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Standard Eulerian Perturbation Theory (SPT)

Conservation of energy and momentum lead to the Continuity and Euler
equations:

a ∂δ(k,a)
∂a

+ θ(k, a) = −
∫ d3k1d

3k2
(2π)3 δD(k− k1 − k2)α(k1, k2) θ(k1, a)δ(k2, a)

a ∂θ(k,a)
∂a

+
(

2 + aH′

H2

)
θ(k, a)−

(
k
a H

)2
Ψ(k, a) =

− 1
2

∫ d3k1d
3k2

(2π)3 δD(k− k1 − k2)β(k1, k2) θ(k1, a)θ(k2, a)

Separation of variables works well for GR :

δ1(k, a) = D(a)δ0(k)

The Power Spectrum is a k-space correlation measurement of these
perturbations:

〈δ0(k)δ0(k′)〉 = (2π)3δD(k + k′)PL(k)
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Loop Corrections

If we want to go to higher orders in the perturbations we calculate loop
corrections to the two point averages:

P1−loop(k) = PL(k) + [ P22(k) + P13(k) ]

where
〈δ2(k)δ2(k′)〉 = (2π)3δD(k + k′)P22(k)

〈δ0(k)δ3(k′) + δ3(k)δ0(k′)〉 = (2π)3δD(k + k′)P13(k)
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A Gain and A Problem
6

FIG. 1: SPT power spectrum at linear (black; dotted), 1-loop (red; solid), and 2-loop (blue; dashed) order. The squares with
error bars show the mean and error from our N-body simulations. The four panels show ΛCDM (left) and cCDM (right) at
redshifts 1 (top) and 0 (bottom). Each curve has been divided by the no-wiggle power spectrum of [40] to reduce the dynamic
range. We also indicate the domain of validity of 1-loop SPT according to the heuristic prescription of [41] (∆2 < 0.4), and

according to the criterion P (3) < α PL for α = 0.01, 0.03.

in this direction could be important.

Figure 3 shows the predicted power spectrum for the
remainder of the theories that we consider in this work.
With Figures 1 and 2, these figures give an overview of
the agreement between our N-body simulations and the
perturbation theories for ΛCDM and cCDM. Some of
the trends can be seen easily in these figures, and are
generic across cosmologies and redshifts. For instance 1-
loop SPT, which is the same as 1-loop LPT, always over-
predicts P (k) at high k. Lagrangian resummation theory
on the other hand is much too strongly damped beyond
the first wiggle. Large-N theory more or less traces 1-
loop SPT before turning over, while time-RG theory and
RGPT follow the general trends of the N-body data with-
out fitting any particular feature precisely. (Note that
the nearly perfect agreement between RGPT and sim-

ulations for cCDM at z = 1 is likely spurious, as this
level of agreement is not seen for other cosmologies or at
other redshifts.) RPT and closure give nearly identical
tree-level predictions, and very similar 1-loop predictions
for P (k). Closure theory appears to benefit greatly from
going to 2-loop order, whereas for RPT even at z = 1 it
appears that 2-loop does worse than 1-loop.

While we have run many realizations of each cosmol-
ogy to reduce run-to-run variance, one sees in Figures 1,
2 and 3 that the N-body data are still noisy at low k,
which makes it difficult to make quantitative statements
about the performance of the perturbation theories. To
overcome this we define a ‘reference spectrum’ which in-
terpolates the N-body results at high and intermediate
k with the 1-loop SPT calculation at low k. This elimi-
nates the large scatter from the finite number of modes
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Linear , 1-loop and 2-loop SPT at z = 0 and z = 1 with N-body
results.

Less non-linear structure formation at high z so better SPT
performance.
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Modified Gravity in PT

Modifications to gravity enter the perturbative scheme via the Poisson
term within the Euler equation.

−
(

k
aH

)2
Ψ = 3Ωm(a)

2 µ(k, a) δ(k) + S(k)

S(k) is the non-linear source term which is needed for screening.

S(k) =
∫ d3k1d

3k2
(2π)3 δD(k− k12)γ2(k1, k2; a)δ(k1) δ(k2)

+
∫ d3k1d

3k2d
3k3

(2π)6 δD(k− k123)γ3(k1, k2, k3; a)δ(k1) δ(k2) δ(k3)
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Redshift Space Distortions : TNS Model

TNS:

PS(k, µ) =DFoG [µf σvk]{Pδδ(k) + 2f µ2Pδθ(k)

+ f 2µ4Pθθ(k) + A(k , µ) + B(k , µ)}

A(k, µ) ∼ Bcross
σ (k1, k2, k3)

B(k , µ) ∼ Pcross(k)

Includes corrections (A and B) coming from non-linear coupling
between velocity and density.

DFoG term treated non-perturbatively but phenomenologically - free
parameter σv .
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RSD in MG - A Generalised Framework: 1606.02520v2

��������

Based off Martin White’s 1-loop Power Spectrum c ++ code, Copter.

Calculates 1-loop Power Spectrum for fields and cross field, TNS
Power Spectrum and Multipoles for general theory of gravity.

Based off Atsushi Taruya’s numerical algorithm to calculate
perturbations (no separability approximation).

Framework tested for Vainshtein and Chameleon screened model :
nDGP and Hu-Sawicki form of f(R) gravity.
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Consistency Test: Einstein De Sitter
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Separability Ansatz Test: nDGP and LCDM
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Comparison to n-body 1: f(R)
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Comparison to n-body 2: nDGP
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Parameter Recovery : Consistent Modelling Check

Benjamin Bose Painting Gravity Red: A General RSD Template September 9, 2016 13 / 24



nDGP Case

Have integrated a simple MCMC algorithm into the code to do analysis for
nDGP case.
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Check of MCMC algorithm:
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Effective Field Theory Extension

Provides a range extension by introducing small-scale-uncertainty
parameters cs and c ′s (at loop level)

PδδEFT−one−loop = Pδδ1−loop − c2
s k

2PδδL

PδθEFT−one−loop ∼ Pδθ1−loop − F [c2
s , c
′2
s ]k2PL

PθθEFT−one−loop ∼ Pθθ1−loop − F1[c2
s , c
′2
s ]k2PL

Possibilities for cosmology independence - coarse grained approach to
LSS (arXiv: 1407.1342v2).

Investigate relation between cs , c
′
s and model parameters : matching

has been done for n-body runs in f (R) and nDGP models.
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has been done for n-body runs in f (R) and nDGP models.
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Some Preliminary Results
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Some Preliminary Results 2
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From k-Space to Redshift Space to Real Space: Gotta
Code em All!

Gaussian Streaming Model :

1 + ξs(ry , r
s
z ) =

∫
[1 + ξr (r)]√

2πσ2
12

e−[ry−rz−µv12]2/2σ2
12dy (1)

Requires modelling of v12, σ
2
12 and ξr (r).

We have a working code which numerically computes v12 and σ2
12

using SPT kernels.

Very slow: some terms require 7 integrations + scale dependant
kernel initialisation per step!
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What else?

Clean up, optimise and make the code public.

Include bias in modelling.

Check the template against galaxy mocks: MG mocks for BOSS are
current works in progress.

Use real data from ongoing and upcoming surveys and work towards
gravity constraints : Euclid, DESI, SDSS and Subaru.
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Summary and Conclusions

Redshift Space Distortions give a very good way of testing gravity -
host of theories favours generalised approach.

Non-linear modelling is required to properly test them - TNS model.

Code is capable of producing results and is working towards being
very versatile.
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Where is the curtain?
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Thanks for listening!
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