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ABSTRACT: In scalar-tensor theories it is the two-derivative sigma-model interactions that like
to compete at low energies with the two-derivative interactions of General Relativity (GR) —
at least once the dangerous zero-derivative terms of the scalar potential are suppressed (such
as by a shift symmetry). But nontrivial two-derivative interactions require at least two scalars
to exist and so never arise in the single-scalar models most commonly explored. Axio-dilaton
models provide a well-motivated minimal class of models for which these self-interactions
can be explored. We review this class of models and investigate whether these minimal two
fields can suffice to describe both Dark Matter and Dark Energy. We find that they can —
the axion is the Dark Matter and the dilaton is the Dark Energy — and that they robustly
predict several new phenomena for the CMB and structure formation that can be sought
in observations. These include specific types of Dark Energy evolution and small space-
and time-dependent changes to particle masses post-recombination that alter the Integrated
Sachs-Wolfe effect, cause small changes to structure growth and more.
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1 Introduction

Scalar-tensor models have been used for decades [1-4] as foils for Einstein’s General Relativity
(GR) when testing our understanding of gravity observationally. They provide plausible
modifications to GR whose predictions can differ in interesting ways and using observations
to constrain scalar-tensor couplings can quantify the accuracy with which we believe GR
to be true (for reviews see [5, 6]).

1.1 The case for axio-dilatons

The vast majority of these studies (at least for tests of gravity in the solar system and in
the late universe) quite sensibly take a minimalist approach and modify gravity by adding
only a single real scalar field (call it ¢), see e.g. [7-16] and see [17, 18] for a review and
further references. In this case the lagrangian can be cast as a derivative expansion for

which the most general local form is!

r— _\/?g[v(@ +iMZR+ L M20,00 0 + - } + L (Y, b, g ) 5 (1.1)

where L, contains all terms involving ordinary Standard Model fields — denoted collectively
here by ¢ — while V(¢) is the scalar potential, R the spacetime metric’s Ricci scalar and
the ellipses represent higher-derivative terms. Our conventions choose M, 2 = 871G where
G is Newton’s constant of universal gravitation.

Of these, it is known that the most important interactions at low energies come from V' (¢)
and these are so important that they are dangerous. They can easily mediate interactions

! Any function of ¢ appearing in front of the Ricci scalar can be removed by performing an appropriate
field redefinition of the metric and the scalar kinetic term is put into a standard form by redefining ¢.



much stronger than gravity and some sort of approximate symmetry is usually assumed
in order to suppress their otherwise too-large contributions. Naturalness issues associated
with explaining why the scalar can be light enough to play a role in tests of gravity are
a particular aspect of this story.

Such arguments can be systematized as power-counting estimates within effective field
theories (EFTs) and when applied to scalar-tensor theories [19, 20] these tell us several things.
First and foremost these arguments explain why the classical approximation often works so
well in gravity: the semiclassical approximation (loop expansion) in gravity is at heart a
low-energy derivative expansion. Organizing the lagrangian as in (1.1) is not only convenient;
it is often compulsory. When the derivative expansion for £ breaks down so do the classical
methods we use to extract its predictions (there can be exceptions — see for instance [21]).

For single-field models we learn from (1.1) that if the scalar potential is for some reason
not present (perhaps due to a symmetry under constant shifts of ¢) then the minimally
coupled gravitational interactions are the only ones possible that involve only ¢ and the metric
and only have two derivatives. All other scalar-metric interactions involve higher derivatives
and are therefore suppressed at the low energies where tests of gravity in practice take place.

This same argument is not true for multi-scalar scalar-tensor models because once more
than one field, ¢%, is present the most general derivative expansion for £ replaces (1.1) with

L=—y=g[V(9) + } MZR+ 3 M2 Gup() 00" 06" + - | + Lun(¥, 6, 9),  (1.2)

where the function Gu;(¢) introduces the possibility of nontrivial new two-derivative in-
teractions. These interactions are special because they are not suppressed relative to the
two-derivative interactions of GR even at low energies. This makes multi-scalar models
particularly interesting when interpreting low-energy tests of GR and two-scalar models are
perhaps of most interest as their simplest possible representatives.

Axio-dilaton models are a particularly well-motivated class of minimal two-scalar theories
for which the interactions mediated by Gu;(¢) are possible. For the present purposes these
can be defined as models involving two real scalars, y and a, for which the? ‘axion’ a is a
pseudo-Goldstone boson for an internal symmetry under which a shifts by a constant so
Gab(x) is a-independent. The most general possible two-derivative scalar self-interaction
consistent of this type has the form (1.2) with

Gab () 0,0" " ¢" = 9, x " x + W?(x) duadta. (1.3)

The ‘dilaton’ y is also a pseudo-Goldstone boson, but for an approximate spacetime scaling
symmetry. Under approximate scaling symmetries the classical lagrangian scales by a constant
factor when the metric is scaled by a factor and x is shifted by a constant amount (and a is
scaled appropriately). Although the action is not invariant under such a transformation, the
classical equations of motion typically are (and this is why such symmetries are ultimately
useful [25]).

?We break with the convention that reserves the word ‘axion’ specifically for the QCD axion [22, 23]
that arises within the context of the Strong-CP problem [24] and use it indiscriminately for any axion-like
particle (ALP).



These scaling conditions typically lead W(x) and any scalar potential V(x) to be
exponential in form,

W(x) =Woe X and Vgu(x) =Ue M, (1.4)

which is a choice we also make here (though we first develop our field equations in the general
case). It is always possible to shift x to ensure W, = 1 (and more about the prefactor U below).

In practice the scaling symmetry also usually means x couples to matter only through
a Jordan-frame metric

Lon(¥,X,0,9u) = Lyn(V,0x0,7,) where g = CQ(X) G » (1.5)

where C(x) = €8X is also exponential in y. Once combined with egs. (1.3) and (1.2) this
means that x couples to matter in the same way as does a Brans-Dicke scalar [2, 3|, with
Brans-Dicke parameter w related to g by 2g? = (3 4 2w)~ L.

This combination of scalar fields arises very commonly amongst the low-energy fields in
string vacua and this is true for robust symmetry reasons: the approximate symmetries for
which they are the low-energy pseudo-Goldstone bosons are generic in string compactifica-
tions [25]. In supersymmetric models axio-dilatons generically appear together within the
same supermultiplet (the simplest of which must have at least two scalars).

Supersymmetry can also predict relationships amongst the parameters g and ¢, and we
give examples of this in section 2.3 below. In particular for a broad class of well-motivated
models, scale invariance together with supersymmetry predict g = —%ac = —,/§ where «
is a real parameter. Yoga models [26] are a specific subset of this class that also predicts
A =4¢ and a = 1. In what follows we use the relation A = 4¢ and allow g and ¢ to be
independent phenomenological parameters.

One might ask how supersymmetry could possibly be relevant at the extremely low
energies relevant to cosmology given the absence of evidence for it at the much higher energies
pertinent to particle physics. This can easily arise within supersymmetric theories because
the splitting of masses between bosons and fermions within a supermultiplet takes the form

Am? ~ gF (1.6)

where F' is the supersymmetry-breaking expectation value and ¢ is the coupling strength
between F' and the multiplet whose splittings are being calculated. Since gravity is the
weakest interaction, gravitationally coupled supermultiplets often get split by much less than
the other, more strongly coupled, supermultiplets. It would not be at all unusual to have a
gravitationally coupled dark sector that is approximately supersymmetric at energies well
below particle physics scales (a possibility that is further explored in [27]).

1.2 The dark axio-dilaton

To this point we have argued that a minimum of two fields are required in order for scalar-
tensor models to have two-derivative interactions that can compete in an interesting way with
the two-derivative interactions of GR. Axio-dilatons are a well-motivated minimal example,
and so are particularly interesting as alternatives to gravity when testing GR at low energies.



In this paper we make the case that this minimal combination could also suffice to provide
a compelling minimal model for the entire observed Dark Sector.?

By and large GR emerges victorious whenever its predictions are tested, with the two
main exceptions being the suites of observations that point to the existence of Dark Matter
and Dark Energy. These not only show that there is something out there gravitating that
we do not understand; they show there are two types of unknown things doing so. Could
the two scalars needed to get interesting low-energy competition with gravity also be the
two mysterious gravitating quantities in cosmology? If so they would provide a compellingly
minimal modification to GR that might capture what we see around us.

Part of what makes this proposal attractive is the observation that the axion and dilaton
have separately already been suggested as a Dark Matter or Dark Energy candidate. On
one hand, axions have long been a leading candidate for Dark Matter [29-31] (for a review
see [32]) because coherent field oscillations have an energy that falls within an expanding
universe in the same way as does a nonrelativistic species of particle. The attractiveness
of axions as dark-matter candidates has only grown as the viability of WIMP Dark Matter
has decreased [33].

On the other hand a Brans-Dicke scalar like the dilaton of an axio-dilaton pair is a
favourite amongst quintessence models for Dark Energy (for a review see [34]) because
they tend to generate scalar potentials that are exponential in x and these can provide
good descriptions for Dark Energy if they are not too steep [35]. A common objection
to quintessence models is that they have naturalness problems (not least of which is the
cosmological constant problem). But dilatons also play a central role in models that use
scale invariance to try to address these issues, such as in Yoga models [26] that exploit the
nontrivial low-energy interplay between supersymmetry and scaling symmetries to try to
construct a natural relaxation mechanism.

The precise question we here ask is: can the axio-dilaton provide the one-stop shopping
cosmologists need to describe both Dark Matter and Dark Energy? More specifically, recent
studies show [36] that axio-dilaton models can produce acceptable cosmologies provided
that Dark Matter is already present as a separate ingredient. We here ask whether the
axion part of the axio-dilaton already used to describe Dark Energy can itself provide a
minimal and predictive description of Dark Matter. To answer this question we build on
the previous work in [36], where the axion in all cases but one was taken to be massless, by
giving the axion part an appropriate quadratic scalar potential, as known to be compatible
with scalar field dark matter models [32].

Our answer to this question is: ‘yes’, at least so far as cosmology is concerned. We argue
this by showing that the energy density of minimal axio-dilaton cosmologies can have the
properties needed to describe Dark Matter without losing the successful dilaton description
of Dark Energy. Moreover they can do so using parameters that are known to be consistent
with solar-system tests of GR [5, 6].

To this end section 2 specifies more precisely the properties of these models that we need.
This starts in section 2.1 which evaluates the evolution equations describing cosmological

3A similar motivation and idea has been discussed in [28].



evolution, for both backgrounds and the linearized fluctuations around them. This is done
using completely general choices for the scalar potential and the kinetic function W ().

The necessity of rapid axion oscillations is an important complication for numerical
evolution so we handle these using the standard Madelung framework [37] that treats the
rapid oscillations as a fluid in the presence of the averaged scalar. The application of this
formalism to axio-dilatons is spelled out in detail in section 2.2. Our choices for the dilaton
are then given in section 2.3, and those made for the axion potential and matter couplings
are given in section 2.4. The absence of direct axion-matter couplings makes the axion a
run-of-the mill ALP from the point of view of its couplings to gravity, whose energy density
in cosmology is dominated by its small oscillations about a local minimum of its potential
(for the distinction amongst, and constraints on, ALP models see [38]). As we shall see, the
two-derivative interactions generically cause the Dark Matter and Dark Energy to interact
at low energies even in the absence of a scalar potential.

Section 3 then verifies that there exist background solutions that provide broadly accept-
able cosmologies inasmuch as they properly capture the observed evolution of the known
cosmological fluids, with the axion energy density interpreted as Dark Matter and the dilaton
energy density as Dark Energy. The fluctuation equations are then implemented into a
modification of the Cosmic Linear Anisotropy Solving System code (CLASS) [39], which we
use to compute both the matter power spectrum and the CMB angular spectra.

Plots for cosmologies are provided in figures 1 and 3 for a variety of choices for the
axion-dilaton coupling ¢ assuming the dilaton-matter coupling is g = —1073 (and so is small
enough to satisfy solar system constraints on Brans Dicke couplings [5, 40]). The resulting
plots disagree with ACDM predictions for sufficiently large ¢ but can become acceptable
by eye once ( is as small as 0.01. We do not perform a fit of our predictions to CMB and
structure formation data, but this would be an interesting next step in this analysis.

Most interestingly, axiodilaton models provide several robust predictions that can be
sought to help determine if this is the way Nature really works. Because the dilaton behaves as
a quintessence field it generically implies a time-varying Dark Energy equation of state. The
two-derivative interactions provide a robust DM-DE interaction that scales at low energies
in the same was that GR does.

Another class of predictions follows from (1.5), which implies that all Standard Model
particles acquire y-dependent masses in Einstein frame, with m(y) = mge®X. We show
how the scale invariance of the setup implies that x likes to evolve in ‘tracker’ power-law
solutions [41], whose nature inevitably changes as the universe passes from radiation to
matter domination. When it does so x inevitably makes a transient excursion that is still
taking place at recombination.

This implies a generic prediction of small universal variations in particle masses (in Planck
units) between now and recombination whose size is controlled by g. For |g| = 1073 the
predicted mass change is slightly less than a part per mille in the CMB, with masses slightly
larger at recombination than they are now. Whether there is a similar effect at nucleosynthesis
depends somewhat on the form of the dilaton’s scalar potential. Because this excursion is not
completed before recombination it can produce observable effects like a modified ISW effect
that disfavours large values of (. We discuss in section 2.3 why position- and time-dependent
mass effects are predicted to be much smaller on Earth, escaping present-day constraints.



Section 3 closes with the calculation of potentially observable effects for the growth of
structure. Deviations from ACDM arise due to the existence of dilaton exchange providing
a new attractive channel and because axio-dilaton interactions cause the dilaton excursion
to feed back into the axion (i.e. Dark Matter) mass. We compute the implications for an
observable related to og and show that it can be larger than or smaller than the ACDM
prediction at present, but in a way that correlates with the changes in particle masses.

Our conclusions are summarized in section 4.

2 Axio-dilaton models

We start with a brief reminder of the field equations for two-scalar models whose cosmological
solutions are of interest (see [36] for more details). Consider first a general two-scalar
model for which we assume only that the target-space metric is independent of one of the
fields Gup(x,a) = Gup(x) (as can be enforced using a shift symmetry) and that ordinary
matter couples only to x only through a Jordan-frame metric, §,,, that is related to the
Einstein-frame metric g,, as in (1.5).

The action for such a model is
S = /d‘*x\ﬁ—g{%Mg [B+ 0, 0x + W2(x) 9ua0"a] + V(x,0)} + Sm(¥,5),  (2.1)

and so the Einstein Equations for such a system are given by

1
G;u/ - <8}LX Oux — 59;11/ 97x aaX)

1 1
—w? (3ua81,a — 9w a&,a) + W(ng, ~Tw) =0,  (22)

where G, is the metric’s Einstein tensor, T" = 2(—g)~"/2(§S,,/3g,,,) denotes the matter
sector’s Einstein-frame stress-energy tensor and T' = g, T#" is its trace. The field equations
for the dilaton and axion fields similarly are

Vix gl

DX—WVV,X 8,&8”0— Mg = —ﬁg, (23)
and oW v
Da + V’X aMX 8“0 — WQ’]TZZ% =0. (24)

Subscripts x and a respectively denote differentiation with respect to the corresponding fields.

The model is fixed by specifying the functions W (x), V(x, a) and the size of the dilaton-
matter coupling g. For cosmological applications the stress energy can be chosen to be the
sum of contributions with the perfect-fluid form

T(yy = (ps + pp)ulpus +prg™ (2.5)

where f = B, R for baryon and radiation fluids while p; and p; are the corresponding energy
density and pressure and u? is the fluid’s local 4-velocity.



2.1 Cosmic evolution

We next obtain the evolution equations governing late-time cosmology. Since these equations
are derived in detail in [36] we skip many details and simply quote the main results here.

Background dynamics. Assuming a homogeneous and isotropic background allows us
to specialize to the metric

ds? = —dt?* + a? §;; dz'da? = a® [—d772 + 955 dxidx]} , (2.6)

where we take flat spatial slices and a = a(n) is a function of cosmic time ¢ or conformal
time 7 (related as usual by dt = adn). Background scalar fields are also taken to depend
only on time, x = x(n) and a = a(n).

With these assumptions the field equations for the background reduce to the following
ordinary differential equations

H? M%G;+W?3Mjmw+ﬁp, (2.7)
X'+ 2HY - WW,y a? + ;\Ijg (‘/aX +g ﬁB) =0 (2.8)

and )
a’ + 2Ma + 2%" ay + AZ%; =0, (2.9)

where p = pg + pg, the Hubble expansion rate is H = a’/a and primes denote differentiation
with respect to conformal time.

The conservation equation for the background energy in radiation implies py < a™* as
usual, while conservation of energy for the background baryon distribution ensures

P+ 3Hps = peg X’ (2.10)

which is consistent with ps o< m(x)/a® where m(Y) = m e8X captures the universal dilaton
dependence of ordinary particle masses implied by the dilaton-matter coupling. In practice it
is the nucleon mass* that dominates in the sum over nonrelativistic species.

Perturbations. To compute cosmic fluctuations we perturb the field equations about these
homogeneous background configurations and keep only terms linear in the fluctuations, work-
ing in conformal-Newtonian gauge. We furthermore assume only scalar metric perturbations

ds? = ()| ~(1 + 2®@)dn* + (1 — 20)5; da'da’| (2.11)
and perturbed components of the fluid 4-velocity given by

w8, = 2(1 — D)0, + g, (2.12)

a

4Because the nucleon mass dominantly consists of gluons one might think it need not scale with the dilaton
as do other elementary Standard Model particles. Computing the QCD scale using the renormalization group,
however, shows that it is proportional to the UV scale where the value of the coupling is chosen (such as at
the Z-boson mass). The nucleon mass then scales universally with the dilaton if this UV scale also does so (as
it would if it were the Z mass) [26].



for each fluid (where 0, = 0/0n). The perturbed energy densities and scalar fields are
ps =ps(1+9s), pr=pr(l+dr), x=x+dx and a=a+da, (2.13)

and we assume the absence of anisotropic stress.
Going to Fourier space, the perturbed (n,7n) component of the Einstein equation becomes

1 1
KW 4 3HY + 2 (Vox' +w2asd) + W W @20
CL2 a2 _
+ 27]\43 (QQ)V +Viox+Va (5Cl) = —27]\43 (6p + 2Pp) , (2.14)

where p without a subscript denotes the total fluid energy density: p = 3" py. The perturbed
(n,4) components of the Einstein equations (2.2) similarly are
azﬁ

o, (2.15)
202

k‘2
k(U 4+ HO) — 5 (;z’ax + W2a’5a) -
where © is a sum over the expansion for each fluid component, © = _; O, with O defined for
each component by © = —k?v; where vy is defined in (2.12). The (i, j) components become

\I/”—i-'H(‘I’/—i-Q\I//) + (2H/+H2)¢,+%(>—</2+W2a/2)q)

a?

1 2=/¢ 1 —Ic. ! =12
_i(W ada + xo0x + W, Wa 6X)+2Mg

(Vix0x + Viada) =0.  (2.16)
The quantities W = W(x) and V = V(, a) appearing in these equations (and their deriva-
tives) are evaluated at the background.

The perturbed scalar field equations are

2
OX" + 2HOX + | K2 — &% (W2 +W W, ) + %VW Sx — ¥ (' + 37
p
_ CL2 CL2 _
— QWW,, @dd + i (QV,X ®+ Viga 5a) T g(aB + 2<1>)pB , (2.17)
and
W, a’ Vv, 20> V,, ® W,
sa’ 4§ /<2 97/ 7X> 2 & e o 40" Via o/ X 54/ 21
o +0a’ ( 2H + 2% ) + +M3W2 M3W2+aw>< (2.18)

+dx

_(¢/+3qj!)al:0’

o [ Woxx Wi\’ a® (Viax Wy
2X’a/<w_<w> +Mg(vw - W3V’a>

while the perturbed continuity equation for baryons is

8+ 05 — 3V =gdy, (2.19)
and the baryon Euler equations boil down to
O+ OpH — k20 = —g (YO, — K20X) + Jeg (2.20)
where [42]
_ 4py
Jea = 35 aneor (0, -0s), (2.21)

describes the energy exchange with the photon fluid where o, is the Thomson cross section
(including the y-dependence of the electron mass).



2.2 Axion potential and oscillations

In order to see whether the axion can be the Dark Matter we next introduce a scalar potential,
V(a,x) = Vax(a) + Vau(x) (where the details of Vyy () are specified below). We imagine the
axion to move near the minimum of V., which we write as

Vax(a) = 3m2M? (a — ag)”. (2.22)

It is the damped oscillations about this minimum that ultimately describe Dark Matter, in
the limit where the oscillations are much faster than the Hubble time.

There are two different lines of justification for the use of a quadratic potential like
(2.22). The simplest recognizes that Vax(a) is usually actually a periodic function of a but
is well-approximated by a quadratic form for sufficiently small oscillations. In this type of
justification it is necessary to verify ex post facto whether or not oscillation amplitudes are
ever large enough for the quadratic approximation to fail.

The second type of justification for a quadratic potential comes if the axion is generated
as the dual of a Kalb-Ramond 2-form field B, such as can be the case for extra-dimensional
UV completions. In this case the quadratic scalar potential is a direct consequence of working
at the two-derivative level in the derivative expansion in the Kalb-Ramond theory (along
the lines described in [43] based on earlier work in [44]).

2.2.1 Adiabatic evolution

It is too computationally expensive to resolve such fast oscillations numerically, but for
longer-time cosmological evolution it suffices to follow the slower evolution obtained after
averaging over a large number of oscillation periods. This leads to a formulation for the axion
dynamics in which such oscillations are described by an effective axion fluid.
To this end we use the Madelung formalism [37] and explicitly extract the rapid oscillations
by writing
1

_ 4 —i [‘m(t) dt i [ m(t)de h 0 = Mg
a a+\/§{¢e +9*e }, where m(t) W)

is assumed to be super-Hubble: m > H. The envelope and central value of the oscillations

(2.23)

evolve adiabatically as the universe expands, so the remaining variables a and v appreciably
evolve only over the much longer Hubble timescale.
To compute their evolution we first decompose 7 into its modulus and phase, writing

)= 1t> N (2.24)

m(

and substitute the result into the axion action (2.1), everywhere dropping dy1) and Hv
compared with m(t)y. This leads to

Ny [;Mg W29,a0"a + Vax(a)} =—V-g BM;? W29,20"a + Vax(a)] + Louid;  (2.25)

where

paW?2S' = B w2 (Vpa)?
2a?m?(n) | 4pa

+Pu(vS)2] } . (2.26)



Here we ignore second order perturbations in the metric and dilaton field as this Lagrangian
is exclusively used to calculate the axion equations of motion. The dilaton equation of motion
and Einstein equations can be derived from (2.1), and the axion terms can be averaged to
give the fluid contribution in each of these equations.
Computing the Euler-Lagrange equations shows that p, satisfies a fluid-like equation
1 9 m 1 -

T ([1 —®—3U|W pa) +3Hpa——pat —palV - ) = 0, (2.27)
where the fluid velocity is defined by 7, = V.S/[m(n)a]. The idea is to compute the axion
contribution to the time-averaged equations over long timescales by tracking the background
and fluctuation parts of these fluid equations. In particular, the background homogeneous

solution to (2.27) gives

Cm(n)
a3

Pax = W?pg = , (2.28)
where C' is a proportionality constant (whose value is chosen to ensure the energy density of
the axion fluid has the right size to be the Dark Matter®). As expected, we find the standard
a~3 falloff for the energy of the fast oscillations, supplemented by the time-dependence of m.

The zero-mode field a similarly evolves according to the axion Klein-Gordon equation

2W.
a” +2Ha' + W’X a'y' + ﬁva =0. (2.29)

Because fast oscillations are not part of the definition of a we solve this equation by setting a
at the potential’s minimum, a = ag, which implies a” = a’ = 0 if the potential’s parameters
are time-independent (as they are here). It is ¢ that parameterises the oscillations around
this minimum, and the variable p, that captures its slow evolution.

Using these expressions allows the axion evolution with the fast oscillations averaged out
to be described in terms of the effective fluid. Averaging the metric fluctuation equations (2.14)

through (2.16) over many axion oscillations leads to the expressions

KU 4 3 + %(;z’(sx’ + %5 (W2a?)) + ;VL/V (W2a?) ox (2.30)
2 2
+ 2342 (20V + Vig dx +3(V(a))) = 25‘”3 (6p + 20p) |
K0+ HD) — ’i Nox + = <W2k’8 ad’a) = 2“;4”2@ (2.31)
and
UL H (O 4 20) + (2 + HE) @+ (X7 + (W2a2)) @ (2.32)
- (50 (72) + o + S (W22 o) + 2M (Vigdx+ 5 (V(a))) = 0.

5In practice we set the constant C' by ensuring that the fractional share of Dark Matter today Qaxoh® = 0.120
agrees with the Planck 2018 best-fit value taken from [45], where h = 0.674, and return to the issue of physical
production mechanisms responsible for setting this constant in section 2.4.
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Averaging the perturbed dilaton equation (2.17) similarly gives

- W,2 W, a? B
ox" + 2Hox + lk:Q — <W2a’2> <W§ + M}“) + MzV,XX] ox — X' (9’ + 37) (2.33)
p

W?X 172 12 a2 a —
The averaged terms appearing in these equations can be evaluated in terms of fluid con-
tributions and a using

2

6 (W20} = 0% e — 20pa Y

, W2a?) = W?a”? + a? Dax s 2.34
7 o (wa?) 7 Pacs (234)
5 (V(a)) = 'L;X(sa and  (W2k'0000a) = — L6,

—— (2.35)
My
The evolution of the axion fluid fluctuations descend from the axion field equation and
are given by®

Oy — 2@y, + Oy = 30’ + @

(2.36)
and
S/
=0, -0, -, 2.37
am(n) ¢ Q ( )
where we define (to linear order)
o, = ﬂ and &, = _%5
7 4a2m2(n) T Ty %

(2.38)

Taking V? of (2.37) and using the definition 7, = V.S/[m(n)a] of the axion fluid velocity
allows us to write the axion Euler equation as

/

@Q+(H+2>@a:k2(cﬁ+¢¢+%).

(2.39)
Finally, the baryons evolve as they would in a single field dilaton model,

5. 4+0, -3V =gy, and O, +O,H—kD=—¢g (x’@B - k25x) :

(2.40)
These expressions — eqgs. (2.30) through (2.40) — are the equations to be evolved numerically

in later sections, although in the code we implement these equations in the synchronous
gauge. But before doing so we must first specify our choices for W(x) and Vau(x).

5We remind the reader that d, is the density contrast of p, and not of the physical density as defined by the
time-time component of the stress-energy momentum tensor, see also eq. (2.28). It can be shown that in the
Newtonian gauge the relationship between the density contrast d. and the physical density contrast ¢ is given
by df = da — & — @y, where @y, = —%6)(. We refer to [46], where details of the calculations can be found.
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2.3 Dilaton properties

As mentioned in the introduction, approximate scaling symmetries suggest our choices for
W and Vgi should be exponentials (or approximately so), as given in (1.4) and (1.5) (and
repeated here for convenience):

W(X) =Wy e—CX’ Vdil(X) =W €_>\X and g;w = ngX 9uv - (2'41)

Because Wy can be set to unity by shifting x in principle the free parameters of the dilaton
sector of the model then are (, A, g and the coefficient V.

2.3.1 Coupling relations

In practice microscopic models that produce such scalars tend also to predict relationships
amongst these parameters; we list a few that help motivate the models we explore.

Scale invariance. Notice that an exponential form for W automatically assures the ki-

netic terms
Liin = =3 M2V/=9 ¢" (B + Oux X + € %X 0,00,0) (2.42)

scale by a common factor Liin — %Ly, when y — x + ¢, a — €“a and Juv — eﬁcg,w for
arbitrary constants §, ( and c. But if we demand a potential term like Lot = —v/—¢ Vai to
scale the same way we must ask A = . Similarly, if the scalar potential arises as a constant
Jordan-frame potential of the form L¢. = —uty/—g for constant p then L. = —pute 48X /—g
and so A = 4g. This then scales the same way as the kinetic terms only if g = % 5.

Supersymmetry. Supergravity provides another broad class of well-motivated theories that
predict relationships between the parameters in (2.41). In these models the dilaton and axion
arise as real and imaginary parts of a complex scalar 1T’ = 7 + ia. For these the function
W (x) and the relationship between g, and g,, are related to each other because both can
often be derived from the same Kéhler potential. For instance if K = —3alog(T + T™) then
one finds the Einstein-frame kinetic term is proportional to

Kpr+0,T*0'T = j% [BHT 01+ 0,a 8“(1} (2.43)
and so 7 oc €9X achieves our assumed normalization for x if ¢ = 1/2/(3a). But Einstein
frame is also often achieved in the supergravity action after Weyl rescaling the metric by
Gu = €%/3g,,, (in Planck units) and so if the initial metric were the one to which matter
couples then g = —%a{’ = —/a/6. Under broad assumptions supersymmetric models also
predict a scalar potential for 7 that is proportional to (o — l)eK corresponding to a potential
of the form (2.41) with A = 3 and Vj o (w — 1). The special case where o = 1 is a specific
example of the ‘no-scale’ form [47-51]).

— 12 —



Yoga models. Yoga models [26] are a specific class of theories that combine both types
of predictions. They are a supersymmetric example of no-scale form, and so a = 1 which
implies ( = \/g and g = —%C = —\/%.

The model is designed so that the leading scale-invariant part of the potential vanishes
and so the dominant term comes from scale-breaking effects. In particular it turns out that
instead of (2.41) the scalar potential has the form

Vai(x) = U(x) e X (Yoga example) (2.44)

and so A = 4¢. Scale breaking also permits the prefactor U to depend on x (which allows Vg to
have a minimum for finite x). In practice, when required to use a specific form for U we choose

u
Ux) =W 1—U1x+72x2 , (2.45)

with Vp ~ M;,l and the coefficients u; chosen to allow a nontrivial minimum for Vy;. The con-
stants u; are chosen to be order 50 in size so that the potential is minimized for xmin ~ O(60).

These choices are driven by phenomenology since they ensure 7 := e¢X ~ Mg /M2 ~ 10%
and this in turn gives the successful order of magnitude Vipin ~ (M2, /M,)*. Assuming M,
is also the only scale in the matter lagrangian £,, then implies the Higgs vev (in Einstein
frame) is order v ~ M,/\/T ~ My, and so the same is also true for most ordinary particle
masses (see [52, 53] for precursors of this type of framework). The exception is neutrinos,
whose masses are quadratic in the Higgs vev and so are m, ~ M,/T ~ MVQV/MP in size. So
the one value of x at the potential’s minimum simultaneously sets the size of the electroweak
scale, neutrino masses and the Dark Energy density. The models also have supersymmetric
large extra dimensions [54, 55] as a plausible UV completion.

The big question is whether these choices can be made in a technically natural way, and
Yoga models explore a relaxation mechanism aimed at ensuring this is true — see [26] for
details. The large size of g provides the model’s biggest challenge because this is at face value
ruled out by solar system tests (see below), making the search for screening mechanisms
the main current focus within this framework [56].

2.3.2 Non-cosmological constraints

In this paper we take a phenomenological point of view and assume the constants A and
¢ are related by A = 4¢, so

W(x)=e X and V(x)=Vye X, (2.46)

since the Yoga experience suggests that this leads to a successful description of the hierarchy
of scales (and in particular gives acceptably large particle masses and an acceptably small
potential energy if xy ~ 60). We part company with Yoga models, however, by demanding
that the dilaton-matter coupling be consistent with tests of gravity within the solar system
without the need for screening. This requires us to choose |g| < 2 x 1073 [5, 40], independent
of the value chosen for ¢ (which we regard to be a free parameter).”

"The viability of theories (like the Yoga model) with larger values of g requires the existence of a screening
mechanism — such as the one proposed in [56] — that allows the value of g in cosmology to be larger than
the one probed in solar-system tests of gravity. For simplicity we do not pursue these options further here.

,13,



This size for g also ensures mass variations on Earth to be small enough not to have
been ruled out so far (but large enough to be worth searching for). For instance a dilaton
profile x ~ gGMg /r near the Earth’s surface gives a mass difference between two particles
situated at altitudes that differ by h < Rg of order

o~ 72 ~ 10 0= (lkm> (2.47)

and so lies below the current limits set by atomic clocks. Furthermore the universal Brans-
Dicke style coupling to matter through a Jordan-frame metric — as in (1.5) — automatically
suppresses dilaton-mediated contributions to tests of the equivalence principle [5]. The
most constraining tests like the Cassini bound [40] instead probe whether particles (usually
photons) move along geodesics of the Jordan-frame metric §,, of (1.5) rather than the
Einstein-frame metric g, .

We also consider the two cases where Vg involves a nontrivial function U(x), as in
(2.45), or the case where U = V} is a constant. U can be a constant and still provide a viable
description of the Dark Energy equation of state if ¢ is sufficiently small, because slow-roll
evolution down a potential proportional to e *X produces an equation of state parameter
w+1 2~ $X?/(1+4 $A\?). This is consistent with the observational bound w +1 < 0.1 on
the Dark Energy equation of state provided A = 4¢ < 0.5. But constant U is not viable
for ¢ larger than this so in this case a minimum for U is required to allow the potential
to dominate the energy density at late times.

2.4 Axion properties and production mechanisms

The potential (2.22) introduces the single new parameter m,, into the theory, and this together
with the kinetic-term decay constant f = M,W (x) largely govern the axion’s properties.

These properties turn out to play almost no role in the success or failure of the cosmologies
we explore in section 3 below, which only rely on three assumptions: (i) that the energy
density in oscillations agrees with the Dark Matter density; (i) that oscillation amplitudes
are small enough that (2.22) is a good enough approximation; (7i7) and that oscillations start
sometime in the pre-BBN epoch (and so the axion mass satisfies m(t) > Hgpn ~ 10717 eV).

The precise value of f doesn’t play much of a role here because the axion does not
couple directly to matter. This choice could have been made differently, such as in [36] where
axion-matter couplings play an important role (though for which the axion potential was
negligible). It is nonetheless worth exploring where f is important, both on general grounds
and also to see whether the extremely low values implied by the specific Yoga choices (for
which f ~ M2 /M,) can be acceptable.®

In the present instance the values of f and m are relevant to the theory of initial
conditions: what sets the initial axion energy density [29-31]7 The ‘misalignment’ mechanism
is a commonly used way to understand this in axion models, and within this approach
producing the observed Dark Matter abundance imposes a relation between m and f. For

8In these models the decay constants relevant to axion couplings to matter can be much larger than f
(some examples of this arising from plausible UV completions of this model are explored in [55]).
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instance when f is smaller than any earlier inflationary scales this relation states (for a
review, see [32])

602, Hy (M,\* 101 Gev')*

where Hj is the present-day Hubble scale and €2, and €2, are the current fraction of energy
in Dark Matter and radiation. This puts m well above Hpgy for f < 10 GeV, but also
returns super-Planckian masses for f < 10* GeV.

Such a mechanism clearly cannot apply for the extremely low values predicted by [26], but
it is also true that UV physics in such models (such as extra dimensions) also intrudes at the
scale f, which also requires rethinking naive production mechanisms like vacuum misalignment.
It is also true that novel production mechanisms are likely possible, such as if the axion field
is generated by an initially rolling x field due to the derivative interactions encoded in W ().
This is particularly intriguing within the context of inflationary scenarios for this class of
models, for which x plausibly evolves from much smaller values like 7 = e$X ~ 10* during
inflation out to the much larger values required today [57].

We here leave the question of axion production as an open question, at least for models
for which f is not in the range discussed above.

3 Cosmological evolution

Once expressed in terms of the axion fluid the background Friedmann and dilaton equations
— eqs. (2.30) and (2.17) — become

2 1 %_/24- 2V +a’p+dp (3.1)
- 3M2 9 X a a p 4" Pax | .
P
and ) )
—1 — a _a _ Wy _
X'+ 2HX + @V,x— Mg(_ng + pax). (3.2)

These use the definition p.x = W?2p, given in eq. (2.28) for the axion fluid energy density,
which is proportional to m/a3. It is the observation that this evolves like nonrelativistic
matter when the mass m(t) = mq/W(x) is roughly constant that suggests exploring whether
the axion could itself be Dark Matter.

This section examines more closely whether identifying the axion as Dark Matter survives
closer scrutiny in a unified axio-dilaton dark sector cosmology. To this end we explore the
cosmological implications of the axio-dilaton kinetic coupling for Dark Matter/Dark Energy
interactions. We can see in particular from (3.2) that the dilaton-baryon and dilaton-axion
couplings can compete with one another if the axion fluid density is similar to that of baryons
(as it must be if the axion is to be the CDM).

3.1 CMB and power spectrum

The parameters V) determining the dark energy scale and the combination Cm(t = tg)
determining the axion fluid density today are both fixed by ensuring the present-day energy
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densities be consistent with Hy = 100h km/s Mgcl with h = 0.6756, Qx,oh2 =0.31, Qa70h2 =
0.12 and Qpoh? = 0.022.

Once these are fixed our remaining free parameter is ¢, which we scan through a series of
representative values. In principle the initial position and velocity of the dilaton field, xi,; and
Xini are also choices, but in practice the initial position — at the BBN epoch of nucleosynthesis,
say — cannot be chosen very far from its present-day value due to limits on how different
particle masses can be back then without ruining the success of BBN predictions. Late-time
cosmology is also largely insensitive to the initial dilaton velocity because its subsequent
evolution tends to be drawn into a scaling tracker solution [41, 52]. In particular, interesting
X evolution occurs even if x! . = 0 at BBN with yi,; at its present-day value.

Figure 1 shows what happens when we set u; = ug = 0 in (2.45) and g = —10~2 and
vary (, with the dilaton’s position at BBN chosen to agree with its present-day value. The
plots in the first row of this figure show the energy densities of the background fluids and
these only depend on ¢ when it is much larger than the range we consider here. The curves
in the top left plot are mostly straight lines on a log-log plot because the energy densities
all fall as a power of a. As mentioned above, the dilaton does so in particular because the
scale-invariance of the exponential interactions drives the fields into scaling ‘tracker’ solutions
whose form depends on how the total energy density scales with universal expansion. This
tracker nature is seen in the evolution of dilaton energy, whose slope changes with the slight
bend at radiation-matter equality.

The second row of the figure shows how y evolves and the associated size of the fractional
change in ordinary particle masses that this produces. This evolution has several noteworthy
features. The first observation is that xy does not actually evolve very far before radiation-
matter equality despite being described there by a scale invariant tracker solution. This is
because of the ruthlessness of Hubble friction in the early universe where radiation dominates
the dilaton energy density [52].

The second observation is that y generically undergoes an excursion around radiation-
matter equality even if started off at rest at earlier times. This excursion — observed also in [26]
and [36] — is a robust transient feature of these cosmologies caused by the transition between
the different tracker solutions appropriate for radiation and matter dominated universes.

The third noteworthy observation is that when u; = uwy = 0 the results are largely
insensitive to the value chosen for the constant W), and this also makes them insensitive to
the precise value assumed for the axion decay constant. This independence is both found
from explicit numerical evolution and can be seen from evolution equations (2.30) through
(2.40), which mostly depend on the logarithmic derivative of W once the axion contributions
are expressed in terms of p,x. The size of Wy only starts to play a visible role once the
‘quantum pressure’ ®, becomes important (and so only for extremely light axions).

The second row of plots also show that larger values of  cause larger mass excursions,
with x driven preferentially towards smaller values (so particle masses are driven to larger
values). This can be understood because the tracker solutions depend on the argument in
the exponential effective potential seen by the dilaton. This can depend on ( because the
W-dependent last term on the right-hand side of (3.2) converts axion oscillations into a
contribution to the dilaton potential. For large enough ( this can be the most important force

,16,



10100 —— Axion 19— Axion
—— Dilaton potential —— Dilaton
—— Dilaton —— Baryons
101051 —— Baryons 0.8'N —— Radiation
Radiation
R0 061
= G
=
10-115 0.4
10120 021
0
00 10° 10* 10° 102 10' 100 10* 0% 102 10! 10°
a
0.041
0.00 _
—0.05 \/ 0.031
—0.101 <
~0.151 —
> —— ¢=0.100 £ 0027
—0200 — ¢=0.050 =
0954 — ¢=0.020
0.25 4 01
—— (¢=0.005
0307 _o.002
—0.354 —— ¢=0.001
0.35 ¢ 0.00
—— (¢=0.000
10°° 104 103 102 10! 10° 107 10* 109 102 10! 10°
a
-10
8“0% —— LCDM
6x107%0 oy -
4x10-10] === ¢=005 *
. ———= (=0.02
a =
S 2x107® =
Q g 10
= b T =
+ - =
> —1 [ap ‘
< 8x10 6 x 10°
6x10 1
4x101 4% 10°
10" 10? 10° 109 102 10!
¢ k(h/Mpc)
Figure 1. Background and perturbative level plots of the axio-dilaton cosmology with a pure

exponential dilaton potential using CLASS [39]. Top row shows the evolution of the relevant background
energy densities when ¢ = 0.1. Middle row shows the evolution of the dilaton field and associated

baryon masses for a range of (. Bottom row shows the corresponding angular and matter power
spectra with the ACDM best-fit in solid blue. In all cases g = —1073.

,17,



1.04 A ¢=0.1 = 0
— (=005
— (=0.02
—— (¢=0.005 —~
1.03 X2 -1
S —~~
= B
~ Nl
= 1.02 g _
= £ 2
= =
g
1.01 a ¢=0.1
— (=0.05
— (=0.02
—— (¢=0.005
1.00 T T T T _4_ T T T T
10°° 101 102 102 10! 10° 10° 10 10°° 102 10! 10°
a a

Figure 2. Fractional changes in the axion decay constant W (x) and effective mass m(t) with scale
factor in the case of an exponential dilaton potential.

seen by x, particularly during the axion-dominated part of the cosmological evolution. Unlike
the actual scalar potential V(x) and the dilaton coupling to matter the axion-generated
potential pushes the dilaton to smaller values of y, and so causes particle masses to increase.
The size of the resulting mass change is controlled by the size of g.

The third row of the figure shows the implications of the model for the CMB and
the matter power spectrum. These plots show how increased dilaton evolution also has
implications here because it affects matter clustering, for which the dominant deviations
from ACDM arise due to the axion — it is the dark matter after all — which is allowed
to couple to the dilaton much more strongly than do ordinary particles. This stronger
coupling also makes the axion mass m more sensitive to excursions in y — and so also (
— through (2.23), as shown in figure 2.

Variations of the axion mass due to dilaton evolution also causes the axion (Dark Matter)
density to deviate from 1/a® evolution — cf. eq. (2.28) — resulting in greater variations in
the Newtonian potentials between recombination and today. This induces larger and larger
integrated-Sachs-Wolfe (ISW) effects on CMB photons. For large ( these are responsible
for the deviations from the ACDM best-fit for small multipoles (5 < ¢ < 15) seen in the
angular power spectrum of the bottom left panel of figure 1.

Further reducing ¢ eventually leads to the dilaton-baryon coupling term in (3.2) winning
over the dilaton-axion coupling, and this causes x to be driven to larger values (so particle
masses decrease). Because the existence of the excursion depends only on the change in tracker
solutions as one moves from radiation to matter domination, it does not go away even in the
limit ¢ — 0 [52]. Because of this there is a generic prediction for a nonzero mass difference
between now and recombination and between now and nucleosynthesis, whose size is set by
the coupling g. For g = —1073 and ¢ = 0 the mass shift is (muow —mpBBN)/MmBBN = —0.003%.
Except for a window around ¢ ~ 0.01 the mass difference at nucleosynthesis is expected
to be larger than it is at recombination.

We see that the small size for g dictated by solar-system tests makes the variation in
particle masses in cosmology quite small. The same need not be true for Dark Matter, since
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the x-dependence of its mass is controlled by the size of the dilaton-axion coupling parameter
¢ (and not g). (See figure 2 for a plot of how W () and m evolve.) The axion-dilaton coupling
begins to be visible in the angular and matter power spectrum when Am/m, ~ O(0.01%).
This differs somewhat from what was found in [36] because we here have no direct axion-baryon
interactions and explore weaker dilaton-baryon interactions.

Although too small to be measured now, the robustness of the prediction of mass
excursions makes it more interesting to develop observational ways to confirm or deny their
presence. They are likely to be much larger in models like those explored in [26, 36], where
g is much larger, in which case some sort of mechanism is needed to screen the dilaton’s
interactions on solar system scales. One such a mechanism [56] introduces axion-matter
couplings so that the axion-dilaton interactions act to screen matter-dilaton couplings for
macroscopic objects. In this case the presence of axion-matter interactions likely combines
with larger values of g to give more easily probed effects, though a definitive prediction
requires fully incorporating the screening mechanism to determine how much it changes
what is expected for cosmology.

Figure 3 shows how the above predictions change once u; and us are nonzero so that the
dilaton potential has a local minimum, as in (2.44) and (2.45). Because we explore smaller
values of ( than used in Yoga models we choose the coefficients u; to ensure that the value of
X at the minimum is somewhat larger, ymin ~ 70, so that the value of 7 = eSXmin is again of
order Mz? /M2,. The different curves again correspond to a range of choices for ¢, although
the values chosen here run through a range larger than those that were considered in figure 1.

The dilaton is again started off close to xmin since this also becomes its present-day
value. It is given an initial kinetic energy that is much larger than its potential energy, but
small enough that it remains less than a few percent of the energy budget at nucleosynthesis,
and arranged to ensure the dilaton eventually gets caught in the potential’s local minimum
at late times. (This is easier than one might think for the same reasons as were found
n [26]: both because of Hubble friction and because the axion-generated potential easily
dominates in the early universe and pushes in the opposite direction than V(x) and the
matter-generated dilaton potential.)

The first row of plots again show the density of the various components of the cosmic
fluid, again showing how the energy density in the axions falls like 1/a® as required for
Dark Matter. In this version of the cosmology the energy densities again largely follow
scaling solutions, though this changes for the dilaton once the potential’s non-exponential
form begins to dominate the axion-generated and matter-generated potentials and y starts
to approach the minimum.

In the example shown these oscillations are never completely damped out, making tests
of correlated oscillatory time-dependence of masses (such as from quasar spectra) and the
Dark Energy density particularly interesting.

The second row of plots again show how y changes over time and the evolution of
ordinary particle masses to which it gives rise. A dilaton excursion again generically arises
after radiation-matter equality, for the same reasons as were described earlier. For ¢ = 0.1
(the only value plotted in both figure 1 and figure 3) the dilaton excursion is about half as
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Figure 3. Background and perturbative level plots of the axio-dilaton cosmology with the inclusion
of the dilaton potential well. Top row shows the evolution of the background energy densities when
¢ = 0.1. Middle row shows the evolution of the dilaton field and associated baryon masses for a range
of (. Bottom row shows the corresponding angular and matter power spectra with the ACDM best-fit

in solid blue. In all cases g = —1073.
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Figure 4. Fractional changes in the axion decay constant W (x) and effective mass m(¢) with scale
factor when the dilaton is trapped in a local minimum of its potential described by (2.44) and (2.45).

large as what was found when the potential was purely exponential.” The general trend
towards smaller values of x near recombination — and so towards larger particle masses —
is again present, for the same reasons as before (for larger ¢ the axion-generated potential
dominates and pushes x to smaller values). The main new effect is the appearance of late-time
damped oscillations in x (and so also in particle masses) as it seeks the potential’s minimum.

The implications for the CMB and the matter power spectrum are shown in the figure’s
bottom row. The effect of having a local minimum in the dilaton potential is to stabilize
the dilaton’s late-time dynamics and this reduces the effects of its motion on the CMB.
(This is why we show results using larger values for ¢.) This is seen in the bottom row of
figure 3 where the deviations from the ACDM best-fit are reduced for the same ( compared
to those in figure 1.

Figure 4 shows the evolution of the decay constant and the axion mass in this case.
In both cases the axion-dilaton coupling works to decrease the value of the dilaton field.
When this effect dominates over the baryon-dilaton coupling (which acts in the opposite
direction) this causes a decrease in the effective axion mass, m(t) = mqe‘X, and hence energy
density of the axion fluid. This is suggestive given the observed preference in DESI BAO
data for energy-momentum flow from CDM to dark energy in [58], and further motivates
exploring axion-dilaton couplings that are stronger than the baryon-dilaton coupling. A full
data analysis for the specific CDM-dark energy interactions in an axio-dilaton framework
would be warranted to see if the same preference is observed.

3.2 Structure growth

We have also used CLASS to compute the evolution of late-time structure. Figure 5 shows
the evolution predicted by these equations for the parameter fog, defined by

08(2, kog) 0, (2, kos)
H 5m(z, kgg) ’

9Having the local minimum in the potential means we are no longer free to shift x to make its current

fos =

(3.3)

value zero.
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Figure 5. Left panel shows the structure growth parameter fog for the pure exponential potential
and the right panel shows the same when the dilaton is trapped in a quadratic minimum. The ACDM
best-fit is shown in black. The data points in grey are taken from [61].

where k,g = 0.125h Mpc~! and 6,, = (6ps + W26pa)/(pB + W?p,). This variable provides
an observable measure of clustering, for which a range of measurements are given as points
with largish error bars. The curves in the left-hand panel give the prediction for a purely
exponential dilaton potential while those in the right-hand panel give the result when the
dilaton potential has a local minimum. The various curves correspond to different choices
for ¢, with the ACDM case also shown for comparison.

These figures show that increasing the dilaton-axion coupling ¢ enhances structure growth,
for the reasons described earlier: the additional attractive force in addition to gravity. The
case where the dilaton potential has a minimum has more complicated behaviour, due to
the background effect caused by the coupling of the axion to the oscillations of the dilaton
within its potential well between recombination and today. The amplitude of these dilaton
oscillations increase with increased ( independent of the size of the correlated oscillations
in particle masses. The right panel shows how this leads to larger and larger oscillations
in the combined growth rates between species. In particular the prediction falls above or
below the ACDM value at different times, and unlike for the exponential case can be smaller
than ACDM at present. For instance, when ¢ = 0.02, og(z = 0) = 0.824 while when ¢ = 0.1,
og(z = 0) = 0.815 showing a net decrease in the amplitude of structure growth today.

It is interesting to compare the modifications in structure growth for the case when
the dilaton is trapped within its quadratic minimum with the effects on the CMB angular
power spectrum in the bottom row of figure 3. The case ( = 0.1 is enough to give large
deviations in structure growth while producing minimal deviations from ACDM for the low
¢ regime in the angular power spectrum. A full data analysis to examine whether these
deviations could fit multiple combinations of cosmological datasets is therefore of interest
for these models. Future experiments sensitive to the integrated Sachs-Wolfe effect such
as CMB cluster cross-correlations are predicted to be able to place tighter constraints on
these deviations, as discussed in [59, 60].
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4 Summary and conclusions

To summarize, in this paper we proposed that the two-field axion-dilaton system provides
a cosmologically viable model for the dark sector, in which the axion field plays the role
of Dark Matter and the dilaton field is the Dark Energy. The resulting interacting Dark
Energy model has the following ingredients, some of which distinguish it from the interacting
Dark Energy models usually studied in the literature:

e Dark Energy couples to Dark Matter. This coupling is determined by the function
W (x), and for W (x) oc e=X, the interaction strength is determined by the parameter
¢. This interaction causes the (effective) mass of the axion Dark Matter field to vary as
the dilaton evolves.

e Dark Energy couples to baryons. The interaction strength is determined by g. As
a consequence, the masses of baryons vary as the dilaton evolves. The coupling of
the dilaton to baryons imply a long-range fifth force between baryons, and we choose
this coupling small enough to have escaped notice in solar system tests of GR. In the
scenario studied here, the axion does not couple to baryons.

o Typically, the potential for the dilaton is of exponential form, but breaking of scale-
invariance allows the potential to obtain a (local) minimum. We have studied both
cases in this paper: the pure exponential case and the Yoga example, in which the
exponential is multiplied by a prefactor which depends on the dilaton, allowing the
potential to have a minimum at finite value for y. The evolution of the dilaton, and
hence particle masses, is different in these two scenarios.

As mentioned above, the dilaton is light enough to mediate a long-range force and
so the parameter g must be small enough to escape notice in solar-system experiments
(lg| <2 x 1073). We have chosen in our analysis g = —1073. The variation of the baryons
masses depend then on the dilaton evolution. In the case of a pure exponential potential we
find that for ¢ < 0.1, the baryon masses vary less than 0.04 percent from deep inside the
radiation dominated epoch until today (see figure 1). The presence of a local minimum in the
potential for the dilaton does not stop the dilaton from going through a transient excursion
after radiation-matter equality, due to the transition between early-universe tracker solutions,
but introduces oscillations in x (and particle masses) — albeit with a small amplitude — at
late times as it returns to the potential’s minimum (see figure 3).

Because of the couplings to matter, we find that the largest effect on the CMB anisotropy
power spectrum is at low multipoles. The variation of baryon and Dark Matter masses causes
the gravitational potentials to evolve even in the matter dominated epoch according to the
modified Einstein equations (2.30), (2.31) and (2.32), causing a large contribution to the
integrated Sachs-Wolfe effect. Similar studies on the integrated Sachs-Wolfe effect in the
presence of modified gravity have been performed in for example [62]. These studies show
it is complicated to draw conclusions from these types of deviations when comparing with
multiple cosmological datasets. In order to infer if these deviations from ACDM can describe
the cosmology better, a full data analysis would be required, which we leave for future work.
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We also calculated the quantity fog, where f is the growth rate of density perturbations
in matter and og the normalization of the matter power spectrum at R = 8h~'Mpc, as a
function of redshift. We find that for a pure exponential potential, this quantity behaves
qualitatively similarly as in the ACDM model, but is usually larger. This behaviour is similar
to what has been found in other interacting dark energy models [63-65]. If the potential
has a local minimum, the dilaton oscillates around this minimum. As a consequence, both
the background evolution and the growth rate evolution is modified, resulting in oscillatory
behaviour of the quantity fog, for which the amplitude is determined by (, as can be seen in
figure 5. This behaviour is significantly different from other interacting Dark Energy models.

Although the dilaton is not screened in this paper, in a future publication [46] we explore
a model in which the dilaton has larger couplings to matter, but is screened to evade solar
system tests. This allows mass-evolution and axion-oscillation effects to play larger roles
during late time cosmology.

Phantom note added. We briefly comment here on the possibility of apparent phantom
behaviour in models like this, in view of the DESI results [66] that came out several months
after this paper was posted. The main observation is that the dilaton-dependence we find here
for the Dark Matter mass means that the actual equation of state parameter for the dilaton,

2 92 2
X" =20V (4.1)

wX(X) = X/2 + 2G2V(X) =

can differ from the effective Dark Energy equation of state parameter w, g one would infer
if one were to mistakenly try to interpret the dark sector as a quintessence field coupled
to ordinary Dark Matter (such as is done when using the wyw,DM model), along the lines
discussed in e.g. [67-70]. For the cases studied here the effective dark energy equation of
state would be given by

wy (X)
1+ [e€Oc—x0) — 1] 20 (4.2)

a¥py

Wy eff =

where paxo = Cmq/W(x0) and xo are respectively the dark matter energy density and
value of the dilaton today.

Figure 6 plots this effective equation of state vs redshift for the two classes of models
considered here. These plots show how w, g can easily take values less than -1 (the ‘phantom’
regime) despite w, > —1 always being true. In particular wyeg < —1 can hold right up to
relatively small redshifts (around z ~ 0.5) in the case with a pure exponential dilaton potential
for all coupling strengths, remaining in the phantom regime well into matter domination.
When the dilaton has a local potential minimum into which to be trapped, there are much
smaller crossings into apparently phantom territory as the dilaton oscillates during dark energy
domination, but much deeper excursions at larger redshifts. The redshift at which this larger

transition into the phantom regime occurs increases with dilaton-axion coupling strength.
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