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Abstract

We study the non-linear evolution of cosmological power spectra in a closure the-
ory. Governing equations for matter power spectra have been previously derived by
a non-perturbative technique with closure approximation. Solutions of the resultant
closure equations just correspond to the resummation of an infinite class of pertur-
bation corrections, and they consistently reproduce the one-loop results of standard
perturbation theory. We develop a numerical algorithm to solve closure evolutions
in both perturbative and non-perturbative regimes. The present numerical scheme is
particularly suited for examining non-linear matter power spectrum in general cos-
mological models, including modified theory of gravity. As a demonstration, we apply
our numerical scheme to the Dvali-Gabadadze-Porrati braneworld model.

1 Introduction

Probing the nature of dark energy, accelerating the late-time universe, is one of the most tough issues
in cosmology and astrophysics. So far it remains to be clarified what the dark energy really is. A
simple solution is that it is the cosmological constant, or described by dynamics of unknown scalar fields.
Another solution may lie in the sector of gravity. The attention has been focused on the test of general
relativity (GR) in both solar system experiments and cosmological contexts. Several modified theories
of gravity beyond GR have passed these tests and been viable. A key to distinguish these possibilities is
to precisely predict the matter power spectrum considering non-linear dynamics of matter perturbations.
This situation motivates to develop a framework to compute the non-linear matter power spectrum in a
variety of cosmological models.

The naive perturbative approach (see [1] for a review) has been frequently used for predictions of
the power spectra, as well as fully numerical approach such as N-body simulations. Recently, alternative
to perturbation theory, several authors have recently proposed the renormalisation/resummation tech-
nique for the infinite series of the loop calculation appeared in the naive expansion of the perturbative
quantities. In those treatments, the fundamental quantities are not the density/velocity perturbations
but propagators, power spectra and vertex functions of density and velocity divergence [2]. In our previ-
ous paper [3], we have derived evolution equations of the non-perturbative quantities, power spectra and
propagators of matter fluctuations on the basis of the closure approximation used in the statistical theory
of turbulence [4]. This approach is suited for numerical purpose where we set the initial conditions and
track the time evolution of those quantities.

In this paper, we demonstrate the closure equations in the case of Dvali-Gabadadze-Poratti (DGP)
braneworld model. For the numerical scheme, please see [5] and, for the numerical analysis, [6].

2 Evolution equations for perturbations

We consider the cold dark matter plus baryon system as a pressureless perfect (irrotational) fluid neglect-
ing the contribution from massive neutrinos. The density contrast, 6 = dp/p, and the velocity divergence,
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6 = V -u, are governed by the Euler and the continuity equations. The Newton potential, ¢, satisfies the
Poisson equation with non-linear source terms, if exists,
k2 ~ ) 1(k/a)?
—— ¢k, 7) = 4nGeg (k, 7) pmd(k, 7) + (nonlinear terms), Geg =G |1+ 3 ) | (1)
a

where we take the time coordinate as 7 = log(a/ag), and Geg represents the effective gravity constant
generalising the Newton constant G in GR with a model-dependent function, II(k).

For the purpose of quantitative estimation of the density/velocity perturbations, we consider their
statistical quantities, namely, power spectra. The perturbations are recasted in a vector form, ®,(k,7) =

(6(k,7),—0(k,7))*. The standard approach of perturbative estimation of power spectra is then to expand
P, = <I>,(10) + <I>¢(11) + ---, where @fle) is iteratively obtained from the Euler and the continuity equations,
and to substitute it into the definition of the power spectra,

(B, (k, 7)Py (K, 7)) = (27)30p (k + K ) Poy ([Kk|; 7). (2)

In addition to this quantity, we here introduce the propagator, G (k|7, 7'), and the power spectra between
different times, Rqp(k; 7, 7"), defined as [2, 3]

<§6(§1a(i{lf::/))> = Gk, 7)0p(k = X'), (®,(k,7)®y(K, 7)) = 27)35p(k + K )Rup([k|;7,7"), (7> 7).

(3)
Then using those quantities, the above naive expansion is re-organised in a non-perturbative way.

In the closure theory, we truncate the non-perturbative expansions of the power spectra and the
propagator up to the one-loop level, and make them close. The resultant equations are [3, 5, 6]
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where we defined k = |k| and &’ = |k’|, and
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Here the functions 7,.q and ogpcq are called as the vertex functions described as a simple function of
wavenumber. The non-linear terms in the Euler and continuity equations give rise to three non-vanishing
components, Y112, V121 and ya22. In the case where the Poisson equation has non-linear source terms,
the components, v211 and 02111, become non-zero, while the other components remain to be zero. The
operator Aab is defined by

A 0 0 -1
Aap = Oap=— + Qap(T Qup(7) = g 9
ab abaT ab( )7 ab( ) <_477Geff€[n§ 24 5]2) ( )

Egs. (4)(5) contain the non-linear quantities in those source terms. Since we truncated at the one-loop
level when the equations were derived, it is easy to see the recovery of the one-loop power spectrum in the
SPT by replacing all power spectra, R, and propagators, Ggp, in the source terms with those calculated
in the linear theory, RY, and G%, [3]. Here the linear quantities are given by Egs. (4)(5) with neglecting
all of right-hand sides. Furthermore, it needs to be emphasised that, the formal solution of the closure
equations has been confirmed to coincide with the renormalised one-loop results presented by Crocce and
Scoccimarro apart from the vertex renormalisation [2]. Hence, the closure equation is basically equivalent
to the RPT truncated at the one-loop level.



3 Results

3.1 Non-linear solution : ACDM model

We first present the results of closure equations (4)(5) in the flat ACDM model with the cosmological
parameters : A%(ko) =2.457x107%, ngy = 0.960, Qp70 = 0.279, h = 0.701. In this case, Y211 = 02111 = 0,
and II(k) = (k/a)?/3, resulting in Geg = G.

In the left panel of Fig. 1, the ratio of the non-linear power spectrum to the linear one at z = 3 is
plotted. We found that the non-linear effects of the closure equations suppress the amplitude on small
scales in comparison with the SPT (dashed line, see [1]). The dotted and the dotted-dashed lines are
the power spectra analytically obtained with the 15¢ and 2"¢ Born approximation, respectively, [3]. We
confirmed that the higher order approximation tends to agree with the result of the closure equations.

The_behaviour of the propagators in the closure equations is shown in the middle panel where we
define G; = G171 + G12. The amplitude is normalised to unity on large scales by multiplying the linear
growth rate. While the propagator computed in SPT goes negative infinity shown as the dotted line,
the numerical solution in the closure equations tends to converge to zero on small scales. This damping
feature is caused by the non-linear effects as a result of taking into account the higher-order corrections
neglected in the SPT, leading to the suppression of the power on small scales.

As we mentioned in [3], in the small-scale limit, the propagator behaves as the Bessel function of the
first kind. On the other hand, in the large-scale limit, the propagator should coincide with the one-loop
result in the SPT. The dashed line in the right panel is the approximate solution matching the both
limits obtained in [3]. We found that the approximate solution agrees well with the numerical solution
of the closure equations even on intermediate scales between the limits.
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Figure 1: [Left] The resultant power spectra divided by the linear power spectra at z = 3, [Middle] the
propagators él(k, z,20) = G11+ G12 evaluated at z = 3, and [Right] the perturbative solution normalised
by the linear power spectrum in the DGP model at z = 0.5 (next subsection). 'PPF’ is obtained from
the fitting formula proposed by [8] with ¢,; &~ 0.36.

3.2 Perturbative solution : DGP model

As an application of our formalism, we apply it to the DGP braneworld model to compute the power
spectrum in the SPT. The perturbative solution, namely, the calculation in the SPT, can be done by a
simple replacement of G4p, and Ry in the right-hand sides of the closure equations (4)(5) with the linear
propagator and power spectra, ng and R(I;b7 as discussed in the end of Sec.2.

The modified Friedman equation in the self-accelerating branch is given by

H K2

— =H?*- —p, 10

Te 3 P (10)
where 7. is the parameter in this model which is a ratio between the 5D Newton constant and the 4D
Newton constant.



In this model, gravity becomes 5D on large scales larger than r.. On small scales, gravity becomes 4D
but it is not described by GR. According to the quasi-static perturbations [7], the brane-bending mode
couples to the Newton potential on the brane. Therefore we have

1 (87Gpw (K M (ky,ks)
7211(k1ak2a7—) - _12H2 ( 3 > <a2 H(le)H(kl)H(kg) (11)
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2 H
M(ky, ko) = Q%Uffk’% — (k1 -k2)?], B(r)=1-2Hr, (1 + 3H2> (13)

For the numerical calculation, we use the best fit parameters for the flat self-accelerating universe
Q. = 0.257,Q, = 0.138,h = 0.66,ns = 0.998. The resultant power spectrum normalised by the linear
one is presented as the solid line in the right panel of Fig. (1). The dashed line is the same calculation
neglecting the extra functions, 7217 and o9117. From this figure, we found that 7217, gives a positive
contribution to the mode coupling, while 03111 gives a negative and smaller contribution. Therefore the
resultant power is enhanced on small scales.

We also plotted the prediction in the Parameterised Post-Friedmann (PPF) framework proposed in
[8] as "PPF’ in the right panel. It is possible to recover the numerical solution for the non-linear power
spectrum very well with the non-linear parameter c¢,; = 0.36 introduced in [8].

4 Summary

In this paper, we showed the non-linear matter power spectra as a demonstration of our numerical scheme
for the closure equations derived in [3]. From the calculation in the ACDM model, we observed the extra
suppression of the power on small scales due to the non-linear effects which are neglected in the SPT,
as shown in the left panel of Fig (1). Moreover, the middle panel shows that the resultant propagator
converges to zero on small scales, and coincides with the approximate solution obtained in an analytic
way in [3]. These facts confirm that the closure equations contain non-linear contributions more than the
SPT, and that our numerical scheme works well from the qualitative viewpoint.

As an application, we applied the closure equations to compute the perturbative prediction of the
matter power spectrum in the DGP model. The perturbative calculation, namely, the calculation in the
SPT can be performed by the replacement of the right-hand sides of the closure equations (4)(5) with
the linear propagator and power spectra, G(I;b and RlI;b. As as result, the extra vertex function, y211, gives
a positive, and large, contribution to the mode coupling, enhancing the power on small scales.

More detailed analysis can be seen in [6] together with the application to a f(R) gravity model.
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