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Cosmic Microwave Background



Dark Energy

The Universe is undergoing 
accelerated expansion today. 

It could be a cosmological constant 

or the dynamics of a light scalar field

If coupled to gravity this will give rise 
to a fifth force, unless screened



For a scalar field

If the potential dominates then

p� ⇡ �⇢�

so the scalar field plays the role of an effective cosmological 
constant.  Since it’s dynamical, this wouldn’t have been the 
case for all times in the universe. We only need the scalar 
field to dominate the energy density of the universe today

⇢� = 1/2�̇2 + V (�)

p� = 1/2�̇2 � V (�)

kinetic energy + potential energy

kinetic energy - potential energy
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Deviations from Newton’s 
Laws parametrised by

tightest constraint from Cassini

Ratra Peebles potential

Fifth Force must be screened



Two general classes of theories

1) Chameleon type screening. Can be tested in the lab, in the solar system, 
astrophysics and cosmology. Does not affect speed of gravitational waves, 

so no test from LIGO/VIRGO or eLISA

2) Vainshtein screening. For example Galileons, Horndeski, massive gravity, k-
mouflage. Vainshtein radius is very large, so no laboratory tests, but 

astrophysical and cosmological tests. Some models give speed of gravitational 
waves to be different from that of photons, so severely constrained by pulsar 
constraints and by LIGO/VIRGO and will be even more constrained by eLISA



The Chameleon Mechanism

consider the action

gives the effective potential

Khoury&Weltman astro-ph/0309411; Brax et al astro-ph/0408415

https://arxiv.org/abs/astro-ph/0309411


There is an environmental effect: when coupled to matter the 
potential depends on the ambient matter density as well



To screen fifth forces in the solar system one needs the thin shell effect.

dR

R

F� ⇡ �R

R�N

The fifth force is 
proportional to the size of 
the thin shell where the 

field varies



The Runaway DIlaton

In the strong coupling limit of string theory the dilaton has a runaway potential 

V (�) = V0e
�↵�

Gasperini et al, gr-qc/0108016, investigated the runaway dilaton as a 
quintessence field. With Damour, gr-qc/0204094, they realised there 
were equivalence violations when the dilaton coupled to matter 

In the weak coupling limit the dilaton coupling to matter is 
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A(�) = e��

Does this have a screening mechanism? Actually NO. You might think it is viable until computing the 
thin shell condition — such a model doesn’t have a thin shell so will not pass all solar system tests
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�

What’s wrong with this? 
There’s no thin shell! Fifth 
forces won’t be screened



Environmentally Dependent Dilaton

V (�) = V0e
�↵�

Where the potential is derived from string theory in the 
strong coupling limit. We chose the coupling to matter to be

A(�) = 1 +
A2

2
(�� �?)

2

This keeps the scalar in the strong coupling regime as the Universe 
evolves. See Brax et al 1005.3735 for full details of the cosmological 

behaviour, local constraints and linear perturbation theory

Brax, van de Bruck, ACD& Shaw 1005.3735

But the dilaton arises as part of a multiplet; in particular with the 
axion! Can the axio-dilaton model account for the dark sector? 



Axio-Dilaton Model

In this class of models, motivated by SUSY and string theory 
there is a two derivative interaction with lagrangian given by.

<latexit sha1_base64="lR8+vXyOuImqSnUnw1And6iA8DA="></latexit>
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k)@µ�
i@µ�j

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 L 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, �a, is present the most general derivative expansion for L replaces (1.1) with

L = �
p
�g

h
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2 M
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2 M
2
p Gab(�) @µ�

a
@
µ
�
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i
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where the function Gab(�) introduces the possibility of nontrivial new two-derivative inter-
actions. 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 particu-
larly 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 the-
ories for which the interactions mediated by Gab(�) are possible. For the present purposes
these can be defined as models involving two real scalars, � and a, for which the2 ‘axion’ a
is a pseudo-Goldstone boson for an internal symmetry under which a shifts by a constant
so Gab(�) is a-independent. The most general possible two-derivative scalar self-interaction
consistent of this type has the form (1.2) with

Gab(�) @µ�
a
@
µ
�
b = @µ�@

µ
�+W

2(�) @µa @
µa . (1.3)

The ‘dilaton’ � 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 � 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]).

These scaling conditions typically lead W (�) and any scalar potential V (�) to be expo-
nential in form,

W (�) = W0 e
�⇣� and Vdil(�) = U e

���
, (1.4)

2
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).
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The dilaton is a pseudo Goldstone boson  for an approximate space-time 
symmetry.  it is typically very light and  the scaling conditions lead to exponential 
potentials, so we take the coupling function and dilaton potential to be

The axion potential can be taken as  

where ⇢ without a subscript denotes the total fluid energy density: ⇢ =
P
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k
2( 0 +H�)� k

2

2

⇣
�̄
0
��+W
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The quantities W = W (�̄) and V = V (�̄, ā) appearing in these equations (and their deriva-
tives) are evaluated at the background.

The perturbed scalar field equations are
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0
�a0 +

a
2

M2
p

⇣
2V,��+ V,�̄ā �a
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while the perturbed continuity equation for baryons is

�
0
B +⇥B � 3 0 = g��0

, (2.19)

and the baryon Euler equations boil down to

⇥0
B +⇥BH� k

2� = �g
�
�̄
0⇥B � k

2
��
�
+ Jeq , (2.20)

where [42]

Jeq =
4⇢̄�
3⇢̄B

ane �T

⇣
⇥� �⇥B

⌘
, (2.21)

describes the energy exchange with the photon fluid where �T is the Thomson cross section
(including the �̄-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,�) = Vax(a) + Vdil(�) (where the details of Vdil(�) are specified below). We imagine the
axion to move near the minimum of Vax, which we write as

Vax(a) ' 1
2m

2
aM

2
p (a� a0)

2
. (2.22)
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The axion moves near the minimum of the potential. It is the oscillations about the minimum 
that lead to the axion being dark matter, where the oscillations are faster than lthe Hubble time 

The final point to note is that the dilaton couples to matter with a coupling function

The averaged terms appearing in these equations can be evaluated in terms of fluid contribu-
tions and a using

�
⌦
W̄

2a02
↵
= a

2
⇢̄ax�a � 2a⇢̄ax

S
0

m(⌘)
,

⌦
W̄

2ā02
↵
= W̄

2a02 + a
2
⇢̄ax, (2.34)

� hV (a)i = ⇢̄ax

2
�a and

⌦
W

2
k
i
@ia@

0a
↵
= � ⇢̄ax

M2
p
⇥a . (2.35)

The evolution of the axion fluid fluctuations descend from the axion field equation and are
given by6

�
0
a � 2�0

� +⇥a = 3 0 + �0 (2.36)

and
S
0

am(⌘)
= ��� � �Q � � , (2.37)

where we define (to linear order)

�Q :=
k
2
�a

4a2m2(⌘)
and �� := �W,�

W
��. (2.38)

Taking r2 of (2.37) and using the definition ~va ⌘ rS/[m(⌘)a] of the axion fluid velocity
allows us to write the axion Euler equation as

⇥0
a +

✓
H+

m0

m

◆
⇥a = k

2 (�+ �� + �Q) , (2.39)

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

�
0
B +⇥B � 3 0 = g��0

, and ⇥0
B +⇥BH� k

2� = �g
�
�̄
0⇥B � k

2
��

�
. (2.40)

These expressions – eqs. (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 (�) and Vdil(�).

2.3 Dilaton properties

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

W (�) = W0 e
�⇣�

, Vdil(�) = V0 e
��� and g̃µ⌫ := e

2g�
gµ⌫ . (2.41)

Because W0 can be set to unity by shifting � in principle the free parameters of the dilaton
sector of the model then are ⇣, �, g and the coefficient V0.

6
We remind the reader that �a is the density contrast of ⇢a 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 �a and the physical density contrast �f is

given by �f = �a � � � ��, where �� ⌘ �W,�
W ��. We refer to [46], where details of the calculations can be

found.
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It behaves as a Brans-Dicke scalar with matter moving in the Jordan frame



The standard model particles thus couple to the dilaton with 
runaway coupling function, so the particle masses vary as  

The Full Action

Dilaton Kinetic 
Term

Axion Kinetic 
Term

Axio-dilaton 
Potential

The dilaton couples to matter as a pseudo-Brans-Dicke scalar:

7
The coupling, g, must be small to satisfy solar system tests and 
ensure the variation in particle masses is not  too large; we take 

<latexit sha1_base64="kVoBpb+NmYMQu9PK6xPXfp3g8uQ=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4Mcy4H4NePEYwCyST0NOpSZr0LHT3KGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVT0vFlxp2/62ckvLK6tr+fXCxubW9k5xd6+uokQyrLFIRLLpUYWCh1jTXAtsxhJp4AlseMPbid94RKl4FD7oUYxuQPsh9zmj2kidPmkLJMSxO+nJ2bhbLNllewqySJyMlCBDtVv8avcilgQYaiaoUi3HjrWbUqk5EzgutBOFMWVD2seWoSENULnp9OoxOTJKj/iRNBVqMlV/T6Q0UGoUeKYzoHqg5r2J+J/XSrR/7aY8jBONIZst8hNBdEQmEZAel8i0GBlCmeTmVsIGVFKmTVAFE4Iz//IiqZ+Wncvyxf15qXKTxZGHAziEY3DgCipwB1WoAQMJz/AKb9aT9WK9Wx+z1pyVzezDH1ifP07NkRs=</latexit>

g  10�3

This also ensures mass variations on earth are sufficiently small to not have been detected yet

with V0 ⇠ M
4
p and the coefficients ui chosen to allow a nontrivial minimum for Vdil. The

constants ui are chosen to be order 50 in size so that the potential is minimized for �min ⇠
O(60).

These choices are driven by phenomenology since they ensure ⌧ := e
⇣� ⇠ M

2
p /M

2
W ⇠ 1028

and this in turn gives the successful order of magnitude Vmin ⇠ (M2
W/Mp)4. Assuming Mp

is also the only scale in the matter lagrangian Lm then implies the Higgs vev (in Einstein
frame) is order v ⇠ Mp/

p
⌧ ⇠ MW 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⌫ ⇠ Mp/⌧ ⇠ M

2
W/Mp in size. So

the one value of � 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 � and ⇣

are related by � = 4⇣, so

W (�) = e
�⇣� and V (�) = V0 e

�4⇣�
. (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 � ⇠ 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⇥ 10�3 [5, 40], independent
of the value chosen for ⇣ (which we regard to be a free parameter).7

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 � ⇠ gGM�/r near the Earth’s surface gives a mass difference between two particles
situated at altitudes that differ by h ⌧ R� of order

�m

m
⇠ g2

GM�h

R
2
�

⇠ 10�19

✓
g2

10�6

◆✓
h

1 km

◆
(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 pho-
tons) move along geodesics of the Jordan-frame metric g̃µ⌫ of (1.5) rather than the Einstein-
frame metric gµ⌫ .

7
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.
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We can now compute the perturbations and input into CLASS to make predictions for  the 
spectrum. Before we can do this we need to consider the axion field; It undergoes fast 
oscillations about its VEV. Thus we use the Mandelung formalism whereby the oscillating axion 
is considered as a fluid description centred about the VEV so we average over oscillations

Note that the axion only couples to the dilaton, and thus can behave as a component of dark matter, whilst 
the dilaton couples to ordinary matter. To analyse the model we used two different potentials for the dilaton.

The averaged terms appearing in these equations can be evaluated in terms of fluid contribu-
tions and a using
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2
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⌦
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2
k
i
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↵
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M2
p
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The evolution of the axion fluid fluctuations descend from the axion field equation and are
given by6

�
0
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� +⇥a = 3 0 + �0 (2.36)

and
S
0

am(⌘)
= ��� � �Q � � , (2.37)

where we define (to linear order)

�Q :=
k
2
�a

4a2m2(⌘)
and �� := �W,�

W
��. (2.38)

Taking r2 of (2.37) and using the definition ~va ⌘ rS/[m(⌘)a] of the axion fluid velocity
allows us to write the axion Euler equation as

⇥0
a +

✓
H+

m0

m

◆
⇥a = k

2 (�+ �� + �Q) , (2.39)

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

�
0
B +⇥B � 3 0 = g��0

, and ⇥0
B +⇥BH� k

2� = �g
�
�̄
0⇥B � k

2
��

�
. (2.40)

These expressions – eqs. (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 (�) and Vdil(�).

2.3 Dilaton properties

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

W (�) = W0 e
�⇣�

, Vdil(�) = V0 e
��� and g̃µ⌫ := e

2g�
gµ⌫ . (2.41)

Because W0 can be set to unity by shifting � in principle the free parameters of the dilaton
sector of the model then are ⇣, �, g and the coefficient V0.

6
We remind the reader that �a is the density contrast of ⇢a 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 �a and the physical density contrast �f is

given by �f = �a � � � ��, where �� ⌘ �W,�
W ��. We refer to [46], where details of the calculations can be

found.
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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 kinetic terms

Lkin = �1
2 M

2
p

p
�g g

µ⌫
⇣
Rµ⌫ + @µ�@⌫�+ e

�2⇣�
@µa @⌫a

⌘
(2.42)

scale by a common factor Lkin ! e
�cLkin when � ! � + c, a ! e

⇣ca and gµ⌫ ! e
�c
gµ⌫ for

arbitrary constants �, ⇣ and c. But if we demand a potential term like Lpot = �
p
�g Vdil to

scale the same way we must ask � = �. Similarly, if the scalar potential arises as a constant
Jordan-frame potential of the form Lcc = �µ

4p�g̃ for constant µ then Lcc = �µ
4
e
�4g�p�g

and so � = 4g. This then scales the same way as the kinetic terms only if g = 1
4�.

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 T = ⌧ + ia. For these the function W (�) and the
relationship between g̃µ⌫ and gµ⌫ are related to each other because both can often be derived
from the same Kähler potential. For instance if K = �3↵ log(T + T

⇤) then one finds the
Einstein-frame kinetic term is proportional to

KTT ⇤@µT
⇤
@
µ
T =

3↵

4⌧2

h
@µ⌧ @

µ
⌧ + @µa @

µa
i

(2.43)

and so ⌧ / e
⇣� achieves our assumed normalization for � if ⇣ =

p
2/(3↵). But Einstein

frame is also often achieved in the supergravity action after Weyl rescaling the metric by
g̃µ⌫ = e

K/3
gµ⌫ (in Planck units) and so if the initial metric were the one to which matter

couples then g = �1
2↵⇣ = �

p
↵/6. Under broad assumptions supersymmetric models also

predict a scalar potential for ⌧ that is proportional to (↵� 1)eK corresponding to a potential
of the form (2.41) with � = 3↵ and V0 / (↵ � 1). The special case where ↵ = 1 is a specific
example of the ‘no-scale’ form [47–51]).

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 ↵ = 1 which implies ⇣ =

q
2
3 and

g = �1
2⇣ = �

q
1
6 .

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

Vdil(�) = U(�) e�4⇣� (Yoga example) (2.44)

and so � = 4⇣. Scale breaking also permits the prefactor U to depend on � (which allows Vdil

to have a minimum for finite �). In practice, when required to use a specific form for U we
choose

U(�) = V0

h
1� u1 �+

u2

2
�
2
i
, (2.45)
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The simple case

The yoga case 

We can compute the perturbation theory and insert both the simple, runaway and the 
yoga case into CLASS to extract the spectrum. In both cases the axion only couples 
to the dilaton field whilst the dilaton couples to matter. Thus the axion could be a 
component of dark matter and the dilaton could behave as dark energy.



The axion energy density is

Relativistic Euler and Continuity equations for an irrotational fluid!

Quantum Pressure
Coupling to matter

Coupling to Dilaton

13

Perturbation Theory

• Axion only couples to dilaton

• No evolution of VEV

• Axion can behave as a component of dark matter

Dark Matter Axion

15

• Axion only couples to dilaton

• No evolution of VEV

• Axion can behave as a component of dark matter

Dark Matter Axion

15

No evolution of VEV,

V(a)
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⇢(a)



Minimal Dark Sector

Minimal Dark Sector

17



A couple of things to note are that the dilaton evolution affects matter clustering with deviations from 
LCDM arising due to the axion, which couples to the dilaton. This makes the axion mass more 
sensitive to dilaton field excursions. The variation in the axion mass causes the axion density to 
deviate from            this induces large integrated Sachs-Wolfe effect. At present the effect is not 
detachable but is a prediction of this class of models and could be detectable in future surveys.  
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CMB Power Spectrum



We can compute the CMB for the yoga potential as well. In this case the u’s are non-zero and the dilaton 
field has a local minimum.



The recent data release by DESI suggest that the ‘dark energy’ equation of 
state is evolving and could be < -1.0. how could this come about? Phantom 
dark energy? No. it can come about by an interacting dark sector.   

<latexit sha1_base64="4Q3BSCoHUU5C7ckcXKGfvH5Q7cI="></latexit>
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The dilaton equation of state is

It is not a phantom. However, it does interact with the axion particle. Once this interaction 
is taken into account we obtain an effective equation of state for dark energy

This is not bounded by > -1.0. DESI could be observing the interactions between the dark sectors 



Dilaton Effective Equation of State

Minimal, exponential potential Non-minimal Yoga potential



Axion Matter Coupling 

What happens when the axion couples to matter? We chose an example 
where the axion couples to electrons and other dark matter species
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Veff (a) = V (a) + Ue(a)⇢e + U(a)⇢
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Dynamically the axion mass becomes density dependent 
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In a heavy body the axion is massive. The axion field interpolates 
between the value inside the body and the one in the solar system, 
with the jump taking place over a narrow region. We take  
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This results in the dilaton having an effective coupling
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which is suppressed compared to the bare coupling, resulting in the  fifth force being screened  



Analysing as before we find an early period of dark energy at high redshift





What next? Well can we test the model in more detail? For example could we detect the 
production of axio-dilaton from the sun? Extra species can’t account for more than 3% of the solar 
luminosity. Could this be a way to test our models. We’ve bounded chameleon models in this way 
and are working to bound symmetron models. Could we bound the axio-dilaton model? 



Summary

We introduced scalar models of dark energy and how fifth forces in these models are screened

We discussed an axio-dilaton model of the dark sector whereby the axion 
field plays the role of dark matter and the dilaton as dark energy. This is a 
minimal model with the axion coupled only to the dilaton, but the dilaton 
coupled to matter. In this model fifth forces are screened by taking the 
dilaton coupling to be small enough to evade solar system constraints 

Coupling the axion to electrons gives rise to an early period of dark energy. The kinetic 
coupling between the axion and dilaton results in the dilaton fifth force being screened.

Can we detect these models? Can we constrain them? 


