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• Why Modified Gravity? 

There are several reasons to investigate modified gravity theories. These are theories 
which modify Einstein theory, but reduce to Einstein relativity in certain limits

Modified Gravity could account for the observed accelerated expansion of the Universe today, 
eg be the dark energy particle. 

Modified Gravity allows one to test General Relativity in new regimes one hadn’t originally thought of 
and look for deviations from General Relativity 



A scalar field could act a dark energy 
provided its mass today
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m� < H0 ⇡ 10�33
eV

We only know dark energy dominates today

Dark Energy



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

<latexit sha1_base64="RDytg1ni9SeMOgVnssBNfbrY33E=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FhmxNey6MZlBfuAzlAyaaYNTSYhyYhlqBt/xY0LRdz6F+78G9N2Ftp64MLhnHu5955IMqqN5307hYXFpeWV4mppbX1jc8vd3mlokSpM6lgwoVoR0oTRhNQNNYy0pCKIR4w0o8H12G/eE6WpSO7MUJKQo15CY4qRsVLH3QsEJz3UyQLZpyMYICmVeIDHfsctexVvAjhP/JyUQY5ax/0KugKnnCQGM6R12/ekCTOkDMWMjEpBqolEeIB6pG1pgjjRYTb5YAQPrdKFsVC2EgMn6u+JDHGthzyynRyZvp71xuJ/Xjs18WWY0USmhiR4uihOGTQCjuOAXaoINmxoCcKK2lsh7iOFsLGhlWwI/uzL86RxUvHPK2e3p+XqVR5HEeyDA3AEfHABquAG1EAdYPAInsEreHOenBfn3fmYthacfGYX/IHz+QP0PZaS</latexit>

!� ⇡ �1



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



Symmetrons

This has potential

V (�) = V0 +
�

4
�4 � µ2

2
�2

In a dense environment the field is at the origin whilst 
in a sparser one the field is at the minimum of the 
potential with the transition happening at density 

A(�) = 1 +
�?

2�?mPl
�2

and coupling function

⇢⇤

Khoury&Hinterbichler, 1001.4525The symmetron obeys a symmetry-breaking effective potential
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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? 



Eot-Wash Experiment

Be-Ti and 
Be-Al test 
masses

For a review see Wagner et al 1207.2442

Tests of Screened Scalars



Atom Interferometry

An interferometer where the wave is made of atoms

Atoms can be moved around by absorption of laser 
photons

2



Chameleon: Combined Constraints
Bare potential: V(φ) = Λn+4/φn

Bare matter coupling: M

6

Panda, Tao, Ceja, Khoury, Tino, Muller. Nature 631, 515–520 (2024)
See also: Sabulsky, Dutta, Hinds, Elder, CB, Copeland. Phys.Rev.Lett. 123 (2019) 6, 061102 

Brax, Davis, Elder. Phys. Rev. D 107 (2023) 084025
 



Casimir Force Experiments

2

nance frequency !r of the mechanical oscillator (without
anything moving at !r) a heterodyne technique was used.
The test mass was harmonically positioned over the two
sides of the source mass at !1 while the separation be-
tween the test and source masses was harmonically varied
with amplitude �z at !2 = !r � !1, e↵ectively reducing
the hypothetical Yukawa-like signal by �z/� ⇠ 0.02. (ii)
The sample was made in such a way that the thicknesses
of the two sides of the source mass were unintentionally
di↵erent. This translated into a ⇠ 3 fN systematic signal
identified with the distance dependence of the Casimir
force. This residual signal yielded the limits obtained in
Ref. [13].

In this paper we report a new approach to improve the
limits in the {�,↵} phase space. The use of a rotating
source mass allowed us to fully utilize the high force sen-
sitivity provided by the large mechanical quality of the
microelectromechanical torsional oscillator (MTO)[14].
Furthermore, an implementation of the source mass
where there is no correlation between its thickness and its
angular position yielded an unprecedented level of sub-
traction of the background arising from vacuum fluctua-
tions.

The test mass (a R = 149.3± 0.2 µm sapphire sphere
covered with a tCr ⇠ 10 nm layer of Cr and a tAu ⇠
250 nm Au-film) was glued close to the edge (at a distance
b = 235± 4 µm from the axis of rotation) of the 500 µm
⇥ 500 µm plate of the oscillator. Gluing the sphere re-
duced the MTO’s natural frequency of oscillation from
f0 = 708.23 ± 0.05 Hz to fr = 307.34 ± 0.05 Hz, and
it reduced the oscillator’s quality factor from Q ⇠ 9000
to Q ' 7200 for a pressure P  10�5 torr. The experi-
ments were performed at P ' 10�5 torr and the motion
of the plate was detected by the change in capacitance
between the plate and the underlying electrodes as in
[13, 17, 18]. Calibration of the MTO was performed by
using the electrostatic interaction between the Au-coated
test and source masses [17]. The calibration was per-
formed with the source mass stationary, and the distance
was monitored and measured using a two-color interfer-
ometer (with a sensitivity of 0.2 nm). After perform-
ing the calibration, the potential di↵erence between the
sphere and plate was adjusted to minimize the electro-
static interaction. With this MTO a thermally limited
minimum detectable force Fmin(fr) ⇠ 6 fN/

p
Hz was cal-

culated when working at resonance at 300 K[16]. Since fr
is a function of separation due to the non-linear nature of
the Casimir interaction, it was continuously monitored.

A five axis stepper-motor-driven positioner and a three
axis piezoelectrically driven system were used to bring
the test mass in close proximity (z 2 [200, 1000] nm)
to the source mass. The source mass was fabricated
by depositing a dCr = 10 nm thick layer of Cr on a
1 inch diameter 100 µm thick [100] oriented Si wafer. A
dtm = 2.10± 0.02 µm thick layer of Si was deposited on
top of the Cr covered Si wafer. Using conventional pho-

tolithography, a photoresist structure consisting of con-
centric sectors was defined in the Si. The Si not cov-
ered by the photoresist was removed down to the Cr
layer using CF4 reactive ion etching. After removing
the photoresist, Au was thermally evaporated and the
structure mechanically polished to expose the Si sectors.
This process defined a structure with a surface consist-
ing of a center circle of Au with a radius R1 = 4 mm,
then a 200 µm wide ring with 50 sectors of Au/Si, and
a 150 µm wide Au ring. The sequence of 200 µm wide
rings with Au/Si sectors and 150 µm wide Au rings was
repeated with the number of Au/Si sectors increasing
by 25 for each concentric ring until the last one with
300 sectors, which was located at R11 = 7.5 mm. This
structure was glued with NOA61 UV curing cement to
a BK7 Schott glass flat with the original Si wafer ex-
posed. The wafer was etched away using KOH, and then
a dAu = 150±3 nm layer of Au was deposited by thermal
evaporation. The exposed Au surface was characterized
by white light interferometry (WLI) and atomic force
microscopy (AFM), which showed an optical quality film
with no memory of the underlying structure. The 1024 ⇥
1024 AFM images obtained over di↵erent 10 µm ⇥10 µm
regions yielded position-independent 60 nm peak-to-peak
topographic roughness. Excluding a few isolated spikes
⇠ 50 nm tall and about 100 nm across, the sample has
a rms roughness of 1.5 nm. The disk was then mounted
on an air bearing spindle. It was optically verified that
the center of the disk and the axis of rotation of the spin-
dle coincided to better than �r ⇠ 10 µm. The flatness
and alignment of the sample were checked in-situ using a
fiber interferometer (response time 10 ms). It was found

Generation 1

z yo
r T

Generation 2

z y

I

x cl
FIG. 1. (Color online) Schematic of the experimental setup
(not to scale). The Au-coated sphere is glued to the oscilla-
tor. Three regions with n = 5, 8, 11 Au-Si sectors are shown.
The actual sample has n = 50, 75, · · · , 300. The {x, y} plane
defines the plane of rotation of the spindle. cl is the line
where all the di↵erent regions with Au-Si sectors coincide. ✓
is the instantaneous axis of rotation, � = !t is the angle of
rotation. The distance z is measured from the vertex of the
spherical test mass to the source mass. r is the distance from
the vertex of the test mass to the center of the source mass, o.
Displacements �r between o and the axis of rotation are not
shown for clarity. For comparison, a schematic of the setup
used in [13] is shown.

Decca Experiment —
1410.7267; 1509.05349
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The Axio-Dilaton Model
A.Smith, P.Brax, C.vdBruck, C.Burgess, ACD —2505.05450

The axio-dilaton model has a non-trivial kinetic coupling, motivated by SUSY and string theory with Lagrangian

denoted ω and the dilaton only appears in this action through the Jordan-frame metric
g̃µω := A

2(ε) gµω . The model is specified once the axion-dependence of the matter action is
given, together with explicit forms for the functions V (ε, ã), A(ε) and W (ε).

It is convenient when interpreting this lagrangian to shift the axion and dilaton fields so
that their ambient homogeneous values during the present epoch are a = ε = 0. For instance,
if cosmological evolution leads at late times to ε and a sitting at the minimum of V (ε, a)
then after shifting the field appropriately there is no loss in choosing the vacuum potential,
V (ε, a), to be minimized at a = ε = 0. It is also convenient to rescale the metric so that
A(0) = 1 since this ensures Jordan frame and Einstein frame share the same units of length in
the current epoch. Finally, we rescale ε and a so that both scalars are canonically normalized
during the current epoch, which means ε = Mp ε̃ and a = W (0)Mp ã. After these choices the
lagrangian is

S =

∫
d4x

→
↑g

{
M

2
p

2
R↑ 1

2

[
(ϑε)2 +W

2(ε) (ϑa)2
]
↑ V (ε, a)

}
+ Sm[A2(ε) gµω , a,ω] ,

and there is no loss of generality in assuming that the minimum of V (if this exists) is at
a = ε = 0 and also that A(0) = W (0) = 1 there.

For the dilaton-matter coupling function A we take

A = e
→εϑ/Mp , (2.3)

where ϖ > 0 and we use the above-mentioned rescalings to ensure A(0) = 1. This is motivated
by the role played by ε as a pseudo-Goldstone boson for scaling symmetry (which is why
this form arises so frequently from microscopic physics). This form of coupling to matter
is what would arise for a Brans-Dicke scalar written in Einstein frame. When present the
scalar mediates a Yukawa-type force whose coupling strength is proportional to ϖ/Mp. When
the ε Compton wavelength is solar-system sized or larger (as is the case if it is currently
cosmologically active) the agreement of GR with observations requires ϖ <↓ 10→3 [17]. It is
because many microscopic theories – and in particular the natural relaxation (Yoga) models
of [38] – predict ϖ ↓ O(1) [33, 53] that screening mechanisms are often required.

There are two di!erent choices for the kinetic coupling function W that are known to
allow the screening described in [39] and we explore them both here. The first possibility
assumes W has the scaling form often predicted by UV physics,

W
2(ε) = e

→ϖϑ/Mp = e
→ϑ/!ω , (2.4)

where we again rescale fields to ensure W (0) = 1 and !ϑ – or equivalently ϱ = Mp/!ϑ – is a
new coupling parameter. The other possibility assumes W to be near a minimum

W
2(ε) ↔ W

2
ϱ +

(ε↑ εϱ)2

2!2
ϑ

= 1 +
ε(ε↑ 2εϱ)

2!2
ϑ

, (2.5)

and so is characterized by choices for the parameters εϱ and !ϑ. As usual, using a strictly
quadratic expression typically assumes |ε↑ εϱ| is small relative to !ϑ.

It remains to specify the scalar potential in the vacuum, which we take to be additive

V (ε, ã) = Vdil(ε) + Vax(a) (2.6)

– 6 –

The dilaton coupling to matter and kinetic coupling  are taken to be 
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S =

∫
d4x

→
↑g

{
M

2
p

2
R↑ 1

2

[
(ϑε)2 +W

2(ε) (ϑa)2
]
↑ V (ε, a)

}
+ Sm[A2(ε) gµω , a,ω] ,

and there is no loss of generality in assuming that the minimum of V (if this exists) is at
a = ε = 0 and also that A(0) = W (0) = 1 there.

For the dilaton-matter coupling function A we take

A = e
→εϑ/Mp , (2.3)

where ϖ > 0 and we use the above-mentioned rescalings to ensure A(0) = 1. This is motivated
by the role played by ε as a pseudo-Goldstone boson for scaling symmetry (which is why
this form arises so frequently from microscopic physics). This form of coupling to matter
is what would arise for a Brans-Dicke scalar written in Einstein frame. When present the
scalar mediates a Yukawa-type force whose coupling strength is proportional to ϖ/Mp. When
the ε Compton wavelength is solar-system sized or larger (as is the case if it is currently
cosmologically active) the agreement of GR with observations requires ϖ <↓ 10→3 [17]. It is
because many microscopic theories – and in particular the natural relaxation (Yoga) models
of [38] – predict ϖ ↓ O(1) [33, 53] that screening mechanisms are often required.

There are two di!erent choices for the kinetic coupling function W that are known to
allow the screening described in [39] and we explore them both here. The first possibility
assumes W has the scaling form often predicted by UV physics,

W
2(ε) = e

→ϖϑ/Mp = e
→ϑ/!ω , (2.4)

where we again rescale fields to ensure W (0) = 1 and !ϑ – or equivalently ϱ = Mp/!ϑ – is a
new coupling parameter. The other possibility assumes W to be near a minimum

W
2(ε) ↔ W

2
ϱ +

(ε↑ εϱ)2

2!2
ϑ

= 1 +
ε(ε↑ 2εϱ)

2!2
ϑ

, (2.5)

and so is characterized by choices for the parameters εϱ and !ϑ. As usual, using a strictly
quadratic expression typically assumes |ε↑ εϱ| is small relative to !ϑ.

It remains to specify the scalar potential in the vacuum, which we take to be additive

V (ε, ã) = Vdil(ε) + Vax(a) (2.6)
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With 

with the dilaton contribution having the form

Vdil = U(ω) e→ωε/Mp , (2.7)

where two choices are made for the prefactor U(ω). Taking U(ω) = V0 to be a constant7
gives a runaway dilaton model [49] for which slow roll can produce the accelerated expansion
required of Dark Energy8 if ε <

→
2 [55]. Alternatively we also explore an Albrecht-Skordis

potential [50, 51] for which the function U(ω) has a local minimum whose value sets the size
of the late-time dark energy scale. In practice U(ω) is taken for simplicity to be quadratic in
ω near the minimum, and once ω is shifted to ensure the minimum is at ω = 0 becomes

U(ω) = 1
2m

2
εω

2 + V0

[
1
2

(
εω

Mp

)2

+
εω

Mp
+ 1

]
, (2.8)

where V0 = Vdil(0) ↑ O(H2
M

2
p ) > 0 and m

2
ε := V

↑↑
dil(0) ↑ O(H2) > 0. The motivations for

making this choice are summarized in [38, 52], and are driven by the desire to understand
naturally the small size taken for V0 (which sets the Dark Energy density). Other potentials
leading to a quintessence behaviour for ω could also be considered though we do not do so.

The axion potential in vacuum is assumed to be large enough that during the recent
universe the field a does not stray too far from one of its minima, and we shift the axion
field to arrange that this occurs at a = 0. We assume the potential energy vanishes9 at this
minimum, V (0) = 0, and so10

Vax ↓ 1
2 m

2
a a

2
. (2.9)

The physical mass of the axion in the vacuum is then given by max = ma/W where W is
evaluated at the background value for ω (and so max ↔ ma at late times when ω ↔ 0 and
W ↔ 1). It is well-known that a scalar field oscillating near the minimum of its potential
behaves like non-relativistic matter, but in our analysis we do not assume the axion to be
Dark Matter (and so assume the Dark Matter is part of the matter lagrangian).

For axion-matter couplings we assume a coupling to a matter field ϑi to be propor-
tional to the number density of matter particles, which in Jordan frame has the form Lma ↗
↘
→
g̃
∑

i Ui(a)ϑ↓
i ϑi, where g̃µϑ is the Jordan-frame metric and the sum runs over the various

species of matter fields, ϑi. This amounts to giving the matter field an axion-dependent
Jordan-frame mass of the form

mi = mi0

[
1 + Ui(a)

]
, (2.10)

7
When U(ω) = V0 the dilaton potential has no minimum and so we instead use the freedom to shift the

origin of ω to set its initial condition to a value that arranges that ω = 0 at or near the current epoch.
8
We remark in passing that the de Sitter conjecture states that ε should be larger than

→
2 in order not

to fall within the swampland [54]. If regarded as an important prior consideration this would preclude the

existence of dynamical dark energy through classical evolution using exponential potentials. In [38] ε is taken

from comparing to microscopic arguments and turns out larger than
→
2, though the presence of a minimum

due to the function U also means that acceleration does not rely on slow-roll evolution in an exponential

potential. In what follows we do not worry about hypothetical swampland issues.
9
We do so here purely by tuning, though ultimately one hopes this could also be arranged using the

relaxation mechanism of [38], although at face value this would not produce a potential Vdil(ω)+Vax(a) of the

simple additive form chosen here. Further exploration of this point is a work in progress.
10

For axions arising from internal rephasing symmetries the potential is trigonometric in ã and so choosing

a quadratic form assumes ã ↑ 1. The reasoning is slightly di!erent for axions arising as the dual of a two-form

Kalb-Ramond potential Bµω , however, since in this case a quadratic potential follows as the leading term in

the low-energy derivative expansion [56].

– 7 –

with the dilaton contribution having the form

Vdil = U(ω) e→ωε/Mp , (2.7)

where two choices are made for the prefactor U(ω). Taking U(ω) = V0 to be a constant7
gives a runaway dilaton model [49] for which slow roll can produce the accelerated expansion
required of Dark Energy8 if ε <

→
2 [55]. Alternatively we also explore an Albrecht-Skordis

potential [50, 51] for which the function U(ω) has a local minimum whose value sets the size
of the late-time dark energy scale. In practice U(ω) is taken for simplicity to be quadratic in
ω near the minimum, and once ω is shifted to ensure the minimum is at ω = 0 becomes

U(ω) = 1
2m

2
εω

2 + V0

[
1
2

(
εω

Mp

)2

+
εω

Mp
+ 1

]
, (2.8)

where V0 = Vdil(0) ↑ O(H2
M

2
p ) > 0 and m

2
ε := V

↑↑
dil(0) ↑ O(H2) > 0. The motivations for

making this choice are summarized in [38, 52], and are driven by the desire to understand
naturally the small size taken for V0 (which sets the Dark Energy density). Other potentials
leading to a quintessence behaviour for ω could also be considered though we do not do so.

The axion potential in vacuum is assumed to be large enough that during the recent
universe the field a does not stray too far from one of its minima, and we shift the axion
field to arrange that this occurs at a = 0. We assume the potential energy vanishes9 at this
minimum, V (0) = 0, and so10

Vax ↓ 1
2 m

2
a a

2
. (2.9)

The physical mass of the axion in the vacuum is then given by max = ma/W where W is
evaluated at the background value for ω (and so max ↔ ma at late times when ω ↔ 0 and
W ↔ 1). It is well-known that a scalar field oscillating near the minimum of its potential
behaves like non-relativistic matter, but in our analysis we do not assume the axion to be
Dark Matter (and so assume the Dark Matter is part of the matter lagrangian).

For axion-matter couplings we assume a coupling to a matter field ϑi to be propor-
tional to the number density of matter particles, which in Jordan frame has the form Lma ↗
↘
→
g̃
∑

i Ui(a)ϑ↓
i ϑi, where g̃µϑ is the Jordan-frame metric and the sum runs over the various

species of matter fields, ϑi. This amounts to giving the matter field an axion-dependent
Jordan-frame mass of the form

mi = mi0

[
1 + Ui(a)

]
, (2.10)

7
When U(ω) = V0 the dilaton potential has no minimum and so we instead use the freedom to shift the

origin of ω to set its initial condition to a value that arranges that ω = 0 at or near the current epoch.
8
We remark in passing that the de Sitter conjecture states that ε should be larger than

→
2 in order not

to fall within the swampland [54]. If regarded as an important prior consideration this would preclude the

existence of dynamical dark energy through classical evolution using exponential potentials. In [38] ε is taken

from comparing to microscopic arguments and turns out larger than
→
2, though the presence of a minimum

due to the function U also means that acceleration does not rely on slow-roll evolution in an exponential

potential. In what follows we do not worry about hypothetical swampland issues.
9
We do so here purely by tuning, though ultimately one hopes this could also be arranged using the

relaxation mechanism of [38], although at face value this would not produce a potential Vdil(ω)+Vax(a) of the

simple additive form chosen here. Further exploration of this point is a work in progress.
10

For axions arising from internal rephasing symmetries the potential is trigonometric in ã and so choosing
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Note that this gives the matter field an axion dependent mass 

at a radius close enough to be dominated by the spherically symmetric field of the nearest
source, rather than further away.

The precise value of ω→ often does not really matter, however, since any accidental shift
‘symmetry’ of the equations of the form ω → ω+ c (for constant c) can make ω→ drop out of
observable quantities. In the screening mechanism described here, however, the axion-dilaton
interaction breaks the dilaton shift symmetry and so ensures the energy of the field depends
on ω→ and because of this its value in the ground state is instead determined by minimizing
the energy. Agreement with ambient fields far from the source is then obtained at the cost of
gradient energy, which can be much less expensive if the sources are more widely separated
from one another compared to their size (see [39] for more details).

2.2.2 The screening mechanism

As described above, for axion-matter couplings we assume that it assigns an axion-dependence
to particle masses in the Jordan frame, with mi = mi0[1 + Ui(a)] and the functions Ui and
the axion potential approximated by

Ui(a) ↑
(a↓ ai)2

2!2
i

, (2.19)

where i = e,m respectively denotes electrons and Dark Matter. The axion potential in
vacuum, Vax, is as given in (2.9).

Inside a macroscopic object (like the Sun) whose electron density dominates the ambient
Dark Matter density this type of interaction implies the axion ‘sees’ an e!ective matter-
dependent scalar potential of the form

Vax e!(a) ↑ Vax(a) +me0 Ue(a)ne ↑ Vax(a) +
me0

mN

U(a) εB , (2.20)

where electrical neutrality implies the electron and baryon number densities are equal and so
we write ne = nB = εB/mN , where nB and εB are the local baryon-number and baryon-mass
densities and mN is the nucleon mass. We choose parameters such that the matter-dependent
part of this potential dominates the vacuum contribution for the kinds of matter densities
found in the Sun. Under these circumstances we expect to find a ↑ ae deep inside matter, with
fluctuations about this value having a density-dependent mass max(εB,ω) = ma(εB)/W (ω)
where

m
2
a(εB) ↑

me0 ne

!2
e

↑ εe

!2
e
↑

(
me0

mN

)
εB

!2
e
, (2.21)

and εe is the energy density in electrons.
If the axion Compton wavelength inside matter is much smaller than the distance over

which ne changes appreciably then the background axion profile, aad(x), can be approximated
by the adiabatic result that satisfies ϑaVax e! |a = 0. If it is also true that the axion mass in
vacuum is much smaller than its matter-dependent one then it can be shown that the solution
for aad(r) robustly tends to jump from 0 to ae within a narrow width ϖ ↔ max(ne)↑1 near the
source’s surface (see [39] for details). In these circumstances the background axion profile is
well-approximated by a step function:

a = a(r) ↑ ae”(R↓ r) , (2.22)

where R is the source radius and ” is the Heaviside step-function. Although these conditions
are not strictly required for screening, they do make its analysis particularly simple.
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Screening
The screening in the two field models is more complicated —  
Smith et al 2505.05450; Brax, CvdBruck, ACD, Smith 2603.13986 

In a compact object the axion acquires a density dependent mass with the mass in vacuum 
being much smaller than  the mass inside the compact object, so there is a ‘jump’ at the 
surface, which generates an axion gradient. Given the coupling between the axion and dilaton 
this gives a ‘jump’ in the dilaton effective charge, L. Typically in the absence of screening 

With these choices, the step in the axion profile generates an axion gradient that is
localized near r = R, and this in turn – by virtue of (2.16) – generates a delta-function
contribution to the potential for the dilaton, localized near r = R. As usual, the presence of a
delta-function potential induces a jump discontinuity in the derivative of the dilaton at r = R,
and this is how the axion gradient modifies the dilaton profile. In particular, although the
value of the radial derivative ωrε just inside the discontinuity is the usual one expected in the
absence of screening, the jump discontinuity implies the derivative just outside is di!erent,
and if it is smaller the e!ective dilaton ‘charge’ of the source has been reduced.

To quantify this, if the dilaton profile for r > R is written as

ε = εloc →
LMp

r
, (2.23)

where εloc and L are integration constants, then (as discussed above) matching at the surface
of the source would give L = L0 := 2ϑGNM in the absence of screening. But keeping track
of the jump discontinuity in ωrε when matching implies L for the exterior solution is instead
given by

L

R
=

L0

R
+
(
WW

→
)

r=R

(
R

2ϖ

)
ae2

Mp
, (2.24)

where quantities like WW
→(ε) are evaluated at ε(R). The e!ective dilaton charge of the

source, including screening, can be defined by writing L = 2ϑe!GNM , and if so it is ϑe! and
not ϑ that must satisfy solar system constraints. The dilaton charge is screened when L is
smaller than L0, as is the case when W

→ is negative.

2.2.3 Energetics

A complication to the above screening story is that ϑe! depends on the value taken by εloc,
because this appears in the value ε(R) of the field where the axion gradient occurs. As
argued earlier, the way to determine the value for εloc is by minimizing the energy of the
fields generated by the source.

There are two important εloc-dependent contributions to the energy of the fields sur-
rounding the source. The first of these comes from the gradient energy of the dilaton field
exterior to the source,

Eext = 4ϱ

∫ ↑

R
dr r2

ε
→2

2
=

2ϱM2
pL

2

R
, (2.25)

in which εloc enters through L due to the condition (2.24) and for weakly gravitating sources
we can compute the energy in flat space. If this were the entire story then minimizing would
set L = 0, and thereby set the dilaton charge to zero (and so perfectly screen the source
from the dilaton). This is not quite what happens because there is another εloc-dependent
contribution to the energy, given by the axion and dilaton gradients interior to the source.
For weakly gravitating sources these contribute

Ein = 2ϱ

∫ R

0
dr r2

[
W

2(ε)(a→)2 + (ε→)2
]
↑ ϱR

2ae2

ϖ

(
W

2
)

r=R
, (2.26)

where the approximate equality evaluates the integral using the narrow-width profile (2.22).
Any other contributions to the energy that are independent of εloc do not participate in the
minimization with respect to εloc and so can be dropped.
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and with screening

Since the effective coupling depending on the dilaton field value at the surface we need to check the 
energetics due to the discontinuity at the surface of the object. Minising the dilaton energy gives 

Further progress requires specifying the function W , so we consider two representative
cases. In the case of an exponential dependence of (2.4) we have W

2(ω) = exp[→εω/Mp] =
exp[→ω/!ω] and ref. [39] finds the e!ective dilaton charge evaluated at the field that minimizes
the energy is

ϑe! ↑ R

2εGNM
(exponential W 2(ω)). (2.27)

On the other hand, when W
2 has a minimum, as in (2.5), we have W

2 = W
2
ε +

1
2(ω→ωε)2/!2

ω
and the resulting e!ective dilaton coupling turns out in this case to be

ϑe! ↑ ϑ

1 + (R/ϖ) ae2

4”2
ω

(quadratic W
2(ω)) . (2.28)

This can also be much smaller than ϑ if the denominator is large, as can happen if ae2/!2
ω ↓ 1

and/or the width ϖ of the axion profile is su"ciently narrow relative to the source radius R.

2.2.4 Benchmark values
This section establishes benchmark parameters that satisfy the above simplifying assumptions.
When making these estimates we use the convention described below eqs. (2.3) and (2.4) that
the present-day value for A and W is A(0) = W (0) = 1.

For applications to screening we assume the present-day axion mass in matter for typical
solar densities, ne ↔ n→, to be (c.f. eq. (2.21))

max(n→) ↔
(
men→
!2
e

)1/2

↔ 2↗ 10↑12 eV , (2.29)

so that its Compton wavelength is of order ϖ ↔ 100 km (much smaller than the solar radius).
For a representative solar electron density of n→ ↔ 1024/cm3 ↔ 1010 eV3 – and so ϱe→ ↔
men→ ↔ 1016 eV4 – this size of an axion mass in matter determines the coupling scale to be
!e ↔ 1011 GeV. We take the vacuum axion mass to be a thousand times smaller (to ensure
the step occurs near the solar surface), and so take

max = ma ↔ 2↗ 10↑15 eV. (2.30)

This choice also ensures the axion does not mediate a long-range force in the solar system
and that its mass is larger than the Hubble scale during post nucleosynthesis cosmology.

The electron-axion coupling also implies a field-dependence to the electron mass and so
one must also check that the gradients in the axion field required by screening are not ruled
out by what we know about electron properties on Earth and in the Sun. This could show
up in precision measurements of atomic properties, such as through a position-dependence it
predicts for the electron/nucleon mass ratio (see [57] for recent constraints). To evade these
bounds we require that ςme/me = Ue remain smaller than 10↑15, which given the form (2.19)
implies we require

ae2

!2
e

<↔ 10↑15
. (2.31)

For !e ↔ 1011 GeV this implies |ae| <↔ 3↗ 103 GeV.
Next we ask for su"cient screening in the solar system: ϑe!/ϑ <↔ 10↑3 as suggested by

the Cassini bound [17] if ϑ ↔ O(1). For exponential W 2 eq. (2.27) shows this is a condition
on !ω alone. Using that GNM/R ↔ 10↑6 for the Sun shows su"cient screening implies

ε >↔ 109 and so !ω <↔ 109 GeV (exponential W ). (2.32)
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This is then checked against solar system constraints, full details in 2505.05450 and 2603.13986. In the 
axio-dilaton model the axion can be dark matter and the dilaton dark energy. Um, more work needed



Evolving Dark Energy?

Does it cross the phantom divide?
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Open Problems in Axio-Dilaton Model

We showed that the axion can behave as dark matter and the dilaton as dark energy, 
but in a model without screening. Can we keep this property and screen the fifth force?

How do we test the model? We can test some bits but can we test the complete model, eg solar constraints

Both axions and dilatons couple to photons 
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Can they be produced in the sun and constrained 
with solar constraints? The axion field would switch 
off the dilaton in the core, but depending on 
parameters (to be checked) both axions and 
dilatons could be produced in the tachocline. 



New Experiments 

IAXO
AION



Open Questions and Puzzles

What is dark energy? Is it a scalar field? 

Could dark energy be a modification of General Relativity, a 
more radical modification than scalar-tensor gravity? 

Could ‘dark energy’ be related to quantum gravity? 


