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Scalar-Tensor Theories:

Simple extensions of GR

Describe corners of other extensions of 
GR (e.g. massive gravity)

Useful for phenomenological 
approaches to modified gravity
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Form considered here is:

with

C is called conformal factor, D is the disformal 
factor. D is not well constrainted by local experiments
(Brax (2012), Noller (2012), Brax et al (2012)).
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Field equations:
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Koivisto et al (2012); CvdB & G. Sculthorpe (2012)
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FRW , conformal time:
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Effective coupling (at background level) is
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Perturbation equations 
(one species only):
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Perturbed coupling
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Consider coupling to baryons here. Take 
Newtonian limit, find equation for radiation density 
contrast. One finds
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Coupling is now
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•Modified sound speed reduces to Brax&Davis (2011) 
one for pure conformal case. 
•Coupling and (effective) mass could be complicated 
function of time in general. 
•Note that mass contains B5 term.
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Sound speed can be complicated function of time,
depending on the details of the theory. Expression 
above can go negative (issue neglected here - insta-
bilities possible). Note that 
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and therefore larger couplings are needed to modify
sound speed significantly. 
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Modified sound speed changes sound horizon:
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Changes, e.g. position of peaks, since l / 1
r̃s

Position of first peak well know (220.1±0.8), 
so assuming ΛCDM evolution for most of the time, 
sound horizon cannot vary too much. (Other effects
of scalar on CMB to be explored too!)
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CMB distortion due to dissipation of  acoustic waves:

•Injection of energy into baryon-photon fluid
•Processes happen for 2×106≳ z ≳5×104.

•Probe scales k≫1 Mpc-1

•Chemical potential created
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Constraints |µ| < 9⇥ 10�5
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Time evolution governed by (Hu et al (1992,1994))
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Energy stored in wave:
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In case of modified gravity with k-dependent 
sound speed: 

Modifications of transfer functions are in general
necessary too, but we consider 

m2 > H2

and modifications of gravity suppressed on large 
scales. Details will be model dependent. 
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(CvdB & Sculthorpe (2012))
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m(z) = 150H(z)

Example case:

cs
2 remains positive!
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Standard GR case: Modified Gravity:

As expected, signal is smaller in modified gravity case. For strongly coupled 
models, signal can be as large as other processes (Chluba et al (2012)). 
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Summary:

Speed of sound of baryon-photon fluid is modified in modified gravity 
theories in which baryon couple to extra degrees of freedom

Possible window to look for mod. grav. in the very early universe

Need a moderate large coupling (≳103) to significantly modify sound 
speed and a not too large effective mass; smaller couplings not 
constrainted by these considerations. 

Sound horizon at decoupling can deviate only very little from ΛCDM, 
but CMB distortions can be affected by mod. grav. effects.

Signal reduced (smaller sound speed), but spectral distortions 
earliest possible direct test of mod. grav. effects. 

As usual: need to understand other contributions  
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