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Is the universe accelerating?
No

Is General Relativity correct?

Is Dark Energy matter of 
some form?

Is Dark Energy constant in 
our observable universe?

Is Dark Energy constant 
everywhere?

Yes

Yes

Yes

Yes

Yes

Photons see extra dimensions?

Modified Gravity?
No

No

No

No

Inhomogeneous universe?

Cosmological constant 
Anthropic arguments?

New matter? Scalar? 
Interacting fluids?

Universal Cosmological 
Constant of unknown origin?

How do we interpret dark energy?
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How can GR be modified?

•    Assume conformal Newtonian gauge 

•  Modify Poisson equations                          

ds2 = a2[(1 + 2ψ)dτ2 + (1− 2φ)d�x2]

φ, ψ - Newtonian potentials
τ - conformal time

∇2ψ = 4πGa2δρ×Gmatter

∇2(φ+ ψ) = 8πGa2δρ×Glight

effects on matter growth

effects on lensing of light
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Phenomenological model

However a number of well-studied modified gravity models 
can be expressed in terms of                       Gmatter, Glight

DGP:
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FIG. 6: Evolution and scale dependence of Φ− in the DGP
models compared a PPF fit. Here Ωm = 0.24 and the PPF
parameter cg = 0.14.

IV. NON-LINEAR PARAMETERIZATION

As discussed in §II C, we expect that a successful modi-
fication of gravity will have a non-linear mechanism that
suppresses modifications within dark matter halos. In
this section, we construct a non-linear PPF framework
based on the halo model of non-linear clustering. Al-
though a complete parameterized description of modified
gravity in the non-linear regime is beyond the scope of
this work, the halo model framework allows us to incor-
porate the main qualitative features expected in these
models. Searching for these qualitative features can act
as a first step for cosmological tests of gravity in the non-
linear regime.

Under the halo model, the non-linear matter power
spectrum is composed of two pieces (see [32] for details
and a review). One piece involves the correlations be-
tween dark matter halos. As in general relativity, the
interactions between halos should be well described by
linear theory. The other piece involves the correlations
within dark matter haloes. It is this term that we mainly
seek to parameterize.

Specifically given a linear power spectrum of density
fluctuations PL, the halo model defines the non-linear
spectrum as the sum of the one and two halo pieces

P (k) = I1(k) + I2
2 (k)PL(k) , (35)

with

I1(k) =

∫
dM
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,

I2(k) =

∫
dM
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(
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)
dn

d lnM
b(M)y(M, k) , (36)

where ρ0 = ρm(ln a = 0). Here the integrals are over the
mass M of dark matter halos and dn/d lnM is the mass
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FIG. 7: PPF non-linear power spectrum ansatz for an f(R)
model. The non-linear power spectrum is constrained to lie
between two extremes: defined by halo-model mass functions
with the quasi-static growth rate [cnl = 0 or P0(k)] and the
smooth dark energy growth rate with the same expansion
history [cnl = ∞ or P∞(k)]. Here B0 = 0.001, weff = −1 and
Ωm = 0.24 with other parameters given in the text.
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FIG. 8: Fractional difference in P (k) of the PPF non-linear
f(R) ansatz from the smooth dark energy prediction with
the same expansion history. As cnl → ∞ deviations become
confined to the weakly non-linear to linear regime. The model
parameters are the same as in Fig. 7.

function which describes the comoving number density
of haloes. y(M, k) is the Fourier transform of the halo
density profile normalized to y(M, 0) = 1 and b(M) is
the halo bias. Note that I2(k = 0) = 1 so that the linear
power spectrum is recovered on scales that are larger than
the extent of the halos.

A simple ansatz that restores general relativity in the
non-linear regime is that the mass function and halo pro-
files remain unchanged from general relativity. Specifi-

Glight

Hu and Sawicki ’07
Pogosian et al 1002.2382
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complementary of photometric and spectroscopic surveys

RSD WL+GAL+x

Stage 3 BOSS DES

Stage 4
DESi, 

Euclid/LSST,
AFTA

Euclid/LSST,
AFTA

+CMB+SN

GR : GM = 1

GL = 1

1% level constraints on both parameters

preliminary work, Mueller and Bean in prep
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However most models are z-dependent and k-dependent 

Principle component analysis as an model independent 
approach:

Glight(k, z) : 20 z bins, 4 k bins

Gmatter(k, z) : 20 z bins, 4 k bins

w(z) : 20 z bins

6 cosmological parameters + 180 extra parameters !                                                           
(2 x 20 x 4 + 20)
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Redshift dependency

Constraints degrade with 
the number of z bins

preliminary work, Mueller and Bean in prep
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Survey complementarity



Ripples in the Cosmos - Durham University - Eva-Maria Mueller

Scale dependency 

How can we improve 
those constraints?

Constraints degrade with 
the number of k bins

preliminary work, Mueller and Bean in prep
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1. Less bins=more restrictive prior

preliminary work, Mueller and Bean in prep

k<0.01

k>0.01

z<1z>1
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2. Reduce the number of modes

How many well constrained modes are there?

N/S < 0.5 (or more conservative?)

preliminary work, Mueller and Bean in prep
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Minimize the risk!

How big is the bias?

bias =
N�

i

(GM/L(zi)−Gfid
M/L(zi))

reconstructed value using a subset 
of all modes
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FIG. 2: Reconstruction of w(z) by keeping only a fraction
of eigenvectors so as to minimize risk. Top panel: illus-
tration of the minimization of risk. Bottom left: optimal
reconstruction (68% C.L. error bars shown) of fiducial
w(z) (solid line) that goes to zero at high-redshift end.
Bottom right: optimal reconstruction of w(z) that does
not go to zero at high-redshift end. Also shown on this
panel is optimal reconstruction of 1 + w(z) for the same
w(z) model.

difficult to estimate in practice exacerbates the problem.
Note too that the proposed reconstructions of the equa-
tion of state ratio [3, 4, 11] are parametric, since they use
a fitting function to fit the distance-redshift data. While
planned surveys may provide accurate determinations of
the fitting parameters, they cannot test well the validity
of the survey parameterization.

Conclusions. A number of models that roughly ex-
plain the observable consequences of dark energy were
proposed in recent years, some of them starting from fun-
damental physics and others being purely phenomenolog-
ical. However, the origin and nature of dark energy re-
main unknown, and it is safe to say that none of the mod-
els should be taken too seriously at this point. Therefore,
it seems wise to approach the question of constraining the
properties of dark energy empirically, with as few prior
assumptions as possible.

Here we propose that rather than using various pa-
rameterizations proposed in the literature to describe
dark energy (which typically parameterize the equation
of state w(z) using series expansions etc.), one can simply
let data decide which weights of these functions are mea-
sured best, and which ones are measured most poorly.
These weights are the natural basis that parameterizes
the measurements of any particular survey.

For definitiveness, we assumed a cosmological distance-
redshift survey containing 3000 SNe uniformly dis-
tributed in redshift. We computed the weights of w(z)

and showed that accurately measured modes (weights)
are rather smooth and go to zero at higher redshifts,
while the opposite is true for poorly measured modes.
The previously-considered “sweet spot” in the sensitivity
of w(z) is largely a function of the choice of parameteri-
zation, and the shape of the first principal component is
a better indicator of the redshift(s) at which w is being
measured.

With the proposed parameterization, the test of
whether w(z) is constant is straightforward and intu-
itive. Although the reconstruction of w(z) is straight-
forward to implement, the reconstructed w(z) is noisy,
and it is advantageous to keep only the best-measured
modes in order to decrease the statistical reconstruction
error. This introduces a systematic bias at z >

∼ 1 for
most models, roughly independently of the redshift cov-
erage of SNe. We therefore conclude that while model-
independent statements about w(z) at z <

∼ 1 may be
feasible, those at z >

∼ 1 will be unreliable.
In our opinion, the greatest advantage of this approach

is simply having an intuitive and quantitative answer as
to what is actually being measured by a given survey.
The next logical step is to apply this method to other
cosmological tests. We will address this in a future pub-
lication.
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Reduction 
method 

G_M G_L

N/S 
reduction

5 16

risk 
minimization

16 18

Fewer modes lead to tighter 
constraints but higher bias

preliminary work, Mueller and Bean in prep
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Alternative Approach

Dark energy (background) is often modeled as:

w(a) = w0 + (1− a)wa

Simple parametrization for modified gravity?

Gmatter(k, a) =?

Glight(k, a) =?

A variety of models considered in the literature
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A bit of caution with forecasts!

Forecasting is sensitive to assumptions!

• Galaxy number densities n(z)
• Galaxy bias
• Minimum scale k=0.12h/Mpc
•Smith et al nonlinear power spectrum
• Kaiser approximation
• photometric redshift errors
• intrinsic alignment modeling
• ...
• ...
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Summary

Spectroscopic surveys are going to be the key to 
measuring 

Phenomenological bridge between theory and 
observation:

The more freedom allowed in the model the looser the 
constraints 

Gmatter, Glight

Gmatter

Photometric weak lensing and galaxy surveys will enable 
strong measurements of Glight

Upcoming decade offers unprecedented opportunity to 
test gravity con cosmic scales


