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Introduction: BAOs as a Standard Ring

• Baryon Acoustic Oscillations (BAOs) in 3D galaxy distribution through 
spectroscopic surveys such as BOSS, SuMIRe, and WFIRST (Martin White’s lecture)
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• cosmological distortion Alcock & Paczynski (1979)

real space
redshift space

cf:  This is famous (maybe) “Mexican Ring” that is the goal of the ancient Mayan ballgame, 
    Pokatok at the Chichén Itzá (26hrs driving from Puerto Vallarta.) 

∝ 1/H(z)

∝ DA(z)



Introduction: Redshift distortion (RSD) & Power Spectrum
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• RSD makes galaxy distribution statistically anisotropic
linear theory

P (k) = �δg(k)2� → PS(k, µ) = b2
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with the mode counting technique for estimating the ca-
pabilities of redshift surveys. In §IV, we describe two
mock surveys for illustration purposes, one based on the
ongoing SDSS luminous red galaxy (LRG) survey at in-
termediate redshifts and the other based on a deep galaxy
cluster survey such as the planned South Pole Telescope
(SPT) survey [13]. We examine potential cosmological
constraints on distances, the Hubble parameter and the
dark energy in §V. Their dependence on survey and other
assumptions is explored in in §VI. We discuss the results
in §VII.

Throughout this paper, we take as the fiducial cos-
mology a flat ΛCDM model with baryon density Ωbh2 =
0.024, matter density Ωmh2 = 0.14, scalar slope ns = 1,
dark energy density in units of the critical density ΩDE =
0.72 (or Hubble constant H0 = 100h km s−1 Mpc−1 with
h = 0.72), initial curvature δζ = 5.07 × 10−5 at k = 0.05
Mpc−1 (or present normalization σ8 = 0.9 and reioniza-
tion optical depth τ = 0.17), and a constant dark energy
equation of state w = pDE/ρDE = −1. These values are
consistent with recent determinations from WMAP [1].

II. RINGS OF POWER

Geometrical distortions at cosmological distances are
described by the Friedmann-Robertson-Walker spatial
line element

ds2 = a2(dD2 + D2
AdΩ) . (1)

The metric elements are related to the observable red-
shift as a = (1 + z)−1 for the scale factor, dD = dz/H
for the radial distance D, and DA = R sin(D/R) for the
angular diameter distance, where the radius of curva-
ture R = H−1

0

√
Ωtot − 1 and Ωtot is the total density in

units of the critical density. All distances are in comov-
ing coordinates. The Hubble parameter is given by the
Friedmann equation as

H2(z) =
8πG

3
ρtot(z) −

1

(aR)2
, (2)

with H0 = H(z = 0). Since the conversion from the ob-
servable angular and redshift space coordinates to physi-
cal coordinates depends on the metric, a “standard ruler”
of a known physical size can be used to measure cosmol-
ogy.

Suppose now that we have a survey of some biased
tracer of the mass, effectively at some redshift zs. The
two point correlation or power spectrum of the objects
acts as the standard ruler. Since power spectrum modes
are usually quoted in units of inverse length scale, let us
choose the fiducial cosmology for the conversion

kfid
⊥ =

&

Dfid
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,
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2π

λz
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2π

λz
Hfid(zs) , (3)
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FIG. 1: Acoustic rings in the two dimensional power spec-
trum Ps/P̄s − 1 with a smooth component P̄s [3] removed to
highlight the features; shaded contours are spaced by 0.02.
The locations of the features are preserved in the presence of
linear redshift space distortions here at z = 0.45 and b = 3.5.
Cosmology distorts the rings here shown with w = −2/3 and
ΩDE = 0.62, h = 0.61 (lines surround extrema of the oscilla-
tions) which preserves the CMB-determined high-z DA and
H . Jaggedness reflects our k-cell discretization.

where λz is the radial wavelength in redshift and & is
the angular wavenumber or multipole. Note that in our
fiducial flat cosmology DA = D. The true modes being
probed by a given & and λz are

k⊥ = s⊥kfid
⊥ ,

k‖ = s‖k
fid
‖ , (4)

where the shift parameters are

s⊥ =
Dfid

A

DA
,

s‖ =
∆Dfid

∆D
≈

H

Hfid
. (5)

In the linear regime, the power spectrum of the tracer
objects reflect the underlying mass power spectrum P (k)
modified by redshift space distortions as [14]

Ps(k⊥, k‖) =

[

1 + β

(

k‖
k

)2
]2

b2P (k) ,

k2 = k2
⊥ + k2

‖ , (6)

where b is the linear bias assumed to be scale independent
(e.g. [15]). Deep in the linear regime, the distortion
parameter

β =
1

b

d ln Dgrow

d ln a
, (7)

Hu & Haiman (2003)

48 3. COSMOLOGY AND MASSIVE NEUTRINOS: UP TO LINEAR THEORY

Figure 3.5: A schematic picture of redshift distortions. Arrows denote direction and magnitude
of velocity fields of galaxies. At large scales where the peculiar velocity of galaxies can be
treated at linear level, the galaxy density fields squash along the line-of-sight. In the case of
nonlinear collapse at small scales, galaxies have large velocity with random direction. As a
result, the structure become elongated, which is so called the Finger-of-God effect. The FOG
effect suppress the clustering for direction of line-of-sight.

where ẑ is an unit vector in the line-of-sight direction. We have adopted the distant-observer
approximation, which ignores the radial dependence of redshift-space distortion. The number
of galaxies in a particular region is preserved, i.e., ns(xs)d3xs = n(x)d3x, and the Jacobian of
this transformation is given by

J =

∣∣∣∣∣
dx

ds

∣∣∣∣∣ =

(

1 +
∂

∂z

[
"v · ẑ

aH(a)

])−1 (

1 +
"v · ẑ

aH(a)x

)−2

. (3.107)

The second bracket can be safely approximated to be unity, since the derivative term in the
first bracket is larger than the second by a factor of kx and we are interested only in the modes
of kx ! 1 [110]. Then, the Jacobian becomes

J "
(

1 +
∂

∂z

[
"v · ẑ

aH(a)

])−1

. (3.108)

Thus the transformation to redshift space is nonlinear mapping, which make it difficult to model
the nonlinear power spectrum in redshift space.

Intuitively, the redshift distortion effect is understood in two ways. Fig. 3.5 illustrates the
two redshift distortion effects, separately. At sufficiently large scales, a slightly overdense region
appears squashed toward the center of overdense region. On the other hand, in more collapsed
object seen at small scales, the so-called Fingers-of-God (FOG) effect is attributed to random

• galaxy redshift survey: peculiar velocity along l.o.s. is contaminated 

�s = �r +
�v · ẑ

aH(z)
ẑ

redshift space

real space

line of sight direction

Large scale: Squashing effect
   - amplitude become larger 

Small scale: Finger-of-God 
   - amplitude becomes smaller

Kaiser (1987)

f ≡ d lnD(a)
d ln a

� Ωm(z)γ

Gravity Test 
(Ed.Bertschinger’s lecture)



Questions
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• Can we model accurately nonlinear redshift-space power spectrum around BAO scales?

• How can we use full 2D BAO information?

• What is the actual constraint on the BAO ring?

We propose a new model based on perturbation theory
which works well up to k<0.2h/Mpc

Based on Fisher matrix analysis, we compare entire 
2D information with use of multipole spectra. 

We are applying our model to the SDSS DR7 data to 
constrain DA & H separately. 



Modeling of RSD based on perturbation theory
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• What makes the problem complicated?

J �
�

1 +
∂

∂z

�
�v · ẑ

aH(a)

��−1

- nonlinear mapping from real to redshift space

• Exact expression & previous works

PS(k, µ) =
�

d3x eik·x �
e−ikµf∆uz{δ(r)− f∇zuz(r)}{δ(r�)− f∇zuz(r�)}

�velocity field

standard PT

empirical formula Scoccimarro (2004)

Heavens, Verde, Mataresse (1998)

PS(k, µ) =
�
1 + fµ2

�2
PL

m(k) + PS
1 loop(k, µ)

PS(k, µ) = e−k2f2σ2
V,Lµ2

[Pδδ(k) + 2fµ2Pδθ(k) + f2µ4Pδθ(k)]
FOG factor nonlinear Kaiser factor



New model
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Taruya, Nishimichi, S.S. (2010)

PS(k, µ) = e−(kfµσv)2 [Pδδ(k) + 2fµ2Pδθ(k) + f2µ4Pθθ(k) + A(k, µ; f) + B(k, µ; f)]
“nonlinear” velocity dispersion
treated as a “free parameter”

correction terms

7

j1, we have

〈ej1A1A2A3〉c + 〈ej1A1A2〉c〈ej1A1A3〉c
# 〈A2A3〉+ j1〈A1A2A3〉c

+ j21

{1

2
〈A2

1A2A3〉c + 〈A1A2〉c〈A1A3〉c
}
+O(j31 ).

(17)

In the above, the term 〈A2
1A2A3〉c turns out to be higher

order when we explicitly compute it employing the per-
turbation theory calculation, and is roughly proportional
to O(P 3

lin). We thus drop the higher-order contribution,
and collect the leading and next-to-leading order contri-
butions. Then, Eq. (16) can be recast as

P (S)(k, µ) = DFoG[kµ f σv]
{
Pδδ(k) + 2 f µ2 Pδθ(k)

+ f2 µ4 Pθθ(k) +A(k, µ) +B(k, µ)
}
. (18)

Here, we replaced the exponential prefactor
exp{〈ej1A1〉c} with the damping function DFoG.
The corrections A and B are respectively given by

A(k, µ) = j1

∫
d3x eik·x 〈A1A2A3〉c,

B(k, µ) = j21

∫
d3x eik·x 〈A1A2〉c 〈A1A3〉c.

In terms of the basic quantities of density δ and velocity
divergence θ = −∇v/(aHf), they are rewritten as

A(k, µ) = (kµ f)

∫
d3p

(2π)3
pz
p2

× {Bσ(p,k − p,−k)−Bσ(p,k,−k − p)} , (19)

B(k, µ) = (kµ f)2
∫

d3p

(2π)3
F (p)F (k − p) ; (20)

F (p) =
pz
p2

{
Pδθ(p) + f

p2z
p2

Pθθ(p)

}
,

where the function Bσ is the cross bispectra defined by

〈
θ(k1)

{
δ(k2) + f

k22z
k22

θ(k2)

}{
δ(k3) + f

k23z
k23

θ(k3)

}〉

= (2π)3δD(k1 + k2 + k3)Bσ(k1,k2,k3). (21)

In deriving the expression (18), while we employed the
low-k expansion, we do not assume that the terms Ai

themselves are entirely small. In this sense, the expres-
sions (18), (19) and (20) still have some non-perturbative
properties, although the new corrections A and B ne-
glected in the previous phenomenological models are ex-
pected to be small, and can be treated perturbatively.
In Appendix A, based on the standard PT treatment,
we summarize the perturbative expressions for the cor-
rections (19) and (20), in which the three-dimensional
integrals are reduced to the sum of the one- and two-
dimensional integrals.

FIG. 4: Contributions of power spectrum corrections com-
ing from the A and B terms divided by the smooth refer-
ence power spectrum, P (S)

!,corr(k)/P
(S)
!,no-wiggle(k) (Eq. (22)). We

adopt the Gaussian form of the damping function DFoG with
σv computed from linear theory (see Eq.(7)). Left and right
panels respectively show the monopole and quadrupole power
spectra at redshifts z = 3 and 1.

To see the significance of the newly derived terms A
and B, we evaluate the monopole and quadrupole con-
tributions to the functions defined by

P (S)
$,corr(k) ≡

2%+ 1

2
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 .

(22)

The results are then plotted in Fig. 4, divided by the

smoothed reference spectrum, P (S)
$,no-wiggle(k). In plotting

the results, we specifically assume the Gaussian form of
DFoG, and adopt the linear theory to estimate σv (see
Eq. (7)).
The corrections coming from the A term show oscilla-

tory behaviors, and tend to have a larger amplitude than
those from the B term. While the corrections from the
B term are basically smooth and small, they still yield
a non-negligible contribution, especially for quadrupole
power spectrum. Although the actual contributions of
these corrections to the total power spectrum are deter-
mined by the fitting parameter σv, and thus the resul-
tant amplitudes shown in Fig. 4 do not simply reflect
the correct amplitudes, the new corrections A and B can
definitely give an important contribution to the acoustic
feature in power spectrum.
Finally, it is interesting to note that while the new for-

mula for redshift-space power spectrum (18) would be
applicable to the non-linear regime where the standard
PT calculation breaks down, the resultant expression it-
self is similar to the one for redshift-space power spec-
trum in the one-loop standard PT. The one-loop power

spectrum in redshift space, P (S)
SPT(k, µ) given at Eq. (5),
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pected to be small, and can be treated perturbatively.
In Appendix A, based on the standard PT treatment,
we summarize the perturbative expressions for the cor-
rections (19) and (20), in which the three-dimensional
integrals are reduced to the sum of the one- and two-
dimensional integrals.

FIG. 4: Contributions of power spectrum corrections com-
ing from the A and B terms divided by the smooth refer-
ence power spectrum, P (S)

!,corr(k)/P
(S)
!,no-wiggle(k) (Eq. (22)). We

adopt the Gaussian form of the damping function DFoG with
σv computed from linear theory (see Eq.(7)). Left and right
panels respectively show the monopole and quadrupole power
spectra at redshifts z = 3 and 1.

To see the significance of the newly derived terms A
and B, we evaluate the monopole and quadrupole con-
tributions to the functions defined by

P (S)
$,corr(k) ≡

2%+ 1

2

∫ 1

−1
dµ DFoG(kµfσv)






A(k, µ)

B(k, µ)




 .

(22)

The results are then plotted in Fig. 4, divided by the

smoothed reference spectrum, P (S)
$,no-wiggle(k). In plotting

the results, we specifically assume the Gaussian form of
DFoG, and adopt the linear theory to estimate σv (see
Eq. (7)).
The corrections coming from the A term show oscilla-

tory behaviors, and tend to have a larger amplitude than
those from the B term. While the corrections from the
B term are basically smooth and small, they still yield
a non-negligible contribution, especially for quadrupole
power spectrum. Although the actual contributions of
these corrections to the total power spectrum are deter-
mined by the fitting parameter σv, and thus the resul-
tant amplitudes shown in Fig. 4 do not simply reflect
the correct amplitudes, the new corrections A and B can
definitely give an important contribution to the acoustic
feature in power spectrum.
Finally, it is interesting to note that while the new for-

mula for redshift-space power spectrum (18) would be
applicable to the non-linear regime where the standard
PT calculation breaks down, the resultant expression it-
self is similar to the one for redshift-space power spec-
trum in the one-loop standard PT. The one-loop power

spectrum in redshift space, P (S)
SPT(k, µ) given at Eq. (5),

A: anti-phase correction
B: small amplitude (<1-2%)

Note: includes higher order of μ

up to μ6

up to μ8
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4

FIG. 1: Monopole (top) and quadrupole (bottom) moments of
matter power spectra in redshift space at z = 1. The results
are divided by the smooth reference spectrum, P (S)

!,no-wiggle,
and are compared with the N-body results (symbols) taken
from the wmap5 simulations of Ref. [13]. The reference spec-

trum P (S)
!,no-wiggle is calculated from the no-wiggle approxima-

tion of the linear transfer function [14] with the linear theory
of the Kaiser effect taken into account. Solid and dot-dashed
lines represent the results of improved PT calculations based
on the model of redshift distortion (14), but the terms A and
B are ignored in the dot-dashed lines. In both cases, the
one-dimensional velocity dispersion σv was determined by fit-
ting the predictions to the N-body simulations, using the data
below the wavenumber indicated by the vertical arrow.

expressed as

P (k, µ) = e−(kµ fσv)2
{

Pδδ(k) + 2 f µ2 Pδθ(k)

+ f2 µ4 Pθθ(k) + A(k, µ; f) + B(k, µ; f)
}

(14)

with the quantity f being the growth-rate parameter.
Here, the power spectra Pδδ, Pθθ and Pδθ denote the auto
power spectra of density and velocity divergence, and
their cross power spectrum, respectively. The velocity di-
vergence θ is defined by θ ≡ −∇v/(aHf). The quantity
σv denotes the one-dimensional velocity dispersion[24],
and the exponential prefactor characterizes the damping
behavior by the Finger-of-God effect. For the purpose to
model the shape and structure of BAOs in power spec-
trum, σv may be treated as a free parameter, and deter-
mine it by fitting the predictions to the observations.

A salient property of the model (14) is the presence
of the terms A and B, which represent the higher-order
couplings between velocity and density fields, usually ne-
glected in the phenomenological models of redshift dis-
tortion. The explicit expressions for these terms are de-
rived based on the standard treatment of perturbation

theory, and the results are presented in Ref. [15]. A de-
tailed investigation in our previous paper [15] reveals that
the corrections A and B can give an important contribu-
tion to the acoustic structure of BAOs over the scales
k ∼ 0.2hMpc−1, which give rise to a slight uplift in the
amplitude of monopole and quadrupole spectra. With
the improved treatment of the perturbation theory to
compute Pδδ, Pθθ and Pδθ (e.g., [13, 16]), the model (14)
can give a better prediction than the existing models of
redshift distortion. Fig. 1 plots the illustrated example
showing that the model (14) reproduces the N-body re-
sults of monopole and quadrupole spectra quite well, and
the precision of the agreement between prediction and
simulation reaches a percent-level. Hence, in this paper,
we adopt the model (14) as a fiducial model for matter
power spectrum in redshift space.

Note that the model (14) generically produces the non-
vanishing higher multipole spectra of # > 4, due to the
damping factor, e−(kµ fσv)2 . Furthermore, the correc-
tions A and B are expanded as power series of µ, which
include the powers up to µ6 for the A term, µ8 for the
B term. This indicates that the corrections addition-
ally contribute to the higher multipoles, at least, up to
# = 8. In this sense, the model (14) provides an inter-
esting testing ground to estimate the extent to which the
useful cosmological information can be obtained from the
lower-multipole spectra.

Then, assuming the linear galaxy bias in real space,
δgal = bδmass, the redshift-space power spectrum for
galaxies becomes

Pgal(k, µ) = e−(kµ fσv)2 b2
{

Pδδ(k) + 2β µ2 Pδθ(k)

+ β2 µ4 Pθθ(k) + bA(k, µ; β) + b2 B(k, µ; β)
}

(15)

with β = f/b. The linear deterministic bias may
be too simplistic assumption, and the effects of non-
linearity and stochasticity in the galaxy bias might be
non-negligible. Our primary concern here is the qualita-
tive aspects of the parameter estimation using the mul-
tipole spectra, based on a physically plausible model of
redshift distortion. Since the galaxy bias itself does not
produce new clustering anisotropies, we simply adopt the
linear bias relation for illustrative purpose. The influence
of the degradation for the parameter estimation by the
non-linearity and stochasticity of the galaxy bias will be
later discussed.

Finally, notice that in addition to the clustering
anisotropies caused by the peculiar velocity of galaxies,
the observed galaxy power spectrum defined in comov-
ing space further exhibits anisotropies induced by the
Alcock-Paczynski effect. This is modeled as

Pobs(k, µ) =
H(z)

Hfid(z)

{
DA,fid(z)
DA(z)

}2

Pgal(q, ν), (16)

where the quantity Pgal(q, ν) at the right-hand-side repre-
sents the template for the redshift-space power spectrum

Performance of New model Taruya, Nishimichi, S.S. (2010)
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k [h/Mpc]
0.1 0.15 0.2 0.25

Monopole

Quadrupole

Linear theory

New model

w/o A & B terms

A & B terms are important to explain the BAO feature 
at very large scales, k < 0.1h/Mpc. 

For monopole & quadrupole, the new model looks 
successful within the valid range of PT. 
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Baryon acoustic oscillations (BAOs) imprinted in the galaxy power spectrum can be used as stan-
dard ruler to determine angular diameter distance and Hubble parameter at high redshift galaxies.
Combining redshift distortion effect which apparently distorts the galaxy clustering pattern, we can
also constrain the growth rate of large-scale structure formation. Usually, future forecast for con-
straining these parameters from galaxy redshift surveys has been made using a full shape of redshift
power spectrum. Here, we apply the multipole expansion to the anisotropic power spectrum, and
discuss how much cosmological information can be extracted from the lower-multipole spectra, i.e.,
monopole and quadrupole.

I. INTRODUCTION

Baryon acoustic oscillations (BAOs) imprinted on the
clustering of galaxies are now recognized as the powerful
cosmological probe to trace the expansion history of the
Universe. In particular, the spectroscopic measurement
of BAOs can provide a way to simultaneously determine
the angular diameter distance DA and Hubble parame-
ter H at given redshift of galaxies through the cosmolog-
ical distortion, known as Alcock-Paczynski effect. Fur-
ther, measuring the clustering anisotropies caused by the
redshift distortion due to the peculiar velocity of galax-
ies, we can also probe the growth history of structure
formation, characterized by the growth rate parameter
f ≡ d lnD/d ln a, with quantities D and a being linear
growth factor and the scale factor of the Universe, re-
spectively.

With the increased number of galaxies and large sur-
vey volumes, on-going and future spectroscopic galaxy
surveys such as Baryon Oscillation Spectroscopic Sur-
vey (BOSS), Hobby-Eberly Dark Energy Experiment
(HETDEX), Subaru Measurement of Imaging and Red-
shift equipped with Prime Focus Spectrograph (SuMIRe-
PFS), and EUCLID/JDEM aim at precisely measuring
the acoustic scale of BAOs as standard ruler. These sur-
veys will cover the wide redshift ranges, 0.3 ! z ! 3.5,
and provide a precision data of the redshift-space power
spectrum with an accuracy of a percent level over the
scales of BAOs.

In promoting these gigantic surveys, a crucial task is
a quantitative forecast for the size of the statistical er-
rors on the parameters DA, H and f in order to clarify
the scientific benefits as well as to explore the optimal
survey design. The Fisher matrix formalism is a pow-
erful tool to investigate these issues, and it enables us
to quantify the degeneracy and the correlation between
multiple parameters (e.g., Refs. [1–3] especially for mea-
suring DA, H and f). So far, most of the works on

the parameter forecast study has focused on the poten-
tial power of the BAO measurements, and attempt to
clarify the achievable level of the precision for the pa-
rameter estimation. For this purpose, they sometimes
assumed a rather optimistic situation that a full shape of
the redshift-space power spectrum, including the cluster-
ing anisotropies due to the redshift distortion, is available
in both observation and theory.

In this paper, we are particularly concerned with the
parameter estimation using a partial information of the
anisotropic BAOs from a practical point-of-view. In red-
shift space, the power spectrum obtained from the spec-
troscopic measurement is generally described in the two
dimension, and is characterized as functions of k and µ,
where k is the wavenumber and µ is the directional cosine
between the line-of-sight direction and k [20]. Usually in
the literature, the multipole expansion is applied to the
redshift-space power spectrum in order to quantify the
clustering anisotropies. Denoting the power spectrum by
P (k, µ), we have

P (k, µ) =
even∑

!=0

P!(k)P!(µ) (1)

with the function P! being the Legendre polynomials.
In linear theory, the redshift-space power spectrum is

simply written as P (k, µ) = (1 + β µ2)2Pgal(k), where
β = f/b with b being the linear bias parameter, and Pgal

is the galaxy power spectrum in real space. Then, the
non-vanishing components arises only from the monopole
(" = 0), quadrupole (" = 2) and hexadecapole spectra
(" = 4). That is, cosmological information contained in
the " = 0, 2 and 4 moments is equivalent to the whole
information in the full 2D power spectrum. In practice,
however, linear theory description cannot be adequate
over the scale of the BAOs, and the non-linear effects of
the redshift distortion as well as the gravitational clus-
tering must be accounted for a proper comparison with

Multipole expansion



How many multipoles are important?
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Taruya, S.S., Nishimichi, to appear soon!

• The BAO forecast relies on using entire 2D information.

• Nonlinearity induces higher order terms of μ than μ4.

• Higher order multipole has lower S/N but helpful to break degeneracy.

Seo & Eisenstein (2003,2007) etc

monopole
: sensitive to DA2/H

quadrupole
: sensitive to DAH

See, eg., 
Padmanabhan & White 
(2008)
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FIG. 3: Figure-of-merit (FoM) on the parameters DA, H, and f defined by (19), as functions of kmax (top-left), ngal (top-right),
b (bottom left), and σv (bottom right).

tra become statistically independent. To see this more
explicitly, we define

rcov =
C̃ov

0,2

[C̃ov
0,0

C̃ov
2,2

]1/2
. (20)

In Fig. 4, taking account of the shot noise contribution,
the quantity rcov is plotted against the parameter β.

Here, we used the linear theory to calculate C̃ov
!!′

. Fig. 4
implies that in our fiducial setup with f = 0.858, rcov

becomes ! 0.2 for the bias b = 4. Since the smaller val-
ues of β also suppress the Kaiser effect in the covariances
C̃ov

00
and C̃ov

22
, the constraints from the monopole and

quadrupole spectra is relatively improved.
The result suggests that even the partial information

with monopole and quadrupole spectra still provides a
fruitful constraint on DA, H and f , depending on the
survey setup. In this respect, a benefit to use these power
spectra should be further explored. As a next step, we
will discuss the robustness of the parameter constraints
against the systematic biases.

C. Impact of systematic biases

Among various envisaged systematics that affect the
parameter constraints, the incorrect assumption for the
theoretical template of power spectra may seriously lead
to a bias in the best-fit parameters. There are several
routes to produce an incorrect theoretical template; in-

up to hexadecapole 
(l=4)
is enough!

l=4 has small S/N 
but contribute to 
40% information, 
because of breaking 
degeneracy

Full 2D

P0&P4

P0&P2

quadrupole
monopole
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Application to the data
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S.S++ in prep

• Modeling issue

• Measurement issue

 - definition of l.o.s: Yamamoto++(2006) developed a method to measure multipoles.

 - SDSS DR7 100,157 LRGs (7150 deg2)

- Monopole: Percival++(2009) eliminated smooth P(k) using cubic B-spline. 

- Quadrupole: cosmological distortion can change the amplitude.

- Our approach: simply apply our model to multipole spectra.

  Galaxy Bias: simply assume linear scale-dependent bias b(k)=b0+b1*kc

- Free parameters (DA, H, f, σv, b0, b1, c) implemented in COSMOMC (L.Verde’s lecture)

Padmanabhan & White (2008)
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Results
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S.S++ in prep

0.8 1 1.2
0

0.5

1

0 0.5 1
0

0.5

1

0.8 1 1.2
0

0.5

1

H/Hfid

f

0.8 1 1.2
0

0.5

1

DA/DA,fid

H
/H
fid

0.8 1 1.2

0.8

1

1.2

f
0 0.5 1

0.8

1

1.2

b(k)
const. b

GR

Preli
minary • 2D BAO constraint

• gravity test

- ΔDA~5% & ΔH~5% (Note ΔDA2/H~4%)

- r(DA,H)~0.28 expected from forecast

- f = 0.455±0.166 

  c.f. GR: f=0.674

- Note: in the case of kmin=0.055

  f = 0.587±0.255
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• We propose a new model of RSD based on PT. 

• Even if nonlinearity is taken into account, the full 2D information are almost 
identical to the multipole expansion up to hexadecapole (l=4).

• We apply our model to the SDSS DR7 multipole power spectrum in order to 
constrain 2D BAO scale “(DA,H)” & growth parameter “f”.

• This is a nice example that shows the lectures in this school are extremely useful.


