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Outline 
 

What is dark energy? 

 

How does it interact with matter? 

 

Screening mechanisms: non-linear dark energy 

 

Searching for dark energy in the laboratory 

• The energy frontier 

• The precision frontier 

• Potential applications to Bose-Einstein condensates 
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Our expanding universe 
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The Einstein equations 
 

 

The universe is homogeneous and isotropic, and has been 

expanding since the big bang 

The expansion is controlled by:  .   
 

 

 

A universe dominated by the cosmological constant 

expands exponentially  

 

A universe dominated by non-relativistic matter expands as 

a power law 



The expansion of the Universe is 

accelerating 
 

 

 

 

 
 

"for the discovery of the 

accelerating expansion of 

the Universe through 

observations of distant 

supernovae" 
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The Universe today 
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The cosmological constant problem 

The Einstein equations: 

 

 

The energy density of the vacuum looks like a 

cosmological constant 

  

 

 

Contributions from phase transitions and quantum loops 
 

Expected value:   Observed value: 
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The Universe today 

Cosmological 
constant? 

New scalar 
field? 

Modification 
of gravity? 

7 Picture credit: ESA/Planck 



Dark energy vs. modified gravity 

 

Is this an unnecessary distinction? 

 

 

 

Changes on the gravity side of the equation can be 

mapped to equivalent changes on the matter side 

 

 

Typically modifications introduce a new scalar degree of 

freedom 
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Dark energy vs. modified gravity 

 

A massive graviton has more degrees of freedom than a 

massless one 

• One of these behaves like an additional scalar mode 

 

f(R) theories contain an extra scalar degree of freedom 

because of the presence of higher derivatives 

 

In many brane world models there is an extra scalar mode 

corresponding to the position of the brane in the extra 

dimension 
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Light scalar fields 

 

 

 

 

 

 

 

 

Whatever is causing  the acceleration of the expansion of 

the universe today must be coherent across the observable 

universe 

• This corresponds to very light masses 
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DARK ENERGY AND MATTER 



Interactions with matter are unavoidable 

 

No symmetry can prevent all couplings to the Standard 

Model 

 

Even if dark energy is in a ‘dark sector’ there will still be 

interactions mediated by gravity 
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What’s the problem with scalar fields? 

It is hard to introduce a new scalar field that does not 

couple to matter fields at least at the Planck scale 

 

Bosons that couple to matter mediate forces 

 

 

 

 

• In the non-relativistic limit:   
 

We do not see any fifth forces or modifications of gravity in 

the laboratory or in the Solar System 
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Results of the Eöt-Wash experiment at the University of Washington 
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Is Dark Energy a chameleon? 

 

 

 

 

Picture credit: Habib M’henni 15 



A scalar field theory 

• With self interactions 

• Which couples to matter 

 

 

Evading fifth force constraints requires   .    . 

The screening mechanism is relevant if               . 

f(R) modifications of gravity correspond to 

 

 

 

The chameleon 

Khoury, Weltman. 2004 16 



The effective potential 

 

 

 

 

 

 

 

 

High density, no pressure             Low density, no pressure 

 

The mass of the chameleon changes depending 

on its environment 
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‘Small’ Objects 

The object only causes a small perturbation of the scalar 

field 

 

 

 

 

 

 

Find a gravity like form for the scalar potential 

 

 

• The force is the gradient of the potential 
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‘Large’ Objects 

 

 

 

 

 

 

 

Inside          Outside 
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Suppressing the fifth force 

The increased mass makes it hard for the chameleon field 

to adjust its value 

 

 

 

 

 

 

 

 

The chameleon potential well around massive objects is 

shallower than for standard light scalar fields 

 

 

 

 

 

 

 

 

Chameleon 

 

Newtonian 

potential 
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Chameleon fluctuations 

The chameleon Lagrangian is non-linear 

 

 

 

 

This makes the mass of chameleon fluctuations depend on 

the background configuration 
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Screening mechanisms 

Start with a non-linear scalar field theory 

• Solve the equations of motion for the background  

The Lagrangian for fluctuations (to second order): 
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Large Z makes it 

hard for the scalar 

to propagate 

- Galileons 

- Massive gravity 

- Vainshtein 

mechanism 

Large m means the 

scalar only 

propagates over 

shorter distances 

- Chameleon 

Small β makes the 

interaction with 

matter fields 

weaker 

- Symmetron 



MOTIVATING THE 

CHAMELEON 



f(R) chameleons 

Attempt to modify gravity to explain accelerated expansion 

 

 

 

Field equations are second order in derivatives of R 

• Fourth order in derivatives of the metric 

• By Ostrogradski’s theorem there are hidden degrees of 

freedom 

Make the extra degree of freedom explicit  

 

 

Corresponds to Einstein vs. Jordan frame description 
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f(R) chameleons 

Define Einstein frame metric 
 

 

Action becomes 

 

 

 

 

 

 

Only f(R) theories with a chameleon mechanism are 

observationally acceptable 

Hu, Sawicki 2007. Brax, van de Bruck, Davis, Shaw 2008 
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String theory chameleons 

The scalar field is the complexified volume modulus of a 

KKLT compactification 

Get an N=1 SUSY set-up by gluing a K-S throat on to the 

Calabi-Yau CY3 

 

 

 

 

 

 

 

 

 

 

 
Hinterbichler, Khoury, Nastase. 2011 Picture credit: June Gilbank 

• Obtain a suitable scalar 

potential 

• No a-priori rule for how to 

couple to matter fields, but 

chameleon-like couplings an 

allowed choice 

• However parameter 

controlling the coupling 

enters with the wrong sign 

 

26 



TESTING DARK ENERGY IN 

THE LABORATORY 



Interactions with Standard Model fields 

Interactions with photons and other gauge fields are also 

generated 

 

 

Predictions for the energy scales of the couplings are very 

model dependent 

• Can be Planck scale 

• Can be much lower, eg in massive gravity the disformal 

coupling of the scalar component has energy scale 

 
We should be agnostic and allow them to be determined by 

experiment 
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LABORATORY SEARCHES AT 

THE ENERGY FRONTIER 



Scalar Bremsstrahlung 

Contribution to the width of Z decay 

 

 

 

Decay rate: 

 

• Prediction from the Standard Model: 

 

• Measurement at LEP: 

 

Dark Energy correction  negligible if  

30 Brax, CB, Davis, Seery, Weltman. 2009 



Brax, CB, Davis, Seery, Weltman. 2009 

Corrections to Electroweak Processes 
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Constraints on scalar couplings from EW precision  

observables at LEP 

Electroweak precision observables 

Brax, CB, Davis, Seery, Weltman. 2009 32 



LABORATORY SEARCHES AT 

THE PRECISION FRONTIER 



Perturbations of the scalar fields are  

sourced by 

• Nuclear electric field 

• Density of the atomic nucleus 

 

 

Fermion masses are scalar field  

dependent 
 

 

Leads to a perturbed Schrodinger equation 

 

 

 

 

 

 

Atomic precision measurements 

Brax, CB. 2010 34 



Atomic precision measurements 

Perturbed atomic energy levels 

 

 

 

 

 

 

 
 

1 sigma uncertainty on the 1s - 2s transition in hydrogen is 

 

Constrains: 
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Schwob et al. 1999 



Neutronic quantum bouncer 

Experiments to observe the quantum states of neutrons 

trapped in the Earth’s gravitational field 

• Energy levels are quantised 

• Current best measurements from GRANIT 

Ultra cold neutrons with speeds ~m/s can be reflected by a 

mirror 

Brax, Pignol. 2011 36 



Neutronic quantum bouncer 

For chameleon models with potentials  
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EQUIVALENCE PRINCIPLE 

VIOLATION 



The weak equivalence principle 

 

In GR (neglecting tidal effects) extended objects move like 

infinitesimal test particles 

• The inertial mass and gravitational mass of an object are 

equal 

• All objects move on geodesics 

 

 

The dark energy Lagrangian couples to all matter species 

in the same way 

• No built in violation of the equivalence principle 
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Dark energy and the equivalence 

principle  

The dark energy force changes depending on the source 

object 

• We have separated objects into two classes screened 

(large) and unscreened (small) 

 

The parameter which controls the suppression of the dark 

energy force  

 

 

Can think of this as the scalar charge of the object 
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Local EP violation 

 

The total force felt by a object O caused by a source S is 

 

 

 

Where: 

Unscreened  Screened  

 

 
 

Screened and unscreened objects will fall at 

different rates 

 

 
41 Hui, Nicolis, Stubbs. 2009 



Proposed EP Violation Tests 

 

The gas in dwarf galaxies may be unscreened but the stars 

are screened 

• They will fall differently towards local over densities 

 

 

Can use diffuse clouds of cold atoms to measure gravity in 

the laboratory 

• These may be unscreened objects, and so would feel a 

different ‘gravity’ compared to macroscopic test masses used 

to date 
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CB, Copeland, Hinds. (to appear) 

Jain, VanderPlas. 2011 



Dark energy and BECs 

Coherent waves in Bose-Einstein condensates can be 

used for interferometry 

 

 

 

 

 

 

 

Credit: Centre for Cold Matter, Imperial 43 



Dark energy and BECs 

Interference of waves in condensates at different heights 

has already detected gravitational effects 
 

 

A measurement of G or g would be sensitive to the 

equivalence principle violating effects of dark energy 

• A BEC is unscreened in the chameleon model if 

[[ 
 

Percent level measurements of gravitational constants 

would constrain 
 

 

(All numbers are preliminary!) 
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Dimopoulos, Geraci. 2003. Baumgärtner et al. 2010 



Future directions with BECs 

Can we extend the sensitivity to dark energy by varying the 

density of the condensate? 

 

The chameleon force is very sensitive to the shape of the 

source 

• Force is enhanced near the tips of ellipsoids (analogous to the 

‘lightning rod effect’ in electro-statics’) 

 

 

Can we build source object with a suitable shape to 

enhance the dark energy forces 

• Can we also enhance the force by changing the shape of 

the condensate? 
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Jones-Smith, Ferrer. 2011 



Conclusions 

Dark energy couples to Standard Model particles 

 

This typically leads to problematically strong fifth forces 

unless the theory has a screening mechanism 

Relies on the non-linearities 

 

Leads to many new possible ways to detect dark energy 

 

Caveat: 

These theories rely on non-renormalisible operators so we 

have to be careful about quantum corrections 
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