parameter space for
when ¢ has an exponential potential. In this case y is nonlinear throughout the parameter space (so we cannot reliably predict N4.), but
we still expect that m,, 2 15H leads to dangerous parametric resonance similarly to the case of a hilltop potential. Additionally, if ¢’s
oscillations in the locked regime are too large, cf. Eq. (32), there is no era of dark energy domination (“¢ oscillations too large”). For
¢; = A/10 (as in the case of our example theory), y initially evolves linearly over all the slice plotted (for larger ¢; requiring this leads to
a significant constraint). The red dot indicates the example theory plotted in Fig. 6; this leads to ~0.5 e-folds of dark energy domination
consistent with observational data.
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For a/ay <1 this agrees with ACDM to a precision of
better than %, comfortably within observational con-
straints. The ACDM prediction is followed until a/ag ~
5 when ¢ is unlocked. The subsequent dynamics of the
system are initially nonlinear and complicated, but accel-
erated expansion ends soon after this time. Eventually w =
0 will be reached once both ¢ and yw have only small
oscillations around the minima of their potentials.

In Fig. 6 (left panel), we show the evolution of ¢ and y in
the theory in which ¢ has an exponential runaway potential
corresponding to the red dot in Fig. 2 (right panel) in the
main text. As mentioned in the main text, we pick
¢; = A/10, which leads to a slightly longer era of dark
energy domination than if ¢; = A. The dynamics are
similar to the case of ¢ having a hilltop potential, except
that the era of ¢ being trapped is less stable with the
amplitude of ¢’s oscillations gradually increasing [between
a/ay~0.3 and 2 in the Fig. 6 (left)]. At a/ag~2, ¢ is
unlocked and subsequently rolls to large field values. In
Fig. 6 (right panel), we show the evolution of w in the same
theory as in the left panel. As in the case of the hilltop
potential theory in Fig. 5, w matches the ACDM prediction
accurately until ¢ is unlocked and accelerated expan-
sion ends.

Finally, in Fig. 7 we plot slices of the allowed dark matter
assisted dark energy parameter space, similarly to Fig. 2 but
varying A and m,, with y; and m, fixed. For both the cases
of a hilltop potential and an exponential runaway, if m,, 2
15H parametric resonance prevents ¢ remaining trapped
at¢p/A < 1, while if m,, < 3H, ¢ remains frozen up to the
present day and the theory is in the quintessence limit
considered in Sec. IV. In the case of a hilltop potential, if A
is too small there are not enough e-folds of dark energy to
match observations, whereas if A is too large then y
evolves nonlinearly and we cannot predict the number of
e-folds of dark energy domination. Meanwhile, in the case
of an exponential potential, y inevitably evolves non-
linearly so we cannot predict the number of e-folds of
dark energy domination, although viable theories can be
found numerically. Moreover, for an exponential potential,
if A is too small then the expected amplitude of ¢’s
oscillations, given in Eq. (32), is larger than A and an
extended era of dark energy domination is unlikely.

APPENDIX B: MORE DETAILS ON THE DARK
RADIATION ASSISTED SCENARIO

1. Automatic initial conditions

In this appendix we provide more details about how ¢
can be driven from an initial condition ¢; ~ A to close to
¢/A ~0 in the dark radiation assisted scenario in a full
cosmological theory. For this to occur, the hidden sector
must be in thermal equilibrium and v itself must be present
in the thermal bath such that the high-temperature limit,
Ty max > My, for ¢ = A, applies (otherwise y decouples

from the thermal bath with only a freeze-out abundance
remaining). Provided these conditions are satisfied, the
scalar potential for ¢ receives an effective mass contribu-
tion with (m§")? ~ Tpmg, /A>. However, ¢ is also subject
to Hubble friction with H? ~T¢/M3 during radiation
domination (where 7, is the temperature of the visible
sector), which, assuming a sufficiently large reheating
temperature, will initially dominate and freeze the field.
As the temperatures of the hidden and visible sectors fall, a
critical temperature is reached, T}, ynfreezes When the poten-
tial gradient can beat the Hubble friction and succeed in
pushing ¢ towards its effective minimum at ¢p/ A < 1; this
occurs when mf/,ff = H, that is

Mp
Th unfreeze = T mintf}zp (B 1)
where &, is the ratio between hidden and visible sector
temperatures, & = T},/T, (note that T} ypfeesre 1S indeed
before matter-radiation equality, as assumed).
We therefore require that there exists some hidden sector
temperature
Throll < Thunfreezea (B2)
such that with ¢ = A: (i) w is in thermal equilibrium,
I} > H. Assuming I'; ~ A*T}, as is the case for our minimal
model of Eq. (2) (with a more complicated hidden sector
there could be additional interactions such that thermal-
ization need not be via A and could involve different powers
of different coupling constants), this leads to

T
hroll i (B3)

which becomes easier to satisfy at late times; (ii) the high-
temperature approximation for y’s contribution to ¢’s
potential is valid

Thron > Mg, (B4)
which, of course, is harder to satisfy at late times.

Equations (B2)—(B4) are simultaneously satisfied pro-
vided that first, from Egs. (B2) and (B4),

— < & (BS)

which can be a significant constraint in the parameter space
we are interested in because typically A is not much smaller
than Mp,. Second, from Egs. (B3) and (B4) we need

m.
nt <ﬂ4§ﬁ,

My, (B6)
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which in practice is easily satisfied provided 4 is not tiny.
This reproduces the conditions, Eq. (46), given in the
main text.

Finally, we require that the reheating temperature after
primordial inflation is sufficiently large that there is some
post-inflationary era when these dynamics can take place.
This is the case provided that the visible sector temperature
after inflation 7', gy > my, /&y so that Eq. (B4) is satisfied
and y is not decoupled from the thermal bath immediately
after inflation. For the parameter space of interest, see e.g.
Fig. 2, such a condition is easily satisfied for 7, gy 2 MeV
as is needed anyway to match the predictions of big bang
nucleosynthesis.

2. Tunneling

As discussed in Sec. IIT A, in the dark radiation assisted
scenario the de Sitter vacuum is unstable to tunneling by
quantum and thermal fluctuations [39,66,67,111,112]
through the finite temperature corrected potential barrier
to a region in field space where thermal effects are
exponentially suppressed. As a result, the exit from the
dark radiation assisted dark energy epoch might take place
via a first order phase transition, with nucleation of bubbles
containing energetically preferred values of ¢, which then
expand at close to the speed of light. If such tunneling
happens sufficiently early, it could lead to fewer e-folds of
dark energy domination than predicted by Eq. (43). In this
appendix, we analyze these processes focusing on the
scenario that ¢ has an exponential runaway potential, in
which case the full potential always has a global minimum
outat ¢p — oco. We will first compute the quantum tunneling
rate, 'y, and then the thermal decay rate, I'5. For the
radiatively generated minimum to source the current dark
energy epoch, we require that vacuum decay occurs at a
sufficiently slow rate compared to the lifetime of the
Universe

Iy <H} and T3 < H}. (B7)

The rate of quantum tunneling per unit volume V

depends on the Euclidean action, and is approximately

[113,114]
1—‘47 4 S4 2 —S,
v (27r> ¢

where v is the width of the barrier. This rate is dominated by
the classical O(4) bounce solution with associated action
S4 [115]. With ¢’s potential taking the exponential runaway
form, the global minimum is infinitely far away in field
space and the potential is such that the thin-wall approxi-
mation cannot be made. The tunneling will take ¢ not all
the way to the true vacuum but to some energetically
preferred value on the other side of the barrier, after which
it will roll. The bounce solution can be found numerically

(B8)

V(@)
PDE._ Vexy(d)

n? T4
PDE % h

0 I¢min I¢max
L L L L L A
0 0.5 1 o

FIG. 8. The finite temperature corrected potential of ¢, V1 (¢),
and the approximation we make to obtain a lower bound on the
tunneling rate, V,,,(¢). We also indicate the zero temperature
potential, Vexp(qb), and the metastable minimum ¢,;, and
maximum ¢,,., of ¢’s corrected potential. Note that the plot is
not to scale for a realistic theory that can lead to an era of dark
energy domination (for which ¢,/A, the height of the barrier
and Tﬁ /pge would all be much smaller).

by the undershoot/overshoot method; however, we will
make instead an analytical estimate. To do so, we approxi-
mate the potential as the no-barrier potential [116] shown in
Fig. 8

Vx Vapp(¢) - _k(|¢| - |¢max|)6<|¢| - |¢max|)

2
#min s

Fpue T

(B9)

where we choose the point where the plateau ends as ¢,
(the value of ¢ at the maximum of the full potential), and
the slope to the right of the plateau to be given by
k= V(Puin: Tn)/ (A = ). Given that for ¢ > Pinens
0%/0¢*V (¢, T) > 0 we have that V,,,(¢) < V(¢,T) for
all ¢ > ¢in- Further, we can estimate the value of ¢, by
noting that the barrier in the full potential will occur around
where the high-temperature approximation breaks down

¢max/A ~ Th/minv (B]O)
(i.e. mgt ~ Ty, but still P < A).
Quantum tunneling in the no-barrier potential

equation (B9) has been analyzed in [116]. The bounce
solution to the Euclidean equations of motion,

3 ov
= =—, BI11
VY =5 (B11)
that satisfies the boundary conditions ¢'(0) =0 and
im0 (5) = Prmin ~ 12Apae/ (M Th) % 0, and continu-
ity across Spy.x, where ¢ = ¢.x, 1s found to be
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2
Do (2 - 2—) for s < $yp
max

P(s) = (B12)

2
Sz
¢max TZ“ for s > Smax>

with S = /8®max/ k- The Euclidean action evaluated on
this O(4) bounce gives

32 2 43
S, = T’”’ﬁ% (B13)
leading to a quantum tunneling rate
22 A4 73
Ly o Th AY -5 ”Ady (B14)

6 2
v Mine Pde

The runaway part of ¢’s finite temperature-corrected
potential can also be reached via thermal fluctuations that
roll ¢ up and over its barrier, with an associated decay rate
per unit volume V given approximately by [113,114]

E — T4 S3 3/26_S3/Th.
V h 27TTh

This process is dominated by the O(3) bounce solution
with an associated action S3. The corresponding Euclidean
equation of motion is

(B15)

2 ov
noyZagr 20
with boundary conditions ¢'(0) =0 and lim,_¢(r) =
¢min = 0, and ¢ continuous across r,,,,. The solution in this
case is

(B16)

1 r
§¢max (3 - ﬁ) for r < Yiax

P(r) = (B17)

Tma
max for r > rpa,

where 7.0 = v/3¢Pmax/ k. The Euclidean action evaluated
on the O(3) bounce is

8v/37 312
Sy = 5 krln/d;, (B18)
thus giving a thermal decay rate
3/2
25/4 _sn/AA2 T A
L NPT S (B19)

~N——— €
15/4 3/4
4 Mg de

Note that the action obtained from the full potential must
be greater than the action obtained from the approximate
no-barrier potential and, therefore, the actual decay rates
will be slower than the estimates provided here. This can be

seen by noting that the full Euclidean action evaluated on
its full bounce solution must be greater than the approxi-
mate no-barrier Euclidean action evaluated on the full
bounce solution (since the full potential is always greater
than or equal to the approximate no-barrier potential).
Moreover, the approximate no-barrier Euclidean action
evaluated on the full bounce solution must be greater than
the approximate no-barrier Euclidean action evaluated on
the no-barrier bounce solution because the no-barrier
bounce solution minimizes the no-barrier Euclidean action.
Therefore, the conditions in Eq. (B7), using the approx-
imations equations (B14) and (B19), guarantee that the
actual models are viable. The limits quoted in the main text,
Egs. (44a) and (44b), are obtained simply by insisting that
I'; and I'; are strongly exponentially suppressed, which is
sufficient precision for our purposes.

APPENDIX C: MORE DETAILS ON THE
QUINTESSENCE ASSISTED SCENARIO

In Fig. 9 (left panel), we show the evolution of the fields
¢ and y in a theory of quintessence assisted dark energy in
which ¢ has a potential with an exponential runaway. The
dynamics of the theory are similar to the early stages of a
dark matter assisted dark energy theory, e.g. as plotted in
Fig. 6, except that ¢ sources dark energy while y is still
frozen by Hubble friction. Once y is unfrozen, at around
a/ay ~ 10, ¢ is no longer trapped at ¢p/ A ~ 0 by the ¢ —
interaction term and rolls down its runaway potential (for
the parameters of the theory shown, there is no era in which
¢ is trapped while y behaves as matter). In the right panel
we plot the equation of state parameter of the same theory.
Prior to a/ay~ 10 this matches the ACMD prediction
closely. Soon after ¢ is released from ¢/ A ~ 0 the theory is
nonlinear and w evolves in a complicated way. However,
eventually the system will approach the standard tracker
solution for an exponential potential [59], which, for the
value of A/Mp, used, leads to nonaccelerating expansion.

APPENDIX D: PRELIMINARY ANALYSIS OF
COSMOLOGICAL PERTURBATIONS

The theories that we consider allow for additional
cosmological perturbations compared to ACDM. Indeed,
during primordial inflation both y and ¢ inevitably get a
(approximately) flat spectrum of isocurvature perturbations
of magnitude roughly H;/(2x), where H; is the Hubble
scale during inflation (in addition to the usual adiabatic
perturbations). Depending on their size at different times
during the cosmological history, such perturbations could
lead to either constraints or new observational signals. For
instance, these could arise from their impact on the cosmic
microwave background [1], structure formation either at
early times (as probed by e.g. Lyman-a observations [117])
or late-time observations at redshift z < few.
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FIG. 9. Left: the evolution of ¢ and y in a theory of quintessence assisted dark energy, i.e. two field quintessence, in which ¢ has the
exponential runaway potential of Eq. (3). The Lagrangian parameters are m,, = Hy/5, mi,, = 40H,, A = Mp;/10 and A = 0 and initial
field values ¢p; = A, y; = 2Mp; /5. The dynamics are similar to the dark matter assisted scenario shown in Fig. 6, except that because of
its small mass y does not roll down its potential until after the present day. While y is frozen, it first drives and then traps ¢ at a field
value <« A where it sources dark energy. Once y rolls to sufficiently small values, ¢ rolls down its runaway potential to large field values
(for the particular parameters chosen, there is not an era of dark matter assisted dark energy after y starts oscillating). Eventually the
system will reach the standard tracker solution discussed in the main text. Right: the equation of state parameter of the theory plotted in
the left panel w,, compared to the ACDM prediction, wycpm. Until a/aq =~ 10, the theory matches the ACDM result, and subsequently

the era of accelerated expansion ends.

In this appendix, we carry out a preliminary analysis of
the evolution of cosmological perturbations in our theories.
We argue that if, as imposed in the main text, the initial
perturbations in ¢ and y at the end of inflation are small
then they do not grow exponentially and can therefore be
safe from observational constraints.'” In particular, we
focus on the evolution of density perturbations during
those eras that are potentially the most dangerous for the
growth of beyond-ACDM perturbations. We leave the
important work of a full analysis and comparison to
observational data to future work.

We begin by considering the dark matter and quintes-
sence assisted scenarios. We consider only times before
when  starts oscillating in the dark matter assisted
scenario (such analysis might miss interesting late-time
observational signals; we will return to this in future work).
In this regime, the evolution of initially small cosmological
perturbations can be analyzed by considering the relativ-
istic linear perturbation equations for the two coupled
scalar fields ¢ and y and a perfect fluid, which represents
either the dominant dark matter component or the SM
radiation bath (which we assume to be only coupled to ¢
and y gravitationally). To do so, we follow Ref. [118]
closely (see also [119] and e.g. [18,120,121]).

"Note that even if they do not grow, there can still be strong
observational constraints that require the initial size of e.g. any
isocurvature perturbations in even a subcomponent of dark matter
(as y is in the matter dominated regime) to be a few orders of
magnitude smaller than the adiabatic perturbations. This typically
translates to an upper bound on H,.

As wusual in linear perturbation theory we split all
quantities into a spatially homogeneous background
(denoted with a subscript 0) and spacetime-dependent
small perturbations. The perturbations consist of a pertur-
bation for each scalar field (¢, and ) and the energy

density perturbation (pgf)) and velocity perturbation (v()) in
the perfect fluid (there is no anisotropic stress for perfect
fluids or scalar fields [118,119]). In addition these pertur-
bations couple to the gravity perturbations. The perturbed
Friedmann-Lemaitre-Robertson-Walker metric has the
form [118]:

ds* = —(1 + 2a)df* — 2a0;pdx'dt

+ a*[(1 +2¢)5;; +20;0;7]dx'dx/,  (D1)
where a, f3, v, and ¢ are the spacetime-dependent first order
scalar-type metric perturbations, and a is the scale factor.

In momentum space, the equations of motion of the
metric perturbations can be written as [118]

k2
—;¢+HK:—72M%1;01, (D2a)

K 3 a

L, -2 = , D2b
K=" 2M12)lk(po+po)v (D2b)
y+Hy—a—¢p=0, (D2c)
¢ +2Hk + | 3H K ! (p1+3p1) (D24)
K K ——la=—— ,

a2 ZM%,I P1 P1
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where k = 3(—¢ + Ha) + z—z ¥, x =a(f+ ay), and k is the comoving wave number. Here p and p denote the total energy
density and pressure respectively, which include contributions from the background fluid, ¢ and y; v denotes the total
velocity perturbation. Meanwhile, the perfect fluid perturbations satisfy [118]

: k
A”+3HAW1+w®)=p90+ﬂu%<——wﬂ+x—3H{) (D3a)
a
k (f) (f)
o® 4 HpO(1 = 3wy =5 (g A1) (D3b)
a (1 —+ W(f>)p(()f)

where for a noninteracting perfect fluid both background and perturbations satisfy p*) = wf)p(!) which defines w/), since
its nonadiabatic pressure vanished [119]. The equations of motion for the scalar field perturbations are given by [119]

i} k2 o . .
¢y +3Ho, + ;?”1 + 0oy Vow1 + aéOVocbl = ¢o(a +K) + a(2¢, + 3Hdey), (D4a)

N . . N .
W+ 3Hy + 2" + 0o Vot + 05, Vo = vro(a + k) + a(2470 + 3Hyjry), (D4b)

where ¢ and y, represent the background scalar fields and V|, is their potential.
Finally one needs to relate the metric perturbations with the matter content. The energy-momentum perturbations have
contributions from the perfect fluid and from the two field system

f by
pr=py +p". (D5a)
f
pi=p\" +pi™, (D5b)
v = v L pléw) (D5c¢)

The perturbation of the scalars can be written in terms of field perturbations as [118,119]

PEW) = oy + oy — (g +rg) + 9y, Vb + 0, Vowr, (D6a)
P = oy +iins = aldh + ) = 0y, Vobr = 9y, Vour. (D6b)
k. .
(PE)W) + PBW))U(W) “ (Pod1 + vroyr1)- (Déc)

We now have a complete set of equation for the 2
perturbations in a “gauge-ready” form. In a full analysis, Wy + 3Hy 4+ =y + 0y, Vod + aio VoW, = rok,
it would be convenient to translate these in terms of gauge a
invariant quantities as in [119], which would allow the (D7b)
evolution of adiabatic and entropic perturbations to be
consistently isolated. Instead, for our purposes of seeing
that the perturbations do not grow, it is sufficient to
consider the synchronous gauge by setting o = =0
[122]. This choice reduces the number of independent

k
A+ 3H (1) = o (1 4 wiD) <—5v(f> +K>’

perturbations to (D7c)
" . k2 5 .
$1+3HP +—5 Py + 9y, Voy1 + 05 Vodi = ok, (f) ()
a’ i o W 4 Hp (1= w0y =KW P (D7d)
(D7a) a(l+ W(f))p(()f)
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1 . o
sz P (U 300) 4 dghogby + oy
Pl

=20y, Vo1 — 20, Voy1).

k + 2HKk =
K+ K >
(D7e)

In both the dark matter and quintessence assisted
scenarios, at early times, when H > m;, /A, both ¢,
and y are frozen. At such times, the perturbations ¢, and
y are also frozen, and (given that ¢» and y contribute only
a tiny contribution to the overall energy density of the
Universe) no significant metric perturbations are induced.
In typical theories allowed by existing constraints, this era
continues until around the time of matter-radiation equality
or later (cf. Figs. 1 and 9).

The subsequent evolution of perturbations during the era
while ¢ is being driven to the origin due to its interaction
with y (which remains frozen) is potentially more interest-
ing. For simplicity, we will assume that this occurs during
matter domination, as is the case of over the majority of the
interesting parameter space. Consequently, the dominant
background fluid has w(f) = 0. Denoting quantities at the
time when ¢ first starts being driven towards the origin by the
subscript osc, we can write the scale factor and background
energy density during this era as a = (/1) and
P0(1) = pose(tose/1)?, and we note that f.. is set by
3H . = miy;/A. The background fields satisfy

¢0(t) = ¢osctoﬁcos(mintl//i<t - tosc)/A)’

. (D8a)

Yo (t) = Yosc- (ng)

It is then straightforward to solve the system of

equations (D7) numerically, both for super- and subhorizon
modes. As an example, in Fig. 10 we plot the evolution of
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superhorizon perturbations (k < aH), starting from initial
conditions with ¢ = A and w, = Mp;/5 as in Fig. 1 and
small initial perturbations ¢; = 107°A < ¢y and y, =
1073 Mp <y, (and with initial x; = v; = p; = 0). We
have checked that these results are independent of whether
¢ has a potential with a hilltop or an exponential form, as
expected given that ¢’s potential is subdominant at these
times. Results are shown until a/a,, ~ 300, at which point
Y starts oscillating for the parameters used. Note that for a
matter dominated universe v is not sourced (and any initial
value would decay as v  t~2). The perturbation in ¢ grows
by a factor of 10, but does not increase any further (and
decreases towards the final times) and also has average value
0. Meanwhile y, is basically frozen. The induced perturba-
tions in p and « are tiny, which is consistent with the energy
densities in ¢ and y being subdominant during this time [in
particular, from Eq. (D7) the natural normalization for the
induced k is H o, and k is suppressed relative to this by p,, / pg
with p,, the energy density in y’s potential]. We checked
numerically that the behavior in Fig. 10 is representative of
superhorizon perturbations also for parameters correspond-
ing to the quintessence assisted scenario. We have also
checked that subhorizon (k > aH) perturbations oscillate
with a decreasing amplitude. We therefore conclude that
provided they are initially small, cosmological perturbations
do not grow to magnitudes that are dangerously large for
observations during this era.

Subsequently, in the dark matter assisted scenario, y
starts oscillating and ¢ enters the locked regime. We have
argued that during this era, subhorizon ¢ modes (corre-
sponding to subhorizon perturbations) grow at most as fast
as the zero mode (cf. Appendix A 1), so these remain small
during dark energy domination assuming a homogeneous y
background. It would be very interesting to investigate the

6x1076
: K] /Hmc
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FIG. 10. The evolution of superhorizon perturbations (left) ¢»; and y; (right) p and « (in the synchronous gauge) in a theory of dark
matter assisted dark energy with ¢ having a hilltop potential. The theory is given by Egs. (1) and (2) with V(¢) = Vyi(¢h), with
parameter values m, = 10H,, mj, = 10°H,, A = Mp /50 and 4 =0 and initial field values ¢y = A, wy = Mp /5. The initial
conditions for the perturbations are ¢, = 1073A, y; = 10Myp, and p; = v = k = 0. The evolution of the perturbations is obtained by
numerically solving the equations of motion of the perturbations with a background with ¢ oscillating towards the origin and v frozen
by Hubble friction in a matter dominated universe (w = 0). The initial time is set by the time when ¢ starts being driven towards ¢ = 0,

which occurs when 3H ~ my,y;/A.
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evolution of metric perturbations and perturbations in y
during this era as well, and any possible observational
signatures, but we leave this for future work. Meanwhile, in
quintessence assisted scenario the subsequent dynamics,
during dark energy domination, consist of ¢ and y slow
rolling with only small field displacements. We leave the
interesting question of the determining the evolution of
perturbations during dark energy domination and possible
resulting late-time observational signals to future work (we
do not expect the dynamics during this era, long after CMB
formation, to lead to observational signals in the CMB).
Finally, we briefly comment on perturbations in the dark
radiation assisted scenario, in which there is a thermal bath
of y that acts as subdominant radiation component. In such
theories it is natural to suppose that the y thermal bath is
produced by the decay of the inflation, and as a result only
inherits the usual initially small adiabatic fluctuations. We
have check numerically that initially small perturbations in
¢ with a homogeneous y background also do not grow in
such theories (see also [120,121] for the related analysis of
perturbation for a perfect fluid and a scalar field system)

while ¢ is being driven towards the origin (as in the dark
matter and quintessence assisted scenarios, it might be
interesting to consider the evolution of perturbations during
dark energy domination). We have also checked that small
perturbations in y (which result in ¢ having a slightly
different thermal potential in different regions of space) do
not induce growing perturbations in ¢. Moreover, we
expect that, given that the y thermal bath is relativistic
today, it will free stream out of the gravitationally collapsed
halos that form from adiabatic perturbations during usual
structure formation, which means that large perturbations in
¢ would not be induced this way. From these results it is
plausible that such theories with only small perturbations in
¢ and adiabatic fluctuations in the y thermal bath do not
contradict observations. However, in the future it would be
very interesting to analyze the dynamics of ¢ perturbations
in the era of structure formation in detail, especially in the
case that ¢ has an exponential potential, such that the
minimum of its full thermally corrected potential varies
continuously with temperature rather than always being at
¢ = 0 while ¢ is trapped.
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