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Charting Out the Expansion

Standard candle: apparent brightness of objects with a
fixed luminosity to judge distance

Standard ruler: apparent (angular) separation of objects
with a fixed physical separation to judge distance
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Mercury or Pluto?

General relativity says Gravity = Geometry

Could the missing energy required by acceleration be an incomplete
description of how matter determines geometry?




Modified Gravity = Dark Energy?

Solar system tests of gravity are informed by our knowledge of the

local stress energy content
With no other constraint on the stress energy of dark energy other
than conservation, modified gravity is formally equivalent to dark
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and the Bianchi identity guarantees VAT 2E = ()
Distinguishing between dark energy and modified gravity requires
closure relations that relate components of stress energy tensor

For matter components, closure relations take the form of
equations of state relating density, pressure and anisotropic Stress



Modified Gravity # “Smooth DE”

Scalar field dark energy has o0p = dp (in constant field gauge) —

relativistic sound speed, no anisotropic stress
Jeans stability implies that its energy density is spatially smooth
compared with the matter below the sound horizon

ds® = —(1+2¥)dt* + a*(1 + 2®)dx”
5, “ . S ,
V7(® — ¥) o matter density fluctuation
Anisotropic stress changes the amount of space curvature per unit
dynamical mass
V=(® + V) oc anisotropic stress

but its absence in a smooth dark energy model makes
g—=(®+¥)/(® — ¥) = O for non-relativistic matter
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Falsifiability of Smooth Dark Energy

With the smoothness assumption, dark energy only affects
gravitational growth of structure through changing the expansion
rate
Hence geometric measurements of the expansion rate predict the
growth of structure

Hubble Constant =

Supernovae

Baryon Acoustic Oscillations
Growth of structure measurements can therefore falsify the whole
smooth dark energy paradigm

Cluster Abundance

Weak Lensing

Velocity Field (Redshift Space Distortion)
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Falsifying Quintessence
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Dynamical Tests of Acceleration
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Dynamical Tests of Acceleration

Dark energy slows growth of structure in highly predictive way
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Quintessence Falsified?

No excess numbers of massive z>1 X-ray or SZ clusters with
Gaussian initial conditions '
No excess power in gravitational lensing at high z relative to low z

But would such violations favor modified gravity?
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Dynamical vs Lensing Mass

Newtonian potential: W=og_/2¢ = which non-relativistic particles fee

S0 <o

Most of the incisive tests of gravity reduce to testing the
space curvature per unit dynamical mass




Dynamical v Strong Lensing

C ompa:rison f Str Eemmg and dynamical mass assuming a densi

profile and velocity diape 1on data
Mean exhibits a bias from GR expectation with statistical errors only

No mass trend detectable
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Lensing v Dynamical Comparison

Gravitational lensing around galaxies vs. linear velocity field
(through redshift space distortions and galaxy autocorrelation)
Consistent with GR + smooth dark energy beginning to test
interesting models




Falsify in Favor of What?

Modified gravity models change space curvature per unit

dynamical mass - enhanced or reduced forces on matter
Requires two closure relations - 1st an an effective anisotropic
stress that distinguishes lensing from dynamical mass

Viable induced modifications exhibit three separate regimes

Horizon Scale -

Scalar-Tensor

General Relativistic
Choice of lensing mass contribution as 2nd parameter in
scalar-tensor regime favored by conformal invariance of E&M
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