XXXIV. Modified Gravity

Modified Gravity
Theories
J | Il [ |
i Theorles with Theories with Other Theories:
Extra Fields Higher Order Non-local ;
(scalars, vectors, Derivativ Theories Higher emergent gravity,
tensors, mixed) € Dimensions Torsion

1. f(R) Gravity
Core Idea

f () gravity generalizes Einstein's theory by replacing the Ricci scalar R in the Einstein—
Hilbert action with a nonlinear function f(R). Instead of gravity being determined purely
by spacetime curvature proportional to R, the dynamics now include higher-order

curvature effects that become important at cosmological scales.

Mathematical Structure

The action is:

l- T matter
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This leads to fourth-order field equations, introducing an effective scalar degree of

freedom often called the scalaron.

Cosmological Motivation

Certain choices of f(R) naturally produce late-time cosmic acceleration without invoking
a cosmological constant. The acceleration arises from modified gravitational dynamics

rather than vacuum energy.

Observational Consequences

+ Modified growth rate of structure
s 5cale-dependent gravitational strength J

s Deviations in weak lensing and galaxy clustering

o (Can mimic ACDM expansion while altering growth
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Viability and Challenges

s Must reduce to GR in the Solar System (via chameleon screening)
« Many functional forms ruled out by stability and laboratory tests

= Still viable in restricted parameter space

Status

One of the most studied and mathematically well-defined alternatives to ACDM.

2. Scalar-Tensor Gravity (Brans-Dicke and Extensions)

Core ldea

Gravity is mediated not only by the metric tensor but also by a scalar field ¢ that

modulates the effective gravitational constant:

1
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Mathematical Structure

The Brans—Dicke action:

5= fd-L-Tr‘-/__H ’ﬁbR - %;{vé}zl + Omatter

Modern versions generalize this to arbitrary coupling functions and potentials.

Cosmological Motivation

s Natural in higher-dimensional and string theories
s Allows time-varying gravitational strength

« (Can explain cosmic acceleration through scalar dynamics

Observational Consequences

» Alters expansion history H(z)
+ (Changes growth of structure and lensing kernels

* Strongly constrained by Solar System tests

Viability and Challenges

s Brans—Dicke parameter w must be very . je (w = 104

* Screening mechanisms required (chameleon, symmetron)
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3. DGP Gravity (Extra-Dimensional Gravity)

Core ldea

The universe is a 4-dimensional brane embedded in a 3-dimensional bulk. Gravity behaves

d5.

s 40D at short distances

» 5D at cosmological scales

Mathematical Structure

The action includes both 4D and 5D Einstein—-Hilbert terms:
§ =M / d*z\/—gs Rs + M} f d'z/—gs Ry

Cosmological Motivation

The leakage of gravity into extra dimensions can produce self-acceleration without dark

energy.

Observational Consequences

» Modified expansion history
» Suppressed growth of structure

» Distinct weak-lensing signatures

Viability and Challenges
s Self-accelerating branch contains ghost instabilities

* Tightly constrained by large-scale structure data

Conceptually influential but largely ruled out in its simplest form.
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4. MOND and Relativistic Extensions (TeVeS)

Core ldea

MOND modifies Newton's law at extremely low accelerations:

2 2
a<ag~10 Ym/s

This eliminates the need far dark matter in galaxies.

Mathematical Structure
Monlinear modification of Poisson’s equation; relativistic completion achieved via TeVeS,
which includes:

« Tensor field (metric)
« Vector field

s Scalar field

Cosmological Motivation

« BExplains galaxy rotation curves naturally

» Predicts the baryonic Tully—Fisher relation

Observational Consequences

» Excellent galaxy-scale fits
» Weak lensing often requires additional fields or dark components

» Difficulty fitting CME and large-scale structure

Viability and Challenges

s Struggles at cluster and cosmological scales
» Requires tuning or additional dark fields

Status

Successful phenomenologically at galactic scales; problematic cosmologically.
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5. Massive Gravity (and Bimetric Gravity)

Core ldea

The graviton is given a nonzero mass, altering gravity on large scales and weakening it at

cosmological distances.

Mathematical Structure

Modern ghost-free massive gravity (dRGT) introduces a reference metric ff“; in addition to
the physical metric g,,,,.
Bimetric gravity allows both metrics to be dynamical.

Cosmological Motivation
s |ate-time acceleration emerges from graviton mass

* Mo vacuum energy required

Observational Consequences

* Modified gravitational wave propagation
» 5Scale-dependent growth of structure

» 5Strong lensing and ISW effects altered
NG

Viability and Challenges

» Stability constraints are severe
s Parameter space tightly limited by GW observations

Status

Theoretically elegant; observationally constrained but not ruled out.
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