
Recent Developments in Modified Gravity

Anne-Christine Davis!
DAMTP, Cambridge



Outline

Modified Gravity Models
Chameleon, Symmetron, Dilaton, Galileon

Laboratory Tests

Atomic Interferometry; Casimir 

Gravitational Waves

Chameleon, symmetron

Galileons, Horndeski

Massive Gravity

Effect of uv completion



Main screening mechanisms can be written as 

The Vainshtein mechanism reduces the coupling to matter by increasing Z

The Damour Polyakov mechanism reduces the coupling β   

The chameleon mechanism increases the mass



gives the effective potential                              
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consider the chameleon action

This should give fifth forces, but these are screened. Two types of screening. 
Chameleons - the mass depends on the environment; dilatons and symmetrons - 

the coupling to matter depends on the environment. 	
Both are considered. They have been constrained by solar system and lab tests.	
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mass is proportional to the second derivative of minimum of the potential	
Hence it can be heavy when    is large and light when    is small
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Khoury&Weltman, astroph/039300;039411; !
Brax et al astroph/0408415





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





Symmetrons

This has potential
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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
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Khoury&Hinterbichler, 1001.4525



When	objects	are	big	enough/dense	enough,	or	if	
they	are	surrounded	by	big	objects,		the	field	is	
screened.	Inside	it	is	nearly	constant	apart	from	
inside	thin	shell	whose	size	is	inversely	propor?onal	
to	Newton’s	poten?al	at	the	surface

Thin	shell	

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

F� / �R/R�N



Atomic Interferomery
Originally proposed by Burrage, Copeland and Hinds;!

experiment performed by Berkeley group of Muller et al
arxiv 1408.1409
arxiv 1603.06587

These experiments constrain the anomalous acceleration of an atom 
in the presence of an external ball of matter of radius 0.95cm. The 
atom is too small to have a thin shell, so feels the full extra force. 

The whole apparatus is embedded in a cavity of radius 6.1 cm

By computing the scalar charge of the source we can compute 
the extra acceleration on the atom for specific models. we can 
then bound models against the results of the Berkeley group

Brax&ACD 1609.09242

We find that for f(R) models and dilation 
existing constraints are stronger



Why	Atom	Interferometry?	
In	a	spherical	vacuum	chamber,	radius	10	cm,	pressure	10-10	Torr	

Atoms	are	unscreened	above	black	lines			
(dashed	=	caesium,	doAed	=	lithium)	

	
	
	
	
	
	
	
	

19	CB,	Copeland,	Hinds.	(2015)	
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Figure 2: Michelson interferometer.

the di↵erence between the two paths. The Michelson interferometer was famously used by Michelson
and Morley to prove that light does not propagate through an ether [34].

Atom interferometry relies on the same principles as a Michelson interferometer, a wave is split into
two parts that travel along di↵erent paths, and are then recombined. The di↵erence is that the wave is
made of atoms and not light. It is therefore an intrinsically quantum mechanical experiment, relying
on the concept of wave-particle duality. Any forces that act on the atoms while they are propagating
along the arms of the interferometer will modify the properties of the wave and result in an interference
pattern. Atom interferometry experiments with the ability to detect gravitational strength forces were
first performed by Peters, Chung and Chu at Stanford University [35]. They were able to measure
the local acceleration due to gravity with an accuracy of �g/g = 2 ⇥ 10�8 using Caesium atoms.
In what follows we describe the theory underlying an atom-interferometry experiment, and we refer
those readers interested in the practical details of performing such an experiment to [35]. It was
later realised that atom-interferometry could be used not just to measure the Newtonian gravitational
force, but with su�ciently precise measurements it could search for fifth forces coming from beyond
standard model physics [36] and it could also be used to test general relativity [37]. The ability of atom
interferometry to constrain beyond the standard model physics is normally due to the unprecedented
precision achievable with this technique. In contrast, here we present an experimental approach to
testing theories of dark energy which relies on unprecedented sensitivity because atoms are so much
smaller than other objects previously used to search for new forces.

A rough sketch of the experiment is shown in Figure 3. A cloud of atoms is launched in a fountain
in the vicinity of a macroscopic spherical mass which is the source of the chameleon force acting on
the atoms. The Figure indicates typical distance scales for such an experiment.

4.1 Manipulating atoms

Let us start by describing how atoms are moved around inside an experiment. We assume that the
atoms we are working with are very cold, so that we can neglect their thermal motion, and consider
that we start out with a single stationary atom. This atom has two energy levels, E

1

and E
2

, and
the atom is initially at rest in the ground state E

1

. We now shine a laser beam at the atom and the
frequency of the laser is tuned so that the energy of each photon is exactly E

2

� E
1

. If the atom
absorbs the photon it is excited into state 2. In order to conserve momentum, the atom must also
have picked up the momentum that was originally carried by the incoming photon. The excited atom

– 10 –
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Figure 6: Current bounds on the parameters n and M
c

when ⇤ is fixed to the dark energy

scale ⇤
DE

and n ° 0. The regions excluded by each specific test are indicated in the figure.

The blue region corresponds to astrophysical tests, which includes both Cepheid and rotation

curve tests. The blue and red arrows indicate the lower bounds coming from the neutron

interferometry experiments of [133] and [134] respectively.
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Chameleon Constraints Burrage&Sakstein;
1709.09071



Astrophysics
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Figure 10: The current bounds on the symmetron parameters M
s

and �. The region of

parameter space excluded by each specific test is indicated in the figure. The Eöt-Wash

region corresponds to µ “ 2.4 meV; the outlines for values µ “ t10´4, 10´3, 10´2u eV are

shown by the solid, dashed, and dotted green lines respectively. The atom interferometry

lines correspond to the regions excluded for µ “ t10´4, 10´4.5, 10´5, 10´5, 2.4 ˆ 10´3u eV

from top to bottom respectively, the latter value corresponding to the dark energy scale. The

astrophysical bounds are insensitive to the value of µ for the values considered here.

67

Symmetron Constraints Burrage&Sakstein;
1709.09071



force between parallel plates

force between a plate and a sphere

chameleonic force 

dark energy scale is

The scalar force could be detected in Casimir type experiments

Brax et al PRD76(07)124034

Fcas ⇡ d�4

Casimir Force Experiments



Casimir Force
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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 t

Cr

⇠ 10 nm layer of Cr and a t
Au

⇠
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
f
0

= 708.23 ± 0.05 Hz to f
r

= 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 F

min

(f
r

) ⇠ 6 fN/
p
Hz was cal-

culated when working at resonance at 300 K[16]. Since f
r

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 d

Cr

= 10 nm thick layer of Cr on a
1 inch diameter 100 µm thick [100] oriented Si wafer. A
d
tm

= 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 CF

4

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 R

1

= 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 R

11

= 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 d

Au

= 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
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z yo
r T
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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



Akrami, Brax, Bsaibes, Davis, Decca, Elder & Vardanyan, 
to appear

Plate, field 
sits at zero

Sphere field 
sits at zero

Field non-zero 
at VEV
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Symmetron Constraints
Akrami, Brax, Bsaibes, Davis, Decca, Elder & Vardanyan



Galileon employs Vainshtein Screening and highly non-linear Lagrangian, but 
equations of motion only have second order time derivatives

L = �c2
2
(@�)2 � c3

⇤3
⇤�(@�)2 � c4
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L4 �

c5
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L5 +
X
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@µ�@⌫�T
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where      andc0 cG are the conformal and disformal couplings

⇤3 = H2
0mPlwe take to be of cosmological interest

c2 > 0and to avoid ghosts in Minkowski space

g̃iµ⌫ = Ai(�)gµ⌫ +
2

M4
i
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The coupling to the metric is with
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these are the remaining 
terms and play a role 

cosmologially

Galileons Nicolis,RattazziTrincheri; 0811.2197



Galileons

For cubic Galileon the Vainshtein radius is

R⇤ =
1

⇤

✓
cb0m

2⇡c3mPl

◆1/3

choosing cosmological values  gives the Vainshtein radius of the earth to be 

R⇤ = 1014km

The fifth force inside this radius is screened, so solar 
system screened and no effect in the Laboratory

PLB39(1972)393



Cosmological solutions require non-zero c4, which give the 
speed of gravitational waves to be different from that of photons

Figure 1: The variation of the speed of gravitational waves as a function of redshift for a quartic
Galileon model with an equation of state !� = �1 now. The local constraints from binary pulsars
rule out these types of models.

the speed of gravitational waves. In terms of cosmological quantities the speed of gravitons

is simply

c2T =
1 + 2c̄0ȳ + c̄4H̄

4x̄4

1 + 2c̄0ȳ � 3c̄4H̄4x̄4
(2.17)

This sets the current speed to be

c2T0 =
1 + c̄4
1� 3c̄4

(2.18)

When c4 > 0, this is larger than one and no constraint from Cerenkov radiation of gravitons

by cosmic rays applies. For the model with an equation of state !� = �1 and c̄2 = 1 we have

c̄4 ⇠ 0.3 which implies that cT ⇠ 4, as shown in Figure 1. Typically for the models with

positive c2 and an equation of state close to -1, the deviation of the speed of gravitational

waves from one is far bigger than the percent level as allowed by the binary pulsar bound

derived in [13].

3. The Speed of Gravitons and Screening

3.1 Screening E↵ects

The speed of gravitons is tightly constrained by the drift of the period of binary pulsars.

When the speed of gravitons exceeds the speed of light by more than one percent, the change

in the period of binaries cannot accommodate observations [13]. As we have seen, quartic

Galileons with no ghosts in a Minkowski background, c̄2 = 1 and a cosmological equation of

state now close to -1 have a cosmological speed which is much larger than the speed of light.

One possible way out which could reconcile both a large speed of gravitons on cosmological

scales and a constrained one in the pulsar environment is the presence of screening in the

– 6 –

Brax, Burrage, ACD 1510.03701

Old constraints from give

cT > c

cT < c

New constraints strengthen the superluminal propogation, but not as strong as 
above for subluminal propagation. The LIGO/VIRGO detection of neutron star 
binary collision GW170817 and the electromagnetic counterpart now constrain 

�3⇥ 10�15  cT
c�

� 1  7⇥ 10�16



Ghost-free Massive (Bi)gravity The action for the gravity sector. 

3 

Hassan and Rosen, JHEP 1202, 126 (2012) 



Matter couplings 
 

�Doubly-coupled scenario 
 
 
 
 
 

y Has interesting healthy solutions (see later). 
y Strongly affected by the gravitational wave 

measurements. 
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de Rham, Heisenberg, and Ribeiro, CQG 32, 035022 (2015), 4 Brax,ACD&Noller;1606.05590



�Two metrics 
 
 

 
�The effective metric 
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Controls the relative importance of the two metrics. 
Cosmology 

6
Brax,ACD&Noller;1703.08016



Proportional Metrics: 
two-parameter models 

22 18

Akrami,Brax,ACD,Vardanyan;1803.09726



Note:  
 Both of the speeds become unity at the 

same point of the parameter space*  

*Unless we are in the singly-coupled limit 
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Note:  
 Both of the speeds become unity at the 

same point of the parameter space*  

*Unless we are in the singly-coupled limit 
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UV Completion

de Rham and Melville; 1806.09417 pointed out that LIGO operated at 
10-100Hz, which is 20 orders of magnitude higher than the EFTs for dark 

energy and any cut-off for Horndeski etc would be much lower than 100Hz.

They point out that any uv complete theory should be Lorentz invariant, in 
which case the phase velocity should be unity. In which case one might have 
c(k). Using examples of EFT they show how to reconcile LIGO with modified 

gravity models. Is this the way forward? 

The need to understand uv completion is imperative, and very hard!



For c3 non-zero the spherically symmetric solution is

d�

dr
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Non-linearities dominate inside the Vainshtein radius to screen the fifth force
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Both conformal and disformal couplings to matter are severely constrained.

c0 leads to large variations in particle masses when coupled to baryons

cG coupled to baryons is constrained by LHC and to photons by variation of the speed of light

dL =

✓
c
obs

c
emit

◆
2

(1 + z)2dAgiving the duality relation


