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KEY POINTS

▸ calibration with simulations at one cosmology fine? 

▸ cosmological analysis (MCMC) practical? 

▸ predictivity at every point in the cosmological parameter 
space 

▸ determine parameters from sims, and use it 

▸ or, treat as free parameters and determine by comparison 
with observation  

▸ and speed, hopefully
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DISCUSSION ON PT

THE APPROACHES
▸ pure analytical, 1st principle calculations 

▸ SPT, LPT (singlestream) 

▸ analytical but with some calibration w/ simulations or ansatz 

▸ RPT, RegPT, … 

▸ analytical, but largely relying on simulations 

▸ halo model, EFT, Zheng-Song, distribution function approach, … 

▸ fully based on simulations 

▸ emulator, fitting formulae



PURE ANALYTICAL, 1ST PRINCIPLE CALCULATIONS
▸ SPT 

▸ {F_n, G_n} kernels + linear power spectrum are the 
fundamental building blocks 

▸ diagram expressions (2-loops; only partly, 7 out of 29)

Croce & Scoccimarro 06
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PURE ANALYTICAL, 1ST PRINCIPLE CALCULATIONS
▸ Approximations 

▸ single stream (Atsushi’s talk yesterday) 

▸ {F_n, G_n} kernels borrowed from Einstein-de-Sitter solution 

▸ history dependence?  

▸ Pnl(k, z) = Pnl[Plin(q,z)](k,z) fine?
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“HISTORY” DEPENDENCE

Mead 16
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“HISTORY” DEPENDENCE (CONTD.)

1-loop calculation

simulation

See solid lines only

Takahashi 08 TN & Valageas 14
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ANALYTICAL, BUT WITH CALIBRATION W/ SIMS.
▸ RPT-like approaches 
▸ ``Propagator” is an important building block 

▸ Multi-point propagators

Croce & Scoccimarro 08

Bernardeau, Crocce & Scoccimarro 08
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ANALYTICAL, BUT WITH CALIBRATION W/ SIMS.
▸ Propagator 
▸ Loss of information in the 

initial condition due to the 
motion of mass elements 

▸ exactly Gaussian in case of 
Zel’dovich dynamics 

▸ width of Gaussian is rms 
displacement in 1D

Croce & Scoccimarro 06

Bernardeau, Takuya & Nishimichi 14
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ANALYTICAL, BUT WITH CALIBRATION W/ SIMS.
▸ RPT 

▸ The alpha correction Croce & Scoccimarro 08
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ANALYTICAL, BUT WITH CALIBRATION W/ SIMS.

▸ RegPT 

▸ running 

Let us take 
calibration at one cosmology…

Taruya, Bernardeau, TN & Codis 12
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ANALYTICAL, BUT WITH CALIBRATION W/ SIMS.
▸ RegPT 

▸ calibration at 1 cosmology 
alone, but other 
cosmologies look fine

DISCUSSION ON PT



ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS
▸ EFTofLSS 

▸ the key is take into account the stress tensor

e.g., Angulo + 14 , Forman + 15

DISCUSSION ON PT



ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS
▸ EFTofLSS 
▸ corresponding power spectrum corrections (standard) 

▸ gives ``physically well motivated’’ parameterization

e.g., Carrasco + 14
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ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS
▸ EFTofLSS 
▸ corresponding power spectrum corrections (more 

complete)

Forman, Perrier & Senatore + 15
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ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS

▸ EFTofLSS 

▸ determine the parameter to fit dark sky simulation

Forman, Perrier & Senatore + 15

DISCUSSION ON PT



ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS
Forman, Perrier & Senatore + 15
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ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS
Cataneo, Forman & Senatore + 16▸ EFTofLSS 

▸ fit the model to the emulator at various 
cosmologies, and Taylor expand the 
cosmology dependence of the EFT 
parameters 

▸ quick evaluation of the loop integral by 
degrading the accuracy parameters and 
apply further Taylor expansion
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ANALYTICAL, BUT COEFFICIENTS FROM SIMULATIONS
Cataneo, Forman & Senatore + 16
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RESPONSE FUNCTION

KX(k, q) = q
�X(k)

�P0(q)
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Xnl (k; t, Ωm,σ8,…) = Xnl [Plin(t, Ωm,σ8,…)] (k)
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DIRECT MEASUREMENT OF MODE COUPLING
2

linear power spectrum over a finite interval of wavenum-
ber q, evolve them to a late time, and take the difference
between the power spectra measured from the two. That
is

K̂i,jP
lin
j ≡

P nl
i [P lin

+,j ] − P nl
i [P lin

−,j ]
∆ ln P lin∆ ln q

, (3)

where the two perturbed linear spectra are given by

ln

[
P lin
±,j(q)

ln P lin(q)

]
=

{
±1

2
∆ ln P lin if q ∈ [qj , qj+1),

0 otherwise,
(4)

In the above, the index j runs over the wavenumber bins
for the linear power spectrum and we set a log-equal bin-
ning, ln qj+1 − ln qj = ∆ ln q. The other index i is used
for the wavenumber bin of the nonlinear power spectrum,
which we set identically to that of the linear counter-
part. It is straightforward to show that the estimator K̂
approaches to the kernel function K defined in Eq. (1)
when the bin width and the variation in the input linear
spectra are small. The definition (1) is advantageous in
that it allows the measurement in this way at the fully
nonlinear level [16].

Numerical analysis: We adopt a flat-ΛCDM cosmol-
ogy consistent with the 5yr observation by the WMAP
satellite [6] with parameters (Ωm, Ωb/Ωm, h, As, ns) =
(0.279, 0.165, 0.701, 2.49× 10−9, 0.96), which are the cur-
rent matter density parameter, baryon fraction, the Hub-
ble constant in units of 100km/s/Mpc, the scalar am-
plitude normalized at k0 = 0.002Mpc−1 and its index,
respectively. The matter transfer function is computed
with these parameters using the CAMB code [7].

We run three sets of simulations with different volume
and number of particles as listed in Table I. They are in-
tended to confirm the convergence of the measurements
of the kernel function. Initial conditions are created using
a parallel code developed in [8, 9] based on the second-
order Lagrangian PT (e.g., [10, 11]). The starting red-
shifts shown in the table are determined to minimize the
sum of the transient effect caused by the imperfect ini-
tial condition and the error in the tree-force calculation,
which is problematic when particles are very close to the
pre-initial grid points [12]. We follow the time evolu-
tion of the matter distribution using Gadget2 [13] with
the tree-PM calculation. We finally measure the power
spectrum by fast Fourier transform of the Cloud-in-Cell
(CIC) density estimates on 10243 grid points. We reduce
the smoothing effect by simply dividing the density field
by the CIC kernel in Fourier space.

For each set of simulations, we prepare multiple ini-
tial conditions with linear power spectra perturbed by
±1% (i.e., ∆ ln P lin = ln(1.01) − ln(0.99) ≃ 0.02) over
qj ≤ q < qj+1. The q-bin starts at q1 = 0.006h Mpc−1

(0.012h Mpc−1) for L10-N9 (L9-N9 and L9-N8) and we
set the bin width as ∆ ln q = ln(

√
2). We consider 15 or

13 bins depending on the simulation set as listed in“bins”
column of Table I. We run four random realizations for

the L9-N9 and L9-N8 to estimate the statistical scatter,
and the initial conditions with perturbed spectra at dif-
ferent bins are created with exactly the same random
phases for every realization of every set. The total num-
bers of runs used in this analysis are also shown in Ta-
ble I.

TABLE I: Simulation parameters. Box sizes are in unit of
h−1Mpc.

name box particles start-z bins runs total

L9-N9 512 5123 31 15 4 120

L9-N8 512 2563 15 13 4 104

L10-N9 1024 5123 31 15 1 30

Shape of the kernel function and comparison with PT
results.— We are now in position to present the kernel
function measured from N -body simulations. The com-
bination K(k, q)P lin(q) is plotted at three fixed k as a
function of q in Fig. 1. This combination is such that it
contributes with uniform weights per decade in integral
(2). We show by vertical arrows the position of the k-
bin (the bin center in log) for the kernel presented in each
panel. We show the three simulation results by filled sym-
bols (L9-N9), lines (L9-N8) and open symbols (L10-N9).
Positive (negative) values of K(k, q) are shown by upper
triangles or solid lines (lower triangles or dashed lines).
The vertical error bars of filled triangles depict the sta-
tistical error estimated from the scatter among different
realizations. The heavy overlap among three simulations
ensures that the result is converged against the resolution
and volume of the simulations. We hereafter discuss the
results of L9-N9, which has the best spatial resolution.

FIG. 1: Kernel function measured from simulations. We plot
|K(k, q)|Plin(q) as a function of initial wavenumber q for a
fixed value of final wavenumber k indicated by the vertical
arrow in the panels. Filled (open) symbols show the measure-
ment from L9-N9 (L10-N9), while lines depict L9-N8. Positive
values are shown by upper triangle or solid line, while lower
triangles and dashed line show negative contribution.

At low redshift, we can see a strong peak at k = q aris-
ing from the trivial linear calculation. Nonlinear coupling
then gradually grows with time and the peak feature gets

TN, Bernardeau, Taruya ‘14

‣ from order-by-order to the full 
order discussion 

‣ estimate the derivative from 
simulations
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N-BODY VS STANDARD PT

Gravitational screening of short-wave modes in cosmological fluids

Takahiro Nishimichi,1 Francis Bernardeau,1 and Atsushi Taruya2

1Institut d’Astrophysique de Paris
2Yukawa Institute for Theoretical Physics

We present the first measurement of the mode coupling structure of the cosmological large-scale
structure of the standard cosmological model at the level of the nonlinear power spectrum. More
specifically, we measure the response of the nonlinear matter power spectrum at wavenumber k
with respect to weakly perturbed linear power spectra at wavenumber q employing a large set of
cosmological N -body simulations. While the overall structure of the mode coupling can be accounted
for with standard perturbation theory results, our results show that the short wave modes are
strongly screened out as soon as q > k and contribute only weakly to the growth of the long-wave
modes. This is the first time such an effect is measured. Its origin is yet unclear but it is of crucial
importance for the use of large-scale cosmological data to infer fundamental cosmological of physical
parameters.

PACS numbers:
Keywords:

Wide field galaxy surveys are widely considered for un-
veiling the detailed geometrical properties or energy con-
tent of the universe [1]. Large-scale projects, such as the
EUCLID mission[14], are planned in the coming decade,
aiming at the determination of these properties with an
unprecedented accuracy. Such measurements rely to a
large extent on the use of the statistical properties of the
large-scale cosmic structures up to scales entering the
weakly non-linear regime, that is to scales where the sole
linear theory cannot be used. But such a scientific pro-
gram could then only be achieved if the properties of the
large-scale cosmological structure can be safely predicted
either from numerical simulations or from analytical in-
vestigations for any given cosmological model. In partic-
ular it is important such observables are shielded from
the details of small scale astrophysics and gas physics at
galactic or sub-galactic scales.

One way to reformulate this question is to quantify
how small scale structures can impact the growth of large
scale structure as soon as modes are entering the nonlin-
ear regime. Perturbation theory (PT) of the structure
formation is a powerful framework to precisely predict
the nonlinear gravitational dynamics of the cosmic fluid
from the first principle at least when gravity only is at
play. The importance of such methods has been height-
ened after the detection of the baryon acoustic oscilla-
tions (BAOs) in the clustering of galaxies at late times
(e.g., [2]), making precise predictions of the nonlinear
matter power spectrum crucially important.

PT calculations show precisely that mode couplings be-
tween different scales is unavoidable. It makes PT results
in general difficult to develop in a controlled manner. We
propose here to quantify such couplings with the use of
a two-variable kernel function[15], defined as the linear
response at wave-mode k with respect to initial pertur-
bation of the linear power spectrum at wave-mode q. In
the context of PT calculations Ref. [3] showed progres-
sive broadening of the kernel function as increasing the
PT order, and speculated that a regularization scheme

in the UV domain is required to give a realistic estimate
of the high-order perturbative contributions. The recent
paper by [4] also pointed out the unsuccessful conver-
gence of PT series at late times and proposed a simple
ansatz based on the Padé approximation to suppress the
strong UV sensitivity seen in the standard PT (SPT).

If the broadness of the kernel at late times suggested
from PT calculations is true, physics at very small scale
can influence significantly the matter distribution on
large scales where the acoustic feature is prominent. It
also poses a question to the reliability of simulations, with
which we can follow the evolution of Fourier modes only
in finite dynamic range. We here present a first direct
measurement of the kernel structure from cosmological
N -body simulations. We show that this allows a di-
rect test of regularization schemes employed in analytical
models.

Definition and methodology.— What is the response
of the nonlinear power spectrum at wavenumber k to
the linear power spectrum at wavenumber q? At linear
level, it is simply a Dirac-delta function since each Fourier
mode evolves independently in standard cosmological
scenarios. Here we wish to introduce a well-defined kernel
function and investigate it at fully nonlinear level. We
consider the nonlinear power spectrum as a functional
of the linear power spectrum, i.e., P nl = P nl[P lin], and
define the kernel function as its functional derivative:

K(k, q; z) = q
δP nl(k; z)
δP lin(q; z)

. (1)

We omit the explicit dependence on z from the arguments
in what follows. The normalization for K is chosen such
that a small variation in P nl is related to that of P lin as

δP nl(k) =
∫

d ln q K(k, q)δP lin(q). (2)

This relation provides us a simple way to measure the ker-
nel function from simulations. In order to do so, we pre-
pare two initial conditions with small modulations in the

initial wave mode q [h/Mpc]

‣ Overall shape fine 
‣ Cancellation of terms at UV 
‣ (P_13 + P_22) 
‣ (P_15 + P_24 + P_33)  

‣ UV looks more problematic 
‣ 2-loop > 1-loop > N-body 

‣ Dominant terms at UV are: 
‣ P_13 (@ 1-loop), P_15 (@ 2-loop) 
‣ i.e., terms containing high-order 2-pt 

propagator 

TN, Bernardeau, Taruya ‘14
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SUPPRESSION OF SMALL TO LARGE SCALE TRANSFER

Gravitational screening of short-wave modes in cosmological fluids

Takahiro Nishimichi,1 Francis Bernardeau,1 and Atsushi Taruya2

1Institut d’Astrophysique de Paris
2Yukawa Institute for Theoretical Physics

We present the first measurement of the mode coupling structure of the cosmological large-scale
structure of the standard cosmological model at the level of the nonlinear power spectrum. More
specifically, we measure the response of the nonlinear matter power spectrum at wavenumber k
with respect to weakly perturbed linear power spectra at wavenumber q employing a large set of
cosmological N -body simulations. While the overall structure of the mode coupling can be accounted
for with standard perturbation theory results, our results show that the short wave modes are
strongly screened out as soon as q > k and contribute only weakly to the growth of the long-wave
modes. This is the first time such an effect is measured. Its origin is yet unclear but it is of crucial
importance for the use of large-scale cosmological data to infer fundamental cosmological of physical
parameters.

PACS numbers:
Keywords:

Wide field galaxy surveys are widely considered for un-
veiling the detailed geometrical properties or energy con-
tent of the universe [1]. Large-scale projects, such as the
EUCLID mission[14], are planned in the coming decade,
aiming at the determination of these properties with an
unprecedented accuracy. Such measurements rely to a
large extent on the use of the statistical properties of the
large-scale cosmic structures up to scales entering the
weakly non-linear regime, that is to scales where the sole
linear theory cannot be used. But such a scientific pro-
gram could then only be achieved if the properties of the
large-scale cosmological structure can be safely predicted
either from numerical simulations or from analytical in-
vestigations for any given cosmological model. In partic-
ular it is important such observables are shielded from
the details of small scale astrophysics and gas physics at
galactic or sub-galactic scales.

One way to reformulate this question is to quantify
how small scale structures can impact the growth of large
scale structure as soon as modes are entering the nonlin-
ear regime. Perturbation theory (PT) of the structure
formation is a powerful framework to precisely predict
the nonlinear gravitational dynamics of the cosmic fluid
from the first principle at least when gravity only is at
play. The importance of such methods has been height-
ened after the detection of the baryon acoustic oscilla-
tions (BAOs) in the clustering of galaxies at late times
(e.g., [2]), making precise predictions of the nonlinear
matter power spectrum crucially important.

PT calculations show precisely that mode couplings be-
tween different scales is unavoidable. It makes PT results
in general difficult to develop in a controlled manner. We
propose here to quantify such couplings with the use of
a two-variable kernel function[15], defined as the linear
response at wave-mode k with respect to initial pertur-
bation of the linear power spectrum at wave-mode q. In
the context of PT calculations Ref. [3] showed progres-
sive broadening of the kernel function as increasing the
PT order, and speculated that a regularization scheme

in the UV domain is required to give a realistic estimate
of the high-order perturbative contributions. The recent
paper by [4] also pointed out the unsuccessful conver-
gence of PT series at late times and proposed a simple
ansatz based on the Padé approximation to suppress the
strong UV sensitivity seen in the standard PT (SPT).

If the broadness of the kernel at late times suggested
from PT calculations is true, physics at very small scale
can influence significantly the matter distribution on
large scales where the acoustic feature is prominent. It
also poses a question to the reliability of simulations, with
which we can follow the evolution of Fourier modes only
in finite dynamic range. We here present a first direct
measurement of the kernel structure from cosmological
N -body simulations. We show that this allows a di-
rect test of regularization schemes employed in analytical
models.

Definition and methodology.— What is the response
of the nonlinear power spectrum at wavenumber k to
the linear power spectrum at wavenumber q? At linear
level, it is simply a Dirac-delta function since each Fourier
mode evolves independently in standard cosmological
scenarios. Here we wish to introduce a well-defined kernel
function and investigate it at fully nonlinear level. We
consider the nonlinear power spectrum as a functional
of the linear power spectrum, i.e., P nl = P nl[P lin], and
define the kernel function as its functional derivative:

K(k, q; z) = q
δP nl(k; z)
δP lin(q; z)

. (1)

We omit the explicit dependence on z from the arguments
in what follows. The normalization for K is chosen such
that a small variation in P nl is related to that of P lin as

δP nl(k) =
∫

d ln q K(k, q)δP lin(q). (2)

This relation provides us a simple way to measure the ker-
nel function from simulations. In order to do so, we pre-
pare two initial conditions with small modulations in the

initial wave mode [h/Mpc]

‣ SPT >> simulation high q 
‣ This is exactly the place where PT 

breaks down 
‣ Simple Lorentzian form can nicely 

explain the suppression 

‣ Large scale modes somehow 
protected from small scale 
uncertainty? 
‣ shell crossing? → Effective Field Theory? 
‣ The formula gives a quantitative guide to 

construct UV-safe models

q ≧ 2k are shown

TN, Bernardeau, Taruya ‘14
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FINE STRUCTURE IN THE RESPONSE FUNCTION
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z = 1.00
Δk = 0.005h/Mpc 
100 data points up to k = 0.5h/Mpc
5 pairs of simulations  
for each data point

10 sparsely sampled data points  
at 0.5 < k < 1.5

20 pairs of simulations  
for each data point

1400 simulations

Gravitational screening of short-wave modes in cosmological fluids

Takahiro Nishimichi,1 Francis Bernardeau,1 and Atsushi Taruya2

1Institut d’Astrophysique de Paris
2Yukawa Institute for Theoretical Physics

We present the first measurement of the mode coupling structure of the cosmological large-scale
structure of the standard cosmological model at the level of the nonlinear power spectrum. More
specifically, we measure the response of the nonlinear matter power spectrum at wavenumber k
with respect to weakly perturbed linear power spectra at wavenumber q employing a large set of
cosmological N -body simulations. While the overall structure of the mode coupling can be accounted
for with standard perturbation theory results, our results show that the short wave modes are
strongly screened out as soon as q > k and contribute only weakly to the growth of the long-wave
modes. This is the first time such an effect is measured. Its origin is yet unclear but it is of crucial
importance for the use of large-scale cosmological data to infer fundamental cosmological of physical
parameters.

PACS numbers:
Keywords:

Wide field galaxy surveys are widely considered for un-
veiling the detailed geometrical properties or energy con-
tent of the universe [1]. Large-scale projects, such as the
EUCLID mission[14], are planned in the coming decade,
aiming at the determination of these properties with an
unprecedented accuracy. Such measurements rely to a
large extent on the use of the statistical properties of the
large-scale cosmic structures up to scales entering the
weakly non-linear regime, that is to scales where the sole
linear theory cannot be used. But such a scientific pro-
gram could then only be achieved if the properties of the
large-scale cosmological structure can be safely predicted
either from numerical simulations or from analytical in-
vestigations for any given cosmological model. In partic-
ular it is important such observables are shielded from
the details of small scale astrophysics and gas physics at
galactic or sub-galactic scales.

One way to reformulate this question is to quantify
how small scale structures can impact the growth of large
scale structure as soon as modes are entering the nonlin-
ear regime. Perturbation theory (PT) of the structure
formation is a powerful framework to precisely predict
the nonlinear gravitational dynamics of the cosmic fluid
from the first principle at least when gravity only is at
play. The importance of such methods has been height-
ened after the detection of the baryon acoustic oscilla-
tions (BAOs) in the clustering of galaxies at late times
(e.g., [2]), making precise predictions of the nonlinear
matter power spectrum crucially important.

PT calculations show precisely that mode couplings be-
tween different scales is unavoidable. It makes PT results
in general difficult to develop in a controlled manner. We
propose here to quantify such couplings with the use of
a two-variable kernel function[15], defined as the linear
response at wave-mode k with respect to initial pertur-
bation of the linear power spectrum at wave-mode q. In
the context of PT calculations Ref. [3] showed progres-
sive broadening of the kernel function as increasing the
PT order, and speculated that a regularization scheme

in the UV domain is required to give a realistic estimate
of the high-order perturbative contributions. The recent
paper by [4] also pointed out the unsuccessful conver-
gence of PT series at late times and proposed a simple
ansatz based on the Padé approximation to suppress the
strong UV sensitivity seen in the standard PT (SPT).

If the broadness of the kernel at late times suggested
from PT calculations is true, physics at very small scale
can influence significantly the matter distribution on
large scales where the acoustic feature is prominent. It
also poses a question to the reliability of simulations, with
which we can follow the evolution of Fourier modes only
in finite dynamic range. We here present a first direct
measurement of the kernel structure from cosmological
N -body simulations. We show that this allows a di-
rect test of regularization schemes employed in analytical
models.

Definition and methodology.— What is the response
of the nonlinear power spectrum at wavenumber k to
the linear power spectrum at wavenumber q? At linear
level, it is simply a Dirac-delta function since each Fourier
mode evolves independently in standard cosmological
scenarios. Here we wish to introduce a well-defined kernel
function and investigate it at fully nonlinear level. We
consider the nonlinear power spectrum as a functional
of the linear power spectrum, i.e., P nl = P nl[P lin], and
define the kernel function as its functional derivative:

K(k, q; z) = q
δP nl(k; z)
δP lin(q; z)

. (1)

We omit the explicit dependence on z from the arguments
in what follows. The normalization for K is chosen such
that a small variation in P nl is related to that of P lin as

δP nl(k) =
∫

d ln q K(k, q)δP lin(q). (2)

This relation provides us a simple way to measure the ker-
nel function from simulations. In order to do so, we pre-
pare two initial conditions with small modulations in the
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RENORMALIZATION AND RESPONSE
‣ “Success” of 2-loop renormalized PT, 

while SPT 3-loop clearly breaks 
down 
‣ SPT is explicitly used to construct low k 

propagator in the calculations 
‣ Not a solution to the high-q crisis 

‣ Γ expansion efficiently computes the 
mode coupling around q ~ k 
‣ very successful at high-z as this is the 

dominant place where modes couple 
‣ Galilean invariance is violated at low q 

‣ Cover a wide dynamic range 
seamlessly by combining 3 models

data: 1400 sims.
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‣ Not a solution to the high-q crisis 
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dominant place where modes couple 
‣ Galilean invariance is violated at low q 
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‣ “Success” of 2-loop renormalized PT, 

while SPT 3-loop clearly breaks 
down 
‣ SPT is explicitly used to construct low k 

propagator in the calculations 
‣ Not a solution to the high-q crisis 

‣ Γ expansion efficiently computes the 
mode coupling around q ~ k 
‣ very successful at high-z as this is the 

dominant place where modes couple 
‣ Galilean invariance is violated at low q 

‣ Cover a wide dynamic range 
seamlessly by combining 3 models

data: 1400 sims.
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EFFECTIVE MODEL

‣ Calculation based on SPT  

‣ low-q is fine, automatically. 

‣ 2-phenomenological regularizations 

‣ one, exp(-k2σd2) like RegPT 

‣ the other, exp(-q2σd2) 

‣ Cover a wide dynamic range 
seamlessly

data: 1400 sims.
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ANALYTICAL MODEL WITH HYBRID RESPONSE FUNCTION

Simulation data for PLANCK 
cosmology as the fiducial model 
✓ suppressed variance by “fixed-and-paired” 

method (Angulo, Pontzen’16)  
✓ -0.4 < z < 5, 20 outputs 
✓ alias correction by “interlacing” method 

(Sefusatti+’16) 

→ Prediction for WMAP5 
cosmology

TN et al. in prepfrom the definition of 
functional derivative
�Pnl(k) =

Z
d ln q K(k, q)�Plin(q)

Pwmap5(k) = Pplanck15(k) +

Z
d ln q K(k, q)[Plin,wmap5(q)� Plin,planck15(q)]
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